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Foreword

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, [ am delighted
and astonished at the rapid advances made in recent

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
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Preface

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 19935; 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

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, Thave 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.



ADP
ATP
AET
AIDS
AIHA
BFU-E

CDA
CGD
cDNA
CFU-E
CFU-GM

CFU-MK
DAT

DHTR
DL
DNA
DTT
EBV
EST
GDP
GPI
HCF
HDN

Some abbreviations used

Adenosine diphosphate

Adenosine triphosphate
2-aminoethylisothiouronium bromide
Acquired immune-deficiency syndrome
Autoimmune haemolytic anaemia
Burst-forming unit—erythroid
Basepair

Congenital dyserythropoietic anaemia
Chronic granulomatous disease
Complementary deoxyribonucleic acid
Colony-forming unit—erythroid
Colony-forming unit—granulocyte/
macrophage

Colony-forming unit—megakaryocyte
Direct antiglobulin test (or direct
antiglobulin reaction)

Delayed haemolytic transfusion reaction
Donath-Landsteiner

Deoxyribonucleic acid

Dithiothreitol

Epstein—Barr virus

Expressed sequence tag

Guanosine diphosphate
Glycosylphosphatidylinositol

Hydatid cyst fluid

Haemolytic disease of the newborn (also
used for haemolytic disease of the fetus)

IHTR

ISBT

kb
LISS
MAIEA

Mr
mRNA
PAS
PCH
PCR
PNH
RFLP

RNA
RT-PCR

SAO

Immediate haemolytic transfusion
reaction

International Society of Blood
Transfusion

Kilobase

Low ionic-strength solution
Monoclonal antibody-specific
immobilization of erythrocyte
antigens

Relative molecular mass (molecular
weight)

Messenger ribonucleic acid
Periodic acid-Schiff

Paroxysmal cold haemoglobinuria
Polymerase chain reaction
Paroxysmal nocturnal haemoglobinuria
Restriction fragment-length
polymorphism

Ribonucleic acid

Reverse transcriptase-polymerase chain
reaction

South-East Asian ovalocytosis

SDS PAGE Sodium dodecyl sulphate polyacrylamide

SNP
SSEA
UDP

gel electrophoresis

Single nucleotide polymorphism
Stage-specific embryonic antigen
Uridine diphosphate



1 Human blood groups: introduction,
terminology, and function
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1.2 Blood group terminology, 2

1.3 Structures and functions of blood group
antigens, 4

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

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



CHAPTER 1

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) (AET)
011 Yt YT 2 Acetylcholinesterase ACHE 7
012 Xg XG 2 Glycoproteins, including XG, MIC2 XY
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), FUTT 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 1
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.

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 Aninternationally agreed nomenclature

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



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 Lu?, the
first antigen in that system, has the number 005001.
Each system also has an alphabetical symbol: that for
Lutheran is LU. So Lu? is also LU0OO1 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, Lu“ 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, Lus/Lu* becomes LU 1/2 or
LU*1/2, and LusLu$/Lu*Lu® 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-

HUMAN BLOOD GROUPS

Table 1.2 Some examples of Kell system terminology.

Original Numerical
Antigen K, k, Kp?, KpP KEL1, KEL2, KEL3,
KEL4
Phenotype K-k+Kp(a-b+) KEL:-1,2,-3,4
Gene K, k, Kp?, Kp® KEL 1, KEL 2, KEL 3,
KEL4
KO KELO
Genotype kKp®/kKp® KEL 2,4/2,4
urIul KEL 10/-10
kKpa/K° KEL 2,3/0

An asterisk may occupy the space following the system symbol in
genes and genotypes, e.g. KEL*1.

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
while A-and B-transferases, which require Hantigen 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

3



CHAPTER 1

responsible for Rh, ,, phenotype, but may also cause
absence of U (MNSS5) and Fy$ 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
Tc?, Tcb, and Tc€ had the numbers 900020, 700035,
and 700036, respectively, and WES* and WESP 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.

Table 1.3 Blood group collections.

No. Name Symbol No. of antigens
205 Cost COST 2
207 li | 2
208 Er ER 2
209 Globoside GLOB 3
210 (Leand Led) 2

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.



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 3).

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
CDS58 (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

HUMAN BLOOD GROUPS

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 CDw?735 (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, CDS53), the Cromer glycoprotein (Chapter
19), and complement receptor-1 (CR1, CD335), 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

5



CHAPTER 1

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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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-

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 notagglutinated 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).
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Table 2.1 Numerical notation for the ABO, Lewis, and Hh systems, and for Le¢ and Led.

ABO (system 001) Lewis (system 007) Hh (system 018) Collection 210
ABO1 A LE1 Le? H1 H 210001 Le¢
ABO2 B LE2 LeP 210002 Led
ABO3 AB LE3  Le?
ABO4 A, LE4 LebH

LE5 AleP

LE6  Bleb

Obsolete: ABOS, previously H.

Table 2.2 The ABO system at its simplest level.

ABO Antigenson Antibodies

group red cells inserum Genotype
(0] None Anti-A,B 0/0

A A Anti-B AlAorA/O
B B Anti-A B/Bor B/O
AB AandB None A/B

Some group A people produce an antibody that ag-
glutinates the red cells of most other A individuals.
Thus A was subdivided into A; and A,, and the three
allele theory of Bernstein was extended by Thomsen
et al. [8] to four alleles: A, A%, 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
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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 Hdo 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-Le?, 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-LeP, that defined a de-
terminant only present on Le(a—) cells of adults. Six per
cent of group O adults lacked both antigens. Although
Le? and LeP 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 Le? and Le" 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 Le® antigen or, if no
H is present (non-secretors), to the precursor of H to
produce Le®. 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 ALe" and B to BLe".
About 6% of white people and 25% of black people



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 Le and Led represent precursors of the
Lewis antigens and are present in increased quantity in
the plasma of Le(a—b-) individuals. Le¢ 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. Le*
and LeY antigens, isomers of Le® and Le®, 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].

ABO, Hh, AND LEWIS SYSTEMS

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 Galfl—
4GIcNAcB1—3 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 1
Precursor (Le) GalB1—-3GIcNAcB1—-R*
H (Led) GalB1—-3GIcNACB1—-R*
2
1
Fucol
A GalNAco1—3GalB1—3GIcNACB1—R*
2
1
Fucal
B Galo.1—3GalB1—3GIcNAcB1—R*
2
1
Fucal
Le® GalB1—-3GIcNACB1—-R*
4
T
Fucal
Leb GalB1—3GIcNACBT1—R*
2 4
T T
Fucol  Fucoal
ALeb GalNAca1—3GalB1—-3GIcNACB1—R*
2 4
T T
Fucal  Fucal
BLe® Galo1—3GalB1—-3GIcNACB1—R*
2 4
T T
Fucal  Fucal
sialyl-Le® GalB1—-3GIcNAcB1—-R
3 4
T T

NeuAco2  Fucoal

Type 3: O-linked mucin type

Precursor Galp1—-3GalNAca.1—0-Ser/Thr
(Tantigen)
A GalNAca1—-3Galf1—-3GalNAca1—0O-Ser/Thr
2
1
Fucol

Precursor

H(CD173)

Le*

LeY

ALeY

BLeY

sialyl-Le*

H

Type 2
GalB1—4GIcNAcB1—-R

Galp1—4GIcNACR1—RT
2
3

Fucol

GalNAco1—3GalB1—4GIcNAcCB1—RT
2
1

Fuca1

Galo1—3GalB1—4GIcNAcB1—RT
2
1

Fucoal

GalB1—-4GIcNAcB1-R
3
1

Fucal

Galp1-4GIcNACR1—R
2 3
0 T

Fucal Fucal

GalNAca1—3Galp1—4GIcNAcBT1—-R
2 3
T T

Fucal  Fucal

Gala1—-3Galp1—-4GIcNAcB1—-R
2 3
T T

Fucal  Fucol

GalB1—-4GIcNAcB1-R
3 3
T T

NeuAco2  Fucal

Galp1—-3GalNAca.1—0-Ser/Thr
2
1

Fucal

Galo1—3GalB1—-3GalNAco1—0-Ser/Thr
2
1

Fuca1

10
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Table 2.3 Continued

ABO, Hh, AND LEWIS SYSTEMS

Type 3: repetitive type

H Galp1—3GalNAco1—3Galp1—-4GIcNACB1 >Rt
2 2
T T
Fucal Fucal

A GalNAca1—-3Galf1—-3GalNAca1—3Galp1—-4GIcNAcCB1—-RT
2 2
T T
Fucal Fucal

Type 4: globo-series

Globo-H

Globo-A

Galp1—-3GalNACB1-R
2
;

