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Foreword

years. The number of blood group loci have increased
to 23 and all except one have found their chromoso-
mal home. The biochemical backgrounds of most of
the corresponding antigens are defined and hence sev-
eral high and low incidence antigens gathered into sys-
tems. The molecular basis of many red cell antigens
has provided an explanation for some confusing sero-
logical relationships which were observed many years
before.

Dr Daniels is to be congratulated on his stamina in
producing a comprehensive text and reference book
on human blood groups, for which many scientists
will be grateful.

Ruth Sanger
December 1994

It is a particular pleasure for me to welcome this new
book on human blood groups, the more so since it 
emanates from the Medical Research Council’s Blood
Group Unit. For 25 years this Unit devoted its energies
to the search for new red cell antigens and the applica-
tion of those already known to various problems, par-
ticularly to human genetics. During these years Rob
Race and I produced six editions of Blood Groups in
Man.

Dr Geoff Daniels joined the Unit in 1973 on Dr
Race’s retirement; soon after, concurrently with the
Unit’s move from the Lister Institute to University Col-
lege, the scope of the Unit’s interest was broadened.

Having been divorced from blood groups and other-
wise occupied in 12 years of retirement, I am delighted
and astonished at the rapid advances made in recent
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Preface

for all the blood group systems have been cloned and
the molecular bases for almost all the polymorphisms
are known. Most chapters now have the biochemistry
and molecular biology section at the beginning, so that
when the serological polymorphisms and variants 
are subsequently explained, they can be described 
together with the genetic changes that cause them. 
Another topic that has progressed apace is the biologi-
cal significance of red cell surface proteins. Conse-
quently, I have placed a greater emphasis on functional
aspects of blood groups than in the first edition.

I wish to thank again all the people who helped me
produce the first edition, in particular Patricia Tippett,
Carole Green, and Joan Daniels. Since the first edition
was published, the Medical Research Council Blood
Group Unit has closed and I have moved to the Bristol
Institute for Transfusion Sciences. I would like to
thank David Anstee for his support while I prepared
this new edition. I am proud to keep the foreword to
the first edition written by Ruth Sanger, author of six
editions of Blood Groups in Man, who sadly died just
a few weeks before the manuscript of this second edi-
tion was submitted for publication.

As with the first edition, the primary purpose of this
book is to describe human blood group antigens and
their inheritance, the antibodies that define them, the
structure and functions of the red cell membrane
macromolecules that carry them, and the genes that
encode them or control their biosynthesis. In addition,
this book provides information on the clinical rele-
vance of blood groups and on the importance of blood
group antibodies in transfusion medicine in particular.

The first edition of Human Blood Groups was pub-
lished in 1995; this new edition will appear seven years
later. There have been many new findings in the blood
group world over those seven years, so much of the
first edition has been rewritten. In order to prevent the
book from becoming too cumbersome, my goal has
been to produce a second edition roughly the same size
as the first. I have tried to do this without eliminating
anything too important, although this has not been
easy, with so much new material to include.

During the last seven years, the major advances that
have occurred in the science of human blood groups
have mostly involved molecular genetics. With the ex-
ception of Scianna, RAPH, and possibly P, the genes
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Some abbreviations used

IHTR Immediate haemolytic transfusion
reaction

ISBT International Society of Blood
Transfusion

kb Kilobase
LISS Low ionic-strength solution
MAIEA Monoclonal antibody-specific

immobilization of erythrocyte 
antigens

Mr Relative molecular mass (molecular
weight)

mRNA Messenger ribonucleic acid
PAS Periodic acid–Schiff
PCH Paroxysmal cold haemoglobinuria
PCR Polymerase chain reaction
PNH Paroxysmal nocturnal haemoglobinuria
RFLP Restriction fragment-length

polymorphism
RNA Ribonucleic acid
RT-PCR Reverse transcriptase-polymerase chain

reaction
SAO South-East Asian ovalocytosis
SDS PAGE Sodium dodecyl sulphate polyacrylamide

gel electrophoresis
SNP Single nucleotide polymorphism
SSEA Stage-specific embryonic antigen
UDP Uridine diphosphate

ADP Adenosine diphosphate
ATP Adenosine triphosphate
AET 2-aminoethylisothiouronium bromide
AIDS Acquired immune-deficiency syndrome
AIHA Autoimmune haemolytic anaemia
BFU-E Burst-forming unit —erythroid
bp Basepair
CDA Congenital dyserythropoietic anaemia
CGD Chronic granulomatous disease
cDNA Complementary deoxyribonucleic acid
CFU-E Colony-forming unit —erythroid
CFU-GM Colony-forming unit —granulocyte/

macrophage
CFU-MK Colony-forming unit —megakaryocyte
DAT Direct antiglobulin test (or direct

antiglobulin reaction)
DHTR Delayed haemolytic transfusion reaction
DL Donath-Landsteiner
DNA Deoxyribonucleic acid
DTT Dithiothreitol
EBV Epstein–Barr virus
EST Expressed sequence tag
GDP Guanosine diphosphate
GPI Glycosylphosphatidylinositol
HCF Hydatid cyst fluid
HDN Haemolytic disease of the newborn (also

used for haemolytic disease of the fetus)
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the body and should, more precisely, be called histo-
blood group antigens.

Biochemical analysis of blood group antigens has
shown that they fall into two main types: (i) protein de-
terminants, which represent the primary products of
blood group genes; and (ii) carbohydrate determinants
on glycoproteins and glycolipids, in which the prod-
ucts of the genes controlling antigen expression are
glycosyltransferase enzymes. Some antigens are de-
fined by the amino acid sequence of a glycoprotein, but
are dependent on the presence of carbohydrate for
their recognition serologically.

In recent years, molecular genetical techniques have
been introduced into the study of human blood groups
and now most of the genes governing blood group sys-
tems have been cloned and sequenced (Table 1.1).
Many serological complexities of blood groups are
now explained at the gene level by a variety of mecha-
nisms, including point mutation, unequal crossing-
over, gene conversion, and alternative RNA splicing.

Discovery of the ABO blood groups first made
blood transfusion feasible and disclosure of the Rh
antigens led to the understanding and subsequent pre-
vention of haemolytic disease of the newborn (HDN).
Although ABO and Rh are the most important systems
in transfusion medicine, many other blood group anti-
bodies are capable of causing haemolytic transfusion
reactions or HDN. Red cell groups have been impor-
tant tools in forensic science, although this role was 
diminished with the introduction of HLA testing and
has recently been displaced by DNA ‘fingerprinting’.
For many years blood groups were the best human 
genetic markers and have played a major part in the
mapping of the human genome.

Blood groups still have much to teach us. Because
red cells are readily available and haemagglutination
tests relatively easy to perform, the structure and 
genetics of the red cell membrane proteins and lipids
are understood in great detail. With the unravelling of
the complexities of blood group systems by molecular

1.1 Introduction

What is the definition of a blood group? Taken liter-
ally, any variation or polymorphism detected in the
blood could be considered a blood group. However,
the term blood group is usually restricted to blood cell
surface antigens, and generally to red cell surface anti-
gens. This book focuses on the inherited variations in
human red cell membrane proteins, glycoproteins, and
glycolipids. These variations are detected by alloanti-
bodies, which occur either ‘naturally’, as a result of 
immunization by ubiquitous antigens present in the
environment, or as a result of alloimmunization by
human red cells, usually introduced by blood transfu-
sion or pregnancy. Although it is possible to detect
polymorphism in red cell surface proteins by other
methods, such as DNA sequence analysis, such vari-
ants cannot be called blood groups unless they are de-
fined by an antibody.

Blood groups were discovered at the beginning of
the twentieth century when Landsteiner [1,2] noticed
that plasma from some individuals agglutinated the
red cells from others. For the next 45 years, only those
antibodies that directly agglutinate red cells could be
studied. With the development of the antiglobulin test
by Coombs, Mourant, and Race in 1945 [3,4], non-
agglutinating antibodies could be detected and the 
science of blood group serology blossomed: there are
now about 270 authenticated blood group antigens.
Many of these blood group antigens fall into one of 26
blood group systems, genetically discrete groups of
antigens controlled by a single gene or cluster of two or
three closely linked homologous genes (Table 1.1).
Some of these systems, notably Rh and MNS, are 
highly complex.

Most blood group antigens are synthesized by the
red cell, but the antigens of the Lewis and Chido/
Rodgers systems are adsorbed onto the red cell mem-
brane from the plasma. Some blood group antigens are
detected only on red cells, others are found throughout

Human blood groups: introduction,
terminology, and function

1.1 Introduction, 1
1.2 Blood group terminology, 2

1.3 Structures and functions of blood group
antigens, 4
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genetical techniques, much will be learnt about the
mechanisms responsible for the diversification of pro-
tein structures and the nature of the human immune
response to proteins of different shapes resulting from
variations in amino acid sequence.

1.2 Blood group terminology

‘Last come the Twins, who cannot be described
because we should be sure to be describing the
wrong one.’ (J.M. Barrie)

The problem of providing a logical and universally
agreed nomenclature has dogged blood group serolo-
gists almost since the discovery of the ABO system. 
Before going any further, it is important to unders-
tand how blood groups are named and how they are
categorized into systems, collections, and series.

1.2.1 An internationally agreed nomenclature

The International Society of Blood Transfusion (ISBT)
Working Party on Terminology for Red Cell Surface

Table 1.1 Blood group systems.

No. of Associated membrane
No. Name Symbol antigens structures Gene name(s) Chromosome

001 ABO ABO 4 Carbohydrate ABO 9
002 MNS MNS 43 GPA (CD235A), GYPA, GYPB 4

GPB (CD235B) GYPE
003 P P1 1 Carbohydrate P1 22
004 Rh RH 46 RhD (CD240D), RHD, RHCE 1

RhCcEe (CD240CE)
005 Lutheran LU 18 CD239, IgSF LU 19
006 Kell KEL 24 CD238, endopeptidase KEL 7
007 Lewis LE 6 Carbohydrate FUT3 19
008 Duffy FY 6 CD234, chemokine receptor FY 1
009 Kidd JK 3 Urea transporter SLC14A1 18
010 Diego DI 21 Band 3, anion exchanger SLC4AE1 17

(CD233) (AE1)
011 Yt YT 2 Acetylcholinesterase ACHE 7
012 Xg XG 2 Glycoproteins, including XG, MIC2 X/Y

CD99
013 Scianna SC 3 Glycoprotein SC 1
014 Dombrock DO 5 ADP-ribosyltransferase? DO 12
015 Colton CO 3 Aquaporin-1 AQP1 7
016 Landsteiner- LW 3 ICAM-4, IgSF, CD242 LW 19

Wiener
017 Chido/Rodgers CH/RG 9 C4A, C4B (C¢) C4A, C4B 6
018 Hh H 1 CD173 (Type 2 H), FUT1 19

carbohydrate
019 Kx XK 1 Protein XK X
020 Gerbich GE 7 GPC, GPD (CD236) GYPC 2
021 Cromer CROM 10 CD55, DAF, C¢ regulator DAF 1
022 Knops KN 7 CD35, CR1, C¢ regulator CR1 1
023 Indian IN 2 CD44 CD44 11
024 Ok OK 1 CD147, EMMPRIN, IgSF CD147 19
025 Raph RAPH 1 Glycoprotein MER2 11
026 John Milton JMH 1 CDw108, semaphorin SEMA7A 15

Hagen

C¢, complement; IgSF, immunoglobulin superfamily.
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Antigens was set up in 1980 to establish a uniform
nomenclature that is ‘both eye and machine readable’.
Part of the brief of the Working Party was to produce a
nomenclature ‘in keeping with the genetic basis of
blood groups’ and so a terminology based primarily
around the blood group systems was devised. First 
the systems and the antigens they contained were 
numbered, then the high and low frequency antigens
received numbers, and then, in 1988, collections 
were introduced. Numbers are never recycled: anti-
gens that become part of a system or collection are
given a new number and their original number be-
comes obsolete.

Blood group antigens are categorized into 26 
systems, five collections, and two series. The signifi-
cance of these categories, and the general principles 
on which the ISBT terminology is based, will be 
described below. The Working Party produced a
monograph in 1995 to describe the terminology [5],
which has been updated [6], and has a website
(http://www.iccbba.com/page25.htm).

1.2.2 Antigen, phenotype, gene, 
and genotype symbols

Every authenticated blood group antigen is given a six-
digit identification number. The first three digits repre-
sent the system (001–026), collection (205–210), or
series (700 for low frequency, 901 for high frequency);
the second three digits identify the antigen. For exam-
ple, the Lutheran system is system 005 and Lua, the
first antigen in that system, has the number 005001.
Each system also has an alphabetical symbol: that for
Lutheran is LU. So Lua is also LU001 or, because 
redundant sinistral zeros may be discarded, LU1.

For phenotypes, the system symbol is followed by a
colon and then by a list of antigens present, each sepa-
rated by a comma. If an antigen is known to be absent,
its number is preceded by a minus sign. For example,
Lu(a–b+) becomes LU:–1,2. Genes have the system
symbol followed by a space or asterisk followed in
turn by the antigen number representing that gene. For
example, Lua gene becomes LU 1 or LU*1. Genotypes
have the symbol followed by a space or asterisk fol-
lowed by the two alleles or haplotypes separated by 
a stroke. For example, Lua/Lub becomes LU 1/2 or
LU*1/2, and LuaLu6/LubLu9 would be LU 1,6/2,9 or
LU*1,6/2,9. Genes and genotypes are always itali-
cized or underlined. Some examples of antigens, phe-

notypes, genes, and genotypes within the Kell system
are given in Table 1.2.

1.2.3 Blood group systems

A blood group system consists of one or more anti-
gens. These are governed by a single gene locus or by a
complex of two or more very closely linked homolo-
gous genes with virtually no recombination occurring
between them. Each system is genetically discrete from
every other blood group system. Any two systems may
be shown to be different either by demonstrating that
the genes segregate at meiosis through the analysis of
families, or by the gene loci being allocated to different
chromosomes or to clearly distinct parts of the same
chromosome. New antigens should only be assigned
to a system when it is proven that the antigen is con-
trolled by a gene at the blood group system locus.

In some systems the gene directly encodes the blood
group determinant, whereas in others, where the 
antigen is carbohydrate in nature, the gene encodes a
transferase enzyme that catalyses biosynthesis of the
antigen. A, B, and H antigens, for example, may all be
located on the same macromolecule, yet H-glycosyl-
transferase is produced by a gene on chromosome 19
whileA-andB-transferases,whichrequireHantigen as
an acceptor substrate, are products of a gene on chro-
mosome 9. Hence H belongs to a separate blood group
system from A and B. Regulator genes may affect 
expression of antigens from more than one system:
In(Lu) down-regulates expression of antigens from
both Lutheran and P systems; mutations in RHAG are

Table 1.2 Some examples of Kell system terminology.

Original Numerical

Antigen K, k, Kpa, Kpb KEL1, KEL2, KEL3, 
KEL4

Phenotype K–k+ Kp(a–b+) KEL:–1,2,–3,4

Gene K, k, Kpa, Kpb KEL 1, KEL 2, KEL 3, 
KEL 4

K0 KEL 0

Genotype kKpb/kKpb KEL 2,4/2,4
Ula/Ul KEL 10/–10
kKpa/K0 KEL 2,3/0

An asterisk may occupy the space following the system symbol in
genes and genotypes, e.g. KEL*1.
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responsible for Rhnull phenotype, but may also cause
absence of U (MNS5) and Fy5 antigens. So absence of
an antigen from cells of a null-phenotype is never suffi-
cient evidence for allocation to a system. Four systems
consist of more than one gene locus: MNS comprises
three loci, Rh, Xg and Chido/Rodgers have two 
each.

1.2.4 Collections

Collections were introduced into the terminology in
1988 to bring together genetically, biochemically, or
serologically related sets of antigens that could not, at
that time, achieve system status. For example, before
setting up the Cromer collection the allelic antigens
Tca, Tcb, and Tcc had the numbers 900020, 700035,
and 700036, respectively, and WESa and WESb had the
numbers 700042 and 900033; yet all five reside on the
same macromolecule. Together with five other bio-
chemically and serologically related antigens, these
antigens became the Cromer collection. Initially they
could not become the Cromer system as they had not
been shown to be genetically distinct from all existing
systems; that required another couple of years.

Eleven collections have been created, six of which
have subsequently been declared obsolete: the Gerbich
(201), Cromer (202), and Indian (203) collections
have now become systems; Auberger (204), Gregory
(206), and Wright (211) have been incorporated into
the Lutheran, Dombrock, and Diego systems, respec-
tively (Table 1.3).

1.2.5 Low frequency antigens, the 700 series

Red cell antigens that do not fit into any system or col-
lection and have an incidence of less than 1% in most
populations tested are given a 700 number (see Table
27.1). The 700 series currently consists of 22 antigens.

Thirty-two 700 numbers are now obsolete as the cor-
responding antigens have found homes in systems, or
can no longer be defined because of a lack of reagents.

1.2.6 High frequency antigens, the 901 series

Originally, antigens with a frequency greater than
99% were placed in a holding file called the 900 series,
equivalent to the 700 series for low frequency anti-
gens. With the establishment of the collections, so
many of these 900 numbers became obsolete that the
whole series was abandoned and the remaining high
frequency antigens were relocated in a new series, the
901 series, which now comprises 11 antigens (see
Table 28.1).

1.2.7 Blood group terminology 
used in this book

The ISBT terminology provides a uniform nomencla-
ture for blood groups that can be continuously up-
dated and is suitable for storage of information on
computer databases. The Terminology Working Party
does not expect, or even desire, that the numerical ter-
minology be used in all circumstances, although it 
is important that it should be understood so that the
genetically based classification is understood. In this
book, the alternative, ‘popular’ nomenclature, recom-
mended by the Working Party [5], will generally be
used. This does not reflect a lack of confidence in the
numerical terminology, but is simply because most
readers will not be well acquainted with blood group
numbers and will find the contents of the book easier
to digest if familiar names are used. The numerical ter-
minology will be provided throughout the book in 
tables and often, in parentheses, in the text.

The order of the chapters of this book is based on the
order of the blood group systems, collections, and 
series. However, there are a few exceptions, the most
notable of which are the ABO, H, and Lewis systems,
which appear in one mega-chapter (Chapter 2), be-
cause they are so closely related, biochemically.

1.3 Structures and functions of 
blood group antigens

For the half-century following Landsteiner’s discov-
ery, human blood groups were understood predomi-
nantly as patterns of inherited serological reactions.

Table 1.3 Blood group collections.

No. Name Symbol No. of antigens

205 Cost COST 2
207 Ii I 2
208 Er ER 2
209 Globoside GLOB 3
210 (Lec and Led) 2
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From the 1950s some structural information was 
obtained through biochemical analyses, first of the
carbohydrate antigens and then of the proteins. In
1986, GYPA, the gene encoding the MN antigens, was
cloned and this led into the molecular era of blood
groups. A great deal is now known about the struc-
tures of many blood group antigens, yet remarkably
little is known about their functions and most of what
we do know has been deduced from their structures.
Functional aspects of blood group antigens are in-
cluded in the appropriate chapters of this book; pro-
vided here is a brief synopsis of the relationship
between their structures and putative functions. The
subject is also reviewed by Daniels [7].

1.3.1 Membrane transporters

Membrane transporters facilitate the transfer of bio-
logically important molecules in and out of the cell. In
the red cell they are polytopic, crossing the membrane
several times, with cytoplasmic N- and C-termini, and
are N-glycosylated on one of the external loops. Band
3, the Diego blood group antigen (Chapter 10) is an
anion transporter, the Kidd glycoprotein (Chapter 9) is
a urea transporter, and the Colton glycoprotein is a
water channel (Chapter 15). The Rh proteins and the
Rh-associated glycoprotein (RhAG) have structure
characteristic of membrane transporters (except the
Rh proteins are not glycosylated). There is some evi-
dence to suggest that the Rh complex could be in-
volved in ammonium transport (Chapter 5).

1.3.2 Receptors and adhesion molecules

The Duffy glycoprotein is polytopic, but has an extra-
cellular N-terminus. It is a member of the G protein-
coupled superfamily of receptors and might function
as a receptor for chemokines (Chapter 8).

The Lutheran glycoproteins (Chapter 6), LW 
glycoprotein (Chapter 16), and CD147, the Ok glyco-
protein (Chapter 22), are members of the im-
munoglobulin superfamily (IgSF). The IgSF is a large
family of receptors and adhesion molecules with 
extracellular domains containing different numbers 
of repeating domains with sequence homology to 
immunoglobulin domains. CD47 (Chapter 5) and
CD58 (Chapter 19) are also red cell IgSF glycopro-
teins, but do not express blood group activity. The
functions of these structures on red cells are not

known, but their primary functional activity may
occur during erythropoiesis.

Some other red cell surface antigens with structures
that suggest they could function as receptors and adhe-
sion molecules are CD44, the Indian antigen (Chapter
21), the Xg and CD99 glycoproteins (Chapter 12),
CDw108, the JMH blood group antigen (Chapter 24),
and CDw75 (Chapter 6).

1.3.3 Complement regulatory glycoproteins

Red cells have at least three glycoproteins that exist, 
at least in part, to protect the cell from destruction by
autologous complement. Two, decay-accelerating fac-
tor (DAF, CD55), the Cromer glycoprotein (Chapter
19), and complement receptor-1 (CR1, CD35), the
Knops glycoprotein (Chapter 20), belong to the com-
plement control protein superfamily. CD59, the most
important of these for protecting against autologous
complement, is not polymorphic and does not have
blood group activity (Chapter 19). The major function
of red cell CR1 is to bind and process C3b/C4b-coated
immune complexes and to transport them to the liver
and spleen for removal from the circulation.

1.3.4 Enzymes

Two blood group glycoproteins have enzymatic activ-
ity. The Yt glycoprotein is acetylcholinesterase, a vital
enzyme in neurotransmission (Chapter 11). The Kell
glycoprotein is an endopeptidase that can cleave a 
biologically inactive peptide to produce the active
vasoconstrictor, endothelin (Chapter 7). The red cell
function for both of these enzymes is unknown. The
structure of the Dombrock glycoprotein suggests that
it belongs to a family of ADP-ribosyltransferases
(Chapter 14).

1.3.5 Structural components

The shape and integrity of the red cell is maintained by
the membrane skeleton, a network of glycoproteins
beneath the plasma membrane. At least two red cell
membrane glycoproteins have an extended cytoplas-
mic domain, which functions to link the membrane
with its skeleton. These proteins are band 3, the Diego
antigen (Chapter 10), and glycophorin C and its iso-
form glycophorin D, the Gerbich blood group anti-
gens (Chapter 18). Mutations in the genes encoding
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these proteins can result in abnormally shaped red
cells.

1.3.6 Components of the glycocalyx

Band 3 and glycophorin A, the MN antigen (Chapter
3), are the two most abundant glycoproteins of the 
red cell surface. The N-glycans of band 3, together
with those of the glucose transporter, provide the ma-
jority of red cell ABH antigens, which are also ex-
pressed on some other glycoproteins and on glycoli-
pids (Chapter 2). The extracellular domains of glyco-
phorin A and other glycophorin molecules are heavily
O-glycosylated. Carbohydrate at the red cell surface
constitutes the glycocalyx, or cell coat, an extracellu-
lar matrix of carbohydrate that protects the cell from
mechanical damage and microbial attack.

1.3.7 What is the biological significance of
blood group polymorphism?

Very little is known about the biological significance of
the polymorphisms that make blood groups alloanti-
genic. In any polymorphism one of the alleles is likely
to have, or at least had in the past, a selective advan-
tage in order to achieve a frequency of >1% in a large
population. Glycoproteins and glycolipids carrying
blood group activity are often exploited by pathogenic
microorganisms as receptors for attachment to the
cells and subsequent invasion. This may have nothing
to do with red cells; the target for the parasite could be
other cells that carry the protein. It is likely that most
blood group polymorphism is a relic of the selective
balances that can result from mutations making cell

surface structures less suitable as pathogen receptors
and resultant adaptation of the parasite in response to
these selective pressures. It is important to remember
that while blood group polymorphism undoubtedly
arose from the effects of selective pressures, these fac-
tors may have disappeared long ago, so that little hope
remains of ever identifying them. To quote Charles
Darwin in The Origin of Species (1859), ‘The chief
part of the organization of any living creature is due to
inheritance; and consequently, though each being as-
suredly is well fitted for its place in nature, many struc-
tures have now no very close and direct relations to
present habits of life.’
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ple three groups, A, B, and C (later called O), could be
recognized. In group A, the serum agglutinated group
B, but not other A cells; in group B, the serum aggluti-
nated A, but not B cells; and in group C (O), the cells
were not agglutinated by any serum, and the serum ap-
peared to contain a mixture of two agglutinins capable
of agglutinating A and B cells. Decastello and Sturli [3]
added a fourth group (AB), in which the cells are ag-
glutinated by sera of all other groups and the serum
contains neither agglutinin. Healthy adults always
have A or B agglutinins in their serum if they lack 
the corresponding agglutinogen from their red cells
(Table 2.2).

Epstein and Ottenberg [4] suggested that blood
groups may be inherited and, in 1910, von Dungern
and Hirschfeld [5] confirmed that the inheritance of
the A and B antigens obeyed Mendel’s laws, with the
presence of A or B being dominant over their absence.
Bernstein [6,7], in 1924, showed that only three alleles
at one locus were necessary to explain ABO inherit-
ance (Table 2.2).

Part 1: History and introduction

Described in this chapter are three blood group sys-
tems, ABO, Hh, and Lewis (Table 2.1), although Lewis
is really an ‘adopted’ blood group system because the
antigens are not intrinsic to the red cells, but intro-
duced into the membrane from the plasma. These
three systems are genetically discrete, but are discussed
in the same chapter because they are phenotypically
and biochemically closely related. A complex interac-
tion of genes at several loci controls the expression of
ABO, H, Lewis, and other related antigens on red cells
and in secretions.

The science of immunohaematology came into
existence in 1900 when Landsteiner [1] reported that,
‘The serum of healthy humans not only has an aggluti-
nating effect on animal blood corpuscles, but also on
human blood corpuscles from different individuals.’
The following year Landsteiner [2] showed that by
mixing together sera and red cells from different peo-
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Some group A people produce an antibody that ag-
glutinates the red cells of most other A individuals.
Thus A was subdivided into A1 and A2, and the three
allele theory of Bernstein was extended by Thomsen 
et al. [8] to four alleles: A1, A2, B and O (Section 2.4).
Many rare subgroups of A and B have now been 
identified (Sections 2.7 and 2.8).

The structure and biosynthesis of the ABO, H, and
Lewis antigens is well understood, thanks mainly to
the pioneering work in the 1950s of Morgan and
Watkins [9,10] and of Kabat [11]. A and B red cell anti-
gens are carbohydrate determinants of glycoproteins
and glycolipids and are distinguished by the nature of
an immunodominant terminal monosaccharide: N-
acetylgalactosamine in group A and galactose in group
B. The A and B genes encode glycosyltransferases,
which catalyse the transfer of the appropriate immun-
odominant sugar from a nucleotide donor to an accep-
tor substrate, the H antigen. The O gene produces 
no active transferase (Sections 2.2 and 2.3). The se-
quences of the A and B genes demonstrate that A- and
B-transferases differ by four amino acid residues; the
most common O gene contains a nucleotide deletion
and encodes a truncated protein.

H antigen is synthesized by a glycosyltransferase

produced by a gene (FUT1) independent of ABO. Very
rare individuals lacking the H gene have no H antigen
on their red cells and, consequently, are unable to pro-
duce A or B antigens, even when the enzyme products
of the A or B genes are present (Section 2.13).

H antigen is present in body secretions of about
80% of people. The presence of H in secretions is gov-
erned by a gene (FUT2) separate from, but closely
linked to, the H (FUT1) gene. Individuals who secrete
H also secrete A or B antigens if they have the appro-
priate ABO genes. Non-secretors of H do not secrete A
or B, even when those antigens are expressed on their
red cells (Section 2.6). Secretion of H is also important
in determining Lewis phenotypes.

The first two examples of anti-Lewis, later to be
called anti-Lea, were described by Mourant [12] in
1946. These antibodies agglutinated the red cells of
about 25% of English people. Andresen [13] found an
antibody, later to become anti-Leb, that defined a de-
terminant only present on Le(a–) cells of adults. Six per
cent of group O adults lacked both antigens. Although
Lea and Leb are not synthesized by the red cells, but are
acquired from the plasma, they are considered blood
group antigens because they were first recognized on
red cells. The terminology Lea and Leb is misleading as
these antigens are not allelic.

The Lewis gene (FUT3) encodes a glycosyltrans-
ferase that catalyses the addition of a fucose residue to
H antigen in secretions to produce Leb antigen or, if no
H is present (non-secretors), to the precursor of H to
produce Lea. Consequently, as these structures are ac-
quired from the plasma by the red cell membrane, red
cells of most H secretors are Le(a–b+) and those of
most H non-secretors are Le(a+b–). The Lewis-
transferase can also convert A to ALeb and B to BLeb.
About 6% of white people and 25% of black people

Table 2.1 Numerical notation for the ABO, Lewis, and Hh systems, and for Lec and Led.

ABO (system 001) Lewis (system 007) Hh (system 018) Collection 210

ABO1 A LE1 Lea H1 H 210001 Lec

ABO2 B LE2 Leb 210002 Led

ABO3 A,B LE3 Leab

ABO4 A1 LE4 LebH

LE5 Aleb

LE6 BLeb

Obsolete: ABO5, previously H.

Table 2.2 The ABO system at its simplest level.

ABO Antigens on Antibodies 
group red cells in serum Genotype

O None Anti-A,B O/O
A A Anti-B A/A or A/O
B B Anti-A B/B or B/O
AB A and B None A/B
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are homozygous for a silent gene at the Lewis locus
and, as they do not produce the Lewis enzyme, have
Le(a–b–) red cells and lack Lewis substances in their
secretions (Sections 2.3 and 2.16). In Asia the red cell
phenotype Le(a+b+) is common, as a result of a weak
secretor allele (Section 2.6.3).

The antigens Lec and Led represent precursors of the
Lewis antigens and are present in increased quantity in
the plasma of Le(a–b–) individuals. Lec is detected on
the red cells of Le(a–b–) non-secretors of H, and Led is
detected on the red cells of Le(a–b–) secretors of H. Lex

and Ley antigens, isomers of Lea and Leb, are not pre-
sent in substantial quantities on red cells (Section
2.19).

ABH and Lewis antigens are often referred to as
histo-blood group antigens [14] as they are ubiquitous
structures, occurring on the surface of endothelial cells
and most epithelial cells. Because of the intricacy of the
gene interactions involved, the precise nature of the
histo-blood group antigens expressed varies between
tissues within the same individual (Section 2.20).

ABO is on chromosome 9; FUT1, FUT2, and FUT3
are on chromosome 19 (Chapter 32).

Part 2: Biochemistry, inheritance, 
and biosynthesis of the ABH and 
Lewis antigens

2.2 Structure of ABH, Lewis, and 
related antigens

ABH and Lewis antigens are carbohydrate structures.
These oligosaccharide chains are generally conjugated
with polypeptides to form glycoproteins, or with ce-
ramide to form glycosphingolipids. Oligosaccharides
are synthesized in a stepwise fashion, the addition of
each monosaccharide being catalysed by a specific 
glycosyltransferase enzyme. The oligosaccharide moi-
eties responsible for expression of ABH, Lewis, and 
related antigens are shown in Table 2.3 and 
abbreviations for monosaccharides are given in Table
2.4. The biosynthesis of these structures is described in
Section 2.3 and represented diagrammatically in Fig.
2.1. There is a vast literature on the biochemistry of
these blood group antigens and only some of the rele-
vant references can be given in this chapter. The fol-
lowing reviews are recommended [10,14–24].

2.2.1 Glycoconjugates expressing ABH and
Lewis antigens

Two major classes of carbohydrate chains on glyco-
proteins express ABH antigens:
1 N-glycans, highly branched structures attached 
to the amide nitrogen of asparagine through N-
acetylglucosamine; and
2 O-glycans, simple or complex structures attached
to the hydroxyl oxygen of serine or threonine through
N-acetylgalactosamine.

Glycosphingolipids consist of carbohydrate chains
attached to ceramide. They are classified as lacto-,
globo-, or ganglio-series according to the nature of 
the carbohydrate chain. Glycosphingolipid-borne
ABH and Lewis antigens are present predominantly
on glycolipids of the lacto-series, although ABH anti-
gens have also been detected on globo- and ganglio-
series glycolipids. The carbohydrate chains of most
ABH-bearing glycoproteins and of lacto-series glycol-
ipids are based on a poly N-acetyllactosamine struc-
ture; i.e. they are extended by repeating Galb1Æ
4GlcNAcb1Æ3 disaccharides (see Table 2.5 for 
examples).

Before 1980 it was generally considered that most
ABH determinants on red cells were carried on gly-
cosphingolipids [10,15], but in 1980 several reports
were published showing that glycolipids have a minor
role compared with glycoproteins [25–29]. On red
cells, most ABH antigens are on the single, highly
branched, poly-N-acetyllactosaminyl N-glycans of 
the anion exchange protein, band 3, and the glucose
transport protein, band 4.5 [30]. There are about 
1 million monomers of band 3 protein and half a 
million monomers of band 4.5 protein per adult red
cell [31]. The other major red cell glycoprotein, gly-
cophorin A, does not appear to carry any ABH antigen
[29,32], but ABH determinants have been detected on
the Rh-associated glycoprotein [33]. Lewis antigens
on red cells are not expressed on glycoproteins; they
are not intrinsic to red cells, but are acquired from the
plasma.

Red cell glycosphingolipids of the poly N-
acetyllactosaminyl type that express ABH antigens
may have relatively simple linear or branched 
carbohydrate chains [15] (Table 2.5) or may be highly
complex, branched structures called polyglycosylce-
ramides, with up to 60 carbohydrate residues per 
molecule [34].
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Table 2.3 Structures of A, B, H, Lewis, and related antigens (for abbreviations see Table 2.4).

Type 2
Precursor Galb1Æ4GlcNAcb1ÆR

H (CD173) Galb1Æ4GlcNAcb1ÆR†
2
≠

Fuca1

A GalNAca1Æ3Galb1Æ4GlcNAcb1ÆR†
2
≠

Fuca1

B Gala1Æ3Galb1Æ4GlcNAcb1ÆR†
2
≠

Fuca1

Lex Galb1Æ4GlcNAcb1ÆR
3
≠

Fuca1

Ley Galb1Æ4GlcNAcb1ÆR
2 3
≠ ≠

Fuca1 Fuca1

ALey GalNAca1Æ3Galb1Æ4GlcNAcb1ÆR
2 3
≠ ≠

Fuca1 Fuca1

BLey Gala1Æ3Galb1Æ4GlcNAcb1ÆR
2 3
≠ ≠

Fuca1 Fuca1

sialyl-Lex Galb1Æ4GlcNAcb1ÆR
3 3
≠ ≠

NeuAca2 Fuca1

H Galb1Æ3GalNAca1ÆO-Ser/Thr
2
≠

Fuca1

B Gala1Æ3Galb1Æ3GalNAca1ÆO-Ser/Thr
2
≠

Fuca1

Type 1
Precursor (Lec) Galb1Æ3GlcNAcb1ÆR*

H (Led) Galb1Æ3GlcNAcb1ÆR*
2
≠

Fuca1

A GalNAca1Æ3Galb1Æ3GlcNAcb1ÆR*
2
≠

Fuca1

B Gala1Æ3Galb1Æ3GlcNAcb1ÆR*
2
≠

Fuca1

Lea Galb1Æ3GlcNAcb1ÆR*
4
≠

Fuca1

Leb Galb1Æ3GlcNAcb1ÆR*
2 4
≠ ≠

Fuca1 Fuca1

ALeb GalNAca1Æ3Galb1Æ3GlcNAcb1ÆR*
2 4
≠ ≠

Fuca1 Fuca1

BLeb Gala1Æ3Galb1Æ3GlcNAcb1ÆR*
2 4
≠ ≠

Fuca1 Fuca1

sialyl-Lea Galb1Æ3GlcNAcb1ÆR
3 4
≠ ≠

NeuAca2 Fuca1

Precursor Galb1Æ3GalNAca1ÆO-Ser/Thr
(T antigen)

A GalNAca1Æ3Galb1Æ3GalNAca1ÆO-Ser/Thr
2
≠

Fuca1

Type 3: O-linked mucin type

Continued
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All the early work establishing the structures of the
ABH and Lewis determinants was carried out on body
secretions, especially the pathological fluid from
human ovarian cysts, which was found to be an abun-
dant source of soluble A, B, and H substances [35].
ABH and Lewis antigens in secretions are glycopro-
teins; oligosaccharide chains attached to mucin mole-
cules by O-glycosidic linkage to serine or threonine
(for reviews see [9,10]). These macromolecules have

molecular weights varying from 2¥105 to several mil-
lions. In milk and urine, free oligosaccharides with
ABH and Lewis activity are also found [36,37]. ABH
and Lewis determinants are present in plasma on gly-
cosphingolipids, some of which may become incorpo-
rated into the red cell membrane (Section 2.16.4).

2.2.2 Carbohydrate determinants

Expression of H, A, and B antigens is dependent on the
presence of specific monosaccharides attached to vari-
ous precursor disaccharides at the non-reducing end of
a carbohydrate chain. There are at least six precursor
disaccharides, also called peripheral core structures
(for reviews see [14,18,21,24,38]):
Type 1 Galb1Æ3GlcNAcb1ÆR
Type 2 Galb1Æ4GlcNAcb1ÆR
Type 3 Galb1Æ3GalNAca1ÆR
Type 4 Galb1Æ3GalNAcb1ÆR
Type 5 Galb1Æ3Galb1ÆR
Type 6 Galb1Æ4Glcb1ÆR.
Types 1–4 and Type 6 occur in humans; Type 5 has
only been chemically synthesized.

H-active structures have l-fucose a-linked to C-2 of
the terminal galactose [39,40]; A- and B-active struc-

Table 2.3 Continued

Type 3: repetitive type
H Galb1Æ3GalNAca1Æ3Galb1Æ4GlcNAcb1ÆR†

2 2
≠ ≠

Fuca1 Fuca1

A GalNAca1Æ3Galb1Æ3GalNAca1Æ3Galb1Æ4GlcNAcb1ÆR†
2 2
≠ ≠

Fuca1 Fuca1

Type 4: globo-series
Globo-H Galb1Æ3GalNAcb1ÆR

2
≠

Fuca1

Globo-A GalNAca1Æ3Galb1Æ3GalNAcb1ÆR
2
≠

Fuca1

*Adsorbed onto red cells from plasma in individuals of appropriate genotype.
†Intrinsic to red cells and detected in significant quantity on red cells of individuals of appropriate genotype.

Table 2.4 Some abbreviations for monosaccharides and the
structures they are linked to.

Asp Asparagine
Cer Ceramide
Fuc L-Fucose
Gal D-galactose
GalNAc N-acetyl-D-galactosamine
Glc Glucose
GlcNAc N-acetyl-D-glucosamine
Man Mannose
NeuAc Sialic acid (N-acetylneuraminic acid)
R Remainder of molecule
Ser Serine
Thr Threonine
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tures have N-acetyl-d-galactosamine and d-galactose,
respectively, attached in a-linkage to C-3 of this a1Æ2
fucosylated galactose residue (Table 2.3). Although
fucose does not represent the whole H determinant, 
it is the H immunodominant sugar because its 
loss results in loss of H activity. Likewise, N-
acetylgalactosamine is the A immunodominant sugar
and galactose is the B immunodominant sugar.

Lea and Leb antigens are expressed when fucose is 
attached to the N-acetylglucosamine of the Type 1 
precursor and of Type 1 H, respectively [41–45]. Lex

and Ley are the Type 2 isomers of Lea and Leb

[40,44,46,47]. Fucose is linked a1Æ4 to the N-
acetylglucosamine of a Type 1 chain in Lea and Leb and
a1Æ3 to the N-acetylglucosamine of a Type 2 chain in
Lex and Ley. Lex and Ley are not present in substantial

Lea

(Lex)

Leb

(Ley)

Le
(Lex)

Le
(Lex)

Le

(Lex)

le

Le

(Lex)

le

Le

(Lex)

le

Le

(Lex)

le

R R

R

R

(h)

se

(H)

Se

R

(b1,4)

(Type 2 precursor)

b1,3

Type 1 precursor
Type 1 H

(Type 2 H)

O

B

A

B

A

R

R

R

(BLey)
BLeb

(Ley)
Leb

(ALey)
ALeb

(Lex)
Lea

R

R

R

R

R

R

R

R

A

H

B

N-acetyl-D-galactosamine

D-galactose

N-acetyl-D-glucosamine

L-fucose in a1      2 linkage

L-fucose in a1      3 (or a1     4) linkage

R Remainder of molecule

Fig. 2.1 Diagram representing the biosynthetic pathways of ABH, Lewis, Lex, and Ley antigens derived from Type 1 and 2 core
chains. Genes controlling steps in the pathway are shown in italics and the gene products are listed in Table 2.6. Type 1 and 2
precursors differ in the nature of the linkage between the non-reducing terminal galactose and N-acetylglucosamine: b1Æ3 in
Type 1 and b1Æ4 in Type 2. Type 2 structures and the genes acting on them are shown in parentheses. Dashed lines show how
Lea (Lex) and Leb (Ley), produced from the precursor and H structures, respectively, are not substrates for the H, Se, or ABO
transferases and remain unconverted.
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quantities on red cells [48]. The monofucosylated Lea

and Lex structures may be sialylated at the C-3 of
galactose [49–51] (Table 2.3).

Type 1 ABH and Lewis structures are present in 
secretions, plasma, and endodermally derived tissues
[21]. They are not synthesized by red cells, but are in-
corporated into the red cell membrane from the plas-
ma [52]. Lewis antigens (Lea and Leb) are only present
on Type 1 structures. Elongated carbohydrate chains
with Type 1 peripheral structures are generally ex-
tended by repeating poly N-acetyllactosamine disac-
charides with the Type 2 (b1Æ4) linkage [53] (Table
2.5). Extended Type 1 structures with Lea and Leb ac-
tivity have been detected in plasma, particularly in per-
sons with Le(a+b+) red cells [54–56], and in carcinoma
cell lines [57,58].

Type 2 chain antigens represent the major ABH-
active oligosaccharides on red cells and are also 
detected in secretions and various ectodermally or

mesodermally derived tissues [15,21]. Type 2 struc-
tures in secretions are probably more often difucosy-
lated (Ley, ALey, BLey) than monofucosylated (H, A,
B) [59,60].

There are two forms of Type 3 ABH antigens: the O-
linked mucin type and the repetitive A-associated type.
In the O-linked mucin type the precursor exists as a
disaccharide linked directly, by O-glycosidic bond, 
to a serine or threonine residue of mucin [61]. This 
precursor represents the T cryptantigen (see Section
3.18.2), but is not usually expressed because it is
masked by substitution with sialic acid residues or
other sugars. Type 3 ABH antigens of the O-linked
mucin type are not found on red cells [62]. Repetitive
Type 3 chains are present on red cell glycolipids and se-
creted mucins from group A individuals. They are re-
stricted to group A because they are biosynthesized by
the addition of galactose in b1Æ3 linkage to the termi-
nal N-acetylgalactosamine of an A-active Type 2 chain

Table 2.5 Examples of H-active glycoconjugates with Type 2 precursor chains (for abbreviations see Table 2.4).

Glycosphingolipid (simple linear)
Fuca1Æ2Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glcb1ÆCer

Glycosphingolipid (branched)
Fuca1Æ2Galb1Æ4GlcNAcb1Æ3(Galb1Æ4GlcNAcb1Æ3)nGalb1Æ4Glcb1ÆCer

6
≠

Fuca1Æ2Galb1Æ4GlcNAcb1

N-linked glycoprotein
Fuca1Æ2Galb1Æ4GlcNAcb1

Ø
6

Fuca1Æ2Galb1Æ4GlcNAcb1Æ3(Galb1Æ4GlcNAcb)n1Æ2Man
\
Man-GlcNAc-GlcNAc-Asn

Fuca1Æ2Galb1Æ4GlcNAcb1Æ3(Galb1Æ4GlcNAcb)n1Æ2Man/

6
≠

Fuca1Æ2Galb1Æ4GlcNAcb1

O-linked glycoprotein (complex mucin type)
Fuca1Æ2Galb1Æ4GlcNAcb1

Ø
6

Fuca1Æ2Galb1Æ4GlcNAcb1Æ3(Galb1Æ4GlcNAcb1Æ3)nGalNAca1ÆSer/Thr
6
≠

Fuca1Æ2Galb1Æ4GlcNAcb1

n = 0–5 or more.
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[48,62–65]. This A-associated form of Type 3 chain is
discussed more fully in Section 2.4.

Type 4 ABH structures are only located on glycoli-
pids. Type 4 precursor chain of the globo-series results
from the addition of terminal galactose to globoside
[66] (P antigen, see Chapter 4). Type 4 globo-H and
globo-A have been detected in small quantities on red
cells [66,67], but are more abundant in kidney [68];
Type 4 globo-B has only been found, in minute quanti-
ties, in kidney [69]. Kidney from a group A person 
with the p phenotype, which prevents extension of 
the globoseries structure, lacked Type 4 A [70] (see
Chapter 4).

Type 6 chains have been found as free oligosaccha-
rides in milk [36] and urine [37].

The internal carbohydrate chains express I and i
antigens. In fetal cells linear chains predominate and i
antigen is expressed, whereas in adult glycoproteins
and glycolipids there is far more branching of the inner
core chains and I antigen is expressed (see Chapter 25).

2.3 Biosynthesis, inheritance, and
molecular genetics

Antigens of the ABO, Hh, and Lewis blood group 
systems are carbohydrates and are not the primary
products of the genes governing their expression. 
Carbohydrate chains are built up by the sequential ad-
dition of various monosaccharides, each extension of
the chain being catalysed by a specific glycosyltrans-
ferase enzyme. These enzymes catalyse the transfer of 
a monosaccharide from its nucleotide donor, and its
attachment, in a specific glycosidic linkage, to its 
acceptor substrate. Glycosyltransferases represent the
primary products of the ABO, H (FUT1), secretor
(FUT2), and Lewis (FUT3) genes (Table 2.6).

It has been estimated that at least 100 glycosyltrans-
ferases are required for synthesis of the known human
carbohydrates. The genes producing many of them
have been cloned and sequenced, including those for
the ABO, H, and Lewis blood groups, and for secre-
tion of H. The gene products are trans-membrane pro-
teins of the Golgi apparatus. They share a common
domain structure comprising a short N-terminal cyto-
plasmic tail, a 16–20 amino acid membrane-spanning
domain, and an extended stem region followed by a
large C-terminal catalytic domain. Soluble glycosyl-
transferases present in secretions may result from the
release of membrane-bound enzymes by endogenous

proteases or they may lack the membrane-spanning
domain as a result of mRNA translation-initiation at
an alternative site (for reviews see [22,71,72]).

The regulation mechanisms required to assure that
carbohydrate chains with the appropriate sequences
are produced are complex. They involve the presence
or absence of certain enzymes according to the genes
expressed in various tissues and at different stages of
development, and according to the genotype of the in-
dividual. Competition between different transferases
for the same donor or acceptor substrate is also impor-
tant in determining the carbohydrate chain produced
(review in [16]).

2.3.1 H antigen

H antigen is produced when an a1,2-l-
fucosyltransferase catalyses the transfer of l-fucose
from a guanosine diphosphate (GDP)-l-fucose donor
to the C-2 position of the terminal galactose of one of
the precursor structures shown in Section 2.2.2 (Table
2.3, Fig. 2.1). Two a1,2-l-fucosyltransferases, pro-
duced by two genes, FUT1 (H) and FUT2 (SE), catal-
yse the biosynthesis of H-active structures in different
tissues. H-transferase, the product of FUT1, is active

Table 2.6 Some glycosyltransferase genes and the enzymes
they produce.

Locus Allele Transferase

FUT1 (H) H a1,2-L-fucosyltransferase
h None

FUT2 (SE) Se a1,2-L-fucosyltransferase
se None

ABO A a1,3-N-acetyl-D-
galactosaminyltransferase

B a1,3-D-galactosyltransferase
O None

FUT3 (LE) Le a1,3/4-L-fucosyltransferase
le None

FUT4

FUT5 � a1,3-L-fucosyltransferase
FUT6

FUT7

FUT8 a1,6-L-fucosyltransferase
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in tissues of endodermal and mesodermal origin, and
synthesizes red cell H antigen; secretor-transferase, the
product of FUT2, is active in tissues of ectodermal ori-
gin, and is responsible for soluble H antigen in secre-
tions (for review see [72]). FUT1 has a higher affinity
for Type 2 acceptor substrate than Type 1, whereas
FUT2 shows a preference for Type 1 acceptor sub-
strate [73–76]. FUT1 and FUT2 share about 70% se-
quence identity and are 35 kilobases (kb) apart on the
long arm of chromosome 19 [77,78] (see Chapter 32),
suggesting that they were generated by duplication of
an ancestral gene. FUT1 consists of four exons and
FUT2 of two exons, but in both genes only one exon
(exon 4 in FUT1, exon 2 in FUT2) encodes the protein
product [79,80].

2.3.1.1 Red cells

Ernst, Rajan, Larsen et al. [81–83] used a gene-transfer
method to isolate FUT1 (H), because of difficulties in
purifying the very small quantities of H-transferase
present in tissues. Human genomic DNA was trans-
fected into cultured mouse cells, which have all of the
apparatus necessary to produce H-active carbohy-
drate chains apart from the H-gene-specified a1,2-
fucosyltransferase. Transfected cells expressing H
antigen were isolated with H-specific monoclonal an-
tibodies and the human DNA in those cells used to pro-
duce secondary transfectants in mouse cells. Again,
cells producing H antigen were isolated immunologi-
cally. With an EcoRI restriction fragment common to
all secondary transfectants expressing H as a probe, a
mammalian cDNA library was screened; the H gene
was isolated, cloned, sequenced, and expressed in cul-
tured monkey (COS-1) cells [81,82]. The expressed
enzyme was an a1,2-l-fucosyltransferase with an ap-
parent Km very similar to that of H-transferase and dif-
ferent from the putative Se gene product (see below).
Southern analysis showed that cDNA corresponded to
genomic sequences syntenic to the FUT1 locus on
chromosome 19 [83].

Stable transfection of Chinese hamster ovary
(CHO) cells with human FUT1 cDNA revealed that
H-transferase acts preferentially to fucosylate polylac-
tosamine sequences [84]. The enzyme therefore does
not indiscriminately act on all glycoprotein glycans,
but favours glycoproteins containing polylactosamine
sequences. This explains why ABH expression is re-
stricted to relatively few red cell surface glycoproteins.

Most people have H antigen on their red cells. Rare
alleles at the FUT1 locus produce little or no active
transferase and individuals homozygous for these alle-
les have little or no H on their red cells (see Section
2.13).

2.3.1.2 Secretions

Almost everybody expresses H antigen on their red
cells, but only about 80% of Europeans have H anti-
gen in their body secretions. These people are called
ABH secretors because, if they have an A and/or B
gene, they also secrete A and/or B antigens. The re-
maining 20% are called ABH non-secretors as they do
not secrete H, A, or B regardless of ABO genotype. In
people of European origin, ABH secretor status ap-
pears to be controlled by a pair of alleles, Se and se, at
the secretor locus (FUT2). Se, the gene responsible for
H secretion, is dominant over se [85,86] (see Section
2.6).

Before 1980 it was generally thought that secretor
behaved as a regulator gene, which controlled expres-
sion of the H gene in secretory tissues. The very differ-
ent conformations of Type 1 (Galb1Æ3GlcNAc) and
Type 2 (Galb1Æ4GlcNAc) disaccharides in two-
dimensional models led Lemieux [87] to suggest the
probable existence of two distinct fucosyltransferases,
one specific for a Type 1 chain and the other for a Type
2 chain. It was well established that red cells produce
only Type 2 H structures, whereas secretions of ABH
secretors contain both Type 1 H and Type 2 H [11].
Oriol et al. [88–90] proposed that the H gene codes for
an a1,2-fucosyltransferase specific for Type 2 sub-
strate and present in haemopoietic tissues, and that the
Se gene codes for an a1,2-fucosyltransferase that 
utilizes both Type 1 and 2 substrate and is present 
in secretory glands. Identification of two human 
a1,2-fucosyltransferases with slightly different 
properties and subsequent cloning of two a1,2-
fucosyltransferase genes has confirmed the concept of
two structural genes.

Le Pendu et al. [73] compared a1,2-
fucosyltransferase from the serum of non-secretor in-
dividuals with that from the serum of rare ABH secre-
tors who lack H from their red cells (para-Bombay
phenotype, see Section 2.13.3). The former transferase
mostly originates from haemopoietic tissues and is the
product of the H gene; the latter is believed to be the Se
gene product [73,91]. Fucosyltransferases from these
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two sources differed from each other in various physic-
ochemical characteristics, such as Km for GDP-fucose
and sensitivity to heat inactivation. The transferase
present in the serum of the non-secretors (H product)
favoured Type 2 acceptors, whereas that in serum
from the secretors with H-deficient red cells (Se prod-
uct) showed a definite preference for Type 1 substrate.
Other, similar studies produced comparable results
[74,75] and two a1,2-fucosyltransferases with differ-
ent Km values and electrophoretic mobilities were pu-
rified from pooled human serum [92].

In 1995, Rouquier et al. [77] exploited the close 
homology between the two a1,2-fucosyltransferase
genes to clone FUT2 (Se) from a human chromosome
19 cosmid library by cross-hybridization with FUT1
cDNA. FUT2 encodes a 332 amino acid polypeptide,
with substantial sequence homology to the product of
FUT1, plus an isoform with 11 extra residues at the N-
terminus [78]. The expressed product had a1,2-
fucosyltransferase activity with a pH optimum and Km

similar to that ascribed to the secretor-transferase. A
nonsense mutation (Trp143Stop) was associated with
an allele commonly responsible for the non-secretor
phenotype [78]. In addition to FUT2, a pseudogene,
Sec1, was isolated [77,78]. Sec1 and FUT2 are sepa-
rated by 12 kilobases and share over 80% sequence
identity, but Sec1 contains translation termination
codons, which disrupt potential open reading frames.
The two a1,2-fucosyltransferase genes, FUT1 and
FUT2, and the pseudogene, Sec1, are located within
about 50kb on chromosome 19, and probably arose
by gene duplication [72].

Se gene specified a1,2-fucosyltransferase is capable
of activity on red cells in vitro. Bombay phenotype red
cells, which are deficient in H-transferase and have no
H, A, or B antigens (Section 2.13), become H-active
after treatment, in the presence of GDP-fucose, with
fucosyltransferase prepared from human gastric mu-
cosa of a group O secretor, but not with that from a
non-secretor [93]. Conversion was only achieved 
with sialidase-treated red cells, suggesting that the H
precursor molecules on Bombay cells are masked by
sialyl residues. The resulting H-active ‘Bombay’ cells
could then be further converted to A activity with 
A-transferase in the presence of the appropriate 
nucleotide sugar donor [93].

The common non-secretor allele of FUT2 in people
of European and African origin (se428) contains a
G428A nonsense mutation converting the codon for

Trp143 to a translation stop codon, so no active en-
zyme is produced [78,94–96] (Table 2.7). The se428 al-
lele also encodes a Gly247Ser substitution, but that
change alone does not affect a1,2-fucosyltransferase
activity [76,78]. The se428 allele has not been found in
Japan and Taiwan [95,98,99,102], but six other non-
secretor alleles, four containing nonsense mutations
and two containing three-nucleotide deletions, have
been identified in Oriental, Polynesian, and Filipino
non-secretors [76,94,98,101–104] (Table 2.7). An 
allele with a single base deletion was found in two of
101 black South Africans (Xhosa) [96].

Another non-secretor allele found in Japanese is a
fusion gene comprising the 5¢ region of the pseudogene
Sec1 and the 3¢ region of FUT2 [98]. COS cells trans-
fected with the fusion gene had about 20% of the a1,2-
fucosyltransferase activity of those transfected with
the normal gene, yet expressed no H antigen. Although
the sequence of the fusion gene suggests that it encodes
a structurally functional protein, the promoter region
of the fusion gene is expected to be identical to that of
the pseudogene. This might explain why the gene is 
expressed in transfected COS cells, but not in native
tissues [98].

Indian people with the rare Bombay phenotype have
no H antigen on their red cells or in their secretions
(Section 2.13.1). This phenotype results from ho-
mozygosity for an inactivating missense mutation in
FUT1 together with a deletion of exon 2 of FUT2, the
whole of the coding region of the gene [105,106]. In
one family of Indian people living in Réunion Island, a
haplotype was identified in which a deleted FUT2 was
in cis with an apparently active FUT1 [106]. It is prob-
able that the FUT2 deletion is not uncommon among
non-secretors in India.

An allele of FUT2 (Sew385), common in the Far East
and South Pacific, encodes an Ile129Phe substitution
in the stem region of the a1,2-fucosyltransferase
[76,97–100]. This enzyme has identical substrate
specificities to the normal FUT2 product, but has 
at least a fivefold reduction in enzyme activity
[76,98,99]. Sew385 has a gene frequency of 44% in
Japanese [98], but has not been detected in Europeans
or Africans [76,96]. Homozygosity for Sew385 (or het-
erozygosity for Sew385and a non-secretor allele) results
in reduced levels of secreted H and the Le(a+b+) 
red cell phenotype, common in Far East and Pacific 
regions (Section 2.6.3).

A single, multiplex polymerase chain reaction
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(PCR) technique followed by restriction fragment-
length polymorphism (RFLP) analysis has been de-
vised to detect most of the known FUT2 mutations
[107].

Four FUT2 alleles encoding amino acid substitu-
tions appear to be responsible for between 50% and
80% reduction in enzyme activity [96]. Three of 
the alleles were found in black South Africans: 
Se40 Ile14Val; Se481 Asp161Asn; Se40,481 Ile14Val,
Asp161Asn. The other allele, Se379 Arg127Cys, was
present in a white South African [96].

2.3.1.3 Other tissues

Control of expression of H antigen in various human
tissues follows a general trend, summarized as follows:
H antigens on tissues of ectodermal and mesodermal
origin (e.g. primary sensory neurones, skin, vascular
endothelium, and bone marrow) are Type 2 structures
and produced by FUT1 (H) gene-specified a1,2-
fucosyltransferase; those on tissues of endodermal ori-
gin (digestive and respiratory mucosae, salivary
glands) are Type 1 and 2 structures and produced by
the FUT2 (Se) gene-specified enzyme [21]. However,
there are a number of exceptions to these rules (Section
2.20.3). Plasma a1,2-fucosyltransferase is predomi-
nantly haemopoietic in origin [108] and may originate
from circulating red cells and platelets [109].

FUT2 transcript was detected strongly in colon and
small intestine and weakly in lung; no FUT2 transcript
was detected in liver or kidney [77].

2.3.2 ABO antigens

2.3.2.1 A- and B-transferases

H antigen, whether produced by H-transferase or 
Se-transferase, is the acceptor substrate for the 
A and B gene-specified glycosyltransferases 
(Fig. 2.1). The A gene product is an a1,3-N-acetyl-
d-galactosaminyltransferase, which transfers N-
acetyl-d-galactosamine from a uridine diphosphate
(UDP)-N-acetylgalactosamine donor to the fucosylat-
ed galactosyl residue of H antigen. The B gene 
product, an a1,3-d-galactosyltransferase, transfers 
d-galactose from UDP-galactose to the fucosylated
galactose of H. A and B are alleles at the ABO locus on
chromosome 9. A third allele, O, does not produce an
active enzyme and in persons homozygous for O the H
antigen remains unmodified. If, because of the absence
of H-transferase or Se-transferase, no H structure is
available, A and B antigens cannot be produced de-
spite the presence of the appropriate A- or B-
transferase. This situation occurs in the secretions of
ABH non-secretors and on red cells of the rare H-defi-
cient (Bombay) phenotypes. The different species of A-

Table 2.7 FUT2 alleles responsible for ABH non-secretor phenotypes (se) or partial-secretor phenotype (Sew).

Amino acid 
Allele Mutation substitution Population Reference

Sew385 A385T Ile129Phe Taiwan Chinese, Japanese, [76,97–101]
Indonesian, Polynesian, 
Filipino

se428 G428A Trp143Stop European, African [78,96,99]
se571 C571T Arg191Stop Polynesian, Taiwanese, Japanese, [76,94,96,98,101,102]

European, Filipino
se628 C628T Arg210Stop Japanese [98]
se658 C658T Arg220Stop Chinese [103]
se685 del GTG 685–689 del Val229 or 230 Taiwanese [104]
se688 del GTC 688–690 del Val230 Filipino [101]
se778 del C778 RFS Pro260, African [96]

Stop at 275
se849 G849A Trp283Stop Taiwanese, Filipino [101,102]
sedel del exon 2 Indian [105,106]
sefus Sec1-FUT2 fusion Japanese [98]

del, deletion; RFS, reading frameshift.
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transferase associated with A1 and A2 phenotypes are
described in Section 2.4.1.

Anti-H reagents agglutinate group O cells far more
readily than most A and B cells as H antigen activity 
is masked by N-acetylgalactosamine and galactose 
in A- and B-active structures.

A-, B-, and H-transferase activity has been demon-
strated in vitro. A-transferase prepared from human
gastric mucosa converts O or B cells to A or AB acti-
vity in the presence of UDP-N-acetylgalactosamine
[110]. Gastric mucosa, serum, saliva, and milk from
group B individuals have all been used as sources of B-
transferase for converting O cells to B-active cells in
the presence of UDP-galactose [110–113]. Bombay
phenotype cells, which lack the H-active substrate,
could not be converted to B cells with a-
galactosyltransferases [111].

Glycosyltransferases are antigenic structures.
Human antibodies to blood group transferases are
often produced following organ transplantation
[114–117]. B, H, Lea, Lex, and Ley determinants 
have all been detected on the carbohydrate chains of
galactosyltransferase from human milk [118]. Rabbit
antibodies [119] and murine monoclonal antibodies
[120] raised to A-transferase cross-react with B-
transferase.

2.3.2.2 Molecular genetics

A-transferase was purified to homogeneity from
human lung and gastric tissues, and partial amino acid
sequences were obtained [121,122]. Degenerate syn-
thetic oligodeoxynucleotides based on the A-
transferase partial amino acid sequence were em-
ployed by Yamamoto et al. [123] in the isolation and
cloning of cDNA representing the A gene. The cDNA
library was constructed from RNA isolated from a
human gastric carcinoma cell line that expressed high
levels of A antigen. The 1062 basepair (bp) sequence
predicted a 353 amino acid protein with the three-do-
main structure characteristic of a glycosyltransferase.
After the initial publication [123], it became apparent
that the original clone from a gastric carcinoma con-
tained a unique 3bp deletion [124]. The numbering of
nucleotides and encoded amino acids used in this
chapter and in most publications reflects the usual se-
quence of the gene.

Based on the cDNA clone encoding A-transferase, 
B and O cDNA was also cloned and sequenced

[125,126]. A and B cDNAs were found to differ by
seven nucleotides, four of which were responsible for
amino acid substitutions at positions 176, 235, 266
and 268 (Figs 2.2 and 2.3). The O (or O1) sequence is
identical to the A (or A1) sequence apart from a dele-
tion of nucleotide 261 causing a shift in the reading
frame and generation of a premature translation stop
signal at the codon for amino acid residue 116. This al-
lele encodes a truncated protein with no catalytic do-
main (Fig. 2.3) and may produce a mRNA transcript
of reduced stability [127]. Cloned A and B cDNA was
transfected into recipient cells expressing H antigen
and the resulting A and B phenotypes could be 
detected immunologically. The common A sequence
(A1) is often referred to as the ‘consensus sequence’
and is used as a reference for the sequences of all other
ABO alleles. The A2 allele has a single nucleotide dele-
tion in the codon before the translation stop codon of
an A1 allele, resulting in disruption of that stop codon
and an A-transferase product with an extra 21 amino
acids at the C-terminus [128] (see Section 2.4.1).

The O allele described by Yamamoto et al.
[125,126], with an A1 sequence disrupted by a single
base deletion at position 261, is now named O1. There
are two other O alleles of significant frequency. A very
common allele, O1v (for O1-variant), has the single
base deletion of O1 at position 261, preventing the
production of any active transferase, but contains at
least nine other nucleotide differences from O1 and A1

[129]. The proportions of O alleles with the G261
deletion that are O1v are as follows: Swedes, 42%
[129]; Australians, 42% [130]; black Brazilians, 31%
[131]; native Brazilians, 91% [131]; Japanese,
49–55% [132,133]; and Chinese, 39% [134]. Anoth-
er O allele, O2, lacks the G261 nucleotide deletion, but
has two nucleotide differences from the A1 sequence
that encode amino acid changes: Arg176Gly (identical
to that of B-transferase) and Gly268Arg [135,136]
(Fig. 2.2). The substitution at position 268 exchanges
a charged arginine residue for a non-charged glycine,
presumably disrupting the catalytic site (Fig. 2.3). 
In vitro expression of an A1 cDNA construct with 
the codon for glycine at position 268 changed to an
arginine codon by site-directed mutagenesis resulted
in no A-transferase activity or A antigen expression
[137]. Between 2% and 6% of O alleles in white
donors from Europe, Australia, and the USA are O2

[130,136,138–141]; O2 has not been found in 
Japanese or Chinese [132–134]. The symbols *O101
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Fig. 2.2 Diagram representing
cDNA and protein products of five
common ABO alleles. Seven
nucleotide changes distinguish A
and B alleles and result in four
amino acid differences between A-
and B-transferases. Single base
deletions in A2 and O1 result in
reading frameshifts and
introduction and abolition of stop
codons in O1 and A2, respectively.
Amino acid substitution at position
268 is responsible for inactivation of
the O2 product.

Fig. 2.3 Diagrammatic
representation of the products of
five ABO alleles located in the
membrane of the Golgi apparatus
(modified from Clausen et al. [20]),
showing the positions of amino
acids that differ from those of the
A1-transferase and the positions of
the nucleotide deletions (D) in the 
A2 and O1 genes. Regions shown in
black are the extra 21 amino acids in
the A2-transferase and the sequence
encoded between the nucleotide
deletion and the stop codon in the
product of O1.
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and *O201 have also been used for O1 and O1v, 
respectively [133].

Yamamoto and Hakomori [126] constructed A-B
cDNA chimeras representing all 16 possible combina-
tions of the four amino acid substitutions distinguish-
ing A and B cDNA. Transfection experiments, in a
group O human cell line, demonstrated that the third
(266) and fourth (268) amino acid substitutions (Fig.
2.2) are the most important in determining the speci-
ficity of the transferase. An enzyme with Met266 and
Gly268 had dual A- and B-transferase activity. In vitro
mutagenesis experiments, in which cDNA constructs
encoding every possible amino acid residue at position
268 were expressed, led to the conclusion that the side
chain of the amino acid residue at position 268 is re-
sponsible for determining both activity and donor-
substrate specificity of the transferase product [137].

The coding region of the ABO gene is organized into
seven exons, spanning 18kb. Exons 6 and 7 constitute
77% of the coding sequence [124,142] (Fig. 2.4). The
G261 deletion of O1 and O1v genes is in exon 6; the 
nucleotide changes that distinguish A, B, and O2 are 
in exon 7.

Several GC boxes were found in a region just 
upstream of the transcription-initiation codon, but 
no sequence motifs for tissue-specific DNA-binding
proteins [124]. However, DNA methylation of a CpG
island within the gene promoter may have an impor-
tant role in regulation of ABO expression in different
tissues [143]. Transcription regulation of the ABO
gene is dependent on a minisatellite almost 4kb up-
stream of the start of the translated sequence, that con-
tains a CBF/NF-Y transcription factor-binding motif
[144]. This minisatellite consists of four copies of a 
43-bp repeat sequence in A2, B, O1, and O1v alleles,
but only one copy in A1 and O2 alleles [144–146]. 
Furthermore, transient transfection assays suggested
that the transcriptional induction capability of the A
enhancer was over 100 times less than that of the B

enhancer [146]. The significance of this, in vivo, re-
mains to be seen.

Many complexities of the ABO genes have been en-
countered. Most are relatively rare, but some are com-
mon in certain populations. About 80% of A1 genes in
Japanese (*A102) differ from the A1 gene in 
Europeans (*A101) by encoding leucine instead of
proline at position 156 [132,133]. This has no appar-
ent affect on the phenotype. Some unusual ABO genes
do affect activity of the gene products and these may
result in subgroups of A and B (see Sections 2.7 and
2.8). A single nucleotide insertion in a string of seven
guanosines at nucleotides 798–804 of an A2 allele in-
troduced a reading frameshift resulting in an enzymat-
ically inactive product (O3) [147]. Numerous genes
have been identified that appear to be hybrids, com-
prising partly of sequences characteristic of one ABO
allele and partly of sequences characteristic of another
allele [139,141,148–150]. These fusion genes have
probably arisen by meiotic crossing-over. In most of
these hybrid genes the recombination has occurred
within intron 6. Olsson and Chester [150] remark 
the presence of Chi or Chi-like sequences near the 3¢
end of intron 6, sequences associated with recombina-
tion hot-spots. Hybrid genes with exon 6 derived from
O1 or O1v have a G261 deletion and are inactive, re-
gardless of the origin of exon 7. Hybrid genes with
exon 6 derived from A or B are generally active, with
the origin of exon 7 determining specificity: exon 
7 with A1 or O1 origin gives rise to A1 activity; exon 7
with O1v origin results in weakened A activity (A2

or Ax).
Suzuki et al. [149] described a paternity case in

which the mother was group B, the child group A, and
the putative father group O; an apparent first-order
exclusion of paternity. Many other polymorphic
markers, however, failed to support this exclusion. Se-
quencing of the ABO genes of the family showed that
the child had an ABO gene in which exon 6 (and, pre-
sumably, exons 1–5) had the sequence of a B allele and
exon 7 the sequence of an O1 allele. This hybrid gene
had probably arisen in the germline of the mother as a
result of crossing-over during meiosis (Fig. 2.5). This
B-O1 gene would encode an enzyme with A-
transferase activity because O1 and A1 have an identi-
cal sequence in exon 7, the region encoding the catalyt-
ic site; the absense of the G261 deletion in exon 6 of B
origin enables translation of this active enzyme. The
child, therefore, had group A red cells, despite neither

Fig. 2.4 Genomic organization of the ABO gene, showing
the seven coding exons and number of amino acids encoded
by each exon.
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parent having an A gene. Such genetic events may be
considered to be rare, yet Suzuki et al [149] estimate
that similar recombinant alleles occur with a frequen-
cy of about 1% in the Japanese population.

The ABO genes have been well conserved during
evolution [151–153]. Human ABO shares consider-
able sequence homology with non-primate a1,3-
galactosyltransferase genes and with two human
pseudogenes, one of which is localized, like ABO, to
chromosome 9q33–34 [154,155]. A minimum of 95%
homology in nucleotide and deduced amino acid se-
quences was detected in the ABO genes of primates
[151]. Furthermore, the critical substitutions differen-
tiating the A and B genes occurred before the diver-
gence of the lineages leading to humans, chimpanzees,
gorillas, and orang-utans [144]. This polymorphism is
therefore at least 13 million years old and is most 
likely maintained by selection [144]. A labelled ABO
gene probe hybridized with genomic DNA from mar-
moset, hamster, rat, mouse, sheep, cow, rabbit, cat,
and dog [151]. The mouse ABO gene has a similar or-

ganization to human ABO, but has dual A- and B-
transferase activity [156].

2.3.2.3 ABO genotyping from DNA

Numerous methods have been developed for ABO
genotyping from genomic DNA. These mostly in-
volve restriction enzyme analysis of PCR products
[125,129,132,136,138,157–161] or PCR with allele
specific primers [139–141,162]. Other methods in-
volve analysis of PCR products by denaturing gradient
gel electrophoresis [163,164], single-strand confor-
mation [133,134], or sequence-specific oligonu-
cleotide probing [130], and use of PCR with
sequence-specific primers of different lengths [165].
Originally only A, B, and O could be identified, but
later methods permitted the recognition of A1, A2, 
B, O1 (including O1v), and O2 [129,130,134,138–
141,160]. With the relatively common occurrence of
so many variants, including fusion genes, results pro-
vided by these methods will not always be precise.
However, providing the G261 deletion in exon 6 is de-
tected and A, B, and O2 are distinguished in exon 7, the
tests will be reasonably reliable. Olsson et al. [166] de-
vised a method for detecting recombinant hybrid ABO
alleles by PCR with allele-specific primers that span 
intron 6.

Some gene frequencies, determined by PCR-based
methods, are shown in Table 2.8.

2.3.3 Lewis antigens

In 1948 Grubb [167] made the observation that people
with Le(a+) red cells were mostly non-secretors of
ABH. Subsequently, the following general rule has
been established for red cell Lewis phenotypes in
adults:
Le(a+b–) red cells come from ABH non-secretors;
Le(a–b+) red cells come from ABH secretors;
Le(a–b–) red cells come from ABH secretors or 
non-secretors.

Grubb [168] later proposed a theory to explain the
inheritance of the Lewis groups which, following 
family investigations, was confirmed and expanded by
Ceppellini [169]. Basically, the theory of Grubb and
Ceppellini states that the presence of Lea in saliva is
controlled by one locus (now called LE or FUT3) and
thus Leb might result from an interaction between the
products of the Lewis and secretor genes. People with

Fig. 2.5 A family with a group B mother, group O father,
and group A child, an apparent first-order exclusion of
paternity. Suzuki et al. [149] proposed that crossing-over
between B and O1 alleles occurred in the germline of the
mother, to create a B-O fusion gene that encodes a product
with A-transferase activity, because exon 7 derived from an
O1 gene has an identical sequence to exon 7 derived from an
A1 gene. X, site of recombination; �, site of nucleotide
deletion in O1 allele; open boxes represent exons derived
from an O1 gene; shaded boxes represent exons derived
from a B gene.
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both Lewis and Secretor (Se) genes have Lea and Leb in
their saliva and Le(a–b+) red cells, whereas those with
a Lewis gene, but homozygous for the non-secretor al-
lele (se), have only Lea in their saliva and Le(a+b–) red
cells. The Lewis and Secretor loci were shown by 
family studies to be genetically independent [170], al-
though they are on the same chromosome (Chapter
32). The theories of Grubb and Ceppellini have 
now mostly been verified by biochemical evidence, al-
though the situation is more complex in people from
Eastern Asia and the Southern Pacific region, where a
fourth red cell phenotype, Le(a+b+), is common.

The Lewis-related antigens, Lec and Led, are 
described in Section 2.19.2.

2.3.3.1 Lewis biosynthesis

The Lewis (Le) gene product is an a1,4-l-
fucosyltransferase [171,172], which catalyses the
transfer of l-fucose from GDP-fucose to the N-
acetylglucosamine of Type 1 acceptor substrates: to
Type 1 precursor to form Lea; to Type 1 H to form Leb;
to Type 1 A to form ALeb; and to Type 1 B to form
BLeb. A pattern of interactions between genes at the
LE (FUT3), SE (FUT2), and ABO loci determine
whether Lea or Leb, or both, or neither, are present in
secretions, plasma, and on red cells (Fig. 2.1).

At the simplest level, there are two alleles at the 
LE (FUT3) locus: Le, which encodes an a1,4-
fucosyltransferase; and le, which is apparently silent.
People homozygous for le secrete neither Lea nor Leb

and have the Le(a–b–) red cell phenotype, regardless of
their ABH and secretor phenotypes.

In ABH non-secretors (se/se), no a1,2-
fucosyltransferase is present in secretions to convert
Type 1 precursor to Type 1 H. Consequently, the Type
1 precursor is available as an acceptor substrate for the
Le-transferase, resulting in production of the monofu-
cosylated Lea antigen; so the secretions contain Lea

and the red cells are Le(a+b–). People with an Se gene
produce Type 1 H, which can then be converted by the
Le-transferase to the difucosylated Leb antigen. If they
also have an A or B gene, much of the Type 1 H will be
converted to A or B structures and so the Le-
transferase will produce ALeb or BLeb. Although Le-
transferase can utilize either Type 1 precursor or Type
1 H acceptor substrates to produce Lea and Leb, re-
spectively, Lea is a very poor substrate for the Se gene
specified a1,2-fucosyltransferase [10,16]. Conse-
quently, there is competition between these two en-
zymes for substrate [173,174]. If any Lea is produced
from Type 1 ‘precursor’ by the Le-transferase it cannot
be converted further to Leb by Se-transferase, so secre-
tions of a person with Le and Se genes contain Lea and
Leb, although very little Lea is detected in the plasma or
on the red cells. Similarly, Leb is not an acceptor sub-
strate for A- or B-transferase [10,16], and secretions of
an individual with Le, Se, and A genes contain Lea, Leb,
and ALeb (Fig. 2.1). The product of the weak secretor
gene (Sew), common in the Far East, competes with the
Le-transferase less effectively than that of an Se allele,
resulting in substantially greater production of Lea

than present in secretors. People homozygous for Sew, 
or heterozygous Sew/se, have Lea and Leb in their 
plasma and secretions and Le(a+b+) red cells
[54,76,97,100,175,176].

Table 2.8 ABO allele frequencies determined by PCR-based analyses of genomic DNA.

Alleles

Population No. of alleles tested A1 A2 B O1 O2 Reference

Europeans 600 0.215 0.062 0.112 0.583 0.028 [139]
English 172 0.198 0.075 0.105 0.605 0.017 [140]
Germans 234 0.214 0.068 0.051 0.650 0.017 [165]
Swedes 299 0.191 0.070 0.104 0.602 0.033 [138]
White Americans 240 0.188 0.017 0.108 0.671 0.017 [141]
Japanese 1040 0.287 ND 0.178 0.535 0 [132]
Japanese 208 0.288 0 0.178 0.534 0 [165]
Chinese 125 0.192 0 0.168 0.630 0 [134]

ND, not determined.
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Le-transferase has the exceptional ability to catalyse
two distinct glycosidic linkages. In addition to a1,4-
fucosyltransferase activity, it has some a1,3-
fucosyltransferase activity and is usually referred to as
an a1,3/4-l-fucosyltransferase [177–180], although it
is almost 100 times more efficient on Type 1 H than
Type 2 H acceptors [181]. Substitution of Trp111 to
arginine by site-directed mutagenesis converted the ac-
ceptor specificity of the Le-transferase from Type 1 H
to Type 2 H [182].

2.3.3.2 Molecular genetics

Kukowska-Latallo et al. [180] employed a gene 
transfer technique (like that described in Section
2.3.1.1 for isolation of the H gene) to clone and se-
quence cDNA encoding Le-gene-specified a1,3/4-
fucosyltransferase. The gene contains an intronless
coding region, which encodes a 361-amino acid pro-
tein with the three-domain structure typical of glyco-

syltransferases. There is a high level of sequence identi-
ty with some of the a1,2- and a1,3-fucosyltransferase
genes.

The genetic basis for the Le(a–b–) red cell phenotype
is heterogeneous, but is always associated with one 
or more missense mutations within the region of 
FUT3 encoding the catalytic domain of the Lewis-
transferase [183–193] (Table 2.9). No Lewis nonsense
mutation has been found. Transfection experiments
with cDNA or chimeric FUT3 constructs showed 
that the following amino acid substitutions caused
complete or almost complete inactivation of a1,
3/4-fucosyltransferase activity: Trp68Arg [194];
Gly170Ser [186]; Ile356Lys [185,186]. The enzyme is
not inactivated by Thr105Met, which is always associ-
ated with Trp68Arg [194]. The mutation encoding
Leu20Arg is common in Lewis-negative alleles (Table
2.9). This substitution occurs within the transmem-
brane domain of the enzyme and does not affect cat-
alytic activity [183–185], but may affect anchoring 

Table 2.9 FUT3 alleles associated with inactivity of the Lewis-transferase and the encoded amino acid substitutions.

Amino acid position
Symbol* 20 68 105 146 162 170 223 270 356 Populations References

†Le Leu Trp Thr Leu Asp Gly Gly Val Ile

‡Le59 Arg – – – – – – – – Indonesians, [185,188,191–193]
Europeans, 
Japanese, Chinese

le1067 – – – – – – – – Lys Indonesians, [185,189,191,192]
Europeans, 
Japanese, Chinese

le59,1067 Arg – – – – – – – Lys Europeans, Japanese, [185,186,188–193]
Indonesians, 
Africans, Chinese

le59,508 Arg – – – – Ser – – – Europeans, Japanese, [183,184,186–188,
Chinese, Africans 190–193]

le202,314 – Arg Met – – – – – – Europeans, Africans, [188,190–192]
Chinese

le59,68,1067 Arg Arg – – – – – – Lys Europeans [188]
le59,445 Arg – – Met – – – – – Europeans [188]
le202 – Arg – – – – – – – Europeans, Africans [191]
le484,667 – – – – Asn – Arg – – Africans [191]
le484,667,808 – – – – Asn – Arg Met – Africans [191]
le202,314,484 – Arg Met – Asn – – – – Europeans [191]

*Numbers represent nucleotide position of mutation.
†Common active allele.
‡Product enzymatically active, but may affect Golgi anchoring.
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of the enzyme in the Golgi membrane [185,193].
Leu20Arg in the absence of any other Lewis mutation
is relatively common in Indonesians, and people ho-
mozygous for this allele have Le(a–b–) red cells but 
secrete Lewis antigens [185]. Two other missense mu-
tations, Le304 (Gln102Lys) and Le370 (Ser124Ala),
have no affect on enzyme activity [191].

In white populations, le202,314 and le59,1067 are the
two most frequent Lewis-negative alleles [190,191],
whereas le59,508 is the most frequent in black Africans
and in Japanese [99,186,189,191] (Table 2.10).

The positions of the inactivating mutations in FUT3
suggest that the catalytic domain of the Lewis-
transferase includes the region from amino acid
residues 68–356. Expression of FUT3 constructs that
produce truncated proteins demonstrated that a pro-
tein consisting of amino acids 62–361 is enzymatically
active, but shorter forms were inactive [195].

a1,4-fucosyltransferase activity has been identified
in a number of tissues and secretions: kidney, gastric
mucosa, submaxilliary glands, ovarian cyst linings,
saliva, and milk (see [10]). a1,4-fucosyltransferase 
activity has not been detected in serum, red cells, lym-
phocytes, granulocytes, or platelets [178,196–198],
suggesting that there is no haemopoietic origin for this
enzyme. High levels of FUT3 (LE) transcripts are pre-
sent in colon, stomach, small intestine, lung, and kid-

ney; lesser amounts are present in salivary gland, 
bladder, uterus, and liver [199].

2.3.4 Lex, Ley, and sialyl-Lex

Lex (CD15) and Ley represent the Type 2 isomers of Lea

and Leb, respectively (Table 2.3). An a1,3-l-
fucosyltransferase catalyses the transfer of l-fucose
from a nucleotide donor to C-3 of the subterminal N-
acetylglucosamine of Type 2 precursor, Type 2 H, Type
2 A, or Type 2 B to produce Lex, Ley, ALey, and BLey,
respectively (Fig. 2.1). In analogy with the Lewis struc-
tures, Lex antigen is not converted to Ley antigen by H-
transferase or Se-transferase, and Ley antigen is not
converted to ALey or BLey by A- or B-transferase. (The
antigen described here as Lex differs from the original
Lex antigen, called Leabx in this chapter, see Section
2.19.1.)

In addition to FUT3, the Lewis gene, four other
genes encoding enzymes with a1,3-fucosyltransferase
activity have been cloned [200–206] (Table 2.6).
FUT3, FUT5, and FUT6 (plasma gene) have about
90% sequence homology and form a cluster on chro-
mosome 19p13.3 (see Chapter 32). FUT4 (myeloid
gene) and FUT7 (leucocyte gene) are located on chro-
mosomes 11 and 19, respectively [205–207]. Fucosy-
lation of a 2,3-sialylated acceptor produces sialyl-Lex

(sialyl-CD15) [203,204] (Table 2.3), a ligand for the
selectin family of cell adhesion proteins [208–210]
(Section 2.19.3). FUT4 controls expression of Lex on
leucocytes and brain, whereas FUT7 is responsible for
synthesis of sialyl-Lex on leucocytes. FUT6 produces
an a1,3-fucosyltransferase present in plasma, liver,
kidney, colon, and salivary glands. The tissue distribu-
tion of the FUT5 enzyme has not been determined (for
review see [72]). In addition to Type 2 acceptors, the
FUT2 enzyme may be able utilize Type 1 acceptors
[182,211] and so may be able to synthesize Lewis 
antigens.

The cluster of three homologous fucosyltransferase
genes, FUT3, FUT5, and FUT6, and possibly the other
fucosyltransferase genes (Table 2.6), probably arose
by successive duplications followed by translocations
and divergent evolution from a single ancestral gene.
FUT8, which encodes an a1,6-fucosyltransferase,
may represent the ancestral gene [181].

Homozygosity for FUT6 alleles containing either a
missense mutation (Glu247Lys) or a nonsense muta-
tion (Tyr315Stop) is responsible for deficiency of plas-

Table 2.10 Frequencies of FUT3 alleles in three
populations.

Black 
White South 
South Africans 
Africans (Xhosa) Japanese 

Allele (100) (100) (808)

Le 0.675 0.500 0.643
Le59 0 0.020 0
le1067 0 0.005 0.001
le59,1067 0.130 0.025 0.082
le59,508 0.010 0.310 0.274
le202,314 0.140 0.080 0
le202 0.010 0.015 0
le484,67 0 0.025 0
le484,667,808 0 0.020 0
le202,314,484 0.005 0 0
Le304 0.005 0.020 0
Le370 0 0.005 0

References [191] [191] [99,186,189]
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ma a1,3-fucosyltransferase in Indonesia [212], Poly-
nesia and Sweden [213]. Nine per cent of Indonesians
from Java have a1,3-fucosyltransferase deficiency,
and 95% of these individuals have Le(a–b–) red cells,
indicating linkage disequilibrium between the very
closely linked FUT3 (LE) and FUT6 loci [212].

Part 3: ABO, Hh, and secretor systems

2.4 A1 and A2

The existence of subgroups of A, with red cells of one
subgroup demonstrating weaker expression of A anti-
gen than those of the other, was first recognized by von
Dungern and Hirszfield [214] in 1911. Landsteiner
and Levine [215] named the two major subgroups A1

and A2.
The usual way of interpreting the A1 and A2 sub-

groups is as follows.
Anti-A (group B 
serum)

Group Antigens Anti-A Anti-A1

A1 A A1 + +
A2 A + –

Sera from group B individuals appear to contain
two antibody components, anti-A and anti-A1. A1 cells
react with both components, whereas A2 cells react
only with anti-A. Adsorption of some group B sera
with A2 cells removes anti-A leaving behind anti-A1

[214]; continued adsorption of group B serum with A2

cells, however, eventually removes all antibody [216].
Regrettably, the term anti-A has two meanings: the an-
tiserum that reacts with A and AB cells; and one of the
two antibody components present in group B serum.
In this chapter, the precise meaning of ‘anti-A’ should
be apparent from its context.

Anti-A1 is present in the serum of some A2 and A2B
people [217,218]. By agglutination of A1 cells at room
temperature, anti-A1 was found in the serum of 1–2%
of A2 and 22–26% of A2B individuals [219,220].
More sensitive techniques revealed anti-A1 in higher
proportions of A2 and A2B donors [221,222].

Probably the best and most widely used anti-A1

reagent is Dolichos biflorus lectin [223]. Raw extract
of Dolichos seeds agglutinates A1 and A2 red cells, but
at a suitable dilution the lectin will easily distinguish

A1 and A1B from A2 and A2B. Red cells from group A
babies usually react only weakly with Dolichos lectin
and may not be agglutinated at all by human anti-A1

[224]. It should be remembered that Dolichos lectin
also agglutinates rare red cells with a very strong Sda

antigen and Tn polyagglutinable red cells, regardless
of ABO group (Chapters 29 and 31).

A2 red cells have substantially higher expression of
H antigen than A1 cells.

When determined by serological means, the A1 gene
appears dominant over A2 and the genotypes A1/A1

and A1/A2 cannot be discriminated by blood grouping
techniques (Table 2.11). These genotypes may be 
determined by family studies, transferase assays, or
molecular genetics.

2.4.1 A1- and A2-transferases, and 
the genes that produce them

The A gene product is an N-
acetylgalactosaminyltransferase (Section 2.3.2.1). A-
transferase isolated from sera or gastric mucosa of A1

individuals is more effective at converting group O red
cells to A-active cells than that from A2 people
[225–228]. When A2 enzyme is used, the reaction is
much slower and under normal conditions O cells are
only converted to A2 phenotype. However, after ex-
tended incubation with A2 enzyme, O cells may be
weakly agglutinated by A1-specific reagents [228]. 
A1 enzyme can convert A2 cells to A1 phenotype
[226,227]. N-acetylgalactosaminyltransferases from

Table 2.11 A1A2BO genotypes and serologically
determined phenotypes.

Genotype Phenotype

A1/A1

A1/A2 � A1
A1/O

A2/A2 � A2A2/O

B/B     � B
B/O

A1/B A1B

A2/B A2B

O/O O
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A1 and A2 sources have the same specificity for low
molecular weight acceptors and both synthesize the
same A determinant [10]. Yet at pH5.5, activity of A-
transferase from A1 serum, with low molecular weight
substrate, is 5–10 times higher than that from A2

serum [229].
Schachter et al. [230] confirmed that A1 and A2

serum transferases are qualitatively different enzymes.
They have different pH optima: 5.6 for A1-transferase
and between 7 and 8 for A2-transferase. Sera from het-
erozygous A1/A2 individuals can be distinguished
from sera from A1/A1 or A1/O people by pH optima
and by isoelectric point [231]. At pH7.2, A2-
transferase, the less efficient enzyme, has a Km value
about 10 times higher than that for A1-transferase
[230]. In vitro conversion of O cells to A activity by A-

transferase generally requires the presence of Mn2+

ions. If Mn2+ is substituted by Mg2+, A1-transferase re-
mains active, but A2-transferase does not [230].

The A2 allele in people of European origin contains
a deletion of one of the three cytosines at positions
1059–1061 (CCC to CC). This deletion is in the codon
before the translation stop codon and causes a reading
frameshift and loss of the stop codon, resulting in a
gene product with an extra 21 amino acid residues at
its C-terminus [128] (Figs 2.3 and 2.6). The A2 allele
also encodes Leu156, in place of Pro156 of the A1 con-
sensus sequence. A human cell line transfected with an
A1 cDNA construct with the C1059 deletion intro-
duced artificially produced an A-transferase with dras-
tically reduced activity. The Pro156Leu substitution
had little effect on enzyme activity [128].

Fig. 2.6 Diagram representing
cDNA and protein products of six
ABO alleles. The top sequence is the
consensus sequence (European A1).
The other sequences represent
Japanese A1 and four A2 alleles,
showing how they differ from the
consensus sequence. Some silent
nucleotide changes are not shown.
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In Japan the situation is different [232,233]. The al-
lele described above with a C1059 deletion (also called
*A105) is rare. The two most common A2 alleles do
not have the C1059 deletion, but have different mis-
sense mutations within codon 352, only three codons
before the normal stop codon: Arg352Trp (*A106)
and Arg352Gly (*A107) (Fig. 2.6). A B-O1v hybrid al-
lele (*R101), also quite common in Japan, gives rise to
an A1 phenotype when paired with O, but an A2B phe-
notype when paired with B, presumably because of
competition for a common acceptor between the A-
active hybrid transferase and the B-transferase [233].
This allele is responsible for an imbalance in A2 and
A2B phenotype frequencies in Japan.

2.4.2 A1 and A2: do determinants differ
qualitatively as well as quantitatively?

Since the A1 and A2 subgroups were first described
there has been controversy as to whether A1 and A2

cells differ purely in the number of A determinants or
whether these antigens actually show structural differ-
ences. Repeated adsorption of anti-A1 from group B
serum with A2 cells will remove all antibody, suggest-
ing a quantitative difference [216,234], but A2 and
A2B individuals often make anti-A1, suggesting that A2

cells lack a determinant present on A1 cells [217,218].
There is no doubt that a quantitative difference 

between A1 and A2 cells exists. A variety of techniques
has been used to estimate the number of antigen sites
on red cells. These include radioimmunoassay with 
labelled antibody or lectin [235–241], electron mi-
croscopy of red cells sensitized with ferritin-labelled

lectin [242], conversion of H sites with radiola-
belled UDP-N-acetylgalactosamine and A-transferase
[27,238,239], and flow cytometry with monoclonal
antibodies [243]. Estimated numbers of antigens sites
per red cell can be summarized as follows:
A1 8–12¥105

A2 1–4¥105

A1B 5–9¥105

A2B 1¥105 [235–240,242,243].
Rochant et al. [244] found that the majority of red

cells from A2 individuals showed faint fluorescence
with fluorescent Dolichos lectin, while a few cells
demonstrated very strong fluorescence; conversely, in
a population of A1 cells, most had strong reactivity
while around 10% exhibited only faint fluorescence.
This may explain the ‘mixed field’ appearance of ag-
glutination usually observed with anti-A1 reagents.

A1 and A2 also differ qualitatively. Repetitive Type 3
A structures (see Section 2.2.2 and Table 2.3) are pre-
sent on A1 red cells, but not on A2 cells [62,64,65].
Repetitive Type 3 chains are only present on group 
A cells because they are produced by the addition 
of a galactose residue to the terminal N-
acetylgalactosamine of a Type 2 A chain followed by
the fucosylation of that galactose to form Type 3 H
(Fig. 2.7). A1-transferase, but not A2-transferase, is
able to convert Type 3 H to Type 3 A by the addition of
an N-acetylgalactosamine residue [65], so Type 3 H,
but not Type 3 A, is detected on A2 cells. Likewise,
Type 4 H, but not Type 4 A, is detected on the glycol-
ipids of A2 cells [62,65]. It is probable that anti-A1 is
specific for, or shows a preference for, Type 3 A and/or
Type 4 A structures. However, Dolichos lectin detects

Type 3 A

Type 3 H

Type 2 A

Type 2 H

2 2

aFucaFuc

GalNAc  a1      3  Gal b1      3  GalNAc  a1      3  Gal  b1      4  GlcNAc  b1     R

1 1

Fig. 2.7 Diagram showing how a
repetitive Type 3 A chain is built up
from a Type 2 H chain. From right to
left, Type 2 H is converted to Type 2
A in group A people. Type 2 A may
be converted to Type 3 H. Type 3 H
is then further converted to Type 3 A
in A1, but not A2 individuals.
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N-acetylgalactosamine and, when present in sufficient
concentration, agglutinates A2 cells, so its use as a
reagent for subtyping group A cells probably depends
more on the quantitative than the qualitative differ-
ence between A1 and A2 phenotypes.

2.4.3 Aint

Landsteiner and Levine [215] recognized that the 
red cells of some group A individuals could not be de-
fined as either A1 or A2, but fell into an intermediate
category. Aint does not represent a true intermediate,
however, as the level of H is as high as that found in A2

and may be higher [224,245–248].
Aint is more common in black than white people. Of

group A African Americans, 8.5% were found to be
Aint compared with about 1% of group A white 
Americans [249]. Of group A black South Africans,
13.7% were Aint [245]. Aint appears to be inherited as
an allele at the ABO locus [246,247].

Yoshida et al. [250] detected a unique form of 
A-transferase in Aint sera, which differed from 
A2-transferase in having a high affinity for UDP-N-
acetylgalactosamine and from A1-transferase in 
having a low affinity for 2¢-fucosyllactose, a soluble
analogue for membrane-bound H-substance.

2.5 ABO phenotype and gene frequencies

Millions of people have been ABO grouped and the

frequencies of the four phenotypes, A, B, AB, and O,
differ substantially throughout the world, and often
show marked variations even within quite small coun-
tries. In 1976, Mourant et al. [251] published the re-
sults of ABO tests on nearly 8 million people, together
with previously published data on almost 7 million
more. A supplement to this book included ABO data
on about another million individuals [252]. Anyone
requiring information on ABO frequencies of popula-
tions from virtually every country in the world is 
referred to these books.

As an example of ABO frequencies in britain, a
study of unrelated individuals from the south of 
England is shown in Table 2.12. Red cells were tested
with anti-A, -B, and -A1, and sera were checked for rec-
iprocal agglutinins. Methods for calculating ABO
gene frequencies are given elsewhere [86] and comput-
er programs also are available for this purpose. De-
tailed analyses of families tested for A1A2BO groups
confirmed the accuracy of the genetical concepts of
Bernstein [6,7] for ABO and of Thomsen et al. [8] for
A1A2BO.

Populations with a high frequency of O (gene fre-
quency greater than 0.7, i.e. 70%) are found in North
and South America, and in parts of Africa and 
Australia, but not in most of Europe or Asia. Some na-
tive people of South and Central America are virtually
all group O and probably were entirely so before the
European invasion. The frequency of A is quite high
(0.25–0.55) in Europe, especially in Scandinavia and

Table 2.12 A1A2BO phenotype, gene, and genotype frequencies in the south of England in 1939 [253].

Phenotype
Gene

Genotype
Calculated

No. Frequency frequency Calculated frequency

O 1503 0.4345 O 0.6602 O/O 0.4349
A1 1204 0.3481 A1 0.2090 A1/A1 0.0437

A1/O 0.2760
A1/A2 0.0291

A2 342 0.0989 A2 0.0696 A2/A2 0.0048
A2/O 0.0919

B 297 0.0859 B 0.0612 B/B 0.0037
B/O 0.0808

A1B 91 0.0263 A1/B 0.0256
A2B 22 0.0063 A2/B 0.0085

Total 3459 1.0000 1.0000 1.0000
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parts of Central Europe. High A frequency is also
found in the Aborigines of South Australia (up to 0.45)
and in certain Native American tribes, where the fre-
quency reaches 0.35. A2 is found mainly in Europe, the
Near East, and Africa, but is either very rare or absent
from indigenous populations throughout the rest of
the world. The frequency of A2 in Lapland reaches
0.37, but elsewhere in Europe it does not exceed 0.1. B,
almost absent from Native Americans and most 
Australian Aborigines, probably was absent before the
arrival of Europeans. High frequencies of B are found
in Central Asia (0.2–0.3). In Europe, B frequency di-
minishes from about 0.15 in the east to less than 0.05
in the Netherlands, France, Spain, and Portugal (data
compiled from Mourant et al. [251]). For a diagram-
matic representation of some examples of gene fre-
quencies in different populations see Fig. 2.8.

Some gene frequencies determined by molecular
methods are provided in Table 2.8. The frequencies 
for English donors correlate remarkably well with
those calculated from serological data (Table 2.12),
considering changes in the ethnicity of the donor 
populations. It is important to remember that the sero-
logically determined phenotypes —A1, A2, O, and to a
lesser extent, B —are genetically heterogeneous 
(Sections 2.3.2.2 and 2.4.1).

2.6 Secretion of ABO and H antigens

By 1926 it was apparent that A and B antigens were
not confined to red cells, but were present, in soluble
form, in seminal fluid and saliva [255]. In 1930, 
Putkonen [256] noted that a proportion of A, B, and
AB individuals lacked A or B antigens from their body
fluids. The ability to secrete A, B, and ‘O’ was found to
be inherited in a Mendelian manner, genetically inde-

pendent of ABO [85]. The locus controlling ABH se-
cretion is called Secretor (SE, and subsequently
FUT2): the ability to secrete (Se) is dominant over non-
secretor (se) [85]. Although some other blood group
antigens are also present in secretions, the terms ‘secre-
tor’ and ‘non-secretor’ refer only to ABH secretion.

In secretor individuals of the appropriate ABO
group, ABH antigens are detected in the secretions of
the goblet cells and mucous glands of the gastrointesti-
nal tract (saliva, gastric juice, bile, meconium), geni-
tourinary tract (spermatic fluid, vaginal secretions,
ovarian cyst fluid, urine), and respiratory tract, as 
well as in milk, sweat, tears, and amniotic fluid
[35,254,257]. Secreted ABH antigens are mostly car-
ried on glycoproteins of high molecular weight called
mucins, but are also present in milk and urine as free
oligosaccharides [10,36,37]. Secreted A, B, and H
antigens are expressed on Type 1, 2, and 3 structures
[10,14,44,61].

Se and se are alleles of the endodermal a1,2-
fucosyltransferase gene, FUT2. The symbol se repre-
sents a number of alleles containing inactivating muta-
tions (see Section 2.3.1.2 and Table 2.7). Se and se
determine the presence or absence of H substance in
secretions. A- and B-transferases are not under the
control of the secretor gene, but are unable to catalyse
the production of A and B substances in body fluids of
non-secretors because of lack of H antigen, their ac-
ceptor substrate (see Section 2.3.2). The study of dis-
permic chimeras has shown that in order to secrete A,
an A gene and an Se gene must be expressed in the same
cell, and the corresponding situation applies to cells
that secrete B substance [258,259].

The simplest method of determining secretor status
is by inhibition of haemagglutination. Saliva is added
to selected and appropriately diluted anti-A, -B, and 

Table 2.13 Phenotype, gene, and genotype frequencies for secretor status of a random selection of people from Liverpool in
1960 [224].

Phenotype

Gene

Genotype
Calculated 

No. Frequency frequency Calculated frequency

Secretors 864 0.7728 Se 0.5233 Se/Se 0.2739
Se/se 0.4989

Non-secretors 254 0.2272 se 0.4767 se/se 0.2272
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-H (usually Ulex europaeus lectin), and inhibition de-
termined by the failure of these mixtures to agglutinate
A2, B, and O cells, respectively.

2.6.1 Frequencies

In most European populations the frequency of secre-

tors is about 80% [251]. Table 2.13 shows the results
of secretor tests, with deduced gene and genotype fre-
quencies, on over 1000 people from Liverpool [224].
Ulex europaeus lectin (anti-H) was used in agglutina-
tion inhibition tests and all A1, A1B, or B non-secretors
were also checked for ability to inhibit agglutination
by anti-A or -B.

English Swedish Lapps

N. Indians (Punjab) Africans
(Zezuru tribe, Zimbabwe)

Amerindians
(Navaho New Mexico)

Australian Aborigines
(Queensland)

A1

A1

A1 A1

A1

A2

A2

A2

O

O

O O

O

A1

A2

O

B

B
B

B

B

Fig. 2.8 Diagram showing A1A2BO
gene frequencies in six selected
populations.
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The frequency of the Se gene does not differ greatly
from 0.5 in most ethnic groups, although in Australian
Aborigines, Inuits, some Native Americans, and some
Melanesians, the frequency approaches 1.0 [251]. In
India there is more variation with a high frequency of
Se in the North (up to 0.75) and low frequency in the
South (0.22).

2.6.2 Quantitative aspects

From a study of sibling pairs, Clarke et al. [260] report
that individual quantitative variation of salivary A, B,
or H antigens is, at least in part, inherited, and 
inherited in a polygenic manner. Sex and age, from 10
to 80 years, do not influence the concentration of ABH
substances in saliva [261]. The primitive salivary
glands of a human fetus produce secretion rich in ABH
antigens from the gestational age of about nine weeks
[262] and ABH antigens are well developed in neona-
tal saliva [263,264].

A variety of techniques, mostly employing human
anti-A or Dolichos biflorus lectin, has provided sub-
stantial evidence that A1 saliva contains more A anti-
gen than A2 saliva [173,261,265–269]. Clausen [14]
has detected repetitive Type 3 A on A1, but not A2,
ovarian cyst mucins. So, at least in part, the same basis
for a qualitative difference between A1 and A2 deter-
minants exists in secretions as on red cells (see Section
2.4.2).

Saliva from AB secretors contains less A and B sub-
stance than saliva from group A secretors and group B
secretors, respectively [261,268,269] (Table 2.14),
suggesting that in the saliva of AB secretors there is

competition between the A- and B-transferases for a
common substrate.

The relative quantities of H antigen in secretor sali-
va of individuals of different ABO groups, shown in
Table 2.14, has mostly been determined by inhibition
of Ulex europaeus lectin [260,261,266,268,270], but
extracts of seeds of Cytisus sessilifolius [270] and
Laburnum alpinum [269] have also been used. The 
descending order of H quantity in saliva of different
ABO groups differs from that found on red cells 
(O>A2 >B>A1), as determined by agglutination with
Ulex europaeus lectin [266]. Three separate studies
agreed that the quantity of secreted H substance is 
genetically determined and under the control of 
more genes than those at the secretor and ABO loci
[260,271,272].

Small quantities of H, A, and B substances can be 
detected in the saliva of most non-secretors
[174,254,273–275]. H-antigen production in non-
secretor saliva is probably catalysed by the H (FUT1)
gene-specified a1,2-fucosyltransferase and not the Se
gene product. Betteridge and Watkins [75] detected a
low level of a1,2-fucosyltransferase in submaxillary
gland preparations from non-secretors, which showed
the Type 2-acceptor preference typical of H gene-
specified transferase.

2.6.3

A weak secretor gene (Sew or Sew385), containing a mis-
sense mutation encoding an Ile129Phe substitution
[76,97–100], is responsible for the Le(a+b+) red cell
phenotype common in Orientals and Polynesians
[54,175,176]. An a1,2-fucosyltransferase that is less
efficient than the normal Se gene product would com-
pete less effectively with the Lewis-transferase for the
Type 1 precursor substrate. Consequently, a greater
quantity of the substrate would be converted to Lea

antigen so that less would be available to be converted
to Type 1 H and, subsequently, to Leb (see Section
2.3.3.1).

2.6.4 A, B, and H antigens in plasma

A, B, and H antigens are found in the plasma of ABH
secretors and non-secretors, although greater quanti-
ties are present in the former [90,276–278]. With anti-
Type 1 H (serum from goats immunized with human
saliva and adsorbed with immunoadsorbents coated

Sew

Table 2.14 Relative mean concentration of salivary blood
group substances in secretions as determined by an
automated quantitative inhibition method and approximate
percentage relationships, according to red cell type [261].

Substance Red cell type

A A1 > A1B > A2 > A2B
100 60 40 10

B B > A2B > A1B
100 75 25

H O > A2 > A1 > B ª A2B ª A1B
100 60 40 20 20 20
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with Type 2 H trisaccharide) and anti-Type 2 H lectin
(Ulex europaeus), Le Pendu et al. [90] showed that
plasma from ABH secretors contains Type 1 H and
Type 2 H, but plasma from non-secretors contains
only Type 2 H. They estimated that all of the Type 1 H
and about one-third of the Type 2 H in plasma is con-
trolled by the secretor system, whereas most of the
Type 2 H is independent of secretor and is presumably
of haemopoietic origin. Plasma A, B, and H substances
are carried on glycosphingolipids and glycoproteins
[279,280]. Their quantity is greatly affected by Lewis
phenotype: Le(a–b–) ABH secretors have substantially
more ABH determinants in their plasma than do
Le(a–b+) ABH secretors [90,278,279,281].

Over a period of about 2 weeks, group O transfused
red cells adsorb A and B antigens from the plasma of an
AB recipient and become agglutinable with some
group O sera (anti-A,B) and with a few group A or
group B sera [282]. A and B antigens adsorbed from
plasma onto O red cells, in vitro, are glycosphin-
golipids and contain Type 1 chains [278].

2.7 Subgroups of A

In addition to the common phenotypes A1 and A2, nu-
merous phenotypes with weak expression of A on the
red cells have been found and a multitude of names
have been adopted. Most of these phenotypes can be
fitted into the following categories: A3, Ax, Aend, Am,
Ay, and Ael. The serological characteristics of these
phenotypes are shown in Table 2.15. All have normal
or enhanced expression of H. In most cases the variant

phenotype results from inheritance of a rare allele at
the ABO locus, which can be detected when paired
with O or B, but not with A1 or A2. Ay probably results
from germline mutation or from homozygosity for a
rare gene at a locus independent of ABO. Ax, Aend, Am,
Ay, and Ael red cells are not agglutinated by most anti-
A and are disclosed in routine testing because they re-
semble group O or B red cells, but no anti-A is present
in the serum. Ax cells are agglutinated by group O
(anti-A,B) serum. In A subgroups the A antigen is more
easily detected if the cells are protease treated.

Cartron et al. [238,239] determined relative agglu-
tinability by counting the number of cells agglutinated
by anti-A in a Coulter counter, and site density by using
a radiolabelled rabbit IgG anti-A (Table 2.16). These
quantitative techniques demonstrate substantial 
individual variation within a subgroup, but do deter-
mine a hierarchy in respect to red cell A antigen 
expression.

Molecular techniques have confirmed that A sub-
groups are heterogeneous and have demonstrated that
the phenotypic classification has little genetical basis
(Table 2.17).

2.7.1 A3

The least rare of the weak A phenotypes is A3. The fre-
quency has been estimated as 1 in 1000 group A Danes
[265], 9 in 150000 French donors (0.0136% of group
A) [283], and 2 in about 180000 Canadians [284].
The main serological feature of A3 phenotype, first de-
scribed by Friedenreich [285] in 1936, is a characteris-

Table 2.15 Serological and transferase characteristics of weak A subgroups.

Reactions of
cells with Antibodies in serum

Name Anti-A Anti-A,B Anti-A Anti-A1 Antigens in saliva of secretors A-transferase in serum

A3 mf mf No Sometimes A H Sometimes
Aend mf mf No Sometimes H No
Ax -*/w + -/+ Usually (Ax) H Rarely
Am -*/w -/+ No No A H Yes
Ay -* - No No A H Trace
Ael -* - Some Yes H No

Red cells of none of the subgroups reacted with anti-A1; all reacted with anti-H.
*Anti-A may be adsorbed onto and eluted from these cells.
(Ax), may require inhibition of agglutination of Ax cells for detection.
mf, mixed field agglutination; w, very weak agglutination.
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tic ‘mixed field agglutination’ when red cells are incu-
bated with anti-A and with most anti-A,B. That is,
small agglutinates are seen surrounded by a mass of
unagglutinated, ‘free’ cells. On occasion, A3 serum
contains anti-A1. Group A substance is detected in the
saliva of secretors.

Unlike Amos (described in Section 2.9), A3 does not
appear to be a mosaic of A2 and O cells: in the A3 phe-
notype anti-A can be eluted from the population of
cells that was not agglutinated by it [284], and some
anti-A,B agglutinate the whole population of cells
[266]. When A3 cells were stained with fluorescent
anti-A, all the cells glowed, although there was vari-

ability in the degree of fluorescence [286]. It appears
that only 3–4% of the cells have sufficient sites to 
permit agglutination with anti-A [286].

Investigation of serum transferases revealed hetero-
geneity within the A3 phenotype. A3 can be divided
into the following three types on the basis of serum 
a-N-acetylgalactosaminyltransferases [287–289]:
1 the enzyme has a pH optimum of about 6, resem-
bling A1-transferase, but activity is about one-third of
that found in A1 serum;
2 the enzyme has a pH optimum of about 7 and thus
resembles A2-transferase, but has very low activity;
3 no A-transferase can be detected.

Table 2.16 Relative agglutinability with anti-A and A site density per red cell [238].

Antigen site density
Phenotype No. of subjects Agglutinability (A sites per red cell ¥ 105)

A1 4 100 10.5 (7.95–14.56)
A2 10 96 ± 2 2.21 (1.29–3.53)
A3 11 63 ± 10 0.35 (0.07–1.0)
Aend 7 10 ± 5 0.035 (0.011–0.044)
Ax 9 33 ± 10 0.048 (0.014–0.10)
Am, Ay 4 0 0.012 (0.001–0.019)
Ael 4 0 0.007 (0.001–0.014)

Table 2.17 ABO alleles associated with weak A expression.

Phenotype Allele Nucleotide changes† Amino acid changes† Reference

A3 A3-1‡ G871A Asp291Asn [291]
A3 A3-2 G829A, del C1060 Val277Met, Pro354 FS [292]
Afinn 5¢ splice site intron 6 [293]
Ax Ax-1 T646A Phe216Ile [150,232,290,294]
Ax Ax-2, -4, -5§; T646A, G681A, C771T, Phe216Ile, Val277Met [150,290]

A1–O1v G829A
Ax Ax-3; A297G, T646A, G681A, Phe216Ile, Val277Met [150,290]

B/O2–O1v C771T, G829A
Ax Ax-6 G996A Trp332Stop [290]
Ael Ael-1; A*109 + G G798–804 Phe269 frameshift [232,290,295]
Ael Ael-2; A*110 C467T, T646A, G681A Pro156Leu, Phe216Ile [232]
Aw Aw-1 C407T, C467T, del C1060 Thr136Met, Pro156Leu [290]
Aw Aw-2 C350G, C467T, del C1060 Pro156Leu, Gly177Ala, Pro354 FS [290]
Aw Aw-3 G203C, C467T, del C1060 Arg68Thr, Pro156Leu, Pro354 FS [290]
Aw Aw-4 C712T Arg241Trp [290]
Aw Aw-5 A965G Glu322Gly [290]

FS, reading frameshift; del, deletion.
†Changes from the A1 consensus sequence.
‡See Olsson et al. [290].
§These alleles differ by the position of the cross-over site in intron 6 [290].
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Under optimum conditions the enzyme in the first cat-
egory can convert O cells to A-active cells, which do
not display the characteristic A3 agglutination pattern
when incubated with anti-A and are agglutinated
more strongly than are O cells converted with A2

serum [287,289].
Surprisingly, in view of the high level of H antigen on

the red cells, H-transferase levels in A3 sera are gener-
ally considerably lower than H-transferase levels in A1

or A2 sera [289].
Sequencing of exons 6 and 7 of the A gene from two

A3B individuals revealed an A1 sequence with a single
base change encoding an Asp291Asn substitution
[291] (Table 2.17). A single base change encoding
Val277Met in a gene with the single nucleotide dele-
tion characteristic of A2, was present in two A3

members of a Brazilian family, and another, unrelated,
A3 Brazilian was homozygous for this allele [292]
(Table 2.17). Two other A3 Brazilians had the
Phe216Ile mutation characteristic of Ax phenotype
[292]. Many other A3 individuals had the normal A1

or A2 sequence in exons 6 and 7 [290–292,296], 
although they could have mutations in other exons, 
in a splice site, or in a promoter region.

2.7.2 Aend (Afinn, Abantu)

Aend was first described by Weiner et al. [297] in 1959
and named by Sturgeon et al. [298] 5 years later. Aend

cells behave like weak A3 cells: they give very weak
‘mixed field’ agglutination with some anti-A and -A,B.
The saliva of Aend secretors, however, contains H, but
no A substance. Anti-A1 is present in some Aend sera.

Two examples of Aend were found in testing 150000
French donors (0.003% of group A) [283]. Aend is 
inherited as an allele at the ABO locus [297]. No 
A-transferase has been detected in sera or red cell
membranes of Aend individuals [287,288].

An A variant, which differs from Aend in only minor
details, was found in Finns and named Afinn [299]. The
frequency of Afinn in Finnish blood donors was esti-
mated at about 1 in 6000 [299], but may be as high as
1 in 1000 in parts of Southern Finland [300]. Four Afinn

individuals each had an A1-like allele with an A to G
transition in the 5¢ donor splice site of intron 6 [293].
Although skipping of exon 6 would introduce a read-
ing frameshift and no active enzyme product, the mu-
tation is not in the invariable splice site sequence, so a
minor fraction of the RNA might be spliced normally.

Abantu is another variation of Aend, found in about
4% of group A black South Africans [245], and in up
to 8% of Bushmen and Hottentots, the ethnic group in
which the Abantu gene may have originated [301]. Anti-
A agglutinate Abantu red cells more strongly than Aend

cells.

2.7.3 Ax

The Ax phenotype was first described by Fischer and
Hahn [302] in 1935. Its major serological characteris-
tics are: 
1 the red cells are not agglutinated by most anti-A
(group B) sera, yet are agglutinated by the majority of
anti-A,B (group O) sera; no mixed field pattern is 
observed;
2 the serum usually contains anti-A1 and occasionally
an antibody that agglutinates A1 and A2 cells [303];
3 in addition to H substance, the saliva of Ax secretors
contains a trace of A, which is best detected when Ax

cells are used as indicator cells for inhibition of anti-A
[304].

Ax phenotype is very heterogeneous. Several other
symbols —A4, A5, A6, Az, Ao —have been used to de-
scribe subgroups of A that differ from the original Ax

by only fine serological details [265,305–307]. The
term Ax will be used to describe all such variants. The
subgroup called Apae [308] may also be a variety of Ax.

Most sera from group B donors do not agglutinate
Ax cells, although sera from group B volunteers immu-
nized with A substance usually do [309]. Monoclonal
anti-A reagents have been produced that are effective
at detecting Ax cells although, under certain condi-
tions, these antibodies may also agglutinate some
group B cells [310–313] (Section 2.11). Anti-A can be
readily adsorbed onto and eluted from Ax cells.

In two separate studies, the frequency of Ax in
France has been estimated as 1 in 77000 (0.003% of
group A) [283] and as 1 in 40000 [304].

A-transferase cannot usually be detected in Ax

serum or red cell membranes [232,287–289]. H-
transferase activity in Ax sera is low [289].

The molecular genetics of Ax reflects the heterogene-
ity of the serological phenotypes. The most common
Ax allele has the A1 consensus sequence with a 
missense mutation encoding a Phe216Ile substitution
[150,232,290,294] (Table 2.17). Putative hybrid
genes with crossover sites in intron 6 have been as-
sociated with Ax. In six Swedish families, exon 6 had 
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the consensus (A1) sequence and exon 7 the O1v

sequence [150,290]. In three Swedish families, one
Pole, and one American, exon 6 had the B or O2 se-
quence and exon 7 the O1v sequence [150,290]. Three
different crossover regions in intron 6 were detected
[290]. It is no surprise that these hybrid alleles behave
as Ax, because the O1v exon 7 sequence encodes the
amino acids important for A-specificity, but, like the
typical Ax allele, also encodes Ile216. One Ax New
Zealander had an A1-like allele encoding a nonsense
mutation (Trp332Stop), which predicts the loss of 23
amino acids from the C-terminus of the A-transferase
[290].

Many families have shown that Ax is inherited in a
regular fashion, as a rare allele at the ABO locus
[265,303–307]. However, in a few families the genetic
background is unclear: families with Ax children 
having group O parents [314,315] and a family in
which three siblings with atypical Ax phenotypes had
O and A1/O parents [316]. In these families, if one 
of the group O parents were heterozygous O2/O1v,
then crossing-over within intron 6 at meiosis to pro-
duce an O2–O1v hybrid gene could give rise to Ax chil-
dren. Likewise, the A1/O parent with Ax children
might have been heterozygous A1/O1v and crossing-
over could have produced an A1–O1v hybrid gene.
These situations would resemble that proposed by
Suzuki et al. [149] to explain abnormal ABO inheri-
tance (Fig. 2.5), but the proposed explanations remain
speculations until such families are studied at the 
molecular level.

Ax may be inherited through an A2B parent
[304,317–319] because the presence of a B gene some-
times enhances the expression of Ax to that expected of
an A2 gene (Section 2.10.2). Salmon and Cartron [319]
detected weak A-transferase activity in the sera of 
people with an A2B phenotype (genotype Ax/B) result-
ing from allelic enhancement; no enzyme was found in
the serum of their Ax siblings who have the same A
gene.

A very weak A-transferase, with higher activity at
pH 8 than at pH 6 (A2 type), was detected in the Ax

mother of a baby who was A2 at birth, but became Ax

within 2 years [289,320].

2.7.4 Am

Am red cells are not agglutinated, or are agglutinated
only very weakly, by anti-A and -A,B. Anti-A can be

adsorbed onto and eluted from Am cells. Saliva of Am

secretors contains normal quantities of A and H sub-
stances. Am serum does not usually contain anti-A1.

Am is inherited as a rare allele at the ABO locus
[321–326]. The name Am was originally coined 
by Weiner et al. [327] for a new, weak-A phenotype 
assumed to arise from homozygosity for a recessive
regulator gene at a locus independent of ABO, but 
this phenotype is now called Ay and is discussed below.

One example of Am was found in 150000 French
donors (0.0015% of group A) [283] and one example
was found in 400000 Chinese in Taiwan [328].

Cartron et al. [287,288,324,329] distinguished two
types of Am from serum a1,3-N-acetylgalactosaminyl-
transferase analysis. In most samples the A-transferase
had a pH optimum of 6 and the kinetic properties of an
A1-transferase, while in serum from one Am person the
enzyme had a pH optimum of 7 and resembled A2-
transferase. In all cases enzyme activity was between
30% and 50% of that found in A1 or A2 sera and 
probably originated from tissues other than the
haemopoietic tissue [330].

An A gene in a Norwegian Am mother and daughter
had the A1 consensus sequence in exons 6 and 7 [331].
Am phenotype appears to result from a blocking of A1

or A2 genes in bone marrow cells, but not in mucus 
secreting cells, possibly by a mutation in the promoter
region of the gene.

2.7.5 Ay

Ay phenotype is similar to Am, but the most significant
and definitive way in which Ay and Am differ is by their
mode of inheritance. Ay does not result from a rare 
allele at the ABO locus, but probably arises from a
germline mutation of an A gene within a family. 
Weiner et al. [327] reported two families: one Ay (then
called Am) propositus had a group O parent and A1

and O siblings; the other was AyB and had A1B and B
parents. Other similar families have since been de-
scribed [333–335], yet none of the Ay propositi had an
Ay sibling. In one family the Ay son of A1/O and B par-
ents had an AyB son who, in turn, had an Ay son [336].

Ay differs from Am phenotypically in the following
ways.
1 Substantially less anti-A is eluted from Ay cells than
from Am cells incubated with the same serum [332].
2 Ay secretor saliva contains considerably less A 
substance than Am saliva [287,329].



CHAPTER 2

36

3 Ay serum contains only a trace of A-transferase,
whereas Am serum contains readily detectable enzyme
[288].

2.7.6 Ael

Under usual conditions Ael cells are not agglutinated
by anti-A or -A,B, although they do bind these anti-
bodies, as demonstrated by adsorption and elution
[298,337–339]. Saliva from Ael secretors contains 
H, but no A substance. Serum from Ael individuals
usually contains anti-A1 and may also contain an anti-
body that agglutinates A2 cells [337,339]. No A-
transferase has been detected in Ael serum or red cell
membranes [232,287–289]. Serum H-transferase is
weaker than that found in A1 or A2 serum [289]. No
example of Ael was found in testing 150000 French
blood donors [283], but five were found among 
400000 Chinese from Taiwan [328]. Ael appears to be
inherited as a rare gene at the ABO locus [337–339].
As a result of allelic enhancement (Section 2.10.2),
AelB cells may be weakly agglutinated by some mono-
clonal anti-A and may resemble B(A) phenotype [340]
(Section 2.11).

The usual form of Ael has the A1 consensus sequence
except for a single G insert in a string of seven
guanosines at nucleotides 798–804 [290,295] (Table
2.17). This insert creates a reading frameshift, altering
the amino acid sequence after Gly268 and abolishing
the translation stop codon, so that the gene product is
37 amino acids longer than the A1-transferase and 16
amino acids longer than the A2-transferase. Of four Ael

Japanese, only one had the allele with the guanosine
insert (*A109) [232]. One had an A allele with two
missense mutations (*A110), encoding Pro156Leu
and Phe216Ile substitutions (Table 2.17). The other
two Ael Japanese and two Ael Norwegians had A1 alle-
les with a normal sequence in exons 6 and 7 [232,331].
In one family, a guanosine insert at G798–804 was
present in an otherwise normal A2 allele [147]. The
frameshift caused by the G insert was corrected by the
C1059 deletion characteristic of A2, but, despite en-
coding a product of normal length, this allele, called
O3, was associated with no A antigen expression.

Although most red cells of individuals with the Ael

or Am phenotypes have very little A antigen, 1–2% of
cells were very strongly labelled with monoclonal anti-
A as determined by scanning immunogold electron 
microscopy [331,341]. This provides a possible 

explanation of why red cells from these phenotypes
may adsorb anti-A without being agglutinated by it.

2.7.7 Aw

Olsson et al. [290] sequenced exons, splice sites, and
promoter regions of the ABO genes from other indi-
viduals with weak A antigens. As the phenotypes did
not fit easily into any existing classification, the abnor-
mal genes were called Aw (1–5) (Table 2.17). Three
were A2 alleles (Pro156Leu and the C1060 deletion)
with additional missense mutations. In Aw-3 the muta-
tion encoding Arg68Thr is in exon 4 and in Aw-2 the
mutation encoding Gly177Ala is in exon 6. These are
the only missense mutations associated with a weak
subgroup outside exon 7. The other two (Aw-4 and -5)
are A1 alleles with an additional exon 7 missense 
mutation.

2.8 Subgroups of B

Weak variants of B are very rare. They appear to be
much rarer than weak A subgroups, although this
probably reflects the relatively low frequency of the B
gene in many populations. In Japan, where the inci-
dence of B is about half that of A, Yamaguchi et al.
[342] analysed red cells from more than 700000
donors and found that the frequencies of Bx and Bm are
considerably higher than those of Ax and Am.

Weak B subgroups have proved difficult to classify.
Salmon [343] concluded that the best system for classi-
fying B variants was by a loose analogy with the A vari-
ants: B3, Bx, Bm, and Bel, plus Bw for those that do not fit
any of the other four categories (Table 2.18).

Lopez et al. [344] defined three classes of B variants,
B60, B20, and B0, based on mean percentage agglutina-
tion with anti-B as measured in a Coulter counter. 
Although consistent within a family, substantial 
heterogeneity was found in each group, especially B60

[344–346].

2.8.1 B3

First reported in 1972 by Wiener and Cioffi [347] in an
ABH non-secretor, this phenotype is characterized by
mixed field haemagglutination with anti-B and anti-
A,B, by absence of anti-B in the serum, and by normal
B antigen in the saliva. Despite being the least rare of
the B variants [343], remarkably few examples of B3
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are reported. Three were in 350000 (approximately 1
in 10000 group B) French donors [348]. B3 is less rare
in Chinese: 1 in 900 group B donors was B3 and 1 in
1800 A1B donors was A1B3 [349].

B3 generally results from inheritance of a rare gene
at the ABO locus [343,345,347,348,350]. However,
two A1B3 brothers with A1 and B/O parents [348] and
an AintB person with Aint and B3 parents [351] are 
reported.

Badet et al. [352] were able to detect B-transferase 
in sera from B3 individuals, but not in B3 red cell 
membranes.

The B gene of one A1B3 individual had a single base
change compared with a normal B gene, resulting in an
Arg352Trp substitution [291] (Table 2.19). This sub-
stitution is also associated with a Japanese A2 allele
and with a variant O1 allele [148,232]. No nucleotide

sequence change was detected in exons 6 and 7 of the
B-transferase genes of two B3 (B3/O) individuals
[291].

2.8.2 Bx

A heterogeneous group, but typical Bx red cells are
weakly agglutinated by anti-B and anti-A,B. The
serum contains weak anti-B and the saliva of Bx secre-
tors contains some B substance, which is often only de-
tected by inhibition of agglutination of Bx cells by
anti-B. Studies of families with B variants, which can
probably be classified as Bx, suggest that Bx is a rare 
allele at the ABO locus [342,343,345].

B-transferase was not detected in serum or red cell
membranes of Bx individuals [232,352]. In the only ex-
ample studied, an ABO allele from a person with Bx

Table 2.18 Typical serological and transferase characteristics of weak B subgroups.

Reactions of cells with
Antigens in saliva

B-transferase in

Name Anti-B Anti-A,B Anti-H Anti-B in serum of secretors Serum Red cell membrane

B3 mf mf + No B H Yes No
Bx w w + Yes (Bx) H No No
Bm –*/w –/w + No B H Yes Trace
Bel –* – + Sometimes H No No

*Anti-B may be adsorbed onto and eluted from these cells.
(Bx), may require inhibition of agglutination of Bx cells for detection.
mf, mixed field agglutination; w, very weak agglutination.

Table 2.19 ABO alleles associated with weak B expression.

Phenotype Allele Nucleotide changes† Amino acid changes† References

B3 B3-1‡ C1054T Arg352Trp [291]
Bx Bw-1 *B104 G871A Asp291Asn [232]
Bel Bel-1 *B105 T641G Met214Arg [232]
Bel Bel-2 *B106 G669T Glu223Asp [232]
Bw Bw-2 C873G Asp291Glu [290]
Bw Bw-3 C721T Arg241Trp [290]
Bw Bw-4 A548G Asp183Gly [290]
Bw Bw-5 G539A Arg180His [290]
Bw Bw-6 A1036G Lys346Glu [290]
Bw Bw-7 G1055A Arg352Gln [290]
Bw Bw-8 T863G Met288Arg [290]

†Changes from the B sequence.
‡See Olsson et al. [290].
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red cells differed from a B allele by a single base change
encoding Asp291Asn [232] (Table 2.19), a substitu-
tion also associated with A3 [291] (Table 2.17).

2.8.3 Bm

Bm cells are not agglutinated by anti-B or anti-A,B; the
B antigen is only detected by sensitive techniques such
as adsorption and elution of anti-B. The saliva of Bm

secretors contains about as much B substance as that
of a normal B secretor. Characteristically, sera from Bm

individuals do not contain anti-B.
Generally, Bm appears to be inherited as a variant

gene at the ABO locus [112,353–358], but a couple of
exceptions are described below.

Only very little B-transferase activity could be de-
tected in Bm red cell membranes [357]. Bm sera demon-
strated less than half of the B-transferase activity of B
sera [112,356–359] and Bm saliva had normal [112] or
reduced [360] transferase activity compared with that
of B secretor saliva. Yoshida et al. [358] found that
serum B-transferase from a Bm person differed from
normal B-transferase in having a low affinity for UDP-
galactose and in certain other physicochemical prop-
erties such as pH optimum; B-transferase in A1Bm

members of another family appeared normal [361]. In
families with Bm and A1Bm members, much higher lev-
els of B-transferase activity were apparent in the A1Bm

sera than in the Bm sera, presumably a result of allelic
enhancement [356,357] (Section 2.10.2).

Homozygosity for a recessive gene that suppresses B
in haemopoietic tissues has been proposed to explain
abnormal inheritance of Bm-like phenotypes in a few
families [362–364]. Red cells of the son of O and A2B
parents resembled Bm phenotype and should probably
be called By, in analogy with Ay (Section 2.7.5). His
serum contained normal H-transferase, but only
about 70% of the normal level of B-transferase [364],
the amount expected if all of it was non-haemopoietic
in origin [330].

2.8.4 Bel

Bel red cells are not agglutinated by anti-B or anti-A,B.
They do bind anti-B, which can be detected in eluates.
B is not present in the saliva of Bel secretors; anti-B may
be present in the serum.

Bel is inherited as a rare gene at the ABO locus
[365,366]. No B-transferase was detected in Bel sera or

red cell membranes [232,352,366]. In a family with Bel

and A1Bel members, the A1Bel red cells were weakly ag-
glutinated by some anti-B [366]. In another family, Bel

was enhanced to B3 in an A/B heterozygote [367] (see
Section 2.10.2).

Two different abnormal alleles were found in two
individuals with Bel red cells. Each allele differed, in
exons 6 and 7, from the normal B allele by a single 
nucleotide; one encoding Met214Arg, the other
Glu223Asp [232] (Table 2.19).

2.8.5 Bw

Olsson et al. [290] identified seven novel ABO alleles,
which differed from the common B sequence by single
nucleotide changes, encoding a single amino acid sub-
stitution (Bw-2 to -8 in Table 2.19). All were associated
with weak B expression, but were not classified 
further.

2.8.6 Other subgroups of B

An inherited variant B antigen called Bv was character-
ized by the failure of Bv red cells to react with human
anti-B reagents that had been adsorbed with rabbit red
cells [368,369]. Bv red cells and secretions appear to
lack normal human B antigen, but contain a B-like 
determinant, possibly the non-fucosylated B-like anti-
gen on rabbit red cells (see [370]). Bv also resembles
serologically the B antigen characteristic of cisAB (Sec-
tion 2.12.1). Sera of Bv individuals contain a form of
anti-B; no B-transferase activity could be detected.
Among 567210 Hong Kong Chinese blood donors, 46
examples of Bv and eight examples of ABv were found
[369].

A subgroup of B called B2, analogous to A2, was
found in a Greek woman and her two children [371].

Based on a quantitative agglutination analysis,
Gibbs et al. [372] divided ‘normal B’ into three types.
Red cells of most group B white people fell into the
middle strength category, whereas those of only about
half of group B black people fitted the middle category,
the other half having a stronger B antigen. Measuring
relative B-transferase activity, Badet et al. [373] identi-
fied two types in white people: 84% (group I) had a 
relative enzyme activity of only about half that of 
the other 16% (group II). The majority of group B
black people fitted neither of these groups, but a third
group with an even higher relative transferase activity
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than group II. These strong B genes can result in de-
pressed expression of A in some AB black people as a
result of competition for acceptor substrate (Section
2.10.1).

2.9 Amos and Bmos

In 1975 Marsh et al. [374] applied the names Amos and
Bmos to remarkably similar variants of A and B. In
Amos, agglutination tests with anti-A and anti-A,B re-
vealed two separable populations of cells, one A2, the
other O. Amos sera contained no anti-A, and the saliva
contained H and possibly a trace of A. In addition to
two Amos families, Bmos, A1Bmos, and AmosB phenotypes
were described [374]. The inherited A+O and B+O
mosaics previously reported in Japan probably repre-
sent earlier examples of Amos and Bmos [375–377].

Amos is inherited, apparently at the ABO locus; a
characteristic that distinguishes it from most other
forms of red cell mosaicism. All Amos members within
a family have about the same proportion of A and O
cells, although these proportions vary substantially
between different families. Amos differs from A3 sero-
logically as the cells left unagglutinated with anti-A do

not adsorb anti-A and the ratio of agglutinated :unag-
glutinated cells remains constant regardless of the
strength of anti-A or anti-A,B used and whether or not
the cells have been protease treated.

A family with Bmos and A1Bmos members is shown in
Fig. 2.9. In all members with the Bmos gene 12% of red
cells expressed B antigen; the remaining red cells were
O in Bmos and A in ABmos [378]. All were ABH non-
secretors. The level of serum B-transferase activity in
the Bmos members was only about 7–20% of that of
normal B controls.

A healthy blood donor with 60% A1B and 40% A1

cells could not be A1Bmos as her parents had normal A1

and A1B red cells [379]. Somatic mutation involving
the B gene in some erythropoietic cells is a possible
cause of this mosaicism.

2.10 A and B gene interaction

2.10.1 Allelic competition

It is well established that A antigen is weaker on A2B
cells than on A2 cells and that A1 is weaker on A1B than
A1 cells; the effect of two different glycosyltransferases

A1B

A1Bmos

88% A1

12% A1B

A1Bmos

88% A1

12% A1B

A1Bmos

88% A1

12% A1B

Bmos

88% O
12% B

Bmos

88% O
12% B

A1

B

Fig. 2.9 Family with Bmos and
A1Bmos members, showing that all
members inheriting a Bmos gene have
12% B cells, the other 88% being
group O or A1 [378].
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competing for the same acceptor substrate. Although
generally less obvious, B is often weaker in A1B than in
B [344,380–383].

In some cases A1/B genotype may be expressed as an
A2B phenotype [247,367,382,384–386] and A2/B
may be expressed as A3B phenotype [384,387]. In
black populations the A2B :A1B ratio is often signifi-
cantly higher than would be expected from the A2 :A1

ratio [367,385]. In a study of 5000 African Americans,
80% of group A individuals were A1 and 20% were
A2, whereas 53% of the group AB individuals were
A1B and 47% were A2B [385]. Similar discrepancies
have been observed in white people [247,367], 
Chinese [349], and Japanese [233,386]. This imbal-
ance in Japanese is caused, at least in part, by an ABO
allele (*R101) that is expressed as A1 in A1/O geno-
type, but as A2 in A2/B genotype [233].

Sera from some A2B black people contain A1-
transferase and no A2-transferase, plus a B-transferase
with activity considerably higher than that found in
most group B sera [367,388,389]. Elevated B-trans-
ferase activity together with an A1-transferase was
found in the sera of 50% of the A2B African Americans
[385]. This superactive B-transferase utilizes the lion’s
share of available H sites, so that the A1-transferase
cannot produce sufficient A antigen to provide the
high site density required for A1 status.

2.10.2 Allelic enhancement

‘Le renforcement allelique’ is a gene interaction, the re-
verse of allelic competition described in the previous
section [304,319]. It is an enhancement of expression
of weak A or B genes in A/B heterozygotes. In a French
family an A gene was expressed as Ax in A/O members,
but as A2 in A/B members [318]. The Ax cells had 
11200 A sites per red cell, whereas the A2B cells had 
96000 A sites [319]. A-transferase activity was not 
apparent in the sera of the Ax members, but was de-
tected in the sera of the A2B individuals, although all
had the same A gene [319]. In a Swedish family, an
ABO allele with the A2 sequence in exons 6 and 7 was
expressed as A2 in the A2B mother, but as Ax in her
A/O1v children and grandchildren [150]. Other 
families have shown that a B gene responsible for Bx

phenotype was expressed more strongly in A1B mem-
bers [390,391], and a B gene expressed as Bel in B/O
members was represented by a B3 phenotype in A/B
members [392].

2.11 Overlapping specificities of A- and 
B-transferases: B(A) and A(B) phenotypes

The glycosyltransferase products of the A and B alleles
differ in their donor substrate specificity, although
they share a common acceptor substrate. This makes
the ABO gene extremely unusual and at one time fu-
elled speculation that A and B may not be alleles. It has
now been demonstrated that the A- and B-transferases
are not precise in their choice of donor substrate and
that there is a small degree of overlap between the A
and B gene products [393–397].

Under the appropriate conditions, enzyme 
from group B serum can catalyse the transfer 
of N-acetylgalactosamine from UDP-N-
acetylgalactosamine to 2¢-fucosyllactose (a low 
molecular weight analogue of H) to form an A-
active structure. Concentrated B-transferase could
even make group O cells strongly agglutinable with
anti-A. If equivalent quantities of UDP-galactose and
UDP-N-acetylgalactosamine were present, only B 
activity could be detected; in the presence of UDP-
galactose, thrice the quantity of UDP-N-
acetylgalactosamine was required to produce A 
activity. As would be expected, when there is com-
petition for substrate, the B-transferase is far more 
efficient at catalysing the transfer of galactose than of
N-acetylgalactosamine [393,395,396]. Likewise, A-
transferase can, under appropriate conditions, catal-
yse the synthesis of B-active structures [122,394].

The observation in several laboratories that highly
potent monoclonal anti-A reagents capable of aggluti-
nating Ax red cells also weakly agglutinated some
group B cells led to the recognition that the phenome-
non described above, the ability of B-transferase to
produce A determinants in vitro, may also occur in
vivo [311]. Red cells from 25 of 3458 group B donors
were reactive with one example of monoclonal anti-A
[398]. The reaction of these B(A) cells with some anti-
A could be inhibited by group A secretor saliva [398]
and the A-activity removed by treatment of the cells
with a-N-acetylgalactosaminidase, but not a-
galactosidase [399]. People with B(A) red cells were
mostly black and were shown to have highly 
active serum B-transferase, in some cases 5–6 times
more active than that from most other group B indi-
viduals [397,398]. In B(A), the hyperactive a1,3-
galactosyltransferase catalyses the transfer of
sufficient N-acetylgalactosamine to its acceptor sub-
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strate to permit agglutination by certain anti-A. Fur-
thermore, those anti-A capable of detecting B(A) will
agglutinate all group B red cells that have been papain
treated, suggesting some degree of in vivo A-
transferase activity by most B-transferases [399].

Results of molecular genetical studies on three B(A)
individuals, none of whom were of African origin, are
not strictly concordant with the theory of a hyperac-
tive B-transferase producing some A antigen. In two
individuals the nucleotide sequence was identical to
that of a normal B gene apart from one significant
change encoding a Ser235Gly substitution, the A
codon at the second site distinguishing A and B alleles
[290,294] (Table 2.20). Two B(A) siblings had a B-like
gene encoding a Pro234Ala substitution, the position
before Ser235 [402] (Table 2.20). The siblings were
B(A)/O1v heterozygotes; their father was A1B with an
A1/B(A) genotype. B expression in father and two sib-
lings was slightly weaker than normal. With both mu-
tations, B(A) phenotype is more likely to have resulted
from a shift in substrate specificity of the enzyme
rather than greatly enhanced B-transferase activity.

A monoclonal anti-B described by Voak et al. [404]
brought about agglutination of 1.42% of group A red
cell samples, all A1, and this was considered to repre-
sent A(B) phenotype; B activity resulting from A1-
transferase activity. A(B) was not associated with
elevated A-transferase activity, but A1(B) cells did have
elevated levels of H antigen and plasma H-transferase
activity.

2.12 AB

In 1964, Seyfried et al. [405] described a Polish family

Cis

in which inheritance of the ABO groups did not fit the
single locus concept for ABO genetics. A and B ap-
peared to have been inherited together in this family:
an A2B woman with a group O husband and a 
group O mother had two A2B children. Numerous
other similar families have been reported since
[232,400,403,406–417]. Yamaguchi et al. [406] pro-
posed the term cisAB for this phenotype. Fourteen
cisAB samples were found from over 1 million 
Japanese blood donors, 0.012% of the 112710 group
AB bloods tested [410].

2.12.1 Serological characteristics

Although the main feature of cisAB is its unusual mode
of inheritance, the cisAB phenotype almost always dif-
fers from ‘transAB’ serologically. Serological char-
acteristics differ from family to family, but remain
consistent within a family [411,418].
1 The A antigen is usually referred to as A2, but cisAB
cells generally express more A than A2B and less than
A1B [411,413,414,417]. CisA1B phenotype is not 
unknown [408,409].
2 The B antigen is almost always expressed weakly,
often being described as B3 [410]. CisAB cells react
more strongly with A2 sera than with A1 sera
[408,414]. Adsorption of immune anti-B with B cells
removes all activity for cisAB cells, but anti-B ad-
sorbed to exhaustion with cisAB cells will continue to
agglutinate normal B cells [414]. The B antigen of
cisAB may resemble Bv (Section 2.8.6), as rabbit anti-B
did not react with cisAB cells and one adsorption of
human immune anti-B with rabbit red cells removed
all reactivity for cisAB cells [414]. The B antigen of

Table 2.20 Enzymes with dual A- and B-transferase activity: amino acid substitutions at the four positions (176, 235, 266, 268)
characteristic of A and B gene products and at position 234.

Amino acids

Phenotype 176 234 235 266 268 References

A Arg Pro Gly Leu Gly
cisAB Arg Pro Gly Leu Ala [400,401]
B Gly Pro Ser Met Ala
B(A) Gly Pro Gly Met Ala [294]
B(A) Gly Ala Ser Met Ala [402]
cisAB Gly Pro Ser Leu Ala [403]
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cisAB may not always be atypical; an A2B mother of
two group O children had an apparently normal B
antigen [415].
3 cisAB cells have an unusually high level of H anti-
gen, about the level found on A2 cells, which is higher
than that of normal A2B cells [411].
4 Sera from cisAB people almost always contain weak
anti-B. This antibody apparently recognizes that part
of the B antigen lacking from cisAB cells [407,408].
Serum from the apparent AB/O woman with normal B
antigen did not contain anti-B [415].
5 Salivas from cisAB secretors contain normal quanti-
ties of A substance and large quantities of H substance,
plus a very little B substance that is only detectable by
inhibition of agglutination of cisAB cells by anti-B
[411,418].

2.12.2 Transferase studies and 
molecular genetics

There are two likely explanations for the cisAB phe-
nomenon. One is unequal crossing-over, resulting in
adjacent A and B genes and, presumably, separate gene
products (transferase enzymes). The other involves
mutation of an A or B gene to a gene producing an 
enzyme capable of transferring significant quantities
of both N-acetylgalactosamine and galactose to the H
acceptor substrate.

Transferase analyses of sera from cisAB individuals
show heterogeneity between families and homogene-
ity within families [419]: generally cisAB sera have 
relatively low levels of A- and B-transferase activity
[412–414,416,417,419,420]. In order to separate 
A- and B-transferases in serum, Yoshida et al.
[416,420] exploited the fact that Sepharose 4B in a 
column binds A- but not B-transferase. In two cisAB
sera no separation could be achieved because both A
and B activity was adsorbed, support for a single 
mutant gene [420].

Sequencing of exons 6 and 7 of ABO from 21 unre-
lated individuals with cisAB (19 from Japan and two
from the USA) revealed an A1 sequence with a nu-
cleotide change encoding a Gly268Ala substitution
[232,400,420] (Table 2.20). This represents the B gene
sequence at the fourth position of discrimination be-
tween A and B alleles and is probably responsible for
the gene product having significant A- and B-
transferase activity. In addition, all had the Pro156Leu
mutation associated with A2 and Japanese A1, which is

not considered to affect A-transferase activity [128].
In one Vietnamese family cisAB resulted from a B-like
gene with a single nucleotide change converting the
methionine codon at position 266, the third position
of discrimination between A and B alleles, to leucine,
the codon characteristic of A [403] (Table 2.20).

In one cisAB individual Yoshida et al. [416] were
able to separate two enzyme components from the
serum, one similar to normal A2-transferase and one
similar to B-transferase, suggesting that two discrete
genes are present on the same chromosome.

2.13 H-deficient phenotypes

The H-deficient phenotypes are those rare phenotypes
in which the red cells are totally or partially deficient in
H antigen. H may or may not be present in secretions;
i.e. individuals with H-deficient red cell phenotypes
may be ABH secretors or non-secretors. The various
H-deficient phenotypes are summarized in Table 2.21.

2.13.1 Red cell H-deficient, non-secretor; the
Bombay phenotype

In 1952, Bhende et al. [421] described the abnormal
blood groups of three men from Bombay whose red
cells were group O, but H-negative. All had anti-H in
their serum. This rare phenotype later became known
as the Bombay or Oh phenotype. Many other examples
have been found since, all through the presence of 
anti-H in the serum.

2.13.1.1 Serological characteristics (Table 2.21)

Oh red cells are not agglutinated by anti-H, -A, -B, or 
-A,B. No H, A, or B antigen can be detected, by ad-
sorption and elution techniques, on red cells with the
‘typical Oh’ phenotype [422,423]. Red cells of pheno-
types that have been called ‘atypical Oh’, however, 
do bind anti-H, which can be detected in an eluate
[424,425]. It may also be possible to adsorb and elute
anti-A and/or anti-B from these cells [424,426,427].

As with most ABH non-secretors, Oh red cells are
usually Le(a+b–), but may be Le(a–b–). Oh red cells
never express Leb.

No H, A, or B antigen is present in Oh saliva, which
may contain Lea, but never Leb.

The serum of Oh individuals always contains 
anti-H, -A, and -B.
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2.13.1.2 Inheritance

Ceppellini et al. [428] first proposed that an inhibitor
gene might be responsible for the Bombay phenotype.
In 1955, Watkins and Morgan [429] suggested that H
expression may be controlled by a gene at a locus inde-
pendent from ABO, and that the Bombay phenotype
could arise from homozygosity for a rare allele, h, at
this locus. This prediction has since been verified by
biochemical and molecular genetical evidence. Indi-
viduals homozygous for h may have A and/or B genes,
as demonstrated by the blood groups of their parents
and children, but these genes are not expressed as anti-
gens on red cells or in secretions [426,427,430,431].
When describing Bombay phenotypes the appropriate
superscript may be added to the Oh notation when the
ABO genotype is determined by family study, by gly-
cosyltransferase analysis, or by molecular genetical
tests —Oh

O, Oh
A, Oh

B, Oh
AB.

Like other phenotypes resulting from homozygosity
of rare recessive genes, there is a high level of consan-
guinity among parents of Oh individuals [432].

2.13.1.3 Glycosyltransferases

H-transferase has not been detected in the serum or red
cell membranes of Oh individuals [108,196,433,434].
Oh sera and red cells contain A- and B-transferases
when A and B genes are present [108,225]. These en-
zymes are unable to act in the absence of their acceptor
substrate (H antigen) and neither A nor B structure is
produced. Oh red cells that have been made H-active in
vitro, in the presence of H-transferase, can be 
converted to A- or B-active cells by the appropriate A-
or B-transferase [93]. In families, sera from heterozy-
gous H/h members have about half the H-transferase
activity of sera from H/H homozygotes [435].

2.13.1.4 In vivo survival of Oh cells

Unlike Rhnull cells, there is no evidence to suggest that
Bombay phenotype cells are haematologically abnor-
mal. Autologous 51Cr-labelled Oh red cells survive
normally [436,437].

2.13.1.5 Frequency and distribution

The Bombay phenotype is very rare, but appears to be
less rare in India than elsewhere. Bhatia and Sathe

[438] tested 167404 Indians in Bombay and obtained
an Oh frequency of about 1 in 7600, an h gene frequen-
cy of 0.0115. Le Pendu et al. [439] discovered a rich
source of two types of H-deficiency phenotype in 
Réunion Island in the Indian Ocean: typical Oh in the
Tamoul Indian population and partial red cell H-
deficiency, non-secretor in the population of European
origin. Oh has also been found in the following ethnic
groups: people of European origin [426,427,430,434,
436,440], where the ‘atypical Oh’ phenotype may pre-
dominate [423]; Japanese [441,442]; African Ameri-
cans [443]; Thais [444]; and a Sudanese family of Arab
and black African extraction [431].

2.13.2 Red cell H-partially deficient, 
non-secretor

Levine et al. [445] used the notation Ah to describe a
phenotype in a non-secretor Czech woman whose red
cells lacked H, but were weakly agglutinated by anti-
A. The equivalent B phenotype, Bh, was found, also in
a Czech, by Beranová et al. [446]. ABh has also been
described [439,447]. Ah, Bh, and ABh have mainly been
reported in people of European origin [439,445–449].
The term para-Bombay has been used for these red cell
H-partially deficient, non-secretor phenotypes, but 
is better reserved for H-deficient and H-partially 
deficient secretors.

2.13.2.1 Serological characteristics (Table 2.21)

The strength of A expression on red cells of some Ah in-
dividuals resembles weak A2 [445,448], whereas those
of others are more like Ax, being agglutinated by only a
minority of anti-A sera [449–451]. Likewise, Bh red
cells have weak B antigen [446,452]. Little or no H
antigen is detected on these cells. No H, A, or B antigen
is present in the saliva and, like red cells of most non-
secretors, Ah and Bh cells are usually Le(a+b–), but may
be Le(a–b–) [435,447]. The serum contains anti-H. Ah

serum contains anti-B, but no anti-A, although anti-A1

is usually present [445,450,451]; in Bh, anti-A is 
always present and anti-B may also be detected
[446,452].

Many examples of Ah, Bh, and ABh, as well as Oh,
have been identified in the people of French origin on
the small island of Réunion, off the east coast of Africa
[439,447]. Oh in this population arises from the same
H genotype as the Ah, Bh, and ABh phenotypes, be-
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cause they are present in the same families and have the
same h mutation [106]. This ‘Réunion Oh phenotype’
can be distinguished from Bombay phenotype by the
quantity of H on the cells [439]. Purified Ulex eu-
ropaeus lectin agglutinated papain-treated Réunion
phenotype cells, but not Bombay phenotype cells, and
high titred H antibodies found in the sera of Bombay
phenotype Indians agglutinated Réunion phenotype
cells. These same sera agglutinated red cells from some
Oh Europeans [439]. The term Oh is ambiguous. It can
represent homozygosity for an h allele that produces
no active a1,2-fucosyltransferase (Bombay pheno-
type), or homozygosity for an h allele that produces
weakly active a1,2-fucosyltransferase in people with
no A or B gene and therefore no weak expression of A
or B antigen. As predicted by Bhatia [423], there is a 
series of weak H alleles resulting in different degrees 
of red cell H-deficiency.

2.13.2.2 Glycosyltransferases

Mulet et al. [108,433] and Schenkel-Brunner et al.
[196] were unable to detect H-transferase in sera 
or red cell membranes from Ah or Bh individuals. Le
Pendu et al. [435] detected a very small amount of H-
transferase activity in sera from red cell H-partially de-
ficient, non-secretor individuals from Réunion Island.
As with Oh

A and Oh
B, Ah and Bh sera contain A and 

B gene-specified glycosyltransferases, respectively
[108,433].

Red cell H-partially deficient phenotypes arise from
homozygosity for a mutant gene at the H (FUT1)
locus, which produces only a very weakly active H-
transferase. Consequently, the small amount of H
structure produced is completely converted to A or B
(see Section 2.13.4). Mulet et al. [453] demonstrated
ingeniously that H is the precursor of B on the cells of a
Bh individual. Bh (B+H–) red cells treated with a-
galactosidase extract of Trichomonas foetus lost their
B antigen and became H-active. These B–H+ cells
could then be converted to Ah (A+H–) by A-
transferase. If the a-galactosidase-treated Bh red cells
(B–H+) were treated with H-degrading a-fucosidase
from T. foetus, they could no longer be converted to A
activity.

2.13.3 Red cell H-deficient, secretor

Red cells of people with another type of H-deficiency

have little or no H, A, and B antigens, yet they are 
ABH secretors, with secretions containing normal
quantities of H, A, and B substances. The first family
showing that people lacking H from their red cells
could secrete H was described by Solomon et al. [454]
in 1965. Two brothers, whose red cells lacked H and
bound anti-A, but were not agglutinated by it, secreted
A and H; a third brother, with group O, H-negative red
cells, secreted H alone. A secretor of B and H with H-
deficient red cells was subsequently found [455]. In
view of our current understanding of the genetical
background of red cell H-deficient secretor pheno-
types, the various symbols devised to describe these
phenotypes —Am

h, Bm
h [454], OHm [456], Hz [457] —

are no longer appropriate. The terms Oh-secretor, Ah-
secretor, and Bh-secretor are recommended here (Table
2.21).

2.13.3.1 Serological characteristics (Table 2.21)

Red cells of Oh-secretors are not agglutinated by most
H antibodies, but they may be agglutinated weakly by
the potent anti-H in some Oh sera and by other strong
anti-H reagents [423,458,459]. Adsorption and elu-
tion of anti-H may or may not reveal H antigen on red
cells of Oh-secretors [91,440,455].

Oh-secretor red cells are not usually agglutinated by
anti-A or -B, but some Oh

A-secretor cells behave like
Ax cells and are agglutinated by anti-A,B and very po-
tent anti-A [454,460]. Sometimes the A antigen can
only be detected by adsorption and elution of anti-A
[91,458]. A similar variation exists with B antigen
strength in Oh

B-secretors [91,455,460,461].
Like those of most secretors, Oh-secretor red cells

are usually Le(a–b+), but may be Le(a–b–). The
Le(a+b+) phenotype, common in the Far East, was not
found in 25 Taiwanese Oh-secretors [462], but was
found in two of 51 Hong Kong Chinese Oh-secretors,
about half the normal incidence [459].

H substance is present in saliva, in approximately
normal quantities for an O secretor [91,454,455,459–
461,463]. A and B substances are detected in normal
quantities in the secretions when A and B genes are
present.

The serum almost always contains an H-like anti-
body, which is generally weak and reacts only at low
temperature. This antibody, called anti-HI, is not in-
hibited by secretor saliva and does not react with
group O cord cells [224,458,460]. Two-thirds of Oh-
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secretors from Hong Kong had anti-HI or anti-H 
active at 37°C [459].

2.13.3.2 Glycosyltransferases

Originally no H-transferase was detected in Oh-
secretor sera or red cell membranes, although the ap-
propriate A- and B-transferases were present
[433,458,464]. In four Oh-secretor sera, Le Pendu 
et al. [91] found H-transferase activity representing
about 5–10% of that found in sera of people with nor-
mal H phenotypes and suggested that this enzyme 
derived from secretory tissues.

2.13.3.3 Frequency and distribution

H-deficient secretors have been found in a diversity 
of ethnic groups and nationalities: Indian [423]; 
European [91,461,465]; Japanese [442,455,466];
Chinese [459,462,467–469]; South-East Asian
[458,460]; Middle Eastern [91,458]; Native American
[470]. Frequencies of 1 in 5000 Thais [460], 1 in 8000
Taiwanese [471], and 1 in 15620 Hong Kong Chinese
[459] have been estimated.

2.13.4 Genetics of red cell H-deficiency
phenotypes

Before 1980, it was generally considered that a gene at
the H locus was responsible for the production of H
antigen both on red cells and in secretions, but that
presence of H in secretions was further controlled by
genes at a regulator locus called secretor. People with
red cell H-deficient, non-secretor phenotypes were
thought to be homozygous for rare h (or Hw) alleles at
the H locus, preventing synthesis of H antigen in both
red cells and secretions, regardless of secretor geno-
type. The discovery of secretors with H-deficient red
cells introduced a further complexity and a third locus,
named Z, a regulator for H-expression on red cells, but
not in secretions, had to be invoked [454–456]. Red
cell H-deficient, secretors would have normal H and
secretor genes, but would be homozygous for a rare re-
cessive gene, z, which would prevent synthesis of red
cell H antigen, but permit secretion of H.

As described in Section 2.3.1, it is now known that
the H (FUT1) locus controls a1,2-fucosyltransferase
activity in haemopoietic tissue and consequently H
antigen expression on red cells. The secretor (FUT2)

locus controls a1,2-fucosyltransferase activity in 
secretory tissue. Twenty-six FUT1 alleles associated
with red cell H-deficient phenotypes are listed in Table
2.22. They include 19 alleles containing missense mu-
tations; 17 of these encoding single and two encoding
double amino acid substitutions. There are also three
nonsense mutations, converting the codon for an
amino acid to a translation stop codon, and four
frameshift mutations involving single or double nu-
cleotide deletions. Most red cell H-deficient individu-
als were homozygous for a mutant allele, but some
were found to be heterozygous for two different muta-
tions [442,462,468,469,472,473]. One German with
H-deficient red cells was heterozygous for an allele en-
coding an amino acid substitution and an allele with
the normal sequence in the coding region of the gene
[472].

The typical Bombay phenotype in people originat-
ing from India results from homozygosity for T725G
in FUT1, encoding Leu242Arg, together with ho-
mozygosity for a deletion of FUT2 [105,106]. The red
cell H-partially deficient, non-secretor phenotype, rel-
atively common in the European population of Réu-
nion Island, results from homozygosity for an FUT1
allele encoding a His117Tyr substitution in the stem
region of the enzyme, together with the European non-
secretor allele (se428) in FUT2 [106]. Bombay pheno-
type in an Austrian resulted from homozygosity for
G785A and C786A mutations in FUT1, encoding
Ser262Lys, and se428 in FUT2 [434].

Expression of the mutant alleles by transfection 
of cultured cells has shown that some alleles give 
rise to no a1,2-fucosyltransferase activity and some 
produce low levels of enzyme activity [22,105,
106,442,466,473]. This explains the different 
levels of H expression found in H-deficiency 
phenotypes. One Taiwanese allele (h35/980) encoded
two amino acid substitutions: one in the trans-
membrane domain, which probably does not affect
enzyme activity, but could reduce stability of the 
enzyme in the Golgi membrane; and one in the 
catalytic domain [462]. Another H-deficiency allele,
found in Japan, contained two missense mutations
(h460,1042) [442,466]. Wang et al. [466] found that 
expression of this allele in COS-7 cells resulted in 
no a1,2-fucosyltransferase activity, whereas chimeric
alleles containing only the T460C mutation or only 
the G1042A mutation, yielded 1.0% and 9.3% of nor-
mal activity, respectively. The T460C mutation alone
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is responsible for a para-Bombay phenotype in Tai-
wanese [462].

The structural loci FUT1 and FUT2 are very closely
linked (Chapter 32). In most cases, FUT1 mutant alle-
les are associated with the same FUT2 allele, even in
unrelated individuals [106,442]. In six red cell H-
deficient Japanese, nine h695 alleles were linked to
Sew385, whereas one h695 allele was linked to Se; the
other two H alleles were h721 [442].

Two families are described in which recombination
between the FUT1 and FUT2 loci may have occurred
[89,440]. One family contains red cell H-deficient, 
secretor and non-secretor members [440]. In the 

other family it can be inferred that a father has passed
h and se alleles to his five Bombay phenotype children,
H and Se to his four group B, secretor children, and 
H and se to his group B, non-secretor daughter
[89,475].

2.13.5 Other H-deficient phenotypes

2.13.5.1 Hm

The primary characteristic of the Hm phenotype (Table
2.21) is its dominant mode of inheritance, the rare phe-
notype appearing in several generations of the same

Table 2.22 Mutations in FUT1 associated with red cell H-deficient phenotypes.

Amino acid H-transferase Secretor
Symbol Mutation change expression phenotype* Population References

h35/980 C35T A980C Ala12Val Asn327Thr NT Secretor Taiwanese [462]
h349 C349T His117Tyr Low Non-sec Réunion [106]
h442 G442T Asp148Tyr Low Non-sec† Japanese [442]
h460 T460C Tyr154His NT Secretor Taiwanese [462]
h460,1042 T460C G1042A Tyr154His Glu348Lys Low/none Secretor Japanese [442,466]
h461 A461G‡ Tyr154Cys NT NR European [472]
h491 T491A Leu164His None Secretor White US [22,473]
h513 G513C Trp171Cys NT NR European [472]
h522 C522A Phe174Leu NT Secretor Chinese [469]
hdel 547/548 del AG547–552 codon 183/184 NT Secretor Taiwanese, [462,469]

Chinese
h658 C658T Arg220Cys NT Secretor Taiwanese [462,468]
h659 G659A Arg220His NT Secretor Taiwanese [468]
h695 G695A Trp232stop None Non-sec† Japanese [442]
h721 T721C Tyr241His Low Secretor Japanese [442]
h725 T725G Leu242Arg None Non-sec Indian [105,106]
h776 T776A Val259Glu NT NR European [472]
h785,786 G785A C786A Ser262Lys None Non-sec European [434]
h801 G801C or T Trp267Cys NT NR NR [474]
h826 C826T Gln276stop None Secretor White US [22,473]
h832 G832A Asp278Asn NT NR NR [474]
hdel 880/881 del TT880–882 codon 294 NT Secretor Taiwanese, [462,469,474]

Chinese
h944 C944T Ala315Val NT NR European [472]
h948 C948G Tyr316stop None Non-sec White US [473]
hdel 969/970 del CT969,970 codon 323/324 NT NR European [472]
hdel 990 del G990 codon 330 Low Secretor Japanese [442,474]
h1047 G1047C Trp349Cys NT NR European [472]

None detected NT NR European [472]

*Secretor phenotypes of individuals with FUT1 mutation shown.
†Homozygous for the weak secretor gene Sew385 [442] and would be expected to be weak secretors (Section 2.3.1.2).
‡Silent mutations, A474G and T954A, also present.
NT, not tested; NR, not reported; del, deletion.
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family. Hrubisko [457] reported three Czech families
with the Hm phenotype and several other families have
been described since [433,465,476]. The H deficiency
is not as dramatic as in Bombay or para-Bombay 
phenotypes: Hm red cells are weakly agglutinated by
anti-H. The saliva contains normal quantities of H
substance and H-transferase is present in serum and
red cell membranes. AHm cells show depression of the
A antigen. In one family the propositus was A2, but
had very little H on his cells; the A-transferase was of
the A1 type, but presumably insufficient H was avail-
able for A1 antigen expression [433,464]. Salmon et al.
[477] suggest that the H deficiency in Hm must be
caused by a dominant genetic defect unrelated to the H
locus, because of the presence of normal H-transferase
in serum and red cell membranes.

2.13.5.2 Leucocyte adhesion deficiency type II

Leucocyte adhesion deficiency type II (LADII) has
been diagnosed in five patients: four Arab children
[478,479] and boy of Turkish origin [480,481]. LADII
is a generalized fucosylation defect associated with re-
current infections, short stature, mental retardation,
and a distinctive facial appearance, but also with H-
deficient (Bombay phenotype) red cells, ABH non-
secretion, and Le(a–b–) red cell phenotype (reviews in
[482,483]). Transferase assays on one of the Arab pa-
tients revealed normal levels of serum H- and B-
transferases and Le-transferase activity in his saliva
[484]. The leucocyte adhesion defect results from a de-
ficiency of sialyl-Lex, a fucosylated ligand for E- and P-
selectins (Section 2.19.3). The likely explanation for
the generalized fucosylation deficiency in the Arab
children is a defect in the biosynthesis of GDP-l-
fucose, the donor substrate for fucosyltransferases,
from GDP-d-mannose [482,483]. In the Turkish pa-
tient GDP-fucose biosynthesis was normal, so a defect
of GDP-fucose import into the Golgi was proposed as
a possible explanation for LADII in this patient [481].

A similar, but less complete, generalized fucosyla-
tion defect might explain the unusual phenotype of an
English woman with weak expression of A and B anti-
gens and no H antigen on her red cells, weak A and B,
but no H in her saliva, and normal serum and red cell
A-, B-, and H-glycosyltransferases [486]. Her saliva
contained Le-transferase, but her red cells were Le(a–)
and had very weak Leb. A fucosylation defect could
also explain the Hm phenotype [10].

2.13.6 I and i expression in H-deficient
phenotypes

The I and i antigen structures represent carbohydrate
chains that are precursors of H, A, B, Lea, and Leb

substances, so it is not surprising that I and i expres-
sion is elevated in H-deficient red cells (see Chapter 
25). This effect has been demonstrated on Oh cells 
by agglutination titrations with anti-I and anti-i
[422–424,458]. Measurement of percentage aggluti-
nation by an electronic cell counter demonstrated sig-
nificantly higher agglutination by anti-I with Oh, Ah,
and Bh cells from non-secretors (90.2%), compared
with control cells (73.5%) [487]. Despite a greater
affinity of anti-I and anti-i for Oh cells than for O cells,
Doinel [488] detected no increase in the number of I
and i sites. Daniels [458] found elevated I expression
on the red cells of red cell H-deficient, secretor mem-
bers of two of three families tested.

2.14 Acquired alterations of A, B, and H
antigens on red cells

Since the ABO blood groups were shown to be inher-
ited characters, numerous rare variants have been rec-
ognized, many of which have been described in this
chapter. Most of these variants are inherited, resulting
from mutant genes at the ABO, H, and possibly other
loci. Some ABO anomalies, however, are acquired,
generally as a result of infection or malignancy and,
occasionally, in the absence of any obvious disease.

2.14.1 Acquired B

Over a period of 4 years, Cameron et al. [489] identi-
fied seven patients with some kind of red cell B antigen,
but with apparently normal anti-B in their sera. The
anti-B did not react with the patients’ own red cells.
Cameron et al. [489] gradually came to appreciate 
that this B-like antigen was an acquired character,
probably associated with disease. All seven patients
were A1; the secretors secreted A and H, but no B, and
four had group O children and therefore had an A1/O
genotype.

Most individuals with acquired B are ill, although
examples of acquired B in healthy subjects are 
recorded [490–492]. Gerbal and Ropars [493] esti-
mated that 64% of reported cases had diseases of the
digestive tract, most of those being carcinoma of the
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colon. In a survey of 200 patients (106 group O, 94
group A) with gastrointestinal disease, 10 cases of ac-
quired B were found, all in group A patients [493,494].
Acquired B may be a transient phenomenon.

Sera from patients with acquired B antigen contain
A-transferase, but no B-transferase [495]. No B gene
was present in the genome of patients with acquired B
red cell antigen [290,496,497].

2.14.1.1 Serological characteristics

Acquired B is only found on group A cells. These are
nearly always A1, although A expression may be de-
pressed [493]. A few examples of A2 with acquired B
have been found: in one case the cells became A1 as B
expression diminished [498]; in another the patient
had an A2 serum transferase [499]; and in two cases the
patients had A2/O genotypes [290]. One example of
acquired B was associated with weak expression of A
and H antigens [500].

Acquired B antigen is usually weak, but varies in dif-
ferent individuals and with time. Often a proportion of
cells remains unagglutinated with anti-B. Sera from A2

donors are better at detecting acquired B than are sera
from A1 donors [495,498,501]; 10% of A1 sera do not
agglutinate acquired B cells [495]. Some group A and
O sera contain a specific anti-acquired B, which does
not react with normal B cells and can be separated
from anti-B by adsorption and elution [491,502]. 
Herron et al. [491] produced anti-acquired B, which
reacted with acquired B cells but not ordinary group 
B cells, by immunizing a rabbit with acquired B cells.

Some monoclonal anti-B react with acquired B cells
[502–505] and monoclonal anti-acquired B has been
produced by immunizing mice with acquired B red
cells [506,507]. The introduction as a blood-grouping
reagent of a monoclonal anti-B clone (ES4), which
strongly agglutinates acquired B cells, greatly in-

creased the rate of detection of this phenotype [505]. A
group A patient with acquired B was grouped as AB
with reagents containing ES4 and suffered a fatal
haemolytic reaction following transfusion with four
group AB units [508]. The patient’s weak anti-B was
not detected by abbreviated compatibility testing.
Manufacturers of monoclonal anti-B have now low-
ered the pH of reagents containing ES4, so that they
only detect the strongest examples of acquired B. This
lowering of pH has caused problems, however, as the
sera of about 1 in 500 blood donors have low pH-
dependent autoagglutinins [509,510]. There are ad-
vantages in detecting acquired B, providing it is not
mistaken for normal B. Detection of acquired B with a
reagent containing ES4 in an apparently healthy blood
donor led to the diagnosis of lymphoma and displace-
ment of the small bowel [511].

Serum from acquired B individuals contains anti-B,
which does not react with acquired B cells. Saliva of 
acquired B secretors contains A and H, but no B.

Acquired B red cells are often polyagglutinable 
(see below).

2.14.1.2 Cause of acquired B

Despite earlier suggestions that acquired B results
from adsorption of B-like bacterial glycolipids
[512,513], Marsh et al. [514,515] felt that acquired B
resulted from enzyme action. Bacterial filtrates were
used to simulate acquired B, in vitro [515]. A few sera
from individuals with acquired B could convert group
A cells to acquired B activity, in vitro [492,516,517].
Gerbal et al. [500] hypothesized that bacterial de-
actetylases convert N-acetylgalactosamine, the A 
immunodominant sugar, to galactosamine. This
galactosamine is similar enough to galactose, the B im-
munodominant sugar, to react with some anti-B (Fig.
2.10). Gerbal et al. [495] suggest that acquired B is not
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Fig. 2.10 Terminal
immunodominant sugars for A, B,
and acquired B, demonstrating the
similarity between galactose and
galactosamine (deacetylated N-
acetylgalactosamine). R, remainder
of molecule.
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common because all A2 people and 95% of A1 people
have anti-acquired B in their serum and because most
bacteria do not produce the appropriate deacetylases.
A wealth of evidence now exists confirming that
deacetylation of N-acetylgalactosamine is the most
common cause of acquired B [493–495,508,518].

2.14.1.3 Evidence for deacetylation of A as the cause
of acquired B

1 Only group A cells acquire B antigen.
2 The strength of A antigen expression on acquired B
cells is inversely related to the strength of the acquired
B antigen [495] (Fig. 2.11). Gerbal and Ropars [493]
used Dolichos biflorus lectin to separate two popula-
tions of red cells from a patient with acquired B. The
A1 cells agglutinated by the lectin had only weak ac-
quired B, whereas the remaining A2 cells had strong 
acquired B expression.
3 Deacetylases have been isolated from the bacteria
Clostridium tertium A and Escherichia coli K12
[519,520]. Acquired B cells could be created, in vitro,
by treating A1 cells with culture filtrate from C. tertium
or from one of six strains of E. coli [493,495]. Group
O cells were not converted to B activity.
4 Chemical acetylation of acquired B cells with acetic
anhydride destroyed the B activity and enhanced the A
activity back to that of normal A1 cells [518].
5 A-trisaccharide [GalNAca1Æ3(Fuca1Æ2)Gal]

that has been chemically deacetylated inhibits 
the reaction of anti-B with acquired B, but not 
with normal B cells [521]. B-trisaccharide
[Gala1Æ3(Fuca1Æ2)Gal], in which the hydroxyl
group of carbon-2 of the a-galactose residue has been
substituted by an amino group (see Fig. 2.10), had the
same effect [522]. Agglutination of acquired B cells
with anti-B is dispersed by the addition of galac-
tosamine [523].
6 Suspension of acquired B red cells in an acid medi-
um (pH6) reduces reactivity with anti-B [495], pre-
sumably because the NH2 group of the galactosamine
residue is converted to NH3

+.

2.14.1.4 Polyagglutination

Acquired B cells are usually polyagglutinable
[493,524]; they are agglutinated, at least weakly, by
most AB sera. This polyagglutination evolves in paral-
lel with the acquired B phenomenon, but disappears
before B activity during recovery; it is not apparent at
pH4.5 or below and it disappears after chemical
acetylation of the cells [493,502,518]. Agglutination
of acquired B cells by AB serum is inhibited by deacety-
lated A-trisaccharide, by amino-substituted B-
trisaccharide, and by galactosamine [502,521,522].

It is possible that there are antibodies present in
most human sera specific for the deacetylated A anti-
gen that are responsible for the acquired B phenome-
non. As polyagglutinable cells can be produced by
deacetylation with C. tertium filtrate of O cells, as well
as A cells [493], a different antigen from acquired B is
probably involved, possibly involving glucosamine
produced by deacetylation of N-acetylglucosamine
[525].

Acquired B is a unique type of polyagglutination.
Acquired B cells react with AB sera from which anti-T,
-Tk, -Tn, -Cad, and anti-HEMPAS have been removed
by adsorption [518,526] (see Chapter 31). However,
other cryptantigens, responsible for other forms 
of polyagglutination, are often revealed on acquired 
B cells, especially Tk, but also T and Th
[492,502,516,527,528].

2.14.2 Alterations in leukaemia patients

2.14.2.1 Serology

In 1957, van Loghem et al. [529] suggested that very

A B

90

70

50

40

20

0
0 47 293 324 325

B

A

Time (days)

9

8

A
 s

ite
s 

(¥
 1

0–
5 )

7

Pe
rc

en
ta

ge
 a

gg
lu

tin
ab

ili
ty

Fig. 2.11 Graph demonstrating the inverse relation between
A and acquired B expression, as measured by percentage
agglutination and number of A sites, in a patient studied
over several months. As acquired B expression increased, A
antigen expression decreased, and vice versa. Adapted from
[495].
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weak A antigen expression on the red cells of a
myeloblastic leukaemia patient, previously shown to
have a normal A antigen, may have occurred as a result
of his disease. A report of a similar case soon followed;
a group A person whose red cells were no longer agglu-
tinated by anti-A (although they did adsorb it) during
the course of acute leukaemia [530,531].

The association of weak A antigen expression with
acute leukaemia is now well documented (reviewed in
[224,532–534]). In some cases all red cells show weak-
ness of the A antigen, whereas in others two popula-
tions of red cells are clearly apparent [531,535–537].
Gold et al. [531] separated two populations of red cells
from a patient with acute monoblastic leukaemia. Ini-
tially only 2% were agglutinated with anti-A, but in 
remission the proportion of agglutinable cells rose to
65% before falling again shortly before death. In a pa-
tient recorded by Renton et al. [538], 26% of the red
cells were group AB, 12% A, 42% B, and 20% O. Pre-
sumably the patient was genetically AB; 62% of his
cells had lost their A antigen and 32% their B antigen.
Leukaemia-associated changes in B and H antigens are
also recorded [537–539]. Between 17% and 37% of
patients with leukaemia have significantly lower A, B,
or H antigenic expression compared with healthy con-
trols [539–542]. By flow cytometry 55% of A, B, or AB
patients with myeloid malignancies had decreased ex-
pression of A or B compared with healthy controls of
the same ABO genotype; 21% of group O patients had
reduced H [543]. In almost all cases the changes repre-
sent a loss or diminution of antigen strength and not
the expression of a new red cell antigen, although one
case is reported of a group O (O1v/O1v) patient with
myelodysplastic syndrome acquiring an A antigen
[290].

Although modifications of ABH antigens are 
usually associated with acute leukaemia, they are also
often manifested before diagnosis of malignancy and
therefore indicate preleukaemic states [532]. Loss of
an ABH antigen in a patient with a haematological dis-
order is generally prognostic of acute leukaemia [544].
For example, a four-year-old girl whose red cells gave
mixed-field agglutination with anti-A initially had no
sign of haematological disease, but was diagnosed as
having acute myeloid leukaemia 18 months later
[545].

Acute leukaemia has, on occasion, been asso-
ciated with loss or weakening of Lewis antigens
[531,544,546].

2.14.2.2 Transferases

Depression of A or B antigens in acute myeloid
leukaemia (AML) and in preleukaemic states is gener-
ally associated with a severe reduction in red cell A- or
B-transferase activity, but little or no reduction in red
cell H-transferase activity [545,547,548]. In patients
with separable populations of red cells, A- or B-
transferase activity was greatly reduced in the mem-
branes of those cells that had lost their A or B antigens,
but were normal in those that had not [547]. No sig-
nificant difference in H-transferase activity could be
detected between the different cell populations. 
Furthermore, A or B antigen expression in those cells
that had lost A or B activity could be converted to nor-
mal, in vitro. During clinical remission, the A antigen
of one of the patients returned to normal, as did mem-
brane A-transferase activity [547]. Thus, the loss of A
or B expression in acute leukaemia results from a de-
fect or deficiency of the A or B gene products and not a
defect in enzyme substrates.

Serum H-transferase activity is generally reduced in
patients with AML [547,549–551], but increased in
those with chronic granulocytic leukaemia [551,552].
These changes appear to reflect the abnormal platelet
counts often present in these conditions [551]. Serum
A- and B-transferase activities may also be slightly 
reduced in AML patients [549].

In a patient with erythroleukaemia, about 50% 
of the red cells had lost their A antigen and those cells
also showed a very low level of adenylate kinase-1
(AK1), an enzyme encoded by a gene close to ABO on
chromosome 9 [553] (Chapter 32). This was pre-
sumed to result from a chromosome lesion in the part
of the chromosome containing both ABO and AK1
loci. The ABL1 oncogene locus maps between ABO
and AK1 on chromosome 9q34 [554]. ABL1 is at 
the breakpoint of the Philadelphia-chromosome, a
leukaemia-specific reciprocal translocation involving
paternal chromosome 9 and maternal chromosome 22
[555]. In four informative cases of A or B antigen loss
during AML, the allele that was lost could only have
been maternally derived [556]. The significance of this
is unclear, but the results suggest that imprinting 
affects other loci on chromosome 9q34 other than
ABL1.

It is possible that down-regulation of ABO in
haematological disorders involves methylation of the
promoter region [143].
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2.14.3 Other acquired changes in A, B, 
and H antigens

Acquired loss of A from a proportion of the red cells
occasionally occurs in healthy, elderly individuals
[557,558]. In one elderly woman, two red cell popula-
tions could be separated using anti-A1 Dolichos bi-
florus lectin [557]. The A1 cells, agglutinated by the
lectin, were AK12-1, whereas the weak A (Ax-like) cells
had lost the AK12 isozyme and only AK11 could be de-
tected. In one clone, part of chromosome 9 appears to
be partially inactivated.

An infant with congenital rubella infection lost 
her A antigen during the first few months of her life
[559]. A healthy child who was A2 at birth, but later
became Ax, is described in Section 2.7.3 [320].

Following transplantation of a liver from a group
AB donor, a proportion of the red cells of a group O
child became transiently group AB, as did group O
transfused red cells [560]. The cause of this phenome-
non is unknown, but could have been caused by hepa-
tic transferase activity. Weak A activity on red cells of
group A recipients of group O bone marrow trans-
plants may result from adsorption of A substance from
the plasma of the recipient [561].

2.14.4 enzymatic degradation of A, B,
and H antigens

A or B antigens on red cells can be converted to 
H antigen by removal of the immunodominant 
sugar with an appropriate exoglycosidase: a-N-
acetylgalactosaminidase (A-zyme) or a-galactosidase
(B-zyme). Such enzymes are derived from a variety of
sources, especially bacteria (reviewed in [562]).

The enzyme that has brought most success in creat-
ing artificial group O cells from B cells is a-
galactosidase from green coffee beans [562–564]. No
B antigen could be detected on group B cells treated
with this purified a-galactosidase and there was no ap-
parent membrane damage. Phase I and II clinical trials,
on healthy volunteers and patients, respectively, have
shown that group B red cells treated with either native
or recombinant a-galactosidase from coffee beans are
safe and efficacious when transfused to group O or A
subjects, once, in multiple-unit volumes, or on more
than one occasion [565,566]. A minority of the recipi-
ents had increases in anti-B titres following transfu-
sion, suggesting the presence of residual B antigens.

In vitro

Furthermore, sera from 40% of group O and 20% of
group A individuals weakly agglutinated the enzyme-
modified group B red cells [566].

Attempts to find a suitable a-N-
acetylgalactosaminidase have been less fruitful, prob-
ably because A antigens on A1 cells are present at inter-
nal positions in addition to terminal positions of
oligosaccharide chains and are not cleaved by exogly-
cosidases. A-zymes from chicken liver or from the en-
teric bacterium Ruminococcus torques IX-70 will
convert A2 red cells into O cells, but are less effective
with A1 cells [562,567].

An a-fucosidase isolated from Aspergillus niger
abolished H activity on group O cells [568].

2.15 ABH antibodies and lectins

2.15.1 Anti-A and -B

Anti-A and -B are almost always present in sera of 
people who lack the corresponding antigen from 
their red cells (Table 2.2). With the exception of 
newborn infants, deviations from this rule are ex-
tremely rare. Dobson and Ikin [569] estimated that
only about 1 in 12000 adults lack expected anti-A or 
-B. Missing agglutinins may indicate a weak subgroup
of A or B, a twin chimera, dispermy, hypogammaglob-
ulinaemia, or old age. A few examples of missing ag-
glutinins with no apparent explanation are recorded
[570,571]. Springer and Tegtmeyer [571] showed that
no immune response could be induced in a healthy
group A woman lacking anti-B by injecting human
blood group B glycoprotein. Van Loghem et al. [570]
described three healthy group A individuals who, 
despite having no serologically detectable anti-B,
demonstrated impaired in vivo survival of injected
group B cells.

Antibodies detected in the serum of neonates are
usually IgG and maternal in origin [572], but may, on
occasion, be IgM and produced by the fetus [573].
Generally, ABO agglutinins are first detected at an 
age of about 3 months and continue to increase in 
titre, reaching adult levels between 5 and 10 years
[573,574]. The low titres of anti-A and -B in elderly
people detected in early studies [575,576] could not be
confirmed [574].

Levels of A and B antibodies appear to be influenced
mainly by environmental factors, genetics having no
more than a minor role [577,578]. Anti-A and -B are



ABO, Hh, AND LEWIS SYSTEMS

53

often referred to as naturally occurring, but probably
appear in children as a result of immunization by A
and B substances present in the environment. Springer
et al. [579,580] found that chickens, which normally
develop an antibody to human group B red cells with-
in a few months of hatching, fail to do so if kept in a
germ-free environment. Feeding human infants with
killed bacteria (Escherichia coli O86) stimulated in-
creased anti-B activity [581].

Changes in the characteristics of anti-A or -B occur
as a result of further immunization by pregnancy or by
artificial means, such as incompatible transfusion of
red cells or other blood products. Typical changes,
serologically detectable, are increase in titre and avidi-
ty of agglutinin, increase in haemolytic activity, and
greater activity at 37°C. Such ‘immune’ sera are gener-
ally difficult to inhibit with saliva or with A or B 
substances.

Anti-A and -B molecules may be IgM, IgG or IgA;
some sera may contain all three classes [573,582].
Anti-A and -B of non-stimulated individuals are pre-
dominantly IgM, although IgG and IgA may be pre-
sent [583,584]. During a programme of immunizing
donors with human A or B glycoproteins, with the pur-
pose of producing potent blood grouping reagents,
Contreras et al. [585] detected some IgG anti-A or -B in
all donors prior to immunization. These donors, who
had been selected for high titre antibodies, all showed

an increase in IgG after stimulation; IgA anti-A and -B,
which could not be detected in any of the sera preim-
munization, was present in all sera postimmunization.
Table 2.23 shows some of the characteristics of IgM,
IgG, and IgA ABO antibodies. IgG2 and IgG1 anti-A
and/or -B were present in most sera from mothers of
group A or B children; almost 40% of the sera also
contained IgG3 and/or IgG4 anti-A/B [586]. IgG2 
usually had a higher titre than antibodies of the other
subclasses. A quantitative analysis of sera from 235
healthy blood donors again showed IgG1 and IgG2
anti-A/B predominant, with IgG3 and IgG4 having
only a minor role [582].

ABO antibodies may be found in various body fluids
including saliva, milk, cervical secretions, tears, and
the contents of cysts [254,587–592]. They are primar-
ily IgA [590] and generally most active in fluids from
group O individuals.

Anti-A1 is described in Section 2.4.
An interesting antibody described by Ikin et al.

[593] in 1953 remains unique. In a saline medium this
antibody agglutinated only group A Rh D+ cells; A1

D+ cells gave stronger reactions than A2 D+ cells. O D+
and A D– cells were not agglutinated. When the reac-
tivity of the antibody was enhanced by addition of al-
bumin it behaved as anti-D. The antibody could be
completely adsorbed by O D+ cells, but it was not ad-
sorbed by A1 D– cells. Perhaps this anti-D-like anti-

Table 2.23 Some characteristics of IgM, IgG, and IgA anti-A and -B (compiled mostly from [573]).

Characteristic IgM IgG IgA

Present in sera of:
non-immunized donors Yes Sometimes Rarely
immunized donors Yes Usually Usually

Agglutinates red cells Yes Yes Yes

Agglutination enhanced in serum medium No Yes

Haemolytic Yes Yes No

Binds complement Yes Yes No

Titre increased in antiglobulin test No Yes Yes

Inhibited by secretor saliva or purified glycoprotein Yes, easily Poorly Yes, less easily than IgM

Thermal optimum 4°C 4–37°C

Activity destroyed by 2-ME or DTT Yes No Partially

Activity destroyed by heating to 56°C Yes No No

Present in colostrum Sometimes No Yes

DTT, dithiothreitol; 2-ME, 2-mercaptoethanol.
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body recognized conformational changes in the Rh
complex occurring with the presence or absence of an
A determinant on the Rh-associated glycoprotein (see
Section 5.5.7).

2.15.2 Anti-A,B of group O serum

Sera from group O people do not simply contain 
two separable antibodies, anti-A and -B, but a cross-
reacting antibody called anti-A,B. If an eluate is made
from group A cells incubated in group O serum the 
antibody in the eluate will agglutinate A and B cells
[217]. The same effect is observed if group B cells are
used. However, there is no such effect if artificial anti-
A+B is made by mixing group A and group B sera
[594,595].

The cross-reactivity of group O sera is often asym-
metrical; some group O sera eluted from A cells react
with B cells, yet when eluted from B cells will not react
with A cells [595]. In group O people immunized with
A cells or A substance the cross-reacting antibody usu-
ally shows a preference for A cells [585,596]; i.e. it has
a higher binding constant for A cells than for B cells
[597]. The reverse is true in group O individuals 
immunized with B antigen.

Although a number of theories have been put for-
ward to explain the reactions of group O sera, the most 
feasible is that group O people make an antibody 
that detects a structure common to both A and B 
determinants [11,598–600]. Human monoclonal
analysis by limiting-dilution methodology has con-
firmed that antibodies produced by group O donors
bind to both A- and B-trisaccharide [601].

Anti-A,B are mostly IgG, but may be IgM or IgA
[573].

2.15.3 Clinical significance of ABO antibodies

Transfusion of ABO incompatible red cells will almost
always result in symptoms of haemolytic transfusion
reaction and may cause disseminated intravascular co-
agulation, renal failure, and death. Signs of red cell de-
struction occasionally occurs following transfusion of
group O blood to recipients of other ABO groups; the
result of destruction of the patient’s red cells by trans-
fused ABO antibodies. (See [573] for details on trans-
fusion reactions.)

Anti-A1 is rarely clinically significant and most ex-
amples are not active above 25°C. However, there are

a few reports of haemolytic transfusion reactions
caused by anti-A1 [602–605].

Haemolytic disease of the fetus and newborn
(HDN) caused by ABO antibodies usually occurs in
A1, B, or A1B babies of group O mothers, yet IgG anti-
A or -B is more often responsible than anti-A,B for
HDN and tends to cause more severe symptoms
[606,607]. Very rarely, group B babies of A2 mothers
may be affected. About 15% of pregnancies in women
of European origin involve a group O mother with a
group A or B fetus, yet ABO HDN requiring clinical 
intervention is rare, although minor symptoms invo-
lving a small degree of red cell destruction may be 
relatively common. Hydrops caused by ABO HDN 
is exceedingly rare, but very occasionally exchange
transfusion for the prevention of kernicterus is indi-
cated. Severe ABO HDN is relatively rare, despite the
presence of IgG ABO antibodies in the serum of most
group O women, because of the relatively low density
of A and B antigens on fetal red cells and the presence
of soluble A and B substances in the fetal plasma,
which neutralize maternal antibodies. The comple-
ment deficiency of fetal plasma may also play a part in
the rarity of ABO HDN as IgG anti-A that haemolyses
red cells in the presence of complement will not lyse
cord cells if neonatal serum is used as the source of
complement [608].

Anti-A and -B will cause rejection of incompatible
kidney, liver, and heart transplants. Transplantation of
A2 kidneys and livers into B and O patients may be sat-
isfactory when patients are selected for low anti-A titre
[609,610] and transplantation of incompatible hearts
has been successful in newborn infants [611]. Anti-A
and -B can usually be disregarded, however, for tissue
transplants, including cornea, skin, and bone [612].
Although ABO is generally disregarded when selecting
a bone marrow donor, ABO major incompatibility
may reduce graft survival [613].

From the point of view of red cell transfusion, group
O is generally considered the ‘universal donor’ and
transfusion of O blood to an A or B recipient consid-
ered a compatible transfusion. There is now increasing
evidence that infusion of relatively large quantities of
ABO incompatible plasma, as frequently occurs when
transfusing platelets, could cause impaired cellular im-
mune function, infection, and multiorgan failure by a
mechanism unrelated to haemolysis [614]. This might
be a result of tissue damage caused by the presence of
ABO antibodies in the transfused plasma or the pres-
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ence of circulating immune complexes comprising sol-
uble ABO substances in the transfused plasma and the
recipient’s antibodies. Heal and Blumberg [614] pro-
pose, ‘That only ABO identical components, or those
lacking incompatible antigen and antibody, be admin-
istered to patients with cancer, except when there are
no alternatives.’

