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Molecular Chaperones and Cell Signalling

This book reviews current understanding of the biological roles of extracellular
molecular chaperones. It provides an overview of the structure and function of
molecular chaperones, their role in the cellular response to stress, and their dispo-
sition within the cell. It also questions the basic paradigm of molecular chaperone
biology – that these proteins are, first and foremost, protein-folding molecules. The
current paradigms of protein secretion are reviewed, and the evolving concept of
proteins (such as molecular chaperones) as multi-functional molecules, “moonlight-
ing proteins,” is discussed. The role of exogenous molecular chaperones as cell regula-
tors is examined, and the physiological and pathophysiological roles that molecular
chaperones play are described. In the final section, the potential therapeutic use of
molecular chaperones is described, and in the final chapter, the crystal ball is brought
out and the question – what does the future hold for the extracellular biology of
molecular chaperones – is asked.
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Preface

The last four decades of the 20th century saw the discovery of the heat shock or
cell stress response and the identification of the proteins produced by cells in
response to adverse environmental conditions. In 1987, the term ‘molecular
chaperone’ was coined to describe several unrelated protein families which
had the ability to assist the correct folding and assembly/disassembly of other
proteins. The past 20 years have seen the elucidation of the structural mecha-
nisms of protein chaperoning by several key molecules including chaperonin
(Hsp) 60 and Hsp70 and the realisation that not all molecular chaperones are
cell stress proteins and vice versa. The genesis of molecular chaperones was
contemporaneous with the identification of these highly conserved proteins as
paradoxical immunodominant antigens that appeared to be important in mi-
crobial infection and autoimmunity. Indeed, the administration of molecular
chaperones such as Hsp60 and Hsp70 was found to inhibit experimental au-
toimmune disease. By the 1990s, it was realised that correct protein folding was
the key to cellular homeostasis and the paradigm that developed was that
molecular chaperones were intracellular proteins whose function was to assist
in protein folding. The paradoxical immunogenicity and immunomodulatory
effects of molecular chaperones remained unexplained.

Another strand of the molecular chaperone story began to develop in the
late 1980s and early 1990s with reports of the appearance of certain molec-
ular chaperones on the surface of cells. Later, reports began to appear that
molecular chaperones when applied exogenously to cells in culture had effects
similar to those of pro-inflammatory cytokines. Molecular chaperones, such
as early pregnancy factor (chaperonin 10), Hsp27, and BiP can also have anti-
inflammatory/immunosuppressive actions. In addition to having direct effects
on cells, there is mounting evidence that certain molecular chaperones can bind
peptides and present these to antigen-presenting cells to modulate T lymphocyte
responses.

xiii
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xiv Preface

This rapidly expanding body of literature is suggesting a new paradigm in
which molecular chaperones are moonlighting proteins – that is, proteins with
more than one function that are able to interact with many cell types to produce
a range of effects. Support for this paradigm comes from studies revealing the
presence of a number of molecular chaperones in the body fluids of man and
animals.

Molecular Chaperones and Cell Signalling provides the reader with an overview
of our current understanding of the biological roles of extracellular molecular
chaperones. The book is divided into a number of sections. The first provides an
overview of the structure and function of molecular chaperones, their role in the
cellular response to stress, and their disposition within the cell. It also questions
the basic paradigm of molecular chaperone biology – that these proteins are,
first and foremost, protein-folding molecules. A key concern of those working
on molecular chaperones as extracellular signals is the mechanism of secretion
from cells. Section 2 reviews the current paradigms of protein secretion from
cells and discusses the evolving concept of proteins (such as molecular chaper-
ones) as multi-functional molecules for which the term “moonlighting proteins”
has been introduced. In Section 3, attention turns to the role of exogenous
molecular chaperones as cell regulators. Section 4 describes the physiological
and pathophysiological roles that molecular chaperones play, and in Section 5,
the potential therapeutic use of molecular chaperones is described. The final
chapter of this volume brings out the crystal ball and asks, ‘What does the
future hold for the extracellular biology of molecular chaperones?’.

This book will be of interest to biologists, biochemists, cell biologists, clin-
icians, immunologists, pharmacologists, and pathologists at both the graduate
and postgraduate levels.
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SECTION 1

Molecular Chaperones and

the Cell Stress Response

1
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1

Chaperone Function: The Orthodox View

R. John Ellis

1.1. Introduction

The term molecular chaperone came into general use after the appearance of
an article in Nature that suggested it was an appropriate phrase to describe a
newly defined intracellular function – the ability of several unrelated protein
families to assist the correct folding and assembly/disassembly of other pro-
teins [1]. The identification of the chaperonin family of molecular chaperones
in the following year [2] triggered a tidal wave of research in several labora-
tories aimed at unravelling how the GroEL/GroES chaperones, and later the
DnaK/DnaJ chaperones, from Escherichia coli facilitate the folding of newly syn-
thesised polypeptide chains and the refolding of denatured proteins. This wave
continues to surge, with the result that much detailed information is available
about the structure and function of those families of chaperone that assist protein
folding [3].

It is now well established that a subset of proteins requires this chaperone
function, not because chaperones provide steric information required for correct
folding but because chaperones inhibit side reactions that would otherwise cause
some of the chains to form non-functional aggregates. The number of different
protein families described as chaperones is now more than 25 – some, but not all,
of which are also stress proteins – and there is no slackening in the rate of discov-
ery of new ones. The success of this wave of research has changed the paradigm of
protein folding from the earlier view that it is a spontaneous self-assembly process
to the current view that it is an assisted self-assembly process [4].

Is another paradigm shift in the offing? Other chapters in this volume discuss
the evidence that some molecular chaperones may have extracellular roles as
cell-cell signalling molecules in addition to their intracellular roles in protein
folding. This view has not found general acceptance, partly because it is novel
and partly because of the paucity of high-quality evidence compared with that

3
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4 R. John Ellis

available in support of the protein folding paradigm. The purpose of this intro-
ductory chapter is to summarise the conventional view of chaperone function
to provide a context for the cell-cell signalling hypothesis discussed in later
chapters.

1.2. Origins

The current association of the term molecular chaperone with protein folding
in the cytoplasm overlooks the fact that this term was used first to describe the
properties of a nuclear protein in assisting the assembly of nucleosome cores
from folded histone proteins and DNA [5]. This acidic protein is abundant in
the soluble phase of the nuclei of eggs and oocytes of the amphibian Xenopus
laevis and is thus called nucleoplasmin. These nuclei are unusual in that they
contain large amounts of histone proteins stored in preparation for the rapid
assembly of nucleosomes associated with the rapid replication of DNA triggered
by fertilisation. Nucleosomes fail to conform to the principle of protein self-
assembly established by the pioneering work of Anfinsen for refolding proteins
and by Caspar and Klug for virus assembly. This principle is an important
corollary of the Central Dogma of molecular biology and states that all the steric
information necessary for a protein chain to reach its functional conformation
is present in the amino acid sequence of the primary translation product. This
principle also applies to the assembly of macromolecular complexes from more
than one subunit.

In nucleosomes, histones are bound to DNA by electrostatic interactions;
disruption of these requires high salt concentrations, but exposing mixtures of
isolated DNA and histones to the salt concentrations found inside the nucleus
results in the formation of insoluble aggregates rather than nucleosomes. Nu-
cleoplasmin solves this aggregation problem by transiently binding its acidic
groups to positively charged groups on the histones, thus lowering their overall
surface charge and allowing the intrinsic self-assembly properties of the histones
to predominate over the incorrect interactions favoured by the high density
of opposite charges. Control experiments show that nucleoplasmin does not
provide steric information essential for histones to bind correctly to DNA, nor
is it a component of assembled nucleosomes. It is these two latter features
that laid the foundation for our current general concept of the function of
chaperones [6].

The term molecular chaperone was later extended to include an abundant
chloroplast protein called the rubisco large subunit binding protein, which func-
tions to keep newly synthesised rubisco large subunits from aggregating until
they assemble into the rubisco holoenzyme [7]. These subunits are notoriously
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prone to aggregation, not because of electrostatic interactions but because they
expose highly hydrophobic surfaces to the aqueous environment. For a while
the term was restricted to the two proteins that assist the assembly of amphib-
ian nucleosomes and chloroplast rubisco. Its modern usage started when the
author suggested that the term could be usefully extended to describe the func-
tion of a larger range of proteins that were postulated to assist folding and
assembly/disassembly reactions in a wide range of cellular processes [1].

1.3. The general concept of chaperone function

The suggestions made in the first comprehensive description of the chaperone
function have so far stood the test of time [8]. Molecular chaperones are de-
fined as being a large and diverse group of proteins that share the property of
assisting the non-covalent assembly/disassembly of other macromolecular struc-
tures but which are not permanent components of these structures when these
are performing their normal biological functions. Assembly is used here in a
broad sense and includes several universal intracellular processes: the folding of
nascent polypeptide chains both during their synthesis and after release from
ribosomes, the unfolding and refolding of polypeptides during their transfer
across membranes, and the association of polypeptides with one another and
with other macromolecules to form oligomeric complexes.

Molecular chaperones are also involved in macromolecular disassembly pro-
cesses, such as the partial unfolding and dissociation of subunits when some pro-
teins carry out their normal functions, and the re-solubilisation and/or degra-
dation of proteins partially denatured and/or aggregated by mutation or by
exposure to environmental stresses, such as high temperatures and oxidative
conditions. Some, but not all, chaperones are also stress or heat shock proteins
as the requirement for chaperone function increases under stress conditions that
cause proteins to unfold and aggregate. Conversely, some, but not all, stress pro-
teins are molecular chaperones.

It is important to note that this definition is functional, not structural, and it
contains no constraints on the mechanisms by which different chaperones may
act; this is the reason for the use of the imprecise term ‘assist’. Thus, molecu-
lar chaperones are defined neither by a common mechanism nor by sequence
similarity. Only two criteria need be satisfied to designate a macromolecule
a molecular chaperone. Firstly, it must in some sense assist the non-covalent
assembly/disassembly of other macromolecular structures, the mechanism be-
ing irrelevant, and secondly, it must not be a component of these structures
when they are performing their normal biological functions. In all cases studied
so far, chaperones bind non-covalently to regions of macromolecules that are
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inaccessible when these structures are correctly assembled and functioning but
that are accessible at other times.

The term non-covalent is used in this definition to exclude those proteins
that catalyse co- or post-translational covalent modifications. These are often
important for protein assembly, but are distinct from the proteins being consid-
ered here. Protein disulphide isomerase may appear to be an exception, but it is
not. It is both a covalent modification enzyme and a molecular chaperone, but
these activities lie in different parts of the molecule [9] and can be function-
ally separated by mutation. Other examples include peptidyl-prolyl isomerase,
which possesses both enzymatic and chaperone activities in different regions of
the molecule, and the α-crystallins, which in the lens of the eye combine two
essential functions in the same molecule, contributing to the transparency and
refractive index required for vision as well as to the chaperone function, which
combats the loss of transparency as the protein chains aggregate with increasing
age. The proteasome particle has a chaperone-like activity involved in unfold-
ing proteins prior to their proteolysis. Thus, in principle, there is no reason why
molecular chaperones should not possess additional functions, and the possibil-
ity that many possess cell-cell signalling functions is the central postulate argued
in the other chapters of this volume.

The number of distinct chaperone families continues to rise, and examples
occur in all types of cell and in most intracellular compartments. The families
are defined on the basis that members within each family have high sequence
similarity, whereas members in different families do not. Table1.1 presents
an incomplete list of proteins described as chaperones; however, it must be
emphasised that in many cases this description rests on in vitro data only and
needs confirmation by in vivo methods. There is evidence that some chaperones
cooperate with each other in defined reaction sequences, but this, along with
many other aspects of ‘chaperonology’, is beyond the scope of this chapter.

1.4. Common misconceptions

As with any new field, misconceptions abound. A common error is to use the
term ‘chaperonin’ synonomously with the term ‘chaperone’, but it should be
noted that the chaperonins are just one particular family of chaperone – i.e.,
the family that contains GroEL, Hsp60, and tailless complex polypeptide-1
(TCP-1) (see Chapters 5 and 6 for more details on chaperonins). The occasional
use of the non-sense term ‘molecular chaperonin’ in some respectable journals
suggests that some people use these terms casually without reference to either
their meaning or their history. It should be obvious that the word ‘molecular’
is used to qualify ‘chaperone’ because in common usage ‘chaperone’ refers to a
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Table 1.1. Proteins described as molecular chaperones

Family Proposed roles

Non-steric chaperones
Nucleoplasmins/nucleophosmins Nucleosome and ribosome assembly/disassembly
Chaperonins Folding of newly synthesised and denatured polypeptides
Hsp27/28 Prevention of stress-induced aggregation by adsorbing

unfolded chains
Hsp40 Protein folding and transport, oligomer disassembly
Hsp47 Pro-collagen folding in the endoplasmic reticulum (ER)
Hsp70 Protein folding and transport, oligomer disassembly
Hsp90 Cell cycle, hormone activation, signal transduction
Hsp100 Dissolution of insoluble protein aggregates
Calnexin/calreticulin Folding of glycoproteins in ER
SecB protein Protein transport in bacteria
Lim protein Folding of bacterial lipase
Syc protein Secretion of toxic YOP proteins by bacteria
Protein disulphide isomerase Prevention of misfolding in ER
ExbB proteins (may be structural

rather than chaperones)
Folding of TonB protein in bacteria

Ubiquinated ribosomal proteins Ribosome assembly in yeast
NAC complex Folding of nascent proteins
Signal recognition particle Arrest of translation and targeting to ER membrane
Trigger factor Folding of nascent polypeptides in bacteria
Prefoldin Cooperation with chaperonins in folding of newly

synthesised polypeptides in Archaea and the eukaryotic
cytosol

Tim9/Tim10 complex Prevention of aggregation of hydrophobic proteins during
import across mitochondrial intermembrane space

23S Ribosomal RNA Folding of nascent polypeptides
PrsA protein Secretion of proteins by Bacillus subtilis
Clusterin Extracellular animal chaperone
Phosphatidylethanolamine Folding of lactose permease
RNA binding proteins Folding of RNA
P45 Protection against denaturation in halophilic Archaea

Steric chaperones
PapD proteins Assembly of bacterial pili
Propeptides (Class I) Folding of some proteases

person. The term ‘molecular chaperonin’ is therefore as non-sensical as the term
‘molecular immunoglobulin’.