Fucal

GalNAco1—3GalB1—-3GalNAcB1—-R

2
1

Fucal

*Adsorbed onto red cells from plasma in individuals of appropriate genotype.

tIntrinsic 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 p-galactose

GalNAc N-acetyl-p-galactosamine
Glc Glucose

GlcNAC N-acetyl-b-glucosamine
Man Mannose

NeuAc Sialic acid (N-acetylneuraminic acid)
R Remainder of molecule
Ser Serine

Thr Threonine

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 2x 10° 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]):
Type1 Galp1—3GIcNAcf1—-R
Type2 Galf1—4GIcNAcf1—-R
Type 3 Galp1—3GalNAco1—R
Type4 Galp1—3GalNAcB1—R
Type 5 Galp1—3Galp1—R
Type 6 Galp1—-4Glcp1—-R.
Types 1-4 and Type 6 occur in humans; Type 5 has
only been chemically synthesized.

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

11
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>
A

R Remainder of molecule

-fucose in a1 — 2 linkage

t-fucose in a1 = 3 (or a1 — 4) linkage

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: f1—3 in
Type 1 and B1—4 in Type 2. Type 2 structures and the genes acting on them are shown in parentheses. Dashed lines show how
Le? (Le¥) and LeP (LeY), produced from the precursor and H structures, respectively, are not substrates for the H, Se, or ABO

transferases and remain unconverted.

tures have N-acetyl-D-galactosamine and p-galactose,
respectively, attached in a-linkage to C-3 of this 01—2
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 Bimmunodominant sugar.
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Le* and Le antigens are expressed when fucose is
attached to the N-acetylglucosamine of the Type 1
precursor and of Type 1 H, respectively [41-45]. Le*
and Le¥ are the Type 2 isomers of Le® and Leb
[40,44,46,47]. Fucose is linked a1—4 to the N-
acetylglucosamine of a Type 1 chain in Le? and LeP and
01—3 to the N-acetylglucosamine of a Type 2 chain in
Le*and LeY. LeX and LeY are not present in substantial
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Table 2.5 Examples of H-active glycoconjugates with Type 2 precursor chains (for abbreviations see Table 2.4).

Glycosphingolipid (simple linear)

Fuco1—2GalB1—-4GIcNAcB1—-3Galp1—-4GIcB1—-Cer

Glycosphingolipid (branched)

Fuco1—2GalB1—-4GIcNAcB1—-3(GalB1—-4GIcNAcB1—-3),GalB1—-4GIcB1—-Cer

6
1
Fuca1—2Galp1—-4GIcNACB1

N-linked glycoprotein
Fuca1—2Galp1—-4GIcNACB1

6

Fuco1—2GalB1—-4GIcNAcB1—-3(Galp1—-4GIcNACB) , 1—-2Man

\Man-GIcNAc-GIcNAc-Asn

Fuco1—2GalB1—-4GIcNAcB1—-3(GalB1—-4GIcNACB),,1—-2Man

6
1
Fuca1—2Galp1—-4GIcNACB1

O-linked glycoprotein (complex mucin type)

Fuco1—2GalB1—-4GIcNACB1

6

Fuco1—2GalB1—-4GIcNAcB1—-3(GalB1—-4GIctNAcB1—-3),GalNAco1—Ser/Thr

6
1
Fuca1—2Galpf1—-4GIcNACB1

n=0-5 or more.

quantities on red cells [48]. The monofucosylated Le?
and Le* 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 (Le? and Le) 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 (B1—4) linkage [53] (Table
2.5). Extended Type 1 structures with Le? and LeP 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 f1—3 linkage to the termi-
nal N-acetylgalactosamine of an A-active Type 2 chain

13
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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 chainsand 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
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Table 2.6 Some glycosyltransferase genes and the enzymes
they produce.

Locus Allele Transferase
FUTT (H) H ol1,2-.-fucosyltransferase
h None
FUT2 (SE) Se ol1,2-.-fucosyltransferase
se None
ABO A al1,3-N-acetyl-p-
galactosaminyltransferase
B o1,3-p-galactosyltransferase
(0] None
FUT3 (LE) Le al1,3/4-.-fucosyltransferase
le None
FUT4
FUT5
al1,3-L-fucosyltransferase
FUT6
FUT7
FUT8 ol,6-.-fucosyltransferase

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 Hantigen

H antigen is produced when an ol,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 al,2-1-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



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]). FUT1T 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
(exon4in FUT1, exon 2 in FUT2) encodes the protein
product [79,80].

2.3.1.1 Redcells

Ernst,Rajan, Larsen efal.[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 o.1,2-
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 EcoRlI 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 o.1,2-L-fucosyltransferase with an ap-
parent K 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 FUTT 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.
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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 (FUT?2). 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 (Galp1—3GlcNAc) and
Type 2 (Galf1—4GlcNAc) 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 ol,2-fucosyltransferase specific for Type 2 sub-
strate and present in haemopoietic tissues, and that the
Se gene codes for an ol,2-fucosyltransferase that
utilizes both Type 1 and 2 substrate and is present
in secretory glands. Identification of two human
ol1,2-fucosyltransferases with slightly different
properties and subsequent cloning of two ol,2-
fucosyltransferase genes has confirmed the concept of
two structural genes.

Le Pendu et al. [73]
fucosyltransferase from the serum of non-secretor in-

compared  al,2-

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 K, 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 K 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
c¢DNA. FUT2 encodes a 332 amino acid polypeptide,
with substantial sequence homology to the product of
FUT1, plus anisoform with 11 extra residues at the N-
terminus [78]. The expressed product had ol,2-
fucosyltransferase activity with a pH optimumand K,
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,
Secl, was isolated [77,78]. Sec1 and FUT2 are sepa-
rated by 12 kilobases and share over 80% sequence
identity, but Secl contains translation termination
codons, which disrupt potential open reading frames.
The two al,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 (se*?%) contains a
G428A nonsense mutation converting the codon for
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Trp143 to a translation stop codon, so no active en-
zyme is produced [78,94-96] (Table 2.7). The se#?$ al-
lele also encodes a Gly247Ser substitution, but that
change alone does not affect o1,2-fucosyltransferase
activity [76,78]. The se*?$ 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 a.1,2-
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 (Se*3%3), common in the Far East
and South Pacific, encodes an Ile129Phe substitution
in the stem region of the ol,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]. Se385 has a gene frequency of 44% in
Japanese [98], but has not been detected in Europeans

w385 (

or Africans [76,96]. Homozygosity for Se or het-

erozygosity for Se*?#5and 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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Table 2.7 FUT?2 alleles responsible for ABH non-secretor phenotypes (se) or partial-secretor phenotype (Se*).

Amino acid

Allele Mutation substitution Population Reference
Sews38s A385T lle129Phe Taiwan Chinese, Japanese, [76,97-101]

Indonesian, Polynesian,

Filipino
sed28 G428A Trp143Stop European, African [78,96,99]
se’! C571T Arg191Stop Polynesian, Taiwanese, Japanese, [76,94,96,98,101,102]

European, Filipino
seb28 C628T Arg210Stop Japanese [98]
seb58 C658T Arg220Stop Chinese [103]
5885 del GTG 685-689 del Val229 or 230 Taiwanese [104]
5e688 del GTC688-690 del Val230 Filipino [101]
se’78 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.

(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:
Se*0 Tle14Val; Se*$! Asp161Asn; Se*0#81 Ile14Val,
Asp161Asn. The other allele, Se’”® 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 al,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 o1,2-fucosyltransferase is predomi-
nantly haemopoietic in origin [108] and may originate
from circulating red cells and platelets [109].