Some other effects of minor ABO incompatibility
are described in Section 2.15.5.

2.15.4 ABO autoantibodies

ABO autoantibodies are apparently rare. In one 
English blood centre, of 4668 patients with autoanti-
bodies studied over 32 years, only six had autoanti-
bodies with ABO specificity [615]. Some apparent
autoanti-A and -B do not react with group A or B cord
cells and so their true specificity is anti-AI or -BI 
(Section 25.7.5). Several examples of autoanti-A and 
-B have caused autoimmune haemolytic anaemia
[615], one resulting in fatal haemolysis and kidney
failure [616]. Autoanti-A1 has been reported, but not
implicated in haemolytic anaemia [615].

Low affinity A and B autoantibodies are present in
purified IgG and IgM fraction from sera of A and B 
individuals, respectively [617]. These autoantibodies
are not detected in whole serum because of comple-
mentary interactions between V regions of the anti-
bodies. This suggests that tolerance to autologous
ABO antigens is dependent on peripheral control,
rather than on clonal deletion or anergy at the B- or T-
cell level [617].

2.15.5 Post-transplantation antibodies of 
graft origin

In 1971, Beck et al. [618] speculated that anti-A de-
tected in the serum of a group A woman after trans-
plantation of a lung from a group O donor may have
been produced by lymphoreticular tissue transplanted
with the lung. Since then there have been numerous 
accounts of apparent autoanti-A, -A1, or -B, following
transplantation of kidney, liver, heart, lung, pancreas,
or spleen (review in [619]). Typically these ABO anti-
bodies are IgG, appear 7–10 days after transplanta-
tion, and last for about 1 month. They are often
responsible for haemolysis and have caused acute
renal failure and, in one case, death [619,620]. The
IgG allotype of anti-A eluted from the red cells of a

group A1 woman 14 days after receiving a group O
kidney demonstrated that the antibody was of donor
origin and could not have been produced by the 
patient [621].

Haemolysis induced by anti-A or -B produced by
passenger lymphocytes of graft origin may also be a
complication of minor ABO incompatibility in trans-
plantation of bone marrow or peripheral blood prog-
enitor cells [622–625]. This problem is more prevalent
in patients treated with cyclosporin for prophylaxis
against graft-vs.-host disease than in those receiving
methotrexate [626]. Haemolysis may be severe and
even fatal [625].

2.15.6 Monoclonal antibodies

Three years after Köhler and Milstein [627] described
their method for in vitro production of monoclonal
antibodies from hybridomas of murine myeloma cells
and lymphocytes from immunized mice, Barnstable 
et al. [628] reported the first monoclonal blood group
antibody, anti-A. This antibody resulted from immu-
nizing a mouse with human tonsil lymphocyte prepa-
rations. Barnstable et al. [628] suggested that this
anti-A might be of use in blood typing, but it was later
shown to lack sufficient potency with A2 and A2B cells
[629].

Numerous other monoclonal anti-A soon followed:
some produced deliberately by immunizing mice with
group A red cells or purified substance [630–633]; oth-
ers accidentally by immunizing with cancer cell lines,
other cells, or epidermal growth factor [629,634–
637]. Some monoclonal antibodies behaving as anti-
A1 have also been reported [63,632,635].

Human anti-A and -A1 monoclonal antibodies have
been generated by Epstein–Barr virus (EBV) transfor-
mation of lymphocytes obtained either from hyperim-
munized plasmapheresis donors [638] or from splenic
tissue after in vitro stimulation with group A red cells
[639]. Monoclonal anti-Type 2 A and anti-difucosy-
lated A were produced by a heterohybridoma of 
EBV-transformed human lymphocytes and mouse
myeloma cells [640].

Monoclonal antibodies have proved invaluable 
for studying the various types of carbohydrate 
chains determining A activity. Antibodies to Type 1 A,
2 A, 3 A, and 4 A have all been recognized
[48,62,63,634,635,641], as have antibodies that
show a preference for a difucosyl-A structure, either
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Type 1 (ALeb) or Type 2 (ALey) [636,642–645]. For re-
views see [14,18,21,38,312,646]. Some monoclonal
anti-A bind preferentially to the A-terminal trisaccha-
ride, whereas others detect an epitope involving the
oligosaccharide backbone. The former type of anti-A
are more effective at agglutinating A2B red cells with
weak A expression than the latter type, and are more
suitable for use as reagents [647,648].

Monoclonal anti-B have been produced follow-
ing immunization of mice with B or AB red cells
[503,632], purified B substance [383,504,632], or
chemically synthesized B trisaccharide [649].

Several monoclonals that react with both A and B
cells (anti-A,B) have been produced after immunizing
mice with A substance, group A red cells, or AB red
cells [310,632,633,650]. Some of these antibodies
react more strongly with A cells than with B cells
[310,650].

A Fab-phage was isolated, by panning with group 
B red cells, from a human IgG1 phage-display library
derived from splenocytes from a group O donor. The
‘antibody’ agglutinated B, but not A or O red cells, 
but displayed interaction with A and B epitopes by 
inhibition techniques [651].

Details of numerous ABO monoclonal antibodies
submitted to three international workshops are de-
scribed in the workshop reports [652–654].

2.15.6.1 Monoclonal antibodies as blood 
grouping reagents

The advantage of monoclonal antibodies over poly-
clonal alloantibodies as ABO grouping reagents is not
their monoclonality, which may even be a disadvan-
tage, but the fact that they are manufactured in vitro.
Vast quantities of specific antibody can be generated,
containing no unwanted contaminating antibodies,
and saving on human plasma and on the high cost 
of preparing and quality controlling conventional
reagents made from pools of human serum. Further-
more, they remove the necessity to immunize human
volunteers in order to make potent reagents. Mono-
clonal anti-A and -B have proved to be satisfactory
reagents by both manual and automated techniques
and are being used in most transfusion centres 
and hospital blood banks throughout the world
[509,655].

Potent monoclonal anti-A reagents have been pro-
duced that agglutinate Ax red cells [312,313]. This ob-

viates the requirement for anti-A,B. The complication
of A(B) is discussed in Section 2.11. The hazard of
using monoclonal anti-B reagents that detect acquired
B antigen is described in Section 2.14.1.1.

Judson and Smythe [656] found that some mono-
clonal anti-B precipitate at 4°C. They deduced that
this was because of B-like activity on the IgM mole-
cules, a result of terminal a1,3-galactose on some N-
glycans of mouse IgM. The suggested remedy for this
cryoprecipitation is treatment of partially purified
IgM with a-galactosidase or culturing the hybridoma
in the presence of a-galactosidase or N-glycan 
processing inhibitors.

2.15.7 Anti-H

H antibodies detect the precursor of A and B antigens.
They characteristically agglutinate group O and A2

cells more strongly than A1 and B cells.
Typically, H antibodies are inhibited by secretor

saliva and react with group O cord cells, although
often less strongly than with O adult cells. Morgan and
Watkins [657] distinguished anti-H, which is inhibited
by secretor saliva, from ‘anti-O’, which is not. The lat-
ter specificity is now generally called anti-HI (Section
2.15.8).

Antibodies specific for Type 1 H (Table 2.3) 
are often referred to as anti-Led or -LedH [281,658]
(Section 2.19.2.1).

2.15.7.1 Anti-H in Bombay sera

Anti-H is generally present in the sera of people with
H-deficient, non-secretor (Bombay, Oh, Ah, and Bh)
phenotypes. These anti-H vary greatly in strength,
ability to agglutinate cord cells, degree of inhibition 
by O saliva, and IgG content [458]. Sera with the
greater IgG content show least difference in strength
between O cord and O adult cells and are least readily
inhibited by saliva. Oh sera contain both anti-Type 1 H
and anti-Type 2 H [659,660]. Réunion phenotype 
individuals (red cell H-partially deficient, non-
secretors), however, produce a large quantity of anti-
Type 1 H, but only little anti-Type 2 H, presumably 
because a small quantity of Type 2 H antigen is pre-
sent on their red cells [660].

Anti-H in sera of red cell H-deficient and partially
deficient, non-secretors is clinically significant and
may cause severe HDN [661]. Only 2% of group O
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cells injected into an Oh patient survived 24h [662]. In
an Ah patient, 67% of A1 cells were destroyed within 
1h of injection, despite being only weakly agglutinat-
ed at 37°C by the serum of the patient [663]. A trans-
fusion reaction occurred in a Bh patient transfused
with H-positive blood [452].

2.15.7.2 Other sources of human anti-H

Anti-H in the serum of people who do not have H-
deficient red cell phenotypes are generally weak and
only reactive at low temperatures. When present, they
are usually found in ABH non-secretors [664].

An exceptionally potent anti-H from an A1

Le(a–b+) person (Toml) was inhibited by secretor 
saliva, including the patient’s own saliva, reacted 
with cord cells, and did not react with Oh cells [665].
Unlike sera from H-deficient, non-secretors, the anti-
H of Toml and a high titred H autoagglutinin from a
group B patient bound Type 2 H, but not Type 1 H,
trisaccharides [659,666]. Monoclonal IgM autoanti-
H in a patient with lymphoma was responsible for
fatal autoimmune haemolytic anaemia [667]. Several
autoanti-H (or -HI) have been reported that are only
active in the presence of calcium chelators such as 
citrate or ethylenediaminetetraacetic acid (EDTA)
[668,669].

2.15.7.3 Monoclonal anti-H

Numerous mouse monoclonal H antibodies have 
been produced, many unintentionally, following 
immunization by a variety of immunogens [60,64,
652–654,670–676]. Unlike human anti-H, murine
monoclonal anti-H are often not inhibited by secretor
salivas, or at least are inhibited by only a minority of
secretor salivas [671,677]. Furukawa et al. [60] stud-
ied 11 H-like monoclonal antibodies: all reacted with
either monofucosyl Type 2 H or difucosyl-Ley, or with
both structures; none reacted with the Type 1 struc-
tures. Those antibodies reactive with only Type 2 H re-
acted with red cells, but not with salivary substances,
presumably because of a predominance of difucosy-
lated structures in saliva; those specific for the difuco-
sylated Ley structure did react with salivary structures,
but not with red cells; and those reactive with both
monofucosylated and difucosylated structures reacted
with red cells and with saliva. Mollicone et al. [675]
subdivided 28 monoclonal anti-Type 2 H into seven

categories, based on their cross-reactivities with syn-
thetic oligosaccharides.

2.15.7.4 Anti-H from other sources

Anti-H has been made in a number of animals by 
immunizing with O red cells or with purified H 
substance, and adsorbing with Oh cells. Bhatia [678]
produced anti-H in chickens, cattle, buffalo, goats,
and sheep. H-specific lectins are described in Section
2.15.9.4.

2.15.8 Anti-HI and -Hi

HI antibodies agglutinate red cells carrying both H
and I determinants [679]; they do not agglutinate, or
agglutinate only very weakly, H-deficient cells (non-
secretor or secretor) or I-deficient cells (cord and adult
i cells). Anti-HI are usually weak antibodies reacting
only at low temperatures.

In line with the observation of Sanger [664] that
anti-H is only made by ABH non-secretors, the H-like
agglutinin found in the serum of H-deficient secretors
is generally anti-HI [224,458,460]. Although anti-HI
in the serum of H-deficient secretors was responsible
for rapid destruction of small quantities of radiola-
belled group O red cells, it was predicted that transfu-
sion of whole units of blood would result in near
normal survival [680].

Autoanti-HI is usually considered benign, but anti-
HI of high titre and active at 37°C caused an acute
haemolytic transfusion reaction in a group B woman
with sickle cell disease, following transfusion of 
100mL of group O red cells [681]. Subsequent trans-
fusion of group B cells through a blood warmer was
satisfactory.

An autoagglutinin in the serum of an A1 woman,
which behaved like anti-H but was not inhibited by 
secretor saliva and reacted exceptionally strongly 
with group A2 adult i cells, was called anti-Hi [682].
Three more examples have been reported since [683].

2.15.9 Lectins

The name lectin originally described plant extracts 
capable of agglutinating red cells [684]. In 1980, 
Goldstein et al. [685] broadened this definition to, ‘A
sugar-binding protein or glycoprotein of non-immune
origin, which agglutinates cells and/or precipitates gly-
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coconjugates’. Thus, the vast array of haemagglutinat-
ing substances found in plant (mostly seed) extracts
and in some animals such as snails, fish, and snakes can
all be termed lectins.

The agglutinating activity of lectins is inhibited by
simple sugars, usually monosaccharides. It is assumed
that these sugars represent the binding site for the
lectin on the cell surface. Through the use of lectins,
Morgan and Watkins [686] obtained some of the early
information on the nature of the A, B, and H antigens.
Some plant extracts contain more than one lectin, for
example, seeds of Ulex europaeus and Bandeiraea
simplicifolia (see below).

The variety of lectins with A, B, or H specificity are
too numerous to itemize here. Most are seed extracts,
predominantly from plants of the family Legumi-
nosae, although many other sources exist. Lectins with
anti-A, -B, and -H specificity are found in the fruiting
bodies of many fungi [687]. A few lectins are listed in
Table 2.24. For reviews see [688–691].

2.15.9.1 Anti-A

Renkonen [692] found anti-A activity in the seeds of
Vicia cracca, the first blood group lectin to be recog-
nized. Group A specificity has been found since in a
number of seeds including Dolichos biflorus, an ex-
tremely useful blood grouping reagent because it ag-
glutinates A1 cells far more readily than A2 cells and so,
when appropriately diluted, distinguishes A1 and A1B
from A2 and A2B [223]. Dolichos lectin is specific for
terminal N-acetylgalactosamine [693] and so will also
agglutinate Tn+ and Sd(a++) cells (see Chapters 29 and
31). Furukawa et al. [670] suggest that Dolichos lectin
differentiates A1 and A2 red cells on the basis of quan-
titative rather than structural differences.

The eggs and albumin glands of several species 
of snails, mostly of the family Helicidae, contain 
anti-A (N-acetylgalactosamine) activity and have
often been used in automated ABO grouping
[689,694,695].

Table 2.24 Some lectins with A, B, A,B, or H activity.

Blood group Monosaccharide 
Species Source activity specificity Comments

Dolichos biflorus Seed Anti-A1 GalNAc Anti-Tn, -Cad also
Phaseolus limensis Seed (lima bean) Anti-A
Phaseolus lunatus Seed (lima bean) Anti-A GalNAc
Helix pomatia Snail Anti-A GalNAc
Helix hortensis Snail Anti-A GalNAc, NeuAc
Fomes fometarius Tree fungus Anti-B Anti-Pk also
Ptilota plumosa Seaweed Anti-B
Salmo salar Salmon roe Anti-B Gal Anti-P also
Sophora japonica Seed Anti-A,B Reacts strongly with 

En(a–) cells. Anti-B 
strongest

Phlomis fructosa Seed (Jerusalem Anti-A,B GalNAc, Gal
sage)

Bandeiraea simplicifolia Seed Anti-A,B GalNAc, Gal BSI, one of 3 lectins. 
Anti-B strongest

Ulex europaeus Seed (gorse) Anti-H I Fuc Lectin most commonly 
II GlcNAc* used for detecting 

H secretion
Lotus tetragonolobus Seed Anti-H (-HI) Fuc
Anguilla anguilla Eel serum Anti-H (-HI) Fuc
Cystisus sessifolius Seed Anti-H GlcNAc*
Laburnum alpinum Seed Anti-H GlcNAc*

*Probably requires terminal Fuc residue.
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2.15.9.2 Anti-B

B-specific lectins are less abundant than A-specific
lectins. They are found, together with anti-H, in the
arils (seed coats) of various species of Evonymus
[696,697], in the fungus Fomes fomentarius [698],
and in the seaweed Ptilota plumosa. Anti-B activity is
also found in the roe of various species of fish, espe-
cially those of the salmon and herring families
[699–701]. These lectins are d-galactose specific and
may also show some P, P1, and Pk specificity as a result
of the galactosyl determinants common to these 
antigens [701,702].

2.15.9.3 Anti-A,B

Several seed extracts agglutinate A and B cells but not
O cells. In some cases this may be because of one lectin
cross-reacting with both A and B structures. BSI, one
of at least three lectins in Bandeiraea simplicifolia
seeds, comprises five isolectins made up of different
proportions of two subunits. Both subunits have a
high affinity for galactose but one of the subunits also
binds strongly to N-acetylgalactosamine [703]. Both
A and B activity of Phlomis fructicosa lectin was inhib-
ited by N-acetylgalactosamine, whereas galactose
only inhibited B activity [704]. If separate A- and B-
specific molecules are found in these lectins, the nota-
tion anti-A,B is inappropriate, anti-A+B being more
suitable.

2.15.9.4 Anti-H

Lectins in the seeds of common gorse (Ulex europaeus)
were shown to behave as anti-H by Cazal and Lalaurie
[705]. This is the most widely used and probably the
best reagent for identifying secretor status from salivas
of group O individuals. At least two lectins are present
in U. europaeus seed extracts [706]: Ulex I is inhibited
by l-fucose; Ulex II is not inhibited by l-fucose, but is
inhibited by di-N-acetylchitobiose, a sugar with an N-
acetylglucosaminyl residue [707]. Both Ulex I and II
are H specific and both fail to react with group O red
cells treated with a-l-fucosidase [708]. It seems likely
that Ulex II reacts with subterminal N-
acetylglucosamine in the H structure, but only in the
presence of terminal l-fucose.

Other H specific lectins fall into two classes
[686,709]:

1 those, like Ulex I, that are inhibited by l-fucose, 
e.g. Lotus tetragonolobus seeds and eel serum; 
and
2 those, like Ulex II, that are inhibited by N-
acetylglucosamine derivatives, e.g. seeds of Cystisus
sessilifolius and Laburnum alpinum.

Ulex I is more readily inhibited by oligosaccharides
with Type 2 chains, including those with difucosyl
structures, than those with Type 1 chains [658,
659,710,711]. Lotus tetragonolobus lectin is 
strongly specific for Type 2 chains and does not react
with Type 1 chains [712], which explains why it is not
a useful reagent for inhibition tests. Ulex europaeus
seed extract has a similar reaction strength with 
either I-positive or I-negative (adult i) cells, but L.
tetragonolobus lectin and eel serum lectin behave 
like anti-HI, with little activity for adult i or cord 
cells [659,713]. Cystisus sessilifolius and Laburnum
alpinum lectins occupy an intermediate position, 
reacting with adult i cells less strongly than with I-
positive cells [713].

Part 4: Lewis system

2.16 Lea and Leb antigens and phenotypes

The structure and biosynthesis of the Lewis antigens 
is described in Part 2 of this chapter. The details 
discussed here are mainly related to the serological 
expression of Lewis antigens, although some 
structural matters are addressed.

2.16.1 Red cells

A general rule applies to red cell Lewis phenotypes of
white and black people. Adults with an Le gene are
Le(a–b+) or Le(a+b–); if they are secretors of ABH
their red cells are Le(a–b+); if non-secretors they are
Le(a+b–). People homozygous for le have Le(a–b–) red
cells (Table 2.25). There are, as might be expected, a
number of exceptions to this rule. Many anti-Leb,
often referred to as anti-LebH, fail to agglutinate A1

Le(a–b+) cells (see Section 2.18.2.1) and A1 Le(a–b+)
cells may be falsely typed as Le(a–b–). Red cells from
fetuses, cord samples, and neonates are generally
Le(a–b–). Infants may be transiently Le(a+b+) before
becoming Le(a+b–). Lewis-positive women may be-
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come transiently Le(a–b–) during pregnancy (Section
2.16.6).

Flow cytometry appears to be a more reliable
method for determining Lewis phenotypes of red cells
than conventional serological techniques. The follow-
ing results were obtained with commercial anti-Leb

reagents on red cells of Europeans genotyped for
FUT2 and FUT3: A1 Le(a–b+), 71% positive; B
Le(a–b+), 95%; O and A2 Le(a–b+), 99%; Le(a–b–),
and Le(a+b–), <10% [714].

The red cell phenotype Le(a+b+), with both Lea and
Leb strongly expressed, is very rare in European 
adults, but is common in East and South-East Asia,
and in the Pacific region [54,175,176,251,715]. The
explanation for this is the presence of a weak Se gene
and the rarity of se (explained in Section 2.6.3). Some
anti-Leb reagents do not detect the Leb of Le(a+b+) red
cells by some techniques, which may have led to failure
to recognize Le(a+b+) in some studies [23].

Some Lea expression may be detected with selected
anti-Lea on the red cells of O or A2 Le(a–b+) adults if
sensitive enough techniques are used, such as an indi-
rect antiglobulin test with enzyme-treated cells [573].
Le(a–b+) red cells were destroyed, in vivo, in a patient
with potent anti-Lea [716].

2.16.2 Secretions

Lewis antigens are easily and conveniently detected in
human saliva by haemagglutination inhibition. Anti-
Lea is inhibited by saliva of individuals with Le(a+b–)
or Le(a–b+) red cells, the former inhibiting more
strongly than the latter [167,168,717]. Leb is present
in saliva of individuals with Le(a–b+) red cells
[168,718]. Lea and Leb is present in saliva of people
with Le(a+b+) red cells [175,715] (Table 2.25).

Lewis antigens have also been detected in, and iso-

lated from, human milk [41,42], gastrointestinal
juices [719,720], urine [719,721,722], seminal fluid
[719,723], ovarian cyst fluid [9,10], and amniotic fluid
[724].

2.16.3 Plasma

Lea is easily detected in plasma of individuals with
Le(a+b–) red cells [717]. Unlike saliva, only a trace of
Lea may be detected in plasma of people with Le(a–b+)
red cells [725]. Leb is present in plasma of individuals
with Le(a–b+) red cells [725–727].

The site of synthesis of plasma Lewis substances is
unknown. Recipients of transplants of bone marrow
[728,729], kidney [721], or liver grafts [730] maintain
their own red cell Lewis phenotypes, even though
Lewis antigens of donor origin are detected in the urine
of kidney recipients and in the bile of liver recipients
[721,730]. In view of the very high levels of intestinal
Lea active glycolipids, Hanfland and Graham [658]
suggested that plasma Lewis substances might origi-
nate from the intestine. Non-secretor patients with
coeliac disease have reduced quantities of urinary Lea

antigen [722]. Evans et al. [722] proposed that Lea in
urine and plasma derives from large Lea-active mole-
cules in the small intestine, which are digested to small-
er molecules and absorbed into the bloodstream. Some
of these small molecules are subsequently excreted via
the kidney. In coeliac disease these molecules cannot be
absorbed by the intestine, resulting in reduced levels of
Lea substance in the urine. Following regeneration of
the intestinal mucosa, normal quantities of urinary Lea

are detected. Furthermore, all of eight patients with in-
testinal failure, seven of whom had resection of the
ileum and 80% of the jejunum, had Le(a–b–) red cells
[731]. This is statistically significant from the 6% ex-
pected and provides further evidence that plasma, and

Table 2.25 Interaction of Lewis and secretor genes and the resulting red cell and secreted phenotypes (in group O individuals).

Antigens in 
Genotype secretions

Lewis Secretor Red cell phenotype Lea Leb

Le/Le or Le/le Se/Se or Se/se Le(a–b+) + +
Le/Le or Le/le Sew/Sew or Sew/se Le(a+b+) + +
Le/Le or Le/le se/se Le(a+b–) + -
le/le Any Le(a–b–) - -
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consequently red cell, Lewis glycolipids are intestinally
derived. Henry et al. [23] consider that other exocrine
organs, such as liver, kidney, and pancreas, may contri-
bute to Lewis-active plasma glycolipids, explaining the
differences in plasma and intestinal glycolipid profiles.

Trace amounts of glycolipids with the Leb structure
have been identified in plasma from individuals 
with Le(a–b–) red cells, suggesting some a1,4-
fucosyltransferase activity [732,733]. This probably
occurs either because the Lewis-fucosyltransferase 
encoded by an le allele is not completely inactive or 
because one of the a1,3-fucosyltransferases, possibly
the product of FUT5, has low level a1,4-fucosyltrans-
ferase activity [733].

Enhanced quantity of sialylated-Lea (sLea or CA 
19-9) in plasma is associated with cancer of the 
pancreas and colon, and has been used to support 
diagnosis (see Section 2.20.4).

2.16.4 Uptake of Lewis antigens by red cells

Red cells do not synthesize carbohydrate chains with a
Type 1 backbone and consequently cannot synthesize
Lewis antigens. Plasma lipids exchange slowly but
freely with lipids in the red cell membrane; the compo-
sition of phospholipids and fatty acids in red cell mem-
branes resembles that in plasma [734]. Consequently,
plasma glycosphingolipids bearing Lewis structures
become incorporated into the red cell membrane [52].

Sneath and Sneath [725] first recognized that
Le(a–b–) red cells acquire Lea and Leb antigens during
incubation in plasma from Le(a+b–) and Le(a–b+) 
individuals, respectively, and that Le(a+b–) and
Le(a–b+) red cells lose their Lewis antigens during in-
cubation in Le(a–b–) plasma. These experiments were
carried out with one volume of packed red cells shaken
continuously in 10 volumes of plasma at 35°C for at
least 3 days, with the plasma being changed daily. Lea

antigen cannot be removed from Le(a+) red cells 
simply by repeated washing of the cells [716].

Group O red cells transfused into an A1 Le(b+) re-
cipient were not agglutinated by anti-A1Leb on the first
and second days post-transfusion, but were weakly ag-
glutinated on days 4 and 5, and were strongly aggluti-
nated on day 6 [735]. Two days after transfusion of
Le(b+) cells to an Le(a–b–) patient, the transfused cells
still reacted strongly with anti-Leb, but after 7 days the
transfused cells gave a scarcely detectable reaction
with anti-Leb [736].

Marcus and Cass [52] isolated glycosphingolipids
from plasma and found that this preparation was 
extremely effective at converting Le(b–) red cells to
Le(b+); only 5-min incubation at 37°C made Le(b–)
cells agglutinable with anti-Leb. Group O Le(a–b–) red
cells exposed to glycosphingolipid fractions prepared
from plasma of A1 Le(a–b+) donors were agglutinated
by anti-A1Leb [278]. These glycosphingolipids, once
adsorbed, could not be washed off with saline. About
one-third of the total Leb-active glycolipid in whole
blood is associated with the red cells, the rest being
found in the plasma [737]. Lewis antigens in saliva are
glycoproteins and cannot be adsorbed onto red cells,
despite being far more effective than plasma in inhibit-
ing haemagglutination by Lewis antibodies [727].

Twin chimeras have permanent bone marrow grafts
derived from their twin in utero. Their peripheral red
cell population is often a mixture of their own cells and
those of their twin, yet, unlike other blood groups, the
chimera’s own genes determine the Lewis phenotype
of both populations of red cells, further proof that
Lewis antigens are not haemopoietic in origin. In one
chimeric twin, a secretor of H, all her red cells were
Le(a–b+), despite half of her cells being derived from
her non-secretor brother; all the red cells of her non-
secretor brother were Le(a+b–), including those from
his secretor sister [738].

A1Leb can only be produced by individuals with Le,
Se, and A1 genes. Group A1 red cells produced by
grafted tissue in a group O secretor host are not agglu-
tinated by anti-A1Leb, even though they carry both A1

and Leb antigens, because the A1 originates from 
the graft and the Leb originates from the host
[330,735,739]. A chimeric twin reported by 
Crookston et al. [735] made anti-A1Leb even though
50% of her red cells were A1 Le(b+). The antibody re-
acted with none of her own red cells, but did react with
all of those of her chimeric twin brother, a secretor of A
and H. Recipients of successful bone marrow trans-
plants acquire the blood groups of the donor with the
exception of Lewis, which remains that of the recipient
[728,729].

2.16.5 Development of Lewis antigens

Lea and Leb cannot usually be detected on cord red 
cell samples by direct agglutination [13]. When more
sensitive serological techniques are used, such as an in-
direct antiglobulin test or agglutination of enzyme-
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treated cells with potent antibodies, traces of Lea and
possibly Leb may be detected on some cord or fetal red
cells [716].

Lewis antigens start to appear on red cells soon after
birth [740]. Lea develops first; red cells of infants with
an Le gene generally become Le(a+) during the first
few months of life. In white people, at 3 months of age
80% of infants are Le(a+), this number dropping to the
adult level of 20% by 2 years [741–743]. During this
period the red cell phenotype Le(a+b+) is not uncom-
mon [743,744]. By 6 years of age the proportion of
Le(b+) reaches the adult level [743].

Appearance of Lea and Leb in the plasma of infants
correlates with the appearance of those antigens on the
red cells [744] and cord red cells can be made Le(b+) by
incubation in plasma from an Le(b+) adult [727]. At
the source of production of plasma Lewis substances
in infants with an Se gene, the Le-fucosyltransferase
becomes active before the Se gene specified fucosyl-
transferase, resulting in the appearance of Lea in the
plasma before Leb.

In Chinese, 50% of cord samples were found to be
Le(a–b+) and 50% Le(a–b–) [732]. The Le(a–b+) cells
became Le(a+b+) before reverting to Le(a–b+); the
Le(a–b–) cells either became Le(a+b+) and maintained
that phenotype or remained Le(a–b–).

Lewis antigens in the saliva of neonates with an Le
gene are the same as those detected in adult salivas:
ABH secretors have Lea and Leb in their saliva; ABH
non-secretors have only Lea [744]. Lewis substances
found in amniotic fluid obtained by amniocentesis cor-
responded to the Lewis and secretor phenotypes of the
fetus and were present as early as 15 weeks’ gestation
[724].

2.16.6 Lewis antigens during pregnancy

Agglutinability of red cells with anti-Lea or anti-Leb

may be reduced during pregnancy [745–748] and
pregnant women with a transient Le(a–b–) phenotype
may produce Lewis antibodies [607]. A woman in the
seventh month of pregnancy had powerful anti-Leb in
her serum, yet 3 months after delivery no antibody was 
detectable and her red cells were Le(a–b+) [607].

Hammar et al. [748] found that the frequency of the
Le(a–b–) red cell phenotype was 11% (8 of 73) in non-
pregnant women, but 36% (27 of 74) in women at
time of delivery. Those women who were A1 most
often became Le(b–) during pregnancy. The change in

Lewis phenotype occurred as early as the 24th week of
the pregnancy and Leb antigen was detectable again 6
weeks after delivery. The concentration of Leb glycol-
ipid in plasma decreased only slightly during pregnan-
cy, so, unlike the situation in infants, changes in Leb red
cell expression during pregnancy do not appear to re-
sult directly from the quantity of Leb in the plasma.
Hammar et al. [748] suggest that, as a result of the 
increased concentration of plasma lipoprotein that 
occurs during pregnancy, more Lewis determinants
become attached to plasma lipoproteins and conse-
quently less are available to become bound to the red
cell surface. Levels of Leb-active oligosaccharides se-
creted in the urine of Le(a–b+) women increases during
pregnancy and lactation [747].

2.17 Antigen, phenotype, and 
gene frequencies

2.17.1 Red cells

Based on 1796 tests on red cells, the frequency of Lea in
England was found to be 22.38% [749]. This frequen-
cy is very similar to that found in other European coun-
tries [251,749] and in white Americans [750,751].
Table 2.26 shows phenotype frequencies for 
Europeans and white Americans obtained from tests
with anti-Lea and -Leb on O and A2 cells. The frequen-
cy of the Le gene varies from 0.67 to 0.80 in white 
populations.

Two studies on African Americans revealed higher
frequencies for the Le(a–b–) phenotype (Table 2.26)
[726,751], giving a frequency of 0.46–0.53 for Le. The
incidence of Le(a–b–) was as high as 35% in West

Table 2.26 Frequencies of Lewis phenotypes in three
populations.

Population (%)

Europeans Hong 
and white African Kong 

Phenotype Americans Americans Chinese

Le(a–b+) 70–72 52–55 62
Le(a+b–) 19–22 19–23 0
Le(a+b+) 0 0 27
Le(a–b–) 4–11 22–29 11

Reference [168,750–752] [726,751] [753]
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Africans (Le=0.59), with 15% Le(a+) (only O and A2

tested [754]).
The Le(a+b+) red cell phenotype, rare in European

and African people, is relatively common in East Asia,
South-East Asia, the Pacific region, and Australasia
[251]. Le(a+b+) has an incidence of 27% in Hong
Kong Chinese [753] (Table 2.26), 16–25% Taiwan
Chinese [715], 10–40% of Polynesians [755], and
10% in Australian Aborigines [756]. Le(a+b–) is rare
or absent in Chinese [715,753,757].

Frequencies of Lewis genes derived from DNA
analysis are shown in Table 2.10.

2.17.2 Secretions

Frequency of the Le gene can be determined by inhibi-
tion tests, using saliva to inhibit agglutination of
Le(a+b–) red cells by anti-Lea. Salivas of individuals
with an Le gene contain Lea; those of le/le individuals
do not. From saliva tests the following estimates of Le
gene frequency have been obtained: 0.82 in English;
0.69 in Swedes; about 0.45 in Africans; 0.70 in 
Australian Aborigines; and 0.36–0.57 in native South
Americans [168,224,251,252]. These are similar 
frequencies to those determined by red cell testing.

2.18 Lewis antibodies

2.18.1 Anti-Lea

2.18.1.1 Human anti-Lea

Anti-Lea is not uncommon; haemagglutination tests in
Denmark [758] and France [759] revealed anti-Lea

in about 1 in every 300 sera. Agglutinating alloanti-
Lea is only found in people with Le(a–b–) red cells
[224,726], possibly only those who are ABH secretors
[726], and less often in group O individuals than in
people of other ABO groups [758].

Lea antibodies are usually ‘naturally occurring’ and
predominantly IgM [573]. Very rarely is anti-Lea

purely IgG [573,760]. Most potent anti-Lea sera con-
tain an IgG component detectable by radioimmunoas-
say or enzyme-linked immunoadsorbent assay
[760–762], but seldom detectable by an antiglobulin
test with anti-IgG [573].

Anti-Lea usually cross-react with Leb oligosaccha-
ride and will sometimes react with the Lewis disaccha-
ride Fuca1Æ4GlcNAc or with Lex, the Type 2 isomer

of Lea (Table 2.3) [763]. IgM anti-Lea have broader
specificity for synthetic oligosaccharides than IgG
anti-Lea [764].

Despite the common occurrence of anti-Lea, human
antibodies potent enough to be useful as reagents are
rare. As most sera containing anti-Lea either contain
weak anti-Leb or cross-react with Leb, methods of en-
hancing reactivity may lead to ‘false positive’ reactions
with Le(a–b+) cells. Agglutination of red cells with
anti-Lea is generally strongest at low temperatures,
often not occurring at all at 37°C. Anti-Lea usually fix
complement [765,766]; a two-stage complement-
addition antiglobulin test is often a successful way of
detecting anti-Lea. Some Lea antibodies lyse Le(a+)
cells in the presence of complement. Another method
for increasing the strength of reaction with anti-Lea is
to use protease-treated cells.

Some anti-Lea are lymphocytotoxic [767,768].

2.18.1.2 Monoclonal anti-Lea

Numerous murine monoclonal anti-Lea have been
produced [652–654,769–772]; some make excellent
blood grouping reagents [771] and commercially pro-
duced monoclonal anti-Lea are generally used.

Of the four monoclonal anti-Lea described by
Young et al. [769], one detected the Lea trisaccharide
Galb1Æ3(Fuca1Æ4)GlcNAc, another the tetrasac-
charide Galb1Æ3(Fuca1Æ4)GlcNAcb1Æ3Gal, and
two were directed mainly towards the disaccharide
Fuca1Æ4GlcNAc. All monoclonal anti-Lea cross-
react with the Type 1 precursor Galb1Æ3GlcNAc
(Lec) [773]. Some monoclonal anti-Lea cross-react
with the T disaccharide Galb1Æ3GalNAc and 
agglutinate Le(a–) T-activated red cells [774] (see
Chapter 31).

2.18.2 Anti-Leb

2.18.2.1 Human anti-Leb

The original anti-Leb, described by Andresen [13],
only reacted specifically with group O Le(b+) or A2

Le(b+) red cells, whereas the anti-Leb reported by
Brendemoen [718] reacted with all Le(b+) red cells.
The two types of Leb antibodies were named anti-LebH

and anti-LebL by Ceppellini et al. [775].
Anti-LebH, which cross-reacts with H, can only be

used reliably to type O or A2 cells as it often fails to ag-
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glutinate A1 or B, Le(a–b+) cells. Anti-LebH is inhibited
by saliva from all ABH secretors regardless of whether
their red cells are Le(a–b+) or Le(a–b–).

Anti-LebL agglutinates Le(b+) red cells regardless 
of ABO group. It is only inhibited by salivas of ABH 
secretors who also secrete Lea; i.e. not those who 
have Le(a–b–) red cells. Only anti-LebL are suitable as
anti-Leb blood grouping reagents.

Like anti-Lea, anti-Leb are found most often in 
people with Le(a–b–) red cells; unlike anti-Lea, these
people are generally non-secretors of ABH [726].
However, there are reports of group A1 or A1B
Le(a+b–) people who have made anti-Leb of the anti-
LebH type [718,776]. Compared with anti-Lea, anti-
Leb is a relatively infrequent antibody. In tests on the
sera of 72000 Parisians, Salmon and Cartron [759]
found 259 anti-Lea, 29 anti-LebH, and only 2 anti-LebL.

Anti-Leb show many of the serological characteris-
tics described for anti-Lea above. Anti-Leb are general-
ly IgM [573]. François et al. [763] tested 14 anti-Leb

sera with synthetic oligosaccharides: four cross-
reacted with Lea trisaccharide; seven cross-reacted
with Ley tetrasaccharide (the Type 2 isomer of Leb),
four of these also reacting with H trisaccharide (see
Table 2.3).

Some anti-Leb are lymphocytotoxic [718,777].

2.18.2.2 Animal anti-Leb, polyclonal 
and monoclonal

Polyclonal anti-Leb made in goats immunized with
salivary blood group substances agglutinated
Le(a–b+) cells of all ABO groups, but after adsorption
with A1 or B, Le(a–b+) cells only agglutinated O or A2,
Le(a–b+) cells [281]. The goat appeared to have made
two separable antibodies: anti-LebL and anti-LebH.

Many monoclonal anti-Leb have been produced,
some anti-LebL, some anti-LebH, and some giving inter-
mediate reactions (anti-LebH,L) [652–654,773,778,
779]. All anti-LebL and -LebH,L cross-react with Lea; all
anti-LebH and anti-LebH,L cross-react with Type 1 H
(Led) and Ley [773]. Despite these cross-reactivities,
when the appropriate methods are adopted some
monoclonal anti-Leb make excellent blood grouping
reagents.

2.18.3 Anti-ALeb

Anti-A1Leb, an antibody that reacts only with the red

cells of A1 Lewis-positive secretors [A1 Le(a–b+)], was
first found in the serum of a group A1B Le(a–b–) man
[780]. Other examples have been described since
[735,781]. Anti-ALeb may be lymphocytotoxic [768].
Monoclonal anti-ALeb may or may not cross-react
with ALey, the Type 2 isomer [643,644].

Anti-BLeb has not been reported.

2.18.4 Clinical significance of Lewis antibodies

Despite being relatively common antibodies, only a
few examples of haemolytic transfusion reactions
have been attributed to anti-Lea [782–785], and even
less to anti-Leb [786–789]. This is probably because
most Lewis antibodies are not active at 37°C, because
Lewis antigens in the donor’s plasma neutralize the 
recipient’s Lewis antibodies, and because Lea or Leb

antigens elute from red cells transfused into an
Le(a–b–) recipient.

Lewis antibodies that are only active in vitro at 
temperatures below 37°C do not cause increased
clearance of antigen-positive transfused red cells 
in vivo [573,607,790]. Consequently, patients with
Lewis antibodies may be transfused with red cells that 
are crossmatch-compatible at 37°C. However, it is
claimed that Lewis antibodies in South-East Asia 
are significantly more potent than in Europe and 
cause severe haemolytic transfusion reactions (D.
Chandanayingyong, unpublished observations cited
in [573]).

Lewis antibodies do not cause serious haemolytic
disease of the newborn, presumably because Lewis
antigens are present in fetal secretions, but generally
not on fetal red cells. There are two recorded cases in
which Lewis antibodies, one anti-Lea [791] and one
anti-Leb [792], have been implicated in mild symp-
toms of HDN; in each the antibodies were IgG, active
at 37°C, and could be eluted from the baby’s direct
antiglobulin test (DAT)-positive red cells.

2.18.5 Lewis antibodies and 
renal transplantation

Kidney cells biosynthesize Lewis antigens [721]. The
role of cytotoxic Lewis antibodies in kidney graft sur-
vival is controversial. In 1978, from a retrospective
study of 255 kidney transplant recipients, Oriol et al.
[793] found that 2-year graft survival rates were sig-
nificantly lower in Le(a–b–) recipients than in Le-
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positive recipients, leading to the proposal that anti-
gens of the Lewis system represented histocompatabil-
ity antigens in renal transplantation. This was
supported by other retrospective studies [794–796]
and by a prospective study [797] in which Lewis-iden-
tical donor–recipient pairs were shown to have better
graft survival than Lewis-incompatible pairs. Further
support came from individual cases in which Lewis an-
tibodies were implicated as the possible cause of renal
transplant rejection [798]. Spitalnik et al. [799], 
by their highly sensitive kinetic enzyme-linked im-
munosorbent assay, revealed the presence of anti-Lea

in all of eight Le(a–b–) patients with failed renal grafts,
but not in the single Le(a–b–) recipient of an Le(a–b–)
graft. Most of these antibodies could not be detected
by haemagglutination. In two other prospective stud-
ies and one retrospective study [800–802], however,
no significant difference in survival between Lewis-
matched and Lewis-mismatched donor–recipient
pairs was detected, although Le(a–b–) patients ap-
peared to be at higher risk of graft failure when receiv-
ing HLA mismatched kidneys. These data led to the
recommendation that kidneys should not be selected
for engraftment on the basis of Lewis phenotype [801].

Anti-Lea, presumably of graft origin, has been
blamed for renal failure in bone marrow transplant 
recipients [729,803]. Autoanti-LebH in an Le(a–b+)
patient who had received two kidney transplants 
that had both been rapidly rejected, agglutinated the
patient’s own red cells and was inhibited by his own
saliva [798,804].

2.19 Other antigens associated with Lewis

2.19.1 Leabx, the antigen originally called Lex

An antigen named Lex by Andresen and Jordal
[743,805,806], present on Le(a+b–) and Le(a–b+)
cells, but not Le(a–b–) cells, differs from inseparable
anti-Leab because it reacts with 90% of umbilical cord
red cell samples, despite cord red cells being Le(a–b–).
These 90% are from infants with an Le gene, soon to
develop red cell Lea or Leb [807]. As the symbol ‘Lex’ is
now commonly used for the monofucosyl Type 2 iso-
mer of the Lea trisaccharide CD15 (Section 2.19.3),
the antigen originally called Lex will be referred to as
Leabx.

Anti-Leabx reacts equally strongly with A1, A2, and
O, Le(abx+) cells [805,806]. Anti-Leabx is inhibited by

saliva, amniotic fluid, and serum from Lewis-positive
individuals [807].

Leabx antibodies appear to be heterogeneous: some
detect the Lewis disaccharide, Fuca1Æ4GlcNAc, and
some detect larger determinants common to Lea and
Leb [763,808,809]. These determinants must be more
accessible on cord cells to anti-Leabx than to anti-Lea.

2.19.2 Lec and Led

Lec and Led are antigens on Le(a–b–) red cells from
ABH non-secretor adults and ABH secretor adults, re-
spectively. The symbols Lec and Led are somewhat in-
appropriate as neither structure is produced by a Lewis
gene-specified transferase, and Led is now known to be
Type 1 H.

Like Lea and Leb, Lec and Led are not intrinsic to the
red cell but are incorporated into the red cell mem-
brane from the plasma [810].

The phenotype Le(a–b–c–d–) is extremely rare 
and is associated with a deficiency of an a1,3-
fucosyltransferase [811].

2.19.2.1 Led or Type 1 H (210002)

As a result of immunizing a goat with saliva from 
an Le(a–b+) person and adsorbing the serum with
Le(a+b–) cells, Potapov [812] identified two antibod-
ies: anti-Leb and a new antibody, which agglutinated
Le(a–b–) red cells from ABH secretors, but not those
from non-secretors. He called this second antibody
anti-Led, leaving anti-Lec for the predicted antibody
that would react with Le(a–b–) cells from non-
secretors. Potapov proposed the following four Lewis
phenotypes and corresponding genotypes:
Le(a+b–c–d–) Le/Le or Le/le se/se
Le(a–b+c–d–) Le/Le or Le/le Se/Se or Se/se
Le(a–b–c+d–) le/le se/se
Le(a–b–c–d+) le/le Se/Se or Se/se.
Two years later human anti-Lec was identified [813].

Led and Type 1 H are synonymous. Anti-Led reacts
with oligosaccharides containing the Type 1 H deter-
minant, but not the Type 2 H determinant (Table 2.3)
and Type 1 H active glycosphingolipids isolated from
plasma of O Le(a–b–) secretors inhibited goat anti-Led

[658]. Anti-Led, produced by immunizing rabbits 
with synthetic Type 1 H oligosaccharide, reacted with
tissues of Le(a–b–) secretors [814].

Type 1 H in the plasma of Le(a–b–) ABH secretors
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does not get converted to Leb and so plenty is available
to become adsorbed onto the red cell in detectable lev-
els, giving rise to the Le(a–b–c–d+) red cell phenotype.
Led in group A and B individuals is carried on Type 1 A
(ALed) and Type 1 B (BLed), respectively (see Table
2.3).

Monoclonal anti-Type 1 A (anti-ALed) has been
used in a biochemical analysis of red cell glycolipids
[642]. Lymphocytotoxic murine monoclonal anti-
A1Led did not agglutinate red cells, but lysed A1 Le(d+)
red cells after addition of rabbit complement [641].

Antibodies that react with red cells of O and A2

Le(a–b–) secretors, but not with those of A1 Le(a–b–)
secretors have been called anti-LedH [281].

2.19.2.2 Lec (210001)

In 1957, Iseki et al. [815,816] produced a weak anti-
body by injecting a rabbit with Le(a–b–) secretor sali-
va. This antibody, which they called anti-Lec, reacted
with Le(a–b–) cells from secretors and non-secretors
and so may have represented anti-Lec+Led in the later
notation [812]. Anti-Lec of the type predicted by
Potapov [812], an antibody that only reacts with red
cells of Le(a–b–) non-secretors, was described by 
Gunson and Latham [813] in 1972. The antibody was
found during the fourth pregnancy of an O Le(a–b+)
woman (ARM), a secretor of H, Lea, and Leb. A second
example of human anti-Lec was found in a group A
Le(a–b+) man who had never been transfused [817].
Other examples of anti-Lec have subsequently been
raised in goats by injection of Le(a–b–) non-secretor
saliva and adsorption of the immune serum with
Le(c–) red cells [281,818,819].

The structure of Lec is less clearly defined than 
that of Led. Graham et al. [281] suggested that Lec

could represent the non-fucosylated Type 1 chain
Galb1Æ3GlcNAc, the precursor of Lea and Type 1 H,
unmodified by Le- or Se-fucosyltransferases. Further
evidence that the Lec determinant contains this disac-
charide was provided when antibodies with anti-Lec

specificity were raised in rabbits immunized with
Galb1Æ3GlcNAc [819]. Furthermore, antibodies
raised in goats immunized with Le(a–b–) non-secretor
salivas and affinity-purified with Galb1Æ3GlcNAc
adsorbents behaved as anti-Lec [819]. Hanfland et al.
[820] found that the glycosphingolipid fractions 
isolated from O Le(a–b–) non-secretor plasma that
were most effective at inhibiting anti-Lec of either

human or goat origin carried a branched oligosaccha-
ride chain, one branch containing Type 1 precursor
Galb1Æ3GlcNAc, the other a monofucosylated 
Type 2 structure. They concluded that unsubstituted
Type 1 chain alone does not represent Lec, although it
does play a part. Further evidence that a monofucosy-
lated Type 2 structure is an essential part of the Lec de-
terminant is provided by the very rare Le(a–b–c–d–)
phenotype, which has only been found in two indi-
viduals, both with a1,3-fucosyltransferase-deficiency
[811].

It is likely that anti-Lec represents a heterogeneous
group of antibodies that determine different structures
abundant in the plasma of individuals who lack both
Le and Se genes and which are incorporated into the
red cell membrane.

2.19.3 Lex, Ley, and sialyl-Lex

Lex (CD15) and Ley, the Type 2 isomers of Lea and Leb,
are not really blood group antigens as they are not de-
tectable on red cells [48]. Their structure and biosyn-
thesis have been described in Part 2 of this chapter, 
and they are discussed briefly here because of their 
biochemical relationship to ABH and Lewis antigens
(Table 2.3). Like Leb and Led, the presence or absence
of Ley in secretions is principally dependent on genes at
the secretor locus. Lex differs from the Leabx antigen
discussed in Section 2.19.1.

Human alloantibodies to the Lex and Ley determi-
nants have not been found, although some anti-Lea

cross-react with Lex and some anti-Leb cross-react
with Ley [763]. Murine monoclonal antibodies to the
Lex, Ley, and ALey determinants have been described
[47,59,642,643,821].

Sialyl-Lex (sLex, CD15s), the sialylated derivative of
Lex antigen, and, to a lesser extent, sialyl-Lea, function
as ligands for the lectin-like N-terminal domains of se-
lectins, a family of cell adhesion molecules on endothe-
lium (E-selectin), leucocytes (L-selectin), and platelets
(P-selectin) (reviews in [19,208–210]). Attachment of
selectins to their carbohydrate ligands is important in
the binding of leucocytes and platelets to endothelium,
particularly at the region of inflammation.
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Part 5 Tissue distribution, disease
associations, and functional aspects

2.20 Expression of ABH and Lewis antigens
on other blood cells and in other tissues

2.20.1 Leucocytes

A, B, and H antigens may be detected on lymphocytes,
but they are acquired from the plasma and their ex-
pression is therefore under the control of the secretor
(FUT2) locus [728,822–825]. Cytotoxic anti-A react
with lymphocytes from A secretors, but not with lym-
phocytes from A non-secretors; the strongest reactors
are lymphocytes from A Le(a–b–) secretors [823]. The
same antibodies reacted with group O lymphocytes
exposed to a glycosphingolipid fraction prepared from
plasma of A Le(a–b–) secretors. Lymphocytes cultured
in serum from A or B individuals acquired A or B anti-
gens [768]. Following bone marrow transplantation,
lymphocytes from group O donors may acquire A or B
antigens from the recipient’s plasma [728]. All the lym-
phocytes in a chimera with A1 and Se genes were 
equally susceptible to lysis by a lymphocytotoxic anti-
A, yet half of them derived from the O/O twin brother
[822]. Lymphocytes do not contain a1,2-fucosyltrans-
ferase [109,826] and previous reports [197,198] of
a1,2-fucosyltransferase activity in lymphocytes was
probably caused by platelet contamination. Like red
cells, lymphocytes adsorb Lewis antigens from the
plasma [768].

Granulocytes and monocytes do not express ABH
or Lewis antigens regardless of secretor phenotype
[825,827–829]. No a1,2-fucosyltransferase activity
was detected in granulocytes or monocytes [109,198].
Granulocytes, monocytes, and lymphocytes do, how-
ever, have a1,3-fucosyltransferase activity [109] and
express Lex and sialyl-Lex on their surface; determi-
nants that function as ligands for selectins, a family of
cell adhesion molecules [208–210].

2.20.2 Platelets

ABH antigens are present on platelets and megakary-
ocytes [826,830–832]. Type 1 ABH structures are 
adsorbed onto platelets from the plasma and are 
dependent on secretor phenotype; Type 2 structures
are intrinsic and under control of the H (FUT1) 

gene [826]. Platelet ABH antigens are expressed on
glycolipids and on the platelet glycoproteins (GP) 
Ib, IIa, IIb, IIIa, IV, V, CD31 (PECAM), and CD109
[826,833–838]. Platelets from A2 people carry 
very little A antigen [838]. Platelets contain H-, 
A-, and B-transferases [197] and release of a1,2-
fucosyltransferase during clotting may represent 
a major source of this enzyme in plasma [109,551].
Unlike leucocytes, platelets do not contain a1,3-
fucosyltransferase [109].

Lea antigen, assimilated into the membrane from the
plasma, can be detected on platelets [839].

ABO incompatibility may result in impaired efficacy
of platelet transfusion in a minority of patients with
high titred, IgG anti-A or -B, and in patients requiring
long-term support [833,840–842]. Around 4–7% of
A1 and B Japanese and white Americans have high lev-
els of expression of platelet A and B antigens [834,
843]; 2% of the A1 Americans had seven times the nor-
mal level of platelet A antigen [843]. This inherited
quantitative variation of platelet A and B antigens may
affect platelet refractoriness caused by anti-A or -B.

2.20.3 Other tissues

ABH and Lewis antigens are widely distributed in the
human body and should be called histo-blood group
antigens [14]. There is a vast literature on this subject
(reviews in [14,17,21,844]).

A scheme devised by Oriol [21] to summarize the 
genetic control of ABH and related antigens in 
various tissues is shown in Fig. 2.12. Although a few
exceptions exist, the following general rules prevail.
1 In tissues derived from ectoderm and mesoderm,
ABH antigens are under the control of the H (FUT1)
locus. Type 2 ABH structures are expressed, often to-
gether with Lex and/or Ley antigens. In addition to
haemopoietic tissue, these tissues include skin, prima-
ry sensory neurones, vascular endothelium, and renal
glomeruli and convoluted tubules.
2 In tissues of endodermal origin —such as diges-
tive and respiratory mucosae and renal urinary epithe-
lium —ABH, Lewis, and Lewis-related structures may
be Type 1 or 2 and are primarily controlled by the 
Secretor (FUT2) and Lewis (FUT3) loci.

Exceptions to these rules include some deep areas of
digestive mucosa where, despite being of endodermal
origin, histo-blood group antigens are independent of
the secretor and Lewis genes; and parts of the mam-
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mary and sweat glands (tissues of ectodermal origin),
where ABH and Lewis antigens are governed by the 
secretor and Lewis genes.

Ravn and Dabelsteen [844] have devised an alterna-
tive scheme, in which it is the process of differentiation
of epithelial cells, rather than embryonic origin, that
determines whether H antigens are controlled by
FUT1 or FUT2.

Lea and Leb have been detected, immunochemically
and by structural analyses, in small intestine and colon
of individuals with Le(a–b–) red cells and whose saliva
contains no Le-transferase [845–847] (see Section
2.16.3 for a possible explanation).

2.20.4 Tumours

Kay and Wallace [848] first noticed that ABH antigens
are sometimes absent from malignant tissue despite
being present in the surrounding epithelium. 
Davidsohn [849] recognized the potential prognostic
application of the loss of ABH antigen expression from
some tumour cells. He became aware, from a study of
many cases of carcinoma of the uterine cervix, lung,
pancreas, and stomach, that, with very few excep-
tions, loss of ABH antigens preceded formation of 
distant metastases and hence a poor prognosis. In 
contrast, Nakagoe et al. [850] found that retention of
tumour ABH antigens was associated with poor prog-

nosis in colorectal cancer. The changes in ABH and
Lewis antigens associated with a variety of different
cancers are reviewed by Le Pendu et al. [851].

The nature of altered ABH, Lewis, and related histo-
blood group antigens has been studied by the use of
monoclonal antibodies and by transferase analysis
[14,17,18]. Loss of A or B antigens is generally caused
by a disappearance of A- or B-transferase activity and
results in an accumulation of H, Leb, or Ley. This may
play a part in metastasis by affecting tumour cell inter-
actions with cell adhesion molecules [18]. Loss of A
and B antigens from malignant bladder tumours re-
sults from down-regulated transcription of the ABO
gene, as neither A nor B mRNA can be detected in
high-grade tumours [485]. Comparing A+ and A–
clones derived from the same parental colonic cancer
cells lines, in the clone that had lost A activity the en-
hancing activity of the 43bp tandem repeat unit in the
promoter region of ABO was reduced and there was
enhanced CpG methylation of the promoter region
[852] (see Section 2.3.2.2).

Type 1 and 2 ABH structures and Leb, Lex, and Ley

antigens are present on fetal distal colon; they are not
present in healthy adult distal colon, but are often re-
expressed in adults in carcinoma of the distal colon
[853]. Ørntoft et al. [854] have shown that malig-
nancy in the distal colon is associated with increased
activity of a1,2-fucosyltransferase of H and Se types.

Ectoderm Endoderm

Neuroectoderm Salivary glands

Mesoderm

Bone marrow Plasma

Respiratory
digestive and
urinary epithelia

Exocrine
secretions

LymphocytesErythrocytes
platelets

Vascular
endothelium

EpidermisSensory
receptors

ABH of Type 2
Independent of SE and LE

ABH of Type 1 and 2
Controlled by SE and LE

Fig. 2.12 Scheme devised by Oriol
[21] to demonstrate the genetic
control of ABH and related antigens
in human tissues derived from
ectoderm, mesoderm, and
endoderm. Some exceptions to this
model are described in the text.
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They conclude that a1,2-fucosyltransferases control,
at least partially, oncodevelopmental expression of
ABH and related antigens in colon.

Up-regulation of glycosyltransferases in tumours
may result in increased levels of certain carbohydrate
structures in the plasma [855]. The quantity of circu-
lating sialylated-Lea (sLea), otherwise known as the
CA 19-9 antigen, is widely used as a marker to support
diagnosis of colorectal, pancreatic, and gastric cancer,
and as an aid to prognosis after potential curative
surgery [49,856,857]. CA 19-9 levels vary according
to Lewis and secretor genotypes, complicating cancer
diagnosis; Le(a–b–) (le/le) individuals have no circulat-
ing CA 19-9 [857]. A marker for cancerous regions of
colon of Le(a–b–) patients is sialyl-Lec (DU-PAN-2), a
precursor of sialyl-Lea [857].

Another phenomenon associated with malignancy
is the incompatible A antigen, occasionally expressed
on tumours of group O or B people [858]. About 10%
of colonic tumours from group O patients, shown to
be homozygous for the O1 allele, express A antigen
and contain active A-transferase activity [859,860].
The molecular basis of this O to A conversion is not
known, but Yamamoto et al. [124] pointed out that 
alternative splicing of ABO RNA, resulting in loss 
of exons 5 and 6, would introduce no frameshift or
translation-termination codons. The putative gene
product would be a truncated glycosyltransferase
lacking the G261 nucleotide deletion, characteristic of
the O1 allele, and with a potential for A-transferase ac-
tivity (see Section 2.3.2.2). It is feasible that the known
higher incidence of gastric and ovarian adenocarcino-
mas in group A people [861] may be caused by a sup-
pression of development of tumours bearing an A
antigen by the anti-A naturally present in group O and
B people.

2.21 Associations with disease

Some examples of associations between ABO group
and disease have already been mentioned, notably
haemolytic disease of the newborn (Section 2.15.3),
leukaemia (Section 2.14.2), cancer (Section 2.20.4),
acquired B resulting from bacterial infection (Section
2.14.1), and leucocyte adhesion deficiency type II 
(Section 2.13.5.2). A plethora of other associations 
between ABO and diseases has been reported, mostly
based on observed ABO phenotype frequency discrep-
ancies between patients with the disease and the

healthy population (reviews in [24,861,862]). Suscep-
tibility to infection by numerous pathogenic microor-
ganisms is associated with ABO phenotype or secretor
status [24]. In the concluding remarks of a very thor-
ough review on ABO polymorphisms and their rela-
tionship with disease, Henry and Samuelsson [24]
summarize as follows: ‘There is tendency for bacterial
infections to attack persons of group A, while virus in-
fections tend, in a very general way, to be associated
with group O. Cancers are mostly associated with
group A, as are clotting diseases, while autoimmune
diseases and bleeding are associated with O.’

Lewis antigens may act as receptors for several path-
ogenic bacteria [72,863]. Most attention has focused
on Helicobacter pylori, a Gram-negative bacterium
present in over 50% of the population and associated
with development of gastritis, gastric and duodenal ul-
cers, and adenocarcinoma [864]. In 1993, Borén et al.
[865] provided evidence that Leb mediates attachment
of certain strains of H. pylori to gastric mucosa cells.
Bacterial binding to gastric mucosa cells was abolished
by the presence of Leb-active soluble glycoproteins 
and by Leb-specific monoclonal antibodies. Gastric
mucosa cells expressing Leb bound H. pylori P466,
whereas cells lacking Leb did not. Type 1 H also medi-
ated H. pylori attachment, but to a much lesser degree.
As Lea, ALeb, and BLeb did not bind the bacteria, this
could explain why group O individuals have an in-
creased probability of developing gastric and duode-
nal ulcers [866], but not why non-secretors run a
substantially increased risk of developing duodenal 
ulcers [867]. Although some studies have shown no 
association of blood group and secretor status with 
occurrence of H. pylori or with the lymphomas closely
associated with H. pylori infestation [868], Alkout et
al. [869] found, by different techniques, that Type 2 H,
Lea, and Leb bind H. pylori, and propose that Type 2 H
is the key receptor. This would explain increased sus-
ceptibility to peptic ulcers in group O people. Further-
more, if Leb in mucus competes more effectively than
Lea for the adhesin, this would reduce density of colo-
nization among secretors and explain the increased
risk of ulceration in non-secretors.

The O-antigen of lipopolysaccharides in most
strains of H. pylori express Lex, sialyl-Lex, Ley, Type 1
H, Lea, Leb, and A (review in [870]). These antigens
undergo phase variation, the random, reversible high-
frequency switching of phenotype. Lex on H. pylori
mediates adhesion to gastric epithelial cells and is es-
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sential for colonization. In contrast to previous sug-
gestions, molecular mimicry between H. pylori and
host glycoconjugates does not appear to play a signifi-
cant part in host evasion or autoimmunity [870].

Fucosidosis is a rare lysosomal storage disease with
an autosomally recessive mode of inheritance, often
fatal within the first 5 years of life. It is characterized by
an accumulation of fucosylated glycolipids and glyco-
proteins in neural and visceral tissues, as a result of an
a-l-fucosidase deficiency resulting from inactivating
mutations. Fucosidosis leads to mental and motor de-
terioration [871,872]. Fucosidosis patients may have
enhanced expression of Lewis antigens on their red
cells and in their saliva [873–875]. Two siblings with
fucosidosis, described by Kousseff et al. [874], were
both H secretors and yet had Le(a+b+) red cells, with
very high levels of red cell and salivary Lea and Leb ex-
pression. Both patients had normal H activity, suggest-
ing that the deficient fucosidase is specific for the
a1Æ4 linkage to N-acetylglucosamine found in
Lewis-active structures and not the a1Æ2 linkage to
galactose of H-active structures (see Table 2.3). Fur-
thermore, these results suggest that biosynthesis of 
fucosylated structures in healthy individuals depends
on a balance of fucosyltransferase and fucosidase 
activities.

Loss of red cell Lewis antigen expression may occur
in infectious mononucleosis complicated with im-
mune haemolysis [876], in various forms of cancer
(pancreatic, gastric, colorectal, bile duct, bladder)
[877,878], and in alcoholic cirrhosis, alcoholic pan-
creatitis, and severe renal disease, but not in non-
alcoholic liver disease [879].

2.22 Functional aspects

The part played by sialyl-Lex and, to a lesser extent,
sialyl-Lea as ligands for lectin-like cell adhesion mole-
cules, selectins, has been mentioned in Sections 2.3.4
and 2.19.3. Otherwise, almost nothing is known
about the functions of ABO and Lewis antigens.

The red cell membrane has about 106 molecules of
band 3 (anion transporter), 7¥105 molecules of the
glucose transporter, and about 106 molecules of polyg-
lycosylated lipids [880]. All these molecules, plus some
others of lower abundance, carry ABH antigens. The
ABH-active oligosaccharides contribute to the glyco-
calyx or cell coat, an extracellular matrix of car-
bohydrate that protects the cell from mechanical

damage and attack by pathogenic microorganisms
[880,881].

Martinko et al. [152] propose that the A/B polymor-
phism is at least 13 million years old and probably
maintained by selection. The nature of the selection
pressures remains a mystery, but probably involved
susceptibility to microbial infection throughout the
body.
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populations tested: the frequencies of the common
phenotypes in white people are M+N– 28%, M+N+
50%, and M–N+ 22%.

In 1947, Walsh and Montgomery [7] found an 
alloantibody, anti-S, detecting an antigen related to M
and N. As a result of testing 190 English blood sam-
ples, Sanger et al. [8,9] found that 86% of S+ samples
were M+ , whereas only 63% of S– samples were M+, a
highly significant difference. The relationship between
M, N, and S was clearly not allelic, but could result
from very closely linked loci as had been proposed to
explain the relationship between Cc, D, and Ee of the
Rh system. Anti-s, an alloantibody detecting the prod-
uct of an allele of S, was reported in 1951 by Levine 
et al. [10]. Very close linkage between MN and Ss was
subsequently confirmed by family studies [11,12]; very
few examples of recombination between these loci are
documented. Ss is polymorphic in most populations.

3.1 History and introduction

MNS, the second blood group system discovered, is
probably second only to Rh in its complexity. Many of
the serological intricacies of MNS are now understood
at the molecular level. The 43 antigens of the MNS sys-
tem are listed in Table 3.1.

The first antibodies to the M and N red cell antigens
were found in rabbits immunized with human red
cells. This was the result of a deliberate search by
Landsteiner and Levine [1–4] in 1927 for more human
blood groups, at a time when A and B were the only red
cell antigens known. Although human alloanti-M and
-N exist, they are relatively uncommon antibodies 
and generally not clinically significant. Landsteiner
and Levine [3,4] showed that M and N are inherited as
the products of alleles, and this was soon confirmed by
further family studies [5,6]. MN is polymorphic in all

MNS blood group system
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Phenotype frequencies in white people are as follows:
S+s– 11%, S+s+ 44%, and S–s+ 45%. Greenwalt et al.
[13] found that about 1% of African Americans are
S–s– and lack the high frequency antigen named U 

by Wiener et al. [14,15]; S–s– is extremely rare in 
Europeans. Complexities involving S–s– associated
with weak expression of U soon became apparent [16].
Table 3.2 shows the common MNSs phenotypes and

Table 3.1 Antigens of the MNS system (system 002).

Number Name Characteristics

MNS1 M Polymorphic; GPA 1–5 Ser-Ser*-Thr*-Thr*-Gly-
MNS2 N Polymorphic; GPA 1–5 Leu-Ser*-Thr*-Thr*-Glu-
MNS3 S Polymorphic; GPB Met29
MNS4 s Polymorphic; GPB Thr29
MNS5 U HFA associated with presence of S or s
MNS6 He LFA; GPB 1–5 Trp-Ser*-Thr*-Thr*-Gly-
MNS7 Mia LFA; probably product of junction of A2 and BY3 (or altered A3)
MNS8 Mc GPA 1–5 Ser-Ser*-Thr*-Thr*-Glu-
MNS9 Vw LFA; GPA Thr28Met, Asn26 not glycosylated
MNS10 Mur LFA associated with expression of GYPB pseudoexon
MNS11 Mg LFA; GPA 1–5 Leu-Ser-Thr-Asn-Glu-
MNS12 Vr LFA; GPA Ser47Tyr
MNS13 Me Determinant common to M on GPA and He on GPB
MNS14 Mta LFA; GPA Thr58Ile
MNS15 Sta LFA; product of junction of exons B2 or A2 and A4
MNS16 Ria LFA; GPA Glu55Lys
MNS17 Cla LFA; inherited with Ms
MNS18 Nya LFA; GPA Asp27Glu
MNS19 Hut LFA; GPA Thr28Lys, Asn26 not glycosylated
MNS20 Hil LFA; product of junction of exons A3 and B4 with s
MNS21 Mv LFA; GPB Thr3Ser
MNS22 Far LFA; possibly inherited with MS or Ns
MNS23 sD LFA; GPB Pro39Arg
MNS24 Mit LFA; GPB Arg35His
MNS25 Dantu LFA; probably product of junction of exons B4 and A5
MNS26 Hop LFA; GPA Arg49Thr*
MNS27 Nob LFA; GPA Arg49Thr* + GPA Tyr52Ser
MNS28 Ena Heterogeneous: HFAs on GPA
MNS29 ENKT HFA; GPA, antithetical to Nob (MNS27)
MNS30 ‘N’ HFA; GPB 1–5 Leu-Ser*-Thr*-Thr*-Glu-
MNS31 Or LFA; GPA Arg31Trp
MNS32 DANE LFA; possibly Asn45 of GP(A-B-A)Dane (normal = Ile46)
MNS33 TSEN LFA; product of junction of exons A3 and B4 with S
MNS34 MINY LFA; product of junction of exons A3 and B4 with S or s
MNS35 MUT LFA; generally behaves as anti-Mur + Hut
MNS36 SAT LFA; probably product of junction of exons A4 and B5
MNS37 ERIK LFA; GPA Gly59Arg
MNS38 Osa LFA; GPA Pro54Ser
MNS39 ENEP HFA; GPA, antithetical to HAG (MNS41)
MNS40 ENEH HFA; GPA, antithetical to Vw (MNS9)
MNS41 HAG LFA; GPA Ala65Pro
MNS42 ENAV HFA; GPA, antithetical to MARS (MNS43)
MNS43 MARS LFA; GPA Glu63Lys

*O-glycosylated.
HFA and LFA, high and low frequency antigens.
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genotypes, and their frequencies in white English and
African American populations.

M and N determinants are carried on glycophorin A
(GPA), the major red cell sialic acid-rich glycoprotein
(sialoglycoprotein, SGP). M differs from N in the
amino acid composition of the extracellular tip of
GPA: M has serine at position 1 and glycine at position
5; N has leucine at position 1 and glutamic acid 
at position 5. Carbohydrate, especially sialic acid, 
also plays a part in the expression of M and N 
antigens.

S and s are carried on another red cell SGP called gly-
cophorin B (GPB). The S/s distinction arises from a 
single amino acid substitution at position 29 of GPB: S
has methionine and s has threonine at position 29. The
first 26 amino acid residues from the extracellular ter-
minus of GPB are identical to those of N-active GPA
(GPAN). Consequently, GPB also demonstrates N ac-
tivity (often referred to as ‘N’), which is detected on the
red cells of homozygous M/M individuals by some
anti-N.

Red cells of individuals homozygous for the very
rare MNS-null gene MK lack all MNS antigens and
have no GPA or GPB. Cells of another very rare pheno-
type, called En(a–), lack GPA and, consequently, MN

antigen expression (apart from the ‘N’ antigen carried
on GPB). En(a–) cells express normal Ss antigens but
lack a variety of GPA-borne high frequency antigens
collectively named Ena. En(a–) cells also lack Wrb, ex-
pression of which results from an interaction between
GPA and the red cell glycoprotein band 3 (Chapter
10). S–s–U– cells are deficient in GPB, but express 
normal MN antigens. GPA- and GPB-deficient pheno-
types mostly result from gene deletions.

Numerous low frequency red cell antigens as-
sociated with the MNS system have been identified
(Table 3.1). Some are known to result from amino acid
substitutions and/or glycosylation changes in GPA or
GPB, but many are associated with abnormal hybrid
glycophorin molecules comprising partly GPA and
partly of GPB. These hybrid glycophorins are pre-
sumed to have arisen as a result of chromosome 
misalignment followed by unequal crossing-over 
or gene conversion involving the GPA and GPB 
genes.

GYPA and GYPB, the genes encoding GPA and
GPB, are homologous and, together with a third 
homologous gene, GYPE, which may produce 
glycophorin E, they constitute a gene cluster on 
chromosome 4 at 4q28Æq31 (Chapter 32).

Table 3.2 Common MNSs phenotypes and genotypes and their frequencies in white European and African American
populations.

Europeans* African Americans†

Phenotype Genotype % Genotype %

M+N–S+s– MS/MS 5.7 MS/MS or MS/Mu 2.1
M+N–S+s+ MS/Ms 14.0 MS/Ms 7.0
M+N–S–s+ Ms/Ms 10.1 Ms/Ms or Ms/Mu 15.5
M+N–S–s– 0 Mu/Mu 0.4
M+N+S+s– MS/NS 3.9 MS/NS, MS/Nu, Mu/NS 2.2
M+N+S+s+ MS/Ns or Ms/NS 22.4 MS/Ns or Ms/NS 13.0
M+N+S–s+ Ms/Ns 22.6 Ms/Ns, Ms/Nu, Mu/Ns 33.4
M+N+S–s– 0 Mu/Nu 0.4
M–N+S+s– NS/NS 0.3 NS/NS or NS/Nu 1.6
M–N+S+s+ NS/Ns 5.4 NS/Ns 4.5
M–N+S–s+ Ns/Ns 15.6 Ns/Ns or Ns/Nu 19.2
M–N+S–s– 0 Nu/Nu 0.7

*Frequencies from tests on 1000 white English people [17].
†Frequencies compiled by Race and Sanger [18] from tests on 1322 African Americans.
u represents all genes that result in no expression of S or s.
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3.2 Antigen, gene, and 
phenotype frequencies

3.2.1 M and N

All the early frequency studies, and very many others
since, were performed with anti-M and -N alone
[19,20]. MN frequencies vary less between different
populations than do those of the ABO and Rh anti-
gens. In most populations, including most of Europe,
Africa, and East Asia, the frequency of the M allele is
between 50% and 60% and, consequently, the fre-
quency of N is between 40% and 50%. A higher fre-
quency of M is found in east Baltic countries, including
European Russia, and in most of South Asia and west-
ern Indonesia. Highest M frequencies, over 90%, are
found among the Inuit and some Native Americans.
Lowest M frequencies are in the Pacific area and
among Australian Aborigines. In regions of Papua
New Guinea incidence of M drops below 2%.

3.2.2 M, N, S, and s

The different S antigen frequencies between people of
the three MN phenotypes (Table 3.3) led Sanger et al.
[8,9] to recognize the association between MN and S;
if there were no association the frequency of S+ would
be the same in M+N–, M+N+, and M–N+ individuals.
Family analyses (Section 3.3) and molecular genetics
(Section 3.4.5) have demonstrated conclusively that
the MN and Ss polymorphisms are controlled by very
closely linked loci.

There are four common haplotypes in white people,
MS, Ms, NS, and Ns. Anti-s has often been considered
too scarce to be used in large population studies but,
because u, a silent allele at the Ss locus, is extremely
rare in white people, the S– phenotype can be consid-

ered to result from homozygosity for s in white popu-
lations and haplotype frequencies can be deduced.
Fisher [21,22] used the maximum likelihood method
devised for Rh, but now computer programs are avail-
able for this purpose. In Europeans, MS and Ms have
similar frequencies, but Ns is about five or six times
more common than NS. In white British donors the
following haplotype frequencies were calculated: MS,
25%; Ms 29%; NS 7%; Ns 39% [17,18].

S is less common in the Far East than it is in Europe
[19]: 52624 Taiwanese were all s-positive [23]. S is vir-
tually absent from Australian Aborigines [19].

Although Ss antigens are almost always present in
white people, the phenotype S–s– is not uncommon in
people of African origin (see Table 3.2). The presence
of S and/or s is associated with a high frequency anti-
gen, U. S–s– cells are either U– or have a variant form of
U (Section 3.7). Wiener et al. [15] proposed that a pair
of alleles controlled U expression: U which determines
the presence of the antigen and u, recessive to U, which
determines its absence. When the association with Ss
expression was recognized, the name Su was proposed
[13] for the silent allele of S and s that produces no U
antigen. For the purposes of describing gene frequen-
cies u will be used here to represent a silent gene at the
Ss locus (Table 3.2). Table 3.4 shows frequencies for
the six most common haplotypes in three different
populations of African Americans and in two regions
of Africa.

3.3 Inheritance

A wealth of family evidence has proven that MN and
Ss behave as two very closely linked loci with virtually

Table 3.3 Some approximate phenotype frequencies in the
MNS system for people of northern European extraction
(after [18]).

Ss phenotype

MN phenotype All (%) S+ (%) s+ (%)

All 100 55 89
M+N– 28 72 78
M+N+ 50 56 92
M–N+ 22 31 97

Table 3.4 Frequencies of MNSs haplotypes in black
populations.

USA (1000) Senegal (459)
Haplotype [18–20,24] [19,25]

MS 0.1001 0.0244
Ms 0.3496 0.0492
Mu 0.0454 0.0747
NS 0.0614 0.0640
Ns 0.3744 0.2940
Nu 0.0691 0.1137

All tested with anti-M, -N, -S, and -s; u represents all genes that result
in no expression of S or s.
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no recombination occurring between them. Analyses
are reported of 882 white families, with a total of 2354
children, tested for M, N, S, and s [11,12,26,27]. The
inheritance of MNSs in black families is complicated
by u (Section 3.7), but, from the point of view of
analysing families, u (elsewhere called Su) can be 
considered an allele at the Ss locus, recessive to S
and s. No large series of black families has been
analysed for MNSs, but a few pedigrees are described
[28–30].

With the knowledge that MN and Ss represent two
discreet gene loci encoding different proteins, it should
be no surprise that recombination, presumably as a re-
sult of crossing-over, occurs between them. However,
documented examples of such recombination are rare.
In one family an M–N+S–s+ father and M+N+S+s+
mother had three M–N+S–s+, three M+N+S+s+, and
one M+N+S–s+ children [31]. The mother must be
MS/Ns because she has three presumed Ns/Ns children
and three presumed MS/Ns children (because the 
father is probably Ns/Ns); yet the other child appears
to be Ms/Ns. Thus the mother appears to have passed
Ns to three children, MS to three children, and Ms to
another. This anomaly of inheritance may be ex-
plained by any one of several genetic mechanisms—
suppression, deletion, mutation, or recombina-
tion—but Chown et al. [31] favour recombination 
between MS and Ns producing an Ms oocyte in the
mother. Gedde-Dahl et al. [32] describe six families in
which MNSs inheritance anomalies may be a result of
recombination.

3.4 Biochemistry and molecular genetics

3.4.1 Glycophorins

Numerous intrinsic membrane proteins and glycopro-
teins are anchored within the phospholipid bilayer 
of the red cell membrane. Some of the glycoproteins
are heavily glycosylated and rich in sialic acid (N-
acetylneuraminic acid) and are called sialoglycopro-
teins or glycophorins. Two of these glycophorins carry
the MN and Ss determinants. A variety of different ter-
minologies has been used to describe the glycophorins
and these are shown in Table 3.5. The major sialogly-
coprotein, which carries M or N determinants, is
called glycophorin A (GPA) and the minor sialoglyco-
protein, which carries the S or s determinants, gly-
cophorin B (GPB) (reviewed in [33–38]). Glycophorin
C and D, which carry the Gerbich antigens, are geneti-
cally unrelated to the MNS system and are described in
Chapter 18.

Glycophorins traverse the red cell membrane 
and consist of a polypeptide backbone with its car-
boxy-terminus (C-terminus) inside the cell, possibly
interacting with the membrane skeleton, and its
amino-terminus (N-terminus) outside the membrane
(Fig. 3.1). Attached to the polypeptide chain are two
types of carbohydrate structures, N-linked oligosac-
charides and O-linked oligosaccharides, often re-
ferred to as N-glycans and O-glycans. N-glycans are
generally complex carbohydrate chains attached to
the amide-nitrogen of asparagine, usually through N-

Table 3.5 Red cell glycophorins and some notations used in early publications.

Blood group 
Glycophorin Gene Mr antigens Other notations

Glycophorin A GPA GYPA 43 000 M/N Ena CD235A MN glycoprotein a PAS-2
Glycophorin B GPB GYPB 25 000 S/s ‘N’ CD235B Ss glycoprotein d PAS-3
Glycophorin E* GPE GYPE
Glycophorin A dimer GPA2 86 000 M/N Ena a PAS-1
Glycophorin B dimer GPB2 50 000 S/s ‘N’ d
Glycophorin AB GPAB 68 000 M/N S/s Ena ‘N’ ad PAS-4

heterodimer
Glycophorin C GPC GYPC 40 000 Ge3 Ge4 CD236C b PAS-2¢
Glycophorin D GPD GYPC 30 000 Ge2 Ge3 g

*Existence of a product of GYPE in the red cell membrane has not been confirmed.
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acetylglucosamine. The tripeptide Asn-Xaa-Thr/Ser
(where Xaa is any amino acid except proline) is a pre-
requisite for N-glycosylation. GPA has one N-glycan;
GPB is not N-glycosylated. On glycophorins, the O-
glycans are smaller molecules than N-glycans and are
attached to the hydroxyl-oxygen of serine or threo-
nine. In glycophorins it is the O-glycans that carry
most of the sialic acid. They typically have the
disialotetrasaccharide structure shown in Fig. 3.4, al-
though other structures have been identified [34]. All
carbohydrate chains are attached to the extracellular
domain of the polypeptide backbone (Fig. 3.1). Trans-
fection of GYPA cDNA into Chinese hamster ovary
cells, including mutant cells with glycosylation de-
fects, demonstrated that O-glycosylation is required
for insertion of GPA into the plasma membrane [41],

but in the absence of O-glycosylation, an N-glycan can
support some expression of GPA at the cell surface
[42].

Glycophorins, especially GPA and GPB, probably
exist in the membrane in their monomeric (GPA and
GPB) and dimeric (GPA2 and GPB2) forms, and as a
heterodimer (GPAB) (Table 3.5).

3.4.2 Identification of glycophorins

Separation and identification of the intrinsic glycopro-
teins of the red cell membrane was facilitated by the
procedure of sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS PAGE) [43,44]. Washed
ghosts from haemolysed red cells are solubilized in the
ionic detergent SDS, which releases the glycoproteins
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from the phospholipid bilayer and gives them a nega-
tive charge. During the process of electrophoresis, the
charged glycoproteins are drawn by an electric current
through a polyacrylamide gel, which acts as a molecu-
lar sieve. Larger molecules tend to move through the
gel more slowly than smaller molecules and the glyco-
proteins become sorted throughout the gel roughly ac-
cording to their molecular weight. The glycoproteins
can then be visualized by a variety of methods.

Coomassie brilliant blue staining of gels following
SDS PAGE of red cell membranes reveals several pro-
teins including band 3 (anion exchanger, AE1), band
4.5 (glucose transport protein), and components of the
membrane skeleton, spectrin, actin, ankyrin, and pro-
tein 4.1. Coomassie blue does not readily stain the 
glycophorins, probably because of their high degree of
glycosylation. Periodic acid–Schiff (PAS) stains glyco-
proteins rich in sialic acid, which makes it ideal for
staining the red cell glycophorins. When the gels are
stained with PAS at least seven bands are seen, repre-
senting GPA, GPB, GPC, and GPD, dimers of GPA and
of GPB, and a heterodimer of GPA and GPB (Fig. 3.3,
Table 3.5). More sensitive methods of visualizing gly-
cophorins in a polyacrylamide gel involve autoradiog-
raphy and fluorography. The association of MN and
Ss antigens with GPA and GPB, respectively, was origi-
nally demonstrated by SDS PAGE and PAS staining of
butanol extracted components from red cell mem-
branes. These components were shown to have M, N,
S, or s activity by haemagglutination inhibition
[45,46]. Further evidence came from the absence of
GPA from cells of individuals with the rare
M–N–En(a–) phenotype and the absence of GPB from
S–s–U– cells (Sections 3.6 and 3.7, and Fig. 3.3).

The technique of immunoblotting (Western blot-
ting), originally developed by Towbin et al. [47], has
proved to be a very effective method of identifying 
glycophorins and other blood group-active glycopro-
teins. After SDS PAGE, a filter of nitrocellulose, nylon,
or similar substance is laid onto the surface of the slab

gel and the proteins are transferred electrophoretically
onto the filter, where they are immobilized. The filter
can then be incubated with an antibody of known
blood group specificity. Immunostaining is visualized
by the use of labelled antiglobulin reagent. After elec-
trophoresis and electroblotting of membranes from
M+N+S+s+ cells, anti-M immunostains GPA, GPA2

and GPAB, anti-N immunostains GPA, GPB, GPA2,
GPB2 and GPAB, and anti-S and -s immunostain GPB,
GPB2 and GPAB (Fig. 3.3) [48–50].

3.4.3 Glycophorin A (CD235A)

GPA is the most abundant red cell sialoglycoprotein
and, together with band 3, with which it is associated
[51], the most abundant red cell membrane glycopro-
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Fig. 3.2 Disialotetrasaccharide: the predominant O-glycan
of glycophorins [40]. For abbreviations see Table 2.4.

GPA2

GPB2

GPAB

GPA
GPC

GPD

GPB

(a) PAS staining (b) Immunoblotting

Com
m

on

   
ph

en
ot

yp
es

En
(a–

)

S-
s–

U–
M

k

an
ti-

M
an

ti-
N

an
ti-

S
an

ti-
s

M+N+S+s+

Fig. 3.3 Diagrammatic representation of the red cell
membrane glycophorins after sodium dodecyl sulphate
polyacrylamide slab gel electrophoresis. (a) Gel stained with
periodic acid–Schiff (PAS); cells of common and ‘null’
phenotypes used. (b) Gel electroblotted onto nitrocellulose
filters and immunostained with anti-M, -N, -S, and -s;
M+N+S+s+ cells used. Anti-M detects GPA and its
complexes, anti-S and -s detect GPB and its complexes, and
anti-N detects GPA and GPB and their complexes.



CHAPTER 3

106

tein. The number of copies of GPA per red cell has been
estimated to be about 1 ¥ 106 [52]. For more details on
the nature of the association between GPA and band 3,
see Sections 3.6.1.3, 3.16, and 3.25 and Chapter 10.

GPA consists of 131 amino acids, organized into
three domains:
1 an extracellular N-terminal domain of 72 amino
acids;
2 a hydrophobic membrane-spanning domain of 23
amino acids; and

3 a C-terminal cytoplasmic domain of 36 amino
acids.
The extracellular domain contains a high proportion
of serine and threonine residues and is heavily glycosy-
lated with about 15 O-glycans and a single N-glycan.
GPA is generally present in the membrane in dimeric
form, with the polypeptides associated at the hy-
drophobic membrane-spanning domain [39,53]. The
prevalence of glycines and b-branched amino acids in
the GPA transmembrane domain and, in particular the
Gly79-x-x-x-Gly83 motif, is responsible for GPA
dimerization [54,55]. The molecular organization of
GPA is described in detail by Welsh et al. [39].

The amino acid sequence of GPA is shown in Fig. 3.4
and a diagrammatic representation of how it may ap-
pear in relation to the red cell membrane in Fig. 3.1.
Most of the amino acid sequence for GPA was resolved
by degradation amino acid sequencing techniques
[34,56,57]. The complete sequence in Fig. 3.4 was 
deciphered from the nucleotide sequence of GYPA
cDNA isolated by Siebert and Fukuda [58]. The amino
acids numbered –1 to –19 represent a leader sequence,
which ensures correct insertion of the whole molecule
into the cell membrane. Translation of mRNA is ini-
tiated at the methionine codon at position –19 and
amino acid residues –19 to –1, presumed to be present
at the N-terminus when the protein is synthesized, are
cleaved after membrane insertion [58].

The predominant O-glycan of glycophorins is the
branched tetrasaccharide shown in Fig. 3.2, compris-
ing two molecules of sialic acid, one galactose, and one
N-acetylgalactosamine [40]. Several variations of this

Table 3.6 The 20 common amino acids: one and three letter
codes.

A Ala Alanine
C Cys Cysteine
D Asp Aspartic acid
E Glu Glutamic acid
F Phe Phenylalanine
G Gly Glycine
H His Histidine
I Ile Isoleucine
K Lys Lysine
L Leu Leucine
M Met Methionine
N Asn Asparagine
P Pro Proline
Q Gln Glutamine
R Arg Arginine
S Ser Serine
T Thr Threonine
V Val Valine
W Trp Tryptophan
Y Tyr Tyrosine

Fig. 3.4 Amino acid sequence of glycophorin A (see Table 3.6 for code). Sequences for GPAM (above line) and GPAN (below line)
are distinguished at positions –7, 1, and 5. * represents probable sites of O-glycosylation. � represents site of N-glycosylation.
The membrane spanning domain is underlined. T, major trypsin cleavage site on intact cells. (C), partial chymotrypsin cleavage
site. The leader sequence is cleaved after insertion of the protein into the membrane.
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molecule have been recognized, including mono-
sialotrisaccharides and trisialopentasaccharides
[34,59]. Glycosylation of GPA is incomplete and vari-
able; only about 15 of the 21 extracellular serine or
threonine amino acid residues are glycosylated [57,60]
and variation in O-glycosylation of different GPA
molecules occurs within the same individual [52,61].
The asparagine residue at position 26 bears an N-
linked oligosaccharide, a branched structure of about
11–13 sugar residues and approximate molecular
weight of 3000 [62,63].

3.4.3.1 M and N antigens

The amino acid sequence of GPA demonstrates poly-
morphic variation at positions 1 and 5, represented
serologically as the MN blood groups. GPA isolated
from M+N– individuals has serine at position 1 and
glycine at position 5; GPA from M–N+ individuals has
leucine at position 1 and glutamic acid at position 5
(Table 3.7) [60,64,65]. Both forms of GPA can be iso-
lated from M+N+ individuals. The terminal serine of
M-active GPA is not glycosylated; amino acid residues
2, 3, and 4 of GPAM and GPAN are O-glycosylated.
The Ser/Leu polymorphism at position 1 results from a
single base change (TCA/TTA) that creates a SfaNI 
restriction site in the M allele and an MseI site in the N
allele; the Gly/Glu change at position 5 results from
two nucleotide changes (GGT/GAG), creating a BsrI
site in M and a DdeI site in N [66]. In addition, nu-
cleotide sequencing has predicted that glutamic acid
and alanine are present at residue –7 of the leader pep-
tide of GPAN and GPAM, respectively (Fig. 3.4) [67]. A
total of 17 nucleotide differences in exons 1, 2, and 7
and introns 1–4 distinguish the standard M allele and

N [68]. Another M allele, common in Asians, shares
characteristics of both standard M and N [68].

Although the amino acid residues at positions 1 and
5 of GPA are primarily responsible for the MN 
polymorphism, glycosylation is also important in the 
serological expression of the M and N antigens. Many
anti-M and -N do not bind sialidase-treated red cells
[48,69–72]. This could be because of an alteration in
steric presentation of receptors dependent on an inter-
action between sialic acid and amino groups [73,74].
GPA contains a small number of non-galactosylated
N-acetylgalactosamine residues, which may be par-
tially sialylated. The number of these residues on Ser2,
Thr3, and Thr4 is substantially higher in GPAN than in
GPAM [75]. The role of sialic acid in M and N specifici-
ty is discussed further in Section 3.5.2.

PCR techniques with allele-specific primers have
been developed for MN genotyping from genomic
DNA [76–79] and reticulocyte-derived cDNA [66].
Most methods utilize primers that are specific for 
either the M- or N-associated sequence paired with a
common primer specific for GYPA. Unfortunately, 
internal controls for successful amplification have 
not always been included. If the M- and N-specific
primers are designed to recognize different allele-
specific sites (codons 1 and 5), the products re-
presenting the alleles are of slightly different lengths
[78].

3.4.4 Glycophorin B (CD235B)

GPB, another sialic acid-rich red cell membrane glyco-
protein, is closely related in structure to GPA. It con-
sists of 72 amino acids which, like GPA, fit into three
domains:

Table 3.7 Some N-terminal pentapeptides of GPA and GPB.

Glycophorin A Human M Ser–Ser*-Thr*-Thr*-Gly-
Human N Leu–Ser*-Thr*-Thr*-Glu-
Human Mg Leu–Ser–Thr–Asn–Glu-
Human Mc Ser–Ser*-Thr*-Thr*-Glu-
Chimpanzee Ser–Ser–Thr*-Thr*-Glu-

Glycophorin B Human ‘N’ Leu–Ser*-Thr*-Thr*-Glu-
Human He Trp–Ser*-Thr*-Ser*-Gly-

*O-glycosylated.
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1 an N-terminal glycosylated extracellular domain of
44 amino acids;
2 a hydrophobic membrane-spanning domain of 20
amino acids; and
3 a very short C-terminal cytoplasmic tail of eight
amino acids.

The amino acid sequence shown in Fig. 3.5 was de-
duced from the nucleotide sequence of GYPB cDNA
[67,80] and differs only slightly from that obtained by
peptide sequencing techniques [81]. Figure 3.1 shows
a diagrammatic representation of GPB in the mem-
brane. GPB has about 11 O-glycans and is devoid of
N-glycosylation [34].

The first 26 amino acids from the N-terminus of
GPB are identical to those of the N form of GPA
(GPAN). This accounts for the N activity of GPB, usu-
ally denoted ‘N’ to distinguish it from the N activity of
GPAN. Unlike GPA, the N-terminal amino acids of
GPB are not cleaved by trypsin treatment of intact red
cells, so ‘N’ is a trypsin-resistant N antigen. The only
difference between amino acid residues 1–26 of GPAN

and GPB is that Asn26 is N-glycosylated in GPA, but
not in GPB [82]. This is because, unlike GPA, GPB does
not have the requisite serine or threonine residue at 
position 28. GPA and GPB show other homologies.
Amino acid residues 59–67 and 75–100 of GPA 
closely resemble residues 27–35 and 46–71 of GPB
[34,81]. Also, the leader sequences of GPA and GPB,
deduced from cDNA analysis, are almost identical,
and sequencing of genomic DNA has revealed more
close homologies (see Section 3.4.5).

There are an estimated 1.7–2.5 ¥ 105 molecules of
GPB per red cell [52]. S+s– red cells have about 1.5

times as much GPB as S–s+ cells, with S+s+ cells having
an intermediate quantity [34,83].

3.4.4.1 S and s antigens

The S/s polymorphism is represented by a single amino
acid substitution in GPB at position 29; S-active GPB
has Met29 and the s-active molecule has Thr29 [83].
Dahr et al. [84] found that a synthetic peptide repre-
senting residues 25–33 of S-specific GPB inhibited
anti-S poorly and the equivalent s-specific peptide did
not inhibit anti-s at all. This suggests that the S/s anti-
gen sites are more complex than just the amino acid
residue at position 29 and there is evidence that
residues 34 and 35 and possibly the glycosylation of
Thr25 are all involved in S and s activity [85]. Anti-S
sera are heterogeneous; a synthetic peptide represent-
ing residues 25–43 of GPBS inhibited six of 16 anti-S
[86] and two human monoclonal anti-S demonstrated
different serological characteristics [87] (Section
3.20.9).

S/s genotyping on genomic DNA can be carried out
by PCR-based techniques with an allele-specific
primer [77].

3.4.5 Cloning and organization of the genes
for glycophorins A, B, and E

Siebert and Fukuda [58] synthesized mixed oligonu-
cleotides corresponding to amino acid sequences in the
C-terminal region of GPA and used them to prime the
synthesis of GYPA cDNA from a K562 cell line cDNA
library. GYPA cDNA from this library was then isolat-

Fig. 3.5 Amino acid sequence of glycophorin B (see Table 3.6 for code). Amino acid characteristic of GPBS at position 29 is
above the line, that for GPBs is below the line. * Represents probable sites of O-glycosylation. The membrane spanning domain
is underlined. C, chymotrypsin cleavage site. The leader sequence is cleaved after insertion of the protein into the membrane.
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ed with mixed oligonucleotides representing the cen-
tral region of GPA. Siebert and Fukuda [80] then pro-
ceeded to isolate GYPB cDNA from a K562 cDNA
library by the use of two oligonucleotide probes, one
specific for a GYPA sequence and the other repre-
senting a sequence common to GYPA and GYPB
cDNA. Subsequently full-length GYPA and 
GYPB cDNA clones were isolated from human reticu-
locyte cDNA libraries [67] and from GYPA cDNA
from a human fetal liver library [88].

GPA and GPB are encoded by discrete, single-copy
genes specific to each polypeptide [89]. GYPA is about
40 kb and contains seven exons [90,91] (Fig. 3.6, Table
3.8). Exon A1 codes for most of the leader peptide and
is separated by a large intron of about 30 kb from exon
A2, which codes for the remainder of the leader pep-
tide and the first 26 amino acids of the extracellular 
domain. Exons A3 and A4 encode the remainder of the
extracellular domain, exon A5 the transmembrane
portion, and exon A6 and part of exon A7 the cyto-
plasmic portion of the polypeptide. Most of the 
seventh exon is not translated. Three GYPA mRNA
transcripts, of 2.8, 1.7, and 1.0 kb differing from each
other in the lengths of their 3¢ untranslated regions,
have been identified in erythroleukaemic cell lines
[58,66,92], fetal liver [88], and reticulocytes [58,67].

Figure 3.6 shows that GYPB has only five exons
[90,91]. Exons B1 and B2 are almost identical to exons
A1 and A2 of GYPA. The third exon, numbered B4 to
demonstrate homology with exon A4, encodes the S/s
polymorphism. Exon B5 codes for most of the C-
terminal part of the polypeptide and exon B6 encodes
the C-terminal amino acid residue, the remainder of
exon B6 being untranslated (Table 3.8). A sequence
within the second intron of GYPB is homologous to

exon 3 of GYPA. This ‘pseudoexon’ is not translated
because the gt (gu in RNA) consensus splice site at the
5¢ end of intron 3 is mutated to tt (uu) [90], and other
changes in intron 2 may also affect splicing. So the
‘pseudoexon’ is spliced out of GYPB mRNA, together
with the regions homologous to the second and third
introns of GYPA [93]. GPB therefore lacks a segment
homologous to amino acid residues 27–58 of GPA.
The GYPB pseudoexon may be translated in rare phe-
notypes where a functional acceptor splice site is trans-
planted into GYPB from GYPA by gene conversion
[36] (see Section 3.10).

During isolation of GYPA and GYPB, a closely as-
sociated gene, GYPE, was discovered [91,94,95]. The
three genes show 90% nucleotide sequence homology,
the coding regions demonstrating more diversity than
the non-coding introns [36,90]. GYPE is present in 
all human DNA investigated including that from
En(a–), S–s–U–, homozygous MK, and homozygous
GYP(A–B)Hil (Mi.V) individuals [91,94,96–98].
GYPE has a similar genomic structure to that of
GYPB, but contains four exons and two pseudoexons
[95,98] (Fig. 3.6, Table 3.8). The predicted polypep-
tide has 78 amino acids including a 19 residue leader
peptide. The mature cell surface glycoprotein protein
would be 59 amino acid residues long, carry 11 O-
glycans and no N-glycan, have an Mr of 17 000, and
express M antigen. Anstee [99] speculated that a red
cell membrane component of approximate molecular
weight 20 000, revealed on immunoblots of mem-
branes from red cells of all MN groups by monoclonal
anti-M, might be GPE. GPE may also express S or s
antigen [100].

The three genes are situated on chromosome 4q31
in the order 5¢–GYPA–GYPB–GYPE–3¢ [97,98] and

Table 3.8 Structural organization of GYPA, GYPB, and GYPE. Amino acid residues encoded by each exon are numbered from
the N-terminal residue of the mature protein (assuming that GYPE is translated). The exons are numbered according to the
system used by Huang et al. [36] in which pseudoexons are numbered so that homologous exons maintain the same number in
all three genes.

GYPA GYPB GYPE

A1 5¢ UT, -19 to -8 B1 5¢ UT, -19 to -8 E1 5¢ UT, -19 to -8
A2 -7 to 26 B2 -7 to 26 E2 -7 to 26
A3 27–58 B3 Pseudoexon E3 Pseudoexon
A4 59–71 B4 27–39 E4 Pseudoexon
A5 72–100 B5 40–71 E5 27–58
A6 101–126 B6 72, 3¢ UT E6 59, 3¢ UT
A7 127–131, 3¢ UT
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are over 95% identical to each other from the 5¢ flank-
ing region to an Alu repeat sequence 1 kb downstream
of the exon encoding the transmembrane domain [95].
Isolation of a yeast artificial chromosome (YAC) 
encoding the entire region demonstrated that the 
glycophorin gene family occupies 330 kb of genom-
ic DNA and that the three genes are about an equal 
distance apart [101]. These genes appear to have
evolved from a common ancestral gene through 
homologous recombination events involving Alu
sequences [95] (see Fig. 3.13). A putative precursor
fragment downstream from GYPA has been isolated
[102].

Like other genes active predominantly in erythroid
tissue, promoters for the three glycophorin genes are
driven mainly by GATA-1 and SP1 binding to well-
characterized cis-acting elements [103]. The proximal
promoters for the three glycophorin genes had very
similar sequences and the three genes exhibited similar
transcriptional activities [103,104]. GYPB mRNA
transcript was less stable than GYPA transcript, how-
ever, and GYPE transcript was very unstable [104].
Post-transcriptional regulation therefore may be re-
sponsible for the very different quantities of the three
protein products at the cell surface. Regulatory factors
controlling transcription of GYPB have been analysed
in detail and at least two factors (Ku70 and factor U)
that appear to be involved in the repression of GYPB
transcription in non-erythroid cells, have been identi-
fied [105–107].

For reviews on the molecular genetics of gly-
cophorins see [36–38,108].

3.5 Effects of enzyme treatment on the
MNSs antigens

3.5.1 Proteases

Various proteolytic enzymes have proved very useful
in the serological identification, analysis, and defini-
tion of antigens belonging to the MNS system. The 
effects on isolated sialoglycoproteins of proteases, gly-
canases, and various peptide bond-splitting chemicals,
such as cyanogen bromide, have been extremely valu-
able in elucidating the biochemical structure of these
glycoproteins and of some of the antigens associated
with them. Certain proteases, such as trypsin and 
chymotrypsin, are highly specific for the peptide 
bonds they cleave, although access of enzymes may be
blocked by the presence of neighbouring oligosaccha-
rides or, when intact cells are treated, by the red cell
membrane or other membrane-bound components.

3.5.1.1 Trypsin

Trypsin catalyses the hydrolysis of peptide bonds on
the carboxyl side of lysine and arginine residues. There
are at least seven trypsin cleavage sites on GPA, at
amino acid residues 30, 31, 39, 61, 97, 101, and 102;
desialylation of the molecule is required before cleav-
age can occur at some of these sites [57,61]. The sites at
residues 30 and 31 are partial cleavage sites; 50% of
native GPA molecules are cleaved at residue 31 and
10% at residue 30 [61]. When intact cells are treated
with trypsin the N-terminal 39 amino acid residues of

GYPA

GYPB

GYPE

5’

A1 A2 A3 A4 A5 A6 A7

3’

5’

B1 B2 B3 B4 B5 B6

3’

Y

5’

E1 E2 E3 E4 E5 E6

3’

Y Y

Fig. 3.6 Genomic organization of
GYPA, GYPB, and GYPE. Boxes
represent exons and pseudoexons
(y). The exons are numbered
according to the system used by
Huang et al. [36] in which
pseudoexons are numbered so that
homologous exons maintain the
same number in all three genes.
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GPA are severed, resulting in loss of M antigen and
GPA-borne N antigens, as well as any other determi-
nants located on this portion of the glycoprotein. Puri-
fied GPB may be cleaved by trypsin at amino acid
residue 35 [83], but trypsin treatment of intact cells
does not denature GPB. The blood group antigens S
and s, and the ‘N’ antigen located at the N-terminus of
GPB are therefore trypsin-resistant [109,110].

3.5.1.2 Chymotrypsin

Chymotrypsin, or more accurately a-chymotrypsin,
normally hydrolyses the peptide bond on the carboxyl
side of the aromatic amino acids phenylalanine, tryp-
tophan, and tyrosine, as well as leucine, methionine,
asparagine, and glutamine. Isolated GPA may be
cleaved at residues 34, 64, 98, and 118 [57,61]. M and
N antigens on intact cells are partially resistant to chy-
motrypsin treatment [109,110]; red cell membrane-
bound GPA may be cut by chymotrypsin behind
residue 34, but only in those molecules devoid of an O-
glycan on Thr33 [61]. Treatment of red cells with sial-
idase followed by chymotrypsin results in abolition of
all M and N activity. Treatment of red cells with chy-
motrypsin cleaves the N-terminal region of GPB at
amino acid residue 34 [83,85], destroying S, s, and ‘N’
activity [109,110]. S-active GPB is denatured by a
lower concentration of chymotrypsin than s-active
GPB [110].

3.5.1.3 Papain, ficin, bromelin, pronase

The enzymes papain, ficin, and bromelin have a rather
broad specificity and the preparations available are
often crude compared with trypsin and chymotrypsin.
Most GPA- and GPB-borne antigens are destroyed by
treatment of red cells with these enzymes, only those
situated close to the red cell membrane survive.
Pronase, a bacterial enzyme, behaves in a similar way
[110]. Whereas papain or ficin treatment of cells read-
ily destroys M, N, ‘N’, and s antigens, S activity is less
easily abolished [109–111].

3.5.2 Sialidase

GPA and GPB carry about 15 and 11 O-linked
oligosaccharides, respectively, most of which contain
two molecules of sialic acid. In addition, GPA has one
N-glycan, which may also be sialylated. Sialidase (neu-

raminidase) treatment of red cells removes at least
some of these sialic acid residues, altering the charge
and possibly the shape of the molecules. Most 
human sera contain an antibody, anti-T, which recog-
nizes desialylated O-linked oligosaccharides and 
consequently agglutinates sialidase-treated red cells
(Section 3.17.2). High concentrations of sialidase are
required to remove most of the sialic acid from GPA;
a2Æ3 linked sialic acid is more easily removed 
from GPA by sialidase than a2Æ6 linked sialic acid
[112].

M and N antibodies vary in their requirements for
sialic acid in order to agglutinate red cells. Judd 
et al. [71] obtained the following results from test-
ing human MN sera (adsorbed to remove anti-T) 
with sialidase-treated cells: 27 anti-M, reaction abol-
ished with nine, unaffected with 16, and enhanced
with two; seven anti-N, reaction abolished with three,
weakened with two, and unaffected with two. Specific
M and N antibodies produced by immunizing rabbits
with desialylated red cell glycoproteins only aggluti-
nated sialidase-treated cells [113]. Most monoclonal
anti-M and -N do not react, or react comparatively
weakly, with desialylated red cells or isolated 
glycophorins (see Section 3.20.7). The effect of siali-
dase applies equally to N on GPA and ‘N’ on GPB. M
and N activity may be restored to sialidase-treated 
red cells by resialylation catalysed by sialyltrans-
ferases [114].

S, s, and most other MNS system antibodies are not
sialic acid-dependent.

3.6 The rare glycophorin A-deficient
phenotypes En(a–) and MK

The following section describes unusual MNS pheno-
types caused by two very rare gene deletions. En, a
deletion of the coding region of GYPA, causes a defi-
ciency of GPA, but not GPB. MK, a deletion of the cod-
ing regions of GYPA and GYPB, is responsible for
deficiency of GPA and GPB. The multifarious antibod-
ies detecting non-polymorphic determinants on GPA,
collectively called anti-Ena, will also be described here.
There are many other variant MNS genes that do not
produce normal GPA, and many rare phenotypes in
which part of GPA is missing and consequently anti-
Ena (and/or anti-Wrb) may be made. These are de-
scribed in other sections, especially those on hybrid
glycophorins.
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3.6.1 En(a–)

When Darnborough et al. [115] described a ‘new’ anti-
body to a high-frequency red cell antigen, they noted
that the red cells of the antibody maker, a pregnant
English woman (MEP), and of several members of her
family, gave a variety of unusual blood grouping reac-
tions. These effects were deduced as being ‘due to some
factor affecting the red cell structure possibly by 
modifying the cell envelope’. The antibody was named
anti-Ena (for envelope) and the rare red cell phenotype
En(a–). A second En(a–) propositus (VB) with anti-Ena

was found in Finland by Furuhjelm et al. [116] and
two subsequent En(a–) propositi with anti-Ena, one
found in Finland (GW) [117] and the other in the USA
(ERP) [118], are part of the same extended family. 
Two other En(a–) propositi with anti-Ena, a French-
Canadian (RL) [119] and a Pakistani (SD) [120], have
been identified. Two En(a–) Japanese blood donors
without anti-Ena were found by screening red cells
from Japanese blood donors with monoclonal anti-
Ena [121,122].

Anti-Ena represents an umbrella term, which de-
scribes antibodies to determinants on various parts of
GPA. The En(a–) phenotype can arise in a number of
ways. Typically, En(a–) represents homozygosity for a
rare gene deletion (called En for convenience) at the
GYPA locus, resulting in no production of GPA, but
normal production of GPB. The original En(a–) phe-
notype in an English family [115], however, did not
arise in this way and probably represents heterozygos-
ity for a complex GYP(A–B) hybrid gene [often called
En(UK)] and an MK gene [123–125]; this En(a–)UK
phenotype will be discussed in more detail in Section
3.11.4. The Finnish [116–118], French-Canadian
[119], Pakistani [120], and Japanese [121,122] 
En(a–) phenotypes [En(a–)Fin] appear to result from
homozygosity for En [often called En(Fin)].

Nine En(a–) individuals presumed to have the
En/En genotype are known; five come from the three
branches of the Finnish family [116–118]. This family
strongly suggests that En is inherited as a recessive
character and behaves as a silent allele of M and N. The
parents of two of the Finnish propositi and of the
Canadian propositus were cousins [116,117,119]. In
the family shown in Fig. 3.8, in which there was no
En(a–) member, presence of En explained an apparent
exclusion of paternity; the M+N– father had three
M–N+ children (M. Izatt, cited in [126]).

3.6.1.1 Serological characteristics of En(a–) cells

En(a–) cells do not react with the anti-Ena in the sera of
En(a–) propositi, with autoanti-Ena, or with mono-
clonal antibodies to epitopes restricted to GPA.

En(a–)Fin cells lack any M antigen or trypsin-sensitive
N antigen; they do express trypsin-resistant N because of
the ‘N’ antigen of GPB. En(a–)UK cells lack N and ‘N’,
but have a trypsin-resistant ‘M’ antigen [123,127,128],
for reasons that will be described in Section 3.11.4.

En(a–) cells have normal or enhanced expression of
S and/or s.

En(a–) cells are Wr(a–b–). The significance of this is
discussed below (Section 3.6.3.2) and in Chapter 10.

En(a–) cells have a number of other unusual
serological characteristics, probably because of their
reduced sialic acid content, which results from absence
of the major red cell surface sialic acid-rich glycopro-
tein. Most of these characteristics are seen, to a lesser
extent, in red cells of individuals heterozygous for En
and are also apparent in other MNS variants that result
in a reduction of red cell membrane sialic acid content.
En(a–) cells are not aggregated, or at least are aggregat-
ed only very weakly, by polybrene and protamine sul-
phate [118,119,129]. En(a–) cells are agglutinated
more strongly than En(a+) cells by non-immune ani-
mal sera [116]. Consequently, En(a–) cells may be non-
specifically agglutinated by rabbit anti-M or -N sera as
a result of residual anti-human antibodies. Saline sus-
pensions of En(a–) cells are directly agglutinated by ‘in-
complete’ anti-D and other Rh antibodies when the
appropriate Rh antigens are present on the cell; these
antibodies do not agglutinate En(a+) cells of the same
Rh phenotype. En(a–) cells react more strongly than
En(a+) cells with certain lectins [116,130]. Particularly
useful for this purpose are extracts from the seeds of
Sophora japonica (adsorbed with group AB cells to re-
move anti-A+B activity) and Glycine soja, although
extracts from seeds of Bauhinia purpurea (anti-N),
Dolichos biflorus (anti-A1), Phaseolus lunatus (anti-
A), and Arachis hypogea (anti-T) can all distinguish
En(a–) cells from En(a+) cells. Maclura aurantiaca
lectin, which binds to red cell sialoglycoproteins [127],
reacts only weakly with En(a–) cells [130].

En heterozygotes can generally be recognized 
because their red cells show some of the serological
characteristics associated with reduced sialic acid 
described above. Parents or offspring of an En(a–) 
individual, and those people presumed to be 
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heterozygous for En because of the unusual serologi-
cal characteristics of their red cells or because of ab-
normal inheritance of M or N antigens (Fig. 3.7), are
M+N– or M–N+ ; none is M+N+.

3.6.1.2 Frequency of En

En is very rare; only five unrelated En/En individuals
are known. Tests with anti-Ena on 12 500 English,
8800 Finnish, and 200 Estonian donors revealed 
no En(a–) individual [115,116]; tests on 250 000
Japanese donors revealed one [121,122]. As men-
tioned above, saline suspensions of En(a–) cells are di-
rectly agglutinated by ‘incomplete’ Rh antibodies.
Three possible En heterozygotes were found by
screening 6202 donors with ‘incomplete’ anti-D and
anti-c [131]. An investigation of red cells from 1300
Scottish donors for aggregation in protamine sulphate
revealed two probable En heterozygotes, one with
En(UK) and the other with En(Fin) [129].

3.6.1.3 Biochemistry

Typical En(a–) red cells lack GPA; no GPA, or its dimer
(GPA2) and heterodimer (GPAB), is detected by SDS
PAGE of En(a–) cells (see Fig. 3.3) [48,49,60,118–
120,122,127,128,132]. GPB of En(a–) cells has 
normal mobility on SDS PAGE. Band 3, the anion
transport protein, has an elevated molecular weight in

En(a–) cells, resulting from an increase in the length of
its N-glycan [119,120,122,127,128,132,133]. If GPA
facilitates the movement of band 3 from internal mem-
branes to the cell surface, as suggested from its effect in
Xenopus oocytes, then in GPA-deficient cells band 3
protein may remain longer in the Golgi network 
providing greater opportunity for elongation of the 
N-glycan [134] (see Section 3.25).

Furuhjelm et al. [116], in their study of the first
Finnish En(a–) propositus, observed reduced red cell
electrophoretic mobility resulting from a low level of
sialic acid. En(a–) cells have about 40% of the sialic
acid of normal cells and cells from En heterozygotes,
about 70% of normal levels [116,119,132]. This re-
duction in sialic acid appears to increase the agglutin-
ability of red cells, explaining many of the unusual
serological characteristics of GPA-deficient red cells.

3.6.1.4 Molecular genetics

Results of Southern blotting of genomic DNA from
two individuals with the En(a–)Fin phenotype initially
suggested a complete deletion of GYPA and normal
GYPB [88,94,96]. Vignal et al. [98,103] subsequently
showed that exon A1 and the upstream untranslated
region of GYPA is not deleted in En, and that the dele-
tion encompasses exons A2–7 of GYPA and exon B1
of GYPB (Fig. 3.8). As exon 1 of both genes codes for
most of the leader sequence, but not for any of the ma-
ture protein, this would result in production of no
GPA. However, it would permit normal expression of
GPB, which would be produced by a GYP(A–B)
hybrid gene comprising the promoter sequences and
exon A1 of GYPA and exons B2–6 of GYPB.

3.6.2

The name MK was coined by Metaxas and Metaxas-
Bühler [135] for a new allele of M and N that appeared
to produce neither M nor N. A second family showed
that not only did MK appear to be a silent allele at the
MN locus, it was also silent at the Ss locus [136]. The
effect of the MK gene was highlighted in this family by
apparent maternal exclusions in three generations: an
M+N–S–s+ woman (presumed genotype Ms/MK) had
an M–N+S–s+(Ns/MK) daughter, who married an
M+N–S+s+(MS/Ms) man and had one M+N–S+s–
(MS/MK) and two M+N–S–s+(Ms/MK) daughters, one
of whom had an M–N+S–s+(Ns/MK) child.

MK

M+ N– S+ s+
MS/Ens

M+ N– S– s+
Ms/Ens

M– N+ S+ s+
NS/Ens

M+ N– S+ s+
Ms/NS

M+ N– S+ s–
MS/NS

Fig. 3.7 Family demonstrating how the presence of En can
explain an M+N– father with three M–N+ children and
associated red cell membrane modifications. Red cells of all
family members are En(a+). The genotype of the mother is
deduced from her parents and sibs (not shown). �� no
modification of red cell membrane; �� modified red cell
membrane, single dose of M or N. Redrawn from [126].
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Red cells of individuals with one MK gene resemble
cells of En heterozygotes regarding the unusual sero-
logical characteristics associated with reduced sialic
acid levels [131,137–140] (see Section 3.6.1.1). Eight
heterozygous MK individuals were found in 10 097
Swiss donors, either by testing with ‘incomplete’ anti-
D and anti-c by direct agglutination of untreated cells
or by M and N dosage determination [131,141]. Apart
from the Swiss examples, at least six other MK het-
erozygous propositi have been reported: one Dane
[136]; one Swede [142]; two English [115,143]; one
white American [144]; one Chilean [145]; and one
Chinese [138]. The Chinese family also contains the
rare gene for GP.Mur (Mi.III) [138] (Section 3.12.1).
The American [144] and Chilean [145] are heterozy-
gous for MK and the gene for GP.Hil (Mi.V) (Section
3.11.1). One of the English propositi [115] is heterozy-
gous for MK and En(UK) [123,124] (Section 3.11.4).

A dysmorphic, mentally deficient child with part of
the long arm of chromosome 2 translocated onto the
long arm of chromosome 4 appeared to have the geno-
type MS/MK [146,147]. His father was M–N+S–s+,
with a double dose of N antigen, and his mother was
M+N+S+s+. The child, whose red cells had a single
dose of M antigen, had probably not inherited MK

from either parent, the rare gene resulting de novo
from the effect of his chromosomal translocation.
MNS is on the long arm of chromosome 4 (Chapter
32).

The first MK/MK homozygotes were a Japanese
blood donor and his brother, reported by Tokunaga et
al. [148] in 1979. Their red cells were M–N–S–s–U–
En(a–) Wr(a–b–) and showed all the reactions charac-

teristic of reduced sialic acid. This MK phenotype has
subsequently been found in two Japanese sisters [149],
in an African American child [150], and in a Turkish
woman and her brother [151]. Parents of each of the
Japanese propositi were consanguineous.

3.6.2.1 Biochemistry

MK produces neither GPA nor GPB; red cells from
MK/MK homozygotes are devoid of GPA and GPB
[148–150]. Red cells of people heterozygous for MK

have about half the normal quantity of GPA and GPB
[40,152–154].

Band 3 of MK cells, like that of En(a–) cells, shows an
increase in molecular weight resulting from increased
glycosylation (Section 3.6.1.3). This amounted to an
increase of about 3000 in the Mr of band 3 in MK

homozygotes [148,149] and heterozygotes [152]. 
MK red cells have reduced sulphate transport activity
because of a lowered binding affinity of band 3 for 
sulphate ions [155]. Mk red cells also appear to have a
reduction in size of the glucose transporter GLUT1
[155] and an Mr 2000 increase in the cytoskeletal gly-
coprotein, band 4.1 [148]. Red cell sialic acid content
is reduced by about 30% in cells of MK heterozygotes
[137,140,144,152] and 70% in cells from MK/MK

homozygotes [148].
The MK/MK genotype had no obvious adverse effect

on the health of five MK individuals and no abnormal
haematological effects were apparent [148]. The
MK/MK genotype therefore has not been very informa-
tive about the functions of GPA and GPB (see Section
3.25).

5’
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Fig. 3.8 Diagram to show the extent of deletions of GYPA, GYPB, and GYPE responsible for En(a–) (En), U– (u), and MK

phenotypes [98,103]. In each case the deletion breakpoints occur within the very long first introns (–//–) of these genes. En
represents a deletion of exons A2–A7 and B1; u, a deletion of exons B2–B6 and E1; and MK, a deletion of exons A2–A7, B1–B6,
and E1. Other mechanisms may also be responsible for S–s–U– phenotypes (see Section 3.7.4).
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3.6.2.2 Molecular genetics

From Southern blot analysis, Tate et al. [94] showed
that genomic DNA from one of the Japanese MK/MK

individuals lacked all fragments of GYPA and GYPB
that encode mature GPA and GPB, suggesting a single
deletion spanning both genes. This agrees with the
conclusions of Rahuel et al. [96] from their studies on
an En(UK)/MK individual. GYPE is not deleted in MK

[94,98]. As shown in Fig. 3.8, the deletion does not 
include exon A1 and the upstream promoter region of
GYPA, but does include exon E1 of GYPE, to leave a
hybrid GYP(A–E) gene [98,103].

3.6.3 Anti-Ena, anti-Wrb, and the determinants
they define

3.6.3.1 Alloanti-Ena

The first three examples of anti-Ena, those from the
English En(a–) propositus (MEP) and the first two
Finnish En(a–) propositi (VB, GW), appeared to be 
antibodies of identical specificity, which reacted 
with all red cells save those of the En(a–) phenotype
[115–117]. All three propositi had been transfused.
None of the four En(a–) siblings of the three propositi
had made anti-Ena; none had been transfused, but one
had been pregnant five times. These three anti-Ena sera
were later shown to contain at least two antibodies 
to high frequency antigens, anti-Ena and -Wrb

[116,156–158]. Neither antibody reacted with cells of
the En(a–) Wr(a–b–) phenotype, but anti-Ena, unlike
anti-Wrb, did react with En(a+) Wr(a+b–) cells (de-
scribed below). The other En(a–) propositus from the
Finnish family (ERP), who had never been transfused
but had been pregnant twice, made a similar mixture
of antibodies [118]. The French-Canadian En(a–)
propositus (RL), a man with no transfusion history,
made anti-Ena and no anti-Wrb; his anti-Ena differed
from the other examples in that it defined a trypsin-
sensitive antigen and could be inhibited by extracted
M and N substances [119].

Adsorption and elution studies with red cells treated
with different proteases (trypsin, papain, ficin) and
with red cells of rare MNS phenotypes in which only
part of GPA is present, have shown that anti-Ena is a
collective term for antibodies to determinants at a 
variety of sites on the extracellular domain of GPA
[116,158–161]. For convenience, Issitt et al. [162] de-

fined three broad categories of anti-Ena according to
the effect of proteases on the antigenic determinants
they detect.

Anti-EnaTS recognizes a trypsin-sensitive determi-
nant and is typified by the antibody of the French-
Canadian En(a–) propositus (RL) [119]. It does not
react with En(a+) red cells treated with trypsin, ficin,
or papain and can be inhibited by isolated GPA. GPA
on intact cells is cleaved by trypsin at amino acid
residue 39. Dahr et al. [61] found that three anti-EnaTS
(two alloantibodies and one autoantibody) had differ-
ent binding sites on the N-terminus of GPA. The anti-
body of RL reacts with a determinant around amino
acid residues 31–39, but only on those GPA molecules
that are not glycosylated at Thr33 [61].

Anti-EnaFS represents those Ena antibodies that 
recognize a ficin-sensitive (papain-sensitive), trypsin-
resistant determinant. Anti-EnaFS is found as a separa-
ble component in the sera of the En(a–) propositi MEP,
VB, GW, and ERP and may also be an autoantibody
[163]. Anti-EnaFS is inhibited by isolated GPA
[158–160]. Six anti-EnaFS analysed by Dahr et al. [61]
were very similar; all six were directed at a determi-
nant around residues 46–56 of GPA and five of the sera
required glycosylation at Thr50 for binding.

Anti-EnaFR represents those antibodies that react
with a ficin-resistant (papain-resistant), trypsin-resis-
tant determinant. They differ from anti-Wrb by react-
ing with En(a+) Wr(a+b–) cells. Anti-EnaFR can also
be isolated from the sera of MEP, VB, and GW. Anti-
EnaFR is not easily inhibited with isolated GPA. EnaFR
appears to represent a labile structure within amino
acid residues 62–72 of GPA, requiring lipid for com-
plete antigenic expression [164].

3.6.3.2 Anti-Wrb and the Wrb antigen

The name anti-Wrb was tentatively used by Adams et
al. [165] in 1971 for an antibody detecting a public
antigen in the serum of a woman whose Wr(a+) red
cells appeared to have a double dose of Wra. The 
antibody reacted more strongly with Wr(a–) cells 
than with Wr(a+) cells. The association between 
Wrb and MNS first became apparent when Issitt 
et al. [156,166] found that En(a–) cells were Wr(a–b–)
and subsequent immunochemical studies suggested
that the Wrb determinant is located on GPA [164,167].
This presented an enigma, as it had long been known
that Wra is genetically independent of MNS [18].
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Details of the nature of the relationship of Wrb to the
MNS system are provided in Chapter 10. The Wra/Wrb

dimorphism results from an amino acid substitution
within band 3 [168], but Wrb can only be detected
when band 3 is associated with GPA in the membrane.
Hence, GPA-deficient red cells are Wr(b–). Whether
Wra expression also requires GPA presence is unclear
as no GPA-deficient individual with a Wra allele has
been found.

3.6.3.3 Clinical significance of anti-Ena

The clinical outcome of transfusing En(a+) red cells to
patients with anti-Ena is varied. A patient with anti-
EnaTS and depressed red cell GPA expression died of a
post-transfusion haemolytic reaction [169] and an
En(a–) patient (GW) with anti-Ena and anti-Wrb suf-
fered a mild delayed haemolytic transfusion reaction
after receiving 6 units of En(a+) blood [117]. Predomi-
nantly IgG1 anti-Ena with a lesser IgG3 component 
in an MK/MK patient was responsible for severe
haemolytic disease of the newborn (HDN) [151].
Functional assays with anti-EnaFR/Wrb provided 
further evidence that these antibodies are of clinical
importance [170].

3.6.3.4 Autoanti-Ena

Autoantibodies with Ena specificity have been identi-
fied [171], some in patients with severe and fatal 
autoimmune haemolytic anaemia [163,172,173].
These are usually of the anti-EnaFS type, though some
may be anti-EnaFR [173]. Moulds et al. [174] found
that pure anti-EnaFS occurs in 1.6% of warm autoan-
tibody cases. Anti-Wrb is not an uncommon autoanti-
body specificity (Chapter 10).

3.6.3.5 Antibodies produced by MK/MK individuals

Neither of two Japanese men with MK/MK genotype
had been transfused, yet both produced an antibody to
a public antigen [148]. These antibodies did not react
directly with En(a–) cells, but their reactivity with
En(a+) cells was reduced by adsorption with En(a–)
cells. The antibodies, which did not react with siali-
dase or pronase-treated cells and could be inhibited 
by sialoglycoprotein preparations, probably detect a 
Pr-like determinant common to GPA and GPB (see 
Section 3.6.4). The other Japanese propositus [149]

and the Turkish woman [151] made anti-Ena; both 
had been pregnant several times, but had not been
transfused.

3.6.3.6 Monoclonal antibodies to non-polymorphic
determinants on GPA

In 1982, Anstee and Edwards [175] described three
monoclonal antibodies, produced by immunization of
mice with human red cells, which detected different
epitopes on GPA. None was anti-M or anti-N. Many
more monoclonal antibodies to non-polymorphic 
epitopes on GPA have been described since
[48,52,87,176–178]. These antibodies can be loosely
divided into four categories.
1 Antibodies to trypsin-, ficin-, and papain-sensitive
epitopes on GPA, but not GPB (anti-EnaTS). These epi-
topes are either on the N-terminal side of the trypsin
cleavage site at Arg39 or overlap Arg39. They are
mostly within the region of amino acid residues 30–45.
2 Antibodies to trypsin-resistant, but ficin- and 
papain-sensitive epitopes on GPA (anti-EnaFS). These
epitopes are mostly in the region of amino acid
residues 49–58.
3 Antibodies that detect epitopes, usually sialic acid-
dependent, common to GPA and GPB. This epitope is
generally situated within the N-terminal 26 amino
acid acids, which are identical in GPAN and GPB. Anti-
bodies of this type react with En(a–) and S–s–U– cells,
which lack either GPA or GPB, respectively; they do
not react with MK cells, which lack both GPA and
GPB, or with trypsin-treated S–s–U– cells, which lack
GPB plus the N-terminal 39 amino acids of GPA.
4 Antibodies to epitopes on the cytoplasmic C-
terminal domain of GPA. These antibodies do not
react with intact red cells and are usually detected by
immunoblotting.

One murine monoclonal antibody bound to 53Pro-
Pro-Glu-Glu-Glu57 of GPA (anti-EnaFS), but also re-
acted with 395Pro-Pro-Glu-Gln398 of the cytoskeletal
component, protein 4.1 [179]. Monoclonal antibodies
directed at different epitopes on GPA have proved ex-
tremely valuable in the analysis of the many rare MNS
variants described later in this chapter.

3.6.4 Pr and Sa antigens

The protease labile Pr antigens [180,181] were origi-
nally named Sp1 by Marsh and Jenkins [182] and HD
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by Roelcke [183] (Chapter 25). They are generally 
detected by cold-active IgM human monoclonal 
autoantibodies in cold haemagglutinin disease or
postinfection [184], but on rare occasions may be as-
sociated with warm autoimmune haemolytic anaemia
[172,173]. Pr antigens have been subdivided into a
number of subspecificities; Pr1, Pr2, and Pr3 are distin-
guished by chemical modification of sialic acid
residues with periodate oxidation and carbodiimide
treatment (reviewed in [181]). Anti-Sa cold agglu-
tinins are similar to anti-Pr in detecting a sialic acid-
dependent antigen, but anti-Sa react, albeit only weak-
ly, with papain-treated cells [185].

Anti-Pr1, -Pr2, -Pr3, and -Sa react with O-linked
oligosaccharides on sialoglycoproteins [34,186–188].
Most anti-Pr and all anti-Sa recognize immunodomi-
nant a2,3-N-neuraminic acid groups linked to galac-
tose, but a minority of anti-Pr may recognize
a2,6-N-neuraminic acid groups [189]. It is probable
that anti-Pr1–3 detect the predominant form of O-
glycan, the disialotetrasaccharide shown in Fig. 3.2,
and that anti-Sa detects incompletely sialylated glyco-
conjugates (monosialotetrasaccharides) found on the
more internal parts of GPA [181]. GPA and GPB 
express Pr1–3 [34,186,187]; GPA is also Sa-active
[185,187]. Pr2 and Sa are also detected on red cell gan-
gliosides [188]. Pr antibodies agglutinate En(a–) cells
very weakly and do not agglutinate MK cells at all
[18,119,190]. Unfortunately, no adsorption–elution
studies were performed with MK cells, which would be
expected to carry some Pr determinants on other mem-
brane components such as GPC and GPD.

3.7 U antigen and the GPB-deficient
phenotypes S–s–U– and S–s–U+var

3.7.1 U and anti-U

U was the name given by Wiener et al. [15,191] in 1953
to a new high-frequency blood group antigen present
on the red cells of 977 of 989 African Americans and
all of 1100 white Americans. When, in the following
year, Greenwalt et al. [13] found a second example of
anti-U, it became apparent that U was associated with
the MNS system; both U– samples available were also
S–s–, a phenotype not previously encountered. Ad-
sorption and elution studies showed that anti-U was
not a separable mixture of anti-S and -s [13,192].
Greenwalt et al. [13] proposed that the gene that did

not produce any S, s, or U antigen be called Su. As we
now know that this gene cannot strictly be considered
an allele of S and s, the original notation of Wiener 
et al. [191] will be used here; U for the gene producing
U antigen, u for that not producing U antigen.

U– red cells are almost always S–s–, but S–s– cells are
often U+ [16,30,193,194]. S–s–U+ is often referred to
as S–s–U+var [195]. Strength of U antigen expression
on S–s–U+ red cells is variable; adsorption–elution
tests or sensitive agglutination tests with a particularly
potent antibody may be required for its detection
[16,196]. Like S–s–U–, the S–s–U+var phenotype is 
virtually exclusive to people of African origin. About
50% of S–s– red cell samples are U+var [194,197].

The precise serological definition of anti-U is un-
clear, but the term is traditionally used to describe 
antibodies produced by S–s– individuals to high-fre-
quency determinants on GPB. In a study of 17 ‘anti-U’,
Storry and Reid [194] found that five failed to react
with all S–s– red cells. They called these antibodies
anti-U. The other 12, which reacted with S–s–U+var

cells, but not S–s–U– cells, they called anti-U/GPB. By
these definitions, S–s–U– cells are U–, U/GPB–, where-
as S–s–U+var cells are U–, U/GPB+. In this respect, anti-
U and -U/GPB could be considered analogous to
anti-Ena [194]. S–s–U– cells are totally GPB-deficient,
whereas S–s–U+var cells have a variant GPB molecule
that expresses neither S nor s. Following transfusion or
pregnancy, anti-U may broaden in specificity to be-
come anti-U/GPB and react with S–s–U+var red cells
that had previously been non-reactive with serum
from the same patient [198,199].

S–s–U– and S–s–U+var cells usually lack the tryp-
sin-resistant N antigen carried on GPB (‘N’)
[18,30,195,200,201], although Dahr et al. [202] de-
tected weak ‘N’ activity on isolated sialoglycoprotein
from two M+N–S–s–U+var individuals. Consequently,
apart from cells of certain very rare MNS variant 
phenotypes, M+N–S–s– cells are the only cells with 
no obvious expression of N antigen. Immunized N–
U– people are likely to make anti-U and/or potent anti-
N, which reacts strongly with the N antigen on both
GPA and GPB [195].

The low-frequency antigen He is expressed at the N-
terminus of a GPB molecule that does not express ‘N’
(see Section 3.8.3). There is a strong correlation be-
tween expression of variant U antigen and He. Reid 
et al. [197,203] found that 54 (51%) of 106 S–s– red
cell samples reacted with anti-U/GPB, but not anti-U;
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of these 54 S–s–U+var samples, 37 (68.5%) were He+.
None of the S–s–U– red cells that were non-reactive
with anti-U/GPB was He+. PCR with allele-specific
primers revealed that 90% of people with the
S–s–U+var phenotype have a He allele of GYPB; the re-
mainder have an ‘N’ allele of GYPB [203]. This con-
firms that S–s–U+var results from the presence of a
variant GPB molecule (see Sections 3.7.3 and 3.7.4).
Storry and Reid [194] considered that anti-U/GPB
could be categorized as either inseparable anti-
U,N,He or -U,He.

U antigen is generally resistant to denaturation by
sialidase, trypsin, chymotrypsin, papain, and ficin.
However, unusual examples of anti-U do not react
with papain-treated cells and an antibody component
to a papain-sensitive determinant was identified in
about 50% of anti-U sera [204]. An antibody compo-
nent to a papain-sensitive determinant was present in
21 of 40 sera containing anti-U.

S–s–U– red cells do not show most of the unusual
serological reactions associated with reduced sialic
acid that are characteristic of red cells deficient in GPA
(Section 3.6.1.1), though Glycine soja lectin may ag-
glutinate U-deficient cells [205].

Other rare phenotypes in which the red cells may be
S–s–U– are the Rh-deficiency phenotypes (Section
5.16.5) and phenotypes arising from homozygosity
for hybrid genes encoding the rare SAT and Sta anti-
gens (Sections 3.11.3 and 3.15.2).

Further details of anti-U, including clinical signifi-
cance and autoanti-U, can be found in Section 3.20.11.
Anti-UZ and anti-UX are described in Section 3.20.12.

3.7.2 Frequency and inheritance of U

Results of screening donors with anti-U are unreliable,
because they vary according to the proportion of
S–s–U+var samples that give positive or negative results
with the antibody reagent used. Issitt and Anstee [195]
draw attention to six series of tests on red cells from
African Americans. In three series the frequency of U–
is between 0.2% and 0.3%. This probably represents
the true figure for U–. In the other three series, the 
frequency is between 1.2% and 1.4%, probably rep-
resenting not only U–, but also those with a weak 
variant U antigen.

Table 3.2 shows M, N, S, and s phenotype frequen-
cies in African Americans, together with genotypes in
which the S–s– phenotype is assumed to have resulted

from homozygosity for u at the Ss locus. The MN and
Ss haplotype frequencies derived from studies of
African American and African populations shown in
Table 3.4 reflect a similar approach. Of 126 Pygmies
from Zaire, 35% were U– [206]. No S–s–U– individual
was found among 1000 Bantu-speaking people of
Natal [207], whereas three were found among 1000
black antenatal patients from the eastern Cape [208].

No large series of black families has been studied for
MNSs, but a few are described in references [28–30].
In black people it is not uncommon for a S+s– (geno-
type S/u) parent to have a S–s+(s/u) child, or for a
S–s+(s/u) parent to have a S+s– (S/u) child.

Although extremely rare, u and the U– phenotype
have been identified in people of non-African descent.
Four S–s–U– members were found in a white family
from France [209] and four S–s–U– individuals were
found in a family originating from India [210]. Six 
of 324 Finnish Lapps [19] and two of 63 Central
American Indians from Honduras [20] were S–s–.
Presence of a u gene in white families has often been
used to explain otherwise unlikely parentage exclu-
sion through Ss groups [18,211–214]. Although this
proposal is usually backed-up with serological evi-
dence from dosage studies with anti-S, -s, and even
anti-U, dosage effects with anti-U are generally very
difficult to detect [215].

3.7.3 Biochemistry

S–s–U– red cells are deficient in GPB. This has been
demonstrated by failure to inhibit anti-S, -s, or -U with
sialoglycoproteins isolated from S–s–U– cells [216], by
SDS PAGE of red cell membranes or isolated sialogly-
coproteins [200,202,209,216–218], and by im-
munoblotting with antibodies and lectins directed at
determinants on GPB [49,50,209,217]. Red cells of in-
dividuals heterozygous for u have roughly half of the
normal quantity of GPB [200,201,216].

By heavy loading of gels, Dahr et al. [202] were able
to detect small quantities of GPB, about 2–3% of nor-
mal, on S–s–U+var cells. GPB normally carries about 11
O-glycans, and S–s–U– and S–s–U+var red cells demon-
strate a reduction in sialic acid by about 15% com-
pared with normal cells [216,219]. Cells of individuals
heterozygous for u have about a 9% sialic acid reduc-
tion [216]. Unlike En(a–) and MK, the GPA-deficiency
phenotypes, S–s–U– is not associated with any appar-
ent alteration of band 3 [216].
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U appears to be a labile structure requiring lipid for
full expression [220]. In this respect it resembles
EnaFR, which is located close to the membrane on
GPA (Section 3.6.3). From the results of anti-U
haemagglutination inhibition tests with GPB extracts,
in the presence of lipids, Dahr and Moulds [220] pro-
posed that amino acid residues 33–39 of GPB are es-
sential for U antigen expression. Unlike S and s, U
escapes denaturation by chymotrypsin treatment of
intact cells, because the cleavage site for chymotrypsin
is between residues 32 and 33.

3.7.4 Molecular genetics

The S–s– phenotype has two major molecular back-
grounds. In about 53% of S–s– African Americans
there is a substantial deletion of GYPB, encompassing
exons B2–6 of GYPB and also including exon E1 of
GYPE [94,98,217,221,222] (see Fig. 3.8). Homozy-
gosity for this deletion is probably responsible for the
S–s–U– phenotype.

The molecular basis for S–s–U+var is less clear.
S–s–U+var phenotypes probably arise from the pres-
ence of abnormal GYPB-like genes that usually ex-
press an He-specific sequence within exon B2 [203],
the most common of which is a phenotype called
GP.He(P2) [223] present in about 42% of S–s– African
Americans [222]. In addition to a GYPA insert within
exon 2 responsible for He expression (see Section
3.12.2), splice site mutations at the 3¢ end of exon B5
and near to the 5¢ end of the adjacent intron (position
+5) result in complete skipping of exon B5 and a read-
ing frameshift within exon B6. The skipping of exon
B5 leads to the loss of the region that usually consti-
tutes the membrane-spanning domain of GPB. The
reading frameshift abolishes the translation stop
codon close to the 5¢ end of exon B6 so that the C-ter-
minus of the glycoprotein is elongated by a novel se-
quence of 41 amino acids. Expression of He antigen on
intact red cells and immunoblotting experiments
demonstrated that this abnormal GPB was present in
the membrane. The novel amino acid sequence encod-
ed by exon B6 is highly hydrophobic and is, presum-
ably, utilized as a membrane-spanning domain (Fig.
3.9). Furthermore, fusion of the extracellular domain
to an abnormal hydrophobic sequence must be re-
sponsible for the failure of the structure to express S or
U (although U/GPB is expressed), despite the presence
of a linear sequence for these antigens. This demon-

strates the conformational importance of the region
around the insertion of GPB into the membrane for 
expression of S, s, and U antigens.

3.8 M and N variants representing amino
acid substitutions within the N-terminal
region of GPA and GPB

M and N antigens are determined by the sequence and
glycosylation of the N-terminal five amino acids of
GPA and GPB (Table 3.7). Amino acid substitutions
within this pentapeptide may affect expression of M or
N and may create a new antigen. Three such variants
are described in this section: Mg and Mc on GPA; He on
GPB.

3.8.1 Mg (MNS11)

Mg, a very rare antigen first described by Allen et al.
[224] in 1958, is encoded by a gene that produces vir-
tually no M or N antigen. Undetected, an Mg allele in a
family could result in apparent exclusion of parentage
as an M+N– (M/Mg) parent can have a M–N+ (N/Mg)
child.

Tests with anti-Mg on over 100 000 English and
American blood donors revealed no Mg+ sample
[225]. In Swiss and Sicilians a much higher incidence
of about one in 600 was found [225–227] (Table 3.9).
Analysis of 21 Swiss families with the mating type Mg+
¥ Mg– and a total of 51 children confirmed that Mg

behaves as an allele of M and N [225,226]. In two
Bostonian families [224,270], a family from mainland
Italy [227], and all of the Swiss families [225,226], Mg

was aligned with s; in four families of Sicilian origin
[227,271], the alignment was MgS. The Mg+ daughter
of one of the Swiss propositi was found to have an Mg+
husband and an M–N–Mg+ child [225], the only
known person homozygous for Mg and the source of
much of our serological and biochemical knowledge
of Mg.

Red cells from the Mg homozygote have a reduction
in sialic acid level of about 12% from normal; het-
erozygotes have a 7% reduction [152]. They demon-
strate many of the serological and physicochemical
features characteristic of cells with reduced membrane
sialic acid levels [137] (described in Section 3.6.1.1).
Like M and N, Mg is denatured by treatment of 
the cells with trypsin, but not chymotrypsin
[153,272,273]; unlike most anti-M and -N, anti-Mg
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generally react with sialidase-treated Mg+ cells
[71,274,275].

In 1981, three research teams showed that the Mg

phenotype results from a threonine to asparagine sub-
stitution at position 4 of GPAN [272,275–277], the re-
sult of a point mutation in an N allele of GYPA [66].
This asparagine residue is not glycosylated and the
amino acid substitution also prevents, or at least 
grossly reduces, glycosylation of the serine and threo-
nine residues at positions 2 and 3, a total reduction of
three O-glycans responsible for a degree of sialic acid
deficiency (Table 3.7).

Although Furthmayr et al. [275] detected no glyco-
sylation of residues 2 and 3 of GPAMg, Dahr et al.
[276] found them to be glycosylated in up to 25% of
GPAMg molecules. Furthermore, 30% of GPAMg

molecules lack the N-terminal leucine residue 
and up to 10% lack N-terminal leucine and serine
residues, probably because of in vivo action of 
amino-peptidase [84].

Anti-Mg is easily inhibited by the glycosylated N-
terminal octapeptide cleaved from GPAMg, but not by
that from GPAN [275]. Haemagglutination inhibition
studies with various synthetic peptides and glycopep-
tides representing the N-terminal region of GPA
showed that most anti-Mg primarily recognize a non-
glycosylated structure with N-terminal leucine; only a
minority are dependent on Asn4 [278,279]. Glycosy-
lation of Mg-active peptides at positions 2, 3, or 4 
abolishes Mg activity [278]. Two murine monoclonal
anti-Mg have been produced [280]: for one the epitope
is dependent on Glu5, but not Asn4; for the other, Leu1
and Asn4 were the most essential components of the
epitope.

Judd et al. [71] found that one of six Mg antibodies
reacted with a sialic acid-dependent antigen. Perhaps
this antibody detects a determinant on the minority
glycosylated form of GPAMg [34]. A variant of Mg, in
which the cells reacted with only two of six anti-
Mg, had the same N-terminal amino acid sequence as
normal GPAMg, but up to 75% of these aberrant
GPAMg molecules were glycosylated at residues 2 and
3 [281].

Roughly half of the monoclonal anti-M tested re-
acted with cells of Mg/N or Mg/Mg individuals and, on
immunoblots, bound to GPA of reduced molecular
weight characteristic of Mg [48,176,282–284]. The
epitope detected by monoclonal anti-M that aggluti-
nate M–Mg+ red cells is dependent on Val6 and Met8

of deglycosylated GPA (as occurs in GPAMg), but also
requires Gly5 when the GPA is normally glycosylated
[285]. Monoclonal anti-N may agglutinate cells from
Mg/M or Mg/Mg individuals [48,239], but bind to GPB
and not GPAMg on immunoblots [286]. Immunoblot-
ting of Mg+ cells with anti-Mg, polyclonal or mono-
clonal, revealed only the GPA molecule of reduced
molecular weight (GPAMg) [239,284].

Mg+ red cells reacted with anti-DANE (-MNS32)
and with the original anti-Mur (Murrell), but not with
14 other examples of anti-Mur [284]. Immunoblot-
ting showed that the Murrell anti-Mur was binding
GPAMg. A possible explanation for these reactions is
provided in Section 3.14.2.

3.8.1.1 Anti-Mg

Mg is extremely rare, yet anti-Mg is possibly the most
common MNS antibody [18]. In four separate search-
es for anti-Mg in sera of normal people the following
frequencies were obtained: four from 500 sera (0.8%)
in the USA [224]; 23 from 703 (3.3%) [18] and six
from 340 (1.8%) [153] in England; 12 from 1614
(0.7%) in India [238]. In order to explain the high inci-
dence of anti-Mg, Dahr et al. [276,279] speculated that
people might be exposed to Mg-like structures by re-
moval of carbohydrate from normal glycophorin dur-
ing natural red cell destruction. Anti-Mg in 17.6% of
sera from Liberia was attributed to the high level of
parasitic infection [287].

Anti-Mg has been produced in rabbits [288] and as
murine monoclonal antibodies [280].

3.8.2 Mc (MNS8)

Despite having an International Society of Blood
Transfusion (ISBT) red cell antigen number, Mc cannot
strictly be regarded as a blood group antigen as no
anti-Mc exists. Mc is often considered to represent an
intermediate between M and N.

Mc, a rare allele of M and N found by Dunsford et al.
[289] in an English family, produces a determinant
that reacts with the majority of anti-M (as demonstrat-
ed by the red cells of the N/Mc member of the family)
and with the minority of rabbit anti-N (as demonstrat-
ed by the two M/Mc members). Mc has subsequently
been defined by a pattern of reactions with known
anti-M and -N reagents. Several more examples of Mc

have been reported, all in people of European origin
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Table 3.9 Incidence of MNS-associated low frequency antigens (in ISBT number order).

Antigen
Antigen Population No. tested No. positive frequency (%) References

He (MNS6) African Americans 6 997 207 2.958 [24,228–230]
West Africans 1 428 38 2.661 [231]
Congolese 70 10 14.286 [230]
South African Bantu 4 000 247 6.175 [232]
Pygmy Bush people 428 32 7.477 [233]
African Bushmen 188 4 2.128 [234]
Hottentots 201 21 10.448 [234]
Papuans 33 3 9.091 [235]
Europeans 1 500 0 [231]
White New Yorkers 5 00 4 0.800 [24]
White South Africans 1 000 0 [232]

Vw (MNS9) White people 52 635 30 0.057 [18]
Grisons, SE Switzerland 1 541 22 1.428 [18]
Thais 2 500 1 0.040 [236]

Mur (MNS10) Thais 2 500 1 9.640 [236]
Minnan Chinese (Taiwan) 400 18 4.500 [237]
Hakka Chinese (Taiwan) 100 3 3.000 [237]
Ami Taiwanese 138 122 88.406 [237]
Bunun Taiwanese 100 0 [237]
White people 50 101 6 0.012 [18]

Mg (MNS11) Boston, USA 44 000 0 [225]
English 61 128 0 [225]
Swiss 6 530 10 0.153 [225,226]
Sicilians (in Belgium) 1 889 3 0.159 [227]
Italians (in Belgium, non- 4 408 1 0.023 [227]

Sicilians)
Belgians 36 683 0 [227]
Bombay 9 000 2 0.022 [238]
African Americans 4 254 0 [239]

Vr (MNS12) Dutch 1 200 3 0.250 [240]

Mta (MNS14) White Americans 11 907 28 0.235 [241]
Swiss (Zürich) 1 435 5 0.348 [18]
Irish 1 000 0 [242]
African Americans 1 007 1 0.099 [241]
Thais 318 3 0.943 [243]

Sta (MNS15) Chinese 490 8 1.633 [244,245]
Japanese 220 14 6.364 [245]
English 17 013 20 0.118 [246]

Ria (MNS16) Londoners 70 501 1 0.001 [246,247]

Cla (MNS17) Europeans 12 541 0 [18,248]
Nya (MNS18) Norwegians 9 687 18 0.186 [249–251]

Swiss 9 395 1 0.010 [18]
Germans 20 000 0 [252]
Americans 7 400 0 [253]
African Americans 350 0 [254]
Japanese 3 281 0 [254]
Chinese 1 032 0 [254]

Continued



CHAPTER 3

124

[18,290]. Mc exists as Mcs and McS [18,289,290]. Be-
cause anti-Mc does not exist, there is very little infor-
mation on the frequency of Mc. Metaxas et al. [290]
screened red cells of 3895 Swiss with anti-M and -N
reagents designed to disclose MN variants and found
one Mc/M individual.

The serological behaviour of Mc cells was explained
in 1981 when the N-terminal amino acid sequence of
GPAMc was determined [275,291]. At position 1 is
serine, characteristic of M, and at position 5 is glu-
tamic acid, characteristic of N (Table 3.7). Residues 2,
3, and 4 have normal glycosylation. If Mc represents
an evolutionary link between M and N, the rarity of
Mc suggests that it might have been at some selective
disadvantage to M and N.

The reactivity of the majority of anti-M and minori-
ty of anti-N with Mc cells shows that, for most anti-
bodies, it is the N-terminal amino acid residue that is
recognized, although the residue at position 5 is im-
portant for some. This applies not only to polyclonal
rabbit and human reagents [18,289], but also to 
monoclonal antibodies [48,176,282,292].

3.8.3 He (MNS6) and Me (MNS13)

3.8.3.1 He

The original anti-He was found by Ikin and Mourant
[293] in a rabbit serum containing anti-M. Another
example was made deliberately by immunizing a rab-

Table 3.9 Continued

Antigen
Antigen Population No. tested No. positive frequency (%) References

Hut (MNS19) White people 32 591 21 0.064 [18]
Thais 2500 1 0.040 [236]

Mv (MNS21) English 2 372 14 0.590 [255]

Far (MNS22) Europeans 15 373 0 [256,257]

sD (MNS23) White South Africans 1 000 1* 0.100 [258]
Black South Africans 1 000 0 [258]
Indian South Africans 500 0 [258]
‘Coloured’ South Africans 1 000 1 0.100 [258]

Mit (MNS24) Canadians 3 311 4 0.121 [259]
North Londoners 8 278 7 0.085 [260]
Africans 662 0 [259]
African East Indians 500 0 [259]
Manitoba Cree 555 0 [259]

Dantu (MNS25) African Americans 3 200 16 0.500 [261]
N London (mostly white) 44 112 1† 0.002 [262]

Hop (MNS26) Thais 2 500 17 0.680 [236]

Nob (MNS27) English 4 929 3 0.061 [263]
Mixed race Americans 1 766 0 [264]

Or (MNS31) English 887 0 [265]
African Americans 163 1 0.613 [265]
Japanese 17 200 2 0. 012 [266]

DANE (MNS32) Danes 467‡ 2 0.428 [267]

SAT (MNS36) Japanese 10 480 1 0.010 [268]

Osa (MNS38) Japanese 50 000 0 [269]

*Member of original family [258].
†Black/Indian/English/French donor from Maurutius.
‡Trypsin-treated cells screened with anti-M.
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bit with He+ red cells, the cells of Mr Henshaw from
whom the antigen derived its name [231]. Human 
alloanti-He have been identified since [18,294,295].
Monoclonal anti-He were produced by immunizing
mice with He+ red cells [87,228].

He antigen is found in about 3% of African 
Americans and in various African populations with a
similar or higher incidence (Table 3.9). He is very rare
in white people; no example was found in 1500 Euro-
peans [231] or 1000 white South Africans [232], but
four He-positives were found among 500 white New
Yorkers [24]. He may be associated with MS, Ms, NS
or Ns, predominantly with NS in black New Yorkers
[229] and West Africans [231], with MS in Congolese
[235], and with Ns in Papuans [235].

Judd et al. [296] suggested that an He+ woman who
had made potent anti-N and whose red cells lacked all
expression of N antigen, including the ‘N’ antigen 
associated with GPB, had the genotype MsHe/Mu .
The gene complex encoding He was producing no ‘N’,
suggesting that He is located on GPB. Biochemical
analysis of GPB from He+ red cells confirmed the asso-
ciation with GPB and explained the absence of ‘N’.
Three of the five N-terminal amino acid residues of
GPBHe differ from those of normal N-active GPB:
tryptophan replaces leucine at position 1; serine re-
places threonine at position 4; glycine replaces glutam-
ic acid at position 5 [297]. Glycosylation of this region
is unchanged as the serine residue at position 4 of
GPBHe is O-glycosylated (Table 3.7). Immunoblot-
ting with human and mouse anti-He confirmed the 
location of He antigen on GPB [228,298]. As would be
expected of a determinant on GPB, He is resistant to
trypsin treatment of the red cells, but weakened or
abolished by chymotrypsin treatment [273,296,297].
The requirement for sialic acid is variable [71,297].

DNA analysis has shown that He is associated with
GYPB in which a small segment, including part of
exon B2 and intron B2, have been replaced by the ho-
mologous segment from GYPA [298]. Huang et al.
[298] propose that a gene conversion event was re-
sponsible for creating this GYP(B–A–B) gene (see 
Section 3.10). A number of untemplated nucleotide
changes would have occurred during the gene 
conversion, some of which produced the amino acid
sequence characteristic of the He antigen. He-
active glycophorins are produced by several other 
hybrid genes (Fig. 3.9) discussed elsewhere in this
chapter: GYP(B–A–B)He(P2) (Section 3.7.4);

GYP(B–A–B)He(GL) (Section 3.12.2); and
GYP(B–A–B–A)Cal (Section 3.15.2.5).

Serological and immunochemical studies with 
monoclonal anti-He revealed a marked variation in
He antigen strength [197,228]. Reid et al. [197] divid-
ed He expression into strong (Hes), moderate (Hemod),
and weak (Hew). Hes is associated with S/s+U+ pheno-
types, Hew with S–s– phenotypes, and Hemod with 
either S/s+ or S–s– phenotypes (see Section 3.7). Hew

only reacted serologically with undiluted monoclonal
and rabbit anti-He, and not at all with human anti-He.
Ninety per cent of S–s– red cell samples that reacted
with anti-U/GPB had the nucleotide sequence charac-
teristic of He [203].

Of 38 He+ donors of African origin, all with the nor-
mal (strong) He antigen, 35 (92%) were S+ [228]. As
about 30% S+ would be expected for the whole popu-
lation, the GYP(B–A–B) gene encoding He usually
produces S.

3.8.3.2 Me

Wiener and Rosenfield [299] described a rabbit anti-
M that unexpectedly reacted with M–N+He+ cells.
Anti-M and -He activity could not be separated by ad-
sorption and elution tests and the determinant shared
by M and He was named Me. Twenty years later the
first human anti-Me was found [295]. Whereas 
the rabbit anti-Me had reacted preferentially with M,
the human antibody reacted equally strongly with
M+He– cells and M–He+ cells. Anti-Me was found to
be present in nine of 14 anti-M sera from M–N+ Israeli
blood donors [300] and five of nine monoclonal ‘anti-
M’ had anti-Me activity [301]. Reactivity of anti-Me

with M+He– cells is trypsin-sensitive; reactivity of
anti-Me with M–He+ cells is trypsin-resistant [300].
On immunoblots, monoclonal anti-Me stains GPA on
M+He– membranes, GPB on M–He+ membranes, and
both GPA and GPB on M+He+ membranes.

The existence of anti-Me is no surprise. Anti-M that
are dependent on the presence of terminal leucine will
not react with an He determinant on GPB, but anti-M
that recognizes glycine at position 5 of GPA would be
expected to react with GPAM and GPBHe (Table 3.7).

3.9 The Miltenberger series

Miltenberger is a series of relatively rare phenotypes
associated with the MNS system, related to each other
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through the overlapping specificities of a number 
of low frequency alloantigens. The characteristics 
that place an MNS variant phenotype into the 
Miltenberger series, rather than just being considered
as one of the many MNS variants, are purely serologi-
cal and some of these serological connections between
the categories are tenuous. It is no longer feasible to ex-
pand the Miltenberger series to accommodate new
phenotypes, or to incorporate some existing MNS
variant phenotypes, such as Mg, which would become
candidates for inclusion on the grounds of serological
findings. Although the Miltenberger classification is
now obsolete, it is mentioned here because it has ap-
peared in the literature for many years and still contin-
ues to do so. Described below is a brief history of the
Miltenberger series followed by an outline of an alter-
native notation proposed by Tippett et al. [302] and
designed to encompass all variant MNS phenotypes.
The Miltenberger classes, together with the new termi-
nology, are listed in Table 3.10. A review by Dahr
[307] puts an alternative point of view by asserting
that the Miltenberger subsystem should be expanded
to incorporate new findings.

Cleghorn [308] initiated the Miltenberger series in
1966 in an attempt to bring some order to a complex
pattern of reactions with several different antibodies
to low incidence antigens. These antibodies were 
categorized into four type sera:
1 Verweyst (Vw), also called Graydon (Gr)
[305,309];
2 Miltenberger (Mia) [310];
3 Murrell (Mur) [311];
4 Hill (Hil) [18].

These four type sera defined four phenotypes:
Class I in which the cells are Mi(a+) Vw+;
Class II initially [312,313] Mi(a+) Vw–, but later
found also to react with anti-Hut [308,313];
Class III Mi(a+), Mur+, Hil+, and Hut+; and
Class IV Mi(a+), Mur+, Hut+.

The original association with the MNS system orig-
inated from the observation that Vw appeared to be 
inherited with MNS [314]. Cleghorn [308] named the
series Miltenberger after the type serum that reacted
with red cells of all four classes. Six more classes have
been added since (Table 3.10). The original meaning of
anti-Hut has been changed. Giles [273,304] has sug-
gested that Hut is specific for Class II, the original reac-
tivity with cells of other classes being a result of a
mixture of anti-Hut and -Mur. As these two specifici-

ties cannot always be separated, Giles’s revised defini-
tion of anti-Hut (specific for Class II cells) is used in
Table 3.10 and the term anti-MUT is used for the in-
separable anti-Mur+Hut originally called anti-Hut by
Cleghorn [308].

A fifth class was added to the series in 1970 
[255]. Mi.V cells do not react with any of the anti-
bodies found in Miltenberger type sera, but were in-
cluded because, like Mi.III cells, they reacted with
anti-Hil.

Miltenberger became even more complex with the
addition of three more classes—Mi.VI, Mi.VII, and
Mi.VIII [273,315,316]—following the identification
of three more type sera, Anek, Raddon, and Lane
[263,304]. Giles [273] proposed that Miltenberger
could be simplified by considering determinants rather
than type sera and by dismissing some weak reactions
as cross-reactivity. Anek serum, which subdivided
Mi.III into Mi.III (Anek–) and Mi.VI (Anek+), and
also reacts with Mi.IV cells, became anti-Hop. 
Raddon and Lane type sera became anti-Nob. Mi.VII
cells react with anti-Nob, but not anti-Hop; Mi.VIII
cells react with both anti-Hop and anti-Nob (Table
3.10). Even this explanation is an oversimplification;
some of the further complexities of Hop and Nob
specificity are described by Tippett et al. [302].

Miltenberger class IX was introduced by Skov et al.
[267] in 1991 when they found four propositi with
Mur+ cells that also reacted with anti-DANE, a new
antibody specific for Mi.IX. Despite being Mur+,
Mi.IX cells are MUT–. Mi.X, added in 1992, is repre-
sented by red cells that are Hil+ and MUT+, yet 
Mur– and Hut– [317]. Mi.XI was added [307] for the
phenotypes of two propositi, JR and JL, on the basis 
of the reactions of their red cells with anti-TSEN 
and -MINY [318,378].

The notation proposed by Tippett et al. [302] re-
places the Miltenberger classes with a symbol com-
prising GP (for glycophorin) followed, after a full stop,
by the abbreviated name of the first propositus (with
the exception of Mi.V where the familiar name Hil is
used). So, for example, for Mi.III, Mur is the abbrevi-
ated name of the first propositus, GP.Mur is the pheno-
type, GP(B–A–B)Mur the variant glycophorin, and
GYP(B–A–B)Mur the gene that produces it. This nota-
tion can also be used for other abnormal MNS pheno-
types, thus abolishing the concept of the Miltenberger
subsystem. The new terminology will be used for the
rest of this chapter, and the ‘Miltenberger phenotypes’
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Table 3.10 Serological definition of the Miltenberger phenotypes and a replacement notation proposed by Tippett et al. [302]
(and slightly modified [303]).

New 
Antigens

Mi class notation Mia Vw Mur Hil Hut* MUT† Hop Nob DANE TSEN MINY

I GP.Vw + + - - - - - - - - -
II GP.Hut + - - - + + - - - - -

III GP.Mur + - + + - + - - - - +
IV GP.Hop + - + - - + + - - + +
V GP.Hil - - - + - - - - - - +

VI GP.Bun + - + + - + + - - - +
VII GP.Nob - - - - - - - + - - -
VIII GP.Joh - - - - - - + + - NT -
IX GP.Dane - - + - - - - - + - -
X GP.HF‡ + - - + - + - - - - +

XI GP.JL - - - - - NT - - - + +

*As defined by Giles et al. [273,304].
†Originally called Hut [18,305,306].
‡GP.HF previously named GP.Mor [302].
NT, not tested.

will be described more fully in various sections accord-
ing to their biochemical basis. For the convenience of
readers more accustomed to Miltenberger classes,
these will be provided in parentheses at regular 
intervals.

3.10 Hybrid glycophorins and the low
frequency antigens associated with them

In 1979, Anstee et al. [218] looked to haemoglobin to
provide an explanation for the unusual serological and
biochemical characteristics observed with red cells of
the GP.Hil (Mi.V) phenotype. The model illustrated in
Fig. 3.10 predicts that misalignment between GYPA
and GYPB, followed by unequal crossing-over, results
in the production of two new haplotypes. In one there
is a loss of GYPA and GYPB and the formation of a
novel fusion gene that produces a GP(A–B) hybrid
molecule made up of the N-terminal region of GPA and
the C-terminal region of GPB. This is often referred to
as the Lepore type of hybrid glycophorin, after the
analogous rare haemoglobin variant Lepore in which
the non-a chain is a hybrid comprising a fusion of part
d-chain and part b-chain [319]. In the opposite haplo-
type, formed at the same event (anti-Lepore), not only
is a hybrid gene predicted that produces a GP(B–A) gly-
coprotein consisting of the N-terminus of GPB and the

C-terminus of GPA, but also normal GYPA and GYPB
flanking the hybrid gene.

There is now substantial evidence confirming the
validity of Anstee et al.’s [218] proposal. Lepore type
hybrids may explain the unusual MNS phenotypes as-
sociated not only with GP.Hil, but also with several
other variants including En(UK) and GP.Sat. Anti-
Lepore haplotypes are responsible for the unusual
phenotypes associated with expression of Dantu and
Sta antigens. It is likely that chromosomal misalign-
ment, involving GYPA and GYPB, occurs as a result of
the homology that occurs between some regions of
those genes. Intron 3 of GYPA and the homologous in-
tron of GYPB appear to be particular hotspots for 
recombination (reviews in [36,320]).

More complex GP(B–A–B) and GP(A–B–A) hybrids
also exist, the former being a GPB molecule with a
small GPA insert and the latter a GPA molecule with a
GPB insert. The likelihood of two crossing-over events
occurring in such close proximity is small, so gene 
conversion provides a more likely explanation for
these aberrant glycophorins [36]. The mechanism of
gene conversion is poorly understood, but it is a non-
reciprocal exchange of genetic material from one ho-
mologous gene to another resulting in a small segment
of one gene being replaced by the equivalent segment 
of its homologue. A model for gene conversion is 



CHAPTER 3

128

illustrated in Fig. 3.11. In some cases, the insertion 
of a functional splice-site consensus sequence from
GYPA into GYPB has led to the expression of the
GYPB-pseudoexon [36].

The creation of novel amino acid sequences by the
production of hybrid glycophorins often results in the
expression of low frequency antigens. Some of these
amino acid sequences and their associated antigenic
determinants may arise by more than one genetic
mechanism. The various hybrid glycophorin mole-
cules and their associated low frequency antigens will
be described in Sections 3.11–3.15.

Figure 3.9 shows the rare phenotypes resulting from
hybrid glycophorins, the haplotypes that produce
them, and a diagrammatic representation of the hy-
brid glycophorins. Often it is not possible to determine
the precise location of recombination sites. In Fig. 3.9
the smallest possible insert is assumed.

3.11 GP(A–B)-associated variants 
(Lepore type)

3.11.1 GP.Hil (Mi.V) and the Hil (MNS20)
antigen

Red cells of a new phenotype identified by Crossland et
al. [255] reacted with anti-Hil, which also reacted with
GP.Mur (Mi.III) cells, but they did not react with anti-
Mur (Table 3.10). Family studies have shown that the
gene for GP.Hil may be inherited with weakened N 

or M and elevated expression of s [144,145,159,
255,322].

Owing to the shortage of anti-Hil, no frequency
studies have been reported. All the recorded GP.Hil in-
dividuals are probably of European origin.

Since Anstee et al. [218] suggested that the unusual
glycophorins associated with GP.Hil (Mi.V) repre-
sented a Lepore type of hybrid glycophorin, its dimer,
and its heterodimers with GPA and GPB, substantial
serological and biochemical supportive evidence has
followed [49,91,144,145,159,323,324]. This was fa-
cilitated by the finding of an M–N+S–s+ Spanish-
American woman homozygous for the GP.Hil gene
[159] and of two individuals heterozygous for the
GP.Hil gene and MK [144,145]. Immunochemical
studies revealed only two structures, the putative hy-
brid (apparent Mr 40 000) and its dimer. Antibodies to
the N-terminal region of GPA bound to the putative
hybrid molecule; those to the C-terminal domain did
not. The final proof that GP.Hil is a hybrid gly-
cophorin molecule came from an analysis of the 
genomic DNA [91,97,103,325]. GYP(A–B)Hil
comprises exons A1–A3 of GYPA fused to exons B4–6
of GYPB (Fig. 3.9). The crossing-over point is locat-
ed within intron 3 of GYPA and GYPB [97,325]. The
primary structure of the polypeptide encoded by
GYP(A–B)Hil therefore comprises amino acid
residues 1–58 of GPA fused to residues 27–72 of GPB.

It is now possible to provide biochemical explana-
tions for many of the unusual serological characte-

Fig. 3.10 Model demonstrating
development of hybrid genes
involving GYPA and GYPB by
chromosomal misalignment and
unequal crossing-over. (a) The two
homologous genes become
misaligned at meiosis and intergenic
crossing-over occurs. (b) Result: one
haplotype containing a GYP(A–B)
fusion gene and another haplotype
containing a GYP(B–A) fusion gene
flanked by normal GYPA and
GYPB. The two hybrid genes
produced are typical of those
encoding GP(A–B)Hil and
GP(B–A)Sch.

GYPA GYPB

3’

3’
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ristics of GP.Hil red cells, especially those of
GYP(A–B)Hil homozygotes (and heterozygotes with
MK).
1 Reduced M or N expression; no ‘N’. The N-
terminus of the hybrid glycophorin carries M or N, al-
though the gene produces less GP(A–B) than GPA pro-
duced by a normal gene [91,218,326]. These M or N
antigens are trypsin-sensitive because of an intact
trypsin cleavage site at amino acid residue 39 of GPA.
There is no trypsin-resistant ‘N’ because no GPB is
produced.
2 Elevated s expression. The hybrid contains Thr29 of
GPB responsible for s expression. Although there is
less GP(A–B) than normal GPA, there is substantially
more than normal GPB. U antigen is also produced.
3 Presence of EnaTS and EnaFS; very weak expression
of EnaFR; absence of Wrb. The part of GPA associated
with trypsin- and ficin-sensitive determinants is re-
tained in the hybrid, that associated with Wrb and
most of EnaFR are lost. EnaFR is detectable only by 
adsorption experiments [159]. The homozygous
GYP(A–B)Hil woman and those women heterozy-

gous for GYP(A–B)Hil and MK were found because
they had produced anti-Wrb (and/or anti-EnaFR)
[144,145,159].
4 Serological characteristics associated with reduced
red cell surface sialic acid [131,144,159] (described
for En(a–) in Section 3.6.1.1). Red cells of
GYP(A–B)Hil homozygotes and heterozygotes have
about 53% and 80% of normal sialic acid, respec-
tively [140,159].
5 Hil antigen. Hil, which is trypsin-resistant, repre-
sents the unique amino acid sequence present at the
point of fusion of GPA and GPB, but only when the
third amino acid residue of the GPB derived sequence
is threonine (representing s). More details on the Hil
antigen are provided in Section 3.14.1.

3.11.2 GP(A–B) hybrids associated 
with S antigen

Johe et al. [327] described an M+N+S+s+ individual
(JL) heterozygous for Ns and a gene producing a hy-
brid glycophorin. The red cells were Hil– and had 
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(b)

(c)

GYPA

GYPA
GYPA being repaired

GYPA

Damaged GYPA

GYPB

GYPB

GYPB + invading strand

GYPA
Repaired GYPA
GYP (B-A-B)
GYPB

Fig. 3.11 A model for gene conversion occurring as the result of damage repair to GYPA and involving homologous regions of
GYPA and GYPB. (a) GYPA/GYPB heteroduplex, resulting from chromosomal misalignment, with a nick in one GYPA strand.
(b) An extra copy of one strand of the GYPA DNA is synthesized, displacing the original copy, which pairs with one strand of the
homologous region of the GYPB DNA. The unpaired region of GYPB is then degraded. (c) Result: one GYPB gene contains a
short segment of GYPA DNA. After [321].
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unusual S; they reacted with only 14 of 19 anti-S. The
hybrid glycophorin is identical to GP(A–B)Hil apart
from having methionine instead of threonine at posi-
tion 61 (equivalent to position 29 of GPB), explaining
the S activity (Fig. 3.9). Genomic sequencing has
shown that GYP(A–B)Hil and GYP(A–B)JL differ in
the location of the crossing-over sites within intron 3
[325]. A purine-rich sequence, AAAGT, orientated in
either forward or reverse direction, was identified
within the crossing-over region of both hybrid genes.
A single nucleotide substitution in exon 4 of
GYP(A–B)Hil and GYP(A–B)JL, responsible for the
Thr/Met and S/s differences, showed that different
GYPB alleles had participated in the recombination
events responsible for the generation of these two hy-
brid genes [325]. GP.JL has also been referred to as
Mi.XI [307].

Other examples of GP(A–B)JL have been described
in people of European origin and in Chinese
[160,161,170,318,328,329]. A similar phenotype
was found in a Spanish-American woman (AG) who
appeared to be homozygous for genes producing
GP(A–B) hybrid glycophorins carrying M and S, but
whose red cells were weakly Hil+ [330]. Most of 
the propositi had produced anti-Ena and/or 
anti-Wrb.

All these S-active GP(A–B) hybrids express TSEN
antigen, whereas the s-active GP(A–B)Hil molecule
does not [318] (see Section 3.14.1).

3.11.3 SAT (MNS36)

A new low incidence antigen called SAT, found in two
Japanese families, is described here because it is associ-
ated with a novel Lepore type of hybrid glycophorin in
one of the families [268]. The second SAT+ propositus
was found as a result of screening 10 480 Japanese
blood donors (Table 3.9). Four examples of anti-SAT
are known.

The red cells of one of the SAT+ propositi (TK), who
had produced anti-Wrb and/or anti-EnaFR, were
M–N+S–s–U– EnaTS+ EnaFS+ EnaFR– Wr(b–). The re-
sults of SDS PAGE and immunoblotting were consis-
tent with the propositus being homozygous for a gene
producing a GP(A–B) hybrid. All SAT+ members of his
family had the same variant glycophorin; the SAT–
members did not. Unlike all other GP(A–B) molecules
described, GP(A–B)TK did not express S, s, or U [268].
Analysis of cDNA demonstrated that GP(A–B)TK is

encoded by a gene comprising exons A1–4 of GYPA
and B5 and B6 of GYPB, with a crossover point within
intron 4 [331] (Fig. 3.9). This represents the reverse
arrangement to that seen in GP(B–A)Dantu (Section
3.15.1). GP(A–B)TK is a 104 amino acid glycoprotein
with the novel sequence Ser-Glu-Pro-Ala-Pro-Val 
produced by the junctions of exons A4 and B5 
[331]. This sequence may represent the SAT antigen.

In the only other family with SAT+ members there
was no sign of a hybrid molecule and SAT appeared to
be associated with normal GPA and GPB, except that
the GPA carried a very weak M antigen [268].
Uchikawa et al. [332] found six more SAT+ propositi
in Japan, three with the GP(A–B) hybrid glycophorin
and three with apparently normal GPA and GPB.
Analysis of GYPA cDNA from the latter type revealed
an insert, between exons A4 and A5, of nine nucleotide
bases derived from the 5¢ end of exon B5 of GYPB.
This predicted an insert of Ala-Pro-Val in a GPA mole-
cule, creating the SAT specific sequence of Ser-Glu-
Pro-Ala-Pro-Val.

3.11.4 En(UK)

En(UK) is one of the genes responsible for the aberrant
phenotype of the original En(a–) proposita (MEP)
[115], who is heterozygous for En(UK) and MK

[123–125]. Unlike En(Fin) (a deletion of GYPA with
normal GYPB), En(UK) probably produces a Lepore
type of hybrid glycophorin of the same molecular
weight as GPB [125]. En(a–)UK cells lack the Ena, Wrb,
and C-terminal determinants associated with GPA.
They have a weak trypsin-resistant M antigen, and no
trypsin-resistant ‘N’ [17,60,123–125,128,326]. They
also have enhanced expression of S. It is probable that
En(UK) arose from the misalignment and unequal
crossing-over between an M allele of GYPA and an S
allele of GYPB, with the crossing-over occurring 
either within the homologous region encoding the 
first 26 amino acid residues of both molecules or 
within intron 1. Preliminary DNA analysis supported
the hypothesis of a gene encoding a GP(A–B) hybrid
[96].

Screening of red cells from 1300 British blood
donors for reduced sialic acid by protamine sulphate
aggregation revealed one donor who appeared to have
En(UK) producing S and trypsin-resistant M [129].
Two individuals with En(UK) producing M and s
[333], presumably represent a separate recombination
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event from that responsible for En(UK) in the other
families studied [115,129]. Anti-M reagents that de-
pend on Ser1 reacted with the M produced by En(UK),
whereas those that require Gly5 did not. This suggests
that the original recombination may have occurred 
between the codons for amino acid residues 1 and 
5, producing a molecule identical to GPB apart from 
a Leu1Ser substitution.

3.12 GP(B–A–B)-associated variants

3.12.1 GP.Mur (Mi.III), GP.Hop (Mi.IV), GP.Bun
(Mi.VI), and GP.HF (Mi.X)

3.12.1.1 Serology, frequency, and inheritance

GP.Mur and GP.Bun are similar phenotypes. The red
cells are Mur+, Hil+, MUT+, and MINY+, but GP.Bun
cells are Hop+ whereas GP.Mur cells are Hop– (Table
3.10). GP.Mur and GP.Bun are always inherited with s.
In people of European origin GP.Mur may be inherited
with Ns or with Ms, the former being more frequent
than the latter [308]. In Thais [236] and Chinese [244],
GP.Mur is usually inherited with Ms. GP.Bun is gener-
ally inherited with Ms [315]. For examples of GP.Mur
families see [138,236,308,311,334,335] and for
GP.Bun families see [315]. GP.Mur and GP.Bun pheno-
types are associated with an elevated expression of 
‘N’, the trypsin-resistant N antigen carried on GPB
[138,244,308,315,334,336]. The s antigen produced
by the GP.Mur gene differs qualitatively from normal
s. GP.Mur red cells may fail to react with some potent
anti-s sera [308] and one s+ woman with GP.Mur red
cells made an anti-s, which did not react with her own
cells (M. Moulds, C. Lomas and E. Holbrook, unpub-
lished observations, 1981).

Only two GP.Hop propositi are known [308,337].
Like GP.Bun, GP.Hop red cells are also Mur+, MUT+,
Hop+, and MINY+, but are Hil– and TSEN+ (Table
3.10). In the only family studied, GP.Hop is inherited
with NS [308]. Cells from individuals heterozygous
for Ms and the GP.Hop gene reacted with only some
anti-S sera [308,337] and failed to react with a mono-
clonal anti-GPB (MAb148), which usually reacts pref-
erentially with S+ cells [338].

Tests on over 50 000 white people revealed only six
Mur-positives [18]; five were GP.Mur (or possibly
GP.Bun as anti-Hop was not used) and one was
GP.Hop (Table 3.9). Mur is much more common in

people of East Asia. About 10% of Thai blood donors
were Mur+; of these, 93% were Hop– (GP.Mur) and
7% were Hop+ (GP.Bun) [236,315] (Table 3.9).
GP.Mur has a frequency of around 6% in Hong Kong
Chinese [335] and a mean frequency of about 7% in
Taiwan Chinese, although there is substantial regional
variation [237]. The frequency of GP.Mur reaches
88% in the Ami mountain people of Taiwan, but was
not found in some other Taiwanese indigenous groups
[237].

GP.HF (Mi.X) cells are unique in being MUT+, 
yet Mur– and Hut–; they are also Hil+, Hop–, TSEN–,
and MINY+ (Table 3.10), and are M+ with elevated
‘N’ and S– with elevated s [302,317]. Several 
GP.HF propositi are known, all of Japanese 
ancestry (M. Uchikawa, unpublished observations
1993).

Another phenotype, named GP.Kip, found in 
German and Australian propositi, is very similar to
GP.Mur[339]. The red cells were Mur+, Hil+,
MINY+, and MUT+, but despite being non-reactive
with anti-Hop and -Nob, they did react with sera 
containing Hop+Nob specificities (Anek and Raddon
sera).

3.12.1.2 Biochemistry and molecular genetics

In contrast to many other MNS variants, GP.Mur cells
have an increased level of sialic acid [140,154,218].
Red cells from heterozygotes have about 13%, and
those from homozygotes about 21% more sialic acid
than normal cells [218].

GP.Mur, GP.Hop, and GP.Bun are associated with
replacement of normal GPB by a component resem-
bling GPB, but of increased apparent Mr (31 000–
38 000) [50,154,218,324,340,341]. This abnormal
component, which also exists in dimeric form and as
heterodimers with GPA and GPB, has the same molec-
ular weight in all three phenotypes and carries about
twice as much sialic acid as normal GPB [218,324]. In
addition to the abnormal GPB molecule, the GP.Mur
haplotype produces normal GPA, but no normal GPB
[154,218]. King et al. [324] showed that R18, a mono-
clonal antibody to an epitope on GPA between amino
acid residues 46 and 56, bound to the abnormal GPB
of GP.Mur cells. This supported a previous suggestion
that GP.Mur, GP.Hop, and GP.Bun phenotypes may
result from the production of GPB molecules with
GPA inserts [342].
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DNA analysis has demonstrated that GP.Mur,
GP.Hop, GP.Bun, and GP.HF arise from the replace-
ment of a small segment of GYPB with a homologous
segment from the 5¢ end of exon A3 and the 3¢ end of
intron 3 of GYPA, probably the result of gene conver-
sion [317,337,343–345] (see Section 3.10). This piece
of GYPA replaces the non-functional donor splice-site
for the GYPB pseudoexon with the functional splice-
site sequence from GYPA, hence a new composite
exon is now expressed consisting of the 5¢ end of the
pseudoexon of GYPB and the 3¢ end of exon A3 of
GYPA, resulting in an enlarged GPB molecule (Fig.
3.12). This GP(B–A–B) molecule consists of the prod-
ucts of exons B1 and B2 of GYPB as its N-terminal 
domain (although exon 1 product is cleaved from the
mature protein), followed by the composite exon com-
prising most of the activated GYPB pseudoexon and
part of GYPA exon A3, followed by exons B4–6 as its
C-terminal domain (although most of exon B6 is un-
translated) (Fig. 3.9).

GYP(B–A–B)Mur, GYP(B–A–B)Bun, and
GYP(B–A–B)HF have GYPA inserts of 55, 131, 
and 98 bp, respectively. The precise size of the
GYP(B–A–B)Hop insert is not known. Only minimal
differences exist between the glycoproteins these genes
encode. GP(B–A–B)Mur and GP(B–A–B)Bun differ
only at amino acid residue 48, arginine in the former

and threonine in the latter. GP(B–A–B)Hop and
GP(B–A–B)Bun have the same insert and differ only 
by Met60Thr (equivalent to position 29 in GPB), 
responsible for S and s expression. GP(B–A–B)Mur
and GP(B–A–B)HF differ by five amino acid residues.

3.12.1.3 Anti-Mur and other antibodies to 
GP.Mur red cells

Anti-Mur is a fairly common separable component of
‘anti-Mia’ sera [336,346,347], although it also occurs
alone [308,334,336,346]. Antibodies to GP.Mur red
cells (probably mainly anti-Mur, but often called ‘anti-
Mia’) have been responsible for immediate and de-
layed haemolytic transfusion reactions [348,349] and
severe HDN [349,350]. GP.Mur phenotype and anti-
bodies to GP.Mur cells are relatively common in
South-EastAsia[236,237,335]. Antibodies to GP.Mur
cells in Hong Kong are present in 0.34% and 0.46% of
patients and pregnant women, respectively; the most
common atypical alloantibody. It is important that in
South-East Asia GP.Mur red cells are included in anti-
body screening panels, particularly where abbreviated
crossmatch procedures are employed. Complex PCR-
based techniques make it possible to predict whether
the fetus of a mother with anti-Mur or -Mia has
GP.Mur or a related phenotype [351].

5'
A1 A2 A3

(a)
A4 A5 A6 A7

3'

B6B1 B2 B4 B5

(b)

y

GYPA

GYPB

B6B1 B2 B3/A3 B4 B5
GYP(B–A–B)

Fig. 3.12 Diagram demonstrating the replacement of a small segment of GYPB by the homologous region from GYPA,
including part of exon A3 and part of intron 3, to generate a novel GYP(B–A–B) gene; the result of non-reciprocal
recombination by gene conversion. The mutated, non-functional splice-site (b) responsible for the GYPB pseudoexon (y) is
replaced by a functional splice-site from intron 3 of GYPA (a), and a composite exon comprising part of the GYPB pseudoexon
and part of exon A3 is expressed. The resultant GYP(B–A–B) gene produces a GP(B–A–B) hybrid glycophorin typical of those
present in GP.Mur, GP.Hop, GP.Bun, and GP.HF phenotypes.
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Human IgM monoclonal anti-Mur was produced
by fusion of Epstein–Barr virus-transformed lym-
phoblastoid cells with myeloma cells [352].

3.12.2 He (MNS6)

As mentioned in Section 3.8.3.1, a hybrid glycophorin
is responsible for the He antigen. The gene encoding
He is GYPB in which a segment near the 5¢ end is re-
placed by the homologous segment from GYPA [298].
A number of untemplated nucleotide changes, proba-
bly introduced during a gene conversion event, encode
the abnormal amino acid sequence within the N-
terminal pentapeptide of the hybrid glycophorin re-
sponsible for He antigen expression (Table 3.7). Al-
though the gene is a GYP(B–A–B) hybrid, the B–A
recombination site probably lies in the region of exon
2 encoding the leader peptide and the A–B site in in-
tron 2, so the mature protein, after cleavage of the
leader peptide, is a GP(A–B) hybrid (Fig. 3.9).

Variants of GYP(B–A–B)He, involving splice-site
mutations, have been reported. In one [GP.He(P2)],
splicing-out of exon B5 and utilization of a novel se-
quence as a membrane-spanning domain gives rise to a
S–s–U+var phenotype [223] and is described in Section
3.7.4. In another variant [GP.He(GL)] there is a point
mutation in exon B5 of the gene encoding the He-
active glycophorin, which creates a new acceptor
splice-site, and another mutation in the exon B6 accep-
tor site in intron B5 [353]. These mutations affect splic-
ing of exon B4 in a proportion of the mRNA
transcripts, so that two glycoprotein isoforms are pro-
duced from the same gene: one virtually identical to
GP(A–B)He; the other, with an apparent Mr reduced by
about 3000 as a result of the absence of the product of
exon B4, expresses He, but no S, s, or U (Fig. 3.9).
These two glycoproteins were easily detected by im-
munoblotting with anti-He, but the serological 
phenotype is not readily distinguished from common
He+ phenotypes.

3.13 GP(A–B–A)-associated variants

3.13.1 GP.Dane (Mi.IX)

DANE (MNS32) was identified by Skov et al. [267] in
four Danish families. In each family DANE was inher-
ited with MS; the M was trypsin-resistant. Two of the
four propositi were found by screening trypsin-treated

red cells from 467 Danish blood donors with mono-
clonal anti-M (Table 3.9). DANE is trypsin-sensitive.
All DANE+ cells are also positive for the Mur antigen,
but are MUT– (Table 3.10).

Immunoblotting of M+N+ DANE+ cells with anti-
M and with other antibodies to epitopes on the N- and
C-terminal domains of GPA showed that DANE is as-
sociated with a GPA-like molecule with an apparent
Mr about 1000 less than that of normal GPA. This
GPA-like molecule appeared to lack the trypsin cleav-
age site at amino acid residue 39 and also the determi-
nants recognized by alloanti-EnaTS and by a number
of monoclonal antibodies that detect epitopes between
residues 26 and 39 of GPA. Skov et al. [267] suggested
that DANE is associated with an aberrant GPA mole-
cule with an alteration in the region between amino
acid residues 35 and 39, and possibly the loss of one 
O-glycan.

DNA analysis revealed that the abnormal gly-
cophorin associated with DANE is a GPA molecule
with a small segment replaced by GPB, probably as the
result of gene conversion [354]. The whole GYPB
insert is derived from the pseudoexon and replaces an
internal segment of exon A3 of GYPA, creating two
hybrid junctions within the exon. The minimal
amount of DNA transferred is 16 nucleotides. Amino
acid residues 35–41 of GPA (-Ala-Ala-Thr-Pro-Arg-
Ala-His-) are replaced by six residues from GPB (-Pro-
Ala-His-Thr-Ala-Asn-). This results in the loss of the
trypsin cleavage site at Arg39 of GPA and also the loss
of one O-glycan. The sequence derived from the
GYPB-pseudoexon may represent the Mur determi-
nant, although adjacent amino acid residues may also
be involved (see Section 3.14.2). There is an additional
untemplated point mutation, Ile46 of GPA to Asn45 of
GP(A–B–A)Dane. This amino acid substitution may
be responsible for DANE antigen expression and the
presence of asparagine may explain the reactions of
anti-DANE with Mg cells (see Section 3.8.1).

Only one example of anti-DANE has been identified
[267], made by a non-transfused man who is now
dead. Very little of the antibody remains.

3.13.2 GP.Vw and GP.Hut, and the Vw (MNS9)
and Hut (MNS19) antigens

3.13.2.1 Serology, frequency, and inheritance of Vw

Anti-Vw defines the phenotype GP.Vw (Mi.I) 
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(Table 3.10). No aberrant expression of M or N anti-
gens has been associated with Vw.

The frequency of Vw in white people is about
0.06%, although in south-east Switzerland a frequen-
cy of 1.43% was found [18] (Table 3.9). Family studies
have shown Vw to be associated with Ns, NS, Ms, and
MS, in decreasing order of frequency [308]; Vw associ-
ated with M is very rare [302]. Family analyses are 
described in references [308,309,311,313,314,
355,356]. One person assumed to be homozygous for
the gene producing Vw has been described, an M–N+
S–s+ multiparous woman with an antibody of the anti-
EnaTS type, named anti-ENEH (–MNS40) [357].

3.13.2.2 Serology, frequency, and inheritance of Hut

Anti-Hut (as defined by Giles [273,304]) determines
the GP.Hut (Mi.II) phenotype. GP.Hut cells also react
with anti-MUT (originally called anti-Hut [18]),
which reacts with most Hut+ or Mur+ cells. Hut is not
associated with aberrant expression of M or N 
antigens.

Hut has a frequency in white people of about 0.06%
[18], similar to that of Vw (Table 3.9). Hut has been
shown to be aligned with MS, Ns, and Ms in decreasing
order of frequency [308], but not with NS. Examples
of family studies are given in references [311,313,
358,359].

3.13.2.3 Biochemistry and molecular genetics 
of Vw and Hut

Vw and Hut are associated with the presence of abnor-
mal GPA molecules, each with a decrease in apparent
Mr of about 3000 compared with normal GPA
[49,190,324,360–362]. Sialic acid levels of Vw+ and
Hut+ red cells appear normal [361]. Manual amino
acid sequencing revealed that the unusual GPA mole-
cules contain amino acid substitutions at residue 28;
threonine was replaced by methionine in GPAVw and
by lysine in GPAHut [361]. Asn26 of GPA normally
carries an N-glycan. The required amino acid se-
quence for N-glycosylation is Asn-Xaa-Thr/Ser
(where Xaa represents any amino acid except proline).
In normal GPA, which has Asn26 and Thr28, these cri-
teria are fulfilled; in GPAVw and GPAHut Thr28 is
substituted, so Asn26 is not N-glycosylated. This lack
of N-glycosylation was demonstrated by the failure of
the molecule to bind Phaseolus vulgaris lectin [361]

and accounts for the 3000 decrease in Mr compared
with normal GPA. Treatment of GPA with N-
glycanase reduces the Mr to that of GPAVw; similar
treatment of GPAVw has no effect [363].

Vw and Hut are trypsin-sensitive and anti-Vw and 
-Hut could be inhibited by tryptic peptides comprising
the N-terminal 30 or 39 amino acids of GPA from Vw+
and Hut+ cells, respectively [361]. GPA expressed by
Chinese hamster ovary cells transfected with GYPA
cDNA that has been altered, by site-directed muta-
genesis, to encode GPAVw or GPAHut, lacked N-gly-
cosylation and bound anti-Vw and -Hut, respectively
[42]. Anti-Vw bound the abnormal GPA of Vw+ cells
on immunoblots [364]. It is probable that anti-ENEH,
the EnaTS antibody produced by a woman homozy-
gous for GYPAVw [357], is specific for Thr28 of GPA,
for GPA N-glycosylated at Asn26, or for both.