Another common misconception is that molecular chaperones are necessar-
ily promiscuous – i.e., that each assists the assembly of many different types
of polypeptide chain. This is true for the Hsp70, Hsp40 and GroE chaperonin
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families but is not true for Hsp90, PapD, Hsp47, Lim, Syc, ExbB, PrtM/PrsA
and prosequences, which are specific for their substrates. Similarly, it is not
a universal property of chaperones that they hydrolyse ATP; Hsp100, Hsp90,
Hsp70 and the chaperonins hydrolyse ATP, whereas trigger factor, Hsp40, pre-
foldin, calnexin, protein disulfide isomerase and papD do not. It is not even
necessary that the chaperone function resides in molecules separate from their
substrates. Thus, some pro-sequences are required for the correct folding of the
remainder of the molecule but are then removed [10]. Another example of such
intramolecular chaperones is the terminal ubiquitin residues of three ribosomal
proteins in yeast; these residues promote the assembly of these proteins into the
ribosome but are then removed, thus fulfilling the criteria suggested earlier for
the chaperone function [11].

The term ‘chemical chaperone’ has been proposed to describe small molecules
such as glycerol, dimethylsulfoxide and trimethylamine N-oxide that act as pro-
tein stabilising agents [12]. This terminology is unfortunate because proteins are
also chemicals. However, its usage persists.

Finally, experience suggests that the distinction between molecular chaperones
and stress proteins cannot be restated too often. The often-made interpretation,
that because a protein accumulates after stress it must be a molecular chaperone,
is incorrect, as is the belief that all molecular chaperones are stress proteins. For
example, many heat shock proteins are ubiquitin-conjugating enzymes, while
the cytosolic chaperonin of eukaryotic cells is not a stress protein.

1.5. Why do molecular chaperones exist?

Given that most denatured proteins that have been examined can refold into
their functional conformations on removal of the denaturing agent in vitro, the
question arises as to why molecular chaperones exist at all. Current evidence
suggests that, with two possible exceptions [10], chaperones do not provide
steric information for proteins to assemble correctly; rather they either pre-
vent or reverse aggregation processes that would otherwise reduce the yield of
functional molecules. Aggregation results because some proteins fold and un-
fold via intermediate states that expose some interactive surfaces (either charged
or hydrophobic) to the environment. In aqueous environments hydrophobic
surfaces stick together, while charged surfaces bind to ones bearing the oppo-
site charge, a problem acute in the nucleus where negatively charged nucleic
acids are bound to positively charged proteins. Thus, the existence of molecular
chaperones does not cast doubt on the validity of the self-assembly principle.
Rather, chaperones are required because, to operate efficiently under intracellular
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conditions, self-assembly needs assistance to avoid unproductive side reactions.
This is why the term molecular chaperone is not an example of academic whimsy,
but a precise description, because the role of the human chaperone is to im-
prove the efficiency of ‘assembly’ processes between people without providing
the steric information for these processes.

Protein aggregation has long been observed to occur during the in vitro re-
folding of many pure denatured proteins in dilute buffer solutions, but only
recently has it been appreciated that the high degree of macromolecular crowd-
ing that characterises the intracellular environment makes the aggregation prob-
lem much more severe in vivo. Although the total concentrations of macro-
molecules inside cells are in the range 200–400 mg/ml, the properties of the
isolated macromolecules are commonly studied in vitro at much lower concen-
trations in uncrowded buffers. The large thermodynamic effects of the high total
concentrations of macromolecules inside cells are not generally appreciated and
include increasing the association constants of protein aggregation reactions by
one to two orders of magnitude [13]. Aggregation is a specific process involv-
ing identical or very similar chains and is driven by the interaction of both
hydrophobic side chains and main-chain atoms in segments of unstructured
backbone that are transiently exposed on the surface of partly folded chains; it
is thus a high-order process that increases in rate as the concentration of simi-
lar chains or the temperature is raised. Refolding experiments suggest that large
multi-domain proteins suffer from aggregation to a greater degree than small
single-domain proteins because they fold more slowly via partly folded inter-
mediate states. Thus proteins differ greatly in their propensity to aggregate, and
it is likely that chaperones have evolved to combat this tendency of a particular
subset of proteins.

These considerations can be reduced to a simple unifying principle. All cells
need a chaperone function to both prevent and reverse incorrect interactions that may
occur when potentially interactive surfaces are exposed to the intracellular environment.
Such surfaces occur on nascent and newly synthesised unfolded polypeptide chains, on
mature proteins unfolded by stress or degradative mechanisms, and on folded proteins in
near-native conformation.

Thus, it is as valid to talk about the chaperone function as it is to talk about the
transport function or the defence function of other proteins. We can view the
chaperone function as one of the universal mechanisms that enable the crowded
state of the cellular interior to be compatible with life.

The best understood chaperones are those involved in the folding of newly
synthesised polypeptide chains in E. coli. The next section summarises what is
known about their mechanisms of action.
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1.6. Chaperones involved in de novo protein folding

The folding of newly synthesised proteins inside cells differs from the refold-
ing of denatured proteins in vitro in two respects [14]. Firstly, protein chains
fold inside cells in highly crowded macromolecular environments that favour
aggregation. Secondly, protein chains are made vectorially inside cells at a rate
slower than the rate of folding. It takes about 20 seconds for a cell of E. coli
to synthesise a chain of 400 residues at 37 ◦C; however, in vitro, many dena-
tured proteins will refold completely well within this time. Thus there is the
possibility that the elongating nascent chain will either misfold because it is in-
complete or aggregate with identical elongating chains on the same polysome. It
is important to realise that misfolding is conceptually distinct from aggregation.
Misfolding can be defined as the chain reaching a partly folded conformation
from which it is unable to reach the final functional conformation on a bio-
logically relevant time scale. Misfolded chains may or may not bind to one
another to form non-functional aggregates that may be as small as a dimer
or large enough to be insoluble. Thus all aggregates are, by definition, mis-
folded, but to what extent misfolded, but unaggregated, chains occur in cells is
unclear.

Molecular chaperones assist the folding of both nascent chains bound to ri-
bosomes and newly synthesised chains released from ribosomes – i.e., in both
co-translational and post-translational modes. The chaperones working in these
co-translational and post-translational modes are distinct and can be usefully
termed small and large chaperones, respectively, because this is a case where
size is important for function [15]. Small chaperones are less than 200 kDa in
size and include trigger factor, nascent chain-associated complex, prefoldin, the
Hsp70 and Hsp40 families and their associated co-chaperones. Co-chaperones
are defined as proteins that bind to chaperones to modulate their activity; they
may or may not also be chaperones in their own right. Large chaperones are
more than 800 kDa in size and include the thermosome in Archaea, GroE pro-
teins in Eubacteria and the eukaryotic organelles evolutionarily derived from
them, and the TCP-1 or TRiC complexes and associated co-chaperones in the
cytosol of Eukarya. The large chaperones are evolutionarily related and are col-
lectively referred to as the chaperonins. There are no large chaperones in the en-
doplasmic reticulum lumen of eukaryotic cells, but small chaperones such as BiP
(an Hsp70 homologue), calnexin, calreticulin, and protein disulphide isomerase
that assist the folding of chains transported into the lumen after synthesis in
the cytosol are present. Table 1.2 lists some of the chaperones that assist protein
folding.
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Table 1.2. Chaperones that assist protein folding

Other names

Family Eukaryotes Prokaryotes Functions

Hsp100 Hsp104, 78 ClpA/B/X Disassembly of oligomers
and aggregates

Hsp90 Hsp82, Hsp83,
Grp94

HtpG Regulate assembly of
steroid receptors and
signal transduction
proteins

Hsp70 Hsc70, Ssal-4,
Ssb1-2, BiP, Grp75

DnaK, Hsc66, Absent
from many Archaea

Prevent aggregation of
unfolded protein chains

Chaperonins Hsp60, TRiC, CCT,
TCP-1, rubisco
subunit binding
protein

GroEL, GroES Sequester partly folded
chains inside central cage
to allow completion of
folding in absence of
other folding chains

Hsp40 Ydj1, Sis1, Sec63p,
auxilin, zuotin,
Hdj2

DnaJ Stimulate ATPase activity of
Hsp70

Prefoldin GimC Absent from Bacteria,
present in Archaea

Prevent aggregation of
unfolded protein chains

Trigger factor Absent from Eukarya Present Bind to nascent chains as
they emerge from
ribosome

Calnexin,
calreticulin

Present Absent from
prokaryotes

Bind to partly folded
glycoproteins; located in
ER membrane and
lumen, respectively

Nascent-chain
associated
complex
(NAC)

Present Absent from
prokaryotes

Bind to nascent chains as
they emerge from
ribosome

PapD Absent from Eukarya Present in some Prevent aggregation of
subunits of pili

1.6.1. Small chaperones

Small chaperones bind transiently to small hydrophobic regions (typically seven
or eight residues long) on both nascent and completed, newly synthesised chains
and thus prevent aggregation both during and after chain elongation by shielding
these regions from one another (Figure 1.1) [3]. Trigger factor (48 kDa) is the
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Figure 1.1. Models for the chaperone-assisted folding of newly synthesised polypeptides
in the cytosol. (A) Eubacteria. TF, trigger factor; N, native protein. Most nascent chains
probably interact with TF, and most small proteins (about 65–80% of total chain types)
may fold rapidly upon synthesis without further chaperone assistance. Longer chains (10–
20% of total chain types) interact subsequently with DnaK and DnaJ and fold after one or
several cycles of ATP-dependent binding and release. About 10–15% of total chains fold
within the chaperonin GroEL/GroES system. GroEL does not bind to nascent chains
and is thus likely to receive its substrates after their release from DnaK. (B) Archaea.
PFD, prefoldin; NAC, nascent-chain associated complex. Only some archaeal species
contain DnaK/DnaJ. The existence of a ribosome-bound NAC homologue and the
binding of PFD to nascent chains have not been shown. (C) Eukarya. Like TF, NAC
probably interacts with many nascent chains. The majority of smaller chains may fold
without further chaperone assistance. About 15–20% of chains reach their native states
after assistance by Hsp70 and Hsp40, and a specific fraction of these are then transferred
to Hsp90. About 10% of chains are passed to the TriC system in a reaction involving
PFD. Reprinted from [3] with permission.

first chaperone to bind to nascent chains in prokaryotes because it is associated
with the ribosomal large subunit that contains the tunnel from which the chains
emerge [16]. A cell of E. coli contains about 20,000 copies of this chaperone,
sufficient to bind to all nascent chains. Trigger factor shows peptidyl-prolyl
isomerase activity and contains a hydrophobic groove which transiently binds
to regions of the nascent chain enriched in aromatic residues. It binds to nascent
chains as short as 57 residues and dissociates in an ATP-independent manner
after the chain is released from the ribosome; this binding does not require
prolyl residues in the nascent chain. The isomerase activity may provide a means
of keeping nascent chains containing prolyl residues in a flexible state. The
eukaryotic cytosol lacks trigger factor; however, its function may be replaced by
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that of a heterodimeric complex of 33- and 22-kDa subunits, termed the nascent
chain–associated complex. Like trigger factor, this complex binds transiently to
short nascent chains; however, unlike trigger factor, it does not possess peptidyl-
prolyl isomerase activity [17].

Cells lacking trigger factor show no phenotype because its function can be
replaced by that of the other major small chaperone, Hsp70 [18, 19]. The Hsp70
family has many 70-kDa proteins distributed between the cytoplasm of Eubac-
teria and some, but not all, Archaea, the cytosol of Eukarya, and eukaryotic
organelles such as the endoplasmic reticulum, mitochondria and chloroplasts.
Some, but not all, of these members are also stress proteins. Unlike trigger fac-
tor, most of the Hsp70 members do not bind to ribosomes but do bind to
short regions of hydrophobic residues exposed on nascent and newly synthe-
sised chains. Such regions occur statistically about every 40 residues and are
recognised by a peptide-binding cleft in Hsp70; this recognition involves not
just the hydrophobic side chains, but also main-chain atoms in the extended
polypeptide backbone of the nascent chain [20].