FUT?2 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 o.1,3-N-acetyl-
D-galactosaminyltransferase, which transfers N-
acetyl-p-galactosamine from a uridine diphosphate
(UDP)-N-acetylgalactosamine donor to the fucosylat-
ed galactosyl residue of H antigen. The B gene
product, an ol,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-

17



CHAPTER 2

transferase associated with A; and A, 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 o-
galactosyltransferases [111].

Glycosyltransferases are antigenic structures.
Human antibodies to blood group transferases are
often produced following organ transplantation
[114-117]. B, H, Le?, Le*, and Le¥ 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 3 bp 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
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[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 O') sequence is
identical to the A (or A') 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 A? allele has a single nucleotide dele-
tion in the codon before the translation stop codon of
an A' 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 A sequence disrupted by a single
base deletion at position 261, isnow named O’. There
are two other O alleles of significant frequency. A very
common allele, O (for O!-variant), has the single
base deletion of O at position 261, preventing the
production of any active transferase, but contains at
least nine other nucleotide differences from O’ and A’
[129]. The proportions of O alleles with the G261
deletion that are O 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, O, lacks the G261 nucleotide deletion, but
has two nucleotide differences from the A’ sequence
thatencode 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 A’ ¢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 O?
[130,136,138-141]; O? has not been found in
Japanese or Chinese [132-134]. The symbols *O101



Fig.2.2 Diagram representing
¢DNA 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 A2and O result in
reading frameshifts and
introduction and abolition of stop
codons in O' and A2, respectively.
Amino acid substitution at position
268 is responsible for inactivation of
the O? 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
A, -transferase and the positions of
the nucleotide deletions (A) in the
A?and O genes. Regions shown in
black are the extra 21 amino acids in
the A,-transferase and the sequence
encoded between the nucleotide
deletion and the stop codon in the
product of O
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and *O201 have also been used for O! and O,
respectively [133].

Yamamoto and Hakomori [126] constructed A-B
c¢DNA 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. I 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 18 kb. Exons 6 and 7 constitute
77% of the coding sequence [124,142] (Fig. 2.4). The
G261 deletion of O and O genes is in exon 6; the
nucleotide changes that distinguish A, B, and O? are
inexon 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 4 kb 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 A%, B, O', and O alleles,
but only one copy in A’ and O? 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

12 345 6 7

9 23 17 16 12 45 225 amino acids

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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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 A genes in
Japanese (*A102) differ from the A! 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 A? allele in-
troduced a reading frameshift resulting in an enzymat-
ically inactive product (O%) [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
O' or O 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 A’ or O origin gives rise to A, activity; exon 7
with O origin results in weakened A activity (A,
orA,).

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 O 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-O' gene would encode an enzyme with A-
transferase activity because O’ and A’ 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
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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 O! 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
O! gene has an identical sequence to exon 7 derived from an
Al gene. X, site of recombination; A, site of nucleotide
deletion in O! allele; open boxes represent exons derived
from an O' gene; shaded boxes represent exons derived
froma B gene.

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 o1,3-
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-
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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 A, A2,
B, O! (including O"), and O? [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-
tectedand A, B, and O? 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 Le? in saliva is
controlled by one locus (now called LE or FUT3) and
thus Le might result from an interaction between the
products of the Lewis and secretor genes. People with
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Table 2.8 ABO allele frequencies determined by PCR-based analyses of genomic DNA.

Alleles

Population No. of alleles tested Al A? B o’ o? 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.

both Lewis and Secretor (Se) genes have Le® and LeP in In ABH non-secretors (se/se), no ol,2-

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 Le? 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, Le¢ and Led, are
described in Section 2.19.2.

2.3.3.1 Lewis biosynthesis

The Lewis (Le) gene product is an ol,4-1-
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 Le?; to Type 1 H to form Leb;
to Type 1 A to form ALe; 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 Le? or LeP, 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 ol,4-
fucosyltransferase; and le, which is apparently silent.
People homozygous for le secrete neither Le? nor LeP
and have the Le(a—b-) red cell phenotype, regardless of
their ABH and secretor phenotypes.
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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 Le? antigen; so the secretions contain Le?
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 Le® 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 ALeP or BLe". Although Le-
transferase can utilize either Type 1 precursor or Type
1 H acceptor substrates to produce Le? and LeP, re-
spectively, Le? is a very poor substrate for the Se gene
specified o1,2-fucosyltransferase [10,16]. Conse-
quently, there is competition between these two en-
zymes for substrate [173,174]. If any Le? is produced
from Type 1 ‘precursor’ by the Le-transferase it cannot
be converted further to Le by Se-transferase, so secre-
tions of a person with Le and Se genes contain Le?® and
Leb, although very little Le® is detected in the plasma or
on the red cells. Similarly, Le® is not an acceptor sub-
strate for A- or B-transferase [10,16], and secretions of
anindividual with Le, Se, and A genes contain Le?, Le®,
and ALeP (Fig. 2.1). The product of the weak secretor
gene (Se*), common in the Far East, competes with the
Le-transferase less effectively than that of an Se allele,
resulting in substantially greater production of Le?
than present in secretors. People homozygous for Se*,
or heterozygous Se*/se, have Le* and Le" in their
plasma and secretions and Le(a+b+) red cells
[54,76,97,100,175,176].



Le-transferase has the exceptional ability to catalyse
two distinct glycosidic linkages. In addition to a1,4-
al,3-
fucosyltransferase activity and is usually referred to as
an o1,3/4-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-

fucosyltransferase activity, it has some

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 o1,3/4-
fucosyltransferase. The gene contains an intronless
coding region, which encodes a 361-amino acid pro-
tein with the three-domain structure typical of glyco-
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syltransferases. There is a high level of sequence identi-
ty with some of the a:1,2- and o.1,3-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 ol,
3/4-fucosyltransferase activity: Trp68Arg [194];
Gly170Ser [186];1le356Lys [185,186]. The enzyme is
notinactivated 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 FUTS3 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

tLe Leu Trp Thr Leu Asp Gly Gly Val Ile

tLe> Arg - - - - - - - - Indonesians, [185,188,191-193]
Europeans,
Japanese, Chinese

|e1067 - - - - - - - - Lys Indonesians, [185,189,191,192]
Europeans,
Japanese, Chinese

|e29.1067 Arg - - - - - - - Lys Europeans, Japanese, [185,186,188-193]
Indonesians,
Africans, Chinese

[e59.508 Arg - - - - Ser - - - Europeans, Japanese, [183,184,186-188,
Chinese, Africans 190-193]

|e202,314 - Arg Met - - - - - - Europeans, Africans, [188,190-192]
Chinese

[e>968.1067  Arg  Arg - - - - - - Lys  Europeans [188]

[e59445 Arg - - Met - - - - - Europeans [188]

|e202 - Arg - - - - - - - Europeans, Africans [191]

[e#84,667 - - - - Asn - Arg - - Africans [191]

|e484,667,808  _ - - - Asn - Arg Met - Africans [191]

[g202.314,484  _ Arg Met - Asn - - - - Europeans [191]

*Numbers represent nucleotide position of mutation.
+Common active allele.
fProduct enzymatically active, but may affect Golgi anchoring.
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Table2.10 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
Le®® 0 0.020 0
le?067 0 0.005 0.001
|e59,1067 0.130 0.025 0.082
|e59.508 0.010 0.310 0.274
|e202,314 0.140 0.080 0
|e202 0.010 0.015 0
|e?84.67 0 0.025 0
|e#84.667,808 0 0.020 0
16202,314,484 0.005 0 0
Le304 0.005 0.020 0
Le370 0 0.005 0
References [191] [191] [99,186,189]

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, Le?% (GIn102Lys) and Le?7 (Ser124Ala),

have no affect on enzyme activity [191].

202,314 59,1067

In white populations, le and le are the

two most frequent Lewis-negative alleles [190,191],
whereas le*?3%8 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].

ol1,4-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]). al,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-
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ney; lesser amounts are present in salivary gland,
bladder, uterus, and liver [199].