The codon for amino acid residue 28 of GYPA is
ACG (Thr), that for GYPAVw is ATG (Met) [363], an
apparent point mutation. One of the codons for lysine
is AAG, so point mutation could also account for GY-
PAHut. Huang et al. [36,363] point out that AAG at
the codon for amino acid residue 28 is identical to the
equivalent codon within the unexpressed pseudoexon
of GYPB. GYPAHut could have arisen by gene con-
version with the replacement of a small segment of
GYPA with the homologous segment from GYPB
(Fig. 3.9). As the nucleotide substitution in GYPAVw
is at the same position as that for GYPAHut, GYPAVw
could have arisen as a result of gene conversion during
which an untemplated replacement of the mismatched
nucleotide has occurred because of a failure in het-
eroduplex repair [363]. The changed nucleotides lie
between the two half sites of a direct repeat sequence
that has been implicated in recombination events 
responsible for the production of other hybrid gly-
cophorins. It should be pointed out, however, that cre-
ation of the two rare genes by straightforward point
mutations has not been ruled out.

3.13.2.4 Anti-Vw

Anti-Vw occurs in mixtures of antibodies to low fre-
quency MNS antigens (as a component of ‘anti-Mia’)
[336] or by itself [305,314], where it has been respon-
sible for severe HDN [362,365–367] and, possibly, for
a fatal transfusion reaction [368] (although this is dis-
puted [369]). Molecular genotyping can be used to
predict fetal Vw phenotype when the mother has anti-
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Vw [351]. Anti-Vw is not uncommon in the sera of
healthy individuals, with about 1% of normal sera
containing anti-Vw [18,309,311,355,356]. It can 
be found regularly in sera of patients with autoim-
mune haemolytic anaemia [308]. Of eight anti-Vw
sera, seven were IgG alone and one was IgG+IgM
[370].

3.13.2.5 Anti-Hut and -MUT

Anti-Hut, an antibody specific for GP.Hut (Mi.II)
cells, was first defined by Giles [273,304]. The original
Hut antibodies, which would now be called anti-
MUT, were isolated from ‘anti-Mia’ sera [308,313],
but independent examples have also been identified
and are reported to have caused HDN [18]. Anti-MUT
is not simply an antibody that cross-reacts with Mur
and Hut antigens. GP.Dane cells are Mur+, but MUT–
[267]; GP.HF cells are Mur–Hut–, but MUT+
[302,317] (Table 3.10).

3.13.3 GP.Nob (Mi.VII) and GP.Joh (Mi.VIII), and
the Hop (MNS26) and Nob (MNS27) antigens

3.13.3.1 Serology, frequency, and inheritance

Anti-Nob defines two phenotypes, called GP.Nob and
GP.Joh [263,273,304,316] (Table 3.10). These pheno-
types are distinguished by anti-Hop, which reacts with
GP.Joh, but not with GP.Nob cells. Anti-Hop also 
reacts weakly with GP.Hop (Mi.IV) and GP.Bun
(Mi.VI) phenotype cells (Section 3.12.1). This 
serological description is an oversimplification; anti-
Hop sera may contain weak anti-Nob and vice versa,
and these specificities may be inseparable. Some of the
complexities are mentioned in Sections 3.13.3.3 and
3.13.3.4.

Hop and Nob antigens are trypsin-resistant, but 
papain- and ficin-sensitive [263,264,273,316].

Unusual expression of M, N, S, s, U, or ‘N’ antigens
has not been reported for GP.Nob or GP.Joh pheno-
type cells. Red cells of a woman homozygous for the
gene responsible for the GP.Nob phenotype lacked
ENKT, a form of EnaFS antigen [342].

Few families with GP.Nob or GP.Joh members 
have been identified. In three families, the GP.Nob
gene was aligned with MS and in one family with 
Ms [263,316]. In two families the GP.Joh gene was
aligned with Ns [316,371]. Nob has a frequency 

of about one in 1643 English blood donors [263]
(Table 3.9).

3.13.3.2 Biochemistry and molecular genetics

GP.Nob and GP.Joh phenotypes result from amino
acid substitutions within GPA. Both have O-
glycosylated Thr49 instead of arginine, but GPANob
also has serine (which may be O-glycosylated) instead
of Tyr52 [372–374]. Both substitutions could be ac-
counted for by point mutations or by the product of
gene conversion [36]. Codons for Thr49 and Ser52,
peculiar to GPANob, occur in the corresponding
codons of the pseudoexon of a normal GYPB. Conse-
quently, a process of gene conversion between 
GYPA and GYPB could account for both amino acid
substitutions in GPANob, and a similar process in-
volving a smaller segment of GYPB, could account 
for the single amino acid substitution in GPAJoh 
(Fig. 3.9).

Inhibition assays showed that Hop and Nob anti-
gens on GP(A–B–A)Nob and GP(A–B–A)Joh are lo-
cated within amino acid residues 40–61 [372–374]. As
Hop and Nob are both sialidase-sensitive determi-
nants [373], it seems likely that they are dependent on
the glycosylation of Thr49 for binding to native
GP(A–B–A)Nob and GP(A–B–A)Joh, yet binding of
anti-Hop also appears to require Tyr52. The B–A junc-
tion in GP(B–A–B)Bun, but not GP(B–A–B)Mur, cre-
ates a Thr-Thr-Val-Tyr (TTVY) sequence that is also
present in GP(A–B–A)Joh. It is probable that this se-
quence is required for the Hop determinant. In the
GP.Nob phenotype, the Tyr residue is substituted by
Ser and these cells are Hop–. A synthetic decapeptide
(EISVTTVYPP), representing amino acid residues
44–53 of GP(B–A–B)Bun and 45–54 of
GP(A–B–A)Joh and containing the Thr-Thr-Val-Tyr
(TTVY) sequence, inhibited anti-Hop [375].

3.13.3.3 Anti-Hop

The original anti-Hop, found in the serum of a Thai
man (Anek) who had never been transfused and whose
red cells were of the GP.Mur (Mi.III) phenotype [315],
is now considered to be anti-Hop+(Nob) [302]. Other
anti-Hop found since [273,316,371] can more accu-
rately be called anti-Hop as, unlike Anek serum, they
do not react with GP.Nob (Mi.VII) cells [302] (Table
3.10).
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3.13.3.4 Anti-Nob

Of the original two anti-Nob sera [263], only one
(Lane) is now considered anti-Nob (Table 3.10); the
other serum (Raddon) behaves as anti-Nob+(Hop) as
it reacts weakly with GP.Hop (Mi.IV) and GP.Bun
(Mi.VI) cells [302]. Another antibody reported as anti-
Nob [264] behaves as anti-Nob+Hop. This apparently
‘naturally occurring’ antibody caused minor symp-
toms of a haemolytic reaction after transfusion of 1
unit of GP.Nob (Mi.VII) blood.

3.13.4 GP(A–B–A)KI

Red cells of a Czech blood donor (KI) and her sister
had a novel phenotype. They were Hil+, yet they were
MINY– and no abnormal structure was detected by
immunoblotting with monoclonal antibodies to GPA
and GPB [376]. Genomic sequencing revealed GYPA
with two nucleotide changes encoding Arg61Thr and
Val62Gly substitutions [377] (Fig. 3.9). This creates
the sequence PEEETGETGQL, a sequence recognized
by anti-Hil (see Section 3.14.1 and Table 3.11). The
abnormal GPA molecule is probably the product of a
gene conversion event, with Thr61 and Gly62 encoded
by a small GYPB-derived segment.

3.13.5 GP(A–B–A)Sat

Phenotypes in which the red cells react with anti-SAT
occur as the result of at least two backgrounds. One in-
volves a GP(A–B) hybrid and the other a GP(A–B–A)
molecule with a small GPB insert [332]. Both are dis-
cussed in Section 3.11.3.

3.14 Further details on Hil, TSEN, MINY,
Mur, and Mia; antigens associated with
GP(A–B), GP(B–A–B), and GP(A–B–A) 
hybrid glycophorins

These antigens are considered together here because
they are common to hybrid glycophorins of the
GP(A–B) and GP(B–A–B) types, and Hil and Mur are
also associated with a GP(A–B–A) molecule.

3.14.1 Hil (MNS20), TSEN (MNS33), 
and MINY (MNS34)

Hil, TSEN, and MINY are low frequency antigens that
react with GP(A–B) and GP(B–A–B) hybrid gly-
cophorins produced by genes with A–B junctions
within intron 3; Hil is expressed when s is present,
TSEN when S is present, and MINY when either s or S
is present [318,375,378]. These hybrid glycophorins
have the product of the 3¢ end of exon A3 of GYPA
(or of a B–A fusion exon) fused to the product of the 5¢
end of exon B4 of GYPB (Fig. 3.9, Table 3.11).
GP(A–B)Hil, GP(B–A–B)Mur, GP(B–A–B)Bun, and
GP(B–A–B)HF all have Thr29 of normal GPB and 
express an unusual s antigen; they are all
Hil+TSEN–MINY+. GP(A–B)JL, similar GP(A–B) 
hybrids, and GP(B–A–B)Hop express an unusual S
antigen and presumably have the Met29 of normal
GPB; they are Hil– TSEN+ MINY+.

A 14 amino acid synthetic peptide representing
amino acid residues 54–67 of GP(A–B)Hil, including
the Thr-Gly A–B junction and the threonine residue re-
sponsible for s activity, inhibited anti-Hil [375], but
did not inhibit anti-TSEN [318] (Table 3.11). Another
peptide, identical apart from the threonine residue re-
placed by methionine, inhibited anti-TSEN and those
anti-S sera (SJL) that react with red cells with the
GP(A–B)JL hybrid glycophorin, but did not inhibit
anti-Hil [318,375]. Both peptides inhibited anti-
MINY [378]. The Hil determinant is probably smaller
than that shown in Table 3.11, as the sequence of
PEEETGETGQL is present in GP(A–B–A)KI (Section
3.13.4), which expresses Hil [377].

3.14.1.1 Anti-Hil, -TSEN, and -MINY

The original anti-Hil caused HDN [18,308]. One
other example has been reported [379] and a few more

Table 3.11 Results of inhibition experiments with synthetic
peptides representing amino acids encoded by the 3¢ end of
GYPA exon A3 and the 5¢ end of GYPB exon B4
[318,375,378].

Peptides
Antibodies

GPA-GPB Hil TSEN MINY SJL

PEEET-GETGQLVHR + - + -
s

PEEET-GEMGQLVHR - + + +
S

+Inhibition; - no inhibition.
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examples are now known. Five examples of anti-
TSEN have been found, four of them by screening sera
from 80 000 donors [318,329]. Only a single example
anti-MINY is reported [378].

3.14.2 Mur (MNS10)

GP(B–A–B)Mur, GP(B–A–B)Hop, and GP(B–A–B)
Bun include the product of the GYPB-pseudoexon 
activated by a GYPA insert, and all express the Mur
antigen. Anti-Mur was inhibited by a 13 amino acid
synthetic peptide (DTYPAHTANEVSE), represent-
ing a sequence encoded by this pseudoexon and 
amino acid residues 32–44 of GP(B–A–B)Mur 
and GP(B–A–B)Bun [375]. Location of Mur on
GP(B–A–B)Mur was confirmed by immunoblotting
[364].

GP(A–B–A)Dane contains the sequence Pro-
Ala-His-Thr-Ala-Asn (PAHTAN) originating from the
GYPB-pseudoexon. DANE+ cells react with anti-
Mur, so presumably this sequence represents at least
part of the Mur determinant [354]. The original anti-
Mur (Murrell) does not contain anti-Mg but reacts
with Mg+ cells. The tripeptide Asn-Glu-Val (NEV)
could represent the epitope of this atypical form of
anti-Mur as it is present in the product of the GYPB-
pseudoexon (Table 3.11), in GP(B–A–B)Dane (last
residue of GPB insert and following two residues), and
in GPAMg (residues 4–6).

Clinical significance of anti-Mur is discussed in Sec-
tion 3.12.1.3.

3.14.3 Mia (MNS7)

Although anti-Mia was the antibody that originally de-
fined the phenotypes of the Miltenberger subsystem, it
was subsequently considered to represent mixtures of
antibodies to low frequency antigens, especially anti-
Vw, -Mur, -Hut, and -MUT [133,302,336]. However,
production of two murine monoclonal anti-Mia

demonstrated that anti-Mia could exist as a separate
entity [352,380]. Dahr [307] speculated that anti-Mia

might detect the amino acid sequence QTND(M or
K)HKRDTY. This sequence represents the junction of
the 3¢ end of GYPA exon 2 and the GYPB-pseudoex-
on, present in GP(B–A–B)Mur, GP(B–A–B)Hop,
GP(B–A–B)Bun, and GP(B–A–B)HF, but is also pre-
sent in the putative GP(B–A–B) molecules associated
with GP.Vw and GP.Hut.

3.15 GP(B–A)-associated variants (anti-
Lepore type)

3.15.1 Dantu (MNS25)

When Anstee et al. [218] postulated a GP(A–B) type of
hybrid to account for the GP.Hil (Mi.V) MNS variant
phenotype, the genetic mechanism proposed for 
the creation of the GP(A–B) molecule included the 
simultaneous production of a haplotype encoding a
GP(B–A) type of hybrid glycophorin together with
normal GPA and GPB (Fig. 3.10). In 1980, Tanner 
et al. [381] described a new MNS variant in an
M+N+S–s+ black Zimbabwean (Ph) and his
M+N+S–s– father, in which a novel glycoprotein of Mr

32 000, its dimer, and its heterodimers with GPA and
GPB, were identified. Tanner et al. [381] proposed that
this novel glycoprotein, which carried a trypsin-
resistant N antigen, was a GP(B–A) type of gly-
cophorin. The gene producing this GP(B–A) molecule
appeared to be inherited with a gene encoding a nor-
mal M-active GPA molecule, but no GYPB (Fig. 3.9).
So it seemed that the initial recombination producing
the unusual haplotype must have involved a u gene,
not uncommon in Africans, which produces no GPB.
The putative GP(B–A) molecule was precipitated by a
rabbit antibody to a determinant on the cytoplasmic
(C-terminal) domain of GPA, but not by a monoclonal
antibody to an epitope on the extracellular (N-
terminal) domain of GPA [323]; the opposite result to
that obtained with GP(A–B)Hil.

In 1984, Contreras et al. [262] described Dantu, a
new MNS-associated low frequency red cell antigen,
found in seven black propositi including the Zimbab-
wean blood donor (Ph) [381] and an American woman
(NE), who also appeared to have a GP(B–A) hybrid
glycophorin [382]. In addition to the protease-
resistant Dantu antigen, Dantu+ cells carry protease-
resistant N and weak s (not denatured by trypsin, chy-
motrypsin, papain, ficin, or pronase). At first site the
family appeared to demonstrate segregation of Dantu
from MNS, until it was appreciated that the Dantu
haplotype produces both M and N antigens.

The Dantu+ phenotype of Ph differs from that of
NE, the latter having a substantially higher ratio 
of GP(B–A) molecules to GPA than the former
[262,326,383]. NE is the usual variety of Dantu+ phe-
notype [261]; a second Dantu+ propositus of the Ph
variety is yet to be found. One white Dantu+ proposi-
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tus has been identified [384] and her phenotype repre-
sents a third variety.

The Dantu haplotype generally produces a normal
M-active GPA and a variant glycophorin consisting of
the N-terminal 39 amino acid residues of a s-active
GPB fused to residues 72–131 of GPA [343,385,386].
The GYP(B–A) breakpoint resides in intron 4 [344]
and therefore GP(B–A)Dantu is the reciprocal of
GP(A–B)TK described in Section 3.11.3 [331].
GP(B–A)Dantu is protease-resistant [385,387], ex-
plaining the trypsin- and papain-resistant N and 
s antigens [262,381,383]. The s antigen differs quali-
tatively from normal s. The Dantu haplotype produces
little or no U [262,382,383] and GP(B–A)Dantu ex-
presses no Wrb [388]. The reason why a molecule con-
taining the 39 N-terminal amino acid residues of GPB
should have altered s and little or no U is not obvious,
but may be because of a conformational change in the
molecule.

Dantu+ cells of the NE type have substantially more
GP(B–A)Dantu (315 000 sites) than those of Ph (200
000) [326]. The molar ratio of GP(B–A) to GPA in NE
type cells is about 2.4 : 1 [385–387], compared with
about 1 : 1 in Ph [381]. Heterozygotes for the NE type
of Dantu have only about 43% the quantity of normal
GPA found in cells of common MNS phenotypes de-
spite having two active GYPA genes. This is reflected
serologically in weak expression of M and some Ena

antigens [262,382]. Huang and Blumenfeld [343]
showed that the gene producing GP(B–A)Dantu is du-
plicated and arranged in tandem (Fig. 3.9), providing
an explanation for the high level of GP(B–A) in
Dantu+ cells of the NE type. Presumably, the gene pro-
ducing the Ph type of GP(B–A)Dantu is not duplicated.
In contrast to En(a–), MK, and other phenotypes with
reduced GPA (Section 3.6.1.3), the apparent Mr of
band 3 is reduced by about 3000, because of shorten-
ing of the N-glycan [387].

Dahr et al. [385] showed that purified
GP(B–A)Dantu inhibited activity of anti-N and -s, but
only inhibited anti-Dantu in the presence of lipid. They
concluded that Dantu was probably a labile structure,
like EnaFR and U, and might be located within residues
28–40 of GP(B–A)Dantu.

Dantu+ cells are unusual in having a ficin-resistant
N antigen. A simple way of searching for Dantu+ is to
screen ficin-treated cells with Vicia graminea lectin
[261,389]. Sixteen Dantu+ individuals were found by
this method, from testing 3200 African American

blood donors (Table 3.9); all were of the NE type
[261]. In South Africa, Dantu is rare in the black,
white, and Asian populations, but relatively common
(1.1%) in the people of mixed race (‘Coloureds’), who
have Khoi, Asian, black, and European ethnic origin
[390]. This suggests that the Dantu gene originated
from the Khoi people, an indigenous group of south-
ern Africa.

Red cells of the only known Dantu+ white person
(MD) contained a GP(B–A) hybrid, which expressed
N and s and could not be distinguished from that of the
NE and Ph types [384]. The molar ratio of hybrid to
GPA was only about 0.6 : 1, suggesting that there was
no duplication of the hybrid gene in this individual
[384,386]. The Dantu haplotype, in addition to pro-
ducing GP(B–A)Dantu and normal GPAM, also con-
tained normal GYPB. Unlike the two types of Dantu
found in Africans, Dantu of the MD type appears to
have originated from an unequal crossing-over event
involving active GYPA and GYPB—no surprise con-
sidering that the GYPB deletion gene (u) is extremely
rare in white people.

In summary, three types of Dantu phenotype are
known. In each type the Dantu haplotype probably
produces an identical N- and s-active GP(B–A) hybrid
glycophorin plus GPAM. In the NE type the gene pro-
ducing GP(B–A) is duplicated, in the Ph and MD types
it is not. In the white MD type, the gene encoding
GP(B–A) is flanked by GYPA and GYPB; in the
African NE and Ph types GYPA and GYP(B–A) are in
tandem, but there is no GYPB.

3.15.1.1 Anti-Dantu

Several examples of anti-Dantu are known. All are in
sera containing other specificities, especially sera con-
taining numerous antibodies to private antigens, but
also in some anti-S and -s reagents [262]. Most 
anti-Dantu are non-immune, although one immune
IgG anti-Dantu was responsible for a positive direct
antiglobulin reaction on neonatal red cells [262].
Screening of 1348 donor sera with Dantu+ red cells
produced no anti-Dantu [262].

3.15.2 Sta (Stones, MNS15) and ERIK (MNS37)

The low incidence antigen Sta, first described by
Cleghorn [246] in 1962, is described in this section 
because it is usually associated with a GP(B–A) mole-



MNS SYSTEM

139

cule. However, in a few individuals Sta is encoded by
GYP(A–B–A), GYP(A–E–A), and GYP(B–A–B–A)
genes.

Sta is far more frequent in Oriental people than in
people of European origin, with a frequency of over
6% in Japanese [245] compared with only about 0.1%
in Europeans [131,246] (Table 3.9). Screening with
anti-N Vicia graminea lectin against ficin-treated cells
revealed Sta frequencies of between 1.0% and 5.2% in
different populations of Chinese in Taiwan [391], but
no Sta-positive in 100 African Americans [389]. Ho-
mozygosity for the Sta gene has been identified in a
Japanese family [392].

3.15.2.1 GP.Sch (Mr)

Anstee et al. [393] first recognized the association of
Sta with a GP(B–A) type of hybrid glycophorin. This
hybrid molecule, now called GP(B–A)Sch, binds anti-
bodies directed at the cytoplasmic domain of GPA, but
not antibodies to the extracellular domain of GPA
[49,388,393,394]. GP(B–A)Sch usually carries N, 
Sta, and Wrb antigens, but neither S nor s
[388,392,394–396]. GP(B–A)Sch is resistant to cleav-
age by trypsin and low concentrations of ficin
[389,393–395,397], but is less protease-resistant than
GP(B–A)Dantu [326].

DNA analysis has confirmed that GP(B–A)Sch is a
hybrid molecule comprising amino acid residues 1–26
of GPB at its N-terminal region and residues 59–131 
of GPA it its C-terminal region [325,398,399] 
(Fig. 3.9); the result of intergenic crossing-over be-
tween intron 3 of GYPA and the third intron of GYPB
on the 3¢ side of the pseudoexon. The pseudoexon of
GYPB is spliced out of GYP(B–A)Sch mRNA, as it is
with GYPB mRNA. Asn26 is not glycosylated [395].
The product of the 3¢ end of exon B2 of GYPB fused to
the product of the 5¢ end of exon A4 of GYPA results 
in a novel amino acid sequence, -Gln-Thr-Asn-Gly-
Glu-Arg-Val-, which probably represents the Sta

antigen.
Huang and Blumenfeld [400] have identified three

types of GYP(B–A)Sch, all producing identical hybrid
glycophorins, but differing in their intronic recombi-
nation sites. Two types were found in African Ameri-
cans, the third in Japanese. Clearly, the Sta phenotype
has arisen from different events involving unequal
crossing-over within the recombination ‘hot-spot’ of
intron 3 of GYPA and the homologous region of

GYPB. One type of GYP(B–A)Sch has the same cross-
ing-over site as GYP(A-B)Hil (Mi.V), but in a recipro-
cal arrangement; these two variant genes may be
derived from a single recombination event [325,400].
GYP(B–A)Sch is flanked by GYPA and GYPB
[392–394,398,399] (Fig. 3.9). The molar ratio of 
variant glycophorin to normal GPAM is 1 : 1 in an 
individual homozygous for GYP(B–A)Sch and 
0.5 : 1 in a typical heterozygote [392,401]. Screening
of 264 Taiwanese by a PCR-based test designed to rec-
ognize GYP(B–A)Sch revealed eight positives, one of
whom was homozygous; a gene frequency of 0.017
[351].

3.15.2.2 GP.Zan (Mz)

Metaxas et al. [290] found that St(a+) red cells from
members of one family reacted with an M-like anti-
body called anti-M¢. This antibody, which is no longer
available, did not react with other St(a+) samples. Un-
like the usual Sta phenotype red cells (originally called
Mr, but now GP.Sch), these variant St(a+) cells (origi-
nally Mz, but now GP.Zan) have trypsin-resistant M
[396,401]. A variant glycophorin with the same amino
acid sequence as that found in GP.Sch cells, except that
the N-terminal pentapeptide had the M sequence, was
isolated from the red cells of the only known GP.Zan
propositus and his daughter [401].

The suggestion by Dahr et al. [401] that the M-ac-
tive variant glycophorin in GP.Zan cells is not a
GP(B–A) hybrid, but a GPA molecule lacking amino
acid residues 27–58 because of a deletion of exon A3 
of GYPA, was confirmed by DNA analysis [402]. A
GPAM molecule lacking residues 27–58 would be
identical to GP(B–A)Sch, apart from expressing M in-
stead of N, because amino acid residues 1–26 of GPAM

and GPB differ only at positions 1 and 5. GP(A–A)Zan
is the product of a GYP(A–B–A) hybrid gene, the re-
sult of gene conversion, in which the whole of exon A3
and the 5¢ end of intron 3 of GYPA is replaced by the
homologous segment from GYPB. This GYPB seg-
ment includes the pseudoexon and the defective splice
site. Consequently, no product of exon 3 is expressed
in the mature protein (Fig. 3.9). Analysis of cDNA
confirmed the skipping of exon 3, but also showed the
presence of a minor transcript, a mRNA species in
which both exons 3 and 4 are skipped. Immunoblot-
ting revealed that both transcripts are represented 
as aberrant glycophorins at the red cell surface, one 
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expressing M and Sta, the other only expressing 
M [402].

3.15.2.3 GP.EBH and the ERIK antigen

Another Sta variant is associated with the low frequen-
cy antigen ERIK [396]. In St(a+) ERIK+ red cells a
variant glycophorin was detected with an apparent Mr

identical to that of GP(B–A)Sch. In two families (one
of Italian origin, one Australian), St(a+) ERIK+ red
cells had trypsin-resistant M and the variant gly-
cophorin expressed Sta and M; in another two families
(one Danish, one South African of mixed race) no M 
antigen was detected and the variant glycophorin 
expressed Sta and N. Immunoblotting of red cell mem-
branes from the Italian and Danish propositi revealed
that ERIK was carried, not on the Sta-active variant
glycophorin molecule, but on an apparently normal
GPA.

The GP.EBH phenotype in the Danish and Italian
families is caused by a G to A mutation in the 3¢ termi-
nal nucleotide of exon A3 of GYPA [403] (Fig. 3.9).
This creates a Gly59Arg substitution in an otherwise
normal GPA molecule, presumably responsible for the
ERIK antigen. As the mutation resides in the exonic
part of the donor splice-site consensus sequence for in-
tron 3, partial disruption of RNA splicing occurs. At
least four transcripts are produced from this mutated
GYPA: t1, a normally spliced transcript, which pro-
duces the ERIK-active GPA molecule; t2, a transcript
lacking exon A3, which produces a GPA molecule
lacking amino acid residues 27–59 and therefore with
the amino acid sequence characteristic of the Sta deter-
minant, but no ERIK antigen; t3 and t4, two abnor-
mally spliced transcripts in which exons A2 and A3
(t3), and A2, A3, and A4 (t4) have been removed
[403]. Protein products of transcripts t3 and t4 have
not been detected, probably because of the loss of exon
A2, which encodes part of the leader sequence in-
volved in the incorporation of the glycoprotein into
the red cell membrane.

3.15.2.4 A molecule expressing Sta and ERIK derived
from a GYP(A–E–A) gene

In the Australian family with St(a+) ERIK+ members,
yet another genetic mechanism is involved [404]. Loss
of the product of exon A3 to produce an Sta-active
GP(A–A) molecule (like that in GP.Zan) resulted from

the replacement of exon A3 and the active 5¢ splice site
of intron 3 with pseudoexon E3 and its inactive splice
site in intron 3 from GYPE. Thus GP(A–A)TF is en-
coded by a GYP(A–E–A) hybrid gene (Fig. 3.9). No
explanation has been provided for ERIK expression
on these cells.

3.15.2.5 A molecule expressing Sta and He derived
from a GYP(B–A–B–A) gene

Immunoblotting of membranes from red cells express-
ing Sta and He demonstrated that both antigens
resided on the same molecule, an aberrant glycophorin
resembling GP(B–A)Sch. DNA analysis showed that
this unusual glycophorin molecule was encoded by a
GYP(B–A–B–A) gene, which probably arose from un-
equal crossing-over between GYP(B–A–B)He and
GYPA [298]. The first (5¢) GYPB segment encodes the
5¢ untranslated region and part of the leader sequence,
the second GYPB segment is intronic and includes the
GYPB pseudoexon; neither is expressed in the mature
protein. The first GYPA segment represents exon A2
and encodes the N-terminal 26 amino acid residues of
the mature protein including the sequence associated
with He expression (see Section 3.8.3); the second
GYPA segment represents exons A4–A7 of GYPA
(Fig. 3.9). The junction of the products of GYPA exons
A2 and A4 creates the Sta antigen.

3.15.2.6 Anti-Sta and -ERIK

The original anti-Sta was found in a serum together
with separable anti-Ria, -Wra, and -Swa [246]. Al-
though other examples have been found since [245],
anti-Sta is not a common specificity.

Anti-ERIK is present in the serum of the wife of the
Danish St(a+) ERIK+ propositus and caused a positive
DAT on the red cells of their baby [396]. Anti-ERIK is
also present in two multispecific sera containing 
numerous antibodies to low frequency antigens 
[396].

3.16 Antigens associated with abnormal
expression of Wrb

GPA appears to be associated in the membrane with
band 3, the red cell anion exchanger and Diego blood
group antigen. This association is described further 
in Section 3.25 and in Chapter 10. The Wra/Wrb
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(DI3/DI4) dimorphism is determined by a single
amino acid substitution in band 3 [168]. As mentioned
in Section 3.6.3, Wrb is not expressed if GPA is not 
present or, more specifically, if the region around the
junction of the extracellular and membrane-spanning
domains of GPA is not present (Section 10.4.2). De-
scribed below are amino acid substitutions at posi-
tions 63 and 65 of GPA that create low frequency MNS
antigens and affect Wrb expression.

3.16.1 HAG (MNS41) and ENEP (MNS39)

A previously transfused man with an antibody to a
high frequency determinant on GPA (anti-ENEP) was
found to be homozygous for a G250C change in exon
A4 of GYPA, encoding an Ala654Pro substitution in
GPA [405]. This substitution, which appears to have
created a new low frequency antigen HAG and abol-
ished the high frequency antigen ENEP, also affected
expression of Wrb. Only eight of 15 monoclonal and
polyclonal anti-Wrb reacted with the red cells. The
band 3 genes were apparently normal and had the se-
quence for Wrb homozygosity. Pro65 may disrupt the
putative a-helix between GPA residues 56 and 70, and
this may be responsible for the aberrant Wrb expres-
sion. An unrelated HAG+ person, heterozygous for
the Ala65Pro mutation, has been identified.

Anti-HAG was present in several sera containing
multiple antibodies to low frequency antigens and in
one monospecific serum.

3.16.2 MARS (MNS43) and ENAV (MNS42)

Concurrent absence of the high frequency MNS anti-
gen ENAV (initially AVIS) and presence of the low fre-
quency antigen MARS in a Native American woman
results from homozygosity for a single nucleotide
change in GYPA exon 4, encoding a Glu63Lys substi-
tution in GPA. Her red cells also had weak expression
of Wrb, yet no abnormality was detected in her band 3
gene [406,407]. MARS appears to be unique to the
Choctaw tribe of Native Americans, where it is aligned
with Ms, with an incidence of about 15% [408]. No
MARS+ individual was found among 2000 white 
people, 200 Japanese, 155 Thais, 128 Mexican 
Americans, 96 Cree, 75 Peruvians, 38 Inuits, or 81
African Americans [408]. Anti-MARS was found in
sera containing multiple antibodies to low frequency
red cell antigens.

3.17 Other low incidence antigens of the
MNS system

The ISBT Working Party on blood group terminology
recognizes 29 low frequency antigens belonging to the
MNS system. Many of these have been described 
already; this section includes the remainder. All are 
inherited and some also accompany aberrant expres-
sion of MNSs antigens. Six are associated with single
amino changes in GPA and three with single amino
changes in GPB. They will be mentioned in numerical
order according to the ISBT nomenclature. Frequen-
cies are shown in Table 3.9.

3.17.1 Vr (MNS12)

Aligned with Ms in three Dutch families and one 
Orcadian family (with a Dutch name) [240,409]; no
unusual expression of MNSs antigens. Vr results from
a Ser47Tyr substitution in GPA, encoded by a C197A
transversion in exon 3 of GYPA [410]. Tyr47 intro-
duces an a-chymotrypsin cleavage site, explaining the
chymotrypsin sensitivity of Vr despite being located on
GPA [409].

The original anti-Vr was apparently immune; the
antibody producer had three Vr+ children, but none
had HDN [240]. Other examples of anti-Vr have been
identified in anti-S sera and in multispecific sera; no ex-
ample of anti-Vr was found in sera from 202 blood
donors [240].

3.17.2 Mta (Martin, MNS14)

Aligned with Ns in the four families reported
[241,242,411]. Mta has been found in white and black
people, and in Thais (Table 3.9). Mta is destroyed by
papain and ficin, but not by trypsin [242,273]. Eleven
Mt(a+) individuals were heterozygous for C230T at
the 3¢ end of exon A3 of GYPA, encoding a Thr58Ile
substitution [410]. This mutation destroys an MspI 
restriction site.

The original anti-Mta was identified in a serum con-
taining antibodies to other low frequency antigens, as
were two subsequent examples [411]. No anti-Mta

was found in 3500 donor sera [411]. In a case of HDN
caused by anti-Mta, the baby was jaundiced and 
required exchange transfusion [242].
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3.17.3 Ria (Ridley, MNS16)

Ria is extremely rare. The original Ri(a+) propositus
[246] is the only one known, despite the testing of 
70 501 London blood donors [246,247]. The family of
the propositus shows that Ria is inherited with MS and
M and S antigens are expressed normally [247]. Ria is
trypsin-sensitive, but resistant to treatment of the cells
with chymotrypsin, papain, or pronase [247], a pat-
tern not usually associated with MNS antigens. Ria is
associated with G220A in GYPA exon 3, encoding a
Glu55Lys substitution in GPA [412]. This amino acid
change introduces a trypsin cleavage site and ablates a
papain cleavage site.

Screening of 42 886 sera for anti-Ria revealed one
example, in a woman with no history of transfusion or
pregnancy [247]. Twelve other anti-Ria are known, 
all in sera containing other antibodies to low 
incidence antigens [247]. Twelve of the 13 anti-Ria are
IgM.

3.17.4 Cla (Caldwell, MNS17)

Aligned with Ms in two Scottish families (one originat-
ing from Ireland) [248]. Apparently normal expres-
sion of M and s. Antigen destroyed by trypsin and by
papain.

Anti-Cla was found in 24 of 5326 (0.45%) donor
sera. No anti-Cla was found in sera of five Cl(a–)
women with Cl(a+) children [248].

3.17.5 Nya (Nyberg, MNS18)

Nya is present on the red cells of almost 0.2% of 
Norwegians [249–251], yet only one Ny(a+) person (a
Swiss [18]) was found from screening many thousands
of European, white American, and Oriental blood
donors (Table 3.9). In 19 Norwegian families and one
Swiss family Nya was inherited with Ns [18,249–251].
The N and s antigens of Ny(a+) cells appear normal
[250]. Nya is denatured by trypsin, papain, and
pronase treatment [250,252,273]. Two unrelated
Ny(a+) individuals were heterozygous for a T138A
change in exon 3 of GYPA, encoding a GPA Asp27Glu
substitution [413]. Amino acid 27 of GPA represents
the Xaa residue in the Asn-Xaa-Ser/Thr consensus 
sequence for N-glycosylation of Asn26. SDS PAGE
and immunoblotting with antibodies to GPA revealed
no abnormality of GPA from Ny(a+) cells, so the

Asp27Glu substitution does not appear to affect 
N-glycosylation [190,413].

Anti-Nya was found in about 0.1% of Norwegian
and German blood donors [250,252]. Anti-Nya is gen-
erally not immune; anti-Nya was not found in the sera
of seven Ny(a–) women with Ny(a+) babies [250].

3.17.6 Mv (MNS21)

Mv is a low incidence antigen associated with a variant
form of GPB. The original ‘anti-Mv’, which reacted
with all N+ cells and with cells of about one in 400
M+N– white Americans [414], was later considered to
be inseparable anti-NMv [255]. A second example of
anti-Mv, which lacked the anti-N activity, reacted with
cells of about 0.6% of English blood donors [255]
(Table 3.9). Mv was inherited with Ms in 14 families
and with MS in two families [255,414]. Weakened 
expression of s antigen was noticed when Mv was as-
sociated with Ms, but no similar effect on S expression
was apparent when Mv was associated with MS
[255,414,415]. Mv is resistant to trypsin cleavage, but
is destroyed by chymotrypsin, papain, ficin, and siali-
dase treatment [273,416,417].

Red cells of a woman heterozygous for GP.Hil
(Mi.V) and Mv genes have no trypsin-resistant ‘N’
antigen and only about 25% of the normal quantity of
GPB [125,154,417]. GYP(A–B)Hil produces no ‘N’
or GPB (Section 3.11.1). Expression of Mv and loss of
‘N’ from GPB is associated with a C65G change in
GYPB exon 2, encoding a Thr3Ser substitution [418].
It is not clear whether this amino acid change is also 
responsible for reduced GPB expression as other mu-
tations, possibly in the promoter region of GYPB,
might also be present. An analogy can be drawn be-
tween anti-NMv (the original anti-Mv) and anti-Me;
the former cross-reacting with Mv on GPB and N on
GPA, and the latter cross-reacting with He on GPB 
and M on GPA.

Anti-Mv may be red cell immune [414,416] or ‘nat-
urally occurring’ [255]. IgG anti-Mv caused HDN in
two of the five Mv+ children of an Mv– woman with an
Mv+ husband [416].

3.17.7 Far (MNS22)

In the Far family the gene producing the Far antigen
appeared to be aligned with an Ns complex [256,419].
Far was subsequently shown to be the same as the
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Kamhuber antigen [257,420]. In the Kamhuber family
Far may be associated with MS, although neither 
family proves close linkage with MNS. Far is resistant
to trypsin, papain, and ficin [257,273].

Anti-Far has been responsible for severe HDN [419]
and for a haemolytic transfusion reaction [257]. Both
Far antibodies are probably red cell immune, one aris-
ing from fetal–maternal immunization [256,419], 
the other from transfusion of Far+ blood [257]. No 
example of anti-Far was found in 541 sera from nor-
mal donors [256].

3.17.8 sD (Dreyer, MNS23)

Aligned with Ms in a white South African family with
41 sD+ members in four generations [258]. Screening
of red cells from 1000 white South Africans revealed
one sD-positive, subsequently shown to belong to the
original family [258]. One of 1000 donors of mixed
race was also sD+ (Table 3.9). GYPB exon 4 from two
sD+ individuals contained a C173G transversion, en-
coding Pro39Arg in GPBs [418]. Red cells of S+s+sD+
individuals reacted weakly, or not at all, with several
anti-s sera [258]. This altered expression of s may be
caused by conformational changes in GPB resulting
from the Pro39Arg substitution [418].

Anti-sD caused HDN [258].

3.17.9 Mit (Mitchell, MNS24)

Of 15 reported families, Mit was inherited with MS
in 13, with NS in one, and with Ms in one
[259,260,421]. With anti-Mit of low titre, Lubenko 
et al. [260] found four Mit+ individuals from 17 951
North London donors, but with a high-titred anti-Mit,
they identified seven Mit-positives from a further 8278
donors. In S+s+ Mit+ individuals, S expression is often
depressed [418,421], as is s antigen expression in one
informative family [260]. The extent of the S depres-
sion is variable and very dependent on the anti-S
reagents used. A G161A transition encoding an
Arg35His substitution was present in exon 4 of
GYPBS of three Mit+ individuals [418]. This is consis-
tent with Arg35 of GPB being part of the S and s 
epitopes [85] (Section 3.4.4.1). Immunochemical
techniques revealed no obvious reduction in GPB
quantity in Mit+ red cells [260,418,421], although 
immunoblotting with anti-S clearly demonstrated a 
reduction in staining intensity of GPB with S+s+ Mit+

cells [50]. Mit expression is reduced by pronase treat-
ment of the cells, but not by trypsin or chymotrypsin
treatment [260].

No example of anti-Mit was found in 500 antenatal
sera or 660 donor sera [259]. The original anti-Mit
was responsible for slight neonatal jaundice [259].

3.17.10 Or (Orriss, MNS31)

Or was transmitted with Ms in a white Australian fam-
ily with seven Or+ members in three generations [422].
Or+ has also been found in two Japanese [266], an
African American [265], and a Jamaican [423] (Table
3.9). Anti-Or was inhibited by sialoglycoproteins iso-
lated from Or+ red cells and gave a positive result in a
monoclonal antibody-specific immobilization of ery-
throcyte antigens (MAIEA) analysis with monoclonal
antibodies to GPA [266,422]. Or+ cells give normal
PAS staining patterns after SDS PAGE [422]. A C148T
base change in exon 3 of GYPA, encoding a GPA
Arg31Trp substitution, was detected in cDNA from
three unrelated Or+ individuals [266,423]. The M
antigen of the Or+ individuals is more resistant to
trypsin denaturation than normal M antigen. Or anti-
gen is destroyed by pronase, ficin, and sialidase treat-
ment of cells, is chymotrypsin-resistant, and shows the
same partial resistance to trypsin treatment as the M
antigen on Or+ cells [422,423]. Fifty per cent of native
GPA molecules are cleaved by trypsin at Arg31 [61].
Sialidase sensitivity suggests that glycosylation of
Thr33 and Thr37 are involved in the Or epitope [423].

The original anti-Or was found in the serum of an
autoimmune haemolytic anaemia patient [265]. Anti-
Or has caused HDN of moderate severity [423]. Twen-
ty examples of anti-Or have been found in about 
17 000 normal sera, and five in 50 sera containing anti-
bodies to other low frequency antigens [265,266,422].

3.17.11 Osa (MNS38)

Osa has been found in one Japanese family where it
was associated with Ms [269]. No further Os(a+) was
detected among 50 000 Japanese donors. Osa is
trypsin-resistant, but destroyed by papain, ficin, and
pronase. Immunoblotting with anti-Osa showed that
Osa resides on a GPA molecule of normal elec-
trophoretic mobility and the location of Osa on GPA
was confirmed by a MAIEA test [413]. Sequencing
GYPA exon 3 of an Os(a+) individual from the only
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family with Osa revealed heterozygosity for a C217T
base change, encoding a Pro54Ser substitution 
[413]. A synthetic peptide representing part of GPA
with the Osa mutation (VRTVYPSEEETGE) inhi-
bited anti-Osa, whereas the control peptide
(VRTVYPPEEETGE) did not.

Anti-Osa is present in several sera containing multi-
specific antibodies to low frequency antigens, but no
example was found in testing 100 000 sera from
Japanese donors [269].

3.18 Antigens associated with atypical
glycophorin glycosylation

3.18.1 Hu, M1, Tm, Sj, and Can

Several antibodies have been identified that show a dis-
tinct preference for either M+ or N+ cells, but are not
anti-M or -N. They react with red cells from a greater
proportion of black than white people and demon-
strate a great deal of individual variation in antigen
strength. These antibodies are not simply showing
variation in the strength of M or N antigen; the M-re-
lated antibodies will often react more strongly with
M+N+ cells (with a single dose of M antigen) than with
M+N– cells (with a double dose). The same applies to
the N-related antibodies with M+N+ and M–N+ 
cells. Table 3.12 shows the frequencies of antigens 
detected by these antibodies in black and white 
populations.

Binding of many examples of anti-M and -N is par-
tially dependent on oligosaccharide moieties located
on GPA and GPB. However, the polymorphism they
detect is determined primarily by the nucleotide se-
quence of the genes responsible for the amino acid se-
quence of the polypeptide chain of GPA and GPB. The
antibodies described in this section appear to be recog-
nizing differences in the structures of the oligosaccha-
rides around the N-terminus of GPA and possibly
GPB, arising from inherited glycosyltransferase varia-
tion. Such heterogeneity in transferase specificity pre-
sumably derives from polymorphism at a gene locus
separate from the MNS complex locus.

3.18.1.1 Serology and genetics

Hu (Hunter) Hu is the oldest MNS antigen after M
and N. In 1934 Landsteiner et al. [427] injected rabbits

with the red cells of an African American, Mr Hunter,
and the resulting antibody agglutinated the red cells of
about 7% of African Americans [24,427]. Twenty-
two per cent of West Africans were later found to be
Hu+ [231]. Hu is relatively rare in white people [24]
(Table 3.12). All Hu+ samples, giving ‘distinct, posi-
tive reactions’ with anti-Hu, are N+ , although many
N+ red cells are Hu–. Anti-Hu has only been produced
by immunizing rabbits with Mr Hunter’s red cells
[427,428]; because these cells are no longer available,
Hu specificity is close to extinction. Limited family
data suggested that Hu is inherited in a Mendelian
manner [231].

Wright et al. [424] described an antibody, provision-
ally named anti-Sext, which may represent alloanti-
Hu. The antibody reacted with red cells of 24% of
African Americans and no white people; all reactive
cells were N+. Few red cells of known Hu type were
available, but all 13 Hu+ samples reacted with anti-
Sext; 3 Hu– samples did not.

M1 M1 is only present on M+ red cells [429]. Early
examples of anti-M1 were found associated with anti-
M in the sera of M–N+ individuals [18,193,362,429].
At the appropriate pH and dilution these sera behaved
as anti-M1 and, with these sera, 24% of African Amer-
icans were found to be M1+ [24,193]. Later, two ex-
amples of anti-M1 from M+N+ individuals provided
somewhat lower frequencies for M1 antigen; 17% of
black people and < 1% of white people were M1+
[425,430] (Table 3.12).

Tm and Sj Anti-Tm reacts preferentially with N+
cells [431]. Most M+N+ Tm+ cells are also M1+ 
[432]. Anti-Sj was identified as a second antibody 
in the serum containing the original anti-Tm [24]. 
Like Tm, Sj has a slightly higher incidence in black
than white people. Sj has only been detected on N+
cells.

Can (Canner) The only example of anti-Can reacted
with the red cells of 60% and 27% of black and white
people, respectively, and showed a preference for M+
cells [426]. Results of tests with anti-Can against de-
sialylated red cells provided the first suggestion that
carbohydrate structures played an important part in
the specificity of anti-Can and similar antibodies
[426]. Most M1+ cells are also Can+ [432].
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3.18.1.2 Biochemistry

When tested with desialylated red cells, anti-Can and 
-Tm behaved as anti-M and -N, respectively
[426,433]. The sera had to be adsorbed free of anti-T
with sialidase-treated red cells of the appropriate phe-
notype. One of the major factors determining Hu,
Sext, M1, Tm, Sj, and Can activity appears to be the N-
acetylglucosamine content of the O-glycans attached
to amino acid residues 2–4 of GPA and GPB [432]. The
predominant O-glycan on GPA is the disialotetrasac-
charide shown in Fig. 3.2. An alternative oligosaccha-
ride, in which one of the sialic acid residues is replaced
by N-acetylglucosamine, also occurs, more commonly
in black than white people [277,434]. Dahr et al. [432]
have suggested that anti-Hu, -Sext, -M1, -Tm, -Sj, and
-Can react with GPA molecules with these variant O-
glycans when present on the appropriate M or N pep-
tide backbone. If a high enough level of the variant
O-glycan is present, then some of these antibodies will
react with the red cell regardless of MN type. Race and
Sanger [18] noted a weakening of N antigen on
M1+M+N+ cells compared with M1–M+N+ cells. This
could be caused by anti-N binding less effectively to
GPAN with a high proportion of oligosaccharides 
containing N-acetylglucosamine.

There can be little doubt that the series of antibodies
described in this section are distinguishing not only a

polymorphism at the MN (GYPA) locus, but also poly-
morphism of genes producing the glycosyltransferases
responsible for the biosynthesis of the O-glycans of the
N-terminal region of GPA. Limited family studies have
implied that Hu, M1, and Tm have a regular mode of
inheritance [231,435], although one family study sug-
gests anomalous inheritance of M1 [436].

3.18.2 T, Tn, and Cad

T, Tn and Cad antigens represent alterations of the O-
linked oligosaccharides of glycophorins. Although
studied predominantly on GPA, these determinants
are not found exclusively on red cell sialoglycopro-
teins and may be detected on other red cell compo-
nents as well as on other cells. Consequently, they will
be considered only briefly here.

T and Tn are cryptantigens; they are not normally
detectable. Most human sera contain anti-T and -Tn,
so red cells expressing these antigens are polyagglutin-
able (agglutinated by most human sera) and are de-
scribed in detail in Chapter 31. Red cells become
T-active when they are desialylated, either by sialidase
treatment in vitro or by the action of bacterial sialidase
in vivo. This results in the cleavage of the sialic acid
residues from the O-linked tetrasaccharides, revealing
the T-active structure Galb1Æ3GalNAc. T expression
is depressed in desialylated En(a–) cells [115,116,119].

Table 3.12 Relative frequencies of antigens partially determined by N-acetylgalactosamine content of O-glycans on GPA,
shown as a percentage of antigen-positive individuals in the whole ethnic group and in people of each MN phenotype.

African Americans White people

Percentage antigen positive Percentage antigen positive

No. Whole No. Whole 
Antigen tested pop. M+N- M+N+ M-N+ tested pop. M+N- M+N+ M-N+ References

Hu 500 7 1 8 12 500 1 0 2 3 [24]
Sext 335 24 0 28 33 167 0 0 0 0 [424]
M1

a 822 24 46 26 0 500 4 10 1 0 [24,193]
M1

b 230 13 32 10 0 218 1* 1 0 0 [425]
Tm 500 31 3 27 64 900 25 2 24 61 [24]
Sj 500 4 0 3 9 500 2 0 3 3 [24]
Can 447 60 74 67 37 541 27 44 24 5 [426]

*One sample positive.
aAnti-M+M1 used by condition in which only anti-M1 reacts; banti-M1 used.
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The Tn determinant is N-acetylgalactosamine linked
to serine or threonine; the O-glycans of Tn-active 
cells consist of this monosaccharide or of a sialylated
disaccharide. Tn-active red cells lack b1,3-D-
galactosyltransferase (T-transferase), probably as a 
result of somatic mutation. Consequently, galactose
cannot be added to the O-linked N-acetylgalac-
tosamine of glycophorins and other structures. T- and
Tn-active red cells have depressed expression of M and
N.

In the Sd(a++) phenotype (described in Chapter 29)
some of the O-linked oligosaccharides of glycophorins
have an additional N-acetylgalactosamine residue
linked to galactose, producing a disialopentasaccha-
ride (reviewed in [35]).

3.19 Quantitative variants

The symbols N2 and S2 have been used to describe
weakened expression of N and S (for references see
[437]). In the absence of any biochemical analysis or
testing with modern serological reagents, these pheno-
types are no longer of any significance.

Four families are described in which a positive direct
antiglobulin test (DAT), with no signs of haemolytic
anaemia, was inherited as a dominant character. In one
family [438] the positive DAT is inherited with a weak
expression of M antigen (called M2). In two families
[439,440], including one with 11 members with DAT-
positive red cells, it was inherited with weak N (N2, but
different from that mentioned above). In the fourth
family [18] no aberrant expression of MN antigens
was detected. Anti-IgG, -IgA, and -C3 in the antiglob-
ulin reagent were not involved in the reaction, but 
the presence of anti-IgM did seem to be important
[439,440].

3.20 MNSsU antibodies

3.20.1 Human anti-M

Anti-M is a relatively common ‘naturally occurring’
antibody. Thousands of examples have been identified
since the original description by Wolff and Jonsson
[441] in 1933. With a low ionic-strength polybrene
Auto-Analyser and M+N+ screening cells, Perrault
[442] identified 64 anti-M in 22 500 (0.3%) donor
sera, 62 from M– and two from M+ donors. Most anti-
M are only reactive at temperatures below 37°C, with

an optimum temperature of 4°C, but occasional exam-
ples will agglutinate red cells at body temperature
[443]. Although generally considered to be ‘naturally
occurring’, there is evidence that anti-M may be stimu-
lated by transfusion [444,445] or by bacterial infec-
tion in children [446]. Many examples of anti-M show
a pronounced dosage effect, reacting more strongly
with M+N– than with M+N+ cells [18]; weaker exam-
ples of anti-M are often not detected in tests with
M+N+ cells. By an agglutination technique at room
temperature with M+N– cells, A. Lubenko (cited in
[443]) found an incidence of anti-M of 1 in 2500
donor sera, but only of 1 in 5000 sera when M+N+
cells were used for screening. Anti-M is more common
in infants than in adults [447], particularly in patients
with burns [448].

Most human anti-M contain an IgM component
[443], although 78% were found to be at least partial-
ly IgG and these IgG antibodies could agglutinate
saline suspensions of M+ red cells [449]. Anti-M bind
very little or no complement [443,445,450].

MN antibodies are often pH dependent and this
topic will be discussed in more detail in Section 3.20.7
on monoclonal antibodies. By acidifying sera from
1000 M–N+ donors, Beattie and Zuelzer [451] found
21 examples of anti-M dependent on low pH. These
IgM anti-M had a pH optimum of 6.5 and were most-
ly inactive at pH 7.5; below pH 6.5 they became 
non-specific.

M-like alloantibodies, which do not react with the
antibody maker’s own cells, have occasionally been
identified in the sera of M+ individuals [452–454]. In
one case, the patient’s M-like alloantibody did not
react with the cells of his four M+N+ children who had
inherited his M [452]. In another example, the M-like
antibody did not react with the M+N+ red cells of the
patient’s sister [454].

3.20.2 Human anti-N

Any discussion on anti-N and the N antigen is compli-
cated by the presence of N determinant, not only on
GPA of individuals with an N allele, but also on GPB of
most people. Consequently, most M/M people (often
denoted M+N–) do have N on their red cells (usually
designated ‘N’) and only very rarely make anti-N.
When they do it is generally weakly reactive. These an-
tibodies, which will often agglutinate M+N– cells at
low temperatures and can be removed from the serum
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by adsorption with M+N– cells [30,455,456], are not
strictly alloantibodies.

Red cells of individuals with the rare M+N–S–s–(U–
or U+var) phenotypes lack ‘N’ and may produce a 
potent alloanti-N, which will agglutinate all cells 
carrying an N determinant, whether on GPA or GPB
[193,456–458]. These antibodies have been referred
to as anti‘N’, -N‘N’, or -NU; misleading terminologies
that suggest they differ in specificity from the anti-N
produced by M+N–S+/s+ people.

Anti-N is relatively rare compared with anti-M
[18,442]. Most anti-N are ‘naturally occurring’, IgM,
and inactive above 25°C [443]. Immune anti-N result-
ing from multiple transfusions do occur [458], usually
in people of African origin with M+N–S–s–U– red
cells. A pH-dependent anti-N in the serum of an
M+N–S–s+ man demonstrated optimum reactivity at
a pH below 7 [460]. Anti-N often show a pronounced
dosage effect [18].

A few healthy M+N+ people have produced N-like
antibodies, which did not agglutinate autologous cells
[461–465].

3.20.3 Clinical significance of anti-M and -N

3.20.3.1 Alloantibodies

Most anti-M and anti-N are not active at 37°C and are
not clinically significant. They can generally be ig-
nored in transfusion practice and, if room temperature
incubation is eliminated from compatibility testing
and screening for antibodies, they will not be detected.
When M or N antibodies active at 37°C are 
encountered, crossmatch-compatible blood should be
provided.

Anti-M and -N have been implicated as the cause of
immediate and delayed haemolytic transfusion reac-
tions [447,458,466–469], although Issitt and Anstee
[195] cast doubt on the validity of some of these
claims. The suggestion that anti-M and -N can have
haemolytic activity was supported by the results of
51Cr survival tests and monocyte phagocytosis assays
[458,468].

HDN caused by anti-M is rare. There are reports 
of anti-M HDN leading to fetal death or requiring
treatment by exchange transfusion [459,470–475].
One high titre IgG plus IgM anti-M was responsible 
for neonatal pure red cell aplasia and caused a sub-
stantial reduction in proliferation of erythroid cells in

culture [475]. Therefore, like anti-K (Section 7.3.5.2),
anti-M may cause HDN primarily by destroying 
erythroid progenitors rather than mature erythro-
cytes. No serious case of HDN caused by anti-N is
recorded, but anti-N in a woman of phenotype
M+N–S–s–U+var caused mild HDN in her M+N+ baby
[457].

3.20.3.2 Autoantibodies

At least 15 cases of patients with autoanti-M have
been reported and these are reviewed by Sacher et al.
[476]. Of these 15 autoantibodies, 11 were considered
innocuous, whereas the other four gave some symp-
toms of cold haemagglutinin disease. Where anaemia
was reported, it was mild and easily controlled
[477,478]. A Pr-like antibody with a binding prefer-
ence for M+ cells caused chronic cold haemagglutinin
disease and autoimmune haemolytic anaemia in an
M+N+ patient [479]. A few cases of warm AIHA
caused by autoanti-N have been described [173], one
of which had a fatal outcome [480]. Autoanti-M re-
sponsible for warm AIHA has not been found [173].

3.20.4 Anti-N and renal dialysis

In 1972, Howell and Perkins [481] identified 12 exam-
ples of apparent anti-N from the sera of 416 prospec-
tive kidney transplant patients maintained on chronic
haemodialysis. The antibodies disappeared after
transplantation. Production of these N-like antibodies
(anti-Nf) arises from immunization of the patients by
small numbers of residual red cells on which N deter-
minants have been altered by the formaldehyde used in
sterilization of the dialysis membranes [481–491]. 
Between 21% and 27% of dialysis patients using
formaldehyde-sterilized membranes have anti-Nf, 
regardless of their MN phenotype [487,488,491].

When tested with red cells treated with formalde-
hyde solution, anti-Nf show greatly increased 
reactivity and will often agglutinate red cells of 
all MN groups, including M+N–S–s– cells
[483,485–488,492]. Furthermore, many sera from
dialysis patients that do not contain anti-Nf have 
this ‘antiformaldehyde’ specificity. Antibodies to
formaldehyde-treated cells are both IgM and IgG,
whereas antibodies to untreated N+ cells (anti-Nf) are
IgM and can be considered as separate antibodies 
appearing at a late stage of immunization [489].
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Dahr and Moulds [492] showed that formaldehyde
treatment greatly increased the ability of glycophorin
to inhibit haemagglutination by anti-Nf, but only if
there had been no prior blocking of N-terminal amino
groups. They concluded that anti-Nf recognizes N 
determinants on GPA and GPB in which the free amino
group of N-terminal leucine is modified by reacting
with formaldehyde. Sialic acid residues on the second,
third, and fourth amino acids may also be involved in
the binding site. Presumably, the antiformaldehyde
antibodies are stimulated by other formaldehyde mod-
ified proteins, as the reaction with M+N–S–s– red cells
could not be inhibited by formaldehyde-treated GPA
N-terminal octapeptides.

3.20.5 Glucose dependent antibodies

Some antibodies that only react with red cells previ-
ously exposed to glucose have M or N specificity
[494–496]. They were identified because of the pres-
ence of glucose in red cell preservative solutions used
for antibody identification panels. Incubation in
1–2% glucose solutions at neutral or alkaline pH, for a
few hours at 37°C or days at 4°C, rendered red cells 
agglutinable by these glucose-dependent antibodies.
With some of the antibodies other sugars, such as
galactose, mannose, or N-acetylglucosamine, had the
same effect [494,496]. One glucose specific anti-M,
produced in an M–N+ diabetic, agglutinated M+ red
cells from six of seven patients with diabetes mellitus
without prior incubation of the cells in glucose, pre-
sumably as a result of non-enzymatic glycosylation 
of proteins because of elevated serum glucose levels
[495].

It is probable that glucose binds to the amino group
of the N-terminal amino acid residues of GPA and
GPB, altering the steric configuration of the M or N 
determinant [494–496].

3.20.6 Anti-M and -N produced in animals

Before the advent of monoclonal antibodies (see
below), anti-M and -N reagents were generally pro-
duced by injecting rabbits with human red cells of the
appropriate MN phenotype. The original M and N 
antibodies of Landsteiner and Levine [1–4], which 
led to the discovery of the MN system, were hetero-
agglutinins produced in rabbits.

3.20.7 Monoclonal anti-M and -N

Numerous monoclonal antibodies to M and N anti-
gens have been produced and many examples have
been analysed in three international workshops
[48,87,176]. They have been made by the murine hy-
bridoma technique employing spleen cells from mice
immunized with either human red cells or with 
glycophorin isolated from human red cells. Most 
were IgG, although some IgM anti-M and -N have
been generated.

Fraser et al. [497,498] produced two monoclonal
anti-N by immunizing mice with M+N–S–s+ red cells,
the immunogen presumably being the ‘N’ determinant
on GPB. Both antibodies reacted with GPAN and 
GPB. Two monoclonal anti-N differed in their affinity
for N and ‘N’, one antibody having a much higher
avidity for the N determinant on GPA and the 
other having a higher avidity for ‘N’ on GPB [499]. 
Although the primary structures of N and ‘N’ are 
identical, these monoclonal antibodies may be able 
to distinguish differences in their tertiary structures
[499].

Monoclonal antibodies are usually more sensitive to
variations in pH than are the polyclonal antibodies in
human and animal sera, which are cocktails of anti-
body molecules to different epitopes on the same anti-
genic determinant, all with different pH optima. A
number of charged groups exist in the region of the M
and N determinants, including the free amino group of
the terminal amino acid residue, the carboxyl groups
of sialic acid on amino acid residues 2, 3, and 4, and the
glutamic acid at position 5 in N. Variations in pH 
affect the charge on these groups leading to confor-
mational changes in the region of the M and N 
determinants, altering the binding affinity with vari-
ous monoclonal antibodies [500]. At pH, tempera-
ture, and concentration optimal for reaction strength,
many monoclonal anti-M (or, more accurately, anti-
M-like) will agglutinate M–N+ cells [282,283,501].
From the point of view of reagent production this
problem can usually be overcome by dilution or by pH
adjustment.

Most MN monoclonal antibodies do not react 
with, or show greatly reduced avidity for, sialic acid-
depleted red cells or glycophorins. However, there 
are a few monoclonal anti-M and -N that detect sialic
acid-independent epitopes [48,87,176].
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M and N antigens differ at the first and fifth amino
acids of the N-terminus of GPA (see Table 3.7); anti-M
detect either Ser1 or Gly5; anti-N either Leu1 or Glu5.
Other factors, especially the presence of oligosaccha-
rides, are usually also important to epitope integrity.
Red cells with the rare Mc and He phenotypes (see
Table 3.7) have been very useful in the elucidation of
some of these fine specificities, as have techniques for
modification of the terminal amino acid residue by
acetylation of the free amino group or by removal of
the N-terminal amino acid by Edman degradation
[48,87,176,502]. As a rough guide, anti-M that detect
the presence of Ser1 react with Mc/N cells but not with
acetylated cells [282,503], whereas those that detect
Gly5 do not react with Mc cells, but do react with
acetylated cells and may bind to He active GPB, which
has glycine at position 5 [501]. Some anti-M that react
with a Gly5-dependent epitope cross-react with Mg

[285]. The fine specificity of N antibodies is more diffi-
cult to determine. Anti-N recognizing Leu1 rather
than Glu5 should not react with GPA from Mc/M cells
[503,504].

The fine specificity of MN antibodies has also been
analysed by haemagglutination inhibition tests with
acetone powders prepared from Chinese hamster
ovary cells transfected with GYPA cDNA [505,506].
The cDNA either encoded GPAM or GPAN, or was
modified by site directed mutagenesis to encode the Mc

sequence or a novel NM N-terminal sequence, Leu-
Ser-Thr-Thr-Gly (see Table 3.7). One monoclonal
anti-M required Gly5 and sialic acid for binding, three
human alloanti-M required Ser1 and not Gly5, and
two monoclonal anti-N and Vicia graminea lectin re-
quired Leu1, but not Glu5.

Fab fragments of murine monoclonal anti-M and 
-N displayed on the surface of bacteriophages trans-
formed with cDNA representing light-chain variable
region had similar immunological properties to those
of their parental hybridoma antibodies [493,507]. The
affinity of soluble, recombinant, anti-N Fab-fragment,
derived from murine cDNA, was enhanced 100-fold
by shuffling of Fd fragments with library-derived light-
chains. These mutant Fab fragments had similar affin-
ity to the parental immunoglobulin molecules and
agglutinated N+ red cells in the presence of antiglobu-
lin [508].

3.20.8 Lectins

A seed extract from Iberis amara was found to have M
specificity [509], but no seed lectin has proved satisfac-
tory as an anti-M blood grouping reagent [510].

One of the most useful lectins in blood group serolo-
gy was identified by Ottensooser and Silberschmidt
[511] in the seeds of a Brazilian plant, Vicia graminea.
At the appropriate dilution, this lectin behaves as anti-
N and is a useful blood grouping reagent. M–N+ cells
bind approximately 20 times more molecules of V.
graminea lectin than M+N– cells [512,513]. V.
graminea lectin binds to GPA and GPB from M–N+
and M+N+ cells, but only to GPB from M+N– cells
[513,514].

Trypsin treatment enhances the ability of V.
graminea lectin to bind to ‘N’. The lectin agglutinates
all trypsin-treated red cells apart from those of the
S–s–U– and S–s–U+var phenotypes, and those of other
rare phenotypes in which ‘N’ is not present [515]. V.
graminea lectin binds sialidase-treated cells more
strongly than untreated cells and agglutinates siali-
dase-treated M+N– red cells as strongly as sialidase-
treated M–N+ cells; after desialylation, M+N– and
M–N+ cells have a similar number of binding 
sites [513].ThedeterminantrecognizedbyV.graminea
lectin is often referred to as NVg to distinguish it from
N.

The minimum binding requirement for V. graminea
lectin is the disaccharide Galb1Æ3GalNAc [109,516],
present in the O-glycosidically linked tetrasaccharides
located around the N-terminus of GPA and GPB. For
most efficient binding, N-terminal leucine, which
probably affects the steric arrangement of neighbour-
ing O-glycans, is required, hence the binding prefer-
ence for N-active glycophorins. The lectin does not
bind GPAMc [517] which, like N, has glutamic acid at
position 5 but, unlike N, has serine at position 1 (see
Table 3.7). Edman degradation of GPAN, which re-
moves the N-terminal amino acid residue, results in
failure of the molecule to combine with V. graminea
lectin [518].

Some other lectins are potentially useful as anti-N
reagents, especially seed extracts from Bauhinia pur-
purea [519] and B. variegata [520], and the extract
from leaves of Vicia unijuga [521]. Lectins prepared
from the seeds of Mollucella laevis [522] and Ban-
deiraea simplicifolia [523] have A+N activity; they 
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agglutinate all group A cells and also N+ group O 
and B cells.

A number of other lectins that have proved useful
are those that signpost rare variants of the MNS sys-
tem by detecting deficiency of normal GPA and/or
GPB. Lectin from the seeds of Maclura aurantiaca is
specific for the disaccharide Galb1Æ3GalNAc but,
unlike V. graminea lectin, does not distinguish be-
tween M and N [524]. Haemagglutination by this
lectin is depressed in En(a–) cells compared with
En(a+) cells [130]. Phaseolus vulgaris lectin binds to
the N-linked oligosaccharide present on GPA [127].
Like M. aurantiaca lectin, radioiodinated P. vulgaris
lectin has been useful for visualizing GPA in gels after
electrophoresis [127]. Some lectins, such as Sophora
japonica (after adsorption with A1B cells) and Glycine
soja, preferentially agglutinate sialic acid-deficient red
cells [116,130]. These lectins have been utilized in
screening for MNS variants with deficiency or alter-
ation of GPA and/or GPB.

3.20.9 Anti-S

Since the discovery of anti-S in 1947 [7,8], many more
examples have been found [525,526]. Anti-S are usu-
ally immune [443,525], although ‘naturally occur-
ring’ examples are known [525,527]. Anti-S, -s, and -U
are generally non-complement binding IgG antibodies
[195,443], although IgM anti-S has been reported
[528]. S, s, and U antibodies usually react at 37°C, but
most are optimally reactive at temperatures between
10 and 22°C by manual antiglobulin tests under nor-
mal ionic conditions [529,530].

Anti-S reagents are notorious for containing anti-
bodies to private antigens. Lubenko [531] found that
of nine single donor anti-S sera tested, four contained
one antibody to a low frequency antigen, one con-
tained two such antibodies, and two were polyspecific
with 15 antibodies to low frequency antigen detected
in each serum.

Anti-S has been implicated in haemolytic transfu-
sion reactions [532,533] and has caused severe and
fatal HDN [526,534].

Autoanti-S has been responsible for AIHA
[535,536]. An autoanti-S appeared in the serum of an
S+ patient 2 months after treatment for AIHA caused
by an apparently ‘non-specific’ autoantibody [537].
Autoantibodies that are probably detecting non-
polymorphic determinants on GPB may ‘mimic’ anti-

S because of the greater quantity of GPB molecules 
on S+ cells than on S– cells [538,539] (see Section
3.4.4).

Two human IgM monoclonal anti-S submitted to
the third monoclonal antibody workshop were con-
sidered suitable as blood grouping reagents [87]. Both
directly agglutinated S+ red cells, but they had dif-
ferent serological characteristics. MS94 detected a
sialidase-sensitive epitope and did not react with the
abnormal S antigen associated with TSEN (see Section
3.14.1); MS95 detected a sialidase-resistant epitope
and did react with TSEN+ cells [87].

A murine monoclonal antibody, MAb148, behaved
as anti-S by agglutination or indirect antiglobulin
tests, but when more sensitive tests or a pH of 6.5 was
employed, the antibody reacted with all red cells with
GPB [338]. MAb148 gave some unexpected results. It
reacted strongly with S–St(a+) and S–Dantu+ cells, but
did not react with S+GP.Hop (Mi.IV) cells. Hemming
and Reid [338] deduced that MAb148 detects the
tetrapeptide Thr-Asn-Gly-Glu at positions 25–28 of
GPB, but binds more efficiently when methionine (S),
rather than threonine (s), is at position 29.

Some human alloanti-S behave as anti-GPB when
tested with ficin-treated cells, agglutinating all such
cells save those of S–s–U– and S–s–U+var phenotypes
[111].

3.20.10 Anti-s

Anti-s was discovered 4 years after anti-S [10]. Al-
though anti-s is rare, many examples have been found.
Anti-s may be IgM or IgG and four of five anti-s con-
sisted of IgG3 alone [540]. No ‘naturally occurring’
anti-s is reported. Anti-s are usually optimally reactive
at 22°C or below [529,530].

Anti-s has been responsible for severe and fatal
HDN [10,541,542] and for a delayed haemolytic
transfusion reaction [533,543].

3.20.11 Anti-U

Many of the serological complexities of anti-U are
given in Section 3.7.1. Described here are details 
about the antibodies themselves and their clinical 
significance.

The original anti-U was reported by Wiener et al.
[191] in 1953. Many examples have been found since
and, because the U– phenotype is relatively rare, anti-
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U creates a far greater transfusion problem than anti-S
or -s. Anti-U are generally non-complement-binding
IgG antibodies [195] containing an IgG1 component
[540]; no ‘naturally occurring’ anti-U has been report-
ed. Like anti-S and -s, U antibodies may have greater
reactivity at temperatures below 22°C than at body
temperature [529,530].

The first anti-U was responsible for a fatal
haemolytic transfusion reaction [191] and several ex-
amples of delayed haemolytic transfusion reaction
caused by anti-U are documented [198,544–547]. In
one case the transfused cells responsible for the reac-
tion were S–s–U+var, the U antigen being too weak to
be detected during compatibility testing [198]. Several
examples of anti-U causing HDN are reported, includ-
ing one resulting in stillbirth [548]. However, in one
case maternal anti-U had a titre of 1024 and gave a
very high score (> 100%) in an antibody-dependent
cellular cytotoxicity (ADCC) assay yet, despite IgG1
and IgG3 anti-U being eluted from the baby’s red cells,
cord haemoglobin and bilirubin levels were almost
normal and no treatment was required [549]. No
monocyte-blocking antibody was detected.

Autoanti-U, either alone or associated with other
autoantibodies, has been implicated in AIHA
[550–555]. An IgG2 autoanti-U was responsible for
severe AIHA with apparent intravascular haemolysis
and bone marrow dyserythropoiesis [555]. Autoanti-
U has also been involved in alpha-methyldopa-in-
duced haemolytic anaemia [556]. Nine of 28 (32%)
hospitalized patients with AIDS had autoanti-U, de-
tectable in their serum by enzyme tests only [557].
Some autoanti-U only react at low pH and low tem-
perature [551,558] and one case of LISS-dependent
autoanti-U is described [559]. Whereas makers of 
alloanti-U are almost invariably black, most patients
with autoanti-U are white.

3.20.12 Anti-UZ and -UX

Anti-UZ and -UX were detected by Booth [560,561] in
the sera of Melanesians. Anti-UZ reacts with the red
cells of 36% of Melanesians and 61% of white people.
UZ is associated with S. Most S+ samples are UZ+ , al-
though the phenotypes S+UZ– and S–UZ+ do exist.
Anti-UX is a similar antibody. It is likely that UZ and UX

represent determinants on GPB, the apparent associa-
tion with S resulting from greater quantity of GPB on
S+ cells than S– cells (Section 3.4.4).

An antibody closely resembling anti-UZ was detect-
ed in the serum of a S–s+U+He+(weak) Hispanic
woman and in an eluate from the red cells of her new-
born fourth child [562]. Despite causing a strongly
positive DAT on the baby’s red cells, HDN was not 
diagnosed.

3.21 mutation assay

The proportion of a small minority of M–N+ or M+N–
red cells in M+N+ individuals can be determined by
flow cytometry with monoclonal anti-M and -N. This
has been exploited to estimate the frequency of somat-
ic mutation in erythroid precursor cells [563,564]. 
Significant increases in apparent mutation were 
found in cancer patients after exposure to mutagenic
chemotherapy drugs [563], in Hiroshima atomic
bomb survivors [565], and in Chernobyl accident 
victims exposed to ionizing radiation [566]. The 
technique has also been used to monitor the mutagenic
effects of radioiodine therapy for thyroid cancer
[567,568]. In M+N+ Chinese chemical industry work-
ers exposed to benzene, the presence of M–N+ red cells
with a double dose of N (NN), but not with a single
dose of N (NØ), suggested that benzene is responsible
for gene-duplicating mutations rather than gene-
inactivating mutations [569].

3.22 Association with Rh

The first signs of an association between antigens of
the MNS and Rh systems came with the recognition
that Rhnull cells, which lack all Rh antigens, often have
reduced expression of S, s, and U antigens [18,570].
Depression of U expression is generally more manifest
than that of S or s. Rhnull (regulator and amorph type)
and Rhmod cells have between 60% and 70% reduc-
tion in GPB compared with normal cells [571,572].
Red cells of individuals heterozygous for the regulator
alleles have about a 30% decrease in GPB content.
Dahr et al. [571] propose that Rh proteins form a com-
plex with GPB, which might facilitate the incorpora-
tion of GPB into the membrane and contribute to
complete expression of the U antigen.

Anti-Duclos, an alloantibody to a high frequency
antigen, reacted with red cells expressing either Rh
antigens or U antigen, but not with Rhnull U– cells
[573]. Red cells of the antibody maker had normal Rh
antigens and slightly depressed U. Inhibition of anti-

GYPA
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Duclos with various GPB fractions suggested that
Duclos represents a lipid-dependent labile structure in
the region of amino acid residues 35–40 of GPB [220].
A mouse monoclonal antibody, MB-2D10, behaved
serologically in a very similar way to anti-Duclos, ex-
cept that the former reacted with red cells of the maker
of anti-Duclos. Immunoblotting revealed that the
monoclonal antibody bound to the Rh-associated 
glycoprotein (RhAG) [574]. U, Duclos, and MB-2D10
determinants appear to require an association be-
tween GPB and various Rh-related structures for opti-
mum expression [574,575] (see also Sections 5.5.7
and 5.5.8).

An antibody in a multiply transfused Rh D+ S–s+
heart surgery patient reacted only with cells bearing
both D and S antigens [576]. This combined specificity
was confirmed by adsorption studies and provides
serological evidence for an association between Rh
protein and GPB in the red cell membrane.

3.23 Glycophorins as receptors 
for pathogens

3.23.1 Glycophorins and malaria

Of the four species of malarial protozoa that parasitize
humans, Plasmodium falciparum is responsible for the
most severe and prevalent form of malaria. An essen-
tial stage in the life cycle of malarial parasites is the in-
vasion of host red cells by merozoites. This invasion
involves an interaction between receptors on the para-
site and ligands on the surface of the red cell. The first
suggestion that human glycophorin may be involved
in this interaction came from the observation by Miller
et al. [577] that GPA-deficient, En(a–), red cells are
more resistant to invasion than normal cells. This was
confirmed by Pasvol et al. [578] (Table 3.13), who
showed that the minority of merozoites that do suc-
ceed in entering the En(a–) cells develop normally (re-
viewed in [581,582]). S–s– cells, which lack GPB, were
less susceptible to invasion than S+/s+ cells, but sub-
stantially less resistant than En(a–) cells [579,583].
GPC- and GPD-deficient red cells of the rare Gerbich-
negative Leach phenotype demonstrated a degree of
resistance to invasion [580], but this could be a result
of their elliptocytic morphology [584] (see Chapter
18). Trypsin treatment of red cells, which removes 
N-terminal segments of GPA, GPC, and GPD, makes

them relatively resistant to invasion [577,579,
583,585]. The degree of resistance is greater in trypsin-
treated S–s– cells, suggesting that GPA, GPB, and pos-
sibly GPC and GPD act as receptors for P. falciparum
attachment. The results shown in Table 3.13 are those
of Pasvol et al. Other workers, sometimes using differ-
ent strains of the parasite, have often obtained differ-
ent data, but the trends are much the same. An
observed inhibition of parasite invasion by monoclon-
al antibodies to GPA, including anti-Wrb, is probably
the result of increased red cell rigidity [586]. Epitopes
on GPA responsible for antibody and parasite binding
are concealed by coating red cells with polyethylene
glycol, rendering the cells relatively resistant to P. falci-
parum invasion [587].

Sialic acid clustered on the O-linked oligosaccha-
rides of sialoglycoproteins is critical to the invasion
process of P. falciparum. As GPA carries about 70% of
total red cell sialic acid, it is difficult to determine the
relative importance of GPA and sialic acid as receptors
for parasite adhesion and invasion. Sialidase treat-
ment of red cells reduced invasion by about 50%
[577]. Furthermore, Tn red cells, which lack sialic acid
and galactose from their O-linked oligosaccharides,
are virtually refractory to invasion by some strains of
P. falciparum [579,588,589] (Table 3.13). Sd(a++)
(Cad) cells, which have a normal level of sialic acid but
have an additional N-acetylgalactosamine residue at-

Table 3.13 Invasion of red cells of various phenotypes with
Plasmodium falciparum merozoites [578–580].

Invasion 
Deficient (percentage

Phenotype structure of normal)

Normal 100
En(a–) GW GPA 8
En(a–) RL GPA 14
S–s–U– GPB 72
Ge:–2,–3,–4 Leach GPC 57
Tn* Gal+ sialic acid 8
Trypsin-treated GPA-T1, GPC-T1 38

normal
Trypsin-treated GPA-T1, GPC-T1, 5

S–s–U– GPB

*Approximately 90% Tn and 10% normal cells.
GPA-T1 and GPC-T1, N-terminal glycopeptides of GPA and GPB.
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tached to most of their O-glycans (Chapter 29) are 
relatively resistant to P. falciparum invasion, possibly
because the additional N-acetylgalactosamine residue
prevents access of the parasite to its sialic acid ligand
[588]. Adherence of P. falciparum microgametes to
red cells during exflagellation also appears to be de-
pendent on GPA, or at least on sialic acid [590].

EBA-175, a P. falciparum protein that acts as a lig-
and for red cell binding, bound specifically to GPA and
to a glycopeptide comprising the N-terminal 64 amino
acids of GPA, but did not bind GPB [591]. Both sialic
acid and the peptide backbone of GPA were essential
for binding EBA-175. This contrasts evidence suggest-
ing that GPA acts as a receptor for P. falciparum pure-
ly on the basis of being a carrier of sialic acid. The
degree of dependence on sialic acid, however, varies
with the strain of parasite.

3.23.2 Other pathogens

GPA, especially GPAM, acts as a receptor for some 
bacteria. The uropathogenic Escherichia coli strain
1H11165 specifically agglutinates red cells carrying
an M antigen [592]. This agglutination is not affected
by sialidase treatment of the cells. GPAM, but not
GPAN, binds the bacteria. This binding could be inhib-
ited by the glycosylated N-terminal octapeptide of
GPAM. A haemagglutinating adhesin isolated from E.
coli F41 agglutinated M+ red cells more effectively
than M– cells [593]. Glycophorins appear to act as re-
ceptors for bacterial toxins that lyse red cells. Coating
of red cells with antibodies to GPA and GPB protects
the cells from lysis by haemolysins from E. coli and
Vibrio cholerae, respectively [594,595].

GPA acts as a receptor for influenza virus [596] and
certain other viruses [597,598]. Purified GPA, GPB,
GPC, and GPD inhibited haemagglutination by in-
fluenza viruses A and B [599].

3.24 Development and distribution 
of MNS antigens

M, N, S, s, U, and most of the other MNS system anti-
gens are well developed at birth, and some have been
shown to be present on red cells quite early in fetal life
[18]. The biosynthesis of GPA has been well studied
and is reviewed by Gahmberg et al. [600]. GPA is pre-
sent on proerythroblasts, the earliest morphologically

recognizable red cell precursor [601–603], appearing
after the Rh-associated glycoprotein and slightly be-
fore band 3 during in vitro erythropoiesis [604–606].
The degree of O-glycosylation increases as the ery-
throid precursor cells differentiate [603], hence M and
N antigens are only detectable at a later stage in ery-
throid development [607].

GPA is restricted to blood cells of erythroid lineage
[608] and is often used as an erythroid marker. It is not
present on lymphocytes, granulocytes, megakary-
ocytes, or platelets [34,601,609]. Sialoglycoproteins
resembling GPA and GPB are present on the ery-
throleukaemia cell line K562 [601,609,610], which
has been used as a source of GYPA and GYPB cDNA
[58,80]. M and N antigens have been detected on K562
cells [609]; M antigen is more readily detected after 
induction of haemoglobin synthesis by hemin [611].

GPA, or at least a closely related molecule, has been
detected on renal endothelium [612]. Immunocyto-
chemical studies have shown that M, N, and certain
other GPA-borne antigens are expressed on endothe-
lial cells of human kidney, but only those anti-M and 
-N detecting sialic acid-independent determinants re-
acted with kidney tissue, suggesting that the GPA in
renal endothelium is incompletely sialylated [613].

3.25 Function and evolution 
of glycophorins

The main characteristic that the glycophorins have in
common is a long heavily glycosylated extracellular
domain. The function of this domain is not known.
Glycophorins carry a lot of sialic acid and therefore a
substantial negative charge. Consequently, their prime
function may be to keep red cells apart and prevent
spontaneous aggregation. They also contribute to the
glycocalyx or cell coat, an extracellular matrix of car-
bohydrate that protects the cell from mechanical dam-
age and microbial attack [614]. Phenotypes in which
red cells are totally deficient in GPA and GPB (MK) or
GPC and GPD (Leach) are rare and are not associated
with ill health. In GPA-deficiency phenotypes, in
which the most abundant glycophorin is absent, sialic
acid deficiency is partially compensated by increased
glycosylation of band 3 glycoprotein. MK red cells
have only a 20% reduction in sialic acid content, com-
pared with a predicted 60% reduction if there were no
increased glycosylation of band 3 [615].
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GPA is associated with the anion transporter band 3
in the membrane (see Section 10.4.2). Xenopus
oocytes in which human band 3 and GYPA cDNAs
were coexpressed had higher levels of chloride trans-
port and higher level of band 3 in their plasma mem-
brane than oocytes expressing band 3 alone [134].
Furthermore, band 3 with a Gly701Asp mutation is
unstable in the membrane of oocytes unless GYPA
cDNA is coexpressed with the mutant band 3 cDNA
[616]. Young et al. [617] propose that a role of GPA in
the red cell is to enhance the rate of folding and matu-
ration of band 3 during band 3 biosynthesis in the ma-
turing erythroid cell. In En(a–) phenotypes, band 3
may remain in the Golgi complex longer, resulting in
increased extension of the oligosaccharide chains of
the N-glycan on band 3. Band 3-deficient red cells of
mice with targeted inactivation of the band 3 gene did
not express GPA at their cell surface despite the pres-
ence of GYPA mRNA, prompting the suggestion that
band 3 may act as a chaperone for GPA, facilitating its
translocation to the plasma membrane [618]. How-
ever, in human cells GPA can be expressed in the ab-
sence of band 3; GPA appears before band 3 on
erythroid progenitors during ex vivo erythropoiesis
[604,606] and K562 cells express GPA, but not band 3
[619].

GPA may have a role in ligand-induced signal trans-
duction. In its native state, GPA has little or no direct
interaction with the membrane skeleton, a network of
proteins beneath the lipid bilayer (see Chapter 18).
Binding of antibodies, monovalent Fab fragments, or
lectins to GPA resulted in decreased red cell membrane
deformability and reduced lateral movement of GPA
[615]. If a transmembrane signal can be induced by the
binding of ligands to the extracellular domain of GPA,
it probably passes to the membrane skeleton via band
3 [620].

GPA may function as a complement regulator, pro-
viding limited protection to red cells from comple-
ment-induced reactive lysis by inhibiting the
formation or binding of C5b–7 [621]. GPA inserted
into K562 cells by electropulsation increased their re-
sistance to natural killer cell attack, an effect that ap-
peared to be dependent on N-glycosylation of the
GPA, but not on sialic acid or O-glycosylation [622].

GPA is an important factor for the invasion of red
cells by malarial parasites (Section 3.23.1). GPA-
deficiency phenotypes should therefore have a strong
selective advantage in areas where P. falciparum is en-
demic, particularly as no pathology has been associat-
ed with these phenotypes. Yet GPA-deficiency
phenotypes are extremely rare. This suggests that GPA

5' 3'

GYPA Alu Alu

Duplication

Alu–Alu recombination

'GYPB / E'GYPA

GYPA GYPB GYPE

Duplication & mutation

Fig. 3.13 Model to explain the evolution of the three glycophorin genes on chromosome 4. Duplication of an ancestral GYPA
was followed by chromosomal misalignment and unequal crossing-over occurring at an Alu sequence within intron A5 of the
duplicated GYPA ancestral gene and another Alu sequence downstream of that gene. Duplication of the resulting hybrid
GYPB/E progenitor then produced ancestral GYPB and GYPE. All three genes have been further modified by insertion and
deletion. Redrawn from [102].
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does have an important function, or had one until 
recent evolutionary history.

The three glycophorin genes on human chromo-
some 4 show marked homology from their 5¢ flanking
sequences to an Alu sequence approximately 1 kb
downstream of exon 5, the exon encoding the trans-
membrane domains [90,95]. Figure 3.13 outlines the
probable series of events that led to the formation of
the three-gene cluster [102]. Duplication of an ances-
tral GYPAN gene was followed by unequal crossing-
over between the Alu sequence within intron A5 of the
duplicated GYPA gene and another Alu sequence
downstream of that gene. This produced a precursor
GYPB/E gene lacking the 3¢ exons of GYPA, but ac-
quiring a new sequence from the region downstream
of the ancestral GYPA. Duplication of this GYPB/E
gene, followed by divergence, produced ancestral
GYPB and GYPE. GYPE subsequently appeared to
acquire a segment of GYPAM, including exon 2, by
gene conversion [623,624]. This would explain why
GPB has the N sequence, but GPE has the M sequence.

A GYPA gene has been detected in all primate
species tested; a GYPB gene is present in chimpanzee,
pygmy chimpanzee, and gorilla, but absent from
orang-utan and gibbon; and a GYPE gene is present in
all species with GYPB, but only seven of 16 gorillas
had GYPE [625]. GYPB and GYPE probably arose
from the ancestral GYPA prior to gorilla divergence
[625,626]. Chimpanzee and gorilla GPB is larger than
human GPB, because of expression of the exon B3,
which has become the GYPB-pseudoexon in humans.
GYPE has acquired mutation much more rapidly than
GYPB or GYPA, suggesting that GYPE is non-
functional, or less functional than the other gly-
cophorin genes [625,626]. Two allelic forms of GYPA
are found in gorillas: one in which exon A3 is repre-
sented in the mRNA transcript and one in which exon
A3 is a pseudoexon [626].

Chimpanzee red cells express an M-like antigen.
This is probably because of terminal serine on chim-
panzee GPA, which has an N-terminal pentapeptide
sequence identical to that of the human Mc sequence
(see Table 3.7) [627]. N-like activity in red cells of
some chimpanzees probably derives from chimpanzee
GPB [625,627]. He activity in some gorillas may arise
from N-terminal Trp-Ser-Trp on GPA, GPB, and, pos-
sibly, GPE [626]. For a review on the expression of
MNS antigens on the red cells of non-human primates
see [628].
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of the P1, P, and Pk red cell antigens as glycosphin-
golipids followed the exciting work of Naiki and 
Marcus [7] in identifying the P antigen as the most
abundant red cell glycosphingolipid, globoside. Eluci-
dation of the structures of P1, P, and Pk demonstrated
that two biosynthetic pathways were involved in the
production of these antigens. The genes encoding 
the glycosyltransferases that catalyse the synthesis of 
Pk and P have been cloned (see Section 4.3.3), but the
genetics of P1 biosynthesis remains unresolved. As
more than one gene locus is involved, the P blood
groups cannot be considered a single blood group 
system.

4.2 Notation

The International Society of Blood Transfusion (ISBT)
Terminology Working Party has awarded the number
003 to the P system. This system has the symbol P1 and
contains only one antigen, P1 (003001). P, Pk, and LKE
are not included in the P system, because P and LKE are
not controlled by genes at the same locus as that gov-
erning P1 and the position of Pk is unclear. As there are
obvious serological and biochemical relationships 
between P, Pk, and LKE, they have been assembled 
into collection 209, the globoside collection: P is
GLOB1; Pk is GLOB2; and LKE is GLOB3.

Phenotype names are shown in Table 4.1. P1 is used
for P1+ P+ cells and P2 for P1– P+ cells; P1

k and P2
k are

used for P1+ P– Pk+ and P1– P– Pk+ cells, respectively.
The symbol p is used for the ‘null’ phenotype. Symbols
for the genes are not straightforward because P2 has
been used in two ways:
1 originally as the allele of P1; and
2 later as the gene responsible for the b-N-

4.1 Introduction

While looking for new polymorphisms by injecting
rabbits with human red cells, Landsteiner and Levine
[1] discovered the P blood group system in a series of
experiments that also revealed the MN groups. To 
remove anti-species agglutinins, the immune sera were
adsorbed with red cells from subjects other than those
used to immunize the rabbits. The sera were then 
tested for antibodies that reacted differently with red
cells from different people. One such antibody, which
could not be explained by the ABO or MN groups, de-
fined two types of blood called P+ and P–. Human al-
loantibodies of the same specificity were found soon
after.

The P system was expanded in 1955 by Sanger [2],
who observed that all red cells of the very rare pheno-
type Tj(a–) were P–. The notation was altered to ac-
commodate the new phenotype: P+ became P1, P–
became P2, and Tj(a–) was renamed p; the original P
antigen has now become P1. Recognition in 1959 of
another rare phenotype, Pk (CD77), created further
complexity [3]. Pk red cells have strong expression of
Pk antigen, and lack a high frequency antigen, now
called P, which is strongly expressed on all other red
cells except those of the p phenotype (Table 4.1). Pk red
cells may be P1 or P2. The Luke antigen (LKE), another
associated antigen of relatively high incidence lacking
from p cells, was found in 1965 [4]. The reactions of
antibodies defining these phenotypes are shown in
Table 4.1.

The first biochemical steps were taken by Morgan
and Watkins [5], who isolated a P1-active glycoprotein
from hydatid cyst fluid (HCF). The P1 determinant
was identified as a trisaccharide [6]. The identification

P blood groups
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acetylgalactosaminyltransferase that catalyses the
conversion of ceramide trihexose (Gb3, Pk antigen) 
to globoside (P).
These are conflicting definitions so, to avoid confu-
sion, P2 will not be used. The symbols P1+ and P1–, Pk+

and Pk–, and P+ and P– will be used for the genes that
control the production of P1 from paragloboside, of Pk

from lactosylceramide, and of P from Pk, respectively
(see Section 4.3). A better notation should be devised
when the genetics are fully understood.

4.3 Biochemistry

P antigenic determinants on red cells reside in the car-
bohydrate residues of glycosphingolipids, oligonu-
cleotide chains attached to ceramide. Identification of
the chemical structures of P1, P, and Pk showed that
neither P nor Pk could be the precursor of P1. Two
biosynthetic pathways are involved in production of
these antigens (Table 4.2 and Fig. 4.1). Reviews on P
biochemistry include [8–10].

4.3.1 Paragloboside series of antigens

Paragloboside (lacto-N-neotetraosylceramide, Table
4.2) is a precursor of Type 2 ABH antigens, of some
gangliosides, and of P1 (Fig. 4.1).

4.3.1.1 P1 antigen

The first information on the biochemical nature of the

P antigens was derived from inhibition tests. From
studies on the effect of many monosaccharides, disac-
charides, and trisaccharides on the agglutination of P1

cells by anti-P1, Watkins and Morgan [11] indicated
the involvement of a-D-galactose in P1 specificity.
They applied techniques previously used for extract-
ing A, B, and H substances from body fluids to isolate a
P1-active glycoprotein from HCF of sheep, which in-
hibits anti-P1 [5]. The products of partial acid hydrol-
ysis of this glycoprotein led to characterization of a
trisaccharide, Gala1Æ4Galb1Æ4GlcNAc as the P1
determinant [6].

P1 on red cells is a glycosphingolipid [12–14]. After
extensive purification, the structure of the active gly-
colipid was identified as the ceramide pentasaccharide
shown in Table 4.2 [15,16], with the terminal trisac-
charide identical to that isolated from the sheep P1 gly-
coprotein [6]. This structure is paragloboside with an
additional non-reducing a-galactosyl residue.

P1-trisaccharide is very efficient at inhibiting 
monoclonal anti-P1 [17,18]. Synthetic glycoproteins
containing the P1-trisaccharide have been used to 
immunize mice in the production of monoclonal 
anti-P1 [19] (Section 4.4.5.3). P1-trisaccharide bound
to an insoluble immunoadsorbent removed alloanti-
P1 from human sera [20].

4.3.1.2 Sialosylparagloboside

An antibody reacting preferentially with p cells was
specifically inhibited by sialosylparagloboside [21,22]

Table 4.1 P blood groups: phenotypes and antibodies.

Frequency in 
Phenotype white people (%) Anti-P1 Anti-P Anti-Pk Anti-LKE Anti-PP1Pk

P1 75 + + -* + +
P2 25 - + -* + +
p Very rare - -/w - - –
P1

k Very rare + - + - +
P2

k Very rare - - + - +
LKE+ 98 + or - + - + +
LKE- 2 + or - + +† - +

Source of P2 people; Pk people; Anti-PP1Pk LKE–people; p people
antibody animals; MAbs MAbs adsorbed with MAbs

P1 cells; MAbs

*Very weak Pk on these cells cannot be detected by agglutination tests with anti-Pk separated from anti-PP1Pk by adsorption with P1 cells.
†Pk expression on LKE– cells less strong than Pk expression on P1

k and P2
k cells.

MAbs, monoclonal antibodies; w, weak positive reaction.
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(Section 4.10.1), paragloboside with a terminal sialic
acid residue (Table 4.2). Sialosylparagloboside levels
may be increased in p cells because a blockage in the
synthesis of Pk (Gb3) results in increased quantities of
precursor glycolipids for other biosynthetic pathways
[22] (Fig. 4.1).

4.3.2 Globoside series of antigens

The early biochemical studies showed a close relation-
ship between P1 and Pk antigens, but gave no clue to
the structure of P antigen. Using purified glycolipids to
inhibit anti-PP1Pk, Naiki and Marcus [7] made the 
observation that globoside and ceramide trihexoside
(Gb3), two very well-characterized glycolipids, consti-
tuted red cell P and Pk antigens, respectively (Table
4.2). Characterization of the P and Pk antigens demon-

strated that Pk was the direct precursor of P and that 
P1 arises from a different biosynthetic pathway 
(Fig. 4.1).

The sugar sequences that determine P1, Pk, and P
occur as glycolipids on red cells; P1 and Pk occur as 
glycoproteins in HCF.

4.3.2.1 Pk antigen

The involvement of a-D-galactose in Pk specificity, first
postulated by Voak et al. [23], was subsequently con-
firmed [24,25]. Anti-Pk, like anti-P1, is inhibited by
HCF [3]. Partial acid hydrolysis of the P1Pk glycopro-
tein, isolated from HCF, yielded the P1-trisaccharide,
which inhibited anti-Pk and -P1, and a disaccharide
Gala1Æ4Gal, which inhibited anti-Pk, but not anti-P1
[25]. Other a-galactosyl-terminal oligosaccharides

Lactosylceramide
(Gb2)

Pk

(Gb3)

P
(globoside)

LKE
(SSEA–4)

C

a4Gal–T1

b3GalNAc–T1

C

'p'
sialosylparagloboside

Forssman
C

C

C

C

C

C

Paragloboside

C

C

P1

Type 2H

Glucose
Galactose
N-acetylglucosamine
N-acetylgalactosamine

Sialic acid (NeuAc)
Fucose in a1     2 linkage
CeramideC

a4Gal–T

Fig. 4.1 Possible biosynthetic
pathways for formation of P 
antigens from a common 
precursor, lactosylceramide.
Glycosyltransferases responsible for
production of P1, Pk, and P antigens
are shown.
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also inhibited anti-Pk [25], confirming the immun-
odominance of a-galactose in Pk expression.

Using glycosphingolipids of known structure, Naiki
and Marcus [7] identified the Pk antigen as Gb3, which
has the expected terminal galactose residue (Table
4.2). Glycosphingolipid analysis demonstrated that
Gb3 was absent from p red cells and increased in Pk

red cells [26,27]. Monoclonal anti-Pk (Section 4.6.4.3)
react with Gb3 [28]. Several monoclonal anti-Pk

were derived from mice immunized with syn-
thetic glycoproteins containing the Pk-trisaccharide
(Gala1Æ4Galb1Æ4Glc) [19].

Study of glycosphingolipids from P1 and P2 red cells
showed that Gb3 is a common component of their
membranes [7,16]. Thus, contrary to expectation
from early serology, Pk is not a rare antigen, but an
antigen of very high incidence (Section 4.6.3).

4.3.2.2 P antigen (globoside)

The glycoproteins that inhibited anti-P1 and -Pk did
not cross-react with anti-P and nothing was known of
the structure of P until, in the same inhibition studies as
those that revealed that Pk is Gb3, Naiki and Marcus
[7] identified P as globoside (Gb4). Subsequently, glo-
boside was shown to be lacking from Pk red cells and
present in only trace amounts in p red cells [26,27].

Globoside is the most abundant red cell membrane gly-
colipid, with about 14 ¥ 106 molecules per cell [29,30].
Globoside represents Gb3 (Pk) with an additional non-
reducing N-acetylgalactosamine residue (Table 4.2).

Monoclonal anti-P (Section 4.5.2.3) was inhib-
ited by the terminal trisaccharide of globoside 
(GalNAcb1Æ3Gala1Æ4Gal) and by Galb1Æ3Gal-
NAcb1Æ3Gal [31]. Another monoclonal antibody
that behaved serologically as anti-P was completely 
inhibited by T-specific immunoadsorbent (Galb1Æ
3GalNAc-R) [32]. Human anti-P were not inhibited
by this disaccharide.

Despite the lack of two abundant glycosphin-
golipids, Gb3 and globoside (Gb4), p red cells appear
normal in behaviour and in morphology. Red cells
with p phenotype have increased quantities of 
lactosylceramide and other complex glycolipids
[26,33,34]. Kidney contains high levels of extended
globoseries compounds. Kidney, obtained at autopsy,
from a group A, p phenotype individual, had enhanced
levels of lactosylceramide, no Gb3 or globoside, and
no Type 4 A (globo-A) chain structure [35] (Section
2.2.2).

4.3.2.3 LKE antigen

Recognition that a monoclonal antibody detecting 

Table 4.2 Structures of some glycosphingolipids associated with P antigens.

Antigen Structure

Lactosylceramide (Gb2) Galb1Æ4Glc-Cer

Paragloboside series
Paragloboside Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glc-Cer

P1 Galactosylparagloboside Gala1Æ4Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glc-Cer
Sialosylparagloboside NeuAca2Æ3Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glc-Cer

Globoside series
Pk Globotriosylceramide (Gb3) Gala1Æ4Galb1Æ4Glc-Cer
P Globoside (globotetraosylceramide, Gb4) GalNAcb1Æ3Gala1Æ4Galb1Æ4Glc-Cer

LKE, SSEA-4 Sialosylgalactosylgloboside (SGG) NeuAca2Æ3Galb1Æ3GalNAcb1Æ3Gala1Æ4Galb1Æ4Glc-Cer

Disialosylgalactosylgloboside (DSGG) NeuAca2Æ3Galb1Æ3(NeuAca2Æ6)GalNAcb1Æ3Gala1Æ4
Galb1Æ4Glc-Cer

H Globo-H (Type 4 H) Fuca1Æ2Galb1Æ3GalNAcb1Æ3Gala1Æ4Galb1Æ4Glc-Cer

Forssman Forssman (Gb5) GalNAca1Æ3GalNAcb1Æ3Gala1Æ4Galb1Æ4Glc-Cer
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the murine stage-specific embryonic antigen (SSEA-4)
[31] defined the red cell antigen LKE, implied that LKE
is a globoseries antigen [36]. SSEA-4 represents a 
globoside molecule with additional galactose and 
sialic acid residues (Table 4.2). Confirmation that LKE
has the same dependence on sialic acid as SSEA-4 is
awaited.

4.3.3 Transferases and the genes that 
encode them

Biosynthesis of the P antigens, like the ABH antigens,
occurs by the sequential addition of monosaccharides
to a precursor substrate, catalysed by glycosyltrans-
ferases. Although the biochemical pathway is now 
established (Fig. 4.1), the genetical background is still
not clear. Indirect evidence for active transferases was
first presented by Fellous et al. [37] from complemen-
tation experiments; P was found to be re-expressed on
polykaryon cells obtained by fusion of Pk and p fibrob-
lasts, providing further evidence that two independent
genes were responsible for Pk and p phenotypes.

4.3.3.1 Pk (Gb3) synthase

As the gene governing the P1/P2 polymorphism has
been mapped to chromosome 22q13.2 (Chapter 32),
Steffenson et al. [38] carried out a database search
within this region for a sequence homologous to 
that encoding an a-N-acetylglucosaminyltransferase 
in the hope of finding the gene for the P1 a1,4-
galactosyltransferase. They identified a cDNA that en-
codes an a1,4-galactosyltransferase (named a4Gal-
T1), which catalyses the transfer of galactose from
UDP-galactose to lactosylceramide (Gb2) to produce
globotriosylceramide (Gb3), the Pk antigen (Fig. 4.1).
However, it did not convert paragloboside to P1 anti-
gen. When transfected with an a4Gal-T1 cDNA con-
struct, Namalawa human lymphoblastoid cells, which
have no endogenous a1,4-galactosyltransferase activ-
ity, strongly expressed Pk. The a4Gal-T1 gene has two
exons, but only one of them contains coding sequence
[39]. a4Gal-T1 belongs to a family of glycosyltrans-
ferases that are conserved in mammals, insects, and
plants, and possibly throughout evolution [40].

4.3.3.2 P (globoside) synthase

Okajima et al. [41] used an eukaryotic cell expression
cloning system to isolate the cDNA encoding globo-

side synthase, a b1,3-N-acetylgalactosaminyltrans-
ferase (b3GalNAc-T1). In order to achieve this, mouse
fibroblast cells were transfected with Gb3 synthase
cDNA, to produce Pk, a human kidney cDNA library,
and Forssman synthase cDNA to produce Forssman
antigen from any globoside that may be synthesized
(Fig. 4.1). Cells isolated by panning with anti-
Forssman therefore must have incorporated cDNA for
globoside synthase. The cloned cDNA encodes
b3GalNAc-T1, an enzyme that was previously con-
sidered to be a galactosyltransferase (b3Gal-T3) 
[42]. b3GalNAc-T1 synthesizes P antigen from Pk by
catalysing the transfer of N-acetylgalactosamine from
UDP-N-acetylgalactosamine to Gb3 (Pk). The gene is
located at chromosome 3q25 [42] and contains a sin-
gle coding exon [41]. It is widely expressed, with
strong expression in brain and heart, moderate expres-
sion in lung, placenta, and testis, and low expression in
kidney liver, spleen, and stomach [41,42]. Cultured 
fibroblasts from individuals with Pk phenotype lack
globoside synthase, confirming that Pk phenotype is
caused by a deficient synthase and not to degradation
by an a-galactosidase [43].

4.3.3.3 P1 synthase

The putative a1,4-galactosyltransferase responsible
for the synthesis of P1 from paragloboside (Fig. 4.1)
has not been identified.

Red cells of the p phenotype lack Pk (Gb3), P (globo-
side), and P1 (Table 4.1). The p phenotype is associ-
ated with homozygosity for inactivating mutations in
the Gb3 synthase (a4Gal-T1) gene, explaining the 
absence of Pk [38,39] (Section 4.8.1). Globoside 
synthase was present in cultured fibroblasts and 
B-lymphocytes from p individuals [34,43], but could
not synthesize globoside in the absence of its acceptor
substrate, Gb3.

Any genetic model for biosynthesis of the P antigens
must explain why red cells of p people lack P1 (a para-
globoside series glycosphingolipid) as well as Gb3 
and globoside (globoseries glycosphingolipids), yet 
P2 (P1–) red cells have Gb3 and globoside. The 
possibility that P2 might reflect the lack of the precur-
sor of P1 was eliminated by the observation that 
normal amounts of paragloboside were found in P2

cells [29,33].
A genetical model proposed by Graham and

Williams [44] predicts three alleles at the P1 locus:
1 P1

k coding for an a1,4-galactosyltransferase, which
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can utilize both paragloboside and lactosylceramide as
acceptor substrates and synthesizes P1 and Pk;
2 Pk coding for an a1,4-galactosyltransferase, which
can only use lactosylceramide and only synthesizes Pk;
and
3 p, an amorph, which synthesizes neither P1 nor Pk

(Table 4.3).
At the second locus there are two alleles: P+ encoding
globoside synthase and P–, which is an amorph. In this
model, no P1 children would be expected from p ¥ P2

matings. Ten such matings produced 37 children, none
of whom was P1.

Pk synthase (a4Gal-T1), however, did not catalyse
the synthesis of P1 from paragloboside [38]. Fur-
thermore, no polymorphism correlating to P1/P2

phenotypes was detected in the coding region of 
the a4Gal-T1 gene [38,39].

An alternative model has three loci, P1, Pk, and P,
with the P1+ allele altering the acceptor specificity 
requirements of Pk synthase so that it could utilize
paragloboside as well as lactosylceramide [16]. A
precedent for this form of interaction exists in the
b4Gal-T family, where binding of a-lactalbumin to
two enzymes changes the acceptor substrate specificity
from N-acetylglucosamine to glucose [45]. If three 
independent loci were involved, P1 children would be
expected from the mating type p ¥ P2. This has not
been observed, so if three loci were involved, P1 and Pk

must be closely linked. This might be expected as the
P1 locus and the gene for Pk synthase are both on 
chromosome 22q13.2, but searches of the available
chromosome 22 sequence did not reveal additional
homologous genes [38].

In contrast, Iizuka et al. [46] found that extracts
from p and P1 lymphoblastoid cells were equally effec-
tive at transferring galactose from a UDP-galactose

donor to lactosylceramide to produce Pk-active Gb3.
Yet, in vivo, no Pk is produced and lactosylceramide
accumulates in p cells. The reason for these unexpec-
ted results is not known.

4.4 P1 antigen and anti-P1

4.4.1 Frequency and inheritance

The frequency of P1 varies in different populations.
About 80% of white people are P1. The frequency of
P1 is much higher in some African and South 
American people and very much lower in some Asian
populations, as low as 30% in Japanese. For details 
of frequencies for many populations see [47].

Some of the early estimates in white people are inac-
curate because of the anti-P1 reagents used; if a weak
anti-P1 were used the frequency of P1 was low. Race
and Sanger [48] considered the work of Henningsen
[49,50] to be the most reliable and used it for calcula-
tion of the phenotype, gene, and genotype frequencies.
In a survey of 2345 Scandinavians, 78.85% were P1

and 21.15% were P2. These figures provided the 
following gene and genotype frequencies:
P1+ 0.5401 P1+/P1+ 0.2917
P1– 0.4599 P1+/P1– 0.4968

P1–/P1– 0.2115.
Landsteiner and Levine [1] showed that P1 was in-

herited and behaved as a Mendelian dominant charac-
ter. This is supported by all subsequent work. In many
family studies, too many P2 children were observed
from P1 ¥ P1 and P1 ¥ P2 matings compared with the ex-
pected values calculated from the gene frequencies.
These discrepancies are attributed to the difficulty in
detecting weak P1 (Section 4.4.2), especially in young
children (Section 4.5.3) [48]. Henningsen’s [51] results

Table 4.3 Two gene locus genetical model proposed to explain production of the P1, P, and Pk antigens and their expression in
the five P phenotypes [44].

P1 locus P locus PGÆP1 Gb2ÆPk PkÆP Phenotype

P1
k/P1

k, P1
k/Pk, or P1

k/p P+/P+ or P+/P- + + + P1
Pk/Pk or Pk/p P+/P+ or P+/P- - + + P2
p/p P+/P+ or P+/P- - - No Pk p
P1

k/P1
k, P1

k/Pk, or P1
k/p P-/P- + + - P1

k

Pk/Pk or Pk/p P-/P- - + - P2
k

p/p P-/P- - - No Pk p

Gb2, lactosylceramide; PG, paragloboside.
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of family studies using his rigorous criteria for P1 and
P2 agreed very well with the expected values.

4.4.2 Variation in strength

The strength of P1 on red cells shows individual varia-
tion and appears to be under genetic control [49–51].
Dosage contributes to this variation in strength. Fisher
[52] analysed Henningsen’s data and calculated that
66% of individuals with strong P1 were homozygous
P1+/P1+ and all individuals with weak P1 were het-
erozygous P1+/P1–.

In(Lu), the rare dominant inhibitor of Lutheran and
other red cell antigens, inhibits P1 expression [53,54]
and has been responsible for P2 parents having a P1

child [54,55]. In(Lu), which is not closely linked to the
P1 locus [54], is discussed in Chapter 6.

4.4.3 Development and distribution

P1 is considerably weaker in children than in adults
and the frequency of P2 is substantially higher in new-
born babies than in adults [49]. Complete develop-
ment of P1 is not reached until 7 years of age or older
[56]. Despite this weak expression at birth, P1 is
strongly expressed on fetal red cells. Fetal P1 expres-
sion is weaker than adult P1, but the strength of P1 
decreases with increasing age of the fetus; P1 was 
more strongly, and more frequently, expressed by 
12-week fetuses than by 28-week fetuses [57].

Flow cytometry with alloanti-P1 revealed that P1 is
expressed on lymphocytes, granulocytes, and mono-
cytes [58].

4.4.4 Other sources of P1 substance

Helminths (tapeworms and flukes) are sources of P1-
active substances. Fluid from hydatid cysts of sheep
livers inhibits anti-P1, but only if the fluid contains
scolices [59]. The frequency and avidity of anti-P1 is
increased in P2 patients infested with certain tape-
worms (hydatid disease) and liver flukes [59–62]. 
Annelid and nematode worms are also sources of 
P1 substance; extracts of Lumbricus terrestris (earth-
worm) and Ascaris suum inhibit anti-P1 [63].

Some other sources of P1 substance are avian in ori-
gin. Red cells, plasma, and excrement of pigeons and
turtle doves, and ovomucoid of turtle dove egg white,
all contain P1 substance [64–66]. Anti-P1 is more

commonly found in P2 pigeon-fanciers (34%) than 
in P2 donors (6%) [64]. Substances like turtle dove 
ovomucoid and the hydatid cyst wall and proto-
scoleces of helminths, which inhibit anti-P1 and can 
be used to stimulate anti-P1 production, have 
branching structures with the P1-trisaccharide,
Gala1Æ4Galb1Æ4GlcNAc [67,68].

4.4.5 Anti-P1

4.4.5.1 Alloanti-P1

Alloanti-P1 is a common specificity, usually as a weak
agglutinin active only at low temperature. Rarely has
anti-P1 been attributed to stimulation by transfusion
of red cells [69–72].

Most examples of anti-P1 do not agglutinate red
cells at 25°C or above and these cold-reactive antibod-
ies should not be considered clinically significant [73].
There are two reports of immediate haemolytic trans-
fusion reactions (IHTR), one with a fatal outcome,
caused by anti-P1 that agglutinate red cells at 37°C
[74,75]. Some examples have been reported to have
caused delayed transfusion reactions, although no
anti-P1 was detected in the pretransfusion sample and,
in one case, the antibody had disappeared within 4
months of the reaction [71,76]. Anti-P1 active at 37°C
rapidly eliminated 50% of radiolabelled P1 cells; the
rest were eliminated slowly [77]. Anti-P1 responsible
for an IHTR gave results of up to 22% (normal £ 3%)
in an indirect monocyte monolayer assay with P1 red
cells [75].

Anti-P1 has been found as a separable specificity in
the serum of some p people by adsorption with P2 cells
[48]. Anti-P1 has not been reported in any P2

k individ-
ual. Alloanti-P1 in a P1 pigeon breeder led to the 
suggestion that the antibody might be directed at a de-
terminant absent from the patient’s own P1 antigen
[78].

4.4.5.2 Animal anti-P1

The first anti-P1 resulted from immunization of rab-
bits with human red cells [1]. Since then, anti-P1 has
been found as a ‘naturally occurring’ antibody in rab-
bits and other animals. Anti-P1 reagents have been
made by injecting rabbits or goats with tanned P2 cells,
which had been exposed to HCF [79], with partially
purified P1 substance from sheep HCF coupled with a
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protein from Shigella shigae [11], with extracts of
earthworms [63], or with soluble ovomucoid from
turtle dove eggs [66].

4.4.5.3 Monoclonal anti-P1

Monoclonal antibodies with P1 specificity have been
produced by immunizing mice with turtle dove ovo-
mucoid [17], with synthetic glycoproteins containing
the P1-trisaccharide (Gala1Æ4Galb1Æ4GlcNAc)
[19], or with human red cells expressing strong P1
[80]. Agglutination of P1 red cells by monoclonal anti-
P1 was inhibited by the P1 trisaccharide and by the dis-
accharide (Gala1Æ4Gal), the former being 200 times
more efficient than the latter [17,18]. P1 monoclonal
antibodies produced by immunization with P1-trisac-
charide bound equally well to the P1-trisaccharide and
the Pk-trisaccharide (Gala1Æ4Galb1Æ4Glc) [19]. P1
monoclonal antibodies have been analysed at three In-
ternational Workshops [18,81,82]. One monoclonal
antibody, produced by immunizing mice with synthet-
ic glycoprotein containing the Pk-trisaccharide, be-
haved as anti-P1Pk; it agglutinated P1, P1

k, and P2
k

cells, but not P2 or p cells [19].

4.5 P antigen and anti-P

4.5.1 P antigen

P antigen, the glycolipid globoside (Section 4.3.2.2), is
found on all red cells except those of the rare pheno-
types p and Pk (Table 4.1 and Sections 4.6 and 4.8). P
antigen is expressed equally on cells from P1 and P2

adults [3]. P is well developed at birth, but P2 cord 
cells have a weaker expression of P than P1 cord cells
[83].

Expression of P on other blood cells is controversial.
P was detected, by flow cytometry with human 
alloanti-P, on lymphocytes, granulocytes, and mono-
cytes [58]. With monoclonal anti-P, however, von dem
Borne et al. [84] could not detect P on granulocytes and
most peripheral blood lymphocytes, although they did
detect it on endothelial cells and on subsets of platelets,
megakaryocytes, and fibroblasts. With a different
monoclonal antibody, Shevinsky et al. [85] failed to
demonstrate P on lymphocytes or fibroblasts. P anti-
gen is found on malignant cells and cell lines derived
from them [84–87]. P has also been detected on fetal
liver, fetal heart, and on placenta [10].

4.5.2 Anti-P

4.5.2.1 Alloanti-P

Anti-P is found in the serum of all Pk individuals and
can be separated from serum of p individuals by 
adsorption with P1

k or P2
k cells [3,88], or by inhibition

with HCF [25]. When complement is present, anti-P
will haemolyse P1 or P2 cells. Anti-P in the serum of p
individuals may be solely IgM [89], but most anti-P
sera are IgG and IgM [90–92], and may also contain
IgA anti-P [93].

4.5.2.2 Autoanti-P and paroxysmal cold
haemoglobinuria

Paroxysmal cold haemoglobinuria (PCH) is a rare
form of autoimmune haemolytic anaemia (AIHA), oc-
curring predominantly in young children following
viral infections. Sera from patients with PCH usually
give a positive Donath–Landsteiner test; i.e. the anti-
body binds in the presence of complement at 0°C and
haemolyses the cells when subsequently warmed 
(reviewed in [94]). These biphasic haemolysins, or 
Donath–Landsteiner (DL) antibodies, generally have
P specificity [95–97]. Sera from PCH patients react
with P1 and P2 red cells, but not with p or Pk cells. Anti-
P DL antibody is always IgG [89]. Often the DL test is
very weak in PCH and papain-treated red cells [94,98]
or acidified sera [99] may be required before a positive
result is obtained. Very rarely the specificity of DL 
antibodies may anti-I, -i, -Pr [98] or ‘anti-p’ [83,
100] (Section 4.10.1). A few cases of AIHA, one with
fatal consequences, were caused by IgG monophasic
anti-P, haemolytic at temperatures between 20 and
32°C [101–103]. P autoantibodies only detected in
low ionic-strength solution (LISS) at room tempera-
ture did not give a positive DL reaction [104,105].

4.5.2.3 Monoclonal anti-P

A rat monoclonal antibody (MC631), raised 
against mouse embryo, was shown to define a 
murine stage-specific embryonic antigen, SSEA-3, 
related to globoside [85]. MC631 was inhibited 
by the terminal trisaccharide of globoside
(GalNAcb1Æ3Gala1Æ4Gal) and reacted with P1

and P2 red cells, but not with p or Pk cells [31,36].
An IgM murine monoclonal anti-P, which reacted
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with purified globoside, was a relatively weak cold 
agglutinin, but a strong haemolysin [18,84]. Another
murine monoclonal antibody, raised against an 
Escherichia coli immunogen, behaved serologically 
as anti-P, but was completely inhibited by T-specific
immunoadsorbent (Galb1Æ3GalNAc-R) [18,32].

4.5.2.4 Lectins

Extracts of salmon, trout, and herring roes react with
red cells that have B, P, P1, or Pk antigen; they do not
agglutinate O p or A p cells [23,106,107]. These 
specificities cannot be separated so the extracts are not
useful as reagents.

4.6 Pk phenotype, Pk antigen, and anti-Pk

4.6.1 Pk phenotype

Further expansion, increasing the complexity of the 
P blood groups, occurred with the recognition of 
another rare phenotype, Pk. Matson et al. [3] investi-
gated an anti-Tja-like agglutinin in the serum of a
woman whose red cells reacted with the serum of p peo-
ple. Adsorption tests showed that this reaction was
caused by a third antibody in serum of p individuals,
which they called anti-Pk. The red cell antigen Pk was of
particular interest because, unlike most other red cell
antigens, it did not appear to be inherited in a dominant
manner.

Red cells of all Pk individuals express Pk and lack P.
The expression of Pk on red cells of Pk people is uni-
formly strong regardless of P1 or P2 status; the varia-
tion in strength of P1 antigen is similar to that of P+
people. All Pk individuals have ‘naturally occurring’
anti-P in their serum, which reacts equally strongly
with P1 and P2 cells (Section 4.5.2). Most sera from Pk

people react weakly with p cells [88,108], an unex-
pected observation which has not been explained.

4.6.2 Frequency and inheritance 
of Pk phenotype

All Pk propositi have been ascertained through anti-P
in their sera. No random Pk individual has been report-
ed despite the testing of 28677 Finnish and 39939 
English donors [48]. This suggests that Pk is even rarer
than p. Pk appears less uncommon in Finland and
Japan.

The red cells of parents of Pk propositi are not agglu-
tinated by anti-Pk separated from anti-PP1Pk by ad-
sorption with P1 cells, suggestive of recessive
inheritance for the Pk phenotype. In family studies, 33
Pk propositi have 21 Pk and 56 not-Pk siblings; good
agreement with expectations for a recessive character
[48,109,110; personal communications from many
colleagues]. The parents of at least seven of the
propositi were consanguineous. Pk phenotype has a 
recessive mode of inheritance because Pk is the precur-
sor for P antigen and is only detected, by conventional
serological methods, on red cells of individuals 
homozygous for the gene responsible for inactive 
globoside (P) synthase (Section 4.3 and Fig. 4.1).

The normal distribution of P1 : P2 phenotypes for
children of Pk propositi had shown that a recessive
gene at the P1 locus was unlikely to be responsible for
expression of Pk on red cells. Any possibility of a reces-
sive gene at the P1 locus was eliminated by a family in
which a P1

k mother and P2 father had one P1 and three
P2 children [88].

4.6.3 Pk antigen (CD77)

Initially, red cells of all people other than those with
the rare Pk phenotype were thought to lack Pk antigen.
Red cells of parents and children of Pk propositi were
not agglutinated by anti-Pk (separated from anti-
P1PPk by adsorption with P1 cells) and adsorption
tests appeared to confirm this lack of Pk. Kortekangas
et al. [111] adsorbed anti-P1PPk serum with red cells
from each of the 18 family members of the second Pk

propositus. The strength of anti-Pk left after adsorp-
tion with the cells from the parents, both P1, was 
similar to that left by adsorption by cells of other 
P1 members.

Pk is, however, a public antigen and not, as originally
thought, a private antigen. Fellous et al. [112] made
the surprising observation that Pk was present on the
fibroblasts of all P1 and P2 individuals, and only absent
from those of p people. Then Naiki and Marcus [7]
showed that ceramide trihexoside (Gb3), a common
glycolipid component of red cell membranes, inhibited
anti-Pk (Section 4.3). Naiki and Kato [113] considered
that Pk was expressed on P1 and P2 red cells and was
not a cryptantigen because anti-P1Pk, made by addi-
tion of globoside to anti-P1PPk (to inhibit anti-P), 
agglutinated P2 cells. They suggested that this Pk

expression on P2 cells had not been detected before 
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because anti-Pk reagents had been prepared previously
by adsorption of anti-PP1Pk with P1 cells, which 
contain Gb3. Monoclonal anti-Pk, an antibody of 
high titre, reacts very weakly with P1 and P2 cells [M.
Fellous, J-P. Catron, J. Wiels, T. Tursz, unpublished
observations], confirming that Pk is present on P+ red
cells. Weak expression of Pk on P1 and P2 cells is prob-
ably explained by incomplete conversion of Gb3 to
globoside (P).

Red cells of P1 LKE– and P2 LKE– people have
stronger expression of Pk antigen than those of 
individuals with the common P1 LKE+ and P2 LKE+
phenotypes, but weaker Pk expression than cells of P1

k

and P2
k phenotypes, which are always LKE– [114]

(Section 4.7).
Pk (also known as CD77) has been detected on lym-

phocytes, granulocytes, monocytes, platelets, smooth
muscle of the digestive track and urogenital system,
and in other tissues [115]. Pk is also expressed on 
malignant cells and cell lines derived from them
[28,87,116] and is a useful marker for Burkitt’s lym-
phoma [116]. Pk in B lymphocytes is largely restricted
to germinal centre cells and may have a role in B cell
differentiation. Ligation of Pk (CD77) to CD19, a B
cell-restricted antigen, and their subsequent internal-
ization, appears to be involved in germinal centre B cell
apoptosis [117]. There is evidence that Pk is involved in
B cell receptor-mediated apoptosis by regulating Lyn
kinase activity in B cells and thus participates in the
negative selection of germinal centre B cells [118].

4.6.4 Anti-Pk

4.6.4.1 Alloanti-Pk

Alloanti-Pk is found, together with anti-P and -P1, in
sera of p people. It can be separated from some of these
sera by adsorption with P1 cells [48,108]. These anti-
Pk react equally strongly with P1

k and P2
k cells [48,88].

The reaction of anti-Pk is completely inhibited by
HCF [3,111]. By inhibition of anti-Pk with fractions of
HCF prepared by partial acid hydrolysis, and with
oligosaccharides of known structure, Watkins and
Morgan [25] concluded that anti-Pk was less demand-
ing in its specificity than anti-P1. They found that the
disaccharide Gala1Æ4Gal purified from the P1

k gly-
coprotein of HCF inhibited anti-Pk, as did the P1
trisaccharide (Gala1Æ4Galb1Æ4GlcNAc) and other
oligosaccharides with terminal Gala1Æ4Gal. Anti-

P1Pk, isolated by addition of globoside to anti-PP1Pk,
was completely inhibited by Pk glycosphingolipid
(Gb3) [113].

4.6.4.2 Autoanti-Pk

Four examples of autoanti-Pk are recorded [48]. One
was found in the serum of a P1 woman with AIHA. The
other three were found by screening sera of patients,
one from 55 patients with AIHA and two from 60 
patients with biliary cirrhosis.

4.6.4.3 Monoclonal anti-Pk

A monoclonal antibody (38.13), raised in a rat to a
human Burkitt’s lymphoma cell line (Daudi) [116],
was shown to define the neutral glycolipid Gb3 [28].
Tests against red cells demonstrated the expected anti-
Pk specificity: the antibody agglutinated P1

k and P2
k

cells to a very high titre, reacted very weakly with pa-
pain treated P1 and P2 cells, and did not react with p
cells. Other monoclonal anti-Pk resulted from immu-
nizing mice with synthetic glycoproteins containing
the Pk trisaccharide (Gala1Æ4Galb1Æ4Glc) [19],
with Gb3 isolated from pig red cells [119], or with an
oesophageal squamous cell carcinoma line [115]. One
anti-Pk (OSK7) was investigated at an international
workshop [81].

4.7 LKE and anti-LKE

The P story was made more complex in 1965 by 
Tippett et al. [4] when they reported an agglutinating
system called Luke. An agglutinin to a high frequency
antigen in the serum of Mr Luke P behaved like anti-P
because it did not react with p and Pk cells but, unlike
anti-P, it also failed to react with the cells of about 2%
of P1 and P2 people. In 1985, the monoclonal antibody
813-70, which defined the murine stage-specific em-
bryonic antigen, SSEA-4 [31], was shown to recognize
the same red cell antigen as that detected by the anti-
body in the Luke serum [36]. The red cell antigen was
given the symbol LKE [36].

SSEA-4 had been identified as the terminal trisac-
charide of a unique globoseries ganglioside NeuAca2
Æ3Galb1Æ2GalNAc [31]. This structure is equiva-
lent to the addition to globoside of two sugars, galac-
tose and sialic acid, and thus offers an explanation for
the serological specificity of anti-LKE.
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4.7.1 Frequency and inheritance of LKE

The frequency of LKE– was about 2% in tests with the
original Luke serum [4]. A total of 950 English donors
were tested with 813-70 and gave the phenotype fre-
quencies LKE+ 98.84% and LKE– 1.16% [36]. From
these the following gene and genotype frequencies
were calculated:
LKE+ 0.8923 LKE+/LKE+ 0.7962
LKE– 0.1077 LKE+/LKE– 0.1922

LKE–/LKE– 0.0116.
Applying these frequencies to the 454 donors tested
with the Luke serum [4], the observed figures of 445
LKE+ and nine LKE– do not differ significantly from
thoseexpected.Onlyfour LKE– individuals were found
among 2400 Scottish blood donors [120], an incidence
for LKE– of 0.0017, much lower than in England.

LKE– individuals have been found in various 
populations: black, English, Italian, French, Scottish,
Algerian, Jewish, and Turkish.

LKE appears to be inherited as a Mendelian domi-
nant character. Data from family studies are consistent
with dominant inheritance, but are too few to be con-
clusive. LKE is not controlled by the loci for MNS, P1,
Rh, Lu, Kell, Fy, Xg, or Secretor.

4.7.2 Variation in strength of LKE

Variation in strength of reaction of LKE+ cells was ob-
served with the Luke serum [4]. The reactions were
classified as LKE+, LKEw, and LKE–. LKEw was more
common in P2 than in P1, and more common in A1 and
A1B than in O, A2, A2B, and B. Variation in the strength
of LKE+ cells was also observed with the monoclonal
antibody 813-70, but no effect of P1 or A1 was demon-
strated [36]. With the monoclonal antibody, LKEw
was more common in groups B and AB than in O, A1,
and A2. These results suggest that LKEw, which had
been defined by the Luke serum in 1965, differed from
that defined by 813-70 in 1985. It was unfortunate that
the two antibodies could not be tested in parallel. The
second human anti-LKE did not show any effect of P1

or ABO groups on the strength of LKE+ reactions.

4.7.3 Development and distribution

Cord red cell samples react well with anti-LKE
[36,120]. LKE antigen is not passively acquired from
the mother; the child of a Pk LKE– mother was LKE+

[36] as was the child of a P1 LKE– mother [120]. 
Monoclonal antibody 813-70 defines a mouse embry-
onic antigen, SSEA-4, which is also found on human
teratoma cell lines [31], signalling the possibility that
LKE may be expressed on human embryos.

LKE-active structures were detected in gangliosides
isolated from platelets [121].

4.7.4 Involvement of other P antigens

LKE– individuals may be P1 or P2. The strength of P1
on P1 LKE– cells can be very strong or weak depending
on the P1+ allele governing it [4]. Parallel testing with
anti-P from Pk people and with monoclonal anti-P
demonstrated that the strength of P on LKE– cells is the
same as that on LKE+ cells [4].

Pk is more strongly expressed on P+ LKE– red cells
than on P+ LKE+ red cells [114]. Unlike P1

k and P2
k

cells, which express Pk equally strongly, P1 LKE– red
cells have stronger Pk expression than P2 LKE– 
red cells [120].

4.7.5 Anti-LKE

Five examples of human alloanti-LKE are known. The
first was found in the serum of a black patient with a
lymphomatous tumour [4]. He had never been trans-
fused. The antibody was an agglutinin; the strength of
reaction was increased by incubation at low tempera-
ture and by enzyme (trypsin, papain, or ficin) treat-
ment of cells. When fresh, the Luke serum lysed
papain-treated LKE+ red cells. The agglutinin was not
inhibited by saliva or HCF. Four other examples of al-
loanti-LKE have been found [120,122], one present
together with anti-P1 [122]. LKE+ babies of mothers
with anti-LKE had no symptoms of HDN [120,122].

4.8 p Phenotype and anti-PP1Pk

In 1951, Levine et al. [123] described an antibody in
the serum of a woman with gastric carcinoma, which
reacted with all cells except for her own and those of
her sister. The antibody was called anti-Tja (T for tu-
mour, j for the patient’s name). The involvement of Tja

with the P blood group resulted from Sanger’s [2] ob-
servation that six unrelated Tj (a–) individuals were P2.
Sanger [2] proposed that Tj(a–) be called p and consid-
ered the result of homozygosity for a recessive allele at
the P1 locus.
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4.8.1 Frequency and inheritance 
of p phenotype

The p phenotype is very rare. Race and Sanger [48] cal-
culated a frequency of 0.0024 for the p gene, giving a p
phenotype frequency of 5.8 per million people of 
European origin. The p phenotype is more common in
Japan [73], but screening of over 1 million Hong Kong
Chinese revealed no example of p [124]. In the 
Vasterbotten country of northern Sweden, eight p indi-
viduals were found from screening 40149 donors with
anti-PP1Pk [125]. Allowing for inbreeding, the 
calculated p gene frequency for this part of Sweden is
0.0119 and the p phenotype frequency is about 141 per
million.

Information from many families with p propositi
supports recessive inheritance of p [48,126–129]. The
high consanguinity rate of the parents of p propositi
also support recessive inheritance. The rare p pheno-
type has been reported in two generations in some
families, all in inbred communities or small isolates
[129–132].

4.8.2 Molecular genetics of p phenotype

The p phenotype is associated with homozygosity for
mutations in the gene that encodes Gb3 synthase, the
enzyme responsible for converting lactosylceramide to
Pk (Gb3) [38,39] (Fig. 4.1). In seven p Swedes, the mu-
tation encodes a Met183Lys substitution, though a
mutation encoding Gly187Asp was found in one p
Swede [38,39]. A Pro251Leu mutation was found in
three p Japanese; one other p Japanese was homozy-
gous for a mutation converting the codon for Trp261
to a translation stop codon [39]. Transfection experi-
ments showed that all these mutations resulted in 
either no enzymatic activity or only marginal activity
in vitro [39]. Inactivity of Gb3 synthase explains the
absence of Pk and P in p phenotype, but not the absence
of P1. Possible explanations are provided in Section 
4.3.3.

4.8.3 Antibodies in serum of p individuals

All p people have antibody in their serum; this 
antibody agglutinates and/or haemolyses all red cells
except p cells. Sanger [2] showed that anti-P1 was a
component in serum of p people; adsorption with P2

cells to remove anti-P left activity against P1 cells.

Later it was realized a third component, anti-Pk, was
present, so the antibody in serum of p people is now
generally called anti-PP1Pk.

Adsorption of anti-PP1Pk with P1
k cells removes

anti-P1 and -Pk leaving anti-P [3]; surprisingly, adsorp-
tion with P2

k cells has the same effect [88]. Specific
anti-Pk can be made from only some anti-PP1Pk sera.
Tippett [108] adsorbed sera from 47 p people with P1

cells, but only succeeded in making anti-Pk from less
than half of these sera, and even with those sera con-
tinued adsorption with P1 cells removed or weakened
the anti-Pk. Naiki and Kato [113] used complement
fixation and haemagglutination tests to investigate the
effect of inhibition of four p sera with various gly-
cosphingolipids and concluded that, after inhibition
of anti-P with globoside, most of the remaining anti-
body is cross-reacting anti-P1Pk. This offers an expla-
nation for the inability to isolate anti-P1 from
anti-PP1Pk by adsorption with P2

k cells. Anti-P1Pk was
mostly IgG [113], in contrast to the anti-P1 of P2 peo-
ple, which is usually IgM. By similar techniques, Kato
et al. [133] found that most of the anti-P component in
the sera of two p individuals was IgM and cross-react-
ed with Forssman antigen; the rest was IgG and specif-
ic for globoside. Most of the anti-Pk in these sera was
IgG [133].

IgG and IgA activity to P, P1, and Pk carbohydrate
structures, but IgM activity to only P1 and Pk struc-
tures, was detected in p sera by radioimmunoassay
[134]. All but one of 13 p sera contained IgG3 
antibodies to P, P1, and Pk oligosaccharides; some also
contained IgG1 and/or IgG2 antibodies, but none 
contained IgG4 [134]. IgG1 antibodies also bound
strongly to A- and H-active globoseries glycosphin-
golipids (Type 4 A and Type 4 H), probably because of
recognition of internal sequences within the carbohy-
drate chain [134].

Anti-PP1Pk is capable of causing rapid removal of
transfused cells; injection of the original p individual
with 25mL of incompatible red cells resulted in a 
severe haemolytic reaction [123]. Anti-PP1Pk as a 
potential cause of early abortion and HDN is dis-
cussed in Section 4.12.

4.8.4 p Phenotype and cancer

The original p phenotype was in a woman with gastric
carcinoma [123]. She was treated by subtotal gastrec-
tomy, which was a complete success and in the 22 years
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until her death from unrelated causes there was no 
evidence of tumour recurrence or metastasis [135].
Unlike her red cells, the tumour expressed P system
antigens [136], which led Levine [135] to propose his
theory of ‘illegitimate’ antigens, antigens present on
tumours contrary to the genetic constitution of the 
patient. Moreover, Levine suggested that her anti-
PP1Pk had prevented further growth of the 
tumour.

4.9 Some unusual phenotypes

The unexpected presence of an apparent anti-PP1Pk in
the serum of a P2 patient, O.H., started a more rigor-
ous investigation of the patient’s cells with P antisera
[48]. O.H.’s cells were P1– Pk– LKE–, yet they 
reacted with all of nine anti-P from Pk donors, but with
only eight of 12 anti-PP1Pk from p donors, and did not
react with anti-P from a PCH patient. The antibody of
O.H., which was not an autoantibody, reacted strong-
ly with P1, P2, and Pk cells, but did not react with any of
16 p samples. A similar phenotype was found in a pa-
tient who made anti-IP1 and -IP (Section 4.10.2)
[137]. The patient’s cells were P1– Pk– and had a 
weaker P antigen than that of control P2 cells. Her I
phenotype was also unusual; IF was normal, ID

was weakened, and i was enhanced (see Chapter 
25).

The P2 red cells of a Chinese propositus had much
reduced expression of P and reacted weakly with anti-
PP1Pk [138]. His serum did not contain a P-related an-
tibody. The globoside and Gb3 content of his red cells
was less than 25% of normal and 30–40% of normal,
respectively. Kundu et al. [138] suggested this ‘new’ P
phenotype could reflect homozygosity of a defective 
Pk allele or could be due to a gene at another 
locus, which inhibits the normal expression of the Pk

gene.
An agglutinin, reacting strongly with P1 and P2 red

cells and weakly with p cells, revealed an unusual Pk

phenotype [139]. The red cells were P1+ Pk+ P–, but
biochemical analysis of the red cell membranes re-
vealed that there was only about 50% of the normal
quantity of globoside and about 4–6 times the normal
quantity of Gb3. The serological phenotype is similar
to that of P1 LKE– individuals, but the cells were not
tested with anti-LKE. The antibody is P-like and not
anti-LKE, because it was inhibited by globoside and
reacted weakly with p cells.

4.10 Other P antibodies

4.10.1 ‘Anti-p’

Three alloantibodies have been described that react
strongly with p cells and much more weakly, or not at
all, with P1, P2, and Pk cells [21,83,100]. All three anti-
bodies differed slightly in their serological characteris-
tics. One of the antibodies (Fol) [21] was an agglutinin
and biphasic haemolysin, which reacted very strongly
with p cells, less strongly with P2 and P2

k cells, and
much less strongly with P1 and P1

k cells. The red cell
antigen recognized by the Fol antibody was destroyed
by sialidase treatment and was identified as sialosyl-
paragloboside [22] (Table 4.2). Schwarting et al. [22]
suggested that p red cells accumulate paragloboside
and lactosylceramide, which are available for sialyla-
tion. Anti-Gd agglutinins that also react with sialic
acid dependent antigens do not have the same speci-
ficity, although one anti-Gd showed a slight preference
for p cells [140]. Anti-Gd is discussed with other cold
agglutinins in Chapter 25. Marcus et al. [8] mention
two glycolipids with terminal sialosylparagloboside,
which inhibit both Fol and anti-Gd. A murine mono-
clonal antibody (BIRMA-2G4) gave very similar 
reactions to those of the Fol antibody, but showed en-
hanced reactivity with sialidase-treated p cells [141].

4.10.2 Anti-IP1, -ITP1, -ITP, and -IP

Issitt et al. [142] described four antibodies, called anti-
IP1, which behaved as anti-P1, except they were non-
reactive with P1 cord or P1 adult i cells. Booth [143]
identified an antibody in a Melanesian as anti-ITP1.
Bithermic anti-ITP, identified in a non-Melanesian, be-
haved as anti-IT, apart from its failure to agglutinate p
cells [144]. Anti-IP, together with anti-IP1, was found
in a patient with unusual P and I antigens [137] (see
Section 4.9).

4.11 P antigens as receptors for pathogenic
microorganisms

4.11.1 Pathogenic bacteria and their toxins

Escherichia coli is responsible for most recurrent uri-
nary tract infections. Uropathogenic E. coli attach to
uroepithelial cells before they invade them. Adherence
is achieved by lectin-like structures called adhesins, en-
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coded by pap genes and located on P fimbriae on the
bacterial surface. Isolates of uropathogenic E. coli
expressing pap-encoded adhesins bind to globo-
series glycoconjugates containing the disaccharide
Gala1Æ4Gal, including Pk, P1, P, LKE (sialosylgalac-
tosylgloboside, SGG), disialosylgalactosylgloboside
(DSGG), and globo-A (Type 4 A) (Table 4.2) (reviewed
in [145,146]). Red cells of the p phenotype are not 
agglutinated by pyelonephritogenic E. coli fimbriae
and the bacteria have impaired adhesion to uroepithe-
lial cells from p individuals [147]. It is possible there-
fore that women of the p phenotype have enhanced
resistance to urinary tract infection and pyelonephri-
tis. Several population studies examining the effect of
P1 phenotype on urinary tract infections have pro-
duced conflicting results [146].

ABH non-secretor phenotype may also be associ-
ated with increased occurrence of recurrent urinary
tract infections, although this is not supported by all
population studies [146]. Stapleton et al. [148] found
that uroepithelial cells from non-secretor women
showed enhanced adherence to uropathogenic E. coli
compared to those from secretors. E. coli R45 bound
to SGG (LKE antigen) and the disialylated form of this
antigen (DSGG). These structures are selectively ex-
pressed by epithelial cells of non-secretors, presum-
ably as a result of sialylation of the galactosylgloboside
precursor, which is fucosylated to globo-H (Type 4 H)
in secretors [148].

Some strains of enterohaemorrhagic E. coli produce
enterotoxins, called verotoxins, which are highly 
homologous to the Shiga toxin produced by 
Shigella dysenteriae. These verotoxins are associated
with diarrhoeal illness and other diseases including
haemolytic uraemic syndrome [146]. Terminal
Gala1Æ4Gal disaccharides on Pk and P1 antigens are
ligands for verotoxin [149]. Chinese hamster ovary
cells that do not express Gb3 (Pk) and are resistant to
Shiga verotoxin become susceptible to the toxin fol-
lowing transfection with Gb3 synthase cDNA [40]. A
meta-analysis of five separate studies failed to show
any protective effect of P1 phenotype on haemolytic
uraemic syndrome [150]. Verotoxin may induce apop-
tosis in Burkitt’s lymphoma cells through binding to Pk

(CD77) [151] (see Section 4.6.3).
Streptococcus suis, an important pathogen in pigs

and a cause of meningitis in humans, binds the
Gala1Æ4Galb1Æ4Glc trisaccharide of Pk, although
Gala1Æ4Galb1Æ4GlcNAc (P1) is also recognized by

the adhesin [152]. S. suis bacteria are more affective at
agglutinating P1

k and P2
k cells than P1 and P2 cells, and

do not agglutinate p cells [152].

4.11.2 Viruses

P antigen (globoside) is a cellular receptor for par-
vovirus B19 [153], a human pathogen that is highly
tropic to bone marrow and replicates in erythroid
progenitor cells, the only nucleated cells expressing P.
B19 is the cause of fifth disease, a common childhood
illness, and occasionally more severe disorders of ery-
thropoiesis, particularly in immunocompromised pa-
tients [154]. B19 empty capsids agglutinate P1 and P2

red cells, but not Pk or p cells. The cytotoxic effect of
B19 parvovirus on erythroid colony formation in cul-
ture is prevented by sensitizing the cells with mono-
clonal anti-P (but not with anti-P1 or -Pk); there is no
cytotoxicity when cells are derived from a p marrow
[153,155]. Dual immunostaining of cells derived from
B19-infected bone marrow showed that only cells 
expressing P antigen also expressed B19 antigen 
[156]. Individuals with the p phenotype appear to be
naturally resistant to parvovirus B19 infection [155].

There is evidence that Gb3 (Pk) may act as a fusion
cofactor involved in the entry of human immunodefi-
ciency virus type 1 (HIV-1) [157,158].

4.12 The association of P antibodies with
early abortion

The incidence of habitual spontaneous abortion is sig-
nificantly higher in women with the p phenotype than
in the normal population. Many women with the p
phenotype have been ascertained because of habitual
abortion, although other p women have several live
children. Abortions occur characteristically in the first
trimester; embryos that survive this critical period usu-
ally develop to healthy babies. Most P1 or P2 babies of
p mothers have no sign of HDN [131,159], although
there are a few reports of mild HDN [126,160].

It is almost certain that anti-PP1Pk in the sera of p
women is the cause of the abortions [161], but which
of the specificities is the causative agent is unknown.
Because P1 is strongly expressed on red cells of the
early fetus [57], Levine [162] considered anti-P1 the
culprit antibody and proposed that p women regularly
abort if the fetus receives the father’s P1 antigen.
Sanger and Tippett [163] pointed out that this 
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hypothesis was unconvincing because of the existence
of P1 children of p mothers. Moreover, the observed
ratio of P1 : P2 children was close to that expected.

Because Pk is present on growing tissues and fetal 
organs, Kato et al. [133] suggested that anti-Pk might
be culpable. They found that 75% of the anti-Pk in the
sera of p women were IgG and results from antibody-
dependent cell-mediated cytotoxicity assays provided
further evidence that anti-Pk may be the responsible
antibody [90].

Enzyme-linked and radioimmune assays revealed
that sera from almost all p people contain IgG3 anti-
bodies to P, P1, and Pk oligosaccharides and glycosph-
ingolipids [92,134]. IgG3 is known to pass the
placenta.

Glycosphingolipid fractions prepared from 12- and
17-week-old fetuses obtained following spontaneous
abortions by two p women, had only trace amounts of
P and Pk antigen activity, whereas the placental frac-
tions had high P and Pk activity [164]. IgG3 antibodies
from the serum of one of the p mothers bound strongly
to placental glycolipids, but not to glycolipid fractions
from the fetus. The primary target for antibodies in p
aborters appears therefore to be the placenta and not
the fetus [164].

Initially anti-P did not appear to cause early abor-
tion in Pk women. Children born to Pk mothers were
reported to have no sign of HDN or only suffered from
mild HDN [109,131]. A P2

k Japanese woman and a
P1

k Kuwaiti woman, who had suffered four and 13
early abortions, respectively, demonstrated that anti-P
can be responsible for abortion [91,165]. Neither had
any live children, but in both a procedure of therapeu-
tic plasmapheresis begun at the fifth or sixth week of
pregnancy was rewarded by a live birth. Neither baby
required any treatment other than phototherapy. IgM,
IgG (mostly IgG3), and IgA antibodies, strongly reac-
tive with globoside (P antigen) isolated from placenta,
were present in the serum of the Kuwaiti woman [93].
In the Japanese case, autologous plasma was returned
to the mother after ex vivo removal of anti-P by ad-
sorption with donor red cells [91]. These plasma-
pheresis procedures have subsequently been used
successfully for p women with a history of multiple
abortions and no live children [134,166–168].

An unusual antibody was reported in the serum of
‘habitual aborters’ (pregnant women who threatened
to abort for at least a second time) in Perth, Western
Australia [169]. This antibody haemolysed, but did

not agglutinate, all P1 and P2 red cells, but did not
haemolyse or agglutinate p cells. (There is no report of
tests with Pk cells.) The patients were of normal P1
groups. The haemolysin was only present at the time 
of the threatened abortion; it was not found in 
other pregnant or non-pregnant women [169]. The
haemolytic activity did not appear to be complement
dependent [170]. The haemolysin was not found in
sera of similar patients in Canada, USA, or Hungary
[169,171]. Vos [169,170,172,173] exhaustively stud-
ied these puzzling patients, looking for an environ-
mental or immunological cause for the phenomenon,
but no explanation was forthcoming.

References

1 Landsteiner K, Levine P. Further observations on indi-
vidual differences of human blood. Proc Soc Exp Biol
NY 1927;24:941–2.

2 Sanger R. An association between the P and Jay systems
of blood groups. Nature 1955;176:1163–4.

3 Matson GA, Swanson J, Noades J, Sanger R, Race RR.
A ‘new’ antigen and antibody belonging to the P blood
group system. Am J Hum Genet 1959;11:26–34.

4 Tippett P, Sanger R, Race RR, Swanson J, Busch S. An
agglutinin associated with the P and the ABO blood
groups system. Vox Sang 1965;10:269–80.

5 Morgan WTJ, Watkins WM. Blood group P1 substance.
I. Chemical properties. Proc 9th Congr Int Soc Blood
Transfus 1962: 225–9.

6 Cory HT, Yates AD, Donald ASR, Watkins WM, 
Morgan WTJ. The nature of the human blood group 
P1 determinant. Biochem Biophys Res Commun
1974;61:1289–96.

7 Naiki M, Marcus DM. Human erythrocyte P and Pk

blood group antigens: identification as glycosphin-
golipids. Biochem Biophys Res Commun 1974;
60:1105–11.

8 Marcus DM, Kundu SK, Suzuki A. The P blood group
system: recent progress in immunochemistry and 
genetics. Semin Hematol 1981;18:63–71.

9 Bailly P, Bouhours J-F. P blood group and related anti-
gens. In: Cartron J-P, Rouger P, eds. Blood Cell Biochem-
istry, Vol. 6. New York: Plenum Press, 1995:299–329.

10 Spitalnik PF, Spitalnik SL. The P blood group system:
biochemical, serological, and clinical aspects. Tranfus
Med Rev 1995;9:110–22.

11 Watkins WM, Morgan WTJ. Blood-group P1 substance.
II. Immunological properties. Proc 9th Congr Int Soc
Blood Transfus 1962:230–4.

12 Marcus DM. Isolation of a substance with blood-group
P1 activity from human erythrocyte stroma. Transfusion
1971;11:16–18.

13 Anstee DJ, Tanner MJA. The distribution of blood-



CHAPTER 4

190

group antigens on butanol extraction of human erythro-
cyte ‘ghosts’. Biochem J 1974;138:381–6.

14 Yang Z, Bergström J, Karlsson K-A. Glycoproteins with
Gala4Gal are absent from human erythrocyte mem-
branes, indicating that glycolipids are the sole carriers 
of blood group P activities. J Biol Chem 1994;269:
14620–4.

15 Naiki M, Fong J, Ledeen R, Marcus DM. Structure of
the human erythrocyte blood group P1 glycosphin-
golipid. Biochemistry 1975;14:4831–7.

16 Naiki M, Marcus DM. An immunochemical study of
the human blood group P1, P, and Pk glycosphingolipid
antigens. Biochemistry 1975;14:4837–41.

17 Bailly P, Chevaleyre J, Sondag D et al. Characterization
of a murine monoclonal antibody specific for the human
P1 blood group antigen. Mol Immunol 1987;24:171–6.

18 Rouger P, Anstee D, Salmon C, eds. First International
Workshop on Monoclonal Antibodies Against Human
Red Blood Cell and Related Antigens. Rev Franc 
Transfus Immuno-Hémat 1987;30:627–708.

19 Brodin NT, Dahmén J, Nilsson B et al. Monoclonal 
antibodies produced by immunization with neogly-
coproteins containing Gala1–4Galb1–4Glcb-O and
Gala1–4Galb1–4GlcNAcb-O residues: useful im-
munochemical and cytochemical reagents for blood
group P antigens and a differentiation marker in Burkitt
lymphoma and other B-cell malignancies. Int J Cancer
1988;42:185–94.

20 Cowles JW, Blumberg N. Neutralization of P blood
group antibodies by synthetic solid-phase antigens.
Transfusion 1987;27:272–5.

21 Metaxas MN, Metaxas-Buehler M, Tippett P. A ‘new’
antibody in the P blood group system [Abstract]. 14th
Congr International Soc Blood Transfus 1975:95.

22 Schwarting GA, Marcus DM, Metaxas M. Identifica-
tion of sialosylparagloboside as the erythrocyte receptor
for an ‘anti-p’ antibody. Vox Sang 1977;32:257–61.

23 Voak D, Anstee D, Pardoe G. The a-galactose specificity
of anti-Pk. Vox Sang 1973;25:263–70.

24 Furukawa K. Properties of P blood group antigen and
antibodies. Jpn J Hum Genet 1975;20:32–3.

25 Watkins WM, Morgan WTJ. Immunochemical obser-
vations on the human blood group P system. J Immuno-
genet 1976;3:15–27.

26 Marcus DM, Naiki M, Kundu SK. Abnormalities in the
glycosphingolipid content of human Pk and p erythro-
cytes. Proc Natl Acad Sci USA 1976;73:3263–7.

27 Koscielak J, Miller-Prodraza H, Krauze R, Cedergren B.
Glycolipid composition of blood group P erythrocytes.
FEBS Lett 1976;66:250–3.

28 Nudelman E, Kannagi R, Hakomori S et al. A glycolipid
antigen associated with Burkitt lymphoma defined by a
monoclonal antibody. Science 1983;220:509–11.

29 Fletcher KS, Bremer EG, Schwarting GA. P blood group
regulation of glycosphingolipid levels in human ery-
throcytes. J Biol Chem 1979;254:11196–8.

30 Anstee DJ. Blood group-active surface molecules of the
human red blood cell. Vox Sang 1990;58:1–20.

31 Kannagi R, Cochran NA, Ishigami F et al. Stage-specific
embryonic antigens (SSEA-3 and -4) are epitopes of a
unique globo-series ganglioside isolated from human
teratocarcinoma cells. EMBO J 1983;2:2355–61.

32 Inglis G, Fraser RH, Mitchell AAB et al. Serological
characterisation of a mouse monoclonal anti-P-like 
antibody. Vox Sang 1987;52:79–82.

33 Kundu SK, Suzuki A, Sabo B et al. Erythrocyte gly-
cosphingolipids of four siblings with the rare blood
group, p phenotype and their parents. J Immunogenet
1981;8:357–65.

34 Wiels J, Taga S, Tétaud C et al. Histo-blood group 
p: biosynthesis of globoseries glycolipids in EBV-
transformed B cell lines. Glycocon J 1996;13:529–35.

35 Lindström K, Jovall P-Å, Ghardashkani S, Samuelsson
BE, Breimer ME. Blood group glycosphingolipid ex-
pression in kidney of an individual with the rare blood
group A1 Le(a–b+) p phenotype: absence of blood group
structures based on the globoseries. Glycocon J
1996;13:307–13.

36 Tippett P, Andrews PW, Knowles BB, Solter D, 
Goodfellow PN. Red cell antigens P (globoside) and
Luke: identification by monoclonal antibodies defining
the murine stage-specific embryonic antigens -3 and -4
(SSEA-3 and SSEA-4). Vox Sang 1986;51:53–6.

37 Fellous M, Gerbal A, Nobillot G, Weils J. Studies on the
biosynthetic pathway of human P erythrocyte antigen
using genetic complementation tests between fibrob-
lasts from rare, p and Pk phenotype donors. Vox Sang
1977;32:262–8.

38 Steffenson R, Carlier K, Wiels J et al. Cloning and ex-
pression of the histo-blood group Pk UDP-galactose:
Galb1–4Glcb1-Cer a1,4-Galactosyltransferase—mole-
cular basis of the p phenotype. J Biol Chem
2000;275:16723–9.

39 Furukawa K, Iwamura K, Uchikawa M et al. Molecular
basis for the p phenotype: identification of distinct and
multiple mutations in the a1,4-Galactosyltransferase
gene in Swedish and Japanese individuals. J Biol Chem
2000;275:37752–6.

40 Keusch JJ, Manzella SM, Nyame KA, Cummings RD,
Baenziger JU. Cloning of Gb3 synthase, the key enzyme
in globo-series glycosphingolipid synthesis, predicts 
a family of a1,4-glycosyltransferases conserved in
plants, insects and mammals. J Biol Chem 2000;
275:25315–21.

41 Okajima T, Nakamura Y, Uchikawa M et al. Expression
cloning of human globoside synthase cDNAs: identifi-
cation of b3Gal-T3 as UDP-N-acetylgalactosamine:
globotriosylceramide b1,3-N-acetylgalactosaminyl-
transferase. J Biol Chem 2000;275:40498–503.

42 Amado M, Almeida R, Carneiro F et al. A family of
human b3-galactosyltransferases. Characterization 
of four members of a UDP-galactose:b-N-acetyl-



P BLOOD GROUPS

191

glucosamine/b-N-acetyl-galactosamine b-1,3-galacto-
syltransferase family. J Biol Chem 1998;273:12770–8.

43 Kijimoto-Ochiai S, Naiki M, Makita A. Defects of 
glycosyltransferase activities in human fibroblasts of 
Pk and, p blood group phenotypes. Proc Natl Acad Sci
USA 1977;74:5407–10.

44 Graham HA, Williams AN. A genetic model for the 
inheritance of the P, P1 and Pk antigens. Immunol 
Commun 1980;9:191–201.

45 Almeida R, Amado M, David L et al. A family of human
b4-galactosyltransferases: cloning and expression of
two novel UDP-galactose:b-N-acetylglucosamine b1,
4-galactosyltransferases, b4Gal-T2 and b4Gal-T3. 
J Biol Chem 1997;272:31979–91.

46 Iizuka S, Chen S-H, Yoshida A. Studies on the human
blood group P system: an existence of UDP-Gal:Lacto-
sylceramide a1Æ4 galactosyltransferase in the small 
p type cells. Biochem Biophys Res Commun
1986;137:1187–95.

47 Mourant AE, Kopec AC, Domaniewska-Sobczak K.
The Distribution of Human Blood Groups and Other
Polymorphisms, 2nd edn. London: Oxford University
Press, 1976.

48 Race RR, Sanger R. Blood Groups in Man, 6th edn. 
Oxford: Blackwell Scientific Publications, 1975.

49 Henningsen K. Investigations on the blood factor P.
Acta Path Microbiol Scand 1949;26:639–54.

50 Henningsen K. On the heredity of blood factor P. Acta
Path Microbiol Scand 1949;26:769–85.

51 Henningsen K. Etude d’ensemble du facteur sanguin P.
Rev Hémat 1950;5:276–84.

52 Fisher R. The variation in strength of the human blood
group P. Heredity 1953;7:81–9.

53 Crawford MN, Tippett P, Sanger R. Antigens Aua, i and
P1 of cells of the dominant type of Lu(a–b–). Vox Sang
1974;26:283–7.

54 Shaw MA, Leak MR, Daniels GL, Tippett P. The rare
Lutheran blood group phenotype Lu(a–b–): a genetic
study. Ann Hum Genet 1984;48:229–37.

55 Contreras M, Tippett P. The Lu (a–b–) syndrome and 
an apparent upset of P1 inheritance. Vox Sang
1974;27:369–71.

56 Heiken A. Observations on the blood group receptor P1
and its development in children. Hereditas 1966;
56:83–98.

57 Ikin EW, Kay HEM, Playfair JHL, Mourant AE. P1
antigen in the human foetus. Nature 1961;192:883.

58 Dunstan RA. Status of major red cell blood group anti-
gens on neutrophils, lymphocytes and monocytes. Br J
Haematol 1986;62:301–9.

59 Cameron GL, Staveley JM. Blood group P substance in
hydatid cyst fluids. Nature 1957;179:147–8.

60 Ben-Ismail R, Rouger P, Carme B, Gentilini M, Salmon
C. Comparative automated assay of anti-P1 antibodies
in acute hepatic distomiasis (fascioliasis) and in hydati-
dosis. Vox Sang 1980;38:165–8.

61 Bevan B, Hammond W, Clarke RL. Anti-P1 associated
with liver-fluke infection. Vox Sang 1970;18:188–9.

62 Petit A, Duong TH, Bremond JL et al. Allo-anticorps ir-
réguliers anti-P1 et Clonorchiase à clonorchis sinensis.
Rev Franc Transfus Immuno-Hémat1981;24:197–208.

63 Prokop O, Schlesinger D. P1 blood group substance in
Lumbricus terrestris (earthworm) and Ascaris suum.
Nature 1966;209:1255.

64 Radermecker M, Bruwier M, François C et al. Anti-P1
activity in pigeon breeders’ serum. Clin Exp Immunol
1975;22:546–9.

65 François-Gerard C, Gerday C, Beeley JG. Turtle-
dove ovomucoid, a glycoprotein proteinase inhibitor
with P1-blood-group antigen activity. Biochem J
1979;177:679–85.

66 François-Gérard C, Brocteur J, André A. Turtledove: a
new source of P1-like material cross-reacting with 
the human erythrocyte antigen. Vox Sang 1980;39:
141–8.

67 François-Gerard C, Brocteur J, Andre A et al. Demon-
stration of the existence of a specific blood-group P1
antigenic determinant in turtle-dove ovomucoid. Rev
Franc Transfus Immuno-Hémat 1980;23:579–88.

68 Khoo K-H, Nieto A, Morris HR, Dell A. Structural
characterization of the N-glycans from Echinococcus
granulosus hydatid cyst membrane and protoscoleces.
Mol Biochem Parasitol 1997;86:237–48.

69 Wiener AS, Unger LJ. Isoimmunization to factor P by
blood transfusion. Am J Clin Pathol 1944;14:616–
8.

70 Cheng MS. Potent anti-P1 following blood transfusion.
Transfusion 1984;24:183.

71 Chandeysson PL, Flye MW, Simpkins SM, Holland PV.
Delayed hemolytic transfusion reaction caused by anti-
P1 antibody. Transfusion 1981;21:77–82.

72 Cox MT, Roberts M, LaJoie J et al. An apparent pri-
mary immune response involving anti-Jka and anti-
P1 detected 10 days after transfusion. Transfusion
1992;32:874.

73 Issitt PD, Anstee DJ. Applied Blood Group Serology,
4th edn. Durham, NC: Montgomery Scientific Publica-
tions, 1998.

74 Moureau P. Les réactions post-transfusionnelles. Rev
Belge Sci Med 1945;16:258–300.

75 Arndt PA, Garratty G, Marfoe RA, Zeger GD. An acute
hemolytic transfusion reaction caused by an anti-P1 that
reacted at 37oC. Transfusion 1998;38:373–7.

76 DiNapoli JB, Nichols ME, Marsh WL, Warren D,
Mayer K. Hemolytic transfusion reaction caused by IgG
anti-P1 [Abstract]. Transfusion 1978;18:383. 

77 Mollison PL, Cutbush M. The use of isotope-labelled
red cells to demonstrate incompatibility in vivo. Lancet
1955;i:1290–5.

78 Norman P, MacIntyre D, Poole J, Mallan M. Allo-anti-
P1 in a P1-positive person. Vox Sang 1985;49:211–14.

79 Levine P, Celano M, Staveley JM. The antigenicity of P



CHAPTER 4

192

substance in Echinococcus cyst fluid coated on to
tanned red cells. Vox Sang 1958;3:434–8.

80 Bouhours D, Bouhours JF, Willem C, Planus E, 
Blanchard D. Over expression of the P1 blood group
antigen on red cells from a CDAII patient [Abstract].
Vox Sang 1994;67(Suppl. 2):118.

81 Chester MA, Johnson U, Lundblad A et al., eds. Proc
2nd Int Workshop and Symposium on Monoclonal An-
tibodies Against Human Red Blood Cells and Related
Antigens 1990, 86–92.

82 Beck ML, ed. Third International Workshop on Mono-
clonal Antibodies Against Human Red Blood Cell and
Related Antigens. Transfus Clin Biol 1997;4:13–54 (8
papers).

83 Issitt CH, Duckett JB, Osborne BM, Gut JB, Beasley J.
Another example of an antibody reacting optimally
with p red cells. Br J Haematol 1976;34:19–23.

84 von dem Borne AEGK, Bos MJE, Joustra-Maas N 
et al. A murine monoclonal IgM antibody specific for
blood group P antigen (globoside). Br J Haematol
1986;63:35–46.

85 Shevinsky LH, Knowles BB, Damjanov I, Solter D.
Monoclonal antibody to murine embryos defines a
stage-specific embryonic antigen expressed on mouse
embryos and human teratocarcinoma cells. Cell
1982;30:697–705.

86 Kelus A, Gurner BW, Coombs RRA. Blood group 
antigens on HeLa cells shown by mixed agglutination.
Immunology 1959;2:262–7.

87 Bono R, Cartron JP, Mulet C, Avner P, Fellous M. Selec-
tive expression of blood group antigens on human 
teratocarcinoma cell lines. Rev Franc Transfus Im-
muno-Hémat 1981;24:97–107.

88 Kortekangas AE, Kaarsalo E, Melartin L et al. The red
cell antigen Pk and its relationship to the P system: 
the evidence of three more Pk families. Vox Sang
1965;10:385–404.

89 Adinolfi M, Polley MJ, Hunter DA, Mollison PL. Classi-
fication of blood-group antibodies as b2M or gamma
globulin. Immunology 1962;5:566–79.

90 Lopez M, Cartron J, Cartron JP et al. Cytotoxicity of
anti-PP1P

k antibodies and possible relationship with
early abortions of p mothers. Clin Immunol Im-
munopath 1983;28:296–303.

91 Yoshida H, Ito K, Emi N, Kanzaki H, Matsuura S. A new
therapeutic antibody removal method using antigen-
positive red cells. II. Application to a P-incompatible
pregnant woman. Vox Sang 1984;47:216–23.

92 Söderström T, Enskog A, Samuelsson BE, Cedergren B.
Immunoglobulin subclass (IgG3) restriction of anti-P
and anti-Pk antibodies in patients of the rare p blood
group. J Immunol 1985;134:1–3.

93 Hansson GC, Wazniowska K, Rock JA et al. The gly-
cosphingolipid composition of the placenta of a blood
group P fetus delivered by a blood group P1

k woman 
and analysis of the anti-globoside antibodies found 

in maternal serum. Arch Biochem Biophys 1988;260:
168–76.

94 Heddle NM. Acute paroxysmal cold hemoglobinuria.
Transfus Med Rev 1989;3:219–29.

95 Levine P, Celano MJ, Falkowski F. The specificity of the
antibody in paroxysmal cold hemoglobinuria (PCH).
Transfusion 1963;3:278–80.

96 van der Hart M, van der Giessen M, van der Veer M,
Peetoom F, van Loghem JJ. Immunochemical and sero-
logical properties of biphasic haemolysins. Vox Sang
1964;9:36–9.

97 Worlledge SM, Rousso C. Studies on the serology of
paroxysmal cold haemoglobinuria (PCH), with special
reference to its relationship with the P blood group sys-
tem. Vox Sang 1965;10:293–8.

98 Sokol RJ, Booker DJ, Stamps R. Paroxysmal cold hemo-
globinuria and the elusive Donath–Landsteiner anti-
body. Immunohematology 1998;14:109–12.

99 Judd WJ. A pH-dependent auto-agglutinin with anti-P
specificity. Transfusion 1975;15:373–6.

100 Engelfriet CP, von Beckers D, dem Borne AEGK,
Reynierse E, van Loghem JJ. Haemolysins probably rec-
ognizing the antigen p. Vox Sang 1971;23:176–81.

101 Ries CA, Garratty G, Petz LD, Fudenberg HH. Paroxys-
mal cold hemoglobinuria: report of a case with an ex-
ceptionally high thermal range Donath–Landsteiner
antibody. Blood 1971;38:491–9.

102 Lindgren S, Zimmerman S, Gibbs F, Garratty G. An un-
usual Donath–Landsteiner antibody detectable at 37°C
by the antiglobulin test. Transfusion 1985;25:142–4.

103 Mensinger E, Lerner W, Leger R et al. Serological profile
associated with a fatal case of paroxysmal cold hemo-
globinuria [Abstract]. Transfusion 1995;35:21S.

104 Judd WJ, Steiner EA, Capps RD. Autoagglutinins with
apparent anti-P specificity reactive only by low-
ionic-strength salt techniques. Transfusion 1982;22:
185–8.

105 Cohen DW, Nelson L. Auto-anti-P reacting only by low-
ionic-strength solutions in a patient with hemolysis.
Transfusion 1983;23:79–80.

106 Anstee DJ, Holt PDJ, Pardoe GJ. Agglutinins from fish
ova defining blood groups B and P. Vox Sang
1973;25:347–60.

107 Voak D, Todd GM, Pardoe GI. A study of the serological
behaviour and nature of the anti-B/P/Pk activity of
Salmonidae roe protectins. Vox Sang 1974;26:176–88.

108 Tippett P. Antibodies in the sera of p and Pk people. Ab-
stracts from 14th Congr Int Soc Blood Transfus1975: 94.

109 Nakagima H, Yokota T. Two Japanese families with Pk

members. Vox Sang 1977;32:56–8.
110 Moullec J, Muller A, Garretta M, Kerouanton F, Bare J.

L’antigène Pk chez trois membres d’une mème fratrie.
Ann Génét 1974;2:95–8.

111 Kortekangas AE, Noades J, Tippett P, Sanger R, Race
RR. A second family with the red cell antigen Pk. Vox
Sang 1959;4:337–49.



P BLOOD GROUPS

193

112 Fellous M, Gerbal A, Tessier C et al. Studies on the
biosynthetic pathway of human P erythrocyte 
antigens using somatic cells in culture. Vox Sang
1974;26:518–36.

113 Naiki M, Kato M. Immunological identification of
blood group Pk antigen on normal human erythrocytes
and isolation of anti-Pk with different affinity. Vox Sang
1979;37:30–8.

114 Tippett P. Contributions of monoclonal antibodies to
understanding one new and some old blood group 
systems. In: Garratty G, ed. Red Cell Antigens and 
Antibodies. Arlington: American Association of 
Blood Banks, 1986, 83–98.

115 Kasai K, Galton J, Terasaki PI et al. Tissue distribution
of the Pk antigen as determined by a monoclonal anti-
body. J Immunogenet 1985;12:213–20.

116 Wiels J, Fellous M, Tursz T. Monoclonal antibody
against a Burkitt lymphoma-associated antigen. Proc
Natl Acad Sci USA 1981;78:6485–8.

117 Khine A-A, Firtel M, Lingwood CA. CD77-dependent
retrograde transport of CD19 to the nuclear membrane:
functional relationship between CD77 and CD19 dur-
ing germinal center B-cell apoptosis. J Cell Physiol
1998;176:281–92.

118 Mori T, Kiyokawa N, Katagiri YU et al. Globotriaosyl
ceramide (CD77/Gb3) in the glycolipid-enriched mem-
brane domain participates in B-cell receptor-mediated
apoptosis by regulating Lyn kinase activity in human B
cells. Exp Hematol 2000;28:1260–8.

119 Miyamoto D, Ueno T, Takashima S et al. Establishment
of a monoclonal antibody directed against
Gb3Cer/CD77: a useful immunochemical reagent for 
a differentiation marker in Burkitt’s lymphoma and 
germinal centre B cells. Glycocon J 1997;14:379–88.

120 Bruce M, Watt A, Gabra GS et al. LKE red cell antigen
and its relationship to P1 and Pk: serological study of a
large family. Vox Sang 1988;55:237–40.

121 Cooling LLW, Zhang D, Koerner TAW. Human platelets
express gangliosides with LKE activity and ABH blood
group activity. Transfusion 2001;41:504–16.

122 Møller B, Jørgensen J. Anti-LKE in a pregnant woman.
Transfusion 1988;28:88.

123 Levine P, Bobbitt OB, Waller RK, Kuhmichel A. Isoim-
munization by a new blood factor in tumor cells. Proc
Soc Exp Biol NY 1951;77:403–5.

124 Lin CK, Mak KH, Cheng CK, Yang CP. The first case of
the p phenotype in a Ghurka Nepalese. Immunohema-
tology 1998;14:30–2.

125 Cedergren B. Population studies in northern Sweden. 
IV. Frequency of the blood type P. Hereditas
1973;73:27–30.

126 Levene C, Sela R, Rudolphson Y et al. Hemolytic disease
of the newborn due to anti-PP1P

k (anti-Tja). Transfusion
1977;17:569–72.

127 Cantin G, Lyonnais J. Anti-PP1P
k and early abortion.

Transfusion 1983;23:350–1.

128 Weiss DB, Levene C, Aboulafia Y, Isacsohn M. Anti-
PP1P

k (anti-Tja) and habitual abortion. Fertil Steril
1975;26:901–4.

129 Salmon D, Bouchmel S, Hafsia A et al. p phenotypes ob-
served in two generations of tunisian family with a high
rate of inbreeding. Rev Franc Transfus Immuno-Hémat
1979;22:563–70.

130 Catino ML, Busch S, Huestis DW, Stern K. Transmis-
sion of the blood group genotype pp (Tja-negative) in a 
kinship with multiple consanguineous marriages. 
Am J Hum Genet 1965;17:36–41.

131 Yamaguchi H, Okubo Y, Tanaka M, Murakami W,
Honkawa T. Rare blood type p and Pk in Japanese fami-
lies. Proc Jpn Acad 1974;50:764–7.

132 Miwa S, Matuhasi T, Yasuda J. The p phenotype in two
successive generations of a Japanese family. Vox Sang
1974;26:565–7.

133 Kato M, Kubo S, Naiki M. Complement fixation anti-
bodies to glycosphingolipids in sera of rare blood group
p and Pk phenotypes. J Immunogenet 1978;5:31–40.

134 Rydberg L, Cedergren B, Breimer ME et al. Serological
and immunochemical characterization of anti-PP1P

k

(anti-Tja) antibodies in blood group p individuals: blood
group A Type 4 recognition due to internal binding. Mol
Immunol 1992;29:1273–86.

135 Levine P. Illegitimate blood group antigens P1, A, and
MN (T) in malignancy: a possible therapeutic approach
with anti-Tja, anti-A, and anti-T. Ann NY Acad Sci
1976;277:428–35.

136 Kannagi R, Levine P, Watanabe K, Hakomori S. Recent
studies of glycolipid and glycoprotein profiles and char-
acterization of the major glycolipid antigen in gastric
cancer of a patient of blood group phenotype (Tja–) first
studied in 1951. Cancer Res 1982;42:5249–54.

137 Allen FH, Marsh WL, Jensen L, Fink J. Anti IP: an anti-
body defining another product of interaction between
the genes of the I and P blood group systems. Vox Sang
1974;27:442–6.

138 Kundu SK, Steane SM, Bloom JEC, Marcus DM. Ab-
normal glycolipid composition of erythrocytes with a
weak P antigen. Vox Sang 1978;35:160–7.

139 Kundu SK, Evans A, Rizvi J, Glidden H, Marcus DM. A
new Pk phenotype in the P blood group system. J Im-
munogenet 1980;7:431–9.

140 Roelcke D, Riesen W, Geisen HP, Ebert W. Serological
identification of the new cold agglutinin specificity anti-
Gd. Vox Sang 1977;33:304–6;372.

141 McDonald DF, Thompson JM, Lowe JA. A murine
monoclonal antibody agglutinates P1–ve cord blood red
cells and detects an antigen expressed preferentially by
adult red cells of pp phenotype [Abstract]. Transfus Med
1996;6(Suppl. 2):25. 

142 Issitt PD, Tegoli J, Jackson V, Sanders CW, Allen FH.
Anti IP1: antibodies that show an association between
the I and P blood group systems. Vox Sang 1968;14:1–8.

143 Booth PB. Anti ITP1: an antibody showing a further as-



CHAPTER 4

194

sociation between the I and P blood group systems. Vox
Sang 1970;19:85–90.

144 Ramos RR, Curtis BR, Eby CS, Ratkin GA, Chaplin H.
Fatal outcome in a patient with autoimmune hemolytic
anemia associated with an IgM bithermic anti-ITP.
Transfusion 1994;34:427–31.

145 Moulds JM, Nowicki S, Moulds JJ, Nowicki BJ. Human
blood groups: incidental receptors for viruses and bacte-
ria. Transfusion 1996;36:362–4.

146 Eder AF, Spitalnik SL. Blood group antigens as receptors
for pathogens. In: A Blancher, J Klein, WW Socha, eds.
Molecular Biology and Evolution of Blood Group and
MHC Antigens in Primates. Berlin: Springer-Verlag
1997, 268–304.

147 Källenius G, Svenson SB, Möllby R et al. Structure of
carbohydrate part of receptor on human uroepithelial
cells for pyelonephritogenic Escherichia coli. Lancet
1981;ii:604–6.

148 Stapleton A, Nudelman E, Clausen H, Hakomori S,
Stamm WE. Binding of uropathogenic Escherichia coli
R45 to glycolipids extracted from vaginal epithelial cells
is dependent on histo-blood group secretor status. J Clin
Invest 1992;90:965–72.

149 Lingwood CA, Law H, Richardson S et al. Glycolipid
binding of purified and recombinant Escherichia 
coli produced verotoxin in vitro. J Biol Chem
1987;262:8834–9.

150 Green DA. P1 blood group and haemolytic uraemic 
syndrome. Clin Lab Haematol 2000;22:55.

151 Mangeney M, Lingwood CA, Taga S et al. Apoptosis 
induced in Burkitt’s lymphoma cells via Gb3/CD77, a
glycolipid antigen. Cancer Res 1993;53:5314–9.

152 Haataja S, Tikkanen K, Liukkonen J, François-Gerard
C, Finne J. Characterization of a novel bacterial adhesin
specificity of Streptococcus suis recognizing blood
group P receptor oligosaccharides. J Biol Chem
1993;268:4311–7.

153 Brown KE, Anderson SM, Young NS. Erythrocyte P
antigen: cellular receptor for B19 parvovirus. Science
1993;262:114–17.

154 Brown KE. Haematological consequences of parvovirus
B19 infection. Baillière’s Best Pract Res Clin Haematol
2000;13:245–59.

155 Brown KE, Hibbs JR, Gallinella G et al. Resistance to
parvovirus B19 infection due to lack of virus receptor
(erythrocyte P antigen). N Engl J Med 1994;
330:1192–6.

156 Kerr JR, McQuaid S, Coyle PV. Expression of P antigen
in parvovirus B19-infected bone marrow. N Engl J Med
1995;332:128.

157 Puri A, Hug P, Jernigan K et al. The neutral glycosphin-
golipid globotriaosylceramide promotes fusion mediat-
ed by a CD4-dependent CXCR4-utilizing HIV type 1
envelope glycoprotein. Proc Natl Acad Sci USA
1998;95:14435–40.

158 Hammache D, Yahi N, Maresca M, Piéroni G, Fantini J.

Human erythrocytes glycosphingolipids as alternative
cofactors for human immunodeficiency virus type 1
(HIV-1) gp120 and reconstituted membrane mi-
crodomains of glycosphingolipids (Gb3 and GM3). J
Virol 1999;73:5244–8.

159 Sheehan J, Pochedley M, Toy E. A retrospective study of
cord blood samples from infants born to p phenotype
mothers [Abstracts]. Joint Congr Int Soc Blood Trans-
fus and Am Assoc Blood Banks, 1990: 84.

160 Hayashida Y, Watanabe A. A case of p Taiwanese
woman delivered of an infant with hemolytic disease of
the newborn. Jpn J Legal Med 1968;22:10–15.

161 Levine P, Koch EA. The rare human isoagglutinin anti-
Tja and habitual abortion. Science 1954;120:239–41.

162 Levine P. Comments on hemolytic disease of newborn
due to anti-PP1P

k (anti-Tja). Transfusion 1977;
17:573–8.

163 Sanger R, Tippett P. Live children and abortions of p
mothers. Transfusion 1979;19:222–3.

164 Lindström K, dem Borne AEGK, Breimer ME et al. 
Glycosphingolipid expression in spontaneously aborted
fetuses and placenta from blood group p women: 
evidence for placenta being the primary target for 
anti-Tja-antibodies. Glycocon J 1992;9:325–9.

165 Shirey RS, Ness PM, Kickler TS et al. The association 
of anti-P and early abortion. Transfusion 1987;27:
189–91.

166 Shechter Y, Timor-Tritsch IE, Lewit N, Sela R, Levene C.
Early treatment by plasmapheresis in a woman with
multiple abortions and the rare blood group p. Vox Sang
1987;53:135–8.

167 Yoshida H, Ito K, Kusakari T et al. Removal of maternal
antibodies from a woman with fetal loss due to P blood
group incompatability. Transfusion 1994;34:702–5.

168 Fernández-Jiménez MC, Jiménez-Marco MT, 
Hernández D et al. Treatment with plasmapheresis and
intravenous immunoglobulin in pregnancies complicat-
ed with anti-PP1P

k or anti-K immunization: a report of
two patients. Vox Sang 2001;80:117–20.

169 Vos GH, Celano MJ, Falkowski F, Levine P. Relationship
of a hemolysin resembling anti-Tja to threatened abor-
tion in Western Australia. Transfusion 1964;4:87–91.

170 Vos GH. The serology of anti-Tja-like hemolysins ob-
served in the serum of threatened aborters in Western
Australia. Acta Haematol 1966;35:272–83.

171 Horváth E, Paisz I. Absence of anti-Tja-like hemolysin 
in pregnant aborters in Budapest. Transfusion
1966;6:499–500.

172 Vos GH. A comparative observation of the presence of
anti-Tja-like hemolysins in relation to obstetric history,
distribution of the various blood groups and the occur-
rence of immune anti-A or anti-B hemolysins among
aborters and nonaborters. Transfusion 1965;5:327–35.

173 Vos GH. A study related to the significance of 
hemolysins observed among aborters, nonaborters and
infertility patients. Transfusion 1967;7:40–7.



195

5

Although most people are either D+ or D–, variants of
D exist, some resulting in weak expression of the D
antigen, others representing a variety of qualitative
differences in which D+ people may make a D-like 
antibody (Section 5.6). D– phenotype occurs from 
the absence of the RhD protein from the red cell 
membrane. In white people, D– is usually a result 
of homozygosity for a deletion of RHD, but in 
D– Africans inactive RHD is common.

C and c, and E and e, represent two pairs of
antithetical antigens; polymorphisms controlled by
RHCE. As no recombination between D, Cc, and Ee
has been disclosed, the alleles are inherited as haplo-
types denoted DCe, DcE, dce, etc. (where d represents
an RHD deletion or any inactive RHD gene). From
serological results it is often impossible to determine
the true genotype of an individual and phenotypes are
often symbolized as the most probable genotype de-
duced from known haplotype frequencies. It is impor-
tant to remember that DCe/dce, for example, is a
phenotype; although DCe/dce is the most common
genotype responsible for the DCe/dce phenotype in a
white population, DCe/Dce and dCe/Dce also pro-
duce the DCe/dce serological phenotype (Section 5.4).

The term ‘haplotype’ is used throughout this chap-
ter to represent the haploid complement of Rh genes,

5.1 Introduction

Rh is the most complex of the blood group systems,
comprising 46 antigens numbered RH1 to RH53 with
seven numbers obsolete (Table 5.1). The Rh antigens
are encoded by two homologous, closely linked, genes
on the short arm of chromosome 1 (Chapter 32):
RHD, producing the D antigen, and RHCE, produc-
ing the Cc and Ee antigens. RHD and RHCE encode
RhD (CD240D) and RhCcEe (CD240CE), highly hy-
drophobic, non-glycosylated proteins, which span the
red cell membrane 12 times. Rh antigens are very de-
pendent on the conformation of the Rh proteins in the
membrane and may involve interactions between two
or more extracellular loops.

The first discovered and clinically most important
antigen is D (RH1). D is often referred to as the Rh or
rhesus antigen, because it was initially thought to be
the same as the antigen, now called LW, defined by 
antibodies produced in rabbits immunized with rhesus
monkey red cells (Section 5.2). D is present on red cells
of about 85% of white people and is more frequent in
Africans and Asians. Before the introduction of the
anti-D immunoglobulin prophylaxis programme,
anti-D was a common cause of severe haemolytic 
disease of the newborn (HDN) (Section 5.18.1.3). 

Rh blood group system
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Table 5.1 Antigens of the Rh system.

LFA and HFA, low and high frequency antigens.
Obsolete: RH13 (RhA), RH14 (RhB), RH15 (RhC), RH16 (RhD), RH24 (ET), RH25 (LW, now system 16), RH38 (Duclos, now 901013).

Names

No. CDE Rh-Hr Other Comments

RH1 D Rho Polymorphic; no antithetical antigen
RH2 C rh¢ Polymorphic; antithetical to c
RH3 E rh≤ Polymorphic; antithetical to e
RH4 c hr¢ Polymorphic; antithetical to C
RH5 e hr≤ Polymorphic; antithetical to E
RH6 ce hr f Polymorphic; c and e encoded by the same gene
RH7 Ce rh1 Polymorphic; C and e encoded by the same gene
RH8 Cw rh1

w Polymorphic; antithetical to Cx and MAR
RH9 Cx rh1

x LFA; antithetical to Cw and MAR
RH10 hrv V Associated with ces VS+, but not (C)ces VS+
RH11 Ew rh2

w LFA associated with weak E
RH12 G rhG Polymorphic; when either C or D present
RH17 Hro HFA; absent from Rhnull, D– –
RH18 Hr HFA; absent from E–e+hrS–, D––, Rhnull

RH19 hrS e variant in black people
RH20 VS Associated with ces V+ and (C)ces V–
RH21 CG C-like antigen of rG

RH22 CE LFA; C and E encoded by the same gene
RH23 Dw LFA; associated with DV
RH26 c-like Variant of c
RH27 cE Polymorphic; c and E encoded by the same gene
RH28 hrH Variant of VS
RH29 Total Rh HFA; only absent from Rhnull

RH30 Goa LFA; associated with DIVa
RH31 hrB e variant in black people
RH32 RN LFA; associated with D(C)(e) RN and DBT
RH33 Har LFA; associated with DHAR
RH34 HrB HFA; anti-RH34 may be anti-hrB + -HrB

RH35 LFA; associated with D(C)(e)
RH36 Bea LFA; associated with d(c)(e)
RH37 Evans LFA; associated with D·· and DIVb
RH39 Anti-C-like autoantibody
RH40 Tar LFA; associated with DVII
RH41 Ce-like
RH42 Cces Associated with (C)ces VS+ V–
RH43 Crawford
RH44 Nou HFA; on DIV(C)– and common phenotypes
RH45 Riv LFA; associated with DIV(C)–
RH46 Sec HFA; absent from RN, D ––, Rhnull cells
RH47 Dav HFA; on D·· and common phenotypes
RH48 JAL LFA; associated with D(C)(e) and D(c)(e)
RH49 STEM LFA; associated with some hrS– and hrB–
RH50 FPTT LFA; associated with DFR and DHAR
RH51 MAR HFA; antithetical to Cw and Cx

RH52 BARC LFA; associated with DVI type II
RH53 JAHK LFA; associated with rG
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even though most D– ‘haplotypes’ will comprise a 
single Rh gene.

Numerous variants exist that involve aberrant ex-
pression of one or more Rh antigens. These rare haplo-
types often produce one or more characteristic low
frequency antigens (Section 5.17) and, in the homozy-
gous state, may result in absence of high frequency
antigens.

Abnormal expression of D or CcEe antigens may be
caused by missense mutations in RHD or RHCE, but
often involve exchange of genetic material between the
two Rh genes.

Red cells of the Rh deficiency phenotype Rhnull ex-
press none of the Rh system antigens (Section 5.16).
Rhnull has two genetic backgrounds:
1 homozygosity for an RHD deletion together with
an inactive RHCE gene; and
2 homozygosity for inactivating mutations in the gene
encoding the Rh-associated glycoprotein, which is es-
sential for the expression of Rh antigens.
Rhnull red cells also have abnormal expression of a va-
riety of antigens that do not belong to the Rh system.

Functions of the Rh proteins remain a mystery, 
although there is a suggestion that they could be 
involved in ammonium transport.

5.2 History

In 1939, Levine and Stetson [1] investigated a
haemolytic reaction, which resulted from the transfu-
sion of a woman with blood from her husband. She
had recently given birth to a stillborn baby. An anti-
body in the mother’s serum agglutinated her husband’s
red cells and those of 80% of ABO compatible blood
donors. Levine and Stetson [1] showed that this new
antigen, which they did not name, was independent of
the known blood groups, ABO, MN, and P. They sug-
gested that the mother had been immunized by a fetal
antigen of paternal origin and that the haemolytic
episode was caused by maternal antibody reacting
with that antigen on the transfused husband’s red cells.

In 1940, Landsteiner and Wiener [2] made an anti-
body by injecting rhesus monkey red cells into rabbits
(and later guinea pigs [3]). The antibody, called anti-
Rh, agglutinated rhesus monkey red cells, but also ag-
glutinated the red cells from 85% of white New
Yorkers. Studies of 60 families showed that Rh-
positive was inherited as a dominant character [3]. In
the same year Wiener and Peters [4] identified antibod-

ies of apparently identical specificity in the sera of pa-
tients who had transfusion reactions after receiving
ABO compatible blood. Levine and Stetson’s antibody
also appeared to be the same as anti-Rh [5].

As early as 1942 Fisk and Foord [6] demonstrated a
difference between animal and human anti-Rh: red
cells from all newborn babies, whether Rh+ or Rh– as
defined by human anti-Rh, were positive with animal
anti-Rh. It took another 20 years to prove that human
and animal Rh antibodies did not react with the same
antigen. The name Rh for antigens recognized by
human antibodies could not be changed because it ap-
peared in thousands of publications and so Levine 
et al. [7] proposed that the antigen defined by animal
anti-rhesus be called LW in honour of Landsteiner and
Wiener. The accumulated information illustrating the
differences between LW and Rh (D), and the genetic in-
dependence of Rh and LW, is described in Chapter 16.

Meanwhile, the complexity of the Rh groups had in-
creased. By 1943 Race et al. [8] had four antisera of
different Rh specificities, which defined seven alleles;
in New York, Wiener [9] with three different antisera
could define six alleles.

When Levine et al. [5,10,11] confirmed that incom-
patibility between mother and fetus was the cause of
erythroblastosis fetalis or haemolytic disease of the
newborn (HDN), one of the success stories of prophy-
lactic medicine began. The story culminated in the
1960s with the discovery that primary D immuniza-
tion caused by an incompatible pregnancy can be 
prevented by the passive administration of anti-D im-
munoglobulin shortly after delivery. Only a quarter of
a century had elapsed between the identification of the
cause and the introduction of an effective preventive
measure for the disease.

5.3 Notation and genetic models

Two symbolic notations were developed to explain the
increasing complexity of the Rh groups. These nota-
tions were based on different genetic theories: the 
Fisher–Race theory postulated three closely linked
loci, C, D, and E, whereas Wiener’s Rh–Hr theory 
predicted multiple alleles of a single gene.

5.3.1 Fisher’s synthesis

In 1943, when Fisher [cited in 12] noticed that the re-
actions of two of the four antibodies being used by
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Race were antithetical, he suggested that the antigens
they detected were encoded by alleles, C and c. The re-
actions of the other two antibodies did not suggest an
allelic relationship and he called these anti-D and -E.
Three closely linked loci producing D or d, C or c, and
E or e were postulated and these could be assembled
into eight different gene complexes or haplotypes [12]
(Table 5.2). Subsequent identification of anti-e [16]
and of the rare haplotype dCE [17] supported Fisher’s
hypothesis, but anti-d has never been found. Although
some of the rare haplotypes found later could not be
accommodated easily, the Fisher–Race CDE language
is the clearest for interpretation of the majority of sero-
logical reactions and for the communication of results.
Where applicable, it is this notation that will be used in
this book.