Most is known about the Hsp70 member in E. coli, termed DnaK. Like all
Hsp70 chaperones, DnaK contains an ATPase site and occupation of this site
by ATP promotes rapid, but reversible, peptide binding. The importance of this
ATPase site in cell-cell signalling is described in Chapter 10. ATP hydrolysis then
tightens the binding through conformational changes in DnaK. The cycling of
ATP between these states is regulated by a 41-kDa co-chaperone of the Hsp40
family, termed DnaJ in E. coli, and GrpE, a nucleotide exchange factor that is a
co-chaperone, but not a chaperone. DnaJ binds to DnaK through its J domain
and increases the rate of ATP hydrolysis, thus facilitating peptide binding. DnaJ,
like all the Hsp40 proteins, acts as a chaperone in its own right because it also
binds to hydrophobic peptides. Thus DnaK and DnaJ cooperate in binding
each other to nascent chains; all Hsp70 chaperones are thought to cooperate
with Hsp40 chaperones. The role of GrpE is to stimulate release of ADP from
DnaK, allowing the latter to bind another molecule of ATP and so release the
peptide. In the eukaryotic cytosol, the role of GrpE is fulfilled by an unrelated
co-chaperone called Bag-1 [21]. Some Archaea lack Hsp70 proteins; however,
their role in protein folding may be replaced by that of an unrelated 90-kDa
dimer chaperone called prefoldin.

There is enough DnaK in each E. coli cell for one molecule to bind to each
nascent chain. DnaK binds to longer chains than trigger factor and so probably
binds after trigger factor. When the gene for trigger factor is deleted, the fraction
of nascent and newly synthesised chains binding to DnaK increases from about
15% to about 40%. However, removal of the genes for both trigger factor and
DnaK in the same cell causes the aggregation of many newly synthesised chains
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[18, 19]. The redundancy of important control systems is as good a design
principle for cells as it is for passenger planes.

Small chaperones function essentially by reducing the time that potentially
interactive surfaces on neighbouring chains are exposed by cycling on and off
these chains until they have folded; they do not appear to change the confor-
mation of the chains. Such a simple mechanism can be thought of as analo-
gous to tossing a hot potato from hand to hand until it has cooled enough
to be held. However, the other major class of chaperones involved in protein
folding function by a much more sophisticated mechanism enabled by their
large size.

1.6.2. Large chaperones – the chaperonins

Most is known about GroEL and GroES, the chaperonin and co-chaperonin
found in E. coli; however, the general principles of their mechanism (Figure 1.2)
are thought to apply also to the thermosome found in Archaea and to the
TCP-1 complex (also called the TRiC or CCT complex) found in the eukaryotic
cytosol. GroEL (800 kDa) consists of two heptameric rings of identical 57-kDa
ATPase subunits stacked back to back, containing a cage in each ring [22]. The
term cage is used because the walls surrounding each central cavity contain gaps,
perhaps to allow entry and exit of nucleotides and water. Each subunit contains
three domains. The equatorial domain contains the nucleotide binding site and
is connected by a flexible intermediate domain with the apical domain. The
latter presents several hydrophobic side chains at the top of the ring orientated
towards the cavity of the cage, an arrangement that permits either a partly folded
polypeptide chain or a molecule of GroES to bind but prevents binding to
another GroEL oligomer.

GroES is a single heptameric ring of 10-kDa subunits that cycles on and off
either end of the GroEL in a manner regulated by the ATPase activity of GroEL.
At any one time, GroES is bound to only one end of GroEL, leaving the other
end free to bind a partly folded polypeptide chain after its release from the
ribosome. GroEL does not bind to nascent chains, whereas TCP-1 may do so.
The two rings of GroEL are coupled by negative allostery so that only one ring
at a time binds nucleotide, but within each ring the binding of nucleotide is
cooperative. When either ADP or ATP is bound to one GroEL ring, the GroES
sits on top of this ring – now called the cis ring. The binding of GroES triggers
a large rotation and upward movement of the apical domains, resulting in an
enlarged cage and a change in its internal surface properties from hydropho-
bic to hydrophilic. This enlarged cage can accommodate a single partly folded
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Figure 1.2. Mechanism of action of the GroEL/GroES system in E. coli. P, unfolded
polypeptide chain; N, native folded chain. Dark shaded illustrates a section through
GroEL, light shaded illustrates a section through GroES. For details, see text.

compact polypeptide chain up to about 60 kDa in size, perhaps depending
on shape.

The reaction cycle starts with a GroEL-GroES complex containing ADP
bound to the cis ring (Figure 1.2, step 1). The hydrophobic residues on the api-
cal domains on the other ring, now called trans, bind to hydrophobic residues
exposed on a partly folded polypeptide chain, presumably after release of small
chaperones from this chain. GroES and ATP then bind to this ring, thereby
converting it into a new cis ring and causing the release of GroES and ADP
from the old cis ring (Figure 1.2, step 2). This binding of GroES to the trans ring
displaces the bound polypeptide into the cavity of the cage because some of
the hydrophobic residues of the apical domains that bind the polypeptide are
the same residues that bind GroES. The displaced chain lying free in the cavity
of the cage now has 10–15 seconds to continue folding, a time set by the slow
but cooperative ATPase activity of the seven subunits in each ring (Figure 1.2,
step 3). The chain thus continues its folding sheltered in a hydrophilic environ-
ment containing no other folding chain. Many denatured polypeptide chains
will fold completely within 15 seconds in the classic Anfinsen renaturing exper-
iment carried out in a test tube instead of inside GroEL. It is for this reason that
I call this mechanism the ‘Anfinsen cage model’ [23].
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The binding of ATP and GroES to the new trans ring then triggers the release
of GroES and ADP from the cis ring containing the polypeptide chain, thereby
allowing the latter to diffuse out of the cage into the cytoplasm. If this chain has
internalised its hydrophobic residues, it remains free in the cytoplasm (Figure 1.2,
step 4). However, any chain that still exposes hydrophobic residues rebinds to
the same ring for another round of encapsulation (Figure 1.2, step 5). Rebinding
to the same ring rather than the ring of another GroEL oligomer is favoured by
the crowding effect created by the high concentration of macromolecules in the
cytoplasm and reduces the risk that partly folded chains will meet one another
in the cytoplasm in a potentially disastrous encounter [24].

This model was proposed to explain the results of many ingenious in vitro
experiments; however, recent genetic studies confirm the importance of the
Anfinsen cage mechanism in intact cells. Mutants in which the mechanism is
prevented by blockage of the entrance to one of the rings of each GroEL oligomer
are viable, but the cells form colonies only 10% the size of the wild-type colonies
[23, 25]. That these mutants are viable at all suggests that the ring whose entrance
is not blocked is acting rather like the small chaperones – reducing aggregation
by binding and releasing from the hydrophobic regions on newly synthesised
chains.

An unexpected added advantage of the Anfinsen cage mechanism is that,
for proteins in a certain size range, encapsulation in the cage increases the rate
of folding compared to the rate observed in free solution under conditions
where aggregation is not a problem. Thus the rate of folding of bacterial rubisco
(50 kDa) is increased four-fold by encapsulation, whereas that of rhodanese
(33 kDa) is not affected [26]. This effect can be explained in terms of a type
of macromolecular crowding called confinement, in which the proximity of
the walls of the confining cage stabilises compact conformations more than
extended ones and so enhances the rate of interactions leading to compaction
of the folding chain [27]. A possible further advantage of the Anfinsen cage
mechanism is that the rotation of the apical domains may cause the bound
polypeptide to unfold to some extent and thus destabilises conformations
that may have misfolded [28]; this interesting suggestion awaits experimental
support.

Current estimates suggest that the fraction of newly synthesised polypeptide
chains that bind in vivo to either Hsp70 proteins or the chaperonins is in the
range 10–20% [3]. Whether the majority of newly synthesised chains bind to
other, as yet undiscovered, chaperones or fold unassisted because their sequences
have evolved to avoid aggregation is unknown. Nor is it understood what de-
termines that only a defined minority of polypeptides bind to GroEL in the
intact cell.
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1.7. Other functions of molecular chaperones

The ubiquity and diversity of molecular chaperones is consistent with the pos-
sibility that some members have functions additional to the prevention of ag-
gregation. Two examples are well established: the first concerns chaperones that
regulate the properties of proteins that have largely folded but are not in their
functional native states, whereas the second illustrates a chaperone family that
redissolves insoluble protein aggregates.

The Hsp90 family assists in the regulation of signal transduction pathways,
the best studied of which are the steroid response pathways mediated by spe-
cific receptor proteins [29, 30]. Hsp90 does not act generally in the folding of
nascent protein chains as does Hsp70; instead, most of its known substrates are
signal transduction proteins folded in a near-native state, ready for interacting
with other molecules that trigger their signalling function. Steroid receptors have
domains for binding their steroidal ligands, for dimerisation, and for binding
regulatory proteins that determine the transcriptional activity of specific sets of
genes. In the absence of steroid hormones these receptors are bound to sev-
eral types of chaperone and co-chaperone, including Hsp70 as well as Hsp90.
However, they remain monomeric, do not bind to DNA and are thus function-
ally inactive as transcription factors. This type of chaperone function involves
changes in conformations of the substrate protein and therefore falls within the
general area of chaperone-assisted protein folding, but with the aim of regulating
function instead of preventing aggregation.

The second example concerns the reversal of protein aggregation. The success
of molecular chaperones at preventing aggregation is not perfect, and there is
evidence that it declines as organisms age [31, 32]. Protein damage accumu-
lates with time and eventually overloads the repairing ability of chaperones,
with Alzheimer’s disease being the most dramatic and depressing consequence.
The universal heat shock response can be regarded as a mechanism to increase
the concentrations of chaperones when cells are subject to environments that
cause protein denaturation and subsequent aggregation. The Hsp100 family has
the unique ability to redissolve insoluble protein aggregates and acts to rescue
or remove those proteins that evade the aggregation-prevention screen pro-
vided by other chaperones. The Hsp100 family is a functionally diverse group
of oligomeric ATPases that are, in turn, a subfamily of the AAA+ superfam-
ily. All AAA+ proteins form single-ring-shaped complexes reminiscent of the
chaperonins. As with the latter, it is thought that the combination of several
substrate-binding sites arranged around the ring is crucial to their function [33].

The Hsp100 family member in yeast is called Hsp104; removal of the Hsp104
function by mutation is not lethal, but it does prevent the cell from rescuing
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the activity of test enzymes inactivated by brief exposure of the cells to 44 ◦C.
Such heat shock causes proteins to aggregate in both the cytoplasm and nucleus
of yeast cells; when such cells are placed at 25 ◦C after the heat shock these
aggregates disappear, but this function is lost in cells lacking the Hsp104 func-
tion [34]. In vitro studies show that, unlike many other chaperones, Hsp104 is
unable to prevent the aggregation of denatured proteins but, when mixed with
Hsp70 and Hsp40 from yeast, can mediate the recovery of enzymic activity from
insoluble aggregates.

1.8. The cell–cell signalling hypothesis

The term cell-cell signalling is conventionally used to encompass all those pro-
cesses by which cells secrete specific compounds that influence the behaviour of
other cells. Given the universality and abundance of molecular chaperones it is
plausible to speculate that some of them have such signalling roles, in addition
to their known roles in protein folding, and establishing such roles would be an
important advance. In my view the current evidence is suggestive rather than
conclusive.

Much of the evidence that chaperones occur on cell surfaces and in the extra-
cellular medium relies on the uses of antibodies (see Chapter 2). This evidence
needs strengthening by physical characterisation of what the antibodies are
detecting – are they detecting proteolytic fragments, subunits, or the oligomeric
forms of these chaperones? In the case of the large chaperones such characterisa-
tion should be straightforward. It is also not clear in what form exogenous pure
chaperones added to cells in culture bind to other cells, given that in some cases
(e.g., the mycobacterial chaperonins) it is reported that effects on cell behaviour
resist boiling or treatment with proteases (described in Chapter 6). A separate
issue that needs further clarification is how these materials appear in the extracel-
lular medium – are they secreted by specific mechanisms by live cells or are they
simply released by dead or dying cells? (Partial answers to this question are to
be found in Chapters 3, 5 and 12). The ten genes for the mitochondrial chaper-
onin 60 (Cpn60) of human cells all contain mitochondrial targeting sequences,
but there is no established mechanism known for the transport of mitochon-
drial matrix proteins across the plasma membrane (see Chapter 3). Establishing
the existence of such a mechanism would be an important contribution to cell
biology.