2.3.4 Le*, LeY, and sialyl-Le*

LeX(CD15) and Le? represent the Type 2 isomers of Le?
and LeP, respectively (Table 2.3). An ol,3-L-
fucosyltransferase catalyses the transfer of r-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 Le¥, LeY, ALe?, and BLe?,
respectively (Fig. 2.1). In analogy with the Lewis struc-
tures, LeX antigen is not converted to Le¥ antigen by H-
transferase or Se-transferase, and Le¥ antigen is not
converted to ALeY or BLeY by A- or B-transferase. (The
antigen described here as Le* differs from the original

abx in this chapter, see Section

Le* antigen, called Le
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, FUTS, and FUTG6 (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-Le*
(sialyl-CD135) [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-Le* on leucocytes. FUT6 produces
an ol,3-fucosyltransferase present in plasma, liver,
kidney, colon, and salivary glands. The tissue distribu-
tion of the FUTS 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, FUTS,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.
FUTS, which encodes an o1,6-fucosyltransferase,
may represent the ancestral gene [181].

Homozygosity for FUTG6 alleles containing either a
missense mutation (Glu247Lys) or a nonsense muta-
tion (Tyr315Stop) is responsible for deficiency of plas-



ma o1,3-fucosyltransferase in Indonesia [212], Poly-
nesia and Sweden [213]. Nine per cent of Indonesians
from Java have ol,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 FUT®6 loci [212].

Part 3: ABO, Hh, and secretor systems

2.4 A,andA,

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 A,
and A,.

The usual way of interpreting the A; and A, sub-
groups is as follows.

Anti-A (group B

serum)
Group Antigens Anti-A Anti-A,
A A A + +
Az A + —

Sera from group B individuals appear to contain
two antibody components, anti-A and anti-A,. A cells
react with both components, whereas A, cells react
only with anti-A. Adsorption of some group B sera
with A, cells removes anti-A leaving behind anti-A,
[214]; continued adsorption of group B serum with A,
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-A, is present in the serum of some A, and A,B
people [217,218]. By agglutination of A, cells at room
temperature, anti-A; was found in the serum of 1-2%
of A, and 22-26% of A,B individuals [219,220].
More sensitive techniques revealed anti-A; in higher
proportions of A, and A,B donors [221,222].

Probably the best and most widely used anti-A,;
reagent is Dolichos biflorus lectin [223]. Raw extract
of Dolichos seeds agglutinates A, and A, red cells, but
at a suitable dilution the lectin will easily distinguish
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Table2.11 A;A,BO genotypes and serologically
determined phenotypes.

Genotype Phenotype
ATIAT

AT/A2 A,
A'l0

A?IA?

A%l0 } A
B/B

B/O } B
A'/B AB
A/B AB
0/0 ()

A, and A B from A, and A,B. Red cells from group A
babies usually react only weakly with Dolichos lectin
and may not be agglutinated at all by human anti-A
[224]. It should be remembered that Dolichos lectin
also agglutinates rare red cells with a very strong Sd*
antigen and Tn polyagglutinable red cells, regardless
of ABO group (Chapters 29 and 31).

A, red cells have substantially higher expression of
H antigen than A cells.

When determined by serological means, the A’ gene
appears dominant over AZ and the genotypes Al/A’
and A'/A? 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 A,-and A,-transferases, and
the genes that produce them

The A gene
acetylgalactosaminyltransferase (Section 2.3.2.1). A-

product is an N-

transferase isolated from sera or gastric mucosa of A,
individuals is more effective at converting group O red
cells to A-active cells than that from A, people
[225-228]. When A, enzyme is used, the reaction is
much slower and under normal conditions O cells are
only converted to A, phenotype. However, after ex-
tended incubation with A, enzyme, O cells may be
weakly agglutinated by A;-specific reagents [228].
A, enzyme can convert A, cells to A; phenotype
[226,227]. N-acetylgalactosaminyltransferases from
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A, and A, sources have the same specificity for low
molecular weight acceptors and both synthesize the
same A determinant [10]. Yet at pH 5.5, activity of A-
transferase from A, serum, with low molecular weight
substrate, is 5-10 times higher than that from A,
serum [229].

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

transferase generally requires the presence of Mn?*
ions. If Mn* is substituted by Mg?*, A |-transferase re-
mains active, but A,-transferase does not [230].

The A? allele in people of European origin contains
a deletion of one of the three cytosines at positions
1059-1061 (CCCto 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 A? allele
also encodes Leu156, in place of Pro156 of the A con-
sensus sequence. A human cell line transfected with an
A 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].
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al Japan Fig.2.6 Diagram representing
35}é (*A107) ¢DNA and protein products of six
ABO alleles. The top sequence is the
526 703 829 consensus sequence (European A?).
G A A B-O1¥ The other sequences represent
[ ] Japan Japanese A' and four A2 alleles,
Gly Ser Met (*R101) showing how they differ from the
176 235 2 consensus sequence. Some silent
nucleotide changes are not shown.



In Japan the situation is different [232,233]. The al-
lele described above witha C1059 deletion (also called
*A105) is rare. The two most common A? 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-O'" hybrid al-
lele (*R101), also quite common in Japan, gives rise to
an A, phenotype when paired with O, butan A,B 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 A, and
A,B phenotype frequencies in Japan.

2.4.2 A, and A,: do determinants differ
qualitatively as well as quantitatively?

Since the A, and A, subgroups were first described
there has been controversy as to whether A; and A,
cells differ purely in the number of A determinants or
whether these antigens actually show structural differ-
ences. Repeated adsorption of anti-A, from group B
serum with A, cells will remove all antibody, suggest-
ing a quantitative difference [216,234], but A, and
A,Bindividuals often make anti-A,, suggesting that A,
cells lack a determinant present on A, cells [217,218].

There is no doubt that a quantitative difference
between A, and A, 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
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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:

A, 8-12x10°
A, 1-4x10°
AB 5-9x10°

A,B  1x105[235-240,242,243].

Rochant et al. [244] found that the majority of red
cells from A, individuals showed faint fluorescence
with fluorescent Dolichos lectin, while a few cells
demonstrated very strong fluorescence; conversely, in
a population of A, 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-A | reagents.

A, and A, also differ qualitatively. Repetitive Type 3
A structures (see Section 2.2.2 and Table 2.3) are pre-
sent on A, red cells, but not on A, 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). A,-transferase, but not A,-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 A, cells. Likewise,
Type 4 H, but not Type 4 A, is detected on the glycol-
ipids of A, cells [62,65]. It is probable that anti-A, is
specific for, or shows a preference for, Type 3 A and/or
Type 4 A structures. However, Dolichos lectin detects

Fig. 2.7 Diagram showing how a
repetitive Type 3 A chain is built up
from a Type 2 H chain. From right to
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N-acetylgalactosamine and, when present in sufficient
concentration, agglutinates A, cells, so its use as a
reagent for subtyping group A cells probably depends
more on the quantitative than the qualitative differ-
ence between A, and A, phenotypes.

243 A,

Landsteiner and Levine [215] recognized that the
red cells of some group A individuals could not be de-
fined as either A, or A,, but fell into an intermediate
category. A, does not represent a true intermediate,
however, as the level of His as high as that found in A,
and may be higher [224,245-248].

Aim
group A African Americans, 8.5% were found to be

is more common in black than white people. Of

A, compared with about 1% of group A white
Americans [249]. Of group A black South Africans,
13.7% were A, [245]. A, 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 A, sera, which differed from
A,-transferase in having a high affinity for UDP-N-
acetylgalactosamine and from A, -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
withanti-A, -B,and -A |, 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 A;A,BO groups
confirmed the accuracy of the genetical concepts of
Bernstein [6,7] for ABO and of Thomsen et al. [8] for
A,A,BO.

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 A, A,BO phenotype, gene, and genotype frequencies in the south of England in 1939 [253].