5.3.2 Wiener’s theory

In an alternative theory, Wiener [18] suggested a series
of multiple alleles (R1, R2, R0, etc., Table 5.2) at a sin-
gle locus. Each gene encodes an agglutinogen (antigen)
composed of several blood factors (serological deter-
minants). For example, the agglutinogen produced by
R1 expresses at least three blood factors, Rho, rh¢, and
hr≤ (D, C, and e in Fisher–Race terminology).

5.3.3 Numerical notation

Rosenfield et al. [19] considered that the descriptive
notations based on different genetical theories had ob-

structed critical immunological interpretation. They
introduced a numerical terminology, which recorded
serological data ‘free of bias and divorced from specu-
lative implication’, and which was ideal for computer
storage and manipulation. This system avoided the 
assumptions often made in the older notations: for 
example, in CDE language the presumed genotype
DCe/DCe is often used to describe D+C+c–E– red cells,
even though they may not have been tested with anti-e.

Anti-D in CDE language, anti-Rho in Rh–Hr nota-
tion, became anti-Rh1. D+ cells were Rh:1 and D–
were Rh:–1. The alleles producing these phenotypes
were designated R1 and R–1, respectively. This numeri-
cal notation, slightly modified, is now the basis for the
International Society of Blood Transfusion (ISBT) ter-
minology for all blood groups (Chapter 1). The pre-
sent 46 Rh antigens are listed in Table 5.1, showing
their numerical, CDE, and Rh–Hr alternatives where
appropriate.

5.3.4 Tippett’s two-locus model

In 1986, Tippett [20] proposed a new model, based on
a wealth of serological data, proposing only two struc-
tural Rh genes: one encoding D, the other encoding the
CcEe antigens. Mutation and unequal crossing-over
between the two loci were considered as possible ex-
planations for some of the rare Rh complexes that in-
volve aberrant expression of Rh antigens. According
to this model, an individual with a common D+ pheno-
type would have two Rh proteins, one expressing D,

Table 5.2 Eight Rh haplotypes and their frequencies in English, Nigerian, and Hong Kong Chinese populations.

Haplotype Frequencies

CDE Rh–Hr Numerical English Nigerian Chinese

DCe R1 RH 1,2,–3,–4,5 0.4205 0.0602 0.7298
dce r RH –1,–2,–3,4,5 0.3886 0.2028 0.0232
DcE R2 RH 1,–2,3,4,–5 0.1411 0.1151 0.1870
Dce R° RH 1,–2,–3,4,5 0.0257 0.5908 0.0334
dcE r≤ RH –1,–2,3,4,–5 0.0119 0 0
dCe r¢ RH –1,2,–3,–4,5 0.0098 0.0311 0.0189
DCE Rz RH 1,2,3,–4,–5 0.0024 0 0.0041
dCE ry RH –1,2,3,–4,–5 0 0 0.0036

Results of testing with anti-D, -C, -c, -E, and -e, red cells from 2000 English donors [13], 274 Yoruba of Nigeria [14], and 4648 Cantonese from
Hong Kong [15].
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the other expressing C or c and E or e, whereas an indi-
vidual with a rare haplotype such as D(C)(e), (D)c(e),
or DIV(C)– may have a hybrid protein produced by a
fusion gene comprising part of the D gene and part of
the CcEe gene.

Within a few years molecular analysis of the Rh
genes disclosed the accuracy of Tippett’s two-locus
and fusion gene theories, by demonstrating that there
are at least two homologous Rh genes, one encoding D
and the other encoding C or c and E or e (Section
5.5.2). As with the MNS system (Chapter 3), the 
multifarious Rh variants appear to arise from pro-
cesses involving mutation, unequal crossing-over,
gene conversion, post-translational modification of
proteins, and interaction with other, unlinked, genes.

5.4 Haplotypes, genotypes, 
and phenotypes

5.4.1 Frequencies

From Fisher’s analysis [12], eight different Rh haplo-
types were predicted and these have all been identified.
The frequencies of these haplotypes vary in different
populations (for summaries of data from many popu-
lations see [14,21]). Haplotype frequencies tend to dif-
fer little among Europeans, with dce slightly lower and
DcE slightly higher in southern Europe than in north-
ern Europe. In sub-Saharan Africa Dce dominates; in
east Asia, the Pacific area, and among the indigenous
people of the Americas, haplotypes lacking D are 
either rare or absent [14]. Estimates for three 
selected populations are given in Table 5.2. Calcu-
lating frequencies of Rh haplotypes is complicated.
Fisher [22,23] devised a maximum likelihood method,
but other methods have also been used [14,24]. The
haplotype dCE (ry) is exceedingly rare in all popula-
tions tested.

5.4.2 Genotypes and phenotypes

The eight haplotypes shown in Table 5.2 can be paired
into (8/2)(8+1) or 36 genotypes. However, by using
anti-D, -C, -c, -E, and -e only 18 phenotypes can be dis-
tinguished (Table 5.3). Only eight of these phenotypes
represent a single genotype, the other 10 represent
two, three, or six possible genotypes. In the CDE nota-
tion, phenotypes are often expressed in the form of
genotypes (e.g. DcE/dce). Unless demonstrated by

family analysis this is not a true genotype (and not 
italicized), but the genotype deemed most likely on the
basis of gene frequencies for the appropriate popula-
tion. For example, a white English donor whose red
cells give the reactions D+C–c+E+e+ is 16 times more
likely to be DcE/dce than DcE/Dce, and 180 times
more likely than Dce/dcE. Consequently, the probable
genotype would be DcE/dce. However, in Africans
Dce is more frequent than dce and the probable geno-
type for D+C–c+E+e+ would be DcE/Dce. True geno-
types can often be established by tests on red cells from
relatives.

In parentage testing it is always important to re-
member that probable genotypes may differ from true
genotypes. For example, a family with the probable
genotypes, mother DCe/DcE, child DCe/DcE, and pu-
tative father dce/dce, may appear to exclude paternity,
whereas the true genotypes may be mother DCE/dce,
child DCE/dce, and putative father dce/dce, providing
no exclusion.

The phenotype D+C+c+E+e+ covers six genotypes,
but can be subdivided by the use of anti-ce, -Ce, -CE, or
-cE (Table 5.3), although these antibodies are rare and
in short supply.

Recent molecular techniques have made it possible
to distinguish D/D from D/d (see Section 5.7.1). In D/d
individuals who are also heterozygous for RHCE, it is
still not possible to determine which RHCE allele is in
cis with the active RHD.

5.4.3 Inheritance

At the basic level the genetics of Rh is simple. Families
may be analysed for inheritance of separate antigens,
for D and lack of D, for C and c, and for E and e. Race
and Sanger [25] summarized many families analysed
in this manner, which confirmed that the Rh antigens
are inherited in a Mendelian manner.

Families may also be analysed in terms of the haplo-
types shown in Table 5.2. This is laborious because
more than 100 phenotype matings are possible from
the phenotypes shown in Table 5.3, and most 
phenotypes represent more than one genotype. The
phenotype mating DCe/dce ¥ DCe/dce, for example,
represents six genotypically different matings with the
combined possibility of 10 genetically different off-
spring. Some references to analyses of unselected fam-
ilies are [24,26–30] and some others are provided in
Section 32.3.1.2.
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Table 5.3 Rh phenotypes with possible genotypes and their frequencies in an English population (calculated from data in [13]).
Reactions with some antibodies to compound antigens and with anti-G are also provided.

Antigens
Frequency

Other antigens

D C c E e Phenotype Genotypes (%) ce Ce CE cE G

+ + - - + DCe/DCe R1R1 DCe/DCe R1/R1 17.68 - + - - +
DCe/dCe R1r¢ 0.82

+ - + + - DcE/DcE R2R2 DcE/DcE R2R2 1.99 - - - + +
DcE/dcE R2r≤ 0.34

+ - + - + Dce/dce R0r Dce/dce R0r 2.00 + - - - +
Dce/Dce R0R0 0.07

+ + - + - DCE/DCE RzRz DCE/DCE RzRz < 0.01 - - + - +
DCE/dCE Rzry < 0.01*

+ + + - + DCe/dce R1r DCe/dce R1r 32.68 + + - - +
DCe/Dce R1R0 2.16
Dce/dCe R0r¢ 0.05

+ - + + + DcE/dce R2r DcE/dce R2r 10.97 + - - + +
DcE/Dce R2R0 0.73
Dce/dcE R0r≤ 0.06

+ + - + + DCe/DCE R1Rz DCe/DCE R1Rz 0.20 - + + - +
DCE/dCe Rzr¢ < 0.01
DCe/dCE R1ry < 0.01*

+ + + + - DcE/DCE R2Rz DcE/DCE R2Rz 0.07 - - + + +
DCE/dcE Rzr≤ < 0.01
DcE/dCE R2ry < 0.01*

+ + + + + DCe/DcE R1R2 DCe/DcE R1R2 11.87 - + - + +
DCe/dcE R1r≤ 1.00 - + - + +
DcE/dCe R2r¢ 0.28 - + - + +
DCE/dce Rzr 0.19 + - + - +
Dce/DCE R0Rz 0.01 + - + - +
Dce/dCE R0ry < 0.01* + - + - +

- + - - + dCe/dCe r¢r¢ dCe/dCe r¢r¢ 0.01 - + - - +

- - + + - dcE/dcE r≤r≤ dcE/dcE r≤r≤ 0.01 - - - + -

- - + - + dce/dce rr dce/dce rr 15.10 + - - - -

- + - + - dCE/dCE ryry dCE/dCE ryry < 0.01* - - + - +

- + + - + dCe/dce r¢r dCe/dce r¢r 0.76 + + - - +

- - + + + dcE/dce r≤r dcE/dce r≤r 0.92 + - - + -

- + - + + dCe/dCE r¢ry dCe/dCE r¢ry < 0.01* - + + - +

- + + + - dcE/dCE r≤ry dcE/dCE r≤ry < 0.01* - - + + +

- + + + + dcE/dCe r≤r¢ dcE/dCe r≤r¢ 0.02 - + - + +
dCE/dce ryr < 0.01* + - + - +

*Extremely rare.
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5.5 Biochemistry and molecular genetics of
the Rh polypeptides

5.5.1 Identification and isolation of the Rh
polypeptides

In early investigations, Green et al. [31–36] found that
D is associated with protein and dependent on phos-
pholipid and intact sulphydryl groups. Removal of
phospholipid by detergent resulted in loss of D anti-
gen; replacement of phospholipid, whether derived
from D+ or D– cells, resulted in re-expression of D. 
Although isolation of membrane proteins in deoxy-
cholate led to loss of Rh antigen activity, Lorusso et al.
[36] noted that immune complexes of D with anti-D
remained intact in the presence of the detergent. In
1982, Moore et al. [37] in Edinburgh, and Gahmberg
[38] in Helsinki exploited this protective property of
anti-D on the integrity of D in the presence of detergent
to isolate D antigen. They sensitized 125I surface-
labelled D+ red cells or membranes with IgG polyclon-
al anti-D, solubilized the membranes in the non-ionic
detergent Triton X100, and precipitated immune com-
plexes with protein A-Sepharose. SDS polyacrylamide
gel electrophoresis (PAGE) and autoradiography re-
vealed a major component of apparent Mr 30000
[37–41]. A high level of SDS binding suggested a very
hydrophobic protein [37,38,42].

Gahmberg [42] demonstrated that the Mr 30000 D-
active structure could not be labelled by carbohydrate-
dependent labelling techniques, was not degraded by
endoglycosidase treatment or by mild alkali, and did
not bind carbohydrate-specific lectins. This protein
therefore broke the rule that mammalian cell surface
proteins are glycosylated. Furthermore, unlike most
red cell membrane proteins, it is not phosphorylated
[42]. The D polypeptide is fatty acylated; palmitic acid
chains are attached through thioester linkages to cys-
teine residues located near to the cytoplasmic leaflet of
the lipid bilayer [43,44].

Immunoprecipitation of radioiodinated membrane
proteins by polyclonal or monoclonal anti-c or -E, or
by a monoclonal antibody (R6A) to a non-polymor-
phic epitope associated with CcEe, demonstrated that
the CcEe antigens are also associated with a membrane
protein of apparent Mr about 30000 [37,39,41,45].
This component resembles the D polypeptide; it is hy-
drophobic [37], palmitoylated [43,44], and not glyco-
sylated [41]. Its electrophoretic mobility differs

slightly from that of the D polypeptide, with an appar-
ent Mr about 2000 higher [37,39,41].

Confirmation that D and CcEe antigens are ex-
pressed on similar, but distinctly different polypep-
tides, came from one- and two-dimensional peptide
mapping. This involved the use of either iodolabelled
peptides produced by protease degradation of Mr

30000 polypeptides from D+ and D– red cells [46,47]
or of Rh polypeptides immunopurified with mono-
clonal anti-D, -c, or -E [48,49]. Minor differences
(13/14 iodopeptides identical) in two-dimensional
peptide maps of the tryptic and chymotryptic peptides
isolated from DcE/DcE red cells with anti-c or -E were
interpreted as demonstrating that Cc and Ee antigens
are present on highly homologous, but distinct,
polypeptides [49]. This conclusion, now considered
erroneous, may have derived from incomplete diges-
tion of the isolates.

With small quantities of immunoprecipitated 125I-
labelled D polypeptide acting as a tracer, Mr 30000 Rh
polypeptides were purified non-immunologically
from solubilized membrane skeletons or membrane
vesicles by hydroxylapatite chromatography, gel fil-
tration, and preparative PAGE [47,50]. Nineteen of
the first 20 N-terminal amino acid residues were 
identified, identical sequences being obtained from
polypeptides isolated from either D+ or D– red cells
[47].

D polypeptide was also purified by large-scale im-
munoprecipitation with monoclonal anti-D [48,51].
The CcEe polypeptide was purified by the same tech-
nique, with monoclonal antibodies of the R6A type
[51]. Amino acid sequences obtained for the N-
terminal 41 residues of the D and CcEe polypeptides
were identical [52].

Although isolation of the Rh proteins from the
membrane usually results in loss of antigenic activity,
soluble preparations of RhD protein in zwitterionic
buffers maintained D activity [53]. RhD protein pre-
pared in this way adhered to plastic surfaces and ad-
sorbed monoclonal anti-D.

5.5.2 Cloning of the Rh genes

In 1990, research teams in Bristol and Paris utilized the
N-terminal amino acid sequence of D polypeptide to
isolate and clone an Rh gene. Avent et al. [52] used de-
generate oligonucleotide primers, corresponding to
amino acid residues 28–35 (sense) and 54–47 (anti-



CcEe polypeptide (Fig. 5.1). RHD cDNA was cloned
independently by Kajii et al. [58] and by Arce et al.
[59].

5.5.3 The Rh polypeptides

Although the RHD and RHCE cDNA open reading
frames encode 417 amino acid polypeptides, the N-
terminal methionine, which represents the mRNA
translation-initiation signal, is cleaved from the 
mature proteins [52,54]. The RhD and RhCcEe
polypeptides differ by between 31 and 35 amino acids,
according to RHCE allele. The N- and C-terminal re-
gions are well conserved (Fig. 5.1).

The calculated Mr of the Rh polypeptides is 45500
[52,54,57]. The much lower Mr of 30000 estimated
from SDS PAGE is probably caused by the abnormally
high level of SDS binding to these very hydrophobic
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sense) of the D polypeptide, in a polymerase chain re-
action (PCR) with human reticulocyte cDNA as 
template. Chérif-Zahar et al. [54] used mixtures of
primers corresponding to amino acid residues 3–7 and
32–27 of the D polypeptide in a PCR with splenic 
erythroblast cDNA. Human bone marrow cDNA li-
braries were screened with radiolabelled PCR prod-
ucts and both teams isolated an identical gene with an
open reading frame representing 417 amino acids, but
differing from the D polypeptide sequence. This
cDNA has subsequently been shown to represent
RHCE [55,56]. The deduced amino acid sequence is
shown in Fig. 5.1.

In 1992, cDNA representing RHD was cloned by Le
Van Kim et al. [57] after further screening of a human
bone marrow cDNA library with RHCE cDNA. The
nucleotide sequence also predicted a 417 amino acid
polypeptide, with 92% sequence identity with the

Fig. 5.1 Amino acid sequences of the CcEe and D polypeptides as deduced from cDNA nucleotide sequences [52,54,57–60].
Where the amino acid of both polypeptides is the same, that of the D polypeptide is shown by a dash (–). The N-terminal
methionine (m at position 1) is cleaved from the mature proteins. The Cc and Ee polymorphisms are shown [56,60]. Proposed
extracellular domains are shown in bold print, though the precise topology of the proteins in the membrane is not known
[61–63]. Cys-Leu-Pro (CLP) motifs, probable sites for palmitoylation, are in italics.
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proteins. Results of hydropathy analyses on the amino
acid sequences suggested that the Rh polypeptides tra-
verse the membrane lipid bilayer 12 times [52,58]. The
sequence of the N-terminal domain, together with the
lack of a cleaved N-terminal signal sequence, indicated
that the N-terminus is located within the cytoplasm
[52,54]. Avent et al. [64] demonstrated that the C-
terminus is also cytoplasmic by raising an antibody in
rabbits to a synthetic peptide representing the C-
terminal domain of the Rh polypeptides. This anti-
body did not immunoprecipitate D and CcEe polypep-
tides from intact red cells, but did immunoprecipitate
them from leaky red cell ghosts, which permit access of
the antibody to the cytoplasmic side of the membrane.
Furthermore, treatment of leaky ghosts with car-
boxypeptidase Y, an enzyme that cleaves the C-
terminal region, resulted in loss of binding of the 
rabbit antibody, yet identical treatment of intact cells
had no effect [64]. Similar experiments with antibod-
ies raised to synthetic peptides have confirmed the in-
tracellular location of the C-terminus [55,65] and led
to general agreement that the D and CcEe polypeptides
span the membrane 12 times and therefore have up to
six extracellular domains (Fig. 5.2).

The D and CcEe polypeptides have five and six cys-
teine residues, respectively. Three of the cysteine
residues in the CcEe polypeptide and two in the D
polypeptide form Cys-Leu-Pro motifs at the point of
entry of the polypeptide into the cytoplasmic leaflet of
the lipid bilayer and probably represent the major sites
for attachment of palmitic acid [43,44] (Fig. 5.2). Ex-
pression in erythroleukaemic (K562) cells of RhD
polypeptide with the cysteine residues at positions 12,
186, 315, and 316 converted to alanine by site-direct-
ed mutagenesis demonstrated that intracellular cys-
teine residues are not essential for translocation and
membrane assembly of RhD [67]. However, palmitoy-
lation may play a part in maintaining the tertiary struc-
ture of the protein, as 11 of 20 monoclonal anti-D
showed reduced reactivity with the mutated protein.

Both RhD and RhCcEe polypeptides have a cysteine
residue at position 285 in the fifth extracellular loop.
Cys285 has been considered essential for D, C, c, E,
and e expression because red cell membranes lost anti-
gen activity when treated with permeable and imper-
meable sulphydryl reagents [31,32,68,69], although
these bulky cysteine-binding reagents might have cre-
ated conformational changes in the Rh proteins that
affected antigen expression or sterically blocked bind-

Fig. 5.2 Diagrammatic representations of the probable
topology of the D and CcEe polypeptides within the red cell
membrane showing 12 membrane spanning domains and
cytoplasmic N- and C-termini. (a) The zig-zag lines
represent probable sites of palmitoylation (Cys-Leu-Pro
motifs); the third site at the tenth membrane spanning
domain is only present on the CcEe polypeptide. The circles
represent sites where the amino acid residues of the D and
CcEe polypeptides may differ; those in grey marked Cc and
Ee represent the Cc and Ee polymorphisms. (b) The diagram
shows an attempt at a three-dimensional representation of
the proteins in the membrane, with the numbered cylinders
representing the 12 membrane-spanning domains (modified
from [66]).

ing of antibodies. Subsequent work with intact red
cells and sulphydryl reagents has suggested that
Cys285 is not vital to expression of Rh antigens
[70,71]. Furthermore, K562 cells transfected with
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RHD cDNA with the Cys285 codon converted to 
alanine had normal expression of all D epitopes 
[72].

The D– phenotype results from absence of the RhD
polypeptide from the membrane (Section 5.6.1). Most
other Rh antigens are dependent on the conformation
of the Rh protein in the membrane and may involve in-
teractions between more than one extracellular do-
main. Their expression can be affected by relatively
minor changes to the protein, such as a single amino
acid substitution in a membrane-spanning domain of
the protein, which could be remote from the sequence
that is primarily responsible for expression of the 
antigen.

5.5.4 Organization of the Rh genes

The two Rh genes, RHD and RHCE, have almost
identical genomic organization, each consisting of 10
exons, with exons 1–7 encoding 50–60 amino acids
each and exons 8–10 encoding the last 58 residues
[73,74] (Table 5.4). The regions of the Rh poly-
peptides encoded by the exons, according to the 
12 membrane-spanning domain model, are shown in
Fig. 5.3. RHD and RHCE share 93.8% homology
over all introns and coding exons [75]. The most no-
table difference is in intron 4, where RHD has a dele-
tion of about 600bp, relative to RHCE [59,75–77].
Four other intronic insertions or deletions over 100bp

were detected [75]. Various short tandem repeats are
present [75], those in introns 2 and 8 being the most
thoroughly analysed for polymorphism [78,79]. The
5¢ flanking region of RHCE contains at least two 
erythroid-specific GATA-1 binding motifs, plus SP1
and Ets binding sites [73].

RHD and RHCE consist of 57295 and 57831bp,
respectively [75], and are separated by about 30kb,
which contains the gene SMP1 (small membrane pro-
tein 1) [80] (Fig. 5.4). They are in tail-to-tail configura-
tion (5¢RHD3¢–3¢RHCE5¢), with RHD centromeric
of RHCE [80,81]. RHD is flanked by two 9kb re-
gions of 98.6% homology, named the Rhesus boxes

Fig. 5.3 Model of the RhD and RhCcEe polypeptides in the
membrane showing the regions encoded by the 10 exons.

Table 5.4 Organization of RHD, RHCE, and RHAG.

Codons 3¢ intron size (bp)

Exons RHD & RHCE RHAG RHD RHCE RHAG

1 1–49 1–52 11 857 11 758 17 700

2 50–112 53–114 5 269 5 575 C 1 000
5 318 c

3 113–162 115–164 10 131 10 437 2 300

4 163–211 165–213 426 1 075 800

5 212–267 214–269 1 627 1 627 2 100

6 268–313 270–315 3 134 3 133 1 200

7 314–358 316–356 10 276 10 268 3 800

8 359–384 357–379 4 843 4 826 200

9 385–409 380–404 6 942 7 918 900

10 410–417 405–409
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(but called Rh boxes here). Deletion of RHD, the usual
cause of the D– phenotype in white people, appears to
have occurred between a 1463-bp region of identity in
each of the Rh boxes [80] (Fig. 5.4).

In addition to the normal forms of RHD and RHCE
mRNA containing sequence from all 10 exons, numer-
ous alternative spliceoforms have been detected
[82,83]. However, there is no evidence that they are
represented by proteins in the membrane.

5.5.5 Genomic rearrangement of 
and 

Unequal crossing-over and gene conversion, as mech-
anisms for generating genomic recombination be-
tween closely linked homologous genes, are described
in Section 3.10 for GYPA and GYPB, the genes for the
MNS blood group antigens. Genomic rearrangements
are associated with many examples of variant Rh phe-
notypes, with gene conversion appearing to be the pre-
dominant mechanism and resulting in the creation of
RHD–CE–D and RHCE–D–CE hybrids. Macrocon-
version events give rise to an Rh gene in which a sub-
stantial segment is replaced by the equivalent segment
from its homologue, whereas microconversion events
can result in exchange of one or more small regions,
often leading to single amino acid changes (see Fig.
5.6). In addition, the effects of gene conversion are
often associated with untemplated mutations, which
change nucleotides to those not derived from either
gene. D–CE or CE–D breakpoints for DVI, DFR, R

= N,
and Dc– all occur within a recombination hotspot 
located in an Alu-S sequence and the 100 basepairs 

RHCERHD

immediately downstream of it, within intron 3 (see
Figs 5.6 and 5.9) [85].

RHD and RHCE are in opposite orientation, so it is
likely that the gene conversion events responsible for
the generation of Rh hybrid genes occurred following
the pairing of RHD and RHCE, in cis (Fig. 5.5). Con-
sistent with this supposition, mutations in exons 5 and
7 of the r¢s haplotype are present both in the RHCE
gene and the RHD–CE(exons 3–8)–D gene (Section
5.13.2). Likewise, in the DVI type I haplotype, exons 
5 of both RHCE and RHD–CE(exons 4–5)–D
encode Pro226, characteristic of a E allele (Section
5.6.4.5).

5.5.6 expression of Rh genes

Following the cloning of the Rh genes, attempts at ex-
pressing Rh cDNA by transfection of eukaryotic cells
with plasmid expression vectors met with very limited
success [55,86]. In 1996 Smythe et al. [87] used a
retroviral-mediated gene transfer method to express
Rh gene products in K562 cells, erythroleukaemic cells
that express the Rh-associated glycoprotein consid-
ered essential for expression of Rh antigens (Section
5.5.7). cDNA derived from RHD and from the cE al-
lele of RHCE were cloned separately into pBabe puro
retroviral vector and used to transfect K562 cells. Cells
transfected with RHD cDNA expressed D and G;
those transfected with RHCE.cE cDNA expressed c
and E. Rh cDNA has subsequently been expressed by
similar techniques in another myeloid leukaemic cell
line, KU-812E [88].

In vitro

Fig. 5.4 Genomic organization of the Rh genes in typical D+ (above) and D– (below) haplotypes, showing RHD, the two
homologous Rh boxes, and SMP1 in 5¢ to 3¢ orientation, and RHCE in 3¢ to 5¢ orientation. In the D– haplotype, there is a
deletion of part of each Rh box and of RHD.
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5.5.7 The Rh-associated glycoprotein 
(RhAG, CD241)

During the original isolation of the Mr 30000 Rh
polypeptides, Moore et al. [37] noticed copre-
cipitating minor components of lower electrophoretic
mobility. These components, with an apparent Mr

varying between 35000 and 100000 were shown to
be heterogeneously N-glycosylated glycoproteins with
endo-b-galactosidase-degradable carbohydrate moi-
eties that carry ABH determinants [41,51,89]. Treat-
ment with endoglycosidase-F, which cleaves N-
glycans, reduced their apparent Mr to about 30000
[89,90]. This glycoprotein has been referred to as
Rh50 (after the molecular weight), but is now named
the Rh-associated glycoprotein (RhAG).

A technique involving membrane solubilization in
non-ionic detergent (Triton X100) and determination
of the sedimentation velocity of membrane compo-
nents through sucrose gradients indicated an Mr of 170
000 for the Rh polypeptides [44]. A similar estimation
of molecular size was obtained by radiation inactiva-
tion [91]. These data were interpreted as implying that
the Rh polypeptides exist in the membrane as a macro-
molecular complex, possibly a tetramer comprising
two molecules of Rh polypeptides and two molecules
of RhAG [44]. These four molecules might interact
through their N-terminal domains [65,92]. Quantita-
tive binding assays with monoclonal antibodies to the
Rh polypeptides and with Duclos-like antibodies (Sec-
tion 5.5.7.1) indicated that there are 1–2 ¥ 105copies of
this complex per red cell [93].

Nucleotide sequences of cloned PCR products, am-
plified from genomic DNA with degenerate primers

derived from the N-terminal amino acid sequence of
RhAG, predicted a very hydrophobic 409 amino acid
integral membrane protein with two potential extra-
cellular N-glycosylation sites and no sites for palmi-
toylation. Hydropathy analysis suggested that RhAG
closely resembles the Rh polypeptides with 12 mem-
brane spanning domains [94]. Only Asn37, on the first
extracellular loop, is N-glycosylated [65]. There is a
high degree of sequence similarity between the Rh
polypeptides and RhAG, but no indication of poly-
morphism in RhAG [94].

Organization of RHAG, the gene encoding RhAG,
is very similar to that of RHD and RHCE (Table 5.4)
[95–97]. Most of the sequence homology is confined to
exons 2–9. The 5¢ promoter region contains several
putative cis-acting elements including an inverted
GATA sequence at position –58 to –53, which acted as
an erythroid-specific promoter [95,98]. In addition,
there is an erythroid-specific hypersensitive site 10kb
upstream from the translation-initiating codon, with
powerful RHAG-transcription enhancing activity in
K562 cells [99]. This site could be responsible for the
erythroid-dominant expression of RHAG. Somatic
cell hybridization studies showed that RHAG is locat-
ed at 6p21–qter [94]; the genes controlling the Rh
polymorphisms are on chromosome 1.

Presence of RhAG in the red cell membrane is a re-
quirement for expression of Rh antigens. Homozygos-
ity for inactivating mutations in RHAG is the most
common cause of the rare Rhnull phenotype, in which
none of the antigens of the Rh system is expressed (Sec-
tion 5.16.2).

K562 erythroleukaemic cells express RhAG in their
membranes, although this may be underglycosylated

Fig. 5.5 Probable mechanism for Rh gene conversion, with pairing between RHD and RHCE, in cis. In this example exons 4–6
of RHD are being replaced by the equivalent exons from RHCE to produce the RHD–CE–D gene characteristic of DVI type II
(see Fig. 5.6).
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and has an Mr of 32000 [100]. Transfection of these
cells with RHD or RHCE cDNA results in the expres-
sion of Rh antigens [87,88] (Section 5.5.6). When
K562 cells transfected with RHD cDNA were treated
with a phorbol ester, TPA, endogenous RHAG expres-
sion was down-regulated, but RHD transfection was
enhanced [101]. Despite this, D expression was re-
duced and only expression of recombinant RhAG
could rescue membrane expression of D. Successful
transfection of non-erythroid cells with RHAG and
RHD cDNA did not result in D expression [88,102].
Transfection of non-erythroid cells with constructs 
designed to produce a fluorescently labelled RhD
polypeptide resulted in fluorescent staining of the
membrane, with or without RhAG being present
[103]. It appears therefore that RhAG is not necessary
for insertion of Rh proteins into the membrane, but is
necessary for the conformation required for binding of
Rh antibodies.

During erythropoiesis ex vivo, RhAG appears on
the erythroid precursors well before the D or CcEe
antigens [104–106]. RhAG on erythroid precursors is
not fully glycosylated and has an apparent Mr of 
32000 [107]. The N-glycan of RhAG is smaller in
Rhnull cells, inferring that RhAG moves to the surface
faster in the absence of the Rh polypeptides [90].

Human homologues of RhAG, named RhBG and
RhCG (or RhGK), have been recognized in non-
erythroid cells, and others are present in other species
[97,108,109]. Thus, an Rh family in humans currently
comprises five proteins encoded by the genes RHD,
RHCE, RHAG, RHBG, and RHCG (RHGK).

5.5.7.1 Duclos antigen (901013)

Duclos is 901013 of the high frequency antigens.
Apart from the cells of Mme Duclos, the sole maker of
anti-Duclos, the Duclos antigen is lacking only from
those red cells that are Rhnull or Rhmod and also U–.
Mme Duclos had an apparently normal DCe/dce phe-
notype, but a U antigen slightly weaker than normal
[110]. A monoclonal antibody, MB-2D10, raised to
human red cells, showed a Duclos-like specificity by
reacting with all cells except those of Rhnull U– and
Rhmod U– phenotypes [111]; it differed from the 
Duclos antibody by reacting with the red cells of 
Mme Duclos [112]. Immunoblotting demonstrated
that the MB-2D10 epitope is located on RhAG [113],
so Duclos is likely to be on RhAG.

5.5.8 Rh accessory glycoproteins

Several other red cell membrane glycoproteins are as-
sociated with the Rh system by virtue of a partial or
total absence of blood group antigens from Rhnull red
cells (Section 5.16.5). LW glycoprotein is totally ab-
sent from Rhnull cells and LW antigens have a higher
level of expression on D+ than D– cells (Chapter 16).
In addition, monoclonal anti-LW coprecipitates LW
glycoprotein and Rh polypeptide [114]. Fy5 antigen of
the Duffy system (Section 8.4.3) is also totally absent
from Rhnull cells, though there is no evidence of re-
duced expression of the Duffy glycoprotein or other
Duffy antigens.

Rhnull cells have a 60–70% reduction in glycophorin
B (GPB) [115], reflected as reduced levels of S, s, and U
antigens (Section 3.22). Association between Rh and
GPB was supported by an antibody that only reacted
with red cells bearing both D and S antigens, found in a
multiply transfused DCe/DcE S–s+ man [116]. The
RhAG of GPB-deficient (S–s–U–) red cells is more
heavily glycosylated than normal [90]. GPB might fa-
cilitate transport of RhAG to the cell surface mem-
brane which, in the absence of GPB, remains in the
intracellular membrane system longer, permitting
more glycosylation [90].

CD47 or integrin-associated protein (IAP) is a 
widely distributed, heavily N-glycosylated, glycopro-
tein of apparent Mr 47000–52000 (reducing condi-
tions) in red cell membranes [89]. It is present in
reduced quantity (75% of normal) on Rhnull red cells
[89,117,118]. CD47 is a member of the immunoglob-
ulin superfamily, with an extracellular N-terminal 
immunoglobulin domain and five hydrophobic mem-
brane-spanning C-terminal domains [119]. It may
function on red cells as a marker of self by binding sig-
nal regulatory protein a (SIRPa) on macrophages,
generating a negative signal that prevents phagocyto-
sis of the red cells [120]. Splenic macrophages in mice
transfused with murine CD47-null (CD47–/–) red cells
rapidly eliminated the transfused cells from the pe-
ripheral blood [120]. The CD47 gene is located on
chromosome 3q13.1–q13.2 [117,118].

There is no evidence that antigens of the Diego sys-
tem show altered expression in Rhnull cells, but an as-
sociation between band 3 (the Diego antigen) and Rh
has been demonstrated by cotransfection experi-
ments. K562 cells transfected with RHD or RHCE.cE
cDNA express D or c and E antigens, respectively [87].
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When these cells are subsequently transfected with
cDNA encoding band 3, the levels of D or c and E, and
of endogenously produced RhAG, are substantially in-
creased [121,122]. This enhancing effect of band 3 ex-
pression appears to be greater on RhCcEe–RhAG
complexes than on RhD–RhAG complexes [122]. The
effect is reduced when K562 cells are transfected with
band 3 cDNA containing the South-East Asian ovalo-
cytosis (SAO) mutation, providing a possible explana-
tion for reduced expression of Rh antigens on SAO red
cells (see Section 10.8). Beckmann et al. [122] suggest
that an interaction between band 3 and the Rh–RhAG
complexes either enhances their translocation to the
cell surface or affects their conformation in the plasma
membrane.

The associations described in this section have led to
proposals that the Rh polypeptides, their coprecipitat-
ing associated glycoproteins, and accessory glycopro-
teins exist in the red cell membrane as a protein cluster
[115,123]. The nature of any association within the
membrane between these structures is still a matter for
conjecture. Only RhAG appears to be a requirement
for expression of Rh antigens. Rh antigens are ex-
pressed normally on red cells with null phenotypes for
LW, GPB (and GPA plus GPB), and Duffy. No human
CD47-deficiency phenotype is known, but red cell
membranes of CD47 knockout mice contained nor-
mal quantities of murine Rh and RhAG proteins [124].
There is no report of tests for Rh antigens in a band 3-
deficient individual, or in band 3 knockout mice.

5.5.9 Association of the Rh complex with the
membrane skeleton

Association of the Rh polypeptides, RhAG, and CD47
with the insoluble red cell membrane skeletal matrix
during isolation in the non-ionic detergent Triton
X100 has led to the conclusion that the Rh complex is
linked to the membrane skeleton [125–128]. More di-
rect evidence that the Rh complex is firmly linked to
the membrane skeleton came from fluorescence-
imaged microdeformation, which quantifies redistrib-
ution of fluorescently labelled proteins during mem-
brane deformation induced by aspiration of the cell
into a micropipette [129]. Red cells labelled with anti-
D or -c Fab fragments gave results intermediate be-
tween those obtained for actin, a component of the
membrane skeleton, and for band 3, a membrane gly-
coprotein that is firmly attached to the skeleton. The

mechanism for attachment and the components of the
Rh protein complex involved are unknown.

5.6 Dand variants of D

D is the most immunogenic of the Rh antigens and is
the most important clinically. About 80% of D– recip-
ients of large volumes of D+ blood make anti-D and,
until the introduction of immunoglobulin prophylax-
is, anti-D was a common cause of severe HDN.

D+ and D– phenotypes are often referred to as Rh+
and Rh–. Between 82% and 88% of Europeans and
white North Americans are D+; around 95% of black
Africans are D+ [14,21]. D is a high frequency antigen
in the Far East, reaching 100% in some populations.
By normal blood grouping techniques, 99.7% of
Hong Kong Chinese [130] and a similar proportion of
Japanese [14] appear D+, but a substantial proportion
of those classified as D– have a very weak D antigen
called DEL (Section 5.6.4.13).

D antigen expression varies quantitatively, with a
continuum of antigen strength from the greatly en-
hanced expression associated with D–– to weak D, the
most extreme of which is DEL. Even among the com-
mon phenotypes there is readily detectable quantita-
tive variation of D. Less D is expressed in the presence
of C [131–135]; in titrations with anti-D, DcE/DcE
cells give higher scores than DCe/DCe cells. Fluores-
cence flow cytometry with monoclonal and polyclonal
anti-D demonstrated the following decreasing order 
of strength of D antigen: DcE/DcE>DCe/DcE>
DCe/DCe>DcE/dce>DCe/dce [136–138]. Further
discussion on quantitative aspects of D is found in 
Section 5.6.8.

5.6.1 Molecular genetics of the 
D polymorphism

Outside of the ABO system, the most important blood
group polymorphism from a clinical viewpoint is D.
D– phenotype represents a total absence of D polypep-
tide from the red cell membrane and, consequently, ab-
sence of all epitopes of the D antigen. This explains
why d, an antigen allelic to D, has never been found.

5.6.1.1 Europeans

By Southern analysis of genomic DNA with the entire
CcEe cDNA probe and with several exon specific
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probes, Colin et al. [139] found that two highly ho-
mologous genes of identical genetic organization are
present in the genome of D+ individuals, but that only
one is present in D– people. Absence of the D gene
from the genome of D– people was confirmed after
cloning of RHD [57,59]. Numerous tests by a variety
of techniques (see Section 5.7) have shown that ho-
mozygosity for a deletion of RHD is the most common
cause of the D– phenotype in white people, other 
molecular backgrounds being rare. The deletion oc-
curs between two 1463bp regions of identity within
the Rh boxes that flank RHD [80] (Fig. 5.4).

Tests with a technique that specifically detects in-
tron 4 and exon 10 of RHD showed that all of 55
dce/dce British blood donors lacked both regions, but
that discordant results were commonly associated
with dCe and dcE haplotypes [76,140,141]. Of 33
dCe/dce donors, two had RHD intron 4 and exon 10,
one had RHD intron 4 but not exon 10, and six had
RHD exon 10 but not intron 4. Of three dcE/dce
donors, two had RHD intron 4 and exon 10 and one
had RHD intron 4 but not exon 10. Sequencing re-
vealed that a dCe/dCe donor had a complete RHD, but
with a nonsense mutation (Gln41stop) in exon 1 [76].
A white Australian with dCe/dce red cells had a 4-bp
deletion at the 5¢ end of RHD exon 4, which intro-
duced a frameshift and a premature stop codon in
exon 4 [142].

The frequency of the RHD deletion in a predomi-
nantly white English population can be estimated at
about 0.39 (from data in Table 5.2).

5.6.1.2 Africans

In black Africans the most common molecular back-
ground for D– is homozygosity or hemizygosity (with
an RHD deletion) for a complete, but inactive, RHD
[141,143]. This inactive gene, called the RHD pseudo-
gene or RHDY, contains a 37-bp sequence duplica-
tion consisting of the last 19 nucleotides of intron 3
and the first 18 nucleotides of exon 4 [143]. This du-
plication could generate a reading frameshift and 
introduce a premature translation stop codon. Alter-
natively, if a potential splice site at the 3¢ end of the in-
serted intronic sequence in exon 4 were utilized, the
sequence of exon 4 would remain unchanged. RHDY
also has a nonsense mutation in exon 6 (Tyr269stop),
which ensures that no RhD protein is present in the red
cell membrane [143]. No transcript derived from

RHDY was detected. RHDY is usually in cis with a ce
allele of RHCE.

Another abnormal gene that is relatively common in
D– Africans is RHD–CE–Ds, a hybrid gene comprising
exons 1, 2, and the 3¢ end of exon 3 of RHD, the 5¢ end
of exon 3 and exons 4–7 of RHCE, and exons 9 and 10
of RHD (exon 8 undetermined) [144–146]. This gene
produces no D, but probably produces abnormal C.
RHD–CE–Ds is associated with the VS+V– phenotype
and the d(C)ces (r¢s) haplotype (Section 5.13).

From tests on 100 black South African donors, the
following frequencies of the D– alleles can be roughly
estimated: RHD deletion, 0.10; RHDY, 0.07;
RHD–CE–Ds, 0.04 [143,146]. Of 82 D– black
Africans, 67% had RHDY, 15% had RHD–CE–Ds,
and 18% had no RHD. For 54 D– African Americans
the corresponding figures were 24%, 22%, and 54%, 
[143].

5.6.1.3 Asians

The existence of RHD in some D– Asians was original-
ly indicated by the detection of RHD cDNA derived
from erythroid progenitors from D– Japanese
[58,147,148]. The molecular basis of the D– pheno-
type in Eastern Asia remains unclear. This is partly be-
cause of the presence of an extremely weak D antigen,
called DEL, which can only be detected by very sensi-
tive techniques, in particular adsorption and elution
(Section 5.6.4.13).

In one study of 130 Japanese D– donors (DEL not
found), 63% had no RHD, 28% (all C+) had an intact
RHD, and two samples had probable RHD–CE–D
hybrid genes [77]. All exons and the promoter region
of the intact RHD genes were sequenced, but no expla-
nation for the inactivity of these genes was found. In
another study of 306 Japanese donors with an appar-
ent D– phenotype, no RHD was detected in 67%; the
remainder were DEL [149]. Of 87 apparent D– donors
from the People’s Republic of China, 60% lacked
RHD, 25% (all C+) appeared to have an intact RHD,
and 15% (all C+) had at least one exon of RHD [150].
In two studies of 230 and 204 Taiwanese, the fol-
lowing results were obtained: 63% and 74% with 
no RHD; 33% and 20% DEL; 4 and 6% apparent
RHD–CE–D hybrid genes [151,152]. Where
analysed, the hybrid gene comprises exons 1, 2, 
and 10 of RHD and exons 3–9 of RHCE [152].
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5.6.2 Weak D (Du) and partial D

Stratton [153] first coined the term Du for a D antigen
detected by only some anti-D. Du was subdivided into
‘high grade’, in which the cells were directly aggluti-
nated by some anti-D, and ‘low grade’, in which the D
antigen could only be detected in an antiglobulin test
[154,155]. Du was shown to be inherited, the Du allele
being dominant over d, but recessive to normal D
[153,155,156] (but also see Section 5.6.6). The defini-
tion of Du evolved to become the D of those red cells
that are not agglutinated by IgM anti-D, but which
react with IgG anti-D in an antiglobulin test. With the
introduction of modern, more potent, anti-D reagents,
most red cells that would previously have been classi-
fied as Du would not now be considered as having an
abnormal D by routine testing.

Du has been considered a purely quantitative variant
of D, differing from normal D purely on the number of
antigen sites per red cell [157–161]. Consequently,
there can be no Du antigen and no anti-Du, so ‘Du’ was
replaced with the term ‘weak D’ in the 1990s [162].

The definition of weak D has often depended on the
anti-D reagents and techniques used, so it is difficult to
provide frequencies for the weak D phenotype. One es-
timate gave frequencies for weak D as 0.3% and 1.7%
in white and black North London donors, respectively
[163]. Molecular definitions of weak D permit more
accurate determination of the frequency of weak D
(Section 5.6.4.12).

If weak D (Du) is considered a purely quantitative
variant of D, then another type of D variant, now usu-
ally referred to as partial D [164,165], is a qualitative
variant. Since the publication by Argall et al. [166] in
1953, it has been clear that rare D+ individuals can
make a form of alloanti-D. Many different types of
partial D antigen have been identified (Section 5.6.4).
The D antigen can be regarded as a mosaic of epitopes.
People whose red cells lack part of the D mosaic can,
when exposed to a complete D antigen, make antibody
to the missing epitopes. This antibody behaves as anti-
D when tested against normal (complete) D.

Weak D red cells are considered to have all epitopes
of D, expressed weakly. Partial D red cells have some
epitopes missing, the remainder being expressed nor-
mally. Partial weak D cells have some epitopes missing,
the remainder being expressed weakly. These divi-
sions, however, are often not distinct and are difficult to
differentiate, although the ability to make alloanti-D in

partial D phenotypes, but not in weak D phenotypes, is
probably the most suitable definition if one is required.
However, some individuals with red cell phenotypes
initially regarded to be weak D have produced alloan-
ti-D [167]. Weak D is often associated with RHD
mutations encoding amino acid substitutions in the cy-
toplasmic or membrane-spanning domains of the D
protein, whereas partial D is usually caused by changes
in the extracellular loops [63]. However, this is not ab-
solute and is dependent, to some extent, on the model
for the conformation of the Rh proteins in the mem-
brane used. The terms ‘weak D’ and ‘partial D’ are re-
tained here to assist in providing some degree of order
to the large number of aberrant D antigens, but there is
a compelling argument in favour of scrapping the terms
and replacing them with ‘D variant’.

5.6.3 Partial D and the epitopes of D

The pioneering work on the subdivision of D, from
which our current understanding of the immunologic
profile of the D antigen is derived, was by Tippett and
Sanger in the 1960s and 1970s [168,169]. They divid-
ed partial D antigens into six categories (I–VI) from the
patterns of reactions between the red cells and antibod-
ies of D+ people who made anti-D. Family studies
showed all categories to be inherited. A seventh catego-
ry was added later and category I is now obsolete
[165,170]. Many cases of D+ people who made anti-D
were also studied by Wiener and Unger [171–173].
They called the components of Rho (D in Wiener’s lan-
guage), RhA, RhB, RhC, and RhD. These subdivisions of
Rho could not be correlated with Tippett and Sanger’s
categories because there was no exchange of material
between the two groups and they are now obsolete.

Tippett and Sanger excluded weak D antigens from
their categories and only used potent anti-D made by
category members for studying the categories. The
partial D antigen of a person cannot be categorized on
the basis of their anti-D alone, because the immune re-
sponse within a category is not consistent. Associated
low frequency antigens have subdivided categories IV,
V, and VI, and assist in the definition of categories III
and VII, and the partial D antigens DFR, DBT, and
DHAR (Table 5.5).

In the 1980s, immunological analysis of antigens
was revolutionized by the introduction of monoclonal
antibody technology. A plethora of monoclonal anti-
D has been produced. Testing these antibodies against
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red cells with partial D antigens led to different pat-
terns of reactions, considered to represent different
epitopes of the D antigen (epD). Lomas et al. [209] 
defined seven D reaction patterns (epD1–epD7) by
testing 29 monoclonal anti-D against red cells 
representing most of the category D antigens, and two
more epitopes were added later [210–212]. Although
epD6 and epD7 had been shown to differ by inhibition
studies with radiolabelled antibodies [178], they could
not be distinguished by agglutination techniques and
were referred to as epD6/7. Eighteen of the 29 anti-
bodies were anti-epD6/7 [209].

In 1994, Lomas et al. [213] gave the name DFR to a
new partial D antigen, identified with the assistance of
monoclonal antibodies. They refrained from making
DFR category VIII because it was no longer possible to
carry out all the necessary cross-testing as some of the
defining anti-D made by D category members were no
longer available. Since then numerous other partial D
antigens have been identified (Table 5.5), creating
many subsplits of the original reaction patterns. A 30-
epitope model [214] was upgraded to 37 at an interna-
tional workshop for monoclonal antibodies [215].
The definition of some of these reaction patterns, how-
ever, depended on the use of enzyme modified red cells.
As protease modification of the D protein might affect
epitope conformation, Scott [215] proposed exclud-
ing patterns that were dependent on enzyme treatment
of cells from the numbering. Using only those patterns
confirmed in the 1996 workshop, 24 epitopes of D
could be identified [215]. The latest pattern of reac-
tions between partial D antigens and monoclonal anti-
bodies, shown in Table 5.6, was produced in 2001 for
the fourth international workshop on monoclonal an-
tibodies to red cell surface antigens [216]. It includes
30 epitopes, with a terminology consisting of the 
original epD1–epD9 (excluding epD7) [209–212], fol-
lowed by numbers representing subdivisions of the
epitopes (e.g. epD6.4). It is important to remember
that the D epitopes really only represent reaction pat-
terns and are not absolute. Reaction patterns may be
dependent on antibody concentrations, particularly
with epitopes of low affinity, so different batches of the
same antibody could produce different results. Other
factors, such as reaction temperature or pH, might ap-
pear to alter specificity.

5.6.4 Characteristics of D variants

Listed below and in Table 5.5 are serological and 
molecular characteristics of D variants. Much of the
serological information is taken from a variety of pub-
lications [30,165,168–170,209,210,212,213,217]
and from unpublished observations. The molecular
bases for D variants involving gene rearrangements
are shown in Fig. 5.6.

5.6.4.1 DII, DNU, DNB

Category II originally contained three unrelated
propositi with DII travelling with Ce in the two fami-
lies tested. The rediscovery of the original category II
propositus led to the subdivision of epD3 [212]. DII is
associated with an Ala354Asp substitution in the sixth
extracellular loop of RhD [174]. DNU and DNB are 
D variants with similar epitope profiles to DII: DNU 
is associated with Gly353Arg [174]; DNB with
Gly355Ser [182].

5.6.4.2 DIII and the DAK antigen

This is the only D category that cannot be defined by
monoclonal anti-D, because category III red cells react
with all monoclonal anti-D (Table 5.6). There are four
subcategories of DIII. Most DIIIa and DIIIb individu-
als are black and the partial D travels with ce in 
families. Some members have an abnormal VS and V
phenotype: their red cells react with all anti-VS, but
not with all anti-V.

DIIIa cells express the low frequency antigen DAK,
which is also expressed by cells with the R

=N phenotype
[175] (Section 5.14.1.1). DIIIa is associated with RHD
encoding three amino acid substitutions [176] (Fig.
5.6); changes that probably represent templated mi-
croconversion events, as Thr152, Arg201, and Val223
are encoded by RHCE. It is possible that none of these
amino acids is in an extracellular domain, though po-
sitions 152 and 223 are close to the third and fourth
extracellular loops, respectively. Tests on 93 African
Americans and 63 African Brazilians, by a PCR RFLP
procedure, revealed frequencies for the RHDIIIa
allele of 0.11 and 0.19, respectively [218].

Unlike most D+ red cells, DIIIb cells are G– (see Sec-
tion 5.11). Two DIIIb individuals have RHD in which
exon 2 is replaced by exon 2 from a c allele of RHCE
[177] (Fig. 5.6). This results in three amino acid
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changes from RhD, which include a Ser103Pro substi-
tution in the second extracellular loop. Ser103, encod-
ed by RHD or the C allele of RHCE, is responsible 
for the G antigen. DIIIb has Pro103 and expresses 
no G.

DIIIc propositi are white and DIIIc is inherited with

Ce in two families [179,219]. In one family, DIIIc is as-
sociated with RHD in which exon 3 is replaced by
exon 3 from RHCE [179] (Fig. 5.6). It is likely that
none of the four changed amino acids is in an extracel-
lular loop, although positions 121 and 152 are close to
the second and third extracellular loops, respectively.

Fig. 5.6 Representation of some genes responsible for
variant D antigens. �, exons derived from RHD; �,
exons derived from RHCE. �, untemplated amino acid
substitutions. All these genes are usually paired with
RHCE, except DHAR.
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DIII type IV was added in 2000 [167]. The red cells
reacted with all monoclonal anti-D and did not react
with anti-D from a DIIIc individual; the anti-D from
the DIII type IV patient did not react with DIIIc 
cells. Three amino acid substitutions encoded by RHD
are associated with DIII type IV [167] (Fig. 5.6). 
Two result from untemplated mutations, whereas
Asn152Thr is identical to one of the changes present in
DIIIa. None is predicted to be in an extracellular loop.

5.6.4.3 DIV and the Goa antigen (RH30)

The partial D antigen of the first DIV propositus was
originally called DCor [221]. DIV appears to be elevated
as judged by a few selected incomplete anti-D, which
agglutinate saline suspensions of DIV red cells. DIV
was initially subdivided by reactions with anti-Goa, an
antibody to a low frequency antigen [222–224]. DIVa
and DIVb cells, which are Go(a+) and Go(a–), respec-
tively, can be distinguished by monoclonal anti-D:
DIVb, but not DIVa cells, lack epD4 (Table 5.6).

DIVa individuals are mostly black. DIVa travels
with ce in most families tested, but is also present in the
very rare complex DIV(C)– (Section 5.15.5). Three
amino acid changes distinguish DIVa from D [180]
(Fig. 5.6): two, encoded by exons 3 and 7, probably
represent microconversion events; Leu62Phe (exon 2)
represents an untemplated mutation. His350 (exon 7)
is in the sixth extracellular loop.

Approximately 2% of African Americans are
Go(a+) [225,226].

Sub-category IVb is heterogeneous; there is great
variation in the strength of the partial D antigen. At
least some DIVb cells have the low frequency antigen
Evans (RH37) [227]. DIVb travelled with Ce in two
families and with cE in three families [170]. DIVb is as-
sociated with an RHD–CE–D gene in which the 3¢ end
of exon 7, exon 9, and probably exon 8 are derived
from a RHCE gene [180] (Fig. 5.6). All known DIVb
propositi were white until four DIVb individuals were
found among 5 million Japanese blood donors [228].
In Japanese, DIVb (J) results from an RHD–CE–D
gene in which the whole of exons 7 and 9 are RHCE-
derived [181] (Fig. 5.6).

DIV type III and type IV were defined primarily on a
molecular basis. Both have an RHD–CE–D gene: in
type III exons 6–9 have the RHCE sequence [63]; 
in type IV only part of exon 7 is exchanged [182] 
(Fig. 5.6).

Both types of DIVb and DIV types III and IV have
Asp350His, Gly353Trp, and Ala354Asn changes in
the sixth extracellular loop.

5.6.4.4 DV and the Dw antigen (RH23)

Category V has been subdivided by reactions with an
antibody to a low frequency Rh antigen, anti-Dw

[229]. DVa red cells are Dw+. DVa is usually produced
by a DVace haplotype in black families and by DVaCe in
white and Japanese families; DVacE is rare [170,230].
The strength of DVa antigen is very variable. The mol-
ecular background to DVa is heterogeneous, but al-
ways involves replacement of all or part of exon 5 of
RHD by the equivalent region of RHCE (Fig. 5.6)
[180,183,184,200,203,230]. All forms involve
Glu233Gln, predicted to be in the fourth extracellular
loop, and one has only Glu233Gln. All give rise to a
typical DVa phenotype, so the Glu233Gln substitu-
tion must be the key to Dw expression and loss of
epD1, epD5.1, and epD5.3 (Table 5.6). Red cells with
the DHK phenotype, in which there is a Glu233Lys
substitution, lack epD1 and some epD5 epitopes, but
are Dw– [184]. One of the DVa variants, DVa(E) (Fig.
5.6), has Pro226, suggesting that the RHCE-derived
segment of exon 5 originated from a E allele [231]. The
red cells expressed an abnormal E antigen, despite no
E allele of RHCE being present, suggesting that the
RHD–CE–D hybrid produced some E.

Sub-category Vb contained one propositus whose
red cells did not react with any anti-D from category VI
individuals and were Dw– [232]. The anti-D from this
propositus reacted with some DVa red cells.

5.6.4.5 DVI and the BARC antigen (RH52)

DVI has very few D epitopes and most monoclonal
anti-D do not react with category VI cells (Table 5.6).
A minority of anti-D from D– people react with DVI
cells, which may reflect a quantitative rather than a
qualitative effect [170].

Most DVI propositi are white or Japanese. DVI
travels with Ce in most families and less commonly
with cE. Anti-BARC, an antibody to a low frequency
antigen, is a marker for the DVICe haplotype. Seventy-
six of 78 DVICe samples were BARC+; all of 21 DVIcE
samples were BARC– [170,233].

Molecular genetic analysis has revealed three types
of RHD–CE–D encoding DVI (Fig. 5.6). The DVI type
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I gene, which is always part of a DVIcE haplotype, has
exons 4 and 5 derived from a E allele of RHCE (encod-
ing Pro226) [185,220,234]. (The previously reported
DVI gene with a deletion of exons 4–6 [186] does not
exist.) DVI type II and III genes, which are part of
DVICe haplotypes, have exons 4–6 and 3–6, respec-
tively, from an e allele of RHCE (Ala226) [185–187].
DVI genes of types II and III, but not type I, produce
BARC, suggesting that the presence of Ala226 in the
hybrid Rh protein is important in BARC expression.
Apart from the polymorphism at residue 226, all three
types have the same amino acid changes from nor-
mal D in predicted extracellular loops: Met169Leu,
Met170Arg, and Ile172Phe in loop 3; Glu233Gln in
loop 4. Quantitative differences, in terms of numbers
of D sites per cell, exist between these DVI types: type I
is low with about 500 sites; type II has about 2400
sites; and type III is about normal for a DCe complex
with 12000–14000 sites [167,187].

A unique monoclonal anti-D (LOR-15C9) binds de-
natured RhD on protein blots and detects the product
of exon 7, binding most specifically to the region of
amino acids 323–331 [235,236]. This antibody distin-
guishes cells with the product of a DVI allele (types
I–III). In addition to the Mr 33000 RhD band, DVI
cells give an Mr 21000 band, possibly the product of
an alternatively spliced transcript [235].

By screening with monoclonal antibodies, the inci-
dence of DVI in Europe, the USA, and Australia has
been estimated between 0.015% and 0.04% and rep-
resents between 5% and 16% of weak D samples
[237–241]. Only one DVI was found in over 5 million
Japanese donors [228].

5.6.4.6 DVII and the Tar antigen (RH40)

Characteristic of DVII is a positive reaction with anti-
Tar [242–245]. Tar was associated with a DCe haplo-
type in several families [242]. Of eight DVII
individuals with anti-D, two were untransfused males
and in four a weak anti-D was accompanied by a
strong anti-E [170,246]. Red cells of one of 1585 D+
British donors failed to react with anti-D from a DVII
individual; this sample also had DVII antigen [242].
DVII results from a mutation in RHD exon 2 encoding
Leu110Pro in the second extracellular loop of RhD
[188]. Of over 60000 German blood donors, 68 had
DVII phenotype; of 33 DVII donors analysed, all had
the Leu110Pro mutation [247]. An unusual RHD in

two unrelated individuals encoded Leu110Pro and
Pro103Ser (characteristic of c in RHCE) substitutions,
and probably produced Tar and partial c (Section
5.8.4) [248].

5.6.4.7 DFR and the FPTT antigen (RH50)

Red cells with the partial D phenotype DFR react with
an antibody to the low frequency Rh antigen FPTT
[195,213] and give a different pattern of reactions
from that seen with any of the category D red cells 
with anti-D from D+ and D– individuals [213]. In 23
propositi DFR was associated with a DCe haplotype
and in two propositi with DcE; in two families DFR
travelled with Ce and in one family with cE. Two of the
DFR propositi had produced anti-D. Two of 3967
Australians, but only one of 60000 Germans, had
DFR [213,241].

DFR is associated with an RHD–CE–D gene in
which the 5¢ end of exon 4 is RHCE-derived [180] (Fig.
5.6). The three amino acid substitutions are located in
the third extracellular loop. The molecular basis of
FPTT expression is described in Section 5.17.2.

5.6.4.8 DBT and the Rh32 antigen

Rh32 is a low frequency antigen associated with the
partial D antigen DBT [190] and with the R

=N complex,
which has normal D, but weak C and e (Section
5.14.1.1). Of eight DBT propositi tested, five had nor-
mal C and c, two had weak C (one of whom had a weak
e), and one was C–c+. Three had made anti-D. The
propositi were mostly of white European origin, but
one was Moroccan, one Thai, and one Japanese.

In the Moroccan family, DBT is associated with
RHD–CE–D in which the whole of exons 5–7 (and
possibly 8) are RHCE-derived [191] (type I, Fig. 5.6).
This gives rise to Glu233Gln in loop 4 and Asp350His,
Gly353Trp, and Ala354Asn in loop 6. In the Japanese
DBT family the RHCE segment of the RHD–CE–D
gene represents exons 5–9 [192] (type II, Fig. 5.6). The
product differs from that of the Moroccan DBT gene
by only one amino acid change, Glu398Val, located in
the cytoplasmic tail. The molecular basis of Rh32 ex-
pression is described in Section 5.17.2.

5.6.4.9 DHAR, Ro
Har, and the Rh33 antigen

Ro
Har is a rare complex consisting of a weak partial D
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(DHAR), c, a very weak e, no G, and two low fre-
quency antigens, Rh33 and FPTT [196–198] (Section
5.14.2.1). Generally, weak D antigens are most effi-
ciently detected by an antiglobulin technique, but
DHAR is different: only 7% of anti-D reacted with
DHAR cells by the antiglobulin technique, although
27% reacted with enzyme-treated DHAR cells [196].
All four IgM, but only five of 24 IgG human mono-
clonal anti-D reacted with DHAR cells [210]. There
are three reports of women with DHAR producing
anti-D [198,249,250], one of which caused mild HDN
[249].

The Ro
Har ‘haplotype’ differs from all others de-

scribed in this section in that it comprises only one
gene: there is no RHD or RHCE, but an RHCE–D–CE
hybrid with only exon 5 representing RHD [199] (Fig.
5.6). Only six amino acid residues in the encoded pro-
tein are characteristic of RhD, and only one of these,
Glu233, is predicted to be extracellular (loop 4). Exon
5 of RHD encodes Ala226, the amino acid characteris-
tic of e, explaining the weak e expression.

5.6.4.10 DAR

DAR is a partial D antigen associated with three amino
acid substitutions in RhD: two, Thr201Arg and
Phe223Val, are RHCE-derived; Ile342Thr is untem-
plated [189] (Fig. 5.6). None is predicted to be extra-
cellular, although amino acid 223 is very close to loop
4. DAR is relatively common in Africans: of 326 black
South African donors, 16 (4.9%) had the DAR gene
and five (1.5%) of these had the DAR phenotype. One
DAR individual has made alloanti-D [189]. Of the 16
individuals with the DAR gene, all but two had an
RHCE variant, named ceAR, in which most of exon 5
and the 5¢ end of exon 6 is RHD-derived (see Section
5.13.2).

5.6.4.11 Other partial D antigens

Several other partial D antigens have been described
and these are listed in Table 5.5. DCS, DHMI, DHO,
DHR, DFW, DMH, DOL, DHK, and DIM are all as-
sociated with one or two amino acid substitutions in
the RhD protein.

5.6.4.12 Weak D

As mentioned in Section 5.6.2, weak D is generally

considered a complete D antigen, with all epitopes pre-
sent, but expressed weakly. However, this is often diffi-
cult to determine because monoclonal anti-D could
fail to react with weak D cells because of low avidity of
the antibody, rather than complete loss of the epitope.

Initially, studies on the molecular basis of weak D re-
vealed no changes in the sequence of RHD transcripts
or in the RHD promoter region (–600 to +41)
[251,252]. In 1999 Wagner et al. [63,167] sequenced
the 10 RHD exons from 161 weak D samples from
Germany, all with between 70 and 4000 antigen sites
per cell, and found nucleotide changes encoding
amino acid substitutions in all of them. Based on se-
quence changes, at least 21 types of weak D have been
classified (Table 5.5). All the amino acid substitutions
associated with weak D were in the predicted 
membrane-spanning or cytoplasmic domains of the
RhD protein; none was extracellular [63] (although
the Trp114 of type 17 would be extracellular accord-
ing to a different model [61]). Weak D of types 1–3
were the most frequent, representing 70%, 18%, and
5%, respectively, of the weak D samples tested. Identi-
fication of an individual with alloanti-D and weak D
type 15 red cells [167] demonstrates that the distinc-
tion between weak D and partial D is not clear, at least
if production of alloanti-D remains as a definition of
partial D. In fact, weak D type 4.2 is functionally iden-
tical to DAR (Section 5.6.4.10), also associated with
anti-D production [189], as the RHD sequences differ
by only a single, silent nucleotide change. Of 50
DCe/dce Australian blood donors with weak D, 76%
had the type 1 mutation and 6% the type 3 mutation,
whereas of 48 DcE/dce donors with weak D, 96% had
the type 2 mutation [253].

The molecular background of weak remains un-
clear. Quantitative reverse-transcriptase PCR has
shown that RHD genes responsible for weak D types
1, 2, and 3 have normal levels of transcription [254].
Furthermore, transfection experiments with K562
cells suggested that neither translation nor the con-
figuration of RhD is influenced by the type 1 weak D
mutation [254].

5.6.4.13 DEL (Del)

A very weak form of D found in the Far East is called
DEL (originally Del) and can only be detected reliably
by adsorption–elution tests. Between 10% and 33% of
Japanese and Chinese red cell samples shown to be D–
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by conventional serological techniques were found to
be DEL [130,149,151,152,255] yet, in some studies on
Japanese donors, DEL was not found [77,79]. The
DEL gene is almost exclusively in cis with a Ce allele of
RHCE. In Taiwan, DEL was associated with a 1013-bp
deletion of RHD extending from intron 8 to intron 9
and encompassing the whole of exon 9 [256] (Fig. 5.6).
RHD mutations with the potential to disrupt RNA
splicing were found in three Japanese with DEL pheno-
type. In one of the donors, homozygosity or hemizy-
gosity for G to A in the first nucleotide of intron 1 in one
donor could result in loss of exon 1 in most mRNA mol-
ecules. In the other two donors, a G1227A transition in
the last nucleotide of exon 9 is a silent mutation, but
might lead to abnormal splicing of exon 9.

5.6.5 A molecular approach to the 
structure of D epitopes

Relating the patterns of D epitope expression to the 
regions of D protein changed in the various partial D
phenotypes has led to speculations on the structures of
the D epitopes [257,258]. If the 30-epitope model
(Table 5.6) is used, this can become an extremely com-
plex exercise, especially as some epitopes appear to be
dependent on a single extracellular loop, whereas 
others might require interactions between two or even
three loops [257]. It is also important to remember
that Rh epitopes are highly conformational and their
expression can be affected by changes in regions 
of the protein other than those exposed directly to the
antibody.

Liu et al. [259,260] approached the problem by
combining the technologies of site-directed mutagene-
sis and the expression of cDNA constructs in K562
cells. They expressed cDNA representing the cE allele
of RHCE after having changed nucleotides encoding
amino acids characteristic of the third, fourth, or sixth
extracellular loops of RhCcEe to those characteristic
of RhD. D epitope expression was then evaluated by
flow cytometry. The overall conclusions were that
there are six epitope clusters, some of which are over-
lapping, but are located predominantly on the third,
fourth, and sixth RHD-specific loops (Fig. 5.7, Table
5.7). None of these epitope clusters is more than 25Å
in diameter. According to this model, some anti-D rec-
ognize a ‘footprint’ consisting of a single extracellular
loop, with others the ‘footprint’ could comprise two,
three, or four loops.

Chang and Siegel [261] provided an alternative view
of the way that monoclonal antibodies define D epi-
topes. They used D+ red cells to isolate Fab/phage anti-
D libraries from the B cells of a producer of anti-D
[262]. Information from a genetic and serological
analysis of 53 unique anti-D chosen from 83 random
clones demonstrated extensive genetic homology be-
tween antibodies directed against different D epitopes.
Chang and Siegel [261] suggest that these antibodies
would not have such similar sequences if they recog-
nized spatially discrete and structurally unrelated re-
gions of the D protein. They propose that antibodies to
the various D epitopes bind to an ‘identical footprint’,
which represents most or all of the extracellular ex-
pression of the protein, rather than spatially distinct
epitopes. The specificity differences with partial D
antigens would result therefore from conformational
changes within the ‘footprint’. Liu et al. [260], 
however, claim that the extracellular ‘footprint’ of
RhD is too large to represent the whole binding site of
an antibody molecule. X-ray crystallography of anti-
body–antigen complexes will probably be required to
clarify whether D antibodies recognize a single identi-
cal ‘footprint’ or spatially distinct epitopes.

5.6.6 Weak D caused by the effect of 

A weak D phenotype that is not inherited in a regular
fashion often occurs when the haplotype encoding the
D antigen is in trans (on the opposite chromosome)
with dCe or, rarely, dCE or d(C)ces (r ¢s) [263,264].
That is, there is a trans effect from a haplotype encod-
ing C, but not D. When the haplotype producing the
weakly expressed D is partnered by a haplotype that
encodes neither C nor D (dce or dcE) in another family
member, the D is expressed normally. Some examples
of DEL could result from the effect of dCe on a haplo-
type containing a weak D gene [265].

5.6.7 Elevated D antigens

Extra strong D antigens are detected by direct aggluti-
nation of red cells by incomplete anti-D, IgG antibod-
ies that do not agglutinate red cells with normal D
expression. Elevation of D associated with D–– and
related haplotypes (Dc–, DCw–, D··) results from an
increased number of D sites (Section 5.15). Elevation
of D is also associated with some D(C)(e) haplotypes
(Section 5.14.1) and with DIVa partial D (Section

Ctrans
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5.6.4.3). Apparent elevation of D antigen, and of other
Rh antigens, is observed in red cells with reduced sialic
acid levels resulting from glycophorin A deficiency
(Chapter 3).

5.6.8 Quantity of D antigen sites

The number of D sites on red cells, estimated by the use
of radiolabelled anti-D and by fluorescence flow cy-
tometry, has demonstrated that the site density differs
within different phenotypes [157,167,208,266–268]
(Table 5.8). As would be expected, less antigen sites
were present on red cells with the weak D phenotype
and the number detected was highly variable: the low-
est numbers detected were about 100, the highest
about 4000 [157,159,167,208]. Estimates for D site
density on red cells with variant D phenotypes are
shown in Table 5.5. Some partial D phenotypes, such
as DIII and DIVa, have normal or greater than normal
numbers of D sites per cell, whereas others, such as
DVI types I and II, have very low D site density
[161,167,208]. In any individual, there is a wide range
in the number of D sites in each red cell [136,137].

Wagner et al. [167] have devised a ‘Rhesus D simi-
larity index’, defined as the ratio of the 10 percentile
and 90 percentile of the site densities for the various
epitopes of D. Normal D antigens have an index 
approaching 1 as all epitopes are expressed strongly,
whereas partial D antigens lacking most epitopes, such

as DVI, give an index of 0. Weak D red cells give an in-
termediate figure. Using this index, it may be possible
to predict whether a new variant D phenotype is likely
to be associated with anti-D alloimmunization.

5.6.9 D variants and transfusion practice

Traditionally, red cells from donors and patients were
tested with IgM anti-D by an agglutination test and
those not agglutinated retested by an antiglobulin test
in order to detect weak D. It is now common practice
to abandon the antiglobulin phase of D testing. If two
potent agglutinating anti-D are used, almost all weak
D samples will be classified as D+ and only the very
weakest D samples will be inaccurately labelled D–.
This is generally considered acceptable for the follow-
ing reasons.
1 Although weak D donations may be mistaken for
D– and transfused to D– patients, red cells with weak
D phenotypes do not appear to be very immunogenic
(but see below).
2 Weak D patients whose red cells are typed as D– will
be given D– blood with no harmful effect.
3 Weak D perinatal patients typed as D– may be given

Fig. 5.7 Diagrammatic model of the RhD protein viewed
from outside the membrane (i.e. from above), after [260].
Circles (numbered 1–12) represent the membrane-spanning
domains, arrows (numbered 1–6) the extracellular loops,
grey lines the cytoplasmic loops. See Table 5.7 for proposed
location of the D epitopes.

Table 5.7 Locations of D epitopes, according to the model
of Liu et al. [260].

D epitope Extracellular loop required

epD2 (some) 3 + 4 + 6
epD3 (most) 6 + other RhD-specific residues*
epD3 (some) 6
epD4 6 + other RhD-specific residues*
epD5 (some) 3 + 4
epD5 (some) 3 + 4 + 6
epD5 (one) 4 + 6
epD6/7 (some) 3 + 4
epD6/7 (some) 3 + 4 + 6
epD8 1 + 2 + 3 + 5
epD9 (some) 6
epD9 (some) 6 + other RhD-specific residues*

*Some epitopes also appear to require the presence of RhD-specific
cytoplasmic and/or transmembrane residues to stabilize the
configuration.
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Rh immunoglobulin unnecessarily, again harmless
and advantageous should they have a partial D 
antigen.
4 A ‘false’ positive result in the antiglobulin test be-
cause of a positive direct antiglobulin reaction or the
presence of a contaminating antibody could result in a
D– patient being typed as weak D and either receiving
D+ blood or failing to receive Rh immunoglobulin.

A unit of weak D type 2 red cells was responsible for
primary anti-D immunization in a D– man with no
previous history of transfusion [269]. Weak D type 2
cells have the lowest D antigen density of the more
common types of weak D (Table 5.5), so Flegel et al.
[269] recommend that weak D type 2 cells should 
represent the threshold of detection by anti-D typing
reagents and should be used in the quality assurance of
these reagents. Because weak D may also be responsi-
ble for secondary immunization, it has been recom-
mended that D– donations should be checked for weak
D by an antiglobulin test before transfusion to a pa-
tient with a history of anti-D [161]. A few cases of
weak D involved in severe HDN and a fatal haemolyt-
ic transfusion reaction were all reported over 40 years
ago, and it is likely that these examples of weak D
would be considered normal D with modern reagents
[270].

The most common partial D associated with anti-D
is DVI. Most DVI cells have low density of D and be-
have like weak D. Although some polyclonal and 
monoclonal anti-D reagents agglutinate DVI and most
weak D cells, many monoclonal anti-D agglutinate
weak D, but not DVI cells. For D typing of patients,
anti-D reagents that do not react with DVI cells should
be selected, as it is preferable that DVI cells be typed as
D–, so that DVI patients receive D– blood.

Anti-D in women with partial D has been responsi-
ble for severe HDN [190,179,228,271–275]. Anti-D
immunoglobulin should be given to partial D women
during and after pregnancy, because the anti-D con-
stituent that does not bind to the mother’s own partial
D cells should suppress immunization by binding to
the normal D of the fetus or baby [276]. This is particu-
larly important in DVI mothers, whose red cells lack
most D epitopes.

There is little information on the immunogenicity of
partial D. No case of anti-D immunization by DVI red
cells is reported. DVa stimulated production of anti-D
in a D– woman during her first pregnancy and resulted
in mild HDN of her second baby, who also appeared 
to have the partial D antigen [277]. The mother had 
received anti-D immunoglobulin after the first 
pregnancy.

5.7 Predicting D phenotype from DNA

A D+ fetus of a D– woman with anti-D is at risk from
HDN (Section 5.18.1.3), so it is beneficial to be able to
determine the D phenotype of the fetus at a fairly early
stage of pregnancy. If the fetus is D+, the pregnancy
can be managed appropriately; if D–, no further action
is required. Now that the molecular basis for the D–
phenotype is known, it is possible to predict, with a
high level of accuracy, fetal D phenotype from fetal
DNA derived from amniocytes, obtained by amnio-
centesis, chorionic villi, and even from maternal
blood.

5.7.1 Methods for testing

Several PCR-based tests have been devised to predict D
phenotype. The main difficulty in formulating these
tests is the design of primers that distinguish between
RHD and RHCE. Initially three tests were reported,
all based on detecting the presence or absence of RHD.
One exploited a sequence that is only present in the 3¢
untranslated region of RHD exon 10, to amplify a
product from RHD, but not RHCE; a second pair of
primers recognizing sequences common to exon 7 of
both genes acted as a control for successful amplifica-
tion [278]. Another test used sequence-specific
primers to amplify products of different sizes from
exons 7 of RHD and RHCE [279]. In a third method,
a single pair of primers amplified across intron 4 of
both genes, giving products of 600 and 1200bp from

Table 5.8 Estimated number of D antigen sites per red cell
for various Rh phenotypes [167,208,266,268].

Phenotype D sites per cell (range)

DCe/dce 9 900–14 600
DcE/cde 12 000–19 700
Dce/dce 12 000–23 200
DCe/DCe 14 500–22 800
DCe/DcE 23 000–31 000
DcE/DcE 15 800–33 300
D– –/D – – 110 000–202 000

For numbers of C, c, and e sites, see Table 5.9.
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RHD and RHCE, respectively [59,280] (see Table
5.4). In each test, a D– phenotype was predicted by the
absence of a band after electrophoresis of the PCR
products.

Each of these methods detects a single region of
RHD. Consequently, false results will be obtained in D
variant phenotypes resulting from rearranged Rh
genes. For example, DVI and DVa red cells are D+, yet
the associated RHD–CE–D genes lack intron 4 from
RHD and so will give a negative result in the intron 4
test (see Fig. 5.6). The RHD–CE–D gene responsible
for DBT partial D lacks RHD exon 7 and so will give a
negative result in the exon 7 test. The RHD–CE–D
gene associated with d(C)ces produces no D, but has
RHD-derived exon 10, and so gives a positive result in
the exon 10 test (see Fig. 5.8). One way to avoid these
errors is to test for more than one region of RHD, and
multiplex tests enable both exon 10 and intron 4 of
RHD to be detected in the same reaction [76,281].
Multiple (modular) or multiplex PCRs that distin-
guish all exons of RHD that differ from RHCE are 
useful for the identification of partial D antigens
[282,283]. Many of the numerous publications on
PCR-based D phenotype prediction are listed by Flegel
et al. [284].

Recognition that an inactive RHD (RHDY), with
all exons present, is a common cause of D– in people of
African origin meant that this gene must be detected in
any multiplex test for predicting D phenotype [143]. A
PCR multiplex technique described by Singleton et al.
[143] detects RHD exon 7 and intron 4, RHDY, and
the C and c alleles of RHCE.

When the mother of a fetus is D–, knowledge of the
RHD zygosity of the father will assist in predicting
fetal D phenotype. If the father is homozygous for
RHD then the fetus will be D+ and no test is required;
if the father is hemizygous for RHD, there is an even
chance that the fetus will be D+ or D–. Consequently, a
test for determining RHD zygosity would be of value.
All the methods described above (with the exception of
that designed to detect RHDY) only predict a D– phe-
notype by detecting the absence of RHD, so they can-
not distinguish homozygosity from hemizygosity for
RHD. Identification of the DNA sequence across the
breakpoint that occurs with the deletion of RHD in the
D– haplotype has led to the design of PCR-based tests
that detect the RHD-deletion haplotype directly, ei-
ther by the use of sequence-specific primers or Psf I re-
striction endonuclease [80,285]. Other, more complex

methods, for determining RHD zygosity have in-
volved Southern blotting methods with SphI-digested
DNA and exon-specific probes [286], real-time quan-
titative PCR [285], and RHD exon 10 amplification
from single sperm [287].

5.7.2 Non-invasive methods for predicting fetal
D phenotype

Amniocentesis and chorionic villus sampling are high-
ly invasive techniques, which can lead to enhanced ma-
ternal sensitization, increasing the severity of HDN, or
to fetal loss. In a population of European origin 
approximately 40% of D– pregnant women have a 
D– fetus yet, where the practice of antenatal anti-D im-
munoglobulin administration is employed, all receive
the therapy. A reliable non-invasive technique for pre-
dicting fetal D phenotype will obviate the requirement
for amniocentesis in patients with anti-D and could
save wastage of immunoglobulin and spare patients
from unnecessary treatment.

Lo et al. [288] showed that fetal DNA represents
about 3% of total cell-free DNA in maternal plasma
during the second trimester and increases throughout
the pregnancy [289]. This fetal DNA is cleared rapidly
from the maternal circulation after delivery, so there is
no risk of carry-over to the next pregnancy [289]. Sev-
eral studies have now demonstrated that fetal D type
can be predicted reliably from fetal DNA in the plasma
of D– pregnant women, from the beginning of the sec-
ond trimester [289–292]. A flaw in this technology re-
sults from the large quantity of maternal DNA present
in the DNA preparation, so that no internal control, to
test for successful amplification of fetal DNA, can be
included. PCR primers designed to amplify a sequence
from a Y-borne gene (SRY) can be included in the test,
but will only provide an internal control when the
fetus is male [292].

Another approach to non-invasive fetal Rh testing
has been to obtain DNA or mRNA (present in many
more copies per cell than genomic DNA) from fetal
erythroblasts, which represent about 50% of ery-
throblasts in maternal peripheral blood [293–299].
These cells survive in the presence of maternal anti-D
[294], presumably because they are at too early a stage
of erythroid development to express D. It is important
that only erythroid cells are used, as fetal lymphoid
(CD34+ CD38+) cells derived from a previous preg-
nancy may be present in the maternal blood [300]. In
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two studies, single fetal erythroblasts were isolated by
micromanipulation and tested by a hemi-nested PCR
specific for RHD exon 7 [296,299]. None of these ap-
proaches has proved sufficiently reliable for routine
clinical application.

A method for testing single blastomeres obtained
from cleavage-stage embryos has been developed for
preimplantation diagnosis to prevent severe HDN
[301].

5.8 C and c

5.8.1 C and c antigens

C and c are the products of alleles. C has a frequency of
68% and c a frequency of 81% in English blood
donors, giving gene frequencies of 0.4327 and 0.5673
for C and c, respectively [13]. In black Africans the fre-
quency of c is much higher and the frequency of C
much lower, whereas in Eastern Asia the opposite is
the case, C approaching 100% and c of low incidence
[14,21].

Table 5.9 shows the estimated numbers of C, c, and
e antigen sites on red cells of various Rh phenotypes
[268,302]. The number of C sites is partially depen-
dent on the nature of the anti-C used. The figures in
Table 5.9 were obtained with anti-C serum that had
been adsorbed with DcE/DcE cells to remove all traces
of anti-G [302].

An antigen named Cu gave some, but not all, the re-
actions expected of weak C and was found in the com-
plex DCe [303].

The DCE haplotype produces weak C. DCE/dce
cells react weakly with most anti-C sera and DCE/DcE
cells have a low number of C antigen sites [302] (Table
5.9). K562 cells transfected with cDNA representing
the Ce allele of RHCE reacted strongly with three
monoclonal anti-C, but when cDNA representing the
CE allele was used, two of the anti-C did not react and
the other reacted weakly [304]. It appears therefore
that the Pro226Ala (E/e) polymorphism causes con-
formational changes to the protein that affect C 
expression.

5.8.2 The C/c polymorphism

The C/c polymorphism is usually associated with six
nucleotide substitutions in RHCE resulting in four
amino acid changes: Cys16Trp (C/c) encoded by exon

1; Ile60Leu, Ser68Asn, and Ser103Pro encoded by
exon 2 [56,60] (Table 5.10). Only residue 103 is pre-
dicted to be outside the membrane, in the second ex-
tracellular loop (Fig. 5.2).

Ser103 is essential, but not sufficient, for C specifici-
ty. Exons 2 of RHD and the C allele of RHCE are iden-
tical and both encode Ser103. Any antibody specific
for Ser103 would react with the products of RHD and
the C allele of RHCE, so would be called anti-G, not
anti-C (Section 5.11). C therefore is a very conforma-
tional antigen and anti-C are heterogeneous. For full
expression of C, the protein must have Ser103, Cys16,
and some other downstream amino acids characteris-
tic of the RhCcEe protein. Cys16 is not a requirement
for all epitopes of C. RHD–CE–Ds, part of the d(C)ces

haplotype that is relatively common in Africans, has
exons 1, 2, and the 5¢ end of exon 3 derived from RHD,
and so encodes Trp16 and Ser103 from RHD, but
Thr152 and the amino acids of the third extracellular
loop from RHCE [145]. RHD–CE–Ds produces weak
C [144–146]. Likewise, the aberrant RHCE gene asso-
ciated with rG, which also produces weak partial C, en-
codes Ser103, but Trp16 [305]. Conversion of the
codon for Cys16 to Trp by site-directed mutagenesis of
cDNA representing the Ce allele of RHCE, and ex-
pression of the construct in K562 cells, resulted in
about 50% reduction in binding of two anti-C, com-
pared with wild type Ce cDNA [304]. The abnormal C
associated with Ser103 and Trp16, could represent the
antigen called CG (RH21) [306,307].

The c antigen is determined, almost entirely, by the
presence of Pro103, which is encoded by RHCE but
not RHD (Table 5.10). The Cys16Trp polymorphism
does not affect c expression—74% of C–c+ black
Africans, with normal c, have Cys16 [308]—although
Cys16 encoded by a ce allele does affect expression of
some epitopes of e [309]. Cys16 was also present in
68% of white people with the Dce phenotype, but in
none with dce/dce or DcE/DcE phenotypes [282].
Non-human primates with RHCE encoding Pro103,
but no other amino acids characteristic of c, have c+
red cells [310,311]. Site-directed mutagenesis experi-
ments have revealed that different anti-c have different
amino acid requirements [260].

5.8.3 Predicting C/c phenotype from DNA

The defining difference between the C and c alleles of
RHCE is a T307C change in exon 2. Exons 2 of RHD
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and the C allele of RHCE have an identical sequence,
so it is not possible to design allele-specific primers for
identification of C (except in D– samples), although it
is relatively straightforward to design them for c
[143,282,312,313]. C48 in intron 1, encoding Cys16,
does not correlate closely enough with C expression
for use in predicting C phenotype (Section 5.8.2).
Poulter et al. [314] identified a size polymorphism in
intron 2 of RHCE that correlates closely with C/c 
expression. C/c genotyping has been achieved by 
performing two PCRs: one incorporating a primer
complementary to a sequence within a C-specific 109
bp insert in RHCE intron 2; the other utilizing a primer
specific for C307 (c) in exon 2 [143,315]. The d(C)ces

haplotype gives a negative result in the intron 2 test de-
spite producing C, because intron 2 from the
RHD–CE–Ds gene that produces the abnormal C is
RHD-derived (Section 5.17.2).

5.8.4 Partial c variants and Rh26

A variant c antigen was detected by its failure to react
with one strong anti-c reagent. This antibody, which
probably defines an epitope of c, was numbered anti-
Rh26 [316]. Two further c+ Rh:–26 propositi, with the
apparent phenotype DCe/dce, were found in tests with
anti-Rh26 on 1900 C+ red cell samples. Enquiries re-
vealed that two of the three propositi were related and
all three were of Italian descent. Family studies showed
that the unusual c was inherited in a haplotype that en-

coded e, but no D. Most anti-c sera appeared to con-
tain mixtures of anti-c and -Rh26.

A DCe/dce Dutch woman made anti-Rh26 during
her first pregnancy. Screening with the antibody re-
vealed a second Dutch propositus with DCe/dce
Rh:–26 red cells [317]. All c+ Rh:–26 family members
had weak expression of c, but normal ce. They all had
a ce allele of RHCE containing a G286A transition in
exon 2, encoding a Gly96Ser substitution in the third
membrane-spanning domain, close to the second ex-
tracellular loop [317]. Two of 10 monoclonal anti-c
behaved as anti-Rh26 as they did not react with c+
Rh:–26 cells [317].

Table 5.9 Estimated numbers of C, c, and e antigen sites per red cell [268,302].

Antigen sites per cell (range)

Phenotype C c e

DCe/DCe 45 700–56 400
dCe/dCe 42 200
DCe/DcE 25 500–39 700 40 000–53 000 14 500
DCe/DCE 13 400
DCe/dce 37 000–42 000 24 400
DCe/dce Cw+ 21 500–40 000
dCe/dce 31 100
DcE/DCE 8 500–9 800
DcE/DcE 78 000–80 000
dce/dce 70 000–85 000 18 200
d(C)ces/dce 7 200

For numbers of D antigen sites, see Table 5.8.

Table 5.10 The C/c and E/e polymorphisms—amino acid
substitutions in the RhCcEe polypeptide deduced from
DNA sequences. The sequence of the D polypeptide is
shown for comparison.

Polypeptide Amino acid residue

16 60 68 103* 226*

ce Trp Leu Asn Pro Ala
Ce Cys Ile Ser Ser Ala
cE Trp Leu Asn Pro Pro
CE Cys Ile Ser Ser Pro

D Trp Ile Ser Ser Ala

*Extracellular.
Amino acid residue 16 is encoded by exon 1 of RHCE; residues 60,
68, 103 by exon 2; residue 226 by exon 5.
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Analysis of the family of one c+ Rh:–26 patient
showed that the haplotype encoding the variant c 
antigen did not produce any E, e, or ce, and was most
likely Dc– [318].

D+C+c+E–e+ red cells of two unrelated white indi-
viduals had an abnormal weak c, as determined by
polyclonal and monoclonal anti-c [248]. Their pheno-
type differed fron c+ Rh:–26. The cells were also 
Tar+. Molecular analyses suggested that these two 
individuals were DCe/DCe, with normal Ce alleles 
of RHCE and one normal RHD, but with a variant
RHD containing mutations encoding Pro103Ser,
characteristic of c in RHCE, and Leu110Pro, 
characteristic of DVII and Tar (Section 5.6.4.6) 
[248].

5.8.5 Cc antibodies

The well-known heterogeneity of anti-C sera (lacking
anti-D and -G) has been demonstrated by tests against
a variety of C+ phenotypes [30]. This heterogeneity
can only be partly interpreted in terms of varying
quantities of anti-C, -Ce, and -CE [30,319]. Most im-
mune ‘anti-C’ made by D+ people are predominantly
anti-Ce (Section 5.10.2). Grouping reagents made
from IgM anti-C found in sera of D– people, together
with ‘incomplete’ anti-D, often contain anti-G [319].

5.9 E and e

5.9.1 E and e antigens

E and e, another pair of antithetical antigens within 
the Rh system, are encoded by RHCE, the same gene as
that encoding C and c. In all populations e has a signifi-
cantly higher frequency than E [14,21]. The following
are antigen and gene frequencies in an English popula-
tion: E 29%; e 98%; E 0.1554; e 0.8446 [13]. The 
figures for most other populations do not differ sub-
stantially from these.

Hughes-Jones et al. [268] found that E antigen site
densities varied considerably, depending both on red
cell phenotype and source of anti-E: estimates ranged
between 450 and 25600 sites per cell. Masouredis 
et al. [320] recorded 27500 E sites on DcE/DcE cells
and 17900 on DcE/dce cells. Estimates of e antigen site
densities are shown in Table 5.9.

A regularly inherited form of weak E has been called
Eu [321–323].

5.9.2 The E/e polymorphism

The E/e polymorphism is associated with a C676G
change in exon 5 of RHCE, predicting a Pro226Ala
substitution in the fourth extracellular loop of the
RhCcEe protein [56,60] (Table 5.10). Like C, the e
antigen must be conformational because Ala226 is
also encoded by RHD, though the RHD product does
not express e. Many different changes to RHCE
will affect e expression, as will become apparent in
subsequent sections of this chapter. For example, 
the presence of VS antigen, which results from a
Leu245Val substitution encoded by an e allele of
RHCE, is associated with e weakness (Section 5.13)
[145,146,324].

When C is in cis with E, as in the relatively rare DCE
haplotype, the expression of C is often very weak (Sec-
tion 5.8.1). Pro226 therefore appears to suppress C
expression [304]. However, the C/c polymorphism has
no obvious effect on the expression of E [304].

5.9.3 Predicting E/e phenotype from DNA

Occasionally anti-E and, rarely, anti-e cause HDN
(Section 5.18.2), so a mechanism for predicting fetal
E/e phenotype can be useful. The presence of an E al-
lele can be detected by PCR with an allele-specific
primer [312]. Detecting e is slightly more complex be-
cause G676, the nucleotide characteristic of the e allele
of RHCE, is also present in RHD. This difficulty is 
easily resolved by using a primer specific for G676
paired with a primer to an RHCE-specific nucleotide
in exon 5 (e.g. A787) [282,325]. Alternatively, E/e
genotyping could be achieved by MnlI digestion of an
RHCE-specific PCR product. Steers et al. [324] ampli-
fied the whole of exon 5 of RHCE and RHD then used
denaturing-gradient gel electrophoresis to distinguish
RHD and the E, e, and es alleles of RHCE. Allele-
specific PCR has been used to predict fetal E/e geno-
type from fetal erythroblasts isolated from maternal
blood [326].

5.9.4 E variants

Red cells with the very rare antigen Ew (RH11) are re-
active with some, but not all, anti-E sera. All known
examples of anti-Ew are red cell immune and anti-Ew

has been responsible for HDN [327,328]. Family 
studies of only five Ew+ propositi have been reported
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[327–331]; three of these five propositi were German.
Ew is always associated with DcE.

Several other qualitative variants of E have been re-
ported. Red cells of 65% of E+ Aborigines from the
Australian Western Desert did not react with a single
anti-E, called anti-ET, found in the serum of a
DCe/DcE Australian aboriginal man [332]. The par-
tial E antigen was inherited in a straightforward man-
ner. Anti-ET is no longer available for further studies.

E+ red cells of a white man of Dutch origin did not
react with two of 12 polyclonal anti-E or with one of
three monoclonal anti-E [333]. His mother and sister
also had the abnormal E, inherited as part of a DcE
complex. A similar, but distinctly different, unusual E+
phenotype was found in eight of 58250 E+ Japanese
blood donors by screening with a human IgM mono-
clonal anti-E [334]. These E+ red cells failed to react
with two of eight monoclonal anti-E and with four of
22 polyclonal anti-E. A family study showed that the
unusual E was inherited in a DcE complex expressing
normal D and c.

Four categories of E variants (EI–EIV) were revealed
by testing monoclonal anti-E against red cells with 
unusual E antigens. The variant E proteins all had
Pro226. EI had a Met167Lys substitution in the third
extracellular loop; EII had exons 1–3 derived from
RHD; EIII had Gln233Glu and Met238Val substitu-
tions in the fourth extracellular loop, encoded by a 
segment of exon 5 derived from RHD; and EIV had an
Arg201Thr exchange in a membrane-spanning do-
main [335,336].

Seven patterns of reactions were recognized by test-
ing monoclonal anti-E with E variants at a workshop
in 2001 [216].

5.9.5 e Variants: hrS, hrB, and related antigens

Some e+ people, most of them of African origin, have
made antibodies that resemble anti-e in tests with red
cells of common Rh phenotypes. The categorization of
e variants has been prevented by the scarcity of avid e
reagents, the complexity of the antibody response by
e+ people who make ‘anti-e’, and the large variety 
of these aberrant e antigens. Two of the possible 
categories, hrS and hrB, are well investigated. As 
will become clear from the text below, to consider
these antigens strictly as e variants is a gross 
oversimplification.

5.9.5.1 hrS (RH19) and Hr (RH18)

The antibody that defined the blood factor hrS was the
first alloanti-e-like found in the serum of a e+ person
(Shabalala) [337]. The serum reacted with all cells of
common Rh phenotype, but more strongly with E–e+
cells than with E+e– cells. After adsorption with E+e–
cells, the serum no longer reacted with e– cells, but still
reacted with e+ cells, with the exception of the red cells
of about 1% of e+ black South Africans, which were
considered hrS–. Shapiro [337] estimated that about
6% of Bantu Rh haplotypes were Dce or dce encoding
no hrS. The antibody removed by adsorption of 
Shabalala serum with E+e– cells defines a high fre-
quency antigen called Hr (also HrS and RH18). Hr is
present on all red cells except those rare e+ cells that
lack hrS, cells with D–– and related phenotypes, and
Rhnull cells. Anti-Hr may also be a component of anti-
Hro, the immune response of immunized D–– individ-
uals (Section 5.15.6).

Moores [338] believes that the antibody referred to
as anti-hrS results purely from the partial adsorption of
anti-Hr (the antibody to a high frequency antigen) to
the point where it no longer reacts with E+e– cells,
which have weak Hr. Others have confirmed the pres-
ence of two antibodies in Shabalala serum by adsorp-
tion experiments [339–341].

Other examples of anti-hrS have been described
[340,342], although many other antibodies labelled
anti-hrS will have been inaccurately identified. The im-
mune response of hrS– people is highly variable and 
antibodies behaving like anti-e in the serum of e+hrS–
individuals are often assumed to be anti-hrS even when
the critical cells for correct identification are not avail-
able. Anti-hrS appears to be a component of many anti-
e sera [337]. The ability of anti-e made by e– people to
react with e+hrS– cells is variable: some antibodies are
negative with e+hrS– cells, but are not anti-hrS as
demonstrated by reactions with other unusual e+ cells
[217].

Anti-Hr has caused HDN [338].
As might be expected from the serological descrip-

tion, the molecular basis for the e+hrS– phenotype is
heterogeneous. Met238 encoded by exon 5 of a ce
allele of RHCE appears to be an essential factor in hrS

expression, as a Met238Val substitution encoded by
an allele named ceMO was associated with an e+hrS–
phenotype [343].
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5.9.5.2 hrB (RH31), HrB, and Rh34

Description of the blood factor hrB is very similar to
the hrS story. Anti-hrB was found in the serum of a
black South African (Bastiaan), together with an anti-
body to a high frequency antigen, anti-HrB [344].
Anti-hrB was made by adsorbing the serum with E+e–
red cells. Sera that appear to contain anti-hrB in the ab-
sence of any anti-HrB do exist [341]. However, Basti-
aan serum probably contains a single antibody, the
specificity called anti-hrB resulting from the partial ad-
sorption of anti-HrB to a level where it no longer reacts
with e– cells, which have weak expression of HrB

[345,346]. The number anti-Rh34 denotes the total
immune response of Bastiaan and therefore represents
anti-HrB plus anti-hrB, if the latter exists.

A family study showed that Bastiaan had the unusu-
al Rh genotype d(C)ces/DIIIce [344]. Dce haplotypes
that produce neither hrB nor HrB (i.e. no Rh34) have
also been detected [344,346]. Of 65 e+hrB– blood sam-
ples, 59 were VS+, greatly in excess of the number ex-
pected if there were no association. It is likely that the
d(C)ces haplotype, which produces VS, but not V 
(Section 5.13), do not produces hrB [347]. Twelve of
65 hrB– blood samples were hrS–, also substantially in
excess of the expected figure [348].

A monoclonal antibody produced from lympho-
cytes of a white multiparous woman with anti-Ce be-
haved as anti-Ce by an antiglobulin test with untreated
red cells, but when papain-treated cells were used the
antibody reacted with all e+ red cells except e+hrB–
cells (and some other rare phenotypes such as D–– and
Rhnull) [349]. When red cells of 982 Africans were 
tested by the papain method, 26 samples were non-
reactive, 17 of which were E+e– and nine e+hrB–.

Anti-hrB was detected in the sera of two patients
who had transient loss of hrB [350]. The apparent al-
loantibodies were later found to be autoantibodies
when hrB reappeared.

5.9.5.3 Other variant e antigens

Many other examples of e-like antibodies have been
detected in people with e+ red cells [217,340,341,
351]. To demonstrate the diversity of these pheno-
types, Issitt [341] attempted to classify the e antigens
of 16 e+ individuals with anti-e, but ended up with 12
categories. Two broad categories can be defined:

1 those with partial e who make an e-like antibody;
and
2 those with partial e and partial Hro (RH17) who
make antibodies that react with all red cells save those
of similar unusual phenotypes, Rhnull cells, and cells
with D–– and related phenotypes.
A separable e-like antibody may also be present in the
sera of the second type. It is probable that cells of the
first category come from individuals heterozygous for
a rare Dce haplotype encoding a partial e antigen and
for normal DcE (or dcE), which produces no e, but
does produce the related high frequency antigen. Cells
of the second category could then come from individu-
als homozygous for a rare haplotype, which produces
partial e and no related high frequency antigen (or 
heterozygous for two similar haplotypes of this type).
An excellent account on the complexities of the e 
mosaic is provided by Issitt [341].

5.9.5.4 STEM (RH49), a low frequency antigen
associated with some hrS– and hrB– phenotypes

Further heterogeneity of hrS– and hrB– phenotypes
was revealed by anti-STEM, an antibody to a determi-
nant present on the red cells of 3–6% of black and
mixed race people of Natal, but only very rarely pre-
sent in white people [352]. Family studies suggested
that STEM is associated with some Dce haplotypes
that do not produce either hrS or hrB. Red cells of ap-
proximately 65% of hrS–Hr– and 30% of hrB–HrB– in-
dividuals are STEM+. People with hrS+ STEM+ or
hrB+ STEM+ red cells may be heterozygous for an hrS-
deficient or hrB-deficient Dce haplotype. Therefore,
STEM may be marker for some partial e or ‘partial
Hro’ antigens.

5.9.6 Ee antibodies

Anti-E occurs more commonly than anti-C in the sera
of D+ people. Unlike other Rh antibodies, anti-E often
appears to be ‘naturally occurring’ [270]. Many anti-E
are only reactive with protease treated E+ red cells
[353–356] (Section 5.18.3).

Anti-e is not a common antibody because only 3%
of people are e–. Sera containing anti-e often contain
anti-Ce or anti-ce (Section 5.10).
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5.10 Compound CE antigens

Some Rh antigens, known as compound antigens, are
only expressed when c and e, or C and e, or C and E, or
c and E are produced by the same RHCE gene. Reac-
tions of antibodies to these antigens are shown in Table
5.3. Antibodies to these compound antigens probably
recognize conformational differences in the RhCcEe
protein that result from the amino acid substitutions
associated with both the C/c and E/e polymorphisms.
This is consistent with a model of the Rh proteins in the
membrane, in which extracellular loops 2 and 4 are
close (within 20Å) to each other [260] (Fig. 5.7).

5.10.1 ce or f (RH6)

Anti-ce (–f) reacts with the products of the ce allele of
RHCE. It also reacts with d(C)ces cells (Section 5.13).
Reactions of the products of some aberrant haplotypes
with anti-ce are contrary to predictions based on their
reactions with anti-c and -e. For example, some Dc–
haplotypes express ce antigen, but no e [30] (Section
5.15.3).

The first two examples of anti-ce were detected in
multitransfused DCe/DcE patients [357,358]. Anti-ce
is a common component of anti-c and -e sera
[357,359], but is only rarely found as a single specifici-
ty. Three cases of HDN caused by anti-ce have been 
reported [360–362] (although one of the sera also con-
tained anti-c [360]). Anti-ce has also been implicated
in a delayed haemolytic transfusion reaction [363].
One autoanti-ce in a DCe/dce patient could only be 
detected in an acidified antiglobulin test; its role in the
patient’s transfusion reaction was uncertain [364].

5.10.2 Ce (RH7) and Rh41

Recognition of the compound antigen Ce, or rhi as it
was originally called [365], provided an explanation
for the observation that certain anti-C sera distinguish
C produced by DCe and dCe from that produced by
DCE and dCE [366].

The original anti-Ce, together with a weak anti-e,
was found in the serum of an immunized DcE/DcE
woman; the anti-e was removed by adsorption with
Dce or dce/dce cells [365]. Most immune anti-C made
by D+ people are predominantly anti-Ce [345] and
most anti-C and -CD sera contain at least some anti-Ce
[319].

Anti-Ce has caused HDN, requiring treatment by
exchange transfusion [367,368], and may have con-
tributed to a haemolytic transfusion reaction [369].
Other examples of anti-Ce might have proved clinical-
ly significant, but were identified as anti-C. IgA anti-Ce
in a DCe/DCe woman was responsible for autoim-
mune haemolytic anaemia [370].

Anti-Rh41, an antibody made by a DCCwe/DcE
woman, was similar to anti-Ce in reacting with cells
from people carrying C and e produced by the same
gene, but differed from anti-Ce by reacting with
d(C)ces/dce, but not with DCCwe/dce, DCCwe/DcE, or
dCCwe/dce cells [371].

5.10.3 CE (RH22)

Anti-CE is a very rare antibody that reacts with the
products of the rare haplotypes DCE and dCE. The
first example was found together with anti-C in 
the serum of a dce/dce woman who had never been
transfused and had a dce/dce husband and child [372].
A second example of anti-CE plus a weak anti-C also
appeared to be ‘naturally occurring’ (P. Booth, person-
al communication).

5.10.4 cE (RH27)

Anti-cE (together with anti-E and -S) was first identi-
fied with confidence in the serum of a DCe/DCe
woman [373]. Another example of anti-cE, detected in
the serum of a DCCwe/DCE man, appeared to be a
‘naturally occurring’ antibody and was unusual for an
Rh antibody because it bound complement [374].

5.11 G (RH12)

With only rare exceptions, anti-G only reacts with red
cells that express D, or C, or both. Ser103, encoded by
RHD and by the C allele of RHCE is the key to G reac-
tivity (see Table 5.10).

Existence of G was postulated to explain the unex-
pected reactions of the red cells of a white American
blood donor, which were apparently C–D–, yet react-
ed with most anti-CD sera [375]. This very rare 
phenotype was represented as rGr (rG/dce). Positively
reacting ‘anti-CD’ sera were assumed to contain an
anti-G component and to be anti-D+G, anti-C+D+G,
or anti-C+G. Anti-G could be isolated from these sera
by adsorption and elution from the rG/dce red cells.



RH SYSTEM

229

Homozygosity for rG was found in a man whose par-
ents were first cousins [306]. The rG gene produces G,
very weak C detected by about one in three anti-C
from D+ individuals (initially called anti-CG [307]),
and weak e [306,307,375]. It also produces the low
frequency antigen JAHK (RH53) [376]. JAHK was de-
tected on the red cells of three unrelated rG/dce individ-
uals, an rG/rG person, and three other propositi with
the likely phenotype rG/DcE. Anti-JAHK was found in
several sera containing multiple antibodies to low fre-
quency antigens.

The rG gene represents RHCE encoding Trp16
(characteristic of c and RHD) in exon 1 and Ile60,
Ser68, and Ser103 (characteristic of C and RHD) in
exon 2 [305] (see Table 5.10). This gene could repre-
sent a ce allele of RHCE in which exon 2 is substituted
by exon 2 from RHD or from a C allele of RHCE. This
could have been formed as the result of gene conver-
sion (see Section 5.5.5) or by crossing-over within in-
tron 1, between c and Ce alleles of RHCE (because
exons 3–10 of c and C alleles are identical).

Confirmation that G was a distinct Rh antigen and
basically represented Ser103 in either RhD or RhCcEe
was provided by exceptions to the rule that all cells
that have D and/or C are G+. DcE producing normal
D, but no G, was found in three generations of a white
family, studied because of HDN caused by anti-C+G
[377]. In two unrelated individuals with DcE/dce G–
red cells, also with apparently normal D, the RHD
gene had a T307C change encoding a Ser103Pro sub-
stitution [378]. Red cells with the partial D antigen
DIIIb express most epitopes of D, but are G– (Section
5.6.4.2) and their immune response sometimes in-
cludes a separable anti-G [165,169]. DIIIb is produced
by RHD in which exon 2 is replaced by exon 2 from a
c allele of RHCE and therefore encodes Leu60, Asn68,
and Pro103 (see Fig. 5.6) [177].

The haplotype labelled r≤G produces G, E and, pos-
sibly, very weak C, but no D, c, or JAHK [376,379].
The amount of G produced by r≤ G in different families
is variable [30,217]. The r¢¢G gene represents
RHD–CE–D in which exons 4–8 derive from a E allele
of RHCE [378]. This gene encodes Trp16 and Ser103.

Only one example of C+ cells lacking G is reported:
a D+C+c+E+e+G– woman who had made anti-G
[380].

Skov [381] estimated the number of G antigen sites
per red cell: DCe/DCe 9900–12200; dCe/dCe
8200–9700; DCE/DCE 5400; DcE/DcE 3600–5800;

Dce/Dce4500–5300; DcE/dce 4200; and four un-
related dcE/dce G+ (r≤G/r) 600–3600. Anti-G blocks C
and D sites [375] and, on occasion, e sites [382].

Anti-G was originally found in the sera of dce/dce
people, together with anti-D and/or -C [375,383,384].
Issitt and Tessel [319] detected anti-G in 30% of single
donor ‘anti-CD’ sera and in all commercial anti-CD
and -CDE reagents. Anti-G can be isolated by adsorp-
tion–elution techniques with rG/dce or r≤G/dce cells
[375,381]. Because these phenotypes are rare, a dou-
ble elution method has proved useful: ‘anti-CD’ is ad-
sorbed onto and eluted from dCe/dce (D–C+G+) cells
to isolate anti-C and -G, then this eluate, which con-
tains no anti-D, is adsorbed onto and eluted from
Dce/dce (D+C–G+) to isolate anti-G [385]. Anti-G 
has been found in the sera of D+G– people
[169,377,386,387]. A thorough serological analysis
of 27 sera from immunized women with apparent anti-
D+C revealed three anti-D+C, 13 anti-D+C+G, seven
anti-D+G, and four anti-C+G [388]. The clinical sig-
nificance of anti-G is discussed in Section 5.18.2.

The concept of G has helped to sort out some previ-
ous serological puzzles. It explained why some dce/dce
women immunized only by pregnancy appeared to
have made anti-C+D, even though their husbands
were C–; their antibody was anti-D+G. It provided 
an explanation for the apparent anti-C+D in the 
serum of two dce/dce mothers who had delivered
dCe/dce children [383,384]; their antibodies were
anti-C+G. Recognition of anti-G also explained the
apparent ability of Dce/dce cells to adsorb anti-C ac-
tivity from anti-C+D sera; such sera were anti-D+G.
An apparent anti-C+D made by a D– woman trans-
fused with eight units of D– blood was shown to be
anti-C+G and one of the donors was identified as
dCe/dce [389].

5.12 Cw, Cx, and MAR

Cw and Cx were initially thought to represent alleles of
C and c, but were subsequently found to have an 
allelic relationship with the high incidence antigen
MAR [390]. Cw and Cx result from single nucleotide
changes in exon 1 of RHCE (usually a Ce allele) en-
coding amino acid substitutions in the first extracellu-
lar loop: Gln41Arg in Cw; Ala36Thr in Cx [391]. These
amino acid changes probably cause conformational
alterations in the protein that are responsible for quan-
titative and qualitative abnormalities of C.
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5.12.1 Cw (RH8)

Callender and Race [392] found the first example of
anti-Cw in the serum of a DCe/DCe patient who had
been transfused with DCe/DCe Cw+ red cells. In an
English population Cw has an occurrence of 2.6%
[13]; similar frequencies are found in most other
northern European and white American populations
[14]. The highest frequency of Cw (7–9%) has 
been found in Latvians, Lapps, and Finns [30]; in 
most other populations it is very much lower [14,
21].

Cw+ red cells are almost always C+, but the C anti-
gen associated with Cw is weaker than normal C,
though recognition of this weakness depends on the
anti-C used. Although Cw is usually produced by a
DCe haplotype, Cw associated with dCe [392], dCE
[393], and DCE [394] have also been found. A person
with apparently normal DCCwe/dce red cells made
anti-C that did not react with DCCwe/dce or
dCCwe/dce cells [395]. Similar antibodies have been
detected in the sera of DCCwe/DCCwe and
DCCwe/DcE individuals [396,397].

Studies with 125I-labelled human monoclonal anti-
Cw provided the following estimates of Cw sites per red
cell: DCCwe/DCCwe 32000; DCCwe/DCe 15200;
DCCwe/DcE 19800; DCCwe/dce 15300; dCCwe/dce
26200 [398]. Similar studies with monoclonal anti-C
did not reveal any obvious reduction in C antigen den-
sity in Cw+ cells compared with Cw– cells [398].

Very rarely, Cw is produced by RHCE that produces
c and e [391,399,400]. In one individual with
Cw+C–c+ red cells, the cells were also D– and G–
(dcCwe/dce) (G. Wittman, R. Zimmermann, M. Wal-
lace, P. Tippett, personal communication). Cw is 
usually produced by a Ce allele of RHCE encoding
Arg41; Cw associated with c is produced by a ce allele
encoding Arg41 and Cys16 [391]. CCwe and cCwe al-
leles therefore have exons 1 of identical sequence (see
Table 5.10) and cCwe could have arisen by recombina-
tion between CCwe (exon 1) and ce (exons 2–10) alle-
les of RHCE. The DCw– haplotype, which produces
Cw but no C, c, E, or e, is described in Section 5.15.4.

Anti-Cw is not an uncommon antibody and often 
results from no known red cell immunizing stimulus.
One in 1100 pregnant Manitoban women had anti-Cw

[401]. Anti-Cw has been responsible for several cases
of HDN, but this has seldom been severe (reviewed in
[401]). Bowman and Pollock [401] conclude that

neonatal deaths as a result of anti-Cw reported in 1947
[402] probably resulted from kernicterus caused by
absence of exchange transfusion. PCR-based methods
for predicting fetal Cw phenotype are useful in the
management of potential HDN caused by anti-Cw

[391,403].

5.12.2 Cx (RH9)

Like Cw, Cx is usually produced by a DCe haplotype
that produces abnormal C. Cx+ red cells react with
some, but not all, anti-C. Two very rare haplotypes
also encode Cx: dCCxe [30] and, in four of 513 unre-
lated Somalis, dcCxes, which produces c, V, and VS,
but no C or ce [404].

Seven Cx-positives were found among 5919
(0.12%) British donors [405,406] and 202 were found
among 70503 (0.29%) Americans [407]. Cx has a
much higher incidence in Finland: 37 of 2060 (1.8%)
Finns were Cx+ [390].

The first anti-Cx caused mild HDN, as have other
examples since [405,406]. Some anti-Cx appear to be
‘naturally occurring’ [408]. Anti-C in the serum of a
transfused DCCxe/dce patient reacted with most C+
cells, including DCCwe/dce cells, but not with
DCCxe/dce, DCCxe/DcE, or DCCxe/DCCxe cells
[409].

5.12.3 MAR (RH51)

Anti-MAR was found in a Finnish woman whose red
cells were Cw+Cx+D+C+c–E–e+ and who was proba-
bly heterozygous DCCwe/DCCxe [390]. Testing of 
10045 Finnish donors revealed 21 MAR-negatives:
nine were Cw+Cx– (probably Cw/Cw), three were Cw–
Cx+ (Cx/Cx), and nine were Cw+Cx+ (Cw/Cx). In eight
families, all 20 children of MAR– parents were either
Cw+ or Cx+. Anti-MAR reacted weakly with many ex-
amples of Cw+Cx– and Cw–Cx+ cells. It did not react
with Rhnull, D––, or DCw– cells. As Cw and Cx usually
result from Gln41Arg and Ala36Thr substitutions in
the RhCe protein, respectively [391], it is probable 
that both Gln41 and Ala36 are required for MAR 
expression.

Two other antibodies to high frequency antigens,
produced in probable Cx [407] and Cw [410] homozy-
gous women, resembled anti-MAR in their serological
reactions. However, the antibody from the Cw ho-
mozygote reacted weakly with DCCxe/DCCxe cells
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and the antibody from the Cx homozygote reacted
strongly with DCCwe/DCCwe cells [410]. The anti-
body of the probable Cx homozygote caused HDN
[407].

5.13 VS (RH20) and V (RH10)

5.13.1 Serology

Anti-V, first reported in 1955 [411], and anti-VS, de-
scribed 5 years later [412], define antigens that are
common on the red cells of Africans, but are very rare
in other populations. V and VS are associated with a
weak e called es, though e and es are often difficult to
distinguish. As a general rule, VS is produced by the
haplotypes Dces, dces, and d(C)ces, whereas V is pro-
duced by Dces and dces, but not d(C)ces.

The haplotype d(C)ces produces normal c, es, ce (f),
a weak partial C (sometimes called CG), G, and VS; it
does not produce D, Ce, or V. The symbol r¢s was used
for d(C)ces, but is inappropriate as the haplotype pro-
duces normal c. In addition, anti-Rh42, an antibody
found in the serum of a DCe/Dce mother of
Dce/d(C)ces and DCe/d(C)ces children, only reacts
with the product of d(C)ces [413]. Some individuals
with d(C)ces phenotype have produced alloanti-C,
confirming that the weak C is a partial C antigen [414].
VS is also associated with the hrB– phenotype 
(Section 5.9.5.2): of 65 e+hrB– samples, 59 were 
VS+ [348].

Many examples of anti-VS [30,217,340,415] and 
-V [411,415–417] have been found, often in sera con-
taining other antibodies. The heterogeneity of anti-VS
is widely reported and has been thoroughly investigat-
ed by Tregellas and Issitt [415]: some antibodies react
preferentially with VS+V– cells, some prefer VS+V+
cells, and others react equally well with both types
[30,217,340]. Heterogeneity of anti-VS probably pro-
vides an explanation for the specificity called anti-hrH

(RH28) [386]. Heterogeneity of V antibodies is also
observed when they are tested against red cells of un-
usual phenotypes [217,386,415]. Clinically signifi-
cant anti-VS or -V have not been reported. Anti-VS
and -V are usually reactive by an antiglobulin tech-
nique, but a saline active anti-V is recorded [417].

A number of phenotypes that do not fit the serologi-
cal rules described above have been reported. A
D–C–V–VS+ donor [146] and a VS–V+ (ceAR) pheno-
type [146,189] are described in the section on molecu-

lar genetics (Section 5.13.2). Some DIIIa red cells are
C– and react with all anti-VS, but only some anti-V
sera [168,169,217]. Two propositi had the aberrant
phenotype DCe/DCe VS+V+ [30,340; M. Reid and P.
Tippett, personal communication].

Of 100 black South African blood donors, 34 were
VS+V+, 9 were VS+V–, and four were VS–V+, with
weak V (ceAR) [146]. The incidence of V in two sur-
veys of African Americans was 27% [411] and 39%
[418], respectively, and was 40% in West Africans
[411]. V is not an exclusively African characteristic:
there was no trace of African ancestry in two English
families with V antigen [411].

Weakness of D in red cells of DcE/d(C)ces individu-
als demonstrated that d(C)ces has a depressing effect
on D in trans, similar to the effect of dCe (see Section
5.6.6) [30].

A haplotype named rGs appears remarkably similar
to d(C)ces [345]. No individual is reported with rGs in
trans with a common haplotype encoding C, so it is not
known whether rGs produces c.

5.13.2 Molecular genetics

VS is associated with single nucleotide change in exon
5 of a ce allele of RHCE, encoding a Leu245Val substi-
tution. This has been demonstrated on genomic DNA
from over 100 VS+ blood samples [145,146,324] and
by sequencing of mRNA transcripts [145]. In dces and
Dces haplotypes, no other mutation has been detected
(Fig. 5.8). Val245 is present in the RhD protein, so a
microconversion event may have been involved in the
formation of the VS gene. Amino acid 245 is predicted
to be in the eighth membrane-spanning domain, after
the fourth extracellular domain, which contains
Ala226, the residue primarily responsible for e expres-
sion (see Figs 5.1 and 5.2). It is likely that VS expres-
sion and the associated weakness of e (es) result from
conformational changes to the protein caused by the
Leu245Val substitution.

The d(C)ces haplotype contains a hybrid gene,
RHD–CE–Ds, consisting of exons 1, 2, part of 3 (in-
cluding codons 121, 127, and 128), 9, and 10 from
RHD and the remainder of exon 3 (including codon
152) and exons 4–7 from RHCE (e) [144,145] (Fig.
5.8). The origin of exon 8 is not known. RHD–CE–Ds

encodes the following amino acid substitutions:
Leu62Phe (exon 2), Ala137Val (exon 3), Leu245Val
(exon 5), and Gly336Cys (exon 7) [145,146].
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RHD–CE–Ds is paired with a ce allele of RHCE which
also encodes the Leu245Val (VS) and Gly336Cys sub-
stitutions (Fig. 5.8) [145,146]. The presence of Ser103
encoded by exon 2 of RHD–CE–Ds together with
downstream sequences characteristic of RHCE, is
probably responsible for C expression by d(C)ces, its
weakness being caused by tryptophan, and not 
cysteine, at position 16 (Section 5.8.2). Both
RHD–CE–Ds and its paired RHCE gene encode
Val245 and Ala226 (e) and are likely to produce VS
and es. Both genes also encode cysteine instead of
glycine at position 336, a mutation not present in
VS+V+ phenotypes [146]. It is possible that anti-VS
and -V both recognize Val245 in an Rhce protein, but
that anti-V is more conformationally dependent than
anti-VS and does not react with the protein when
Cys336 is also present. The presence of identical muta-
tions in codons 245 and 336 in the RHCE segment of
RHD–CE–Ds and RHCE on the same chromosome
suggests that the hybrid gene originally arose from
gene conversion between RHD and RHCE in cis (see
Section 5.5.5 and Fig. 5.5).

A black English blood donor had the unusual 
phenotype D–C–c+E–e+G–V–VS+. Although no tran-
script analysis was possible, genomic studies suggested
that this donor did not have RHD–CE–Ds, but did
have the RHCE gene characteristic of d(C)ces, encod-
ing Val245 and Cys336 [146] (Fig. 5.8). This strongly
supports the suggestion that RHD–CE–Ds produces
weak C and that the presence of Cys336, and not the
hybrid Rh protein, is responsible for the absence of V
in the d(C)ces phenotype.

Four individuals with an unusual phenotype, VS–
and weak expression of V, were found in a survey of
100 black South African blood donors [146]. One also
had a new partial D antigen. The VS–V+w phenotype
resulted from an RHCE–D–CE gene (called ceAR)

with codons for Val238, Val245 (VS), Gly263, and
Lys267 derived from exon 5 of RHD and Val306 from
exon 6 of RHD [146,189] (Fig. 5.8). In a survey of 326
black South Africans, 20 (6.1%) had ceAR, and 14 
of these also had the DAR allele of RHD [189] (see
Section 5.6.4.10).

5.14 Haplotypes producing depressed
expression of CcEe antigens

Gathered together in this section are some haplotypes
that result in weak expression of Rh antigens. It should
be remembered that weak antigens (denoted by paren-
theses) can only be observed on red cells of people ho-
mozygous for the rare haplotype or on those of people
with a suitable antithetical Rh haplotype: for example,
weak C will not be detected if a normal C is produced
by the opposite gene, but will be detected if the oppo-
site gene produces c. Some depressed haplotypes also
produce low frequency marker antigens. Some details
of antibodies to low frequency Rh antigens are provid-
ed in Section 5.17 and Table 5.14. Those depressed
complexes involving partial e antigens, described in
Section 5.9.5, are omitted from this section. Homozy-
gosity for some of the haplotypes described in this sec-
tion has revealed that they do not encode certain high
incidence Rh antigens, such as Hro and Rh46, which
are produced by all normal Rh haplotypes.

5.14.1 haplotypes

5.14.1.1 RN (R
=N) or D(C)(e): Rh32 and Rh46

R
=N was the name given by Rosenfield et al. [698] to a
haplotype encoding weak C and weak e in an African
American family. Because of word processing compli-
cations, the symbol RN is now often used and will be

DCe

Fig. 5.8 Representation of the 10
exons of RHD � and RHCE � in
VS+ and/or V+ phenotypes. �
Codons for Val245 in exon 5 and
Cys336 in exon 7. *Genotype not
confirmed by transcript analysis.
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employed here. In addition to weak C and weak e, RN

encodes D and G, which have been shown to be elevat-
ed in some studies [251,425,699], and the low frequen-
cy antigen Rh32; RN does not produce any c, E, ce, or,
usually, Ce. However, in one family Ce was detected in
two D(C)(e)/dce (or D(C)(e)/Dce) children, but not in
their father who also had RN [421]. The Hro-like high
frequency antigen Rh46, produced by most Rh haplo-
types, is not produced by RN [430,699]. The low fre-
quency antigen DAK, which is associated with DIIIa
partial D, also appears to be produced by RN [175].

RN is most commonly found in people of African
origin. It was estimated that Rh32 is present on red
cells of about 1% of African Americans, but it has only
been found as a rarity in white people [422,430]. 
Numerous RN homozygotes are recorded; some found
because of immune antibody in their serum (anti-
Rh46), others because their weak C and e antigens
were detected during routine Rh typing [40,430,699].

In two RN homozygotes, RN was associated with
RHD paired with an RHCE–D–CE gene with exon 4
derived from RHD, the remainder of the gene having
the RHCE (Ce allele) sequence (Fig. 5.9) [251]. One
other individual, apparently heterozygous for RN, had
a similar hybrid gene, but with the 3¢ end of exon 3, 
encoding Asn152, also derived from RHD (Fig. 5.9)
[251]. These hybrid genes effect Leu169Met,

Arg170Met, and Phe172Ile changes in the third pre-
dicted extracellular loop of RhCcEe. The molecular
basis for Rh32 expression is described in Section
5.17.2.

Rh32 did not show regular inheritance in a white
Canadian Mennonite family: the DcE/D(C)(e) Rh:32
propositus was the child of DCe/DCe Rh:–32 and
DCe/DcE Rh:–32 parents [422]. Chown et al. [422]
proposed that the unusual phenotype of this proposi-
tus had arisen by mutation.

Homozygous RN individuals can make, if immu-
nized by pregnancy or transfusion, anti-Rh46, which
reacts with red cells of almost all Rh phenotypes 
except RN, Rhnull, D––, and related phenotypes
[165,339,699]. Anti-Rh46 has been responsible for
serious HDN [699]. Mouse and human monoclonal
antibodies with Rh46 specificity have been produced
[431,432].

5.14.1.2 Two more D(C)(e) haplotypes and Rh35

A depressed haplotype similar to RN, but not produc-
ing Rh32, was found in six unrelated Swedes [433].
The families of four of the propositi showed the weak
C to be inherited. Selected anti-C and -e sera distin-
guished the Swedish type D(C)(e) cells from RN cells,
even before anti-Rh32 had been identified [434]. Four

Fig. 5.9 Representation of the 10 exons of RHD � and RHCE � in some haplotypes containing rearranged genes encoding
either partial Hro or no Hro. , exon 1 encoding Arg41 and Cw. *Proposed haplotypes in one D– – propositus [84].
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more propositi with the Swedish D(C)(e) haplotype
were reported [435], but in one propositus and his
mother, unlike the others, the depressed haplotype was
associated with enhanced D expression. Existence of
two Swedish D(C)(e) haplotypes was confirmed by the
identification of an antibody, anti-Rh35, specific for
Swedish D(C)(e) complex with normal D [425]. The
weak C and enhanced D found on red cells of an 
English blood donor may represent a second example
of the D(C)(e) haplotype producing enhanced D [436].
Families with similar haplotypes were also found in
white Canadian families [29].

The original anti-Rh35 [425] is still the only exam-
ple and very little of it remains.

5.14.1.3 D(C)(e) and JAL (RH48)

A multilaboratory investigation of the serum of a
mother whose baby had DAT-positive red cells culmi-
nated in the recognition of a new low frequency anti-
gen, JAL (RH48) [702]. Two of the nine propositi had
a notably weak expression of C, which was inherited
with JAL in their families. Analysis of the families of
Swiss JAL+ donors demonstrated that the unusual
haplotype produced weak C, weak e, and normal or
slightly enhanced D and G; it did not produce any c, E,
or ce [437]. These family studies also proved that JAL
is encoded by RH (lod score of 6.69 at a recombination
fraction of 0).

The D(C)(e) JAL haplotype has a frequency of
0.0003 in French-speaking Swiss; no JAL+ individual
was found among more than 50000 German-
speaking Swiss [437].

JAL was associated with a haplotype producing
weak c and weak e in black JAL+ individuals [702]
(Section 5.14.2.2).

5.14.1.4 FPTT-associated haplotypes

Several new unusual Rh phenotypes were recognized
during the investigation of a serum (Mol), which con-
tained antibodies to several low incidence antigens
[195]. Results of adsorption and elution tests suggest-
ed that a single antibody, anti-FPTT, was reacting with
cells of three propositi, each with a ‘new’ phenotype.
None of the families was large enough to define the
new complexes completely. FPTT is also associated
with Ro

Har (Sections 5.6.4.9 and 5.14.2.1) and DFR
(Section 5.6.4.7).

One haplotype encoded weak C, detected by one of
six anti-C, very weak e, and FPTT, but no ce. The hap-
lotype was not paired with dce or DCe, so whether it
produces D and/or G is not known and lack of c and E
is not proven [195]. The reactions were similar to
those of rG cells, but rG cells are not FPTT+.

The family of the second propositus showed that
their FPTT-associated haplotype produced D, G, weak
C, weak e, and atypical VS; it did not produce any E,
ce, or V [195]. The groups of the family were unin-
formative about c production.

Red cells of the third propositus expressed weak e,
but normal C. The family did not add any further 
information [195].

FPTT antigen is very variable in expression and is in-
herited in a normal way. FPTT has a frequency of
about 0.01% in the south of France [195].

5.14.1.5 Other depressed DCe haplotypes

A single base change in a Ce allele of RHCE, encoding
an Arg114Trp substitution in the second extracellular
loop, was found in a white person whose D+ red cells
had weak C and e, and were Rh:–32 [438].

Moores et al. [439] proposed that a German Rh:33
propositus was heterozygous for two Rh33-producing
haplotypes: one, RoHar (Section 5.14.2.1); the other,
called R1Lisa, producing Rh33, D, weak C, very weak
or no e, and no Hro. The evidence for the DCe-like
haplotype producing Rh33 was based solely on anti-
gen strength.

Red cells of a white woman (NR) with anti-Hro were
D+C+c–E–e+CW+, with weak expression of C and e,
and were Rh:–32, but reacted with a serum containing
inseparable anti-Dw/Rh32 [339,440,441]. She was
considered to have the genotype D(C)Cw(e)/D––; her
daughter was D––/dce and her husband dce/dce
[339,440]. Molecular analysis revealed three 
transcripts:
1 RHD;
2 RHCE–D, with only exon 1 derived from RHCE
(reported previously in D·· and DCw– [442,443]);
3 RHCE–D, with exons 1–5 and the 5¢ end of exon 6
derived from a CCwe allele of RHCE and the remain-
der of exon 6 and exons 7–10 derived from RHD [441]
(Fig. 5.9).

The family of a Norwegian blood donor revealed a
haplotype that was responsible for normal D, weak C,
weak Cw, and weak e [444].
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5.14.2 haplotypes

5.14.2.1 RoHar or DHARc(e) and Rh33

A new, low frequency Rh antigen associated with a
Dce-like haplotype, named RoHar, was found in two
unrelated white people and numbered Rh33 [196]. In
addition to Rh33, RoHar produces a partial weak D,
called DHAR (Section 5.6.4.9), normal c, very weak e,
weak ce, and the low frequency antigen FPTT; it pro-
duces no C, E, G, or hrS [195,196]. RoHar consists sole-
ly of an RHCE–D–CE gene, in which only exon 5 is
derived from RHD [199] (Fig. 5.9).

Two Rh:33 individuals, both Germans, appeared to
be homozygous for RoHar [196,445]. Their red cells did
not react with about 50% of immune sera from D––
people (anti-Hro), suggesting they have a partial Hro

antigen [339,440]. Red cells of another German
propositus, believed to be heterozygous for RoHar and
for a unique D(C)(e) gene (R1Lisa, Section 5.14.1.5),
had abnormal Hro [439]. A black woman who had
made anti-Hro appeared to be heterozygous for RoHar

and another abnormal Dce haplotype, RoJoh, which
produced normal D [446].

RoHar is probably less rare in Germany than else-
where. Seven of 14000 apparently D– German donors
gave discrepant results with anti-D; all seven turned
out to be Rh:33 [30]. None of 1060 English blood
donors screened with anti-Rh33 was Rh:33 [196]. One
of 42600 donors tested in southern France was Rh:33
and appeared to have the RoHar haplotype [195].

5.14.2.2 D(c)(e) JAL

Red cells of four of nine JAL+ propositi, all of African
ancestry, had very weak expression of c, in contrast to
the weak C associated with JAL+ white people (Sec-
tion 5.14.1.3) [702]. The unusual haplotype appeared
to produce enhanced D, weak c, weak e, and JAL; it did
not produce C, E, or ce. In families of three of the JAL+
propositi, JAL was inherited with weak c [702].

5.14.2.3 Other depressed Dce haplotypes

Several other depressed Dce haplotypes, often repre-
sented as Dc(e) or Dc((e)), are distinguished by the
weak e antigens they produce. Cells with the very weak
expression of e produced by Dc((e)) could be mistyped
as Dc– if strong anti-e reagents were not used by the

Dce
most effective methods [340]. Some Dc(e) haplotypes
appear to produce Hro, others do not [340,447]. One
apparent homozygous Dc((e)) individual, was ho-
mozygous for RHD plus a ce allele of RHCE with a
deletion of the codon for Arg229 in exon 5 [448].
Arg229 is very close to Ala226, characteristic of e, and
therefore is probably important in the expression of e.

5.14.3 Haplotypes

Some abnormal dce haplotypes producing VS and
weak e, and often containing an RHCE–D–CE gene
producing weak C, are described in Section 5.13.

5.14.3.1 d(c)(e): rL and rt

The family of a Swiss donor disclosed a new haplo-
type, rL, which results in weak expression of c and e,
but normal expression of ce [449]. Further examples
of the phenotype in two Swedish families confirmed
that rL does not encode D [435,450].

The haplotype rt, present in three generations of a
British family, produces weak c, weak e, and weak ce
[217]. Red cells of an Australian donor gave identical
reactions with critical Rh antisera and revealed a sec-
ond example of rt [30]. The pattern of reactions with
anti-c of cells representing rL/DCe differed from those
representing rt/DCe [217].

5.14.3.2 d(c)(e) and Bea (RH36)

The low frequency antigen Bea (Berrens) was first de-
scribed in 1953 [426]. Twenty years later, a case of
HDN led to a family investigation that demonstrated
that Bea belongs to the Rh system [30]. In three genera-
tions of the family, four Be(a+) members had an unusu-
al dce haplotype that produced slightly depressed c, e,
and ce.

Anti-Bea has been implicated in severe HDN
[427–429].

5.14.3.3 d(c)(e): Rh:–32, –46

Absence of the high frequency antigen Rh46 is usually
associated with expression of Rh32, in the RN pheno-
type (Section 5.14.1.1), or with absence of both E and
e, in Rhnull, D––, and related phenotypes. Red cells of a
man of Italian descent, who had made anti-Hro despite
never having been transfused, were D–C–c+E–e+Hro–

dce
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Rh:–32, Rh:–46. There was weakened expression of c
and e, though the weakness was only easily detected by
flow cytometry [451].

5.14.3.4 d(C)(c)(E) or ryn

Like d(C)ces (r¢s, originally called r¢n, Section 5.13), ryn

produces both C and c [452]. The haplotype encodes
weak C, weak c, and weak E, though the weakness of c
and E was only slight; there is no mention of G in the
publication; ryn does not make any D, Ce, ce, cE, or VS.

5.14.4 or haplotypes

Depression of c and E was observed in two generations
of a Norwegian family [453]; D(c)(E) or d(c)(E) was
traced in five other members of the family. Two other
families carrying similar haplotypes have been re-
ported; in one the haplotype was shown to encode D. A
Japanese propositus with weak c, E, and Hro was 
considered to have the genotype D(c)(E)/D–– or
d(c)(E)/D––, because of slightly elevated D on his red
cells and those of his father (proposed genotype
DCe/D––) [454]. The mother also had weak c and E
antigens.

5.14.5 haplotype

The unusual haplotype named rM was found in three
generations of a British family [455]. C, E, and G pro-
duced by rM are weak and may also be qualitatively 
different from normal; rM produces no c or ce.

5.15 Haplotypes producing neither E nor e;
D–– and related phenotypes

This section includes haplotypes, often referred to as
‘deleted’ or ‘partially deleted’, that encode neither E
nor e; some also produce neither C nor c. All encode D,
which is usually exalted in expression. Most of these
haplotypes were initially identified in individuals, 
homozygous for the haplotype, who had produced an-
tibodies to high frequency antigens collectively known
as anti-Hro. When the terms D––, Dc–, DCw–, etc. are
used to denote phenotypes, they usually represent 
homozygosity for the corresponding haplotype.

Most of these haplotypes consist of a complete, or
almost complete, RHD, paired with a hybrid gene con-
taining a substantial portion of RHD (Fig. 5.9). This

dCE

dcEDcE

may provide an explanation for the enhanced D 
expression.

Race and Sanger [456] remarked on the high inci-
dence of consanguinity of parents of D––, DCw–, and
Dc– propositi, compared with other phenotypes re-
sulting from homozygosity for rare genes. They also
noted that there were more D–– (D––/D––) sibs of 
D–– propositi than would be expected if D–– were 
inherited in a straightforward manner. Information
from later families supports Race and Sanger’s unex-
pected findings [457]. No satisfactory explanation has
been offered for these observations.

5.15.1

The first propositus with the D–– phenotype, in which
the red cells expressed D, but no C, c, E, or e, had con-
sanguineous parents and was presumed by Race et al.
[458,459] to be homozygous for a very rare haplotype,
D––. Despite the rarity of this haplotype, many other
examples of the D–– phenotype have been found
[30,460–467]. The phenotype has been identified in
many different populations: white Americans and Eu-
ropeans, Native Americans, African Americans,
Japanese, Chinese, Koreans, and Asian Indians. Al-
most all D–– propositi have been ascertained through
the presence of anti-Hro in their serum (Section
5.15.6). Many propositi heterozygous for D–– and a
common Rh haplotype have been found, often being
disclosed by apparent parentage exclusions
[468–471], including four South African families of
mixed race [471]. Analysis of a large Canadian family
revealed that two sisters with the D–– phenotype, and
whose parents were not consanguineous, had the
genotype D––/–– (heterozygous for D–– and the Rh
amorph gene, Section 5.16.1) [465].

The frequency of the D–– haplotype was roughly es-
timated as 0.0005 in Sweden [472], but about 10 times
that (0.0047) in Iceland [466]. Seven of 692000
(0.001%) Japanese donors had the D–– phenotype, a
frequency of 0.0032 for the D–– gene [473].

D–– produces only three Rh antigens: D, G, and
Rh29. Red cells of individuals homozygous or het-
erozygous for D–– express more D antigen than nor-
mal D+ cells and are directly agglutinated by some
incomplete (usually non-agglutinating) anti-D. Most
incomplete polyclonal anti-D will directly agglutinate
cells of D–– homozygotes, but only carefully selected
antibodies will distinguish cells of D–– heterozygotes

D– –
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from DcE/DcE cells. This elevated expression of D is
attributed to an increased number of D sites per red cell
(Table 5.8).

The molecular genetic background of the D–– phe-
notype is heterogeneous. A French D–– donor [474]
and two D—members of a Native American family
[475] appeared to have intact RHD and RHCE genes,
though inactivating or splice site mutations within
RHCE might not have been detected. Homozygosity
for RHCE–D–CE hybrid genes appears to account for
several other examples of D–– (Fig. 5.9). In D–– indi-
viduals from Iceland, Britain, and Italy, only exons 1
and 10 were RHCE-derived [475,476]. Studies on two
D–– members of an Italian family (LM) suggested that
two hybrid genes were present:
1 RHCE–D–CE–D, with only exons 1 and 9 RHCE-
derived; and
2 RHD–CE, with only exon 10 RHCE-derived
[475,477,478].
Transcript analyses on a family (JD) whose propositus
was heterozygous for D–– and D·· (Section 5.15.2) re-
vealed RHD paired with RHCE–D–CE, with exons
2–6 (or 3–6) RHD-derived [442].

A thorough molecular analysis on a Japanese family
(* in Fig. 5.9) with a D–– propositus, whose parents
were not consanguineous, suggested that she was 
heterozygous for two abnormal Rh haplotypes [84]. 
In one, inherited from the father, there is an
RHCE–D–CE gene with exons 2 (or 3) to 7 derived
from RHD, but no normal RHD (Fig. 5.9). The other
comprises RHD, but no RHCE. D1S80 is a gene
marker on chromosome 1, telomeric to the RH loci. 
As the propositus has received no D1S80 allele from
her mother, Okuda et al. [84] propose that a region 
of chromosome 1, containing RHCE and D1S80, 
was deleted during maternal gametogenesis.

A cE allele of RHCE (named cEMI) in a
D+C–c+E–e+ black individual contained a nine-
nucleotide deletion in exon 3 and appeared to produce
no Rh polypeptide at the red cell surface [343]. There is
no evidence that it was linked to RHD.

Like Rhnull cells, D–– cells have a substantial reduc-
tion in content of CD47 (Section 5.5.8 and see Table
5.13), but only slight reduction on RhAG [479].

An unusual form of D–– produced Tar (RH40)
[243], a low frequency antigen usually associated with
DVII (Section 5.6.4.6). The D antigen produced by 
this D–– haplotype was stronger than that usually 
associated with Tar, but weaker than normal D.

5.15.2 and Evans (RH37)

Similarity between D–– and the Rh haplotype produc-
ing the low frequency antigen Evans, recognized dur-
ing studies on the first two Evans+ propositi, led to the
Evans haplotype being denoted D·· [701]. Inheritance
of the haplotype was straightforward. Testing of ap-
parent D–– red cell samples with anti-Evans led to dis-
covery of the first person homozygous for D·· (HD)
[480]. Positive reactions of apparent D–– red cells
with immune sera from D–– individuals disclosed a
second D·· homozygote [481]. Families with D·· have
all been white, mostly British.

The antigens produced by D·· are D, G, Evans, and
the high frequency antigens Rh29 and Dav (RH47)
[440]. The D antigen is elevated, but less so than that
produced by D–– [480]. The number of D antigen sites
per red cell were estimated to be 56000 for D··/D··,
compared with 110000–202000 for D––/D–– and
21000 for DcE/DcE [480].

Molecular analyses on a Scottish family (AT) with
five Evans+ members in three generations demonstrat-
ed that D·· comprised RHCE–D–CE, with exons 2 (or
3) to 6 derived from RHCE, paired with RHD [482]
(Fig. 5.9). A very similar haplotype, but with exon 1
and the 5¢ untranslated region of the hybrid gene also
derived from RHD, was present in a D·· homozygote
(HD) [478] (although a different result was obtained
on the same individual in another study [475]). In an-
other family study, in which the propositus (JD) was
heterozygous for D·· and D––, the haplotype produc-
ing Evans comprised RHCE–D, with only exon 1 de-
rived from RHCE, plus RHD–CE, with the 3¢ end of
exon 6 (encoding Cys311) and exons 7–10 derived
from RHCE [442]. The amino acid sequence encoded
by the junction of the 5¢ end of RHD exon 6 and the 3¢
end of RHCE exon 7 creates a unique amino acid se-
quence in the fifth cyt  oplasmic domain of the protein
(Table 5.11). Conformational changes resulting from
this sequence are probably responsible for Evans ex-
pression. The gene encoding the partial D antigen
DIVb also has this exon 6–7 junction and also encodes
Evans (Section 5.6.4.3 and Fig. 5.6) [227].

5.15.3

The first homozygous Dc– propositus was found in an
inbred white American family of French extraction
[483]. His parents were double first cousins and two of

Dc–

D..
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his four sibs were also Dc–/Dc–. Three other propositi
with the Dc– phenotype have been reported: Japanese
[484], French [485], and Argentinian [486]. The four
Dc– propositi were ascertained through the presence
anti-Hro in their serum.

Dc– produces D, G, c, Rh29, and, sometimes, ce.
The strength of the D antigen is elevated and that of c is
depressed; the c antigen may also differ qualitatively
from normal c [340,483]. Dc– is serologically hetero-
geneous: red cells of the Japanese propositus expressed
no ce; those of the French and American propositi re-
acted with anti-ce made in DCe/DcE individuals [30].

Transcript analysis on the French Dc– homozygote
revealed RHD plus RHCE–D–CE, with exons 4–9 
derived from RHD [474] (Fig. 5.9). Exon 2 encoded
Pro103, explaining the c expression. It is possible that
the weak expression of ce is caused by Ala226, encod-
ed by the RHD-derived exon, explaining the absence
of e.

Some haplotypes dubbed Dc– should, more accu-
rately, be called Dc(e) or Dc((e)), as e can be detected by
adsorption–elution tests or even by direct testing
[30,340,487,488] (Section 5.14.2.3). These haplo-
types, mostly found in black people, have normal c and
either normal or only slightly enhanced D.

5.15.4

A propositus identified as homozygous for DCw– was
a member of a large Canadian family [489]. Her par-
ents were second cousins and four of her eight sibs
were also DCw–/DCw–. DCw– produces D, G, Cw, and
Rh29; the D antigen is elevated in strength [489] and
the Cw is depressed [490]. Unlike other haplotypes

DC w–

producing Cw, DCw– makes neither C nor c. One other
apparent DCw– homozygote has been reported [443].

The original DCw–/DCw– propositus had tran-
scripts representing RHD and RHCE–D–CE, with
exons 2 (or 3) to 9 derived from RHD [474] (Fig. 5.9).
The second propositus had RHCE–D, with only exon
1 derived from RHCE, paired (or possibly in trans)
with RHD–CE with only exon 10 derived from RHCE
[443] (Fig. 5.9). In both individuals, the RHCE-
derived exon 1 encoded Arg41, characteristic of Cw

(Section 5.12).

5.15.5 and Riv (RH45)

Homozygosity for a haplotype denoted DIV(C)– was
proposed to explain the reactions of red cells of a
woman from the Ivory Coast (Mme Nou), whose third
child had fatal HDN [491]. Her two children had the
same weak expression of C as their mother. The fol-
lowing antigens are produced by DIV(C)–: partial D
giving the reactions of a strong DIV antigen; apparent-
ly normal G; very depressed C; Goa (a low frequency
antigen always associated with DIVa, Section 5.6.4.3);
three other low frequency antigens, Rh33, Riv, and
FPTT [195,700]; and three high frequency antigens,
Rh29, Nou (RH43), and Dav (RH47) [440,492,493].
Three of 10 anti-e sera reacted with DIV(C)– cells, but
were not proven to lack anti-Ce [447].

No other DIV(C)– homozygote has been found, but
the association with low frequency antigens has led to
the identification of three propositi heterozygous for
DIV(C)–, all of African ancestry [700]. The unusual
haplotype and the low frequency antigens were in-
herited together.

DIV(C)–

Table 5.11 Amino acid sequences Leu303 to Cys316 encoded by the 3¢ end of exon 6 and the 5¢ end of exon 7 of RHD, RHCE,
and two hybrid genes encoding Evans. The important residues in Evans expression appear to be Val/Ile306 and Gly/Val314, but
not Tyr/Cys310.

Gene Exon 6 Exon 7

306 310 314
RHD … L I S V G G A K Y L P G C C …
RHCE … – – – I       –      –      –      – C – – V – – …
RHD-CE Evans (AT & HD) … – – – I       –      –      –      – –      – – V – – …
RHD-CE Evans (JD) … – – – –     –      –      –      – C     – – V – – …

–, Identical residue to that encoded by RHD.
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5.15.6 Anti-Hro (-RH17) and related antibodies

People with D–– and related phenotypes, who have
been exposed to red cells of common phenotype by
transfusion or pregnancy, usually have antibodies to
high frequency Rh antigens.

Red cells and immune sera of D––, Dc–, and DCw–
people are mutually compatible, showing that there is
no anti-Cw or -c component. All such sera are non-
reactive with Rhnull cells. In tests with red cells of com-
mon Rh phenotypes, these sera appear to contain an
antibody to a single high frequency determinant,
named Hro and numbered RH17. In some of the sera,
separable anti-e has also been identified [339,440,
459,494].

Heterogeneity within anti-Hro specificity is demon-
strated by the variable reactions of different anti-
Hro with red cells of phenotypes representing 
homozygosity for certain rare Rh haplotypes,
DIV(C)–, D··, rG, RoHar, and also with Rhmod cells
[339,340,434,440]. Adsorption and elution tests
showed that those D–– sera reactive with DIV(C)–
cells contained at least two antibodies to high frequen-
cy antigens, one that reacted with the DIV(C)– cells,
named anti-Nou (anti-RH44), and one that did not
[492,493]. Similar tests with D·· cells revealed an anti-
body, named anti-Dav (anti-RH47), in some D–– sera
[440]. Anti-Dav reacted with cells of common Rh phe-
notype and with D·· cells. Other antibodies to high 
frequency antigens, non-reactive with Rhnull and D––
cells, have been identified in individuals with unusual
Rh phenotypes, such as those homozygous for RN

(anti-Rh46), or for genes producing partial e antigens
(anti-Hr, -HrB) [340,341,430,699]. As polyclonal
anti-D represents a mixture of antibodies directed at
numerous epitopes on different regions of the D pro-
tein (Section 5.6.3), so anti-Hro represents antibodies
to epitopes on different regions of the CcEe protein.
D–– cells lack the whole Hro mosaic and, when immu-
nized, D–– people can make a variety of antibodies to
different parts of the mosaic, collectively referred to as
anti-Hro and including anti-Nou, -Dav, -Hr, and -HrB.

Anti-Hro in the sera of D––, Dc–, DCw–, and
DIV(C)– mothers has been responsible for severe, and
often fatal, HDN [459,462–464,467,483,489,
491,495]. In one case of fatal HDN the mother 
admitted no previous history of pregnancy or blood
transfusion [463].

Monoclonal antibodies that behave as anti-Hro

were produced in a mouse immunized with human red
cells [431] and in a crab-eating macaque immunized
with gorilla and human red cells [496]. These antibod-
ies detect non-polymorphic epitopes on the RhCcEe
protein, but not on RhD.

5.16 Rh-deficiency phenotypes: 
Rhnull and Rhmod

The Rhnull phenotype, in which no Rh antigens can be
detected on the red cells, was first described by Vos 
et al. [497] in 1961. Rhnull is very rare, as reflected by
the high consanguinity rate among parents of Rhnull

propositi. Two types of Rhnull, with an identical Rh
phenotype, are distinguished on the basis of their in-
heritance and molecular genetics.
1 The amorph type represents apparent homozygosi-
ty for silent genes at RHD and RHCE loci, resulting
from inactivating mutations in RHCE and a deletion
of RHD.
2 In the regulator type the Rh genes are normal, but
there is homozygosity (or double heterozygosity) for
inactivating mutations in RHAG, the gene encoding
the Rh-associated glycoprotein (RhAG), without
which Rh antigens are not expressed (Section 5.5.7).
Some mutations in RHAG give rise to low level ex-
pression of Rh antigens, a phenotype called Rhmod.

5.16.1 Rhnull of the amorph type

The amorph type of Rhnull is extremely rare, with only
four propositi reported: Japanese [498–500], German
[501,502,703], Norwegian Lapp [30], and Spanish
[503,703]. Family analyses suggested that their 
unusual phenotype was caused by homozygosity for a
silent or amorph gene at the RH locus and the symbol
–––/––– was used for the genotype. The parents and
children of amorph Rhnull individuals are obligate 
heterozygotes for the amorph gene and consequently
always appear, from serological results, to be homozy-
gous at the RH locus. The presence of a silent haplo-
type may be demonstrated if, for example, an apparent
DCe/DCe parent (DCe/–––) has an apparent
DcE/DcE child (DcE/–––).

Titration of anti-c and -e with red cells of 1803 
German donors revealed four apparent – –– heterozy-
gotes, verified by family studies [501]. A frequency of
0.0001–0.0002 was estimated for – –– in Sweden
[472].
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The pertinent mutations have been resolved for
three of the amorph Rhnull individuals (Table 5.12). In
each there is no RHD, but homozygosity for a grossly
intact RHCE gene containing an inactivating muta-
tion. In the German [502,703] and Japanese [500]
propositi, respectively, dinucleotide (exon 7) and 
pentanucleotide (exon 1) deletions predict reading
frameshifts and premature termination of translation.
If translated, the gene with the exon 1 mutation would
produce a protein of only 31 amino acids. The gene
with the exon 7 mutation would give rise to a 398-
residue protein (compared with 417 residues in the
normal protein), with a completely changed C-
terminal 76 amino acid sequence. If the 398-residue
protein were produced, it would be abnormally folded
and unlikely to be inserted in the membrane. Alterna-
tively, the protein might be inserted in the membrane,
but not accessible to antibodies.

The Spanish propositus had a mutation in the intron
4 donor spice site of RHCE, giving rise to aberrant
transcripts [703]. Both parents, three brothers, and
three children of the propositus were heterozygous for
the mutation.

5.16.2 Rhnull of the regulator type

The first Rhnull propositus, an Australian aboriginal
woman, was found during an anthropological survey
[497,513]. No close relative was available for testing.
The second Rhnull propositus was a member of a large
family [514]. The Rh groups showed that her rare phe-
notype resulted from inhibition of her RH genes: her
husband was dce/dce, yet their daughter was DCe/dce
and must have received D and C from her Rhnull

mother. Race and Sanger [30] coined the term ‘regula-
tor’ for this type of Rhnull. The regulator type of Rhnull

can be recognized when a parent or child of the Rhnull

propositus is heterozygous at the RH locus; that is,
when they have both C and c, and/or both E and e 
antigens.

Although Rhnull remains very rare, many examples
of the families displaying the regulator type have been
reported. These have been people of white European
origin [504,506,507,514–521,704] or Japanese [96,
505,522,523]. No Rhnull of black African origin has
been found.

The regulator gene was called X°r by Levine et al.

Table 5.12 Mutations associated with Rh-deficiency phenotypes.

Name Population Mutation References

Rhnull amorph
DR German RHCE.Ce TCAÆC, frameshift after Ile322 [501,502,703]

Japanese RHCE.ce Deletion TCTTC, frameshift after Leu26 [498,500]
DAA Spanish RHCE.ce Intron 4 5¢ splice site [503,703]

Rhnull regulator
SF, JL White South African RHAG CCTCÆGA, frameshift after Tyr51 [479,504]
TB Swiss RHAG Heterozygous A deletion, frameshift after [479]

Ala362 + no detectable transcript
HT Japanese RHAG Val270 Ile, Gly280Arg [505]
WO Japanese RHAG Gly380Val (partial exon 9 skipping) [505]
YT Australian RHAG Heterozygous Gly279Glu + intron 1 5¢ [506–508]

splice site
TT Japanese RHAG Intron 7 5¢ splice site, frameshift after [96]

Thr315
AL White American RHAG Intron 1 5¢ splice site [479,704]
AC Spanish, Japanese RHAG Intron 6 3¢ splice site, frameshift after [509,704]

Thr315

Rhmod
SM Russian Jewish RHAG Met1Ile [510]
VL White American RHAG Ser79Asn [479,511]
CB French RHAG Heterozygous Asp399Tyr +? [512]
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[514], an unfortunate terminology as the X-
chromosome is not involved. Family studies showed
that the regulator locus is not part of the RH complex
locus [30]. In 1996, Chérif-Zahar et al. [479] showed
that Rhnull of the regulator type was associated with in-
activating mutations in RHAG, making RHAG a
prime candidate for the regulator locus. Several other
RHAG inactivating mutations, in other Rhnull individ-
uals, have confirmed the association (Table 5.12).
Some Rhnull individuals are homozygous, others dou-
bly heterozygous, for RHCE-inactivating mutations.
In all cases except one, normal RHD and RHCE were
present, the exception having no RHD [512]. The
RHAG mutations include frameshift mutations,
which predict truncated proteins [479], and splice 
site mutations, which give rise to abnormally spliced
transcripts [96,479,506–509,704] (Table 5.12). As
with the Rh proteins, it is possible that the predicted
proteins, if translated, are not transported to the mem-
brane or cannot be inserted into the membrane.

Some cases of Rhnull result from single or double
missense mutations in RHAG [505–508] (Table 5.12).
The encoded amino acid substitutions are predicted to
be in the fourth cytoplasmic domain (Val270 Ile) and
the ninth (Gly279Glu and Gly380Val) and twelfth
(Gly380Val) membrane-spanning domains. Why
these apparently minor changes to the protein prevent
expression of the Rh antigens is unclear. The missense
mutation encoding Gly380Val is in the first nucleotide
of exon 9 and also causes partial splicing of exon 9
[505].

Evidence exists that RhAG is not required for inser-
tion of the Rh proteins in the membrane, but that in the
absence of RhAG the Rh proteins are conformatio-
nally changed and cannot be detected with antibodies
(Section 5.5.7).

In some families, heterozygosity for the regulator al-
lele resulted in weakened expression of some Rh anti-
gens [504,513–517,521].

5.16.3 Rhmod

A phenotype associated with modified expression of
antigens produced by both RH haplotypes was called
Rhmod by Chown et al. [511]. Red cells with this phe-
notype could easily be mistaken for Rhnull if only 
limited testing were carried out. Initially, the original
propositus appeared to be rG, but extensive tests re-
vealed weak D, C, c, E, and e on her cells. Her parents

were consanguineous and her rare phenotype was at-
tributed to homozygosity for a modifier gene (called
XQ), at a locus separate from the Rh complex locus
[511]. Reports on several other Rhmod propositi have
been published [510,524–528]. About half of the
known propositi are Japanese and the parents of most
Rhmod propositi are consanguineous.

Rhmod is a heterogeneous phenotype. Apart from G,
the Rh antigens of the first propositus were only de-
tected by adsorption–elution tests with selected sera
[511]. The Rh antigens of the second propositus were
much stronger and the C, c, and G antigens could be
detected by direct testing [434,524]. In contrast, the
third propositus was originally called Rhnull, although
D was revealed by adsorption and elution, the only Rh
antigen to be detected [525]. Rhmod cells are most 
easily distinguished from Rhnull by immune sera from
some people with D–– and related phenotypes (anti-
Hro) and by some anti-Rh29 [434]. Relatives of Rhmod

individuals, heterozygous for the modifier gene, may
have reduced expression of Rh antigens [524,527].

Molecular analyses on three Rhmod propositi have
suggested that the modifying gene is RHAG, the same
gene as that responsible for the regulator type of Rhnull

(Table 5.12) [479,510,512]. All three propositi have
missense mutations in RHAG; two of them are ho-
mozygous, the other heterozygous with any mutation
in the trans gene still to be elucidated. In the Jewish
family of Russian origin the mutation converts the
translation-initiating methionine codon to an
isoleucine codon. It is probable that the small quantity
of RhAG produced is translated from the ATG triplet
that normally encodes Met8 [510]. The amino acid
substitutions in the other two Rhmod individuals are in
the first cytoplasmic loop of RhAG (position 79) [479]
and in the C-terminal cytoplasmic tail (position 399)
[512]. All three propositi had low quantities of RhAG
in their red cell membranes [479,510,512].

5.16.4 Antibodies in the sera of Rhnull people

Anti-Rh29 (anti ‘total Rh’), an antibody found in the
serum of some immunized Rhnull individuals, reacts
with red cells of all Rh phenotypes apart from Rhnull

[501,504,518–521,523]. Anti-Rh29 has been made
by people with Rhnull of both types. Not all Rhnull indi-
viduals make anti-Rh29 when immunized; two Rhnull

sisters had no Rh antibody although they had a total of
nine children [30]. Other immunized Rhnull individu-
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als are reported to have made anti-e [514] or -Hro

[503]. Antibodies in the sera of two Rhnull donors who
had received no known immunizing stimulus behaved
as anti-Hro, reacting with all red cell samples save
those of Rhnull and D–– phenotypes [522,529].

Anti-Rh29 has been responsible for mild HDN
[504,519] and for severe HDN, which was success-
fully managed by repeated exchange transfusions with
D– blood of common Rh phenotypes [520]. Anti-Hro

in an Rhnull woman was also responsible for HDN
[503]. A haemolytic transfusion reaction caused by
anti-Rh29 may have contributed to the death of an el-
derly Rhnull patient transfused with D– blood of com-
mon phenotype [530].

A variety of mouse monoclonal antibodies behave
like anti-Rh29 and probably define epitopes common
to both Rh polypeptides (Section 5.18.6).

5.16.5 Other antigens affected in Rh 
deficiency phenotypes

Affects of the Rh deficiency phenotypes extend beyond
the Rh blood group system. Several red cell antigens
are lacking, or at least show reduced expression, on
Rhnull and Rhmod red cells (Sections 5.5.7 and 5.5.8).

RhAG is not detected on Rhnull red cells of the regu-
lator type and is expressed in reduced quantity on
Rhmod cells (Table 5.13). Indeed, as described above, it
is the absence or altered conformation of RhAG that is
primarily responsible for these phenotypes. RhAG is
present on Rhnull cells of the amorph type, but in re-
duced quantity [479]. Duclos antigen, which is proba-
bly located on RhAG (Section 5.5.7.1), is also absent
from most Rhnull cells.

The high frequency antigens of the LW system, LWa

and LWab, are absent from all Rhnull cells and weakly
expressed on Rhmod cells (Chapter 16). Anti-Fy5 of the
Duffy system behaves like anti-Fy3, except that it does
not react with Rh-deficiency cells, none of which are
Fy:–3 (Chapter 8). Rh-deficiency cells have reduced
expression of glycophorin B and are often U– (Sections
5.5.9 and 3.22). CD47, a glycoprotein on red cells
with no blood group activity, is also present in reduced
quantity on Rh-deficiency cells (Table 5.13).

Glycophorin A antigens, M, N, and Ena, are re-
ported to be slightly enhanced in the regulator type of
Rhnull (amorph type not mentioned) [30,531]; some
increase in strength of Jka, Jkb, and Doa has also been
found [30]. Elevation of i antigen on Rh-deficiency

phenotype cells probably results from bone marrow
stress caused by the associated anaemia [532]. Anti-
bodies that reacted with Rhnull cells and with cells of
other ‘null’ phenotypes, but not with cells of ‘normal’
phenotypes unless they had been papain treated, were
found in three patients with anaemia [533,534].

Many human autoantibodies are considered Rh-
related because they do not react with Rhnull cells.
Weiner and Vos [631] called these antibodies anti-
pdl (anti-partially deleted), to distinguish them from
anti-dL (anti-deleted), which react with all red cells,
and anti-nl (antinormal), which react with all red cells
except for Rhnull and D–– cells.

5.16.6 Rh-deficiency syndrome

Schmidt et al. [532,535] were first to recognize that
Rhnull red cells are morphologically and functionally
abnormal. Most Rhnull and Rhmod individuals have
some degree of haemolytic anaemia, the severity of
which varies from severe enough to merit splenectomy
to a fully compensated state requiring sophisticated
tests to demonstrate shortened red cell survival. Typi-
cal symptoms of Rh-deficiency syndrome are the pres-
ence of stomatocytes (cup-shaped red cells) and some
spherocytes, reduced survival of autologous red cells,
increased red cell osmotic fragility, increased reticulo-
cyte counts, increased fetal haemoglobin, enhanced i
antigen strength, and reduced haemoglobin and hap-
toglobin levels (reviews in [512,536]).

Investigation of Rhnull red cell membranes did not
reveal any obvious aberration of their structural com-
ponents compared with normal cells [518,537]. Rhnull

red cells have an abnormal organization of their mem-

Table 5.13 Estimated numbers of RhAG and CD47
molecules on Rh-deficiency and D– – cells [479,703,704].

Number of molecules per cell 
(range)

Phenotype RhAG CD47

Rhnull regulator 0 2 900–3 900
Rhnull amorph 44 000–58 000 2 000–3 000
Rhmod 43 000 6 600
D– – 180 000–206 000 8 000–12 000
D+ 220 000–280 000 35 000–50 000
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brane phospholipids [538], increased cation perme-
ability, partially compensated by an increase in the
number of K+Na+ pumps [539], reduced cation and
water contents [518], and reduced membrane choles-
terol content [518]. It is not known whether any of
these defects accounts directly for the autohaemolyis
in Rh-deficiency syndrome. Issitt [540] points out that
the haemolytic anaemia is alleviated by splenectomy,
so whatever the ultimate cause of stomatocytosis in
Rh-deficiency syndrome, it is the early sequestration of
these abnormally shaped cells that is responsible for
the anaemia. Binding of CD47 on red cells to SIRPa on
macrophages generates a negative signal that protects
against phagocytosis of the red cells (Section 5.5.8), so
reduced CD47 levels on Rhnull cells could be involved
in their elimination [120].

5.17 Low frequency Rh antigens and the
antibodies that define them

5.17.1 Low frequency antigens

Twenty antigens of low incidence belong to the Rh sys-
tem (Table 5.14). Without exception, the presence of
these antigens is associated with abnormal (usually
partial or depressed) expression of one or more of the
DCcEe antigens. Consequently, the low frequency
antigens make useful markers for rare haplotypes. 
Although an oversimplification, as reference to the 
appropriate sections of this chapter reveals, the low
frequency antigens can be loosely classified as follows:
Dw, Goa, Rh32, Rh33, Evans, Tar, FPTT, BARC, DAK:
associated with partial D (Section 5.6.4)
Cw, Cx: associated with abnormal C (Section 5.12)
Ew: associated with abnormal E (Section 5.9.4)
V, VS, Rh42, STEM: associated with abnormal e 

(Sections 5.9.5, 5.13)
Rh32, Rh35, JAL, FPTT, DAK: associated with abnor-

mal DCe (Section 5.14.1)
Rh33, JAL: associated with abnormal Dce (Section

5.14.2)
Bea: associated with abnormal dce (Section 5.14.3.2)
JAHK: associated with abnormal dCe (Section 5.11)
Evans: associated with abnormal D–– (Section

5.15.2)
Goa, Rh33, Riv, FPTT: associated with DIV(C)–

(Section 5.15.5).
Family studies have shown that expression of these

low frequency antigens is controlled by the RH com-

plex locus. It is not safe to assume that an antigen be-
longs to the Rh system simply because it is associated
with abnormal expression of Rh antigens. The Ol(a+)
members of a large family had weak expression of
some Rh antigens while the Rh antigens of the Ol(a–)
members were normal, yet the family showed that Ola

is not inherited at the RH complex locus [541]. It is fea-
sible, but purely speculative, that Ola arises from a mu-
tation in RHAG. Two other low incidence antigens,
HOFM (700050) and LOCR (700053), are associated
with abnormal expression of Rh antigens in families,
but insufficient evidence has prevented their elevation
to the Rh system. HOFM is associated with depressed
C antigen in the only family in which it has been de-
tected [542]. All six members of the family were
HOFM+ and had depressed C: in the C+c+ members
this weakness was easily detected; in the C+c– mem-
bers the scores with anti-C were comparable to C/c
heterozygotes. LOCR is transmitted with dce in all
three families tested; in two families it is associated
with weakened c and in the other family with weak-
ened e [543]. Lod scores at q =0.0 for RH and the gene
controlling LOCR are only 2.107, still short of statisti-
cal significance. DAK appears to be associated with
DIIIa, respectively, but this remains to be confirmed
[175]. Regrettably, the antigen Crawford [544] re-
ceived the number RH43, although there is no evi-
dence that it is an Rh antigen.

Most of the antigens listed in Table 5.14 are of low
incidence in all populations tested, but the frequencies
of some vary in different populations. Cw and VS
would not be considered private antigens in white and
black populations, respectively.

5.17.2 Speculation on the molecular basis of
Rh32 and FPTT

The molecular backgrounds to some of the Rh low fre-
quency antigens can be speculated on from the changes
to the RHD and RHCE genes associated with their ex-
pression. These are described in other sections of this
chapter. Two antigens, Rh32 and FPTT, are each 
associated with two serologically very different 
phenotypes and these will be described in more detail
here.

Rh32 is associated with the partial D antigen DBT,
usually together with C and e (Section 5.6.4.8). RN pro-
duces Rh32 together with slightly elevated D, weak 
C, and weak e (Section 5.14.1.1). DBT arises from 
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an RHD–CE–D gene in which exons 5–7 (or 5–9) 
are RHCE-derived (Fig. 5.10). RN consists of RHD
and RHCE–D–CE in which exon 4 is RHD-
derived. From comparison of the abnormal hybrid
genes in the DBT and in the RN haplotypes it appears
that Rh32 could result from the conformation of an Rh
polypeptide with the product of RHD exon 4 fused to
the product of RHCE exon 5. However, Rh32 does not
simply arise from a unique linear amino acid sequence
resulting from the gene rearrangements. A sequence of
21 amino acids spanning the junction of the products
of exons 4 of RHD and exon 5 of RHCE is identical in
the polypeptides encoded by the two genes. Rh32 must
be a discontinuous antigen involving two extracellular
loops of the Rh protein. The abnormal genes in both
DBT and RN produce a polypeptide in which the three
amino acid residues characteristic of a D polypeptide
within the third extracellular loop (Met169, Met170,
Ile172) could interact with the one amino acid charac-
teristic of a CcEe polypeptide in the fourth extracellu-
lar loop (Gln233), to create Rh32 (Fig. 5.10).

FPTT is associated with the rare RoHar gene, which
also produces a partial D antigen (DHAR), c, very

weak e, and another low frequency antigen, Rh33
(Sections 5.6.4.9 and 5.14.2.1). FPTT is also associat-
ed with DFR, another partial D antigen (Section
5.6.4.7). RoHar is an RHCE–D–CE gene in which only
exon 5 is RHD-derived. DFR is produced by
RHD–CE–D in which part of exon 4 is RHCE-
derived. FPTT appears to be the opposite to Rh32, re-
sulting from the interaction of a third extracellular
loop encoded by RHCE-derived exon 4 and a fourth
extracellular loop encoded by RHD-derived exon 5
(Fig. 5.10).

5.17.3 Antibodies to low frequency antigens

Table 5.14 summarizes published and unpublished in-
formation available to the author; other examples of
these antibodies may well exist. Some antibodies have
caused severe HDN, but where antibodies are shown
to have caused mild HDN, in a few cases this may only
represent a positive DAT on the baby’s red cells. Anti-
Goa is implicated in a delayed haemolytic transfusion
reaction [545].

Although some specificities, for example anti-Goa

Table 5.14 Antibodies to low frequency Rh antigens.

Red cell ‘Naturally Other antibodies No. of 
Antigen immune occurring’ present HDN examples References

Cw RH8 Yes Yes Yes Yes Many [392,395,401]
Cx RH9 Yes Yes Yes Mild Many [405,406,408]
V RH10 Yes No Yes No Many [411,415–417]
Ew RH11 Yes No No Yes Several [327,328]
VS RH20 Yes Yes No Many [412,415]
Dw RH23 Yes Yes* No Several [229,419]
Goa RH30 Yes Yes Yes* Yes Several [225,420]
Rh32 RH32 Yes Yes Yes* Yes Several [421–423]
Rh33 RH33 Yes Yes No 3 [196,424]
Rh35 RH35 Yes Yes No 1 [425]
Bea RH36 Yes No No Yes Several [426–429]
Evans RH37 Yes Yes Yes* Yes Several [701]
Tar RH40 Yes Yes Yes Yes 3 [243–245]
Rh42 RH42 Yes No No Mild 2 [413]
Riv RH45 Yes No Yes Mild 1 [700]
JAL RH48 Yes Yes Yes Mild 3 [702]
STEM RH49 Yes No Yes Mild Several [352]
FPTT RH50 Yes Yes No 1 [195]
BARC RH52 Yes No 1 [233]
JAHK RH53 Yes Yes No Several [376]
DAK Yes No Several [175]

*Not always separable from other Rh specificities, see text.
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and anti-Rh32, are each found as the sole antibody in
some sera and may have caused HDN, in other sera
they occur together and are ‘naturally occurring’.
When these two specificities are found together they
are generally not separable by adsorption. To take a
specific example, the Tillett serum contained anti-
bodies to many low incidence antigens, although Mrs
Tillett had not been exposed to these antigens. Anti-
Goa, -Evans, and, sometimes, anti-Rh32 were present
in Tillett serum, but these specificities could not be 
isolated from each other by adsorption and elution:
adsorption with Rh:32 Go(a–) Evans– cells removed
activity against Go(a+) and Evans+ cells, as well as
against Rh:32 cells. Adsorption with Rh:32 cells of a
later batch of Tillett serum, which no longer contained
anti-Rh32, did not affect the strength of the anti-Goa

and -Evans, but adsorption with either Evans+ or
Go(a+) cells removed all activity for those cells [165].
Presumably conformational similarities exist between
Rh32, Evans, and Goa determinants and some anti-
bodies detect a common feature of these determinants
whereas others can distinguish between them.

Some anti-Dw are specific for the product of a DVa
gene, in which the presence of Gln233 in an RhD pro-

tein appears to be the key factor (Section 5.6.4.4).
However, most anti-Dw also react with Rh:32 cells,
some reacting only weakly with the Rh:32 cells and
some reacting as strongly with Rh:32 cells as with Dw+
cells [546]. Comparison of DVa genes, which produce
Dw, with DBT and RN genes, which produce Rh32
(Figs 5.6 and 5.9), reveals that all involve exon 5 en-
coding Gln233 (RHCE) adjacent to exon 4 derived
from RHD.

5.18 Rh antibodies

Most details on the specificities of Rh antibodies are to
be found in the preceding sections, where the antigens
they define are described. Provided here are more 
general comments on Rh antibodies, polyclonal and
monoclonal, and on their clinical significance.

Rh antibodies are usually produced in response to
red cell immunization resulting from blood transfu-
sion or pregnancy, although ‘naturally occurring’ Rh
antibodies are not unknown. Rh antibodies generally
react optimally at 37°C, their reactivity being en-
hanced by protease treatment of the cells. Most Rh 
antibodies, in the absence of an enhancing medium, do
not directly agglutinate untreated antigen-positive red
cells.

Most Rh antibodies should be considered potential
agents of HDN and of haemolytic transfusion reac-
tions. Transfusion reactions may be immediate or 
delayed.

5.18.1 Anti-D

5.18.1.1 Alloanti-D

Anti-D are mostly IgG, but some sera may contain an
IgM component. Sera containing IgM anti-D usually
agglutinate saline suspended D+ cells, as do some sera
containing relatively high concentrations of IgG anti-
D alone [270]. Most anti-D sera from hyperimmu-
nized subjects also contain an IgA component [270].
IgG1 and IgG3 are the predominant anti-D subclasses;
IgG1 is nearly always present and, in individuals who
have received multiple immunizations, both subclass-
es are generally detected [270,547,548]. IgG2 and
IgG4 anti-D are also found occasionally [548–550].

The failure of almost all anti-D to activate comple-
ment is attributed to the distance between antigen
sites, which prevents the collaboration between IgG

Fig. 5.10 Molecular bases of the low frequency Rh antigens
Rh32 and FPTT. Rh32 probably results from the interaction
between a third extracellular (EC) loop encoded by an
RHD-derived exon 4 and a fourth EC loop encoded by an
RHCE-derived exon 5 in the hybrid genes associated with
DBT and RN. FPTT probably results from the interaction
between a third EC loop encoded by an RHCE-derived exon
4 and a fourth EC loop encoded by an RHD-derived exon 5
in the hybrid genes associated with DFR and Ro

Har.
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molecules required for C1q binding [270]. D+ red cells
that had been very heavily coated with anti-D bound
up to 1600 molecules of C1q, yet the classical comple-
ment pathway was not activated [551]; however, there
are exceptions. For example, one well-investigated
anti-C+D (Ripley) would haemolyse D+ cells through
the activation of complement [552,553] and a comple-
ment binding anti-D was found in the serum of a
woman with a weak partial D [554].

Examples of IgG anti-D in the sera of untransfused
men have been described [555,556], but these are rare.
‘Naturally occurring’ IgG anti-D that were only de-
tectable in an AutoAnalyser, were reported to be rela-
tively common [557].

Human anti-D was produced in mice with severe
combined immunodeficiency (SCID), which had been
reconstituted with peripheral blood mononuclear cells
obtained from D– people who had recently been sensi-
tized with D+ red cells [558]. When mononuclear cells
were used from donors many years after sensitization,
no anti-D was produced in the mice even though anti-
D was still present in the donor’s plasma. It appears
that long-lived or memory cells are not present in the
peripheral blood of individuals who have not been re-
cently boosted.

5.18.1.2 Monoclonal anti-D

The development of the mouse hybridoma technique
in the late 1970s and 1980s led to the production of
murine monoclonal antibodies to a host of blood
group antigens, yet mouse monoclonal anti-D has
never been made. Failure to make anti-D in mice stim-
ulated attempts to produce human monoclonal anti-
bodies, primarily to replace polyclonal antibodies as
grouping reagents and for prophylactic use. The hy-
bridoma technique of Köhler and Milstein [559] was
not very successful when applied to humans, but an 
alternative approach, that of immortalizing human 
B lymphocytes by in vitro transformation with 
Epstein–Barr virus (EBV) [560], did bring success.

Crawford et al. [561] were the first to clone EBV-
transformed lymphoblastoid cells to produce a stable
cell line secreting anti-D. Although some cell lines pro-
ducing anti-D made in this way have survived for 
several years [237,561–565], these cell lines are often
unstable [566] and difficult to grow in large-scale cul-
ture. To overcome these problems, EBV-transformed
lymphoblastoid cells are usually fused with myeloma

cells to produce a hybridoma [567]. Fusion partners
used for the production of monoclonal anti-D have
been mouse myelomas [564,568–571], mouse–human
heterohybridomas [572,573], and human lym-
phoblastoid cell lines [564,570]. CD40 activation of
lymphocytes can be used to replace EBV transforma-
tion [574]. One monoclonal anti-D produced by a
human ¥ human hybridoma, with no EBV or CD40 ac-
tivation, is reported [575]. Greatest success in produc-
ing monoclonal anti-D has been achieved when
lymphocytes from recently reboosted antibody 
makers were used (for reviews see [576–579]).

Of the 52 cell lines secreting anti-D summarized by
McCann et al. [578], 17 were IgM and 35 IgG; of the
33 IgG subclassed, 24 were IgG1, eight IgG3, and one
IgG2. The predominance of IgG1 and IgG3 molecules
reflects the antibody profile of the lymphocyte donors.
EBV-transformation followed by fusion appeared to
increase the probability of making IgM anti-D [578].
IgA monoclonal anti-D has been reported [568].

Reactions of monoclonal anti-D with red cells ex-
pressing partial D antigens has identified numerous
epitopes on the RhD protein (Table 5.6 and Section
5.6.3). Most monoclonal anti-D do not react with cat-
egory VI cells. Leader et al. [237] succeeded in making
three monoclonal anti-D for detecting DVI antigen by
using DVI red cells for rosetting in the production and
maintenance of their transformed cell lines.

Idiotype-specific antibodies produced in rabbits im-
munized with a purified monoclonal anti-D com-
pletely inhibited that anti-D, but no other monoclonal
or polyclonal anti-D [580]. The idiotype antibodies
brought about agglutination of D+ red cells coated
with only four of 118 examples of incomplete poly-
clonal anti-D. Three monoclonal antibodies made by
immunizing mice with BRAD-5 monoclonal anti-D
detected three different idiotopes on the anti-D [581].
The antibodies bound to BRAD-5 and other antibod-
ies from clones derived from the same donor, but to no
other anti-D, including three with the same D epitope
specificity.

The IgM heavy chain variable region gene segment
V4-34 is present in cold agglutinins with I and i speci-
ficity (Section 25.7.1.1). About 85% of IgM mono-
clonal anti-D are encoded by V4-34 and these
antibodies agglutinate papain-treated D– red cells;
some will agglutinate untreated D– cells at 4°C
[582,583]. This cold agglutination is usually i-specific,
but can be I-specific. V4-34 IgM monoclonal anti-D
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also exhibit tissue multireactivity, mostly directed
against intracellular components, in particular cyto-
plasmic intermediate filament proteins [583,584].
Clearly, the cold agglutinin characteristics of IgM anti-
D must be a consideration in the development of
reagents. Although multireactivity is pertinent to the
development of monoclonal anti-D as HDN prophy-
lactic agents, antibodies required for this purpose are
IgG, where multireactivity is much less prevalent.

Anti-D monoclonals and blends of monoclonals are
now generally used as Rh grouping reagents. IgM
monoclonal anti-D reagents agglutinate all but the
weakest of weak D samples, although most do not 
agglutinate DVI cells (Section 5.6.9 and reviewed in
[214,585]). The potential use of monoclonal anti-D in
HDN prophylaxis is discussed in the section below.

Human immunoglobulin V-gene cDNA derived
from peripheral blood lymphocytes can been ampli-
fied and cloned, and the VH and VL gene repertoires
linked together at random to encode of single chain Fv
(scFv) antibody fragments. These synthetic scFv
cDNAs are inserted into phage vectors so that they can
be incorporated into filamentous phages. By linking
the scFv cDNA to a gene for a phage coat protein the
encoded scFv molecules are represented at the surface
of the phage, which then behaves like an antibody.
Phages containing genetic information for variable re-
gions that bind to a specific antigen can then be 
isolated, by selecting with an appropriate solid phase
antigen. Red cells can be used for this purpose. Es-
cherichia coli can then be transduced with these genes,
cloned, and the single chain variable region fragments
are secreted [586]. By this technique, antibody frag-
ments specific for D and E were produced from non-
immunized donors, but these antibodies were of low
affinity [587,588]. Subsequently, similar phage reper-
toire cloning techniques have led to the production of
Fab fragments with D antigen binding characteristics
identical to those of the parental antibodies [589,590].

Genetically engineered IgG anti-D molecules, se-
creted by insect or mammalian cell lines, have a func-
tional Fc domain and behave normally in
immunological functional assays [590,591]. Such en-
gineered antibodies could be candidates for use in
HDN prophylaxis.

Sequencing of the genes encoding the variable re-
gions of the light and heavy chains (VL and VH) of
monoclonal IgG anti-D, revealed an extremely re-
stricted use of germline genes [261,592–595]. The

germline VH segments used in IgG anti-D are among
the most cationic available in the human VH repertoire
[593]. This would explain the relatively high isoelec-
tric point of anti-D, compared with that of serum IgG,
which may be an important factor in binding to the D
antigen, which is located close to the membrane lipids.

5.18.1.3 Clinical significance of anti-D

Clinically, D is the most important red cell antigen
after A and B. Anti-D has the potential to cause severe
haemolytic transfusion reactions. D+ red cells must
never be transfused to patients with anti-D and red
cells of donors and recipients should always be typed
for D, except in populations where the D– phenotype
is very rare. About 85% of D– individuals make anti-D
following infusion of 200mL or more of D+ red cells
[270], so D+ cells should not be transfused to D– pa-
tients, except in an emergency, and must never be
transfused to D– girls and women of child-bearing age.
The same criteria should be applied to blood products
that may be contaminated with red cells.

Before the 1970s, HDN caused by anti-D was a sig-
nificant cause of fetal and neonatal morbidity and
mortality. In 1970, the incidence of infant deaths and
stillbirths from HDN caused by anti-D in England 
and Wales was 1.2 per 1000 births; by 1989 the figure
had fallen to 0.02 per 1000 births [596]. This remark-
able fall in prevalence is predominantly the result of
immunoprophylaxis with anti-D immunoglobulin,
which prevents the production of maternal anti-D 
following D-incompatible pregnancies. The mecha-
nism for this antibody-mediated immune suppression
is not known, but is probably dependent on interac-
tions with an IgG Fcg receptors (reviewed in [597]). All
D– women must receive anti-D immunoglobulin with-
in 72h of delivery of a D+ baby, the dose of anti-D
being related to the size of the transplacental haemor-
rhage. In addition, it has been recommended that anti-
D immunoglobulin be given to all pregnant D– women
at 28 and 34 weeks’ gestation, to protect against ante-
natal immunization [598–600].

The severity of anti-D HDN is highly variable. The
most severely affected fetuses die in utero from about
the 17th week of gestation onwards. In less severe
cases, hydrops fetalis may occur. In severely affected
infants who are born alive, jaundice may develop
rapidly and lead to kernicterus. About 70% of infants
who develop kernicterus die within a few days; of
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those who survive, many have permanent cerebral
damage [270]. For reviews on Rh HDN, its treatment,
and prevention see [270,579,596,598,601,602].

IgG1 and IgG3 anti-D both appear capable of caus-
ing HDN, although which of these subclasses is re-
sponsible for the more severe disease is controversial
[598,602]. A variety of assays has been developed in
an attempt to predict the severity of HDN during the
course of a pregnancy, to assist in management of the
disease. In addition to IgG subclassing and anti-D
quantification in an AutoAnalyser, cellular functional
assays model the in vivo destruction of antibody-
coated red cells following interaction with Fcg-
receptors of the mononuclear phagocyte system. 
Functional cellular assays include:
1 monocyte monolayer assays, which measure adhe-
sion and phagocytosis;
2 chemiluminescence assays, which measure the
metabolic response of monocytes during phagocyto-
sis; and
3 monocyte and lymphocyte (K cell) antibody-
dependent cell-mediated cytotoxicity (ADCC) assays,
which measure haemolysis (reviews in [270,602]).
Despite the sophistication of these tests, none has
proved entirely satisfactory [602–604].

The success of the Rh immunoglobulin prophylaxis
programme has created a problem: very few D–
women become immunized to make anti-D, creating a
shortage of the immunoglobulin necessary to prevent
their immunization. This shortage has been exacer-
bated by the introduction of antenatal prophylaxis
programmes. The solution, in the short term at least,
must lie with monoclonal anti-D, in which an almost
infinite volume of immunoglobulin can be produced in
vitro from one immunization (reviewed in [579]).
These potential therapeutic reagents are currently un-
dergoing clinical trials. Radiolabelled D+ red cells
were coated, in vitro, with varying quantities of two
human monoclonal anti-D, one IgG1 (FOG-1) and
one IgG3 (BRAD-3), and returned to their donor. Both
antibodies mediated immune clearance of the coated
cells, but substantially fewer IgG3 molecules were re-
quired than IgG1, and there was no synergistic effect
when both antibodies were used [605]. When D– vol-
unteers were given intramuscular injections of 
monoclonal anti-D followed by infusions of radiola-
belled D+ red cells, IgG3 anti-D (BRAD-3) induced
clearance at a rate slower than polyclonal anti-D, but
IgG1 anti-D (BRAD-5) gave a similar clearance rate to

the polyclonal antibody [606]. In another trial, 95 D–
male volunteers were injected with 5mL of D+ red cells
and then, 24h later, received an intramuscular injec-
tion of a cocktail of BRAD-3 and -5. The monoclonal
antibody appeared generally successful in preventing
D immunization, though there was one failure and one
possible failure [607].

Peptide immunotherapy, the use of peptides derived
from the RhD protein to render D-specific helper T
cells tolerant, is another potential approach to pre-
venting anti-D HDN. This technology is currently at
an early stage of investigation [608].

Occasional unexpectedly mild cases of HDN occur
in the D+ fetuses of women with anti-D and a history
of severe HDN in previous pregnancies. This can occur
as the result of maternal HLA antibodies blocking Fc
receptors on fetal macrophages, protecting sensitized
fetal red cells from destruction [609,610]. FcgRI-
blocking antibodies could have a potential for the
treatment of HDN.

5.18.2 Anti-C, -c, -E, -e, and -G

The numerous complexities of the specificities of anti-
bodies described as anti-C, -c, -E, and -e are described
in Sections 5.8 and 5.9. These antibodies share many
of the characteristics of anti-D. They are generally 
immune antibodies, mostly IgG, and predominantly
IgG1, although IgG2, IgG3, and IgG4 have all been de-
tected [548]. Antibodies of all these specificities have
been involved in haemolytic transfusion reactions,
particularly of the delayed type [270]. Anti-c is clini-
cally the most important Rh antigen after anti-D and
may cause severe HDN. In three series of studies, be-
tween 14% and 21% of c+ babies born to women with
anti-c required exchange transfusion [611–613]. Anti-
C, -E, -e, and -G have all caused HDN, but the occur-
rence is rare and the outcome seldom severe [270]. The
clinical significance of antibodies with compound
CcEe specificities is described in Section 5.10. Anti-G
may be mistaken for anti-C+D (Section 5.11). It is im-
portant that pregnant women with anti-G or anti-C+G
receive anti-D immunoglobulin, to prevent them 
making anti-D. Unlike other Rh specificities, appar-
ently ‘naturally occurring’ anti-E are not uncommon
[355,356].

Intravascular haemolytic transfusion reactions have
been associated with specific Rh antigens in the ab-
sence of any detectable Rh antibody [614]. Rh associa-
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tion was inferred because transfusion of red cells posi-
tive for a particular Rh antigen resulted in haemolysis,
whereas transfusion of antigen-negative cells resulted
in normal red cell survival. C, c, and e have been impli-
cated in this type of reaction [614].

Human monoclonal antibodies to C, c, E, e, and G
have been produced by cloning of EBV-transformed
lymphoblastoid cell lines or by cloning of heterohy-
bridomas produced from a fusion of EBV-transformed
cells with mouse myeloma cells (see Section 5.18.1.2)
[564,615,616]. One monoclonal anti-C was derived
from a heterohybridoma involving untransformed
lymphocytes [617]. Mouse monoclonal antibodies
with anti-e-like specificity are described below (Sec-
tion 5.18.6).

5.18.3 ‘Enzyme-only’ antibodies

Some Rh antibodies, often referred to as ‘enzyme only’
antibodies, agglutinate red cells treated with protease
enzymes, but are not detected by conventional
antiglobulin tests with untreated cells. Although these
antibodies are most often ‘naturally occurring’ anti-E
[353–356], ‘enzyme-only’ anti-D, -C, -c, -e, and -ce
and have also been identified [618–622]. ‘Enzyme-
only’ antibodies are generally clinically insignificant
[618,620,621] and are not detected when tests 
employing protease-treated red cells for antibody
screening are avoided; however, there are rare excep-
tions. Single examples of ‘enzyme only’ anti-c, -e+ce,
and -C (which bound C3) caused haemolytic transfu-
sion reactions [618,619,622]. One ‘enzyme-only’
anti-E became active by an indirect antiglobulin test
during pregnancy and caused HDN requiring ex-
change transfusion [623].

5.18.4 Rh autoantibodies

Rh antigens are the most common targets for warm
autoantibodies [624,625]. The involvement of Rh an-
tibodies in autoimmune haemolytic anaemia (AIHA)
was first appreciated when autoantibodies with anti-e
specificity were recognized [626]. Of the ‘simple’ Rh-
specific autoantibodies, anti-e is the most common,
but anti-c, -E, -D, and -C also occur, roughly in that
order of prevalence [624,627,628]. These specificities
occasionally occur alone, but more often adsorption
tests with Rh-phenotyped red cells are necessary to de-
termine the specificities present on the red cells and in

the serum of AIHA patients. Some Rh antibodies with
apparently simple specificities, dubbed ‘mimicking 
antibodies’ by Issitt et al. [629], can be totally ad-
sorbed by ‘antigen-negative’ red cells, demonstrating a
broader specificity. Cold type AIHA resulting from
complement activating IgM autoanti-D has been 
described [630].