The minimum hypothesis that is consistent with current evidence is a special
form of cell-cell signalling in which cells respond to signals in the form of chap-
erone fragments released from cells damaged by infection or other stresses. Such
damaged cells could include pathogenic bacteria as well as cells of the host. This
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type of signalling would broadcast the news that some cells in the organism had
experienced stresses, including invasion by pathogenic bacteria and viruses, so
that ameliorating responses could be triggered. There is convincing evidence
that the Cpn60 from Enterobacter aerogenes cells found in the saliva of antlion
larvae that prey on other insects acts to paralyse the prey, establishing an extra-
cellular role for this particular chaperone [35]. It was shown that the paralytic
principle is the intact oligomer of Cpn60 and that it is inactivated by trypsin,
but whether it is actively secreted into the saliva or is released from dying bacte-
rial cells was not determined. The Cpn60 from E. coli is not toxic to insects but
can be converted into one simply by changing the isoleucine at position 100
to valine or changing aspartate at position 338 to glutamate. These remarkable
findings are consistent with the possibility that at least some chaperones do have
extracellular roles; however, more incisive studies are required to establish this
as a widespread phenomenon.
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Intracellular Disposition of Mitochondrial Molecular
Chaperones: Hsp60, mHsp70, Cpn10 and TRAP-1

Radhey S. Gupta, Timothy Bowes, Skanda Sadacharan
and Bhag Singh

2.1. Introduction

This chapter reviews work on the intracellular disposition of a number of molec-
ular chaperones that are generally believed to be localised and function mainly
within the mitochondria of eukaryotic cells. However, in recent years, com-
pelling evidence has accumulated from many lines of investigation indicating
that several of these mitochondrial (m-) chaperones are also localised and per-
form important functions at a variety of other sites/compartments within cells
(see [1, 2]). The four chaperone proteins that are the subjects of this chapter in-
clude the following: (i) the 60-kDa heat shock chaperonin protein (Hsp60, also
known as chaperonin 60, Cpn60), which is a major protein in both stressed and
unstressed cells and plays an essential role in the proper folding and assembly
into oligomeric complexes of other proteins [3–6]; (ii) the 10-kDa heat shock
chaperonin (Hsp10 or Cpn10), which is a co-chaperone for Hsp60 in the pro-
tein folding process [7]; (iii) the mitochondrial homologue of the major 70-kDa
heat shock protein (mHsp70), which plays a central role in the import of various
proteins into mitochondria and their proper folding [4, 6]; and (iv) the mito-
chondrial Hsp90 protein, which was originally identified in mammalian cells as
the tumour necrosis factor receptor-associated protein-1 (TRAP-1) [8, 9] and is
commonly referred to by this latter name.

All of these proteins are encoded by nuclear genes, and, after translation of
their transcripts in the cytosol, their protein products are then imported into
mitochondria. The import of protein into mitochondria is generally a highly effi-
cient process which occurs very rapidly and generally to completion [10, 11]. Fur-
ther, once imported into mitochondria, the proteins are not known to exit under
normal physiological conditions. Hence, their presence at extra-mitochondrial
sites raises important questions regarding the possible mechanisms by which
they have reached these locations [1, 2]. The presence of these proteins at other
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sub-cellular locations also greatly broadens the range of functions with which
they are likely to be involved within the cell. This chapter provides a brief review
of the cellular distributions of these chaperone proteins and the significance of
their distributions on their cellular functions. Other aspects of these proteins
are covered in various reviews [3–5, 11, 12] and elsewhere in this volume. The
reader is referred to Chapter 3 for a discussion of non-classical pathways of
protein export in eukaryotic cells and to Chapter 12 for a review of molecular
chaperone release from cells and of molecular chaperones in the circulation.

2.2. Sub-cellular localisation of the mitochondrial
molecular chaperones

2.2.1. Hsp60/chaperonin 60

Hsp60 or chaperonin 60 (Cpn60), which is the eukaryotic homologue of the
bacterial GroEL protein, constitutes one of the major and most characterised
molecular chaperone proteins in both stressed and unstressed cells [4, 13]. In
eukaryotic organisms, this protein is primarily found in organelles such as mi-
tochondria and chloroplasts, which have originated from bacteria belonging to
the proteobacteria and cyanobacteria groups, respectively [14, 15]. Of these,
the mitochondrial Hsp60 has been extensively studied. It is encoded by nuclear
DNA and synthesised as a larger precursor containing an N-terminal mitochon-
drial targeting sequence (MTS), which is cleaved during import of the precursor
protein into the matrix compartment [16].

The mature form of the Hsp60 found in mitochondria and various other com-
partments lacks the MTS sequence [17–19]. Hsp60 was initially discovered in
mammalian cells as a protein (P1) that was specifically altered in Chinese hamster
ovary (CHO) cell mutants resistant to the microtubule inhibitor podophyllo-
toxin [20–22]. Cellular sub-fractionation and immunofluorescence studies indi-
cated that this protein was primarily localised in the mitochondrial matrix com-
partment [23, 24]. The matrix localisation of Hsp60 (P1) was totally unexpected
in view of the earlier genetic and biochemical studies that strongly indicated that
this protein interacted with tubulin, which is not found in mitochondria [25].
Although earlier cell fractionation and immunofluorescence studies suggested
that Hsp60 was exclusively a mitochondrial protein, subsequent work reviewed
below provides strong evidence that it is also present outside of mitochondria,
including on the cell surface (see [1, 2]).

One of the earliest observations pointing to the presence of Hsp60 on the
cell surface came from studies on murine and human T cells that recognised the
mycobacterial Hsp60 (GroEL). These cells were also found to be stimulated by a
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protein present on the surface of stressed macrophages and certain tumour cells
[26, 27], and this stimulation was blocked by both polyclonal and monoclonal
antibodies to Hsp60 [28], indicating that such cells were expressing Hsp60 on
their cell surface.

More definitive evidence for the presence of Hsp60 on the surface of cells
was provided by its immunoprecipitation from surface-iodinated or surface-
biotinylated proteins by polyclonal and monoclonal antibodies specific for
Hsp60 [28, 29]. Hsp60 has also been identified on the cell surface by chem-
ical cross-linking of live cells, where it was found associated with the plasma
membrane resident p21ras protein [17], suggesting its possible involvement in
signal transduction events. Hsp60 in the plasma membrane is also found to be
concomitantly enhanced in CHO cell mutants exhibiting an increase in the
A system of amino acid transport, suggesting its possible association with the
corresponding amino acid transporter [18].

In another study, the plasma membrane–associated Hsp60 was found to be
specifically phosphorylated upon activation of Type I protein kinase A [19]. In-
terestingly, this study also found that histone 2B formed a complex with plasma
membrane–associated Hsp60. Phosphorylation of both Hsp60 and histone 2B
by Type I protein kinase A disrupted their association, leading to expulsion of hi-
stone 2B, but not Hsp60, from the membrane. Hsp60 in the plasma membrane
has also been shown to bind to the high-density lipoprotein [30] and has been in-
dicated to play a role in the peptide presentation process [31, 32]. The presence of
both Hsp60 and tubulin in the plasma membrane also provides a plausible expla-
nation for the puzzling observation that led to the discovery of Hsp60 in mam-
malian cells [21, 22] – that mutational changes in this protein cause resistance to
anti-mitotic drugs that bind to tubulin. In our earlier studies, in which Hsp60 (P1)
was identified as a tubulin-associated protein [20, 33], we suggested that tubulin
in the plasma membrane is associated with Hsp60, such that mutational changes
in Hsp60 can alter drug binding to tubulin [2, 34]. All of the aforementioned
studies strongly suggest that Hsp60 in the plasma membrane functions as a mem-
brane chaperone, which enables other soluble proteins to exhibit membrane
association.

A number of studies have reported an increased cell surface expression of
Hsp60 under stressed or apoptotic conditions. In aortic endothelial cells exposed
to cytokines or high temperature, increased expression of Hsp60 has been de-
tected on the cell surface by fluorescence imaging [35], and this has been shown
to make such cells susceptible to complement-dependent lysis by Hsp60-specific
antibodies [36]. Increased expression of Hsp60 and Hsp70 on the cell surface
has also been observed in T cells undergoing apoptosis [37]. In a recent study,
Hsp60 was found to interact with Bax in the cytoplasm of cardiomyocytes [38].
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However, during hypoxia, Hsp60 is re-localised to the plasma membrane, allow-
ing Bax to translocate to mitochondria to induce apoptosis. Although certain
types of cells or conditions might enhance or induce cell-surface Hsp60 expres-
sion, it is important to recognise that surface expression of Hsp60 is a com-
mon characteristic of eukaryotic cells and is not limited to stressed or apoptotic
cells [1, 2].

Extensive work has been carried out on the sub-cellular localisation of Hsp60
in different cultured cell lines as well as tissues by means of immunogold
labelling (or immuno-electron microscopy (Immuno-EM)), employing mon-
oclonal and polyclonal antibodies. Although immuno-EM labelling of cultured
mammalian cells (CHO, BSC-1 kidney cells, PC12 neuronal, Daudi Burkitt’s
lymphoma and human diploid fibroblasts) has demonstrated the majority of
Hsp60 labelling to be found within mitochondria [39], 15–20% of the reac-
tivity is consistently observed at discrete extra-mitochondrial sites, including
unidentified cytoplasmic vesicles and granules, sites on endoplasmic reticulum,
and at the cell surface (Figure 2.1A) [29, 39]. Using backscattered electron imag-
ing of intact cells, the cell surface copy number of Hsp60 has been estimated to
be approximately 200–2000 molecules per cell, in CHO and CEM-SS human
T lymphocyte cell lines, which appears to represent about 1–10% of the total
cellular Hsp60 [29].

The sub-cellular distribution of Hsp60 has also been examined in different
mammalian tissues using a high-resolution immuno-EM technique [40–42]. In
some tissues, such as heart, kidney (proximal and distal tubules), skeletal muscle,
adrenal gland and spleen, reactivity to Hsp60 antibody was primarily restricted
to mitochondria [41]. However, in a number of other tissues, strong and specific
labelling due to Hsp60 antibody has been observed in a number of other com-
partments in addition to mitochondria. In pancreatic β̇-cells, strong reactivity
with Hsp60 antibodies is also seen in mature insulin secretory granules (ISGs)
(Figure 2.1B) [40]. In this instance, the Hsp60 antibodies specifically labelled
the central core of the mature ISGs, but no labelling was seen in immature
secretory granules [40]. In rat liver, specific labelling with Hsp60 antibodies has
been observed in mitochondria and peroxisomes [39, 41, 43]. The Hsp60 reac-
tivity in peroxisomes is primarily associated with the urate oxidase crystalline
core, which is a distinguishing characteristic of rat liver peroxisomes. In pan-
creatic acinar cells and pituitary, strong labelling with Hsp60 antibodies has
been observed in zymogen granules (ZGs) (Figure 2.1C) and growth hormone
granules (GHGs), respectively [41]. The labelling of these compartments with
Hsp60 antibodies is completely abolished upon pre-adsorption of the antibod-
ies with recombinant Hsp60, thereby providing evidence that it is specific for
Hsp60 [41].
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Figure 2.1. High-resolution immuno-EM visualisation of Hsp60 distribution in different
cells and tissue using Hsp60-specific antibodies. (A) Immunogold labelling of cryosec-
tions of CHO cells; labelling is clearly seen in both mitochondria (M) and on the cell
surface. (B) In mouse pancreatic beta cells, labelling is seen both within mitochondria and
in the dense core of mature insulin secretory granules (SG). (C) In pancreatic acinar cell
sections, strong labelling is observed both within mitochondria and zymogen granules
(ZG). In all of the preceding cases, very little labelling is seen in the ER and Golgi com-
partments. From Brudzynski et al. [40]; Soltys and Gupta [39]; Cechetto et al. [41].

It is of much interest that, although strong labelling due to Hsp60 antibodies
is observed in ZGs, GHGs and ISGs, there is negligible (i.e., close to background)
labelling seen in immature ISGs, as well as in the endoplasmic reticulum (ER)
and Golgi compartments [41]. These results are in marked contrast to those ob-
tained with antibodies to other proteins such as insulin and amylase, which are
targeted to the above compartments and in which strong labelling of the entire
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ER–Golgi pathway is observed [44, 45]. The absence of significant Hsp60 la-
belling in the cytoplasm, as well as the ER–Golgi compartments, using different
monoclonal and polyclonal antibodies, suggests that Hsp60 could be reaching
these granules via a novel mechanism that is different from that which uses the
classical ER–Golgi pathway [44, 46]. The presence of Hsp60 in secretory gran-
ules suggests that certain cell types should secrete Hsp60. Indeed, the secretion
of an Hsp60-like protein has been reported for cultured neuroglial cells and a
neuroblastoma cell line [47]. Velez-Granell and colleagues, employing a poly-
clonal antibody against the bacterial GroEL (from Chromatium vinosum), have
observed considerable Hsp60 reactivity along the ER–Golgi secretory pathway
[42]. However, this antibody also exhibited very high background labelling [42],
hence the significance of these results is not clear.

The possible physiological function of Hsp60 in these compartments is
presently not known. Hsp60 is associated with the central core of the mature
ISGs, but it is not present in immature ISGs. The main difference between these
two types of granules is that, during transition from immature ISGs to mature
ISGs, pro-insulin is enzymatically cleaved to form insulin, which then, by a
poorly understood process, is extensively condensed to form the highly com-
pacted core of the mature granules [48]. The central core of these mature ISGs
thus represents a highly organised, supra-molecular structure, the main function
of which appears to be to maintain insulin at a very high concentration in a func-
tional form that is ready to be secreted. The Hsp60 in other types of granules such
as ZGs and GHGs, may be playing an analogous role. In a similar manner, in
peroxisomes, Hsp60 is associated with the urate oxidase crystalline cores, which
also constitute a higher order supra-molecular structure which likely requires a
chaperone for its assembly. In accordance with its established functions in the
formation of oligomeric protein complexes, and in protein secretion in bacteria
[4, 49], we have suggested that Hsp60 in different types of granules (ZG, ISGs,
GHGs) and peroxisomes also plays a chaperone role in the condensation of
proteins within these compartments, and in maintaining the highly compacted
proteins in functional forms required for their biological actions [39–41].