Gene
Phenotype —— Genotype
Calculated
No. Frequency frequency Calculated frequency
(o) 1503 0.4345 o 0.6602 o/o0 0.4349
A, 1204 0.3481 Al 0.2090 ATIAT 0.0437
A'lO 0.2760
AlA? 0.0291
A, 342 0.0989 A? 0.0696 A?IA? 0.0048
A?/0 0.0919
B 297 0.0859 B 0.0612 B/B 0.0037
B/O 0.0808
AB 91 0.0263 A'/B 0.0256
A,B 22 0.0063 A%B 0.0085
Total 3459 1.0000 1.0000 1.0000

28



ABO, Hh, AND LEWIS SYSTEMS

Table 2.13 Phenotype, gene, and genotype frequencies for secretor status of a random selection of people from Liverpool in

1960 [224].
Gene
Phenotype Genotype
Calculated
No. Frequency frequency Calculated frequency

Secretors 864 0.7728 Se 0.5233 Sel/Se 0.2739

Se/se 0.4989
Non-secretors 254 0.2272 se 0.4767 selse 0.2272

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. A?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 A? in Lapland reaches
0.37,butelsewhere in Europe it does notexceed 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. Itis important to remember that the sero-
logically determined phenotypes—A, A,, 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
FUT?2): the ability to secrete (Se) is dominant over non-
secretor (se) [85]. Although some other blood group
antigens are also presentin 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 ol,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
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Fig. 2.8 Diagram showing A'A2BO
gene frequencies in six selected

-H (usually Ulex europaeus lectin), and inhibition de-
termined by the failure of these mixtures to agglutinate
A,, B, and O cells, respectively.

2.6.1 Frequencies
In most European populations the frequency of secre-

30

populations.

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 A;, A;B, or Bnon-secretors
were also checked for ability to inhibit agglutination
by anti-A or -B.



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 A, saliva contains more A anti-
gen than A, saliva [173,261,265-269]. Clausen [14]
has detected repetitive Type 3 A on A,, but not A,,
ovarian cyst mucins. So, at least in part, the same basis
for a qualitative difference between A, and A, 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

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 A;>AB>A,>A,B
100 60 40 10
B B>A,B>A,B
100 75 25
H 0>A,>A,>B=~AB~AB

100 60 40 20 20 20
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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>A,>B>A,)), 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 al,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 se%

A weak secretor gene (Se® or Se'38%)

,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 Le?
antigen so that less would be available to be converted
to Type 1 H and, subsequently, to LeP (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
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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 cellsadsorb 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 A, and A,, 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
end> Am’
Ay, and A,. The serological characteristics of these

fitted into the following categories: A;, A, A

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 A’ or A2, A, probably results
from germline mutation or from homozygosity for a
end> Am’
Ay, and A, red cells are not agglutinated by most anti-

rare gene ata locus independent of ABO. A , A

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. A_ 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 A,

The least rare of the weak A phenotypes is A;. The fre-
quency has been estimated as 1in 1000 group A Danes
[265],9in 150000 French donors (0.0136 % of group
A) [283], and 2 in about 180000 Canadians [284].
The main serological feature of A; 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-AB Anti-A Anti-A, Antigensinsaliva of secretors ~ A-transferase in serum
A mf mf No Sometimes AH Sometimes
Aand mf mf No Sometimes H No
A, —*Iw + —I+ Usually (A)H Rarely
AL —*/w —I+ No No AH Yes
A, —* - No No AH Trace
A —* - Some Yes H No

Red cells of none of the subgroups reacted with anti-A ; all reacted with anti-H.

*Anti-A may be adsorbed onto and eluted from these cells.
(A,), may require inhibition of agglutination of A _ cells for detection.
mf, mixed field agglutination; w, very weak agglutination.
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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 x 10°)
A, 4 100 10.5(7.95-14.56)

A, 10 96+2 2.21(1.29-3.53)

A; 11 6310 0.35(0.07-1.0)

Acng 7 10£5 0.035(0.011-0.044)

A, 9 33£10 0.048(0.014-0.10)

AL Ay 4 0.012(0.001-0.019)

A 4 0.007 (0.001-0.014)

Table2.17 ABO alleles associated with weak A expression.

Phenotype Allele Nucleotide changest Amino acid changest Reference

Az A3-1% G871A Asp291Asn [291]

A, A3-2 G829A, del C1060 Val277Met, Pro354 FS [292]

Asinn 5’splice site intron 6 [293]

A, A1 T646A Phe216lle [150,232,290,294]

A, A*-2,-4,-58; T646A, G681A, C771T, Phe216lle, Val277Met [150,290]
A'-0™ G829A

A, AX-3; A297G, T646A, G681A, Phe216lle, Val277Met [150,290]
B/O?-0"" C771T, G829A

A, A*-6 G996A Trp332Stop [290]

Ay Ae-1; A*109 +G G798-804 Phe269 frameshift [232,290,295]

Ay Ae-2; A*110 C467T, T646A, G681A Pro156Leu, Phe216lle [232]

A, A%-1 C407T, C467T, del C1060 Thr136Met, Pro156Leu [290]

A, A%-2 C350G, C467T, del C1060 Pro156Leu, Gly177Ala, Pro354 FS [290]

A, AW-3 G203C, C467T, del C1060 Arg68Thr, Pro156Leu, Pro354 FS [290]

A, AV-4 C712T Arg241Trp [290]

A, AY-5 A965G Glu322Gly [290]

FS, reading frameshift; del, deletion.
+Changes from the A’ consensus sequence.
1See Olsson et al. [290].

§These alleles differ by the position of the cross-over site in intron 6 [290].

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, A; serum
contains anti-A . Group A substance is detected in the
saliva of secretors.

Unlike A, (described in Section 2.9), A; does not
appear to be a mosaic of A, and O cells: in the A; 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 A, 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 A; phenotype. A; can be divided
into the following three types on the basis of serum
o-N-acetylgalactosaminyltransferases [287-289]:

1 the enzyme has a pH optimum of about 6, resem-
bling A,-transferase, but activity is about one-third of
that found in A, serum;

2 the enzyme has a pH optimum of about 7 and thus
resembles A,-transferase, but has very low activity;

3 no A-transferase can be detected.
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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 A agglutination pattern
when incubated with anti-A and are agglutinated
more strongly than are O cells converted with A,
serum [287,289].

Surprisingly, in view of the high level of Hantigen on
the red cells, H-transferase levels in A5 sera are gener-
ally considerably lower than H-transferase levelsin A,
or A, sera [289].

Sequencing of exons 6 and 7 of the A gene from two
A;Bindividuals revealed an A’ 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 A%, was present in two A,
members of a Brazilian family, and another, unrelated,
A, Brazilian was homozygous for this allele [292]
(Table 2.17). Two other A; Brazilians had the
Phe216lle mutation characteristic of A phenotype
[292]. Many other A; individuals had the normal A!
or A? 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 Acng (Asinne Apantu)

A, 4 was first described by Weiner et al. [297] in 1959
and named by Sturgeon et al. [298] 5 years later. A 4
cells behave like weak A; cells: they give very weak
‘mixed field” agglutination with some anti-A and -A,B.
The saliva of A, secretors, however, contains H, but
no A substance. Anti-A, is present in some A 4 sera.

Two examples of A ; were found in testing 150 000
French donors (0.003% of group A) [283]. A is
inherited as an allele at the ABO locus [297]. No
A-transferase has been detected in sera or red cell
membranes of A ; individuals [287,288].

An A variant, which differs from A in only minor
details, was found in Finns and named A, [299]. The
frequency of A;  in Finnish blood donors was esti-
mated at about 1in 6000 [299], but may be as high as
1in 1000 in parts of Southern Finland [300]. Four A,
individuals each had an A’-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.
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Ay nea 18 another variation of A_, 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 A, . genemay have originated [301]. Anti-
A agglutinate A, . red cells more strongly than A
cells.

2.7.3 A,

The A 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-A; and occasionally
an antibody that agglutinates A, and A, cells [303];

3 inaddition to H substance, the saliva of A_secretors
contains a trace of A, which is best detected when A
cells are used as indicator cells for inhibition of anti-A
[304].

A phenotype is very heterogeneous. Several other
symbols—A,, As, Ag, A,, A —have been used to de-
scribe subgroups of A that differ from the original A_
by only fine serological details [265,305-307]. The
term A_will be used to describe all such variants. The

subgroup called A . [308] may also be a variety of A .

pae

Most sera from}group B donors do not agglutinate
A _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 A 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 A _ cells.

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

A-transferase cannot usually be detected in A,
serum or red cell membranes [232,287-289]. H-
transferase activity in A_sera is low [289].