Use of red cells with the rare Rh phenotypes Rhnull

and D–– showed that antibodies to high incidence Rh
antigens often occur as autoantibodies [631]. Rh-
related antibodies may also be involved in some cases
of drug-induced AIHA [270,624,625]. Loss or weak-
ness of some Rh antigens has been reported in a few pa-
tients with AIHA [350,632,633].

Some D+ patients developed anti-D and a positive
DAT after transfusion of D+ blood [634–636]. The
anti-D was transient, although an injection of D+
blood in one patient restimulated the antibody [635].
Autoanti-D may occur concurrently with alloanti-D in
immunized individuals with partial D antigens
[637,638] and, rarely, before the alloanti-D can be 
detected [639].

5.18.5 Transplant donor-derived Rh antibodies

Anti-D derived from donor lymphocytes in D+ recipi-
ents of solid organ transplants (kidney, liver,
heart–lung) has been responsible for haemolysis,
sometimes severe [640–646]. The donor origin of such
anti-D has been demonstrated by Gm grouping
[641,646]. Chimerism was demonstrated by the pres-
ence of leucocytes of donor origin, identified by HLA
Class II genotyping, in the peripheral blood of a
heart–lung recipient 2 months after transplantation
[646]. Anti-c, -E, and -e have also been detected in 
similar circumstances [642–644,647]. Acute haemol-
ysis caused by anti-D plus -E occurred in a D+ recipient
of the liver from a D– donor. Anti-D, -E, and -K were
detected in the recipient of a kidney and the pancreas
from the same donor, but a third D+ patient, who re-
ceived the donor’s other kidney, did not develop anti-D
[643].

Anti-D has been observed in D+ recipients of D–
bone marrow [648–651], in one case not appearing
until immunosuppression for graft-vs.-host disease
had been discontinued, 2 years after transplantation
[650]. Anti-D, -E, and -G were detected in the serum of
a DcE/dce patient 4 months after he received bone
marrow from his sister, presumably the result of im-
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munization of the donor-derived lymphocytes by the
patient’s D+E+ red cells [651].

5.18.6 Rh-related murine 
monoclonal antibodies

No mouse monoclonal anti-D, -C, -c, -E, or -e has been
produced. Many murine antibodies to high frequency
red cell antigens are Rh-related, because they do not
react, or react only weakly, with Rhnull cells. Some of
these antibodies react with D– and D–– cells, suggest-
ing they define epitopes common to the RhCcEe and
RhD polypeptides (anti-Rh29-like), others do not
react with D–– cells, suggesting that they define 
RhCcEe-specific epitopes (anti-Rh17-like) [89,
210,431,652]. Some mouse monoclonal antibodies
that react with all red cells except those of Rhnull and
D–– phenotypes show a preference for e+ red cells over
e– cells and, under certain conditions, behave as anti-e
[210,653–655]. Despite reacting only weakly with
DcE/DcE cells, one of these antibodies (BS58) reacted
as strongly with DCE/DCE cells as with dce/dce cells
[655].

5.19 Rh mosaics and acquired 
phenotype changes

5.19.1 Malignancy

Abnormal expression of some Rh antigens has occa-
sionally been observed in patients with myeloid
leukaemias, polycythaemia, and other myeloprolifer-
ative disorders. In most cases these patients appear to
be mosaics with two populations of red cells of differ-
ent Rh phenotype [137,656–661], although a few
have complete loss of certain Rh antigens [662–665].
One patient with myeloid metaplasia, previously
known to be D+ , was found to be D– and had made
anti-D plus -C [663]. Most of these patients are afflict-
ed with conditions that are clonal in origin and their
unusual Rh types are attributed to clones of mono-
somic cells. The strength of antigen expression and
proportions of the two cell populations can vary over a
period of time [656,661,664]. A myelofibrosis patient
with a mixture of DCe/dce and dce/dce cells (father
dce/dce, mother DCe/DCe) had an aberrant kary-
otype, a cytogenetic mixture with an abnormal popu-
lation containing a balanced translocation involving

chromosomes 1, 4, and 7 [662]. However, in most
cases no abnormality of chromosome 1, which con-
tains the Rh genes, was observed.

A D+ woman became D– over a 3-year period, dur-
ing which she was treated with irradiation for breast
cancer and diagnosed with chronic myeloid leukaemia
[665]. Reticulocyte transcript analysis revealed RHD
with a deletion of G600 in exon 4, introducing a read-
ing frameshift and premature stop codon, plus Ce and
ce alleles of RHCE. The RHD mutation, which was
present in neutrophils and cultured erythroblasts, but
not lymphoid cells, probably resulted from a somatic
mutation in a myeloid stem cell.

5.19.2 Healthy people

Although rare, there are many examples known of ap-
parently healthy people whose blood appears to con-
tain two red cell populations, as judged by tests with
Rh antisera, but have no sign of mosaicism in tests for
other genetic markers [30,660,666–668]. The Rh mo-
saicism is not a transient condition. Families of four
propositi eliminated chimerism as a possible explana-
tion [30]. Screening with anti-D+C of blood from 552
individuals over 60 years old disclosed one Rh mosaic
[668]. These unusual phenotypes could result from 
somatic mutation or from proliferation of clones
monosomic for RH. Karyotypes of two propositi were
examined and appeared normal [30,660].

Two individuals with Rh mosaicism were also mo-
saics for another chromosome 1 marker, the Duffy
blood group [669,670]. Jenkins and Marsh [669]
found 30% DCe/dce Fy(a+) and 70% dce/dce Fy(a–)
red cell populations in a male blood donor. The results
of testing his family showed that he could not be
dce/dce: his father was DCe/DCe Fy(a+b–), his mother
DCe/dce Fy(a–b+), and his sister DCe/dce Fy(a+b+).
Extensive serological investigation led to the conclu-
sion that the father had a homozygous dose of C and e
antigens. Eight years later the phenotype showed the
same mosaicism and the donor’s karyotype appeared
normal [671]. In another case, 30% of red cells were
D+C+Fy(b+) and 70% D–C–Fy(b–), but no other sign
of mosaicism was observed in the many markers stud-
ied (including red cell groups, HLA, plasma proteins,
and isozymes) [670]. The karyotype determined on
lymphocyte and fibroblast cultures was normal. A
simple deletion of part of chromosome 1 could not
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provide the explanation for these two cases as RH and
FY are not within measurable distance of each other
and loss of both loci would involve a visible change to
the chromosome (see Chapter 32).

5.20 Development and distribution 
of Rh antigens

5.20.1 Fetal red cells

Rh antigens are readily detected on cord red cells; no
surprise considering the part they play in HDN. D, C,
c, E, and e antigens have been detected on fetal red cells
at the eighth week of gestation [672] and no variation
in D antigen density was apparent between weeks 10
and 40 [673]. No D antigen or RHD mRNA transcript
was detected in trophoblasts between 8 and 40 weeks’
gestation [674].

5.20.2 Erythroid precursors

RhAG appears at an early stage of erythropoiesis on
erythroid blast-forming units (BFU-E). During the
course of in vitro erythroid culture from isolated
CD34+ cells, RhAG appears after glycophorin C and
Kell glycoprotein, but before glycophorin A and band
3. The Rh antigens appear substantially later, after gly-
cophorin A and band 3 [104–106]. The products of
RHD and RHCE appear at the same time, although
some D epitopes appear later than others [106,675],
which could reflect conformational changes to the Rh
protein complex that might occur during the erythro-
poietic process. Pronormoblasts from D+ bone mar-
rows have about 25% of the quantity of D antigen pre-
sent on mature D+ red cells, the quantity increasing
during red cell maturation [676].

5.20.3 Other cells and tissues

Rh antigens appear to be erythroid specific. No D, 
C, c, E, or e antigen could be detected on granulocytes,
lymphocytes, monocytes, or platelets by radioim-
munoassay and fluorescent flow cytometry [677,678].
There is no evidence of Rh antigens on cells of other 
tissues.

RhAG may also be erythroid-specific, but homo-
logueues of RhAG (RhBG and RhCG or RhGK) are
present in kidney, liver, skin, and testis [97,108,109].

5.21 Functional aspects of the Rh
membrane complex

Functions of the Rh proteins, or of the Rh membrane
complex, are unknown. The predicted topology of the
Rh proteins in the cell membrane—polytopic, with 
cytoplasmic N- and C-termini—is characteristic of 
membrane transporters. RhAG bears even closer re-
semblance to red cell membrane transporters, as it has
a single N-glycan on one of its extracellular loops.
There is now some evidence to suggest that RhAG, and
other members of the Rh protein family, could func-
tion as ammonium transporters.

Ammonium may be friend or foe. It is utilized by
prokaryotes and lower eukaryotes as a source of nitro-
gen, whereas in mammals it is toxic and must be 
metabolized and excreted. A family of ammonium
transporters, the Mep/Amt proteins, is ubiquitous in
lower organisms, including bacteria, yeast, and plants
[679,680]. These proteins are polytopic and generally
have 11 membrane-spanning domains and an extra-
cellular N-terminus [681]. RhAG shares between 20%
and 27% sequence identity with proteins of the
Mep/Amt family [682].

Yeast (Saccharomyces cerevisae) cells have three
membrane ammonium transporters: Mep1, Mep2,
Mep3. Yeast cells lacking all three Mep proteins
(triple-mepD) fail to grow in low levels (5mM) of am-
monium, though any one of the Mep proteins can re-
store growth. Marini et al. [109] demonstrated that
the growth defect in triple-mepD yeast cells could be
repaired by transfection of the cells with RHAG
cDNA or with cDNA encoding a kidney homologue,
RhGK (also called RhCG). These transformed cells
grew in 1mM ammonium. Furthermore, transfection
of yeast cells with RHAG or RHGK cDNA conferred
resistance to a toxic concentration of methylammoni-
um, suggesting that the human proteins are involved in
the export of the ammonium analogue.

No evidence exists that the Rh complex functions to
facilitate transfer of ammonium in or out of the red
cells. Ammonium concentration is three times higher
in red cells than in plasma. It is tempting to speculate
that RhAG promotes retention of ammonium in red
cells for transport to the liver or kidney and subse-
quent removal from the body, thus protecting against
ammonium toxicity in the brain [109,683]. RhAG ho-
mologues in the kidney are likely to be involved in 
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ammonium secretion by the renal proximal tubule
[97,108,109]. Mep2 has the highest level of homology
with RhAG of the three yeast Mep proteins [512]. In
addition to being an ammonium transporter, Mep2
also acts as an ammonium sensor [683], fuelling 
speculation that Rh-family proteins may function as
human ammonium sensors.

Red cells with Rh-deficiency phenotypes are usually
morphologically and functionally abnormal (Section
5.16.6), and a number of anomalies have been associ-
ated with Rh deficiency including abnormal organiza-
tion of membrane phospholipids [538]. The lipid
bilayer of normal cells is asymmetrical: phosphatidyl-
choline and sphingomyelin are found predominantly
in the outer leaflet, while almost all phos-
phatidylethanolamine and phosphatidylserine mole-
cules are in the inner leaflet. This asymmetry is
maintained, in part, by an aminophospholipid
translocator, a cysteine-containing, non-glycosylated,
integral membrane polypeptide of apparent Mr 32000
(reviewed in [684,685]). Although there have been
suggestions that Rh polypeptides are involved in trans-
bilayer movement of phosphatidylserine [684], Rhnull

red cells have normal aminophospholipid translocator
activity and the aminophospholipid translocator and
Rh polypeptides have now been shown to be different
molecules [686,687].

5.22 Evolutionary aspects

Ancestors of the genes of the Rh family appear to be
primitive, non-erythroid homologues of RHAG, 
present in slime mould and throughout the animal
kingdom [62,97]. The degree of homology between
RHAG and homologous human and some non-
human genes is shown Table 5.15. RHAG has a higher
level of homology with its slime mould homologue,
than with the Rh genes, RHCE and RHD. Gene dupli-
cations and subsequent chromosomal translocations
have produced at least five human, four murine, and
two nematode (Caenorhabditis elegans) genes of the
Rh family. Single Rh-family genes have been found in
the marine sponge, Geodia cydonium, and the slime
mould, Dictyostelium discoideum [62]. Genes of the
Rh family are also homologous to genes encoding am-
monium transporters of the Mep/Amt family in plants
and lower animals (see Section 5.21), but these show
substantially lower levels of identity [682].

The ancestral RH (RHCE and RHD, or RH30)

genes were formed, almost certainly, by duplication of
an ancestral RHAG-like (or RH50) gene. Analyses of
the numbers of synonymous and non-synonymous
substitutions in the RH and RHAG genes in human,
macaque, mouse, and rat suggested that Darwinian 
selection had acted on both genes, but that RHAG is
more conserved than the RH genes, having evolved
2–3 times more slowly [688,689]. This suggests that
RHAG has greater functional significance than RH.
Duplication of an RHAG-like gene to form an ances-
tral RH gene is estimated to have occurred between
240 and 346 million years ago, about the time of the
divergence of mammals and birds [688,689]. How-
ever, a more recent study suggests that the duplication
occurred earlier, 510 million years ago, before diver-
gence of jawless fish and jawed vertebrates [690]. RH
gene homologues have been detected in all mammals
studied and, at low stringency, Southern analysis with
an RH gene-specific PCR product revealed an RH-

Table 5.15 Percentage of identity between human RHAG
and other genes of the human Rh family and RHAG
homologues in other species [97].

Percentage 
identity 

Species Gene to RHAG

Homo sapiens RHAG 100.0
(human) RHCG (RHGK) 50.9

RHBG 49.9
RHCE 33.0
RHD 32.8

Mus musculus Rhag 76.5
(mouse)

Danio rerio Rhg 43.0
(zebrafish)

Drosophila Rhp 41.4
melanogaster 
(fruit fly)

Caenorhabditis Rhp-1 35.9
elegans Rhp-2 43.0
(nematode)

Geodia cydonium Rhg 41.8
(marine sponge)

Dictyostelium RhgA 34.5
discoideum
(slime mould)
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related fragment in the DNA of chickens [691]. Mr

32000 non-glycosylated polypeptides shown to be
30–60% identical to human Rh polypeptides by two-
dimensional peptide mapping, have been purified by
non-immunological techniques from membrane vesi-
cles prepared from rhesus monkey, cow, cat, and rat
red cells [692].

Rh-related mRNA transcripts were isolated from
the bone marrow of chimpanzee, gorilla, gibbon, crab-
eating macaque (Macaca fascicularis), and rhesus
monkey (M. mulatta), by reverse-transcriptase PCR
using primers designed from the sequence of human
Rh genes [310,693]. The cDNA sequences demon-
strated a high degree of homology to the human se-
quence and predicted proteins of 417 amino acids.
Like most humans, chimpanzees and gorillas have at
least two RH genes; other primates, including orang-
utans and gibbons, Old World and New World 
monkeys, and prosimians, have only one RH gene per
haploid genome [694]. Consequently, the duplication
of the ancestral RH gene that led to the evolution of
RHCE and RHD in man must have occurred in the
common ancestor of humans, chimpanzees, and goril-
las, between 8 and 11 million years ago [695,696]. Per-
ception of the mechanism involved in the duplication
event is complicated by the observation that RHCE
and RHD are in opposite orientation on the chromo-
some (Fig. 5.4) [80].

Antigens similar to Rh antigens are found on the red
cells of some non-human primates. Anti-c reacts with
red cells of chimpanzees, gorillas, and gibbons, where-
as anti-D detects polymorphisms on the red cells of
chimpanzees (Rc of the R–C–E–F system), gorillas
(Dgor), and orang-utans (Rho

Or). There are no reports
of C, E, or e on red cells of non-human primates (re-
viewed in [694,696]).

A series of events are predicted to have generated the
present Rh haplotypes [75,695]. Duplication of an an-
cestral RH gene, followed by divergence resulting
from mutations and complex recombination events,
generated genes resembling RHD and the ce allele of
RHCE. Dce therefore is the root of the human Rh sys-
tem (Fig. 5.11). Deletion or inactivation of RHD then
created dce, non-reciprocal recombination of RHD se-
quences in the exon 2 region into the ce allele of RHCE
could have produced DCe, and a point mutation in the
ce allele would have produced DcE. In harmony with
the thesis of Fisher and Race [697] from 1946, Carritt
et al. [695] proposed that dCe arose from recombina-

tion between DCe and dce, dcE from recombination
between DcE and dce, and DCE from recombination
between DCe and DcE. The very rare haplotype dCE
must have arisen from recombination between the un-
common haplotypes, dCE and dcE.

The Rh blood groups are highly polymorphic, par-
ticularly in Africans where there are three relatively
common genetic backgrounds to D– (Section 5.6.1.2).
If the Rh complex were to function as an ammonium
transporter, trivial changes to the Rh complex caused
by mutations in the RH genes could result in altered
ammonium concentration within the cells, which
might affect the suitability of the cells as a host for
malarial parasites. In this way a delicate evolutionary
balance between the parasite and its host could be re-
sponsible for the high level of Rh polymorphism.
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Fig. 5.11 Scheme to show the proposed derivation of the
eight Rh haplotypes from the ancestral haplotype, Dce (after
[695]). The haplotype dce resulted from deletion of RHD,
DcE from a point mutation within RHCE, and DCe from a
gene conversion event between RHD and RHCE. The less
common haplotypes dcE, dCe, and DCE, then arose from
recombination events involving dce, DcE, and DCe. The
very rare haplotype dCE resulted from recombination
between dcE and dCe.
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6

6.2 The Lutheran glycoproteins and the
gene that encodes them

6.2.1 The Lutheran glycoproteins 
(Lu-glycoproteins)

Components of apparent Mr 85000 and 78000 were
revealed by immunoblotting of red cell membranes
with monoclonal anti-Lub or with alloanti-Lua, -Lub, 
-Lu3, -Lu4, -Lu6, -Lu8, -Lu12, -Aua, or -Aub [1–3].
There was a small reduction in the apparent Mr of
these structures following sialidase treatment of the
red cells [2]. The two components were not apparent
when Lunull red cells were used and were not present in
cytoskeleton preparations. No bands were seen when
membranes were prepared under reducing conditions,
suggesting the importance of intact disulphide bonds
in antigen integrity. Immunoblots from membranes of
red cells treated with endoglycosidase-F did not show
the 85000 and 78000 components, but two new faint
bands of Mr 73000 and 66000 became apparent, 
interpreted as representing the loss of one or more 
N-linked oligosaccharide chains [1].

Parsons et al. [4] purified the Lu-glycoproteins by
immunoaffinity chromatography with a monoclonal
antibody, BRIC 221. From the amino acid sequence
obtained, they designed redundant oligonucleotide
primers and used the product of a PCR to isolate 
a cDNA clone of 2417bp from a human placental
cDNA library. The predicted mature protein consists
of 597 amino acids: 518 comprising an extracellular
domain, 19 a single transmembrane domain, and 59 a
cytoplasmic domain. This structure represents the Mr

85000 isoform. The cytoplasmic tail may be directly
attached to the membrane skeleton [5]. Immunopreci-
pitation experiments with a rabbit antiserum prepared
to an amino acid sequence of the cytoplasmic domain

6.1 Introduction

The Lutheran system consists of 18 antigens:
LU1–LU20 in the numerical notation, with two de-
clared obsolete (Table 6.1). Four pairs of these anti-
gens have allelic relationships: Lua (LU1) and Lub

(LU2); Lu6 and Lu9; Lu8 and Lu14; and Aua (LU18)
and Aub (LU19). Red cells of a null phenotype, Lunull

or Lu(a–b–), lack all Lutheran system antigens, as de-
termined by agglutination techniques. Lunull may arise
from any of three genetic backgrounds: homozygosity
for an autosomal-recessive amorph gene; heterozygos-
ity for a dominant suppressor gene; or hemizygosity
for a recessive X-linked suppressor gene. Only the 
autosomal-recessive type of Lunull is a true null pheno-
type, as weak Lutheran antigens may be detected by
adsorption and elution techniques on Lunull red cells of
the other two types, but all three types are referred to
as Lunull here. The high frequency antigen Lu3 is pre-
sent on all red cells save those of the Lunull phenotype.
Nine other antigens, all of very high frequency, are ab-
sent (or expressed very weakly) on Lunull cells, but have
not been shown to be controlled by the LU locus.

Lutheran antigens are located on two red cell mem-
brane glycoproteins (CD239) of apparent Mr 78000
and 85000, which belong to the immunoglobulin 
superfamily of receptors and adhesion molecules. The
Lutheran glycoproteins are ligands for the extracellu-
lar matrix glycoprotein, laminin.

The Lutheran locus is situated on chromosome 19
and is part of a linkage group that includes the loci for
Secretor, Lewis, H, and LW (Chapter 32).

Lutheran blood group system

6.1 Introduction, 275
6.2 The Lutheran glycoproteins and the gene

that encodes them, 275
6.3 Lua and Lub (LU1 and LU2), 278
6.4 Lutheran-null phenotypes (Lunull), 280

6.5 Other Lutheran antigens, 285
6.6 Effects of enzymes and reducing agents

on Lutheran antigens, 288
6.7 Distribution and functions of the

Lutheran glycoproteins, 289
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showed that the Mr 78000 structure lacks part of the
cytoplasmic domain [4] (Fig. 6.1). A cDNA clone 
encoding an epithelial cancer antigen (B-CAM) [6]
was subsequently shown to represent the Mr 78000
isoform, with a 19 amino acid cytoplasmic tail [7].

6.2.2 The Lu-glycoproteins belong to the
immunoglobulin superfamily (IgSF)

The immunoglobulin superfamily (IgSF) is a large col-
lection of glycoproteins, abundant on leucocytes, but
also present on other cells, which contain repeating 
extracellular domains with sequence homology to 
immunoglobulin variable (V) or constant (C1 or C2)
domains. Each IgSF domain consists of approximately
100 amino acids and is structured into two b-sheets
stabilized by a conserved disulphide bond. IgSF glyco-
proteins mostly function as receptors and adhesion
molecules, and may be involved in signal transduction
[8,9].

The extracellular domain of the Lu-glycoproteins is
organized into two V and three C2 IgSF domains [4,6]
(Fig. 6.1). There are five potential N-glycosylation
sites, one in the third domain and the other four in the

fourth domain. At least four other IgSF glycoproteins
are present in the red cell surface membrane: LW 
glycoprotein (Chapter 16), CD147 (Ok-glycoprotein;
Chapter 22), CD47 (Chapter 5), and CD58 (LFA-3).
For discussion on functional aspects of the Lu-
glycoproteins see Section 6.7.

Parsons et al. [10] constructed a series of LU cDNA
deletion mutants, each encoding Lu-glycoprotein
lacking one, two, three, or four of the IgSF domains.
K562 erythroleukaemia cell cultures expressing one of
the deletion mutant constructs or the whole LU cDNA
were analysed by flow cytometry with a variety of 
antibodies to Lutheran-system antigens, in order to
determine the location of those antigens on the Lu-
glycoproteins. The deduced locations are shown in
Fig. 6.1.

6.2.3 Organization of the gene

The LU gene is 12.5kb organized into 15 exons (Fig.
6.1, Table 6.2). Exon 1 encodes the signal peptide;
exons 2–12 the five IgSF domains (two exons per 
domain except domain 2, which is encoded by exons
4–6); exon 13 the transmembrane domain and the 

LU

Table 6.1 Lutheran system antigens.

Lu-glycoprotein
No. Name Frequency Allelic antigen IgSF domain Molecular basis*

LU1 Lua Polymorphic Lub 1 His77 (Arg)
LU2 Lub High Lua 1 Arg77 (His)
LU3 Lu3 High
LU4 Lu4 High 2
LU5 Lu5 High 1 Arg109 (His)
LU6 Lu6 High Lu9 3 Ser275 (Pho)
LU7 Lu7 High 4
LU8 Lu8 High Lu14 2 Met204 (Lys)
LU9 Lu9 Low Lu6 3 Phe275 (Ser)
LU11 Lu11 High
LU12 Lu12 High 1 or 2
LU13 Lu13 High 5 Ser447 (Leu)
LU14 Lu14 Low Lu8 2 Lys204 (Met)
LU16 Lu16 High
LU17 Lu17 High
LU18 Aua Polymorphic Aub 5 Thr539 (Ala)
LU19 Aub Polymorphic Aua 5 Ala539 (Thr)
LU20 Lu20 High 3 Thr302 (Met)

*[10,11,V. Crew and G. Daniels, unpublished observations]. Shown in parentheses are the amino acids associated with an antigen-negative
phenotype.
Obsolete: LU10, previously Singleton; LU15, AnWj (now 901009).
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cytoplasmic domain common to both isoforms; 
exons 14 and 15 the C-terminal 40 amino acids of the
larger isoform [10,11]. Two LU transcripts have been
isolated, one of 2.5kb encoding the larger Lu-
glycoprotein isoform (85000) and one of 4.0kb en-
coding the smaller (B-CAM, 78000) isoform [7]. The
two transcripts differ as a result of alternative splicing
of intron 13. In the 2.5kb transcript intron 13 has been
removed by splicing and exons 14 and 15 encode the
C-terminal 40 amino acids of the larger isoform. In the
4.0kb transcript intron 13 remains, explaining the
larger size of the transcript. The 5¢ end of the intron
contains a UGA translation-stop codon, so the un-
spliced intron 13 and exons 14 and 15 are not trans-
lated and the protein product has a cytoplasmic
domain consisting only of the 19 amino acids encoded
by exon 13 [11] (Fig. 6.1).

The 5¢ flanking region of LU does not contain TATA
or CAAT boxes, but showed an organization typical of
ubiquitous genes with several potential binding sites
for the SP1 transcription factor. The region between
–673 and –764 upstream of the coding region contains
binding sequences for GATA and CACCC or SP1 tran-
scription factors [11].

Fig. 6.1 Diagrammatic representation of the 15 exons of the 2.5 and 4.0kb LU transcripts and the unspliced intron 13 (shaded
box) in the 4.0kb transcript [10,11]. The two isoforms of the Lu-glycoprotein (Lu-gp), the products of the two transcripts, are
shown. Translation stop codons are present near the 5¢ end of exon 15 of the 2.5kb transcript and at the 5¢ end of the unspliced
intron 13 of the 4.0kb transcript, explaining the longer cytoplasmic domain in the product of the 2.5kb transcript [11]. Location
of the Lutheran-system antigens on the IgSF domains (V and C2) of the Lu-glycoproteins is also shown. The precise location of
Lu12 and Lu6 was not conclusive [10]. TM, transmembrane domain.

Table 6.2 Exon/intron organization of LU [10,11].

Exon Intron 
Exon Domain encoded size (bp) size (kb)

1 5¢ UT + leader 105 2.0
2 1 IgSF (V) 122 0.7
3 1 IgSF (V) 229 0.09
4 2 IgSF (V) 71 0.5
5 2 IgSF (V) 95 0.09
6 2 IgSF (V) 185 0.53
7 3 IgSF (C2) 137 0.31
8 3 IgSF (C2) 157 3.5
9 4 IgSF (C2) 116 0.1

10 4 IgSF (C2) 142 0.17
11 5 IgSF (C2) 137 0.15
12 5 IgSF (C2) 145 0.09
13 TM + 19 residues cyt 145 0.97
14 cyt (85 000 isoform) 118 0.09
15 1 residue cyt 498

(85 000 isoform)

TM, transmembrane; cyt, cytoplasmic.
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6.3 Lua and Lub (LU1 and LU2)

The first Lutheran antibody, anti-Lua, was described 
in 1945 by Callender et al. [12] and in more detail the
following year by Callender and Race [13]. Ten years
later the antithetical antibody, anti-Lub, was described
by Cutbush and Chanarin [14].

6.3.1 Frequencies of Lua and Lub

The early estimates of Lua frequency were based on
studies performed before the discovery of anti-Lub. Es-
timates of the gene, genotype, and phenotype frequen-
cies derived from the first three reports of tests on
unrelated English people [13,15,16] are shown in
Table 6.3; of 1373 samples, 7.65% were Lu(a+).

Other studies from around the world are listed by
Mourant et al. [17]. Lua is widely distributed amongst
Europeans, Africans, and North Americans with a fre-
quency of around 8%, but is very rare or absent from
all other indigenous populations studied [17].

Of 1456 Manitoban white people tested with 
anti-Lua and -Lub, 93.06% were Lu(a–b+), 6.80%
Lu(a+b+), and 0.14% Lu(a+b–) [18,19]. These data fit
well with those predicted from the gene frequencies 
in Table 6.3. Similar results were obtained from tests
on 1201 white Bostonians [20]. Of 922 Chinese in 
Taiwan tested with anti-Lua and -Lub, all were
Lu(a–b+) [21].

In two large surveys, in which donor red cells were
screened with anti-Lub and all negatives tested with
anti-Lua, the following results were obtained: South of
England, approximately 250000 tested, 230
Lu(a+b–), 72 Lu(a–b–) [22]; South Wales, 75614 
tested, 39 Lu(a+b–), 15 Lu(a–b–) [23]. Therefore, in a

predominantly European population, roughly one in
1000 is Lu(b–); approximately two-thirds of these
being Lu(a+b–) and one-third Lu(a–b–) (see Section
6.4).

6.3.2 Inheritance of Lua and Lub

Numerous family studies have demonstrated that Lua

and Lub are inherited as codominant allelic characters
[18,24,25]. In a substantial series of Canadian families
tested with anti-Lua and -Lub [18], the observed num-
bers of different mating types and their offspring fit
perfectly with the expected figures calculated from the
frequency data on Manitobans [18,19], supporting
straightforward inheritance of Lua and Lub.

6.3.3 Molecular basis for Lua and Lub

The Lua/Lub polymorphism results from a single base
change in exon 3 of LU, encoding an amino acid 
substitution in the first IgSF domain of the Lu-
glycoproteins: Lua A252, His77; Lub G252, Arg77
[10,11]. The importance of this amino acid sub-
stitution in Lua/Lub expression was confirmed by 
in vitro site-directed mutation experiments [11]. 
The nucleotide change is associated with an AciI 
restriction-site polymorphism [11].

6.3.4 Variation in antigenic strength

The Lutheran antigens are very variable in strength.
Lu(a+) cells from different families may vary quantita-
tively in the amount of antigen they carry, but the 
antigenic strength remains roughly constant within
the family [24]. The strength of the Lutheran antigens
often shows zygosity dosage [14,26–29]. Occasionally
adsorption and elution tests are required to detect
weak Lub on Lu(a+b+) cells.

Heterogeneity of Lutheran antigen strength be-
tween individual red cells within a person can also 
be detected. This accounts for the mixed field ag-
glutination patterns (characteristic clumps of ag-
glutinated cells in the presence of many free cells)
usually seen with Lutheran antisera, especially anti-
Lua [13,14], and the wide range of survival times of
Lu(b+) cells introduced into an Lu(a+b–) person with
anti-Lub [57].

The abundance of Lub antigens on red cells, as deter-
mined by Scatchard analysis with purified monoclonal

Table 6.3 Gene, genotype, and phenotype frequencies
calculated from results of tests with anti-Lua on red cells of
1373 English people [13,15,16].

Genotype Phenotype 
Gene frequency frequency frequency

Lua/Lua 0.0015 �Lua 0.0390 Lu(a+) 0.0750
Lua/Lub 0.0765

Lub 0.9610
Lub/Lub 0.9235 Lu(a–) 0.9235



LUTHERAN SYSTEM

279

anti-Lub (BRIC 108), is relatively low and shows 
wide variation, confirming many previous serological
studies [30]. The number of Lub sites was estimated 
at 1640–4070 on Lu(a–b+) cells and 850–1820 on
Lu(a+b+) cells [30].

6.3.5 Development of Lutheran antigens

Red cells from cord samples and from infants in the
first year of life have markedly weakened expression 
of Lua and Lub compared with those from adults
[28,29,31]. Ten of 155 cord blood samples had the
phenotype Lu(a–b–), which is very rare in adults [31].
Adult levels of Lua and Lub antigenic expression are
reached by the age of 15 years [29].

The only extensive study of fetal blood also indi-
cates gradual development of Lutheran antigens [32].
Red cells from four of 82 fetuses reacted with anti-Lua

compared with those of 18 of 87 of their parents. Lua

has been detected in a 12-week fetus [24]; Lub has been
found in two fetuses of 10 weeks, but not in fetuses of
6–9 weeks [32].

6.3.6 Anti-Lua and -Lub

6.3.6.1 Anti-Lua

The first example of anti-Lua was found in a multiply
transfused patient with lupus erythematosus diffusus,
together with anti-c, -Cw, -Kpc, and -N [13]. The anti-
body had been stimulated by transfusion of blood
from a donor named Lutheran. The titre rapidly de-
clined after transfusion and attempts to regenerate the
antibody with small injections of blood failed.

Anti-Lua has been reported after pregnancy and/or
transfusion [13,26,29,33–35], and often appears 
together with other antibodies [13], especially red cell
reactive HLA antibodies (anti-Bg) [36]. Anti-Lua may
also be ‘naturally occurring’ [26,37], and in some cases
a ‘naturally occurring’ antibody may be augmented 
by transfusion [38,39]. Anti-Lua suitable for grouping
reagents is uncommon.

Lua antibodies are usually IgM, but, like other
Lutheran-system antibodies, often have IgG and IgA
components [40,41]. Anti-Lua often agglutinate
Lu(a+) red cells directly, with a thermal optimum well
below 37°C. Some also react in an antiglobulin test,
and a few, predominantly IgG examples, are reactive
only by an antiglobulin test [33,40].

6.3.6.2 Anti-Lub

Despite being a relatively rare antibody, many exam-
ples of anti-Lub have been described [26–29,42–48]
since the first report in 1956 [14]. Anti-Lub is often
found as a single antibody. Anti-Lub has been stimul-
ated by transfusion and by pregnancy; ‘naturally oc-
curring’ examples have not been found.

Anti-Lub are often optimally active in the antiglobu-
lin test [26,29,43,44,46,48–50], but directly aggluti-
nating anti-Lub have been described [14,27–29], many
with a temperature optimum of about 20°C. Most
anti-Lub are mixtures of IgG and IgM, although IgA
may also be present [40,41,45,46]. IgG anti-Lub may
be predominantly IgG1 [46,50], although IgG2 and
IgG4 may be present [48,50,51].

Two monoclonal anti-Lub (BRIC 108 and
LM342/767.31) have been produced from mice im-
munized with Lu(b+) red cells [1,52]. The antibodies
agglutinated Lu(a–b+) and Lu(a+b+) cells, but not
Lu(a+b–) cells or Lunull cells, although adsorption and
elution tests demonstrated some binding of BRIC 108
to Lu(a+b–) cells and to Lunull cells of dominant and 
recessive types [53–55].

6.3.6.3 Clinical significance of anti-Lua and -Lub

Lutheran antibodies are not clinically important. No
case of haemolytic disease of the newborn (HDN)
caused by anti-Lua or -Lub and requiring any treat-
ment other than phototherapy is reported, although
raised bilirubin or a positive direct antiglobulin test
(DAT) may be detected [28,33,35,43,44,46,47]. Poor
development of Lutheran antigens on neonatal red
cells (Section 6.3.5) may be the reason for Lutheran
antibodies not being implicated in HDN, but there is
another possible explanation. Babies of mothers with
high-titre IgG1 anti-Lub and -Lu6 (Section 6.5.1) had
no sign of HDN, their red cells gave negative DATs,
and Lutheran antibody could not be detected in their
sera [50]. Maternal IgG1 antibodies usually become
concentrated in the fetal circulation by active placental
transfer. As Lu-glycoprotein is present on placental 
tissue [4], it is possible that Lutheran antibodies are
adsorbed by placental cells, preventing their transfer
to the fetus.

Lutheran antibodies have not been implicated in im-
mediate haemolytic transfusion reactions, although
they may have been responsible for mild delayed reac-
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tions and post-transfusion jaundice [26,40,43,56].
Radiolabelled Lu(a+) red cells injected into a patient
with anti-Lua survived normally [34]. Similar survival
tests in patients with anti-Lub showed that at least a
proportion of injected Lu(b+) cells could be removed
fairly rapidly [45,57,58].

6.4 Lutheran-null phenotypes (Lunull)

Like most blood group systems, Lutheran has a null
phenotype. This null phenotype, first described by
Crawford et al. [59] in 1961, is often called Lu(a–b–),
but will be referred to as Lunull here. Lunull has at least
three genetic backgrounds:
1 homozygosity for a recessive allele at the LU
locus;
2 heterozygosity for a dominant suppressor gene 
unlinked to LU; and
3 hemizygosity for an X-linked suppressor gene
(Table 6.4).
The very rare recessive type is the only true null pheno-
type as weak expression of Lutheran antigens may be
detected on red cells of the other two types.

6.4.1 Frequency of Lunull

Several large surveys in England and Wales have
shown that the incidence of Lunull varies between
0.005% and 0.032% [22,23,60,61] (Table 6.5). A fre-
quency of 0.027% was found in African Americans
from Detroit [62].

The dominant type of Lunull is by far the least rare
type. Analysis of the families of 50 Lunull propositi
demonstrated that 41 were of the dominant type; the
genetical background of the other nine could not be
determined, but serological tests suggested that most
of these were also of the dominant type [22,23].
Screening red cells from Houston blood donors with
monoclonal anti-CD44 gave an incidence for Lunull

of 0.02% [63], but screening with anti-AnWj in 
Portland, Oregon gave a much higher incidence of
0.12% [64]. Both antibodies would reveal Lunull only
of the dominant type (Table 6.5).

6.4.2 Lunull of the recessive type and anti-Lu3

Lunull with a recessive mode of inheritance was first

Table 6.4 Three types of Lunull.

Mode of inheritance Gene responsible Lu system antigens AnWj P1, i, CD44, etc.

Recessive Lu None + Normal
Dominant In(Lu) Extremely weak* –* Reduced
X-linked XS2 Extremely weak* + Normal†

*Antigens may be detected by adsorption/elution tests.
†i Antigen may be enhanced.

Table 6.5 Frequency of Lunull in several populations.

No. of Incidence of Antibodies used
Population No. tested Lunull Lunull for screening References

South London, UK ~250 000 79 ~0.0003 Anti-Lub (-Lua) [22]
Sheffield, UK 18 069 1 0.0001 Anti-Lu3 [60]
Cambridge, UK 3 197 1 0.0003 Not stated [61]
South Wales 75 614 15 0.0002 Anti-Lub (-Lua) [23]
Houston, USA 42 000 8 0.0002 Anti-CD44* [63]
Portland, USA 2 400 3 0.0012 Anti-AnWj* [64]
Detroit, USA; African 7 314 2 0.0003 Not stated [62]

Americans
Taiwan Chinese 1 922 1 0.0005 Anti-Lub, -Lua [21,149]

*Only dominant [In(Lu)] type of Lunull detected.
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found by Darnborough et al. [60] in an English woman
(Mrs L.B.) with an antibody to a high frequency 
antigen in her serum. The antibody did not react with
Lunull cells from members of the original Lunull family
[59]. No other example of Lunull was found in Mrs
L.B.’s family and titrations with anti-Lub suggested
that her Lu(a–b+) children had only a single dose of
Lub. Her Lunull phenotype appeared to result from 
homozygosity for a recessive amorph gene (Lu) at the
LU locus.

This example was followed by three Lunull members
of a Canadian family (Mo.) [65], two in a Japanese
family (Fuj.) [66], and one in each of two other 
Japanese families [67]. The sera of five of these ad-
ditional seven Lunull individuals contained an anti-
body, anti-Lu3, reactive with all red cells save those 
of the Lunull phenotype. There were consanguineous
matings in three of the families and the Lutheran
groups proved recessive inheritance. One of the
Lu(a–b–) members of the Mo. family, married to an
Lu(a+b+) husband and with Lu(a+b–) and Lu(a–b+)
children, was ascertained independently of the
propositus of this family because of her anti-Lu3 [65].
The five Lunull individuals ascertained through pro-
duction of anti-Lu3 have a total of six Lu(a–b+) and
one Lu(a–b–) sibs. None of the 10 offspring from Lunull

¥not-Lunull matings had the Lunull phenotype.
The presence of anti-Lu3 in the serum of an African

American woman with the Lunull phenotype suggested
that she may also have the recessive type, but no 
family study was possible [68]. Further evidence for a
silent allele at the Lutheran locus is provided by a 
family in which the Lu(a+b+) (Lua/Lub) and Lu(a–b+)
(presumed Lub/Lu) parents had two Lu(a+b–) 
(presumed Lua/Lu) children [65].

Lunull cells of the recessive type lack all Lutheran sys-
tem antigens. Lutheran antigens cannot be detected on
the cells by adsorption and elution tests.

In one Japanese family, the Lu(a–b–) propositus
with anti-Lu3 was homozygous for a C733A missense
mutation in exon 6 of LU, converting the codon for
Cys237 to a translation stop codon [67]. His parents
were heterozygous for the mutation.

6.4.2.1 Anti-Lu3

All recessive Lunull propositi have been found follow-
ing the detection of an antibody to a high frequency
antigen originally called anti-LuaLub and later re-

named anti-Lu3 [69]. Anti-Lu3 has a single specificity
and reacts equally strongly with Lu(a+b–), Lu(a+b+),
and Lu(a–b+) cells. Adsorption with Lu(a+b–) cells
will remove the activity for Lu(a–b+) cells and vice
versa [60,66]. Lu3 is present on all red cells that ex-
press any Lutheran antigen. Anti-Lu3 does not react
with Lunull cells by agglutination tests, direct or indi-
rect, but can be adsorbed and eluted from Lunull cells 
of dominant and X-linked types (Sections 6.4.3 and
6.4.5).

Two murine monoclonal antibodies (BRIC 221 and
BRIC 224) behave serologically like anti-Lu3. They
react with all red cells except Lunull cells [4].

6.4.3 Lunull of the dominant type and the 
gene

Examination of the pedigree of the first Lunull proposi-
tus (MNC) showed that the rare phenotype was domi-
nantly inherited through three generations [59]. Since
this first family, numerous other examples have been
found [22,23,61,70–73]. Unlike recessive Lunull indi-
viduals, these propositi have usually been found in
searches of random donors.

Fifty-two propositi of families with dominant Lunull

had 63 Lunull and 61 not-Lunull sibs [22–24,61]. 
An analysis of Lunull ¥not-Lunull matings revealed 
64 Lunull and 61 not-Lunull children. Both counts are
very close to the 1 :1 ratio expected for dominant 
inheritance.

In(Lu) was the name given by Taliano et al. [72] for
the rare unlinked suppressor of the Lutheran antigens,
dominant in effect over the common allele in(Lu). The
discovery that In(Lu) also inhibited expression of P1
and i antigens led Race and Sanger [24] to say, ‘This
new finding has, of course, made the notation In(Lu)
less appropriate, and no doubt in time someone will
think of a better.’ Marsh et al. [74] proposed that the
In(Lu) locus be renamed SYN-1 (for synthesis), with
SYN-1 B the rare dominant allele that prevents normal
biosynthesis of a number of red cell determinants and
SYN-1 A the common allele that, in the absence of
SYN-1 B, permits normal biosynthesis. A new name
implying that In(Lu) modifies antigen synthesis is pre-
mature while the mechanism of the effect of this gene
remains undetermined [75]. For this reason, the term
In(Lu) will continue to be used here and In(Lu) is also
used to denote the phenotype resulting from the pres-
ence of an In(Lu) gene.

In(Lu)
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Red cells of individuals with an In(Lu) gene are not
true Lunull cells as they will bind selected Lutheran 
antibodies, as determined by adsorption and elution
tests [70,76–78]. Failure to adsorb and elute Lutheran
antibodies from Lunull cells, however, cannot be taken
as proof of recessive inheritance because in some 
studies Lutheran antibodies were not eluted from
In(Lu) cells [59,71].

Adsorption and elution tests with anti-Lua and -Lub

have permitted the determination of the true Lutheran
genotype in some In(Lu) members of families. Figure
6.2 shows how elucidation of Lutheran phenotypes by
this method demonstrated that In(Lu) is a suppressor
gene, which is not inherited at the LU locus [72]. Other
families have demonstrated recombination between
In(Lu) and LU, and between In(Lu) and the loci gov-
erning ABO, MNS, P1, Rh, Kell, Kidd, Yt, Colton, Se-
cretor, and HLA [22,23]. Statistical analysis of family
data has not suggested close linkage with any blood
group locus [22,23].

No Lutheran-system antibody has been detected in
the serum of any person with an In(Lu) gene, presum-
ably because of the weak expression of Lutheran sys-
tem antigens on their red cells. Sera of at least 12 In(Lu)
women with not-Lunull children have been tested
[22,71].

6.4.4 Other effects of 

In(Lu) suppresses expression of all high incidence
Lutheran antigens. In(Lu) also suppresses a number 
of other red cell antigens, which do not belong to the
Lutheran system and appear to be expressed normally
on recessive Lunull cells (Table 6.6).

6.4.4.1 P1 antigen

The effect of In(Lu) on expression of P1 antigen is less
obvious than that on Lutheran antigens. Amongst 236
members of 41 In(Lu) families the distribution of P1

and P2 among the Lunull members was significantly dif-
ferent from that observed in the not-Lunull members
and in the general population [22,61,79] (Table 6.7).
The 36 Lunull P1 people may have possessed a strong
P1+ allele, or been homozygous for P1+, or both. There
is no evidence that P1 antigen is suppressed in recessive
Lunull individuals [79]. Three families in which P2

Lunull and P2 Lu(a–b+) parents have a P1 Lu(a–b+)
child confirm the effect of In(Lu) on P1 [22,23,73]
(Fig. 6.3).

In(Lu)

I

II

III

Lub/Lub Lua/Lub

Lua/Lub Lub/Lub

Lub/Lub Lub/Lub

1

1

1

2

2

2

Fig. 6.2 Part of family demonstrating that In(Lu) is not part
of the LU locus [72]. Phenotypes were determined by
agglutination tests: �� Lu(a–b–) (Lunull); � Lu(a–b+).
Genotypes were determined by adsorption and elution tests
with anti-Lua and -Lub. II-1 inherited Lua together with
In(Lu) from his mother (I-2); II-1 passed his Lub gene to
both of his children (III-1 and III-2), but only passed In(Lu)
to one of them. Recombination must have occurred between
LU and In(Lu).

Table 6.6 Red cell antigens modified by In(Lu).

Very depressed (antigens usually only detectable by
adsorption/elution techniques)
Lutheran system antigens
AnWj

Moderately depressed (titration and family studies
often required to detect weakness)
P1
i
CD44, Inb

Knops system antigens and Csa (disputed)
MER2

Elevated
CDw75
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6.4.4.2 i Antigen

The monomorphic i antigen is also suppressed by
In(Lu), as judged by selected anti-i [22,73,79]. Red
cells of neonates have a strong i antigen and this is not
dramatically suppressed in red cells of babies with an
In(Lu) gene [80]. The i antigen was of normal strength
in two recessive Lunull people [79]. I antigen is un-
affected by In(Lu) [79].

6.4.4.3 CD44 and Inb antigens

CD44 represents a cluster of monoclonal antibodies
that define epitopes on a glycoprotein present on a va-
riety of tissues, including red cells. CD44 glycoprotein
carries the Ina and Inb antigens (Chapter 21). The ex-
pression of CD44, and consequently of the high inci-
dence Inb antigen, is suppressed by In(Lu), although
these determinants are still easily detected on In(Lu)

cells [77,81]. CD44 and Inb are expressed normally on
Lunull cells of the recessive type [81,82].

6.4.4.4 AnWj antigen

AnWj is an antigen of very high incidence, which may
be associated with the CD44 glycoprotein (Chapter
21). It is not expressed, or at least is expressed only
very weakly, on red cells of individuals with an In(Lu)
gene. AnWj was initially given the number LU15, but
this became obsolete when AnWj was found to be 
expressed normally on recessive Lunull cells [83]. The
one family showing inheritance of AnWj, also demon-
strated recombination between the genes for AnWj
and Lua [84].

6.4.4.5 Other antigens suppressed by In(Lu)

Analysis of a series of families suggested that In(Lu)
red cells are more often weak for the Knops system
antigens, Kna, McCa, Sla, and Yka, and for Csa antigen,
than are red cells from the general population [85], but
this was not confirmed [78]. Antigens of the Knops
system reside on the C3/C4 receptor, CR1 (Chapter
20), but CR1 expression does not appear to be regu-
lated by In(Lu) [78].

MER2 is a red cell polymorphism defined by mono-
clonal antibodies and human alloantibodies (Chapter
23). Strength of expression of MER2 is variable. When
MER2 antibodies were titrated with red cells from
members of a large three generation Sardinian family
with the In(Lu) gene, the following scores were ob-
tained: nine Lunull members varied from 0 to 15 with a
mean of 6; 12 Lu(a–b+) members varied from 12 to 21
with a mean of 16 [86].

Equine anti-lymphocyte globulin is used in the 
prevention of immunological rejection of organ grafts
following transplantation. It reacts with red cells, 
but reacts less strongly with In(Lu) cells than cells of
common Lutheran type or Lunull cells of the recessive
type [87,88].

Agglutination with concanavalin A lectin of red
cells of all five In(Lu) individuals from two families
was reduced, compared with cells of the other family
members [63]. The anion exchange protein, band 3, 
is the major concanavalin A binding protein, so this 
reduction in binding was interpreted as suggesting 
an abnormality in glycosylation of band 3 in In(Lu)
cells [63].

Table 6.7 Suppression of P1 by In(Lu). Propositi and
relatives from 41 families [22,61,79]. Numbers in
parentheses represent expected values calculated from
frequencies given by Race and Sanger [24].

P1 P2

Lunull 36 (95) 84 (25)
Not-Lunull 86 (91) 30 (25)

I
1

1

P1

P1

P1

P2

P2

P2

P2 P2

2

2

1 432

II

III

Fig. 6.3 Sardinian In(Lu) family showing P1 groups [73].
�� Lu(a–b–) (Lunull); � Lu(a–b+). III-2 is P1 despite having
P2 parents. II-2 is presumed to have a P1+ gene, which is
suppressed by In(Lu). I-2 is probably homozygous for P1+

and expresses P1 in the presence of In(Lu).



CHAPTER 6

284

6.4.4.6 CDw75

CDw75 is a determinant on lymphocytes and red cells
defined by several monoclonal antibodies [89]. Al-
though its biochemistry and function are not known,
N-glycans containing a2,6-sialic acid residues are es-
sential components of the CDw75 determinant [90].
CDw75 is unique as a red cell antigen in being en-
hanced by presence of the In(Lu) gene. Guy and Green
[91] showed by haemagglutination tests and radio-
binding assays that there was a substantial increase 
in expression of CDw75 on In(Lu) red cells compared
with cells of common Lutheran type. Lunull red cells 
of the recessive type have normal CDw75 expression,
but Lunull cells of the X-linked type (Section 6.4.5) are
negative for CDw75 [92]. Cord red cells, including
In(Lu) cord cells, do not react with CDw75 monoclon-
al antibodies [92]. Protease treatment of red cells did
not abolish the CDw75 determinant; one CDw75
monoclonal antibody reacted with sialidase-treated
red cells, but two others did not [92].

6.4.4.7 Abnormal red cell morphology and
electrolyte metabolism associated with In(Lu)

Individuals with an In(Lu) gene are generally healthy
with no obvious anaemia or reticulocytosis, although
a degree of acanthocytosis has been associated with
In(Lu) in three families [63,93]. Autologous in vivo
survival of In(Lu) red cells is normal [93].

Osmotic fragility of In(Lu) cells is normal, although
incubation of these cells in plasma for 24h at 37°C re-
sulted in significant resistance to osmotic lysis com-
pared with cells of common Lutheran type, in which
osmotic fragility increases [63]. Before incubation,
In(Lu) and control cells had similar concentrations of
Na+ and K+ ions; during incubation, In(Lu) cells, but
not control cells, lost K+ and, to a lesser extent, gained
Na+ ions. This reduction in total cation content in
In(Lu) red cells could explain their relative resistance
to osmotic lysis [63]. Significant haemolysis of In(Lu)
cells was observed within a few days of storage at 4°C
in modified Alsever’s solution [93]. This haemolysis
could be reduced by the addition of glucose or ATP.

6.4.4.8 How does In(Lu) suppress expression of so
many red cell surface antigens?

Dominant genes suppressing expression of genes at

another locus are unusual in human genetics; such an
inhibitor gene affecting blood group genes at several
different loci is unique. Consequently, there are no 
existing models on which to base an explanation for
the mechanism of In(Lu), which remains a matter for
speculation.

Marcus et al. [94] proposed that the dominant type
of Lunull might result from the presence of a glycosyl-
transferase, which adds an extraneous sugar to a back-
bone structure shared by determinants suppressed by
In(Lu). Udden et al. [63] added that decreased expres-
sion of concanavalin A receptor suggests abnormality
of glycosylation of band 3, further evidence for In(Lu)
being responsible for aberrant glycosylation of a com-
mon carbohydrate sequence present in many glyco-
proteins and some glycolipids. However, it should be
pointed out that there is no evidence that any mem-
brane structure affected by In(Lu) has abnormal gly-
cosylation. An alternative effect of In(Lu), suggested
by Shaw and Tippett [75], could be to alter membrane
conformation indirectly thus reducing the quantity of
antigen presented to the antibody or impeding antigen
binding.

Another explanation could be that In(Lu) encodes 
a DNA binding protein or transcription factor that
down-regulates genes encoding those membrane
structures depressed in In(Lu) phenotype or up-
regulates genes that modify those structures.

6.4.4.9 Variable effects of In(Lu)

The typical phenotype of individuals with an In(Lu)
gene is Lu(a–b–) with Lutheran system and AnWj anti-
gens only detectable by extremely sensitive methods
and P1, i, Inb and some other antigens depressed to a
lesser extent. In some families a dominantly inherited
depression of Lutheran antigens is less extreme, and
weakly expressed Lutheran system antigens and AnWj
can be detected by direct testing [95,96]. It is tempting
to speculate that this Luweak phenotype results from a
less effective allele of In(Lu).

6.4.5 Lunull of the X-linked type

In 1986, Norman et al. [97] described a large 
Australian family (Fig. 6.4) in which five members had
an Lunull phenotype with serological features charac-
teristic of both dominant and recessive types of Lunull.
The red cells were Lu(a–b–) and lacked the other
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Lutheran antigens, yet anti-Lub could be adsorbed and
eluted from the cells. The cells were AnWj+ and ap-
peared to have slightly enhanced i antigen. They also
had weak P1 antigens, although this may have been
caused by the presence of a weak P1+ gene in the family.

The feature that clearly distinguishes this new Lunull

phenotype from the other types of Lunull is its mode 
of inheritance. Lunull in this family could not be caused
by a dominant inhibitor (In(Lu)) because three of the
Lunull members had Lu(a–b+) parents; it could not be
caused by homozygosity for a recessive amorph gene
because five unrelated people would have to be carriers
of the extremely rare amorph gene. The mode of inher-
itance of Lunull in this family showed the features of re-
sulting from a recessive X-borne inhibitor gene. All the
Lunull members are males and, although the Lunull phe-
notype occurs in successive generations, there is no ex-
ample of transmission of the phenotype from parent to
child (Fig. 6.4). The regulator locus is called XS; XS1 is
the common allele and XS2 is the rare inhibitor allele.
Lunull members of this family are hemizygous for XS2
(because they are male, there being no XS locus on the
Y-chromosome) and their Lu(a–b+) mothers are 
heterozygous XS1/XS2. See Chapter 32 for linkage 
relations of XS.

6.4.6 Acquired Lunull

A bizarre case is reported of an autoimmune thrombo-
cytopenic purpura (AITP) patient with an antibody re-
sembling anti-Ku, whose red cells had temporarily lost
their Kell system antigens [98]. These red cells had nor-
mal expression of Lua, Lub, and LWa. One year later
the Kell antigens had returned to normal and the anti-
Ku-like had disappeared, but now the cells lacked
Lutheran antigens and the patient had produced an 
antibody resembling anti-Lu3. Expression of LWa

was also extremely depressed. Lu(a–b+) red cells of 
another patient with AITP became Lu(a–b–), but 
retained normal AnWj and LW expression [99]. This
patient also had an Lu-related antibody.

6.5 Other Lutheran antigens

In addition to Lua, Lub, and Lu3, the Lutheran system
contains 15 other antigens: 11 of high frequency, two
of low frequency, and two polymorphic (Table 6.1).
Three pairs of allelic antigens —Lu6 and Lu9, Lu8 
and Lu14, and Aua and Aub —have been shown to be
inherited at the LU locus. Recombination as a result 
of crossing-over has never been observed within the
Lutheran system. Lu4, Lu5, Lu7, Lu12, Lu13, and
Lu20 are antigens of very high incidence. They are ab-
sent from Lunull cells of the recessive, dominant, and X-
linked type (except Lu20, which has not been tested
for on Lunull cells of the X-linked type), but they have
not been shown to be inherited at the LU locus. All ex-
cept Lu20 have been shown to be inherited. Like Lua,
Lub, and Lu3, Lu4, Lu5, Lu6, Lu7, Lu8, Lu12, Lu13,
Lu14, Aua, Aub, and Lu20 have been shown, by im-
munoblotting and/or by flow cytometry with K562
cells transfected with LU cDNA, to be located on the
Lu-glycoproteins [2,3,10,100,101]. All of these
Lutheran antigens are expressed less strongly on cord
red cells than red cells of adults.

Lu11, Lu16, and Lu17 are antigens of high 
frequency absent from Lunull cells of recessive and
In(Lu) types. Only Lu17 has been tested with Lunull

cells of the X-linked type, which are Lu:–17. Lu11,
Lu16, and Lu17 have not been shown to be inherited
and have not been shown to be located on the Lu-
glycoproteins. Consequently, the evidence that they
belong to the Lutheran system is limited and they are
referred to here as para-Lutheran antigens.

Fig. 6.4 Part of the family
demonstrating recessive X-linked
inheritance of Lunull [97]. � Lu(a–b–)
(Lunull); � Lu(a–b+). All Lunull

members are male and, presumably,
hemizygous XS2/Y, having received
their XS2 gene from their
heterozygous XS1/XS2 mothers.
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Antibodies to none of the antigens described in this
section have been incriminated in a serious haemolytic
transfusions reaction or in HDN. All of the antibodies
have been produced in Lu(a–b+) individuals, with the
exception of anti-Lu16.

6.5.1 Lu4

Bove et al. [69] described the only known example of
anti-Lu4. Two sibs of the Lu:–4 propositus, a white
woman, were also Lu:–4. All of about 2700 predomi-
nantly white donors were Lu:4. Lu4 is located on the
second IgSF domain of the Lu-glycoproteins [10] (Fig.
6.1).

6.5.2 Lu5

Anti-Lu5, -Lu6, and -Lu7, were initially found at 
an AABB ‘wet’ workshop and reported by Marsh [95].
At least 10 examples of anti-Lu5 have been identified
and have been found in black and in white people
[36,95,102,103]. Two of the Lu:–5 propositi each 
had an Lu:–5 sib [102,103]. None of 423 mostly 
white donors was Lu:–5 [95]. Like Lua and Lub, Lu5 is
located on the N-terminal IgSF domain of the Lu-
glycoproteins [10] (Fig. 6.1).

Results of a chemiluminescent functional assay 
suggested that one anti-Lu5 might cause increased
clearance of transfused Lu:5 red cells [103].

6.5.3 Lu6 and Lu9

Lu6 and Lu9, Lutheran antigens of high and low fre-
quency, respectively, have an allelic relationship. Anti-
Lu6 was first described by Marsh et al. [95] and other
examples have since been reported [50,104–108]. Lu6
is absent from Lunull cells of all three types [95,97].
Two sibs of the original Lu:–6 propositus were also
Lu:–6.

In vivo red cell survival studies, macrophage bind-
ing assays, and transfusion of Lu:6 cells to patients
with anti-Lu6 have all suggested that anti-Lu6 is not
clinically significant [106,108]. Similar assays in an el-
derly white woman, however, suggested that her IgG1
anti-Lu6 was clinically significant; she was transfused
with Lunull cells, which had normal or near normal sur-
vival [107]. Red cells of the baby of a woman with
high-titre IgG1 anti-Lu6 gave a negative DAT and no
anti-Lu6 could be detected in the baby’s serum, sug-

gesting that the antibody was unable to cross the 
placenta [50] (see Section 6.3.6.3).

The original anti-Lu9 was found, together with
anti-Lua, in the serum of a white woman (Mrs Mull)
[109]. The anti-Lu9 was responsible for a weak direct
antiglobulin reaction with the red cells of her three ba-
bies. Red cells of Mrs Mull’s husband were Lu(a+b+)
and Lu:9. Study of his family showed that Lu9 expres-
sion was controlled by the LU locus, although it did
not represent an allele of Lua and Lub. The only other
example of anti-Lu9 was found in a multitransfused
woman [110]. Of 521 random donors tested with the
Mull serum, nine (1.7%) were considered Lu:9 [109].
This figure may be inaccurate, however, as the serum
has since been shown to contain anti-HLA-B7 (-Bga)
[36]. Tests on 200 random red cell samples with the
second anti-Lu9 unearthed only one Lu:9 sample
(0.5%) [110].

Cells of the original Lu:–6 propositus, those of her
two Lu:–6 sibs, and those of the second Lu:–6 pro-
positus, were all strongly reactive with anti-Lu9, sug-
gesting homozygosity for Lu9. With the exception of
Lunull, all Lu:–6 individuals have been Lu:9. Red cells
of one Lu:–6 propositus reacted only weakly with anti-
Lu9 [105]. Her Lub antigen was of normal strength.
Cells of an Lu:–6 sib reacted strongly with anti-
Lu9 and those of her mother reacted more weakly 
than would be expected for an Lu6/Lu9 heterozygote.
The variation in strength of Lu9 in this family is 
unexplained.

Lu6 appears to be on either the third or fourth IgSF
domain of the Lu-glycoprotein, but the results were 
inconclusive [10] (Fig. 6.1).

6.5.4 Lu7

The original anti-Lu7 was found in an Lu:–7 woman
with an Lu:–7 brother [95]. An IgG3 antibody in an
Lu(a–b+) Lu:–7 Latino woman was assumed to be 
another example of anti-Lu7, but Lu:–7 cells were not
available for confirmation [101]. Her baby’s red cells
did not give a positive DAT. None of 285 mostly white
donors was Lu:–7 [95].

Lu7 is located on the fourth IgSF domain of the Lu-
glycoproteins [10] (Fig. 6.1).

6.5.5 Lu8 and Lu14

Anti-Lu8, an antibody to a high frequency antigen ab-
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sent from Lunull cells, was first described by MacIlroy
et al. [111] in 1972. Several other examples have since
been reported [112–114]. One gave positive results in
monocyte monolayer assays and was responsible for a
mild transfusion reaction [113].

Lu8 was located on the second IgSF domain of the
Lu-glycoproteins [10] (Fig. 6.1).

In 1977, Judd et al. [115] described an antibody 
in the serum of a multiply transfused dialysis patient
(Mrs Hof), which reacted with red cells of 14 of 
580 (2.4%) random white donors. The antibody,
numbered anti-Lu14, reacted strongly with Lu:–8 red
cells of three unrelated individuals. Thus Lu14 and
Lu8 appeared antithetical, and this was supported by
family studies [115]. Lu14 also appeared to have a
higher frequency in Lu(a–b+) than in Lu(a+b+) sam-
ples, suggestive of allelic association [115]. Mono-
clonal anti-Lub (BRIC 108) gave consistently higher
titration scores with Lu:14 cells than with Lu:–14 cells
[116].

The frequency of Lu14 in 610 Danish donors and
600 English donors was 1.5% and 1.8%, respectively
(F. Skov, J. Jørgensen, L. Torreggiani, J. Poole, C.
Green, P. Tippett, unpublished observations, 1982).

Two other examples of anti-Lu14 are reported
[117,118], and at least eight more are known [36].
One IgG anti-Lu14 was apparently ‘naturally 
occurring’.

6.5.6 Lu12

The first example of anti-Lu12 was produced by Mrs
Much, a woman of Polish and Ukrainian extraction
[119]. The red cells of Mrs Much were Lu(a–), but had
only weak expression of Lub. Red cells of her father,
which had a weak Lu12 antigen, and of her Lu:–12 
sister, were also Lu(a–b+w) and, like the cells of 
Mrs Much, had only weak expression of other high 
frequency Lutheran antigens. Red cells from all except
one of 1050 Canadian donors reacted strongly with
anti-Lu12; those from the exceptional donor reacted
weakly and were Lu(a–b+w). The Much pedigree 
revealed recombination between the genes controlling
Lu12 and ABH secretion, providing odds of at least 
9 :1 against Lu12 being governed by the LU locus
[119].

The second example of anti-Lu12 was found in an
Lu:–12 white woman with two Lu:–12 sibs [120]. An
in vivo red cell survival test suggested that this anti-

body had the potential to cause accelerated destruc-
tion of transfused Lu:12 cells.

Analysis of expressed LU cDNA deletion mutants
was inconclusive about the precise location of the
Lu12 epitope on the Lu-glycoproteins, but a mono-
clonal antibody-specific immobilization of erythro-
cyte antigens (MAIEA) assay suggested that Lu12 is
located close to Lub on the first IgSF domain [10] (Fig.
6.1).

6.5.7 Lu13

The original anti-Lu13 (Hughes) was unpublished. A
second anti-Lu13 was found in a Finnish woman, but
anti-Lu13 was not available for testing her red cells
[121]. A family in which three of five sibs were Lu:–13
has been mentioned briefly [122]. Lu13 is located on
the fifth IgSF domain of the Lu-glycoproteins [10] (Fig.
6.1).

6.5.8 The Auberger antigens, Aua (LU18) and
Aub (LU19)

Aua and Aub represent a fourth pair of alleles at the 
LU locus, and are numbered LU18 and LU19. For
many years the Auberger antigens were considered to
represent a system independent of Lutheran, mainly
because of results on one family, which showed recom-
bination between Aua and Lua [123]. When the family
was retested for Aua and tested for Aub, errors in the
original testing were discovered and the family now
supported linkage between Auberger and Lutheran
[124]. Family studies confirmed that Auberger 
and Lutheran antigens are controlled by a single gene
(combined lod scores of 10.83 at a recombination 
fraction of zero) [125]. Lunull cells of all three types 
are Au(a–b–) [79,97,126].

The first anti-Aua was identified in 1961 by Salmon
et al. [127] in the serum of a multitransfused woman,
which also contained anti-E, -K, -Fyb, and -Bg (-HLA).
Only two other examples of anti-Aua are reported,
also in sera containing multiple antibodies to red cell
antigens [24,128]. The antithetical antibody was not
found until 1989, when Frandson et al. [126] identi-
fied anti-Aub in a serum containing anti-Lua. Three
further examples of anti-Aub, all in sera containing
anti-Lua, were soon found [129].

Aua has an incidence of between 80% and 90% in 
European populations [127,128]. Aub has an inci-
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dence of about 50% in a European population and 
68% in an African American population [126] (Table
6.8).

Aua and Aub were shown, by immunoblotting and
immunoprecipitation techniques, to be expressed on
the Lu-glycoproteins [3] and Aub was found to be on
the IgSF domain closest to the membrane [10] (Fig.
6.1). Sequence analysis of exons 11 and 12 of LU
cDNA demonstrated an A1637G single base substitu-
tion in exon 12, encoding Thr539 in Aua and Ala539
in Aub[10].

6.5.9 Lu20

Anti-Lu20 was identified in the serum of an Israeli 
thalassaemic patient [100]. The serum also contained
anti-C, -K, and -Fyb. Lu20 has not been shown to be 
inherited. It is located on the third IgSF domain of 
the Lu-glycoproteins [10] (Fig. 6.1).

6.5.10 Para-Lutheran antigens

6.5.10.1 Lu11

The first example of anti-Lu11, an IgM antibody, was
present in the serum of a white woman [130]. At least
two other examples have been identified since [36].
There is no evidence that Lu11 is inherited. All of 500
predominantly white donors were Lu:11 [130].

6.5.10.2 Lu16

Anti-Lu16 was found, together with anti-Lub, in the
sera of three Lu(a+b–) black women [131]. Only one
family study was conducted and this was uninforma-
tive regarding the inheritance of Lu16.

6.5.10.3 Lu17

The only example of anti-Lu17 was found in an Italian
woman [132]. There is no evidence that Lu17 is inher-
ited. In vivo studies suggested that anti-Lu17 might 
be capable of causing a modest reduction in survival 
of transfused Lu:17 red cells [133].

6.5.10.4 Other antigens

Several other examples of antibodies to high frequency
antigens, which could qualify for para-Lutheran sta-
tus, have been studied in many laboratories, but as
these have not been published or numbered they will
not be described here. An antibody to a low frequency
antigen called Singleton was, at one time, thought 
to have an antithetical relationship with anti-Lu5 and
was numbered Lu10. As this relationship could not be
substantiated, LU10 has become obsolete.

6.6 Effects of enzymes and reducing agents
on Lutheran antigens

Lutheran antigens are destroyed by treatment of red
cells with trypsin or a-chymotrypsin; papain has little
effect [86]. Monoclonal anti-Lub did not agglutinate
red cells treated with endoglycosidase F, which cataly-
ses the cleavage of N-glycosidically linked oligosac-
charides from glycoproteins, although the antibody
could be adsorbed and eluted from the modified cells
[1].

Sulphydryl reducing agents, such as 2-
aminoethylisothiouronium bromide (AET) and
dithiothreitol (DTT), break inter- and intra-polypep-
tide chain disulphide bonds resulting in the unfolding
of the protein. Red cells treated with 6% AET or 

Table 6.8 Phenotype and deduced genotype frequencies as determined by tests with anti-Aua and -Aub.

Phenotypes (numbers tested) Gene frequencies

Population Au(a+) Au(a–) Au(b+) Au(b–) Aua Aub References

Paris 315 74 0.5638 0.4362 [127]
London 131 24 0.6065 0.3935 [127]
Copenhagen 362 38 0.6918 0.3082 [128]
London 112 108 0.7006 0.2994 [126]
African American 59 28 0.5673 0.4327 [126]
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200mM DTT at pH8.0 did not react with most
Lutheran antibodies tested, including many examples
of anti-Lua and -Lub [1,86,134]. This is to be expected,
considering that the Lutheran antigens are located in
the disulphide-bonded IgSF domains of the Lu-
glycoproteins.

6.7 Distribution and functions of the
Lutheran glycoproteins

Lub was not detected on lymphocytes, granulo-
cytes, monocytes, platelets, or the erythroleukaemic
cell lines K562 and HEL [1,135,136]. The Lu-
glycoproteins are widely distributed. They are under
developmental control in the liver, with a high level 
of expression on fetal hepatic epithelial cells during 
the first trimester. They are also present in placenta, 
in arterial walls of a variety of adult tissues, including
tongue, trachea, oesophagus, skin, cervix, ileum,
colon, stomach, and gall bladder, and in the basement
membrane region of superficial epithelia and around
mucous glands [4]. Both LU transcripts were detected
in all tissues analysed, with the 2.5kb transcript, en-
coding the larger (Mr 85000) isoform, predominant
except in a colon carcinoma cell line [7].

The Lu-glycoproteins are members of the im-
munoglobulin superfamily of adhesion mole-
cules, receptors, and signal transducers [8,9]. The 
V-V-C2-C2-C2 organization of the IgSF domains of
the Lu-glycoproteins (Fig. 6.1) is the same as that of
MUC18 (CD146), a marker for melanoma progres-
sion, ALCAM (CD166), a human antigen of activated
leucocytes that binds CD6, and chicken and rat neural
adhesion molecules (reviewed in [137]). The cytoplas-
mic domain of the Mr 85000 isoform, but not the Mr

78000 isoform, contains an SH3 binding motif and
five potential phosphorylation sites, suggesting pos-
sible receptor and signal-transduction functions [4].
Interaction between the cytoplasmic domain and the
cytoskeleton could be critical to signal transduction
[138]. The cytoplasmic domain of the Mr 85000 iso-
form also contains a Leu-Leu motif that may be impor-
tant for targeting expression of the glycoprotein to 
the basolateral membrane of polarized epithelial cells
[139].

Laminins are a family of extracellular matrix glyco-
proteins present in all basement membranes. They are
heterotrimers composed of three genetically distinct
chains, a, b, and g [140]. Twelve laminin isoforms may

exist, derived from combinations of five different a
chains, three b chains, and three g chains. The Lu-gly-
coproteins bound laminin on immunoblots and in a
monoclonal antibody-specific immobilization of ery-
throcyte antigens (MAIEA) assay [141]. Lunull red cells
of the recessive type, which have no Lu-glycoproteins,
but normal expression of the other putative laminin
binding protein CD44, bound no laminin [141]. Both
isoforms of the Lutheran glycoprotein had the same
laminin binding capacity [142,143]. Transfection of
human and murine erythroleukaemia cell lines with
LU cDNA induced binding of solubilized and immo-
bilized laminin [138,141,142]. The Lu-glycoproteins
bind specifically and with high affinity to LN-10/11,
isoforms of laminin that contain a5 chains [138].
Laminin-binding experiments with Lu-glycoprotein
constructs lacking different IgSF domains have 
produced conflicting evidence: two suggested that 
the N-terminal three domains were critical for laminin
binding [138,144]; another that it is the fifth domain
that binds laminin [143] (see Fig. 6.1). Perhaps there
are two laminin-binding sites on the Lu-glycoproteins.

Red cells of patients with sickle cell disease, which
express about 67% more Lu-glycoprotein than 
normal cells, bind increased quantities of laminin
[141–143]. The Lu-glycoproteins could be involved in
the adherence of red cells to vascular endothelial cells
and, consequently, in the vascular occlusion that is an
important factor in the pathology of sickle cell disease.

During in vitro erythropoiesis, the Lu-glycoproteins
appear on the erythroid cells after band 3 and the 
Rh proteins, at about the orthochromatic erythro-
blast stage [145–147]. This late appearance of the Lu-
glycoproteins correlates with laminin binding [142].
The presence of LN-10/11 on the bone marrow sinu-
soidal endothelium has led to speculation that the
Lutheran glycoproteins are involved in facilitating
movement of maturing erythroid cells from the bone
marrow, across the sinusoidal endothelium to the pe-
ripheral blood [137,138,145]. The Lutheran glyco-
proteins may also have a role in the migration of
erythroid progenitors from the fetal liver to the bone
marrow [4,137].

A mouse gene encoding a protein with 72% identity
to human Lu glycoprotein binds LN-10/11 [138,148].
Genetic knockout experiments in mice could prove
valuable in determining the functions of the Lu-
glycoproteins.
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McLeod phenotype and depressed Kell associated
with some Gerbich-negative phenotypes, and some are
caused by interactions within the KEL gene. In some
depressed Kell phenotypes the exact mode of inher-
itance is unclear (Kmod). In patients with Kell-related
autoantibodies, the depressed Kell phenotype may be
acquired and transient (Section 7.10).

The Kell antigens are located on CD238, a red cell
transmembrane glycoprotein of apparent Mr 93000, 
a metalloendopeptidase (Section 7.2). The molecular
bases for most of the Kell antigens are known and all
the Kell system polymorphisms result from single
amino acid substitutions (Table 7.1). KEL is situated
on chromosome 7q32–q36 (Chapter 32).

McLeod syndrome is a form of neuroancanthocyto-
sis, which includes an abnormal Kell red cell pheno-
type. McLeod phenotype red cells have depressed Kell
antigens and lack the high frequency antigen Kx. The
inheritance of Kx is controlled by an X-borne gene,
XK, and represents a blood group system (the Kx 
system) independent of Kell. The Kx protein and Kell
glycoprotein are linked by a disulphide bond. Because
of its phenotypic and biochemical associations with
Kell, the Kx system is described in this chapter 
(Section 7.14).

7.1.1 Notation

A numerical notation for the Kell system, first pro-
posed by Allen and Rosenfield [3], is now used in many
publications and is shown in a modified form in Table

7.1 Introduction

Kell was the first of many blood group systems 
disclosed by the antiglobulin test [1]. When Allen 
et al. [2] described the fourth Kell system antigen, Kpb,
they concluded prophetically, ‘There is, probably,
much still to be learned about the Kell blood group 
system.’ There are now 24 antigens in the Kell system
(Table 7.1), and at least two independent systems, 
Kx and Gerbich, are related through epistatic 
interactions.

There are five sets of antigens in the Kell system with
allelic relationships: K and k; Kpa, Kpb, and Kpc; Jsa

and Jsb; K11 and K17 (Wka); and K14 and K24. There
are an additional seven high frequency antigens, K12,
K13, K18, K19, K22, TOU, and RAZ, and three low
frequency antigens, Ula, K23, and VLAN. All have
been shown to be governed by the KEL locus and/or to
be expressed on the Kell glycoprotein. No KEL haplo-
type has been found that produces more than one of
the lower frequency antigens. Recombination as a re-
sult of crossing-over has never been observed within
the KEL complex.

None of the Kell antigens is expressed on cells of the
Kell-null phenotype, Ko, which arises from homozy-
gosity for a silent gene at the KEL locus. Ku antigen 
is present on all cells save those of the Ko phenotype
(Section 7.7).

Several rare phenotypes occur in which all or most
of the high frequency Kell antigens are expressed 
only weakly. Some are caused by epistasis, such as the

Kell and Kx blood group systems
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7.1. Although the arguments in favour of using this 
notation are cogent, the more traditional notation is
generally employed in this chapter, as it is the most
widely used notation and will make the chapter more
accessible for most readers. Furthermore, allelic rela-
tionships are more clearly demonstrated by the origi-
nal notations: for example, the symbols Kpa, Kpb, and
Kpc indicate allelic antigens; not so KEL3, KEL4, and
KEL21.

7.2 The Kell glycoprotein and the gene that
encodes it

7.2.1 The Kell glycoprotein

Two groups independently isolated a red cell mem-
brane glycoprotein of Mr 93000 by immunoprecipita-
tion with antibodies to Kell system antibodies [4–6].
Redman et al. [5] sensitized intact red cells with anti-K,

-k, -Jsb, or -K22 and subsequently solubilized the
membranes with Triton X-100 and deoxycholate,
whereas Wallas et al. [6] added anti-K to Triton-
solublized K+ red cell membranes. Treatment of the
Kell glycoprotein with an N-glycanase reduced the ap-
parent Mr by about 15000, whereas O-glycanase had
little effect. Consequently, the Kell antigens appeared
to be located on a glycoprotein with several N-glycans,
but an insubstantial number of O-glycans [7]. The Kell
glycoprotein is phosphorylated, but not palmitoylated
[8,9]. All of the Kell system antigens (except K24) have
been shown to reside on the Kell glycoprotein [10–15].
Kell antibodies do not generally react with isolated
Kell glycoprotein by immunoblotting, although
mouse monoclonal and rabbit antibodies, produced
by immunizing animals with purified Kell glycopro-
tein, detect the Mr 93000 Kell glycoprotein on im-
munoblots [4,16]. No Kell glycoprotein was detected
on blots of Ko cells or isolated from Ko cells by im-

Table 7.1 Antigens of the Kell and Kx blood group systems.

No. Name Relative frequency Allelic antigens Molecular basis*

KEL1 K Low k Met193 (Thr)
KEL2 k High K Thr193 (Met)
KEL3 Kpa Low Kpb, Kpc Trp281 (Arg or Gln)
KEL4 Kpb High Kpa, Kpc Arg281 (Trp or Gln)
KEL5 Ku High Complex
KEL6 Jsa Low Jsb Pro597 (Leu)
KEL7 Jsb High Jsa Leu597 (Pro)
KEL10 Ula Low Val494 (Glu)
KEL11 K11 (Côté) High K17 Val302 (Ala)
KEL12 K12 (Boc) High His548 (Arg)
KEL13 K13 High
KEL14 K14 (San) High K24 Arg180 (Pro, His, or Cys)
KEL16 ‘k-like’ High
KEL17 K17 (Wka) Low Ala302 (Val)
KEL18 K18 High Arg130 (Trp or Gln)
KEL19 K19 (Sub) High Arg492 (Gln)
KEL20 Km High
KEL21 Kpc Low Kpa, Kpb Gln281 (Arg or Trp)
KEL22 K22 High Ala322 (Val)
KEL23 K23 Low Arg382 (Gln)
KEL24 K24 (Cls) Low K14 Pro180 (Arg)
KEL25 VLAN Low Arg248 (Gln)
KEL26 TOU High Arg406 (Gln)
KEL27 RAZ High Glu299 (Lys)

XK1 Kx High Complex

*Shown in parentheses are the amino acids associated with an antigen-negative phenotype.
Obsolete: KEL8, previously Kw; KEL9, previously KL; KEL15, Kx (now XK1).
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munoprecipitation with a variety of polyclonal and
monoclonal Kell antibodies [4,16].

Amino acid sequencing of purified Kell polypeptide
was hampered by a blocked N-terminus. Lee et al. 
[17] isolated three tryptic peptides. Based on the
amino acid sequence of one of the peptides, primers
were synthesized and a specific oligonucleotide probe
prepared by the polymerase chain reaction (PCR).
This probe was used to screen a human bone-marrow
cDNA library and a clone was isolated with an open
reading frame encoding a 732 amino acid polypeptide
containing all the known Kell amino acid sequences.
Rabbit antibody prepared to a synthetic 30 amino acid
peptide derived from the cDNA sequence bound to
Kell glycoprotein on an immunoblot.

Hydropathy analysis indicated a type II membrane
protein with a single hydrophobic membrane-
spanning region, a highly hydrophilic N-terminal
cytoplasmic domain of 47 amino acids (or 28 amino
acids if the codon for Met20 is used for translation ini-
tiation), and a large, 665-amino acid, C-terminal 
extracellular domain (Fig. 7.1). The N-terminal 
methionine residue is probably cleaved from the ma-
ture protein. The extracellular domain has six Asn-
Xxx-Ser/Thr putative N-glycosylation sites (positions
94, 115, 191, 345, 627, and 724), although Asn724 is
unlikely to be glycosylated as residue 725 is proline,
which usually inhibits glycosylation. There are 15 ex-
tracellular cysteine residues, suggesting the presence of
seven intramolecular disulphide bonds, resulting in
extensive folding of the molecule. The Kell protein has
structural and sequence homology with a family of
zinc-binding endopeptidases (for functional aspects
see Section 7.13).

Kell glycoprotein is closely associated in the mem-
brane with the Kx protein and an Mr 120000 het-
erodimer may be isolated by immunoprecipitation
under non-reducing conditions [18]. The two proteins
are linked by disulphide bonding between Cys72 of
Kell and Cys347 of Kx [19] (Section 7.14.2).

7.2.2 Organization of the gene

KEL spans about 21.5kb organized into 19 exons of
coding sequence [20] (Table 7.2). Exon 1 encodes a
possible translation initiating methionine residue and
SP1 and GATA-1 binding sites. The exon 1 region is in-
volved in negative regulation of the promoter in non-
erythroid tissue [21]. Exon 2 encodes the cytoplasmic

KEL

domain and a second possible translation initiation
site at Met20, exon 3 the membrane-spanning do-
main, and exons 4–19 the large extracellular domain.
The 5¢ flanking region to nucleotide –176 contains two
GATA-1 binding sites and a CACCC box [20].

7.3 K and k (KEL1 and KEL2)

In 1946, in the first report on the applications of the 
direct antiglobulin test (DAT), Coombs et al. [1] de-
scribed an antibody of new specificity. This antibody,
originally called anti-Kell and subsequently anti-K or
anti-KEL1, reacted with the red cells of the husband
and two children of the antibody producer and with
about 7% of random blood samples [22].

Three years later, Levine et al. [23] described anti-
Cellano, an antibody antithetical to anti-K. As k had

Fig. 7.1 Diagrammatic representation of the Kell
glycoprotein showing the relative positions of the N-glycans
(Y), cysteine residues (�), the HELLH sequence
characteristic of zinc neutral endopeptidases, and the amino
acid substitutions responsible for the Kell polymorphisms,
absence of high frequency antigens, or presence of low
frequency antigens. It must be emphasized that the
conformation of the extracellular domain is not known.
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already been used [24] to represent the common allele
of K, the symbol k was subsequently adopted for the
product of that gene [23]. K and k are the products of
codominant alleles, confirmed by numerous family
studies [24–27].

Kell antigens are well developed at birth. K was
found in fetuses of 10–11 weeks’ and k at 6–7 weeks’
gestation [28].

7.3.1 Frequency of K and k

In tests on nearly 10000 English blood donors (mostly
white), 9.02% were K+ [25]. From this figure the fol-
lowing gene and genotype frequencies have been cal-
culated: K 0.0462; k 0.9538; K/K 0.0021; K/k 0.0881;
k/k 0.9097 (assuming k is the only allele of K). K is
much less common in Africans and extremely rare in
Eastern Asia and in Native Americans [29] (Table 7.3).
K achieves its highest level among people of the 
Arabian and Sinai peninsulas, where up to 25% may
be K+.

The k antigen has a high incidence in all popula-
tions. From the gene frequencies given above it can be
estimated that the incidence of K+k– would be one in
476. The incidence of k– was found to be one in 549
South London donors [43], but only one in 1340 South
Wales donors [44].

Table 7.2 Exon/intron organization of KEL.

3¢ intron 
Exon Codons size (kb) Comments

1 5¢UT Met1 0.34
2 2–27 0.29 Cytoplasmic
3 28–74 0.26 Transmembrane
4 75–133 ~2.6 K18
5 134–175 0.33
6 176–224 ~3.2 K14/K24 K/k
7 225–245 0.093
8 246–308 0.23 Kpa/Kpb/

Kpc K11/K17
VLAN RAZ

9 309–358 ~1.3 K22
10 359–401 ~6 K23
11 402–438 ~1.6 TOU
12 439–471 0.24
13 472–497 0.44 K19 Ula

14 498–531 0.19
15 532–568 0.15 K12
16 569–590 0.23 HELLH
17 591–647 0.35 Jsa/Jsb

18 648–679 ~1.3
19 680–732 3¢UT

HELLH, consensus sequence for zinc neutral endopeptidases; UT,
untranslated.

Table 7.3 Frequency of Kell system antigens and genes of relative low frequency.

Antigen Population No. tested Positive (%) Gene frequency References

K English 9 875 9.02 0.0462 [25]
Parisians 81 962 8.55 0.0437 [30]
Finns 5 000 4.10 0.0207 [31]
African Americans 4 079 1.50 0.0075 [32]
Japanese 14 541 0.02 0.0001 [33]

Kpa White people 18 934 2.28 0.0114 [25,34,35,36]

Kpc Japanese (Osaka) 4 442 0.32 0.0016 [*]
Japanese (Miyagi) 5 974 0.18 0.0009 [37]

Jsa African Americans 1 298 15.87 0.0828 [32,38,39]
Black Africans 593 15.68 0.0818 [40]

Ula Finns 2 620 2.6 0.0131 [31]
English 5 000 0 0.0000 [31]
Swedes 501 0.2 0.0011 [31]
Chinese 12 1 pos. [31]
Japanese 8 000 0.46 0.0023 [41]

K17 English 11 044 0.29 0.0058 [42]

*H. Yamaguchi, Y. Okuba, T. Seno, unpublished observations.
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7.3.2 The molecular basis of the K/k
polymorphism and genotyping

The K/k polymorphism results from a T698C transi-
tion within exon 6 of the KEL gene, which gives rise to
an amino acid substitution in the Kell glycoprotein:
Met193 in K and Thr193 in k [45,46]. This affects gly-
cosylation of the molecule. In the k product, Asn-Arg-
Thr193 is a consensus sequence for N-glycosylation of
Asn191, whereas Asn-Arg-Met in the product of K
is not. Immunoblotting revealed that K-active glyco-
protein migrated faster than the k-active molecule,
strongly suggesting that the former is less heavily gly-
cosylated than the latter. This glycosylation difference
may explain the strong immunogenicity of K com-
pared with other Kell system antigens. Responsibility
of the single base change for K or k expression has been
confirmed by site-directed mutagenesis experiments
[47].

Anti-K is a relatively common cause of severe
haemolytic disease of the newborn (HDN) (Section
7.3.5.2). In pregnant women with anti-K, it is advan-
tageous to be able to make a prediction of fetal K phe-
notype from fetal cells, such as amniocytes. Several
PCR-based techniques have been devised for this pur-
pose and for determining K/k genotype. Some exploit
the BsmI (BsaMI) restriction site in the K, but not the 
k allele [45,48,49], others involve the use of allele-
specific primers [49–51] or hybridization of allele-
specific oligonucleotides [270]. All these tests may give 
a false prediction if a K° allele is present.

7.3.3 Kell antigen site density

By use of radioiodinated polyclonal and monoclonal
anti-K, the number of K antigen sites per red cell has
been estimated as 4000–6200 on K+k– cells and
2500–3500 on K+k+ cells [12,52]. With Fab frag-
ments of three monoclonal antibodies directed at epi-
topes on the Kell glycoprotein, figures of 4000–8000
sites per cell were obtained, but Fab fragments from 
a fourth antibody gave a figure of 18000 sites per 
cell [53].

7.3.4 Unusual K and k expression

Two examples of inherited qualitative K variants have
been reported. A K+ woman had an antibody resem-
bling anti-K in the serum. Her red cells and those of her

K/k

daughter expressed a weak K antigen, which did not
react with her K-like antibody, whereas the cells of her
son, like those of his father, appeared to have normal K
antigen and did react with the mother’s antibody [54].
Red cells of a white man reacted with eight of 72 anti-
K reagents, the strength of reaction being slightly less
than that of control K+k+ cells [55]. Adsorption and
elution tests confirmed that the reactivity was a result
of anti-K. Red cells of his three sisters had the same un-
usual K antigen, but no other example was found from
screening 55000 donors.

Weakened K expression in four generations of a
family was associated normal expression of k, Kpb,
and Jsb [56]. The term Kmod was used for four in-
dividuals with K that could only be detected by ad-
sorption and elution, no k, and weak expression of
high frequency Kell system antigens [57]. All four 
were homozygous for a KEL mutation encoding
Thr193Arg. Like the Thr193Met substitution usually
associated with K, this Thr193Arg would not support
N-glycosylation of Asn191. Weakness of other Kell
antigens was a result of reduced quantity of Kell glyco-
protein. Weak expression of K has also occurred in the
McLeod [58] and Gerbich-negative [59] phenotypes
(Section 7.10).

During a terminal episode of sepsis, red cells of a pa-
tient previously known to be K–k+ became K+, as did
K– transfused cells [60]. Post-mortem blood samples
contained a Gram-positive organism, Streptococcus
faecium. K– red cells incubated with a culture contain-
ing disrupted S. faecium were converted to K+.

Weakness of k is detected in a variety of phenotypes
in which all the high frequency Kell antigens are de-
pressed (Section 7.10) and in the K+k+ Kp(a+b+) 
phenotype, where k is in cis with Kpa (Section 7.10.3).
A C1388T mutation in exon 11 of KEL, encoding an
Ala423Val substitution is purported to be responsible
for weak k expression, but no serological details are
provided [46].

7.3.5 Anti-K

7.3.5.1 Alloanti-K

Anti-K is the most common immune red cell antibody
outside of the ABO and Rh systems; about two-thirds
of non-Rh red cell immune antibodies are anti-K [61].
Giblett [62] estimated the relative potency of antigens
in stimulating the formation of antibodies and, ex-
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cluding ABO and D, K attained the highest score with
a relative potency of twice that for c, about 20 times
that for Fya, and over 100 times that for S. Anti-K is
often found in sera containing antibodies to high inci-
dence Kell system antigens. Seventy-five per cent of
people with IgG autoantibodies related to the Kell sys-
tem also have alloanti-K in their serum [63].

Anti-K, like other Kell system antibodies, are gener-
ally IgG, and predominantly IgG1 [64]. Although 
IgG anti-K may occasionally agglutinate K+ red cells
directly, the antiglobulin test is usually the method of
choice. Anti-K often react poorly in low ionic strength
solutions (LISS) [65,66] and fewer molecules of anti-K
bind to red cells in LISS than in normal strength saline
[67]. Problems in detecting anti-K have also been en-
countered in automated systems [68].

7.3.5.2 Clinical significance of anti-K

All Kell system antibodies must be considered clini-
cally significant. Anti-K can be responsible for severe
haemolytic transfusion reactions [61,69,70], includ-
ing reactions caused by incompatibility between dona-
tions given to the same patient [71,72].

K antibodies can cause severe HDN [1,22,61,
69,73–76]. In one series of tests [73], maternal anti-K
was detected in 127 of 127076 pregnancies (0.1%).
Thirteen of the pregnancies with maternal anti-K pro-
duced a K+ baby, five (38%) of whom were severely 
affected with HDN. Most anti-K appear to be induced
by blood transfusion and it is becoming common prac-
tice for girls and women of child-bearing age to be
transfused only with K– red cells. It has been suggested
that anti-K stimulated by transfusion causes less severe
disease than anti-K stimulated by previous pregnancy
[73], although this has been disputed [76].

The pathogenesis of anti-K HDN differs from that
resulting from anti-D. Severity of the anti-K disease is
harder to predict than the anti-D disease. There is very
little correlation between anti-K titre and severity of
disease [61], although severe HDN caused by anti-K of
titre less than 32 is extremely rare [75]. Anti-K HDN is
associated with lower concentrations of amniotic fluid
bilirubin than in anti-D HDN of equivalent severity,
and postnatal hyperbilirubinaemia is not prominent 
in babies with anaemia caused by anti-K [73,77,78].
There is also reduced reticulocytosis and erythroblas-
tosis in the anti-K disease, compared with anti-D HDN
[77,78]. These symptoms suggest that anti-K HDN is

associated with a lower degree of haemolysis. Fetal
anaemia in anti-K HDN therefore appears to result
predominantly from a suppression of erythropoiesis
[77,78]. Kell glycoprotein appears on erythroid prog-
enitors very early in erythropoiesis, whereas the Rh
proteins are late to appear [79–81]. Vaughan et al. 
[82] found that in vitro growth of K+ erythroid blast-
forming units (BFU-E) and colony-forming units
(CFU-E) was specifically inhibited by monoclonal and
polyclonal anti-K. As the Kell glycoprotein is an en-
dopeptidase (Section 7.13), they speculated that it
might be involved in regulating the growth and differ-
entiation of erythroid progenitors, possibly by modu-
lating peptide growth factors on the cell surface.
Consequently, binding of anti-K to the Kell glycopro-
tein might impede its enzymatic activity and suppress
erythropoiesis. Unfortunately, this theory does not
take into account the Ko phenotype, in which no Kell
glycoprotein is present on the surface of erythroid
cells, yet erythropoiesis is apparently normal. It is
more likely therefore that anti-K suppresses erythro-
poiesis through the immune destruction of early ery-
throid progenitors. Daniels et al. [83] have used a
functional assay to demonstrate that early erythroid
progenitors cultured from CD34+ cells derived from
K+ neonates expressed K and elicited a strong response
from monocytes in the presence of anti-K; no response
was obtained with anti-D because Rh antigens do 
not appear on erythroid cells until much later, when
they have become haemoglobinized erythroblasts
[81].

In addition to inhibiting erythropoiesis [82,84], 
Kell antibodies also inhibit in vitro proliferation of
granulocyte-monocyte and megakaryocyte progeni-
tors (CFU-GM and CFU-MK) [84,85]. Substantial
thrombocytopenia was detected in three cases of HDN
caused by anti-K [85].

7.3.5.3 Anti-K and microbial infection

Most examples of anti-K are stimulated by pregnancy
or transfusion, but a few cases of apparently non-red
cell immune anti-K have been described. In some cases
the antibodies were found in untransfused, healthy,
male blood donors and no mechanism to explain the
presence of anti-K could be found [86,87]; in others
microbial infection was implicated.

A 20-day-old child with Escherichia coli enterocoli-
tis had an IgM anti-K, yet the infant had not been
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transfused and no anti-K could be detected in her
mother’s serum [88]. When the baby recovered, the
bacteria disappeared as did the anti-K. An uncommon
variant of E. coli was found in stool cultures. Cell-free
preparations from these cultures inhibited IgM anti-K
and K antigens were detected on the bacterial cells.
Savalonis et al. [89] detected K on one E. coli subtype,
but not on 23 other species of Gram-negative bacteria.
No pathogenic coliforms could be isolated from stools
of another baby with IgM anti-K and clinical symp-
toms of septicaemia [90]. Mycobacterium, responsi-
ble for pulmonary tuberculosis, Enterococcus faecalis,
and Morganella morganii, have all been implicated in
K immunization [91–94]. The anti-K in a patient with
M. morganii infection was entirely IgA, prompting a
suggestion that previously described ‘naturally occur-
ring’ anti-K classified as IgM on the basis of their de-
naturation by reducing agents, may really have been
IgA [94].

7.3.5.4 ‘Mimicking’ autoanti-K

Autoantibodies that appear to have K specificity, but
which can be adsorbed and eluted from K– cells, have
been detected in the serum and red cell eluates of three
K– patients [95–97]. These antibodies caused strong
direct antiglobulin reactions and were not associated
with any weakening of high frequency Kell system
antigens.

7.3.5.5 Monoclonal anti-K

Murine monoclonal anti-K have been produced by 
immunizing mice with plasmids encoding K, followed
by a boost injection of plasmid-transfected cells [98].
IgG and IgM human monoclonal anti-K are reported
[99–101].

7.3.6 Anti-k

Less than two in 1000 people are k– and therefore 
capable of making anti-k, yet many examples of this
rare antibody have been described [102]. Most anti-k
are IgG (often IgG1 [64]) and work best by the anti-
globulin test, but cold agglutinating IgM anti-k are
known [103,104]. Anti-k has been responsible for
haemolytic transfusion reactions [69,102], including
severe intravascular haemolysis [105], and for HDN
[69,102,106].

IgG1 and IgG2a monoclonal anti-k, which could
not be adsorbed and eluted from k– red cells, have been
raised in mice [107–109]. Some murine monoclonal
antibodies react with red cells of all Kell phenotypes
except Ko, but react more strongly with K–k+
and K+k+ cells than with K+k– cells and may behave 
as anti-k at an appropriate dilution [98,101,
109,110].

7.4 Kpa, Kpb, and Kpc (KEL3, KEL4, and
KEL21)

In 1957, Allen and Lewis [34] described anti-Kpa and
its probable antithetical antibody anti-Kpb. Kell be-
came a complex blood group system in the following
year when Kpa and Kpb alleles were shown to be linked
to K and k [2]. Family evidence confirmed this very
close linkage; K+ Kp(a+) people never receive both K
and Kpa from the same parent and never pass them on
to the same child [2,35,111,112]. Despite numerous
studies of families with K+ Kp(a+) propositi, the KKpa

gene complex has never been found: K is always in cis
with Kpb, and Kpa is always in cis with k; the common
gene complex is kKpb.

Tests with anti-Kpa on just under 19000 white 
people from Europe and North America [25,34–36],
showed 2.28% to be Kp(a+), a gene frequency of
0.0114 for Kpa [25] (Table 7.3). Only 1.21% of K+
people are Kp(a+) [25]. Although about 9% of white
people are K+, only 2.7% of Kp(a+) Bostonians 
(mostly white) were K+ [34]. Very little is known about
the frequency of Kpa in other ethnic groups [29]; Kpa

has not been found in black people or in Japanese. Kpb

is a public antigen in all populations studied.
The suppressive effect of Kpa on other Kell antigens

expressed on the same molecule is described in Section
7.10.3.

In 1979, Yamaguchi et al. [113] found that the red
cells of a Japanese blood donor were Kp(a–b–) with
otherwise unremarkable Kell antigens. Her red cells
reacted with the serum containing anti-Levay [114],
an antibody to the first inherited private red cell anti-
gen, originally reported in 1945 [115,116]. Study of
the informative family of the Japanese propositus
proved that Levay is the product of Kpc, a third allele at
the Kp sublocus.

Several more Kpc homozygotes have been found in
Japan following identification of anti-Kpb in their
serum [117, H. Yamaguchi, Y. Okubo and T. Seno, 
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unpublished observations]. In one Japanese family,
two Kp(a–b–c+) members appeared to be heterozy-
gous for Kpc and the Kell-null gene K° [37]. The inci-
dence of Kpc in Japan is shown in Table 7.3. Other 
than the original Levay-positive propositus and her
family, only one Kp(c+) individual has been found 
outside Japan, a Kp(a+b–c+) Spanish American 
with anti-Kpb (J. Lawson, J. Gavin, unpublished 
observations).

Kpa and Kpc differ from the common allele, Kpb, by
single nucleotide changes at adjacent sites within the
same codon in exon 8 [118]. Kpb has CGG at codon
281 encoding arginine, Kpa has TGG encoding trypto-
phan, and Kpc has CAG encoding glutamine. The Kpa

and Kpc mutations introduce NlaIII and PvuII restric-
tion sites, respectively, that can be utilized in PCR-
based genotyping methods [118,119]. Site-directed
mutagenesis experiments have been used to confirm
that the single base change is responsible for the
Kpa/Kpb polymorphism [47].

7.4.1 Anti-Kpa

Many examples of anti-Kpa are known. The first 
(Penney) appeared to be ‘naturally occurring’ but, as
with most anti-Kpa, reacted best by the antiglobulin
test [25,34]. Anti-Kpa very rarely causes HDN severe
enough to require transfusion [120], but one case of
hydrops fetalis attributed to anti-Kpa has been 
reported [121].

Murine monoclonal anti-Kpa have been pro-
duced by immunizing mice with plasmid DNA fol-
lowed by a boost injection of plasmid-transfected 
cells [98].

7.4.2 Anti-Kpb

The first anti-Kpb (Rautenberg) was found during rou-
tine crossmatching [2]; the serum also contained anti-
K, as do some other examples [25]. Although anti-Kpb

is usually IgG (IgG1+ IgG4 [64]), Race and Sanger
[25] mention two examples which appear to be ‘natu-
rally occurring’ and did not react by the antiglobulin
test.

Serious HDN caused by anti-Kpb is very rare, but
two cases are reported where obstetric intervention
and, in one case, transfusion, were required [122,123].
Both mothers had been transfused during childhood.
In vivo red cell survival studies and monocyte mono-

layer assays predict that anti-Kpb has the potential 
to cause reduced survival of transfused Kp(b+) cells
[124,125]. Anti-Kpb has been responsible for a de-
layed haemolytic transfusion reaction [124]. Kp(b+)
units of blood have been administered to patients with
anti-Kpb, with no indications of transfusion reaction
or reduced red cell survival [126–128], although one
of these antibodies subsequently became clinically 
significant, as determined by an in vitro functional
assay and an in vivo red cell survival test [128].

Autoanti-Kpb has been responsible for autoimmune
haemolytic anaemia [129,130], in one case in a 12-
week-old infant [130]. Autoantibodies to Kell system
antigens are often associated with weakened expres-
sion of Kell (Section 7.10.5).

A murine monoclonal antibody (BRIC 203) defined
an epitope shared by Kpb and Kpc, but not Kpa [53]. 
A human single-chain Fv (scFv) antibody fragment
specific for Kpb has been isolated from a V gene phage-
display library derived from non-immunized donors
[131] (see Section 5.18.1.2).

7.4.3 Anti-Kpc

The first anti-Kpc, called anti-Levay for 34 years, was
made by a patient with lupus erythematosus diffusus
in response to transfusion [115,116]. This patient had
already made the first examples of incomplete anti-c, 
-Lua, -Cw, and human anti-N. Several more anti-Kpc,
all immune and all in Japanese, have since been found
[117].

7.5 Jsa and Jsb (KEL6 and KEL7)

Giblett in 1958 [132] and Giblett and Chase [38] the
following year, described a new antigen, Jsa, present on
the red cells of about 20% of African Americans in the
Seattle area. None of 500 white people was Js(a+). Jsa

segregated from most of the blood group systems but,
because of the low incidence of K and Kpa in black 
people, it was clear that it would be difficult to show
independence from the Kell system.

In 1963, Walker et al. [133,134] found an antibody
to a high frequency antigen in the serum of a Js(a+)
black woman with four Js(a+) children. This antibody
failed to react with the red cells of 13 of 1269 black
donors. Twelve of the 13 were tested with anti-Jsa and
all were positive. The antibody did not react with the
Js(a+) red cells of two sisters, believed to be homozy-
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gous for Jsa because all of their 10 children were Js(a+).
The antibody was therefore called anti-Jsb.

The first hint that Jsa and Jsb might belong to the Kell
system came from the observation that cells of the
Kell-null phenotype (Ko) were Js(a–b–) [32]. A search
of 4000 black donors revealed six K+ Js(a+) propositi
and the subsequent family studies suggested control of
Jsa and Jsb at the KEL locus. This was confirmed by
four large Brazilian families with K+ Js(a+) propositi
[135].

Jsa is almost completely confined to people of
African origin [29]. The incidence of Jsa among
African Americans is about 16%, giving a frequency of
8% for the Jsa gene (Table 7.3). Jsa is very rare, al-
though not unknown [25], in white people. It has not
been found in Japanese [136]. Of 11000 African
Americans tested with anti-Jsb, 34 were Js(b–) [137].
The phenotype Js(a+b–) has not been reported in a 
person of non-African origin.

The Jsa/Jsb polymorphism is associated with two 
nucleotide changes in exon 17 of KEL, one encoding
an amino acid substitution: Jsa, C1910 Pro597,
G2019 Leu633; Jsb, T1910 Leu597, A2019 Leu633
[138]. Responsibility of the C1910T change for the
Jsa/Jsb polymorphism has been confirmed by site-
directed mutagenesis experiments [47]. The T1910C
and A2019G mutations eliminated MnlI and DdeI 
restriction sites, respectively, in the Jsa allele. The
Leu597Pro substitution is between two cysteine
residues and could affect disulphide bonding and, con-
sequently, folding of the molecule.

7.5.1 Anti-Jsa

Anti-Jsa generally react best by the antiglobulin test
and are red cell immune in origin [25]. An apparently
‘naturally occurring’ IgM anti-Jsa in a Japanese
woman directly agglutinated Js(a+) cells [136].

Anti-Jsa has been responsible for HDN [139,140].
Two anti-Jsa, barely detectable by routine serological
tests, caused delayed haemolytic transfusion reactions
[141,142].

7.5.2 Anti-Jsb

All examples of anti-Jsb have been found in black 
people. They generally work best by the antiglobulin
test. Anti-Jsb has caused severe HDN [143–146], re-
sulting in fatal hydrops fetalis [145,146]. The mother

of a hydropic baby received a transfusion of 275mL
Js(b+) red cells and suffered no symptoms of transfu-
sion reaction, although the survival of the Js(b+) cells
was substantially reduced [145]. Alloanti-Jsb in a
Js(a+b+) patient was responsible for a delayed
haemolytic transfusion reaction [147].

Autoanti-Jsb, enhanced by polyethylene glycol, was
detected in the serum of a Js(a–b+) renal patient whose
red cells gave a weakly positive DAT [148].

A potent murine monoclonal anti-Jsb was raised by
immunizing a mouse with a murine erythroleukaemia
(MEL) cell line expressing recombinant human Kell
glycoprotein [149].

7.6 Ula (KEL10)

Anti-Ula was found, by Furuhjelm et al. [31] in 1968,
through an incompatible crossmatch and shown to
react with the red cells of 2.6% of Helsinki blood
donors. Despite the relatively low frequency of K in
Helsinki (4.1%), by the following year three families
with K+ Ul(a+) members had virtually proven that Ula

is another antigen belonging to the Kell system [150].
There was no recombinant and 13 non-recombinants
between Ula and k, giving a lod score of 3.3 at a recom-
bination fraction of zero. An antibody antithetical to
anti-Ula has not been found. Ula is often considered 
a predominantly Finnish characteristic, but 0.46% of
Japanese [41] and one of 12 Chinese [31] were Ul(a+)
(Table 7.3).

Ula results from an A1601T transversion in exon 13
of KEL, encoding a Glu494Val substitution and ac-
quiring an AccI restriction site [118].

7.6.1 Anti-Ula

Anti-Ula is very rare. No anti-Ula was detected in the
serum of 19 Ul(a–) mothers of Ul(a+) children [31].
One case of HDN caused by anti-Ula is reported [151].

7.7 The Kell-null phenotype, Ko, and 
anti-Ku (-KEL5)

7.7.1 Ko phenotype

In the same year as the discovery of Kpa and Kpb [34],
Chown et al. [152] found a new Kell phenotype, K–k–
Kp(a–b–), in two sisters. The consanguineous parents
and two other sisters were of the common Kell pheno-
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type K–k+ Kp(a–b+). The propositus had made an an-
tibody that reacted with all but K–k– Kp(a–b–) cells.
This antibody was used to search for another example
of the new phenotype [153,154]: the 3122nd blood
tested did not react and was also K–k– Kp(a–b–). The
parents of this donor were first cousins and because of
this parental consanguinity it was assumed that ho-
mozygosity for a rare gene, named K° by Allen et al.
[2], was responsible for the K–k– Kp(a–b–) or Ko

phenotype.
Family studies showed that Ko results from appar-

ent homozygosity for an amorph gene at the KEL
locus [25]. In several families heterozygosity for a
silent gene producing no K or k explains abnormal 
inheritance. The molecular basis for Ko has been 
determined for nine unrelated propositi, who are ei-
ther homozygous for inactivating mutations in the
KEL gene or heterozygous for two such mutations
[155,156] (Table 7.4). The splice site mutations result
in skipping of exon 3 and introduction of a reading
frameshift and premature termination of translation.
The Ser363Asn and Ser676Asn mutants, expressed in
human embryonic kidney cells, were retained in a pre-
Golgi compartment and not transported to the cell sur-
face [156]. The Arg128Stop mutations, homozygous
in two African Americans, were present in Jsa alleles of
the KEL gene.

Ko cells lack expression of all Kell antigens, includ-
ing, by definition, Ku and Km. The strength of Kx anti-

gen detected on the surface of intact Ko red cells is re-
ported to be enhanced [157], yet the quantity of Kx
protein is reduced [158] (Section 7.14.2). Ko red cells
demonstrate no morphological abnormality [159] or
unusual expression of antigens belonging to other
blood group systems, except Kx. No Kell glycopro-
tein, either in a complete or truncated form, could be
detected in Ko red cell membranes by immunoblotting
with antibodies to determinants on the Kell glycopro-
tein [4,16,156].

Only one Ko was found from testing 16518 white
donors with the serum of the original Ko propositus
[36]. Several studies provided only one example of Ko

from 24953 white people [25]. These results suggest 
a frequency of about 0.007 for the K° gene in white
people. One Ko was found among 14541 Japanese,
suggesting a similar gene frequency [33].

7.7.2 Anti-Ku (-KEL5)

Anti-Ku is the typical antibody of immunized Ko indi-
viduals and detects an antigen present on all red cells
apart from those of the Ko phenotype. It appears to be
a single specificity and cannot be separated, by adsorp-
tion and elution, into components of other Kell speci-
ficity [160]. Race and Sanger [25] list 10 examples of
anti-Ku and many more have since been found. Excep-
tional Ko individuals with anti-Kpb or -k have been 
reported [10,25].

The original anti-Ku caused both HDN and a
haemolytic transfusion reaction [152]. Anti-Ku was
also responsible for a severe transfusion reaction re-
sulting in jaundice, renal failure, and anuria [161].

A number of murine monoclonal antibodies to epi-
topes on the Kell glycoprotein resemble anti-Ku by re-
acting with all red cells save those of the Ko phenotype
[53,101,109,110,162]. Two similar murine mono-
clonal antibodies, produced by immunizing a mouse
with MEL cell line expressing KEL cDNA, reacted
only very weakly with K+k– and with Kp(a+b–) cells
[149].

7.8 Other Kell system antigens

In addition to the Kell polymorphisms —K/k,
Kpa/Kpb/Kpc, Jsa/Jsb, and Ula —a number of other Kell
system antigens are known, all of either high frequency
or low frequency (Table 7.1). They are absent 
from Ko cells and expressed either weakly or not at all

Table 7.4 KEL mutations responsible for Ko phenotype.

Mutation Origin Reference

Cys83Stop (exon 4) Yugoslavia [156]
Arg128Stop African [156]

(exon 4) Americans
Arg192Stop USA [156]

(exon 6)*
Gln348Stop Portugal [156]

(exon 9)
Ser363Asn USA [156]

(exon 10)†
Ser676Asn Israel, America [156]

(exon 18)
g to a, intron 3 5¢ Réunion Island, [156]

splice site USA
g to c, intron 3 5¢ Taiwan [155]

splice site

*In heterozygote with Ser363Asn.
†In heterozygote with Arg192Stop or 5¢ intron 3 mutation.
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on McLeod phenotype cells. All except K24 have 
been shown by immunochemical means to be located
on the Kell glycoprotein [10–15] and the molecular
background is known for all except K13 and K25.

7.8.1 K11 and K17 (Wka)

The original anti-K11 was found, by Guévin et al.
[163], in the serum of a French-Canadian woman (Mrs
Côté). It reacted with all red cells tested except for 
her own, those of two sibs, and Ko phenotype cells.
McLeod phenotype cells, which show reduced expres-
sion of Kell antigens, did not react with Côté serum 
by the antiglobulin test, but did adsorb the antibody.
Thus Côté serum appeared to contain an antibody 
recognizing a new high frequency antigen related to
the Kell system.

Strange et al. [42] noticed that an antibody to a low
frequency antigen, anti-Wka, reacted with red cells of
0.3% of English blood donors (Table 7.3), but with
those of only 0.1% of K+ donors. None of 1000
Kp(a+) donors was Wk(a+). Six months of testing all
K+ samples in two transfusion centres with anti-Wka

revealed seven K+ Wk(a+) donors. Studies of the fami-
lies of five of these donors showed that Wka was al-
ways inherited with k; there was no recombinant and
13 non-recombinants. Thus Wka appeared to be a new
low frequency Kell antigen and was numbered K17.

K:–11 red cells were found to be Wk(a+) and the 
allelic status of K11 and Wka was confirmed by family
studies [42,164]. As K11 has never been called Wkb,
the numerical notation of K17 will now be used here
for Wka.

K11 and K17 differ by a single nucleotide in exon 8
of KEL. C1025 encodes Val302 in K11; C1025 en-
codes Arg302 in K17 [118]. This mutation creates an
additional MscI restriction site in the K17 allele.

7.8.1.1 Anti-K11 and -K17 (-Wka)

Anti-K11 is a rare antibody. A patient with anti-K11
was transfused with 11 units of K:11 red cells with 
no adverse clinical outcome [165]. 51Cr-labelled K:11
cells survived normally and there was no increase in re-
active monocytes in a monocyte monolayer assay. The
second child of a woman with anti-K11 was stillborn,
autopsy revealing some symptoms of HDN, and the
red cells of her third child gave a direct antiglobulin re-
action, although no treatment was required [164].

The original anti-K17 is the only published example
[42], although others are known.

7.8.2 K12

Five examples of anti-K12 and four K:–12 propositi
are reported [166–169]. All are white (although one
was originally described as black [170]). Two of the
propositi each had a K:–12 sib [168,169]. One of the
K:–12 propositi and her K:–12 sister suffered from
gastrointestinal ulcers; both had been transfused and
both had anti-K12 [168]. Two of the propositi were
transfused with K:12 blood with no evidence of in vivo
destruction [168,169].

Two unrelated K:–12 individuals had an A1763G
transition in exon 15, encoding Arg548 in place of 
histidine and abolishing an NlaIII restriction site 
[46].

7.8.3 K13

Marsh et al. [171] described the first example of anti-
K13 and the only reported K:–13 propositus, a much
transfused man of Italian parentage. The antibody in
his serum did not react with the red cells of one of his
five sibs, who had not made anti-K13 despite having
seven children. The red cells of the K:–13 propositus
and his sister displayed weakened expression of k,
Kpb, Jsb, Ku, and K12 and gave an enhanced score with
anti-Kx (typical of cells from a K° heterozygote). It was
proposed that the K:–13 siblings are heterozygous for
K–13 and K°, and that the absence of K13 for the Kell
glycoprotein has the effect of suppressing expression
of other Kell system antigens on the same molecule
[171]. This would be a similar effect to that already
known to occur in individuals with Kpa on one chro-
mosome and K° on the other (Section 7.10.3). The 
parents of the K:–13 sibs were not known to be 
consanguineous.

The molecular basis for K:–13 is not known, but
K13 has been shown, by immunoprecipitation, to be
located on the Kell glycoprotein [10].

The second example of anti-K13 was an IgG au-
toantibody eluted from the red cells of a K:13 woman
with autoimmune haemolytic anaemia [172].

7.8.4 K14 and K24

After an earlier brief mention [166], the original 
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anti-K14, found in the serum of a white woman, was
described by Wallace et al. [173] in 1976. K14 was
shown to be an inherited character retrospectively
when Dp, a previously described public antigen [174],
was found to be K14 [175]. The K:–14 propositus, a
white woman with consanguineous parents, had four
K:14 and two K:–14 sibs [174].

At least three IgG murine monoclonal anti-K14
have been produced [101,107].

An antibody in the serum of a white woman, which
reacted with the red cells of her baby and the baby’s sis-
ter, father, two paternal uncles, and paternal grandfa-
ther, appeared to be antithetical to anti-K14 and was
numbered anti-K24 [176]. Anti-K24 reacted with all
three K:–14 samples tested, but with none of 700 other
red cell samples, and gave a higher titre with K:–14,24
cells than with K:14,24 cells.

Two unrelated K:–14,24 individuals had a G659C
transversion in exon 6 of KEL introducing a HaeIII re-
striction site [177]: K14 represents Arg180; K24 rep-
resents Pro180. DNA analysis on two unrelated K:–14
Japanese revealed two other mutations: G659A en-
coding Arg180His; and C658T encoding Arg180Cys
[178].

7.8.5 K18

K18 is the only Kell antigen not shown to be inherited.
The only two known K:–18 individuals (who do not
have the Ko phenotype) were both white and made 
the only two examples of anti-K18 [11,179]. Despite
being serologically identical, the two unrelated
propositi had different single base mutations in the
same codon in exon 4, encoding different amino acid
substitutions: C508T, Arg130Trp; and G509A,
Arg130Gln [46]. The two mutations created Eco571
and TaqII restriction sites, respectively. No example of
K:–18 was revealed by tests on 54450 blood donors
[180].

In vivo survival studies and mononuclear phagocyte
assays predicted that the original anti-K18 would not
cause an acute haemolytic transfusion reaction, but
that transfusion therapy with K:18 red cells would be
ineffective in all but an emergency [180].

7.8.6 K19

The first anti-K19 was found in a K:–19 woman with a
K:–19 brother and two K:19 sisters [181]. The second

anti-K19, identified in the serum of a black man,
caused a delayed haemolytic transfusion reaction,
eliminating four units of incompatible blood [182].
None of 10757 donors tested with anti-K19 was
K:–19 [182]. Two unrelated K:–19 individuals had
G1595A transitions in exon 13 encoding Arg492Gln
[46].

7.8.7 K22

Anti-K22 was found in the serum of an Israeli woman
of Iranian Jewish origin [183]. One of her three sisters
was also K:–22. The family of the second K:–22
propositus, also an Iranian Jew living in Israel, pro-
vided some evidence of genetic linkage between K22
and k [184]. Three unrelated K:–22 individuals had 
a C1085T transition encoding Ala322Val [46].

Anti-K22 in the second K:–22 propositus was re-
sponsible for mild HDN in her fourth and fifth chil-
dren and severe HDN in her sixth child, requiring
exchange transfusion with the mother’s washed red
cells [184,185]. The IgG isotype was IgG1 during the
fourth and fifth pregnancies and IgG1 plus IgG3 
during the sixth.

7.8.8 K23

An antibody in the serum of a white woman of Italian
ancestry reacted with red cells of her two children, 
her husband, and his mother, but with none of 2100 re-
ference samples [186]. The antibody precipitated Kell
glycoprotein from the husband’s red cells and the anti-
gen was designated K23. Red cells lacking high fre-
quency Kell antigens were all K:–23. Two K:23 family
members were heterozygous for an A1265G transi-
tion, encoding Gln382Arg and creating a BcnI restric-
tion site [46].

Anti-K23 caused a strongly positive DAT on the red
cells of the third baby of the propositus, but did not
cause HDN [186].

7.8.9 VLAN (KEL25)

VLAN is a low frequency antigen detected on the red
cells of a Dutch blood donor when they were cross-
matched with the serum of a patient of unknown
transfusion history [15]. Two sisters and a niece of the
donor were also VLAN+. VLAN was shown to be lo-
cated on the Kell glycoprotein by a monoclonal anti-
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body-specific immobilization of erythrocyte antigens
(MAIEA) analysis. A G863A mutation encoding Arg
248Gln is responsible for VLAN [272]. Anti-VLAN
consisted of IgG1 and IgG2 isotypes and directly ag-
glutinated VLAN+ red cells. None of 1068 donors was
VLAN+.

7.8.10 TOU (KEL26)

TOU is an antigen of high frequency absent from Ko

cells and shown to be located on the Kell glycoprotein
by a MAIEA analysis [14]. Two examples of anti-TOU
have been identified, one in a Native American man
and the other in a Latino woman [14]. Neither had
been transfused, but the woman had been pregnant
twice. In three TOU– samples from two families, a
G1337A transition in exon 11 was detected, encoding
Arg406Gln [46]. A monocyte monolayer assay sug-
gested that the original anti-TOU was not clinically
significant [14].

7.8.11 RAZ (KEL27)

RAZ is a high frequency antigen, not present on Ko

cells and located on the Kell glycoprotein as deter-
mined by a MAIEA assay [187]. Anti-RAZ was found
in a Kenyan-Indian woman, the only RAZ– person
known. She is homozygous for G865A, which encodes
a Glu249Lys substitution [272].

7.9 Spatial arrangement of Kell antigens 
on the Kell glycoprotein

The Kell glycoprotein is highly folded and the shape of

its large extracellular domain is unknown. Kell system
antigens are destroyed by disulphide-bond reducing
agents (Section 7.11) and so must be dependent on the
native conformation of the molecule. Some may also
be discontinuous; that is, dependent on two linearly
discrete regions of the polypeptide chain that come to
proximity because of folding of the protein.

In competitive binding assays, Parsons et al. [53]
showed that the monoclonal antibodies BRIC 18,
BRIC 68, and BRIC 203 (anti-Kpbc) define an overlap-
ping set of epitopes whereas BRIC 107 (anti-k-like) de-
fines a separate, discrete epitope. The MAIEA assay, in
which antibodies are incubated with intact cells before
solubilization, has proved ideal for the study of Kell
system antigens. Antigens of the Kell system have been
studied by MAIEA with many monoclonal antibodies
to epitopes on the Kell glycoprotein. Figure 7.2 repre-
sents information obtained from several studies with
MAIEA performed with these and other monoclonal
antibodies, together with human alloantibodies to
Kell system antibodies [13–15,169,187,188]. The 
diagram indicates positions of the Kell system antigens
relative to each other, based on the assumption that 
an unexpected negative result represents mutual
blocking between the antibodies. Although these 
data suggest a spatial relationship between many of
the Kell system antigens on the Kell glycoprotein, 
two antigens in close proximity on the native protein 
may be far apart on the linear sequence of the pro-
tein. Like Kpa/Kpb/Kpc and VLAN, K23 and TOU 
belong to the same cluster and are linearly close, but 
no other correlation between spatial positioning 
as determined by MAIEA and linear positioning is 
obvious.

Fig. 7.2 Diagram to show the spatial relationships between Kell system antigens and six monoclonal antibodies to the Kell
glycoprotein as suggested by MAIEA. The double-headed arrows show where blocking has occurred between antibodies to the
antigens in the boxes and the monoclonal antibodies above. The amino acid positions for the substitutions involved in
expression of the antigens are indicated in parentheses and show that the spatial relationships are not linear.
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Despite numerous family studies, no KEL gene 
encoding more than one of the lower frequency 
antigens has been found. Expression in human embry-
onic kidney of a cDNA construct encoding both K 
and Jsa shows that there is no conformational 
restraint to K and Jsa being expressed on the same 
molecule [47].

7.10 Depressed Kell phenotypes

There are a number of rare phenotypes in which most
or all of the high frequency Kell antigens are expressed
weakly. The degree of depression varies. These de-
pressed Kell phenotypes arise from different genetic
backgrounds and some appear to be acquired and pos-
sibly transient. The inherited depressed phenotypes
will be considered first.

7.10.1 McLeod phenotype

The McLeod phenotype results from hemizygosity for
rare alleles or deletions at an X-borne locus, XK. The
high incidence antigen Kx, product of XK, is not a Kell
system antigen, but is the sole antigen of Kx system.
The Kx system, including the McLeod phenotype and
the Kx antigen, is discussed in Section 7.14.

7.10.2 Gerbich-negatives

Another depressed Kell phenotype resulting from in-
heritance of a rare gene at an independent locus is that
accompanying some Gerbich-negative phenotypes.
This phenomenon was first recognized in a K+ woman
and her brother with the rare Ge:–2,–3 phenotype
[59]. Both showed weakened expression of K, k, and

Kpb. Nine of 11 red cell samples from Ge:–2,–3 people
showed at least some degree of weakening of Kell 
antigens [271]. In some cases only K11 appeared to 
be affected whereas in others all Kell antigens were 
depressed, although to a lesser extent than that found
in the McLeod phenotype. All six Ge:–2,3 samples 
had normal expression of Kell antigens. Cells of 
the Ge:–2,–3,–4 Leach phenotype also demonstrated 
depression of at least some of the Kell system antigens
[189,190]. Red cells with the Ko, Kmod, and McLeod
phenotypes have normal expression of Gerbich 
antigens. Jaber et al. [12] used monoclonal anti-K 
to estimate that K+k+ Ge:–2,–3 red cells had about 
half the number of K antigen sites of K+k+ Ge:2,3 
cells. The biochemical nature of the phenotypic associ-
ation between Gerbich and Kell is not understood, but
probably involves the absence of exon 3 of GYPC in
the Ge:–2,–3,4 and Ge:–2,–3,–4 phenotypes (Chapter
18).

7.10.3 The Kpa effect

In the original description of Kpa, Allen and Lewis [34]
noted some difficulty in k typing some K+ Kp(a+) fam-
ily members. This was probably a result of weakening
of k because of a depressing effect of Kpa on k and the
other Kell system antigens on the same molecule 
[25]. This effect can only be recognized under certain 
conditions:
1 when an alternative allele, such as K, is present on
the opposite chromosome;
2 when there is a K° gene in trans; or
3 with difficulty, when there is homozygosity for Kpa.
Families, such as the one represented in Fig. 7.3, have
shown that the Kpa effect is most obvious in those

Phenotype

Presumed genotype

K+k+
Kp(a–b+)

K+k–
Kp(a–b+)

K+k+w

Kp(a+b+)
K–k+

Kp(a+b+)
K–k+

Kp(a–b+)
K–k+

Kp(a+b+)
K+k–

Kp(a–b+)

K–k+w

Kp(a+b–)

KKpb/kKpb KKpa/Ko

KKpb/Ko kKpb/ko KKpb/koKKpb/kKpa   kKpb/kKpa   kKpb/kKpa

{
1

1

2

2 3 4 5 6

I

II

Fig. 7.3 Family demonstrating
depressing effect of Kpa on k
expressed on the same molecule
[191]. Weakness of k was apparent
in I-2, who has a K° gene, and in II-2,
who has a K allele, in trans with k.
All high frequency Kell antigens
were depressed in I-2 who has the
Kpa/K° genotype.
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Kp(a+b–c–) individuals who are heterozygous for K°;
that is, Kpa/K° [191,192].

Tippett [193] reported the results of titrations of se-
lected anti-k and -Jsa with five examples of Kp(a+b–)
red cells. One cell sample gave markedly reduced
scores and was assumed to be Kpa/K°; the other four,
presumably Kpa/Kpa, showed a slight reduction in the
strength of their k and Jsb antigens. Kpc, a low inci-
dence allele of Kpa, does not appear to produce a simi-
lar effect when in trans with K° [37].

The Kpa effect results from a reduced quantity in the
red cell membrane of Kell glycoprotein produced by
the Kpa allele, rather than conformational changes
preventing optimum binding of antibodies to Kell sys-
tem antigens. This was demonstrated by immunoblot-
ting with antibodies to denatured Kell glycoprotein
[47,119]. Expression of cDNA constructs in human
embryonic kidney cells showed that the Kpa mutation
causes retention of most of the Kell glycoprotein in a
pre-Golgi compartment because of differential pro-
cessing, suggesting aberrant transport of the Kell gly-
coprotein to the cell surface [47]. Arg281 (Kpb) or
Glu281 (Kpc) therefore appears to be a requirement
for effective trafficking of Kell glycoprotein to the cell
surface.

In an unusual case, a man whose red cells initially
appeared to lack all Kell antigens was shown not to
have Ko phenotype for three reasons:
1 anti-k could be adsorbed onto and eluted from his
red cells;
2 his red cells were Kx-negative; and
3 he had three Kp(a+b+) children and therefore could
not have passed a K° gene to any of them [119].
Analysis of KEL exon 8 with NlaIII demonstrated that
he was homozygous for Kpa. He also had a splice site
mutation in his XK gene and so had the McLeod phe-
notype (Section 7.14.4). Presumably the Kell weaken-
ing effects arising both from Kpa homozygosity and
from Kx deficiency led to his Ko-like phenotype.

7.10.4 Kmod phenotype

Marsh and Redman [7] introduced Kmod as an umbrel-
la term to describe phenotypes in which Kell antigens
are expressed very weakly, often requiring adsorp-
tion–elution tests for detection, and in which Kx anti-
gen expression is elevated [194–198]. Kmod cells have
reduced quantity of the Kell glycoprotein [198]. Some
Kmod individuals make an antibody, which resembles

anti-Ku, but differs from anti-Ku by being non-
reactive with Kmod cells [7,194,195,197,198].

Kmod is probably inherited as a recessive character,
but the precise mode of inheritance has not been con-
firmed. In one family the aberrant phenotype was de-
tected in the propositus and in two of his four brothers,
but in none of his seven children and 13 grandchildren
[195]. A Kmod woman had a brother with a similar
weak Kell phenotype [197].

Four individuals with weak Kell antigens, including
very weak K, were homozygous for a KEL mutation
encoding Thr193Arg [57] (see Section 7.3.4).

Weak Kpb and k antigens could only be detected by
adsorption and elution tests in two K–k+ Kp(a+b+w)
sibs and a third K+k+w Kp(a–b+) sib in a Swiss family.
Poole et al. [199] suggested that they were heterozy-
gous for Kmod and either kKpa or KKpb. A similar ex-
planation probably accounts for the Kp(a+b+w), Allen
phenotype [200]. In 13 of 70 apparent Kp(a+b–) sam-
ples weak Kpb could be detected by adsorption and
elution of anti-Kpb [199]. These 13 individuals are
probably heterozygous for Kmod, indicating that the
Kmod gene is not uncommon.

7.10.5 Acquired and transient depressed 
Kell phenotypes

In 1972, Seyfried et al. [129] described the case of 
a boy with severe autoimmune haemolytic anaemia
whose red cells gave a weakly positive DAT and had
weak expression of k, Kpb, Jsb, and Ku. His serum con-
tained a potent anti-Kpb, responsible for a haemolytic
transfusion reaction. Within 16 weeks of the start of
the investigation, his positive DAT had virtually disap-
peared, there was no sign of the anti-Kpb, and his 
Kell antigens were back to normal strength. Similar 
examples of Kell-related autoantibodies associated
with weak Kell antigens have since been described
[201–205]. Degradation of Kell system antigens by 
enzymes of microbial origin has been proposed to 
explain this phenomenon [201,202].

Anti-Kpb was responsible for a positive DAT on the
cells of a patient who was genetically Kp(a+b–) [203].
Her k and Jsb antigens were weakly expressed, but she
had strong Kpa. Nine months later the DAT was nega-
tive, the anti-Kpb undetectable, and her k and Jsb back
to the strength expected for Kp(a+b–) cells. Her own
anti-Kpb, stored frozen from the initial study, no
longer reacted with her cells. Manny et al. [203] sug-
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gested that Kpb-like antigen was of microbial origin
and may have become adsorbed onto the red cells and
stimulated antibody production.

A patient with idiopathic thrombocytopenic pur-
pura (ITP) had a potent antibody to a high frequency
Kell antigen. His red cells gave a negative DAT and dis-
played profound depression of Kell system antigens.
Transfused cells also lost their Kell antigens. Five
months later the antibody had disappeared and the 
patient’s Kell antigens had returned to normal. Again
an environmental agent, possibly of microbial origin,
appeared to be responsible [206]. Another similar case
in an ITP patient is reported [207]; in remission his 
Kell antibody disappeared and his Kell antigens re-
turned to normal, but his red cells lost their Lutheran
antigens during a subsequent relapse (see Chapter 6).
The possibility that Kell glycoprotein is expressed on
megakaryocytes [85] might provide an explanation
for the ITP in these patients.

7.11 Effects of enzymes and reducing
agents on Kell antigens

Treatment of red cells with the proteases papain, ficin,
or trypsin does not reduce expression of Kell antigens;
the effects of a-chymotrypsin and pronase are variable
[208]. Treatment of red cells with a mixture of trypsin
and chymotrypsin, with trypsin followed by chy-
motrypsin, or vice versa, abolishes activity of Kell anti-
gens [208,209], but some Kell-related monoclonal
antibodies continue to agglutinate red cells treated in
this way [53].

The Kell glycoprotein has 15 cysteine residues in its
extracellular domain (see Fig. 7.1) and thiol-reducing
agents, which dissociate disulphide bonds between
cysteine residues, destroy Kell antigens on intact red
cells. All Kell antigens are destroyed by 100–200mM
dithiothreitol (DTT) and by 6% 2-aminoethylisoth-
iouronium bromide (AET) at pH 8 [210,211]. Jsa and
Jsb are inactivated by substantially lower concentra-
tions of DTT (<2mM) [210]. Two cysteine residues
flank the position of the amino acid substitution asso-
ciated with the Jsa/Jsb polymorphism (residue 597) and
probably form part of the Jsa and Jsb epitopes [138]
(see Fig. 7.1). Like natural Ko cells, artificial Ko cells
produced by AET treatment of red cells have enhanced
expression of Kx antigen [211]. AET treatment of red
cells is not a reliable way of identifying Kell system an-
tibodies as AET destroys many other red cell antigens,

including the Lutheran, Yt, Dombrock, LW, Knops,
and JMH antigens.

Glycine-HCl-EDTA treatment of red cells for disso-
ciation of IgG also denatures Kell system antigens
[212].

7.12 Kell antigens on other cells and in
other species

7.12.1 Other cells and other tissues

For some time Kell was considered erythroid-specific.
No Kell system antigen or Kell glycoprotein was de-
tected on human lymphocytes, granulocytes, mono-
cytes, or platelets, by flow cytometry with several
Kell-related monoclonal antibodies [213] or by im-
munoblotting with a monoclonal antibody to purified
Kell glycoprotein [16]. Cells of the human ery-
throleukaemic line, K562, did not express Kell 
antigens [213,214], unless induced to synthesize
haemoglobin by hemin, after which k, Kpb, Jsb, and Ku
were detected [214]. Kell mRNA transcripts were de-
tected in haemopoietic tissue, bone marrow and fetal
liver, and in peripheral blood leucocytes [215]. There is
also indirect evidence that Kell glycoprotein could be
present on progenitors of granulocytes, monocytes,
and megakaryocytes [84,85] (Section 7.3.5.2).

KEL mRNA transcripts were found to be about
equally abundant in erythroid tissues and testis, and
were detected in lesser amounts in lymph node, brain,
colon, spleen, skeletal muscle, and several other tissues
[21,215]. Immunoblotting and immunohistochem-
istry revealed Kell glycoprotein in testis, lymphoid tis-
sues, and skeletal muscle [21,215]. Kell glycoprotein
was co-isolated with Kx protein in skeletal muscle
[215].

7.12.2 Evolutionary aspects

Chimpanzees (Pan troglodyte) have the Kell pheno-
type K–k+ Kp(a–b+) Ku+ Js(a+b–) Ul(a–)
K:11,12,13,14,18,19,22 Kx+ [216]. Antigens k, Kpb,
and Jsa are also present on the red cells of gorilla and
gibbon, K and Jsa on those of Old World monkeys, and
k on those of New World monkeys [217].

The mouse KEL homologue, Kel, has been cloned
[218]. Mouse and human Kell glycoprotein share 74%
amino acid sequence identity and the mouse Kell gly-
coprotein is disulphide-linked to Kx protein.
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7.13 Functional aspects

Kell protein shares a pentameric zinc-binding motif,
His-Glu-Xxx-Xxx-His (HEXXH, HELLH in Kell,
Fig. 7.1), with zinc-dependent endopeptidases [17].
Closest homology is with the neprilysin family con-
sisting of at least six other enzymes, including 
neutral endopeptidase 24.11 (NEP or CD10), two 
endothelium-converting enzymes (ECE-1 and ECE-2),
and PEX, an enzyme associated with X-linked hy-
pophosphataemia [219]. These enzymes process a va-
riety of biologically active peptides. ECE-1 and ECE-2
cleave big endothelin (ET)-1, big ET-2, and big ET-3,
inactive peptides of about 40 amino acids, to create
21-amino-acid peptides with vasoconstrictor activity,
ET-1, ET-2, and ET-3. A KEL cDNA construct lacking
the regions encoding the cytoplasmic and membrane-
spanning domains was expressed in insect (sf9) cells
and a truncated Kell glycoprotein was secreted. This
secreted glycoprotein cleaved big ET-3 at Trp21-Ile22
to produce ET-3. It could also process ET-1 and ET-2
from big ET-1 and big ET-2, but to a much lesser extent
[220]. Secreted Kell glycoprotein was inactivated 
by mutating the HELLH motif, essential for catalytic
activity, to HGLLH. Red cells of normal Kell pheno-
type, but not those of the Ko phenotype, were also 
capable of processing ET-3. ET-3 is a biologically ac-
tive peptide with multiple roles, so the function of the
Kell glycoprotein remains unclear. It is not known
whether the Kell glycoprotein processes any other
biopeptides.

Kell glycoprotein appears on erythroid progenitor
cells at an early stage of erythropoiesis, before gly-
cophorin A or band 3 [79–81]. When K562 ery-
throleukaemia cell line is stimulated with hemin to
develop as an erythroid line it expresses Kell but no
NEP, but when stimulated into megakaryocyte devel-
opment with phorbol ester it expresses NEP but no
Kell [221]. Kell may therefore play a part in erythro-
poiesis (but see Section 7.3.5.2).

7.14 The Kx system

The Kx system consists of one antigen, Kx (XK1 or
019001), encoded by an X-linked gene, XK. Absence
of Kx from red cells results in severe reduction in ex-
pression of Kell antigens, the McLeod phenotype.

7.14.1 The Kx protein and the gene that
encodes it

Kx, a red cell membrane protein of apparent Mr

37000, was isolated from red cells by immunoprecipi-
tation with human alloanti-Kx [222]. Kx protein is not
glycosylated [18,223]; it is phosphorylated and palmi-
toylated [8,9].

Patients with McLeod syndrome (MLS) lack Kx and
occasionally have interstitial deletions of chromosome
Xp21. Ho et al. [223] assembled a cosmid contig of
360kb covering the region between DXS709 and
CYBB, genes that flank XK. They then hybridized the
cosmids with genomic DNA from patients with MLS
and identified the breakpoints of a deletion of about 
50kb. Genomic fragments that spanned deletion end-
points were used to screen human cDNA libraries and
a consensus full-length transcript for a candidate XK
gene was derived from seven cDNA clones. The open
reading frame predicted a 444 amino acid polypeptide
with no N-glycosylation site and a calculated Mr of 
50913 [223]. Rabbit antibodies raised to synthetic
peptides with sequences corresponding to the XK
cDNA clone bound to the Mr 37000 Kx protein on im-
munoblots of membrane proteins derived from red
cells of common phenotype, but not to blots of pro-
teins from McLeod phenotype red cells [158]. The N-
terminal 22 amino acids of the Mr 37000 Kx protein
were in accordance with the corresponding nucleotide
sequence of the cDNA clone [18].

Hydropathy analysis of the amino acid sequence 
of the Kx protein revealed 10 hydrophobic regions of
21 amino acids [223]. The protein probably spans 
the membrane 10 times, with internal N- and C-
termini (Fig. 7.4) and has the structural appearance of
a membrane transporter. The predicted topographical
arrangement is identical to that of members of a 
family of proteins that cotransport a neurotransmitter
together with Na+ and Cl– ions [224], the amino acid
sequence bearing closest resemblance to an Na+-
dependent glutamate transporter [223]. Kx protein
also shares similarity with CED-8, a protein of the ne-
matode Caenorhabditidis elegans, which is involved in
the regulation of apoptosis [225].

XK is organized into three exons, encoding amino
acids 1–82, 83–168, and 169–444, respectively [223].
XK mRNA showed widespread distribution, with
high levels of expression detected in fetal liver and in
adult skeletal muscle, brain, and heart [223].
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A mouse homologue of XK encodes a protein with
82% identity to human Kx protein with 10 predicted
membrane-spanning domains [226].

7.14.2 Association of Kx protein and 
Kell glycoprotein

When immunoprecipitation experiments were per-
formed under non-reducing conditions with mono-
clonal anti-K and K+ red cells, a disulphide-bonded
heterodimer comprising the Mr 93000 Kell glycopro-
tein and the Mr 37000 Kx protein was detected [18].
Rabbit antibody raised to the purified complex reacted
with both components on immunoblots and precipi-
tated the Kx protein from Ko red cells, but not from
McLeod phenotype cells.

Precipitation with a rabbit antibody raised to a pep-
tide representing the second extracellular loop of 
Kx protein (Fig. 7.4) isolated the Kell–Kx complex
from COS-1 mammalian cells cotransfected with KEL
and XK cDNA. Conversion of cysteine residues to 
serine by site-directed mutagenesis demonstrated that
Cys347 on the fifth extracellular loop of the Kx pro-
tein is linked by a single disulphide bond to Cys72 of
the Kell glycoprotein [19]. Time–course studies on the
KEL and XK transfected COS-1 cells demonstrated
that the Kell–Kx complex is assembled in the endo-
plasmic reticulum and transported to the cell surface
[227].

The relative amount of Kx protein in Ko is lower
than in cells of common Kell type [156,158]. In con-

trast, Kx antigen, as determined by serological tech-
niques with alloanti-Kx, is expressed more strongly on
Ko cells than on cells of common Kell type [157], sug-
gesting that the presence of the Kell glycoprotein may
impair access of anti-Kx to the Kx protein in intact
cells. Unlike Kell system antigens, Kx is not denatured
by the disulphide-bond reducing agents DTT and
AET. On the contrary, red cells treated with the appro-
priate concentrations of these chemicals resemble Ko

cells and have enhanced serological expression of Kx
[211,228].

If Kx is a transporter, it is possible that it can only
function as the light chain of a complex with the Kell
glycoprotein, as seen in the permease family of amino
acid transporters [229].

7.14.3 McLeod phenotype and McLeod
syndrome (MLS)

Routine tests on medical students led Allen et al. [230]
to recognize that one of the students, Mr McLeod, had
an unusual Kell phenotype. In the McLeod red cell
phenotype all high frequency Kell antigens are ex-
pressed weakly, the degree of depression of these anti-
gens varying in different individuals. K is also weakly
expressed when present [58]. McLeod phenotype red
cells lack the Kx and Km (KEL20) antigens (Section
7.14.5).

McLeod phenotype is very rare and no frequency 
estimate has been published. Two unrelated men 
with the McLeod phenotype were found as a result of
testing, with anti-k, red cells from many thousands of
donors from south-east England [231]. All reported
McLeod phenotype individuals have been white [7] or
Japanese [232–234], except one African American
[235].

McLeod phenotype is only one of a number of char-
acteristics that collectively make up a wider phenome-
non known as McLeod syndrome (MLS). McLeod
cells are acanthocytic [231,236,237] with decreased
whole cell deformability [238] and reduced in vivo sur-
vival [239]. A variety of muscular and neurological 
defects, including muscle wasting, diminished deep
tendon reflex, choreiform movements, and cardiomy-
opathy, have been associated with MLS; elevated
serum creatine phosphokinase is a constant feature. A
thorough review of 22 affected males is provided by
Danek et al. [240]. In some cases the symptoms may be
severe, leading to premature death. In one family, five

Fig. 7.4 Diagrammatic representation of the topology of the
Kx protein in the red cell membrane, showing cytoplasmic
termini, 10 membrane-spanning domains, and (�) Cys347,
which is linked by a disulphide bond with Cys72 of the Kell
glycoprotein (Fig. 7.1).
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of seven affected males presented with psychiatric dis-
orders [241]. The reason for the association between
Kx deficiency and neuroacanthocytosis and muscular
defects is unknown, but the relationship of Kx protein
to mammalian neurotransmitter transporters could
provide a clue. Acanthocytosis associated with neu-
ropathy, in the absence of the McLeod red cell pheno-
type, is well known [237].

MLS red cells appear biochemically and physiologi-
cally relatively normal, despite their grossly abnormal
morphology and the virtual absence of Kell system
antigens. The protein profile, as determined by SDS
PAGE is normal, suggesting no defect of the membrane
skeleton [222,242,243]. Phospholipid content is es-
sentially normal [244,245], but there is evidence for
abnormalities in the composition of the membrane
lipid bilayers [246] and enhanced transbilayer mobili-
ty of phosphatidylcholine [245]. Electrolyte transport
in McLeod cells is normal, but osmotic water perme-
ability is reduced [244].

7.14.4 Inheritance and molecular genetics of
Kx and the McLeod phenotype

Expression of Kx antigen, present on all red cells save
those of the McLeod phenotype, is controlled by an X-
borne gene. MLS is therefore inherited as an X-linked
recessive disease. With only one exception [237],
McLeod has always been found in males and the rare
gene is inherited from the mother, not the father.

Hemizygosity for a variety of inactivating muta-
tions has been associated with MLS (Table 7.5). A
deletion of exon 2 of XK was detected in a man with
MLS and in his grandson, predicting that the boy will
be afflicted with the disease in the future [247]. A mu-
tation in the fifth nucleotide of the 5¢ donor splice site
of intron 2, a nucleotide that is 82% conserved in the
splice consensus sequence, was found in a man with 
almost no Kell antigens on his red cells and in his 
two daughters [119]. This mutation would also be ex-
pected to cause some degree of abnormal splicing. This
man did not have neuroacanthocytosis or muscle de-
fects, possibly because of some degree of normal XK
RNA splicing. The extreme reduction in Kell antigen
was attributed to the combined effects of homozy-
gosity for a Kpa allele and the Kx deficiency [119] (Sec-
tion 7.10.3). A nonsense mutation in XK exon 3 of a
man with MLS was probably a new mutation as it was
not present in his mother or sister [251].

Chronic granulomatous disease (CGD), an in-
herited disorder that may be either autosomal or X-
linked, impairs the functioning of phagocytes resulting
in severe susceptibility to infection. A small minority
of CGD patients, all of the X-linked type, have MLS.
X-linked CGD results from deletion of the gene
(CYBB) for the gp91phox subunit of flavocytochrome
b558, or from mutations within that gene [253]. The
locus for X-linked CGD and the XK locus are discrete
and the association of MLS with CGD results from a
deletion of part of the X-chromosome that encom-
passes both genes [253–259] (see Section 32.3.15.2).
Three of 46 patients with X-linked CGD had MLS. All
three had large interstitial deletions of Xp21.1, where-
as the other 40 had simple mutations within CYBB
[258].

Table 7.5 XK mutations associated with McLeod
syndrome.

Mutation References

Deletion of whole gene* [223,254–259]
Deletion of promoter and exon 1 [223]
Deletion of exon 1 [240]
Deletion of exon 2 [247]
Deletion of intron 2 and exon 3 [240,248]
Trp36Stop (exon 1) [240]
Single nt (T) deletion, codon 90 [249]

(exon 2)
Arg133Stop (exon 2) [240,250]
Gln145Stop (exon 2) [240]
Single nt (C) insertion, codon 151 [234]

(exon 2)
Trp236Stop (exon 3) [240]
Double nt (TT) deletion, codon 229 [240]
Single nt (G) deletion, codon 257 [240]

(exon 3)
5 nt (CTCTA) deletion, codon 285 [240]

(exon 3)
Cys294Arg (exon 3) [240]
Gln299Stop (exon 3) [241]
14 nt deletion, codon 313 (exon 3) [240]
Trp314Stop (exon 3) [251]
Single nt (T) deletion, codon 338 [233]

(exon 3)
g to c, intron 1 5¢ splice site [252]
g to a, intron 2 5¢ splice site [223]
g to a, at nt 5, intron 2 5¢ splice site [119]
g to a, intron 2 3¢ splice site [223]

*Deletion often encompasses other X-linked genes.
nt, nucleotide.
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Adsorption studies demonstrating the presence of
Kx antigen on leucocytes from most people, but not on
those from patients with X-linked CGD, suggested
that Kx on leucocytes may be an important factor in
the phagocytic process [157,159]. However, more re-
cent studies with more sophisticated techniques have
failed to demonstrate Kx on human granulocytes
[260].

7.14.4.1 X-chromosome inactivation

XK is subject to the phenomenon of X-chromosome
inactivation (Lyonization), in which all somatic cells 
in female mammals have one active X-chromosome
and one inactive X-chromosome (described in Section
12.7.1). Mixed populations of Kx+ and Kx– red cells,
or of red cells with strong and weak Kell antigen ex-
pression, have been recognized in many female carri-
ers of genes responsible for the McLeod phenotype or
of XK gene deletions [117,236,239,261]. The propor-
tion of McLeod phenotype red cells in female McLeod
carriers usually varies from 5% to 85% [7]. This dual
population of red cells is often difficult to detect sero-
logically, especially if Kell antibodies and not anti-Kx
are used, but flow cytometry permits an accurate esti-
mation of the two red cell populations [7,262].

The only female with MLS [237] was found to be
heterozygous for a single basepair deletion in exon 2 
of XK [249] (Table 7.5). Her severe neurological and
muscular defects and weakening of her Kell antigens
were attributed to extreme skewing of inactivation of
her X-chromosome carrying the normal XK gene.

7.14.5 Anti-Kx and -Km (-KEL20)

A 5-year-old boy afflicted with recurrent infections
(later presumed to be CGD), the second example of the
McLeod phenotype, suffered a haemolytic transfusion
reaction caused by anti-KL. The antibody reacted with
all cells tested, except for his own and those of Mr
McLeod [263]. The term anti-KL was shown to repre-
sent two separable antibodies, anti-Kx and -Km
[157,263,264]. Anti-Kx reacts strongly with Ko cells,
weakly with red cells of common Kell phenotype, and
not at all with McLeod phenotype cells [157] (Table
7.6). Adsorption of ‘anti-KL’ serum with Ko cells re-
moves anti-Kx and isolates anti-Km. The anti-Kx can
be recovered by elution. Unfortunately, the separation
of anti-Kx from anti-Km is often difficult to achieve

and sera containing these antibodies are in very short
supply. Anti-Km reacts with red cells of common Kell
phenotype, but not with Ko or McLeod phenotype red
cells [157] (Table 7.6). Km is probably a discontinuous
antigen, the product of interaction between Kell glyco-
protein and Kx protein for expression. Although Km
has been numbered KEL20, it could belong to the Kx
system.

Anti-Kx+ -Km is the typical immune response of
McLeod phenotype CGD patients following trans-
fusion [157,263,265], and has been responsible for 
a haemolytic transfusion reaction [239,263]. An un-
transfused McLeod phenotype CGD patient made
anti-Km during septic shock [266]. Two transfused
McLeod individuals without CGD made anti-Km, but
no anti-Kx [267,268]. When one of these patients re-
quired further transfusion, a monocyte monolayer
assay was strongly positive and no radiolabelled red
cells of common Kell phenotype survived, in vivo, 24h
after injection. Consequently, the patient received four
units of Ko and one unit of Kmod blood. The transfusion
was successful and, despite receiving strongly Kx-
positive red cells, the patient did not make anti-Kx
[268]. A man with severe MLS made anti-Kx follow-
ing transfusion of four units for gastrointestinal haem-
orrhage [252]. Whether the molecular background to
MLS affects the immune response is not clear.

An IgG autoanti-Kx in a man with common Kell
phenotype did not cause haemolysis of his own or
transfused Kx+ cells [269].
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Individuals with the Fy(a–b–) phenotype are resis-
tant to infection by the malarial parasite Plasmodium
vivax, and Fy(a–b–) red cells are refractory to invasion
by P. vivax in vitro. Interaction between the Duffy 
glycoprotein and receptors on P. vivax merozoites 
are essential, but not sufficient, for red cell invasion
(Section 8.8).

The Duffy (FY) locus is on chromosome 1q21–q25
(Chapter 32).

8.2 The Duffy glycoprotein and the gene
that encodes it

Storage of red cells in saline for 2 weeks at 12°C results
in a small loss of Fya, Fyb, and Fy3 activity and sub-
stances with specific inhibitory activity for the appro-
priate Duffy antibodies can be detected in the saline
[1]. By radioimmunoprecipitation, Moore et al. [2]
found that Fya was associated with components of 
apparent Mr 39500, 64000, and 88000. Immuno-
blotting with anti-Fya revealed a broad band with an
intense region of apparent Mr 35000–43000 [3] or 
40000–50000 [4]. Molecules electroeluted from the
35000–43000 region of the gel inhibited anti-Fya [3].
Immunoblotting with monoclonal anti-Fy6 produced
a similar broad band [5,6].

Treatment of red cells with endo F, an N-glycanase
that cleaves N-linked oligosaccharides, prior to solu-
bilization and immunoblotting with anti-Fya, resulted
in a dramatic reduction in apparent Mr and sharpening
of the band on the blot [4]. Sialidase treatment of the
red cells reduced the apparent Mr by about 4000 [3,4],
and sialidase treatment of endo F-treated cells resulted
in no alteration of electrophoretic mobility. Similar 
results were obtained by treatment of purified Duffy

8.1 Introduction

Fya and Fyb are the products of alleles, which give rise
to three phenotypes in white people: Fy(a+b–),
Fy(a+b+), and Fy(a–b+). Another allele, Fyx, produces
a weak Fyb antigen. In people of African origin the
most common Duffy phenotype is Fy(a–b–), the result
of homozygosity for an apparently silent gene, Fy.
Fy(a–b–) is extremely rare in white people and other
races.

Fy3, Fy5, and Fy6 are high frequency antigens in
white and Mongoloid people, polymorphic in African
Americans, and private antigens in parts of West
Africa. Fy3 and Fy6 are expressed on red cells of all
Duffy phenotypes apart from Fy(a–b–). Fy3 is defined
by alloantibodies occasionally made by Fy(a–b–) indi-
viduals; Fy6 is defined by murine monoclonal antibod-
ies. Fy5 resembles Fy3, but is not present on Fy:3 Rhnull

cells. The single example of anti-Fy4 behaved as if it
detected a product of the Fy allele. The antigens of the
Duffy system are listed in Table 8.1.

Duffy antigens are located on a glycoprotein of ap-
parent Mr between 35000 and 50000, a chemokine
receptor of the G protein-coupled family (Sections 8.2
and 8.7). Fya and Fyb result from a Gly42Asp substitu-
tion within the Duffy glycoprotein (Section 8.3.2).
Duffy glycoprotein is present on endothelial cells of
postcapillary venules and on other cells throughout
the body (Section 8.6).

The Fy(a–b–) phenotype in black people is caused
by homozygosity for a mutation within an erythroid-
specific, GATA-1, transcription-factor binding site up-
stream of the coding region of the Duffy gene (Section
8.4.1.1). This mutation prevents expression of the
Duffy glycoprotein on red cells, but not on other cells.

Duffy blood group system

8.1 Introduction, 324
8.2 The Duffy glycoprotein and the gene that

encodes it, 324
8.3 Fya and Fyb (FY1 and FY2), 325
8.4 Fy(a–b–) phenotype; Fy3, Fy5, Fy6, and

Fy4 antigens, 329

8.5 Duffy genotype determination, 332
8.6 Site density, development, and

distribution of Duffy antigens, 332
8.7 The Duffy glycoprotein is a chemokine

receptor, 333
8.8 Duffy antigens and malaria, 334



DUFFY SYSTEM

325

glycoprotein or of tryptic peptide derived from it [6,7].
The Duffy glycoprotein therefore is N-glycosylated,
but has no, or very little, O-glycosylation. Variation in
the degree of N-glycosylation probably accounts for
the range of molecular weight. The Duffy glycoprotein
aggregates readily in vitro [3,8], and may exist in the
membrane in a multimeric form [8].

Chaudhuri et al. [8] purified the Duffy glycoprotein
following immunoprecipitation with monoclonal
anti-Fy6. They isolated a protein of apparent Mr

36000–46000, together with its higher molecular
weight oligomers, which reacted with anti-Fy6 on 
immunoblots. Several other proteins, which co-
purified with the Mr 36000–46000 component, were
not immunostained by anti-Fy6. Minor differences
were detected on two-dimensional peptide maps be-
tween Duffy protein from Fy(a+b–) and Fy(a–b+) red
cells.

From an internal peptide sequence obtained from
purified Duffy glycoprotein, Chaudhuri et al. [9] con-
structed degenerate oligonucleotide primers and am-
plified, by polymerase chain reaction (PCR), a segment
of cDNA derived from Fy(a–b+) individuals. This 
amplified product was then used to isolate cDNA
clones from a human bone marrow library. An open
reading frame of 1267bp, predicting a 338 amino acid
polypeptide of Mr 35733, was identified. Hydropathy
analysis suggested that the mature protein has seven
membrane-spanning a-helices, an extracellular N-
terminus, and a cytoplasmic C-terminus [10] (Fig.
8.1). This arrangement is characteristic of the G pro-
tein-coupled superfamily of receptors, which includes
chemokine receptors [12,13]. The 65-amino acid 
extracellular domain contains three potential N-
glycosylation sites, at residues 16, 27, and 33. Anti-

Fy6 reacted with a synthetic peptide representing part
of the N-terminal domain of the Duffy glycoprotein.

The first FY cDNA to be cloned was encoded by a
single exon [14–16]. Subsequently, Iwamoto et al. [17]
showed that the predominant transcript in all tissues
tested represented two exons separated by a 479-bp 
intron, the first exon encoding the seven N-terminal
amino acids of Duffy glycoprotein, including the
translation-initiating methionine codon. Further-
more, the sequence of the minor transcript that en-
codes the nine N-terminal amino acid residues is part
of the intron of the predominant, spliced transcript.
The N-terminal sequence of the majority of Duffy gly-
coprotein molecules is therefore MGNCLHRAEL
[17] and not MASSGYVLQAEL [14], and the former
protein is two amino acids shorter than the latter. The
major erythroid transcription start point is 34bp up-
stream of the first methionine codon in erythroid cells,
but 82bp upstream in lung and kidney [17]. In this
chapter, nucleotides and amino acids will be numbered
from the translation-initiating methionine residue of
the major form of the glycoprotein.

The 5¢ upstream region of FY contains no TATA or
CAAT boxes, but it does contain several transcription-
factor binding site motifs, including those for SP1 and
GATA [15,16].

8.3 Fya and Fyb (FY1 and FY2)

Anti-Fya was discovered in the serum of a transfused
haemophiliac, Mr Duffy, by Cutbush et al. in 1950
[18,19]. Only 1 year elapsed before Ikin et al. [20]
identified the antithetical antibody, anti-Fyb. Fyx is the
name given by Chown et al. [21] for a quantitative
variant of Fyb.

Table 8.1 Antigens of the Duffy system.

Relative frequency

No. Name White people Black people Comments

FY1 Fya Polymorphic Polymorphic Allelic to Fyb (FY2), Gly42
FY2 Fyb Polymorphic Polymorphic Allelic to Fya (FY1), Asp42
FY3 Fy3 High Polymorphic Absent from Fy(a–b–) cells
FY4 Fy4 Low Polymorphic Possibly antithetical to Fy3
FY5 Fy5 High Polymorphic Absent from Fy(a–b–) and Rhnull cells
FY6 Fy6 High Polymorphic Very similar to Fy3. Defined by monoclonal antibodies
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8.3.1 Frequency of Fya and Fyb

Fya and Fyb are useful anthropological markers (Table
8.2). Results of numerous population studies carried
out with anti-Fya have been tabulated by Mourant et
al. [22]. Studies employing anti-Fya and -Fyb are far
fewer because of the scarcity of good anti-Fyb reagents.
An extensive study of 2182 white Canadians, in which
anti-Fyb capable of detecting Fyx was included (see
Section 8.3.4), provided the following phenotype and
gene frequencies: Fy(a+b–) 0.1823; Fy(a+b+) 0.4735;
Fy(a+b+w) 0.0136; Fy(a–b+) 0.3302; Fy(a–b+w)
0.0004; Fy(a–b–) 0; Fya 0.425; Fyb 0.557; Fyx 0.016;
Fy 0.002 [21,23].

The frequencies of Fya and Fyb in African Americans
and in Africans are variable, but low compared with
Europeans because of the high frequency of the silent
allele Fy (Table 8.2). As in Northern Europeans, Fyb is
more common than Fya. In the Far East, Fyb has a far
lower frequency than Fya [22,24,25] (Table 8.2). Weak
Fya was detected in Indonesia [25].

Table 8.3 shows genotype and allele frequencies in
black South Africans and white Swedes, determined
by a PCR-based method on genomic DNA [26] 
(Section 8.5).

8.3.2 Inheritance of Fya and Fyb and the
molecular basis of the Duffy polymorphism

Fya and Fyb are inherited in a straightforward
Mendelian fashion as products of codominant alleles.
In a series of 1091 Manitoban families tested with
anti-Fya and anti-Fyb, a good fit was obtained between
observed results and those predicted from the gene 
frequencies [21,23]. The few black families studied
will be mentioned in Section 8.4.1.1.

Sequencing of PCR products derived from reticulo-
cyte cDNA and representing the entire coding se-
quence for the Duffy glycoprotein revealed a single
base change at position 159 encoding an amino acid
substitution representing the Fya/Fyb polymorphism:
Fya is associated with Gly42, Fyb with Asp42
[11,14,15,27] (Table 8.4, Fig. 8.1). This was con-
firmed by expressing the appropriate cDNA clones in
simian COS-7 cells and detecting Fya or Fyb by flow 
cytometry [27]. The Fya sequence creates a BanI res-
triction site.

An Ala100Thr (G298A) polymorphism in the sec-
ond membrane-spanning domain does not appear 

Fig. 8.1 Three-dimensional representation of the Duffy
glycoprotein in the red cell membrane as proposed by
Mallinson et al. [11]. An extracellular N-terminal domain of
61 amino acids, containing three N-glycosylation sites (N)
and the site of the Fya/Fyb polymorphism at position 42, is
followed by seven membrane-spanning domains,
represented as cylinders, and a cytoplasmic C-terminal
domain. The first cytoplasmic loop contains the site of the
amino acid substitution responsible for the Fyx phenotype.
There are five extracellular cysteine residues (�). Dotted
lines represent the likely positions of disulphide bridges
between cysteine residues in the N-terminal domain and the
third loop and between the first and second loops.
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to affect antigenic expression [9–11]. In Swedish
donors, the allele encoding Thr100 was detected in
22% of Fy(a–b+), 9% of Fy(a+b+), but in 0% of
Fy(a+b–) [28]. None of 100 black South Africans had
Thr100 [28].

Duffy glycoprotein homologues are present in non-
human primates, with amino acid sequence homology
of 99% between human and chimpanzee and 93–94%
between human and squirrel, rhesus, and dourocouli
monkeys [14]. All non-human primates have Duffy
genes encoding Asp42, suggesting that Fyb is the an-
cestral allele [14,29].

8.3.3 Effects of enzymes on Fya and Fyb

Fya and Fyb are very sensitive to most proteolytic 
enzymes; they are completely destroyed by papain,
ficin, bromelin, pronase, and chymotrypsin treatment
of the red cells, but trypsin does not abolish Fya and 
Fyb activity [30–32]. Use of impure preparations of

Table 8.2 Typical Duffy phenotype frequencies and associated genotypes (compiled from [22]).

Frequencies (%)

Phenotype Genotype Europeans Africans Japanese

Fy(a+b–) Fya/Fya or Fya/Fy 20 10 81
Fy(a+b+) Fya/Fyb 48 3 15
Fy(a–b+) Fyb/Fyb or Fyb/Fy 32 20 4
Fy(a–b–) Fy/Fy 0 67 0

Table 8.3 Genotype and allele frequencies in black South African and white Swedish populations, determined by molecular
analysis of the Duffy genes of 100 individuals from each population [26].

Genotype (%) Allele (%)

Phenotype Black White Black White

Fy(a+b–) Fya/Fya 0 21 Fya 3 41
Fya/Fy 4 0 Fyb 17.5 59

Fy(a+b+) Fya/Fyb 2 40 Fy 79.5 0

Fy(a–b+) Fyb/Fyb 2 39
Fyb/Fy 29 0

Fy(a–b–) Fy/Fy 63 0

Fyx cannot be distinguished from Fyb by this method.

Table 8.4 The four FY alleles affecting red cell surface
antigen expression.

nt 125 nt 265 nt 298
Allele nt –67 aa 42 aa 89 aa 100

Fya T G C G
Gly Arg Ala

Fyb T A C G or A
Asp Arg Ala or Thr

Fyx T A T A
Asp Cys Thr

Fy C A C G
Asp Arg Ala

aa, amino acid; nt, nucleotide.
Numbering from the major translation-initiating methionine residue
[17].
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trypsin containing chymotrypsin probably accounts
for some early reports that Duffy antigens are trypsin-
sensitive. Sialidase treatment of red cells does not 
affect the activity of Duffy antigens [33,34].

8.3.4 Fyx

Fyx behaves as a weak Fyb antigen; there is no anti-Fyx.
Fyx is inherited as an allele of Fya and Fyb; codominant
with Fya and recessive to Fyb [21,23]. Some anti-Fyb

sera react weakly with red cells of Fya/Fyx individuals,
whereas others, particularly directly agglutinating
anti-Fyb, do not agglutinate those cells. The presence
of Fyx may be confirmed by adsorption and elution of
anti-Fyb [21,35]. It is not generally possible to distin-
guish Fyb/Fyx from Fyb/Fyb except by pedigree or DNA
analysis.

Fyx has mostly been described in white populations,
where it is not especially rare. Eleven Fy(a+b+w) and
one Fy(a–b+w) were found among 1108 white people
and the estimated gene frequencies were Fyx 0.015 
and Fy 0.001 [23]. Fyx has also been detected in a
Canadian Cree kindred [36]. Several probable Fyx

homozygotes have been reported [23,35,37–39]; two
of the Fyx/Fyx individuals were originally thought to
be Fy(a–b–) [35,39].

In addition to Fyb, there is a very marked depres-
sion of Fy3, Fy5, and Fy6 in Fyx homozygotes
[11,28,33,36,37,40–42]. Flow cytometric analysis
produced the following estimations of Fy6 site num-
bers per red cell: Fy(a–b+) (Fyb/Fyb) 2200–2400;
Fy(a–b+w) (Fyx/Fy) 150; and Fy(a–b+w) (Fyx/Fyx) 250
[41]. Reduced levels of Fy6 binding associated with
Fyx were also detected by immunoblotting of Duffy
glycoprotein isolated from the red cell membrane
[41,42]. This suggests that Fyx represents reduced 
levels of Duffy glycoprotein in the membrane rather
than an altered Fyb determinant or conformational
changes affecting several determinants.

Fyx and Fyb have the same coding sequence apart
from a single nucleotide change (C265T) encoding an
Arg89Cys substitution [28,29,41,43] (Table 8.4). This
amino acid substitution is located in the first cytoplas-
mic loop of the Duffy glycoprotein (Fig. 8.1). The re-
placement of a positively charged arginine residue by a
neutral cysteine residue results in protein instability
and might compromise the insertion of the molecule in
the red cell membrane. Mammalian cells transfected
with FY cDNA constructs in which the Cys89 codon

had been introduced by site-directed mutagenesis had
substantially reduced expression of Fyb, Fy3, and Fy6,
compared with cells transfected with normal Fyb

cDNA [41,42] or with with Fyb cDNA in which Arg89
had been replaced with positively charged lysine [44].
The Fyx mutation abolishes an AciI restriction site. Fyx

encodes threonine at the site of the Ala100Thr poly-
morphism (Table 8.4 and Section 8.3.2) [28,39] and
also has a C to T change at nucleotide 190 of the FY
intron [43]. Site-directed mutation experiments con-
firmed that the Ala100Thr polymorphism does not af-
fect expression of Duffy antigens [42]. Fyx, as
determined by the presence of the Arg89Cys mutation,
has an allele frequency of 0.025 in 100 white Swedish
donors and of 0.015 in 300 white Austrians, but was
not found in 100 black South Africans [28,43]. How-
ever, Fyx appears to be associated with some degree of
genetic heterogeneity. In some Fyx individuals no
change from the Fyb allele was detected in the coding
region of the gene [11] and Fyx has also been associat-
ed with a single base deletion in an SP1 transcription
factor binding site upstream of the transcription start
position [45].

8.3.5 Anti-Fya

The original anti-Fya of Mr Duffy was reported in
1950 [18,19] and three other examples were reported
the same year [46–48]. Anti-Fya is estimated to be
three times less frequent than anti-K [49], and Fya 40
times less immunogenic than K [33]. There is substan-
tial evidence, from several different centres in the USA,
that Fya is less immunogenic in black than in white
people [49–52], although one survey disputes this [53]
(for a full discussion on this issue see [54]). Anti-Fya

often accompanies or precedes anti-Fy3 in Fy(a–b–)
black people [55–58] (Section 8.4.2.2).

Some anti-Fya may have been stimulated by 
pregnancy, but most arise from blood transfusion.
‘Naturally occurring’ anti-Fya are very rare [48,59].
Although anti-Fya may occur alone, it is often found 
in mixtures of antibodies. Anti-Fya are usually IgG 
antibodies [49], mostly IgG1 [60,61]. They generally
react best by an antiglobulin test, but rarely anti-Fya

may be directly agglutinating [62,63]. About 50% 
of anti-Fya activate complement up to the C3 stage
[49].

Anti-Fya has been incriminated in immediate [48]
and delayed [53,64] haemolytic transfusion reactions.
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Although generally mild, a few immediate reactions
have proved fatal [65,66]. The majority of radiola-
belled Fy(a+) red cells injected into a patient with anti-
Fya were eliminated within 10min [67]. Anti-Fya in a
donor blood was responsible for a transfusion reac-
tion in a Fy(a+b+) patient [68]. Haemolytic disease of
the newborn (HDN) caused by anti-Fya is usually
mild, but is occasionally severe [69–72]. In a survey of
68 pregnancies in which the mother has anti-Fya, three
resulted in a severely anaemic fetus, two requiring 
intrauterine transfusion [72].

Murine monoclonal anti-Fya has been produced
from lymphocytes derived from transgenic mice ex-
pressing Fyb and immunized with a transfected human
embryonic kidney cell line expressing Fya [73].

8.3.6 Anti-Fyb

Anti-Fyb, a relatively rare antibody, is estimated to be
20 times less common than anti-Fya [33]. It is usually
found only in mixtures of red cell antibodies. Anti-Fyb

has been stimulated by pregnancy [20,74], transfusion
[75,76] and, in a mother, by intrauterine transfusion
[77]; two apparently ‘naturally occurring’ anti-Fyb

have been found [54,78]. Often consisting entirely of
IgG1 [60,61], Fyb antibodies generally react best by an
antiglobulin test, but directly agglutinating examples
are known [21]. Some anti-Fyb bind complement [33].

Anti-Fyb has been responsible for a fatal haemolytic
transfusion reaction [79] and for a delayed transfusion
reaction [80]. The single reported case of HDN caused
by anti-Fyb was treated by phototherapy and two
transfusions [81].

Four cases of Fy(a+b–) patients with autoantibodies
mimicking anti-Fyb have been described [82–84]; one
responsible for autoimmune haemolytic anaemia [82].
The antibodies reacted more strongly with Fy(a–b+)
and Fy(a+b+) cells than with Fy(a+b–) cells, and not at
all with Fy(a–b–) cells. In one case, pure anti-Fyb speci-
ficity was subsequently found [82].

Murine monoclonal anti-Fyb was produced by im-
munizing mice with synthetic peptides (12 amino
acids) representing the Fyb epitope [85].

8.4 Fy(a–b–) phenotype; Fy3, Fy5, Fy6, and
Fy4 antigens

8.4.1 Fy(a–b–) phenotype

8.4.1.1 Fy(a–b–) in people of African origin

The Fy(a–b–) phenotype came to light when Sanger et
al. [86], testing the red cells of African American blood
donors with anti-Fya and -Fyb, found that cells of 
nearly 70% failed to react with both antibodies. Fy, a
new allele recessive to Fya and Fyb, was postulated in
order to account for this null phenotype. Fy(a–b–) has
a frequency of about 63% in black New Yorkers, West
Indians [87], and South Africans [26], but the frequen-
cy is higher in some African populations [22] (Tables
8.2 and 8.3). All of 1168 donors from rural Gambia
were Fy(a–b–) [88].

Data from black families analysed with anti-Fya and
-Fyb, involving a total of 53 matings, are consistent
with Fy being an allele of Fya and Fyb [87]. Anti-Fya

capable of demonstrating gene dosage show that
Fy(a+b–) cells from white people generally give a 
‘double dose’ reaction compared with a ‘single dose’
for most red cells of that phenotype from black 
people [86].

Although Fy(a–b–) red cells lack Duffy glycoprotein
[5,8], Duffy glycoprotein was expressed in endothelial
cells lining postcapillary venules of soft tissues and
splenic sinusoids from black Fy(a–b–) individuals
[89]. Duffy mRNA was not detected in the bone 
marrow of Fy(a–b–) individuals, but was present in
their lung, spleen, and colon [14]. The coding sequence
of Fy is identical to that of an Fyb allele
[9,11,14,15,27,89], but a T to C change is present in
the promoter region of the gene, 33bp upstream of the
erythroid transcription start point and 67bp upstream
of the major translation start codon (position –67), in-
troducing a StyI restriction site [16,90]. This mutation
is within a GATA consensus sequence (CTTATCT to
CTTACCT), disrupting binding of the erythroid-
specific GATA-1 transcription factor and preventing
expression of the gene in erythroid cells, but not in
other cells. A human erythroid cell line (HEL) and
human microvascular endothelial cells transfected
with a construct consisting of the promoter region of
the Fyb allele and the reporter gene chloramphenicol
acetyltransferase (CAT) had high levels of CAT activ-
ity. Transfection with a construct containing the Fy
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allele T–33C GATA mutation abolished CAT activity
in the HEL cells [16,90], but not in the endothelial cells
[90].

Twenty-three of 1062 individuals from the East
Sepik of Papua New Guinea were heterozygous for an
FY allele with the Fya sequence (encoding Gly42), but
with the GATA mutation characteristic of Fy, an allele
frequency of 0.022 [91]. This allele is probably silent
in erythroid cells and red cells of these individuals had
lower levels of Fy6 than those homozygous for the 
normal Fya allele.

Resistance of people with the Fy(a–b–) red cell phe-
notype to the malarial parasite Plasmodium vivax is
described in Section 8.8.

8.4.1.2 Fy(a–b–) in other racial groups

Fy(a–b–) is very rare in racial groups not originating
from Africa [22]. None of 6000 white Australian
donors was Fy(a–b–), as determined by testing red cells
with the original anti-Fy3 [34]. Chown et al. [21,23]
estimated the frequency of the Fy allele in white people
as being in the order of 0.001, giving an incidence of
one in a million for Fy(a–b–). Anomalous inheritance
of Fya and Fyb in some white families has been ex-
plained by invoking a silent allele, but is probably due
to undetected presence of Fyx [21].

Most examples of non-African Fy(a–b–) have been
found through the presence of strong anti-Fy3. The
molecular background to the Fy(a–b–) phenotype has
been determined in four non-Africans with anti-Fy3,
all of whom had been transfused and/or pregnant. The
FY gene of a white Australian woman [34] contains 
a 14-bp deletion resulting in a reading frameshift and
introduction of a translation stop codon [11]. Hom-
ozygosity for nonsense mutations that introduced
translation stop codon was found in three examples:
a white British woman with G408A (Trp136Stop) in
Fya [92];
a Lebanese Jewish woman with G407A (Trp136Stop)
in Fyb [92]; and
a native Canadian (Cree) with G287A (Trp96Stop) in
Fya [36,92].

An Fy(a–b–) Japanese woman without anti-Fy3, but
who had never been transfused or pregnant, was ho-
mozygous for an Fya allele with a deletion of C327,
which introduces a stop signal 12 codons downstream
at codon 120 [93]. Each of these mutations would be
expected to result in no expression of Duffy antigen in

red cells or, unlike the GATA mutation responsible for
the African Fy(a–b–) phenotype, in any other parts of
the body.

Fy(a–b–) phenotype without anti-Fy3 in Czech 
gypsies [94,95] and in a white woman of Scottish 
and Swiss ancestry [92] resulted from homozygosity
for the GATA mutation characteristic of African
Fy(a–b–).

8.4.2 Fy3 and anti-Fy3

8.4.2.1 Fy3 antigen

Fy3 is present on all red cells apart from those of the
Fy(a–b–) phenotype. Fy3 is a public antigen in people
of European and Asian origin, polymorphic in many
black populations, and a private antigen in some parts
of Africa. In contrast to Fya and Fyb, Fy3 is resistant 
to the treatment of red cells with proteases
[34,36,55,96]. Red cells of some primates have Fy3,
but not Fya or Fyb (see Table 8.6).

8.4.2.2 Anti-Fy3

The original anti-Fy3 was found by Albrey et al. [34] 
in the serum of an Fy(a–b–) white Australian woman
during her third pregnancy. She had been transfused
following her second delivery. The antibody reacted
equally strongly with Fy(a+b–), Fy(a+b+), and
Fy(a–b+) cells, and could not be separated into anti-
Fya and -Fyb components. It did not react with
Fy(a–b–) cells (Table 8.5). Four other examples of anti-
Fy3 have been produced by people who are not black
[36,92,96], one of which appeared to show a prefer-
ence for Fy(a+) cells [96].

Anti-Fy3 is rare in Fy(a–b–) black people, though
several examples have been reported [53,55–57,
105,106]. Most anti-Fy3 in black people are found in
mixtures of antibodies to red cell antigens, which often
include anti-Fya. In some black patients with anti-Fy3,
anti-Fya had preceded development of anti-Fy3 but
was no longer detected when the anti-Fy3 was present
[58]. Anti-Fya is a far more common antibody in the
serum of multiply transfused black patients than anti-
Fy3. Antibody screening tests on sera from 566 trans-
fused Fy(a–b–) black patients in France revealed no
Duffy antibodies [107].

Fy(a–b–) black people are homozygous for an Fy
allele containing a mutation in the GATA-1 erythroid
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reactions [58,96,106]. The third child of the white
Australian and the eighth child of the Cree woman
with anti-Fy3 showed signs of HDN, but in neither
case was any treatment beyond phototherapy required
[34,36].

Mouse monoclonal antibodies have been produced
that resemble anti-Fy3 in reactivity and detect pro-
tease-resistant epitopes on the Duffy glycoprotein
[108]. Studies on insect cells transfected with cDNA
constructs encoding chimeric molecules containing
different regions of both Duffy glycoprotein and an in-
terleukin-8 receptor demonstrated that monoclonal
anti-Fy3-like detects an epitope on the third extracel-
lular loop [109] (see Fig. 8.1). However, it is likely that
polyclonal human alloanti-Fy3 detects epitopes on
more than one region of the molecule.

8.4.3 Fy5 and anti-Fy5

Fy5 closely resembles Fy3 (Table 8.5); it differs by its
absence from Fy:3 Rhnull cells (amorph and regulator
type), weak expression on red cells of D–– homozy-
gotes, and presence on Fy(a–b–) cells from people of
non-African origin. Like Fy3, Fy5 is a protease-
resistant antigen [110,111]. Fy5 is expressed equally
strongly on red cells of adults and newborns [110,
111]. The reactions of anti-Fy5 suggest that the Duffy
glycoprotein may be associated in the membrane 
with the Rh proteins or Rh-associated glycoprotein
(see Chapter 5).

At least six examples of anti-Fy5 have been re-
ported, all in multiply transfused black Fy(a–b–) pa-
tients, mostly with sickle cell disease [58,110–113].
All were present with a mixture of other red cell anti-
bodies; in two anti-Fya was present [111,113] and in
another two anti-Fya had preceded anti-Fy5 but was
no longer detectable [58]. Anti-Fy5 could not be sepa-
rated into other antibody components by adsorption
and elution. Some Rh e-variant red cells also have
weak Fy5 antigen [114]. Red cells from Fyx homozy-
gotes have depressed Fy5 [33].

Anti-Fy5 has been incriminated in delayed
haemolytic transfusion reactions [58,112,113]. One
patient had two separate reactions, one as a result of
anti-Fya, the other anti-Fy5 [113].

8.4.4 Monoclonal anti-Fy6

At least two monoclonal antibodies produced by im-

Table 8.5 Reactions of anti-Fy3 (from different ethnic
groups), anti-Fy5, and monoclonal anti-Fy6 with red cells of
various phenotypes.

Race and 
Anti-Fy3

phenotype Black Other Anti-Fy5 Anti-Fy6

All races
Fy(a+b–) + + + +
Fy(a+b+) + + + +
Fy(a–b+) + + + +
Cord cells* – or + + + +
Papain- + + + –

treated 
cells*

Black
Fy(a–b–) – – – –

White
Fy(a–b–) – – +† nt
Fy(a–b+w) w w w w

(Fyx/Fyx)
Rhnull* + + – +
D– –* + + w +

*Not Fy(a–b–) cells.
†White Australian [34,110].
nt, not tested; w, weakly positive.

transcription factor binding motif (Section 8.4.1.1).
Their red cells are Fy:–3, but they have Duffy glyco-
protein in other parts of the body [89]. Apart from the
GATA mutation, Fy is identical to an Fyb allele, so it 
is likely that Fy homozygotes express Fy3 and Fyb in
non-erythroid tissues, explaining the rarity of anti-
Fy3, the absence of anti-Fyb, and the relatively com-
mon occurrence of anti-Fya in transfused Fy(a–b–)
black people. Unless the Fy(a–b–) phenotype of black
people who make anti-Fy3 has a different genetic
background from that of the common Fy/Fy genotype,
anti-Fy3 made in black people must be able to recog-
nize a subtle difference between the Duffy glyco-
protein expressed in different tissues, possibly a
glycosylation or conformational difference. Anti-Fy3
made by black people react either very weakly or not at
all with cord cell samples [56,57,105], whereas anti-
Fy3 from three non-black women all reacted equally
strongly with red cells of adults and newborn infants
[36,96]. Perhaps Duffy antigen on fetal red cells re-
sembles that on adult endothelial cells.

Anti-Fy3 is potentially haemolytic and has been 
responsible for immediate and delayed transfusion 
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munizing mice with red cells have a specificity very
similar to that of anti-Fy3 [5,6]. They were named
anti-Fy6 because, unlike anti-Fy3, the determinant
they detect is destroyed by papain (Table 8.5), ficin,
and chymotrypsin; Fy6 is resistant to trypsin. Both
anti-Fy6 were shown, by peptide scanning and by site-
directed mutagenesis, to recognize a linear epitope
comprising amino acid residues 19–25 (QLDFEDV)
on the N-terminal extracellular domain of the Duffy
glycoprotein (see Fig. 8.1) [115]. In its distribution 
on red cells of non-human primates, Fy6 differs from
Fya, Fyb, and Fy3, but shows close accord with sus-
ceptibility to Plasmodium vivax invasion (see Section
8.8 and Table 8.6). Monoclonal anti-Fy6 has proved
invaluable in the isolation of Duffy glycoprotein 
[6,8].

8.4.5 Fy4 and anti-Fy4

When Sanger et al. [86] postulated a silent allele, Fy, to
account for the high frequency of Fy(a–b–) amongst
black people, an unsuccessful attempt was made to
find ‘anti-Fy’ or ‘anti-Fyc’ in white people who had
been transfused with blood from black donors. In
1973, Behzad et al. [116] described an antibody, pro-
duced by an Fy(a+b+) black girl with sickle cell
anaemia, which gave most of the reactions expected of
anti-Fyc, although weak reactions confused some of
the results. The antibody was numbered anti-Fy4. No
second example of anti-Fy4 has been found. The reac-
tion of anti-Fy4 with Fy:4 cells is enhanced by papain
treatment of the cells [116].

Compiled data from three laboratories of tests with
anti-Fy4 on red cells of 150 black donors, including
114 with the Fy(a–b–) phenotype, and 107 white
donors, fitted reasonably well with anti-Fy4 represent-
ing ‘anti-Fy’, although there were some anomalous 
reactions [116]. Unfortunately, no families were 
tested. Fy(a–b–) red cells from the white Australian
and Cree propositi reacted with anti-Fy4, those of the 
former reacting only weakly [36,116]. Duffy glyco-
protein is not present on Fy(a–b–) cells, but Fy4 
could represent a conformation of an associated mem-
brane component that occurs in the absence of Duffy
glycoprotein.

8.5 Duffy genotype determination

Knowledge of the nucleotide changes that define the

Fya, Fyb, and Fy alleles has made it possible to devise
PCR-based techniques for determining Duffy geno-
type and therefore for predicting Duffy phenotype.
Such methods are valuable for the determination of
Duffy phenotype of fetuses of mothers with anti-Fya,
in order to assist in assessing the risk of HDN [72]. The
G159A substitution associated with the Fya/Fyb poly-
morphism creates a BanI restriction site in the Fya

allele [11,14,15,27,117] and the T–67C substitution
associated with the Fy/Fyab polymorphism creates 
a StyI restriction site in the Fy allele [16,90]. Geno-
types can be obtained by digestion of PCR-amplified
gene segments incorporating the two polymorphic
sites.

Genotyping methods have been developed utilizing
allele-specific primers: two alternative sense primers,
specific for C–67 (Fy) or T–67 (Fya or Fyb); and two 
alternative antisense primers, specific for G159 (Fya)
or A159 (Fyb or Fy) (Fig. 8.2) [26,118,119]. By using
the four possible combinations of primer pairs, the
presence of any of the three alleles is revealed by an am-
plification product of about 700bp with the appropri-
ate primer pair. Allele frequencies in black and white
populations, obtained by this method, are provided in
Table 8.3.

Sickle cell disease patients are regularly transfused
and often make multiple red cell antibodies, which
make subsequent transfusion difficult. Phenotype-
matched blood is therefore often requested for these
patients and Duffy genotyping might assist in provid-
ing matched blood. Fy(a+b–) patients who are Fya/Fya

would be capable of making anti-Fyb, but those who
are Fya/Fy would not, as the Fy allele probably pro-
duces Fyb in non-erythroid tissues.

8.6 Site density, development, and
distribution of Duffy antigens

Fy(a+b–) and Fy(a–b+) red cells were estimated, by
quantitative immunoferritin microscopy, to have 
13000–14000 Fya or Fyb sites; Fy(a+b+) cells have
about half that number of Fya sites [120]. More than
85% of the sites were lost after papain treatment. With
two radioiodinated monoclonal anti-Fy6, estimates of
12200 and 6000 sites per red cell were obtained [5,6].

Fya and Fyb are fully developed at birth and have
been detected on red cells from embryos as early as 6–7
weeks’ gestation [121,122]. The expression of Fya and
Fyb is as strong on red cells of very young fetuses as on
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those of adults, and remains unmodified throughout
fetal life.

There is some dispute regarding the appearance of
Duffy glycoprotein (Fy6) during erythropoiesis, in
vitro. In one-stage serum-free methods of cell culture
Fy6 appeared quite late, about the same time as the
Lutheran glycoprotein [123,124], whereas in a two-
stage method, Fy6 appeared early, at about the same
time as glycophorin C [125]. There is almost 50%
higher level of expression of Fy6 on reticulocytes than
on mature erythrocytes [126].

In addition to its presence on red cells, Duffy glyco-
protein, detected with anti-Fy6, is abundant on en-
dothelial cells lining postcapillary venules throughout
the body, except for liver [127,128], and on Purkinje
neurones of the cerebellum [129]. Sequence analyses
of cDNA indicate that the renal and erythroid 
isoforms of the Duffy polypeptide are identical and
any small differences in Mr of the glycoproteins are
probably accounted for by altered glycosylation
[10,127,128]. Duffy glycoprotein was also detected,
with a rabbit polyclonal antibody specific for the gly-
cosylation of Duffy glycoprotein, on some other vas-
cular endothelial cells and on epithelial cells of renal
collecting ducts and pulmonary alveoli [128]. The 
effect of the GATA mutation in the Fy allele is ery-
throid-specific, so Duffy glycoprotein is present 
on non-erythroid tissues in black people with the
Fy(a–b–) red cell phenotype [89] (Section 8.4.1.1).

An mRNA transcript was detected by hybridization
with Duffy cDNA, in bone marrow from individuals

with Fy(a+b–), Fy(a–b+), and Fy(a+b+) red cells, but
not from those with Fy(a–b–) cells [9,14]. Duffy mRNA
has been detected in lung, muscle, spleen, colon, heart,
pancreas, kidney and brain [10,14,127]. This tran-
script is present in tissues from Fy(a–b–) black individ-
uals [14]. Although the major transcript is about 
1.35kb, Le Van Kim et al. [130] found that a 7.5-kb
transcript was predominant in cerebellum. The two
transcripts differ in the length of their 5¢ untranslated
regions, but encode the same polypeptide. However,
Neote et al. [10] report that an 8.5-kb transcript in fetal
brain changes into a 1.35-kb transcript in adult brain.

Fya and Fyb are not present on lymphocytes, mono-
cytes, granulocytes, or platelets [131,132].