2.2.2. Hsp10 (Cpn10)

Hsp10, or Cpn10, is the eukaryotic homologue of the bacterial GroES pro-
tein, which serves as a co-chaperone for Hsp60 (GroEL) in the protein folding
and assembly processes [3, 12]. Similar to Hsp60, this protein is present in eu-
karyotic cells in organelles such as mitochondria and chloroplasts [7, 15, 45].
Unlike most other mitochondrial matrix proteins, Hsp10 does not contain an
N-terminal cleavable MTS; rather its N-terminal sequence has the ability to form
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an amphipathic alpha helix which possibly enables it to cross the mitochondrial
membrane [50]. Surprisingly, Hsp10 has also been shown to be identical to a
protein previously identified as early pregnancy factor (EPF), which appears in
maternal serum within 24 hours after fertilisation [51, 52]. The evidence that
EPF from human platelets is identical to the Hsp10 protein is provided by
several observations: (i) The amino acid sequences of three different fragments
covering more than 70% of the EPF show complete identity with the human
Hsp10 protein [52]. (ii) Purified rat Hsp10 is found to be as active in the EPF
bioassay as the platelet-derived EPF, and this activity can be neutralised by a
monoclonal antibody to EPF. In contrast to the mammalian Hsp10, bacterial
GroES is not active in the bioassay, providing evidence of specificity [53]. (iii) In
the presence of ATP, EPF (similar to Hsp10) forms a stable complex with Hsp60
which co-elutes from a gel filtration column. Further, immobilised Hsp60, in
the presence of ATP, removes all EPF activity from pregnancy serum, provid-
ing evidence of a specific interaction between these proteins [52, 53]. Fletcher
and colleagues have indicated that EPF in mouse cells may be encoded by an
intronless gene, the pattern of expression of which is similar to that of EPF
activity [54].

The sub-cellular distribution of Hsp10 in rat tissues has been examined in
detail using the high-resolution immuno-EM technique employing polyclonal
antibodies raised against different regions of human Hsp10 [45]. In all rat tis-
sues examined including liver, heart, pancreas, kidney, anterior pituitary, sali-
vary gland, thyroid and adrenal gland, antibodies to Hsp10 strongly labelled
mitochondria. However, in a number of tissues, in addition to mitochondria,
strong and specific labelling with the Hsp10 antibodies is also observed in
several extra-mitochondrial compartments. These sites included ZGs in pan-
creatic acinar cells (Figure 2.2A), GHGs in anterior pituitary (Figure 2.2B)
and pancreatic polypeptide granules in islet cells. These granules likely pro-
vide the pathway for the secretion of this protein into the blood stream, in
which it can serve the function of EPF. The Hsp10 labelling in these com-
partments is at least comparable to (if not higher than) that seen in mitochon-
dria and it has been shown to be specific by different means [45]. In con-
trast to these secretory granules, the labelling in cytoplasm, nucleus and ER
is generally very weak and in most cases at, or near, background levels [45].
These observations are very similar to those attained using Hsp60 antibodies
(Figure2.1) and indicate that the Hsp10 is reaching these compartments by a
novel pathway [45].

In addition to these granules, specific reactivity of the Hsp10 antibodies
has also been observed within mature erythrocytes (Figure 2.2C) [45]. This
observation is surprising because erythrocytes are believed to be devoid of
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Figure 2.2. Immuno-EM localisation of Hsp10 (Cpn10) in different rat tissues using spe-
cific antibodies. (A) Labelling of mitochondria and zymogen granules (ZG) in pancreatic
acinar cells. (B) Labelling of GHGs in anterior pituitary sections. (C) Immunogold la-
belling of red blood cells (RBC). BL, basal lamina; L, lumen. From Sadacharan et al. [45].

mitochondria and various other organelles [55, 56]. However, it is possible that,
although mature erythrocytes extrude all mitochondria, they retain specific mi-
tochondrial proteins that may be required for particular functions. Our studies
indicate that, similar to Hsp10, cross-reactive proteins to Hsp60 antibodies are
also present in erythrocytes (unpublished results). The possible roles that Hsp60
and Hsp10 may play in erythrocytes is presently unclear; however, based on their
established chaperone function, it is possible that these proteins are involved
in either the assembly or functioning of haemoglobin, which is their primary
constituent [55, 56].

2.2.3. mHsp70/DnaK chaperone

Mitochondrial Hsp70 (mHsp70) is the mitochondria-targeted member of the
highly conserved Hsp70/DnaK family of proteins. This protein has been
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independently identified as mortalin, as the 74-kDa peptide binding protein
(PBP74) [57], as the 75-kDa glucose regulating protein (Grp75) [58], and as
mHsp70 [59, 60]. Similar to Hsp60, it contains an N-terminal MTS that is
responsible for its targeting to the mitochondrial matrix [59, 60]. Within mito-
chondria, it functions as a monomeric ATPase that binds to exposed hydropho-
bic amino acid residues in proteins to prevent their aggregation or misfolding
[4, 12]. Additionally, mHsp70 plays a central role in the mitochondrial import
of proteins by binding to, and pulling in, unfolded polypeptide chains entering
through the translocase of the inner (outer) membrane translocon [61].

As with the other DnaK homologues, mHsp70 works in conjunction with its
co-chaperones, mDnaJ (hTid-1/Hsp40 homologue) and GrpE, which modulate
its ATP exchange and ATPase activity [62]. In an earlier study, in which mHsp70
was identified as the PBP74, a protein involved in the processing of antigens, it
was shown to be localised in a number of sites including the endocytic vesicles
of B cells containing internalised antigen, the ER, and the plasma membrane
[63]. mHsp70 has also been shown to interact with exogenously added fibroblast
growth factor type-1 as well as with interleukin receptor type-1 and thought to
play a role in their internalisation [58, 64].

Studies on mHsp70 localisation by high-resolution immuno-EM demonstrate
that, in addition to its expected localisation within mitochondria, this protein is
also present at discrete sub-cellular locations including the plasma membrane,
endocytic vesicles, and unidentified cytoplasmic granules in both CHO and
BSC-1 cells (Figure 2.3A) [60]. Our recent studies show that, similar to Hsp60
and Hsp10, antibodies to mHsp70 also show strong reactivity towards a number
of different types of granules including ZGs (Figure 2.3B). Further, as in the case
of Hsp60 and Hsp10, very little reactivity can be observed in the cytoplasm and
the ER–Golgi compartments, indicating that these proteins are reaching these
granules via some novel, yet to be discovered, pathway (see Chapter 3).

Wadhwa and Kaul’s groups have independently identified mHsp70 as
‘mortalin’, a protein that is implicated in conferring the senescent phenotype on
cultured mammalian cells [65, 66]. Immunofluorescence studies with antibod-
ies to mortalin in normal fibroblasts generally show a pancytosolic labelling,
whereas its localisation varies from a fibrous peri-nuclear to granular stain-
ing of the juxtanuclear cap in different immortal cell lines [66]. Based on
the distribution pattern of this protein in normal and transformed cells, a
number of different complementation groups have been identified [65]. Al-
though these findings are of much interest for understanding the cellular func-
tion of mHsp70 in cellular senescence, due to the limited resolution of con-
focal microscopy it is difficult to determine whether the observed differences
in mHsp70 distribution are simply due to altered mitochondrial distributions



P1: JZX
0521836549c02.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:17

Intracellular Disposition of Mitochondrial Molecular Chaperones 31

Figure 2.3. Immuno-EM localisation of mHsp70 in (A) cryosections of BSC-1 cells, and
(B) in tissue sections of pancreatic acinar cells. In panel (B), the labelling is specific to
mitochondria and ZGs and only background labelling is seen in the ER and the nucleus.
From Singh et al. [60] and unpublished results.

(or morphology) in different cells, or whether mHsp70 is present at certain
discreet extra-mitochondrial sites/compartments in any of these cells [65].

2.2.4. Hsp90 or TRAP-1 protein

Due to their endosymbiotic origin from bacteria, mitochondria are known to
contain distinct homologues of various heat shock chaperone proteins. The mi-
tochondrial homologues of Hsp60, Hsp70, Hsp10, as well DnaJ (hTid-1/Hsp40)
and GrpE have all been well characterised [67, 68]. In contrast, until recently,
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no homologue of the major 90-kDa heat shock protein (Hsp90) was identified
in mitochondria. However, sequence homology studies have led to the reali-
sation that a protein, TRAP-1, corresponds to the mitochondrial homologue
of the Hsp90 protein [8, 9]. TRAP-1 shows greater sequence homology to the
Hsp90 homologue from Gram negative bacteria (HtpG), from which mitochon-
dria have originated, than to either the cytosolic or ER-resident forms of human
Hsp90 [8, 69]. Additionally, both TRAP-1 and HtpG sequences lack a charged
region that is present in all eukaryotic nucleocytosolic Hsp90s [69, 70].

The evidence that TRAP-1 is primarily a mitochondrial protein is provided
by several lines of investigations: (i) In immunofluorescence studies, different
monoclonal and polyclonal antibodies to TRAP-1 protein are all found to specif-
ically stain mitochondria [8, 69]. (ii) Sub-cellular fractionation of rat liver mi-
tochondria indicates that TRAP-1 is primarily present in mitochondria. Within
mitochondria, TRAP-1 reactivity is primarily observed in the matrix and the
outer membrane fractions [69]. (iii) TRAP-1 in both human and Drosophila is
synthesised as a longer precursor protein containing an N-terminal targeting
sequence bearing various characteristics of a typical mitochondrial matrix tar-
geting sequence [8]. Similar to other mitochondrial proteins, this sequence is
not present in the mature protein and is likely cleaved off during mitochondrial
import. (iv) Immunogold labelling of different tissue sections shows strong and
specific labelling of mitochondria in all cases [69].

In a number of tissues such as liver and spleen, labelling with TRAP-1 anti-
body was exclusively seen in mitochondria. However, in several other tissues,
labelling at additional discrete locations has also been observed (discussed later).
Although TRAP-1 is clearly a mitochondrial protein, and also an Hsp90 ho-
mologue, its function within mitochondria is presently not known. Similar
to other Hsp90 homologues, TRAP-1 binds ATP and shows ATPase activity
which can be blocked by the Hsp90 inhibitors, geldanamycin and radicicol
[8]. However, its lack of binding to the Hsp90 co-chaperones p23 and Hop
(p60) and its inability to substitute for Hsp90 in other functions [8] indi-
cate that its cellular function has diverged from other well-characterised Hsp90
homologues.

Although the function of TRAP-1 (mHsp90) within mitochondria is not
known, it interacts with a variety of proteins involved in diverse functions
outside of mitochondria. TRAP-1 was first identified on the basis of its in-
teraction with the intracellular domain of the type I tumour necrosis factor
receptor (TNFR-1) in the yeast two-hybrid system [9]. TNFR-1 is a cell surface
receptor involved in a variety of cellular events, including cytotoxicity, fibrob-
last proliferation and antiviral responses (see subsequent chapters that deal with
pro-inflammatory cytokine induction by various chaperones). In other studies,
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TRAP-1 has been shown to interact with the retinoblastoma protein [71] as well
as two proteins involved in hereditary multiple exostoses, EXT1 and EXT2 [72].
The retinoblastoma protein is a nuclear protein involved in cell cycle progres-
sion and differentiation [73]. The functions of EXT1 and EXT2 however, are
not definitively known, although indirect evidence indicates that these proteins,
found primarily in the ER, are involved in glycosaminoglycan synthesis and act
as tumour suppressors [72].

In a recent study the Dictyostelium homologue of TRAP-1 has been found to
display differential sub-cellular localisation in response to nutrient starvation
[74]. This protein is normally localised to mitochondria and the cortical mem-
brane region of the cells. However, after 6 hours in media devoid of nutrients,
TRAP-1 was found only within mitochondria. TRAP-1 translocates back to the
mitochondria from the cortical membrane during starvation, and this translo-
cation could be induced by an as yet uncharacterised secreted factor(s) present
in the media of starved cells [74]. In all cases, TRAP-1 was determined to be in
its mature form by Western blotting. These results are interesting because they
suggest that TRAP-1 is able to cross back into mitochondria without the need
for its MTS. In another interesting study, exogenous tumour necrosis factor
(TNF) was found to be delivered to mitochondria [75]. Although it remains un-
clear how exogenously added TNF is directed to mitochondria, TNF binding to
TRAP-1 and the subsequent translocation of the complex to the mitochondria
is a distinct possibility.