The molecular genetics of A_ reflects the heterogene-
ity of the serological phenotypes. The most common
A* allele has the A! consensus sequence with a
missense mutation encoding a Phe216lle substitution
[150,232,290,294] (Table 2.17). Putative hybrid
genes with crossover sites in intron 6 have been as-
sociated with A_. In six Swedish families, exon 6 had



the consensus (A!) sequence and exon 7 the O
sequence [150,290]. In three Swedish families, one
Pole, and one American, exon 6 had the B or O? se-
quence and exon 7 the O sequence [150,290]. Three
different crossover regions in intron 6 were detected
[290]. It is no surprise that these hybrid alleles behave
as A%, because the O'” exon 7 sequence encodes the
amino acids important for A-specificity, but, like the
typical A~ allele, also encodes Ile216. One A New
Zealander had an A'-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 A_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 A_ children
having group O parents [314,315] and a family in
which three siblings with atypical A_ phenotypes had
O and A'/O parents [316]. In these families, if one
of the group O parents were heterozygous O%/O'?,
then crossing-over within intron 6 at meiosis to pro-
duce an O*~O hybrid gene could give rise to A _ chil-
dren. Likewise, the A!/O parent with A_ children
might have been heterozygous A/O'” and crossing-
over could have produced an A’-O' 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.

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

A very weak A-transferase, with higher activity at
pH 8 than at pH 6 (A, type), was detected in the A
mother of a baby who was A, at birth, but became A
within 2 years [289,320].

2.7.4 A,

A red cells are not agglutinated, or are agglutinated
only very weakly, by anti-A and -A,B. Anti-A can be
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adsorbed onto and eluted from A _ cells. Saliva of A |
secretors contains normal quantities of A and H sub-
stances. A serum does not usually contain anti-A,.

A is inherited as a rare allele at the ABO locus
[321-326]. The name A_ 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 isnow called A and is discussed below.

One example of A was found in 150000 French
donors (0.0015% of group A) [283] and one example
was found in 400 000 Chinese in Taiwan [328].

Cartronetal. [287,288,324,329] distinguished two
typesof A 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
A, -transferase, while in serum from one A person the
enzyme had a pH optimum of 7 and resembled A,-
transferase. In all cases enzyme activity was between
30% and 50% of that found in A, or A, sera and
probably originated from tissues other than the
haemopoietic tissue [330].

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

A, phenotype is similar to A, but the most significant
and definitive way in which A and A differ is by their
mode of inheritance. A 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 A, ) propositus had a group O parent and A,
and O siblings; the other was A B and had A;B and B
parents. Other similar families have since been de-
scribed [333-335], yet none of the A, propositi hadan
A, sibling. In one family the A son of A'/O and B par-
entshadan A Bson who, in turn, hadan A son[336].
A, differs from A phenotypically in the following
ways.
1 Substantially less anti-A is eluted from A cells than
from A cells incubated with the same serum [332].
2 A, secretor saliva contains considerably less A

¥
substance than A_ saliva [287,329].
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3 A, serum contains only a trace of A-transferase,
whereas A serum contains readily detectable enzyme

[288].

2.7.6 A,

Under usual conditions A 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 A, secretors contains
H, but no A substance. Serum from A individuals
usually contains anti-A; and may also contain an anti-
body that agglutinates A, cells [337,339]. No A-
transferase has been detected in A | serum or red cell
membranes [232,287-289]. Serum H-transferase is
weaker than that found in A or A, serum [289]. No
example of A was found in testing 150000 French
blood donors [283], but five were found among
400000 Chinese from Taiwan [328]. A,;appears to be
inherited as a rare gene at the ABO locus [337-339].
As a result of allelic enhancement (Section 2.10.2),
A B 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 A? has the A’ 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 A,-transferase and 16
amino acids longer than the A, -transferase. Of four A
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 Phe216lle substitutions (Table 2.17). The other
two A Japanese and two A Norwegians had A’ 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 A? 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 A
or A 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
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explanation of why red cells from these phenotypes
may adsorb anti-A without being agglutinated by it.

2.7.7 A,

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 A% (1-5) (Table 2.17). Three
were A? alleles (Pro156Leu and the C1060 deletion)
with additional missense mutations. In A%-3 the muta-
tion encoding Arg68Thr is in exon 4 and in A%-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 (A*-4 and -5)
are A! 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 B_and B are
considerably higher than those of A_and A .

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:B;,B_,B_,and B, plus B 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,
B0, B,g, and B, 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 B
[344-346].

2.8.1 B,

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

Reactions of cells with

B-transferase in

Antigensinsaliva

Name Anti-B Anti-A,B Anti-H Anti-B inserum of secretors Serum Red cell membrane
B mf mf + No BH Yes No

B, w w + Yes (BYH No No

B, —*/w —Iw + No BH Yes Trace

B —* - + Sometimes H No No

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

Table2.19 ABO alleles associated with weak B expression.

Phenotype Allele Nucleotide changest Amino acid changest References
B, B3-1% C1054T Arg352Trp [291]
B, B%-1 *B104 G871A Asp291Asn [232]
B, Be-1 *B105 T641G Met214Arg [232]
By Bel-2 *B106 G669T Glu223Asp [232]
B, B%-2 873G Asp291Glu [290]
B, B"-3 c721T Arg241Trp [290]
B, BY-4 A548G Asp183Gly [290]
B, BY-5 G539A Arg180His [290]
B, BY-6 A1036G Lys346Glu [290]
B,, BY-7 G1055A Arg352GIn [290]
B, B”-8 T863G Met288Arg [290]

tChanges from the B sequence.
1See Olsson et al. [290].

are reported. Three were in 350000 (approximately 1
in 10000 group B) French donors [348]. B is less rare
in Chinese: 1 in 900 group B donors was B; and 1 in
1800 A,B donors was A, B, [349].

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

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

The B gene of one A, B, 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 A? allele
and with a variant O allele [148,232]. No nucleotide

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

2.8.2 B,

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

B-transferase was not detected in serum or red cell
membranesof B_individuals[232,352].In the only ex-
ample studied, an ABO allele from a person with B_
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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 A4 [291] (Table 2.17).

2.8.3 B,

B, 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 B_|
secretors contains about as much B substance as that
ofanormal Bsecretor. Characteristically, sera from B |
individuals do not contain anti-B.

Generally, B, 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 B red cell membranes [357]. B sera demon-
strated less than half of the B-transferase activity of B
sera[112,356-359] and B 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 B, 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 A;B |
members of another family appeared normal [361]. In
families with B, and A;B_ members, much higher lev-
els of B-transferase activity were apparent in the A|B |
sera than in the B_ 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 B -like phenotypes in a few
families [362-364]. Red cells of the son of O and A,B
parents resembled B, phenotype and should probably
be called B, in analogy with A (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 B,

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

B¢ is inherited as a rare gene at the ABO locus
[365,366]. No B-transferase was detected in B, sera or
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red cell membranes [232,352,366].Ina family with B
and A, B members, the A, B red cells were weakly ag-
glutinated by some anti-B [366]. In another family, B
was enhanced to B; in an A/B heterozygote [367] (see
Section 2.10.2).

Two different abnormal alleles were found in two
individuals with B, 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 B,

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 (B*-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

Aninherited variant B antigen called B, was character-
ized by the failure of B, red cells to react with human
anti-B reagents that had been adsorbed with rabbit red
cells [368,369]. B, 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]). B, also resembles
serologically the B antigen characteristic of cisAB (Sec-
tion 2.12.1). Sera of B, individuals contain a form of
anti-B; no B-transferase activity could be detected.
Among 567210 Hong Kong Chinese blood donors, 46
examples of B and eight examples of AB, were found
[369].

A subgroup of B called B, analogous to A,, 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 ez 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



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 A, ,,andB,_ .

In 1975 Marsh et al. [374] applied the names A and
B, to remarkably similar variants of A and B. In
Amos’
vealed two separable populations of cells, one A,, the
other O. A sera contained no anti-A, and the saliva
contained H and possibly a trace of A. In addition to
two A, families,B_ ,AB_ . andA_  Bphenotypes
were described [374]. The inherited A+O and B+O
mosaics previously reported in Japan probably repre-
L [375-3771.
A, is inherited, apparently at the ABO locus; a
characteristic that distinguishes it from most other

agglutination tests with anti-A and anti-A,B re-

sent earlier examplesof A | and B

forms of red cell mosaicism. All A members within
a family have about the same proportion of A and O
cells, although these proportions vary substantially
between different families. A,

logically as the cells left unagglutinated with anti-A do

differs from Aj sero-
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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 withB_ and A|B . members is shown in
Fig. 2.9. In all members with the B”"** gene 12% of red
cells expressed B antigen; the remaining red cells were
OinB_  and Ain AB__ [378]. All were ABH non-
secretors. The level of serum B-transferase activity in
the B . members was only about 7-20% of that of
normal B controls.