8.7 The Duffy glycoprotein is a 
chemokine receptor

The Duffy glycoprotein binds a variety of pro-
inflammatory chemokines and is known as the 
Duffy antigen receptor for chemokines (DARC).
Chemokines are chemotactic cytokines that are in-
volved in many cellular processes, especially the re-
cruitment and activation of leucocytes [133]. There
are three main classes of chemokines, called C-X-C, C-
C, and C on the basis of the position of highly con-
served cysteine residues at their N-termini. Most
chemokine receptors belong to a very large family of
integral cell membrane glycoproteins, G protein-cou-
pled receptors, which traverse the membrane seven
times and have an extracellular N-terminal domain

Fig. 8.2 PCR-based method with
allele-specific primers for
determination of Duffy genotype
[26,118]. Two allele-specific sense
primers (ÆC Fy and ÆT Fyab) are
paired in four different
combinations with two antisense
primers (G ̈ Fya and A ̈ Fyb). An
internal positive-control primer pair
is included in each primer mix.
Amplification of a product of about
700bp in the appropriate reactions
reveals the alleles present and is
visualized by agarose gel
electrophoresis. *A 700-bp product
would be expected in this reaction
with DNA from the Melanesians
with the C–67, G125 allele [91].
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(Fig. 8.1) [12,13]. G protein-coupled receptors medi-
ate the actions of extracellular signals as diverse as
light, odourants, neurotransmitters, and peptide hor-
mones such as chemokines. Most chemokine receptors
are specific for one or more chemokines of a single
class, but the Duffy glycoprotein, a promiscuous re-
ceptor, binds chemokines of the C-X-C and C-C class-
es [134–136]. Examples of C-X-C chemokines are
interleukin-8 (IL-8) and melanoma growth stimulato-
ry activity (MGSA), and of C-C chemokines are regu-
lated on activation, normal T expressed and secreted
(RANTES) and monocyte chemotactic protein-1
(MCP-1). Duffy glycoprotein does not bind the C
chemokine, lymphotactin [137]. Unlike almost all
other G protein-coupled receptors, the Duffy glyco-
protein lacks the Asp-Arg-Tyr (DRY) motif in the sec-
ond cytoplasmic loop and does not appear to be
coupled to a guanosine triphosphate-binding protein
(G-protein) [138].

Fy(a–b–) red cells do not bind chemokines [41,139].
Fy(a–b+w) (Fyx/Fyx) bind chemokines in substantially
reduced quantities compared with Fy(a–b+) cells
[41,42].

The chemokine-binding pocket of the Duffy glyco-
protein appears to include sequences in the first and
fourth extracellular domains, which are brought into
close vicinity by a disulphide bridge between Cys51
and Cys276 [140] (Fig. 8.1). IL-8 binding was dimin-
ished by 60% by treatment of the cells with the dis-
ulphide bond reducing agent DTT [140]. Anti-Fya,
-Fyb, and -Fy6, which bind to the first extracellular 
domain of the Duffy glycoprotein, and monoclonal
anti-Fy3-like, which binds the fourth extracellular 
domain, all compete with chemokines for binding
[109,137,139–142] (although in one study anti-Fy3-
like did not inhibit chemokine binding [109]). IL-8
bound to red cells treated with trypsin, sialidase, or N-
glycanase, but not to cells treated with papain or a-
chymotrypsin [143], which cleave the N-terminal
extracellular domain of the Duffy glycoprotein (see
Section 8.3.3). Glycosylation of the protein therefore
is not required for chemokine binding.

The function of the Duffy glycoprotein is not
known. It has been suggested that it may act as a clear-
ance receptor for inflammatory mediators and that
Duffy-positive red cells function as a ‘sink’ or as scav-
engers for the removal of unwanted chemokines [134].
If so, this function must be of limited importance as
Duffy is not present on the red cells of most Africans.

IL-8 released into the plasma after acute myocardial
infarction binds to red cells, resulting in only transient
elevation of plasma IL-8 [144].

Duffy glycoprotein is present on many cells
throughout the body, in both Duffy-positive people
and Fy(a–b–) Africans (Section 8.6). The kidney iso-
form binds chemokines with the same affinity as the
red cell isoform [127]. Hadley and Peiper [138] point
to the conservation of the gene encoding Duffy glyco-
protein across species as evidence for the importance
of the protein. They speculate that endothelial Duffy
glycoprotein may interact with other membrane com-
ponents, to elicit tissue specific responses to ligand
binding. K562 erythroid cells transfected with Duffy
cDNA bind chemokines [10,141] and are able to en-
docytose the ligand [89]. Duffy glycoprotein has been
detected as a transmembrane protein in caveolae of en-
dothelial cells [128] and may participate in receptor-
mediated endocytosis, possibly generating the
chemotactic gradient essential for leucocyte attraction
[138]. Significant up-regulation of Duffy glycoprotein
was detected in renal tissues of children with HIV
nephropathy and haemolytic uraemic syndrome, sug-
gesting that the Duffy glycoprotein plays a part in the
pathogenesis of renal inflammation [145].

Genes homologous to FY have been cloned from
non-human primates, cow, pig, rabbit, and mouse
[14,138,146]. Mouse red cells bind murine and
human chemokines [137], as do K562 cells transfected
with cDNA derived from Dfy, the mouse homologue
of FY [146]. Dfy–/– (knockout) mice, deficient in the
Duffy homologue, were healthy and apparently iden-
tical to wild-type mice [147,148]. Analyses of their 
response to inflammatory agents, particularly with re-
spect to leucocyte migration, brought conflicting 
results [147,148].

Five people have the Fy(a–b–) red cell phenotype 
because of homozygosity for inactivating mutations
within the coding region of their Duffy genes (Section
8.4.1.2). None of these individuals would be expected
to have Duffy glycoprotein in any of their tissues, 
yet all were apparently healthy. Consequently, if 
Duffy glycoprotein has an important function, 
some other structure must be able to perform the same
role.

8.8 Duffy antigens and malaria

Plasmodium vivax is the pathogen responsible for 
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tertian malaria, a widely distributed form of malaria,
but less severe than that resulting from infection by P.
falciparum (see Section 3.23.1). For several decades 
it had been known that most black people are resistant
to P. vivax infection. When Miller et al. [31] showed
that Fy(a–b–) red cells are refractory to invasion by the
simian parasite P. knowlesi, which can invade human
red cells in vitro, it was not long before the association
between the Fy(a–b–) phenotype and resistance to P.
vivax infection became apparent [97]. For many years,
before P. vivax could be cultured [98], P. knowlesi was
used as a model for P. vivax experiments in vitro (re-
views in [138,149]).

Amongst 11 black and six white volunteers exposed
to P. vivax, all became infected except for the five
Fy(a–b–) black subjects [97]. In a study of 420 
Hondurans, 247 of whom were Fy(a–b–), none of the
14 (seven black, seven white) with P. vivax infection
was Fy(a–b–) [150]. Antibodies to P. vivax were found
almost exclusively in Duffy-positive people, whereas
antibodies to P. falciparum were almost equally dis-
tributed between Duffy-positive and -negative indi-
viduals [150].

It is probable that the high incidence of the Fy allele
in Africa results from the selective advantage it confers
in the homozygous state by providing resistance to P.
vivax malaria. In parts of West Africa the frequency of
Fy is almost 100%, yet P. vivax is not present in these
areas [88]. The parasite might have been eliminated
because of disruption of its life cycle resulting from a
shortage of susceptible hosts.

In vitro, Fy(a–b–) human red cells are refractory to
invasion by P. knowlesi and P. vivax merozoites,
whereas Fy(a+b+) cells are invaded [31,98,99]. This is
not a purely racial characteristic as Fy(a–b–) red cells
from two Cree Indians and a white Australian (Section
8.4.1.2) were not invaded by P. knowlesi [151]. P.
knowlesi merozoites are able to attach to Fy(a–b–)
cells, but they cannot enter the cells and eventually 
become detached [31,100,151]. Invasion of Duffy-
positive red cells by P. knowlesi and P. vivax can be
blocked by the presence of monoclonal anti-Fy6; in-
vasion of Fy(a+) cells can be partially blocked by anti-
Fya [31,98]. The chemokines IL-8 and MGSA, for
which the Duffy glycoprotein is a receptor (Section
8.7), blocked invasion of Duffy-positive cells by P.
knowlesi [139]. Treatment of Duffy-positive red cells
with chymotrypsin renders them resistant to invasion
by P. knowlesi and P. vivax, whereas trypsin treatment

has no effect [31,98]. This parallels the effects of these
proteases on Fya, Fyb, and Fy6 antigens, but not on Fy3
and Fy5, which are resistant to chymotrypsin cleav-
age. Surprisingly, trypsin or sialidase-treated Fy(a–b–)
cells were invaded by P. knowlesi merozoites [151]. P.
vivax prefers to invade reticulocytes, which have
about 50% more Fy6 sites than mature erythrocytes
[126].

Table 8.6 shows the Duffy phenotypes of some non-
human primates and the susceptibility of their red cells
to invasion by P. knowlesi and P. vivax. Despite being
Fy(b+) and Fy:3, red cells of the Old World rhesus
monkey are Fy:–6 and are not invaded by P. vivax, but
are invaded by P. knowlesi. New World capuchin
monkey cells are Fy(a–b–) Fy:3,6 and are not invaded
by P. knowlesi or P. vivax merozoites. These data sug-
gest that the Fy6 epitope is important for the invasion
of P. vivax.

Proteins that bind Duffy-positive human red cells,
but not Fy(a–b–) cells, have been isolated from the su-
pernatants of cultured P. knowlesi and P. vivax at the
time of merozoite release and reinvasion [101,102]
(Table 8.6). The protein isolated from P. knowlesi
and P. vivax cultures are of Mr 135000 and 140000,
respectively. Binding could be inhibited by anti-Fy6
and by the chemokines IL-8 and MGSA [101–103].
Chymotrypsin treatment of Duffy-positive red cells
abrogates binding of the Duffy-associating proteins,
whereas trypsin treatment has little effect (Table 8.6).
Trypsin-treated Fy(a–b–) cells, which are invaded by 
P. knowlesi [151], did not bind the protein isolated
from P. knowlesi [101]. The purified parasite proteins
bound specifically to purified Duffy glycoprotein.
Genes encoding both proteins were cloned and the ex-
tracellular domains of each protein have been classi-
fied into six regions of amino acid homology [104].
COS-7 cells expressing the cysteine-rich region II
formed rosettes with Duffy-positive, but not Fy(a–b–),
red cells [152]. This rosetting could be blocked by a
synthetic peptide representing amino acid residues
8–42 of the N-terminal domain of the Duffy glycopro-
tein [153]. Red cells of individuals heterozygous for
the silent allele, Fy, bind substantially less P. vivax
Duffy-binding protein than those of individuals with
two active FY alleles, suggesting that heterozygosity
for Fy may have a selective advantage in areas where 
P. vivax is endemic [154]. Region II of the P. vivax and
P. knowlesi Duffy-binding proteins also shares exten-
sive sequence homology with the P. falciparum gly-
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cophorin A-binding protein, EBA-175 [104] (Section
3.23.1). Analysis of the Duffy-binding ligands has led
to the identification of the var genes that encode the
variant endothelial cytoadherence proteins of P. 
falciparum (for review see [138]).

Singh et al. [155] have devised a method for express-
ing the functional region of P. vivaxDuffy-binding pro-
tein (PvRII) in Escherichia coli, and refolding it to make
it functionally active. Refolded PvRII is a candidate
vaccine for P. vivax malaria as it elicits high titre anti-
bodies that can inhibit binding of P. vivax binding pro-
tein to red cells. Any advantage of vaccinating against P.
vivax malaria, however, must be weighed against evi-
dence that P. vivax infection in infants might act as a
natural vaccine against P. falciparum malaria [156].
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anti-human IgG [3]. This is compatible with an esti-
mate of less than 32000 sites per cell obtained by de-
termining the quantity of a mercurial required to
inhibit facilitated urea transport [4].

Olivès et al. [5] produced a cDNA probe from
human erythroblast mRNA by reverse transcriptase
polymerase chain reaction (PCR) with primers derived
from the amino acid sequence of a rabbit urea trans-
porter. They used this probe to isolate a cDNA clone
(HUT11) by screening a human bone marrow library.
An Mr 36000 polypeptide produced by coupled in
vitro transcription-translation of the cDNA was im-
munoprecipitated by anti-Jk3. Immunoblotting with 
a rabbit antibody raised to peptides predicted from 
the cDNA sequence revealed Mr 46000–60000 com-
ponents from human red cell membranes, except those
of the Jk(a–b–) phenotype [2]. HUT11 has subse-
quently been shown to be an aberrant transcript or a
cloning artefact [6]. Another transcript (HUT11A) en-
coding glutamic acid in place of lysine at position 44
and two Val-Gly dipeptides instead of three after posi-
tion 227, produces the Kidd glycoprotein and red cell
urea transporter [6,7]. The predicted gene product is
an Mr 43000, 389 amino acid polypeptide with about
63% identity with the rabbit urea transporter. The
protein contains 10 potential membrane-spanning do-
mains (Fig. 9.1). Only one of two N-glycosylation con-
sensus sequences (Asn211) is extracellular and is on
the third extracellular loop.

The JK (SLC14A1) gene is 30kb long and contains
11 exons [8,9]. Exons 1–3 and part of 4 represent the 3¢
untranslated region; exons 4–11 encode the mature
protein (Table 9.1). The transcription initiation site is
335bp upstream of the translation start codon in exon
4. The region between nucleotides –837 and –336 con-
tains erythroid-specific GATA-1 and SP1 transcription

9.1 Introduction

Jka and Jkb of the Kidd system are the products of 
alleles and are polymorphic in all populations tested.
The Jka/Jkb polymorphism is associated with an
Asp280Asn substitution in the Kidd antigen. Kidd 
antibodies are often difficult to work with. They are
potentially dangerous, as they are a common cause of
delayed haemolytic transfusion reactions.

A rare null phenotype, Jk(a–b–), is generally in-
herited recessively and is most commonly found in
Polynesians. Jk(a–b–) cells lack the high incidence
antigen Jk3. Five inactivating mutations, responsible
for Jk(a–b–), have been found.

The Kidd glycoprotein functions as a urea 
transporter.

The JK (SLC14A1) locus is on chromosome 18 at
18q11–q12 (Chapter 32).

9.2 The Kidd glycoprotein and the gene
that encodes it

Before the Kidd glycoprotein had been purified or the
JK gene cloned, failure of Jk(a–b–) red cells to lyse in 
2M urea led to the supposition that the Kidd glyco-
protein might be a red cell urea transporter (Section
9.4.2). A red cell membrane structure of apparent Mr

45000 was isolated by affinity purified IgG anti-Jka, 
-Jkb, and -Jk3 bound to nylon membranes [1]. Im-
munoprecipitation with anti-Jk3 isolated a glycopro-
tein of apparent Mr 46000–60000 from red cells of all
phenotypes except Jk(a–b–) [2]. The Mr was reduced
to 36000 by removal of N-glycosylation with N-
glycanase [2]. Jk(a+b–) red cells were estimated to
have around 14000 Jka antigen sites by immunoelec-
tron microscopy with anti-Jka and ferritin labelled

Kidd blood group system

9.1 Introduction, 342
9.2 The Kidd glycoprotein and the gene that

encodes it, 342
9.3 Jka and Jkb (JK1 and JK2), 343
9.4 Jk(a–b–) phenotype and Jk3 antigen, 345

9.5 Development and distribution of Kidd
antigens, 347

9.6 The Kidd glycoprotein is the red cell urea
transporter, 347
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factor binding sites, plus TATA and inverted CAAT
boxes [8]. Two equally abundant erythroid tran-
scripts, of 4.4 and 2.0kb, have been identified, the
smaller arising from skipping of exon 3 [8].

9.3 Jka and Jkb (JK1 and JK2)

An antibody in the serum of an American woman, Mrs
Kidd, was named anti-Jka in 1951 by Allen et al. [10],
from the initials of Mrs Kidd’s sixth child, who showed
signs of haemolytic disease of the newborn (HDN).

The antibody reacted with the red cells of 77% of
Bostonians. The anticipated antithetical antibody,
anti-Jkb, was found in England 2 years later by Plaut 
et al. [11].

9.3.1 Frequency of Jka and Jkb

The following phenotype frequencies were obtained
from six series of tests with anti-Jka on a total of 4275
Europeans [12]: Jk(a+), 76.4%; and Jk(a–), 23.6%.
The following gene and genotype frequencies are 
derived from these figures: Jka 0.5142, Jkb 0.4858;
Jka/Jka 0.2644, Jka/Jkb 0.4996, and Jkb/Jkb 0.2360.
These gene frequencies are very similar to those 
obtained from tests with anti-Jka and -Jkb on red cells
from 2102 parents of 1051 Canadian families [12,13]:
Jka 0.5162 and Jkb 0.4838. Molecular analysis on
DNA from 106 Swedes gave the allele frequencies Jka

0.53 and Jkb 0.47 [7]. Numerous other population
studies, many conducted with anti-Jka only, have been
summarized [14,15]. The gene frequency of Jka, 
usually about 50% in Europeans, rises to 75% in some
parts of Africa, but this frequency is by no means rep-
resentative of all African populations. The frequency
of Jka is around 30% in Chinese and falls to as low as
20% in some Japanese studies, but this low frequency
does not occur throughout Asia.

9.3.2 Inheritance of and and the
molecular basis of the Kidd polymorphism

Jka and Jkb are inherited as codominant alleles. Analy-
sis of over 2000 white families provided phenotype
frequencies that fitted well with those calculated on the
basis of two alleles [12,13]. The frequency of a silent
allele, Jk, is too low to upset these calculations.

The Jka/Jkb polymorphism results from a G838A
transition, encoding an Asp280Asn substitution on
the fourth extracellular loop of the Kidd glycoprotein
[16] (Fig. 9.1). Jka/Jkb is also associated with a silent
G588A transition in exon 7 and another single nu-
cleotide polymorphism at position –46 from the 3¢ end
of intron 9 [9]. G838 of the Jka allele introduces an
MnlI restriction site, which can be used for genotyping
and Kidd phenotype prediction [6]. Other genotyping
methods involve PCR with allele-specific primers
[7,17]. In one of the methods, Jka and Jkb are detected
in a single multiplex PCR with a Jka-specific forward
primer and a Jkb-specific reverse primer, their corre-

JkbJka

Fig. 9.1 Diagrammatic representation of the Kidd
glycoprotein in the red cell membrane, showing 10
membrane-spanning domains, cytoplasmic N- and C-
termini, a single N-glycan on the third extracellular loop,
and the position of the Jka/Jkb polymorphism on the fourth
extracellular loop.

Table 9.1 Organization of the JK gene.

Amino
Intron size (kb)

Exon Size (bp) acids [8] [9]

1 93 0.7
2 64 2.4
3 157 3.1
4 172 1–50 0.6 0.543
5 190 51–113 3.55 3.0
6 129 114–156 1.9 2.0
7 193 157–221 2.5 2.5
8 148 222–270 0.27 0.217
9 135 271–315 8.6 9.0

10 50 316–332 1.4 1.4
11 551 333–389



CHAPTER 9

344

sponding reverse and forward primers being posi-
tioned to give amplification products of different sizes
[7].

9.3.3 Effect of enzymes and reducing agents

Jka, Jkb, and Jk3 are papain-, ficin-, trypsin-, chy-
motrypsin-, and pronase-resistant; treatment of red
cells with these enzymes generally enhances reactivity
with Kidd antibodies. Kidd antigens are not affected
by sialidase or by 2-aminoethylisothiouronium bro-
mide (AET).

9.3.4 Anti-Jka and -Jkb

9.3.4.1 Alloantibodies

After the description of Mrs Kidd’s antibody in 1951
[10], many reports of anti-Jka [18–23] and -Jkb

[11,24–27] soon followed. Numerous other examples
have since been found, but neither antibody is com-
mon, anti-Jkb being rarer than anti-Jka. They are often
found in antibody mixtures, reflecting the relatively
low immunogenicity of the Kidd antigens. Anti-Jka, 
in two Jk(a–b+) 9-month-old non-identical twins, 
detectable only by solid-phase method, are the only 
reported examples of ‘naturally occurring’ Kidd 
antibodies [28]. Anti-Jka has been found during the
first pregnancy of an untransfused woman [20] and a
case of anti-Jka sensitization following amniocentesis
and intrauterine transfusion is reported [29].

Kidd antibodies are often difficult to detect. Some
directly agglutinate antigen-positive cells, but the 
reactions are usually weak by this method
[10,19,20,27,30–32]. Generally an antiglobulin test is
required to detect Kidd antibodies. Use of enzyme-
treated cells may be necessary to detect weaker 
antibodies. Anti-Jka detectable only by the manual
Polybrene test was responsible for a haemolytic trans-
fusion reaction, emphasizing the importance of detect-
ing weak Kidd antibodies [33]. Many anti-Jka react
more strongly with Jk(a+b–) than with Jk(a+b+) cells
[12,34], and some anti-Jka can only be detected with
Jk(a+b–) cells [22]. Panels for screening patient sera
for antibodies should therefore contain Jk(a+b–) cells.
Some anti-Jkb also demonstrate a hint of dosage
[11,31].

Kidd antibodies are usually IgG or a mixture of IgG
and IgM; they are rarely pure IgM [35,36]. Most IgG

anti-Jka are IgG3 or a mixture of IgG3 and IgG1, and
occasionally IgG1 alone [36,37]. IgG2 may also be
present [36]. Four anti-Jkb contained IgG1; one also
contained IgG3 and one IgG4 [37]. Around 40–50%
of sera containing Kidd antibodies bind complement;
some Kidd antibodies can only be detected in the
antiglobulin test when polyspecific antiglobulin or
anti-complement is used [38,39]. Some Kidd antibod-
ies may not be detectable by techniques incorporating
a diluent that binds calcium [40]. Only those Kidd sera
with an IgM component are capable of complement
binding as IgG Kidd antibodies are unable to fix 
complement [39].

9.3.4.2 Clinical significance

Kidd antibodies, which are often difficult to detect, are
a hazard in blood transfusion. Anti-Jka has been re-
sponsible for severe and fatal immediate haemolytic
transfusion reactions [19,32,33,41,42] and is re-
gularly associated with delayed haemolytic transfu-
sion reactions (DHTR) [38,43,44]. These DHTR may
be severe, leading to oliguria, renal failure, and even
death [43,44]. Anti-Jkb has also been incriminated in
severe DHTR [31,45]. Probably a major reason why
Kidd antibodies are such a common cause of DHTR is
their tendency to fall rapidly to low or undetectable
levels in the plasma [18,19,31,46]. Pineda et al.
[43,47] estimated that over one-third of DHTRs were
caused by anti-Jka.

Clearance of incompatible red cells transfused to 
individuals with Kidd antibodies is generally rapid
[33,48,49]. The reactivity of anti-Jka and -Jkb in a
monocyte monolayer assay is enhanced by the pres-
ence of complement [50,51].

Anti-Jka was responsible for haemolysis and drop 
in haemoglobin in a Jk(a+) recipient of a peripheral
blood progenitor cell transplant from her Jk(a–) sister
[52]. The antibody was probably produced by pas-
senger lymphocytes derived from the donor. The 
patient was being treated with cyclosporin and
methotrexate.

In contrast to the haemolytic activity of Kidd anti-
bodies in incompatible blood transfusion, anti-Jka and
-Jkb are only very rarely responsible for severe HDN
[53]. Only one such case is reported, this caused by
anti-Jka and resulting in kernicterus [46]. The reason
why Kidd antibodies so rarely cause HDN, even when
present in relatively high titre, is unclear.
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9.3.4.3 Autoantibodies

Several cases of autoanti-Jka associated with autoim-
mune haemolytic anaemia (AIHA) have been de-
scribed [54–59]. Red cells of one patient, who also
developed idiopathic thrombocytopenic purpura,
were initially typed as Jk(a–b+), but later became
Jk(a+b+), their true phenotype as demonstrated by
family study [59]. AIHA in a Jk(a+) patient taking 
Aldomet (methyldopa), with anti-Jka in her serum and
in an eluate from her red cells, declined on cessation of
the drug and the autoantibody gradually disappeared
[55]. A Jk(a+b+) patient taking chlorpropamide, a hy-
poglycaemic agent, had an apparent anti-Jka in her
serum and acute haemolytic anaemia [57]. In a post-
transfusion specimen the anti-Jka only reacted with
Jk(a+b+) cells in the presence of chlorpropamide or 
related structures. The antibody could not be neu-
tralized with chlorpropamide and drug–antibody
complexes attaching preferentially to Jk(a+) red cells
were proposed to explain the phenomenon [57]. The
AIHA declined when chlorpropamide administration
was stopped. The Kidd antigen is a urea transporter
(Section 9.6), which may be pertinent as chlor-
propamide contains a urea structure.

Autoanti-Jka has also been found in healthy individ-
uals [60,61]. Four examples of benign autoanti-Jka re-
acted preferentially with red cells in the presence of
parabens (butyl, ethyl, methyl, and propyl esters of p-
hydroxybenzoate) or certain other neutral aromatic
compounds [62,63]. The antibodies were detected be-
cause of the presence of parabens as preservatives in
commercial low ionic-strength solutions. Judd et al.
[62] suggested that either parabens cause a reversible
structural alteration to the Jka antigen, which is recog-
nized by the autoantibodies, or that the benzene rings
of the parabens interact with aromatic amino acid
residues involved in both the Jka antigen and the bind-
ing sites of the antibodies.

A Jk(a–b+) nephrectomy patient who had suffered
from chronic proteus infections showed signs of a
haemolytic transfusion reaction, although no transfu-
sion had taken place [64]. The patient’s serum con-
tained autoanti-Jkb. Jk(b–) red cells incubated with
Proteus mirabilis reacted with anti-Jkb reagents.

9.3.4.4 Monoclonal antibodies

IgM human monoclonal anti-Jka and -Jkb have been

produced by Epstein–Barr virus transformation of
lymphocytes from immunized donors and fusion 
with mouse myeloma cells to form heterohybridomas
[65,66]. Some of these antibodies make excellent ag-
glutinating blood grouping reagents [66]. Kidd alloan-
tibodies are notorious for being unstable, unreliable,
and present in mixtures of antibodies to red cell anti-
gens. As reagents, monoclonal antibodies are a wel-
come replacement.

9.4 Jk(a–b–) phenotype and Jk3 antigen

The Kidd null phenotype, Jk(a–b–), was first described
by Pinkerton et al. in 1959 [67]. A Filipino woman of
Chinese and Spanish ancestry, with two children, be-
came jaundiced after blood transfusion. Her serum re-
acted with all cells save her own, which had the novel
phenotype Jk(a–b–). Adsorption of her serum with
Jk(a+b–) cells left some activity for Jk(a–b+) cells, but
adsorption with Jk(a–b+) cells removed all antibody.
Eluates from the adsorbing cells reacted with Jk(a+b–)
and Jk(a–b+) cells. Thus, her serum contained a mix-
ture of the first example of anti-Jk3, plus anti-Jkb.

9.4.1 Jk(a–b–) of the recessive type

In this section a number of Jk(a–b–) individuals from a
variety of ethnic groups are mentioned. Serological
studies on some families have suggested that the phe-
notype results from homozygosity for a rare recessive
gene [68–72]. In one family, for example, three
Jk(a–b–) sibs had other sibs with the phenotypes
Jk(a+b–), Jk(a–b+), and Jk(a+b+), suggesting that their
parents had the genotypes Jka/Jk and Jkb/Jk [69]. 
Examples of the Jk(a–b–) phenotype have been re-
ported in Polynesians [9,68,71,73–76], Filipinos and
Indonesians [15,77,78], Chinese [8,79], Japanese
[80], Asian Indians [15,81], Native Brazilians [15,82], 
an African American [83], a Tunisian [84], and in 
Europeans, including Finns [9,76,85], French [70],
Swiss [72], and English [72] families. Many were 
ascertained through the production of anti-Jk3
[68–70,72,73,78,79,85].

Jk(a–b–) is most abundant amongst Polynesians. Of
17300 random Polynesian blood donors screened by
the urea lysis method (Section 9.4.2) and confirmed
serologically, 47 (0.27%) were Jk(a–b–) Jk:–3 [75].
The highest frequency was found in Niueans and 
Tongans, with 1.4 and 1.2% Jk(a–b–), respectively
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[75].The urea lysis method has been used to search for
Jk(a–b–) in other ethnic groups. Of 638460 Japanese
donors in Osaka, 14 were Jk(a–b–), of whom 12
(0.002%) appeared to be of the recessive type [80].
Screening of 13817 South African (Natal) blood
donors disclosed a Jk(a–b–) donor of Indian origin
[81]. Screening of 52908 English and 120000 pre-
dominantly European New Zealand blood donors 
by a urea lysis test revealed no European Jk(a–b–)
[74,86], but 24 (0.03%) of 79349 Finns were Jk:–3
[85]. Aberrant inheritance of Jka and Jkb, supported 
by dosage studies, demonstrated the presence of a Jk
allele in the original Lunull family, a white American
family [34], and in an African American family [87].

Homozygosity for five different mutations has been
shown to be responsible for the Jk(a–b–) phenotype.
1 The Polynesian mutation is a G to A transition in the
invariant 3¢ acceptor splice site of intron 5 of a Jkb al-
lele, causing loss of exon 6 from mRNA transcripts
[8,9]. The predicted, truncated Kidd glycoprotein
could not be detected in Xenopus oocytes transfected
with the abnormal transcript [8]. Of 46 Polynesians,
eight were heterozygous for the intron 5 mutation, a
gene frequency of 8.7%, which predicts an incidence
of 0.76% for Jk(a–b–) [9]. This mutation was also
found in Chinese, Australian, American, and Euro-
pean Jk(a–b–) individuals [76].
2 The Finnish mutation is a T871C transition in a Jkb

allele, encoding Ser291Pro [9,76]. Although this sub-
stitution disrupts a potential N-glycosylation site
(Asn289-Ser-Ser to Asn-Ser-Pro), Asn289 is situated in
the eighth predicted membrane-spanning domain and
is not glycosylated [76]. When expressed in Xenopus
oocytes, the mutated protein functions as a urea trans-
porter, but does not appear to reach the membrane of
erythroid cells [76].
3 In one Jk(a–b–) white French person, a G to T trans-
version in the donor splice site of intron 7 of a Jkb allele
led to skipping of exon 7 from the mRNA transcript
[8].
4 A deletion of about 1.6kb encompassing exons 
4 and 5 of a Jka allele in two Jk(a–b–) English sisters
and a Tunisian [72,84]. In the English sisters, no 
transcript contained exon 3 and the most abundant
transcript lacked exons 3–5 (exon 4 contains the trans-
lation start codon) [72]. In the Tunisian, exons 4 and 5
were missing from the transcript, but were replaced by
136bp of intron 3 sequence flanked by cryptic splice
sites [84].

5 A nonsense mutation in exon 7 of a Jka allele con-
verting the codon for Tyr194 to a stop codon in three
Jk(a–b–) Swiss sisters. This mutation predicts a trun-
cated polypeptide of 193 amino acids [72].
These five mutations can be detected by a multiplex
PCR-based technique [72].

9.4.2 The urea lysis test for Jk(a–b–) phenotype

The urea lysis test for detecting Jk(a–b–) phenotype
was discovered serendipitously by Heaton and
McLoughlin [74] in 1982. A Samoan man with aplas-
tic anaemia appeared to have excessively high platelet
counts in an automated system, which was dependent
on lysing red cells with 2M urea. These false platelet
counts were shown to result from a failure of his
Jk(a–b–) red cells to lyse. Red cells of common Kidd
phenotypes lysed within 1min in 2M urea; Jk(a–b–)
red cells required at least 30min for lysis. The urea
lysis test has proved useful in screening for Jk(a–b–)
[71,75,80,81,85,86]. Red cells of individuals het-
erozygous for the Jk allele demonstrated intermediate
lysis time in a modified urea lysis test [88].

9.4.3 Anti-Jk3

Anti-Jk3, an antibody produced by the original
Jk(a–b–) propositus, behaved as inseparable anti-
JkaJkb, with no preference for Jk(a+b–) or Jk(a–b+)
cells [67]. Anti-Jk3 is a rare antibody, yet many 
examples of this antibody have been described
[68,69,71,73,77–79,81,83].

Anti-Jk3 is not usually found in antibody mixtures,
but may be accompanied by separable anti-Jka [79] or
anti-Jkb [67,78]. Only a minority of immunized
Jk(a–b–) people produce anti-Jk3 [71,80]. An appar-
ently ‘naturally occurring’ IgM anti-Jk3 was found in
an untransfused male, the only reported example; his
Jk(a–b–) sister had been pregnant seven times without
making anti-Jk3 [69].

Jk3 antibodies react optimally by an antiglobulin
test, the reaction being enhanced by enzyme treatment
of the cells. Enzyme-treated cells may be haemolysed
by anti-Jk3 in the presence of fresh serum [68]. Anti-
Jk3 are usually IgG [71,73,74]. Like other Kidd anti-
bodies, anti-Jk3 may decline rapidly in vivo [79].

Anti-Jk3 has been responsible for severe immediate
[89] and delayed [71,77,79] haemolytic transfusion
reactions. Most babies of mothers with anti-Jk3 are
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clinically unaffected, although the baby’s red cells may
give a positive direct antiglobulin test, and in a few
cases phototherapy was administered [71,73,78,81].

Two examples of autoanti-Jk3, or mimicking au-
toanti-Jk3, have occurred during pregnancy [90,91].
In one, which was associated with autoimmune
haemolytic anaemia, mimicking autoanti-Jkb was 
also present [90]. Anti-Jk3 in a patient with transient
Jk(a–b–) phenotype is described in Section 9.4.5.

9.4.4 Jk(a–b–) of the dominant type

Red cells from two of 14 Jk(a–b–) Japanese blood
donors found by the urea lysis test (Section 9.4.2)
proved to be different from those of the other 12 and
from Jk(a–b–) cells previously reported [80]. A family
study suggested a dominant mode of inheritance: the
presence of a Jk(a+b+) mother of two Jk(a–b–) daugh-
ters, both with Jk(a–b–) children, excludes homozy-
gosity of a silent gene. The dominant inhibitor gene
proposed to account for these observations was
named In(Jk), as it was considered analogous to
In(Lu) of the Lutheran system (Chapter 6). Although
two further examples have been found in Japan, the re-
cessive type of Jk(a–b–) is estimated to be six times
more frequent than the dominant type in Japan [80].

Jk(a–b–) red cells of the dominant type can bind
anti-Jk3 and anti-Jka and/or anti-Jkb, as detected in ad-
sorption and elution tests. Kidd genotypes deduced in
this way demonstrated that In(Jk) is not inherited at
the JK locus. In(Jk) cells are less readily lysed in the
urea lysis test than cells of common Kidd type and less
resistant to lysis than Jk(a–b–) cells of the recessive
type [80].

9.4.5 Transient Jk(a–b–)

An 85-year-old Russian woman with myelofibrosis
and bleeding secondary to colon carcinoma was found
to be Jk(a–b–) and to have anti-Jk3, which was respon-
sible for a severe haemolytic transfusion reaction [89].
Neither anti-Jka nor -Jkb could be adsorbed and eluted
from her red cells. Five weeks later her red cells had
weak Jka, which became progressively stronger; her
serum now contained anti-Jkb and weak anti-Jk3. The
following year her cells were again Jk(a–b–)
(although this could be because of transfusions of
Jk(a–b–) cells )but no anti-Jk3 could be detected. After
another year her cells appeared to have a normal

Jk(a+b–) phenotype and no anti-Jk3 or -Jkb was 
present.

9.5 Development and distribution of 
Kidd antigens

Jka and Jkb are well developed on the red cells of
neonates. Fetal cells have the same distribution of Kidd
phenotypes as that found in the adult population
[12,92]. Jka and Jkb antigens have been detected on red
cells of 11- and 7-week-old fetuses, respectively [92].

The Kidd glycoprotein was detected on endothelial
cells of the vasa recta, the vascular supply of the renal
medulla, but it is not present in renal tubules [93]. 
Rabbit antibodies raised to peptides at the N- and C-
termini of the Kidd protein were used to detect the
structure. A similar pattern of distribution of JK
mRNA was demonstrated by in situ hybridization on
human kidney sections [93]. A splice variant of JK
mRNA is present on osteoblasts of bone explant cul-
tures, but is down-regulated as the cells undergo adi-
pogenesis [94].

Kidd antigens were not detected on lymphocytes,
monocytes, granulocytes, or platelets [95–98]. Jk3
first appears on erythroblasts at a late stage of erythro-
poiesis [99].

9.6 The Kidd glycoprotein is the red cell
urea transporter

Failure of Jk(a–b–) red cells to lyse in aqueous solu-
tions of urea provided the first clue that the Kidd 
glycoprotein might function as a urea transporter (Sec-
tion 9.4.2). Red cell lysis in the presence of urea is
caused by osmotic imbalance. In cells of common Kidd
phenotype urea is transported very rapidly across red
cell membranes, so in 2M urea these cells rapidly take
up urea, become hypertonic, and lyse because of the
rapid diffusion of water into the cell [100]. Jk(a–b–)
red cells lack the Kidd glycoprotein. They take up urea
slowly and therefore lyse very slowly in 2M urea.
Treatment of normal red cells with p-chloromer-
curibenzenesulphonic acid (pCMBS), an inhibitor of
urea and water transport, resulted in a substantial re-
tardation of lysis in 2M urea (aqueous solution) [101].
Measurements of unidirectional urea and thiourea
fluxes revealed that urea crosses the membrane of
Jk(a–b–) red cells about 1000 times slower than 
normal cells [102].
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The Kidd glycoprotein has substantial sequence 
homology with another human urea transporter
(HUT2), present only on renal cells [103], and with a
rabbit urea transporter [5].

Physiological levels of expression of Kidd
(HUT11A) cDNA in Xenopus oocytes strongly 
facilitated urea transport, but not water perme-
ability [6]. This activity is blocked by the urea 
transport inhibitors pCMBS and phloretin [5]. At
higher levels of expression, an increased level of 
urea transport was observed, together with high water
permeability and a selective uptake of small solutes
[6].

Urea transporters in the kidney play an important
part in concentrating urea in the renal medulla, while
conserving water, in order to produce a concentrated
urine [104]. A urea transporter in red cells has two
main functions:
1 transporting urea rapidly in and out the cells to 
prevent shrinkage as they pass through the high urea
concentration of the renal medulla, and to prevent
swelling as they leave; and
2 to prevent the red cells from carrying urea away
from the renal medulla, which would decrease the urea
concentrating efficacy of the kidney [105].

The Kidd null phenotype is not associated with any
clinical defect, although two unrelated Jk(a–b–) indi-
viduals had a urine concentrating defect [106]. This
may be because other urea transporters compensate
for the absence of the Kidd urea transporter in the 
kidney, and because maximal urea concentrating abil-
ity is rarely required under normal conditions.
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sequencing of band 3 cDNA confirmed that the pro-
tein consists of three domains: a cytoplasmic N-
terminal domain of 403 amino acids; a hydrophobic
transmembrane domain of 479 amino acids; and a C-
terminal cytoplasmic tail of 29 amino acids [5,6] (Fig.
10.1). The N-terminal domain interacts with ankyrin
of the cytoskeleton. In the original model the trans-
membrane domain has 14 a-helical membrane span-
ning domains and cytoplasmic N- and C-termini [1,6],
but this model has recently been challenged [7,8] 
(Fig. 10.1). The single N-linked oligosaccharide on
Asn642, on the fourth extracellular loop, carries H, A,
B, I, and i activity (Chapters 2 and 25). Variation in the
number of repeating N-acetyllactosamine units ac-
counts for the broadness of the band on SDS PAGE.
Band 3 exists in the red cell membrane as dimers and
higher oligomers, with tetramers being preferred for
binding to ankyrin [9]. Associations between band 3
and glycophorin A are discussed in Section 10.4.2 and
in Chapter 3.

10.3 Dia and Dib (DI1 and DI2)

Dia was first described in a Venezuelan family by
Layrisse et al. [10] in 1955. It soon became apparent
that Dia is relatively common in South American Indi-
ans, but rare in people of European origin [10,11].
Two examples of antibodies detecting an antithetical
antigen, Dib, were described by Thompson et al. [12]
in 1967.

10.3.1 Frequencies

Frequency studies on Dia are prodigious because of its
usefulness as an anthropological marker. Dia occurs 

10.1 Introduction

The Diego system consists of 21 antigens: two pairs of
antithetical antigens, Dia and Dib, Wra and Wrb, plus
17 antigens of very low frequency (Table 10.1). Dia is a
useful anthropological marker because it is polymor-
phic in most Mongoloid populations, but virtually ab-
sent from other ethnic groups. Dia represents Leu854
and Dib Pro854 in the red cell anion exchanger, band 
3 or AE1 (CD233). The low frequency Wra (DI3) and
high frequency Wrb (DI4) antigens represent Lys658
and Glu658 in band 3, respectively. Glycophorin A
(GPA)-deficient red cells are Wr(a–b–), as Wrb requires
the presence of both band 3 and GPA for expression.
The other low frequency Diego system antigens are all
associated with amino acid substitutions in band 3.
No healthy person with a Diego null phenotype has
been reported, reflecting the functional importance of
band 3.

SLC4A1, the gene encoding band 3, is located on
chromosome 17q12–q21 (Chapter 32).

10.2 Band 3, the red cell anion exchanger
(AE1), and the gene that encodes it

Band 3, or anion exchanger 1 (AE1), or CD233, is a
major intrinsic red cell membrane glycoprotein, with
approximately 1.2 million copies per red cell. After
sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS PAGE) of red cell membranes, band 
3 is easily detected by Coomassie blue staining. It 
migrates as a diffuse band of about Mr 100000 
(reviews on band 3 in [1–3]).

The band 3 gene (SLC4A1) covers 18kb of DNA
and contains 20 exons [4] (Table 10.2). Cloning and

Diego blood group system

10.1 Introduction, 352
10.2 Band 3, the red cell anion exchanger

(AE1), and the gene that encodes it, 352
10.3 Dia and Dib (DI1 and DI2), 352
10.4 Wright antigens, 356
10.5 Low frequency Diego antigens, DI5 to

DI21, 359

10.6 Functional aspects of band 3, 361
10.7 Band 3 deficiency (Diego-null

phenotype), 362
10.8 South-East Asian ovalocytosis, 363
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almost exclusively among Mongoloid people and it is
often difficult to eliminate Mongoloid ancestry in the
rare exceptions. Extensive reviews of the frequency
data are provided elsewhere [13–15]; studies on se-
lected populations are shown in Table 10.3.

In the papers describing the first anti-Dia, Layrisse 
et al. [10,11] reported a high incidence of Dia antigen
among Venezuelan Indians. Since 1955, numerous
studies of South American Indians have demonstrated
that Dia occurs in most of these populations. The fre-
quency of Di(a+) is variable, reaching 60–70% in some
populations. Dia is also found in most Central and
North American native populations, although the in-
cidence in the northern continent is generally not as
high as in the southern continent. Surprisingly, Dia is
rare among the Inuit of Alaska and Canada, but rela-
tively common in Siberian Inuits. Dia also occurs in
South-East Asian populations where the frequency
varies between about 2 and 12%, the incidence in
Japan being generally higher than that in China
[17,28].

Table 10.1 Antigens of the Diego blood group system.

*Common amino acid residue shown in parentheses.
†Polymorphic in people of Mongoloid origin.
‡Provisional assignment.

Relative
No. Name frequency Antithetical antigen Molecular basis*

DI1 Dia Low† Dib (DI2) Leu854 (Pro)
DI2 Dib High Dia (DI1) Pro854
DI3 Wra Low Wrb (DI4) Lys658 (Glu)
DI4 Wrb High Wra (DI3) Glu658
DI5 Wda Low Met557 (Val)
DI6 Rba Low Leu548 (Pro)
DI7 WARR Low Ile552 (Thr)
DI8 ELO Low Trp432 (Arg)
DI9 Wu Low Ala565 (Gly)
DI10 Bpa Low Lys569 (Asn)
DI11 Moa Low His656 (Arg)
DI12 Hga Low Cys656 (Arg)
DI13 Vga Low His555 (Tyr)
DI14 Swa Low Gln or Trp646 (Arg)
DI15 BOW Low Ser561 (Pro)
DI16 NFLD Low Asp429 (Glu); Ala561 (Pro)
DI17 Jna Low Ser566 (Pro)
DI18 KREP Low Ala566 (Pro)
DI19‡ Tra Low Asn551 (Lys)
DI20 Fra Low Lys480 (Glu)
DI21 SW1 Low Trp646 (Arg)

Table 10.2 Organization of the band 3 gene, SLC4A1 [4].

Exon Size (bp) Amino acids Intron size (kb)

1 582 > 3
2 83 1–5 0.125
3 91 6–36 0.998
4 62 36–56 0.757
5 181 57–117 0.095
6 136 117–162 0.472
7 124 162–203 0.227
8 85 204–232 0.152
9 182 232–292 0.539

10 211 293–363 0.232
11 195 363–428 0.178
12 149 428–477 0.114
13 195 478–542 1.503
14 174 543–600 0.377
15 90 601–630 0.543
16 167 631–686 1.126
17 254 686–771 1.527
18 170 771–827 0.086
19 174 828–885 0.620
20 2146 886–911
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Very few Di(a+) white people with no apparent
Mongoloid admixture are reported [10,29,30]. Inva-
sion of parts of Poland by Tartars in the thirteenth to
seventeenth centuries was used to explain Dia in
0.46% of Poles [25]. Dia appears to be absent from
Australian Aborigines and many Pacific Oceanic 
populations, and absent, or extremely rare, among
Africans (Table 10.3).

A few large surveys have been carried out with anti-
Dib [13,14,19,31]. All Di(b–) individuals were Di(a+);
Di(a–b–) phenotype has not been described.

10.3.2 Inheritance and molecular basis of the
Diego polymorphism

Family analyses have demonstrated that Dia is inher-
ited as a straightforward Mendelian dominant charac-
ter [16,30,32–35].

When red cells are treated with pronase or chy-
motrypsin prior to SDS PAGE, a band 3 polymor-

phism can be detected [36]. In most cases an Mr 60000
band is stained representing the N-terminal region of
band 3, but in a minority of subjects a second band of
reduced mobility (Mr 63000) is also apparent. The
variant band, called band 3 Memphis, results from a
single-base mutation within exon 4, which encodes a
Lys56Glu substitution within the cytoplasmic N-
terminal domain of band 3 [37,38]. In rare individuals
homozygous for the band 3 Memphis allele, only the
Mr 63000 band is present [39,40]. Band 3 Memphis
was initially detected in 6–7% of random blood sam-
ples [37]; a higher incidence has been found in African
Americans (16%), Native Americans (17–25%), 
Chinese (13%), Filipinos (17%), and Japanese (29%)
[39,40]. The red cell anion exchange inhibitors 
diisothiocyanatostilbene (DIDS) and its dihydro de-
rivative H2DIDS bind covalently to Lys539 of band 3
[5]. In some individuals with band 3 Memphis, the
variant band 3 has markedly increased binding of
H2DIDS [41]. This is called band 3 Memphis variant II

Fig. 10.1 Three models for the
topography of the membrane
domain of band 3 glycoprotein. In
the conventional model (above) the
protein spans the membrane 14
times and has cytoplasmic N- and C-
terminal domains [1,6,7]. Positions
of the amino acid substitutions
associated with the Diego system
antigens are shown. N represents the
single N-glycan at Asn642. The large
cytoplasmic N-terminal domain is
not shown. Below are two
alternative models (left [7], right
[8]).
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in order to distinguish it from band 3 Memphis variant
I, which has normal H2DIDS binding.

Spring et al. [42] recognized an association between
band 3 and the Diego system when they found by 
SDS PAGE and H2DIDS binding that Di(a+) red 
cells always have band 3 Memphis variant II. Band 3
Memphis from Di(a+) red cells bound about three
times the normal quantity of radiolabelled H2DIDS,
whereas the band 3 Memphis from Di(a–) red cells
bound normal quantities of H2DIDS. Dia is associated
with band 3 Memphis variant II; Dib is associated 
with both normal band 3 and with band 3 Memphis
variant I.

Following PCR amplification of the entire coding
region of band 3 cDNA, Bruce et al. [43] showed that
Dia expression and Memphis variant II are associated
with a C2561T transition in exon 19: Dia encodes
Leu854; Dib encodes Pro854. The Dia allele is associ-
ated with loss of MspI and NaeI restriction sites. 
According to the 14 transmembrane-domain model,
this amino acid substitution occurs in the seventh ex-
tracellular loop (Fig. 10.1). Amino acid 854 is also ex-
posed at the cell surface in the two alternative models
presented in Fig. 10.1. The enhanced H2DIDS binding

occurring with Leu854 (Dia) could be because of a lo-
calized conformational change that affects the rate of
covalent cross-linking between Lys851 in the seventh
extracellular loop and Lys539 in the fifth transmem-
brane domain [44].

MspI cleavage of PCR products to determine
Dia/Dib genotype of 72 Parakana (Amazonian) Indi-
ans revealed 27 Dia/Dia, 26 Dia/Dib, and 19 Dib/Dib,
giving gene frequencies of Dia 0.56 and Dib 0.44 [45].
Results of MnlI cleavage tests to analyse the Lys56Glu,
Memphis polymorphism, was consistent with Dia and
Dib being associated with Glu56 and Lys56 codons,
respectively, apart from four Dia/Dia individuals being
heterozygous for Glu56 and Lys56 codons.

Two Di(a+b–) individuals of European origin 
appeared, from molecular analyses, to be heterozy-
gous Dia/Dib. The apparently silent Dib allele con-
tained a frameshift mutation in one and a nonsense
mutation in the other [46].

10.3.3 Effect of enzymes and reducing agents

Dia and Dib are resistant to treatment of red cells with
papain, trypsin, a-chymotrypsin, pronase, sialidase,

Table 10.3 Results of some selected studies on the frequency of Dia.

Population No. tested No. Di(a+) Dia frequency References

Carib Indians (Venezuela) 121 43 0.3554 [11]
Arawaco Indians (Venezuela) 152 8 0.0526 [11]
Kainganges Indians (Brazil) 48 26 0.5416 [11]
Mayan Indians (Guatemala) 255 57 0.2235 [16]
Chippewa Indians (USA) 148 16 0.1081 [17]
Penobscot Indians (USA) 249 20 0.0803 [18]
Inuits (Alaska, Cananda) 1477 2 0.0014 [13]
Inuits (Siberia) 86 18 0.2093 [13,14]
Mexicans (USA) 1685 172 0.1021 [19]
Japanese 2427 244 0.1005 [20]
Chinese 617 32 0.0519 [13]
Chinese (Taiwan) 1000 32 0.0320 [21]
Koreans 277 17 0.0614 [22]
Indian (North India) 377 15 0.0400 [13]
Europeans 4462 1 0.0002 [11,19,23,24]
Poles 9661 45 0.0047 [25]
White Americans 1000 0 0 [11]
African Americans 827 1 0.0012 [13]
Ghanaians 107 0 0 [26]
Australian Aborigines 1374 0 0 [27]
Papua New Guineans 1741 0 0 [27]
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and 2-aminoethylisothiouronium bromide (AET)
[47].

10.3.4 Weak Dib

A healthy Mexican woman with many weak red cell
antigens initially appeared to have Di(a–b–) red cells
but, on further testing, was shown to have weak Dib

[48]. Weaker than expected Dib reactions were detect-
ed with red cells from several Di(a+) Mexican-
Americans [19]. Issitt et al. [31] found that all of 784
Hispanic Americans were Di(b+); 11 had weaker than
average Dib antigens and were tested with anti-Dia, but
only one was Di(a+). Dib is depressed in South-East
Asian ovalocytosis [49] (Section 10.8).

10.3.5 Anti-Dia and -Dib

Dia and Dib are fully developed at birth
[12,19,23,32,50–52]. The first three examples of anti-
Dia were responsible for severe and, in the original
case, fatal HDN [11,34,50]. Many other examples 
of anti-Dia have been identified since; most have 
been stimulated by pregnancy, often causing HDN
[24,25,30,53,54]. One example of anti-Dia, in a white
Australian, was apparently ‘naturally occurring’ [29].
Anti-Dia may have caused an immediate haemolytic
transfusion reaction (HTR), but the presence of anti-c
and incomplete information confused the picture [55],
and is implicated in a delayed HTR [56]. Red cell 
panels used for antibody screening often do not con-
tain Di(a+) cells and examples of anti-Dia remain un-
detected, especially in America where the incidence of
Di(a+) is quite high among the indigenous population
[53]. In Brazil, four of 112 (3.6%) multitransfused pa-
tients had anti-Dia [57].

One of the original two anti-Dib may have been re-
sponsible for a delayed HTR [12]. Many other exam-
ples have been found, but there has been no other
report of a transfusion reaction. There are three re-
ports of HDN caused by anti-Dib requiring exchange
transfusion [58–60]. One anti-Dib did not cause HDN,
despite being IgG3 and responsible for neonatal red
cells giving a strongly positive direct antiglobulin test
(DAT) [61]. In monocyte monolayer assays with anti-
Dib, significantly higher scores of adherence and
phagocytosis were obtained with Di(a–b+) red cells
than with Di(a+b+) cells [62]. No example of ‘natu-
rally occurring’ anti-Dib is reported. Two of 74 sera

containing red cell autoantibodies contained autoanti-
Dib together with other autoantibodies [63]. One of
the autoanti-Dib may have been responsible for
haemolytic anaemia.

Although anti-Dia has been detected in sera contain-
ing multiple antibodies to low incidence antigens, anti-
Dia and -Dib are most often found alone. They usually
require antiglobulin to agglutinate cells, but directly
agglutinating anti-Dia [29] and -Dib [64] have been 
described. Anti-Dia and -Dib are often IgG1 and 
IgG3 [24,25,53,54,61] and occasionally anti-Dia

binds complement and may haemolyse untreated cells
[25,65].

Two monoclonal anti-Dia were produced by
human–mouse heterohybridomas incorporating lym-
phocytes derived from individuals with anti-Dia [20].
One (IgM) directly agglutinated Di(a+) cells, the other
(IgG1) required anti-human globulin.

10.4 Wright antigens

10.4.1 Wra and Wrb (DI3 and DI4)

Wra, first described by Holman in 1953 [66], has an 
incidence of around 1 in 1000 in white populations
(Table 10.4). Very few large surveys have been carried
out on other ethnic groups. No Wr(a+) was found
among 2000 Australian Aborigines or 2000 Papua
New Guineans [27].

Many families have shown that Wra is inherited 
as an autosomal Mendelian character [66,68,70,71,
77,78]. One family gave a suggestion of close linkage
between the genes controlling Wra and Sd(a++) [77].
Wra shows individual variation in strength of expres-
sion and is fully developed at birth.

The name anti-Wrb was provisionally used by
Adams et al. [79] in 1971 for an antibody, in the serum
of a Wr(a+) woman (Fr), which detected a high fre-
quency antigen. Her red cells appeared to have a 
double dose of Wra antigen and the antibody reacted
more strongly with Wr(a–) cells than with Wr(a+) cells.
Red cells of a second Wr(a+b–) person with anti-Wrb

differed slightly from those of Fr as they reacted weak-
ly with several monoclonal anti-Wrb [80]. Wra and
Wrb dosage on Wr(a+b+), Wr(a–b+), and Wr(a+b–)
cells was confirmed by an enzyme-linked antiglobulin
test [81].

Sequencing of PCR-amplified band 3 cDNA 
from the original Wr(a+b–) propositus revealed a
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G1972A change in exon 16, predicting a Glu658Lys
substitution within the fourth extracellular loop of
band 3 [82] (Fig. 10.1). Three Wr(a–b+) individuals
had the normal sequence (Glu658); seven Wr(a+b+)
individuals were heterozygous for Glu658 and Lys658
codons.

Wra and Wrb are resistant to treatment of red cells
with trypsin, chymotrypsin, pronase, papain, and 
sialidase, and with the reducing agent AET [47,83].
Neither Wra nor Wrb was detected on peripheral blood
lymphocytes, granulocytes, or monocytes [84].

10.4.2 Association of band 3 with glycophorin
A (GPA) and its importance in Wrb expression

There is substantial evidence that band 3 and GPA are
closely associated in the membrane. A monoclonal 
antibody to the cytoplasmic C-terminal domain of
band 3 precipitated both band 3 and GPA [85], al-
though most antibodies to either band 3 or GPA do not
coprecipitate [2]. Binding of GPA antibodies to red
cells significantly reduced mobility of band 3 [86–88].
GPA may facilitate the translocation of newly synthe-
sized band 3 to the membrane [89]. GPA is not essen-
tial for band 3 expression at the cell surface, but in red
cells deficient in GPA band 3 is imperfectly folded and
moves slowly to the surface. In GPA-deficient cells the
N-glycan on band 3 is of increased molecular weight
and, despite normal quantities of band 3, anion trans-
port is impaired (Sections 3.6.1 and 3.25). Red cells in
mice with targeted inactivation of the band 3 gene
(‘knockout’ mice) are deficient in both band 3 and

GPA, suggesting that band 3 plays a chaperone-like
role and is essential for expression of GPA at the red
cell surface [90]. This is not applicable to humans:
GPA appears before band 3 on erythroid progenitor
cells during human erythropoiesis [91,92]; a human
erythroleukaemia cell line (K562) expresses GPA, but
no band 3 [93,94]; and an infant with total band 3 de-
ficiency has markedly reduced, but clearly present,
GPA [95]. Red cells of transgenic mice expressing
human GPA had reduced levels of mouse GPA, imply-
ing a competition between human and murine GPA for
band 3 [96].

Despite a single amino acid substitution being the
primary cause of the Wra/Wrb dimorphism, Wrb is 
not expressed in the absence of GPA. GPA-deficient,
En(a–), red cells are Wr(a–b–) [97,98]. The only other
Wr(a–b–) cells are those with some rare phenotypes 
involving hybrid glycophorins, which lack the part of
GPA that reacts with antibodies called anti-EnaFR
(Sections 3.6 and 3.11). Red cells of the two Wr(a+b–)
patients demonstrated no abnormality in expression
of the MNSsU or Ena antigens, of GPA, or of red cell
sialic acid levels [99]. There was no abnormality in the
sequence of GYPA cDNA from a Wr(a+b–) person
[82].

Most monoclonal antibodies to GPA and band 3 do
not coprecipitate both proteins, but monoclonal anti-
Wrb either precipitated GPA [100,101] or GPA to-
gether with band 3 [102,103]. Six sera containing red
cell autoantibodies coprecipitated band 3 and GPA
[104]. Three of the sera contained autoanti-Wrb, but
the other three sera contained no anti-Wrb, suggesting

Table 10.4 Frequency of Wra in predominantly white populations.

Population No. tested No. Wr(a+) Wra frequency (%) References

English 45 631 36 0.0008 [67,68]
English 5 253 2 0.0004 [69]
Scots 1 000 1 0.0010 [33]
Norwegians 5 138 0 0 [70]
Norwegians 3 140 2 0.0006 [70]
Swiss 3 753 2 0.0005 [71]
Italians 6 350 7 0.0011 [72]
Czechs 1 500 1 0.0007 [73]
Americans (Boston) 2 784 3 0.0011 [74]
Americans (New York) 5 000 5 0.0010 [75]
Americans (Ohio) 7 000 0 0 [76]
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that other epitopes may exist that depend on band 3
and GPA interaction. Dahr et al. [99] found that
haemagglutination with alloanti-Wrb could be inhibit-
ed by purified fragments of GPA, but, like anti-EnaFR,
inhibitory activity was low and only detectable in the
presence of lipid. One monoclonal anti-Wrb was inhib-
ited by a synthetic peptide representing amino acid
residues 65–70 of GPA; alloanti-Wrb, autoanti-Wrb,
and two other monoclonal anti-Wrb were not inhib-
ited [105]. Monoclonal anti-Wrb will not bind to
human cell lines that do not express both GPA and
band 3 [102]. The erythroleukaemia cell line K562 ex-
presses GPA, but no band 3 or Wrb, but transfection
with band 3 cDNA induces Wrb expression [94]. Dur-
ing ex vivo erythropoiesis, Wrb appears at the cell sur-
face at the same time as band 3, slightly after GPA [92].
Binding of antibodies to the extracellular domain of
GPA causes immobilization of band 3, an effect that is
significantly reduced in Wr(a+b–) cells [88].

Amino acid sequences of GPA and the hybrid gly-
cophorin GP(B–A)Sch, which are associated with Wrb

expression, were compared with those of GP(A–B)Hil
and GP(B–A)Dantu, which are associated with the
Wr(a–b–) phenotype. The results suggested that
amino acid residues 55–68, an a-helical region close to
the insertion of GPA into the membrane, might be 
important in Wrb expression [82,106]. Gln63Lys and
Ala65Pro substitutions within GPA are both associ-
ated with abnormal Wrb expression (Section 3.16).
Hybrid glycophorins expressing SAT, however, do not
express Wrb, despite having amino acids 1–70 or 1–71
derived from GPA, with a transmembrane domain 
derived from GPB (Section 3.11.3) [106]. It is likely
therefore that the association between band 3 and
GPA occurs between the single membrane spanning
domain of GPA and the eighth membrane-spanning
domain of band 3, and the extracellular regions adja-
cent to these domains.

Whether GPA is required for Wra expression is not
known. Attempts to identify any membrane compo-
nent by immunoprecipitation with monoclonal anti-
Wra were unsuccessful [103].

10.4.3 Anti-Wra

Anti-Wra is a relatively common antibody. The re-
ported incidence of anti-Wra in the sera of normal
donors varies in different studies: the highest frequen-
cy was 1 in 13 sera [76], but other studies have provid-

ed figures of between 1 in 56 and 1 in 100 [69,75,107].
The incidence increases dramatically in patients, 
postpartum women, and in people with other alloanti-
bodies [69,75]. About one in three patients with au-
toimmune haemolytic anaemia has anti-Wra [68,75].
Some anti-Wra are directly agglutinating antibodies,
but most require an antiglobulin test for detection. Of
44 anti-Wra, 19 (43%) were IgG, 16 (36%) were IgM,
and nine (20%) were a mixture of IgG and IgM [107].
All nine anti-Wra analysed for IgG isotype were IgG1
[108].

The first two anti-Wra, and a couple of other exam-
ples since, have caused severe HDN [66,109–111], 
although HDN caused by anti-Wra remains a 
surprisingly rare event considering the frequency of
the antibody [107]. Anti-Wra has also been implicated
in HTRs [71,112].

IgG1 mouse monoclonal anti-Wra (BGU1-WR) was
produced as a result of immunizing mice with Wr(a+)
red cells [83].

10.4.4 Anti-Wrb

Alloanti-Wrb has been found in the sera of the two
Wr(a+b–) patients [79,80], plus some Wr(a–b–) indi-
viduals with certain rare MNS phenotypes (Sections
3.6 and 3.11). There is little information regarding the
clinical importance of alloanti-Wrb. An En(a–) patient
with anti-Wrb and -Ena suffered a mild delayed HTR
after receiving six units of En(a+) blood [113] and red
cells of a baby born to a mother with alloanti-Wrb gave
a positive DAT, but transfusion was not required
[114]. The result of a chemiluminescent functional
assay suggested that an alloanti-Wrb would be likely to
cause increased destruction of transfused Wr(b+) cells
[115].

Anti-Wrb is a relatively common autoantibody
specificity [116,117]. Issitt et al. [117] studied eluates
from the DAT-positive red cells of 150 individuals: of
110 antibodies unrelated to Rh, 46 contained anti-
Wrb, four of them containing anti-Wrb alone. Thirty-
four of the eluates containing anti-Wrb came from
patients with autoimmune haemolytic anaemia. Two
anti-Wrb autoantibodies in patients with DAT-positive
red cells have been responsible for fatal intravascular
haemolysis [118,119].

Many examples of murine monoclonal anti-Wrb

[100,120–123] and one rhesus monoclonal anti-Wrb

[123] have been reported.
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10.5 Low frequency Diego antigens, DI5 
to DI21

Diego was a simple system consisting of a pair of allel-
ic antigens, Dia and Dib, from 1967 until Wra and Wrb

joined the system in 1995. Since 1996, a further 17
antigens have joined the Diego system. These antigens
are all of very low frequency (Table 10.5) and are asso-
ciated with amino acid substitutions in or close to ex-
tracellular loops of band 3 (Table 10.6 and Fig. 10.1).
All except KREP [144] previously belonged to the 700
Series of low frequency antigens (Chapter 27).

The low frequency antigens DI5 to DI21 (Table
10.1) were assigned to the Diego system following
recognition of an association between antigen expres-
sion and a missense mutation in the band 3 gene
[144,149–159]. In all cases the same methodology was
adopted. Single strand conformation polymorphism
(SSCP) analysis reveals differences in electrophoretic
mobility that occur in single strands of PCR-amplified
segments of DNA as a result of conformation changes
caused by single nucleotide changes [161]. Exons
11–20 of SLC4A1 encode the whole of the membrane
domain of band 3. SSCP analysis was used to screen
these exons for mutations in genomic DNA from indi-
viduals with low frequency red cell antigens. Indica-
tion of a mutation within an exon was followed by
nucleotide sequencing.

In most cases at least two unrelated individuals with
the low frequency antigen were shown to have the 
associated mutation. Only one Tr(a+) individual was
available [153], so the assignment of Tra to the Diego
system remains provisional. The WARR mutation was
found in a Native North American kindred, the only
family containing WARR+ members [154], and the
mutations associated with Vga [150] and with KREP
[144] were only identified in single families.

All the antigens are associated with a single amino
acid substitution, apart from NFLD, in which two sub-
stitutions were found, and Swa, which represents two
amino acids at the same position (Table 10.6). The
substitutions are in the putative extracellular loops of
band 3 (Fig. 10.1), with the exception of the substitu-
tion associated with Bpa, which is in a membrane-
spanning domain, but very close to loop 3 [150]. Bpa

may therefore represent a conformational change in
the third loop. Most of the amino acid changes are
clustered on the third and fourth extracellular do-
mains, but ELO and one of the NFLD substitutions are

on the first loop, Fra is close to the second loop, and the
Dia/Dib polymorphism is on loop 7. None of the posi-
tions of these amino acid changes challenges any of the
models of protein topology in Fig. 10.1. There is no 
evidence that any of the substitutions has an effect on
the function of the band 3 molecule or on binding of
the red cell anion exchange inhibitor H2DIDS (see Sec-
tion 10.3.2). It is likely therefore that the third and
fourth extracellular loops are not involved in anion ex-
change [150]. Most of the substituted amino acids are
not well conserved in evolution, but Asn569, which is
changed to lysine in the Bpa-associated substitution, is
conserved in 12 anion exchanger homologues [150].

Adsorption of some sera containing anti-Wu, 
-NFLD, and -BOW with Wu+, NFLD+, or BOW+ cells
will often remove all three antibodies [162]. BOW and
NFLD represent different substitutions of Pro561,
whereas Wu represents a substitution of Gly565
[144,150,156,157]. NFLD is associated with amino
acid changes in the first and third extracellular loops
[156]. The serological associations of NFLD with
BOW and Wu suggest that Ala561 is most important
in determining NFLD expression. Similar serological
cross-reactivity occurs between Jna and KREP, which
represent different substitutions of Pro566 [144,158].
Some Sw(a+) red cells are SW1+, while others are
SW1– [147,159]. Anti-Swa appears to recognize
changes associated with conversion of Arg646 to glut-
amine or tryptophan, whereas anti-SW1 is specific for
the Arg646Trp substitution [159]. Hga and Moa repre-
sent different substitutions of Arg656 [150], but no
serological association is reported.

The effects of proteases on low frequency Diego
antigens are shown in Table 10.6. Band 3 has two chy-
motrypsin cleavage sites in the third extracellular
loop, at Tyr553 and Tyr555. Consequently, the anti-
gens in the third loop are mostly sensitive to a-
chymotrypsin, whereas those in the fourth and seventh
loop are resistant. This provides further evidence that
Pro561Ala is the most important substitution in deter-
mining NFLD expression. There are two unexpected
effects. One example of anti-ELO did not react with
chymotrypsin-treated cells, though ELO is on the first
loop. It is possible that the Arg432Trp substitution as-
sociated with ELO creates a new chymotrypsin site,
giving rise to partial band 3 cleavage and loss of activ-
ity with one example of anti-ELO. Conformational
changes to band 3 caused by protease digestion might
explain why Bpa, which is associated with an amino
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Table 10.5 Other low frequency antigens of the Diego system and their frequencies in various populations.

No. No. Antigen
Antigen Population tested positive frequency References

DI5 Wda Waldner North American 4 000 0 [124]
Norwegian 7 151 0 [125]
African Hei//om 114 2* 0.0175 [126]

DI6 Rba Redelberger English 10 200 1 0.0001 [127]

DI7 WARR Warrior North American 8 275 1† [128]

DI8 ELO Canadian 958 0 [129]
English 16 223 1 < 0.0001 [129]

DI9 Wu Wulfsberg Norwegian 7 000 1 0.0001 [130]
English 1 323 0 [130]
Danish 2 021 4‡ 0.0020 [131]
Australian 16 472 4 0.0002 [132]

DI10 Bpa Bishop English 75 000 1 < 0.0001 [††]
Norwegian 7 151 0 [125]

DI11 Moa Moen Norwegian 9 000 0 [133]
Belgian 9 793 2 0.0002 [133]

DI12 Hga Hughes Welsh 5 434 2 0.0004 [134]

DI13 Vga Van Vugt Australian 17 209 1 < 0.0001 [135]

DI14 Swa Swann English 55 410 9 0.0002 [67,68,136,††]
English 17 661 1 < 0.0001 [137]

••
Swiss ~7 000 3 ~0.0004 [138]
Canadian 5 000 3 0.0006 [139]

DI15 BOW Bowyer English > 55 000 0 < 0.0001 [140]

DI16 NFLD Newfoundland North American 1 125 0 [141]
Japanese 45 825 2 < 0.0001 [142]

DI17 Jna Nunhart Norwegian 13 824 0 < 0.0001 [125,131,143]

DI18 KREP [144]

DI19§ Tra Traversu English 38 069 2 < 0.0001 [††]
Norwegian 9 500 0 [33]

DI20 Fra Froese Canadian 1 400 1** 0.0007 [145,146]

DI21 SW1 [147]

*Sisters. Only other Wd(a+) individuals have been Canadian Hutterites with the surname Waldner [124] and a black South African [126].
†Sister of WARR+ propositus.
‡Hov+. Later shown to be the same as Wu [148].
§Provisional assignment.
**Mennonite. Most Fr(a+) propositi have been found among Canadian Mennonites [145,146].
††TE Cleghorn, unpublished observations, 1962–67. Cited in [33].
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acid substitution in a transmembrane domain, close 
to the third extracellular loop, is sensitive to a-
chymotrypsin, trypsin, and papain [150].

With the exception of anti-ELO, antibodies to the
low frequency antigens from DI5 to DI21 have not
been found to be clinically significant. A second ELO+
child of a woman with anti-ELO had mild HDN and
her third ELO+ child had severe HDN, necessitating
exchange transfusion [163,164]. The anti-ELO was
IgG (mostly IgG3) and haemolytic IgM. Anti-Fra

caused a positive DAT on cord red cells, but no other
signs of HDN [165].

Some antisera contain antibodies to numerous red
cell antigens of low frequency. These antibodies are
produced with no obvious immunizing stimulus (see

Chapter 27). Antibodies to all low frequency Diego
antigens (with the possible exception of anti-Dia) have
been found in multispecific sera. Anti-ELO [163], 
-Swa, and -Fra [165] have also been produced as a re-
sult of immunization by antigen-positive red cells. No
anti-Rba was found in five Rb(a–) mothers of Rb(a+)
children [127], no anti-Wda was found in six Wd(a–)
Hutterite mothers of a total of 30 Wd(a+) children
[124], and no anti-NFLD was found in an NFLD–
mother of three NFLD+ children [142].

10.6 Functional aspects of band 3

Over recent years it has become increasingly apparent
that the function of red cells goes beyond transport of

Table 10.6 Effects of enzyme treatments and molecular basis of Diego system low frequency antigens (presented in order of
associated amino acid substitutions from the N-terminus of band 3).

Effects of enzymes*
Nucleotide Restriction Amino acid

Antigen Pap/tryp Chym change Exon enzymes† substitution Loop‡ References

ELO Resistant Variable C1294T 12 BstNI (MspI) Arg432Trp 1 [149,150]

Fra G1438A 13 (BsmAI) Glu480Lys 2 [151,152]

Rba Resistant Variable C1643T 14 Pro548Leu 3 [153]

Tra Resistant Sensitive G1653C 14 (BbsI) Lys551Asn 3 [153]

WARR Resistant Sensitive C1655T 14 (BbsI) Thr552 Ile 3 [154]

Vga Resistant Sensitive T1663C 14 DraIII Tyr555His 3 [150]

Wda Resistant Sensitive G1669A 14 MslI (MaeII) Val557Met 3 [152,155]

BOW Resistant Sensitive C1681T 14 (BanI) Pro561Ser 3 [144,150, 156]

NFLD Resistant Sensitive C1681G 14 HaeIII (BanI) Pro561Ala 3 [156]
(A1287T) (12) (Glu429Asp) (1)

Wu Resistant Sensitive G1694C 14 (ApaI) Gly565Ala 3 [150,157]

Jna Resistant Sensitive C1696T 14 (ApaI) (HaeIII) Pro566Ser 3 [158]

KREP Resistant Sensitive C1696G 14 CfoI (Bsp1286I) Pro566Ala 3 [144]

Bpa Sensitive Sensitive C1707A 14 Asn569Lys 3 [150]

Swa Resistant Resistant G1937A or 16 (MspI) Arg646Gln or 4 [159]
C1936T Arg646Trp

SW1 C1936T 16 (MspI) Arg646Trp 4 [159]

Hga Resistant Resistant C1966T 16 (Cac81) Arg656Cys 4 [150]

Moa Resistant Resistant G1967A 16 Arg656His 4 [150]

Wra Resistant Resistant G1972A 16 Glu658Lys 4 [82]

Dia Resistant Resistant C2561T 19 (MspI) (NaeI) Pro854Leu 7 [43]

*Pap/tryp, papain, ficin, and trypsin; Chym, a-chymotrypsin. Information mostly derived from Poole [160].
†Some restriction sites created (or destroyed) by the mutation.
‡Extracellular loop.
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respiratory gases, yet the transport of oxygen to the 
tissues and of carbon dioxide (CO2) back to the lungs
are the primary red cell functions. Carbonic anhy-
drase, located in the red cell cytoplasm, hydrates CO2

in the blood to bicarbonate (HCO3
–), which is more

soluble than CO2. Band 3 acts as an anion exchanger,
an antiporter that permits HCO3

– to cross the mem-
brane in exchange for Cl– ions, preventing accumula-
tion of HCO3

– in the red cells. This facilitates transport
of HCO3

– in the plasma, greatly increasing the quanti-
ty of CO2 that the blood can convey to the lungs [1–3].
Experiments involving coexpression of truncated
band 3 fragments has provided evidence that integrity
of the second extracellular loop of band 3 is necessary
for transport activity [166]. None of the amino acid
substitutions associated with blood group activity has
been shown to have any functional significance. Only
Fra is close to the second extracellular loop and Fr(a+)
red cells had normal sulphate influx levels [152] 
(Section 10.5 and Fig. 10.1).

In addition to being a membrane transporter, band 3
has a structural function. The long N-terminal domain
interacts with the red cell membrane skeleton (cy-
toskeleton), through the glycoproteins ankyrin, band
4.2, and band 4.1 [1]. The membrane skeleton, a 
lattice of glycoproteins beneath the red cell membrane,
is very important in maintaining the shape and integri-
ty of the red cells (see Section 18.7 for reviews). Many
band 3 mutations result in abnormally shaped red
cells. About 20% of cases of hereditary spherocytosis,
a common, familial haemolytic anaemia characterized
by small spheroid red cells, result from reduced levels
of band 3 in the red cells caused by heterozygosity for a
variety of mutations within the band 3 gene. Defi-
ciency of the mutant protein from the red cell mem-
brane is usually because of nonsense, frameshift, or
splice site mutations, affecting mRNA stability, or mis-
sense mutations affecting protein stability [2,3] (see
also Section 10.8). There is no evidence that any of the
mutations responsible for the low frequency Diego
system antigens affects red cell morphology.

Band 3 may also have a role in the removal of senes-
cent red cells from the circulation. It has been pro-
posed that the senescent cell antigen, which binds
physiological IgG autoantibodies leading to phagocy-
tosis of ageing cells, is a degradation product of band 3
[167].

Cryptic regions around external loops 3 and 7 of
band 3, which only become exposed when the red cells

are infected with the malaria parasite Plasmodium 
falciparum, may be adhesive receptors, involved in the
sequestration of infected red cells [168].

Band 3 is involved in expression of the Rh proteins
and the Rh-associated glycoprotein (RhAG) and
might enhance translocation of the whole Rh complex
to the membrane or affect its conformation in the
membrane. K562 erythroleukaemia cells transfected
with both band 3 cDNA and Rh cDNA expressed sub-
stantially more Rh protein and RhAG than clones
transfected with Rh cDNA alone [94,169].

Band 3 has very limited tissue distribution. In addi-
tion to erythroid cells, band 3 has only been detected in
acid-secreting intercalated cells of the kidney collect-
ing duct. The renal isoform of band 3 lacks the N-
terminal 65 amino acid residues of erythroid band 3,
probably as a result of transcription initiation from an
alternative promoter region in intron 3. It has an im-
portant role in acid secretion by removing H+ in the
form of HCO3

– ions [170]. Distal renal tubule acidosis
(dRTA) is a condition associated with impaired acid 
secretion in the distal nephron and inability to acidify
urine; symptoms include metabolic acidosis, hy-
pokalaemia, nephrocalcinosis, kidney stones, and
metabolic bone disease (reviewed in [171]). Heterozy-
gosity for missense mutations in the region of the pro-
posed sixth and seventh membrane-spanning domains
and in the C-terminal domain of band 3 account 
for autosomal-dominant dRTA. Recessive dRTA is 
associated with homozygosity for missense mutations
(Gly701Asp or Ala858Asp) or deletion of the codon
for Val850 [172,173]. The reduction in anion trans-
port associated with these mutations in transfected
Xenopus oocytes is rescued, at least partially, by 
cotransfection with GPA cDNA [171–173], providing
a possible explanation for the absence of any major
erythroid defect associated with dRTA. Heterozygosi-
ty for these genes and for the transport-inactive band 3
gene associated with South-East Asian ovalocytosis
(Section 10.8) also gives rise to dRTA [173].

10.7 Band 3 deficiency (Diego 
null phenotype)

Total deficiency of band 3 from the red cells has, until
recently, generally been considered to be lethal. Al-
though Diego null phenotype, as such, has not been re-
ported, there is one description of a baby with total
band 3 deficiency resulting from homozygosity for a
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band 3 mutation (Val488Met) [95]. The severely hy-
dropic, anaemic baby was delivered by emergency cae-
sarean section and resuscitated and kept alive by blood
transfusion. A cord blood smear revealed dramatic
erythroblastosis and poikilocytosis. The baby’s red
cells had no band 3, no band 4.2, and low levels of gly-
cophorin A. At 3 months the baby developed dRTA.
Absence of band 3 therefore is compatible with life but
only with extreme medical intervention. Band 3-defi-
cient mice, with targeted disruption of the band 3 gene,
and cattle with a band 3 nonsense mutation, were able
to survive, despite spherocytosis, haemolytic anaemia,
and growth retardation [174–176].

10.8 South-East Asian ovalocytosis

A form of hereditary ovalocytosis, known as South-
East Asian ovalocytosis (SAO), is relatively common
in the southern Pacific region and confers protection
against cerebral malaria in children (review in [2,3]).
SAO results from heterozygosity for a band 3 gene
with a 27-bp deletion, which encodes a variant protein
(band 3 SAO) with a deletion of amino acids 400–408,
the region of the protein at the boundary of the cyto-
plasmic N-terminal domain and the first membrane-
spanning domain (Fig. 10.1). Band 3 SAO also has the
Memphis I variant and is non-functional as an anion
transporter. Despite its common occurrence, no per-
son homozygous for this mutation has been found,
supporting the assertion that homozygosity for any
mutation that inactivates band 3 would normally be
lethal.

Booth et al. [49] noticed that many red cell antigens
were depressed on red cells of Melanesians with SAO.
These antigens include Dib and Wrb, but also S, s, U,
Ena, D, C, e, Kpb, Jka, Jkb, Xga, Sc1, LW, Ge2, Ge3,
Ge4, IT, and IF [49,177]. Reduced binding to SAO cells
was also detected with rodent monoclonal antibodies
to extracellular epitopes on band 3 and with mono-
clonal anti-Wrb [178]. Depression of antigens on band
3 in SAO may result from the disturbance of coopera-
tive interactions between the membrane-spanning do-
mains, important in maintaining structural integrity of
band 3. Depression of antigens of the Rh membrane
complex (RhD, RhCcEe, LW, SsU) could be a result of
reduced translocation of the complex to the cell sur-
face [169]. In addition there may be wider effects on
other membrane proteins, caused by disruption of
protein complexes involving band 3 and to an abnor-

mal interaction between band 3 SAO (and dimers of
band 3 and band 3 SAO) and the cytoskeleton
[177,178].
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with anti-Yta and -Ytb isolated structures of apparent
Mr 72000 under reducing conditions and 160000
under non-reducing conditions; structures of identical
electrophoretic mobility were obtained by immuno-
precipitation with monoclonal antibodies to AChE.
The structures precipitated by anti-Yta and -Ytb had
AChE enzyme activity. Further proof that Yt antigens
are on AChE was provided by a monoclonal antibody-
specific immobilization of erythrocyte antigens
(MAIEA) assay with alloanti-Yta and -Ytb, and with
monoclonal anti-AChE [5].

Red cell AChE is N-glycosylated: N-glycanase treat-
ment of structures isolated with anti-Yta or -AChE 
reduced the apparent Mr from 72000 to Mr 63000 [4].
Estimates of 3000–5000 sites per red cell were 
obtained in quantitative analyses with monoclonal
IgG anti-AChE, and estimates of 7000–10000 sites
were obtained with Fab fragments, suggesting that the
enzyme exists in dimeric form in the red cell membrane
[4].

AChE plays an essential part in neurotransmission.
Acetylcholine is a neurotransmitter that permits the
transmission of an electrical signal when released from
a nerve terminal at a neuromuscular junction. AChE
rapidly hydrolyses acetylcholine to terminate the 
signal. AChE exists in different tissues in a variety of
forms, a result of post-translational modification and
alternative splicing [6,7]. The function of red cell
membrane-bound AChE is not known.

Partial human ACHE cDNA clones were obtained
by screening a cDNA library constructed from fetal
muscle and adult brain RNA with an oligonucleotide
complementary to the amino acid sequence of a 
peptide derived from Torpedo AChE [8]. The com-
plete gene encoding human AChE was cloned by
screening a human genomic cosmid library with an
oligonucleotide probe prepared by polymerase chain

11.1 Introduction

Anti-Yta, a new antibody detecting an antigen of high
frequency, was found during crossmatching and re-
ported by Eaton et al. [1] in 1956. The antithetical 
antibody, anti-Ytb, detects an antigen on red cells of
about 8% of white people and was found 8 years 
later by Giles and Metaxas [2]. Yt, also known as the
Cartwright system, remains a two-allele system (Table
11.1); an inherited Yt(a–b–) phenotype has not been
found.

Yta and Ytb represent an His353Asn amino acid
substitution in acetylcholinesterase (AChE) on red
cells. YT and ACHE, the gene encoding AChE, have
independently been assigned to chromosome 7q22.1
(Chapter 32).

11. 2 Yt antigens and red cell
acetylcholinesterase

The complement-sensitive population of red cells (PN-
HIII) from patients with paroxysmal nocturnal
haemoglobinuria (PNH) are deficient in glycoproteins
which are anchored to the membrane by means of a
glycophospholipid called glycosylphosphatidylinosi-
tol (GPI) (see Chapter 19). Telen et al. [3] demonstrat-
ed that most anti-Yta are non-reactive with PNHIII
cells, but react with the relatively normal complement-
insensitive population of cells (PNHI) from the same
patient. Furthermore, in two PNH patients, the PNHI
cells were Yt(b+), yet their PNHIII cells failed to react
with anti-Ytb. These results were interpreted as
demonstrating that Yta and Ytb are located on a GPI-
linked glycoprotein.

In 1991, Spring et al. [4] demonstrated that Yta and
Ytb are on the GPI-linked red cell glycoprotein 
acetylcholinesterase (AChE). Immunoprecipitation

Yt blood group system
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reaction (PCR) amplification of human DNA with
primers corresponding to a conserved region of mouse
AChE gene [7]. Three exons encode the signal peptide
and N-terminal 535 amino acids; alternative splicing
of the next exon results in structural divergence of the
C-terminal domain so that a glycosylphosphatidyli-
nositol (GPI) anchor may be attached in erythroid
cells, but not in nervous tissue [7].

11.3 Yta and Ytb

11.3.1 Frequency

Tests with the original anti-Yta on 1568 Oxford blood
donors revealed five Yt(a–) samples, giving an inci-
dence of Yt(a+) of 99.8% and a Yta gene frequency of
0.9559 [1,9] (Table 11.2). Giles et al. [9] found 8% of

Europeans to be Yt(b+), and the calculated gene fre-
quencies fitted well with those obtained from the 
Oxford studies (Table 11.2). Genotype frequencies of
Yta/Yta 0.8966, Yta/Ytb 0.1006, and Ytb/Ytb 0.0028
calculated from the results of tests with anti-Yta and 
-Ytb on 659 white Canadians (Table 11.2) correlated
closely enough with the observed figures to suggest
that no third allele is present [12].

Some other population studies are shown in Table
11.2. Tests with anti-Yta and -Ytb on Israeli Arabs and
Druse and on a variety of populations of Israeli Jews
revealed a relatively high frequency of Ytb [14]. None
of 5000 Japanese were Yt(a–) and Ytb has not been 
detected in relatively small samples of Japanese, Inuits,
Thais, and Native Americans [15,16].

11.3.2 Inheritance and the molecular basis for
the Yt polymorphism

The results of two large series of family studies are con-
sistent with simple Mendelian inheritance of Yta and
Ytb in a codominant fashion, and absence of a silent 
allele [9,12].

Two single nucleotide changes in ACHE are associ-
ated with Yta/Ytb polymorphism. One, C1057A in
exon 2, encodes an His353Asn substitution; the other,

Table 11.1 Antigens of the Yt blood group system.

Relative Molecular 
No. Name frequency basis

YT1 Yta High His353
YT2 Ytb Low Asn353

Table 11.2 Population studies with anti-Yta and -Ytb.

Phenotype 
frequencies Gene frequencies

Population No. tested Yt(a+) Yt(b+) Yta Ytb References

English 2 568 0.998 nt 0.9559 0.0441 [1,9]

South Welsh 29 802 0.999 nt 0.9761 0.0239 [10]

European 1 399 nt 0.081 0.9587 0.0413 [9]

French 7 510 0.997 0.081 0.958 0.042 [11]

White Canadians 659 1.000 0.106 0.9469 0.0531 [12]

African Americans 714 nt 0.084 0.9571 0.0429 [13]

Israeli Jews 2 549 0.986 0.213 0.8845 0.1154 [14]

Israeli Arabs 85 0.976 0.235 0.8706 0.1294 [14]

Israeli Druse 77 0.974 0.260 0.8571 0.1429 [14]

Japanese 5 000 1.000 nt
70* 0 1.0000 0.0000 [15]

*These 70 Japanese donors are also included in the 5000 tested with anti-Yta.
nt, not tested.
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C1432T, is a silent mutation in exon 3 in the codon for
Pro477 [17] (Table 11.1). A third single base polymor-
phism, in exon 5, did not correlate with Yt genotype
and is not represented in the mature protein [17]. From
a comparison of Torpedo AChE, the most studied
form of the enzyme, the amino acid substitution at 
position 353 would be expected to be accessible to an-
tibodies. The substitution has no effect on the catalytic
activity of the enzyme [18].

11.3.3 Effects of enzymes and reducing agents

Yta is not affected by trypsin, but is destroyed by a-
chymotrypsin treatment of the red cells; papain and
ficin may also destroy the antigen, but this appears 
to depend on the anti-Yta used [1,19–22]. Yta is not
sialidase-sensitive [21,22].

Yta and Ytb are sensitive to disulphide bond reduc-
ing agents. Eight anti-Yta were non-reactive with red
cells treated with 200mM dithiothreitol (DTT) [23].
Nine of 15 anti-Yta did not react with cells treated with
6% 2-aminoethylisothiouronium bromide (AET) 
and the other six sera showed reduced reactivity [24].
Ytb, determined by two anti-Ytb, was destroyed by 
200mM DTT and 500mM 2-mercaptoethanol [25].

11.3.4 Development and distribution of Yta

and Ytb antigens

Yt antigens are present on red cells from cord blood
samples. Ytb appears to be fully developed at birth
[26], but the strength of Yta on cord cells is weaker
than that on red cells of adults [1,26,27]. Of 10 fetal
red cell samples, taken at less than 32 weeks’ gestation,
eight did not react with anti-Yta and the other two 
reacted only very weakly [27].

AChE is present in nervous tissue and on erythroid
cells [6], but little is known about the tissue distribu-
tion of Yt antigens. Yta was not detected by flow 
cytometry on lymphocytes, granulocytes, or mono-
cytes [28].

11.4 Anti-Yta and -Ytb

Despite the relatively low incidence of Yt(a–b+) phe-
notype, many examples of anti-Yta have been de-
scribed [1,27,29–39]. Of 79 sera containing anti-Yta,
57 were monospecific and 22 contained a mixture of
antibodies [39]. Ytb appears to be a poor antigenic

stimulus as anti-Ytb is rare and generally found in anti-
body mixtures; only a few examples are reported
[2,9,26,40–42]. Anti-Yta and -Ytb have been stimu-
lated by pregnancy or transfusion; neither has been
‘naturally occurring’.

Yt antibodies are mostly IgG and require an
antiglobulin test to agglutinate red cells. Of those anti-
Yta sera that could be subclassed, most contained IgG1
and often IgG4, some were solely IgG4, and none con-
tained IgG3 [19,35,43]. Some anti-Yta bind comple-
ment [29], others do not [27,33].

Yt antibodies have not caused haemolytic disease of
the newborn (HDN), despite several reports of women
with anti-Yta having Yt(a+) children [13,27,29,30,
32,34], and one case of a woman with anti-Ytb having
a Yt(b+) child [26]. Anti-Yta is alleged to have been re-
sponsible for a fatal delayed haemolytic transfusion
reaction (HTR) in a patient with sickle cell disease [44]
and has been implicated in an immediate HTR [45].
However, many patients with anti-Yta have received
multiple transfusions of Yt(a+) red cells with no ill 
effects [31,35,39]. Of 18 patients with anti-Yta who
received Yt(a+) red cells, only three showed evidence
of decreased red cell survival [39]. Survival studies
with radiolabelled antigen-positive red cells have
given widely variable results with Yt antibodies
[27,30,31,33–35,38,46]; in a few cases it was pre-
dicted that incompatible red cells would be removed
rapidly from the circulation [27,30,33]. Cellular 
assays have also given variable results, but none 
unequivocally predicted clinical significance [27,36,
39,42,43,45,46]. It appears therefore that each exam-
ple of anti-Yta must be assessed independently. One
example of anti-Yta appeared benign before transfu-
sion of incompatible blood, but subsequently in vivo
and in vitro assays gave indications of haemolytic 
potential [36].

Yt(a+) should be used for transfusion to patients
with anti-Yta in emergency, when Yt(a–) red cells are
not readily available. In most cases, it should be effica-
cious to use Yt(a+) red cells for patients with anti-Yta

requiring elective surgery or regular transfusion, but a
functional assay, such as a monocyte monolayer assay,
should be performed first and at every subsequent
event in an attempt to assess clinical significance of the
antibody.

An apparent alloanti-Yta in a Yt(a+) patient led to
speculation of an inherited Yta variant [47]. The anti-
body did not react with the patient’s own cells or with
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those of his Yt(a+) father, but did react with his moth-
er’s red cells. The antibody appeared 9 days after trans-
fusion of 5 units of blood and disappeared after a few
months.

11.5 Transient Yt(a–b–) phenotype, anti-
Ytab, and red cell AChE deficiency

In view of the vital role of AChE in neurotransmission,
it is not surprising that no inherited null phenotype 
resulting from deletion or inactivating mutation of 
the ACHE gene has been found. A cardiac transplant
candidate appeared to have the Yt(a–b–) phenotype,
but some anti-Yta could be adsorbed and eluted from
his cells [48]. His serum contained an antibody, anti-
Ytab, which did not react with his own cells or with 
PNHIII cells, which lack GPI-linked proteins. Re-
duced 24-h in vivo survivals of radiolabelled Yt(a–b+)
and Yt(a+b–) red cells suggested that only autologous
red cells would be suitable for transfusion. Red cells 
of the patient contained about 10% of normal AChE
and about 15% of normal AChE enzyme activity was
detected [48]. Four months after the initial investiga-
tion, weak Yta activity was apparent by an antiglobu-
lin test and red cell AChE content was 54–60% of
normal.
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Xg(a+) and if he has an Xg allele they are Xg(a–). 
Homozygous Xga/Xga and heterozygous Xga/Xg
women are Xg(a+); only homozygous Xg/Xg women
are Xg(a–). Consequently, more women than men ex-
press Xga on their red cells.

Results of testing 6784 unrelated northern Euro-
peans with anti-Xga were as follows: males, 66%
Xg(a+) and 34% Xg(a–); females, 89% Xg(a+) and
11% Xg(a–) [3]. Phenotype, gene, and genotype fre-
quencies are shown in Table 12.1. Gene frequencies
were calculated by the formula of Haldane [4] (or see
[5]). Results of other studies on a variety of ethnic
groups are listed in Table 12.2. The incidence of Xga

differs remarkably little between most of the popula-
tions studied.

12.3 Xga inheritance

Analysis of the Xg groups of 2540 northern European
families with a total of 5824 children [3], together with
many other families [25], including white Canadians
[8], Sardinians [14], Israelis [15], and Japanese [21],
proved that the XG locus is X-linked. With very few
exceptions, Xga is inherited in a way expected of a
character produced by an X-linked dominant gene.
This expected pattern of inheritance is shown in Table
12.3.

Although the overwhelming majority of families
with normal karyotypes fit the simple model presented
in Table 12.3, there have been a few families that 
appear to break the rules of X-linked inheritance. 
According to these rules an Xg(a+) male must have 

12.1 Introduction

The human sex chromosomes began to arouse the in-
terest of blood groupers with the discovery in 1962 of
an X-linked blood group locus, XG. Mann et al. [1]
found an antibody, in the serum of a much transfused
white man (Mr And.), detecting an antigen with a fre-
quency that, unlike all previous blood groups, differed
in males and females. Family studies confirmed the
suspicion that expression of the antigen, named Xga

(XG1), was controlled by an X-linked gene. No anti-
gen antithetical to Xga has been found, so the allele of
Xga (XG 1) is denoted Xg (XG 0).

CD99 (12E7), an antigen produced by MIC2, a gene
on both X and Y chromosomes, is closely related to the
Xg blood group [2]. Because Xga and CD99 are en-
coded by closely linked homologous genes, CD99 has
become XG2 of the Xg system. Xga and CD99 have be-
come invaluable tools in the study of X- and Y-linkage,
X–Y pairing and recombination, X-inactivation, sex
determination, X and Y aneuploidy, and various sex
upsets, especially XX maleness.

12.2 Xga frequencies

The normal human chromosomal complement or
karyotype is 46,XX in females and 46,XY in males.
(Karyotypes are written with the total number of chro-
mosomes first followed by the complement of sex
chromosomes.) The XG gene resides on the X chro-
mosome, but not on the Y chromosome. If a man has
an Xga allele on his X chromosome his red cells are

Xg blood group system
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received his Xga gene from his mother, yet 16 Xg(a+)
sons of Xg(a–) mothers are recorded [3,8,25–27].
Race and Sanger [26] suggested that a small portion of
the father’s X chromosome, including the XG locus,
may have been translocated onto his Y chromosome,
this Y chromosome being transmitted to his sons. A

more probable explanation also involves X–Y recom-
bination, with Xga expression in the sons being regu-
lated by a gene (XGR) derived from the paternal Y
chromosome (Section 12.7.2). In one of the families,
one of two Xg(a+) men with an Xg(a–) mother has an
Xg(a–) son [26]. Xg(a+) men must have Xg(a+) daugh-
ters, who inherit their father’s single X chromosome.
Cases of Xg(a–) daughters with Xg(a+) fathers 
have been considered less significant violations of X-
inheritance because of the difficulties involved in rul-
ing out non-paternity [3,25].

12.4 Xga antigen

12.4.1 Biochemistry of Xga and 
effects of enzyme treatments

Xga is destroyed by treatment of the red cells with the
proteases bromelin, ficin, papain, pronase, trypsin,
and chymotrypsin [28,29]. Xga is not destroyed by
sialidase.

By immunoblotting with alloanti-Xga, Herron and
Smith [29] showed that Xga resides on a red cell mem-

Table 12.1 Phenotype, gene, and genotype frequencies
calculated from results of tests with anti-Xga on 6784
unrelated Northern Europeans [3].

All Males Females

Phenotype Xg(a+) 0.767 0.656 0.887
Xg(a–) 0.233 0.344 0.113

Gene Xga 0.659
Xg 0.341

Genotype Xga 0.659
Xg 0.341
Xga/Xga 0.434
Xga/Xg 0.450
Xg/Xg 0.116

Table 12.2 XG gene frequencies in various populations.

Population No. Xga Xg References

Northern European* 15 716 0.66 0.34 [3,6–11]
Spaniards 636 0.59 0.41 [12]
Greeks 638 0.55 0.45 [13]
Sardinians 322 0.76 0.24 [14]
Israelis, non-Ashkenazi 201 0.68 0.32 [15]
White Brazilians 1078 0.74 0.26 [16]
Black New Yorkers and Jamaicans 219 0.55 0.45 [17]
Black Brazilians 827 0.57 0.43 [16]
Brazilian Mulattoes 786 0.62 0.38 [16]
Indians, Bombay 100 0.65 0.35 [18]
Indians, Singapore 91 0.57 0.43 [19]
Malays, Singapore 72 0.54 0.46 [19]
Thais 181 0.57 0.43 [20]
Japanese 529 0.68 0.32 [21]
Chinese, mainland 171 0.60 0.40 [7]
Chinese, Singapore 165 0.45 0.55 [19,22]
Chinese, Taiwan 178 0.53 0.47 [7]
Chinese, Hong Kong 1300 0.49 0.51 [23]
Taiwanese (Aboriginal) 164 0.38 0.62 [7]
Native Americans, Navajo 308 0.77 0.23 [7]
Australian Aborigines 352 0.79 0.21 [24]
New Guineans 263 0.85 0.15 [24]

*All the studies with people of Northern European extraction, which included people from North America, gave very similar gene frequencies.
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brane component, probably a sialoglycoprotein, of
apparent Mr 22500–28000. Sialidase treatment of red
cells reduced the apparent Mr of this structure by
about 1500. Whether the Xg glycoprotein is associ-
ated with CD99 in the red cell membrane is controver-
sial [30,31] (see Section 12.6).

The sequence of the XG gene (Section 12.8) predicts
a 180 amino acid peptide with an extracellular N-
terminal domain of about 142 residues, containing 
16 potential O-glycosylation sites and no sites for N-
glycosylation, a 20 residue transmembrane domain,
and a 24 residue C-terminal cytoplasmic domain [32].
A putative 21 amino acid leader peptide is cleaved
after membrane insertion.

12.4.2 Development and loss of Xga

Xga is developed at birth, but cord red cells may give
weaker reactions than cells of adults [10,33]. Xga ap-
pears to develop quite late in fetal life: of 54 samples
from fetuses between 6 and 20 weeks’ gestation, only
19 were Xg(a+), a significantly lower Xga frequency
than that found in adults [34]. The youngest Xg(a+)
fetus was 12 weeks old.

Expression of Xga declines exponentially with red
cell age, with an in vivo half-life of 47 days [35]. Be-
tween 5% and 10% of red cells from an Xg(a+) male 
lack Xga antigen [36]. During in vitro erythropoiesis,
Xg glycoprotein appears on the erythroblasts after gly-
cophorin A and band 3, but before the Rh proteins
[37].

12.4.3 Dosage and site density

Xga is expressed equally strongly on the red cells of
hemizygous males as on those of homozygous females,

but Xga expression on red cells of heterozygous 
females may be weaker [26]. About 5–10% of Xg(a+)
females —all heterozygotes —have very weak expres-
sion of Xga. Weak Xga in males is very rare.

The number of Xga binding sites per Xg(a+) red cell
was estimated to be about 9000 in one study [36], but
only 159 in another [48].

12.4.4 Xga on other cells

In 1974 Fellous et al. [38] utilized a microcomplement
fixation test to detect Xga on cultured fibroblasts from
Xg(a+) donors and on human–rodent somatic cell 
hybrids. Xga cosegregated with a number of known 
X-linked characters confirming that Xga expression 
is controlled by an X-borne locus. The results also 
suggested that Xga on fibroblasts, like red cells, is not
subject to X-inactivation (see Section 12.7.1). Alas,
Fellous et al. were unable to repeat their feat of detect-
ing Xga on cells other than red cells and neither, subse-
quently, could Hsu et al. [39].

XG gene transcripts were detected in fibroblasts
[25], as well as in erythroid tissues and in heart, 
placenta, skeletal muscle, prostate, thyroid, spinal
cord, and trachea [31]. Low levels of XG mRNA were
also detected in some fetal tissues and in adult heart,
lung, kidney, testis and some lymphoid cell lines
[31,40].

12.5 Anti-Xga

The original anti-Xga was discovered by Mann et 
al. [1] in the serum of a multiply transfused man. 
Many more examples have since been identified
[6,9,21,23,26,29,41–44]. Xga is apparently not very
immunogenic yet, unlike other rare blood group anti-

Table 12.3 Phenotypes and genotypes of possible mating types and expected progeny.

Father Mother Sons Daughters

Xg(a+) Xga Xg(a+) Xga/Xga Xg(a+) Xga Xg(a+) Xga/Xga

Xg(a+) Xga Xg(a+) Xga/Xga
Xg(a+) Xga Xg(a+) Xga/Xg �

Xg(a–) Xg Xg(a+) Xga/Xg
Xg(a+) Xga Xg(a–) Xg/Xg Xg(a–) Xg Xg(a+) Xga/Xg
Xg(a–) Xg Xg(a+) Xga/Xga Xg(a+) Xga Xg(a+) Xg/Xga

Xg(a+) Xga Xg(a+) Xg/Xga
Xg(a–) Xg Xg(a+) Xga/Xg �

Xg(a–) Xg Xg(a–) Xg/Xg
Xg(a–) Xg Xg(a–) Xg/Xg Xg(a–) Xg Xg(a–) Xg/Xg
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bodies, most sera containing anti-Xga are not ‘con-
taminated’ with other blood group antibodies. Twelve
of the first 14 anti-Xga [26] and 11 of 13 anti-Xga

found in Japanese volunteer donors [44] have been in
men, somewhat surprising even considering the differ-
ent frequencies of the Xg(a–) phenotype in men and
women. In Hong Kong, four anti-Xga were identified
in 325 serum samples referred for antibody investiga-
tion, and one anti-Xga was found in sera from 60108
blood donors [23]; all five antibodies were in men.
Anti-Xga often appear to be ‘naturally occurring’. Al-
though Xga antibodies occasionally agglutinate red
cells directly, they are generally IgG, react by the
antiglobulin method, and are often capable of fixing
complement. One anti-Xga consisted of subclasses
IgG1 and IgG2 [6].

Anti-Xga has never been held responsible for
haemolytic disease of the newborn (HDN) or for a
haemolytic transfusion reaction. One patient with
anti-Xga received six units of Xg(a+) blood with no
signs of a haemolytic reaction [41]. Repeated injec-
tions of small volumes of radiolabelled Xg(a+) red cells
into a patient with anti-Xga survived normally [42].
Autoanti-Xga has been identified in a pregnant woman
[43,45].

Murine monoclonal anti-Xga was produced by 
immunizing mice with a peptide corresponding to a
segment from the N-terminal of the Xg glycoprotein
[40].

12.6 CD99, a quantitative polymorphism
related to Xg

In 1981 Goodfellow and Tippett [2] opened a new
chapter in the Xg story when they observed that a
monoclonal antibody to a determinant controlled 
by an X-borne gene (MIC2), was defining a red cell
polymorphism related to the Xg blood group. The
monoclonal antibody, called 12E7, was produced 
as a result of immunizing mice with human leukaemic
T cells [46]. CD99, the antigen defined by the 12E7 
antibody, is expressed on all human tissues tested 
[47], but on red cells, unlike other cells, the level of ex-
pression shows individual variation. By antiglobulin
tests, radioimmunoassay, or flow cytometry, a quanti-
tative polymorphism is observed and individuals can
be subdivided into CD99 high and low expressors
[2,48].

Testing of red cells from over 300 Europeans

demonstrated the following association between Xg
and CD99 [2]:
all Xg(a+) individuals are CD99 high expressors;
all Xg(a–) females are CD99 low expressors;
of Xg(a–) males about 68% are CD99 high expressors

and 32% low expressors.
Goodfellow and Tippett [2] provided an innovative

explanation for these data. They proposed a locus,
YG, on the Y chromosome, which controls the level of
expression of MIC2, the structural gene for CD99. YG
would have two alleles, Yga and Yg. Individuals are
CD99 high expressors if they have an Xga or Yga gene
and CD99 low expressors if they have neither. Al-
though family studies partially substantiated this 
theory [49], in light of information provided by some
exceptional families Goodfellow et al. [50] modified
the model to involve a locus on X and Y chromosomes,
which regulates both Xga and CD99 red cell expres-
sion (described in Section 12.9). This putative regula-
tor locus is called XGR.

Two examples of alloanti-CD99 have been found in
healthy Japanese blood donors [51]. The antibodies
gave the same pattern of reactions as monoclonal anti-
CD99 with CD99 high and low expressor red cells.
CD99 can therefore be considered a true blood group
and has become XG2.

Like Xga, CD99 is located on a sialoglycoprotein.
CD99 is destroyed by the proteases papain, pronase,
trypsin, and chymotrypsin [47,52,53]. It is generally
sialidase-resistant [47,52], but one exceptional CD99-
like antibody did not react with sialidase-treated cells
[53]. Immunoblotting of red cells, lymphocytes, vari-
ous human cell lines, and human–rodent hybrid cells
containing a human X or Y chromosome showed that
CD99 is associated with a glycoprotein of approxi-
mate apparent Mr 32000 [30,31,52–55]. Sialidase
treatment of the cells resulted in a reduction in ap-
parent Mr of the CD99 structure [30,31,52,55]. 
Immunoblotting of immunoprecipitates confirmed
that CD99 and Xga are located on separate struc-
tures [31,31]. Partially purified CD99 glycoprotein in-
hibited anti-CD99 and anti-Xga [54]. In immunopre-
cipitation experiments, Petty and Tippett [30] found
that alloanti-Xga coprecipitated Xga and CD99 glyco-
proteins, suggesting that these two homologous struc-
tures are associated in the membrane, possibly as a
heterodimer. However, Fouchet et al. [31] were unable
to repeat this result with a monoclonal antibody to the
Xg glycoprotein. Cloning of MIC2 demonstrated that
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CD99 is located on a protein of about 186 amino acids
comprising an N-terminal signal peptide of 20 or 21
amino acids (cleaved after membrane insertion), about
100 extracellular residues, a hydrophobic transmem-
brane region, and a 36 amino acid cytoplasmic tail
[56,57]. No difference in size or charge was detected
between the X- and Y-encoded forms of the molecule
[54].

There are an estimated 27000 binding sites for anti-
CD99 on lymphocytes, 4000 on platelets, and only
1000 on high expressor and 100 on low expressor red
cells [52]. Reticulocytes from CD99 low expressors
have lower levels of MIC2 transcripts than those from
CD99 high expressors [48].

12.7 X-chromosome inactivation and 
the pseudoautosomal region

12.7.1 X-chromosome inactivation

Normal mammalian somatic cells have two X chro-
mosomes in the female, but only one in the male. As
most X-borne genes do not have a homologue on the Y
chromosome, the predicted difference in dosage of X-
linked genes between male and female cells is compen-
sated by a process called X-chromosome inactivation
or Lyonization (reviews in [58,59]). In each somatic
cell of an XX female only one of the X chromosomes is
active, the other becoming permanently inactivated at
an early stage in embryological development when 
a few million cells are formed. Whether the maternal
or paternal X chromosome in any cell becomes inac-
tivated is generally a matter of chance but, once inacti-
vation has taken place, all descendants of that cell will
have the same inactivated X chromosome. Female
mammals are therefore mosaics of roughly equal num-
bers of cells with either the paternal or maternal X
chromosome active. X-inactivation is a cis phenome-
non, which spreads along the chromosome from an X-
inactivation centre, where the gene Xist produces a
large mRNA of 17kb, which appears to coat the inac-
tive X [59].

Originally it was thought likely that all X-borne
genes were subject to inactivation, but it is now appar-
ent that there are at least 20 genes on the X chromo-
some that escape inactivation (review in [60]). The first
locus known to deviate from the rule of X-inactivation
was XG. If XG were subject to inactivation, and as-
suming that Xga is a direct product of the Xga gene and

not manufactured outside the red cell, then heterozy-
gous Xga/Xg women would be expected to have 
a mixed population of Xg(a+) and Xg(a–) red cells. 
No such mosaicism occurs. Natural chimeras have
proven that mixtures of Xg(a+) and Xg(a–) red cells
can be produced by the same marrow [26,61,62] and
post-bone marrow transplant conversion from Xg(a–)
to Xg(a+), and vice versa, provides further evidence
that Xga production is restricted to the bone marrow
[63].

MIC2, the structural gene for CD99, also escapes 
inactivation [64]. Hybrid cell lines containing only an
inactivated human X chromosome expressed CD99
and the antigen was expressed at increasing levels in
hybrid cells with multiple inactive X chromosomes.

When one of the X chromosomes in a female is
structurally abnormal, for example when there is a
substantial deletion of the long arm or an isochromo-
some of the short arm, the rules for random inactiva-
tion break down and there is preferential inactivation
of the abnormal X. Although there can be no doubt
that Xga is fully expressed on normal inactivated X
chromosomes, there is evidence that XG is subject to
inactivation on preferentially inactivated abnormal X
chromosomes [65]. Xga cannot be detected on somatic
cell hybrids, so this is very difficult to prove. The XG
locus is on the short arm of the X chromosome. Thir-
teen of 20 propositi with deletions of the long arm or
isochromosomes of the short arm of the X were Xg(a+)
[66,67]. This frequency of Xga of 0.65 is very close to
that for males and significantly different from the 
female distribution of 0.88, suggesting that only one
XG gene is active in these women. MIC2 is not inacti-
vated on preferentially inactivated abnormal X chro-
mosomes [64].

12.7.2 The pseudoautosomal region

During male meiosis it is important that the X and Y
chromosomes segregate to separate spermatocytes.
Consequently, like the autosomes, the X and Y chro-
mosomes undergo pairing during the first meiotic divi-
sion. However, this pairing only involves the telomeric
regions of the short and long arms of each chromo-
some. Within the pairing regions genes are shared and
recombination occurs. The pairing regions are called
pseudoautosomal regions (PAR; PAR1 on the short
arm and PAR2 on the long arm), because genes within
these regions may not follow the rules of X-linked 
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inheritance and could easily be mistaken for autoso-
mally borne genes [68–71].

PAR1 has a recombination rate about 20 times the
average rate for the genome. Some genes within PAR1
and very close to the telomere undergo 50% recombi-
nation and cannot be distinguished from autosomal
genes on family evidence. MIC2, the structural gene
for CD99, is pseudoautosomal, but situated very close
to the pseudoautosomal boundary and only recom-
bines with X- and Y-linked genes on the other side of
the boundary in about 2% of male meioses [72].
Pseudoautosomal genes are on both X and Y chromo-
somes, so no dosage compensation is required and
they do not participate in X-inactivation.

XG is not pseudoautosomal, but straddles the
pseudoautosomal boundary on the X chromosome
[32]. It is likely that on very rare occasions XG is 
involved in recombination with the Y, providing an 
explanation for the rare families in which Xg(a–)
mothers have Xg(a+) sons [3,8,25–27] (Section 12.3).

12.8 and genes

CD99 is encoded by a gene at the MIC2 locus.
Human–rodent somatic cell genetics (see Section
32.2.3.3) has demonstrated that MIC2 is located on
both X and Y chromosomes [73–75]. Hybrid cells ex-
press CD99 when either X or Y is the only human
chromosome retained [74]. MIC2 cDNA was cloned
by screening a cDNA expression library with a mix-
ture of two monoclonal antibodies to CD99 epitopes

XGMIC2

(12E7 and RFB-1) [56,76]. A cDNA probe was used to
show that MIC2 genes on the X and Y chromosomes
are identical [76]. Somatic cell genetics [74] and in situ
hybridization [77] have mapped MIC2 to the tips of
the short arms of the X and Y chromosomes, at
XpterÆXp22.32 and YpterÆYp11.2 (Chapter 32).

Isolation of 95kb of genomic DNA encompassing
the entire MIC2 gene revealed a 52kb gene orientated
toward the centromere and with its 5¢ end 95kb from
the pseudoautosomal boundary (PAB1X) [78] (Fig.
12.1). The gene comprises 10 small exons: exon 1 en-
codes the leader peptide; exons 2–9 and 23 base pairs
of exon 10 encode the CD99 protein (Table 12.4). No
difference was detected between the organization of
the X- and Y-borne alleles.

Genomic sequences between the 3¢ end of MIC2 and
a CpG-rich region proximal to the pseudoautosomal
boundary were used to isolate a 600-bp clone from a
bone marrow cDNA library. This cDNA was, in turn,
used to isolate an 820-bp transcript containing a 540-
bp open reading frame capable of encoding a 180
amino acid polypeptide with a high level of homology
with the CD99 protein, but not containing the se-
quence representing the CD99 epitope [32]. Mouse
monoclonal and rabbit polyclonal antibodies raised to
a 14 amino acid peptide synthesized to represent an N-
terminal sequence of this cDNA, behaved as anti-Xga

in haemagglutination tests and were shown to bind the
same membrane structure as anti-Xga by an antibody-
specific immobilization of antigens assay (a modifica-
tion of MAIEA) [40]. The antibodies gave an identical

Fig. 12.1 A region of about 250kb the X and Y chromosomes spanning the pseudoautosomal boundary (PAB1), showing the
organization of MIC2 and XG [32,79]. Both genes contain 10 exons on X, but only 3 exons of XG are on Y. MIC2 and exons
1–3 of XG are pseudoautosomal; exons 4–10 of XG are X-specific. Exon 8A in XG was present in fibroblast RNA, but not
erythroid RNA [25]. SRY and RSP4Y are Y-specific genes. The position of XGR, a proposed regulator of XG and MIC2
expression on red cells [50], is shown between MIC2 and XG.
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banding pattern to human anti-Xga on immunoblots
of red cell membranes. The MIC2 homologue is there-
fore XG. Like MIC2, erythroid XG transcripts consist
of 10 exons, with exon 1 encoding the leader peptide
and exons 2–10 the native protein (Table 12.4). An 
additional exon, exon 8A, is present in transcripts
from fibroblasts [25,32].

XG spans the pseudoautosomal boundary, PAB1X.
Exons 1–3 are situated within the pseudoautosomal
region (PAR1), whereas exons 4–10 are X-specific
(Fig. 12.1). Exons 1–3 of XG are also present on the Y
chromosome. Transcription from the XG promoter
on Y results in a low abundance of transcripts that 
contain exons 1–3 of XG plus sequences from two
downstream Y-linked genes, the gene for the testis-
determining factor (SRY) and RPS4Y. The SRY se-
quence is in antisense configuration and most of these
transcripts do not maintain an open reading frame
[79]. XGPY, an expressed pseudogene of XG with a
frameshift mutation in exon 5, is on the long arm of Y
at Yq11.21 [79].

XG has two modes of inheritance: the 5¢ end is sub-
ject to a recombination rate 20 times that of the
genome average and is also involved in X/Y recombi-

nation; the 3¢ end is only subject to X/X recombina-
tion, with an average recombination rate.

There is substantial amino acid sequence homology
between CD99 and the Xg protein, with correspond-
ing blocks of regions rich in acidic amino acids, basic
amino acids, proline residues, and glycine residues
[25]. The Asp61-Gly-Glu-Asn sequence of CD99 
recognized by 12E7 antibody (anti-CD99) is in a re-
gion rich in acidic amino acids not present in the Xg
protein.

Transfection of mouse fibroblastic cells with XG
and/or MIC2 cDNAs showed that Xg and CD99 pro-
teins were expressed independently and at a similar
level in single and double transfectants [31]. This sug-
gests that the phenotypic association between Xga and
CD99 polymorphisms is regulated primarily at the
transcriptional level and not through association of
the glycoproteins in the membrane.

12.8.1 Xg polymorphism

Monoclonal antibodies to at least two separate epi-
topes on the Xg glycoprotein, human anti-Xga, and
rabbit antibodies raised to a 14 amino acid peptide

Table 12.4 Organization of the MIC2 and XG genes [25,32,78].

MIC2 XG

Exon Exon size (bp) Amino acids* Intron size (kb) Exon size (bp) Amino acids* Intron size (kb)

1 ~244 1–23 23 246 1–21 12.5

2 33 23–34 3.2 42 21–35 3.3

3 48 34–50 2.4 24 35–43 8.3

4 45 50–65 0.6 63 43–64 7.0

5 69 65–88 1.0 63 (66)† 64–85 7.0

6 48 88–104 1.2 69 85–108 2.0

7 51 104–121 4.1 51 108–125 10.0

8A‡ 45 (125–140)‡

8 114 121–159 6.8 36 125–137 5.0
(140–152)

9 57 159–178 7.7 117 137–176 4.0
(152–191)

10 533 178–186 67 (244) 176–180
(191–195)

*Amino acids encoded in CD99 by MIC2 and in the major erythroid form of Xg protein (fibroblast form in parentheses) by XG.
†In a minority of XG cDNA clones an additional 3 bp, inserting a serine at position 86, appeared between exons 5 and 6 [25].
‡Exon 8A is present in fibroblast RNA, but not in erythroid RNA [25].
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corresponding to an N-terminal sequence of the Xg
polypeptide, all reacted with Xg(a+), but not Xg(a–),
red cells [40]. This suggests that the Xg(a–) phenotype
results from absence of the Xg glycoprotein from the
red cell. Reverse-transcriptase polymerase chain reac-
tion (PCR), with primers to exons 1 and 6 and 1 and 10
of XG, amplified fragments from Xg(a+) cord blood,
but not Xg(a–) cord blood [25], indicating that sub-
stantially less RNA is produced by the Xg allele of XG,
than by the Xga allele.

12.9 A model for explaining the association
between the Xg and CD99 polymorphisms

When Goodfellow and Tippett [2] first recognized the
unusual association between expression of Xga and
CD99 on red cells, they proposed a hypothesis involv-
ing a gene (YG) on the Y chromosome. Both XG and
YG regulate red cell expression of CD99 encoded by
the structural gene MIC2. However, families demon-
strating recombination between MIC2 and XG and
between YG and the X and Y chromosomes induced
Goodfellow et al. [50] to modify their model.

In one family a normal 46,XX female had appar-
ently received her father’s Xga gene on one of her X
chromosomes and yet a MIC2 DNA probe showed
that she had also received her father’s Y chromosome
pseudoautosomal region including his Y-borne MIC2
gene. Recombination must have separated MIC2 from
the locus controlling expression of Xga.

Brothers receive the same Y chromosome from their
father, yet seven of 172 Xg(a–) males did not have the
same YG allele as their brother; that is, despite being
Xg(a–), they differed in the level of their CD99 red cell
expression [49]. In one family, part of which is shown
in Fig. 12.2, all the males had the same Y chromosome,
but not all the Xg(a–) males were CD99 high expres-
sors; one (II-1) was a low expressor [50]. A MIC2
RFLP showed that II-1 had inherited the same MIC2
gene from his father as that received on an X chromo-
some by his two sisters (II-2 and II-4) and that he had
inherited a different MIC2 gene on a Y chromosome
from his father from that received by his brother (II-3).
Therefore, both MIC2 and YG have been involved 
in an X–Y exchange, are pseudoautosomal on the 
Y chromosome, and are distal to the male sex-
determining gene SRY.

In order to explain these phenomena Goodfellow 
et al. [50] proposed the existence of a regulator locus,

XGR, which controls cis expression of the structural
loci XG and MIC2 on the X chromosome and of MIC2
on the Y chromosome. This gene is polymorphic. One
allele (XGRhigh) induces Xga antigen expression from
the XG locus and high CD99 expression from the
MIC2 locus; the other allele (XGRlow) prevents Xga

expression and results in low level CD99 expression,
probably by regulating transcription. All Xg(a+) indi-
viduals must have XGRhigh on at least one X chromo-
some and so they have high expression of CD99.
Xg(a–) females must have XGRlow on both X chromo-
somes and therefore must have low expression of
CD99. Xg(a–) males must have XGRlow on their X,
but can have either XGRhigh or XGRlow on their Y, and
so can have high or low expression of CD99 (Table
12.5). Although XGR is pseudoautosomal, it must be
very close to the pseudoautosomal boundary (Fig.
12.1) as recombination resulting in Xga inheritance
contravening the rules of X-linkage is extremely rare
(Section 12.3).

This model, in which both Xga and CD99 expres-
sion on the red cells are controlled by the same gene
(XGR), explains why the frequencies of Xga and
CD99 high expression are so similar. It also provides
an explanation for the families in which an Xg(a–)
mother has an Xg(a+) son [3,8,25–27]. The son 
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Fig. 12.2 Part of family showing XG and YG genotypes and
MIC2 TaqI RFLP (p19B) genotypes, demonstrating
recombination of MIC2 and the gene determining CD99 red
cell expression (YG) with the remainder of the sex
chromosomes [50]. The father (I-1) has passed an X
chromosome with a MIC2 2 allele to his two daughters (II-2
and II-4) and a Y chromosome with MIC2 1 and Yga (CD99
high expressor) alleles to one of his sons (II-3), but a Y
chromosome with MIC2 2 and Yg (CD99 low expressor)
alleles to his other son (II-1). H, CD99 high; L, CD99 low.
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receives his mother’s XG gene on his X chromosome,
but his father’s Y-derived XGRhigh allele on the same
chromosome as a result of X–Y recombination be-
tween XGR and XG. It should be emphasized that this
theory is conjectural, but it does provide a useful
model for explaining the data.

12.10 XX males and sex 
chromosome aneuploidy

12.10.1 XX males

In order to maintain the chromosomal basis of sex 
determination, it is imperative that Y-borne genes 
outside the pseudoautosomal region are not normally
involved in X–Y recombination, especially SRY, the
gene controlling the testes determining factor. One 
occasion where this axiom appears to break down is 
in the rare case of XX males, sterile males with an ap-
parently normal female karyotype. Approximately 
1 in 20000 men is 46,XX, yet is phenotypically and
psychosexually male (reviews in [80,81]). Xg and
CD99 have played an important part in determining
the aetiology of this phenomenon.

In six families with informative Xg groups the XX
male propositus had not received his father’s Xga gene,
suggesting superficially that both X chromosomes
were maternal in origin [26]. Ferguson-Smith [82] sug-
gested that a small exchange of genetic material at the
tips of the short arms of the X and Y chromosomes
could result in a paternally derived X chromosome
that has lost its XG locus and gained the Y-derived
testis determining genes. This proposal is consistent

with the observed Xg distribution in XX males being
much closer to that of XY males than to that of XX fe-
males [66,67]. A very informative family (Fig. 12.3)
proved X–Y interchange as a cause of XX maleness
[83]. The XX male propositus (III-2) is Xg(a–) and yet
a CD99 high expressor, the first 46,XX person found
with this phenotype. His Xg(a+) father (II-2) must
have a Yga gene (Y-borne XGRhigh) as the father’s
brother (II-1), who must have the same Y chromo-
some, is Xg(a–) and a CD99 high expressor. The most
probable explanation is that anomalous recombina-
tion between the X and Y chromosomes of the father
of the propositus, outside the pseudoautosomal re-
gion, has produced an X chromosome in which part of
the short arm, including the XG locus and pseudo-
autosomal region, has been replaced by part of the
short arm of a Y chromosome, including the testis 

Table 12.5 Effects of High and Low expression alleles of
XGR on Xga and CD99 red cell phenotypes.

XGR 
allele Phenotype

Females X X
High High Xg(a+) CD99 high
High Low Xg(a+) CD99 high
Low Low Xg(a–) CD99 low

Males X Y
High High Xg(a+) CD99 high
High Low Xg(a+) CD99 high
Low High Xg(a–) CD99 high
Low Low Xg(a–) CD99 low

Fig. 12.3 Part of the family of an XX male demonstrating
X–Y recombination [83], showing red cell Xg and CD99
phenotypes and suggested XGR genotypes. The XX male
propositus (III-2) is Xg(a–) and must have received an X
chromosome with an XGRlow allele from his mother (II-3)
and an abnormal X chromosome from his father (II-2),
which had lost its XG gene and gained MIC2, XGRhigh, and
the male sex determining gene by X–Y recombination. II-2
must have Y-borne XGRhigh because his brother (II-1), who
has the same Y chromosome, is Xg(a–) and CD99 high
expressor.
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determining gene (SRY) and the pseudoautosomal 
region. The presence of Y chromosomal material in
most XX males [designated Y(+)XX males] has been
confirmed by the use of Y-specific DNA probes [84].
However, in a minority of XX males no Y-specific
DNA was detected [84].

Occasionally XX males express a paternally derived
Xga gene, suggesting that the X–Y recombination does
not always involve the XG locus [26,81,85]. Evans 
et al. [85] were able to distinguish most XX males from
XX females cytogenetically; in XX males the short arm
of one X chromosome was significantly longer than
that of the other X chromosome. Consequently, the
X–Y interchange may involve an exchange of different
amounts of genetic material, explaining how the 
recombinant chromosome could have both XG and
SRY loci.

XX maleness can be explained by an exchange of 
genetic material between the X and Y chromosomes 
in about 80% of cases, but other, as yet undefined,
mechanisms appear to be involved in the minority of
examples of this form of sex reversal.

12.10.2 Sex chromosome aneuploidy

Aneuploidy is the term given to karyotypes in which
the number of chromosomes is not a true multiple of
the haploid number (23 in humans). Aneuploidies in
which 1–5 X chromosomes are involved can be viable,
presumably because in somatic cells only one X chro-
mosome is active (Section 12.7.1). One or more Y
chromosomes may also be involved. The Xg blood
group provided a great deal of information about the
non-disjunctions that have caused these chromosomal
upsets, in some cases pinpointing the meiotic division
at which non-disjunction occurred. A detailed account
of the part played by Xg in our understanding of sex
chromosome aneuploidy is given by Race and Sanger
[26], with an update by Sanger et al. [67], and in the
first edition of this book [5]. More recent evidence on
the origin of the X chromosomes in sex chromosome
aneuploidy has been elicited from studies with DNA
probes [86].

12.11 Functional aspects and 
association with disease

Although the natural ligands are not known, CD99
appears to function as a receptor and adhesion mole-

cule. Engagement of certain monoclonal antibodies to
CD99 induces apoptosis of thymocytes and mature 
T cells, possibly by a novel caspase-independent 
pathway [87,88]. On the other hand, CD99 also ap-
pears to have a role in T-cell activation. Cross-linking 
of CD99 on T cells by anti-CD99 enhanced T-cell 
proliferation and expression of CD25 (IL-2 receptor)
and early markers of T-cell activation, CD69 and
CD40L [89].

CD99 is involved in adhesion events. Certain mono-
clonal anti-CD99 block spontaneous T-cell rosette
formation with sheep and human red cells [90]. Stimu-
lation of CD99 with anti-CD99 induced homotypic
aggregation of CD4+ CD8+ thymocytes and B lym-
phoblastoid cells [91,92]. The mechanism of CD99-
induced aggregation may be different in thymocytes
and B cells. A truncated isoform of CD99, which lacks
most of the cytoplasmic domain as the result of alter-
native splicing of CD99 transcripts, may function in an
opposite way to full-length CD99 by inhibiting CD99
induced homotypic aggregation of B cells [92].

High level expression of CD99 acts as a marker 
for Ewing’s sarcoma and peripheral primitive neuroec-
todermal tumours (small round cell tumours of child-
hood and adolesence) [93]. Engagement of CD99 on
Ewing tumour cells by a monoclonal anti-CD99 sig-
nificantly inhibited growth, in vivo and in vitro, by de-
livering an apoptotic stimulus, providing a potential
for therapeutic intervention [94].

Reduced expression of CD99 is a critical event in the
development of Hodgkin’s disease [95]. In addition,
CD99-deficient cells in Hodgkin’s disease have re-
duced expression of major histocompatability com-
plex (MHC) class I molecules, which accumulate in the
Golgi complex [96]. CD99 may be involved in post-
Golgi trafficking by regulating transport to the surface
membrane and this might provide an immunological
escape mechanism for the malignant cells [96].

In contrast to CD99, almost nothing is known re-
garding the function of Xga. Structural homology be-
tween Xga and CD99 might suggest similar functions,
but with so little known regarding the distribution of
Xg glycoprotein on cells other than red cells, its func-
tion remains enigmatic.

12.12 Xga and CD99 in animals

Apart from humans, the only animals found to have
Xga on their red cells are gibbons (Hylobates lar lar).
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Fifty-two have been tested: 30% of males and 53% of
females were Xg(a+), very suggestive of X-linkage.
Other great apes (67 chimpanzees, two gorillas, 20
orang-utans, and five gibbons of the species Hylobates
pileatus) as well as various monkeys (including 60 ba-
boons), and a few non-primates, were all Xg(a–).
CD99 was not detected on the red cells or peripheral
blood lymphocytes of 10 gibbons, regardless of their
Xg phenotype. CD99 was detected on red cells and 
fibroblasts of chimpanzees and gorillas, but not of
orang-utans or any of the other mammals tested
[26,97,98].

Genomic and cDNA analyses revealed XG and
MIC2 in non-human primates [25]. XG was also pre-
sent in some other mammals and the position of XG at
the pseudoautosomal boundary appears to be con-
served in higher primates [25]. The chromosomal or-
ganization of the two homologous genes in tandem
(Fig. 12.1) probably arose from a duplication event,
which Ellis and Tippett [25] speculate occurred 
over 150 million years ago, before the mammalian 
radiation.
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of testing red cells from 1600 North Americans [1,5]
or 29737 Welsh donors [7]. Frequency studies with
anti-Sc2 are shown in Table 13.1. The variations 
reported among Canadians [2,5] could reflect the
method of sampling. In tests with anti-Sc1 and -Sc2 
on red cells from 1000 white Canadians, 983 were
Sc:1,–2; 17 Sc:1,2; and none Sc:–1,2 [5]. The following
gene and genotype frequencies were calculated:
Sc1 0.9915 Sc1/Sc1 0.9831

Sc1/Sc2 0.0168
Sc2 0.0085 Sc2/Sc2 0.0001.
A combination of two sets of data from southern 
England provided a gene frequency for Sc2 of 0.004
[8,9]. In Canada the frequency of Sc2 is high amongst
the Mennonite community, which may be responsible
for the higher Sc2 frequency in Canada than in north-
ern Europe.

Sc1 is fully developed at birth [2]. Fluorescent flow
cytometry demonstrated that Sc1 is not present on
lymphocytes, granulocytes, or monocytes [15].

13.3 Sc3 and the Sc:–1,–2,–3 phenotype

The Sc:–1,–2 phenotype was found by McCreary 
et al. [16] in a patient from the Marshall Islands in the
South Pacific (Micronesia). The patient’s cousin was
also Sc:–1,–2; her parents and other members of her
family were Sc:1,–2. The serum of the propositus, who
had been transfused 7 months previously, contained
an antibody reactive with all cells save her own and
those of her Sc:–1,–2 cousin. No similar antibody 
was detected in the serum of the cousin, despite four
pregnancies.

A previously transfused white man with the
Sc:–1,–2 phenotype had an antibody reactive with 
all cells except for his own and those of the Sc:–1,–2
Micronesians [17]. By adsorption studies with Sc:1,–2
and Sc:–1,2 cells, the antibody was shown not to be 

13.1 Introduction

The Scianna system consists of a pair of antithetical
antigens, the high and low incidence antigens Sc1 and
Sc2, and an antigen of very high frequency, Sc3, absent
only from cells of the null phenotype Sc:–1,–2,–3. Sc1
and Sc2 are located on a glycoprotein of about Mr

60000.
The low incidence antigen Radin is biochemically

related to Scianna, but is not proven to be part of the
Scianna system. The Scianna and Radin loci are linked
to RH on chromosome 1p (Chapter 32).

13.2 Sc1 and Sc2

In 1962, Schmidt et al. [1] identified an antibody in a
white woman (Mrs N.S.) defining a new inherited anti-
gen of very high frequency. They named the antigen
Sm. The following year, Anderson et al. [2] described a
new low incidence antigen, Bua. Lewis et al. [3] were
quick to notice that the original Sm– cells were Bu(a+).
Sm and Bua were renamed Sc1 and Sc2, respectively,
following confirmation that they were the products of
alleles [4,5].

In the family of Mrs N.S., red cells of the Sc:–1
propositus and those of her three Sc:–1 sibs were Sc:2,
one of her Sc:1 sibs was Sc:2, and the other sib was
Sc:–2. Sc:–1,2 red cells reacted more strongly than
Sc:1,2 cells with anti-Sc2 [3]. Three consanguineous
Sc:1,2¥Sc:1,2 matings from a large Mennonite family
produced children with the following three pheno-
types: three Sc:–1,2; 11 Sc:1,2; and seven Sc:1,–2 [4].
In the same pedigree were two Sc:1,–2¥Sc:–1,2 mat-
ings with a total of five Sc:1,2 children.

Testing of 269000 South London blood donors
with anti-Sc1 revealed one Sc:–1 individual [6], sug-
gesting the following gene frequencies: Sc1 0.9981;
and Sc2 0.0019. No Sc:–1 person was found as a result

Scianna blood group system and 
the Radin antigen
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13.5 Biochemistry, 389
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a mixture of anti-Sc1 and -Sc2, and was named 
anti-Sc3.

A third Sc:–1,–2 propositus with anti-Sc3, a previ-
ously transfused 4-year-old girl, was found in Papua
New Guinea (Melanesia) [18]. Her mother was also
Sc:–1,–2. Investigation of 29 other family members
and villagers in her home area revealed six other
Sc:–1,–2 individuals, two of whom were apparently
not related to the patient.

Three antibodies to high incidence antigens found in
previously transfused white men with Sc:1,–2 red cells
failed to react with Sc:–1,–2 cells [19]. None of the 
antibodies reacted with autologous cells, but all three
antibodies reacted with the red cells of the other two
antibody makers and therefore have different specifici-
ties. One of the antibodies did not react with the red
cells of an Sc:1,–2 sib of the antibody maker. Two 
of the antibodies reacted with 100 random red cell
samples, the third with 8000 samples. Attempts at 
immunoblotting with these antibodies were unre-
warding (G.L. Daniels, unpublished observations
1993). An antibody to a high frequency antigen de-
tected, together with multiple Rh antibodies, in the
serum of an Sc:1,–2 Senegalese patient, was non-reac-
tive with Sc:–1,–2 cells and with cells of the patient’s sib
[20]. It is likely that these four antibodies detect high
frequency determinants on the Scianna glycoprotein.

13.4 Antibodies

Scianna system antibodies are very uncommon. They

react best by an antiglobulin test and do not fix com-
plement. Directly agglutinating anti-Sc1 is known. No
‘naturally occurring’ Scianna alloantibody has been
described.

The original anti-Sc2 was found in a transfused
man; three of the donors were traced and red cells from
one reacted with the antibody [2]. Four examples of
anti-Sc2 were found among 14 anti-D sera produced
by immunizing D– volunteers with D+ red cell sam-
ples, one of which was also Sc:2 [8]. Of 19 D– Sc:–2 
individuals given at least two injections of D+ Sc:2 
red cells, eight formed anti-D, but only one made anti-
Sc2 [21].

No Scianna antibody has been incriminated in a
transfusion reaction or in severe haemolytic disease of
the newborn (HDN). IgG3 anti-Sc1 was responsible
for a positive direct antiglobulin test (DAT) on a baby’s
red cells, but no treatment was required [6]. There is
one report of anti-Sc2 causing mild HDN [22]. Sur-
vival studies with radiolabelled Sc:1,–2 cells suggested
that the original anti-Sc3 may be clinically significant
[16]. This antibody disappeared soon after its identifi-
cation and was not restimulated by injection of Sc:1,–2
red cells. Anti-Sc3 in a Melanesian child could not be
detected after splenectomy, even following transfusion
of Sc:1,–2 blood [18]. One of the three Scianna-related
antibodies described by Devine et al. [19] was reported
to have caused a delayed haemolytic transfusion 
reaction.

Several examples of autoanti-Sc1 have been de-
scribed [23–27]; two of them were in individuals

Table 13.1 Frequency of Sc2 in various populations.

Population No. tested No. Sc:2 Sc2 frequency References

Canadian donors 1000 1 0.0010 [1]
White Canadians 348 5* 0.0144 [2]
White Canadians 1000 17 0.0170 [5]
Londoners 1039 7 0.0067 [8]
Oxford donors 5306 41 0.0077 [9]
Warsaw donors 1025 9 0.0088 [8]
Berlin donors 2015 15 0.0074 [10]
Czech donors 2100 7 0.0033 [11]
Black Canadians 212 0 [12]
Manitoban Indians 100 0 [5]
Inuit 75 0 [5]
Japanese 4900 5 0.0005 [13]
Taiwanese 161 0 [14]

*Includes three Mennonites.
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whose red cells had weakened expression of Sc1 [24].
Two of the antibodies were only detectable in serum,
not in plasma [23,27]. Autoimmune haemolytic
anaemia in a young child caused by autoanti-Sc1 was
resistant to steroid treatment, but did respond to
splenectomy [25]. Two patients with anaemia, one
with lymphoma and the other with Hodgkin’s disease,
had autoanti-Sc3 and depressed Sc1 and Sc3 red cell
antigens [28]. Both antibodies reacted weakly with
Sc:–1,2 cells compared to their reaction with Sc:1,–2
cells.

13.5 Biochemistry

13.5.1 Effects of enzymes and reducing agents

Treatment of Sc:1 red cells with the proteases papain,
trypsin, and chymotrypsin did not affect their reac-
tions with anti-Sc1 in haemagglutination tests;
pronase and a mixture of trypsin and chymotrypsin 
reduced their reactivity [29]. Titrations of anti-Sc1 and
-Sc2 with red cells treated with disulphide bond 
reducing agents showed that Sc1 and Sc2 are slightly
weakened by 200mM dithiothreitol (DTT) and sub-
stantially weakened by 6% 2-aminoethylisothiouro-
nium bromide (AET) [30].

13.5.2 The Scianna glycoprotein

Spring et al. [30] demonstrated, by immunoblotting 
of red cell membranes with anti-Sc1 and -Sc2, that
Scianna antigens are located on a glycoprotein of ap-
parent Mr between 60000 and 68000. No bands were
present if the red cells were treated with pronase or if
the membranes were prepared in the presence of a thiol
reducing agent, showing that one or more disulphide
bonds are required for antigen integrity. Treatment of
the red cells with endoglycosidase F, which cleaves N-

glycans, caused only a slight reduction of binding by
anti-Sc1 to the Scianna glycoprotein, but a complete
loss of binding by anti-Sc2. It is possible that an amino
acid substitution responsible for the Sc1/Sc2 polymor-
phism affects N-glycosylation of the molecule. Varia-
tion in sialic acid content of the N-glycans probably
accounts for the diffuse nature of the bands represent-
ing the glycoprotein. Sialidase treatment of the cells
had a small effect on the mobility of the glycoprotein,
reducing the apparent Mr of the leading edge of the
band by 500–1000, but also sharpening the band by
reducing the Mr of the trailing edge by 3000. A propor-
tion of the Scianna glycoprotein molecules may be at-
tached to the cytoskeleton. The Scianna glycoprotein
was also immunostained on protein blots by autoanti-
Sc1 [25].

13.6 The Radin antigen (Rd)

There is strong immunochemical and genetic linkage
evidence that the low incidence antigen Radin (Rd) be-
longs to the Scianna system. However, in the absence
of proof, Rd maintains its autonomy as part of the 700
series of low incidence antigens with the number
700015.

Rausen et al. [31] identified the first five anti-Rd, all
apparently stimulated through pregnancy. In the five
families the Rd gene could be traced to Russian Jews,
black people, northern Europeans, and a Native
American. Rd frequencies are shown in Table 13.2. Rd
is inherited as an autosomal dominant character
[31,32,34].

Rd is well developed on cord cells [31]. It was un-
affected by papain, ficin, and sialidase, destroyed by
trypsin and chymotrypsin, and substantially weak-
ened by AET (C.A. Green, unpublished observaions
1983).

Anti-Rd has been stimulated by pregnancy and

Table 13.2 Frequency of Rd in various populations.

Population No. tested No. Rd+ Rd frequency References

Various ethnic groups 6773 0 [31]
New York Jews 562 3 0.0053 [31]
Danes 4933 24 0.0049 [32]
Canadians 770 3 0.0039 [33]
Manitoban Slavs 170 1 0.0059 [33]
Winnipeg donors 2864 9 0.0031 [33]
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transfusion [31,32]. One example of apparently natu-
rally occurring anti-Rd was found in an untransfused
man [32]. Of 30000 sera tested in Denmark, none con-
tained anti-Rd [32]. The first five anti-Rd were all re-
ported to have caused mild to moderate HDN, but
only one baby required exchange transfusion [31].

The first suggestion that Rd might belong to the
Scianna system came from the demonstration that the
locus governing Rd is linked to RH and must be either
at the SC locus or closely linked to it [33,35] (Chapter
32). Linkage to RH establishes that Rd cannot belong
to any of the existing blood group systems except
Scianna.

Spring [36] showed by immunoblotting that anti-
Rd stained a broad band of apparent Mr about 60000,
which closely resembled the Scianna glycoprotein.
There was a slight reduction in apparent Mr when 
sialidase-treated cells were used and some of the 
molecules were attached to the cytoskeleton. Howev-
er, final proof that Sc1, Sc2, and Rd are on the same gly-
coprotein is lacking. Scianna glycoprotein isolated
from Rd+ cells by immunoprecipitation with anti-Sc1,
was not immunostained by anti-Rd on a protein blot.
A person with the Rd+ Sc:1,2 phenotype has been
found [35] so, if Rd is on the Scianna glycoprotein,
then Rd is not at the same position as Sc1 and Sc2.

Red cells of the four Sc:1,–2 individuals lacking high
incidence Scianna-related antigens described in Sec-
tion 13.3 were Rd– [20] (P. Spruell, personal commu-
nication 1997), so Rd is not antithetical to any of these
antigens.
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that it is N-glycosylated; there is no substantial O-
glycosylation. The glycoprotein, isolated by immuno-
precipitation, migrates faster on sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS PAGE)
under reducing conditions (Mr 45000–54000) and in-
tact disulphide bonds are required for full expression
of Gya and Hy. A putative dimer was also detected by 
immunoprecipitation [2].

By screening a database of approximately 5000 
expressed sequence tags (ESTs) derived from differ-
entiating erythroid cells for genes localized to 
chromosome 12p and encoding a GPI-anchor motif,
Gubin et al. [5] identified a candidate for the DO gene
(which they called DOK1). Stable transfection of a
K562 erythroleukaemic cell line with the candidate
DO open reading frame led to expression of Doa, Gya,
Hy, and Joa at the cell surface [5]. DO spans 14kb and
contains three exons encoding a protein of 314 amino
acids with five putative N-glycosylation sites and six
cysteine residues (including one in the signal peptide).
Exon 1 encodes residues 1–45, including a 44 amino
acid signal peptide, exon 2 encodes residues 49–285,
and exon 3 encodes residues 286–314, including a 17
amino acid GPI-anchor motif.

14.3 Dombrock antigens

14.3.1 Doa and Dob (DO1 and DO2)

In 1965, Swanson et al. [6] identified an antibody in
the serum of Mrs Dombrock, which defined a new
antigen (Doa) on the red cells of 64% of Europeans.
The gene controlling this antigen was soon shown to
be distinct from most other blood group loci [6,7]. Not
until 1973 was the antithetical antibody, anti-Dob,
identified by Molthan et al. [8].

There are only limited frequency studies concerning
Dombrock. Almost all data have been derived from in-
vestigations with anti-Doa alone. Most of the informa-

14.1 Introduction

Prior to 1992, Dombrock remained a simple, poly-
morphic blood group system with two antigens, Doa

(DO1) and Dob (DO2), the products of alleles. The dis-
covery by Banks et al. [1] that red cells of the rare phe-
notype Gy(a–) Hy– Jo(a–) were also Do(a–b–) led to
Gya becoming DO3 and the phenotypically and bio-
chemically related antigens Hy and Joa becoming DO4
and DO5 (Table 14.1). Table 14.2 shows the known
Dombrock phenotypes. Antigens of the Dombrock
system are located on a glycosylphosphatidylinositol
(GPI)-linked glycoprotein, a member of the ADP-
ribosyltransferase family, Asn265Asp representing
the Doa/Dob polymorphism.

DO is located on chromosome 12p13.2–12.1 (see
Chapter 32).

14.2 Biochemistry and molecular genetics
of the Dombrock glycoprotein

Dombrock system antigens are on a glycoprotein that
is anchored to the red cell membrane through GPI.
Membrane proteins of this type are described in Chap-
ter 19. PNHIII red cells, the complement-sensitive
population of red cells from patients with paroxysmal
nocturnal haemoglobinuria (PNH), lack GPI-linked
proteins. PNHIII cells are deficient in the five Dom-
brock system antigens, whereas these antigens are ex-
pressed on the normal population of cells (PNHI) from
the same patient [2–4].

Spring and Reid [2] demonstrated, by immuno-
blotting under non-reducing conditions, that Gya

and Hy are on membrane glycoproteins of apparent
Mr 46750–57500. Cross-immunoprecipitation and 
immunoblotting experiments showed that Doa, Gya,
Hy, and Joa are on the same protein [1–3]. Treatment
of intact cells with endoglycosidase F reduced the 
Mr of the glycoprotein by about 11000, showing 

Dombrock blood group system
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tion is summarized in Table 14.3. From the northern
European gene frequencies [9] the following genotype
frequencies have been calculated: Doa/Doa 0.1764;
Doa/Dob 0.4872; and Dob/Dob 0.3364 (assuming Dob

is the only allele of Doa). The frequency of Doa is some-
what lower in black people than in white people, and
substantially lower in Mongoloid people (Table 14.3).

Many families have been tested with anti-Doa.
These include 201 northern European families (573
children) [9], 76 Israeli families (224 children) [9], 148
Canadian families (470 children) [10], and 79 Japan-
ese families (159 children) [11]. In all, Doa behaved as
an autosomal dominant character and the frequencies
of the various mating types and of Do(a+) and Do(a–)
children fitted reasonably well with those expected
from the gene frequencies. A small number of families
from other ethnic groups also conformed to this simple
pattern of inheritance [9].

Tests on over 100 individuals have shown that the
DNA polymorphism is associated with an A793G

Table 14.1 Antigens of the Dombrock system.

Frequency 
Number Name (%) Comments

DO1 Doa 66* Antithetical to Dob

(DO2). Asn265
DO2 Dob 82* Antithetical to Doa

(DO1). Asp265
DO3 Gya > 99 Absent from 

Dombrock null 
cells

DO4 Hy > 99 Absence associated 
with weakened 
Dob (DO2) and 
Gya (DO3), and 
with Gly108Val 
and Leu300Val

DO5 Joa > 99 Absent from all 
Hy– (DO:–4) cells

*Northern Europeans; Dob calculated from gene frequencies.

Table 14.2 Known Dombrock system phenotypes and their approximate frequencies.

Frequencies

Doa Dob Gya Hy Joa White people (%) Black people (%)

+ - + + + 18 11
+ + + + + 49 44
- + + + + 33 45
- - - - - Rare 0
- w w - - 0 Rare
w vw + w - 0 Rare

w, weakened expression of antigen; vw, very weak expression of antigen.

Table 14.3 Incidence of Doa and calculated frequencies of Doa and Dob genes in various populations.

Gene frequencies

Population Total tested No. Do(a+) Doa frequency Doa Dob References

Northern Europeans 755 501 0.6636 0.4200 0.5800 [6,7,9]
White North Americans 700 446 0.6371 0.3976 0.6024 [10]
White Americans 391 250 0.6394 0.3995 0.6005 [11]
African Americans 161 89 0.5528 0.3313 0.6687 [11]
African Americans 76 34 0.4474 0.2566 0.7434 [9]
Japanese 760 179 0.2355 0.1257 0.8743 [12,13]
Thais 423 57 0.1348 0.0698 0.9302 [14]

Dob gene frequency assumes that Dob is the only allele of Doa.
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transition in exon 2 of DO [5,15]. Doa encodes
Asn265; Dob encodes Asp265. Two silent nucleotide
changes, at positions Tyr126 and Leu208, may also be
associated with the Doa/Dob polymorphism [5].

14.3.2 Gya (DO3) and the Dombrock 
null phenotype

An American family of Czech origin, in which four of
seven children from a second cousin mating lacked a
new public antigen Gya, was described by Swanson 
et al. [16] in 1967. The propositus and her sister had
anti-Gya in their sera; the propositus was in her fifth
pregnancy and her sister had two children. A second
family, also of Czech descent, contained two Gy(a–)
sisters, both of whom had been pregnant and both of
whom had anti-Gya in their sera [17]. Six more Gy(a–)
individuals were found in an English family, possibly
of Romany stock [18]. The four multiparous sisters
had anti-Gya, whereas their two Gy(a–) brothers did
not. Six Gy(a–) propositi have been found in Japanese;
all were female and all were ascertained through the
presence of anti-Gya [19]. A Gy(a–) Hong Kong Chi-
nese man with anti-Gya had probably been transfused
40 years previously [20].

No Gy(a–) individual was found among 9350
Japanese blood donors [19] or 10145 Americans, 
including 75 African Americans and 611 Native
Americans [16]. Gy(a–) has not been found in people
of African origin.

Gy(a–) is inherited as a recessive character. Several
families are known with more than one Gy(a–) sib, in
which both parents are Gy(a+) [16,18,19,21]. In most
cases the parents were consanguineous [16,19,21].

Gy(a–) red cells also lack the high incidence antigens
Hy and Joa [22,23]. The discovery that eight unrelated
Gy(a–) individuals had the previously unknown phe-
notype Do(a–b–) led to Gya, Hy, and Joa becoming
part of the Dombrock system and the Gy(a–) pheno-
type being recognized as a Dombrock null phenotype
[1].

Three unrelated Gy(a–) individuals had a mutation
in the invariant splice site of intron 1 of DO [24]. The
DO transcript appears to lack exon 2. The mutation
creates an AluI restriction site.

14.3.3 Hy (DO4)

The first anti-Hy, identified in the serum of an African

American woman at the delivery of her third child, was
very briefly reported by Schmidt et al. [25]. Other ex-
amples of anti-Hy followed [22,26,27]; all were made
by Hy– black propositi, most of whom had Hy– sibs.

Moulds et al. [22] recognized a phenotypic relation-
ship between Hy and Gya. Hy– black people have
weakened Gya antigen, whereas Hy– people of Euro-
pean or Japanese origin are also Gy(a–) (Table 14.2). If
immunized, Gy(a–) Hy– individuals make anti-Gya,
whereas Gy(a+w) Hy– individuals make anti-Hy. Anti-
Gya does not contain separable anti-Hy: three adsorp-
tions of anti-Gya with Gy(a+w) Hy– cells removed all
antibody, while an eluate from the adsorbing cells be-
haved as the original serum [22]. All of 15 Gy(a+w)
Hy– individuals were Do(a–) and had weak expression
of Dob [1].

Screening with anti-Gya, diluted so that it would not
react with Gy(a+w) Hy– cells, revealed no negative
among 4530 white North Americans, 735 Czechs, 683
white South African, 846 black North Americans,
1023 black South Africans, 633 South African Asian
Indians, or 1679 Pima Native Americans [22]. Two of
597 Apache were Gy(a+w) Hy– [22]; the only individ-
uals reported who are not of African origin, although
some racial admixture was suspected.

In seven individuals, the Gy(a+w) Hy– phenotype
was associated with G232T encoding Gly108Val, in
exon 2 of a Dob allele (encoding Asp265) [28]. In most
of these samples there was also a C898G mutation in
exon 3 encoding a Leu300Val substitution in the GPI-
anchor motif, which could be responsible for the re-
duced expression of Gya and Dob.

14.3.4 Joa (DO5)

Anti-Joa (Joseph) was first reported by Jensen et al.
[29] when cells and sera of two African American pa-
tients with antibodies to high incidence antigens were
found to be mutually compatible. A third example was
found in an African American sickle cell disease pa-
tient with a Jo(a–) brother [30]. All three makers of
anti-Joa had been transfused and two had also been
pregnant. Antibodies found in the sera of five African
American women and initially called anti-Jca [23]
were later shown to be anti-Joa [31]. Red cells from
3000 New Yorkers, mostly white, and from 7689
African Americans were tested with anti-Joa: none was
Jo(a–) [29].

Laird-Fryer et al. [23] found that all Hy– red cells,
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whether Gy(a–) Hy– or Gy(a+w) Hy–, were Jo(a–). All
makers of anti-Joa were Gy(a+) Hy+ Jo(a–) [23,32,33].
There is some degree of weakening of Hy antigen on
Gy(a+) Hy+ Jo(a–) cells compared with Gy(a+) Hy+
Jo(a+) cells [3]. Four of 20 Jo(a–) samples were Hy–
[32]. Five of six Jo(a–) individuals, all black, had weak
Doa and barely detectable Dob; the other, an Hispanic,
was Do(a+b–) with weak Doa [1] (Table 14.2).

14.3.5 Development and distribution of
Dombrock antigens

Doa, Dob, and Joa are fully expressed on cord red cells
[6,8,23,29]. In contrast, it is reported that Gya and Hy
are expressed only weakly on cord cells [18,22].

DO was not expressed before 4 days of culture of
peripheral blood nuclear cells in the presence of ery-
thropoietin [5]. DO mRNA was detected in spleen,
lymph node, bone marrow and fetal liver, but not in
thymus or peripheral blood leucocytes [5].

14.3.6 Effects of enzymes and reducing agents

Dombrock system antigens are resistant to papain or
ficin treatment of red cells, and an antiglobulin test
with papain- or ficin-treated cells is often the optimal
method for using Dombrock reagents, especially anti-
Doa and -Dob. Dombrock system antigens are sensitive
to trypsin, chymotrypsin, and pronase, which either
destroy the antigens or cause a marked reduction 
in their expression [1–3]. Sialidase treatment has no 
effect. The antigens are also sensitive to the action of
the reducing agents AET and DTT [1–3,33].

14.4 Dombrock system antibodies

14.4.1 Anti-Doa and -Dob

Since the original discoveries [6,8], other examples 
of anti-Doa [34–41] and -Dob [41–45] have been re-
ported and many more are known. Examples of anti-
Doa and -Dob occur in approximately equal numbers 
suggesting that Doa and Dob do not differ markedly 
in immunogenicity, considering their similar frequen-
cies. Anti-Doa and -Dob usually occur in sera contain-
ing mixtures of multiple antibodies to red cell antigens,
although examples of pure anti-Doa [37,40] and -Dob

[45] have been identified. No ‘naturally occurring’
Dombrock antibody is reported, but one anti-Doa

was produced in a woman during her first Do(a+)
pregnancy [36].

Anti-Doa and -Dob generally react by an antiglobu-
lin test, working best with papain- or ficin-treated
cells. They are usually IgG and unable to fix comple-
ment [11,37,42].

Dombrock antibodies have not been implicated in
haemolytic disease of the newborn (HDN), although
anti-Doa have caused positive direct antiglobulin reac-
tions with neonatal red cells [36,37,40]. Anti-Doa

[38,39,41] and -Dob [41,43–45] have been responsi-
ble for acute and delayed haemolytic transfusion 
reactions, and may be a particular complication of
transfusion in sickle cell disease [41]. In vivo red cell
survival studies and in vitro monocyte monolayer as-
says confirm that anti-Doa and -Dob can cause acceler-
ated red cell destruction [11,45]. However, in one case
of anti-Doa survival was normal and subsequent trans-
fusion of incompatible blood produced no adverse 
reaction [46]. Detection of anti-Doa and -Dob in anti-
body mixtures has often been delayed because these
haemolytic antibodies are easily mistaken for clinical-
ly insignificant red cell alloantibodies or autoantibod-
ies, or for HLA antibodies [38,39,41,44].

14.4.2 Anti-Gya (-DO3), -Hy (-DO4), and 
-Joa (-DO5)

Gya appears to be very immunogenic as virtually all re-
ported Gy(a–) women who have been pregnant have
anti-Gya in their serum [16–18,22]. An elderly man,
who had never been transfused, had transient anti-
Gya, which disappeared after 3 months [47]. Unlike
most Gy(a–) cells, his red cells could adsorb and elute
anti-Hy, leading to the suggestion that this patient may
have had an acquired Gy(a–) phenotype [48]. Apart
from this one case, there is no reported example of
‘naturally occurring’ anti-Gya, -Hy, or -Joa.

Anti-Gya, -Hy, and -Joa are usually IgG, react best by
an antiglobulin test, and do not fix complement
[16,18,22,26,27,29,30,33,47,49]. One anti-Gya also
contained some IgA and bound complement as deter-
mined by a two-stage antiglobulin test [18]. One anti-
Hy, which directly agglutinated Hy+ cells, was IgM
plus IgG [49].

Like anti-Doa and -Dob, the other Dombrock system
antibodies have never been implicated in HDN, de-
spite numerous opportunities. One anti-Hy has been
responsible for a haemolytic transfusion reaction in a
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man who received 2 units of Hy+ blood [26]. A man
with anti-Gya tolerated 10 units of Gy(a+) blood with
no adverse effect [20]. The patient with transient anti-
Gya showed normal in vivo survival of Gy(a+) cells
[47]. Anti-Hy was responsible for shortened in vivo
red cell survival [27] and anti-Joa in a sickle cell patient
caused significant removal of radiolabelled Jo(a+) cells
compared with Jo(a–) cells [50].

A murine monoclonal antibody (5B10) bound to all
red cells, but only very weakly to those of the Gy(a–)
(Dombrock null) phenotype [51].

14.5 Functional aspects

Exon 2 of DO contains a motif characteristic of a 
family of adenosine diphosphate (ADP)-ribosyltrans-
ferases [5], which catalyse the transfer of ADP-ribose
from nicotinamide adenine dinucleotide (NAD+) to a
protein substrate [52]. The Dombrock glycoprotein
could have a role in modification of proteins at the red
cell surface and might be involved in NAD+ clearance
of the serum [5].

The product of the Dob allele contains an Arg-Gly-
Asp motif, characteristic of adhesion molecules in-
volved in cellular interaction [5]. However, this motif
is disrupted in the product of Doa, where it becomes
Arg-Gly-Asn.

References

1 Banks JA, Hemming N, Poole J. Evidence that the Gya,
Hy and Joa antigens belong to the Dombrock blood
group system. Vox Sang 1995;68:177–82.

2 Spring FA, Reid ME. Evidence that the human blood
group antigens Gya and Hy are carried on a novel glyco-
sylphosphatidylinositol-linked erythrocyte membrane
glycoprotein. Vox Sang 1991;60:53–9.

3 Spring FA, Reid ME, Nicholson G. Evidence for expres-
sion of the Joa blood group antigen on the Gya/Hy-active
glycoprotein. Vox Sang 1994;66:72–7.

4 Telen MJ, Rosse WF, Parker CJ, Moulds MK, Moulds 
JJ. Evidence that several high-frequency human blood
group antigens reside on phosphatidylinositol-linked
erythrocyte membrane proteins. Blood 1990;75:1404–
7.

5 Gubin AN, Njoroge JM, Wojda U et al. Identification of
the Dombrock blood group glycoprotein as a polymor-
phic member of the ADP-ribosyltransferase gene family.
Blood 2000;96:2621–7.

6 Swanson J, Polesky HF, Tippett P, Sanger R. A ‘new’
blood group antigen, Doa. Nature 1965;206:313.

7 Tippett P, Sanger R, Swanson J, Polesky HF. The Dom-
brock blood group system. Proc 10th Congr Europ Soc
Haematol 1965;II:1443–6.

8 Molthan L, Crawford MN, Tippett P. Enlargement of the
Dombrock blood group system: the finding of anti-Dob.
Vox Sang 1973;24:382–4.

9 Tippett P. Genetics of the Dombrock blood group system.
J Med Genet 1967;4:7–11.

10 Lewis M, Kaita H, Giblett ER, Anderson JE. Genetic link-
age analysis of the Dombrock (Do) blood group locus.
Cytogenet Cell Genet 1978;22:313–18.

11 Polesky HF, Swanson JL. Studies on the distribution of
the blood group antigen Doa (Dombrock) and the charac-
teristics of anti-Doa. Transfusion 1966;6:268–70.

12 Nakajima H, Skradski K, Moulds JJ. Doa (Dombrock)
blood group antigen in the Japanese. Vox Sang 1979;
36:103–4.

13 Nakajima H, Moulds JJ. Doa (Dombrock) blood group
antigen in the Japanese: tests on further population and
family samples. Vox Sang 1980;38:294–6.

14 Chandanayingyong D, Sasaki TT, Greenwalt TJ. Blood
groups of the Thais. Transfusion 1967;7:269–76.

15 Rios M, Hue-Roye K, Lee AH et al. DNA analysis for the
Dombrock polymorphism. Transfusion 2001;41:1143–
6.

16 Swanson J, Zweber M, Polesky HF. A new public anti-
genic determinant Gya (Gregory). Transfusion 1967;
7:304–6.

17 Race RR, Sanger R. Blood Groups in Man, 6th edn. 
Oxford: Blackwell Scientific Publications, 1975.

18 Clark MJ, Poole J, Barnes RM, Miller JF, Smith DS. Study
of the Gregory blood group in an English family. Vox
Sang 1975;29:301–5.

19 Okubo Y, Nagao N, Tomita T, Yamaguchi H, Moulds JJ.
The first examples of the Gy(a–), Hy– phenotype and
anti-Gya found in Japan. Transfusion 1986;26:214–5
and personal communication.

20 Mak KH, Lin CK, Ford DS, Cheng G, Yuen C. The first
example of anti-Gya detected in Hong Kong. Immuno-
hematology 1995;11:20–1.

21 Massaquoi JM. Two further examples of anti-Gya. Trans-
fusion 1975;15:150–1.

22 Moulds JJ, Polesky HF, Reid M, Ellisor SS. Observations
on the Gya and Hy antigens and the antibodies that define
them. Transfusion 1975;15:270–4.

23 Laird-Fryer B, Moulds MK, Moulds JJ, Johnson MH,
Mallory DM. Subdivision of the Gya–Hy phenotypes
[Abstract]. Transfusion 1981;21:633.

24 Rios M, Hue-Roye K, Miller JL, Reid ME. Molecular
basis associated with the Dombrock null phenotype 
[Abstract]. Blood 2000;96:452a.

25 Schmidt RP, Frank S, Baugh M. New antibodies to 
high incidence antigenic determinants (anti-So, anti-El,
anti-Hy and anti-Dp) [Abstract]. Transfusion 1967;7:
386.

26 Beattie KM, Castillo S. A case report of a hemolytic trans-



DOMBROCK SYSTEM

397

fusion reaction caused by anti-Holley. Transfusion 1975;
15:476–80.

27 Hsu TCS, Jagathambal K, Sabo BH, Sawitsky A. Anti-
Holley (Hy): characterization of another example. Trans-
fusion 1975;15:604–7.

28 Rios M, Hue-Roye K, Øyen R, Reid ME. Molecular basis
of the Gy(a+w) Hy– phenotype [Abstract]. Transfus Clin
Biol 2001;8(Suppl.1):14S.

29 Jensen L, Scott EP, Marsh WL et al. Anti-Joa: an antibody
defining a high-frequency erythrocyte antigen. Transfu-
sion 1972;12:322–4.

30 Morel P, Myers M, Marsh WL, Bergren M. The third ex-
ample of anti-Joa: inheritance of the Joa red cell antigen
[Abstract]. Transfusion 1976;16:531.

31 Weaver T, Lacey P, Carty L. Evidence that Joa and Jca

are synonymous [Abstract]. Transfusion 1986;26:
561.

32 Weaver T, Kavitsky D, Carty L et al. An association be-
tween the Joa and Hy phenotypes [Abstract]. Transfusion
1984;24:426. 

33 Brown D. Reactivity of anti-Joa with Hy– red cells 
[Abstract]. Transfusion 1985;25:462.

34 Webb AJ, Lockyer JW, Tovey GH. The second example of
anti-Doa. Vox Sang 1966;11:637–9.

35 Williams CH, Crawford MN. The third example of anti-
Doa. Transfusion 1966;6:310.

36 Polesky HF, Swanson J, Smith R. Anti-Doa stimulated by
pregnancy. Vox Sang 1968;14:465–6.

37 Moulds J, Futrell E, Fortez P, McDonald C. Anti-Doa: fur-
ther clinical and serological observations [Abstract].
Transfusion 1978;18:375.

38 Kruskall MS, Greene MJ, Strycharz DM, Getman EM,
Cawley A. Acute hemolytic transfusion reaction due 
to anti-Dombrocka (Doa) [Abstract]. Transfusion
1986;26:545.

39 Judd WJ, Steiner EA. Multiple hemolytic transfusion re-
actions caused by anti-Doa. Transfusion 1991;31:477–8.

40 Roxby DJ, Paris JM, Stern DA, Young SG. Pure anti-Doa

stimulated by pregnancy. Vox Sang 1994;66:49–50.
41 Strupp A, Cash K, Uehlinger J. Difficulties in identifying

antibodies in the Dombrock blood group system in multi-
ply alloimmunized patients. Transfusion 1998;38:
1022–5.

42 Yvart J, Cartron J, Fouillade MT et al. Un nouvel exemple
d’anti-Dob. Rev Franc Transfus Immuno-Hémat
1977;20:395–400.

43 Moheng MC, McCarthy P, Pierce SR. Anti-Dob impli-
cated as the cause of a delayed hemolytic transfusion 
reaction. Transfusion 1985;25:44–6.

44 Halverson G, Shanahan E, Santiago I et al. The first re-
ported case of anti-Dob causing an acute hemolytic trans-
fusion reaction. Vox Sang 1994;66:206–9.

45 Shirey RS, Boyd JS, King KE et al. Assessment of the 
clinical significance of anti-Dob. Transfusion 1998;38:
1026–9.

46 Gudino M, Kranwinkel R, Lenart S, Harrison L. Success-
ful transfusion of Dombrock [Do(a+)] red blood cells to a
patient with anti-Do(a) [Abstract]. Transfusion
1986;26:546.

47 Ellisor SS, Reid ME, Avoy DR, Toy PTCY, Mecoli J. Tran-
sient anti-Gya in an untransfused man: serologic charac-
teristics and cell survival study. Transfusion 1982;
22:166–8.

48 Reid ME, Ellisor SS, Sabo B. Absorption and elution of
anti-Hy from one of four Gy(a–) human red blood cell
samples. Transfusion 1982;22:528–9.

49 Barrett VJ, O’Brien MM, Moulds JJ et al. Anti-Holley 
detected in a primary immune repsonse. Immunohema-
tology 1996;12:62–5.

50 Viggiano E, Jacobson G, Zurbito F. A Chromium51 sur-
vival study on a patient with anti-‘Joa/Jca’ [Abstract].
Transfusion 1985;25:446.

51 Rao N, Udani M, Nelson J, Reid ME, Telen MJ. Investi-
gations using a novel monoclonal antibody to the glyco-
sylphosphatidylinositol-anchored protein that carries
Gregory, Holley, and Dombrock blood group antigens.
Transfusion 1995;35:459–64.

52 Koch-Nolte F, Haag F. Mono(ADP-ribosyl)transferases
and related enzymes in animal tissues: emerging gene
families. Adv Exp Med Biol 1997;419:1–13.



398

15

termini [5] (Fig. 15.1). The two halves of AQP1 are se-
quence-related and each has three membrane-span-
ning domains and each has a loop, one extracellular (E
in Fig. 15.1) and one cytoplasmic (B), containing the
Asn-Pro-Ala (NPA) motif characteristic of the MIP
family. In accordance with several structural models
these two NPA motifs may interact within the mem-
brane to form a single aqueous channel spanning the
bilayer [6–8]. The first extracellular loop may be N-
glycosylated, the oligosaccharide resembling the N-
glycan of band 3 and expressing ABH activity [9].

The 17kb AQP1 gene consists of four exons encod-
ing amino acids 1–128, 129–183, 184–210, and
211–269, and has been localized, by in situ hybridiza-
tion, to chromosome 7p14 [10]. The AQP1 promoter
contained TATA and CCAAT boxes, SP1, AP1, AP2,
and E-box elements, and erythroid-specific CACCC
and Kruppel-like (CACCCA) elements [11].

Localization of AQP1 to the same region of chro-
mosome 7 as CO (Chapter 32) led to the discovery that
the Colton antigens are on AQP1. Smith et al. [9]
found that AQP1 could be selectively precipitated
with anti-Coa and -Cob from red cells of the appropri-
ate Colton phenotypes. Anti-Co3 precipitated AQP1
from Co(a+b–) and Co(a–b+) cells.

15.3 Coa and Cob (CO1 and CO2)

In 1967, Heistö et al. [12] gave the name anti-Coa to
three antibodies defining a new inherited public anti-
gen. Three years later Giles et al. [13] identified the 
antithetical antibody, anti-Cob, and a new blood
group polymorphism was born.

From seven separate studies with anti-Coa on a total
of 13460 white donors from northern Europe
[12,14,15], the USA [15], and Canada [16,17], 27
were Co(a–), giving a frequency for Coa of 99.8%.

15.1 Introduction

Colton is a relatively simple blood group system. It
consists of a single polymorphism, with high and low
incidence alleles represented by Coa and Cob antigens,
respectively. A third antigen, Co3, is present on all cells
save those of the null phenotype, Co(a–b–) (Table
15.1).

The CO locus is on chromosome 7p (Chapter 32)
and the Co(a–b–) phenotype is sometimes associated
with acquired chromosome 7 monosomy. The Colton
antigens are located on aquaporin-1, a water channel-
forming protein. An amino acid substitution accounts
for the Colton polymorphism (Table 15.1).

15.2 The Colton glycoprotein, aquaporin-1,
and the gene that encodes it

Aquaporin-1 (AQP1), an integral protein of red cell
and kidney membranes, is a member of the aquaporin
family of water channels (reviewed in [1,2]). Aqua-
porins are part of the major intrinsic protein (MIP) su-
perfamily of transmembrane channel proteins of
animals, plants, and bacteria (reviewed in [3]). AQP1
is of Mr 28000 in its unglycosylated form and 
40000–60000 in its glycosylated form. There are be-
tween 120000 and 160000 molecules per red cell,
arranged as tetramers, with each tetramer containing
one glycosylated molecule [4]. Polymerase chain reac-
tion (PCR) amplification of human fetal liver cDNA
template with degenerate oligonucleotide primers rep-
resenting the amino acid sequence of the N-terminal
region of AQP1 provided a probe for isolation of
AQP1 cDNA from a human bone marrow cDNA li-
brary. The sequence of the 807bp open reading frame
predicts a 269 amino acid polypeptide, which spans
the membrane six times and has cytoplasmic N- and C-
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From five series of tests with anti-Cob on 5186 white
donors from England [13], Canada [17], Australia
[18,19], and New Zealand [18], 443 (8.5%) were
Co(b+). Gene and genotype frequencies calculated
from these data (assuming that Coa and Cob are the
only alleles present) are shown in Table 15.2; those cal-
culated from the results of tests with anti-Coa correlate
remarkably well with those derived from tests with
anti-Cob. Very few studies are reported on other ethnic

groups. Of 1706 African Americans, all were Co(a+)
[15]. The following Cob frequencies were obtained:
4.6% in Miami Hispanics (799 tested) [20]; 2% in
Cree Indians (100 tested) [21]; 0.58% in Japanese
(2244 tested) [22].

The gene frequencies in Table 15.2 provide very
strong evidence that Coa and Cob are codominant and
that any third allele at that locus must be very rare.
This has been confirmed by family investigations
[12,15,17]. Apparent parental exclusions based on
Colton phenotypes in two families may be explained
by the presence of a rare silent allele, Co [23,24]. Sup-
port for this comes from single dose scores in titrations
with anti-Coa and -Co3 (Section 15.4).

The Colton polymorphism is associated with a
C134T change in exon 1, the Coa allele encoding ala-
nine at position 45 and the Cob allele encoding valine
[9]. This is on the first extracellular loop of AQP1
(loop A), close to the site of N-glycosylation (Asn42)
(Fig. 15.1). Altered glycosylation may prevent expres-
sion of Colton antigens; Xenopus oocytes expressing
human AQP1 do not bind anti-Coa [9]. A PfiMI re-
striction site is created by the Cob allele.

Coa and Cob are resistant to denaturation by the
proteases papain, trypsin, chymotrypsin, and pronase,
by sialidase, and by the disulphide bond reducing
agent 2-aminoethylisothiouronium bromide (AET).

Coa was not detected by flow cytometry on lympho-
cytes, monocytes, or granulocytes [25].

15.4 Co3 and the Co(a–b–) phenotype

In 1974 Rogers et al. [26] identified the awaited

Table 15.1 Antigens of the Colton system.

Relative 
No. Name frequency Comments

CO1 Coa High Allelic to Cob (CO2), 
Ala45

CO2 Cob Low Allelic to Coa (CO1), 
Val45

CO3 Co3 High Absent from Co(a–b–) 
cells

1
2

3

4

5

6

Fig. 15.1 Three-dimensional model for AQP1 in the plasma
membrane [1,2,6–8]. The six membrane-spanning domains
are shown as cylinders and numbered from the N-terminus.
A, C, and E represent the three extracellular loops; B and D,
two cytoplasmic loops. B and E are extended loops that pass
into the membrane to form a pore through which water
molecules pass. NPA represents the Asn-Pro-Ala motifs in
loops E and B. The N- and C-terminal domains are attached
to the cytoplasmic ends of the first and sixth membrane-
spanning domains, although the C-terminus is not visible.
CHO, N-glycan at Asn42. Ala45Val, site of Colton
polymorphism.

Table 15.2 Antigen, gene, and genotype frequencies in
white people, determined from tests with anti-Coa [12–17]
and -Cob [13,17–19].

With With 
anti-Coa anti-Cob

Antigens Coa 0.998
Cob 0.085

Genes Coa 0.955 0.956
Cob 0.045 0.044

Genotypes Coa/Coa 0.912 0.914
Coa/Cob 0.086 0.084
Cob/Cob 0.002 0.002
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Colton null phenotype, Co(a–b–), in a French-
Canadian woman and two of her four sibs. Her par-
ents and other two sibs were Co(a+b–). The serum of
the propositus contained an antibody, anti-Co3,
which reacted with all cells except those of the
Co(a–b–) phenotype and could not be separated into
anti-Coa and -Cob components by adsorption and elu-
tion. Five other unrelated Co(a–b–) Co:–3 individuals
are reported, all ascertained through the presence of
anti-Co3 and all of European extraction [27–31]. One
had a Co(a–b–) Co:–3 brother with anti-Co3 [27]. No
negative was found as a result of testing 40000 donors
(29000 North Americans, 9000 Australians, 2000
Finns) with anti-Co3 [30].

Molecular genetical analyses have been performed
on four Co(a–b–) Co:–3 propositi and each has a dif-
ferent background.
1 Homozygosity for a deletion encompassing most or
all of exon 1 [32].
2 Homozygosity for a single base insertion at nu-
cleotide 307 (exon 1), initiating a reading frameshift
after Gly104, in the third membrane-spanning domain
[32]. The mutations in cases 1 and 2 would result in no
production of a substantial proportion of the protein.
Consequently, no AQP1 would be expected in the 
red cell membrane, and none was detected by im-
munoblotting [32].
3 Homozygosity for C614A in exon 3, encoding
Asn192Lys [31]. This substitution converts the Asn-
Pro-Ala motif in the third extracellular loop (E in Fig.
15.1) to Lys-Pro-Ala. It is predicted that such a change
in this important motif would result in failure of the
protein to reach the membrane [31]. The two children
of the propositus were Co(a+b–) and heterozygous at
codon 192.
4 Homozygosity for C113T in exon 1, encoding
Pro38Leu [32]. Trace amounts of apparently normal
AQP1 were detected on immunoblots of red cell mem-
branes probed with monoclonal anti-AQP1 and the
red cells reacted weakly with an extremely potent (titre
32000) anti-Co3 [30]. Protein instability brought
about by the amino acid substitution probably ac-
counts for the low level of AQP1 in the membranes 
of this woman. Xenopus oocytes transfected with
AQP1 cDNA containing the Pro38Leu mutation had
osmotic water permeabilities higher than those trans-
fected with no AQP1 cDNA, but substantially lower
than those transfected with normal AQP1 cDNA [32].

Red cells of propositus 1 (above) had normal mor-

phology, haematocrit, and haemoglobin levels, but a
slightly reduced life span in vivo [33].

Red cells of a child with a unique form of congenital
dyserythropoietic anaemia (CDA), but no AQP1 
mutation, had less than 10% of normal AQP1 levels
and were Co(a–b–), but reacted normally with potent
anti-Co3 [34,35]. The patient’s red cells were also
CD44-deficient, In(a–b–), AnWj–, and had weak LWab

(see Chapter 21) and very low osmotic water perme-
ability. Red cells with other forms of CDA have normal
Colton antigens. The parents and sister of the patient
were Co(a+b–).

Like Coa and Cob, Co3 is resistant to protease, siali-
dase, and AET treatment of red cells.

15.5 Colton antigens and monosomy 7

Monosomy 7 of the bone marrow, the loss of one chro-
mosome 7 from haemopoietic stem cells, is a rare 
chromosomal abnormality associated with acute
myeloid leukaemia and preleukaemic dysmyelopoietic
syndromes. Monosomy 7 is often associated with
Co(a–b–) Co:–3 phenotype or with weakening of Coa

and Co3 [36–38]. Of 35 monosomy 7 patients, eight
had either Co(a–b–) Co:–3 or Co(a+wb–) Co3-weak
red cells [38]. None of these eight had been recently
transfused, whereas transfused red cells were present
in the circulation of 21 of the remaining 27 Co(a+b–)
patients. Either weakness of Colton antigens cannot
be detected in the presence of transfused cells or trans-
fusion confers some beneficial effect on the expression
of Colton antigens [38].

CO is located on chromosome 7 (Chapter 32).
Zelinski et al. [39] suggested that absence of Colton
antigens in some monosomy 7 patients results from
loss of one allele because of the monosomy and altered
expression of the product of the other allele brought
about by the concomitant haematological disorder.

15.6 Colton antibodies

15.6.1 Anti-Coa

Many examples of anti-Coa have been identified. Like
anti-Cob and -Co3, they are generally IgG and react
best by the antiglobulin test, especially if protease-
treated cells are used, although an agglutinating IgM
anti-Coa has been reported [40].

Anti-Coa has caused severe haemolytic disease of
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the newborn (HDN) [41] and has been implicated in
single cases of acute [42] and delayed haemolytic
transfusion reactions [43]. An in vivo survival study
with radiolabelled Co(a+b–) red cells suggested that
compatible blood should be provided for patients with
anti-Coa [40].

Anti-Coa in a Co(a+b+) patient, shown to have the
Coa/Cob phenotype by genomic analysis, was consid-
ered either to detect a partial Coa antigen or to be 
an autoantibody [44]. Considering the role of AQP1 
in the kidney (Section 15.7), autoanti-Coa might pro-
vide an explanation for the patient’s chronic renal 
insufficiency.

15.6.2 Anti-Cob

Anti-Cob, a relatively rare antibody, was not detected
in sera from 1430 transfused and non-transfused pa-
tients, or in sera from seven patients known to have
been transfused with Co(a–) blood [12]. Anti-Cob

is often found in sera containing other blood group 
antibodies.

Complement binding anti-Cob was responsible for
an acute haemolytic reaction in a patient transfused
with Co(a+b+) blood [45]. A mild delayed transfusion
reaction has also been attributed to anti-Cob [46]. In
vivo survival studies demonstrated accelerated de-
struction of radiolabelled Co(b+) cells in patients with
anti-Cob [47,48]. Cob is fully developed at birth [49],
but there is no report of serious HDN caused by 
anti-Cob.

15.6.3 Anti-Co3

Anti-Co3 has caused severe HDN requiring neonatal
transfusion with maternal blood [29,30]. Transfusion
of Co(a+b–) blood to a patient with anti-Co3 resulted
in a mild haemolytic reaction, but no renal impairment
[31]. A very high titred anti-Co3 consisted of IgG1,
IgG3, and some IgG2, was complement binding, and
was haemolytic in vitro [30].

A ‘mimicking autoanti-Co3’ in a non-Hodgkin’s
lymphoma patient with Co(a–b–) Co:3 red cells 
directly agglutinated most red cells, but a papain
antiglobulin test was required to demonstrate reactiv-
ity with the patient’s own cells and with Co(a–b–)
Co:–3 cells [50].

15.6.4 An antibody reactive only when Coa and
Cob are both present

An antibody produced by a Co(a+b–) patient reacted
with an antiglobulin test with 12 examples of
Co(a+b+) red cells, but not with eight examples of
Co(a–b+) or many examples of Co(a+b–) cells [51]. 
In Coa/Cob heterozygotes, it is feasible that binding 
of this antibody is dependent on the conformational
effects of interactions between valine and alanine at
position 45 of different molecules within AQP1
tetramers of the red cell membrane.

15.7 Functional aspects

AQP1 functions to form channels in the plasma mem-
brane that enhance osmotically driven water trans-
port. According to the model of Murata et al. [7], the
extended loops B and E in Fig. 15.1 form a channel
through the membrane with a pore diameter of about
3Å, only slightly larger than the 2.8Å diameter of 
a water molecule. Interaction with the asparagine
residues of the Asn-Pro-Ala motifs enhances transfer
of water molecules, while preventing H+ transport [7].
In addition to red cells, AQP1 is strongly expressed in
the proximal convoluted tubules and descending thin
limbs of the kidney and has also been detected in vari-
ous other epithelia and endothelia. AQP1 has a role in
reabsorption of water from the glomerular filtrate in
the proximal tubule and thin descending loop of Henle
[1,2]. AQP1 may also enable red cells to rehydrate
rapidly after their shrinkage in the hypertonic environ-
ment of the renal medulla [52]. This would act in con-
cert with the urea transporter, which also serves to
reduce cell shrinkage in the renal medulla by enhanc-
ing the permeability of the red cell to urea (Section
9.6). Red cell AQP1 might also play a part in CO2

transport in the peripheral blood. Xenopus oocytes
expressing AQP1 demonstrated significantly in-
creased CO2 permeability in the presence of carbonic
anhydrase, compared with oocytes not expressing
AQP1 [53]. However, no difference was detected 
between CO2 permeability of red cells from wild-
type and AQP1 knockout mice [54]. AQP1 has been
detected in several other organs and tissues: lung,
where it may be involved in maintaining water bal-
ance; brain, where it could play a part in regulation of
cerebospinal fluid; and eye, where it might have a role
in secretion and uptake of the aqueous humour [1,2].
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Three Co(a–b–) propositi had about an 80% reduc-
tion in red cell osmotic water permeabilities and no
AQP1 from renal tubules could be detected by im-
munoblot analysis of their urinary sediment [32], yet
no health defect appeared to be associated with the
AQP1 deficiency (see Section 15.4). AQP1-null mice
were grossly normal, but became severely dehydrated
and lethargic compared with control mice after water
deprivation for 36h [55]. It is therefore likely that
AQP1 in the thin descending limb of Henle is required
for the production of concentrated urine during times
of water shortage [56]. AQP1 function in renal tubules
may be shared with other members of the aquaporin
family, possibly AQP2, absence of which results in a
rare form of nephrogenic diabetes insipidus [1,2]; in
red cells the function may be shared with AQP3, which
probably functions mainly as a water and glycerol
channel [57].
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they were easily adsorbed by D– cells and therefore re-
sembled animal ‘D-like’ antibodies [7]. The red cells of
these women did not react with guinea pig anti-Rh,
even by adsorption–elution [8]. As the name Rh was
firmly established in the literature and in common
usage for the clinically important CDE groups, Levine
et al. [8] suggested that the antigen defined by the ani-
mal and rare human ‘D-like’ antibodies be called LW
in honour of Landsteiner and Wiener.

Although LW and D are different antigens, they are
phenotypically related. D+ cells of adults express LW
more strongly than D– cells, so anti-LW is easily mis-
taken for anti-D unless adsorption tests are done or
rare D+ LW– cells are used. Rhnull cells, which lack all
Rh antigens, also lack LW [8].

To distinguish the different LW+ phenotypes of D+
and D– cells, Levine and Cellano [9] named the former
LW1 and the latter LW2. Swanson et al. [10] observed
that red cells of LW– people with anti-LW in their
serum [11,12] were not always mutually compatible.
To accommodate this, numbering of LW phenotypes
was extended [13]: LW– red cells (with normal Rh
antigens) were divided into LW3 and LW4. LW3 red
cells did not react with anti-LW made by LW3 individ-
uals, but did react with anti-LW made by LW4 individ-
uals, whereas LW4 cells did not react with any LW
antibodies.

A further complication is transient LW– phenotype
[14]. This non-inherited phenotype, called acquired
LW–, is often indistinguishable from LW3 or LW4 (Sec-
tion 16.6).

A new low incidence antigen, Nea, present in 5–6%
of the Finnish population [15], was found to have a
phenotypic relationship with D similar to that of LW
[16]. Sistonen and Tippett [17] observed that anti-Nea

16.1 Introduction and history

A phenotypic relationship between LW and the Rh
antigen D delayed recognition of LW as an independ-
ent blood group system for at least 20 years, until
1963. Only in 1982 was LW resolved into a three-
antigen system (Table 16.1).

The first anti-LW, described by Landsteiner and
Wiener [1] in 1940, was called anti-Rhesus and re-
sulted from immunizing rabbits, and later guinea 
pigs, with blood from the monkey Macacus rhesus.
This antibody appeared to be of the same specificity as
a human alloantibody described, but not named, by
Levine and Stetson [2] in 1939. Both human and ani-
mal antibodies were called anti-Rh.

As early as 1942, Fisk and Foord [3] demonstrated
that guinea pig anti-Rh differed from human anti-Rh
(later called anti-D) when they observed that red cells
from all neonates, whether Rh-positive (D+) or Rh-
negative (D–) as defined by the human anti-Rh, were
positive with guinea pig anti-Rh. In 1952, Murray and
Clark [4] produced anti-Rh by immunizing guinea
pigs with either Rh-positive or Rh-negative adult
human red cells, or with heat extracts from those 
cells. Levine et al. [5,6] repeated and confirmed this
work and also showed that animal anti-Rh agglutinat-
ed D+ cells with the D antigen ‘blocked’ by non-
agglutinating anti-D; effective blocking was demon-
strated by the failure of these cells to be agglutinated by
human anti-D. Furthermore, adsorption–elution tests
demonstrated that the animal anti-‘D-like’, as it was
now called, bound to D– cells, although it only agglu-
tinated D+ cells.

Two D+ women made alloantibodies that appeared
to be anti-D, but which behaved atypically because

LW blood group system
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and anti-LW made by LW3 individuals were detecting
the products of alleles. This led to the renaming of the
LW system antigens: the antigen detected by the 
anti-LW of LW3 individuals became LWa; Nea became
LWb; LW4 phenotype became LW(a–b–); and the 
antigen detected by the anti-LW of LW4 individuals 
became LWab (Table 16.2).

The LWa, LWb, LWab notation will be used in this
chapter wherever possible, although this is sometimes
difficult as many publications predate the discovery of
anti-LWb and it is not always possible to decide
whether ‘anti-LW’ were really anti-LWa or anti-LWab.
In the International Society for Blood Transfusion
(ISBT) notation, use of the numbers LW1 to LW4 has
been avoided to prevent confusion with the old pheno-
type designations (Table 16.1).

LW antigens reside on a red cell membrane glyco-
protein of about Mr 40000 named CD242 or ICAM-
4, an intercellular adhesion molecule (Section 16.8).
The LWa/LWb polymorphism is associated with a
Gln70Arg substitution (Section 16.3.2).

The LW locus is located on chromosome 19p13.3
(Chapter 32).

16.2 The LW glycoprotein (ICAM-4) and 
the gene that encodes it

Immunochemical analyses with alloanti-LWab (Mrs
Big. serum) and monoclonal anti-LWab demonstrated
that LW antigens are located on a red cell membrane
component of about Mr 40000 [18–21]. A broad band
representing Mr 37000–47000 obtained by im-
munoblotting with monoclonal anti-LWab under non-
reducing conditions was ‘sharpened’ to Mr 36000–
43000 when sialidase-treated ghosts were used, sug-
gesting that the size range is because of heterogeneity
of sialylation [18]. LW glycoprotein is O- and N-
glycosylated. Its Mr was reduced by 2000 and 17000
following treatment with O-glycanase and N-
glycanase, respectively [21]. The presence of ethylene-
diaminetetra-acetic acid (EDTA) inhibits expression
of LWa, LWb, and LWab on red cells [19]. Antigen 
expression could be restored to normal by Mg2+ ions,
but not by Mn2+ or Ca2+.

Comparison of the LW glycoprotein with Rh pro-
tein by two-dimensional chymotryptic iodopeptide
mapping dispelled any possibility that the LW glyco-
protein is a glycosylated form of an Rh protein or that
Rh polypeptide is a precursor of LW glycoprotein
[21,22]. An Mr 31000 Rh protein appeared to be co-
precipitated with LW glycoprotein and so these struc-
tures may be associated within the membrane as part
of a non-covalently bonded functional complex, the
Rh cluster.

Bailly et al. [23] obtained partial amino acid se-
quences from LW glycoprotein purified by im-
munoaffinity with monoclonal anti-LWab (BS46).

Table 16.1 Antigens of the LW system.

Relative 
Number Name frequency Comments

LW5 LWa High Antithetical to 
LW6 (LWb); 
Gln70

LW6 LWb Low Antithetical to 
LW5 (LWa); 
Arg70

LW7 LWab High

LW1 to LW4 are obsolete as they were previously used as phenotype
designations.