In accordance with its interaction with many extra-mitochondrial proteins,
immuno-EM studies on TRAP-1 show that, in addition to mitochondria, strong
and significant reactivity to TRAP-1 antibodies is seen in a number of tissues
at discrete extra-mitochondrial sites [69]. In pancreatic acinar cells, TRAP-1 is
present in both ZGs (Figure 2.4A) as well as glucagon granules [69]. Lower, but
significant, reactivity of TRAP-1 has also been seen in the nuclei of pancreatic
acinar cells [69]. In endothelial cells lining blood vessels, strong reactivity to
TRAP-1 antibody has been observed on the apical cell surface (Figure 2.4B).
The labelling is concentrated in foci, which could represent sites where TNFR-1
is localised, or areas in which vesicles containing this protein are either fusing
or pinching off from the cell membrane. Significant reactivity of TRAP-1 has
also been observed in cardiac sarcomeres, the functional significance of which
is presently unknown [69].

2.3. Conclusions and future directions

The presence of various mitochondrial heat shock proteins (viz. Hsp60, Hsp10,
mHsp70 and TRAP-1) outside of the mitochondrion, and their involvement in
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Figure 2.4. Immuno-EM localisation of TRAP-1 (mHsp90) in rat tissue sections using
specific antibodies. (A) Localisation of TRAP-1 in mitochondria, ZGs and nucleus in
pancreatic acinar cells. (B) Presence of TRAP-1 on the surface of endothelial cells lining a
blood vessel. BL, basal lamina; PS, peri-capillary space. From Cechetto and Gupta [69].

important cellular functions, is widely recognised. However, the question as to
how these proteins arrive at these locations is generally ignored and has not
received due attention. The primary reason for this is that most mitochondrial
proteins are encoded by nuclear DNA and translated in the cytosol before being
targeted to mitochondria. Hence, it is generally assumed that these proteins can
easily move from the cytosol to various other cellular destinations directly, and
their presence at extra-mitochondrial location presents no conceptual problem
[10, 76]. However, the available facts do not support this simplistic assump-
tion. In this context, it is important to recognise that most of these proteins
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are synthesised as larger precursor molecules containing an N-terminal leader
sequence that targets the proteins to mitochondria. Most of these proteins are
also encoded by single copy genes and there is no evidence for the occurrence
of alternate processing at either the transcription or translation levels.

The targeting sequences of these proteins are specifically cleaved by a mito-
chondrial matrix resident protease and these sequences are not present in the
mature protein found within mitochondria [10, 76]. Extensive evidence now
indicates that various proteins discussed in this review (viz. Hsp60, mHsp70,
TRAP-1), as well as other mitochondrial proteins that have been identified at
extra-mitochondrial locations, all comprise mature forms of the protein lacking
the targeting sequence. Further, for Hsp60, mHsp70 and several other mitochon-
drial proteins, it has been demonstrated that the conversion of the precursor
into the mature form requires entry of the precursor (or at least its targeting
sequence) into mitochondria. In cells treated with the potassium ionophores
such as nonactin or valinomycin, which inhibit mitochondrial import of the
precursor proteins, no conversion of the precursor forms into the mature pro-
teins is observed [39, 60]. Further, under normal conditions the amounts of the
precursor proteins that are present in cells are too low to be detected, indicating
that the mitochondrial targeting is highly efficient and leading to no significant
accumulation of the precursor proteins in the cytosol, or their mis-targeting to
other compartments.

In addition to the proteins discussed in this chapter, most other mitochondrial
proteins whose sub-cellular distributions in different cells and tissues have been
examined in detail by means of high-resolution techniques are found to be
present, besides mitochondria, at other specific sites in cells. Examples of such
proteins include mitochondrial aspartate aminotransferase, which also functions
as a fatty acid transporter on the cell surface [77, 78], and the p32 protein,
which is involved in nuclear functions and also acts as a cell surface receptor for
complement C1q [79, 80]. Interestingly, cytochrome C, the exit of which from
mitochondria is believed to play a central role in apoptosis [81], is also present in
ZGs and GHGs in normal rat tissues [82]. Additionally, our recent work indicates
that a number of proteins that are encoded by mitochondrial DNA and that
are transcribed and translated within mitochondria are also present outside of
mitochondria at specific locations (unpublished results). The presence of these
proteins at extra-mitochondrial locations challenges the widely held notion that
mitochondria constitute a dead-end compartment in cells, from which proteins
cannot exit under normal physiological conditions [1, 2, 10, 83, 84].

The preceding observations have led us to postulate the existence of spe-
cific mechanisms for protein transport from mitochondria to other cellular
compartments [1, 2]. The existence of specific transport mechanisms from
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mitochondria should not be surprising in view of their origin from Gram nega-
tive bacteria, which possess an ever-growing number of mechanisms for protein
export/secretion across the cell membrane [2]. Although such mechanisms re-
main to be characterised in eukaryotic cells, the presence of various mitochon-
drial chaperones (and other proteins) at extra-mitochondrial sites indicates that
their cellular functions are not restricted to mitochondria, and many of these
proteins likely play important roles in diverse cellular processes (see [1, 2]).
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logue of the drosophila tumor suppressor lethal(2) tumorous imaginal discs, regulates
activation-induced cell death in Th2 cells. Oncogene 2003, 22: 4636–4641.

69. Cechetto J D and Gupta R S. Immunoelectron microscopy provides evidence that
tumor necrosis factor receptor-associated protein 1 (TRAP-1) is a mitochondrial pro-
tein which also localizes at specific extramitochondrial sites. Exp Cell Res 2000, 260:
30–39.

70. Gupta R S. Phylogenetic analysis of the 90 kD heat shock family of protein sequences
and an examination of the relationship among animals, plants, and fungi species.
Mol Biol Evol 1995, 12: 1063–1073.

71. Chen C F, Chen Y, Dai K, Chen P L, Riley D J and Lee W H. A new member of
the hsp90 family of molecular chaperones interacts with the retinoblastoma protein
during mitosis and after heat shock. Mol Cell Biol 1996, 16: 4691–4699.

72. Simmons A D, Musy M M, Lopes C S, Hwang L Y, Yang Y P and Lovett M. A direct
interaction between EXT proteins and glycosyltransferases is defective in hereditary
multiple exostoses. Hum Mol Genet 1999, 8: 2155–2164.

73. Herwig S and Strauss M. The retinoblastoma protein: a master regulator of cell cycle,
differentiation and apoptosis. Eur J Biochem 1997, 246: 581–601.

74. Morita T, Amagai A and Maeda Y. Unique behavior of a dictyostelium homologue
of TRAP-1, coupling with differentiation of D. discoideum cells. Exp Cell Res 2002,
280: 45–54.

75. Ledgerwood E C, Prins J B, Bright N A, Johnson D R, Wolfreys K, Pober J S, O’Rahilly
S and Bradley J R. Tumor necrosis factor is delivered to mitochondria where a tumor
necrosis factor-binding protein is localized. Lab Invest 1998, 78: 1583–1589.

76. Glick B and Schatz G. Import of proteins into mitochondria. Ann Rev Genet 1991,
25: 21–44.

77. Bradbury M W and Berk P D. Mitochondrial aspartate aminotransferase: direction of
a single protein with two distinct functions to two subcellular sites does not require
alternative splicing of the mRNA. Biochem J 2000, 345: 423–427.

78. Cechetto J D, Sadacharan S K, Berk P D and Gupta R S. Immunogold localization
of mitochondrial aspartate aminotransferase in mitochondria and on the cell surface
in normal rat tissues. Histol Histopathol 2002, 17: 353–364.

79. Ghebrehiwet B and Peerschke E I. Structure and function of gC1q-R: a multiligand
binding cellular protein. Immunobiology 1998, 199: 225–238.



P1: JZX
0521836549c02.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:17

Intracellular Disposition of Mitochondrial Molecular Chaperones 41

80. Soltys B J, Kang D and Gupta R S. Localization of P32 protein (gC1q-R) in mito-
chondria and at specific extramitochondrial locations in normal tissues. Histochem
Cell Biol 2000, 114: 245–255.

81. Green D R and Reed J C. Mitochondria and apoptosis. Science 1998, 281: 1309–1312.
82. Soltys B J, Andrews D A, Jemmerson R and Gupta R S. Cytochrome c localizes in

secretory granules in pancreas and anterior pituitary. Cell Biol Int 2001, 25: 331–338.
83. Poyton R O, Duhl D M J and Clarkson G H D. Protein export from the mitochondrial

matrix. Trends Cell Biol 1992, 2: 369–375.
84. Smalheiser N R. Proteins in unexpected locations. Mol Biol Cell 1996, 7: 1003–1014.



P1: JZX
0521836549c02.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:17

42



P1: JYD
0521836549agg.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:24

SECTION 2

Changing Paradigms of

Protein Trafficking and

Protein Function

43



P1: JYD
0521836549agg.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:24

44



P1: JYD
0521836549agg.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:24

3

Novel Pathways of Protein Secretion

Giovanna Chimini and Anna Rubartelli

3.1. Introduction

Intercellular communications are fundamental for many of the biological
processes that are involved in the survival of living organisms, and secretory
proteins are among the most important messengers in this network of informa-
tion. Proteins destined for this function are endowed with a hydrophobic signal
peptide which targets them to the endoplasmic reticulum (ER) and are released
in the extracellular environment by a ‘classical’ pathway of constitutive or regu-
lated secretion. However, in the early 1990s it became evident that non-classical
mechanisms must exist for the secretion of some proteins which, despite their
extracellular localisation and function, lack a signal peptide. Indeed, the family
of these leaderless secretory proteins continues to grow and comprises proteins
that, although apparently unrelated, share both structural and functional fea-
tures. This chapter will review current hypotheses on the mechanisms underly-
ing non-classical secretion and discuss their implications in the regulation of the
inflammatory and immune response. The relevance of non-classical secretion
pathways to molecular chaperone biology is also discussed in Chapters 2 and 12.

3.2. Leaderless secretory proteins

Secretory mechanisms that are discrete to the classical pathways appear early
in evolution. Gram negative bacteria are endowed with many (up to six) types
of secretion mechanisms that are, at least in part, independent of the general
secretory pathway, the prototype being the haemolysin secretion system [1]. In
addition, two pathways of secretion that avoid the ER exist in yeast. Whereas
one of these seems to be activated only as a detoxifying tool [2], the other is
essential because it allows the release of the a-factor, a key mating factor [3]. In
higher eukaryotes, leaderless secretory proteins display some common structural
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features, such as a relatively low molecular mass (12–45 kDa with few exceptions),
the absence of N-linked glycosylation, even if potential sites are present, and the
presence of free cysteines that are not engaged in disulphide bridges [4]. These
characteristics suggest that leaderless secretory proteins avoid the ER, in which
post-translational modifications such as N-linked glycosylation and formation
of disulphide bridges take place. Moreover, the pharmacological evidence that
brefeldin A, a drug that blocks secretion of classical secretory proteins, does not
affect the release of leaderless proteins [5, 6] further supports the hypothesis
that their secretion must follow non-classical export routes.

Due to the relatively large cytosolic accumulation of these proteins, it was orig-
inally proposed that their presence outside the cell could be the consequence
of a passive release of cytoplasmic content, as might occur in the case of cell
death. This possibility was ruled out by observations that the presence of leader-
less proteins in the extracellular environment is selective and does not correlate
with the presence of other cytoplasmic proteins such as lactate dehydrogenase,
a marker for cell lysis [4]. Leaderless secretion has also been shown to be energy-
or temperature-dependent and can be blocked by a number of treatments or
drugs. On the basis of this evidence, it is now currently accepted that the secre-
tion of leaderless proteins is controlled by an active mechanism that excludes
the ER–Golgi apparatus.

Table3.1 lists the most studied leaderless secretory proteins. Some of these
belong to the interleukin family (IL-1, IL-16, IL-18), others are cytosolic enzy-
mes or derive from proteins that have a well-defined intracellular function
(thioredoxin, thioredoxin reductase, phosphoglucose isomerase/AMF, EMAP
II, caspase I, transglutaminase), and others are nuclear proteins which may be
readdressed to the extracellular compartment (HMGB-1, engrailed-2). An unex-
pected nuclear localisation has also been reported. Although in some cases this
localisation is associated with a function (galectin-3 is involved in pre-mRNA
splicing [33] and macrophage migration inhibitory factor (MIF) might work as
a transcription factor modulator [34]), in the case of fibroblast growth factor
(FGF)-1 and -2 and IL-1α a nuclear function is still debated.

The list of leaderless secretory proteins continues to grow. However, some
proteins that have previously been considered to belong to this class have turned
out to function mostly, if not exclusively, intracellularly. For instance, pro- and
para-thymosine alpha, previously regarded as thymic hormones, now appear
to be essential nuclear factors [35] and their extracellular role is debated [36];
platelet-derived endothelial cell growth factor turned out to be identical to the
well-known enzyme thymidine phosphorylase and to play an angiogenic role as
a result of its intracellular enzymatic activity [37].
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Table 3.1. Leaderless secretory proteins

Extracellular Intracellular Key
function function reference

IL-1α Pro-inflammatory immune mediator Activator of transcription [7, 8]
IL-1β Pro-inflammatory immune mediator – [7]
IL-18 Pro-inflammatory immune mediator – [9]
caspase I (ICE) ? IL-1/IL-18 converting

enzyme
[10, 11]

IL-16 Pro-inflammatory immune
mediator,
T-lymphocyte chemoattractant

– [12]

FGF-1 Growth, angiogenic and motility
factor

Growth regulator
(nuclear)?

[13]

FGF-2 Growth, angiogenic and motility
factor

Growth regulator
(nuclear)?