A healthy blood donor with 60% A;B and 40% A,
cells could notbe A\B,
and A,B red cells [379]. Somatic mutation involving

as her parents had normal A,

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 A,B
cellsthanon A, cellsand that A, is weaker on A B than
A, cells; the effect of two different glycosyltransferases

AB

AIBmos
88% A,
12% A,B

A1Bmcs
88% A,
12% AB

Fig.2.9 Family withB__ and
AB,_ members, showing thatall
members inheriting a B"°* gene have
12% B cells, the other 88 % being

group O or A, [378].

A1Bmos B

88% A,
12% AB

Bmos AW Bmos
88% O 88% O
12% B 12% B
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competing for the same acceptor substrate. Although
generally less obvious, B is often weaker in A, B than in
B [344,380-383].

In some cases A'/B genotype may be expressed as an
A,B phenotype [247,367,382,384-386] and A%/B
may be expressed as A;B phenotype [384,387]. In
black populations the A,B:AB ratio is often signifi-
cantly higher than would be expected from the A,: A,
ratio [367,385]. Ina study of 5000 African Americans,
80% of group A individuals were A, and 20% were
A,, whereas 53% of the group AB individuals were
A,B and 47% were A,B [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 A, in A/O geno-
type, butas A, in A%/B genotype [233].

Sera from some A,B black people contain A, -
transferase and no A,-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 A -transferase was
found in the sera of 50% of the A,B African Americans
[385]. This superactive B-transferase utilizes the lion’s
share of available H sites, so that the A,-transferase
cannot produce sufficient A antigen to provide the
high site density required for A, status.

2.10.2 Allelic enhancement

‘Lerenforcement 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 A in A/O members,
but as A, in A/B members [318]. The A cells had
11200 A sites per red cell, whereas the A,B cells had
96000 A sites [319]. A-transferase activity was not
apparent in the sera of the A_members, but was de-
tected in the sera of the A,B individuals, although all
had the same A gene [319]. In a Swedish family, an
ABO allele with the A% sequence in exons 6 and 7 was
expressed as A, in the A,B mother, but as A_ in her
A/O' children and grandchildren [150]. Other
families have shown that a B gene responsible for B
phenotype was expressed more strongly in A;B mem-
bers [390,391], and a B gene expressed as B ; in B/O
members was represented by a B; phenotype in A/B
members [392].
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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-
quantity of UDP-N-
acetylgalactosamine was required to produce A

galactose, thrice the

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 A 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 iz 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  o-N-acetylgalactosaminidase, but not o-
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 ol1,3-
galactosyltransferase catalyses the transfer of
sufficient N-acetylgalactosamine to its acceptor sub-
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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]

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)/O heterozygotes; their father was A, B with an
A'/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 A, and this was considered to repre-
sent A(B) phenotype; B activity resulting from A,-
transferase activity. A(B) was not associated with
elevated A-transferase activity, but A, (B) cells did have
elevated levels of H antigen and plasma H-transferase
activity.

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

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 A,B woman with a group O husband and a
group O mother had two A,B 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 cisABis 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 A,, but cisAB
cells generally express more A than A,B and less than
AB [411,413,414,417]. CisA,B phenotype is not
unknown [408,409].

2 The B antigen is almost always expressed weakly,
often being described as B; [410]. CisAB cells react
more strongly with A, sera than with A, 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 ¢isAB cells will continue to
agglutinate normal B cells [414]. The B antigen of
cisAB may resemble B, (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
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cisAB may not always be atypical; an A,B 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 A, cells, which is higher
than that of normal A,B 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 c¢isAB 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 ¢isAB (19 from Japan and two
from the USA) revealed an A 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 A’, which is
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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 A,-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
asthe Bombay or O, 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)

O,, 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 O, phenotype [422,423]. Red cells of pheno-
types that have been called ‘atypical O,’, 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, O, red cells are
usually Le(a+b-), but may be Le(a—b-). O, red cells
never express LeP.

No H, A, or B antigen is present in Oy saliva, which
may contain Le?, but never LeP.

The serum of O, 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, b, 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 O notation when the
ABO genotype is determined by family study, by gly-
cosyltransferase analysis, or by molecular genetical
tests—0, 2, 0,4, 0, B, O, AB.

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

2.13.1.3 Glycosyltransferases

H-transferase has not been detected in the serum or red
cell membranes of Oy individuals [108,196,433,434].
O,, 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. Oy 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 Invivo survival of Oy cells

Unlike Rh, cells, there is no evidence to suggest that
Bombay phenotype cells are haematologically abnor-
mal. Autologous *'Cr-labelled O, 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
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[438] tested 167404 Indians in Bombay and obtained
an O, frequency of about 1in 7600, an » 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 O, in the
Tamoul Indian population and partial red cell H-
deficiency, non-secretor in the population of European
origin. O, 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 A, 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, B, was found, also in
a Czech, by Beranova et al. [446]. AB, has also been
described [439,447]. A, ,B,,and AB; 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 A, in-
dividualsresembles weak A, [445,448], whereas those
of others are more like A , being agglutinated by only a
minority of anti-A sera [449-451]. Likewise, B, 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, A, and B, cells are usually Le(a+b-), but may
be Le(a-b-) [435,447]. The serum contains anti-H. A
serum contains anti-B, butno anti-A, although anti-A
is usually present [445,450,451]; in B,, anti-A is
always present and anti-B may also be detected
[446,452].

Many examples of A, B,, and AB,, as well as Oy,
have been identified in the people of French origin on
the small island of Réunion, off the east coast of Africa
[439,447]. O, in this population arises from the same
H genotype as the A, B, and AB, phenotypes, be-



cause they are present in the same families and have the
same » mutation [106]. This ‘Réunion O, 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
O, Europeans [439]. The term Oy, is ambiguous. It can
represent homozygosity for an b allele that produces
no active o1,2-fucosyltransferase (Bombay pheno-
type), or homozygosity for an b allele that produces
weakly active o.1,2-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 A, or B, 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 O, A and O, %, A, and B, 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
B, individual. B, (B+H-) red cells treated with o-
galactosidase extract of Trichomonas foetus lost their
B antigen and became H-active. These B-H+ cells
could then be converted to A, (A+H-) by A-
transferase. If the o-galactosidase-treated B, 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
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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—Amh, Bmh [454], Oy, [456], Hz [457]—
are no longer appropriate. The terms O, -secretor, A, -
secretor, and B -secretor are recommended here (Table
2.21).

2.13.3.1 Serological characteristics (Table 2.21)

Red cells of O, -secretors are not agglutinated by most
H antibodies, but they may be agglutinated weakly by
the potent anti-H in some O, 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 O, -secretors [91,440,455].

O, -secretor red cells are not usually agglutinated by
anti-A or -B, but some O, -secretor cells behave like
A _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 OhB—secretors [91,455,460,461].

Like those of most secretors, O, -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 O,-secretors [462], but was
found in two of 51 Hong Kong Chinese O, -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 O, -
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secretors from Hong Kong had anti-HI or anti-H
activeat 37°C [459].

2.13.3.2 Glycosyltransferases

Originally no H-transferase was detected in O,-
secretor sera or red cell membranes, although the ap-
propriate  A- and B-transferases were present
[433,458,464]. In four O -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 15 620 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 b (or HY) 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
cellsintroduced 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 Hantigen, but permit secretion of H.