Table 16.2 LW phenotypes and genotypes.

Old notation Current notation
Reactions with anti-

Phenotype Phenotype Genotype LWa LWb LWab

LW+ LW1 or LW2 � LW(a+b–) LWa/LWa or LWa/LW + - +
LW(a+b+) LWa/LWb + + +

LW– LW3 LW(a–b+) LWb/LWb or LWb/LW - + +

LW– LW4 LW(a–b–) LW/LW - - -

Rhnull LW0 LW(a–b–) - - -
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Oligonucleotide primers based on these sequences
were designed and the polymerase chain reaction
(PCR) amplification product was used to screen a
human bone marrow cDNA library. The nucleotide 
sequence of an isolated cDNA clone predicted a
polypeptide of Mr 26500. A rabbit antibody raised to
a synthetic peptide with a sequence corresponding to
the 15 N-terminal amino acids reacted with the puri-
fied LW glycoprotein on immunoblots and aggluti-
nated, in an antiglobulin test, all red cells tested apart
from those with the LW(a–b–) phenotype. D+ cells
were more strongly agglutinated than D– cells.
LW(a–b+) D+ cells reacted only weakly. The original
LW sequence [23] contained errors involving three
bases affecting the sequence of 16 amino acids in the
signal peptide [24].

LW cDNA encodes a 271 amino acid protein with a
30 residue signal peptide, a 208 amino acid N-terminal
extracellular domain, a 21 amino acid hydrophobic
membrane spanning domain, and a 12 amino acid C-
terminal cytoplasmic domain [23]. There are potential
N-glycosylation sites at Asn38, Asn48, Asn160, and
Asn193 (counting from the N-terminus of the mature
protein [23]). Typical N-glycosylation at all four sites
would produce a glycoprotein of Mr 38000–46000.
The proposed presence of three disulphide bonds at
three pairs of cysteine residues (Cys39–Cys83,
Cys123–Cys180, Cys43–Cys87) is supported by the
sensitivity of LW antigens to thiol-reducing agents.

The LW glycoprotein is a member of the im-
munoglobulin superfamily (IgSF), with two I-set IgSF
domains (Fig. 16.1) (see Section 6.2.2). It is structur-
ally related to the intercellular adhesion molecule
ICAM-2, and to the first two IgSF domains of ICAM-1
and ICAM-3. Three-dimensional models of LW glyco-
protein have been built, based on the crystal structure
of ICAM-2 [25,26]. The potential function of LW 
glycoprotein, also known as ICAM-4, is discussed in
Section 16.8.

The 2.65kb LW gene is organized into three exons
[27] (Fig. 16.1). Exon 1 encodes the 5¢ untranslated se-
quence (96bp), the signal peptide, and the first IgSF
domain. Exon 1 is separated by a 129-bp intron from
exon 2, which encodes the second IgSF domain and 
is separated by a 147-bp intron from exon 3, which 
encodes the transmembrane domain, the cytoplasmic
tail, and 3¢ untranslated sequence. The promoter re-
gion has no TATA or CAAT box, but includes poten-
tial binding sites for transcription factors, including

those involved in erythroid and megakaryocytic 
expression [27]. LW has not been detected on 
megakaryocytes.

16.3 LWa and LWb (LW5 and LW6)

16.3.1 Frequency

In most populations, LWa and LWb are antigens of very
high and low frequency, respectively. Polymorphism
of LW was first observed in the Finnish population
[15,17]. The highest frequency of LWb has been found
in Baltic Latvians and Lithuanians, and LWb appears
to be a Baltic marker, its presence in other populations
being an indicator of the degree of Baltic genetic influ-
ence [28] (Table 16.3).

The calculated gene, genotype, and phenotype fre-
quencies for the Finnish population are as follows.
LWa 0.971 LWa/LWa LW(a+b–) 0.9429

LWa/LWb LW(a+b+) 0.0563
LWb 0.029 LWb/LWb LW(a–b+) 0.0008

16.3.2 Inheritance LWa and LWb and the
molecular basis of the LW polymorphism

Prior to the identification of anti-LWb, all LW(a–)
propositi with normal Rh groups were ascertained
through their antibody (for LW reviews at this time,
see [7,13,29]). The inherited LW(a–) phenotype could
only be distinguished from the acquired phenotype by
family studies. Family studies have confirmed that

Fig. 16.1 Diagrammatic representation of the LW
glycoprotein (ICAM-4) showing the two extracellular I-set
IgSF domains, each with two N-glycans, the transmembrane
domain (TM), and the cytoplasmic tail (cyt). Also shown is
the relationship of the protein structure to the three exons of
the LW gene.
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LWa and LWb are codominant alleles [15,30]. Before
the relationship of LW and Nea was appreciated, the
genes responsible for their production had been shown
to be independent of the RH complex locus
[8,10,11,15,31,32], and this was confirmed by the
Finnish family studies [30].

The LWa/LWb polymorphism is associated with an
A308G base change in exon 1 of LW, encoding a
Gln70Arg substitution in the first IgSF domain of the
LW glycoprotein [24]. This was confirmed by detec-
tion of LWa and LWb on COS-7 simian cells transiently
transfected with LWa and LWb cDNA, respectively.
The LWb allele lacks a PvuI restriction site. Mono-
clonal anti-LWab bound more strongly to COS-7 cells
transfected with LWa cDNA, than with those trans-
fected with LWb cDNA [24].

16.4 LW(a–b–) and LWab (LW7)

Inherited LW(a–b–) phenotype is exceedingly rare. Of
10552 Canadians tested with anti-LWab, none was
negative [12]. The original propositus, a white 
Canadian antenatal patient (Mrs Big.) with anti-LWab,
had an LW(a–b–) brother [12,17]. Red cells of her
three children reacted with her anti-LWab, but the cells
of two of them reacted only weakly. The LW-null phe-
notype of Mrs Big. results from homozygosity for a 10-

bp deletion in exon 1 (codons 86–89) of an LWa gene,
which introduces a premature stop codon and encodes
a truncated protein lacking transmembrane and cyto-
plasmic domains [27].

The only other propositus was a previously trans-
fused patient from Papua New Guinea, also ascer-
tained through anti-LWab [33]. He had an LW(a–b–)
sister. His LW(a+b–) son had normal LWa and LWab

red cell antigens, whereas red cells of his LW(a+b–)
daughter had weak expression of LWa and LWab.

16.5 LW expression and effects of enzymes
and reducing agents

16.5.1 Phenotypic relationship to D

Stronger reactions with D+ than D– cells have been
noted for many anti-LWa and -LWab [9,11,12,31]. For
some sera this difference is so great that the antibody
could be misidentified as anti-D. Inconsistency in the
ability of LW antibodies to distinguish D+ from D–
cells may reflect different ratios of IgM: IgG (see Sec-
tion 16.7.1.2). Estimation of antigen site density with
monoclonal anti-LWab gave the following results: D+
adult, 4400; D– adult, 2835; D+ cord, 5150; D– cord,
3620 [18].

It has been reported that the strength of expression
of LW on D+ red cells is not influenced by the CcEe
antigens or by D zygosity [34]. However, Gibbs [35]
showed that the strength of LW reflected D antigen
strength: DcE/DcE cells had more D and LW than
DcE/dce, which had more than DCe/dce cells. Red cells
with weak D (Du) gave similar strength reactions to D–
cells in titrations of anti-LWa [34]. LWb has a similar
relationship with D [16], but because LWb is a low 
incidence antigen anti-LWb would never be mistaken
for anti-D.

16.5.2 Development of LW

LW is expressed strongly on the red cells of neonates.
Animal anti-LW react more strongly with red cells
from cord blood samples, both D+ and D–, than with
those of adults; human anti-LW do not always make
this distinction so clearly [34]. The strength of LW
antigens, as judged by guinea pig anti-LW, decreases
from birth until the adult level is reached at about 5
years of age [34]. During erythropoiesis in vitro LW
appears either at the erythroid colony-forming unit

Table 16.3 Frequency of the LWb allele in various
populations [28].

No. LWb

Population tested frequency

Latvians 677 0.059
Lithuanians 829 0.057
Estonians* 800 0.040
Finns 6270 0.029
Russians (Vologda area) 383 0.022
Poles (Poland and USA) 747 0.020
Swedes (Gotland) 199 0.010
Swedes* (Lund) 395 0.003
Hungarians (Budapest) 421 0.004
Swiss* 502 0.001
Belgians (Liège) 211 0
Japanese (Osaka) 500 0
African Somali 1020 0

*Tested for LWb only.
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(CFU-E) stage [36] or later at the proerythroblast stage
[37].

16.5.3 Dosage effects

Some effect of gene dosage was observed by Sistonen 
et al. [30]: 722 of 10014 LW(a+) red cell samples from
Finns gave weak reactions with anti-LWa and were
subsequently tested with anti-LWb; 374 of these were
LW(b+). From the gene frequencies only 41 of 722
LW(a+) Finns would be expected to be LW(b+) if they
had not been partially selected by gene dosage. The
strength of the D antigen is far more important than
LWa and LWb zygosity in determining the strength of
LWa and LWb antigens.

16.5.4 Effects of enzymes and reducing agents

LWa, LWb, and LWab are unaffected by treatment of 
intact cells with the proteases papain, ficin, trypsin, or
chymotrypsin, but are destroyed by pronase [38].
Treatment of intact red cells with sialidase has no 
affect on their reaction with anti-LWa or anti-LWab

[39]. The disulphide bond-reducing agents dithiothre-
itol (DTT) and 2-aminoethylisothiouronium bromide
(AET) either destroy or greatly reduce LWa and LWab

activity on red cells [39,40].

16.6 Acquired LW-negative phenotypes and
transient anti-LW

The expression of LW on red cells can be affected by
non-genetic factors. The acquired LW-negative pheno-
type is associated with loss of LWa and, possibly, LWab

and LWb, and is generally found through the presence
of anti-LWa or -LWab in the patient’s serum. Both anti-
gen loss and antibody production may be temporary.

The first and fullest description of this phenomenon
is the report by Giles and Lundsgaard [14] of transient
anti-LW in the serum of a D– woman during her first
pregnancy. Just before delivery her serum contained
anti-C+D and -LW, and her cells were considered 
LW–, although they gave a weakly positive direct
antiglobulin test (DAT). A year after delivery her red
cells were LW+ and her anti-LW had disappeared.
Chown et al. [41] suggested that transient production
of anti-LW may not be very rare when they reported
three more examples, two in pregnant D– women and
one in a transfused D+ patient. They proposed that the

red cells had genuinely lost their LW antigens and that
the phenotype did not result from blocking of antigen
sites by anti-LW.

Eleven of 18 D– men immunized with D+ red cells
transiently produced an antibody resembling anti-LW,
suggesting that anti-LW may be an antecedent in the
immune response leading to production of anti-D
[41]. Three months after transplantation of a D+ boy
with bone marrow from his D– sister, anti-LW and
anti-D were present, presumably resulting from a pri-
mary response of transplanted lymphocytes [42].
After 2 years the anti-LW had disappeared and very
weak anti-D remained.

The expression of LW on red cells may be depressed
during some diseases and re-expressed at normal
strength in remission. Several similar examples are
known in patients with lymphoma, leukaemia, sar-
coma, and other forms of malignancy [29,43–45].
Such patients, found because of anti-LWa or -LWab in
their sera, often die without regaining normal strength
LW antigens. Two cycles of relapse associated with
LW(a–) phenotype and production of anti-LWa, fol-
lowed by regaining of LWa antigen and disappearance
of antibody during chemotherapy-induced remission,
occurred in a Japanese patient with malignant lym-
phoma [45]. Occasionally, transient LW-negative phe-
notype occurs in the absence of malignancy, apparent
immunological disorder, or pregnancy [46,47].

Red cells of most people with an acquired LW(a–b–)
phenotype are, as expected, non-reactive with anti-
LWab. Occasionally, however, acquired LW(a–) red
cells react with anti-LWab, suggesting that either con-
formational changes in the LW glycoprotein are in-
volved or a truncated protein, possibly lacking the first
IgSF domain, is present.

There appears to be a reciprocal relationship be-
tween the amount of LW antigen expressed on red cells
and the broadness of the specificity of the anti-LW in
the serum [41]. Red cells of some LW(a–b–) patients
are LWab+ and their transient antibodies behave as
anti-LWa; others are LWab-negative and they make
anti-LWab. Many transient ‘anti-LW’ cannot be fitted
neatly into anti-LWa or anti-LWab specificity, presum-
ably reflecting an intermediate stage.

An LW(a–) LWab+ patient with anti-LWa in his
serum when first tested, later became LWab– during
terminal illness [30]. Two brothers and two daughters
of the patient were LW(a–) LWab+. (The patient was
married to his cousin.) Subsequently, available family
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members were tested with anti-LWb: one brother and
both daughters were LW(b+). The patient’s cells recov-
ered from frozen storage were LW(b–) by direct test-
ing, but adsorbed anti-LWb, suggesting that LWb may
be lost with the other LW antigens.

16.7 LW antibodies

16.7.1 Alloantibodies

16.7.1.1 Anti-LWa

Alloanti-LWa are found in the sera of immunized
LW(a–b+) individuals. Unless the red cells of the anti-
body maker are tested with anti-LWb, other LW(a–) 
individuals are present in the family, or the antibody
maker is shown to be LWb/LWb by genomic testing, it
is almost impossible to distinguish true alloanti-LWa

from that associated with an acquired LW(a–) pheno-
type. Most examples of alloanti-LWa have probably
been stimulated by transfusion; one is attributed 
solely to pregnancy [29], another to immunization of a
male volunteer for production of anti-D [48].

16.7.1.2 Anti-LWab

There are only two examples of alloanti-LWab, the 
antibodies of the only two propositi known to have 
an inherited LW(a–b–) phenotype [12,33]. The first
propositus (Mrs Big.) had been pregnant three times,
but never transfused. Initially, the anti-LWab was very
potent, reacting much more strongly with D+ (1 :
32000) than with D– cells (about 1 : 1000). When the
antibody decreased in titre it no longer distinguished
D+ from D– cells [12]. Perrault [49] separated the
serum into IgM and IgG components and found that
the fractions with greatest amount of IgM were most
efficient in distinguishing D+ from D– cells.

16.7.1.3 Anti-LWb

Several anti-LWb have been found in Finland [50]. Al-
though the original anti-LWb serum did not contain
any other irregular antibodies, other reagents have
contained additional antibodies such as anti-K, -Kpa,
and -Ula. All the Finnish makers of anti-LWb were D+,
suffered from chronic haematological disease, and
were multitransfused [50].

16.7.1.4 Transient antibodies

Transient antibodies should probably be considered
autoantibodies because they are produced by geneti-
cally LW+ individuals. Although red cells of people
with transient LW antibodies often give a positive
DAT, in some cases the red cells have an acquired LW–
phenotype and the anti-LW behaves as an alloanti-
body (Section 16.6). These antibodies are difficult to
distinguish from true alloantibodies and, from a trans-
fusion point of view, are generally managed in the
same way. True alloantibodies, transient antibodies,
and those of undetermined status will be considered
together for clinical significance.

16.7.1.5 Clinical significance

No LW antibody has been responsible for a transfu-
sion reaction or for haemolytic disease of the new-
born (HDN). Many patients with anti-LWa or -LWab

have been successfully transfused with crossmatch-
incompatible D– red cells [43,45–47,51,52] and the
very potent anti-LWab of Mrs Big. caused no more than
minimal evidence of HDN in her D– third baby [12].

LW antibodies are mostly IgG, with IgG1 the main
component [46,48,51]. One anti-LWa was IgM and
IgG [11] and another was inactive by an antiglobulin
test and was probably IgM [32]. In most patients with
anti-LWa or -LWab, where in vitro phagocytosis assays
or in vivo red cell survival studies have been carried
out, the results predicted that transfusion with D– cells
would be efficacious [45,46,48,51,52]. Exceptions
were two examples of IgG3 anti-LWab [44,53]. In one
only 53% of radiolabelled D– LW+ red cells remained
1h after injection into the patient and both antibodies
produced high scores in mononuclear phagocyte 
assays. In vivo red cell survival tests in a patient with
potent anti-LWb resulted in a rapid elimination of radi-
olabelled LW(b+) (D type not specified) cells, with a
half-life of 2–5h [15]. An occasional LW antibody
might have the potential to be haemolytic, but this has
not been demonstrated in vivo.

16.7.2 Autoantibodies

16.7.2.1 Cold autoanti-LW

In screening 45000 blood samples, Perrault [49]
found 10 examples of autoanti-LW. Most of the anti-
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body makers were healthy blood donors or were preg-
nant, although one had ulcerative colitis and the other
a buccal tumour. The antibodies were not associated
with any increased red cell destruction. These anti-
bodies could only be detected by a low-ionic strength
polybrene method in an AutoAnalyser at temperatures
below 37°C; they were not detectable by manual 
techniques.

16.7.2.2 Autoimmune haemolytic anaemia

Levine [54] suggested that anti-LW is the most fre-
quent antibody in cases of autoimmune haemolytic
anaemia (AIHA) with a positive DAT. Celano and
Levine [55] used LW(a–b+) cells to adsorb eluates from
red cells of six AIHA patients and found anti-LWa in all
six; one eluate contained only anti-LW. Vos et al. [56],
using LW(a–b–) LWab– cells, found that six of eight
eluates from red cells of patients with warm 
AIHA contained anti-LW, although never as the sole
antibody.

16.7.3 Animal antibodies

Anti-LW was first made in rabbits [1] and later, more
successfully, in guinea pigs. Anti-LW has been stimu-
lated in these animals by injections of red cells from
rhesus monkeys (Macaca mulatta), from baboons, and
from D+ or D– humans [1–6,9,34,57–59]. Heat ex-
tracts of human D+ and D– cells also stimulate 
anti-LW [4–6].

Guinea pig and rabbit anti-LW failed to react with
LW(a–b+) cells, so behaved as anti-LWa. There is no
evidence that anti-LWab has been produced by these
animals because there is no reported study with both
LW(a–b+) and LW(a–b–) cells.

LW(a–b+) and LW(a–b–) (Mrs Big.) red cells are able
to stimulate anti-LW in guinea pigs [56,57]. Only
Rhnull cells have failed to elicit any such response in 
animals [54,57,60]. The response to red cells of Mrs
Big. is surprising. Considering the nature of the muta-
tion responsible for her LW-null phenotype, no LW
glycoprotein would be expected to be present in her
red cell membranes (Section 16.4).

16.7.4 Monoclonal anti-LWab

Of four monoclonal antibodies identified as anti-
LWab, three (IgG1) were derived from mice immunized

with human red cells (BS46, BS56, BS87) [61,62], and
one (IgM) from a mouse immunized with rhesus mon-
key red cells (NIM-M8) [63]. The four antibodies re-
acted with all cells except those of LW(a–b–) and Rhnull

phenotypes; LW(a–b+) cells gave strongly positive re-
actions with three of the antibodies, but BS87 only re-
acted with papain treated LW(a–b+) cells [62]. Three
of the reagents reacted much more strongly with D+
cells than with D– cells [61,62]. Binding of the murine
anti-LWab to red cells could be totally blocked by
human anti-LWab and partially blocked by human
anti-LWa; anti-D did not inhibit the reaction [61]. 
Domain-deletion experiments suggested that the epi-
topes for the three IgG antibodies are on the first IgSF
domain [25]. Five other monoclonal antibodies to the
LW glycoprotein, five binding to domain 1 and one to
domain 2, were produced by immunizing mice with a
recombinant chimeric protein consisting of the two
IgSF domains of LW and the Fc fragment of IgG1 [64].

16.8 Functional aspects

ICAMs are intercellular adhesion molecules, a group
of five related structures belonging to the IgSF (see Sec-
tion 6.2.2) [65,66]. The N-terminal domain of ICAM-
4, the LW glycoprotein (CD242), is an I-set IgSF
domain that shares about 30% sequence identity with
that of the other ICAMs [23]. ICAM-2 (CD102), like
ICAM-4, has two IgSF domains; ICAM-1 (CD54) and
ICAM-3 (CD50) each have five IgSF domains; ICAM-
5 has nine domains [66].

ICAMs are ligands for integrins, adhesion mole-
cules consisting of heterodimers for various a and b
transmembrane subunits. Eighteen different a sub-
units combine with eight different b subunits to form
over 20 different integrins [67]. ICAMs bind the
CD11a/CD18 (aLb2) integrin LFA-1 (lymphocyte
function-related antigen-1), which is present on 
lymphocytes, granulocytes, monocytes, and macro-
phages [66]. However, there is some controversy over
which integrins function as ligands for ICAM-4
[25,26,66,68]. Although this could be because of the
different experimental techniques used by different 
research teams, it might also reflect promiscuity in
ICAM-4 ligand binding.

Despite the absence of a conserved sequence motif
considered critical for LFA-1 binding and present in
ICAM-1, -2, -3, and -5, the Paris group [25,68] found
that ICAM-4 is a ligand for LFA-1 and also for the
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CD11b/CD18 integrin Mac1 (aMb2), a ligand for
ICAM-1. Binding of leucocyte cell lines, including
monocytes, B, T, NK, and THP-1 cells, to immobilized
ICAM-4 isolated from red cells was blocked by anti-
CD18 and binding to T cells was also blocked by anti-
CD11a [68]. Transfected mouse fibroblasts expressing
human LFA-1 or Mac1 adhered to an immobilized re-
combinant ICAM-4-Fc construct [25]. This adhesion
could be blocked by monoclonal anti-CD11a, 
-CD11b, -CD18, and -LWab. Results of domain-
deletion experiments suggest that LFA-1 binds the first
IgSF domain of ICAM-4, whereas Mac1 binding re-
quires both domains. Immobilized LFA-1 and Mac1
integrins bound red cells, which do not have ICAM-1,
-2, or -3 [68].

The Bristol group [26,66] found that ICAM-4 is a
ligand for the integrin very late antigen-4 (VLA-4,
CD49d/CD29, a4b1) on haemopoietic cells and for av

(CD51) integrins (predominantly aVb1 and aVb5) on
non-haemopoietic cells. This was demonstrated by 
immobilizing a recombinant ICAM-4-Fc fusion pro-
tein, containing both ICAM-4 IgSF domains, and 
inhibiting adhesion of haemopoietic and non-
haemopoietic cell lines with peptides and monoclonal
antibodies. Site-directed mutagenesis revealed that
neither of the putative binding motifs in the first IgSF
domain is critical for integrin binding, so a novel inte-
grin-binding mechanism must be involved.

Although the other ICAMs are adhesion molecules
of lymphocytes, granulocytes, and monocytes, and
may be more widely expressed, it appears that ICAM-
4 (LW) is restricted to erythroid cells and, possibly, 
placenta [66]. LW transcripts were only detected in
erythroblasts and fetal liver, and not in a B lymphocyt-
ic cell line [69] (although there is one report of LWab

expression on subsets of B and T lymphocytes [63]).
During erythropoiesis in vitro, LW appears either at
the CFU-E stage [36] or later at the proerythroblast
stage [37]. An important phase in erythropoiesis is the
clustering of erythroblasts around bone marrow
macrophages to form erythroblastic islands. The 
erythroblast can then extrude its nucleus, which is in-
gested by the macrophage. Adhesive interactions be-
tween ICAM-4 and VLA-4 on adjacent erythroblasts
and between ICAM-4 on erythroblasts and av inte-
grins on macrophages may assist in the stability of
these erythroblastic islands [26,66]. Binding of red
cells to macrophages in the spleen through adhesive in-
teractions involving ICAM-4 could also play a part in

the removal of senescent red cells [66]. However, the
functional importance of LW must be considered in
light of the absence of any obvious pathology associat-
ed with ICAM-4 absence in the inherited LW(a–b–)
phenotype and in Rhnull.

Like the Lutheran glycoprotein, expression of
ICAM-4 may be elevated on sickle red cells and anti-
bodies to ICAM-4 partially inhibit adhesion of sickle
red cells to activated endothelium [66]. Interactions
between ICAM-4 on red cells and av integrins on the
endothelial cells of vessel walls may be involved in the
microvascular occlusions that produce the painful
crises of sickle cell disease.

16.9 LW antigens in animals

Summarizing work with animal anti-LW from several
laboratories shows that LW antigen has been detected
on red cells of all primate species tested, including
chimpanzee, gorilla, orang-utan, baboon, and a 
variety of other species of monkey [1,6,58,70,71]. LW
has not been found on the red cells of any of the non-
primate species tested: rabbit, mouse, rat, sheep, goat,
horse, and cattle.
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Inhibition techniques therefore are more effective 
than testing of red cells for phenotype determination.
Ch– red cells can be converted to Ch+ by incubation 
in Ch+ plasma [4,5]. About 97% of white donors are
Ch+ [3,6]. The gene controlling Ch production is in-
herited as an autosomal dominant character and the
locus is strongly linked to HLA [7].

When Longster and Giles [8] described anti-Rg
(Rodgers), the resemblance to anti-Ch was patent: the
antibody reacted with red cells of about 97% of white
people, strength of red cell Rg expression was variable,
and the reaction with Rg+ red cells was specifically in-
hibited by Rg+ plasma. The high frequencies of both
Ch and Rg precluded an allelic relationship, yet the ex-
cessive rarity of the Ch– Rg– phenotype suggested 
a genetical association. The locus controlling Rg 
expression is also very tightly linked to HLA, with
strong association between Rg– and HLA-B8 [9,10].
The gene producing Rg antigen is inherited in an auto-
somal dominant fashion [8,9].

About 2.5% of Rg+ plasmas were partially effective
in inhibiting anti-Rg and initially appeared to repre-
sent a quantitative variant [8]. Partial inhibition of
anti-Ch and -Rg was later shown to be caused by some
Ch/Rg antisera containing antibodies to more than
one determinant [6,11–15]. This polyspecificity be-
came the basis of much of the complexity described in
Section 17.5.

Reliable results can be obtained by testing red 
cells with anti-Ch or -Rg if a suitable technique is 
used [16,17]. Ch and Rg antigens are expressed less
strongly on cord cells than on red cells of adults, al-
though cord and adult plasma are equally effective at
inhibiting Ch/Rg antibodies [3,18,19]. The effect of
enzymes on Ch and Rg antigens will be described in
Section 17.3.

17.1 Introduction

Chido and Rodgers antigens are not located on intrin-
sic red cell structures, but on the fourth component of
complement (C4), which becomes bound to the red
cells from the plasma. As Chido/Rodgers antigens are
readily detected on red cells by conventional blood
grouping methods and were considered to be blood
group antigens before the association with C4 was dis-
closed, they have been adopted as the seventeenth
blood group system. Currently, nine Chido/Rodgers
antigens have been defined [1]: Ch1 to Ch6, Rg1, and
Rg2 have frequencies greater than 90%; W.H. has 
an incidence of about 15%. A complex relationship
exists between these nine determinants and poly-
morphic variation of the C4 a-chain.

In Section 17.2, anti-Ch and -Rg will be considered
as simple monospecific antibodies, and their complex-
ities are discussed in Section 17.5.

17.2 Basic serology

Antibodies to a relatively high frequency antigen,
called anti-Chido (anti-Ch) by Harris et al. [2], were
described as ‘nebulous’ because antigen strength was
variable and difficulty in distinguishing weakly posi-
tive from negatively reacting red cells could not be re-
solved by adsorption experiments. All seven of the
original anti-Ch sera were found in multiply trans-
fused patients; in six of them no other atypical anti-
body was detected [2]. Middleton and Crookston [3]
found that the reaction of anti-Ch with Ch+ red cells
was inhibited by plasma from Ch+, but not Ch–, indi-
viduals. Furthermore, plasma of people with weak Ch
expression on their red cells was as effective in inhibi-
tion tests as plasma from strongly Ch+ individuals. 

Chido/Rodgers blood group system

17.1 Introduction, 414
17.2 Basic serology, 414
17.3 Ch and Rg antigens are located on C4,

415
17.4 Further complexities of C4, 417

17.5 Further complexities of Chido and
Rodgers, 418

17.6 ISBT terminology, 421
17.7 Chido/Rodgers antibodies, 421
17.8 Associations with disease, 422
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17.3 Ch and Rg antigens are located on C4

C4 is the fourth component of complement, involved
in the classical pathway of complement activation. 
Activation of C1 by binding to IgG or IgM molecules,
usually on a cell surface, results in the cleavage of C4
into a small fragment, C4a, and a large fragment, C4b.
C4b immediately becomes covalently bonded to the
cell surface because of the breaking of an intramolecu-
lar thioester bond, a rare type of bond involving the
side chains of cysteine and glutamine. When broken,
the thioester bond generates a very reactive carbonyl
group, which can couple instantaneously to a mem-
brane-bound macromolecule. C4b can then bind C2.
The activated C4b,2a complex cleaves C3 and brings
about a cascade reaction involving C5–9 and culmi-
nating in the puncturing of the cell membrane.

The product of the C4 gene is a pro-C4 molecule, 
a single polypeptide chain of Mr 200000, which is 
subsequently cleaved into a (95000), b (75000), and 
g (30000) chains. These three polypeptides are glyco-
sylated and linked together by disulphide bonds (Fig.
17.1). The a-chain occupies most of the molecular sur-
face and is responsible for most of the biological activ-
ities of the molecule. C4b represents the whole
molecule minus a short N-terminal fragment, C4a.
Degradation of membrane-bound C4b, primarily by
factor I, releases most of the molecule and leaves C4d
covalently bound to the membrane. A similar effect is

produced by trypsin treatment of membrane-bound
C4b (reviews on complement and C4 in [20,21]).

Structural polymorphism of C4 was first recognized
by electrophoresis [22]. Most studies of the C4 
polymorphism have employed the technique of 
immunofixation electrophoresis, in which plasma
proteins are separated in agarose gels and the C4 visu-
alized by layering the gel with rabbit antihuman C4
followed by Coomassie brilliant blue protein stain,
which reveals the bound antibody. By this method 
C4 of most people appeared to fall into one of three
patterns:
1 four rapidly migrating bands (C4A);
2 four slowly migrating bands (C4B); or
3 both sets of bands together [23,24] (Fig. 17.2).

On the basis of family data, O’Neill et al. [24,25]
suggested that C4A and C4B were not the products of
codominant alleles, but represented genes at two very
closely linked loci, C4A and C4B, with common silent
alleles at each locus. People who only have the faster
migrating bands are homozygous for the silent allele at
the C4B locus (C4B*Q0, quantity zero) and those
who only have the slower bands are homozygous for a
silent gene at the C4A locus (C4A*Q0). People with
both sets of bands have at least one active allele at each
locus. The excessive rarity of C4 deficiency because of
homozygosity for silent alleles at both loci was ex-
plained by a high level of linkage disequilibrium be-
tween the two loci, so that the haplotype C4A*Q0
B*Q0 very seldom occurs. For those wishing to read
the original papers, it should be pointed out that
O’Neill et al. [24,25] used the notation C4F (fast) 
and C4S (slow) for C4A (acidic) and C4B (basic), 
respectively.

Concurrently with formulating their two-locus 
theory, O’Neill et al. [25] showed that the Ch and Rg
antigens are associated with C4. Ch+ Rg+ plasma has
both C4A and C4B isotypes, Ch+ Rg– plasma has only
C4B, and Ch– Rg+ plasma has only C4A (Fig. 17.2).
Ch and Rg antigens therefore appeared to be located
on the products of the C4B and C4A loci, respectively.
C4-deficient plasma lacked both Ch and Rg activity,
whether the C4-deficient plasma was obtained from
rare C4-deficient individuals [25–28] or was produced
by removal of C4 from normal plasma by goat anti-C4
on an affinity column [25]. (Apparent Ch/Rg activity
of red cells in C4 deficient individuals with Ch– Rg–
plasma [26,28,29] could have been because of the
presence of contaminating HLA antibodies in the

Factor 1 Factor 1

Thioester

C4dC4a

C1s
–

S S

SS

S

S

a

b

g

S

S

Fig. 17.1 The C4 molecule, showing the three polypeptide
chains linked by disulphide bonds, the C4a fragment, which
is cleaved by the action of C1s, the site of the thioester bond,
which causes the molecule to become covalently bonded to a
cell surface, and the C4d region, which carries the Ch and Rg
determinants and remains bound to the cell after cleavage of
the remainder of the molecule by factor I. After [20].
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Ch/Rg reagents [28].) Red cells coated with C4 in vitro
are directly agglutinated by anti-Ch and -Rg; antibod-
ies that would normally require antihuman globulin to
agglutinate the same red cells when uncoated [30]. C4-
coated red cells acquire the Ch/Rg phenotype of the
serum donor. Ch and Rg determinants on C4-coated
red cells are relatively resistant to trypsin cleavage and
must reside on the C4d fragment remaining bound to
the red cell after trypsin cleavage of C4b [30]. Ch/Rg
activity of uncoated red cells probably results from
low level adsorption of C4 in vivo, either via the classi-
cal pathway or by spontaneous cleavage of the
thioester [31]. The two-locus theory of O’Neill et al.
for genetic control of C4 and of Ch/Rg expression has
been confirmed, but the situation has become very
complex. Some of these complexities will be described
in Sections 17.4 and 17.5.

The usual technique for coating red cells with C4 for
serological purposes involves dropping freshly drawn
citrated blood into a low ionic-strength 10% sucrose
solution [30,32]. These red cells are coated with C4
and C3 and are useful either for Ch/Rg typing by direct
agglutination with appropriate antibodies or as indi-
cator cells in Ch/Rg plasma inhibition tests. If red cells
coated with C4 from another person are required,
washed cells are mixed with the required fresh plasma
(ABO compatible) and added to the sucrose solution.
Trypsin treatment of cells coated with C4 and C3
cleaves the C3 and C4b leaving C4d coated cells. Red
cells can also be coated with C4 in vitro or in vivo by
complement fixing IgM antibodies [30].

Serological tests suggest that Ch and Rg antigens on
native ‘uncoated’ red cells, but not on cells coated with
C4 by the 10% sucrose method, are denatured by the
proteases trypsin, chymotrypsin, papain, ficin, and
pronase [3,8,18,19,30]. By counting red cell bound
C4d molecules with a radiolabelled monoclonal anti-
C4d, Giles et al. [33] showed that trypsin treatment 
reduces the number of detectable C4d molecules by
about 50%. This reduces the number of C4d mole-
cules on native cells, but not on coated cells, to a level
below the threshold required for detection by aggluti-
nation tests with anti-Ch and -Rg. Ch and Rg antigens
on native and coated cells are resistant to removal by
chloroquine or sulphydryl reagents, evidence that the
small quantities of C4d on native red cells are cova-
lently bound. C4 binding to red cells appears to be de-
pendent on sialic acid. Sialidase treatment of red cells
coated in vitro with C4 had no affect on Ch/Rg expres-
sion, but native cells treated with sialidase could no
longer be C4 coated by the 10% sucrose method [34].
Red cells of the En(a–) and Mk phenotypes, which lack
the major red cell sialic acid-rich glycoprotein, gly-
cophorin A (GPA, Section 3.6), had weakened expres-
sion of Ch, and some examples also reacted weakly
with anti-Rg [35].

There are four basic serological methods for deter-
mining Ch/Rg phenotypes:
1 testing of the subject’s red cells with anti-Ch and 
-Rg;
2 inhibition of anti-Ch and -Rg with the subject’s 
plasma;

C4B

C4BC4A

B/BQ0/Q0

C4AB

C4BC4A

A/A
A/A

B/B

B/B
B/Q0

B/Q0
A/Q0
A/Q0

C4A

Rg– Ch+Rg+ Ch+Rg+ Ch–

C4A

A/A

C4B

Q0/Q0

Phenotype

Locus

Possible
genotypes

Fig. 17.2 The common C4
electrophoretic patterns showing C4
and Ch/Rg phenotypes, and
suggested C4 genotypes [25]. The
extremely rare C4A*Q0 B*Q0
haplotype is not included.
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3 testing of the subject’s red cells coated with C4 from
their own plasma; and
4 testing of homologous red cells coated with the sub-
ject’s C4.

17.4 Further complexities of C4

17.4.1 The complex polymorphisms of C4

Following the detection of two structural loci for C4
[24,25] and improved methods of electrophoretic 
separation of desialylated C4 proteins, a host of C4
variants were recognized and a variety of different no-
tations used [36–39]. In 1983 Mauff and 21 other au-
thors [40] representing all of the major laboratories
working on C4 genetics agreed upon a single nomen-
clature for C4, which has subsequently been modified
[41–43]. As the 1983 nomenclature is used in most
publications on the complexities of C4 and Ch/Rg,
that nomenclature is used in this chapter. The protein
products of C4A generally have the most acidic 
(anodal) migration on agarose gel electrophoresis and
the products of C4B generally have the more basic
(cathodal) migration. The C4 variants or allotypes are
numbered, the most common being C4A 3 and C4B 1.
Their genes are designated C4A*3 and C4B*1, respec-
tively. C4A Q0 and C4B Q0 represent unexpressed 
allotypes. There are at least 24 alleles at the C4A locus
and 27 at the C4B locus, including a silent allele,
C4A*Q0 and C4B*Q0, at each [43]. In white people
there are four C4A and three C4B alleles occurring
with frequencies greater than 1% and producing vari-
ants with different electrophoretic mobilities: C4A*2,
C4A*3, C4A*4, C4A*6, C4B*1, C4B*2, and C4B*3.

How are the products of the C4A and C4B genes dis-
tinguished? This is far from straightforward, although
a variety of techniques is available.

17.4.1.1 Agarose gel immunofixation
electrophoresis of desialylated plasma

This method is briefly described in Section 17.3. 
Although most C4A proteins migrate anodally with
respect to C4B proteins, there is some overlap, 
preventing precise definition by this method alone.

17.4.1.2 SDS polyacrylamide gel electrophoresis

The a-chains of C4A and C4B differ by Mr 2000, as 

determined by SDS PAGE [44–46]: C4A 96000; C4B
94000. This is ascertained most effectively by 
immunoblotting with anti-C4, anti-Ch, or anti-Rg
[45,46]. The difference in apparent Mr is probably
caused by differences in configuration. Other differ-
ences in banding patterns may also be detected by 
immunoblotting [47].

17.4.1.3 Functional assays

C4B is significantly more active than C4A in haemo-
lytic overlay experiments [37]. Agarose gels contain-
ing separated plasma components are examined for
haemolysis after being overlaid with red cells sensi-
tized with a complement-fixing antibody and C4-
deficient serum to provide all of the other complement
components. C4A binds more effectively than C4B 
to amino acid, whereas C4B binds more effectively to
hydroxyl groups [48].

17.4.1.4 Ch and Rg typing

In most cases, C4A expresses Rg and C4B expresses
Ch. Exceptions to this rule represent ‘reversed anti-
genicity’ [46,49]. For example, C4A 1 reacts with anti-
Ch but not anti-Rg; C4B 5 (now called C4B 45) reacts
with anti-Rg and with only some anti-Ch. The com-
plexities of Ch and Rg are described in Section 17.5.

17.4.2 Molecular genetics of C4

C4A is 22kb long and consists of 41 exons; C4B is 22
or 16kb long, the shorter gene resulting from the loss
of a 6.8-kb intron [50,51]. Both coding and non-
coding regions of C4A and C4B are highly conserved.
There is over 99% identity between the DNA nu-
cleotide sequences of the two genes and between the
amino acid sequences of the two proteins [52]. Eight
amino acid changes within a region of the C4d frag-
ment of the a-chain, close to the thioester bond, ac-
count for differences between isotypes (C4A and C4B)
and allotypes (variants of these proteins) [52–55].
Four amino acid residues encoded by exon 26 deter-
mine isotype: the sequence for residues 1101–1106 
of the pro-C4 molecule is Pro-Cys-Pro-Val-Leu-Asp
in C4A and Leu-Ser-Pro-Val-Ile-His in C4B. C4A
and C4B are distinguished by an N1aIV restriction
fragment-length polymorphism (RFLP) [56]. Amino
acid substitutions at positions 1054, 1157, 1188, and
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1191, encoded by exons 25 and 28, account for the C4
allotypes and the various Ch and Rg determinants
(Table 17.1). A detailed structural model to explain
the location of Ch/Rg antigenic determinants and their
correlation with the C4A and C4B isotypes [57] is de-
scribed in Section 17.5.

Other complications occur that affect the C4 haplo-
type. Duplicated C4 genes appear to be quite common
[13,39,59–61]: C4A*3A*2 and C4B*2 B*1 both
have frequencies close to 1% in Caucasians. There is
also a high incidence of null alleles, about half of which
result from a 28-kb DNA deletion [62,63]. Carroll 
et al. [62] have proposed that gene duplications and
deletions may have arisen by gene misalignment and
unequal crossing-over, as shown in Fig. 17.3.
C4A*Q0 also results from a 2-bp insertion in exon 29
generating a stop codon in exon 30 [64]. Alternatively,
a C4B gene may appear to be absent because it has
been changed to an identical copy of its neighbouring
C4A homologue by a process of gene conversion
[65,66]. Intragenic unequal crossing-over, resulting in
C4A/B hybrid genes, could explain reversed antigenic-
ity —C4A variants that express Ch determinants and
C4B variants that express Rg [46,67] (mechanisms of
unequal crossing-over and gene conversion are dis-
cussed in Section 3.10). RFLP analysis of 76 haplo-
types revealed that 58 had two C4 genes, 12 had one
C4 gene, and six had three C4 genes [68].

C4B is flanked by the steroid 21-hydroxylase 
(cytochrome P450) gene CYP21B and C4A by its
pseudogene CYP21A (Fig. 17.3). These loci are close-
ly linked on chromosome 6 in the class III region of the
major histocompatibility complex (Chapter 32).

17.5 Further complexities of 
Chido and Rodgers

Detection by plasma inhibition methods of three
Rodgers phenotypes, Rg+ , Rg–, and Rg partial in-
hibitor [8], and of four Chido phenotypes, Ch+, Ch–,
and two types of Ch partial inhibitor [6,11], led Giles
[6,14,15] to isolate two Rodgers and three Chido anti-
bodies. Anti-Rg1, -Rg2, -Ch1, -Ch2, and -Ch3 define
antigens of relatively high incidence. Rg+ plasmas are
Rg:1,2; Rg– are Rg:–1,–2; and Rg partial inhibitors
are Rg:1,–2. Rg:–1,2 has not been found and if the
model of Yu et al. [57] is correct (see below) does not
exist. Ch+ plasmas are Ch:1,2,3, Ch– are Ch:–1,–2,–3,
and the two types of Ch partial inhibitors are T
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Ch:1,–2,3 and Ch:1,2,–3. Ch:–1,2,–3 and Ch:1,–2,–3
are extremely rare variants [61,69]; Ch:–1,2,3 and
Ch:–1,–2,3 have not been detected and may not exist
[57]. The frequencies of these phenotypes are shown in
Table 17.2. All C4 molecules express either Rg1 or
Ch1; no C4 molecule expresses both. Ch1, Ch2, and
Ch3 can be detected on uncoated red cells [19].

Ch and Rg phenotypes do not correlate with spe-
cific C4 allotypes in a straightforward manner (Table
17.3), although a few generalizations can be made
[67]. Of the partial inhibitor phenotypes, Rg:1,–2 is

found predominantly with the haplotype C4A*3 A*2
B*Q0, there is a strong association between Ch:1,–2,3
and C4B*2, and Ch:1,2,–3 is most frequently associ-
ated with C4A*6 B*1, but also with C4A*3 B*1.

Further complexities arose with the detection by
Giles [72] of another three high frequency Ch determi-
nants, Ch4, Ch5 and Ch6. Antibodies to these speci-
ficities can only be reliably detected by testing
polyspecific anti-Ch reagents with Ch:–1,–2,–3 red
cells coated with C4 of various allotypes, especially
those of reversed Ch/Rg antigenicity. Ch4 was de-
tected on all C4B allotypes and Ch4 is not produced by
any haplotypes with C4B*Q0, including C4A*1
B*Q0, which produces Ch1 and Ch3 in the absence of
Rg1 and Rg2. Ch5 associates with Ch2 on C4B; Ch2 is
only present on C4B, but Ch5 is also detected on 
C4A 1. Ch6 is associated with Ch3 on C4B, but, unlike
Ch3, Ch6 is always detected on Rg:1,–2 C4 allotypes.

Another Ch/Rg antibody, W.H., was identified in
the serum of a multiply transfused man, which also
contained anti-Ch1 and -Ch4 [58]. W.H. expression is
associated with allotypes producing Ch6 and Rg1 in
the absence of Rg2 [58,73].

All Rg antisera contain anti-Rg1 and anti-Rg2
[14,15]; with very rare exceptions [74] all Ch antisera
contain anti-Ch1, which is often the only specificity
[14,15]. The approximate frequencies with which

C4A CYP21A C4B CYP21B

C4A CYP21A C4B CYP21B

C4B CYP21B

C4A CYP21A C4A CYP21A C4B CYP21B

+

Fig. 17.3 Model demonstrating gene misalignment and unequal crossing-over between homologous chromosomes resulting in
deletion of C4A and CYP21 on one chromosome and duplication of C4A and CYP21A on the other [62].

Table 17.2 Ch (1–3) and Rg phenotypes and frequencies in
English (309 tested) and Japanese (89 tested) donors
[1,6,70].

Phenotype English (%) Japanese (%)

Rg:1,2 95 100
Rg:1,–2 3 0
Rg:–1,–2 2 0
Ch:1,2,3 88 75
Ch:1,–2,3 5 24
Ch:1,2,–3 3 0
Ch:–1,–2,–3 4 1
Ch:–1,2,–3 Very rare
Ch:1,–2,–3 Very rare
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each of the other specificities have been found in anti-
Ch reagents are as follows: anti-Ch2, 25%; anti-Ch3,
10%; anti-Ch4, 75%; anti-Ch5, 16%; and two exam-
ples each of anti-Ch6 and W.H. antibody [1]. Rg anti-
bodies are only found in Rg:–1,–2 individuals. Ch
antibodies are usually found in people with the
Ch:–1,–2,–3,–4,–5,–6 phenotype, but a few excep-
tions are reported: anti-Ch2 plus -Ch5 in a
Ch:1,–2,3,4,–5,6 person [74]; anti-Ch2 plus -Ch4 in 
a Ch:1,–2,3,–4,5,6 person [75]; anti-Ch1 in a
Ch:–1,–2,–3,–4,5,6 person [76]; and anti-Ch1, -Ch3,
and -Ch4 in a Ch:–1,–2,–3,–4,5 person [76]. Serum of
a Ch– Rg– C4-deficient patient contained an antibody
to C4d not recognizable as any Ch or Rg antibody, al-
though traces of anti-Ch and -Rg may also have been
present [28].

From serological data on the two Rg and six Ch de-
terminants, and from derived amino acid sequences of
several C4 allotypes, Yu et al. [57] devised a model to
explain Ch/Rg antigenicity. The model is represented
in the diagram in Fig. 17.4 and in some of the data pre-
sented in Table 17.1. The model involves the concept
of sequential epitopes and conformational epitopes.
Expression of a sequential epitope is dependent on one

or more amino acid residues within a single sequence
of a few residues. Conformational epitopes are more
dependent on the shape of the molecule and require the
presence of more than one sequential epitope. Ch1 and
Ch6 are sequential epitopes: Ch1 requires Ala1188
and Arg1191; Ch6 requires Ser1157. Ch3, a confor-
mational epitope, requires the presence of both Ch1
and Ch6. Ch4 and Ch5 are sequential epitopes: Ch4
requires Leu1101, Ser1102, Ile1105, and His1106
(defining the C4B isotype); Ch5 requires Gly1054. The
conformational epitope Ch2 requires the presence of
both Ch4 and Ch5. Rg1, a sequential epitope, requires
Val1188 and Leu1191. Rg2, a conformational epi-
tope, requires the expression of Rg1 and Asn1157.
Asn1157 was assumed to represent a sequential epi-
tope called Rg3, although no anti-Rg3 has been found.
W.H. represents a conformational epitope expressed
when valine and leucine occupy 1188 and 1191, re-
spectively (Rg1) and when Ser1157 (Ch6) is present
[58]. A study of 325 families supported the extended
model without exception [71]. The model allows for
the 16 possible combinations shown in Tables 17.3, 13
of which have been recognized.

In addition to anti-Rg1 and -Rg2, two of 10 Rg anti-

Table 17.3 Nine antigenic determinants and one hypothetical determinant (Rg3) in 16 combinations predicted by Yu et al. [57]
and Giles and Jones [58], 13 of which have been detected (from Giles [71]). The 1983 allotype nomenclature is used.

No. Rg1 Rg2 (Rg3)* Ch1 Ch2 Ch3 Ch4 Ch5 Ch6 WH C4 isotype Associated C4 allotype(s)

1 + +† + - + - + + - - B B3
2 + + + - - - - + - - A A3
3 + + + - - - + - - - B B5
4 + + + - - - - - - - A A1‡ A2 A3 A4 A5 A6
5 + -† - - + - + + + + (B) Not found
6 + - - - - - - + + + A A3 A(3,2)§
7 + -† - - - - + - + + B B5
8 + - - - - - - - + + A A3
9 - -† + + + - + + - - B B1 B3

10 - -† + + - - - + - - (A) Not found
11 - -† + + - - + - - - (B) Not found
12 - -† + + - - - - - - A A1‡
13 - - - + + + + + + - B B1 B3
14 - - - + - + - + + - A A1‡
15 - - - + - + + - + - B B2 B3 B5 B6
16 - -† - + - + - - + - A A1‡

*Hypothetical determinant.
†Predicted Rg phenotype not detected by haemagglutination inhibition.
‡C4 A1 is a heterogeneous electrophoretic group of allotypes.
§Duplicated C4A haplotypes.
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sera contained an antibody specific for an epitope on
the b-chain of C4 [77]. The antibody could not be sep-
arated from anti-Rg2 and a strong, but incomplete, as-
sociation exists between Rg2 and the b-chain epitope.

C4 genes producing Ch1 or Rg1 determinants can
be distinguished by an EcoO 109 RFLP, regardless of
C4A or C4B isotype [56]. A polymerase chain reaction
(PCR)-based method combining isotype- and allele-
specific amplification with sequence-specific primers
enables the prediction of all Ch and Rg determinants
[78,79]. This has led to the proposal of a new four-
digit nomenclature for C4 allotypes, in which the first
two digits represent the protein allotype as defined by
immunofixation agarose gel electrophoresis and the
second two digits represent the genotypic combination
of Ch/Rg epitopes [79].

17.6 ISBT terminology

According to the International Society of Blood Trans-
fusion (ISBT) terminology, Chido/Rodgers is system
17 and has the symbol CH/RG. Antigens Ch1 to Ch6

are CH/RG1 to CH/RG6, WH is CH/RG7, Rg1 is
CH/RG11, and Rg2 is CH/RG12. Numbers CH/RG8
to CH/RG10 are available for additional Ch antigens.

17.7 Chido/Rodgers antibodies

Details of the specificities of Ch and Rg antibodies are
described in Section 17.5.

17.7.1 Clinical significance

Ch/Rg antibodies are IgG, mostly IgG2 and IgG4 [80];
they are not considered clinically significant from the
red cell transfusion aspect. Ch/Rg antibodies have not
caused any obvious signs of haemolytic transfusion 
reactions and radiolabelled Ch+ cells transfused to 
patients with anti-Ch survive normally [2,81–86].
However, anti-Ch and -Rg have been implicated in 
severe anaphylactic reactions following infusion of
fresh frozen plasma, plasma fraction, or platelet con-
centrates containing plasma [87–89], although these
events are exceptional.

* = C4A
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Fig. 17.4 A structural model for the
location of Ch/Rg determinants on
C4 [57,71]. Ch1, Ch4, Ch5, Ch6,
and Rg1 represent sequential
epitopes; Ch2, Ch3, Rg2, and W.H.
represent conformational epitopes
involving two sequential epitopes;
Rg(3) represents a hypothetical
sequential epitope.
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17.7.2 Monoclonal antibodies

A number of murine monoclonal antibodies to epi-
topes on C4d have been produced. Their specificities
are close to anti-Ch1, -Rg1, and -Ch3 [90–92].

17.8 Associations with disease

C4 deficiency and its associated Ch/Rg-null phenotype
are accompanied by the autoimmune disease systemic
lupus erythematosus (SLE) in all but four of 18 pub-
lished cases [93]. This association may result from 
ineffective dissolution and removal of immune aggre-
gates in the absence of C4 [20].

There is a significantly greater susceptibility to SLE
in individuals with a C4A gene deletion (C4A*Q0)
than in the general population [94–97]. It is not sur-
prising therefore that symptoms of SLE have been di-
agnosed in substantially more Rg– individuals, mostly
homozygous for C4A*Q0, than Rg+ people [98].
C4A*Q0 has also been associated with several other
autoimmune diseases, including Graves’ disease and
rheumatoid arthritis [93].
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lamide gel electrophoresis (SDS PAGE) by periodic
acid–Schiff (PAS) staining. The major sialoglycopro-
teins are glycophorin A (GPA) and glycophorin B
(GPB), homologous structures carrying the antigens of
the MNS system (Chapter 3). The minor sialoglyco-
proteins, glycophorin C (GPC) and glycophorin D
(GPD), are another pair of homologous structures,
which represent about 6% and 1% of PAS stain-
ing material, respectively [1]. GPC and GPD carry 
the Gerbich system antigens. There is no genetical 
relationship between glycophorins A and B and 
glycophorins C and D, as they are produced by 
independent genes on different chromosomes.

A number of synonyms have been used for GPC
(CD236C, b-sialoglycoprotein, component D,
PAS–2¢) and GPD (g-sialoglycoprotein, component E)
(see Table 3.5).

18.2.2 GPC and GPD

The apparent Mr of GPC and GPD on SDS PAGE is 
40000 and 30000, respectively (reviews in [2–4]). By
the use of Fab fragments of monoclonal antibodies, the
number of molecules per red cell has been estimated as
143000 for GPC and 225000 for GPC plus GPD [5].

The first 47 amino acid residues of GPC were 
determined by manual sequencing [6]. Colin et al. [7]
used a mixture of 32 synthetic oligonucleotides, each
of which represented the sequence of amino acid
residues 19–23 of GPC, as radioactive hybridization
probes in order to isolate GYPC cDNA from a human
reticulocyte cDNA library. From the cloned cDNA the
amino acid sequence of GPC shown in Fig. 18.1 was
deduced.

18.1 Introduction

The Gerbich system consists of seven antigens, three of
very high frequency and four of low frequency (Table
18.1). They are located on either or both of the red cell
membrane sialoglycoproteins, glycophorin C (GPC,
CD236C) and glycophorin D (GPD), or on closely re-
lated glycoproteins. GPD is a truncate version of GPC.
GPC and GPD are produced by the same gene, GYPC,
as a result of initiation of mRNA translation at two
sites. GYPC consists of four exons.

There are three rare phenotypes in which the red
cells lack one or more of the three high frequency 
Gerbich antigens. Ge:–2,3,4 (Yus phenotype) and
Ge:–2,–3,4 (Gerbich phenotype) result from deletions
of GYPC exon 2 and exon 3, respectively. Ge:–2,–3,–4
(Leach or Ge-null phenotype) is usually caused by a
deletion of exons 3 and 4, although a single nucleotide
deletion was involved in one case. The low frequency
antigens Wb, Ana, and Dha all result from point muta-
tions in GYPC; Lsa arises from a duplication of GYPC
exon 3.

GYPC is located on chromosome 2q14–q21 
(Chapter 32).

18.2 Glycophorin C (GPC) and 
glycophorin D (GPD), and , the gene
that encodes them

18.2.1 Red cell membrane sialoglycoproteins

Glycophorin is a name given to several sialic acid-
rich glycoproteins of the red cell membrane that are
detected after sodium dodecyl sulphate polyacry-

GYPC

Gerbich blood group system

18.1 Introduction, 426
18.2 Glycophorin C (GPC) and glycophorin

D (GPD), and GYPC, the gene that
encodes them, 426

18.3 The high frequency antigens Ge2, Ge3,
and Ge4, and the Gerbich-negative
phenotypes, 428

18.4 Low frequency Gerbich antigens, 434
18.5 Gerbich antibodies, 436
18.6 Development and distribution of

Gerbich antigens, 437
18.7 Functional aspects —association of

GPC and GPD with the membrane
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GPC has three domains: a glycosylated N-terminal
extracellular domain (residues 1–57) containing one
N-linked oligosaccharide at Asn8 and sites for 12 O-
linked oligosaccharides; a hydrophobic membrane-
spanning domain (58–81); and a C-terminal
cytoplasmic domain (82–128) [7,8]. The cytoplasmic
domain of GPC interacts with the red cell membrane
skeleton (Section 18.7). An N-terminal signal peptide
is often associated with transmembrane glycopro-
teins, including GPA and GPB, and cleaved from the

mature protein. No such signal peptide is encoded by
GYPC [8].

The N-terminus of GPD is blocked and only partial
amino acid sequences have been determined [9]. For
reasons discussed below (Section 18.2.3), GPD is al-
most certainly a truncate version of GPC, lacking the
N-terminal 21 amino acid residues of GPC and identi-
cal to residues 22–128 of GPC. This is consistent with
the following details:
1 GPD has no N-glycosylation;
2 GPD lacks epitopes present on the N-terminal 
domain of GPC [10];
3 Ge3 antigen, which represents a region around
amino acid residues 40–50 of GPC, is also present on
GPD [11] (Section 18.3.2.2); and
4 antigenic determinants detected by monoclonal and
polyclonal antibodies produced in animals are present
on the cytoplasmic domains of both GPC and GPD
[9,12,13] (see Fig. 18.3).

18.2.3 GPC and GPD are encoded by the 
same gene

Despite the high level of homology between GPC and
GPD, no homologous gene could be detected in ge-
nomic DNA using GYPC cDNA as a probe. This led to
proposals that a separate GPD gene does not exist and
that GPC and GPD are both produced by GYPC

Table 18.1 Antigens of the Gerbich system.

Relative 
No. Name frequency Associated glycophorin

GE2 Ge2 High GPD N-terminal region
GE3 Ge3 High GPC amino acids 42–50 

and GPD 21–29
GE4 Ge4 High GPC N-terminal region
GE5 Webb Low GPC Asn*8Ser
GE6 Lsa Low GPC and GPD from 

gene with duplicated 
exon 3

GE7 Ana Low GPD Ala2Ser
GE8 Dha Low GPC Leu14Phe

*N-glycosylated.
Obsolete: GE1.

Fig. 18.1 Amino acid sequence of GPC and GPD (see Table 3.6 for code). * Probable sites of O-glycosylation. �; Site of N-
glycosylation; T, trypsin cleavage site. Underlined sequence represents the membrane-spanning domain. Double underlined are
RHK and YFI tripeptides, binding motifs for protein 4.1R and p55, respectively.
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Start

Start

Stop

StopMiss
AUG AUG UGA5' 3'

1
Met Met

22 128

Met
1 107

NH2 COOH

NH2 COOHGPC

mRNA

GPD

Fig. 18.2 Production of GPC and
GPD from a single gene by a process
of leaky initiation of mRNA
translation. When translation
commences at the first AUG start
codon a 128 amino acid GPC
polypeptide is produced (above). 
If the first AUG codon is missed, 
then translation may commence at 
a second AUG site and a shorter 
107-residue GPD polypeptide is
produced (below).

[14,15]. As suggested by Tanner et al. [15], this occurs
as a result of initiation of translation of GYPC mRNA
at two different sites, to produce two polypeptides.

The process of protein synthesis, in which the nu-
cleotide sequence of mRNA is translated into an
amino acid sequence, commences at an AUG codon (a
methionine codon, ATG in DNA), although a 10-nu-
cleotide consensus sequence including the AUG codon
is also important for effective initiation of translation.
Newly processed polypeptides have methionine at
their N-terminus, although this is usually cleaved from
the mature protein. The RNA sequence around the
start codon for GPC (CCAGGAAUGU) does not con-
form closely with the consensus start sequence
(CC(A/G)CCAUGG) found in eukaryote transcripts;
the sequence around a downstream AUG triplet
(CCGGGGAUGG), the codon for Met22 of GPC, is a
closer fit to the consensus sequence [15]. A process re-
ferred to as ‘leaky initiation of translation’ occurs in
which the initiation site at the codon for Met1 of GPC
is sometimes missed during the scanning of GYPC
mRNA. Scanning continues along the mRNA until the
second initiation site at Met22 is reached, where trans-
lation begins to produce GPD, a shorter molecule 
comprising amino acid residues 22–128 of GPC (Fig.
18.2). GYPC cDNA transfected into COS-7 cells pro-
duced GPC and GPD, cDNA with a deletion of ATG at
position 1 produced only GPD, cDNA with an ATG to
ACG mutation at position 22 produced only GPC, and
cDNA with ATG to ACG mutations at positions 1 and
22 produced neither glycoprotein [16]. A mutation at
nucleotide 4 (ATG T to ATG G), creating a more con-
sensus motif around the first ATG codon, resulted in a

doubling of expression of GPC compared with GPD
[16].

18.2.4 Organization of 

The 13.5kb GYPC gene is organized into four exons
(Table 18.2) [11,17]. Exons 1–3 encode the extracellu-
lar domain of GPC, exon 4 the membrane-spanning
and cytoplasmic domains. Exons 2 and 3 show a 
high level of homology, probably arising from exon
duplication, although exon 3 contains an insert of 
27 nucleotides not present in exon 2, encoding 
amino acid residues 42–50 of GPC. The intronic 
flanking regions of exons 2 and 3 demonstrate an 
even higher level of homology than do the coding 
regions.

The upstream promoter region GYPC contains the
ubiquitous cis-acting elements, CACC, TATA, and
SP1, plus three erythroid-specific GATA-1 binding
sites and a binding site for a novel erythroid–
megakaryocyte-specific factor, NF-E6 [18,19].

18.3 The high frequency antigens Ge2, Ge3,
and Ge4, and the Gerbich-negative
phenotypes

18.3.1 Serological history

Gerbich began as a simple, inherited blood group anti-
gen of very high frequency. In 1960 Rosenfield et al.
[20] described antibodies of apparently identical
specificity in three women (including Mrs Gerbich);
the families of two of these women showed the antigen

GYPC
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to be an inherited character. The simplicity of the Ger-
bich system was short lived. By 1961, there were two
types of anti-Gerbich and two Gerbich-negative phe-
notypes. Cleghorn [21] and Barnes and Lewis [22]
found that the red cells of Mrs Yus, a Turkish Cypriot
woman, failed to react with two of the original anti-
Gerbich sera, but did react with the other, the antibody
of Mrs Gerbich herself. The serum of Mrs Yus con-
tained an antibody that reacted with all cells tested
apart from her own and those of the original three 
Gerbich-negatives. Adsorption of Mrs Gerbich’s

serum with Mrs Yus’s cells removed all antibody. Al-
though the Yus type is not strictly Gerbich-negative, as
the cells react with the antibody of Mrs Gerbich, it is 
generally considered Gerbich-negative because the
cells fail to react with the majority of antibodies made
by Gerbich-negative people [23]. Both Gerbich-
negative phenotypes are exceedingly rare in most 
populations.

Further complexities of the Gerbich system arose
from studies of the Melanesians of Papua New
Guinea. Not only was Gerbich found to be polymor-

Table 18.2 Organization of GYPC.

Amino acid
residues

Exon GPC GPD Characteristics

1 1–16 N-terminus and part of extracellular domain of GPC; N-glycan; Ge4
2 17–35 1–14 GPC Met22 (translation initiation site for GPD); part of extracellular domain of GPC 

and GPD including N-terminus of GPD; Ge2 on GPD
3 36–63 15–42 Part of extracellular domain of GPC and GPD; Ge3 on GPC and  GPD; trypsin 

cleavage site on GPC and GPD
4 64–128 43–107 Membrane-spanning and cytoplasmic domains of GPC and GPD

GPC

GPD

GPC. Yus

GPC. Ge

NH2 COOH

Extracellular Membrane Cytoplasm

Ge4

N
T

T

T

Ge3
Ge3Ge2

N

Ge3

Ge4

N

Ge4

Ge:–2,–3,–4
(Type 2)

Ge:–2,–3,–4
(Type 1)

Ge:–2,–3,4

Ge:–2,3,4

Ge:2,3,4

Fig. 18.3 Diagram representing
GPC, GPD, and related structures
characteristic of Gerbich-negative
phenotypes. Ge:2,3,4 cells have both
GPC and GPD; Ge:–2,3,4 and
Ge:–2,–3,4 cells have GPCYus and
GPCGe, respectively, but no GPC or
GPD. In most Ge:–2,–3,–4 (Leach
phenotype) cells, no GPC, GPD, or
related molecule is present (Type 1),
but in one example a GPC/D 
C-terminal fragment was detected
(Type 2). T, trypsin cleavage site at
Arg48.
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phic among some populations of the north-east coast
of New Guinea [24,25], but Booth and McLoughlin
[25] found yet another Gerbich-related antibody in a
Ge+ Melanesian. This antibody failed to react with
Gerbich-negative cells of Gerbich and Yus types, but
also did not react with red cells of up to 15% of Ge+
Melanesians. Thus it now appeared that there were at
least three types of anti-Gerbich and, in addition to the
common Ge+ phenotype and two Gerbich-negative
phenotypes, a rare Gerbich phenotype present in some
Melanesians. Booth and McLoughlin [25] proposed a
numerical notation for Gerbich phenotypes, shown in
modified form in Table 18.3. Red cells of the Melane-
sian phenotype (Ge:–1,2,3) and the two examples of
anti-Ge1 [25,26] have not been widely used and are
not available for further study. Consequently, Ge1
now appears to be obsolete and the Melanesian phe-
notype is omitted from Table 18.3.

Some monoclonal antibodies were shown to be re-
lated to the Gerbich system because they agglutinated
all red cells except those of the Ge:–2,–3 (Gerbich) and
Ge:–2,3 (Yus) phenotypes, although they reacted with
these cells by an antiglobulin test [27,28]. Anstee et al.
[28,29] found that red cells of two unrelated Ge:–2,–3
women failed to react with the Gerbich-related mono-
clonal antibodies by any technique. This new Gerbich-
negative phenotype was called the Leach phenotype.
An alloantibody in the serum of a Leach phenotype pa-
tient [30] behaved in a very similar manner to the mon-
oclonal antibodies and became anti-Ge4. Leach
phenotype red cells are Ge:–2,–3,–4; all other red cells
have Ge4 (Table 18.3).

18.3.2 High frequency antigens Ge2, Ge3, and
Ge4

18.3.2.1 Ge2

Anti-Ge2 is the most common Gerbich alloantibody. It
is the antibody characteristic of the Ge:–2,3,4 pheno-
type, but is also the most frequently encountered anti-
body in the Ge:–2,–3,4 and Ge:–2,–3,–4 phenotypes.

Of 17 antibodies from Ge:–2,–3 people, only four
were anti-Ge3, the other 13 were anti-Ge2 [23]; of the
six Leach phenotype individuals with antibody, four
had anti-Ge2, one anti-Ge3, and one anti-Ge4
[28,30–33]. Anti-Ge2 has also been called anti-Ge1,2
[25].

Immunoblotting with numerous examples of al-
loanti-Ge2 demonstrated that the Ge2 antigen is 
located on GPD, but not on GPC [12,34] (Fig. 18.3). It
is on the N-terminal tryptic peptide of GPD (residues
1–27) [34]. Treatment of intact red cells with trypsin
or papain destroys Ge2; chymotrypsin and pronase do
not [23]. About 50% of anti-Ge2 show a reduction in
strength of reaction with sialidase treated cells [23].

As GPC and GPD are encoded by the same gene and
GPD is a shorter version of GPC, then GPD cannot
have any amino acid sequence that is not present in
GPC. Ge2 is usually at the N-terminus of GPD. Anti-
Ge2 might recognize an amino acid sequence only
when it is in the conformation of the N-terminus of
GPD and not when it is an internal sequence within
GPC. Alternatively, the Ge2 determinant could in-
volve the free amino group of GPD and the adjacent
amino acid sequence. Some anti-Ge2 do not react with
red cells after acetylation of membrane proteins with
acetic anhydride, suggesting that a free amino group is
involved in the epitope detected by those antibodies
[35]. Anti-Ge2 probably represents a heterogeneous
collection of antibodies that react with epitopes at the
N-terminal region of GPD.

18.3.2.2 Ge3

Anti-Ge3 has been found in immunized Ge:–2,–3,4
and Ge:–2,–3,–4 individuals, but is far less common
than anti-Ge2 [23,31]. It has been called anti-Ge1,2,3
[25], but adsorption of anti-Ge3 with Ge:–2,3,4 cells
removes all antibody; no anti-Ge2 remains [21]; (like-
wise, no anti-Ge1 remained after adsorption with
Ge:–1,2,3 cells [24,25]).

Like Ge2, Ge3 is destroyed by trypsin, but not by
chymotrypsin or pronase [23]. Unlike Ge2, Ge3 is 
resistant to treatment of intact red cells with papain
[23,36]. Consequently, papain-treated cells can be
used for distinguishing anti-Ge2 and -Ge3 in the ab-
sence of the very rare Ge:–2,3,4 cells.

Immunoblotting with human alloantibodies and
with rodent monoclonal antibodies showed that Ge3
is present on both GPC and GPD [5,12,34,37,38] (Fig.

Table 18.3 Gerbich-negative phenotypes.

Ge:–2,3,4 Yus phenotype
Ge:–2,–3,4 Gerbich phenotype
Ge:–2,–3,–4 Leach phenotype
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18.3). Alloanti-Ge3 eluted from either GPC or GPD on
an immunoblot detected both GPC and GPD on a 
separate immunoblot, showing that anti-Ge3 is a sin-
gle antibody to an antigen common to both proteins
[12].

Ge3 is encoded by exon 3 of GYPC. Ge3 is missing
in those rare phenotypes resulting from deletion of
exon 3, but not from those resulting from a deletion of
exon 2 (Section 18.3.3). Exon 2 and exon 3 are very
similar apart from a 27 nucleotide insert in exon 3, rep-
resenting amino acids 42–50 of GPC (21–29 of GPD)
(Section 18.2.4), so Ge3 must be in this region. This 
accords with earlier evidence obtained by haemag-
glutination inhibition with fragments of GPC [34].

18.3.2.3 Ge4

The only example of alloanti-Ge4 was identified in the
serum of a woman with the Ge:–2,–3,–4, Leach 
phenotype [30]. Anti-Ge4 was also found in the serum
of a patient with a transient GPC deficiency [39]. Nu-
merous monoclonal antibodies have been produced
that behave serologically as anti-Ge4 [5,10,27–29,
40,41].

Ge4 is usually situated near the N-terminus of GPC
and therefore is not on GPD [10,28,29,39] (Fig. 18.3).
Detailed analyses of monoclonal antibodies specific
for GPC have shown that some require the amino
group of Met1 of GPC for binding, whereas others de-
tect other epitopes within the first 21 amino acids of
GPC, but not involving Met1 [10,38]. Most required

normal O-glycosylation of the GPC for effective bind-
ing. Ge4 is destroyed by trypsin and papain treatment
of the red cells.

18.3.3 Gerbich-negative phenotypes

Outside Papua New Guinea, Gerbich-negative pheno-
types are very rare. Screening of over 44000 blood
samples from white populations with anti-Ge2 or 
-Ge3 produced only one Gerbich-negative (Table
18.4). Many Gerbich-negative individuals have been
studied, ascertained through their antibodies
[20–22,28,31–33,39,42,44,45,47–50].

18.3.3.1 Ge:–2,3,4 (Yus phenotype)

Ge:–2,3 appears to be rarer than Ge:–2,–3, but this
may reflect different propensities to making antibody
[23,49]. Ge:–2,3 has been found in white people (in-
cluding Arabs, a Turkish Cypriot, and a Middle East-
ern Jew) and in black people (including Ethiopian
Jews); it has not been found in Papua New Guinea.
Family studies demonstrate that Ge:–2,3 phenotype is
inherited [20,21,51].

SDS PAGE followed by staining for sialoglycopro-
teins or by immunoblotting with antibodies to GPC
and GPD shows that Ge:–2,3,4 red cells contain no
GPC or GPD. However, there is a GPC-like structure
(GPCYus), represented on SDS gels by a broad, dif-
fusely staining band of apparent Mr 32500–36500,
situated between the positions for GPC and GPD

Table 18.4 Frequency studies performed by testing red cells of random individuals with Gerbich antibodies.

Antibody Population tested No. tested No. negative References

Anti-Ge2 English, Danes, New Zealanders, Californians 28 331 0 [20,21,42,43]

Anti-Ge3 New Yorkers* 11 000 0 [20]

Anti-Ge3 French 5 912 1 [43,44]
Total 45 243 1

Anti-Ge2 Melanesians of Papua New Guinea [25]
Sepik region 748 182
Morobe region 1 014 517
Highlands 1 348 1

Anti-Ge2 Japanese 22 000 0 [45]

Unknown Thais 4 253 1 [46]

*Including at least 1500 black people and 100 Asians, mostly Chinese.
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[12,28,52]. This structure carries Ge4 and Ge3
[12,28] (Fig. 18.3). In red cell membranes from GYPC/
GYPC.Yus heterozygotes, GPC, GPD, and GPCYus
are present [51].

Analysis of genomic DNA and cDNA showed that
Ge:–2,3,4 individuals are homozygous for a GYPC
gene (GYPC.Yus) in which the second exon is deleted
[11,53,54] (Fig. 18.3). The protein product is a GPC-
like molecule (GPCYus) lacking amino acid residues
17–35, with no loss of Ge4 or Ge3 (Fig. 18.3). The sec-

ond translation initiation site (Met22) is lost, so no
GPD is formed and therefore no Ge2 is expressed.

Ge:–2,3,4 may also result from heterozygosity for
GYPC.Yus and GYPC.Ge [57,58]. Five of 10 Ge:–2,3
propositi were found to have both GPCYus and
GPCGe [57].

18.3.3.2 Ge:–2,–3,4 (Gerbich phenotype)

This is the typical Gerbich-negative phenotype, the

Ge4 Ge3*

Ge4 Ge3

Ge4

2 3 41Ge: 2,3,4

1 2 4Ge: –2,3,4 (Yus)

1 2 4Ge: –2,–3,4 (Gerbich)

21Ge: –2,–3,–4 (Leach, Type 1)

Ge: –2,–3,–4 (Leach, Type 2)

Ge: 2,3,4,5 (Wb)

Ge: 2,3,4,6 (Lsa)

Ge: 2,3,4,6 (Lsa)

Ge: 2,3,4,7 (Ana)

2 3 41Ge: 2,3,4,8 (Dha)

2 3 41
nt deletion

2 3 41
Ge4 Wb Ge3*

Ser-8

3 3 41 2
Ge4 Ge3 Ge3* Lsa

LsaLsa

3 3 4321
Ge4 Ge3 Ge3 Ge3*

2 3 41
Ser-23

Ge4 Ge3* Ana

Phe-14

Ge4, Dha Ge3*

Fig. 18.4 The genomic organization
of GYPC and variants of GYPC
responsible for rare Gerbich
phenotypes. The boxes represent
exons and the shaded area in exon 4
represents the region encoding the
membrane-spanning domain.
*Second translation start codon
(Met22). GYPC genes with
duplication, triplication, and
quadruplication of exon 2 do not
result in any qualitative change to
the Gerbich phenotype [55,56] and
are not shown.
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probable phenotype of Mrs Gerbich, although her
cells were never tested with anti-Ge4. Ge:–2,–3 is poly-
morphic in certain regions of Papua New Guinea [25]
(Table 18.4). Ge:–2,–3 is rare in all other populations
tested, but has been found among people of European
and African origin, Native Americans, Japanese, and
Polynesians. Family studies demonstrated that
Ge:–2,–3 phenotype is inherited [20,44,45,47,51,59].

Like the Ge:–2,3,4 phenotype, Ge:–2,–3,4 cells have
no GPC or GPD, but have a diffusely staining abnor-
mal GPC-like structure (GPCGe) of mobility between
that of GPC and GPD [12,28,52]. The apparent Mr of
GPCGe is 30500–34500, slightly less than that of GP-
CYus. GPCGe carries Ge4, but no Ge3 [12,28] (Fig.
18.3). GPCGe is trypsin-resistant, unlike GPC, GPD,
and GPCYus [28]. Consequently, GPC monoclonal
antibodies (anti-Ge4) agglutinate trypsin-treated red
cells of the Ge:–2,–3,4 phenotype, or cells of individ-
uals heterozygous for the gene responsible for
Ge:–2,–3,4, but not trypsin-treated cells of any other
Gerbich phenotype.

Ge:–2,–3,4 results from a GYPC gene (GYPC.Ge)
with a deletion of exon 3 [11,17,53,58,60] (Fig. 18.4),
encoding a GPC-like structure (GPCGe) lacking
amino acid residues 36–63 of GPC. GPCGe is slightly
smaller than GPCYus because exon 3 is larger than
exon 2 owing to a 27-nucleotide insert. Loss of exon 3
also explains absence of Ge3 and of the trypsin cleav-
age site at Arg48 (Fig. 18.3). However, it does not ex-
plain the absence of GPD and therefore of Ge2. Colin
et al. [17] suggested that a GPD molecule lacking most
of its extracellular domain might not be transported 
to the membrane or might be unstable and rapidly 
degraded. GPCGe and GPCYus carry N-glycans with
variable numbers of repeating lactosamine units, ex-
plaining their diffuse appearance on electrophoresis
gels [12]. They may also have altered O-glycosylation
[61].

It is probable that GYPC genes with deletions of
exon 2 or exon 3 arose from an intragenic unequal
crossing-over, an event that would have simultaneous-
ly produced genes with duplications of exons 2 or 3
[11,17] (see Fig. 18.5). This topic is returned to in the 
section on Lsa (Section 18.4.2).

18.3.3.3 Ge:–2,–3,–4 (Leach phenotype)

The Leach phenotype is the null phenotype of the Ger-
bich system. Ge:–2,–3,–4 red cells do not react with

any Gerbich antibodies or related monoclonal anti-
bodies. Six propositi with the Ge:–2,–3,–4 phenotype
have been reported, all white English or North Ameri-
cans [28,30–33]. Two families have demonstrated 
inheritance of the Ge:–2,–3,–4 phenotype [31,32].
Ge:–2,–3,–4 red cells are totally devoid of GPC and
GPD [11,12,28,31,32] (Fig. 18.3).

Ge:–2,–3,–4 has at least two genetic backgrounds.
Southern analysis and polymerase chain reaction
(PCR) amplification of genomic DNA from five unre-
lated Ge:–2,–3,–4 individuals demonstrated a deletion
of exons 3 and 4 of GYPC [11,54,62,63] (Fig. 18.4).
Surprisingly, mRNA derived from this deleted gene
was detected in reticulocytes from Ge:–2,–3,–4 indi-
viduals, despite the gene lacking the normal
polyadenylation signal [63]. If any protein were 
produced by this gene, it would lack the membrane-
spanning and cytoplasmic domains and could not be
inserted into the membrane. In one other Ge:–2,–3,–4
individual [30], GYPC was apparently complete, but
sequencing of exon 3 revealed a single nucleotide dele-
tion within codon 45 resulting in a frameshift and pre-
mature generation of a stop codon at codon 56 [62]
(Fig. 18.4). Consequently, it was predicted that most
of exon 3 and all of exon 4 would not be translated and
so viable GPC could not be produced. An Mr 12000
component was detected, however, which bound a
monoclonal antibody to an epitope on the cytoplasmic
domains of GPC and GPD and appeared to represent
the C-terminal domain of GPC/D [64] (Fig. 18.3). This
led to speculation that translation is reinitiated at an
alternative start sequence overlapping the premature
stop codon.

GPC and GPD are associated with the membrane
skeleton, probably acting as a link between the mem-
brane and the skeletal proteins (Section 18.7). One
characteristic of the Ge:–2,–3,–4 phenotype is ellipto-
cytosis [12,28,29,31,32]. Between 20% and 61% of
the red cells of five Ge:–2,–3,–4 phenotype individuals
were classed as elliptocytes [31]. Two Ge:–2,–3,–4
brothers had a long-standing history of mild anaemia
[33]. Ge:–2,–3,–4 phenotype membranes have re-
duced mechanical stability [65,66] and may be re-
leased into the circulation as normal discocytes, but
become distorted when exposed to shear stress and
elongation [67]. Elliptocytes were present in a patient
with a temporary reduction in red cell membrane GPC
content and normal GPD content, but were not pre-
sent when her GPC levels returned to normal [39].
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Ge:–2,–3,4 and Ge:–2,3,4 cells show no sign of ellipto-
cytosis [28] and have normal membrane stability [66],
despite GPC and GPD deficiency, presumably because
of the presence of the GPC-like molecules, GPCGe and
GPCYus, in these cells.

18.3.3.4 An unusual Gerbich phenotype resulting
from a single base change in GYPC

Red cells of a patient with apparent anti-Ge2 reacted
with 20 alloanti-Ge2, one autoanti-Ge2, four alloanti-
Ge3, and one alloanti-Ge4, but did not react with one
alloanti-Ge2, one autoanti-Ge3, and one autoanti-
Ge4. Her antibody did not react with her own cells or
with those of four of her eight sibs. Immunoblotting 
of her red cell membranes revealed GPC, GPD, and
GPCGe. Molecular genetical analyses showed that she
is heterozygous for two rare genes at the GYPC locus:
1 GYPC.Ge (GYPC with a deletion of exon 3); and
2 GYPC with an A173T base change in exon 3, en-
coding Asp58Val in GPC (Asp37Val in GPD) in the 
region of the insertion of these molecules into the
membrane.

The antibody of the propositus, which immunos-
tained GPC on blots of normal red cell membranes, 
appears to react with GPC with Asp58, but not 
with Val58. It is unclear why this antibody did not
react with GPD or with GPCYus, both of which have
aspartic acid at the position equivalent to amino acid
58 of GPC [68].

18.3.3.5 Association with the Kell blood group
system

Several reports link the Ge:–2,–3 phenotype with a de-
pression of Kell system antigens, although the effect is
variable [23,28,30,31,44,45]. The phenomenon may
affect all high frequency Kell antigens and K, if present
[44]. Alternatively, K11 antigen may be the only anti-
gen to show weakness [23]. Nine of 11 Ge:–2,–3 sam-
ples showed different degrees of weakening of Kell
system antigens, whereas none of six Ge:–2,3 samples
showed any such Kell depression [23]. At least four
Ge:–2,–3,–4 propositi have depression of Kell system
antigens [28,30,31].

The genes controlling the Gerbich and Kell systems
are independent and located on separate chromo-
somes. Although the biochemistry and molecular ge-
netics of Gerbich and Kell are well understood,

nothing is known about the biochemical nature of
their association.

A possible association between Gerbich and the Vel
antigen is described in Section 28.2.2.

18.4 Low frequency Gerbich antigens

Four antigens belonging to the Gerbich system have a
low frequency in all populations tested. These antigens
were all assigned to the Gerbich system through bio-
chemical evidence. No individual homozygous for any
of the rare genes responsible for these low incidence
antigens has been found, so it must be remembered
that in all cases studied a normal GYPC gene produc-
ing normal GPC and GPD is present.

18.4.1 Wb (GE5)

Wb (Webb) is an inherited low frequency red cell anti-
gen first described by Simmons and Albrey [69] in
1963 (Table 18.5). The original anti-Wb was found in
ABO grouping serum [69]; no further example was
found in 2000 Australian sera [69], but three examples
were detected in 7544 British sera [43,70]. Wb is sensi-
tive to trypsin and sialidase treatment, but resistant to
chymotrypsin treatment [65,78,79].

The Wb+ phenotype is associated with a reduced
level of normal GPC and with the presence of an ab-
normal GPC (GPCWb), with an apparent Mr about
3000 lower than that of GPC [78,79]. Treatment of
Wb– red cells with endoglycosidase F, which cleaves
N-linked oligosaccharide chains from glycoproteins,
results in a reduction in the apparent Mr of GPC to a
similar level to that of GPCWb; treatment of Wb+ cells
with endoglycosidase F has no effect on GPCWb.

Amplification and sequencing of exon 1 of GYPC
from Wb+ individuals revealed an A23G point muta-
tion encoding an Asn8Ser substitution in GPC [53,80]
(Fig. 18.4). Asn8 is N-glycosylated in GPC and this
loss of N-glycosylation explains the reduced Mr of
GPCWb. Whether Ser8 of GPCWb is O-glycosylated
has not been determined.

18.4.2 Lsa (GE6)

Lsa (Lewis II) [43] is the same as Rla [74,81] and is
polymorphic in Finns and people of African origin, but
rare in other populations (Table 18.5). The original
anti-Lsa was found in an anti-B reagent; other exam-
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ples were found in sera containing multiple antibodies
to low frequency antigens [74] and during pretransfu-
sion crossmatching [82]. Anti-Lsa was associated with
haemolytic disease of the newborn (HDN) necessitat-
ing exchange transfusion, but not proven to be the
cause [83]. One anti-Lsa was found by screening over
4000 normal sera from Europeans [43,73] and 19 
examples were found in 44000 Japanese donor sera
[75]. Lsa is trypsin-sensitive, but resistant to ficin and
sialidase [84].

Lsa became associated with Gerbich when Macdon-
ald et al. [84] found that Ls(a+) red cells had, in addi-
tion to normal GPC and GPD, abnormal GPC and
GPD molecules, each with an apparent Mr 5500
greater than its normal counterpart. Both abnormal

structures immunostained very strongly with anti-
Ge3. GPCLsa also bound monoclonal anti-Ge4 and
GPDLsa bound anti-Ge2. GYPC from Ls(a+) individ-
uals has a duplication of exon 3 (Fig. 18.4) [11,85].
The presence of an extra exon 3 explains why GPCLsa

and GPDLsa are of increased size and have strongly 
expressed Ge3 antigens.

Intragenic crossing-over has been suggested as a
mechanism to explain the origin of the GYPC exon 2
and 3 deletions responsible for the Ge:–2,3,4 and
Ge:–2,–3,4 phenotypes, respectively [11,17] (Section
18.3.3). Each unequal crossing-over event would also
generate GYPC with a duplication of either exon 2 or
3 (Fig. 18.5). The junction of two contiguous exons 3
would produce a unique amino acid sequence, proba-

Table 18.5 Frequencies of low frequency Gerbich antigens.

Antigen Population No. tested No. positive Antigen frequency References

Wb GE5 White Australians 3 550 2 0.0006 [69]
English 15 815 3 0.0002 [43]
Welsh 10 117 8 0.0008 [70]
Japanese 3 470 0 [71,72]

Lsa GE6 Finnish 1 113 18 0.0162 [43,73]
Norwegians 7 151 8 0.0011 [74]
African Americans 110 1 0.0091 [43]
Black West Indians 878 9 0.0103 [43]
West Africans 81 2 0.0204 [43]
Japanese 200 000 8 < 0.0001 [75]
English 5 887 0 [43]

Ana GE7 Finnish 10 000 6 0.0006 [76]
Swedish 3 266 2 0.0006 [76]

Dha GE8 Danish 2 493 0 [77]

1 2 3 4

1 2 3 4 1 3 4

1 2 2 3 4 Ge:2,3,4

Ge:–2,3,4* (Yus)

1 2 3 4

1 2 3 4 1 2 4

1 2 3 3 4 Ge:2,3,4 Ls(a+)

Ge:–2,–3,4* (Ge)

Fig. 18.5 Diagram showing two
intragenic unequal crossing-over
events resulting in four abnormal
GYPC genes, two with exon
deletions and two with exon
duplications. A duplication of exon
3 is associated with Lsa antigen.
*The Gerbich-negative phenotypes
only occur when there is
homozygosity for the aberrant gene
(or heterozygosity for two aberrant
genes).
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bly representing the Lsa antigen. A synthetic peptide
(TPTIMDIVVIA-EPDPG) representing the last 11
amino acids encoded by the 3¢ end of exon 3 followed
by the first five amino acids encoded by the 5¢ end of
exon 3 inhibited anti-Lsa [86]. A junction of two con-
tiguous exons 2 does not encode a unique sequence
and so no associated low frequency antigen would be
expected.

A monoclonal antibody (CBC-96) to an epitope on
GPC agglutinated Ls(a+) cells at a significantly higher
dilution than that required to agglutinate cells of com-
mon Gerbich phenotype, presumably because the epi-
tope is more exposed on the extended molecule [56].
Uchikawa et al. used an appropriate dilution of this
antibody to screen red cells of 200000 Japanese
donors. Of the 60 samples strongly agglutinated, eight
were Ls(a+) [75]. One of these eight samples had en-
hanced Lsa expression and had GPC and GPD mole-
cules (GPCKS and GPDKS) with an apparent Mr 6000
greater than GPCLsa and GPDLsa, resulting from a
triplication of GYPC exon 3 [56] (Fig. 18.4). Forty
samples (0.02%) had GYPC with a duplication of
exon 2, the putative result of the unequal crossing-
over event responsible for the exon 2 deletion of the
Ge:–2,3,4 phenotype (Fig. 18.5), and six (0.003%)
had a quadruplication of exon 2 [55,56]. As predicted
[11], no low frequency antigen associated with GPC
and GPD molecules containing multiple products of
exon 2 of GYPC was found, as this does not create a
unique amino acid sequence.

18.4.3 Ana (GE7)

Ana (Ahonen), originally described by Furuhjelm et al.
[76], was found in about 0.06% of Finns and Swedes
(Table 18.5). Anti-Ana has been found in about 1 in
1000 normal sera and does not appear to require red
cell stimulation [76]. Ana is destroyed by trypsin, 
papain, and sialidase [35].

Immunoblotting of An(a+) red cell membranes and
of GPC and GPD isolated from An(a+) red cells
showed that Ana is located on GPD, but not on GPC
[35]. Analysis of GYPC cDNA from two An(a+) indi-
viduals revealed a G67T nucleotide change in exon 2,
which predicts an alanine to serine substitution at po-
sition 23 of GPC and at position 2 of GPD [35]. This
raises the question, why is Ana only expressed on GPD
when the amino acid substitution occurs in both GPC
and GPD? Ana does not appear to involve the free

amino group at the N-terminus of GPD as acetylation
of red cell surface proteins does not affect Ana expres-
sion [35]. Consequently, Daniels et al. [35] suggested
that anti-Ana recognizes a conformational difference
in the N-terminal region of GPD resulting from the
amino acid substitution, which is not apparent when
the same substitution occurs within the GPC chain.
Titrations of anti-Ge2 sera with An(a+) and An(a–) red
cells suggested that some anti-Ge2 do not react with
GPDAna, although the results were not conclusive
[35].

18.4.4 Dha (GE8)

The first anti-Dha (Duch) was an IgM ‘naturally occur-
ring’ antibody found when the serum reacted with the
red cells of a Danish blood donor during pretransfu-
sion compatibility testing [77] (Table 18.5). Identifica-
tion of anti-Dha in sera of two blood donors led to the
discovery of an English family with eight Dh(a+) mem-
bers in three generations [87]. Treatment of intact red
cells with trypsin, papain, ficin, pronase, or sialidase
destroys Dha; chymotrypsin does not [77,87].

Spring [88] demonstrated by immunoblotting of
Dh(a+) red cell membranes and GPC isolated from
those cells that Dha is located on GPC, but not on GPD.
PCR analysis of cDNA from two Dh(a+) sibs revealed
a C40T nucleotide change in exon 1 of GYPC, encod-
ing a Leu14Phe substitution [89]. Dha is not present on
GPD, as codon 14 is 5¢ of the GPD translation-initia-
tion site. Dha is not affected by endoglycosidase F
treatment of the cells and so is not dependent on the
presence of the N-glycan at Asn8 [88]. Dha on red cells
is sialidase-sensitive, suggesting the necessity for nor-
mal O-glycosylation of GPC, but anti-Dha was specif-
ically inhibited by a synthetic peptide representing
amino acid residues 8–21 of GPCDha (NSTAWPF-
SLEPNPG) [86].

18.5 Gerbich antibodies

18.5.1 Alloantibodies

Gerbich antibodies are usually stimulated by pregnan-
cy or transfusion, but some are apparently ‘naturally
occurring’ [25,42,43,45,58]. Eighty-nine (13%) of
664 sera from Gerbich-negative Melanesians had 
Gerbich antibodies and the frequency of anti-Gerbich
was about the same in men as in women [25]. Some
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Gerbich antibodies may be IgM [90,91], but the ma-
jority are IgG, mostly IgG1 [91].

Gerbich antibodies have been eluted from direct
antiglobulin test (DAT)-positive cord red cells
[20,48–50,92], but no case of serious HDN has been
described, despite one of the antibodies being IgG3
and giving a strongly positive result in a monocyte
phagocytosis assay [92]. A Ge:–2,–3,4 patient with a
Gerbich antibody became jaundiced after transfusion
of 3 units of incompatible blood and showed indica-
tions of poor survival of the transfused red cells [93].
Another patient with anti-Ge2 received 16 units of in-
compatible red cells over 3 weeks with no clinical evi-
dence of haemolysis [94]. Results of in vivo survival
studies with a few Gerbich antibodies have suggested
potential clinical significance [95–97].

A weak antibody suggested some association be-
tween the Gerbich and Rh systems [98]. The antibody
reacted with all red cells tested except nine of 10 
Gerbich-negative samples and Rhnull, D––, and cells
with some other variant Rh phenotypes.

18.5.2 Autoantibodies

There are four reports of Gerbich autoantibodies 
causing severe autoimmune haemolytic anaemia:
three resembled anti-Ge2 [99–101], the other resem-
bled anti-Ge3 [102]. One was IgA [100], another 
IgM [101]. Gerbich-positive red cells of a patient with
anti-Ge2 in his serum gave a negative DAT, but anti-
Ge2 could be eluted [103]. Immunoblotting with this
antibody and with another Ge2-like autoantibody
showed that they bound to GPC, but not GPD and
therefore differed from most alloanti-Ge2 [103,104].
Both patients had reduced expression of target antigen
on their cells. Autoanti-Ge3 behaved like alloanti-
Ge3 on immunoblots by binding to GPC and GPD
[104].

An antibody resembling anti-Ge4 in a Ge:2,3,4 pa-
tient with aplastic anaemia and with elliptocytes in her
peripheral blood did not cause autoimmune haemoly-
sis [39,105]. The antibody bound GPC, GPCGe, and
GPCYus, but did not bind GPD [39]. The patient’s red
cells had a substantially reduced content of GPC, but
normal GPD. Two years later, antibody was no longer
present in the patient’s serum, the GPC content of her
red cell membranes had returned to normal, no ellipto-
cytes were present, and the antibody from an earlier
sample reacted with her red cells [39].

18.5.3 Monoclonal antibodies

Many monoclonal antibodies associated with Gerbich
define epitopes close to the N-terminus of GPC and 
behave serologically as anti-Ge4 [5,10,27–29,38,40,
41,55,106,107] (see Section 18.3.2.3). The epitopes of
most include Met1 of GPC, but some involve amino
acids 16–23 [55,107]. Several rodent monoclonal
anti-Ge3 have been produced [5,37,38]. Rodent 
monoclonal antibodies behaving serologically as anti-
Ge2 bound GPC [61,107] or GPC and GPD (one to
amino acids 36–39, another to 31–40) [107,108]. One
of the monoclonal anti-Ge2 immunostained GPCGe
on a protein blot, but did not react with Ge:–2,–3,4 red
cells [108]. An IgM monoclonal anti-Ge2 defined an
epitope involving amino acids 15–22 (SLEPDPGM)
on GPC, yet did not react with GPCGe, possibly be-
cause of altered O-glycosylation [61]. This antibody
cross-reacted with an epitope (amino acids 22–27,
EDPDIP) on the cytoplasmic N-terminal domain of
band 3.

18.6 Development and distribution of
Gerbich antigens

Ge2 and Ge3 are well developed at birth [20]. Gerbich
antigen (type unspecified) was detected in 19 fetuses
aged 17.5–28 weeks [43]. During erythropoiesis, GPC
and GPD are present on erythroid cells at an early stage
of differentiation, though glycosylation may not be
complete [106]. GPC, detected by a monoclonal anti-
body (BRIC4) to a glycosylation-dependent epitope,
was strongly expressed on 84% of CD34+ cells derived
from cord blood [109].

GPC and GPD are not erythroid-specific, although
the level of expression and the degree of glycosylation
of the proteins may differ in erythroid and non-
erythroid cells. Initiation of transcription of GYPC
probably occurs at different sites in erythroid and non-
erythroid cells [18]. GPC has been detected on T-
lymphocytes and, weakly, on B-lymphocytes and
platelets; GPC was not detected on granulocytes or
platelets [18,106]. GYPC mRNA was detected in
human erythroblasts, erythroleukaemic cell lines, and
fetal liver, but not in adult liver [7], and in human kid-
ney [8]. In order to avoid any effect of differential gly-
cosylation, a monoclonal antibody (BGRL-100) to the
cytoplasmic C-terminal domain of GPC and GPD was
used to immunostain human tissues [13]. Immuno-
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staining was apparent on fetal liver (mostly on cells of
erythroid lineage), sinusoids of adult liver, kidney
glomeruli, and neural cells in the brain.

18.7 Functional aspects —association of
GPC and GPD with the membrane skeleton

The shape and flexibility of red cells is maintained by 
a submembranous matrix containing three major 
proteins: spectrin, actin, and protein 4.1R (reviews 
in [110–112]). Transmembrane protein band 3 (anion
exchanger) is linked to the cytoskeleton through
ankyrin, protein 4.2, and 4.1R, representing the major
site of attachment of the skeletal network to the 
membrane (Section 10.6). GPC and GPD serve a 
similar function [113–121]. Protein 4.1R links GPC
and GPD to the spectrin–actin network, with the 
phosphoprotein p55 functioning to stabilize the inter-
action. The Arg-His-Lys tripeptide at positions 86–
88 of GPC bind to a sequence within the Mr 30000 
domain of 4.1R encoded by exon 8 of the 4.1R 
gene; the tripeptide Tyr-Phe-Ile at the C-terminus 
of GPC binds to the PDZ domain of p55; and the 
D5 domain of p55 binds to a sequence encoded by
exon 10 of the 4.1R gene [116–121] (Fig. 18.6). Pro-
tein 4.1 also binds calmodulin and increased levels of
Ca2+ decreases affinity of 4.1R interactions with p55
and GPC [121]. Protein 4.1R therefore plays an im-
portant part in regulating the GPC–4.1R–p55 ternary
complex.

There are about 200000 molecules of 4.1R per red
cell [10], about the same as the total number of GPC
and GPD molecules [5]. Patients with hereditary ellip-
tocytosis caused by 4.1R deficiency have a 70–90% re-
duction of GPC and GPD, are p55 deficient, and have
complete elliptocytosis [115,122–124]. GPC- and
GPD-deficient Ge:–2,–3,–4 red cells have about 25%
reduction in 4.1R and about 98% reduction in p55
[115]. Protein 4.1R reassociates with red cell mem-
branes of common phenotype stripped of skeletal pro-
teins, but not with stripped Ge:–2,–3,–4 membranes
[116].

The functions of the extracellular domains of GPC
and GPD are unknown. Like GPA and GPB, an impor-
tant function of these heavily sialylated structures
could be to contribute to the glycocalyx (see Section
3.25). Although one of the major functions of the gly-
cocalyx is to act as a barrier to invasion by pathologic
microorganisms, GPC and GPD, like GPA and GPB,

are red cell receptors for influenza A and B viruses
[125].

The level of invasion of Ge:–2,–3,–4 red cells by the
malaria parasite Plasmodium falciparum was only
57% of that of Gerbich-positive cells [126], although
Ge:–2,–3,4 cells were invaded normally [127].
BAEBL, a member of the Plasmodium receptor family
for red cell invasion, did not bind to sialidase- or
trypsin-treated red cells and had reduced binding to
Ge:–2,–3,4 and Ge:–2,3,4 cells (Ge:–2,–3,–4 cells were
not available) [127]. BAEBL has homology to EBA-
175, the P. falciparum receptor specific for GPA (see
Section 3.23.1), but bound normally to GPA-deficient,
En(a–) red cells. If there is any selective advantage of
Gerbich-negative phenotype in areas where P. falci-
parum malaria is endemic, this might provide an ex-
planation for the high incidence of Ge:–2,–3,4 in
Papua New Guinea.
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cell membranes by means of a glycophospholipid
called glycosylphosphatidylinositol (GPI) (reviewed in
[2–4]). The typical structure of a GPI anchor is shown
in Fig. 19.1. Examples of other GPI-linked red cell
membrane glycoproteins are described briefly in Sec-
tions 19.5 and 19.7. The complement-sensitive red cell
population (PNHIII) from patients with the rare, 
acquired, haemolytic disease PNH are deficient in all
GPI-linked proteins [5] (see Section 19.5).

Oligonucleotide probes based on the N-terminal
amino acid sequence of DAF were used to isolate 
DAF cDNA from libraries derived from HeLa epithe-
lial cell line and HL-60 promyelocytic leukaemia cell
line [6,7]. The cDNA sequence predicted a 347 amino
acid protein preceded by a 34 amino acid N-terminal
leader peptide sequence. The DAF polypeptide has
four regions of marked homology of about 60 amino
acid residues each called complement control protein
repeats (CCPs) or short consensus repeats (SCRs), 
followed by a 70 amino acid serine/threonine-rich 
O-glycosylated domain, and a hydrophobic stretch of 
24 amino acids (Fig. 19.2). A minor form of DAF
cDNA contained a 118-nucleotide Alu insert, pro-
duced as a result of alternative splicing [6]. The Mr

70000 red cell membrane form of DAF possesses 
multiple, highly sialylated, O-glycans in the serine/
threonine-rich region and a single N-linked oligosac-
charide between the first two CCPs [8]. Each CCP do-
main contains four cysteine residues and is maintained
in a folded conformation by two disulphide bonds. 
In a three-dimensional model of DAF based on the
structure of factor H, a functionally homologous 
protein, each CCP domain of DAF consists of five b
strands and the four CCPs are arranged in a helical
fashion [9].

19.1 Introduction

Cromer system antigens are located on the comple-
ment regulatory glycoprotein decay-accelerating 
factor (DAF or CD55), which is attached to the red 
cellmembranebyaglycosylphosphatidylinositol (GPI)
anchor. The system includes 10 antigens (Table 19.1):
seven of very high frequency; three of low frequency.
All are absent from red cells of the Cromer-null pheno-
type called the Inab phenotype, an inherited DAF 
deficiency. Cells lacking the Cromer system antigen
Dra express the other high frequency Cromer antigens
weakly. Complement-sensitive red cells from patients
with paroxysmal nocturnal haemoglobinuria (PNH)
are deficient in DAF and other GPI-linked proteins and
do not express Cromer system antigens. The molecu-
lar bases for all Cromer system phenotypes are known
(Table 19.1).

DAF (CD55) is part of the regulator of complement
activation cluster on chromosome 1q32, which con-
tains several genes encoding related glycoproteins
(Chapter 32).

19.2 Decay-accelerating factor and the
Cromer system

19.2.1 DAF (CD55)

DAF is an intrinsic membrane glycoprotein of red
cells, granulocytes, platelets, and lymphocytes, and is
widely distributed throughout the body (reviewed in
[1]). It is also present in soluble form in body fluids in-
cluding plasma and urine. DAF functions to regulate
complement activity (Section 19.5).

DAF is part of a family of glycoproteins anchored to

Cromer blood group system

19.1 Introduction, 444
19.2 Decay-accelerating factor and the

Cromer system, 444
19.3 Inab, the Cromer-null phenotype, and

anti-IFC (-CROM7), 445
19.4 Cromer system antigens and antibodies,

447

19.5 Functional aspects of DAF and CD59 —
GPI-linked complement-regulatory
proteins, 450

19.6 DAF as a receptor for pathogenic
microorganisms, 451

19.7 Other GPI-linked proteins on red cells,
451
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The DAF gene spans about 40kb and is organized
into 11 exons [10] (Table 19.2).

19.2.2 Cromer system antigens are located 
on DAF

In 1987, Spring et al. [11] showed that two murine
monoclonal antibodies, considered Cromer-related
because they did not react with Inab phenotype cells
and reacted only very weakly with Dr(a–) cells, stained
on red cell membrane immunoblots a sialoglycopro-
tein of apparent Mr 70000. This structure was subse-
quently shown to be DAF [12,13]. Immunoblotting
with human alloantibodies has demonstrated that the
Cromer system antigens Cra, Tca, Dra, IFC, WESa,
WESb, and UMC are all carried on DAF [11–15]. Fur-
ther confirmation that DAF is the Cromer antigen has
come from monoclonal antibody-specific immobiliza-
tion of erythrocyte antigens (MAIEA) assay [16,17],
binding assays and haemagglutination-inhibition tests
with recombinant DAF constructs [18–20], and asso-
ciation of mutations in the DAF gene variant Cromer
phenotypes [18,21–26] (Table 19.1).

Red cells of the Cromer-null (Inab) phenotype have
no more than minimal activity with murine mono-
clonal and rabbit anti-DAF [12,13,27,28]. PNHIII
cells, which are deficient in DAF, did not react with an-
tibodies to high frequency Cromer system antigens
[12,13].

19.3 Inab, the Cromer-null phenotype, and
anti-IFC (-CROM7)

The Inab phenotype, a Cromer-null phenotype in

Table 19.1 Antigens of the Cromer system.

No. Name Relative frequency Comments Molecular basis*

CROM1 Cra High Ala193 (Pro)
CROM2 Tca High Antithetical to Tcb and Tcc Arg18 (Leu or Pro)
CROM3 Tcb Low Antithetical to Tca and Tcc Leu18 (Arg or Pro)
CROM4 Tcc Low Antithetical to Tca and Tcb Pro18 (Arg or Leu)
CROM5 Dra High All antigens weak in Dr(a–) Ser165 (Leu)
CROM6 Esa High Ile46 (Asn)
CROM7 IFC High Absent from Inab phenotype cells (Inactivating mutations)
CROM8 WESa Low Antithetical to WESb Arg48 (leu)
CROM9 WESb High Antithetical to WESa Leu48 (Arg)
CROM10 UMC High Thr216 (Met)

*Shown in parentheses are the amino acids associated with an antigen negative phenotype.
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Fig. 19.1 Structure of a glycosylphosphatidylinositol
anchor. The protein is linked through ethanolamine to a
glycan core, attached to phosphatidylinositol, which is
embedded in the cell membrane. Three fatty acids are
present in red cells. Redrawn from [3].
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which the red cells lack all Cromer system antigens, is
very rare. Only five unrelated Inab phenotype individ-
uals have been reported: three Japanese [24,25,29], a
Jewish American [30], and a white American woman
of Italian descent, whose brother also had the Inab
phenotype [31]. Red cells of two individuals originally
considered to have the Inab phenotype [32,33] were
subsequently shown to have low levels of DAF [22];
one of them had the Dr(a–) phenotype (Section
19.4.3). A black patient with anti-IFC had a transient
Inab phenotype [34]. One year after the original diag-
nosis, his red cells expressed DAF and he had a normal
Cromer phenotype.

Sequencing of genomic DNA and of cDNA derived
from the original Inab phenotype propositus demon-
strated a nonsense mutation in codon 53 of DAF exon
2: TGG, a tryptophan codon, to TGA, a stop codon
[22]. Translation of DAF mRNA in this individual
could not proceed beyond amino acid residue 53 with-
in the first CCP domain. The mutation created a BclI
restriction site. Another Japanese propositus was also
homozygous for the same mutation; his parents 
were heterozygous for the mutation [25]. The third
Japanese Inab propositus had a different mutation; a
C1579A transversion 24bp upstream of the 3¢ end of
exon 2 created a novel splice site (TGGTCAGA to TG-
gtaaga), giving rise to a 26-bp deletion in the mRNA
and resulting a reading frameshift and a translation
stop codon immediately downstream of the mutation
[24]. Consequently, translation would be terminated

Table 19.2 Organization of the DAF gene.

Exon Size (bp) 3¢ intron size (kb) Amino acids* Region of DAF encoded Antigens encoded

1 0.5 –34– –1 5¢ untranslated; signal
peptide

2 186 2.3 –1–62 CCP-1 Tca/Tcb/Tcc, Esa,
WESa/WESb

3 192 0.9 62–126 CCP-2
4 100 1.0 126–159 CCP-3A
5 86 4.3 159–188 CCP-3B Dra

6 189 5.4 188–251 CCP-4 Cra, UMC
7 126 0.6 251–293 Ser/Thr richA
8 81 1.9 293–320 Ser/Thr richB
9 21 1.2 320–327 Ser/Thr richC

10 118 19.8 (327–366) Alu (alternatively spliced)
11 956 327–347 Hydrophobic; 3¢

untranslated

*Residue 1 is first amino acid of mature protein.

Fig. 19.2 Diagrammatic representation of the DAF
glycoprotein showing the four short consensus repeats
(CCPs), the O-glycosylated serine/threonine-rich region, the
hydrophobic region, and the glycosylphosphatidylinositol
(GPI) anchor inserted into the cell membrane. Also shown
are the locations of the Cromer system antigens on the four
CCPs.
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at the codon for the first amino acid of CCP-2. The
point mutation, but no deletion, was detected in ge-
nomic DNA. The mutation causes the loss of a MboI
site.

Sera from four of the Inab phenotype propositi con-
tained anti-IFC, an antibody reacting with all red cells
apart from those of the Inab phenotype [25,29–31].
Haemagglutination-inhibition experiments with solu-
ble–recombinant constructs representing different 
segments of DAF showed that anti-IFC comprises a
mixture of antibodies to each of the four CCPs [25].
An antibody with all the characteristics of anti-IFC
was found in the serum of a 12-year-old African 
American boy [25,35]. His red cells were never tested
with Cromer system antibodies, but it is likely that he
had the Inab phenotype. Anti-IFC in a patient with
transient Inab phenotype disappeared when the red
cells returned to normal [34].

Three of the five Inab propositi, plus the African
American boy who probably had the Inab phenotype,
had intestinal disorders including protein-losing en-
teropathy [29,35], Crohn’s disease [30], and blood
capillary angioma of the small intestine [25]. DAF is
present on the epithelial surface of intestinal mucosa
[36], but any suggestion of an association between
DAF-deficiency and intestinal disease is offset by the
absence of any such disorder in one of the Japanese
propositi [24] or in an 86-year-old Inab phenotype
woman and her 70-year-old brother [31].

19.4 Cromer system antigens 
and antibodies

19.4.1 Cra (CROM1)

In 1965 McCormick et al. [37] described an antibody
in the serum of a African American antenatal patient,
Mrs Cromer, which reacted with red cells of more than
4000 African American donors, but not with her own
cells or with those of two of her sibs. The antibody,
mistakenly thought to be antithetical to anti-Goa [37],
was later named anti-Cra by Stroup and McCreary
[38] who also recognized a possible serological associ-
ation with the antibody now called anti-Tca. Many
more examples have been found [35,38–43]; all are in
black people, with the exception of one Spanish 
American [39]. Cra is inherited as a Mendelian domi-
nant character [37–39]. Two of 8858 black Detroit
donors were Cr(a–) [44].

DAF cDNA deletion-mutants lacking the regions
encoding each of the four CCPs were used to transfect
Chinese hamster ovary (CHO) cells [45]. Anti-Cra

reacted on immunoblots with lysates from these 
transfected cells with the single exception of those
transfected with the cDNA lacking the region encod-
ing CCP-4 [18]. Sequencing of genomic DNA from
three Cr(a–) individuals revealed a G679C change 
encoding an Ala193Pro substitution in CCP-4 [18] 
(Tables 19.1 and 19.2).

19.4.2 Tca (CROM2), Tcb (CROM3), Tcc

(CROM4), and TcaTcb

Two antibodies of identical specificity, shown to be re-
lated to anti-Cra through common absence from Inab
phenotype cells [29], were named anti-Tca when a
third example was described [46]. One Tc(a–) individ-
ual was found as a result of testing red cells from 
950 African American donors with anti-Tca; none 
was found from testing 5000 white donors or 5000
Japanese [46].

Anti-Tcb, an antibody in a serum also containing
anti-Goa, reacted with red cells of about 6% of African
Americans; no white Tc(b+) person has been found
[47]. All Tc(a–) black people are Tc(b+) and family
studies showed that Tca and Tcb are alleles [47]. From
the results of testing 350 African American donors
with anti-Tcb the following gene and genotype fre-
quencies were calculated [47]: Tca 0.97, Tcb 0.03;
Tca/Tca 0.941, Tca/Tcb 0.058, Tcb/Tcb 0.001.

Red cells of a Tc(a–b–) white woman and her sister,
neither of whom had the Inab phenotype, were found
to have a low frequency antigen, which was subse-
quently named Tcc [48]. Both parents and three of four
other sibs were Tc(a+b–c+). Six months after the deliv-
ery of a Tc(a+) child, the serum of the Tc(a–b–c+)
propositus contained an antibody that represents 
inseparable anti-TcaTcb; it reacted with neither her
own cells nor with those of her Tc(a–b–c+) sister, but
did react with Tc(a–b+c–) and Tc(a+b–c–) cells [48]. 
A second example of anti-TcaTcb has been found 
in a Tc(a–b–) white woman [49].

Analysis of cells transfected with DAF cDNA dele-
tion-mutant constructs showed that Tca is on CCP-1
of DAF. G to T and G to C transversions at nucleotide
155, encoding Arg18Leu and Arg18Pro substitutions,
are responsible for Tcb and Tcc expression, respec-
tively [18,23,26] (Tables 19.1 and 19.2). The Tcb



CHAPTER 19

448

mutation creates a StuI restriction site and both Tcb

and Tcc mutations destroy an RsaI site.

19.4.3 Dra (CROM5)

At least three Dr(a–) propositi, all Uzbekistani Jews,
have been found in Israel through the presence of anti-
Dra in their sera [50–52]. One of the four sibs of the
original Dr(a–) propositus was also Dr(a–) [50]; in the
second family the propositus had no Dr(a–) sib, but
three of her four children were Dr(a–) [51]; in the third
family three of the four sibs of the propositus were
Dr(a–) [52]. Other examples of Dr(a–) with anti-Dra

have been identified in an Uzbekistani Jew [53], a
Russian woman [22,32], and a Japanese blood donor
[25]. Another Dr(a–) Japanese donor did not have
anti-Dra [54].

In addition to lacking Dra, Dr(a–) red cells have
weak expression of all other high frequency Cromer
system antigens as they have only 40% of normal ex-
pression of cell surface DAF [21]. Immunoblotting 
revealed no gross alteration in Dr(a–) DAF, but did
confirm the quantitative difference [21,55]. In one
case, Dr(a–) phenotype was originally mistaken for the
Inab phenotype [22,32].

Lublin et al. [21,22] sequenced polymerase chain re-
action (PCR)-amplified genomic DNA from four unre-
lated Dr(a–) individuals and demonstrated in each a
C596T transition in exon 5 of DAF encoding a
Ser165Leu substitution within CCP-3 (Tables 19.1
and 19.2). This mutation results in the loss of a TaqI 
restriction site. Sequencing of cDNA derived from
Dr(a–) individuals revealed two DAF transcripts: 
a minor one encoding full length DAF with the
Ser165Leu substitution and a more abundant form
having a 44-nucleotide deletion, which introduces a
reading frameshift and the generation of a premature
stop codon six codons downstream from the deletion.
Any polypeptide produced by the major transcript
would consist of an N-terminal leader sequence plus
165 amino acid residues representing the first two and
a half CCPs of DAF, but lacking the remainder of the
molecule, including the GPI anchor [22]. Only DAF
encoded by the minor transcript is present at the cell
surface, explaining the low levels of DAF and weak ex-
pression of the Cromer antigens. The two transcripts
are probably the products of alternative splicing. The
C to T mutation responsible for the loss of Dra creates
a cryptic splice site 44 nucleotides upstream of intron 4

so that 44 nucleotides of exon 3 are spliced-out of the
majority of the mRNA molecules together with intron
4. Restriction analyses with TaqI suggested that the
two Japanese Dr(a–) propositi have the same mutation
[25,32].

Chinese hamster ovary cell lines were transfected
with either the wild-type, Dra DAF cDNA or with
DAF cDNA representing the variant allele. The latter
was created by site-directed in vitro mutagenesis to 
introduce the C596T change (and without the 44-
nucleotide deletion). The allele-specific transfectants
were tested for Dra expression on membrane-bound
DAF by flow cytometry and for secreted Dra by
haemagglutination-inhibition. The results confirmed
that the single amino acid substitution was responsible
for loss of Dra antigen expression [21].

19.4.4 WESa (CROM8) and WESb (CROM9)

WESa is a low frequency antigen detected on the red
cells of 61 of 10982 (0.56%) Finns [56], two of 1610
(0.12%) white Americans [57], seven of 1460 (0.48%)
African Americans [57], and five of 245 (2.04%) black
North Londoners [58]. WESa was not found among
210 Belgians, 747 Poles, 1073 Hungarians, 707 Lat-
vians, 500 Japanese, or 1026 Somalis [55].

Only two examples of antibodies to the high fre-
quency antigen WESb are known, both found in the
sera of black women with WES(a+) red cells [58,59].
Anti-WESb gave higher titration scores with WES(a–)
red cells than with WES(a+) red cells [58]. The only
other known WESa homozygote was a Finnish woman
with six WES(a+) and no WES(a–) children [58].

Tests of transfected cells expressing DAF constructs
comprising single CCPs suggested that WESb is situat-
ed on CCP-1 [19]. Amplification and sequencing of
DAF exon 2 from WES(a+b–) and WES(a–b+) individ-
uals revealed that the WESb/WESa polymorphism 
results from a T245G change, which encodes a
Leu48Arg substitution [26] (Tables 19.1 and 19.2).
The WESa allele lacks an AflII restriction site that is
present in WESb. In a MAIEA assay, two murine 
monoclonal antibodies to epitopes on CCP-1 blocked
binding of anti-Tca, whereas a third did not. The op-
posite result was obtained with the same monoclonal
antibodies and anti-WESb, suggesting that Tca and
WESb are on opposing faces of CCP-1 [17]. These re-
sults support the molecular model of Kuttner-Kondo
et al. [9].
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19.4.5 Esa (CROM6)

Only two examples of anti-Esa and two Es(a–)
propositi are known:
1 a woman of Mexican descent with two Es(a–) and
one Es(a+) sibs, and whose parents were first cousins
[60]; and
2 an African American man [61].

None of 3400 random donors was Es(a–). Anti-
WESb reacts slightly less strongly with Es(a–) cells 
than with Es(a+) cells, whereas two examples of
WES(a+b–) cells reacted only very weakly with anti-
Esa, requiring adsorption–elution tests for detection
[58].

MAIEA analysis suggested that Esa is on CCP-1 
of DAF [16]. Sequencing of DAF exon 2 from the
African American Es(a–) propositus revealed homo-
zygosity for a T239A transversion, encoding an
Ile46Asn substitution in CCP-1 [26] (Tables 19.1 and
19.2). This amino acid substitution is very close to
Leu48Arg, responsible for the WESb/WESa polymor-
phism, explaining the serological interaction between
Esa and WESb.

19.4.6 UMC (CROM10)

The only known UMC– propositus is a Japanese blood
donor detected during screening for donor antibodies
in northern Japan [14]. One of her three sibs was also
UMC–. None of 45610 Japanese donors was UMC–.

Anti-UMC was shown to detect a determinant on
CCP-4 of DAF by haemagglutination-inhibition tests
with soluble-recombinant DAF constructs lacking 
different CCPs [20]. The UMC– propositus was then
shown to be homozygous for a C749T transition in
exon 6 of DAF encoding a Thr216Met substitution
[26] (Tables 19.1 and 19.2).

19.4.7 Other serological characteristics of
Cromer system antigens

Cromer system antigens are readily destroyed by treat-
ment of the red cells with a-chymotrypsin, but not by
trypsin, papain, ficin, or sialidase, and in this way are
easily distinguished from virtually all other blood
group antigens. Treatment of intact red cells with the
sulphydryl-reducing agents 2-aminoethylisothiouro-
nium bromide (AET) and dithiothreitol (DTT) results
in only slight weakening of the Cromer antigens. This

is surprising, considering that each CCP domain is
maintained in its folded configuration by two disul-
phide bonds (Section 19.2.1).

Haemagglutination-inhibition has demonstrated
that Cromer system antigens are present in serum of
individuals with the corresponding antigen on their
red cells [31,46,51,56,58,62]. Anti-Cra, -Tca, -Dra, 
-IFC, and -UMC were inhibited by concentrated urine
from individuals with antigen-positive red cells
[14,15].

Anti-Cra can be readily removed from sera by 
adsorption with platelet concentrates [63,64].

19.4.8 Clinical significance of Cromer 
system antibodies

Cromer system antibodies are mostly IgG [35], al-
though IgM anti-Cra is reported [43]. IgG1 generally
predominates, but Cromer system antibodies of all
four subclasses have been reported [43,52,53,56,
61,65–68].

Cromer system antibodies are not usually not 
considered clinically significant and there are many 
reports of successful transfusion of incompatible red
cells to patients with anti-Cra [39,42,68,69] and one
with anti-Tca [98]. Yet anti-Cra [68] and -Tca [70]
have been blamed for clinical transfusion reactions,
with the anti-Tca destroying six units of Tc(a+) red
cells, three of them within a day of transfusion. Con-
clusions from in vivo red cell survival studies and in
vitro functional assays with Cromer system antibodies
have varied, some suggesting that the antibodies are of
no clinical importance [39–43,49,52,53,63,67–69],
others predicting reduced survival of transfused in-
compatible red cells [30,35,46,53,61,64,66–68,70,
71]. Only 38% of radiolabelled IFC+ red cells survived
24h after injection into an Inab phenotype man with
anti-IFC [30] and another example of anti-IFC re-
moved all IFC+ cells within 15min of injection [35].
Anti-Tca comprising IgG1, IgG2, and IgG4 gave 
results in the monocyte monolayer assay (MMA) 
suggestive of clinical significance; 2 years later the
serum contained only IgG2 and IgG4, and the MMA
and in vivo red cell survival tests suggested that in-
compatible transfusion would be well tolerated [67].
Transplantation of a Dr(a+) kidney into a Dr(a–) pa-
tient with IgG2 plus IgG4 anti-Dra was successful,
with good graft function and no increase in titre of the
antibody [52].
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Despite the indications that Cromer system anti-
bodies often have the potential to be haemolytic, these
antibodies are never responsible for clinical signs of
haemolytic disease of the newborn (HDN). DAF is
present on placental trophoblast epithelial cells de-
rived from the fetus [72]. During the course of two
consecutive pregnancies, anti-Cra titre decreased from
128 or 512 to <4 [63]. In other cases, strongly reactive
anti-Cra, -Dra, and -WESb became undetectable in 
the maternal plasma during the second and third
trimesters of pregnancy, only to reappear shortly after
parturition [53,59]. It is likely therefore that maternal
Cromer system antibodies become absorbed by the
placenta, protecting the fetus from the antibodies.

19.4.9 Monoclonal antibodies

Numerous rodent monoclonal antibodies to DAF
have been produced, defining epitopes on each of the
four CCPs [11,20,45,73]. They generally behave like
anti-IFC as they do not react with red cells of the Inab
phenotype and react only very weakly with Dr(a–)
cells. One monoclonal antibody to an epitope on CCP-
1 gave weaker reactions than normal with Tc(a–b+c–)
cells and even weaker reactions with Tc(a–b–c+) cells
[73].

19.5 Functional aspects of DAF and CD59 —
GPI-linked complement-regulatory proteins

DAF protects cells from complement-mediated dam-
age by inhibiting the amplification stage of comple-
ment activation. DAF inhibits association and
accelerates dissociation of C4b2a and C3bBb, the C3
convertases of the classical and alternative pathways,
respectively. The second, third, and fourth, but not the
first, CCPs of DAF appear to be important in regulat-
ing C3 convertase activity [45]. DAF has a wide distri-
bution in the body. It is present on granulocytes,
monocytes, and lymphocytes [1], and on many epithe-
lial cells, including placental trophoblast epithelium,
where it might have a role in protecting the fetus 
from maternal complement-mediated attack [72] 
(see Section 19.4.8).

CD59, also known as the membrane inhibitor of 
reactive lysis (MIRL), is a complement-regulatory 
glycoprotein of the Ly-6 superfamily. It inhibits 
complement-mediated haemolysis by binding to C8
and C9 and preventing assembly of the membrane-at-

tack complex. CD59 is present on red cells, but does
not have blood group activity. It has an apparent Mr

of around 18000 and is glycosylated at Asn18. The
CD59 gene has been cloned and sequenced and is situ-
ated on chromosome 11. Like DAF, CD59 is attached
to the red cell membrane by a GPI anchor (for reviews
on CD59 see [3,4,74]). Several murine monoclonal an-
tibodies have been used to analyse CD59 glycoprotein
on red cells [73,75].

Paroxysmal nocturnal haemoglobinuria, a disease
characterized by intravascular haemolysis, is caused
by multifarious somatic mutations in PIG-A, an X-
linked gene essential for the biosynthesis of the GPI an-
chor of the GPI-linked proteins of haemopoietic cells
[4,76,77]. The affected red cells in PNH patients (PN-
HIII cells) are deficient in all GPI-linked proteins [5],
including DAF and CD59, and can be lysed, in vitro,
by acidified human serum, a process that involves the
activation of the alternative complement pathway. De-
spite DAF deficiency, red cells of the Inab phenotype
show no evidence of haemolysis and none of the six in-
dividuals with this phenotype had any symptoms of
haematological disease [24,25,27,28]. Unlike PNH
cells, Inab phenotype cells are not lysed by acidified
serum or by cobra venom and they are no more than
slightly more susceptible to lysis than normal cells in
standard complement-mediated lysis tests, such as
lysis in the presence of cold antibody or sucrose
[27,28]. DATs on Inab phenotype cells with antibodies
to human complement components demonstrated
that there is no accumulation of C3 fragments on Inab
phenotype cells, as might have been expected in the 
absence of a C3 convertase inhibitor [27,28]. When
CD59 has been inactivated by the addition of mono-
clonal anti-CD59, however, Inab phenotype red cells
are haemolysed by acidified human serum [25,33]. In a
reactive lysis assay, coating red cells with either anti-
CD55 or -CD59 induced lysis, anti-CD59 having the
more pronounced effect [78]. These results suggest
that DAF and CD59 share the role of protecting red
cells from the activity of autologous complement.
CD59 appears more effective than DAF in this respect:
a patient with red cell CD59 deficiency resulting from
homozygosity for single base deletion within the
CD59 gene, but with normal levels of DAF and other
GPI-linked glycoproteins, had a mild PNH-like hae-
molytic anaemia [79,80]. In a complement-mediated
lysis sensitivity (CLS) test, the following scores (in 
CLS units) were obtained: DAF-deficient (Inab) red
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cells, 4.6; CD59-deficient red cells, 11.7; DAF- and
CD59-deficient (PNHIII) red cells, 47.6 [81]. CD59
may also have the dubious function of protecting 
red cells infected with Plasmodium falciparum from
complement-mediated destruction [82].

DAF may also be involved in cellular interaction. 
It is a ligand for CD97, a seven-span transmembrane 
receptor of T and B cells [83].

19.6 DAF as a receptor for pathogenic
microorganisms

Like globoside, the P antigen (Section 4.11.1), DAF is
exploited as an attachment site on epithelial cells for
strains of Escherichia coli associated with urinary
tract infection, cystitis, and protracted diarrhoea [84].
Fimbriae from 075X-positive E. coli agglutinated red
cells in vitro, with the exception of those with the Inab
and Dr(a–) phenotypes [85]. The 075X and other 
fimbria-like adhesins that bind to Dra are referred to as
Dr adhesins. E. coli and purified Dr adhesins-bound 
Chinese hamster ovary (CHO) cells transfected with
normal DAF cDNA, but not untransfected cells or
cells transfected with DAF cDNA encoding the
Ser165Leu substitution associated with the Dr(a–)
phenotype [86]. Immunofluorescence assays with Dr
adhesin isolated from a recombinant bacterial strain
showed that its ligand (DAF expressing Dra) is widely
distributed on the surface of epithelial cells [87]. Renal
tubular basement membrane, Bowman’s capsule, and
renal transitional epithelium showed the highest level
of fluorescence.

DAF is a ligand for many picornaviruses, which in-
cludes echoviruses and coxsackieviruses [88]. Some
echoviruses are capable of agglutinating red cells [89].
Binding of echovirus 7 to CHO cells transfected with
DAF cDNA deletion mutants showed a requirement
of CCP-2, -3, and -4 [90]. Monoclonal antibody to
CCP-3 blocked attachment of echoviruses to suscepti-
ble cells [90,91].

19.7 Other GPI-linked proteins on red cells

Several other GPI-linked proteins are present on red
cells. Some carry blood group antigens and are de-
scribed in the relevant chapters: Yt antigens on acetyl-
cholinesterase (Chapter 11); Dombrock glycoprotein
(Chapter 14); JMH (CDw108) (Chapter 24); and
Emm antigen (Chapter 28). Mentioned below are

three other GPI-linked proteins, detected on red cells
by monoclonal antibodies, but not associated with any
blood group antigen.

LFA-3 (CD58) has wide tissue distribution and is
present in the red cell membrane, but is not known to
be associated with any blood group. Most LFA-3 mol-
ecules in the red cell membrane are GPI anchored, 
although a minority population have transmembrane
and cytoplasmic domains. LFA-3 functions as a cell
adhesion molecule and is involved in T cell activation
through binding to CD2, but the function of LFA-3 on
red cells is unknown (reviewed in [92,93]).

C8-binding protein is another red cell membrane
protein reported to have complement regulatory activ-
ity [94]. It is absent from PNH red cells and therefore is
probably GPI-linked [95].

The prion protein, PrPC, is a GPI-linked glycopro-
tein widely distributed on cells of different tissues, in-
cluding mononuclear leucocytes and platelets in the
blood. A conformational isoform of PrPC, called PrPSc,
is responsible for transmissible spongiform en-
cephalopathies, such as Creutzfeldt–Jakob disease
(CJD) and variant CJD (review in [96]). PrPC is 
present, at relatively low levels, on normal red cells,
but not on PNHIII cells [97].
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The most common allotype of CR1 (CR1*1) consists
of 2039 amino acids, which include a 41 amino acid N-
terminal signal peptide (cleaved from the mature pro-
tein), a 1930 amino acid extracellular domain, a 25
amino acid transmembrane region, and a 43 amino
acid cytoplasmic domain. Like some other comple-
ment regulatory proteins, including decay-accelerat-
ing factor (DAF, Chapter 19), the extracellular domain
is organized into a number of regions of amino acid se-
quence homology, each comprising about 60 residues,
called complement control protein repeats (CCPs) or
short consensus repeats (SCRs). The extracellular 
domain of the CR1*1 allotype consists of 30 CCPs
(Fig. 20.1). Each CCP domain contains four cysteine
residues and is maintained in a folded conformation 
by two disulphide bonds. Further homology divides
the N-terminal 28 CCPs into four regions called long
homologous repeats (LHRs), each comprising seven
CCPs.

Four allotypes of CR1 of different molecular weight
have been identified: the common CR1*1 allotype
(previously known as CR1-A, Mr 190000 under non-
reducing conditions); the less common CR1*2 allo-
type (CR1-B, Mr 220000); and the rare CR1*3
(CR1-C, Mr 160000) and CR1*4 (CR1-D, Mr

250000) allotypes [1,7]. These allotypes differ in the
numbers of LHRs making up the extracellular domain
and may have arisen as a result of intragenic unequal
crossing-over [8]. The number of CR1 molecules per
red cell differs considerably from person to person,
varying from 20 to over 800 [9]. This red cell quantita-
tive polymorphism is independent of the size polymor-
phism and is associated with a CR1 HindIII restriction
fragment-length polymorphism (RFLP) in white peo-

20.1 Introduction

The Knops system consists of three pairs of antithetical
antigens, plus Yka (Table 20.1). These antigens are 
defined by clinically insignificant antibodies that are
notoriously difficult to identify. They are all located on
complement receptor 1 (CR1, CD35), a member of 
the complement control protein superfamily. The
McCa/McCb and Sla/Vil polymorphisms are associat-
ed with amino acid substitutions in CR1 (Table 20.1).
The Helgeson phenotype appears, by conventional
serological methods, to be a Knops-null phenotype, 
although very low levels of CR1 are present on the red
cells.

CR1 (CD35) is part of the Regulators of Comple-
ment Activity gene cluster on chromosome 1q32.

Csa is an antigen of moderately high frequency, sero-
logically related to Yka. Csa does not appear to be on
CR1, so Csa and its antithetical antigen, Csb, comprise
the Cost collection (collection 205, Table 20.1 and
Section 20.8).

20.2 Complement receptor 1 (CR1) and the
Knops system

20.2.1 CR1 (CD35)

CR1 is a glycoprotein of about Mr 200000 present on
red cells, granulocytes, monocytes, B-lymphocytes, a
subset of T cells, glomerular podocytes, and follicular-
dendritic cells in lymph nodes (reviews on CR1 in
[1–3]). A soluble form of CR1 (sCR1) is present in
plasma. The primary structure of the CR1 polypeptide
has been elucidated from the cDNA sequence [4–6].

Knops blood group system and the 
Cost antigens
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20.2 Complement receptor 1 (CR1) and the

Knops system, 455
20.3 Helgeson, a null phenotype in the

Knops system?, 457
20.4 Antigens of the Knops system, 457
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20.6 Functional aspects of CR1, a
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20.7 Associations of CR1 with malaria and
other pathogens, 461
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ple, but not in African Americans (for review on CR1
polymorphisms see [3]).

There are 25 potential sites for N-glycosylation [5],
but the approximate 25000 reduction in Mr of CR1
treated with endoglycosidase F suggests 6–8N-
glycans per molecule [1]. CR1 is not O-glycosylated
[10].

The 133–160kb CR1 gene is organized into 39
exons (CR1*1 allele) or 47 exons (CR1*2). Each LHR
is represented by eight exons. In each LHR, CCPs 1, 5,
and 7 are encoded by one exon each; CCPs 2 and 6 by

two exons each; and CCPs 3 and 4 by a single exon
[8,11] (Table 20.2). The major transcription start 
site is probably 111bp upstream of the translation-
initiating ATG codon [8].

20.2.2 Knops system antigens are located 
on CR1

In 1991, Rao et al. [12] and Moulds et al. [13] inde-
pendently demonstrated that Knops system antigens
are situated on CR1. Immunoprecipitation of radiola-
belled red cell membrane proteins with anti-Kna, 
-McCa, -Sla, -Yka, and several other antibodies with re-
lated specificities produced bands on sodium dodecyl
sulphate (SDS) polyacrylamide gels identical to those
produced by precipitation with monoclonal anti-CR1.
Furthermore, after immunoprecipitation with mono-
clonal anti-CR1, affinity purified CR1 could be detect-
ed on immunoblots with human anti-Kn/McC serum
[12]. When two CR1 allotypes (1 and 2) were present,
two bands were generally detected with the monoclon-
al and human antibodies [12,13]. However, in one in-
dividual apparently heterozygous for Yka, two bands,
representing allotypes CR1*1 and CR1*2, were de-
tected with the monoclonal anti-CR1, but only the
band representing the CR1*1 allotype was detected
after precipitation by human anti-Yka [9]. The loca-
tion of Kna, McCa, Sla, and Yka on CR1 was confirmed
by neutralization of the corresponding antibodies
with soluble, recombinant CR1 [14] and with mono-
clonal anti-CR1, by the monoclonal antibody-specific
immobilization of erythrocyte antigens (MAIEA)
assay [15]. Furthermore, the McCa/McCb and Sla/Vil

Table 20.1 Antigens of the Knops system and Cost
collection.

Number Name Comments

Knops system
KN1 Kna Antithetical to Knb (KN2)
KN2 Knb Antithetical to Kna (KN1)
KN3 McCa Lys1590. Antithetical to McCb

(KN6)
KN4 Sla Arg1601. Antithetical to Vil 

(KN7)
KN5 Yka

KN6 McCb Glu1590. Antithetical to 
McCa (KN3)

KN7 Vil Gly1601. Antithetical to Sla

(KN4)

Cost collection
COST1 Csa Antithetical to Csb (COST2)
COST2 Csb Antithetical to Csa (COST1)

Fig. 20.1 Diagrammatic representation of the most common allotype of CR1 (CR1*1), showing the 30 complement control
protein repeats (CCP), the four long homologous repeats (LHR), one of the 6–8 N-linked oligosaccharides (N), the
transmembrane region, and the cytoplasmic domain, the active sites (site 1 and the duplicated site 2), and the position of the
McC and Sl polymorphisms.
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polymorphisms are associated with single nucleotide
polymorphisms in CR1 [16] (Section 20.4). In con-
trast, the immunochemical methods described above
all gave negative results with anti-Csa, suggesting that
Csa is not on CR1 [13–15].

In 1973, Swanson [17] reported that Yka was pre-
sent in plasma, as detected by haemagglutination inhi-
bition, and on leucocytes, as detected by adsorption
tests. Although these experiments could not be repeat-
ed elsewhere [18], the known distribution of CR1 (Sec-
tion 20.2.1) gives credibility to Swanson’s findings.

20.3 Helgeson, a null phenotype in the
Knops system?

The major serological characteristic that led to the
Knops, McCoy, and Sla antigens being ranked togeth-
er has been their apparent absence from the red cells of
one of the discoverers of Kna, Margaret Helgeson
(M.H.), and from other red cells of the same pheno-
type [19–23]. The apparent absence of Yka from these
cells was demonstrated later [9]. In fact, Helgeson phe-
notype cells do not represent a true Knops-null pheno-
type because they express very low levels of Knops
antigens [9,12,13], and may even be agglutinated in
antiglobulin tests by the most potent examples of
Knops antibodies [9]. Consequently, Helgeson pheno-
type, unlike null phenotypes in other systems, is not as-
sociated with an antibody to a generic Knops system
antigen. The Helgeson phenotype has an incidence 
of about 1% in African and white Americans 
[22,23].

Red cells of the Helgeson phenotype have a very low
number of CR1 molecules per red cell, approximating
10% of normal [9,12,13]. Knops antigens could be 
detected on CR1 of Helgeson phenotype cells by 
immunoprecipitation, flow cytometry, or MAIEA
[12,13,15]. Levels of CR1 were normal on red cells of
individuals who lacked only one of the Knops system
antigens and who had made the corresponding anti-
body [13]. Expression of Knops antigens, as detected
by an antiglobulin test, correlates strongly with the
number of CR1 molecules per red cell. Cells with be-
tween 20 and 100 CR1 molecules are negative with
Knops antibodies by the antiglobulin test (Helgeson
phenotype), cells with 100–150 molecules are weak or
negative depending on the antibody used, and cells
with more than 200 molecules are generally positive
with all antibodies tested [9]. It is likely that the 
Helgeson phenotype and other weaknesses of Knops
antigens result from inherited low copy number of
CR1, whereas absence of single antigens in individuals
who may make the corresponding antibody is caused
by mutations within the CR1 gene.

20.4 Antigens of the Knops system

20.4.1 Kna and Knb (KN1 and KN2)

Kna, the original Knops antigen, was first reported in
1970 by Helgeson et al. [19]. Kna has an incidence of
about 98–99% (Table 20.3). The three Kn(a–) sibs 
described in the original paper [19] were later shown
to have the Helgeson phenotype.

Table 20.2 Domains of CR1 encoded by the 39 exons of CR1*1.

LHR-A LHR-B LHR-C LHR-D

Exon CCP Exon CCP Exon CCP Exon CCP Exon Domain

2 1 10 8 18 15 26 22 34 29
3 2a 11 9a 19 16a 27 23a 35 30
4 2b 12 9b 20 16b 28 23b 36 TMa
5 3,4 13 10,11 21 17,18 29 24,25 37 TMb
6 5 14 12 22 19 30 26 38 cyto
7 6a 15 13a 23 20a 31 27a 39 3¢ UT
8 6b 16 13b 24 20b 32 27b
9 7 17 14 25 21 33 28

Exon 1 encodes the leader peptide.
CCP, complement control protein domain; cyto, cytoplasmic domain; LHR, long homologous repeat; TM, trans-membrane domain; 
UT, untranslated.
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An antibody in a serum containing anti-Kpa, which
reacted with red cells of 4.2% of Kp(a–) Australian
blood donors (Table 20.3), reacted with virtually all
Kn(a–) McC(a+) red cell samples, but with no Kn(a–)
McC(a–) samples [24]. Consequently, Mallan et al.
[24] suggested that the serum contained anti-Knb, an
antibody antithetical to anti-Kna. No other example of
anti-Knb has been reported. Anti-Knb does not react
with the red cells of black people, including Kn(a–)
McC(a+) individuals, so Kna may have different alleles
in black and in white people [25,26].

20.4.2 McCa and McCb (KN3 and KN6)

McCa (McCoy) was identified and shown to be associ-
ated with Kna by Molthan and Moulds [20]. Although
Kna and McCa have frequencies well in excess of 90%,
53% of McC(a–) individuals were also Kn(a–). The
frequency of Mc(a–) is 1–2% in white Americans, but
varies between 3 and 10% in different surveys of
African Americans (Table 20.4) and West Africans
[20,22,26].

As anti-Knb appears to be antithetical to anti-Kna in
white people, so anti-McCb is antithetical to anti-
McCa in black people [16,17,25]: 45.3% of black
donors are McC(b+) (Table 20.4), which includes all
Kn(a+) McC(a–), but no Kn(a–) McC(a–) individuals.

No McC(b+) white person has been found. Family
studies show that McCa and McCb are inherited, ap-
parently as the products of codominant alleles [20,26].
Gene frequencies in West Africans are McCa 0.72,
McCb 0.28.

The McCa/McCb polymorphism is associated with
an A4795G change in exon 29 of CR1, encoding a
Lys1590Glu substitution in CCP 25 in LHR-D of CR1
(Fig. 20.1) [16]. Discrepancies between phenotype and
genotype in about 6% of samples were accounted for
mainly by genes encoding low CR1 copy number. Re-
combinant soluble CR1 (sCR1) containing Lys1590
inhibited anti-McCa, but not anti-McCb, whereas
sCR1 containing Glu1590 inhibited anti-McCb, but
not anti-McCa.

20.4.3 Sla and Vil (KN4 and KN7)

Sla (Swain–Langley), an antigen of high incidence in
white people, but of distinctly lower frequency in
black people (Table 20.3), was described in 1980 by
Lacey et al. [21] and Molthan [23] (who called it
McCc). All McC(a–) black people are Sl(a–), whether
they are Kn(a–) or Kn(a+), but 45% of Kn(a+)
McC(a+) African Americans are also Sl(a–). All Kn(a–)
McC(a–) white people are also Sl(a–), but only 1% of
Kn(a+) McC(a+) white people were Sl(a–) and all four

Table 20.3 Frequencies of Knops antigens.

Antigen Population No. tested No. positive Antigen frequency References

Kna Americans 2071 2067 0.9981 [19]
White Americans 2482 2431 0.9795 [22]
African Americans 894 883 0.9877 [22]

Knb Australians 166 7 0.0422 [24]
Americans 63 3 0.0476 [24]

McCa White Americans 3860 3802 0.9850 [20,22]
African Americans 645 624 0.9674 [20]
African Americans 894 837 0.9362 [22]

McCb African Americans 371 168 0.4528 [25]

Sla White Americans 111 110 0.9910 [21]
African Americans 109 66 0.6055 [21]
White Americans 722 705 0.9765 [23]
African Americans 371 191 0.5148 [23]

Yka White Americans 2889 2598 0.8993 [22]
African Americans 1117 1098 0.9830 [22]
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Kn(a+) McC(a–) individuals found in testing 722
white donors were Sl(a+). Sl(a–) has a frequency of
around 70% in West Africans [26].

An antibody, anti-Vil, appeared to be antithetical to
anti-Sla when testing red cells from black people, but
no Vil+ white person was found [21].

The Sla/Vil polymorphism is associated with
A4828G in exon 29 of CR1, encoding an Arg1601Gly
substitution in CCP 25 of CR1 [16]. Discrepancies 
between Sla/Vil phenotype and genotype in about 
12% of samples were accounted for mainly by genes
encoding low CR1 copy number. Soluble CR1 con-
taining Arg1601 inhibited anti-Sla, but not anti-Vil,
except when the sCR1 also contains Glu1590 (McCb),
when anti-Sla was not inhibited. This is probably
caused by the change from a positively charged lysine 
to a negatively charged glutamic acid at position 
1590 affecting the conformation of the Sla epitope
around position 1601 [16]. McC(a–) Sl(a+) phenotype
is not found in black people [16,23,25]. Soluble 
CR1 containing Gly1601 inhibited anti-Vil, but not
anti-Sla.

Many other antibodies have been found that do 
not react with Kn(a–) McC(a–) (Helgeson phenotype)
red cells, but which differ from those described 
above. These antibodies are often referred to as anti-
Kn/McC.

20.4.4 Yka (KN5)

The original anti-Yka (York) was initially thought to
be anti-Csa because it failed to react with two Cs(a–)
samples. The cells of Mrs York, however, were Cs(a+),
so Yka was described by Molthan and Giles [18] as a
new antigen related to Csa.

Yka is inherited as a Mendelian dominant character
[18]. The frequency of the Yka gene, calculated from
the data shown in Table 20.3, is 0.6826 in white 
Americans and 0.8696 in African Americans. There
may be some heterogeneity in the specificity of Yka

antibodies [27].
The incidence of the Cs(a–) Yk(a–) phenotype in

white Americans is 0.0163 [22]. If there was no associ-
ation between Csa and Yka, the expected phenotype
frequency would be 0.0048, about three times less
than that observed. Cs(a–) Yk(a–) has an incidence of
0.0035 in African Americans [22], about 17 times that
expected assuming no association. Two family studies
indicated that the genes for Csa and Yka segregate 

independently [18], but doubt was subsequently cast
on this when one of the families was retested [22].

When Molthan and Moulds [20] reported McCa

they found that 37% of McC(a–) white people were
Yk(a–) and 29% Cs(a–); 2.2% of McC(a–) black peo-
ple were Yk(a–) and 17% were Cs(a–). These figures
differ substantially from those expected if no relation-
ship between McCa, Yka, and Csa existed; 100 times
more McC(a–) donors were Yk(a–) Cs(a–) Kn(a–)
than would be predicted from the frequencies of these
antigens. Although the original Helgeson phenotype
cells (M.H.) are Yk(a–) Cs(a–), three other examples
were Yk(a–) Cs(a+) [9].

20.4.5 Some other serological characteristics of
Knops antigens

20.4.5.1 Antigen strength

Knops antigens show a variation in strength between
individuals, which cannot readily be correlated with
dosage resulting from zygosity [18,20,22], but does
correlate with red cell CR1 levels [9]. A reduction in
expression of Knops antigens often appears to occur
with red cell storage, but this could not be demonstrat-
ed conclusively in controlled tests with Knops anti-
bodies against freshly bled red cells and cells stored for
35 days [28]. CR1 density per red cell decreases with
cell ageing, possibly because of protease cleavage of
the protein near its stalk [3].

Daniels et al. [29] found that strength of the Knops
antigens is also affected by presence of an In(Lu) gene
(see Chapter 6). In(Lu) Lunull cells gave lower mean
titration scores with anti-Kna, -McCa, -Yka, and -Sla,
and with anti-Csa, than did Lu(a–b+) or Lu(a+b+) cells
from members of the same family. This effect of In(Lu)
could not be confirmed in a later study, by comparison
of In(Lu) cells with unrelated donors of common
Lutheran phenotype [30].

Knops antigens are generally well expressed on red
cells from cord samples. Two babies of McC(a–) moth-
ers with high titre anti-McCa were also McC(a–) at
birth, but became McC(a+) within their first year of
life [31]. Maternal anti-McCa may have been responsi-
ble for impaired McCa antigen expression in utero.

20.4.5.2 Effects of enzymes and reducing agents

Knops system antigens are generally resistant to 
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treatment of the red cells with ficin and papain
[20–22,32,33], although this may depend on the anti-
body and method of enzyme treatment used. Two 
of 33 anti-McCa failed to react with ficin-treated
McC(a+) cells [22]. One weak example of anti-Yka did
not react with ficin-treated cells initially, but after the
patient was transfused with seven units of Yk(a+)
blood the more avid anti-Yka reacted strongly with
ficinized cells [22]. Kna, McCa, and Yka are destroyed
by trypsin and chymotrypsin treatment of the cells,
which helps to distinguish them from Csa [33].

Kna, McCa, and Yka are destroyed, or at least 
weakened, by the disulphide bond reducing agents 
2-aminoethylisothiouronium bromide (AET) and
dithiothreitol (DTT), also distinguishing them from
Csa [33–35].

20.5 Knops system antibodies

20.5.1 Antibody characteristics

The term ‘high-titre low-avidity’ (HTLA) has been
used for many years to describe antibodies to a variety
of antigens, including those of the Knops system. Al-
though most of these antibodies react at high dilution
despite their low avidity, some examples do not share
these characteristics and the HTLA label is of little
value.

Knops antibodies are generally troublesome to
work with. This is partly because of the variation in
antigen strength, but also because it is difficult to ad-
sorb the antibodies to completion or to obtain active
eluates from weak antigen-positive cells. Conse-
quently, it is almost impossible to distinguish antigen-
negative cells from weakly positive cells, especially
when stored or ‘travelled’ red cells are used.

Knops antibodies are generally IgG; they react by an
antiglobulin test and do not bind complement [22,36].
There is little information regarding IgG subclass: 
one Knops system antibody was IgG4 [37]; another
contained 1gG1, IgG3, and IgG4, as well as IgA [38].

There is only one report of an apparently ‘naturally
occurring’ Knops system antibody; anti-Kna in a
woman who denied previous pregnancy or transfu-
sion [39]. Of 602 blood donors lacking one or more 
of the Knops antigens or Csa, none had made a corre-
sponding antibody [22]. Most people with one or
more Knops antibodies have been transfused, but
there are a few examples of anti-Kna, -McCa, and 

-Yka stimulated by pregnancy alone [22,38,40].
About 50% of sera with Knops antibodies or anti-Csa

also contained antibodies to other red cell antigens
[22].

20.5.2 Clinical significance

Knops antibodies are clinically benign, apart from the
danger of masking the presence of more dangerous an-
tibodies that are commonly present in the same serum.
Knops antibodies should be ignored when selecting
blood for transfusion. There are numerous accounts of
patients with one of these antibodies being transfused
with no ill effects [18–20,37,39,41–45]. Radiola-
belled incompatible red cells in patients with Knops
antibodies show either normal or only slightly reduced
survival [37–39,41,44,46,47], and in vitro phagocyto-
sis assays often give very low scores [37,39]. In vitro
functional assays involving monocytes may, however,
give false positive results with Knops antibodies, be-
cause these antibodies can bind red cells to monocytes
via CR1 rather than the Fc receptor, FcgR1 [45].

There is no report of haemolytic disease of the new-
born (HDN) caused by a Knops antibody, despite nu-
merous opportunities [31,40,48]. CR1 expression on
red cells is reduced during pregnancy, reaching its
nadir in the third trimester and returning to normal
within 48h postpartum [49].

20.6 Functional aspects of CR1, 
a complement-regulating protein

The major function of red cell CR1 is to bind and
process C3b/C4b coated immune complexes and to
transport them to the liver and spleen for removal
from the circulation. CR1 has decay accelerating ac-
tivity (DAA) for C3 and C5 convertases of the classical
and alternative pathways and acts as a cofactor for the
factor I-mediated cleavage of C3b and C4b (reviewed
in [1,50]). In the common allotype of CR1 (Fig. 20.1),
most of the cofactor activity for C3b and C4b resides
in CCPs 8–10 (site 2) and is duplicated in the nearly
identical CCPs 15–17 [51]. DAA for C3 convertases
resides in CCPs 1–3 (site 1), whereas DAA for C5 con-
vertases requires both sites 1 and 2 [52]. CR1 also en-
hances phagocytosis of C3b and C4b coated particles
by neutrophils and monocytes.

In vivo and in vitro haemolysis of PNHIII red cells,
which have CR1 but are deficient in DAF and CD59



KNOPS SYSTEM AND THE COST ANTIGENS

461

(Chapter 19), suggests that CR1 plays a minor part in
protection of red cells from complement-mediated
lysis. CR1 appears to represent a privileged site on red
cells for IgG binding, as relatively large quantities of
IgG may be bound to CR1 without subsequent lysis or
phagocytosis of the red cells [53]. This may explain
why Knops system antibodies do not significantly re-
duce the survival of transfused incompatible red cells
(Section 20.5.2).

20.7 Associations of CR1 with malaria and
other pathogens

Red cells infected with selected cultures of the malarial
parasite Plasmodium falciparum form rosettes with
other infected red cells and with uninfected red cells.
Rowe et al. [54] showed that infected cells do not form
rosettes with uninfected red cells that have very low
levels of CR1 (Helgeson phenotype) and that there is
substantially reduced rosetting with Sl(a–) cells, com-
pared with Sl(a+) cells. Furthermore, compared with
Sl(a+) cells, Helgeson phenotype red cells and other
cells with the Sl(a–) phenotype showed reduced levels
of binding to COS-7 cells transfected with the P. falci-
parum var gene expressing PfEMP1, the parasite lig-
and involved in rosetting. Sl(a–) is present in about
70% of West Africans, 40–50% of African Americans,
but in only about 2% of white Americans (Section
20.4.3). Rosetting is associated with severe disease by
clogging the microvasculature of vital organs includ-
ing the brain, so it is feasible that the Sl(a–) phenotype
has a selective advantage in areas where P. falciparum
malaria is endemic. The regions of CR1 required 
for formation of P. falciparum rosettes have been lo-
calized to the areas of LHR-B and -C that act as bind-
ing sites for activated C3b (Fig. 20.1) [55]. These 

are remote from the site of the Sla polymorphism in
LHR-D.

Leishmanioses are insect-transmitted diseases
caused by protozoa of the genus Leishmania, which
live in mononuclear phagocytes. On entering the
human bloodstream, the promastigotes become coat-
ed with natural anti-Leishmania antibodies, which 
activate complement. C3 coating the surface of the
pathogen then serves as a ligand for CR1 on the surface
of monocytes, and the parasite is ingested by conven-
tional phagocytosis [56]. The bacteria Legionella
pneumophila, Mycobacterium leprae, and M. tuber-
culosis utilize similar mechanisms involving CR1 for
invading phagocytes [57].

20.8 The Cost collection: Csa and Csb

(COST1 and COST2)

When Giles et al. [32] described three patients with an-
tibodies reactive with the red cells of 98% of northern
Europeans, they named this antibody anti-Csa after
two of the original patients, Mrs Co. and Mrs St. Nu-
merous family studies have shown that Csa is inherited
as a dominant character and that it is not part of the
ABO, MNS, Rh, Kell, Duffy, Kidd, Yt, or Scianna sys-
tems, is probably not part of P and Lewis, and that
there is a possible association between Csa and Doa

[32,58]. Table 20.4 shows the results of frequency
studies with anti-Csa.

Anti-Csa share many characteristics with Knops sys-
tem antibodies (Section 20.5) and are difficult to work
with, primarily because of the variability in expression
of the Csa antigen. Like Knops system antibodies, anti-
Csa are of no significance clinically. A patient with
anti-Csa was successfully transfused with 11 units of
Cs(a+) blood and in vivo survival of radiolabelled

Table 20.4 Csa frequencies.

Population No. tested No. Cs(a+) Csa frequency References

Northern Europeans 363 354 0.9752 [32]
Black Africans and Americans 53 51 0.9623 [32]
White Americans 2028 1931 0.9522 [22]
African Americans 894 883 0.9877 [22]
Yk(a–) white Americans 96 84 0.8750 [18]
Yk(a–) African Americans 13 12 0.9231 [18]
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Cs(a+) cells in patients with anti-Csa have been close to
normal [59].

An antibody in a multiply transfused woman with a
weak Csa antigen was named anti-Csb by Molthan 
and Paradis [60]. Fifty-six of 59 Cs(a–) samples were
Cs(b+); the remaining three were Cs(a–b–), suggesting
the presence of a third allele. The existence of a third
allele was supported by a family study. Fifty-five
(31%) of 175 Cs(a+) samples were Cs(b+).

Despite phenotypic associations with the Knops 
system antigens, especially Yka (see Section 20.4.4),
Csa and Csb are not included in the Knops system for
the following reasons:
1 Csa could not be shown to be on CR1 [13,15];
2 Csa was easily detected on three of four Helgeson
phenotype samples [9]; and
3 Csa is resistant to treatment of red cells with trypsin,
chymotrypsin, and AET [33].

The nature of the association between Csa and the
Knops system remains obscure.
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21

ent Mr of the 80000 component, demonstrated that
the molecule is a glycoprotein containing N-linked
oligosaccharides, which are not essential to antigen 
activity [2,5]. There are an estimated 6000–10000
copies of CD44 per red cell [6].

The CD44 gene spans 50kb of DNA and consists of
20 exons [7,8]. CD44 exists as multiple isoforms, aris-
ing partly from alternative splicing of at least 10 of the
20 exons during processing of the CD44 transcript
(Fig. 21.1) and partly from variation in glycosylation
[7,8]. CD44H (haemopoietic), the standard form of
the molecule, is the CD44 isoform present on red cells
and leucocytes. It consists of a 248 amino acid N-
terminal extracellular domain, which contains prod-
ucts of none of the alternatively spliced exons, a 21
amino acid membrane-spanning domain, and a 72
amino acid C-terminal cytoplasmic tail [9–11]. The
extracellular domain can be divided into two regions:
1 a membrane proximal region containing sites for 
O-glycosylation and chondroitin sulphate linkage,
and
2 a distal region, folded into a globular domain
through disulphide bonding of its six cysteine residues,
containing a region homologous to cartilage link pro-
tein and five of the six potential N-glycosylation sites
(Fig. 21.2). The extensive glycosylation and addition
of the glycosaminoglycan chondroitin, has led to
CD44 being described as a proteoglycan. The cyto-
plasmic domain may interact with the membrane
skeleton [2] and there is evidence that CD44 can bind
band 4.1 or ankyrin, in vitro [12].

21.2.2 Indian antigens are located on CD44

Spring et al. [2] showed that Ina and Inb are carried 
on the CD44 glycoprotein. Immunoblotting of 
membranes from antigen-positive cells under non-

21.1 Introduction

Indian is a polymorphism in people from the Indian
subcontinent and Arabs. Ina and Inb are of low and
high incidence, respectively. They are located on
CD44, a ubiquitous glycoprotein with a variety of
functions, mostly associated with its ability to bind
hyaluronan, a component of the extracellular matrix.
The Inb/Ina polymorphism results from an Arg46Pro
substitution.

The gene encoding CD44 is on chromosome 11 at
11p13 (Chapter 32).

The high frequency antigen AnWj (901009) has 
not been assigned to the Indian system, but is either 
located on an isoform of CD44 or is closely associated
with it.

21.2 CD44 and the Indian antigens

21.2.1 CD44

CD44 is a ‘cluster of differentiation’ that includes a
host of monoclonal antibodies to epitopes on glyco-
proteins present on cells of many tissues, including red
cells [1]. The CD44 glycoprotein has also been called
In(Lu)-related p80, p85, Hermes antigen, and lym-
phocyte homing associated cell adhesion molecule 
(H-CAM).

Immunoprecipitation and immunoblotting experi-
ments with CD44 monoclonal antibodies revealed a
major red cell membrane component of apparent Mr

80000 [2–4]. This component was only detected when
immunoblotting was performed under non-reducing
conditions, confirming the importance of intact disul-
phide bonds in the integrity of most CD44 epitopes.
Immunoblotting of endoglycosidase-F treated red
cells, which revealed a substantial reduction in appar-

Indian blood group system and the 
AnWj antigen
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reducing conditions with purified human anti-Ina and
-Inb revealed an Mr 80000 component of identical mo-
bility to CD44; no such component was detected 
in membranes from In(a–b+) and In(a+b–) cells, re-
spectively. CD44 glycoprotein isolated from human
red cell membranes by immunoprecipitation with
monoclonal anti-CD44 reacted with anti-Inb on an 
immunoblot [2]. Anti-Inb was shown, by radioim-
munoassay, to bind CD44 glycoprotein isolated from
human red cells and leucocytes [2,13] and positive re-
sults were obtained in monoclonal antibody-specific
immobilization of erythrocyte antigens (MAIEA) as-
says performed with human alloanti-Inb and mouse
monoclonal anti-CD44 [14,15].

21.3 Ina and Inb (IN1 and IN2)

In 1973, a new antigen present on red cells of about
3% of Indians from Bombay was named Ina by
Badakere et al. [16,17]. Two years later, Giles [18]
found that an antibody to a public antigen, Salis, 
was antithetical to anti-Ina and the antibody became
anti-Inb.

21.3.1 Frequencies and inheritance

Of 1749 Bombay Indians, 51 (3%) were In(a+) [17].
This gives a frequency for the Ina allele of 0.0147, and
the following genotype frequencies can be deduced:
Ina/Ina 0.0002; Ina/Inb 0.0290; Inb/Inb 0.9708. A 
higher frequency of Ina was found in some Arabs: 59 of
557 (10.6%) Iranians and 29 of 246 (11.8%) Arabs in
Bombay were In(a+) [19]. Ina is virtually unknown in

other populations. Two of 700 Indian blood donors
were In(b–) [20], far in excess of the number expected
from the calculated genotype frequencies given above.
Of 251 members of the Asian immigrant population 
of northern England, two were In(a+b–), eight were

Fig. 21.1 Organization of CD44 showing the 20 exons,
including the 10 alternatively spliced exons, v1–10, within
the region encoding the extracellular domain (exons 1–17)
and the exon encoding the transmembrane domain (TM,
exon 18). The lower figure shows the exons encoding the
haemopoietic form of CD44, CD44H.

Fig. 21.2 Model of CD44H. The extracellular domain
consists of two regions: a membrane-proximal region
containing one N-glycosylation site (N), several O-
glycosylation sites (O), and several Ser-Gly chondroitin
sulphate linkage sites (SG); and a distal region containing
five N-glycosylation sites and six cysteine residues (C),
which suggests the presence of three disulphide bonds (S–S).
The position of the amino acid substitution responsible for
the Ina/Inb polymorphism is shown.
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In(a+b+), and 241 were In(a–b+); again an excess of
In(a+b–) [21].

From the limited number of families reported, Ina

and Inb appear to be inherited as codominant autoso-
mal alleles [17,18,22]. A silent allele could explain the
presence of In(a+b–) in two generations of one family
[22].

Red cells of a girl with a novel form of congenital
dyserythropoietic anaemia and gross deficiency of red
cell CD44 were In(a–b–); they were also Co(a–b–),
AnWj–, and weak for LWab [23]. The girl’s parents and
sister were In(a–b+), providing no information on
whether her unique phenotype is inherited.

21.3.2 Molecular basis for the Indian
polymorphism

The Ina/Inb polymorphism results from a single base
change in exon 2 of CD44 encoding an amino acid
substitution: the common allele, Inb, has G252 and en-
codes Arg46; Ina has C252 and encodes Pro46 [24]
(see [9] for numbering). Jurkat human leukaemia cell
line was transfected with CD44 cDNA constructs
from Inb or Ina alleles, or from the Inb allele with a
G252C change introduced by site-directed mutagene-
sis. All three types of transfectant produced CD44 
protein, but only cells transfected with the cDNA 
with wild-type Inb sequence expressed Inb. Other
changes detected in some In(a+b–) individuals
(T322C, silent; T370C, silent; A441C, Tyr109Ser;
A831G, Glu239Gly) do not appear to affect expres-
sion of the Indian antigens.

21.3.3 Antigen characteristics

Ina and Inb are protease-sensitive. Both antigens are
destroyed by papain, pronase, trypsin, and chy-
motrypsin [17,18,21,22,25–27], but are resistant to
treatment of red cells with sialidase [27, C.A. Green
and G.L. Daniels, unpublished observations]. Ina and
Inb are destroyed by the disulphide bond-reducing
agents 2-aminoethylisothiouronium bromide (AET)
and dithiothreitol (DTT) [20,22,27,28,29]. Higher
concentrations of the reducing agents than generally
used for treating red cells may be required to destroy
antigen expression. Reactivity of most CD44 antibod-
ies with red cells is destroyed, or partially destroyed,
by treatment of the cells with proteases and with 
AET and DTT [2,3,5,6,30], although trypsin-, chy-

motrypsin-, and AET-resistant epitopes exist [6].
CD44 is not affected by sialidase treatment of the red
cells.

In(a–b+) and In(a+b+) red cells could be distin-
guished by titration with anti-Inb [20]. Red cells from
cord samples and from pregnant women show re-
duced expression of Ina [25,26]. From results of an 
indirect immunoradiometric assay, red cells of neo-
nates were estimated to have about 25% of the adult
number of Ina antigen sites [26]. Red cells of pregnant
women have about 38% of the normal adult number,
the number of sites returning to normal 3–6 months
after delivery [26]. No weakness of Inb was detected on
cord red cell samples by serological titration [21].

CD44 is present in serum [30,31] and Inb can be 
detected in serum by haemagglutination inhibition (T.
Kaye, personal communication, 1978).

21.4 Effect of on CD44 and Inb

Telen et al. [5,30] demonstrated by flow cytometry
that a CD44 monoclonal antibody (A3D8) showed
markedly reduced levels of binding with red cells of 
individuals with In(Lu), the dominant inhibitor of the
Lutheran system and of some other red cell antigens
(see Section 6.4). One example of Lunull In(Lu) cells
bound between 25% and 39% of the quantity of anti-
CD44 bound by normal cells [5]. Reduced binding
was not seen with Lunull cells of recessive and X-linked
types, and the recessive Lunull may even have had en-
hanced binding of CD44 antibodies [32]. With some
CD44 antibodies the reduced binding to In(Lu) cells
can also be detected by conventional serological tech-
niques [2,4,33]. Normal human sera reduced binding
of anti-CD44 to red cells by 67% in inhibition experi-
ments, whereas serum from an Lunull In(Lu) individual
reduced binding by only 33% [30].

Immunoprecipitation and immunoblotting of mem-
branes from In(Lu) cells revealed only a trace of CD44
[2–4,6], whereas recessive and X-linked Lunull cells
had normal, or even slightly enhanced, CD44 expres-
sion [32,34].

Anti-Inb has a reduced titre with Lunull In(Lu) cells,
compared with cells of normal Lutheran type and with
Lunull cells of the recessive and X-linked types [2,22]. 
A band of markedly reduced intensity was seen 
with membranes from In(Lu) cells blotted with 
anti-Inb [2].

In(Lu)
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21.5 Indian antibodies

Indian antigens appear to be good immunogens. 
Thirty of 39 In(a–) donors immunized for anti-D pro-
duction with D+ In(a+) red cells made anti-Ina [25].
Anti-Ina has also been produced in response to transfu-
sion of a unit of In(a+) blood [35]. One anti-Inb was
produced in an untransfused woman during her first
pregnancy [22]. Anti-Ina and -Inb often agglutinate
antigen-positive red cells directly, although the
strength of reaction is generally enhanced by anti-
globulin [18,21,25].

Radiolabelled In(a+) red cells were eliminated from
the circulation of two individuals with anti-Ina within
20min, suggesting potential for a transfusion reaction
[25]. There is one case of anti-Inb causing an immedi-
ate haemolytic transfusion reaction after infusion of
50mL of incompatible blood [20]. Reduced in vivo
survival of In(b+) cells in a patient an anti-Inb was ob-
served at 24h [22]. Neither anti-Ina nor -Inb has been
implicated in haemolytic disease of the newborn
(HDN). In(b+) cord cells from babies born to mothers
with IgG1 anti-Inb do not usually give a positive direct
antiglobulin test (DAT) and anti-Inb cannot usually be
detected in the infants’ sera [21,22,36]. In one case
with maternal anti-Inb of high titre, red cells of the
baby did give a positive DAT and anti-Inb could be
eluted from them [37]. However, there was no sign of
HDN and Garner and Devenish [37] postulate that
binding of anti-Inb to CD44 on fetal monocytes and
macrophages could have a blocking effect on FcgR1.

Numerous murine monoclonal antibodies to non-
polymorphic epitopes on CD44 (examples in [38]) and
one macaque monoclonal antibody [39] have been
produced. One murine monoclonal antibody with Inb

specificity (LO-Leu-A) has been identified [38].

21.6 Functional aspects of CD44

CD44 proteoglycan, once called the human brain-
granulocyte-T lymphocyte antigen [40], is a ubiqui-
tous structure: very few types of tissues or cells lack
CD44. It is present on circulating red cells, B and 
T lymphocytes, granulocytes, and monocytes
[2,4,30,40], and on thymus, central nervous system
white matter, epidermis, skeletal muscle, and epi-
thelium from stomach, intestine, liver, bladder, lung,
and breast [1,6,41].

Many functions have been attributed to CD44, the

functions being regulated by the inclusion of the prod-
ucts of the various alternatively spliced exons (Fig.
21.1). Functions of CD44 include the following: adhe-
sion of leucocytes to endothelial cells, stromal cells,
and the extracellular matrix (ECM); participation in T
and B cell activation in response to immunological
stimuli; lymphocyte–endothelial cell interactions in-
volved in the localization of lymphocytes to the site of
inflammation; modelling of the ECM during wound
healing and embryonic development. CD44 has also
been implicated in tumour metastasis (reviewed in
[1,42,43]). Most of these interactions involve binding
of CD44 to hyaluronan, a high molecular weight gly-
coaminoglycan that is a major component of the ECM
and is also present on cell surfaces. CD44 also binds
collagen, fibronectin, and laminin, proteins of the
ECM that fill the spaces between cells. CD44 appears
to have a regulatory role in normal haemopoiesis (re-
viewed in [44]). Hyaluronan binding by CD44 may be
involved in adhesion of haemopoietic progenitors, in-
cluding erythroid burst-forming units (BFU-E), to the
bone marrow stroma, during haemopoiesis [44,45]. A
patient with red cell CD44 deficiency, but normal 
levels of CD44 on leucocytes, had a unique form of
congenital dyserythropoietic anaemia [23].

CD44 contains three copies of a putative hyaluro-
nan binding motif, BX7B (B=arginine or lysine; X7 =
seven non-acidic amino acids), present in proteins that
bind hyaluronan [46]. Experiments involving site-di-
rected mutagenesis identified several amino acid
residues that were considered important in the binding
of CD44 to hyaluronan, one of which was Arg46 (the
second B of a BX7B hyaluronan-binding motif). Mu-
tating Arg46 to Gly in CD44 constructs abolished
hyaluronan binding [46]. In(a+b–) phenotype results
from homozygosity for CD44 alleles encoding Pro46
(Section 21.3.2), yet the Ina Arg46Pro substitution
does not reduce hyaluronan binding to intact CD44H
in vitro [24]. A combined modelling and mutagenesis
study has subsequently suggested that Arg41, Tyr42,
Arg78, and Tyr79 are critical for hyaluronan binding,
and Lys68, Asn100, Asn101, and Tyr105 support
binding [47].

21.7 AnWj (901009)

Anti-Anton, an antibody to a high frequency antigen
in the serum of a pregnant woman, was first mentioned
by Boorman and Tippett (unpublished observations,
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1972, cited in [48]) and a second example was de-
scribed in 1980 [49]. Both antibodies failed to react
with In(Lu) Lunull cells and with cord cells. The nota-
tion Lu15 was set aside for Anton, but was shown to be
inappropriate when anti-Anton was found to react
with recessive Lunull cells [50].

Anti-Wj, an autoantibody reported in 1983 by
Marsh et al. [51], reacted with red cells from 415 ran-
dom donors and three recessive Lunull individuals, but
failed to react with 14 examples of In(Lu) red cells and
with cord cells. Some binding of anti-Wj to In(Lu) cells
could be demonstrated by adsorption and elution.

In 1985 Poole and Giles [52] suggested that even
though anti-Anton were alloantibodies and anti-Wj
was an autoantibody they may be detecting the same
determinant. Red cells of a patient with Hodgkin’s dis-
ease had a temporary acquired loss of Wj; they were
negative with four examples of anti-Wj autoanti-
bodies and were also negative with anti-Anton [53].
The serum of the patient contained an antibody de-
scribed as alloanti-Wj. At remission, 6 months later,
the antibody had disappeared and the patient’s cells
were Wj+ and Anton+. It is now accepted that anti-
Anton and -Wj have the same specificity and the name
AnWj (901009) has been given to the antigen they de-
fine. LU15 (005015) is now obsolete.

21.7.1 AnWj antigen

21.7.1.1 Inheritance and frequency

The rare AnWj– phenotype is usually acquired and
may be transient, but in 1991 Poole et al. [54] showed
that it could also be inherited. Two of seven sibs of an
AnWj– Arab woman with anti-AnWj were AnWj–.
The consanguineous parents and the six children of the
propositus were AnWj+, suggesting that the AnWj–
phenotype in this family results from homozygosity of
a rare recessive gene. The family study demonstrated
that AnWj is not controlled by LU, or by ABO, MNS,
RH, KEL, FY, JK, XG, or XK.

Anti-AnWj screening of red cells from 2400 
American donors revealed three Lunull In(Lu) samples,
but no AnWj– red cells with normal Lutheran antigens
[55].

21.7.1.2 AnWj and the Lunull phenotype

Like Inb and several other red cell antigens outside the

Lutheran system, AnWj is expressed only very weakly
on red cells of individuals with the dominant gene
In(Lu) (see Chapter 6). Usually no AnWj antigen can
be detected on these Lunull cells by direct testing, but
anti-AnWj can be adsorbed and eluted from In(Lu)
cells [54]. Lunull cells of the recessive and X-linked
types have normal AnWj expression [50,56].

AnWj differs from Lutheran and Indian system anti-
gens in being resistant to trypsin, chymotrypsin, and
the disulphide bond-reducing agent AET.

21.7.1.3 Development of AnWj antigen

Analysis of red cells from 36 infants revealed that the
age at which conversion from AnWj– to AnWj+ takes
place varies from infant to infant, but occurs between
the ages of 3 and 46 days and requires less than 1 day to
complete [57]. This rapid, ‘all or nothing’ phenome-
non is unexpected as the red cells in the circulation are
not all produced at the same time and no evidence
could be found for a conversion factor in the serum
[57]. Whatever causes the change from AnWj– to
AnWj+ in infants might be reversible on rare occa-
sions, as the adult AnWj– phenotype with concurrent
presence of anti-AnWj has been found to be transient
in several patients and in a healthy individual
[53,57–59].

21.7.1.4 AnWj as a receptor for Haemophilus
influenzae

Although the bacterium Haemophilus influenzae is a
commensal of the throat of most healthy people, it
may also cause respiratory tract infections and, more
seriously, is a major cause of bacterial meningitis in
young children. Some strains of H. influenzae express
fimbriae (short, thread-like processes attached to the
cell walls), which are probably involved in adherence
to nasopharyngeal epithelial cells.

Fimbriae-bearing strains of H. influenzae isolated
from patients with invasive disease and respiratory
tract infections agglutinated most red cell samples
from adults, including recessive Lunull cells, but did not
agglutinate cord cells, In(Lu) cells, or AnWj– red cells
of both acquired and inherited types [60,61]. Anti-
AnWj inhibited agglutination of AnWj+ red cells by
the bacteria.

H. influenzae bound to buccal epithelial cells, 
including those from one individual with transient



CHAPTER 21

470

AnWj– red cells, two with In(Lu) genes, and several
neonates, but did not bind to buccal epithelial cells
from three AnWj– members of the Arab family with
inherited AnWj– phenotype [61,62]. Adherence of 
H. influenzae to epithelial cells was not inhibited 
by anti-AnWj [62]. Although the receptors for H. 
influenzae adherence on red cells and epithelial cells
may not be identical, they appear to have a common
genetic basis.

21.7.2 Anti-AnWj

21.7.2.1 Human antibodies

Anti-AnWj may be autoantibodies, apparent alloanti-
bodies in individuals with an acquired AnWj– pheno-
type, or true alloantibodies. The propositus and her
AnWj– sister in the only family with more than one
AnWj– member had anti-AnWj. Neither had been
transfused, but both had been pregnant; their AnWj–
brother, who had not been transfused, did not have
anti-AnWj [54]. It is a little surprising that anti-AnWj
can be stimulated by pregnancy considering the very
low level of AnWj antigen on neonatal red cells.

Anti-AnWj has been incriminated in severe
haemolytic transfusion reactions [59,63]. This
haemolytic potential has been supported by in vivo red
cell survival studies [63–65]. In a patient with autoan-
ti-AnWj and depressed red cell AnWj expression, radi-
olabelled autologous red cells survived normally, but
AnWj+ allogeneic cells had reduced survival [66]. If
available, In(Lu) Lunull cells are most suitable for trans-
fusing patients with anti-AnWj. There was no indica-
tion of HDN in any of the children of a mother with
anti-AnWj [54].

21.7.2.2 Monoclonal anti-AnWj

Two monoclonal antibodies (H86 and M447) pro-
duced from mice immunized with human T-cell lines
derived from patients with acute lymphocytic
leukaemia have AnWj specificity [67]. These antibod-
ies reacted with all red cells by an antiglobulin test, 
except cord cells, In(Lu) cells, and cells of AnWj– 
phenotype. Reactions with AnWj+ cells showed sub-
stantial variation in strength.

21.7.3 AnWj may be located on CD44
glycoprotein

In(a–b–) red cells of the patient with a novel form of
congenital dyserythopoietic anaemia and a gross defi-
ciency of red cell CD44 were AnWj– [23]. Positive re-
sults were obtained with MAIEA analyses performed
with either anti-CD44 or -AnWj murine monoclonal
antibodies and anti-Inb or -AnWj human antibodies
[14]. The CD44-negative human leukaemia cell line,
Jurkat, transfected with CD44 cDNA reacted with
human and mouse monoclonal anti-AnWj [68]. Im-
munoblotting with anti-AnWj revealed an Mr 80000
component in normal red cells and in Chinese hamster
ovary cells (CHO) and murine erythroleukaemia
(MEL) cells transfected with CD44 cDNA, but not in
non-transfected CHO or MEL cells, or in In(Lu) red
cells [68]. The anti-AnWj also bound an Mr 200000
structure in red cells and transfected CHO cells. Telen
et al. [68] suggest that AnWj antigen is located on a
trypsin-resistant region of an isoform of CD44 that is
not present on red cells of the newborn. AnWj might
also be on the Mr 200000 chondroitinated isoform of
CD44.
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children, at least two of whom were Ok(a+), but had
not made anti-Oka. Three hours after injection of radi-
olabelled Ok(a+) red cells, only 10% remained in the
circulation of Mrs S.Ko.G. [1]. A mononuclear phago-
cyte assay with anti-Oka gave similar values to those
obtained with antibodies known to have caused sig-
nificant shortening of red cell survival [1].

Only one other alloanti-Oka is known (H. 
Yamaguchi and Y. Okuba, personal communication,
1983).

22.3.2 Monoclonal anti-Oka

TRA-1-85 is an IgG1 monoclonal antibody produced
from spleen cells of a mouse immunized with human
teratocarcinoma cell line [3]. The antibody reacted, 
by an antiglobulin test, with all red cells tested 
except those of three Ok(a–) propositi. It also reacted,
by radioimmunoassay, with leucocytes from Ok(a+)
individuals, but not with those from an Ok(a–) 
person.

Numerous other monoclonal antibodies to CD147
have been produced [4–7], but none is reported to have
Oka specificity.

22.4 CD147, the Ok glycoprotein, and the
molecular basis of Ok(a–)

Immunoblotting of membranes from Ok(a+) red cells
with murine monoclonal or human anti-Oka showed
that Oka is situated on a glycoprotein ranging in ap-
parent Mr 35000–68000 [3]. To purify the Ok glyco-
protein, Spring et al. [2] used a monoclonal antibody
(MA103 [4]), which defines an epitope on the Ok gly-
coprotein, yet reacts with Ok(a–) red cells. The N-
terminal 30 amino acids were found to be identical to

22.1 Introduction

The very high frequency antigen Oka (OK1) is the 
only antigen of the Ok system. Oka is located on the
immunoglobulin superfamily molecule CD147. 
The rare Ok(a–) phenotype results from a Glu92Lys 
substitution.

BSG, the gene encoding Oka, is located on chromo-
some 19pter–p13.2 (Chapter 32).

22.2 Oka (OK1)

The producer of the original anti-Oka (Mrs S.Ko.G.),
reported by Morel and Hamilton [1] in 1979, came
from a small Japanese island. Her parents were con-
sanguineous and two of her three sibs were also
Ok(a–). No other Ok(a–) individual was found as a re-
sult of testing red cells from 400 other people from Mrs
S.Ko.G.’s home island, 870 donors from other parts 
of Japan, 3976 American blood donors of Oriental 
appearance, 9053 white Americans, 1570 African
Americans, and 1378 Mexican Americans [1]. A total
of eight families with Ok(a–) individuals are known,
all Japanese [2].

Oka is not affected by treatment of intact cells with
the proteases trypsin, chymotrypsin, papain, or
pronase, with sialidase, or with the disulphide bond-
reducing agent 2-aminoethylisothiouronium bromide
(AET).

22.3 Anti-Oka

22.3.1 Alloanti-Oka

Mrs S.Ko.G. had not been pregnant, but had been
transfused at least once [1]. Her Ok(a–) sister had five

Ok blood group system

22.1 Introduction, 473
22.2 Oka (OK1), 473
22.3 Anti-Oka, 473
22.4 CD147, the Ok glycoprotein, and the

molecular basis of Ok(a–), 473

22.5 Tissue distribution and function of
CD147, 474
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those of a glycoprotein called M6 [5]. M6, also known
as EMMPRIN, basigin (mouse), OX-47 (rat), and
neurothelin (chicken), now has the cluster of differen-
tiation designation CD147 [8]. Mouse NS-0 cells
transfected with CD147 cDNA expressed Oka, except
when the cDNA was from an Ok(a–) individual [2].

Human CD147 cDNA was isolated both by screen-
ing a human cDNA library with a fragment of mouse
basigin cDNA [9] and by expression cloning of cDNA
derived from human T cell and B cell libraries [5].
CD147 is a single chain transmembrane molecule with
a signal peptide of 18 amino acids, an N-terminal 
extracellular domain of 187 amino acids, a 24 amino
acid membrane-spanning domain, which contains a
single charge glutamic acid residue and a leucine 
zipper, and a 40 residue cytoplasmic domain. It is a
member of the immunoglobulin superfamily (IgSF) of
adhesion molecules and receptors (see Chapters 6 and
16) and the extracellular domain is organized into one
C2 set and one V set IgSF domains (Fig. 22.1) [5,10].
Three N-glycans, one on the C2 set domain and two on
the V set domain, comprise about 50% of the mass of
the glycoprotein.

The CD147 consists of 10.8kb organized into eight
exons (Fig. 22.1) [11]. Approximately 95kb of the 5¢
flanking sequence contained three SP1 and two AP2
sites, but no TATA or CAAT box [11].

CD147 cDNA from three Ok(a–) individuals con-
tained a G274A mutation in exon 3, which encodes a
Glu92Lys substitution in the N-terminal C2-set IgSF
domain [2] (nucleotide and amino acid numbering
from ATG/Met1 [10]). Because Ok(a–) results from
homozygosity for a missense mutation, the finding of
anti-Okb in Japan would not be unexpected.

22.5 Tissue distribution and function 
of CD147

In addition to red cells, CD147 is present on all leuco-
cytes and human leukaemic cell lines and has been 
detected on all human cells examined, although some
tissues show differentiation-related expression [2–5].
Early haemopoietic progenitors express Oka strongly,
but the level of expression decreases during erythroid
development [12].

Highly conserved sequence homologies within the
cytoplasmic and transmembrane domains suggest that
CD147 could be a component of a signal transduction
complex. CD147 appears to be a leucocyte activation-
associated glycoprotein, as expression on leucocytes is
strongly up-regulated upon cell activation [5]. Binding
of monoclonal antibodies that mimic the natural lig-
and of CD147 induced homotypic aggregation of a
monocytic cell line (U937) through activation of the
LFA-1/ICAM-1 intercellular adhesion pathway [7].
CD147 on tumour cells induces production of collage-
nase and other extracellular matrix metallopro-
teinases (MMP) and may be involved in tumour
invasion and metastasis [10]. In healthy tissue, CD147
may function in embryonic development or wound
healing by causing dermal fibroblasts to increase their
MMP production, thus facilitating tissue remodelling
[10]. CD147 is a cell surface receptor for extracellular
cyclophilin A (CyPA), a protein that becomes incorpo-
rated into the virions of HIV-1 and significantly en-
hances an early step of cellular HIV-1 infection.
CD147 appears to be a cofactor that mediates activity
of virus-associated CyPA and is required for efficient
infection by HIV-1 [13].

Fig. 22.1 Diagrammatic
representation of the CD147
glycoprotein showing the C2 and 
V set IgSF domains with one and 
two N-glycans, respectively, the
transmembrane domain (TM), and
the cytoplasmic tail (cyt). Also shown
is the relationship of the protein
structure to the eight exons of the
CD147 gene, including a 23 amino
acid signal peptide.
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On red cells, CD147 appears to interact specifically
with two members of the monocarboxylate trans-
porter (MCT) family, MCT1 and MCT4, which trans-
port monocarboxylates, such as lactate and pyruvate,
across the plasma membrane [14]. CD147 may be 
required for proper translocation of the MCTs to the
plasma membrane. In mice, masking of CD147 by
F(ab¢)2 fragments of monoclonal anti-CD147 disrupts
the migration of red cells out of the spleen, inducing
splenomegaly, anaemia and, consequently, erythro-
poietin-mediated erythropoiesis [15]. CD147 may
therefore have an important role in the recirculation 
of mature red cells from the spleen into the general 
circulation.

References

1 Morel PA, Hamilton HB. Oka: an erythrocytic antigen of
high frequency. Vox Sang 1979;36:182–5.

2 Spring FA, Homes CH, Simpson KL et al. The Oka blood
group antigen is a marker for the M6 leukocyte activation
antigen, the human homolog of OX-47 antigen, basigin
and neurothelin, an immunoglobulin superfamily mole-
cule that is widely expressed in human cells and tissues.
Eur J Immunol 1997;27:891–7.

3 Williams BP, Daniels GL, Pym B et al. Biochemical and ge-
netic analysis of the Oka blood group antigen. Immuno-
genetics 1988;27:322–9.

4 Mattes MJ, Cairncross JG, Old LJ, Lloyd KO. Mono-
clonal antibodies to three widely distributed human cell
surface antigens. Hybridoma 1983;2:253–64.

5 Kasinrerk W, Fiebiger E, Stefanová I et al. Human leuko-
cyte activation antigen M6, a member of the Ig superfam-
ily, is the species homologue of rat OX-47, mouse basigin,
and chicken HT7 molecule. J Immunol 1992;149:
847–54.

6 Stockinger H, Ebel T, Hansmann C et al. CD147 
(neurothelin/basigin) workshop panel report. Leucocyte
Typing VI. Y Kishimoto, H Kikutani, AE Von Dem Borne
et al., eds. New York: Garland, 1998:760–3.

7 Kasinrerk W, Tokrasinwit N, Phunpae P. CD147 mono-
clonal antibodies induce homotypic cell aggregation of
monocytic cell line U937 LFA-1/ICAM-1 pathway. Im-
munology 1999;96:184–92.

8 Staffler G, Stockinger H. CD 147. J Biol Regul Homeost
Agents 2000;14:327–30.

9 Miyauchi T, Masuzawa Y, Muramatsu T. The basigin
group of the immunoglobulin superfamily: complete
conservation of a segment in and around transmembrane
domains of human and mouse basigin and chicken HT7
antigen. J Biochem 1991;110:770–4.

10 Biswas C, Zhang Y, DeCastro R et al. The human tumor
cell-derived collagenase stimulatory factor (renamed
EMMPRIN) is a member of the immunoglobulin super-
family. Cancer Res 1995;55:434–9.

11 Guo H, Majmudar G, Jensen TC et al. Characterization
of the gene for human EMMPRIN, a tumor cell surface
inducer of matrix metalloproteinases. Gene 1998;
220:99–108.

12 Bony V, Gane P, Bailly P, Cartron J-P. Time-course expres-
sion of polypeptides carrying blood group antigens 
during human erythroid differentiation. Br J Haematol
1999;107:263–74.

13 Pushkarsky T, Zybarth G, Dubrovsky L et al. CD147 
facilitates HIV-1 infection by interacting with virus-
associated cyclophilin A. Proc Natl Acad Sci USA
2001;98:6360–5.

14 Halestrap AP, Price NT. The proton-linked monocar-
boxylate transporter (MCT) family: structure, function,
and regulation. Biochem J 1999;343:281–99.

15 Coste I, Gauchat J-F, Wilson A et al. Unavailability of
CD147 leads to selective erythrocyte trapping in the
spleen. Blood 2001;97:3984–8.



476

23

PAGE) revealed a band of apparent Mr 40000[3].
MER2 is expressed on CD34+ cells, but there is a 
dramatic decrease in expression during ex vivo
erythropoiesis [3].

CD44 glycoprotein, which carries the Ina and Inb

blood group antigens, is also produced by a gene on
the short arm of chromosome 11 and suppressed by
In(Lu) (Chapter 21). MER2 is not located on CD44.
CD44 monoclonal antibodies react as strongly with
MER2– cells as with MER2+ cells and the genes cod-
ing for CD44 and MER2 are at different positions on
the short arm of chromosome 11 (Chapter 32). A gly-
coprotein homologous to CD44 called LYVE-1 or
HAR [4,5] and encoded by a gene on chromosome
11p15 is a candidate for the MER2 antigen, although
the tissue distribution of this hyaluronan receptor
makes identity unlikely.

23.3 MER2 antibodies

23.3.1 Monoclonal anti-MER2

The monoclonal antibodies 1D12 and 2F7 were pro-
duced from splenocytes of a mouse immunized with
human small cell carcinoma line [1]. The antibodies
were found as a result of screening, by a complement-
dependent cytotoxicity test, with a human ¥ hamster
hybrid cell line containing chromosome 11 as its only
human chromosome. Blocking experiments demon-
strated that both antibodies detect epitopes on the
same cell surface antigen [1].

23.3.2 Human alloanti-MER2

In 1988, Daniels et al. [2] described three examples of
human anti-MER2, all made by Jews originating from
India and living in Israel. Two were sibs and the third
was unrelated. All had renal failure requiring dialysis

23.1 Introduction

MER2 (RAPH1), described by Daniels et al. [1] in
1987, was the first new independent red cell surface
polymorphism to be defined by monoclonal anti-
bodies. MER2 is also recognized by four human al-
loantibodies [2] and is the sole antigen of the blood
group system named RAPH after the original example
of alloanti-MER2.