[14]

FGF-9 Neurotrophin, Growth survival
factor

– [15]

CNTF Neurotrophin – [16]
MIF Pro-inflammatory mediator, shock

factor
Transcription factor

modulator
[17]

EMAP II Pro-inflammatory immune mediator Apoptosis mediator [18, 19]
Annexin I Anti-inflammatory immune

mediator
Vesicular traffic [20–22]

AMF Growth motility factor Glycolytic enzyme [23]
TRX/ADF Immune mediator, chemotactic

factor, involved in implantation
and establishment of pregnancy

Major cellular disulfide
reductase

[24]

TRX reductase Enzyme reducing oxidised TRX? Enzyme reducing
oxidised TRX

[24]

Galectines Pro/anti-inflammatory factors Phagocytosis [25–27]
Transglutaminase Protein cross-linking Apoptosis (intracellular

protein cross-linking)
[28]

Coagulation
factor XIII

Coagulation – [29]

HMGB1 Pro-inflammatory, shock factor Chromatin component [30]
Engrailed-2 Transcription factor by intercellular

transfer?
Homeodomain

transcription factor
[31, 32]

Finally, it is worth stressing that, from a functional point of view, most of these
proteins display functions related to the regulation of inflammatory processes
[37]. The finding that molecular chaperones also act to control inflammation
is, therefore, suggestive.
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3.3. Mechanisms of leaderless secretion

3.3.1. Targeting motifs

Although a considerable amount of effort has been dedicated to the under-
standing of leaderless secretion, the molecular mechanism is still only partially
defined. It is likely that this mechanism involves a sequential series of events.
First of all, recognition is required and a given leaderless secretory protein must
be selected from amongst a myriad of cytosolic macromolecules. A common
sorting motif has not yet been identified, although in a number of instances
a requirement for a specific primary structure has been determined. In two
cases, a single cysteine is crucial for secretion and the mutation of Cys 30 in
FGF-1 [38, 39] and Cys 277 in tissue transglutaminase [40] is sufficient to im-
pair their externalisation. Short sequences are required for secretion of chick
ciliary neurotrophic factor (CNTF) and galectin-3, and in both proteins these
lie in the N-terminal domain. Whereas for CNTF this sequence (AA 46–53)
contains six hydrophobic aminoacids [41], in the case of galectin-3 two pro-
line residues (Pro 90 and Pro 93) in the context of AA 89–96 seem crucial
[42, 43].

Post-translational modifications play an important role in the secretion of
two nuclear factors: acetylation for the chromatin component high mobility
group box 1 protein (HMGB-1) [44] and phosphorylation for the homeopro-
tein engrailed-2 [31]. In both cases, the protein shuttles continuously from
the nucleus to the cytoplasm due to nuclear export signals, but the equi-
librium is almost completely shifted towards nuclear accumulation. Hyper-
acetylation of HMGB-1 and de-phosphorylation of engrailed-2 relocate the
proteins to the cytoplasm. In turn, cytoplasmic availability allows secretion.
Phosphorylation also appears to be required for the secretion of the glycolytic
enzyme phosphohexose isomerase/autocrine motility factor (AMF). In this case,
however, the modification induces secretion, whereas the non-phosphorylated
enzyme remains within the cell [45]. Phosphohexose isomerase/AMF is
the archetypal moonlighting protein and is discussed again in Chapters 4
and 5.

Other post-translational modifications such as mirystoylation or farnesylation
might positively modulate the secretion of certain leaderless secretory proteins
such as IL-1α [46] and galectin-3 [42] by enhancing their recruitment to cell
membranes. Nevertheless, these modifications do not represent a bona fide
secretory signal, because other cytosolic proteins undergo lipid modification
but are not secreted.
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3.3.2. Reaching the extracellular space: vesiculation or translocation?

Once recognised, the proteins must be externalised. This can be accomplished
by two different mechanisms, namely vesiculation or translocation.

3.3.2.1. Vesiculation
Vesicles may result from either outward or inward membrane bending. In the
first case, evagination of the membrane leads to bleb formation followed by
the release of extracellular vesicles. Their membrane instability allows the rapid
solubilisation of the protein. This mechanism, which has been first documented
for the lectin L-14/galectin-1 [47], implies a prior concentration of the protein
in patches beneath the plasma membrane. Interestingly, bleb formation can
be restricted to the apical membrane in epithelial cells, resulting in polarised
secretion [48]. This is also the case of the apocrine secretion described in glan-
dular cells of the male reproductive system which leads to the apical release
of a number of leaderless proteins [49] including tissue transglutaminase [50]
and MIF [51]. Moreover, microvesicle shedding has been proposed to mediate
IL-1β release from a monocytic cell line [52].

In the second case, repeated invaginations of the plasma membrane generate
multivesicular bodies. These are multilamellar complexes containing vesicles
called exosomes that are released upon the fusion of the multivesicular bodies
with the plasma membrane [53]. Exosomes have been observed primarily in
haemopoietic cells in which they can serve a variety of functions, including
shedding of transferrin receptor during reticulocyte maturation [54] or anti-
gen presentation [55]. In addition, exosomes may mediate externalisation of
leaderless proteins. Indeed, galectin-3 and several annexins have been detected
by proteomic analysis in exosomes from dendritic cells (DCs) [56], suggesting
that they are selectively recruited in this compartment. The potential role of
exosomes in the release of molecular chaperones is discussed in Chapter 12.

3.3.2.2. Translocation
Leaderless proteins that are not secreted by vesiculation must cross a cell mem-
brane to reach the extracellular space. Membrane translocation has to meet a
number of requirements. Firstly, as a general rule, proteins must unfold in order
to acquire a ‘translocation competent conformation.’ Unfolding is usually as-
sisted by cytoplasmic chaperones [57]. This has been clearly demonstrated for se-
cretion of leaderless proteins in prokaryotes [58], whereas it has not been directly
addressed in mammalian leaderless secretion. Interestingly, in the case of FGF-1,
unfolding does not seem crucial for translocation. Indeed, Prudovsky et al. [59]
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suggest that FGF-1 is secreted as a dimer assembled in a multi-molecular com-
plex with other cytosolic proteins. However, this apparent inconsistency is not
the only exception to the rule because peroxisomal proteins may be imported
into peroxisomes as heterotrimers [60]. Secondly, protein translocation implies
the presence of dedicated membrane transporters. Several specific transporters
have been identified as mediators of membrane crossing in most intracellular
organelles, from the ER to mitochondria and peroxisomes. Also, the lysosomal
membrane is equipped with a transporter (Lamp-2A) which is able to import up
to 30% of cytosolic proteins under stress conditions [61].

In yeast and bacteria, the secretion of leaderless proteins [1, 3] is, in most
cases, dependent on membrane proteins belonging to the family of ATP-binding
cassette (ABC) transporters. This family of transporters is conserved in mammals,
in which 48 transporters organised into 7 structural classes (A to G) have been
identified [62]. They include, amongst others, the multi-drug resistance protein,
responsible for tumour resistance to chemotherapeutic drugs; the cystic fibrosis
gene product; the ER proteins Tap-1 and Tap-2, involved in translocation of
antigenic peptides; and ABCA1, a crucial regulator of clearance of apoptotic
cells also implicated in lipid homeostasis.

By analogy with yeast and bacteria, the implication of ABC transporters in
leaderless secretion has also been investigated in mammals. Although a direct
demonstration has not been provided, pharmacological evidence strongly sug-
gests that member(s) of the ABCA class mediate translocation of a number of
leaderless proteins. Specifically, glybenclamide, a known inhibitor of the activity
of ABCA1, has been reported to impair the secretion of IL-1β [63], Annexin I
[64], MIF [65] and HMGB-1 (Rubartelli, unpublished observation).

In principle, translocation of a leaderless protein may occur at the plasma
membrane or at the membrane of any intracellular organelle able to undergo
exocytosis. Despite extensive study, direct evidence for protein translocation at
the plasma membrane was lacking until recently, when in vitro translocation
of FGF-2 and galectin-1 across inside-out membrane vesicles was demonstrated
[66]. In contrast, a large body of evidence suggests that leaderless proteins may
be imported into cytoplasmic organelles associated with the lysosomal compart-
ment. Immunohistochemical studies have shown the presence of Annexin I in
eosinophil granules [67], of chicken CNTF in an endosomal compartment of
transfected cells [41], of FGF-2 in mast cell secretory granules [68], and of MIF
within secretory granules of pituitary cells [69]. Morphological and biochemical
evidence has reported the localisation of engrailed-2 [70] and HMGB-1 [71]
in intracellular vesicles belonging to the early endocytic pathway and of IL-1β

[72], IL-18 [73], caspase-I and Annexin I (Rubartelli, unpublished results) in the
endolysosomes of activated monocytes.
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Taken together, these results suggest that the lysosomal compartment is
involved in leaderless secretion. Because secretory lysosomes are particularly
abundant in haemopoietic cells, in which they are implicated in immune in-
flammatory processes [74], lysosome-mediated secretion of leaderless proteins
is consistent with the role played by these proteins in the modulation of in-
flammation. Interestingly, the involvement of acidic vesicles in the export of
leaderless proteins is evolutionarily conserved; as in Dictyostelium discoideum,
translocation into exocytic contractile vacuoles of DdCAD-1, a leaderless adhe-
sion protein, is necessary for its externalisation [75].

As indicated earlier, the ABCA inhibitor glybenclamide blocks secretion of
several leaderless proteins: more specifically, glybenclamide prevents the ap-
pearance in secretory lysosomes of IL-1β [72] and other leaderless proteins
(Rubartelli, unpublished results). This implies a lysosomal localisation of the
putative ABCA protein responsible for translocation, in line with the presump-
tion that all intracellular membranes may be endowed with transporters of the
ABC family [76].

It is to be noted that, depending on the cell system, the same leaderless protein
seems to use different pathways of secretion. For example, IL-1β has been found
to be released by a myelomonocytic cell line via vesiculation [52], whereas in
primary monocytes it undergoes lysosome-mediated exocytosis [72]. Galectin-1,
one of the first examples of secretion by vesicle shedding [47], has been found
to be capable of translocating directly at the plasma membrane [66]. Similarly,
FGF-2 is able to cross plasma membrane vesicles [66], despite the fact that it was
previously reported to accumulate in mast cell granules and be secreted after
degranulation [68]. Whether these discrepancies are due to the experimental
model or reflect physiological modulation remains to be elucidated.

3.4. Lysosome-mediated polarised secretion

In general, lysosome-mediated secretion is a regulated process in that a trig-
gering signal is required to induce exocytosis [74]. In the case of IL-1β, two
steps are needed for secretion by monocytes. Firstly, an inflammatory stimulus
such as lipopolysaccharide (LPS) induces synthesis which results in cytosolic
accumulation and lysosomal translocation; then a second extracellular signal
triggers exocytosis resulting in IL-1β release [72, 77]. A similar two-step mech-
anism seems to account for the regulated secretion of other pro-inflammatory
leaderless cytokines such as IL-18 [73] and HMGB-1 [71]. In all these cases,
the signal triggering secretion is generated during the process of inflammation.
ATP, promoting IL-1β and IL-18 secretion [78], is released by monocytes them-
selves and by other cells involved in inflammation (i.e., platelets) soon after
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LPS stimulation [79]. In contrast, active phospholipids such as phosphatidyl-
choline, which are responsible for secretion of HMGB-1, appear later in the
inflammatory microenvironment [71].

Interestingly, in addition to inflammatory cells such as monocytes, DCs, the
professional antigen presenting cells, also express inflammatory leaderless cy-
tokines upon activation by maturational stimuli such as LPS or the engagement
of CD40. However, in these cells, soluble signals seem unable to drive secretion;
rather secretion occurs following interaction of DCs with antigen-specific T cells
[73, 80]. Morphological approaches have demonstrated that the interaction be-
tween DCs and CD8+ T cells is associated with the recruitment of IL-1β– or
IL-18–containing secretory lysosomes in the areas of contact among the cells.
This results in a polarisation of these organelles and evidence of lysosome ex-
ocytosis at the intercellular space – the so-called ‘immunological synapse’ [81].
These findings warrant two considerations.

On the one hand, they underlie the existence of a bi-directional cross-talk
between T cells and DCs, in which a T cell induces the functional polarisation
of a DC and the DC responds by a degranulation that is orientated towards the
same T cell, with obvious relevance for the control of the immune response. On
the other hand, the different ways by which monocytes and DCs regulate secre-
tion may account for the different function of IL-1β and IL-18 in inflammation
and the immune response (Fig. 3.1). Monocytes respond to soluble signals with
generalised exocytosis, thus allowing the spreading of inflammatory cytokines
in the microenvironment, whereas DCs respond to the localised signal provided
by the interacting T cell. This restricts the area of release to the immunological
synapse and allows the activation of target cells without a wider distribution of
the cytokine, thus controlling inflammation. Thus, lysosome-mediated secretion
of inflammatory leaderless proteins allows polarised secretion in non-polarised
cells.