As described in Section 2.3.1, it is now known that
the H (FUT1) locus controls o.1,2-fucosyltransferase
activity in haemopoietic tissue and consequently H
antigen expression on red cells. The secretor (FUT2)
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locus controls o1,2-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 (se*?®) in FUT2 [106]. Bombay pheno-
type in an Austrian resulted from homozygosity for
G785A and C786A mutations in FUT1, encoding
Ser262Lys, and se*?% 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 [22,103,
106,442,466,473]. This explains the different
levels of H expression found in H-deficiency

h33980) encoded

phenotypes. One Taiwanese allele (
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
(h*60-1042) 1442 466]. Wang et al. [466] found that
expression of this allele in COS-7 cells resulted in
no ou1,2-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



Table 2.22 Mutations in FUT1 associated with red cell H-deficient phenotypes.
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Amino acid H-transferase  Secretor
Symbol Mutation change expression phenotype*  Population References
h351980 C35T A980C Ala12Val Asn327Thr  NT Secretor Taiwanese [462]
h349 C349T His117Tyr Low Non-sec Réunion [106]
h#42 G442T Asp148Tyr Low Non-sect Japanese [442]
h?#60 T460C Tyr154His NT Secretor Taiwanese [462]
h?#60,1042 T460C G1042A  Tyr154His Glu348Lys  Low/none Secretor Japanese [442,466]
i A461G# Tyr154Cys NT NR European [472]
h%91 T491A Leu164His None Secretor White US [22,473]
h13 G513C Trp171Cys NT NR European [472]
h5%2 C522A Phe174Leu NT Secretor Chinese [469]
hdel5471548  de| AG547-552  codon 183/184 NT Secretor Taiwanese,  [462,469]
Chinese
ho58 C658T Arg220Cys NT Secretor Taiwanese [462,468]
ht59 G659A Arg220His NT Secretor Taiwanese [468]
ho95 G695A Trp232stop None Non-sect Japanese [442]
h7?1 T721C Tyr241His Low Secretor Japanese [442]
h7?5 T725G Leu242Arg None Non-sec Indian [105,106]
h776 T776A Val259Glu NT NR European [472]
h785786 G785A C786A Ser262Lys None Non-sec European [434]
h801 G801CorT Trp267Cys NT NR NR [474]
h826 C826T GIn276stop None Secretor White US [22,473]
h832 G832A Asp278Asn NT NR NR [474]
hdel880/88T  de| TT880-882  codon 294 NT Secretor Taiwanese,  [462,469,474]
Chinese

h944 C944T Ala315Val NT NR European [472]
ho48 948G Tyr316stop None Non-sec White US [473]
hdel 9691970 qe| CT969,970 codon 323/324 NT NR European [472]
el 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.

tHomozygous for the weak secretor gene Se*?#* [442] and would be expected to be weak secretors (Section 2.3.1.2).

fSilent mutations, A474G and T954A, also present.
NT, not tested; NR, not reported; del, deletion.

is responsible for a para-Bombay phenotype in Tai-
wanese [462].

The structural loci FUTT and FUT?2 are very closely
linked (Chapter 32). In most cases, FUT1 mutant alle-
les are associated with the same FUT?2 allele, even in
unrelated individuals [106,442]. In six red cell H-
deficient Japanese, nine h%% alleles were linked to
Se385 whereas one h%%3 allele was linked to Se; the
other two H alleles were h7%! [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
b 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 H,

The primary characteristic of the H_ phenotype (Table
2.21)isits dominant mode of inheritance, the rare phe-
notype appearing in several generations of the same
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family. Hrubisko [457] reported three Czech families
with the H  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: H _ 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. AH | cells show depression of the
A antigen. In one family the propositus was A,, but
had very little H on his cells; the A-transferase was of
the A, type, but presumably insufficient H was avail-
able for A, 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 I

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-Le¥, 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-p-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 H_ phenotype [10].
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2.13.6 land i expression in H-deficient
phenotypes

The I and i antigen structures represent carbohydrate
chains that are precursors of H, A, B, Le?, and LeP
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 O, 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 Oy, A,
and B, cells from non-secretors (90.2%), compared
with control cells (73.5%) [487]. Despite a greater
affinity of anti-I and anti-i for O, cells than for O cells,
Doinel [488] detected no increase in the number of 1
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 A,; the secretors secreted A and H, but no B, and
four had group O children and therefore had an A'/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



colon. In a survey of 200 patients (106 group O, 94
group A) with gastrointestinal disease, 10 cases of ac-
quired Bwere 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 A,, although A expression may be de-
pressed [493]. A few examples of A, with acquired B
have been found: in one case the cells became A, as B
expression diminished [498]; in another the patient
hadanA, serum transferase [499]; and in two cases the
patients had A%/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-
ferentindividuals and with time. Often a proportion of
cells remains unagglutinated with anti-B. Sera from A,
donors are better at detecting acquired B than are sera
from A, donors [495,498,501]; 10% of A, 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-
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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, iz 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

A B Acquired B
Fig.2.10 Terminal CH,0OH 0 CH,OH 0 CH,0H o
immunodominant sugars for A, B, HO HO R HO R
and acquired B, demonstrating the
similarity between galactose and OH NHCOCH, OH OH OH NH,

galactosamine (deacetylated N-
acetylgalactosamine). R, remainder
of molecule.

N-acetylgalactosamine

Galactose Galactosamine
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common because all A, people and 95% of A, 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
A, cells agglutinated by the lectin had only weak ac-
quired B, whereas the remaining A, 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 A 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 A, cells [518].

5 A-trisaccharide  [GalNAcol—3(Fucol—2)Gal]
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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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that has been chemically deacetylated inhibits
the reaction of anti-B with acquired B, but not
with normal B cells [521]. B-trisaccharide
[Galol—3(Fucol—2)Gal], in which the hydroxyl
group of carbon-2 of the o-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 (pH 6) reduces reactivity with anti-B [495], pre-
sumably because the NH, group of the galactosamine
residue is converted to NH;™.

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 e al. [529] suggested that very



weak A antigen expression on the red cells of a
myeloblastic leukaemia patient, previously shown to
have anormal A antigen, may have occurred asa result
of his disease. A report of a similar case soon followed;
agroup 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].
Goldetal. [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 Band 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 (O'%/O") 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].
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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
(AK,), 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
ABLI1.

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 changesinA, 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-A; Dolichos bi-
florus lectin [557]. The A, cells, agglutinated by the
lectin, were AK,2-1, whereas the weak A (A -like) cells
hadlost the AK,2 isozyme and only AK, 1 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 A, at birth, but later
became A_, 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 In vitro 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: o-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 o-
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-
parentmembrane damage. Phase Iand Il clinical trials,
on healthy volunteers and patients, respectively, have
shown that group B red cells treated with either native
or recombinant o-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.

52

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  o-N-
acetylgalactosaminidase have been less fruitful, prob-
ably because A antigens on A, 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 1X-70 will
convert A, red cells into O cells, but are less effective
with A, cells [562,567].

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

2.15 ABH antibodies and lectins

2.15.1 Anti-Aand-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 7 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



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 Oy) stimulated in-
creased anti-B activity [581].

Changes in the characteristics of anti-A or -B occur
asaresult 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,
Contrerasetal. [585] detected some IgG anti-A or-Bin
all donors prior to immunization. These donors, who
had been selected for high titre antibodies, all showed
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anincrease 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-A, is described in Section 2.4.

An interesting antibody described by Ikin ez al.
[593]in 1953 remains unique. In a saline medium this
antibody agglutinated only group A Rh D+ cells; A,
D+ cells gave stronger reactions than A, 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 A, D- cells. Perhaps this anti-D-like anti-

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

Characteristic IgM 19G IgA
Presentin 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
Presentin 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 dlinical 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-A, is rarely clinically significant and most ex-
amples are not active above 25°C. However, there are
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a few reports of haemolytic transfusion reactions
caused by anti-A, [602-605].

Haemolytic disease of the fetus and newborn
(HDN) caused by ABO antibodies usually occurs in
A, B, or A;B 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 A, 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 I[gG 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 partin
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
A, 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-



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-Al 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-A, 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, -A,, 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
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group A, 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 Kohler 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 A, and A,B 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-
A, have also been reported [63,632,635].

Human anti-A and -A; 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 iz 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 (ALeP) 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 A,B 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 A_red cells [312,313]. This ob-
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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 o-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 A,
cells more strongly than A, 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 -Led [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, O,, A, and B,)
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. O 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



cells injected into an Oy, patient survived 24 h [662]. In
an A, patient, 67% of A, 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 B, 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 A,
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 Oy, 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-Le?, 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 str