MER2 is encoded by a gene on the tip of the short
arm of chromosome 11 at 11p15 [1] (Chapter 32).

23.2 The MER2 red cell polymorphism and
the MER2 antigen (RAPH1)

MER2 monoclonal antibodies react with red cells by
an indirect antiglobulin test with anti-mouse IgG. The
strength of reaction varies between red cell samples
[1]. Of 1016 English blood donors, 92% were MER2+
and 8% MER2–, giving gene frequencies of about
0.72 for MER2+ and 0.28 for MER2–. Analysis of 103
northern European families with a total of 294 chil-
dren confirmed that MER2 is inherited as a Mendelian
dominant character.

Titration scores with anti-MER2 on red cells of
members of a large Sardinian family demonstrated
that the dominant inhibitor gene In(Lu) exerted a
slight depressing effect on MER2 expression (see Sec-
tion 6.4.4.5). Scores for nine family members with
In(Lu) (Lunull) varied from 0 to 15 with a mean of 
6, whereas scores for 12 members without In(Lu)
[Lu(a–b+)] varied from 12 to 21 with a mean of 16.

MER2 is resistant to papain and sialidase treatment
of red cells, but is destroyed by trypsin, chymotrypsin,
pronase, and the disulphide-bond reducing agent 2-
aminoethylisothiouronium bromide (AET). Immuno-
precipitation with anti-MER2 and sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS

RAPH blood group system
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and regular blood transfusion. In two cases the anti-
bodies were detected before commencement of dialy-
sis and before the patients had been transfused. All
three antibodies react by the antiglobulin test with 
anti-human IgG.

In tests on red cells from 138 blood donors of select-
ed MER2 phenotype, there was almost complete con-
cordance (with only three exceptions) between the
results obtained with monoclonal anti-MER2 and
with the human antibodies. Those exceptions, positive
reactions with the human sera on three MER2– red cell
samples, were probably caused by the presence of anti-
HLA-B7 (anti-Bga) in all three sera. Two of the human
antibodies completely blocked, and one partially
blocked, the reaction of monoclonal anti-MER2 with
MER2+ red cells, implying that the MER2 epitope 
is either identical to, or very close to, the antigen 
detected by the human antibodies.

The two sibs with anti-MER2 have received numer-
ous transfusions of crossmatch incompatible blood
over a number of years with apparently no ill effects or
indications of reduced red cell survival.

One other example of alloanti-MER2 has been
identified in a healthy blood donor, a Turkish woman
who had never been transfused but had been pregnant
twice [6].

23.4 Is anti-MER2 production associated
with kidney disease?

Despite about 8% of Europeans being MER2–, only
four examples of alloanti-MER2 have been found
[2,6]. Three of these antibodies were from patients on
renal dialysis as a result of kidney failure, all from the
same small ethnic group, Indian Jews living in Israel
[2]. It is possible that most people who lack MER2
from their red cells still have the antigen on other cells,

explaining the extreme rarity of anti-MER2, but that
in some Indian Jews a mutation or even a small chro-
mosomal deletion could mean that the MER2 antigen
is totally absent, thus explaining their ability to make
anti-MER2. If MER2, or possibly the product of a very
closely linked gene deleted together with MER2, were
essential for effective kidney function, then their ab-
sence might explain the kidney failure in three of the
four people known to have made anti-MER2. This is
all pure conjecture, but future investigations into the
presence of MER2 in tissues other than blood, espe-
cially renal tissue, may shed some light on the biologi-
cal significance of the MER2 antigen.
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their red cells are JMH+ (Table 24.1). These very rare
phenotypes appear to be inherited in an autosomal 
recessive manner. The JMH-like antibodies differ from
anti-JMH because they do not react with the antibody
makers’ own JMH+ cells or with the JMH+ cells of
some of their sibs. Where tested, red cells and anti-
bodies of these individuals are not mutually compati-
ble, indicating that several different JMH variants
exist [5–7]. Two sibs with an unusual form of congeni-
tal dyserythropoietic anaemia had markedly reduced
expression of JMH [10].

24.3 Anti-JMH

24.3.1 Human antibodies

Most JMH– patients have been ascertained through
anti-JMH in their serum. Often they have no history of
transfusion or pregnancy [3,5,11]. JMH antibodies
are usually predominantly IgG4, although IgG1 and
IgG2 may also be present [11–13] and an IgG3 anti-
JMH has been described [14].

There are numerous cases where patients with anti-
JMH have been transfused with JMH+ blood with no
adverse effects [1,2,11,13]. One such patient received
20 units of JMH+ blood in 10 months, with the ex-
pected haemoglobin rise [13]. Radiolabelled JMH+
red cells often survive normally in patients with anti-
JMH [1,2,13], but there are reports of slightly acceler-
ated clearance of JMH+ cells [15] and of anti-JMH
giving positive results in monocyte functional assays
[14,15]. An IgG1 JMH-like alloantibody in a JMH+
man gave a strongly positive result in a monocyte
monolayer assay and in an in vivo study only 46% of
51Cr-labelled JMH+ cells survived after 24h [6].

Most women with anti-JMH have been beyond
child-bearing age, so very little is known about the 
effect of this antibody in pregnancy. A 26-year-old 
antenatal patient was found to have anti-JMH and the

24.1 Introduction

The very high frequency antigen JMH (JMH1) is the
only antigen of the John Milton Hagen (JMH) system.
JMH– is usually an acquired phenotype, although it
was inherited as a dominant character in one family;
inherited variants of JMH are known. The JMH anti-
gen is the semaphorin CDw108.

SEMA7A, the gene encoding CDw108, is located on
chromosome 15q23–24 (Chapter 32).

24.2 JMH (JMH1)

Before Sabo et al. [1] coined the term anti-JMH in
1978, a variety of different names had been used in 
reference laboratories for a collection of antibodies
found predominantly, but not exclusively, in elderly
patients. In most cases JMH– is probably an acquired
phenotype. In many patients with anti-JMH, JMH
may not have been totally lost as the red cells give a
weakly positive direct antiglobulin test (DAT), and in
some cases anti-JMH may be eluted [2]. JMH– can
also be a transient phenomenon: two JMH– children
with different chromosomal disorders later became
JMH+ [3]. JMH is usually expressed very weakly on
the red cells of neonates, achieving full strength during
the first few years of life. JMH is destroyed by 
proteases (papain, trypsin, chymotrypsin) and by the
disulphide bond-reducing agent 2-aminoethylisoth-
iouronium bromide (AET). JMH is not affected by
sialidase.

In the only family in which the JMH– phenotype has
been shown to be inherited, JMH– appeared in three
generations, so autosomal dominant inheritance of the
JMH– phenotype is likely [4]. None of the JMH–
members of the family had anti-JMH and their red
cells did not give a positive DAT.

A few individuals have alloantibodies to high fre-
quency antigens that do not react with JMH– cells, yet

JMH blood group system
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resulting twins were both JMH– (M. Contreras and
G.L. Daniels, unpublished observations, 1984). When
retested 10 months later, one twin had normal JMH
expression and the other had very weak JMH.

24.3.2 Monoclonal antibodies

Monoclonal antibodies of the CDw108 cluster of 
differentiation may also be considered anti-JMH [16]
(Section 24.3). A monoclonal antibody (H8), pro-
duced from a mouse immunized with a human 
lymphoid cell line derived from a patient with acute
lymphocytic leukaemia, appeared to have the same
specificity as one of the JMH-like antibodies produced
by a JMH+ person (R.M.). H8 reacted with neither
JMH– red cells nor with the cells of R.M. [8,9]. (Table
24.1). H8 blocked the reaction of human anti-JMH
and related antibodies with JMH+ cells [9].

24.4 JMH glycoprotein is the 
semaphorin CDw108

Immunoblotting and immunoprecipitation tech-
niques with human anti-JMH and with the mono-
clonal JMH-related antibody (H8) showed that JMH
is located on a structure of apparent Mr 76000 in
JMH+ red cells, but not in JMH– cells [17]. This struc-
ture is a glycosylphosphatidylinositol (GPI)-linked
protein (see Chapter 19); it is cleaved from the red cell
by phosphatidylinositol-specific phospholipase C and
is not present on the complement-sensitive population
of red cells (PNHIII) of patients with paroxysmal noc-
turnal haemoglobinuria [17,18]. Mudad et al. [16]

Table 24.1 Reactions of anti-JMH and JMH-related alloantibodies and monoclonal antibody (MAb) [5–9].

JMH-related alloantibodies MAb

Red cells Anti-JMH RM VG GP DW H8

JMH+ + + + + + +
JMH– -* - - -/+w - -
RM and sibs + - - nt nt -
VG and sibs + + - nt nt +
GP and sib -/+w + nt - nt +w

DW and sibs -/+w + nt nt - +

*JMH– red cells often give a weak direct antiglobulin reaction with JMH– cells.
+w, Weakly positive reaction; –/+w, negative with some cells, weakly positive with others.

subsequently demonstrated by immunochemical tech-
niques that the JMH glycoprotein is CDw108. JMH–
cells lacked CDw108.

In 1999,Yamada et al. [19] isolated CDw108 glyco-
protein by immunoprecipitation and obtained a par-
tial amino acid sequence. They used this sequence to
clone cDNA containing a 1998-bp open reading frame
from a library generated from a leukaemic T cell 
line. Transfection experiments confirmed that this
transcript encodes CDw108. CDw108 is the same as
Sema7A (H-Sema-L), a member of the semaphorin
family of glycoproteins. The SEMA7A gene had been
cloned in 1998 by screening human cDNA libraries
with sequences derived from human expressed se-
quence tags (EST) identified by comparison with a her-
pes viral semaphorin [20]. Nascent CDw108/Sema7A
is a 666 amino acid polypeptide, which includes a 46
amino acid signal peptide and a 19 amino acid GPI 
anchor motif. The mature protein consists of a 
500 amino acid sema domain, containing four N-
glycosylation and six myristoylation sites, and a 70
amino acid immunoglobulin-like domain of the C2
set, containing one N-glycosylation site (Fig. 24.1)
[19,20]. The protein contains 19 cysteine residues, so
some disulphide bonding is likely; JMH expression is
destroyed by disulphide bond-reducing agents.

SEMA7A consists of at least 13 exons [20].
The function of CDw108 on red cells is not known.

Secreted and membrane-bound proteins of the sema-
phorin family are known to function as signals, guid-
ing axons in developing nervous tissue. Semaphorins
and their receptors may also be involved in control of
cellular functions, most likely in cell–cell repulsion
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[21]. CDw108 is preferentially expressed on activated
lymphocytes and contains an Arg-Gly-Asp (267–269)
cell attachment motif common in adhesion molecules.
High expression of SEMA7A mRNA was found in pla-
centa, testis, and spleen, and low expression in the
brain and thymus [19,20].

In vivo loss of JMH in the acquired JMH– red cell
phenotype could be caused by the action of a cellular
protease [22]. Incubation of red cells at 37°C for 
45min results in the release into the supernatant of a
JMH-active protein of apparent Mr 67000. This re-
lease is abolished by the addition of protease in-
hibitors. Release of the 67000 structure from isolated
red cell membranes only occurs when the cytoplasmic
contents of red cells is added or when neutrophils are
present [22]. It is likely that the inherited absence of

JMH-like epitopes (Table 24.1) results from muta-
tions within the CDw108 gene.
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minology (Chapter 1). I is I1 (207001) and i is I2
(207002).

Although most cold agglutinins are Ii antibodies,
many other specificities are known that detect deter-
minants on carbohydrate structures of membrane 
glycoproteins and glycolipids (Section 25.9).

25.2 Ii antigens

25.2.1 I antigen (I1)

Wiener et al. [2] were the first to give the name I to an
antigen of variable strength detected by an autoanti-
body of very high titre, although many examples of
anti-I must have been studied previously. Red cells of a
few people reacted only very weakly with anti-I and
this weak-I phenotype was designated i. Further stud-
ies with this antibody, and with other examples iden-
tified since, have shown that I antigen strength varies
from person to person and titration scores follow a
normal distribution curve [3,4].

Reports of more anti-I soon followed and most re-
acted only very weakly with cord red cell samples
[5,6]. Marsh et al. [7] subdivided I antigen: ID (devel-
oped) is the I antigen on most adult cells, but not cord
or adult i cells; IF (fetal) is the I antigen expressed on all
human red cells including cord and adult i cells. ID

therefore has a reciprocal relationship with i. It is im-
portant to remember that most anti-I are autoantibod-
ies, generally monoclonal and highly heterogeneous,
so any subdivision of I is an oversimplification (see 
Section 25.4.1).

Treatment of red cells with proteases or with siali-
dase generally enhances expression of Ii antigens. The
number of I antigen sites per red cell has been esti-
mated at between 32000 and 500000 [8–10].

25.1 Introduction

The subject of cold agglutination, as defined by 
Roelcke [1], involves, ‘the occurrence and reaction 
of autoantibodies, reacting optimally in the cold (0°C)
with red blood cells’. These autoantibodies are termed
cold agglutinins. Low titre cold agglutinins are pre-
sent in the sera of all adults. The most prevalent of
these autoantibodies is a heterogeneous assembly of
specificities called anti-I; antibodies that react with the
red cells of almost all adults, but do not react, or at best
react only weakly, with the red cells of neonates. Anti-
I are generally weak, but potent examples may be
found as autoantibodies in patients with cold haemag-
glutinin disease (CHAD) or following Mycoplasma
pneumoniae infection. In a rare inherited phenotype
called adult i the red cells express very little I antigen.
Alloanti-I is generally present in sera of i adults.

The i antigen has a reciprocal relationship with I. It
is expressed only very weakly on the cells of most
adults, but strongly on fetal, neonatal, and adult i red
cells. Anti-i cold agglutinins may be haemolytic and
are often present in sera of patients with infectious
mononucleosis.

I and i determinants are carbohydrate structures
carried on glycolipids and glycoproteins. They are 
internal structures of ABH-active oligosaccharides.
The i-active structure is a linear chain of repeating N-
acetyllactosamine units and is the precursor of the
branched I-active structures. In normal development 
i antigen is converted to I antigen by the branching of 
i-active linear oligosaccharide chains, catalysed by a
b1,6-N-acetylglucosaminyltransferase, the product of
the I gene.

Ii antigens comprise Collection 207 of the Inter-
national Society of Blood Transfusion (ISBT) ter-

Ii antigens and cold agglutination

25.1 Introduction, 482
25.2 Ii antigens, 482
25.3 Adult i and other rare phenotypes, 483
25.4 Biochemistry and molecular genetics,

484

25.5 Distribution of Ii antigens, 486
25.6 Ontogenesis and oncogenesis, 487
25.7 Ii antibodies, 488
25.8 Ii antigens and disease, 490
25.9 Other cold agglutinins, 490



I i ANTIGENS AND COLD AGGLUTINATION

483

25.2.2 i Antigen (I2)

When Marsh and Jenkins [11] and Marsh [12] found
two cold agglutinating antibodies that behaved in 
an opposite manner to anti-I —reacting strongly with
cord cells and adult i cells, but only very weakly with
normal adult cells —they named the antibodies anti-i.
Some potent anti-i react quite strongly with adult 
cells, but their titre may be 1000 times higher with cord
cells. Adult i cells generally have higher expression of i
than cord cells. The number of i antigen sites has been
estimated to be between 20000 and 65000 on cord
cells and between 30000 and 70000 on adult i cells
[10].

Expression of i is depressed on red cells of adults
with an In(Lu) gene, a dominant inhibitor of Lutheran
and various other red cell antigens (Chapter 6).

25.2.3 IT antigen

IT is the name given by Booth et al. [13] to an antigen
detected by cold agglutinins present in the sera of a
high proportion of Melanesians and expressed 
strongly on cord cells, weakly on normal adult cells,
and weaker still on adult i cells. The ‘T’ stands for
‘transition’ as IT was assumed to represent a develop-
ing I antigen at the transition from I to i [13]. The high
IT activity on red cells from fetuses ranging in age from
11 to 16 weeks does not support this hypothesis [14].
The very weak IT antigens of about 15% of Melane-
sians from the coastal region of Papua is associated
with ovalocytosis, in which oval-shaped red cells have

weakened expression of a variety of blood group anti-
gens, including IT [15,16]. South-East Asian ovalocy-
tosis, a hereditary condition common in Papua New
Guinea, results from a deletion within the band 3 gene
(Section 10.8).

25.3 Adult i and other rare phenotypes

25.3.1 Serology of adult i

Red cells of the rare adult i phenotype are rich in i anti-
gen, but have very low levels of I. Two basic types of
adult i have been identified: i1 mostly in white people
and i2 found in black people and occasionally in white
people [5,6,11,12]. Cells of the i1 phenotype have less I
and more i than i2 cells. Anti-I from i1 individuals can
be adsorbed by i2, but not i1, cells. Some descriptions of
adult i phenotypes are found in [17–22].

25.3.2 Frequency of adult i

Table 25.1 shows results of several population studies
carried out by screening with anti-I.

Only two i adults, one white and one black, were
found by screening 2.5 million serum samples from
American donors for the presence of anti-I [26]. In 
another study, eight i adults were found as a result of
testing sera of 22700 pregnant women (0.035%) for
anti-I, but only four were found among 135100 non-
pregnant patients (0.003%) [27]. These figures sug-
gest that I depression may be a transient phenotype in
pregnancy.

Table 25.1 Frequency of adult i phenotype in various populations determined by testing red cells with anti-I.

*Both white i2: one American, one Scottish.
†Four black, one white.

Adult i

Population No. tested No. Frequency (%) References

England, London 17 000 0 [5]
Scotland, Glasgow 6 000 2* 0.03 [4]
France 10 090 1 0.01 [23]
USA, New York 22 000 5† 0.02 [2]
African Americans, Detroit 8 552 1 0.01 [24]
Japan 1 017 0 [19]
Taiwan 562 0 [25]
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25.3.3 Inheritance of adult i

Numerous family studies have shown that adult i is in-
herited as a recessive character. I and i behave as alle-
les, with i recessive to I. Race and Sanger [4] were
disturbed by an excess of i sibs of i propositi. In Japan,
seven of 31 i adults had consanguineous parents [28].
In some families with adult i members, red cells of 
obligate heterozygotes have reduced I and enhanced 
i compared with cells from unrelated controls (a phe-
notype that has been called Iint) [12]. For descriptions
of Ii family studies see references [4,6,12,17–22,
25,26,28–32].

I almost certainly encodes a transferase enzyme,
which employs i antigen as a substrate to produce I
antigen (Section 25.4).

25.3.4 Association between adult i and
congenital cataracts

In 1972, Yamaguchi et al. [20] reported four adult i
propositi with a total of four i and seven I sibs. All eight
adult i individuals had congenital cataracts; all seven 
I individuals had normal vision. These families sug-
gested the possibility of close linkage between the I
locus and the locus for congenital cataract. In Japan,
adult i phenotype is almost invariably accompanied by
cataracts [28,31]. Of 31 Japanese adult i donors and
patients, 29 suffered impaired vision from cataracts,
and in the 11 families studied there was no recombina-
tion between Ii phenotype and cataracts [28]. Two of
92 Chinese in Taiwan with congenital cataracts had
the adult i phenotype and two Chinese families sup-
ported the recessive inheritance of i adult with
congenital cataracts [25,33]. In people of European
origin, adult i phenotype is not generally accompanied
by congenital cataract, but the association has been re-
ported in two families [26,32].

The nature of the association between Ii and con-
genital cataracts in Orientals, and in some Europeans
is unknown. In two Taiwanese families, the adult i 
phenotype and congenital cataracts were associated
with missense mutations encoding Gly348Glu and
Arg383His substitutions in the gene encoding the I
branching enzyme (GCNT2), which abolish enzyme
activity (Section 25.4.2). In a third family, GCNT2
was deleted [33].

25.3.5 Other rare phenotypes

Red cells of seven of 5864 healthy blood donors in
Bombay (0.1%) reacted very weakly with anti-I, but
did not react with anti-i [34]. The I antigen on these red
cells was either weaker or of about the same strength as
that on cord cells and there was much lower expres-
sion of IT than on normal adult i cells. Analysis of two
large three-generation families showed the rare pheno-
type to be inherited, although the mode of inheritance
appeared to be complex, depending partly on ABO
group [34,35]. All individuals with the unusual pheno-
type were group A1 or A1B.

Similar phenotypes with depressed expression of
both I and i have been found outside India in A1, B and
O individuals [36,37].

25.4 Biochemistry and molecular genetics

25.4.1 Structure of I and i

Ii antigens are carbohydrates and present on the interi-
or structures of the complex oligosaccharides that
carry ABH and Lewis antigens, so this section should
be read in conjunction with Sections 2.2 and 2.3. Like
the ABH-active structures, Ii determinants on red cell
membranes are detected on three major classes of
macromolecules:
1 N-linked oligosaccharides of glycoproteins, espe-
cially band 3 and band 4.5;
2 simple glycolipids; and
3 complex glycolipids (polyglycosylceramides).

Ii determinants are either accessible or present as
partially or totally masked antigens. They are not only
detected on red cells, but on many other cell types and
in various body secretions (Section 25.5). Recom-
mended reviews on Ii biochemistry are found in
[1,38–41] and some important papers on I and i bio-
chemistry in [42–56].

I and i antigens are based entirely on Type 2,
Galb1Æ4GlcNAc, chains. They may be concealed in
ABH-active oligosaccharides and revealed by the step-
wise removal of terminal monosaccharides by chemi-
cal degradation [43,44]. Anti-i detect linear structures,
prevalent on fetal cells. The basic i structure is an 
unbranched polylactosamine comprising at least two
N-acetyllactosamine units:

Galb1Æ4GlcNAcb1Æ3Galb1Æ4GlcNAcÆR.
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Paragloboside, which has a single lactosamine unit, is
not i active; hexasaccharides of three lactosamine
units are generally better inhibitors of anti-i than the
tetrasaccharide shown above [50,56].

I antigen activity is associated with the branched
structure:

Galb1Æ4GlcNAcb \

Galb1Æ4GlcNAcÆR

Galb1Æ4GlcNAcb /

There are relatively few of these branched struc-
tures present on the glycolipids and glycoproteins of
fetal cells because most branching occurs soon after
birth [46]. Highly branched polyglycosylceramide
molecules, not present in the membranes of fetal or
neonatal cells, have a high level of I activity. Ii-
active oligosaccharide chains on glycoproteins are
generally more complex and linked through N-
acetylglucosamine to asparagine. Some examples of i-
and I-active glycolipids are shown in Table 25.2.

Much of the chemistry of Ii antigens has been
worked out with the aid of numerous monoclonal au-
toantibodies, which differ in their fine specificities. Al-
though no two anti-I appear to be identical they can be
subdivided into three general categories [51]:
1 those recognizing the Galb1Æ4GlcNAcb1Æ6
branch (typified by the antibodies Ma. and Woj.);
2 those recognizing the Galb1Æ4GlcNAcb1Æ3 
sequence with branching (Step.); and
3 those requiring both branches for activity (Phi.).

1
6

3
1

The basic i and I structures are usually further glyco-
sylated. Ii antibodies vary in their ability to combine
with determinants that have additional glycosylation.
Terminal galactose residues may be fucosylated by H-
transferase to produce an H-active structure which, 
in turn, may act as an acceptor substrate for A- and 
B-transferases to catalyse the addition of N-
acetylgalactosamine and galactose, respectively (Sec-
tion 2.3). In red cells of the rare Oh (Bombay) pheno-
type, in which terminal fucosylation of Ii-active
oligosaccharides does not occur because of the ab-
sence of H-fucosyltransferase, I antigen expression is
enhanced (Section 2.13.6). Destruction of H antigen
by treatment of red cells with a1,2-fucosidase from
Aspergillus niger also elevates I expression [57]. Alter-
natively, the terminal galactose of Ii-active oligosac-
charides may be sialylated. This prevents fucosylation
and subsequent conversion to A- and B-active struc-
tures. These sialylated structures have moderate I or i
activity, which is enhanced by sialidase treatment. Fur-
thermore, in the I-active structure, sialylation of the
terminal galactose of one branch may prevent fucosy-
lation of the terminal galactose of the other branch, en-
hancing I activity [38,39,54,58].

Little is known about the biochemistry of IT, but 
Issitt [59] has suggested that IT might be more closely
related to Lud (Section 25.9) than I or i and may be 
on Type 1 chains rather than Type 2 chains.

25.4.2 Biosynthesis of i and I

The biosynthesis of i requires the sequential action of

Table 25.2 Some examples of i- and I-active glycolipids.

i Galb1Æ4GlcNAcb1Æ3Galb1Æ4GlcNAcb1Æ3Galb1Æ4GlcÆCer

I Galb1Æ4GlcNAcb
\

Galb1Æ4GlcNAcb1Æ3Galb1Æ4GlcÆCer

Galb1Æ4GlcNAcb /

I Galb1Æ4GlcNAcb \

Galb1Æ4GlcNAcb \

Galb1Æ4GlcNAcb1/ Galb1Æ4GlcNAcb1Æ3Galb1Æ3GlcÆCer

Galb1Æ4GlcNAcb /
1

6

36

1
3

1

1

6

3

1
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b1,3-N-acetylglucosaminyltransferase and b1,4-
galactosyltransferase. The i antigen is transformed
into an I-active structure by the I branching enzyme, a
b1,6-N-acetylglucosaminyltransferase [38,39,54,58].

Chinese hamster ovary (CHO) cells usually express
i, but no I. Bierhuizen et al. [60] used a gene transfer
procedure (similar to that described in Section 2.3.1.1
for isolation of an a1,2-fucosyltransferase gene) in
order to clone cDNA encoding a b1,6-N-
acetylglucosaminyltransferase from a cDNA expres-
sion library derived from human teratocarcinoma
cells, which express large quantities of I-active
branched structures. Following primary and sec-
ondary transfection, CHO cells expressing I antigen
were isolated by panning with anti-I (Ma). The cloned
cDNA contained an open reading frame and hydropa-
thy analysis predicted a type II transmembrane protein
with topology characteristic of a glycosyltransferase
(Section 2.3). I activity of CHO cells transfected with
the cloned cDNA appeared to result from branching of
i-active N-acetyllactosamine chains at GlcNAcb1Æ
6Gal linkages, so the cloned gene probably encodes the
I-branching enzyme, a b1,6-N-acetylglucosaminyl-
tranferase (IGnT). The complete sequence encoding
IGnT is divided over three exons and sequences up-
stream of the transcription site have promoter activity
and contain TATA-like sequences [61].

The amino acid sequence of IGnT showed 
substantial homology with another b1,6-N-
acetylglucosaminyltransferase (C2GnT), which catal-
yses the addition of N-acetylglucosamine to
Galb1Æ3GalNAc, but not to Galb1Æ4GalNAc,
forming the core 2 O-glycan branch. In situ hybridiza-
tion revealed that both genes are located on chromo-
some 9q21 [60]. The genes encoding these
b1,6-N-acetylglucosaminyltransferases, and a closely
related pseudogene, probably arose by gene duplica-
tion and subsequent divergence [61,62].

The I-branching enzyme is presumably of low activ-
ity in fetal cells, explaining the deficiency of branched
oligosaccharide chains and consequent low I and high
i activity. Simple unbranched oligosaccharides pre-
dominate on red cells from i adults [63], because no 
active branching enzyme is present owing to mutation
or deletion of the GCNT2 gene [33] (Section 25.3.4).
Presence of normal quantities of I antigen in saliva,
milk, and plasma of i adults (Section 25.5.1) suggests
that different I-branching enzymes may be responsible
for I antigen synthesis in different tissues (compare

a1,2-fucosyltransferases in red cell membranes and in
secretions, Section 2.3.1).

25.5 Distribution of Ii antigens

Clausen and Hakomori [41] refer to I and i as histo-
blood group antigens because, like ABH, Ii antigens
are not restricted to red blood cells, but are found on
the surface of most human cells and on soluble glyco-
proteins in various body fluids.

25.5.1 Body fluids

25.5.1.1 Saliva

I antigen can be detected in saliva by haemagglutina-
tion inhibition, but with only rare examples of anti-I
[29,64,65]. A high titred autoanti-I was inhibited to 
a varying extent by all 181 salivas tested, with no 
correlation between degree of inhibition and the 
presence of ABH or Lewis substances [65]. However,
with anti-I Sti. the concentration of I substance in sali-
va is a function of ABH secretor status, non-secretors
having much greater quantities of salivary I substance
than secretors [66,67]. This result is not surprising as
non-secretor salivas lack the H-transferase responsi-
ble for fucosylation of the I-active structures. Saliva
from an adult i ABH non-secretor contained a nor-
mal quantity of I substance [67], suggesting that the
branched oligosaccharide chains, virtually absent
from the red cells of i adults, may be present in their
body fluids.

There appears to be some i antigen present in human
saliva, which can be detected by a minority of anti-i
[29,68].

25.5.1.2 Milk

I is present in human milk in greater quantities than in
saliva and most anti-I are inhibited to some extent by
milk [22,64,69]. Milk from an adult i woman con-
tained as much I substance as milk from I controls and
her milk inhibited her own anti-I [22]. Milk from four
I women contained anti-I (or anti-HI) and I substance
[69].

The presence of i in human milk is more difficult to
detect [22,29]. Certainly, milk from an i adult con-
tained no more i substance than that from an I control
[22].
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25.5.1.3 Plasma

I antigen is generally difficult to detect in plasma by
haemagglutination inhibition [29,65], but Rouger 
et al. [70] found an anti-I serum that was inhibited by
all 39 plasmas tested. The average level of I antigen in
plasma from neonates was 25% of that in plasma from
adults [70]. Plasma from an adult i person contained a
normal amount of I antigen, but plasma from an indi-
vidual with I–i– red cells had a reduced quantity of
plasma I antigen [67]. Unlike saliva, there is no rela-
tionship between I concentration in plasma and ABH
secretor status [66,67,70].

Haemagglutination by anti-i is inhibited by serum
or plasma from most adults and from cord blood sam-
ples [29,68,70,71]. An i-active glycoprotein, with no
detectable I, A, B, or H activity, was isolated from
serum on an anti-i affinity column [71].

25.5.1.4 Other body fluids

I and i antigens have been detected in amniotic fluid,
urine, and ovarian cyst fluid [29,72,73].

25.5.2 Other blood cells

I and i are present on lymphocytes from cord and adult
blood [74,75]. Anti-I and -i are potent cold lympho-
cytotoxins, effective at killing B and T lymphocytes
[74,76,77]. Anti-i monoclonal antibodies were spe-
cific for subsets of B lymphocytes and for most pre-B
cells in adult bone marrow [78]. Anti-I and -i are also
cytotoxic for peripheral blood monocytes and
macrophages, and about 25% of granulocytes
[79,80]; they are equally effective at killing granulo-
cytes obtained from either maternal or cord blood
samples [79]. Platelets tested with anti-I by flow cy-
tometry produced a broad distribution curve, with the
majority of platelets having a low density of I antigens
compared with A and B antigens [81].

25.5.3 Other tissues

The gastrointestinal mucosae and the mucins they se-
crete have been studied in detail for Ii antigens, espe-
cially with anti-I (Ma), which detects the structure
Galb1Æ4GlcNAcb1Æ6. This I (Ma) structure is 
detected in gastrointestinal glycoproteins from ABH
non-secretors, but not those from secretors, where it is

concealed by the ABH immunodominant monosac-
charides [82,83].

The i antigen is a characteristic of dividing cells pre-
sent on a variety of cell types including lymphoblasts,
fibroblasts, erythroblasts, and thymocytes [84].

The erythroleukaemia cell lines K562 and HEL ex-
press i antigen strongly, suggesting that these cells are
undifferentiated [85,86]. A small population of K562
cells expressed I, but no I was detected on HEL cells
[85]. The i of K562 cells was converted to I when 
sodium butyrate, but not hemin, was used to induce
the cells to differentiate [86].

25.5.4 Other animal species

Wiener et al. [87] tested red cells from over 160 differ-
ent animal species and found that the distribution of Ii
antigens cuts across taxonomic lines. Red cells of most
adult primates, including chimpanzees and various
monkeys, resemble human neonatal and adult i cells
by lacking ID and expressing i [7,87–89]. In tests on red
cells of various non-primate species (cat, dog, guinea
pig), there was no evidence of a developmental change
of i to I [89].

25.6 Ontogenesis and oncogenesis

Ii antigens represent developmental antigens on red
cells and in many other tissues. The conversion from i
to I occurs as a result of branching of the carbohydrate
chains of glycoproteins and glycolipids, catalysed by a
b1,6-N-acetylglucosaminyltransferase (Section 25.4).
In red cells, and probably most other tissues, conver-
sion begins around the time of birth. Fetal and neona-
tal red cells have very little I antigen expression and
very few branched chains. The increase in I strength
and concomitant reduction in i antigen expression
reaches adult levels at the age of between 6 and 18
months [12,90] and coincides with the branching
process of oligosaccharide chains [46]. High expres-
sion of i antigen is also a characteristic of immature
and less differentiated adult cells [41]. Conversion
from i to I is part of a continual process of erythroid
differentiation; circulating ‘young’ red cells have 
higher i expression than ‘old’ cells [91]. The i antigen 
is detected in the germinating layer of squamous ep-
ithelium, such as that from the intestine, whereas
branching of the oligosaccharides occurs in the more
differentiated cell layers and i is no longer present [92].
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I and i often demonstrate altered expression on neo-
plastic cells and may be considered oncodevelopmen-
tal antigens (reviewed in [40,93,94]). These changes
probably result from incomplete biosynthesis of ABH
determinants or by a block in the oligosaccharide
chain branching process. In the words of Watanabe
and Hakomori [46], ‘the process of ontogenesis of a
blood group carbohydrate chain occurs as step-by-
step elongation and arborization, and that blocking of
such a development of a carbohydrate chain occurs in
the process of oncogenesis’.

25.7 Ii antibodies

25.7.1 Anti-I

25.7.1.1 Autoanti-I

The original anti-I was an autoantibody responsible
for haemolytic anaemia [2] as were most subsequent
examples of high titred anti-I agglutinins [3,95,96].
Potent cold reactive antibodies responsible for CHAD
are usually of I specificity. These antibodies are gener-
ally monoclonal, accounting for the heterogeneity of
their specificity. They are usually IgMk, but IgMl and
IgG autoanti-I occur [1]. A detailed description of
CHAD is beyond the scope of this book and recom-
mended reviews are in [1,75,97–99]. These antibodies
directly agglutinate I-positive red cells at 4°C with
varying thermal amplitude, but are generally inactive
above 30°C. In CHAD, the presence of high titre
serum IgG anti-IgMk light chain correlates with low
titre of I/i cold agglutinin, probably the result of B cell
suppression [100].

By the use of rabbit antibodies raised against puri-
fied cold agglutinins, anti-I and -i IgM molecules were
shown to share a set of idiotypes, distinct from those
shared by anti-Pr agglutinins and from that of anti-I
(Ma), known to have an unusual I specificity [101]. A
rat monoclonal antibody, 9G4, recognizes a cross-
reacting idiotypic determinant present on virtually all
pathogenic anti-I and -i cold agglutinins and specifical-
ly inhibits haemagglutination by these antibodies
[102,103]; it does not generally react with cold agglu-
tinins of other specificities (anti-Pr, etc.) [104]. The epi-
tope recognized by 9G4 is on an IgM heavy chain
variable region derived from a single highly conserved
common gene segment V4-34 (previously called VH4-
21) [78,105–107]. Although all non-pathogenic mon-

oclonal, naturally occurring anti-i also appear to be
V4-34 encoded antibodies [108], this is not the case for
non-pathogenic anti-I where VH3 genes are often in-
volved [109]. A majority of IgM Rh antibodies also
have the V4-34 encoded heavy chain segment. In addi-
tion to their Rh specificity, these antibodies always
have cold agglutinin activity directed against I/i anti-
gens [110,111].

Transient, polyclonal, or oligoclonal autoanti-I may
arise from infection, most typically by Mycoplasma
pneumoniae [1,97]. At least 50% of patients with
pneumonia induced by M. pneumoniae produce high
titred cold agglutinins during the 3 weeks after the
onset of respiratory symptoms [1]. It is likely that 
the pathogen modifies a sialylated I-active receptor
making it immunogenic and that antibody is then 
produced to the modified structure [112–114]. 
Sialylated I determinants are recognized by anti-Sia-
lb2 (anti-Gd) and anti-Sia-b1 (anti-Fl) cold agglutinins
(Section 25.9) and these antibodies occur together
with anti-I in the majority of cases of M. pneumoniae-
induced cold agglutinin production [115,116]. Most
people have weak cold-reactive autoanti-I in their
serum [117].

25.7.1.2 Alloanti-I

Anti-I of fairly high titre is usually present in the sera of
i adults [4]. Although adult i red cells are not totally 
devoid of I antigen, the anti-I can be referred to as al-
loanti-I as it does not react with autologous cells.
These antibodies are almost invariably IgM and usu-
ally only active at low temperatures. Rare examples 
may be haemolytic and have a thermal range up to
37°C [22].

Less than 1% of radiolabelled I+ red cells survived
15min after injection into an i adult with anti-I, a clear
indication that his antibody had the potential to pro-
voke a dangerous transfusion reaction [118]. A previ-
ous study in an adult i patient suggested a less extreme
destruction of injected I-positive cells by anti-I [17].

Analysis by adsorption and elution of 22 sera 
containing cold agglutinins that could not be clearly
defined as anti-I or -i revealed that all contained a 
separable mixture of both antibodies [119].

25.7.1.3 Anti-I lectin

Lectin prepared from the gonads of Aplysia depilans, a
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marine mollusc (sea slug), behaved serologically as
anti-I [120]. All other lectins resembling anti-I have
specificities dependent on the presence of ABH or P
antigens [120] (Section 25.7.5).

25.7.2 Anti-i

Alloanti-i has not been identified. The first three exam-
ples of autoanti-i were from patients with reticulosis,
one of whom died with autoimmune haemolytic
anaemia [4–6]; a fourth example was in a patient with
myeloid leukaemia [96]. Anti-i is a rare alternative to
anti-I in CHAD [97]. Anti-i are heterogeneous in speci-
ficity [10,44,84,121]. They appear to be exclusively
V4-34-encoded IgM antibodies [108].

Anti-i is often found in the serum of patients with 
infectious mononucleosis and occasionally causes
haemolysis. Estimates of the proportion of infectious
mononucleosis patients with anti-i vary between 8%
and 90%, but only very few develop haemolytic com-
plications [88,122–124]. These antibodies may be
IgM [88,124–128] or, in some cases, may be IgG anti-i
combined with IgM anti-IgG [123,128]. One of the
IgM anti-i behaved like a Donath–Landsteiner anti-
body (haemolysis following incubation of red cells in
serum at 4°C and subsequent warming to 37°C) [127],
as did an IgG anti-i detected in a patient with chronic
paroxysmal cold haemoglobinuria [129].

The presence of anti-i is associated with immunode-
ficiency. Autoanti-i activity was detected in 50% of 
patients with Wiskott–Aldrich syndrome, a rare X-
linked recessive immunodeficiency [78], and in 64%
of patients with AIDS [130]. Infection with
Epstein–Barr virus, the pathogen associated with 
infectious mononucleosis, is endemic in AIDS.

Maternal IgG autoanti-i can cross the placenta and
has resulted in positive direct antiglobulin reactions on
cord cells and mild neonatal jaundice [131,132].
Acute intravascular haemolysis in a patient with anti-i
followed infusion of 2 units of blood deemed compati-
ble by an immediate spin crossmatch technique [133].

Monoclonal anti-i was produced in vitro by a het-
erohybridoma of mouse myeloma and human lym-
phocytes from lymph nodes of a lung cancer patient
[92], and by heterohybridomas and lymphoblastoid
cell lines derived from splenocytes of a Wiskott–
Aldrich syndrome patient [78].

25.7.3 Anti-IT

Anti-IT defines an antigen expressed strongly on cord
cells, weakly on most adult cells, and very weakly on
adult i cells (Section 25.2.3). Cold agglutinins were 
detected in 76% of Melanesians from Papua New
Guinea; of the six analysed in detail, one was anti-I and
five were anti-IT [13]. Anti-IT was found in 84% of
Yanomama Indians of Venezuela [134].

The first four examples of anti-IT in white people
were all IgG and all in patients with Hodgkin’s disease
[14,135]. Three of these antibodies were considered
haemolytic and responsible for autoimmune hae-
molytic anaemia [14]. Six other examples of IgG 
autoanti-IT were not apparently clinically significant
as judged by response to incompatible transfusion and
in vitro survival studies [136,137]; none was from a
patient with Hodgkin’s disease. IgM anti-IT can cause
haemolytic anaemia [138,139].

25.7.4 Anti-j

Cold agglutinins in two patients, which agglutinated
adult and cord red cells, behaved as anti-Ii and were
named anti-j by Roelcke et al. [140]. These antibodies
reacted with protease- and sialidase-treated red cells,
but not with cells treated with endo-b-galactosidase,
which cleaves Type 2 oligosaccharide chains. The anti-
bodies were inhibited by linear (i) and branched (I)
Type 2 structures. The two anti-j were unusual cold
agglutinins as they were IgMl molecules; they resem-
bled most pathogenic anti-I and -i by expressing the
9G4 idiotype, a characteristic of antibodies encoded
by a gene utilizing a V4-34 sequence.

25.7.5 Ii antibodies and the H, ABO, 
and P groups

Considering the heterogeneity of Ii antibodies and the
close biochemical association between Ii and the H, A,
and B antigens, it is of no surprise that some antibodies
appear to show a preference for I determinants with 
attached H, A, or B immunodominant monosaccha-
rides. The most abundant of these antibodies is 
anti-HI, which does not react, or at least reacts only
very weakly, with I-positive cells of the rare H-
deficient phenotypes. These antibodies are described
in Section 2.15.8. Some anti-I resemble anti-HI by giv-
ing stronger reactions with O or A2 cells than with A1
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red cells [5,96,141]. Anti-Hi has also been reported
[142]. Some anti-I react more strongly with A or B or A
and B cells than with O cells. These antibodies have
been called anti-AI (or -A1I) [6,141,143,144], -BI
[143,145–147], and -(A+B)I [148]. Anti-HILeb (or 
-ILebH) agglutinated only O or A2, I-positive,
Le(a–b+) cells [149,150].

P1 antibodies that do not agglutinate P1+ cord or
P1+ adult i red cells are called anti-IP1 [151]. An anti-
body reacting only weakly with cord and adult i cells,
and not at all with p cells, was named anti-IP [152].
Anti-ITP was responsible for fatal autoimmune
haemolytic anaemia [153].

25.8 Ii antigens and disease

Red cells of patients with dyserythropoietic conditions
often have elevated expression of i [80,154–157].
These conditions include thalassaemia, sickle cell 
disease, congenital dyserythropoietic anaemia II
(HEMPAS), Diamond–Blackfan syndrome, mye-
loblastic erythropoiesis, sideroblastic erythropoiesis,
refractory anaemia, paroxysmal nocturnal haemo-
globinuria (PNH), and acute leukaemias. Red cells
with increased i antigen also appear in the circulation
of people subjected to repeated phlebotomy [158]. 
I expression is not generally decreased in these condi-
tions [155]. When red cell production is inadequate to
meet demands, the proliferative stress on the erythroid
precursors results in shortened maturation time before
the red cell precursors appear in the peripheral blood.
This could account, at least in part, for enhanced i 
expression [154,155,158]. In PNH, elevation of i was
detected on affected (CD59-negative) and unaffected
(CD59-positive) populations of cells, suggesting that
enhanced i expression is a non-specific affect of
haemopoietic stress [157].

As mentioned in Section 25.5.2, i antigen is detected
on lymphocytes from adults and from cord samples
[74]. In chronic lymphocytic leukaemia there is a re-
duction in lymphocyte i expression, as detected by
some anti-i [159]. In acute lymphoid leukaemia, blast
cells have as much i antigen as normal lymphocytes; in
acute myeloid leukaemia, blast cells have much less 
i antigen [160]. Lymphoblasts can be distinguished
from myeloblasts by their i expression in undiffer-
entiated acute leukaemia and in chronic myeloid
leukaemia in blast-cell crisis [161].

25.9 Other cold agglutinins

In addition to anti-I and -i, cold agglutinins of numer-
ous other specificities have been defined, mostly by
Roelcke et al. (for reviews see [1,59,162]). These anti-
bodies and some characteristics of the determinants
they define are listed in Table 25.3. All comply with the
definition of cold agglutinins: autoantibodies to red
cell antigens that react optimally in the cold (0°C) [1].
Apart from anti-j, they are usually IgMk monoclonal
antibodies.

The most abundant cold agglutinins, after anti-I and
-i, are the Pr antibodies. These detect protease-labile
determinants on the O-linked sialotetrasaccharides
and sialotrisaccharides of red cell sialoglycoproteins
found predominantly on glycophorins A and B. These
glycoproteins also carry blood group M, N, S, and s
antigens and so Pr is described in Chapter 3 (Section
3.6.4). Pr antibodies are heterogeneous and have been
subdivided. Anti-Pr1, -Pr2, and -Pr3 are distinguished
from each other by the effects of certain chemical
modifications of their determinants [1]. Anti-Pr1 and 
-Pr3 are further subdivided by their reactions with ani-
mal cells: anti-Pr1 h and -Pr3 h react exclusively with
human red cells; anti-Pr1d and anti-Pr3d agglutinate
human and dog red cells [1]. Anti-Sa, like anti-Pr2, de-
tects an antigen present on glycophorin A and also on
some gangliosides [178,179]. A few anti-Pr and -Sa are
IgAk [164,180]. Pr antibodies may be associated with
rubella infection [181]. An IgGl anti-Pr1 caused severe
haemolysis in a child after infection with the rubella
virus [181].

Anti-Sia-lb (anti-sialo-linear-branched, formerly
anti-Gd) represents a heterogeneous collection of 
antibodies detecting protease-resistant, sialidase-
sensitive antigens located on gangliosides and created
by the a2,3-sialylation of I- and i-active structures
(branched and linear) on glycolipids [1,165,168].
Anti-Sia-lb1 (anti-Gd1) require only a terminal sialic
acid residue for activity (NeuNAca2,3–); anti-Sia-
lb2 (anti-Gd2) also require subterminal galactose
(NeuAca2Æ3Galb1–) [166]. Sia-lb antibodies also
bind sialyl-Lea (sLea) and sialyl-Lex (sLex) structures
(see Table 2.3) expressed on nucleated cells and in 
soluble cancer-related mucins [182].

Sia-b1 (Fl) antigen is located on glycolipids with 
sialylated branched structures, whereas Sia-l1 (Vo)
and Li are probably a2,3-sialylated linear structures
on glycolipids [114,167–170,183].
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Very little is known about the biochemistry of the
Lud, Om, Me, and Ju antigens. Anti-Lud recognizes
a2,3-sialylated Type 1 chain sequences [1,183]. Activ-
ity of the unfortunately named anti-Me, which is not
related to anti-Me of the MNS system, is enhanced by
preheated human milk, but not by individual milk 
sugars [172]. Anti-Om activity is slightly reduced by
human milk [173], which distinguishes it from anti-
Me. Anti-Me and -Om may resemble anti-j [140]. 
The cold agglutinin IgMWOO, which agglutinates 
sialidase-treated cells, but not untreated cells, recog-
nizes the Type 1 chain Galb1Æ3GlcNAcb1Æ
3Galb1Æ4Glc/GlcNAc [175]. Anti-Rx was originally
named anti-Sdx because it appeared to be inhibited by
Sd(a+) but not Sd(a–) urine [176,184]. This was shown
to be a non-specific effect, probably resulting from the
extreme pH dependency of the antibody [177].
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phenotype was identified in a Japanese family [4] 
(Section 26.2.3). No Er(a–) individual was found by
tests on red cells from 63762 mostly white [1,5,8] and
13521 Japanese [4] blood donors.

Four of 605 random white donors were Er(b+) and
the frequency of the Erb allele is calculated as 0.0033
[2]. If the existence of a third allele is disregarded, the
Era allele has a frequency of 0.9967 and Er(a–) would
only be expected in about 1 in 100000 white people.

26.2.2 Antigen characteristics

Era is fully expressed on cord cells and is not sensitive
to the treatment of red cells with proteases (trypsin,
chymotrypsin, papain, ficin, pronase), sialidase, or the
disulphide-bond reducing agent 2-aminoethylisoth-
iouronium bromide (AET) [1,9,10]. Incubation of 
red cells in low pH ethylenediaminetetra-acetic acid
(EDTA) glycine buffers, often used in antibody elution
tests, resulted in loss of the Era antigen. There was total
antigen loss at pH2.0, partial loss at pH2.5, and no
apparent loss at pH3.0 [9].

Erb is resistant to treatment of red cells with ficin, 
papain, or dithiothreitol (DTT) [2].

26.2.3 Serological complexities

Red cells of a Japanese woman and two of her sibs
were negative with five anti-Era (including the origi-
nal), but reacted with three others [4]. Positive and
negative results were confirmed by adsorption tech-
niques. The serum of the propositus, who had been
transfused twice and pregnant three times, contained
an antibody that resembled anti-Era: it reacted with all
cells except Er(a–b+) cells and those of the propositus
and two of her sibs.

A number of antibodies to high incidence antigens

26.1 Introduction

Era and Erb are high and low frequency antigens, 
respectively, and are probably the products of alleles.
They constitute collection 208 of the International 
Society of Blood Transfusion (ISBT) terminology, the
Er collection: Era is ER1 (208001); Erb is ER2
(208002).

26.2 Era and Erb (ER1 and ER2)

26.2.1 Inheritance and frequencies

Families of two of the original three Er(a–) propositi
described by Daniels et al. [1] in 1982 showed Er(a–) to
be an inherited character. One of the families (Rod.),
however, had Er(a–) members in two generations sug-
gesting that inheritance might not be straightforward.
In 1988, Hamilton et al. [2] described an antibody to a
low frequency antigen, named Erb, that reacted with
five of six Er(a–) red cell samples. Analysis of the Rod.
family with anti-Erb showed that the presence of
Er(a–) in two generations resulted from an Er(a–b+)¥
Er(a+b+) mating [2]. Era and Erb therefore appear to
be inherited regularly as codominant alleles. One
Er(a–) sample was Er(b–), as were the Er(a+) cells of
the daughter of an Er(a–b+) mother, suggesting the
presence of a third allele [2]. An antibody in an
Er(a–b–) patient with consanguineous parents reacted
with all red cells tested, including Er(a–) cells, and may
be anti-Erab [3].

Family studies have shown that Er is not part of the
ABO, MNS, P, Duffy, Kidd, or Dombrock systems
[1,2,4].

True Er(a–) phenotype has only been found in 
people of European origin ([1,5–7] and several other
unpublished examples), although an abnormal Er(a–)

Er antigens

26.1 Introduction, 498
26.2 Era and Erb (ER1 and ER2), 498

26.3 Antibodies, 499
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react weakly with Er(a–) cells. Cross-testing of red
cells and sera presents a highly complex pattern of 
reactions and results have not always concurred 
between different laboratories (G.L. Daniels, J. Poole
and P. Lacey, unpublished observations).

26.3 Antibodies

All the recorded producers of anti-Era had been trans-
fused; most had also been pregnant [1,4–7]. The anti-
bodies are IgG and do not fix complement [1,4,5]. In
two patients with anti-Era, Er(a+) red cells gave a posi-
tive direct antiglobulin test (DAT) after transfusion,
but there were no signs of haemolysis [1,5]. Monocyte
phagocytosis assays and in vivo red cell survival stud-
ies provided additional evidence that these antibodies
are not clinically significant [1,5]. Red cells of two 
babies born to women with anti-Era gave positive
DATs, but neither had any other signs of haemolytic
disease of the newborn (HDN).

The producer of the only known anti-Erb had been
pregnant five times, but never transfused; two of her
three children were Er(b+) [2]. Red cells of her second
Er(b+) baby gave a positive DAT, but no treatment 
for HDN was required. Unfortunately, very little of 
the antibody remains and anti-Erb is not generally
available.
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27.2 Antibodies

Frequencies and some characteristics of antibodies to
LFAs are shown in Table 27.3. Like most other blood
group antibodies, antibodies to some LFAs arise from
immunization caused by pregnancy or transfusion; a
few have been responsible for haemolytic disease of
the newborn (HDN) (Section 27.3.5). In most cases,
however, the antibodies arise as a result of no known
stimulus and are often found together with other anti-

27.1 Antigens

Many red cell antigens have been identified that occur
only very rarely in most populations and have not been
shown to belong to any of the existing blood group
systems or collections. Some have only been found in a
solitary family. In the numerical notation, low fre-
quency antigens (LFAs) make up the 700 series. The
criteria for joining this series of antigens are as follows:
1 the antigen must have a frequency of less than 1%;
2 it must be an inherited character;
3 it must not be part of an existing blood group system
or be related closely enough to another antigen to
merit collection status;
4 it must have been shown to be serologically distinct
from all other antigens of low frequency; and
5 antibody and red cells carrying the antigen must be
available, so that further examples can be identified.

Race, Sanger and Cleghorn [1] defined ‘private’
antigens as having an incidence of less than one in 400
(0.25%). All the antigens currently in the 700 series
are private antigens according to this definition.

LFAs of the 700 series are listed in Table 27.1. Many
numbers have become obsolete, either because the 
corresponding antigens have been elevated to blood
group systems or collections, or because they have be-
come extinct, as a result of antibody or antigen-posi-
tive red cells being unavailable. Since 1996, 16 of the
700seriesantigenshavejoinedtheDiegosystem (Chap-
ter 10). Frequencies of LFAs are shown in Table 27.2.

When recombination is demonstrated between the
gene controlling an LFA and that for a blood group
system, the LFA is considered not part of that system.
None of the 700 series antigens has been shown to 
be independent of all blood group systems. The LFAs
and the systems they have been excluded from were
tabulated in the first edition of this book [27]. As this
information has not changed, the table is not du-
plicated here.

Low frequency antigens

27.1 Antigens, 500
27.2 Antibodies, 500

27.3 Additional information on some of the
antigens and antibodies, 503

Table 27.1 Low frequency antigens: the 700 series.

Number Name Symbol References

700002 Batty By [2]
700003 Christiansen Chra [3]
700005 Biles Bi [4]
700006 Box Bxa [5,6]
700015 Radin Rd Chapter 13
700017 Torkildsen Toa [7]
700018 Peters Pta [8]
700019 Reid Rea [9]
700021 Jensen Jea [10]
700023 Hey Hey [11]
700028 Livesay Lia [12]
700039 Milne [13]
700040 Rasmussen RASM [14]
700043 Oldeide Ola [15]
700044 JFV [16]
700045 Katagiri Kg [17]
700047 Jones JONES [18]
700049 HJK [19]
700050 HOFM [20]
700052 SARA [21]
700053 LOCR [22]
700054 REIT *

SHIN [23]

*J.R. Hamilton and G. Coghlan, unpublished observations, 1993.
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bodies to LFAs. Some sera contain numerous antibod-
ies to LFAs. Serum samples from the same donor taken
at different times may contain different specificities
and the antibodies often react by different methods.
Occasionally, sera containing an ‘immune’ antibody
to an LFA also contain apparently ‘naturally occur-
ring’ antibodies to other LFAs. As an example, the
serum of a healthy blood donor, Mrs Tillett, contained
the following antibodies to red cell antigens of low 
frequency: anti-Pta, -Mg (MNS11), -Vw (MNS12), 
-Ria (MNS16), -Hut (MNS19), -Dantu (MNS25), -Or
(MNS31), -Goa (RH30), -Rh32, -Evans (RH37), -Wra

(DI3), -Wda (DI5), -Rba (DI6), -ELO (DI8), -Bpa

(DI10), -Moa (DI11), -Vga (DI13), -BOW (DI15), 
-NFLD (DI16), -Jna (DI17), -Tra (DI19), -Lsa (GE6),
and eight unpublished specificities.

Antibodies to LFAs usually come to light for one of
the following reasons:
1 the antibody causes HDN;
2 a single red cell sample reacts with a patient’s serum
during compatibility testing;
3 a serum blood grouping reagent contains a contam-
inating antibody to an LFA that gives an unexpected
reaction during red cell phenotyping;
4 an antibody is detected when sera are screened with
antigen positive red cells; or
5 an additional specificity is found in a serum known
to contain one or more antibodies to LFAs when it is
tested against cells of rare phenotype.

When red cells react with a serum known to contain
a certain antibody to an LFA, the assumption cannot
be made that those red cells carry that specific LFA, 

Table 27.2 Frequencies of low frequency antigens.

Antigen 700 Population No. tested No. positive Antigen frequency References

002 By English 31 522 2 0.0001 [24]

003 Chra Danish 500 1 0.0020 [3]

005 Bi American 1 110 0 [4]

006 Bxa English 24 106 2 < 0.0001 [1,5,6]

015 Rd Chapter 13

017 Toa Norwegian 6 461 1 0.0002 [7]

018 Pta New Zealand 14 500 0 < 0.0001 [8]
Norwegian 21 825 0 < 0.0001 [8,15]
English 10 200 1 0.0001 [25]

019 Rea Canadian > 10 000 0 < 0.0001 [9]
English 6 635 1 0.0002 [26]
Welsh 4 770 0 [26]

021 Jea Danish > 1 000 0 [10]

023 Hey French 8 127 2 0.0002 [11]

039 Milne New Zealand 2 643 0 [13]

040 RASM North American 9 541 0 [14]

043 Ola Norwegian 7 151 1 0.0001 [15]

044 JFV German 1 014 0 [16]

045 Kg Japanese 600 0 [17]

047 JONES White 16 746 1 < 0.0001 [18]

050 HOFM Dutch 926 0 [20]

053 LOCR North American 1 826 1 0.0005 [22]

054 REIT Canadian 4 086 0 *
SHIN Japanese 3 000 1 0.0003 [23]

*J.R. Hamilton and G. Coghlan, unpublished observations, 1993.
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because the serum may contain more antibodies than
those previously known to be present. Consequently,
cross-adsorption–elution tests must be carried out for
confirmation. However, this cross-adsorption method

is not infallible, as antibodies of related, but different,
specificities might be removed together from a serum
by adsorption with red cells apparently expressing
only one of the antigens.

Table 27.3 Frequencies and characteristics of antibodies to low frequency antigens.

Antibody

Anti-700 Antibody frequency1 Immune Present in multispecific sera2 References

002 By 1/7987 Yes3 Yes [1,2,28]
0/2000

003 Chra No [3]

005 Bi Yes3 No [4]

006 Bxa 0/8000 4 Yes [1,5,6]
1/23 081

017 Toa 66/5704 No [7,29,30]
~48/300

018 Pta Yes [8,25,31]

019 Rea 0/2358 Yes3 No [9,26]

021 Jea 1/>100 000 No [10]

023 Hey 0/3060 Yes5 Yes [11,32]

028 Lia Yes No [12]*

039 Milne 58/1242 6 Yes [13]

040 RASM 0/543 Yes3 No [14]

043 Ola Yes [15]

044 JFV 0/534 Yes3 No [16]

045 Kg Yes3 No [17]

047 JONES 0/2000 Yes3 Yes [18]

049 HJK Yes3 No [19]

050 HOFM Yes3 No [20]

052 SARA 1/3150 Yes [21]

053 LOCR Yes3 No [22]

054 REIT Yes3 †

SHIN 0/19 3807 8 Yes [23]

*C.A. Green, Y.W. Liew and T. Kaye, personal communication, 1984.
†J.R. Hamilton and G. Coghlan, unpublished observations, 1993.
1The number of sera found to contain the antibody in the total number of sera from random blood donors tested. Where more than one survey is
reported, the results are shown separately.
2Sera containing several or many antibodies to LFAs.
3See Section 27.3.5 for notes on clinical significance.
4No anti-Bxa in three Bx(a–) mothers of Bx(a+) children [6].
5Hey– woman who had two Hey+ pregnancies and produced anti-Hey; there were no signs of HDN. Her Hey– daughter had one Hey+ pregnancy
and did not produce anti-Hey. No anti-Hey in four Hey– recipients of Hey+ blood [32].
6No anti-Milne in two Milne– mothers of Milne+ children [13].
7One anti-SHIN found in sera from 1662 Japanese hospital patients [23].
8No anti-SHIN in two SHIN– mothers of SHIN+ children [23].
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27.3 Additional information on some of the
antigens and antibodies

27.3.1 Rd (700015)

Genetical and biochemical evidence strongly support
Rd being part of an expanded Scianna system. Rd is 
described in Chapter 13.

27.3.2 Pta (700018)

Many examples of anti-Pta have been found, all in sera
containing other ‘naturally occurring’ antibodies to
LFAs [8,25,31]. Herron et al. [33] used anti-Pta in im-
munoblotting experiments with red cell membranes
prepared under non-reducing conditions to show that
Pta is located on a membrane component of apparent
Mr 31600. This structure might be associated with the
membrane skeleton.

27.3.3 Lia (700028)

There is a suggestion in one family of linkage between
the gene controlling Lia and the LU locus. If an untest-
ed husband is assumed to be Lu(a–), then the lod score
is 2.709 at a recombination fraction of 0.0, very close
to statistical significance; if the father were Lu(a+) the
score is 1.204 [12]. Immunoblotting of Li(a+) cells 
in order to determine whether Lia is on the Lutheran
glycoproteins revealed no bands.

27.3.4 Low frequency antigens associated with
Rh: Ola (700043), HOFM (700050), and LOCR
(700053)

Members of a three-generation Norwegian family 
are the only Ol(a+) individuals known [15]. Ol(a+) 
red cells have depressed expression of Rh antigens, 
especially C, E, and, to a lesser extent, D. Yet re-
combination between the genes controlling Ola and 
Rh means that Ola does not belong to the Rh 
system. The possibility that Ola is located on the Rh-
associated glycoprotein (Section 5.5.7) needs to be 
investigated.

HOFM is associated with depressed C antigen in the
only family in which it has been detected [20] and
LOCR is transmitted with dce and altered expres-
sion of c in two of three families studied [22]. Family
studies do not provide statistically significant evidence

that either antigen belongs to the Rh system (see 
Section 5.17.1).

27.3.5 Clinical significance of antibodies to low
frequency antigens

Most antibodies to LFAs of the 700 series do not 
appear to be clinically significant. Severe HDN in 
the HJK+ baby of a mother with anti-HJK (700049)
was treated by three intrauterine transfusions [19].
Anti-Kg (700045) and anti-REIT (700054) were also
responsible for HDN requiring exchange transfusion
[17, J.R. Hamilton and G. Coghlan, unpublished 
observations, 1993]; HDN caused by anti-JFV
(700044) [16] and by anti-JONES (700047) [18] was
treated by phototherapy and blood transfusion. Anti-
bodies to the Rh-associated antigens HOFM (700050)
and LOCR (700053) both caused mild HDN [20,22].
Anti-Bi (700005) may also have been responsible 
for HDN [4]. Anti-By (700002), -Rea (700019), and 
-RASM (700040) caused a positive DAT on cord red
cells, but no other signs of HDN [2,9,14,26].

LFAs do not create a major transfusion problem.
However, a potentially dangerous antibody to an LFA
could remain undetected if a full crossmatch is not 
performed. Presence of an unrecognized anti-LFA in 
a blood grouping reagent can also prove hazardous.
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severe haemolytic transfusion reactions. With the ex-
ception of MAM (901016), none of the antibodies 
described in this chapter has been implicated in
haemolytic disease of the newborn (HDN) requiring
more radical treatment than phototherapy.

In addition to the HFAs described below, numerous
others exist that have not been reported. Most refer-
ence laboratories have a large assortment of sera called
‘antibodies to unidentified public antigens’.

28.2 Vel (901001)

When Sussman and Miller [1] described anti-Vel in
1952, Vel became the first reported public antigen that
was not part of an established blood group system.
Anti-Vel is a dangerous antibody that has been respon-
sible for haemolytic transfusion reactions (Section
28.2.3).

28.2.1 Frequency and inheritance

Some of the largest studies of testing random donors
with anti-Vel are shown in Table 28.2. The Vel– phe-
notype was found to have an incidence of about 1 in
3000 in predominantly white English blood donors
[11–13], with the following gene frequencies: Vel+

0.9821; Vel– 0.0179. There are no reports of studies on
large numbers of donors from other ethnic groups. Vel
could be polymorphic in some populations: four of
328 Thais [35] and two of 160 Chilcotin Indians from
Canada [36] were Vel–.

In the families of 11 Vel– propositi the sib count, 
excluding propositi, approached very closely 3 :1 for
Vel+ :Vel–, the ratio expected if the Vel– phenotype 
results from homozygosity for a recessive allele [11]. A
sib count of 20 Vel+ and 16 Vel– was obtained from 17

28.1 Introduction

High frequency antigens (HFAs) were originally clas-
sified together in the 900 series of antigens, equivalent
to the 700 series for low frequency antigens. When the
collections were introduced into the blood group 
terminology in 1990, the 900 series was decimated 
and was consequently abandoned and replaced by the
901 series. A red cell antigen may belong to the 901 
series if it fits the following criteria:
1 it must have a frequency greater than 90% 
(although all antigens discussed in this chapter have
frequencies in excess of 99% in most populations and
so can be described as ‘public’ antigens);
2 it must be inherited;
3 it must not be eligible to join a blood group system,
form a new system, or be so closely related to another
antigen as to merit collection status; and
4 it must have been shown to be serologically distinct
from all other antigens of high frequency.

The 901 series currently contains 11 antigens (Table
28.1). These include Sda, which has a frequency of
about 91% and is described in Chapter 29. It also in-
cludes AnWj (901009) and Duclos (901013) which,
because of biochemical associations, are described 
in the chapters on the Indian (Section 21.7) and Rh
(Section 5.5.7.1) systems, respectively. Results of some
frequency studies are shown in Table 28.2. Table 28.3
shows a few characteristics of the antigens.

The HFAs and the blood group systems they have
been excluded from were tabulated in the first edition
of this book [33]. As this information has not changed,
the table is not duplicated here.

Antibodies to HFAs are a transfusion hazard as
compatible blood is often very difficult to obtain. Anti-
Vel (901001) and -Lan (901002) have both caused 

High frequency antigens

28.1 Introduction, 505
28.2 Vel (901001), 505
28.3 Lan (901002), 508
28.4 Ata (August, 901003), 508
28.5 Jra (901005), 509
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28.7 AnWj (901009), 510
28.8 Duclos (901013), 510
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Swedish families with Vel– propositi, but this excess of
Vel– might be explained by inbreeding in one family
and the possibility of one untested parent being Vel–
[12]. In six families that demonstrate that Vel does not
belong to the P system an excess of Vel-negatives were
P2, with a probability of significance of about 1 :70.
This supports earlier speculations of an association 
between Vel and P [12]. In two families Vel– occurred
in two generations [16,17] and in one family in three
generations [37].

28.2.2 Vel antigen

The strength of Vel antigen shows a great deal of indi-
vidual variation and in some people expression is very

Table 28.1 High frequency antigens: the 901 series.

Number Name Symbol References

901001 Vel [1]
901002 Langereis Lan [2]
901003 August Ata [3]
901005 Jra [4]
901008 Emm [5]
901009 Anton AnWj Chapter 21
901012 Sid Sda Chapter 29
901013 Duclos Chapter 5
901014 PEL [6]
901015 ABTI [7]
901016 MAM [8]

Obsolete: 901004 Joa is now DO5; 901006 Oka is OK1; 901007
JMH is JMH1; 901010 Wrb is DI4; 901011 is RAPH1.

Table 28.2 Frequencies of high frequency antigens in various populations.

Antigen 901 Population No. tested No. negative Antigen frequency References

001 Vel American 21 000 8 0.9996 [1,9,10]
British 99 637 25 0.9997 [11–14]
French 10 000 4 0.9996 [15]
Australian 5 000 2 0.9996 [16]
Finnish 18 920 0 > 0.9999 [17]
Swedish 91 605 52 0.9994 [12]
Norwegian 5 009 4 0.9992 [17]

002 Lan American 6 653 1 0.9998 [18–22]
British 28 992 0 > 0.9999 [14,23]
Dutch 4 000 1 0.9997 [2]
Japanese 15 000 0 > 0.9999 [24]
Black South African* 6 000 4 0.9993 [25]

003 Ata American† 9 600 0 [3,19]
African American 14 251 1 0.9999 [26,27]

005 Jra Japanese 19 298 5 0.9997 [28]
Japanese 28 744 19 0.9993 [29]
Japanese, Osaka 994 2 0.9980 [30]
Japanese, Niigata 460 8 0.9826 [31]
American 9 545 0 [17,32]
English 1 200 0 ‡
Asian 1 041 0 [17]

008 Emm English 730 0 [5]

015 ABTI Israeli Jews 509 0 [7]
Israeli Arabs 121 0 [7]

GIL American 23 251 0 > 0.9999 [34]
African American 2 841 0 [34]

*Including donors of mixed ethnic origin.
†Including about 2200 African Americans [3].
‡M Contreras, personal communication, 1982.
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weak. It is advisable to use a two-stage complement
addition antiglobulin test to confirm a negative result
with anti-Vel on red cells of individuals who have not
produced anti-Vel. In population studies where ap-
parent negatives were not checked in this way it is 
likely that donors with very weak Vel antigens have
been mistyped as Vel–. Proposals for subdivisions of
Vel based on qualitative variations [38] were subse-
quently dismissed as resulting from purely quantita-
tive variations [39].

Vel is generally expressed less strongly on cord red
cells than on those of adults [10,17,40]. Vel has been
detected on fetal red cells as early as 12 weeks’ gesta-
tion [41]. A patient who was Vel– when first tested 
developed a Vel antigen of normal strength during
pregnancy; this Vel antigen persisted for at least 6
months after delivery [12].

Serological associations have been found between
Vel and some other antigens of high frequency. Three
of 14 anti-Vel failed to react with four Ge:–2,–3,4 sam-
ples, but did react with single examples of Ge:–2,3,4
and Ge:–2,–3,–4 cells [42]. Six of eight Vel– samples
were weakly reactive and one was non-reactive with
anti-ABTI [7] (Section 28.11).

Vel is not destroyed by proteases (Table 28.3); on 
the contrary, treatment of cells with papain or ficin 
enhances detection of weak Vel antigens.

Vel was not detected on lymphocytes, granulocytes,
or monocytes by fluorescence flow cytometry [43].

28.2.3 Anti-Vel

Vel alloantibodies are never ‘naturally occurring’ and
most producers of anti-Vel have been transfused; 
yet Vel antibodies are predominantly IgM and fix 
complement. Some anti-Vel haemolyse Vel+ cells
[9–11,13,15,44–47]. This lytic characteristic is 
destroyed by heating the serum to 56°C; in some sera it
returns with addition of fresh complement [9,10,45],
in others it does not [10,11,15]. One anti-Vel was
IgG1, another contained IgG1 and IgG3 [48].

Anti-Vel is a dangerous antibody. The first anti-Vel
and other examples since have caused severe immedi-
ate haemolytic transfusion reactions [1,15,37,47,49].
Furthermore, anti-Vel may be missed in compatibility
testing if inappropriate techniques are used [46,47].
Only 3% of radiolabelled Vel+ cells survived 1h after
injection into a patient with IgG anti-Vel [50]. How-
ever, in some cases patients with weak anti-Vel have
been successfully transfused with Vel+ red cells
[39,51].

Anti-Vel has not been implicated in a serious case of
HDN, although several examples of anti-Vel have
been found in pregnant women [1,16,40,52,53]. 
The lack of HDN is probably because most anti-Vel
are predominantly IgM and Vel antigen is usually 
expressed weakly on neonatal red cells, especially in
babies heterozygous for the Vel+ gene. In one case in
which the anti-Vel was IgG1 plus IgG3, cord red cells

Table 28.3 Effects of treatment of red cells with enzymes and 2-aminoethylisothiouronium bromide (AET) on high frequency
antigens (HFAs), and the expression of HFAs on red cells from cord samples.

Antigen 901 Tryp Chym Pap Sial AET Cord

001 Vel + + + + + weak
002 Lan + + + + + +
003 Ata + + + + + +
005 Jra + + + + + +
008 Emm + + + + + +
009 AnWj + + + + + –
013 Duclos* + weak + + + +
014 PEL + + + + + +
015 ABTI + + + + + +
016 MAM + + + + + +

GIL + + + + + weak

Chym, chymotrypsin; Pap, papain; Sial, sialidase; Tryp, trypsin.
+, Antigen present; –,antigen not present.
*Duclos-like antigen detected by monoclonal antibody MB-2D10.
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gave a positive direct antiglobulin test (DAT), anti-Vel
could be eluted from the cells, and the baby was treat-
ed by phototherapy [52].

There are four reports of autoanti-Vel [13,49,
54,55]. Two were responsible for autoimmune
haemolytic anaemia [49,55], although in one case, a 9-
week-old infant, the red cells gave a negative DAT
[49]. The other two autoanti-Vel did not appear to de-
stroy autologous red cells as determined by in vivo sur-
vival studies [13,54].

28.3 Lan (901002)

A severe haemolytic transfusion reaction resulted in
the identification of a new public antigen, Lan [2]. The
patient, Mr Lan, had a Lan– brother. Two other public
antigens, Gna and So, were later shown to be the same
as Lan [18,19,56].

28.3.1 Frequency and inheritance

Screening of red cells from almost 40000 blood donors
from the USA, UK, and the Netherlands (mostly white)
revealed only two Lan-negatives (Table 28.2), an inci-
dence of about 1 in 20000 and an estimated frequency
for the Lan+ gene of 0.9929. Four of 6000 South
African donors of black and mixed ethnic origin were
Lan– [25]. Anti-Lan has been identified in two African
Americans [57,58] and three Japanese [24].

The Lan– phenotype results from homozygosity for
a rare recessive gene. In the five families of Lan–
propositi in which both parents were tested, all were
Lan+; none of 25 children in these families with a Lan–
parent was Lan– [2,18,19,21–24, A. Gerbal and G.L.
Daniels, unpublished observations, 1975]. In one fam-
ily, from a very small region in the Krakow province 
of Poland, the Lan– phenotype appears in two gen-
erations: the propositus has two Lan– sibs and a 
Lan– nephew [18].

A quantitative variant, in which Lan is expressed
very weakly, has also been shown to be inherited [59].
Red cells with this Lan-weak phenotype can easily be
mistaken for Lan–. Five of 15 apparent Lan– samples
were subsequently shown to have weak Lan on testing
with more potent reagents [60].

28.3.2 Anti-Lan

The first two examples of anti-Lan were identified

within a couple of weeks of uneventful transfu-
sions [2,20]. However, anti-Lan may be stimulated by
pregnancy alone [18,19,24,61]. There is no report of
‘naturally occurring’ alloanti-Lan; none of the Lan–
sibs of Lan– propositi has anti-Lan.

Lan alloantibodies are mostly IgG1 and IgG3, 
although IgG2 and IgG4 may also be present
[24,48,62,63]. Some anti-Lan fix complement
[2,23,24,64], others do not [20,24].

The original anti-Lan was responsible for an imme-
diate haemolytic transfusion reaction characterized by
fever and chills [2]. The potential of other examples of
anti-Lan to cause red cell destruction has been demon-
strated by in vivo red cell survival studies and in vitro
functional assays [64–67]. Addition of a source of
fresh complement is often required in order to obtain a
positive result with anti-Lan in a monocyte monolayer
assay [64,66,67].

Anti-Lan has not been implicated in serious HDN.
In three cases cord red cells gave a positive DAT, but in
only two of these was anti-Lan detected in an eluate
[22,23,61]. Two of the babies required phototherapy
treatment [22,61] and one of them (whose red cells
were also coated with anti-c and -Jka) received a trans-
fusion of Lan+ red cells [61].

The only reported autoanti-Lan was in a patient
with mild haemolytic anaemia [65]. Her red cells 
appeared to have depressed Lan expression and gave 
a weakly positive DAT.

28.4 Ata (August, 901003)

The first anti-Ata was described by Applewhaite et al.
[3] in 1967 and six more examples were reported in
1973 [68]. Another public antigen, El [19], was later
shown to be the same as Ata [69].

28.4.1 Frequency and inheritance

All At(a–) propositi, 14 of whom have been reported
[3,19,26,68,70–73], are black. Of about 16450
African Americans tested, only one was At(a–)
[26,27,70] (Table 28.2). With one exception [26], all
known At(a–) individuals have been ascertained
through anti-Ata in the serum of the propositus.

Of the published families, nine At(a–) propositi had
five At(a–) sibs and 16 At(a+) sibs, and all 11 children
with an At(a–) parent were At(a+) [3,19,68,71–73].
This excludes one family in which an At(a–) propositus
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appears to have an At(a–) sib and an At(a–) mother, but
in which the true relationship of these family members
is uncertain [68]. The figures suggest that At(a–) results
from homozygosity of a recessive gene.

28.4.2 Anti-Ata

Anti-Ata may be stimulated by transfusion or preg-
nancy. No example of ‘naturally occurring’ anti-Ata is
known. Ata antibodies are mostly IgG, reacting by an
antiglobulin test, but one example also contained
some IgM, which directly agglutinated At(a+) red cells
[68]. One anti-Ata was IgG1, another consisted of
IgG1, IgG3, and IgG4 [48].

One anti-Ata caused an immediate haemolytic
transfusion reaction with chills and nausea during a
red cell survival study [72] and another a severe de-
layed haemolytic transfusion reaction after trans-
fusion of multiple units of At(a+) red cells [73]. Ata

antibodies facilitate rapid destruction of 51Cr-labelled
At(a+) red cells in vivo and give positive results in in
vitro functional assays [71,72,74]. The 12 women 
reported to have made anti-Ata had a total of 70 preg-
nancies. One of the babies had moderately severe
HDN, which required treatment by phototherapy
[70].

28.5 Jra (901005)

The first five examples of anti-Jra were described
briefly in 1970 by Stroup and MacIlroy [4], who were
able to test the families of four of the propositi and
found a total of seven Jr(a–) sibs, none of whom had
made anti-Jra.

28.5.1 Frequency, ethnic distribution, and
inheritance

Jr(a–) is much less rare in Japanese than in most other
populations (Table 28.2). Frequencies vary greatly in
different regions of Japan [29] with an incidence of
Jr(a–) of around 1 in 60 in the Niigata region of north-
west Japan [31]. Jr(a–) has been found in people of
northern European extraction [32,75], in the Gypsy
population of Slovakia [76], in Bedouin Arabs [77],
and in a Mexican [78]. These were all found through
the presence of anti-Jra; no non-Japanese Jr(a–) has
been found by screening with anti-Jra.

There are few reports of family studies involving

Jr(a–) propositi. Of 51 sibs of Jr(a–) propositi, 10 were
Jr(a–) and 41 were Jr(a+), suggesting that Jr(a–) results
from homozygosity for a recessive gene [17].

28.5.2 Anti-Jra

Anti-Jra may be stimulated by transfusion [76,79] or
by pregnancy [28,30,32,75–78,80–82], and has been
detected in untransfused Jr(a–) women during their
first pregnancy [81,82]. IgM anti-Jra was found in the
sera of two Jr(a–) brothers who had not been trans-
fused (S. Armitage, personal communication, 1979).
Most anti-Jra are IgG and those that have been 
subclassed were IgG1, sometimes together with 
IgG3 [63,77,81,82]. Anti-Jra may fix complement
[28,78].

Anti-Jra has been responsible for a positive DAT 
on cord cells from which anti-Jra could be eluted
[28,78,81,82]. Anti-Jra may have caused neonatal
jaundice, although no treatment other than photo-
therapy has been required [28,80,81]. Hyperbilirubi-
naemia in the baby of a woman with high titre anti-Jra

was attributed to prematurity [32].
A patient with anti-Jra developed rigors after trans-

fusion of 150mL of crossmatch incompatible blood
[83]. In another patient with anti-Jra, transfused with
3 units of Jr(a+) blood, there was a sharp increase in
titre of her antibody and anti-Jra could be eluted from
transfused red cells for 35 days, but there was no sign
of a haemolytic transfusion reaction apart from a
gradual disappearance of Jr(a+) red cells from the cir-
culation [82]. Injection of radiolabelled Jr(a+) red cells
into a patient with anti-Jra resulted in moderate 
destruction of the cells with no Jr(a+) cells remaining
after 24h [75].

An IgG3 human monoclonal anti-Jra was produced
by a heterohybridoma derived from mouse myeloma
cells and Epstein–Barr virus (EBV)-transformed lym-
phocytes from a blood donor with anti-Jra [29].

28.6 Emm (901008)

Four propositi whose red cells lacked the high frequen-
cy antigen Emm were described by Daniels et al. [5]: a
Frenchman born in Madagascar, a white American, a
Pakistani, and a French Canadian. All had anti-Emm
in their sera, as did the Emm– brother of the Canadian.
Four of the five examples of anti-Emm were produced
by men and were apparently ‘naturally occurring’; one
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of the antibodies was IgM, the other four were IgG.
Two further examples of anti-Emm in untransfused
Emm– males have been identified [84].

Emm antigen is probably a glycosylphosphatidyli-
nositol (GPI)-linked protein. PNHIII red cells from a
paroxysmal nocturnal haemoglobinuria patient were
Emm–, while the PNHI cells were Emm+ (see Chapter
19) [84,85].

28.7 AnWj (901009)

AnWj is a high frequency antigen that is expressed
only very weakly on the red cells of individuals with an
In(Lu) gene (Section 6.4.4.4). Evidence exists that
AnWj is closely associated with CD44 glycoprotein,
the membrane structure that carries antigens of the 
Indian system, so AnWj is described in Section 21.7.

28.8 Duclos (901013)

Duclos antigen, defined by a single alloantibody, is de-
pendent on the presence of Rh antigens and of U anti-
gen of the MNS system; that is, anti-Duclos reacts with
all cells except those Rhnull cells that are U-negative.
Duclos appears to be located on the Rh-associated gly-
coprotein and is described in Section 5.5.7.1.

28.9 PEL (901014)

The first two PEL– propositi with anti-PEL were
French Canadian women [6]. The second PEL–
propositus had three PEL– sibs. Two other examples
of antibodies to high frequency antigens that did not
react with PEL– cells were found in the propositi 
of French Canadian families, but the red cells of 
these propositi and their compatible sibs reacted very
weakly with anti-PEL. This weak reaction required
adsorption tests for detection. The PEL-like antibodies
in these two propositi were provisionally named anti-
MTP [6]. Of the 18 sibs of propositi with anti-PEL (or
anti-MTP), red cells of six were compatible with the
serum of the propositus.

All four producers of anti-PEL (or anti-MTP) had
been transfused and three had also been pregnant. Red
cells of the baby of the original PEL– propositus gave a
negative DAT and there was no sign of HDN. Radiola-
belled PEL+ cells survived normally in the other
propositus with anti-PEL, but only 74% survived after
24h in one of the patients with anti-MTP [6].

28.10 ABTI (901015)

The only three examples of anti-ABTI were present 
in multiparous women from an inbred Israeli Arab
family [7]. None had been transfused and there was no
evidence of HDN in any of their children. Three other
members of the family were also ABTI–. No other ex-
ample of ABTI– was found from testing Israeli blood
donors (Table 28.2) or from 70 blood samples from a
health clinic in the Arab village in which the propositus
lived. The possibility of an association between ABTI
and Vel is discussed in Section 28.2.2. Anti-ABTI 
reacted by an antiglobulin test with anti-IgG. The 
original anti-ABTI was IgG1 plus IgG3.

28.11 MAM (901016)

Two MAM– propositi, ascertained through the pres-
ence of anti-MAM in their sera during their third preg-
nancy, were described by Montgomery et al. [8]. One
propositus was of partial Irish and Cherokee descent,
the other was Arabic. The second propositus had a
MAM– sister, who had been pregnant once and also
had anti-MAM. The MAM– sisters are first cousins
once removed. A third MAM– propositus with anti-
MAM was also found during her third pregnancy 
[86]. None of the MAM– women had a history of
transfusion.

Anti-MAM is a clinically significant antibody. The
third baby of the second propositus had severe HDN,
requiring intrauterine transfusion. Red cells of the
third babies of the other two propositi gave a positive
DAT, but there was no HDN. The baby of the first
propositus was thrombocytopenic, which could have
been caused by anti-MAM, but was probably because
of anti-HPA-1a, which was also present in the mother.
Two of the anti-MAM contained IgG1 and IgG3, and
one also had IgG2 [8]. Monocyte monolayer assays
suggested that anti-MAM has the potential to shorten
substantially survival of transfused MAM+ red cells
[8].

Immunoblotting of red cell membranes with anti-
MAM revealed a diffuse band of apparent Mr

23000–80000, with a discrete band at Mr 18000.
MAM is present on lymphocytes, granulocytes, mono-
cytes, and probably platelets from peripheral blood,
and on the majority of leukaemia, fibroblast, embry-
onic kidney, and endothelial cell lines, but not on an
epithelial cell line [8].
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28.12 GIL

Five examples of anti-GIL have been identified, all in
white women who had been pregnant at least twice
[34]. GIL has not joined the 901 series as it has not
been shown to be an inherited character. No GIL– 
individual has been found by screening with anti-GIL
(Table 28.2). Red cells of two of the babies of mothers
with anti-GIL gave a positive DAT, but there were no
clinical symptoms of HDN. Anti-GIL may have been
responsible for a haemolytic transfusion reaction and
results of monocyte monolayer assays with two anti-
GIL suggested a potential to cause accelerated destruc-
tion of transfused GIL+ red cells.
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gen, Cad, in a Mauritian family. Cells of the Cad+
members were polyagglutinable and, despite being
group O or B, were agglutinated by Dolichos biflorus
seed extract, a lectin that generally only agglutinates
A1 cells (Chapter 2). After demonstrating that red cells
with very strong Sda expression are also agglutinated
by Dolichos lectin and that Cad cells are very strongly
Sd(a+), Sanger et al. [4] concluded that Cad represents
the high end of a continuous curve of Sda antigen
strength. There is considerable variation in agglutina-
tion strength with Dolichos and with human anti-Sda

of these ‘super-Sid’ or Sd(a++) cells between indivi-
duals and within families [5–11]. Cazal et al. [6,11]
proposed the terms Cad1, Cad2, Cad3, and Cad4 to
describe different Sd(a++) Dolichos-positive pheno-
types, with Cad1 the strongest polyagglutinable type.
As Cad probably represents the expression of an extra
strong Sda gene, the term Sd(a++) will be used here to
describe all phenotypes in which the red cells have suf-
ficiently strong Sda to be agglutinated by Dolichos
lectin. The term Cad will be restricted to describe the
rare phenotype of members of the Cad family, still
probably the strongest Sd(a++) cells encountered.

Sd(a++) cells of the Cad family are polyagglutinable
[3]; that is, they are agglutinated by most human sera.
Although other Sd(a++) cells are generally polyagglu-
tinable, this is usually less obvious as selected sera and
sensitive methods are required to detect the agglutina-
tion [9,10]. Sd(a++) polyagglutination differs from all
other forms of polyagglutination (Chapter 31).

Race and Sanger [5] suggested that weak anti-Sda is
present in the sera of most people and is responsible for
the polyagglutination of Sd(a++) cells. Polyagglutin-
able Sd(a++) cells are not agglutinated by sera from
people with Sd(a++) cells and adsorption experiments
showed that the ability of red cells to remove the
‘polyagglutinating’ antibody from sera was propor-
tional to the strength of their Sda antigen [5]. Further-

29.1 Introduction

Numerous antibodies of identical specificity were
studied in several laboratories for at least 10 years be-
fore Macvie et al. [1] and Renton et al. [2] simultane-
ously reported the specificity in 1967 and named it
anti-Sda. The delay in reporting this specificity was be-
cause of difficulties in distinguishing between negative
and weakly positive reactions. Sda shows considerable
individual variation in strength of expression. A
‘mixed field’ reaction, with small agglutinates among a
sea of unagglutinated cells, is a characteristic of reac-
tions with anti-Sda. If the unagglutinated cells are 
separated and retested with anti-Sda, a ‘mixed field’
picture is again apparent [2]. About 91% of white 
people have Sd(a+) red cells and so Sid qualifies for 
inclusion in the 901 series of high frequency antigens
and has the number 901011. As Sid differs so signifi-
cantly, both in frequency and characteristics, from the
other 901 series antigens, it has been given a separate
chapter.

29.2 Sda and Cad

29.2.1 Variation in strength of Sda: the Sd(a++)
or Cad phenotype

The strength of expression of Sda on Sd(a+) cells varies
from barely recognizable to extremely strong. In
haemagglutination tests with a strong anti-Sda, about
1% of individuals have strong agglutination with big
clumps of cells; about 80% have moderate sized agglu-
tinates consisting of 10–20 cells; about 10% have only
occasional tiny agglutinates; and about 9% have no
agglutination [1]. Weak examples of anti-Sda react
with only a few Sd(a+) samples and may be mistaken
for antibodies to a low frequency antigen.

In 1968, Cazal et al. [3] described a new private anti-

Sid antigens
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more, the stronger the Sda antigen on Sd(a++) cells, the
greater the number of ‘normal’ sera that would agglu-
tinate them [12].

29.2.2 Sda in body fluids and other tissues

Sda can be detected, by haemagglutination inhibition,
in the saliva of individuals with Sd(a+) red cells [1,13],
with greater quantities present in neonatal than adult
saliva [13]. Sda can also be detected in human serum
and milk, but by far the greatest abundance is found 
in meconium and urine [13]. Inhibition of anti-Sda

with urine is considered the most reliable method 
of determining Sda phenotype. Incubation of Sd(a–)
red cells in plasma from Sd(a+) or Sd(a++) persons
does not render them agglutinable with anti-Sda

[1,5].
Sda has been found, in variable quantities, in the

urine of 12 species of mammals [13]. Guinea pig urine
is an extremely concentrated source of Sda and a useful
tool in blood group antibody identification. No Sda

substance has been detected in birds [13].
Of the human tissues, kidney is a very rich source of

Sda [13], with activity localized to the distal convolut-
ed tubules and collecting ducts [14]. Morgan et al. [15]
suggested that it may be advantageous to consider Sda

compatibility when selecting donor kidneys for al-
lograft. Sda is also present in colon and stomach
[16,17], but was not detected in small intestine, mus-
cle, liver, spleen, or brain [16].

29.2.3 Frequency and inheritance

The frequency of Sda, as determined by testing red
cells, is about 90%. Three surveys gave the following
results: 290 English blood donors, 91.4% Sd(a+) [1];
131 English donors, 91.0% Sd(a+) [2]; 1307 Italian
donors, 89.3% Sd(a+) [18]. A higher incidence of
Sd(a+) is obtained when urine is tested by haemagglu-
tination inhibition. Sda was detected in the urine of
96.1% of English blood donors [13] and 93.4% of
north Italians [18]. The gene and genotype frequencies
in English donors determined by urine inhibition are:
Sda 0.8030; Sd 0.1970; Sda/Sda 0.6448; Sda/Sd 0.3164;
Sd/Sd 0.0388.

Sd(a++) is very rare in Europeans, but may be less 
infrequent in the Far East. Table 29.1 shows some 
frequency determinations on group O and B donors
tested with Dolichos lectin. These frequencies are

somewhat arbitrary as they are partly dependent on
the potency of the lectin preparation used.

Tests with anti-Sda on 55 families with a total of 168
children demonstrated that Sda is inherited as a domi-
nant character [1]. Sd(a++), as detected by Dolichos
lectin, is also inherited in a dominant manner
[3,5–8,10–12,21]. Family studies have shown that 
Sda is not part of the ABO, MNS, P1, Rh, Lutheran,
Kell, Duffy, Kidd, Xg, Dombrock, or XK systems
[1,5,8,10]. One Canadian family provided a sugges-
tion of linkage between the genes for Sd(a++) and Wra

(SLC4A1 or DI), with six non-recombinants and 
no recombinant, providing a lod score of 1.806 at a 
recombination fraction (q) of zero [8].

29.2.4 Sda in babies and pregnant women

Red cells of fetuses and newborn infants are Sd(a–) and
become Sd(a+) about 10 weeks postnatally [1,2,16].
Red cells of the son of an Sd(a++) father were non-
reactive with Dolichos lectin at birth, but were ag-
glutinated by the lectin 6 months later [10]. Saliva,
urine, and meconium from neonates generally contain
abundant Sda substance [13].

An increased frequency of Sd(a–) red cell phenotype
is found among pregnant women [1,16,22]. Spitalnik
et al. [22] found that 22% of women in the first
trimester of pregnancy and 36% at term were Sd(a–),
whereas Pickles and Morton [16] found that 75% of
women at term and about 25% 6 weeks postpartum
had Sd(a–) red cells. Sda is present in the urine of most
Sd(a–) pregnant women [13].

29.3 Sid antibodies and lectins

29.3.1 Anti-Sda

Anti-Sda is disclosed in the sera of about 1% of donor
sera when Sd(a+) cells are used for detection [1,2]. The
incidence of anti-Sda is increased when Sd(a++) cells
are used [22], and the exceptionally strong Sd(a++)
Cad cells are agglutinated by most sera. Sda antibodies
are usually IgM and active at 20°C [1,2,16], although
IgG anti-Sda has been identified [22,23].

Anti-Sda are not generally considered a transfusion
hazard [1,16,22,24], although transfusion of Sd(a+)
cells to patients with anti-Sda may evoke a significant
increase in IgG antibody titre [22]. Most survival stud-
ies with 51Cr-labelled cells in patients with anti-Sda
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have shown insignificant reduction in red cell survival,
even when Sd(a++) cells were used [25,26]. A couple of
haemolytic reactions, allegedly caused by transfusion
of Sd(a++) cells to a patient with IgM anti-Sda, are 
reported [25,26].

29.3.2 Lectins and other non-human 
sources of anti-Sda

Dolichos biflorus, a lectin specific for terminal N-
acetylgalactosamine, agglutinates A1, Tn-positive,
and Sd(a++) cells [27]. These reactions can be inhibit-
ed by N-acetylgalactosamine [4]. Adsorption and elu-
tion experiments show that a single lectin in Dolichos
extracts is responsible for the agglutination of A1, Tn,
and Sd(a++) cells [5,28]. Sd(a++) cells express more 
determinants than A1 or Tn cells, so an apparently 
specific anti-Sd(a++) can be produced by dilution of
the lectin or by partial adsorption with A1 or Tn cells.
Further adsorptions with these cells, or adsorption
with Sd(a++) cells, removes all activity.

The seed lectins Salvia horminum, S. farinacea, and
Leonurus cardiaca [29–31], and the snail lectins Helix
pomatia and H. aspersa [6,32–35] agglutinate Sd(a++)
cells. These reactions are inhibited by N-acetylgalac-
tosamine [29,31,33,34]. Sd(a++) and Tn specificity in
the Salvia lectins can be separated by adsorption [29]
and L. cardiaca contains very little Tn activity, which
can easily be eliminated by dilution [31]. The anti-A1

lectins Phaseolus lunatus and P. limensis do not agglu-
tinate even the strongest of Sd(a++) cells [32–34].

Chicken serum contains a ‘naturally occurring’ anti-
body reactive with Sd(a++) cells [36]. After immuniza-
tion of a chicken with Sd(a++) cells, the serum
agglutinated Sd(a++) cells and also reacted with all
Sd(a+) cells by an antiglobulin test [5,36]. Separable
anti-Tn and an antibody that agglutinates Sd(a++)

cells were identified in the serum of the non-poisonous
snake Python sebae [37].

29.4 Biochemistry

Studies with lectins described above strongly sug-
gested that Sda expression is dependent on an oligo-
saccharide structure with N-acetylgalactosamine at its
non-reducing end. Dolichos biflorus lectin was
thought to be specific for N-acetylgalactosamine in 
the a-linked position [33,34], so it was somewhat 
surprising when the terminal non-reducing sugar for
Sda-active glycoprotein turned out to be N-acetyl-D-
galactosamine in b-linkage with galactose [38].

29.4.1 Sda in urine

In 1970 Morton and Terry [39] partially separated
Sda-active material from human urine by ethanol pre-
cipitation. Ten years later, Soh et al. [40] showed that
Sda activity is associated with Tamm–Horsfall protein
(THP), the most abundant glycoprotein in urine [41].
This macromolecule of apparent Mr 78000 is secreted
by the kidney and is composed of 70% protein and
30% carbohydrate, the latter predominantly in the
form of N-glycans [42]. Seven of the eight potential N-
glycosylation sites are glycosylated [43]. Uromodulin,
a glycoform of THP in which the O-glycans are radi-
cally modified, is present only in the urine of pregnant
women and is a potent inhibitor of antigen-induced T
cell proliferation [44].

Sd(a+) THP contains between 1% and 2% N-
acetylgalactosamine, whereas that from Sd(a–) indi-
viduals contains virtually none; no difference in the
amino acid composition of THP from Sd(a+) and
Sd(a–) individuals could be detected [15,40]. Sda-ac-
tive THP was precipitated by Dolichos and Helix 

Table 29.1 Frequencies of Sd(a++) in various populations as detected by different preparations of Dolichos biflorus lectin.

Population No. tested No. positive Frequency References

French, Montpellier 250 000 0 [3]
French (four centres) 78 526 56 0.0007 [10]
Canadian, Winnipeg 1 425 2 0.0014 [8]
Canadian, Toronto 2 191 1 0.0005 [5]
Japanese 51 420 15 0.0003 [7]
Hong Kong Chinese 36 037 110 0.0031 [19]
Thai 14 261 37 0.0026 [12,20]
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pomatia lectins and by human anti-Sda [15,45]. A pen-
tasaccharide isolated from Sda-active THP is shown in
Table 29.2b [46,47]. This pentasaccharide strongly in-
hibited the reactivity of anti-Sda with Sd(a+) cells and
of Dolichos lectin with Sd(a++) cells. The pentasac-
charide was not present on THP from Sd(a–) urine,
whereas its presumed precursor, a tetrasaccharide
lacking N-acetylgalactosamine (Table 29.2a), was
present on both Sda-active and -inactive glycoproteins
[48]. Tetrasaccharides prepared by the cleavage of N-
acetylgalactosamine or sialic acid residues from the
Sda-active pentasaccharides were without Sda activity

[49]. A mucin of apparent Mr 340000 and high 
N-acetylgalactosamine content, which inhibited 
anti-Sda as effectively as THP, was isolated by affinity
chromatography with H. pomatia lectin [50]. So at
least two substances in human urine carry the Sda

determinant.
THP in urine is a key anti-adherence factor for 

Escherichia coli, the principal cause of urinary tract 
infection. THP binds specifically to type 1 fimbriated
E. coli, coating the adhesins and preventing adherence
of the pathogen to urothelial receptors [51].

Table 29.2 Some structures associated with different Sda phenotypes (for abbreviations see Table 2.4).

Tetrasaccharide and pentasaccharide isolated from THP
(a) Sd(a-) and Sd(a+)

Galb1Æ4GlcNAcb1Æ3Gal
3
≠

NeuAca2

(b) Sd(a+)
GalNAcb1Æ4Galb1Æ4GlcNAcb1Æ3Gal

3
≠

NeuAca2

Tetrasaccharide and pentasaccharide from glycophorin A
(c) Sd(a-), Sd(a+), and Sd(a++)

Galb1Æ3GalNAc—Ser/Thr
3 6
≠ ≠

NeuAca2 NeuAca2

(d) Sd(a++)
GalNAcb1Æ4Galb1Æ3GalNAc—Ser/Thr

3 6
≠ ≠

NeuAca2 NeuAca2

Sialosylparagloboside and Sda ganglioside
(e) Sd(a-), Sd(a+), and Sd(a++)

Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glc—Cer
3
≠

NeuAca2

(f) Sd(a+) and Sd(a++)

GalNAcb1Æ4Galb1Æ4GlcNAcb1Æ3Galb1Æ4Glc—Cer
3
≠

NeuAca2



CHAPTER 29

518

29.4.2 Sda on red cells

Most biochemical analysis of Sda on red cells has been
carried out on the Sd(a++) cells of members of the Cad
family, which have exceptionally high levels of Sda ac-
tivity. Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS PAGE) revealed that glycophorin
A (GPA) and glycophorin B (GPB) from Cad red cells
have an increase in apparent Mr of 3000 and 2000, 
respectively, compared with normal red cells [52]. This
is caused by the addition of a b-linked N-acetylgalac-
tosamine residue to most of the disialotetrasaccha-
rides characteristic of these glycoproteins [53] (Tables
29.2c and d, and Chapter 3). The resulting pentasac-
charide (Table 29.2d) inhibited Dolichos lectin and
anti-Sda, and the altered GPA molecules bound to the
lectin in affinity columns [52–54]. Red cells from the
original Cad propositus had approximately 12 pen-
tasaccharides per GPA molecule, cells from two other
Sd(a++) individuals had 2–3 pentasaccharides per
GPA molecule, and Sd(a+) and Sd(a–) cells had no pen-
tasaccharides [55]. Increased apparent Mr of decay ac-
celerating factor (CD55) in Cad cells was also assumed
to be because of the presence of additional N-
acetylgalactosamine residues [56].

Thin layer chromatography of Cad red cell mem-
branes demonstrated an unusual profile characterized
by reduction in the content of sialosylparagloboside
(Table 29.2e), the major ganglioside in normal cells,
and the presence of a new ganglioside of lower mobili-
ty [57]. The unusual ganglioside, which binds H. 
pomatia lectin and inhibits anti-Sda, represents sialo-
sylparagloboside with an additional terminal b-N-
acetylgalactosamine residue (Table 29.2f) [57,58].
The structure of the terminal pentasaccharide of 
this ganglioside is identical to that of Sda-active THP
shown in Table 29.2b [58]. Small quantities of this
ganglioside were detected in membranes from Sd(a+),
but not Sd(a–) red cells, and might represent the major
Sda-active structure in Sd(a+) cells [57].

29.4.3 The Sda glycosyltransferase

The product of the Sda gene is most probably a b1,4-
N-acetylgalactosaminyltransferase that catalyses the
transfer of N-acetylgalactosamine in b-linkage from a
nucleotide carrier to an appropriate tetrasaccharide
acceptor substrate molecule. Such enzymes have been
detected in human urine from Sd(a+) but not Sd(a–) 

individuals [48,59], in human kidney [60], in human
large intestine [61], and in guinea pig kidney [62,63].
Sd(a–) THP was the best acceptor for the human urine
enzyme, but the disialotetrasaccharides of GPA 
were also suitable acceptors [59]. Preparations from
human kidney catalysed the transfer of N-acetylgalac-
tosamine to sialosylparagloboside, but not to native
GPA, although tryptic peptides of GPA were good 
acceptor substrates [57,60] For more details see [64].

A segment of cDNA encoding the Sda-transferase
has been obtained from the total RNA fraction of
human gastric mucosa, by reverse transcriptase poly-
merase chain reaction (PCR) with primers represent-
ing the murine b1,4-N-acetylgalactosaminyltrans-
ferase cDNA sequence [65].

27.5 Malaria

Sd(a++) cells of the Cad family are relatively resis-
tant to invasion by the malarial parasite Plasmodium
falciparum [66] (see Section 3.23.1). Sialic acid on 
glycophorin molecules is required by P. falciparum
merozoites for invasion of the red cells. Cartron et al.
[66] propose that this sialic acid is not available on the
O-glycans of Cad cells as a result of chemical interac-
tion with the acetyl group of the extra N-acetylgalac-
tosamine residues.
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HLA antigen strength on red cells does not appear to
be inherited in a conventional manner and an HLA
antigen may be detected on the red cells of a person,
but not on those of either parent [2,6,12,13]. Much of
the work on HLA expression of red cells was carried
out on an AutoAnalyser [6–10,13–17] or by an albu-
min antiglobulin test read in capillaries [18,19]. Ra-
dioimmunoassay and flow cytometry revealed that red
cells of about 50% of blood donors bound monoclon-
al antibodies directed at monomorphic determinants
on HLA class I molecules [20]. Individuals with HLA-
B7 on their lymphocytes always express measurable
red cell HLA antigens [20,21]. Red cell-reactive anti-
bodies were detected in all sera containing cytotoxic
anti-HLA-B7 [15].

It has been estimated that the number of HLA sites
on red cells is in the range of 40–550, compared with
100000 on T lymphocytes [22]. This explains why it is
very difficult to remove haemagglutinating HLA anti-
bodies from sera by adsorbing with red cells when they
are readily removed by white cells [2,3,14,15].

Red cells of people with HLA-B7 have significantly
more HLA Class I molecules on their red cells than
those without HLA-B7 [22]. Marked increase in red
cell HLA expression is also associated with systemic
lupus erythematosus (SLE) and, to a lesser extent,
rheumatoid arthritis [23]. The mean numbers of HLA
Class I molecules per red cell are estimated as follows:
B7-negative, 66; B7-positive, 260; B7-negative SLE
patients, 302; B7-positive SLE patients, 666 [22].
HLA-B7 patients with infectious mononucleosis have
greatly increased expression of the HLA-B7 on their
red cells, which sometimes takes years to return to nor-
mal [24]. Certain red cell HLA antigens are elevated in
patients with leukaemia and a variety of other haema-
tological diseases [25]. Strong expression of red cell
HLA in healthy subjects is rare, but has been reported
[12,17].

Class I MHC molecules are heterodimers consisting
of an Mr 45000 a-chain with three extracellular 
domains, a1, a2, and a3, non-covalently associated
with an Mr 11000 polypeptide, b2-microglobulin 

Class I products of the genes of the major histocom-
patibility complex (MHC), HLA-A, -B, and -C, were
initially detected on leucocytes but have since been
shown to be present on virtually all nucleated cells.
Their primary function is the presentation of foreign
antigens to cytotoxic T cells. The very highly polymor-
phic MHC is located on chromosome 6p21. (For a
more detailed description see Roitt [1] or any textbook
on immunology.) Mature human red blood cells are
not nucleated and do not generally have easily de-
tectable HLA antigens. On occasion, however, certain
HLA antigens are expressed strongly enough on red
cells to be detected by conventional blood grouping
techniques. Because red cells are unsuitable for HLA
phenotyping, HLA is not considered a blood group
system and HLA antibodies that react with red cells
(often called Bg antibodies) are generally regarded by
blood group serologists as unwelcome contaminants
of antisera.

The discovery that HLA antigens can be expressed
on red cells came when Morton et al. [2,3] showed that
an assortment of rather indeterminate and trouble-
some blood group antigens on red cells, called the Bg
(Bennett–Goodspeed) antigens [4–6], were strongly
related to the HLA antigens on white cells. Bga showed
almost complete concordance with HLA-B7 [2], Bgb

correlated with HLA-B17, and Bgc with HLA-A28 [3].
Bg(c+) red cells may also react with anti-HLA-A2,
which is known to cross-react with HLA-28 [7,8], and
many other cross-reactions occur. Other HLA anti-
gens have been detected on red cells: HLA-A10 and 
-B8 are often quite strongly expressed [3,9] and HLA-
A9, -B12, and -B15 may also be detected [10]. HLA ex-
pression on red cells is always weaker than on white
cells [3,9]. Many individuals never express HLA on
their red cells, even though their lymphocytes carry an
appropriate antigen [11]. HLA expression on red cells
varies substantially between individuals of the same
HLA phenotype and within an individual over a peri-
od of time [9]. Red cells may be positive for a particu-
lar HLA antigen for months or years and then become
negative for that antigen for a similar period [11].

Human leukocyte associated (HLA) Class I
antigens on red cells



CHAPTER 30

522

(Fig. 30.1). HLA antigenic determinants reside on 
the a1 and a2 domains. b2-microglobulin is not encod-
ed by the MHC on chromosome 6, but by a gene on
chromosome 15. Immunoblotting of red cells with
monoclonal antibodies to Class I a-chain and to 
b2-microglobulin gave bands of apparent Mr 45000
and 11000, respectively, suggesting that red cell HLA
antigens are carried on structures similar or identical
to those on nucleated cells [26].

Red cell-reactive HLA antibodies are inhibited by
plasma from individuals with the corresponding anti-

gens on their white cells [9,27]. This, together with the
finding that red cell HLA activity is destroyed by treat-
ment of the cells with chloroquine, led to a proposal
that HLA antigens might be adsorbed onto the red cell
surface from the plasma rather than being intrinsic red
cell antigens [28]. However, there is a weight of evi-
dence against this, supporting the thesis that HLA
antigens on red cells represent remnants of those anti-
gens present in greater quantity on nucleated red cell
precursors [29,30]. Treatment of red cells with chloro-
quine only removes the b2-microglobulin; the a-chain
remains intact and loss of antigenic expression is prob-
ably a result of configurational changes [31]. Some
HLA activity returns if chloroquine-treated cells are
incubated in purified b2-microglobulin [31]. Further-
more, the number of HLA Class I molecules on red
cells decreases with ageing of those cells, the opposite
of what would be expected if the antigens were ac-
quired from the plasma [22]. The level of expression of
HLA Class I and b2-microglobulin is reduced during
erythroid differentiation [32]. Red cell HLA antigens
are not destroyed by treatment of the red cells with pa-
pain, ficin, pronase, trypsin, chymotrypsin, or with the
sulphydryl-reducing agents 2-aminoethylisothiouro-
nium bromide (AET) and dithiothreitol (DTT) [9,31].
Many of the HLA a-chains in plasma are of Mr 39000,
differing from those on red cells because they lack the
hydrophobic transmembrane domain [33].

HLA antibodies have not been implicated in
haemolytic disease of the newborn. In one patient, a
haemolytic transfusion reaction was blamed on anti-
HLA-A2 and -B7, but the evidence was inconclusive
[34]. There have been reports of increased destruction
of radiolabelled red cells by HLA antibodies, although
this appears to affect only a minority of red cells in 
the circulation [12,16,35]. HLA antibodies reactive
with red cells are often a nuisance in antibody inves-
tigations, but the difficulties can be reduced by 
stripping the HLA antigens from the red cells with
chloroquine [28] or ethylenediaminetetra-acetic acid
(EDTA)/glycine-HCl [36].
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tions that compromise the integrity of the bowel wall
and permit entry of microbial enzymes into the blood
[12,16]. Occasionally microbial polyagglutination is
detected in apparently healthy individuals, presum-
ably because of subclinical infection or an undetected
intestinal lesion [14]. Before microbial enzymes can
modify red cell membrane structures they must be pre-
sent in sufficient quantity to neutralize plasma enzyme
inhibitors [12]. Cryptantigens are quite commonly de-
tectable with lectins, but not with human sera, on the
red cells of patients with various infections, sometimes
before the infection has been diagnosed [12]. Micro-
bial polyagglutination is usually transient, with the
polyagglutinability of the cells diminishing as infec-
tion abates.

Red cells may also become polyagglutinable in
vitro, either as a result of bacterial contamination of
blood samples or by the use of enzymes isolated from
microorganisms.

31.2.1.1 T polyagglutination

The Hübener–Thomsen–Friedenreich phenomenon
[20] or T activation of red cells results from microbial
sialidases catalysing the cleavage of sialic acid residues
from the O-linked disialotetrasaccharides of the major
red cell sialoglycoproteins, glycophorins A and B, and
from other glycoproteins and glycolipids. The T deter-
minant is basically terminal D-galactose in b1,3 link-
age with N-acetylgalactosamine (Table 31.3 and see
Chapter 3). T exposure causes depression of M and N
antigens [17] and the reduction in cell surface charge
makes T-active cells agglutinable by Glycine soja lectin
[8]. Sialidases from bacteria such as Clostridium per-
fringens, Vibrio cholerae, and pneumococci, and from
the influenza virus, have all been responsible for in
vivo T cryptantigen exposure. T activation is more
common in infants than in adults and is particularly

31.1 Introduction

Polyagglutination was defined by Bird [1] as, ‘The ag-
glutination of red cells, irrespective of blood group, by
many sera, the abnormality being a property of the red
cells and not the sera.’ Microbial polyagglutination
generally results from the effect of bacterial or viral
glycosidases revealing concealed antigenic determi-
nants, called cryptantigens. These enzymes catalyse
the cleavage of terminal monosaccharides or acetyl
groups from the oligosaccharide chains of membrane
glycoproteins or glycolipids. Polyagglutination occurs
because of the presence of IgM antibodies against
these cryptantigens present in the serum of most peo-
ple; sera from those individuals with polyagglutinable
red cells usually lack the corresponding antibody. So-
matic mutation resulting in incomplete biosynthesis of
oligosaccharides may lead to a more persistent expres-
sion of cryptantigen. Another type of polyagglutina-
tion arises from the inheritance of very rare antigens,
which are detected by antibodies in most adult human
sera. A classification of polyagglutination is provided
in Table 31.1.

Lectins, non-immunoglobulin extracts from plants
and occasionally animals, have proved invaluable in
the identification and classification of cryptantigens
and polyagglutination. Some of the most useful lectins
are listed in Table 31.2 (for reviews on polyagglutina-
tion see [1,11–19]).

31.2 Acquired polyagglutination and the
cryptantigens involved

31.2.1 Microbial polyagglutination

Microbial polyagglutination is associated with septi-
caemia, bowel or respiratory tract infections, wound
infections, and conditions such as tumours or obstruc-

Polyagglutination and cryptantigens

31.1 Inroduction, 524
31.2 Aquired polyagglutination and the

cryptantigens involved, 524

31.3 Inherited polyagglutination, 528
31.4 Polyagglutination of undetermined

status, 529
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associated with paediatric intestinal disorders [21,22].
Bird [13] has listed many of the published examples of
T transformation.

In 1964, Bird [2] found that extracts of peanuts,
Arachis hypogaea, made a powerful anti-T lectin. The
term ‘peanut-positive polyagglutination’ now refers to
the exposure of any of five cryptantigens, T, Tk, Th,
Tx, or Tr, that bind Arachis hypogaea lectin (Table
31.2). Red cells of 52 (0.5%) of 9672 hospital patients
were agglutinated by Arachis hypogaea lectin, but in
only one patient were the cells polyagglutinable [23].
Monoclonal antibodies with T specificity have been
produced following the immunization of rodents with
desialylated red cells [24–26] or with synthetic glyco-

conjugates [27,28]. Some monoclonal anti-Lea cross-
react with T-activated Le(a–) red cells [29].

T polyagglutination is occasionally accompanied by
haemolysis [30]. Whether this is caused by comple-
ment fixing anti-T in the patient’s serum or by an effect
of the associated infection is unclear. Haemolytic
uraemic syndrome in children following pneumococ-
cal infection may be caused by the effect of bacterial
sialidase; T activation of red cells, platelets, and renal
glomeruli could be responsible for the characteristic
symptoms of haemolytic anaemia, thrombocytopenia,
and renal failure [31,32]. Transfusion of plasma or
whole blood containing anti-T has been implicated as
a cause of severe haemolytic reactions in infants with
necrotizing enterocolitis and T-activated red cells, 
although this complication is rare [30,33].

Leucocytes and platelets of individuals with T-
polyagglutinable red cells also express T antigen [34].

31.2.1.2 Th polyagglutination

Th polyagglutination, first reported by Bird et al. [35]
in 1978, is distinguished from T polyagglutination by
the use of lectins (Table 31.2) and probably represents
a weak expression or early stage of T activation [36].
Sialidase from Corynebacterium aquaticum is respon-
sible for Th activation [36]. Sialidases from Vibrio
cholerae, when used under conditions of particularly
mild hydrolysis, will also produce Th activity in vitro.
Release of sialic acid below a critical quantity (20µg
per 1010 red cells) leads to Th activity, whereas libera-

Table 31.1 Classification of polyagglutination.

Acquired
Microbial
Cryptantigens uncovered by microbial enzymes

T, Tk, Th, Tx, Acquired B
Adsorption of bacteria or bacterial products onto cell

surface
Non-microbial (persistent)
Biosynthetic blockage caused by somatic mutation

Tn, ?Th

Inherited
Sd(a++) (Cad), HEMPAS, NOR, Hyde Park

Undetermined
VA, Tr

Table 31.2 Reactions of lectins with cryptantigens and with Sd(a++) and Hyde Park polyagglutinable cells.

Lectins T Th Tk Tx Tn Sd(a++) Hyde Park Tr Reference

Arachis hypogaea + + + + - - w + [2]
Vicia hyrcanica + + + - - + [3]
Vicia cretica + + - - - - w [4]
Vicia villosa + - - + + + + [5]
Griffonia simplicifolia (GSII) - - + - - - + + [6]
Medicago disciformis + + - - - + [7]
Dolichos biflorus (B and O only) - - - - + + - - [8]
Salvia sclarea - - - - + - - + [9]
Salvia horminum - - - - + + w + [9]
Leonurus cardiaca w - - - - + - [10]
Glycine soja + - - - + + +/- [8]

w, weak agglutination.
+/-, reactive with strong examples only.
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tion of greater quantities of sialic acid results in T
polyagglutinability [36]. It is possible that Th activity
represents the removal of only one sialic acid residue
from the tetrasaccharide shown in Table 31.3, expos-
ing terminal galactose, but not the T disaccharide
(Galb1Æ3GalNAc).

Red cells from 22 of 200 cord samples were Th acti-
vated (but not polyagglutinable); in six of these the
mother’s red cells were also Th active [37]. A patient
with Th polyagglutination and peritonitis from a 
perforated colonic tumour died as a result of severe 
intravascular haemolysis [38].

It is possible that a persistent form of Th polyagglu-
tination resulting from incomplete biosynthesis also
occurs. Persistent Th activation in the absence of infec-
tion was identified in five of seven children with con-
genital hypoplastic anaemia [39], and in a patient with
myelodysplasia whose red cells were also Tn active
[40].

31.2.1.3 Tk polyagglutination

Tk polyagglutination [41] is most readily distin-
guished from T polyagglutination by the use of GSII, a
Tk-specific lectin isolated from the seeds of Griffonia
simplicifolia (previously Bandeiraea simplicifolia) [6].
Expression of Tk is enhanced by papain treatment and
Tk-activated cells are not sialic acid-deficient [41].
Vicia hyrcanica seeds contain separable T- and 
Tk-specific lectins [3]. Monoclonal anti-Tk has 
been produced by immunizing mice with endo-b-
galactosidase-modified red cells [42].

Tk polyagglutination is usually associated with 

Bacteroides fragilis infection [43], but Serratia
marcescens, Candida albicans, and Aspergillus niger
have also been responsible [14,15]. Endo- and exo-b-
galactosidases secreted by these pathogens cleave
oligosaccharides at Galb1Æ4GlcNAc linkages on
ABH and Ii active blood group substances (Tables 2.3,
2.5, and 25.2) exposing terminal N-acetylglu-
cosamine residues, the Tk receptor [44–46]. Tk-
transformed red cells may have reduced expression of
ABH and Ii antigens [47,48]. GSII lectin is inhibited 
by N-acetylglucosamine [6,49] and monoclonal anti-
Tk was adsorbed by GlcNAcb1Æ3Galb1Æ4Glcb–R
coupled to silica beads [42]. Endo-b-galactosidases
from B. fragilis, Escherichia freundii, and Flavobac-
terium keratolycus have been used to produce Tk-
activated red cells in vitro [42,46,50].

Tk polyagglutination is often associated with ac-
quired B polyagglutination (Section 31.2.1.5).

31.2.1.4 Tx cryptantigen

Tx was identified by Bird et al. [51] on the red cells of
children with pneumococcal infections and could be
produced, in vitro, by the action on red cells of culture
supernatant from pneumococci derived from these pa-
tients. Tx is distinguished from T by Vicia cretica lectin
(Table 31.2). Tx is only slightly weakened by papain
treatment [51]. A persistent form of Tx polyagglutina-
tion was detected over a period of 5 years in a woman
with myelodysplastic syndrome and no symptoms of
infection [52].

31.2.1.5 Acquired B

Acquired B phenomenon is described in detail in Sec-
tion 2.14.1. It is caused by microbial deacetylases con-
verting N-acetylgalactosamine of an A determinant 
to galactosamine, which resembles galactose closely
enough for the cells to be agglutinated by some anti-B
reagents. Acquired B is usually associated with a
unique polyagglutination, but is often also associated
with Tk, and occasionally T or Th, polyagglutination.

31.2.2 Non-microbial polyagglutination

31.2.2.1 Tn polyagglutination

In Tn polyagglutination, otherwise known as persis-
tent mixed-field polyagglutination, only a proportion

Table 31.3 O-linked oligosaccharides of sialoglycoproteins
from normal red cells and from T- and Tn-activated cells. See
Table 2.4 for abbreviations.

Normal NeuAca2Æ3Galb1Æ3GalNAc—Ser/Thr
6
≠

NeuAca2

T Galb1Æ3GalNAc—Ser/Thr

Tn GalNAc—Ser/Thr

Sialyl-Tn GalNAc—Ser/Thr
6
≠

NeuAca2
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of the red cells are polyagglutinable [53,54]: between
30% and 90% are agglutinated by anti-Tn, the re-
mainder are Tn-negative [11]. Like T, Tn is located on
O-linked oligosaccharides of red cell glycoproteins,
chiefly glycophorins A and B [55]. The Tn determinant
is N-acetylgalactosamine attached to serine or threo-
nine (Table 31.3) [55–57]. The N-acetylgalactosamine
residue is sometimes sialylated, to form sialyl-Tn
(Table 31.3) [58].

Tn is exposed because of defective oligosaccharide
biosynthesis resulting from somatic mutation [59,60],
not by degradation of the oligosaccharide by micro-
bial enzymes. Tn is the biosynthetic precursor of T,
which is a precursor of the disialotetrasaccharide 
typical of red cell sialoglycoproteins (Table 31.3). In
Tn-polyagglutinable cells, conversion of the Tn mono-
saccharide to the T disaccharide does not occur be-
cause of deficiency of T transferase, a b-3-D-
galactosyltransferase [61,62]. This enzyme deficiency
arises from a somatic mutation within a pluripotent
haemopoietic stem cell and subsequent clonal expan-
sion and proliferation of populations of Tn+ red cells,
platelets, granulocytes, and lymphocytes [63–65]. Tn-
active red cells are not totally deficient in T transferase
as some normal tetrasaccharides are present on the
glycophorin molecules [66].

Tn-active red cells have depressed M and N antigens
and T cryptantigen [56,67,68], and they have reduced
sialic acid content [55,69]. Tn is destroyed by papain
treatment of red cells [69,70].

The immunodominant monosaccharide of Tn is N-
acetylgalactosamine, so it is not surprising that Tn-
activated red cells are agglutinated by lectins that also
agglutinate group A cells, such as Dolichos biflorus
and Helix pomatia [59,69,70]. Salvia sclarea lectin is
more specific for Tn (Table 31.2) [9]. Tn cells are more
strongly agglutinated by human sera containing anti-
A than those lacking it [69]. Many murine monoclon-
al Tn antibodies have been produced [26,27,58,
71–78], some of which cross-react with sialyl-Tn [78].
It should be remembered that all of these anti-Tn
reagents, like the anti-Tn present in the serum of most
adults, react only with the Tn+ population of cells, 
giving the characteristic mixed-field pattern of agglu-
tination with red cells of individuals with Tn 
polyagglutination.

Tn polyagglutination is often associated with
haemolytic anaemia, leucopenia, and thrombocytope-
nia [16,30] and, on occasion, is detected in healthy

blood donors [16,69,79]. Although usually persistent,
Tn polyagglutination has been known to recede [60].
There are three reports of transient Tn polyagglutina-
tion in newborn babies, possibly because of a late de-
velopment of full T transferase activity [80–82]. Flow
cytometry with monoclonal anti-Tn revealed less than
1 ¥ 10–6 Tn red cells in the peripheral blood of healthy
donors [76].

Reports of patients with Tn polyagglutination and
concurrent acute myeloid leukaemia  [60,83,84], or
who subsequently developed leukaemia, led Ness et al.
[83] to propose that Tn polyagglutination may repre-
sent a preleukaemic state and that careful clinical ob-
servation of individuals with Tn polyagglutination
would be circumspect. Polyagglutination vanished
during chemotherapy [60,83]. Tn-active cells were de-
tected in five of 725 abnormal bone marrow aspirates:
two in patients with new acute leukaemia and two in
patients whose disease terminated in acute leukaemia
[85]. Tn cells were detected in bone marrow 8–12
months before polyagglutination was apparent in 
peripheral blood. In some patients with acute
leukaemia, the number of Tn-active red cells and 
granulocytes in the peripheral blood and in erythroid
and granulocyte precursors in the marrow increased 
as the disease progressed [72,85]. Tn polyagglutina-
tion has also been associated with myelodysplasia
[40,79].

31.2.3 T, Tn, and Tk in malignancy

T and Tn are cryptantigens on epithelial tissues, in the
carbohydrate chains of glycoprotein and glycolipids.
Springer and others have shown that T and Tn are ex-
posed on about 90% of primary and metastatic carci-
nomas, probably as a result of incomplete biosynthesis
[86]. Sialyl-Tn is also often expressed in carcinomas,
although it also occurs in healthy tissue. Increased 
density of Tn over T is an indicator of high metastatic
potential of the tumour. A correlation between malig-
nancy and depression in titre of circulating anti-T has
led to the development of diagnostic tests. Im-
munotherapy with a vaccine derived from T- and Tn-
activated red cells has been successful in preventing
recurrence of breast cancer and has a potential for
wider application. This whole topic is thoroughly 
reviewed by Desai [87].

Monoclonal anti-Tk reacted with 48% of human
colorectal carcinomas [42]. Vaccination of rats with
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Tk-active red cells provided protection against growth
of Tk+, but not Tk–, tumours.

31.3 Inherited polyagglutination

31.3.1 Sd(a++) (Cad)

Sda is a red cell antigen of incidence about 91% and of
variable strength. Red cells of the very rare individuals
with an extra strong form of Sda antigen (referred to 
as Sd(a++) or Cad) are polyagglutinable. The im-
munodominant structure of Sda is N-acetyl-D-
galactosamine in b-linkage with galactose. Sd(a++)
cells are agglutinated by Dolichos biflorus and 
Helix pomatia lectins, but can be distinguished from
Tn cells by Salvia sclarea and Leonurus cardiaca
(Table 31.2). Sda and Sd(a++) are described in detail in
Chapter 29.

31.3.2 Congenital dyserythropoietic anaemia
type II (HEMPAS)

Red cells of patients with the rare autosomal recessive
syndrome, congenital dyserythropoietic anaemia type
II (CDA II or hereditary erythroblastic multinuclearity
with a positive acidified serum lysis test, HEMPAS) are
agglutinated at 20°C, or lysed at 37°C, by complement
fixing IgM antibodies in about one-third of normal
sera [88,89]. CDA II cells have elevated i and de-
pressed H antigens [88–91]. Over 250 cases of CDA II
are reported, many involving patients of southern 
Italian ancestry [92].

The biochemical defects in CDA II may be abnor-
malities in N-acetylglucosaminyltransferase II or a-
mannosidase II, giving rise to branching anomalies in
the complex N-glycans of glycoproteins, particularly
bands 3 and 4.5 (glucose transporter), which contain
repeating N-acetyllactosamine units [93,94]. This re-
veals a cryptantigen responsible for the polyagglutina-
tion and abnormal complement activation, and also
results in excess production of i-active linear N-acetyl-
lactosaminylceramides. A defect in transcription 
factors regulating the genes encoding these enzymes
might be responsible. A putative disease gene,
CDAN2, has been localized to chromosome 20q11.2
by linkage to microsatellite markers in Italian families
[95]. An Irish CDA II patient, however, was doubly
heterozygous for splice site mutations in MII, a gene
encoding an N-glycan processing enzyme and a British

patient had very low levels of MII transcript [96].
CDA II is reviewed in [92,96].

31.3.3 NOR polyagglutination

NOR is a form of polyagglutination, found in two
families, that appears to be inherited in a dominant
manner [97,98]. Red cells of a total of nine individuals
from two generations of each of the families were ag-
glutinated by IgM antibody in 71–75% of ABO com-
patible adult sera, but were not agglutinated by cord
sera. The reaction of NOR cells with human sera was
enhanced by papain and sialidase, but reduced by a-
galactosidase treatment of the cells. NOR polyaggluti-
nation was completely inhibited by hydatid cyst fluid
and avian P1 substance, but NOR red cells had normal
expression of P1 and P antigens. Thin-layer chro-
matographs of glycolipids from NOR cells revealed
one major and several minor additional bands, com-
pared with control cells, when stained with lectins 
specific for galactose (Ricinus communis I) and
Gala1Æ3Gal (Griffonia simpicifolia IB4) [98]. NOR
red cells appear to contain neutral glycolipids with an
abnormal oligosaccharide structure, which probably
terminates with a-galactosyl residues, shared with the
P1 structure [98].

31.3.4 Hyde Park polyagglutination

Polyagglutination associated with a rare haemoglobin
variant in a large South African family of mixed eth-
nicity remains a puzzle. Thirty-five members of the
family were studied: 12 had the variant haemoglobin
M-Hyde Park and polyagglutinable red cells; 23 had
neither [99]. Polyagglutination had not been observed
previously in association with haemoglobin M-Hyde
Park. The name ‘Hyde Park’ was suggested for the
polyagglutination.

Group O, N+ Hyde Park cells show the following
serological characteristics [99,100]:
1 agglutination with a minority of normal human sera
(7 of 40);
2 enhanced agglutination with Vicia graminea and
Ulex europaeus lectins and with human anti-I and -i,
but normal strength agglutination with rabbit and
monoclonal anti-N;
3 agglutination by monoclonal anti-Tn, but not by
Tn-specific Salvia sclarea lectin;
4 agglutination by Glycine soja, Sophora japonica,
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and Arachis hypogaea (weakly), lectins that detect de-
sialylated O-glycans; and
5 agglutination by the N-acetylglucosamine-specific
lectins Vicia hyrcanica and GSII (weakly) (Table 31.2).

These serological characteristics, together with re-
sults of biochemical analyses, suggest that the polyag-
glutination is caused by two unrelated anomalies, one
associated with heterogeneity of sialylation of the O-
glycans of glycophorin molecules and the other associ-
ated with exposed N-acetylglucosamine residues on
the N-glycans of bands 3 and 4.5 (glucose transporter)
[100]. The nature of the relationship between these
aberrations of glycosylation and the abnormal haemo-
globin is obscure.

31.4 Polyagglutination of 
undetermined status

31.4.1 VA polyagglutination

VA polyagglutination is very rare. The red cells are not
agglutinated by Arachis hypogaea or Dolichos bi-
florus lectins, but give a mixed-field agglutination with
Helix pomatia lectin [101,102]; they also give a char-
acteristic stippled appearance in immunofluorescence
with H. pomatia lectin [102]. An associated depres-
sion of H antigen has led to the suggestion that 
microbial a-fucosidase could be responsible for VA ex-
posure [101,103]. In the original case described by
Graninger et al. [101,102], VA polyagglutination was
persistent and associated with haemolytic anaemia. In
the only other reported example, VA-active red cells
were also Tk active [103].

31.4.2 Tr polyagglutination

Tr polyagglutination has been found in one individual
[104]. Tr red cells gave a unique pattern of reactions
with a panel of lectins (Table 31.2) and reacted with
monoclonal anti-T+Tn and -Tk. Results of tests 
with lectins, reduced periodic acid–Schiff staining 
of glycophorins A, B, and C, and increased elec-
trophoretic mobility of band 3 suggested a reduction
in sialylation of both N- and O-glycans, exposing
b1Æ4Gal and b1Æ3Gal residues. Reid et al. [104]
suggested that Tr might result from a defective glyco-
syltransferase, probably an a1,6-sialyltransferase.
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herited together more often than would be predicted
by chance. For example, the loci for Lutheran and
ABH secretion are linked. A doubly heterozygous Lua/
Lub Se/se person with Lua and Se in cis (on the same
chromosome) will pass either Lua together with Se or
Lub together with se to most of their children; only 
an occasional child would receive Lua with se or Lub

with Se. This recombination results from crossing-
over at meiosis between the two loci.

The greater the distance between two loci on the
same chromosome, the greater the probability of
crossing-over occurring between them. This premise is
the basis for measuring distances between linked
genes. When two loci are far enough apart that the
probability of crossing-over occurring between them
reaches 0.5 (50% recombination), linkage is no longer
detectable and the loci are not considered linked. The
term used to describe unlinked loci on the same chro-
mosome is syntenic. If, for example, in a series of fam-
ilies, recombination between two linked genes occurs
in 8% of meioses, then the recombination fraction (q^)
is 0.08 and the map distance between the genes is 8
centimorgans (cM).

Statistical methods for the estimation of linkage are
available. The traditional method for blood groups in-
volves the use of lod scores in which log probabilities
of linkage at various recombination values (q^) are ob-
tained for each family with a doubly heterozygous
propositus [7]. For a series of families the log probabil-
ities or lod scores for each value of (q^) can be summed.
A total score of +3 or more at any value of (q^) is con-
sidered statistically significant evidence in favour of
linkage and a score of –2 is considered significant evi-
dence against linkage. When two loci are linked the re-
combination fraction with the highest lod score
represents the genetic distance between the loci. Com-
puter programs, such as L IPED for two-point analysis
and LINKAGE and VITESSE for multipoint analysis, are

32.1 Introduction

Blood groups have had an important role as human
gene markers. In 1951, when the Lutheran locus was
shown to be genetically linked to the locus controlling
ABH secretion, blood groups were involved in the first
recognized human autosomal linkage and, conse-
quently, the first demonstration of recombination as a
result of crossing-over in humans [1–3]. Through this
linkage, and that between ABO and the gene for
nail–patella syndrome, came the first evidence that the
rate of crossing-over in humans can be substantially
higher in females than in males [4,5]. When in 1968 the
Duffy blood group locus was shown to be linked to an
inherited visible deformity of chromosome 1, it be-
came the first human gene locus assigned to an auto-
some [6]. All blood group system loci have now been
assigned to their chromosome, as have the genes en-
coding a few other blood group antigens (Table 32.1).
In this chapter the chromosomal assignment of blood
group loci are described chromosome by chromo-
some; Table 32.1 lists the blood group systems in their
numerical order. Figure 32.1 is a diagrammatic repre-
sentation of the human male karyotype showing re-
gional localization of blood group gene loci.

32.2 Linkage analysis and 
chromosome mapping

32.2.1 Linkage

When genes are on separate chromosomes, or far
enough apart on the same chromosome, they segregate
independently; that is, alleles at the different loci as-
sort independently in the formation of germ cells.
However, if two loci are close together on the same
chromosome they are linked; they do not assort inde-
pendently and the characters they control will be in-

Blood group gene mapping

32.1 Introduction, 533
32.2 Linkage analysis and chromosome

mapping, 533

32.3 Chromosomal assignment and
localization of blood group loci, 535
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available for calculating linkage from family data
[8–12].

Linkage map distances do not represent true physi-
cal distances between loci. Crossing-over rates differ
between males and females and different distances
must be calculated according to the sex of the doubly
heterozygous propositus. Crossing-over rates also
vary in different regions of the chromosome.

Most of the blood group loci have been indirectly as-

signed to an autosome through linkage to genes or
other markers of known chromosomal location.

32.2.2 Chromosome banding patterns

Traditionally genes are mapped to chromosomes ac-
cording to the metaphase banding patterns obtained
by Giemsa (G-banding) and quinacrine (Q-banding)
staining (Fig. 32.1) [13]. In recent years mapping has

Table 32.1 Chromosomal assignment of blood group loci.

Blood group Gene symbol Cytogenetic location

ABO ABO 9q34.1–q34.2
MNS GYPA, GYPB, GYPE 4q28–q31
P P1 22q11.2–qter
Rh RHCE, RHD 1p36.2–p34
Lutheran LU 19q12–q13
Kell KEL 7q33
Lewis FUT3 19p13.3
Duffy FY 1q22–q23
Kidd SLC14A1 18q11–q12
Diego SLC4A1 17q12–q21
Yt ACHE 7q22
Xg XG, MIC2 Xp22.32, Yp11.3
Scianna SC 1p36.2–p22.1
Dombrock DO 12p13.3–p13.2
Colton AQP1 7p14
Landsteiner–Wiener ICAM4 19p13.2–cen
Chido/Rodgers C4A, C4B 6p21.3
Hh FUT1 19q13.3
Kx XK Xp21.1
Gerbich GYPC 2q14–q21
Cromer DAF 1q32
Knops CR1 1q32
Indian CD44 11p13
Ok BSG 19p13.3
RAPH MER2 11p15.5
John Milton Hagen SEMA7A 15q22.3–q23
I-branching enzyme GCNT2 6p24
Pk (Gb3 synthase) 22q11.2–qter
P (globoside synthase) 3q25
Radin RD 1p36.2–p34
Rh-associated glycoprotein RHAG 6p21–qter
CD59 CD59 11p13
HLA (Bg) HLA-A, -B, -C 6p21.3
Secretor FUT2 19q13.3
LU suppressor XS Xp21.2–q21.1

Gene nomenclature and cytogenetic location obtained from the HUGO Gene Nomenclature Committee
(http://www.gene.ucl.ac.uk/nomenclature/) and the Genome Database (http://www.gdb.org/).



BLOOD GROUP GENE MAPPING

535

related more to positions relative to numerous genetic
markers on the chromosome, yet terminology based
on the banding patterns continues to be used. Soon all
distances of genes from the centromere will be defined
in terms of megabases. In the interim, banding pattern
locations are used here.

32.2.3 Other methods used in 
chromosome mapping

32.2.3.1 Deletion mapping

Deletion of part of a chromosome can result in loss of
an allele at a particular locus and, consequently, ap-
parent homozygosity at that locus. If the chromoso-
mal location of the deletion can be determined and
apparent homozygosity occurs where, according to
the parental blood groups, heterozygosity would be
expected, then evidence for assignment of the affected
locus is provided. Monosomy of part of an autosome
may occur as a result of deletion or translocation; 
heterozygosity excludes any locus from a region of 
the genome known to be monosomic.

32.2.3.2 Exclusion mapping

Information from deletion mapping for a blood group
locus, plus the chromosomal regions excluded by neg-
ative linkage information with a number of mapped
loci, can be very informative for excluding the locus
from much of the genome. Cook et al. [14] applied ex-
clusion mapping to the MNS system and, as a result,
accurately predicted an assignment of the MNS locus
to a region of the long arm of chromosome 4 (Section
32.3.4.1).

32.2.3.3 Somatic cell hybridization

Under appropriate conditions, cultured human cells,
usually fibroblasts, can be induced to fuse with cul-
tured rodent cells. The resulting human–rodent hybrid
cells are unstable and will randomly shed human chro-
mosomes. By cloning hybrid cells, a variety of cell lines
lacking different human chromosomes can be ob-
tained. In some cases, hybrid cell lines may be pro-
duced that contain only a single human chromosome
or only part of a human chromosome. If a collection of
these cell lines is analysed for a human marker, such as
a cell surface antigen, correlation of the presence or ab-

sence of the marker with that of a specific human chro-
mosome can result in chromosomal assignment of the
gene encoding that marker. When a gene has been
cloned its presence in a somatic cell hybrid may be de-
tected by the use of labelled DNA probes. Red cells
cannot be cultured, so these techniques have only been
applicable to blood group antigens present on cell
types other than red cells. For example, somatic cell
hybridization was used to map the genes controlling
expression of Oka and MER2 to chromosomes 19 and
11, respectively [15,16].

32.2.3.4 In situ hybridization

When a gene has been cloned and sequenced, DNA
probes can be produced that will hybridize with the
DNA of that gene in a preparation of intact chromo-
somes. If the probe is made visible by the use of ra-
dioactive or fluorescent labels, then its localization on
a chromosome can be determined. By this technique
the gene encoding glycophorin C, which carries the
Gerbich blood group antigens, was assigned to the
long arm of chromosome 2 [17].

32.3 Chromosomal assignment of blood
group loci

32.3.1 Chromosome 1

32.3.1.1 Duffy (FY)

In 1963, FY was shown to be closely linked to a gene
for zonular pulverant cataract (GJA8, gap junction
protein alpha-8) [18]. When Donahue et al. [6]
showed that FY is linked to a visible deformity on the
long arm of chromosome 1, FY and GJA8 were 
assigned to that chromosome. Regional assignment 
of FY to 1q22–q23 was achieved through studies of
families with rearrangements of chromosome 1
[19,20], deletion mapping (two individuals with dele-
tions of part of 1q were Fy(a+b+)) [21,22], detailed lod
score analysis [23], and in situ hybridization with FY
cDNA [24].

32.3.1.2 Rh (RHCE and RHD)

The second autosomal linkage reported in humans
was that between the Rh blood group polymorphism
(RH) and a gene for elliptocytosis [25–28]. This Rh-
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linked form of elliptocytosis is caused by mutations in
EPB41, the gene encoding the cytoskeletal protein
band 4.1 [29,30]. Linkage with other markers fol-
lowed: 6-phosphogluconate dehydrogenase (PGD)

[31–33]; phosphoglucomutase 1 (PGM1) [33–35];
uridine monophosphate kinase (UMPK) [36]; and a-
L-fucosidase (FUCA1) [37]. When the gene for pepti-
dase C (PEPC) was assigned to chromosome 1 by

Fig. 32.1 Diagrammatic representation of the human male chromosomes showing regional localizations of blood group loci.
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somatic cell hybridization [38], it was already known
to be syntenic with PGM1, UMPK, and FUCA1, so the
linkage group containing the Rh genes was assigned to
chromosome 1. The blood group locus SC and the
gene controlling expression of the blood group antigen
Rd are part of the same linkage group (see below); 
FY is not within direct measurable distance of RH
[33,39,40]. There was a hint of linkage between RH
and the dominant inhibitor gene In(Lu) [41].

In situ hybridization and somatic cell hybrid analy-
sis with cDNA clones representing RHCE showed that
this gene is located in the region 1p36.1 [42–44]. The
two Rh genes are arranged in opposite orientation 
and are separated by SMP1, a gene for a small mem-
brane protein of unknown function: pter–5¢RHCE3¢–
5¢SMP13¢–3¢RHD5¢–cen [44,45].

32.3.1.3 Scianna (SC) and Radin (RD)

In 1976, analysis of families with the rare antigen Sc2
of the Scianna system (Chapter 13) demonstrated link-

age between SC and RH with a male recombination
fraction of about 0.10 [46,47]. Combined lod scores
suggested linkage between SC and PGM1 and UMPK
[46,47] (see Section 32.3.1.2). The detection of link-
age between RH and the gene governing the low 
frequency antigen Rd (700015) (RD), with a recom-
bination fraction similar to that for RH and SC, led to
speculation that Rd may be controlled by the SC locus
[48]. Analysis of nine Swedish families with Rd+
propositi confirmed linkage of RD to RH and PGM1
[49,50].

32.3.1.4 Cromer (DAF) and Knops (CR1)

Antigens of the Cromer blood group system are locat-
ed on CD55, the complement regulatory glycoprotein
decay accelerating factor (DAF) (Chapter 19); anti-
gens of the Knops system have been located on CD35,
complement receptor 1 (CR1) (Chapter 20). DAF and
CR1 belong to a cluster of genes, the regulator of com-
plement activation (RCA) linkage group, localized to

Fig. 32.1 Continued
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1q [51–57]. Both DAF and CR1 have also been as-
signed to 1q32 by somatic cell hybridization and by in
situ hybridization [54,58].

32.3.2 Chromosome 2

32.3.2.1 Gerbich (GYPC)

Antigens of the Gerbich system are located on two gly-
coprotein isoforms, glycophorins C and D (GPC and
GPD), encoded by a single gene, GYPC (Chapter 18).
GYPC was localized to 2q14–q21 by in situ hybridiza-
tion with a cDNA clone representing the 3¢ untrans-
lated region and almost the entire coding sequence of
GYPC [17].

32.3.3 Chromosome 3

32.3.3.1 P (globoside) synthase

An expressed sequence tag (EST) localized to chro-
mosome 3q25, initially considered to encode a 
b1,3-galactosyltransferase (b3Gal-T3) [59], was 
subsequently shown to encode the b1,3-N-
acetylgalactosaminyltransferase (b3GalNAc-T1) that
catalyses the synthesis of P antigen (globoside) from Pk

(Gb3 or CD77) [60] (Chapter 4).

32.3.4 Chromosome 4

32.3.4.1 MNS (GYPA, GYPB, and GYPE)

The original suggestions that the genes controlling
MNS were located either on chromosome 2 or 4 came
as a result of studies on a mentally retarded boy with
chromosome rearrangements involving 2q and 4q. He
was M+N–S+s– (apparently MS/MS), while his father
was M–N+S–s+ (apparently Ns/Ns) [61–63]. Assign-
ment to chromosome 4 was demonstrated in 1979 on
the basis of accumulated evidence. This included ex-
clusion mapping, which showed that the MNS genes
were about 45 times more likely to be on 4q28–q31
than on their next most likely site [14,64], and loose
linkage with the gene for vitamin D-binding protein
(GC), known to be on chromosome 4 [65]. Further
linkage analyses on the MNS groups of families with
chromosome 4 rearrangements supported assignment
of MNS to 4q28–q31 [66].

MN and Ss antigens are located on glycophorins A

and B, which are encoded by two very closely linked
genes, GYPA and GYPB (Chapter 3). GYPA and
GYPE, a third homologous gene of the cluster, were 
localized to 4q28–q31by in situ hybridization 
[67,68], confirming the localization obtained by 
genetic linkage analysis.

32.3.5 Chromosome 6

32.3.5.1 Chido/Rodgers (C4A and C4B)

The genes controlling Ch and Rg expression were
known to be linked to HLA before the Ch/Rg antigens
were found to be determinants on the fourth compo-
nent of complement (C4) (Chapter 17) [69,70]. With
only rare exceptions, C4A and C4B produce Rg and
Ch antigens, respectively. They are situated, together
with genes for the complement factors C2 and prop-
erdin factor B (BF), in the Class III region of the major
histocompatibility complex between HLA-DR and
HLA-B on the short arm of chromosome 6 [71–74].
Strong linkage disequilibrium exists between the high-
ly polymorphic C4A, C4B, C2, and BF genes, haplo-
types being inherited as units known as complotypes
[75]. C4B and C4A have at their 3¢ ends the steroid 
21-hydroxylase gene (CYP21A2) and pseudogene
(CYP21A1P), respectively [76].

32.3.5.2 HLA

HLA antigens are not generally considered red cell
antigens (Chapter 30) and will not be discussed in 
detail here. The major histocompatibility complex,
which includes the HLA loci, is located on 6p21.3
[74].

32.3.5.3 Rh-associated glycoprotein (RHAG)

RHAG, the gene encoding a glycoprotein that co-
immunoprecipitates with the Rh proteins and shares
significant sequence homology with those polypep-
tides (Chapter 5), has been localized to 6p21–qter by 
somatic cell hybrid analysis [77] and to 6p21.1– p11
by in situ hybridization [78].

32.3.5.4 Ii (II)

GCNT2, a gene encoding a b-1,6-N-acetylglu-
cosaminyltransferase, may be the branching enzyme
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responsible for converting i-active linear oligosaccha-
ride chains to I-active branched chains (Chapter 25).
GCNT2 was initially assigned to chromosome 9q21
through in situ hybridization [79], but mapping of 
39 ESTs to 6p24–p23, one of which was identical to
GCNT2, has provided contradictory evidence regard-
ing the location of this gene [80].

32.3.6 Chromosome 7

32.3.6.1 Colton (CO)

The absence of Colton antigens from red cells of some
patients with monosomy 7 of the haemopoietic tissue
(Section 15.5) provided the first indication that 
the Colton locus may be on chromosome 7. Zelinski 
et al. [81] demonstrated close linkage between CO and
the 7p marker ASSP11 (argininosuccinate synthetase
pseudogene 11). The Colton polymorphism was sub-
sequently shown to be encoded by AQP1, the gene for
the water transport protein aquaporin-1, which had
been located on 7p14 by in situ hybridization [82]
(Chapter 15).

32.3.6.2 Kell (KEL)

In 1991, Zelinski et al. [83] demonstrated tight linkage
between KEL and PIP, the gene for prolactin-in-
ducible protein (detected by a TaqI polymorphism).
PIP had previously been localized to 7q32–q36. Close
linkage of KEL to three DNA markers, which are
tightly linked to the cystic fibrosis gene (CFTR) [84],
and in situ hybridization with cDNA encoding the Kell
protein [85,86], confirmed the assignment of KEL to
7q33–q35.

Linkage between KEL and the locus for the Yt blood
group system is discussed in Section 32.3.6.3.

32.3.6.3 Yt (ACHE)

An analysis of 31 families informative for segregation
of YT and KEL revealed loose linkage between these
loci with maximum likelihood of a recombination
fraction of 0.26 [87]. Two years later, KEL was provi-
sionally assigned to 7q through linkage to PIP [83] and
close linkage between YT and two chromosome 7
markers, COL1A2 and D7S13, was reported [88].

In 1992, the Yt blood group polymorphism was
shown to represent a point mutation in the acetyl-

cholinesterase gene (ACHE) (Chapter 11). The same
year, by in situ hybridization and by polymerase chain
reacion (PCR)-based somatic cell hybridization tech-
niques, ACHE was assigned to chromosome 7q22
[89,90].

32.3.7 Chromosome 9

32.3.7.1 ABO (ABO)

In 1955, Renwick and Lawler [91] showed that ABO
is closely linked to a gene for nail–patella syndrome
(LMX1B), a dominantly inherited disorder character-
ized by dystrophic nails and deformed patellae and
elbow joints. A suggestion of linkage between ABO
and the gene for adenylate kinase 1 (AK1) [92] was
quickly confirmed [93–96]. LMX1B and AK1 are
closely linked [95].

In 1976, AK1, and hence the ABO–LMX1B–AK1
linkage group, was assigned to chromosome 9 by the
use of somatic cell hybrids in four separate laborato-
ries [97–100]. Analyses of families with abnormalities
of chromosome 9 showed that both ABO and AK1 are
localized to 9q34 [101,102] and the ABO localization
has been confirmed by in situ hybridization [103].

32.3.8 Chromosome 11

32.3.8.1 Indian (CD44)

Ina and Inb antigens of the Indian system are located on
the proteoglycan CD44 (Chapter 21). Testing of the
original CD44 antibody with a panel of somatic cell
hybrids showed that the determinant recognized was
encoded by a gene on chromosome 11 [104]. This was
subsequently confirmed with other similar antibodies
[105,106] and CD44 was localized to 11p13
[107,108].

32.3.8.2 MER2 (MER2)

MER2 antigen of the RAPH system, polymorphic on
red cells, is present on a variety of other cell types
(Chapter 23). MER2 was assigned to chromosome
11p15 by somatic cell hybridization [16].

32.3.7.3 CD59 (CD59)

The complement regulatory glycoprotein CD59 is pre-
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sent on red cells, but carries no blood group alloanti-
gen (Chapter 19). CD59 has been assigned to 11p13
by somatic cell hybridization analyses and by pulsed
field gel electrophoresis [109–111].

32.3.9 Chromosome 12

32.3.9.1 Dombrock (DO)

As a result of testing five informative families for 448
classical markers and 115 informative families for 80
markers, the gene encoding Doa (DO), as determined
by testing red cells with anti-Doa, was excluded from
all chromosomes except 12p [112]. Linkage between
DO and three DNA microsatellite markers was
analysed in 17 large families and confirmed the assign-
ment of DO to 12p. Further analyses of families segre-
gating for DO and for four anonymous DNA markers
and for the von Willebrand factor gene (VWF) refined
regional localization to 12p13.2–p12.3 [113]. DO
was cloned as a result of analysing ESTs derived from
chromosome 12p [114].

32.3.10 Chromosome 15

32.3.10.1 JMH (SEMA7A)

JMH antigen is the semaphorin CDw108 (Chapter
24), encoded by the gene SEMA7A. SEMA7A has been
localized to 15q22.3–q23 by radiation hybrid map-
ping [115] and by fluorescence in situ hybridization
[116].

32.3.11 Chromosome 17

32.3.11.1 Diego (SLC4A1)

Antigens of the Diego system are determined by mis-
sense mutations within SLC4A1 (solute carrier family
4, anion exchanger 1), the gene for band 3 glycopro-
tein (Chapter 10). SLC4A1 is located on chromosome
17q12–q21 [117]. Tight linkage, with no recombina-
tion, has been demonstrated between DI, as deter-
mined by the Dia and Wda (DI5) antigens, and
SLC4A1, as detected by a PstI restriction fragment-
length polymorphism (RFLP) [118,119].

32.3.12 Chromosome 18

32.3.12.1 Kidd (SLC14A1)

In 1987 significant linkage data were obtained be-
tween JK and two chromosome 18 markers, D18S6
and D18S1 [120,121]. From previous reports of het-
erozygosity at the JK locus in individuals with dele-
tions involving chromosome 18, the shortest region of
overlap for JK is 18q11–q12 [122,123]. Early sugges-
tions of linkage between JK and the locus for type 1 in-
sulin-dependent diabetes mellitus [124] has not been
supported [125–127]. However, there is evidence for 
a type 1 diabetes susceptibility locus, IDDM6, on
18q21, estimated to be 13cM from JK [128,129].

The Kidd glycoprotein is a urea transporter (Chap-
ter 9) encoded by SLC14A1 (solute carrier family 14,
member 1). SLC14A1 and a gene encoding another
urea transporter, SLC14A2, were both localized
to18q12–q21 by in situ hybridization [130,131].

32.3.13 Chromosome 19

Considering chromosome 19 is one of the smallest
human chromosomes, it seems to carry an excess of
blood group, or blood group-related, loci. The genes
governing red cell expression of the Lutheran (LU),
Lewis (FUT3), Landsteiner–Wiener (ICAM4), H
(FUT1), and Oka (BSG) antigens, and those control-
ling secretion of H antigen (FUT2) in body fluids, are
all on chromosome 19. FUT1 and FUT2, which 
encode a1,2-L-fucosyltransferases, are also known as
H and SE, respectively; FUT3, which encodes an
a1,3/4-L-fucosyltransferase is the Lewis gene LE.

32.3.13.1 Lutheran (LU), Secretor (FUT2), Lewis
(FUT3), Hh (FUT1), and Landsteiner–Wiener
(ICAM4)

In 1951, Mohr et al. [1–3] reported linkage between
the Lutheran blood group locus (LU) and the locus
(FUT2) governing secretion of ABH substances as de-
tected by Lea or Leb expression on red cells (Chapter
2). This linkage was confirmed in numerous family
studies and the recombination fraction estimated as
0.1 [132–135]. LU and FUT2 (SE) are closely linked to
the gene for myotonic dystrophy (DMPK), a domi-
nantly inherited neuromuscular disorder [3,136,137].
FUT3 (LE) was not found to be directly linked to LU
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or FUT2, but the LU–FUT2–DMPK linkage group
was extended to include FUT3 when FUT3 and
DMPK were shown to be loosely linked [138].

Linkage between the Lewis gene (FUT3) and the
gene for the third component of complement (C3) was
discovered in 1974 [139]. C3 was assigned to chromo-
some 19 by analysis of somatic cell hybrids with a
monoclonal antibody specific for human C3 and with
a human C3 DNA probe [140], so FUT3 was indirect-
ly assigned to chromosome 19 together with LU and
FUT2 (SE) through their linkage to DMPK. FUT2 was
later shown to be linked to C3 [141]. Southern blot
analysis of somatic cell hybrids confirmed that FUT3 is
on chromosome 19 [142]. Analysis of families for Aub

(LU19) and an RFLP for the chromosome 19 marker
APOC2 revealed close linkage, providing further 
confirmation that LU is on chromosome 19 [143].

In the early 1980s Oriol, Le Pendu and their col-
leagues provided substantial evidence that the gene
controlling the presence of A, B, and H substances in
body secretions is a structural gene producing an 
a1,2-L-fucosyltransferase in secretory tissue (Chapter
2). A series of families with the rare deficiency of H
antigen on their red cells caused by an absence of red
cell a1,2-L-fucosyltransferase encoded by FUT1 (H),
demonstrated very close linkage between FUT1 and
FUT2 [144,145]. Hence, FUT1 joined the chromo-
some 19 linkage group. Localization of FUT1 and
FUT2 on 19q13.3 has been confirmed by fluorescence
in situ hybridization [146]. A 100-kb cosmid contig
containing FUT1, FUT2, and a homologous pseudo-
gene Sec1 has been assembled and the order of the 
genes is cen–Sec1–12kb–FUT2–35kb–FUT1–qter
[146,147].

The Lewis gene, FUT3, belongs to a cluster of
a1,3/4-fucosyltransferase genes on 19p13.3:
pter–FUT6–14 kb–FUT3–23 kb–FUT5–cen
[147,148].

When ICAM4, the gene for the LW blood group,
was shown to be closely linked to C3 and LU, it be-
came the latest blood group gene to join the chromo-
some 19 linkage group [149,150]. Location of ICAM4
on 19p13.3 was confirmed by in situ hybridization
[151].

From accumulated data the following gene order
can be deduced: pter–FUT3–C3–ICAM4–cen–
LU–FUT2–FUT1–qter [150,152,153].

32.3.13.2 Oka (BSG)

Identification of a monoclonal antibody with Oka

specificity enabled Williams et al. [15] to show that
this high incidence red cell antigen is present on all
human cell types tested, but not on mouse cells. They
exploited this species specificity by somatic cell 
hybridization techniques to demonstrate that Oka is
produced by a gene on chromosome 19. Human chro-
mosome 19 material is essential for Oka expression
and a cell line with a translocation containing
19pter–p13.2 showed that this region was sufficient
for antigen expression. Oka is located on the im-
munoglobulin superfamily molecule CD147, also
known as basigin (BSG) (Chapter 22). In 1993, before
the relationship of CD147 to Oka was known, BSG
was mapped to 19p13.3 by fluorescence in situ
hybridization [154].

32.3.14 Chromosome 22

32.3.14.1 P1 and Pk

P1, the gene controlling the P1/P2 polymorphism, was
assigned to chromosome 22 when Eiberg et al. [155]
showed that P1 is linked to TCN2, the gene for
transcobalamin II, and TCN2 was assigned to chro-
mosome 22 by the use of somatic cell hybrids and
monosomic meningioma cells [156]. Linkage analyses
with several loci localized P1 to 22q11.2–qter
[157–159].

Chromosome 22 was the first human chromosome
to be sequenced [160]. As the P1 gene product is pre-
dicted to be an a1,4-galactosyltransferase (Chapter
4), Steffensen et al. [161] searched chromosome
22q11.2–qter for sequence homologous to that of a
bacterial a1,4-galactosyltransferase gene. An a1,4-
galactosyltransferase gene was isolated, but while the
encoded enzyme synthesizes Pk (Gb3) from lactosylce-
ramide, it is unable to synthesize P1 antigen. This gene
appears to be Pk and not P1 (Chapter 4).

32.3.15 X and Y chromosomes

32.3.15.1 Xg (XG) and CD99 (MIC2)

Like most X-linked genes, XG was assigned to the X
chromosome because of its characteristic mode of in-
heritance (Chapter 12). The first firm evidence that
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XG is located near the tip of the short arm of X was
provided by an Xg(a–) woman who had failed to in-
herit her father’s Xga gene [162]: she had an X–Y
translocation, 46,X,t(X;Y)(p22.3;q11), in which the
distal segment of the short arm of one of her X chro-
mosomes was missing and replaced by part of the long
arm of a Y chromosome. X inactivation was random
and so the XG locus must have been lost with the miss-
ing Xpter–p22.3 region. The woman’s son, who had
inherited the abnormal chromosome and was nulli-
somic for Xpter–p22.3, was also Xg(a–). He suffered
from a generalized ichthyosis as a result of zero steroid
sulphatase activity, locating the steroid sulphatase
(STS) gene, known to be closely linked to XG, on
Xpter–p22.3.

The relationship between XG and MIC2, the 
structural gene for CD99, is described in Chapter 12.
Figure 12.1 shows that MIC2 is within the X and Y
pseudoautosomal regions in which the X and Y chro-
mosomes pair at meiosis and crossing-over occurs.
MIC2 is close to the pseudoautosomal boundary
(PAB1) and only recombines with X- and Y-linked
genes in about 2% of male meioses [163]. XG spans
the pseudoautosomal boundary.

32.3.15.2 Kx (XK)

XK governs expression of Kx antigen on red cells, ab-
sence of which is associated with impaired expression
of Kell system antigens (McLeod phenotype) and a va-
riety of muscular and neurological defects that collec-
tively constitute McLeod syndrome (Chapter 7). XK
was assigned to the X chromosome through the char-
acteristic mode of inheritance of Kx and the McLeod
phenotype. A male patient with McLeod syndrome,
chronic granulomatous disease (CGD), Duchenne
muscular dystrophy (DMD), and one type of retinitis
pigmentosa (RP) was shown, both by DNA analysis
and cytogenetics, to have an interstitial deletion of part
of the short arm of the X chromosome at Xp21.1
[164]. Other patients, with smaller deletions at the
same region, had McLeod syndrome and CGD, but
not DMD; some also had RP [165]. This suggests that
the XK locus is located at Xp21.1, very close to the
genes for X-linked CGD (CYBB), DMD (DMD), and
RP (RPGR). Bertelson et al. [166] sited XK between
the loci for CGD and DMD. Physical mapping by
pulsed field gel electrophoresis has limited XK to a
150–380kb region of Xp21 [167].

Family studies suggested that XK and CYBB are
linked to XG [168,169], but the physical distances 
between these genes on the X chromosome make this
unlikely.

32.3.15.3 X-linked Lutheran suppressor (XS)

XS2, a very rare recessive allele at the X-linked XS
locus, acts as a suppressor of expression of Lutheran
system antigens (Chapter 6). Use of polymorphic
DNA markers and of anti-Xga for analysis of the only
known family with the X-linked type of Lu-null sug-
gested close linkage of XS to DXS14, a DNA marker
located near the centromere at Xp11 [170]. XS is like-
ly to be situated near the centromere and, at least, be-
tween Xp21.2 and Xq21.1; it is unlikely to be close to
XG.
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high frequency antigens, antibodies

to 505 
Lewis antibodies 64 
low frequency antigens, antibodies

to 503 
Lutheran antibodies 279 
Rh antibodies 245, 249 
also see under corresponding

antibodies 
haemolytic uraemic syndrome 188
HAG (MNS41) 141
He (MNS6) 124–5, 133
Helicobacter pylori, association of Leb

antigen with 69 
Hh blood group system 

history 8 

numerical notation 8
HEMPAS 528 

Hermes antigen 465 
high frequency antigens 505–11

901 series 4, 506
ABTI 510
AnWj 510 
Ata (August) 508–9
Duclos 207, 510
effect of enzyme and AET treatment

507
El 508 
Emm 509–10
frequencies 506
GIL 511
Jra 509
Lan 508
MAM 510
PEL 510
Vel 505–7

high-titre low-avidity 460 
Hil (MNS20) antigen 126, 136
histo-blood group antigens 9 
HIV–1 188
HLA antigens on red cells 521–2, 

538
Hm 47–8
Hodgkin’s disease 

anti-IT 489 
autoanti-Sc3 389
CD99 and 383

HOFM 503
Hop (MNS26) 135
Hr (RH18) 226
hrB 227
HrB 227
hrs (RH19) 226
Hu (Hunter) 144
Hübener–Thomsen–Friedenreich

phenomenon 524 
human brain granulocyte T-

lymphocyte antigen see
CD44, glycoprotein 

Hut (MNSI9) 133–5
Hy 394 
Hyde Park polyagglutination 528–9
Hz 45 

I and i antibodies 482, 488–90
H, ABO and p groups and 489–90

I and i antigens 14, 283, 482–3, 484–
6

biochemistry and molecular genetics
484–6

biosynthesis 485–6 
disease and 490 
distribution 486–7

animal species 487
milk 486
other body fluids 487
other blood cells 487
other tissues 487
plasma 487
saliva 486 
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ontogenesis and oncogenesis 487–8
structure 484–5

i phenotype, adult 
congenital cataracts and 484 
frequency 483 
inheritance 484 
serology 483 

ID 482
idiopathic thrombocytopenic purpura 

autoanti-Jka 345 
Kell antigens 310

IF 482 
immunoglobulin superfamily (IgSF)

276
Lutheran glycoproteins 289
LW glycoprotein 405–6

in situ hybridization 535 
In(Lu) and In(Lu) phenotype 3,

280–5, 282, 282, 283
abnormal red cell morphology and

electrolyte metabolism
284 

AnWj 283, 468–70
CD44 and Inb antigens 283, 465–6,

467–8
CDw75 284 
i 283, 483 
Knops system 283, 460
linkage with RH 537 
MER2 283
other antigens 283
P1 282–3, 283

Ina and Inb 283, 466–8
Indian blood group system 465–70,

539
antibodies 468
antigens 

AnWj 468–9, 470
characteristics 467
development 469 
inheritance and frequency

466–7
location on CD44 glycoprotein

470
and Lunull phenotype 469
as receptor for Haemophilus

influenzae 469–70 
characteristics 467
effect of In(Lu) on 467
Hermes 465 
Ina and Inb 466–8
Salis 466 

CD44 glycoprotein 465
effect of In(Lu) on expression of

467
location of antigens on 467–8

genotype and phenotype frequencies
466–7

molecular basis for polymorphism
467

Indian collection 4
infectious mononucleosis

anti-i 489
HLA-B7 antigen 521 

intercellular adhesion molecules
(ICAMs), LW system and
410–11

IT antigen 483 

JAL (RH48) 234
JK 540 
Jk3 345–7
Jka 343–4
Jkb 343–4
JMH blood group system 478–80

JMH (JMH1) 478
glycoprotein 479–80

Joa 394–5
Jra 509
Jsa 302–3
Jsb 302–3
Ju 491 

K11 305
K12 305 
K13 305 
K14 305–6
K17 (Wka) 305 
K18 306 
K19 306 
K22 306
K23 306 
K24 305–6
KEL gene 297, 298, 539 
Kell blood group system 295–314

antigens 296, 539 
association of Gerbich blood

groups with 434
in cells and tissues 310
effects of enzymes and reducing

agents 310 
evolutionary aspects 310
functional aspects 311
site density 299
spatial arrangement on Kell

glycoprotein 307–8
glycoprotein

spatial arrangement of Kell
antigens on 307–8

association of Kx protein and
312

K and k 297–301
frequencies 298, 298

Jsa 302–3
Jsb 302–3

polymorphism and genotyping
299

unusual expression 299
K11 305 
KI2 305 
KI3 305 
K14 305–6
KI7 (Wka) 305 
K18 306 
K19 306 
K22 306
K23 306 
K24 305–6

Kpa 301–2
Kpb 295, 301–2
Kpc 301–2
Kx 311–14

inheritance of 313–14
Levay 301–2
RAZ 307–8
TOU 307 
Ula 303
VLAN (KEL25) 306–7
glycoprotein 296–7
K/k polymorphism, molecular basis

of 387
Ko phenotype 296–7, 303–4, 

312
Kx protein 

association of Kell glycoprotein
and 312

and gene that encodes it 311–
12

notation 295–6
acquired and transient depressed

309–10
Allen 309
depressed Kell phenotypes

308–10
Gerbich-negatives 308
Kpa effect 308–9
Kmod 309
McLeod 308, 312–13

inheritance of 312–13
X-chromosome inactivation

314 
symbols 3
terminology 4

Kidd blood group system 342–8
antigens 540 

Jka

development and distribution
347

frequency 343
inheritance 343–4

Jkb

development and distribution
347

frequency 343
inheritance 343–4

Jk3 345–7
gene (JK) 540 

Jk (a–b–) phenotype 345–7
dominant type 347
recessive type 345–6
transient 347
urea lysis test 346

effects of enzymes and reducing
agents 344

glycoprotein 
and gene that encodes it 342–3
as red cell urea transporter 347–

8
polymorphism, molecular basis of

343–4
kidney disease, assoication of anti-

MER2 with 477
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Knops system 455–62
antibodies characteristics 460

clinical significance 460
antigens 283, 457–60

Cost antigens 455–62
Csa and Csb 461–2
frequencies 458
Kna and Knb 457–8
McCa, McCb 458
location CRI 456–7
McCa 458
Sla and Vil (KN4 and KN7) 

458–9 
strength 459
Yka (York) 459

CR1 (CD35) 455–7
association with malaria 461
functional aspects 461

effects of enzymes and reducing
agents 459–60

Helgeson phenotype 457
phenotypes, frequencies 458
Vil 458–9

Kpa 301–2
Kpb 295, 301–2
Kpc 301–2
Kx (XK) 311–14, 542

Laburnum alpinum lectin 31 
Lan 508
Landsteiner–Wiener antigens 540–1
Le and le genes 21–2

Le gene frequency 62–3
Le-transferase 22 
Lea 12–13, 21, 22, 59–63, 68 
Leabx 65 
Leach phenotype 433–4, 507
Leb 12–13, 21, 68 

association with Helicobacter pylori
69 

in plasma 60 
in saliva 60 

Lec 9, 65, 66
lectins 57–9

anti-A 58 
anti-A,B 59 
anti-B 59 
anti-H 59
MNS variants and 149–50

Led or Type 1 H 9, 65, 66
Leishmaniasis, CR1 and 461
leucocyte adhesion deficiency type II

48
leukaemia 

alterations in A and B antigens 50–2
serology 50–1
transferases 51

HLA antigens 521 
Ii antigens and 490 

Levay 301–2
Lewis blood group system

antibodies 63–5
clinical significance 64 
renal transplantation 64–5

antigens 21–5
ALeb 22
ALey 13
BLeb 22
BLey 13 
development 61–2
during pregnancy 62 
Lea 12–13, 22, 59–62, 68 

in plasma 60–1 
red cells 59–60
secretions 60

Leabx 65
Leb 12–13, 22, 68 

in plasma 60–1 
red cells 59–60
secretions 60

Lec 9, 65,
Led or Type IH 9, 65–6
Lex (X hapten) 9, 13, 65, 66
Ley (Y hapten) 9, 13, 66
in plasma 60–1
in red cells 59–60
secretions 60
sialyl-Lex 66 
in twin chimeras 61 
uptake by red cells 61

associations with disease 69–70
biosynthesis, inheritance and

molecular genetics 21–3
biosynthetic pathways 12
carbohydrate determinants 11–14
functional aspects 70
glycoconjugates expressing 9–11
history 7–9
leucocytes 67 
numerical notation 8
phenotype and gene frequencies

62–3
in red cells 62–3
in secretions 63

platelets 67 
tumours 68–9
structure of 9–14, 10–11

Lex (X hapten) antigen 9, 13, 65, 66
Ley (Y hapten) antigen 9, 13, 66
LFA-3 (CD58) 451
Lia 503
LKE (Luke) 175, 184–5

development and distribution 185
frequency and inheritance 185
involvement of other P antigens 185
variation in strength 185

LOCR 503
Lotus tetragonolobus lectin 31 
low frequency antigens 123–4, 243–5,

434–6, 435, 500–3
700 series 4, 500
antibodies 500–2
associated with Rh 503 
frequencies 501
Lia 503
Pta 503 
Rd 503

Lsa (GE6) 434–5

LU 540–1
Lu4 286
Lu5 286
Lu6 286
Lu7 286
Lu8 286–7
Lu9 286
Lu10 288 
Lu12 287
Lu13 287
Lu14 286–7
Lu11 288 
Lu15 469 
Lu16 288 
Lu17 288 
Lu18(Aua) 287–8
Lu19 (Aub) 287–8 
Lu20 288 
Lud antigen 491 
Lutheran blood group system 

antigens 278–9
AnWj 283 
Auberger 287–8

Aua (Lu18) 287–8
Aub (Lu19) 287–8

development 279
effect of enzymes and reducing

agents 288–9
Lua (LU1) 278–9

frequencies 278
inheritance 278

Lub (LU2) 278–9
frequencies 278
inheritance 278

Lu4 286
Lu5 286
Lu6 286 
Lu7 286
Lu8 286–7
Lu9 286
Lu10 288 
Lu11 288 
Lu14 286–7
Lu17 288 
Lu20 288 
Singleton 288 
suppressed by In(Lu) 283
variation in strength 278–9

glycoproteins (Lu-glycoproteins)
275–7

distribution and functions 289
immunoglobulin superfamily

(IgSF) 276
In(Lu) gene 276–7, 281–2, 283

effects of 282–5 
variable effects 284 

Lunull 280–1
acquired 285 
dominant type 281–2
frequency 280, 280
recessive type 280–1
types 280
X-Iinked type 284–5

symbols 3
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terminology 2–4
Lu-glycoproteins 275–7
Lutheran collection 4
LW antigens 195, 404, 540–1

in animals 411
development 407–8
dosage effects 408
phenotypic relationship to D 407
transient 408–9

LW blood group system 404–11
antigens 

development 407–8
frequency 406, 407
LW 195, 404 
LWa 405,407 
LWab 405,407 
LWb 405,407 
Nea 404

antibodies 409–10
animal anti-Rh 404,410 
clinical significance 409 
monoclonal 410 
transient 409

connection with Rh system 404 
dosage effects 408
effect of enzymes and reducing

agents 408
functional aspects 410–11
glycoprotein and gene that encodes

it 405–6
inheritance 406–7
LW gene 540–1
phenotypes and genotypes 404–5,

405
acquired LW 404 
acquired LW-negative 408–9
difficulties in notation 405
LW (a–b–ab+) 408–9
relationship to D 407

M 107
M antibodies 111 
M1 144 
malaria 

CR1 and 461
Duffy antigens and 334–6
Gerbich antigens and 438
and glycophorins 152–3
Sda and 518

MAM 510
MAR (RH51) 230–1
MARS (MNS43) 141
Mc (MNS8) 122–4 
McCa 458
McCb 458
McLeod syndrome 295, 312–13, 542
Me 125, 490 
membrane transporters 5
MER2 antigen 283, 539

human alloanti-MER2 476–7
monoclonal anti-MER2 476
red cell polymorphism 476

MER2 antibodies 476–7
MER2 gene 476

methyldopa haemolytic anaemia
autoanti-U 151

Mg (MNS1I) 119–22
Mia (MNS7) 137
MIC2 542
MINY (MNS34) 136
Mit (Mitchell, MNS24) 143
mixed field agglutination

ABO 27, 32, 33, 34, 51 
Lutheran 278 
Tn polyagglutination 526–7
VA polyagglutination 529 

MK genes 113–15
MNS blood group system 

antibodies 146–51
animal anti-M and -N 148
anti-N and renal dialysis 147–8
anti-S 150
anti-s 150
anti-U 150–1
anti-Ux 151
anti-Uz 151
clinical significance of anti-M 

and -N 147
glucose dependent 148 
human anti-M 146
human anti-N 146–7
lectins 149–50
monoclonal 196–7

antigens 101
associated with atypical

glycophorin glycosylation
144–6

biochemistry 145
relative frequencies 144, 145,

associated with abnormal
expression of Wrb 140–1

Can (Canner) 144 
Cla (Caldwell, MNSI7) 142
Dantu (MNS25) 137–8
development and distribution

153
Ena 101
ENAV 141
ENEP (MNS39) 141
ERIK (MNS37) 138–40
Far (MNS22) 142–3 
He (MNS6) 124–5, 133
HAG (MNS41) 141
Hil (MNS20) antigen 126, 136
Hop (MNS26) 135
Hu (Hunter) 144
Hut (MNSI9) 133–5
low frequency 123–4, 140–4
M 107
M1 144
MARS (MNS43) 141
Mc (MNS8) 122–4 
Me 125 
Mg (MNSII) 119–22
MINY (MNS34) 136 
Mit (Mitchell, MNS24) 143
Mur (MNSIO) 137
Mta (Martin, MNSI4) 141

MV (MNS21) 142 
N 107
Nob (MNS27) 135 
Nya (Nyberg, MNSI8) 142
Or (Orriss, MNS31) 143
Osa (MNS38) 144
Ria (Ridley, MNSI6) 142 
S and s 108 
SAT (MNS36) 130
sD (Dreyer, MNS23) 143 
Sj 144
Sta (Stones, MNSI5) 138–40
T 145–6 
Tm 145
Tn 145–6 
TSEN (MNS33) 136 
Vr (MNSI2) 141
Vw (MNS9) 134–5

association with Rh 151–2
biochemistry and molecular genetics

103–10
effect of enzyme treatment 110–11

chymotrypsin 111
papain, ficin, bromelin and

pronase 111
proteases 110–11
sialidase 111
trypsin 111

frequencies 102, 102
M and N 102 
M, N, S and s 102

glycophorins 
function and evolution 154–5
and malaria 152–3

GYPA and GYPB genes 101,
109–10, 109, 538 

GYPE gene 101, 109, 109, 110,
538 

history 99–101
inheritance 102–3
MK 113–15

antibodies 116
biochemistry 114–15
molecular genetics 115 

monoclonal antibodies to non-
polymorphic determinants
116

N 117–18
phenotypes and genotypes 101

En(a––) 101, 112–13
biochemistry 113
frequency of En gene 113 
from seeds 113 
molecular genetics 113
serological characteristics

112–13 
En (UK) 130–1
GPA-deficiency phenotypes

112–16
GP (A–B) associated variants

(Lepore type) 128–31
Gp.Hil (Mi.V) 128–9
GP (A–B) hybrids associated with

S antigen 129–30
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MNS blood group system
phenotypes and genotypes

(Continued)
GP (A–B–A) associated variants

133–6
GP (A–B–A) Sat 136 
GP. Dane (MiIX) 133
GP. Hut 133–4 
GP. Joh (Mi. VIII) 135
GP. Nob (Mi.VIl) 135–6
GP. Vw 133–5

GP(A–B–A)KI 136
GP (B–A) associated variants

(anti-Lepore) type 137–40
GP. Dantu 137–8
GP. EBH 140 
GP. Sch (Mr) 139–40
GP. Zan (Mz) 139–40

GP (B–A–B) associated variants
131–3

GP. Bun (Mi. VI) 131–3
GP. HF (Mi.X) 131–3
GP. Hop (Mi.IV) 131–3
GP. Kip 131 
GP. Mur (Mi.III) 131–3

hybrid glycophorins 120–1
Miltenberger phenotypes 125–7,

127
Pr 116–17 
quantitative variants 146

N2 146
S2 146

Sa 116–17 
U 117–19

biochemistry 118–19
frequency and inheritance 118
molecular genetics 119

Wrb 101, 116 
MNS genes 112, 538 
monoclonal antibodies 

anti-A, anti-B 55–6
anti-AnWj 470 
anti-CD44 280,283 
anti-D 210, 216–17, 245
anti-Fy6 331–2
anti-Ge4 431
anti-H 56–7
anti-i 489 
anti-Jka 345
anti-Jkb 345 
anti-Jra 509
anti-K 301
anti-Lea 63 
anti-LKE 185
anti Lua 275
anti-Lub 275
anti-LWab 407, 410
anti-M 111, 148–9 
anti-N 111, 148–9 
anti-P 182–3
anti-P1 182
anti-Pk 184–5
as blood grouping reagents 56 
CDw75 284 

Chido/Rodgers 421 
Cromer 450
Gerbich 437–8
JMH 478
Mabl48 anti-S-Iike 150 
MER2 476
to non-polymorphic determinants

on GPA 116
Rh 248
Rh-related murine 250

monosomy 7 and Colton antigens
400–1

mosaics 
Rh 250–1

healthy people 250–1
malignancy 250

Mta (Martin, MNSI4) 141 
Mur (MNSI0) 137
Mv (MNS21) 142 
myeloblastic erythropoiesis, Ii antigens

and 490 

N 107
N antibodies 111 
N-glycans 9 
nail-patella syndrome 539
Nea 404–5
Nob (MNS27) 135
NOR 528
Nya (Nyberg, MNSI8) 142

O-glycans 9 
Ok blood group system 473–5
Oka (OK1) 473, 540, 541
Oka glycoprotein 473–4
Ola 503
Om 491 
Or (Orriss, MNS31) 143
Osa (MNS38) 144 

P (globoside) 175, 178, 182
P blood groups 

antibodies, association with early
abortion 188–9

antigens
globoside series 177–9
LKE (Luke) 175, 184–5

biochemistry 178–8
development and distribution

185
frequency and inheritance

185
involvement of other P antigens

185
variation in strength 185

P (globoside) 175, 178, 182
P1 176

biochemistry 176
on chromosome 22 541
development and distribution

181
frequency and inheritance

180–1
sources 181

variation in strength 181
paragloboside series 176–7
Pk 177–8, 183–4, 185 

biochemistry 177–8 
on chromosome 22 541

as receptors for pathogenic
microorganisms 187–8

sialoparagloboside series 176–7
biochemistry 176–80

transferases 179–80
P (globoside) synthase 179
Pk (Gb3) synthase 179
P1 synthase 179–80

genetics 541 
notation 175–6
phenotypes 176, 185–7

p 185–7
antibodies in serum 186
cancer and 186–7
frequency and inheritance 186
molecular genetics 186

Pk 183–4
frequency and inheritance 183

unusual 187
terminology 3 

P1 282
biochemistry 176
development and distribution 181
frequency and inheritance 180–1
sources 181
variation in strength 181

P1 541
paroxysmal cold haemoglobinuria

(PCH) 
anti-i 489 
autoanti-P and 182

paroxysmal nocturnal
haemoglobinuria (PNH)

Cromer antigens and decay-
accelerating factor 444–5

Dombrock antigens 392 
Emm 509–10
Yt antigens and acetylcholinesterase

(AChE) 369–70
parvovirus B19 188
PEL 510
phenotype symbols 3
Pk 179, 183–4, 185, 188

on chromosome 22 541
Plasmodium falciparum 152, 153,

154, 438, 461
Plasmodium knowlesi 334–6
Plasmodium vivax 335–6
polyagglutination 524–9

acquired 524–6
classification 524 
definition 524 
HEMPAS 528 
Hyde Park 528–9
inherited 528–9
microbial 524–6 
non-microbial 526–7
NOR 528
persistent mixed field 529 
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Sd (a++) (Cad) 528
T 524–5

in malignancy 527–8
Th 525 
Tk 525 
Tn 526–7

in malignancy 527–8
Tr 529
Va 529 

polyglycosylceramides 9 
Pr antibodies 490 
precursor disaccharide s 11–14 

Type 1 12
Type 2 12 
Type 3 12 
Type 3A 27 
Type 4 12 
Type 6 12 

PrPc 451
Pta 503

Radin (Rd) antigen 387, 389–90, 537 
frequency 389

RAPH blood group system 476–7
RAZ 307 
RD gene 537 
receptors 5
reticulosis, anti-i and 489
retinitis pigmentosa 542 
Reunion phenotype 45
Rg 415–17,415
Rh blood group system 

antibodies 245–50
Cc 225
enzyme-only 249
transplant donor-derived 249–50
Ee 227

antigens 196
BARC (RH52) 216–17
Bea (RH36) 235
C and c 195, 197, 223–5 

partial variants 224–5
phenotype, predicting from

DNA 223–4
polymorphism 223, 224

ce or f (RH6) 228
Ce (RH7) and Rh41 228 
CE (RH22) 228 
cE (RH27) 228 
compound 228
Cu 223
Cw (RH8) 229–30
Cx (RH9) 229–30
D (RH1) 195, 197, 208–21

elevated 219–20
epitopes 210–13, 219
molecular genetics 208–9

Africans 209
Asians 209
Europeans 208–9

partial 210–13, 215
phenotype, predicting from

DNA 221–3
quantity of sites 220, 220

trans effect of C 219
variants

DII 213
DIII 213–16
DIV 216
DV 216 
DVI 216–17
DVII 217
DAR 218
DBT 217
DFR 213, 217
DHAR 217–18
transfusion practice 220–1

weak 210, 218, 219
DAK 213–16
DEL (Del) 218–19
development and distribution

251 
erythroid precursors 251
fetal red cells 251
other cells and tissues 251

Duclos 207, 510
Du 210
Dw (RH23) 216
E and e 195, 225–7

polymorphism 225
phenotype, predicting from

DNA 225
variants 225–6

Ew (RH11) 225–6
FPTT (RH50) 217, 243–4
G (RH12) 228–9
Goa 216
HOFM 503
Hr (RH18) 226 
hrB 227
HrB 227
hrS (RH19) 226
LOCR 503
low frequency 243–5
LW 195, 207
MAR (RH51) 230–1
Rh26 224–5
Rh31 227
Rh32 217, 243–4
Rh33 217–18
Rh34 227
Rh35 233–4
RhA, RhB, RhC, RhD 210
Riv (RH45) 238
Ro

Har 217–18
STEM (RH49) 227
Tar (RH40) 217
VS or es (RH20) 231–2

association with MNS system
151–2

association with membrane skeleton
208

autoantibodies 249
biochemistry 201–8

accessory glycoproteins 207–8
Rh polypeptides 201–8

CcEe polypeptides 203
cloning of Rh genes 201–2

D polypeptide 203–4
identification and isolation

201
organization of genes 204–5

depressed expression of CcEe
antigens 232–6

DCe 232–3
and JAL (RH48) 234
and Rh35 233–4
depressed 234
FPTT-associated 234
R1 Lisa 305 
R N or D (C) (e) and Rh32

antigen 232–3
Dce 235

depressed haplotypes 235
JAL 235
RoHar or DHARc(e) and Rh33

antigen 235
DcE or dcE haplotypes 236
dce 235–6

d (c) (e) 
and Bea antigen 235
d(C)(c)(E) or ryn 236
Rh:–32, –46 235–6

rL 235
rt 235
ryn 236

dCE 236
rM 236 

evolutionary aspects 252
functional aspects 251–2
genes (RH)

in vitro expression of 205
organization 204–5, 206–7

genetic models 197–9
genotypes and phenotypes 199, 

200
haplotype frequencies 198, 199
history 197
inheritance 199
molecular genetics 201–8
mosaics 250–1

healthy people 250–1
malignancy 250

notation and genetic models 197–9
Fisher–Race theory 197–8
numerical notation 198
Tippett’s two-locus model 198–

9
Wiener’s Rh–Hr theory 197, 

198
phenotype 

D–– 236–7
D·· and Evans (Rh37) antigen

237
D variants 211–12

DII 213
DNU 213
DNB 213
Dc– 237–8
DCw– 238
DIV(C)– and Riv (RH45) 238
Du 210 
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Rh blood group system (Continued)
rG 228–9
Rhmod 241
Rhnull 239–43

amorph type 239–40
antibodies 241–2
regulator type 240–1

RH gene 535–6
Rh32 232–3, 243–4
Rh33 235 
Rh34 227
Rh35 233–4
RHD 205
RHCE 205
Rh accessory glycoproteins 207–8
Rh-deficiency syndrome 242–3
RhAG-associated glycoprotein 206–

7
Ria (Ridley, MNSI6) 142 

S and s 108 
Salis antigen 466 
SAT (MNS36) 130
SC gene 537 
Sc1 and Sc2 387
Sc3 387–8
Scianna blood group system 387 

antibodies 388–9
antigens 

Bua 387 
Sc1 and Sc2 387
Sc3 387–8
Sm 387 

association with Radin antigen 387,
389–90

biochemistry 389
effects of enzymes and reducing

agents389
gene (SC) 537 
glycoprotein 389 
Sc:–1,–2,–3 phenotype 387–8

sD (Dreyer, MNS23) 143 
Sd (a++) (Cad) phenotype 146,

514–15, 528 
Sda 514–18

in babies and pregnant women 515
biochemistry 516–18
in body fluids and tissues 515 
frequency and inheritance 515
malaria and 518
on red cells 518
structures associated with

phenotypes 517
in urine 516–17
variation in strength 514–15

Sda glycosyltransferase 518
Se and se genes 16, 22, 60
selectins 66
Shigella dysenteriae, toxins of 188
Sia-bl (Fl) antigen 491 

glycophorins 103–4
identification 104–5

notations 103
see also glycophorins 

sialyl-Lex 24–5, 66
sialyosylparagloboside 188
sickle cell disease 

anti-Fy4 332 
anti-Fy5 331 
Ii antigens and 490 

Sid 514–18
antibodies 515–16
biochemistry 516–18

sideroblastic erythropoiesis, Ii antigens
and 490 

Singleton 288
Sj 144
Sla 458–9
somatic cell hybridization 535 
South East Asian ovalocytosis (SAO)

Diego system and 363
SSEA-4 antigen 184
Sta (Stones, MNS15) 138–40
STEM (RH49) 227
Streptococcus suis, toxins of 188
Su gene 117 
systemic lupus erythematosus 

association with C4 deficiency and
Ch/Rg- null phenotype
422

HLA-B7 antigen and 521 

T 145–6, 524–5
Tamm–Horsfall glycoprotein 516–

17
Tca (CROM2) 447–8
TcaTcb 447–8
Tcb (CROM3) 447–8
Tcc (CROM4) 447–8
Th 525 
thalassaemia, Ii antigens and 490 
Tk 525 
Tm 144
Tn 145–6, 526–7
TOU 307 
Tr 529
TRA-1-85 473
transcobalamin II 541 
TSEN (MNS33) 136
Tx cryptantigen 526 

Ula 303
Ulex europaeus lectin 31
UMC (CROM1O) 449
urea lysis test 346
uromodulin 516

VA 529 
Vel 505–7

frequency and inheritance 505–6
verotoxins 188
Vibrio cholerae, MNS system and 153
viruses, P antigen and 188
VLAN (KEL25) 306–7

Vr (MNS12) 141 
VS or es (RH20) 231–2
Vw (MNS9) 133–5

Wb (GE5) 434 
WESa (CROM8) 448 
WESb (CROM9) 448 
Wiskott–Aldrich syndrome anti-i and

489
Wright antigens 356–8
Wra 356–8, 357
Wrb 356–8

association with GPA 357–8
Wright collection 4

X-linked suppressor (XS) 542 
XG 541–2
Xg blood group system 374–84

antigens 541–2
in animals 383–4
Xga 375–6

biochemistry 375–6
development and loss 376
dosage and site density 376
on other cells 376

association with disease 383
CD99 (12E7) 374, 377–8
gene frequencies 374, 375
inheritance 374–5 
MIC2 and XG genes 379–80,

541–2
pseudoautosomal region 378–9
sex chromosome aneuploidy

383
X-chromosome inactivation 378–9
Xga expression and CD99

quantitative
polymorphism 381–2

XX males 382–3
Xga 375–6, 381–2
XK 542
XX males 382–3

Yka (York) 459
Yt (Cartwright) blood group system

369–72
gene (ACHE) 539
transient phenotype 372

Yta and Ytb antigens 369–72, 539
development and distribution

371
effects of enzymes and reducing

agents 371
frequency 370
inheritance 370–1
polymorphism, molecular basis for

370–1
red cell acetylcholinesterase and

369–70
Yus phenotypes 431–2 

12E7 see CD99 