3.5. Advantages of a leaderless secretory pathway

Leaderless secretion is generally inefficient and of a relatively ‘short range’ com-
pared to the classical pathway, and this questions the rationale of its conserva-
tion. We can envisage several explanations for this. First of all, the vast majority
of leaderless secretory proteins are cytokines, as characterised by a high biologi-
cal activity and their involvement in the regulation of inflammatory processes,
both as inducers and as silencers. The cytokine network needs to be perfectly bal-
anced in order to control the onset, progression and resolution of inflammation;
indeed, its dysregulation might lead to pathological conditions such as chronic
inflammation and autoimmune diseases [7]. In this respect, slow and inefficient
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Figure 3.1. Lysosome-mediated leaderless secretion in inflammation and immune re-
sponse. Non-polarised: A first inflammatory stimulus (e.g., LPS) induces monocytes to
actively synthesise IL-1ß [7] and to hyperacetylate HMGB-1 that is readdressed from
the nucleus to the cytoplasm [44]. Both proteins accumulate into the cytosol and in
part into secretory lysosomes [71, 72]. A second extracellular soluble signal (e.g., ATP
for IL-1ß [79], lysophosphatydylcholine for HMGB-1 [71]) triggers generalised lysosome
exocytosis. Although IL-18 is constitutively expressed by monocytes, both signals (LPS
and ATP) are needed for secretion to occur [78]. Polarised: In DCs, a first maturational
stimulus, soluble (LPS, TNF-α) or cell-mediated (CD40 triggering by CD40 ligand ex-
pressing activated CD4+ T cells), induces IL-1β synthesis. The second signal is provided
by antigen-specific T cells, which induces a [Ca2+]i rise, followed by the recruitment
of IL-1β–containing secretory lysosomes towards the interacting T cell, and exocytosis
which is restricted to the intercellular space (immunological synapse) [81]. A similar
mechanism undergoes IL-18 secretion [73, 80].

secretion may become an advantage in that it self-limits the protein activity in
a restricted environment and allows the control of potentially toxic effects. In
addition, many leaderless proteins require reducing conditions to maintain their
function.

Mutation assays have demonstrated the requirement of one or more free
cysteines for IL-1β [82], IL-18 [83] and FGF-1 [84]. Galectins are sensitive
to oxidation if not bound to their appropriate glycoconjugates [85], and at
least some of the cytokine functions of thioredoxin (TRX) [24] and MIF [86]
require the active enzymatic redox site CXXC. These observations suggest that
in principle these proteins should rapidly lose their activity in the oxidising
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extracellular milieu. On the one hand, this can be a further way of regulating
the potentially dangerous hyperactivity of these proteins; however, on the other
hand, it is tempting to speculate that the parallel secretion of oxidation-sensitive
cytokines and of TRX and TRX reductase in the local microenvironment of the
immune response serves to lengthen their survival span and, for instance, to
prolong immunostimulation [87].

Another advantage may be the prevention of intracellular autocriny via the
compartmentalisation of receptor and ligand. Indeed, in physiological situa-
tions, co-expression of leaderless cytokines and their specific receptors is a com-
mon event. Thus, during their transit to the extracellular milieu, leaderless pro-
teins should avoid the interaction with their own receptors, because this might
lead to undue early activation with unwanted consequences, such as uncon-
trolled proliferation or even cell transformation [4]. In the case of the leaderless
protein FGF-2, the insertion of a secretory leader sequence at the N terminus
has been shown to induce cell transformation in the cell line expressing the
FGF-2 receptor [88]. Exclusion from the classical secretory pathway may also
prevent misfolding of some leaderless proteins.

As mentioned before, many of these proteins bear free sulphhydryl groups
which must be maintained in the reduced state in order to guarantee folding
and bioactivity. The ER lumen is highly oxidising and favours the formations of
disulphide bridges. For proteins that present free thiols, the transit through the
ER might thus result in either retention or secretion in a non-functional folding.
Similarly, avoiding the Golgi compartment can be an advantage for galectins,
because sugars, which are highly abundant in the Golgi lumen, may trap these
proteins and thereby impair their transport.

For some proteins, leaderless secretion occurs only under non-physiological
conditions. For instance, in yeast, over-expression of some endogenous proteins,
the intracellular accumulation of which may be toxic, induces their secretion
through a non-classical export system [2]. A similar mechanism also seems to
exist in mammals, an example being the mitochondrial sulphotransferase rho-
danese, which in physiological conditions accumulates in mitochondria, but
when over-expressed is also efficiently secreted [89]. Similarly, heterologous
expression of green fluorescent protein (GFP) leads to its cytosolic accumula-
tion but also activates the secretion of improperly folded molecules [90]. Non-
classical secretion may thus act as a safety valve, maintaining cellular homeostasis
when the cytoplasmic degradative pathways are overloaded. In this context, it is
worth stressing that results obtained from studies in which chimaeric proteins,
bearing putative sequences for leaderless secretion, are over-expressed must be
interpreted with caution, because secretion might result from misfolding rather
than from true recognition.
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Finally, it must be remembered that many leaderless secretory proteins also
have an intracellular function. Some of these are cytosolic enzymes: TRX and
MIF are oxide reductases [24, 91]; AMF is the ubiquitous glycolytic enzyme
phosphohexose isomerase [23] and tissue transglutaminase catalises the cross-
linking of intracellular proteins [28]. Others such as HMGB-1 and engrailed-2
are nuclear factors [30, 32], and Annexin I regulates vesicular traffic [20]. It is
possible that, on the basis of its physiological and developmental state, a cell ad-
dresses a cytosolic protein towards an additional extracellular function – the non-
classical secretory route would guarantee the likelihood of this double function.
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4

Moonlighting Proteins: Proteins
with Multiple Functions

Constance J. Jeffery

4.1. Introduction

Moonlighting proteins, also referred to as ‘gene sharing’, refer to a subset of
multifunctional proteins in which two or more different functions are performed
by one polypeptide chain, and the multiple functions are not a result of splice
variants, gene fusions, or multiple isoforms [1]. In addition, they do not include
proteins with the same function in multiple locations or protein families in
which different members have different functions, if each individual member has
only one function. A single protein with multiple functions may seem surprising,
but there are actually many cases of proteins that ‘moonlight’.

4.2. Examples and mechanisms of combining
two functions in one protein

The current examples of moonlighting proteins include enzymes, DNA bind-
ing proteins, receptors, transmembrane channels, chaperones and ribosomal
proteins (Table 4.1). In general, there are several different methods by which a
moonlighting protein can combine two functions within one polypeptide chain.
A single protein can have a second function when it moves to a different cellular
location; when it is expressed in a different cell type; when it binds a substrate,
product, or cofactor; when it interacts with another protein to form a multi-
mer, or when it interacts with a large multiprotein complex. In addition, a few
enzymes have two active sites for different substrates (Figure 4.1). The meth-
ods are not mutually exclusive and sometimes a combination of methods is
employed.

Cellular location: Several cytosolic or nuclear enzymes have a second func-
tion outside of the cell. Phosphoglycerate kinase and phosphoglucose isomerase
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Table 4.1. Moonlighting proteins

One function Another function Reference

Plasmin reductase Phosphoglycerate kinase [2]
Phosphoglucose isomerase Neuroleukin, autocrine motility factor,

differentiation and maturation mediator
[3–6]

Thymidine phosphorylase Platelet-derived endothelial cell growth factor [7]
Thymosin β4 (sequester actin) Secreted chemotaxis ligand [8]
SMC3 (sister chromatin cohesion) Basement membrane bamacam [9, 10]
Histone H1 Thyroglobulin receptor [11]
Neuropilin (VEGF receptor) Receptor for semaphorin III (nerve axons) [12]
Thymidylate synthase Translation inhibitor [13]
birA biotin sythetase bio operon repressor [14]
PutA proline dehydrogenase Transcriptional repressor [15]
Aconitase Iron responsive element binding protein (IRE-BP) [16]
Paramyxovirus hemaglutinin Neuraminidase [17]
4a-Carbinolamine dehydratase Dimerization cofactor (DCoH) [18]
δ-Aminolevulinic acid dehydratase Proteasome inhibitory subunit CF-2 [19]
Ribosomal proteins DNA repair, translational regulators, etc. [20]
Clf1p pre-mRNA splicing factor Initiation of DNA replication [21–24]
Proteasome base complex RNA polIII transcription [25]
Cyclooxygenase-1 Heme-dependent peroxidase [26]
Lysyl hydroxylase isoform 3 Collagen glucosyltransferase [27]
CFTR chloride channel Regulator of other epithelial anion channels [28]
Mitochondrial Lon protease Chaperone [29]
Bacterial FtsH chaperone Metalloprotease [29]
Lens crystallins Heat shock proteins, lactate dehydrogenase,

argininosuccinate lyase, retinaldehyde
dehydrogenase, enolase, quinone
oxidoreductase, glyceraldehyde-3-phosphate
dehydrogenase

[30]

PHGPx (glutathione peroxidase) Sperm structural protein [31]
E. coli thioredoxin Subunit of T7 DNA polymerase [38]
PMS2 mismatch repair enzyme Hypermutation of antibody variable chains [39]
Leukotriene A4 hydrolase Aminopeptidase [40]
1-cys peroxiredoxin (peroxidase) Phospholipase aiPLA2 [41]
Tetrahymena citrate synthase 14-nm cytoskeletal protein [42]
Transferrin receptor Glyceraldehyde-3-phosphate dehydrogenase [43]
Lactose synthetase Galactosyltransferase [44]
Homing endonuclease Intron splicing factor [45]
N. crassa tyrosyl tRNA synthetase Promotes folding of group I introns [46]
Cytochrome c (electron transport) Apoptosis [47]
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Figure 4.1. Methods of switching functions. A single protein can have different functions
in different cellular locations, when expressed in different cell types; when it binds a
ligand, substrate, product, or cofactor; when it interacts with another protein to form a
multimer; when it interacts with a large multiprotein complex; or by having two binding
sites for different substrates or ligands.

catalyse the seventh and second steps, respectively, in glycolysis in the cytosol
of most cells. Both are also found to have a second function outside of the
cell. Phosphoglycerate kinase is a disulphide reductase that reduces plasmin [2].
The reduced plasmin undergoes proteolysis to produce angiostatin, an angio-
genesis inhibitor. Phosphoglucose isomerase binds to cell surface receptors on
target cells and causes a variety of effects, including differentiation of pre-B cells
to antibody secreting cells, an increase in motility of some tumour cells, and
differentiation of HL-60 leukaemia cells to monocytes [3–6].
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Thymidine phosphorylase, which is also called platelet-derived endothelial
cell growth factor, removes the phosphoryl group from thymidine and deoxyuri-
dine in the cytoplasm and stimulates chemotaxis of endothelial cells outside of
the cell [7]. Thymosin beta 4 sulphoxide is an inhibitor of actin polymerisation
in the cytosol and serves as a negative modulator of the inflammatory response
outside the cell [8].

Whereas the preceding examples include cytosolic proteins that serve as solu-
ble growth factors, enzymes, or cytokines outside of the cell, other cytoplasmic
or nuclear proteins have an extracellular second function in which they are not
soluble. The mouse SMC3 protein (structural maintenance of chromosome 3),
also known as bamacam, functions in sister chromatid cohesion in the nucleus
and is also a component of the basement membrane [9, 10]. Histone H1 is
another nuclear protein with a function outside the cell, but it remains attached
to the extracellular surface of the cell membrane and serves as a receptor for
thyroglobulin [11].

Different cell types: Expression by multiple cell types can also result in a protein
having multiple functions. For example, neuropilin is a cell surface receptor
in neurons and endothelial cells [12]. When expressed in neurons, neuropilin
binds semaphorin III and plays a role in axonal guidance. When expressed in
endothelial cells, it binds vascular endothelial growth factor (VEGF) and helps
signal the need for new blood cells.

Binding substrate, product, cofactor, or other ligand: Binding to a substrate,
product, cofactor, or other ligand can cause a change in the function of a protein.
The enzymes thymidylate synthase [13], biotin synthetase (Escherichia coli birA )
[14], PutA proline dehydrogenase [15], and aconitase [16] (also called iron
responsive binding protein, IRE-BP) are three cytosolic or membrane-bound
enzymes that detect changes in the cellular concentration of a ligand and then
bind to DNA or RNA and regulate transcription or translation.

Paramyxovirus hemagglutinin-neuraminidase responds to changes in the pH
of its environment by changing conformation of several amino acid side chains
and a loop in the active site. These movements may enable a switch between
the sialic acid binding and hydrolysis functions of the protein [17].

Forming a complex with other proteins: Entering into multiprotein complexes
is another method by which a protein can exhibit a moonlighting function. In
some cases, the moonlighting protein interacts with only one or a few other
proteins. 4α-carbinolamine dehydratase (also called DCoH) is an enzyme in
liver cells. It also binds to the transcription factor HNF1 δ (hepatic nuclear factor
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1δ). By influencing the dimerisation of HNF1 δ, DCoH regulates the binding
of the transcription factor to DNA [18].

In other cases a protein becomes part of a large multiprotein complex, such as
the proteasome or the ribosome, which is composed of many different polypep-
tide chains. Delta-aminolevulinic acid dehydratase, and enzyme in heme biosyn-
thesis, is the same protein as the 240-kDA inhibitory component of the protea-
some [19]. Several other cytoplasmic or nuclear enzymes have been found to be
identical to proteins in the ribosome (reviewed in [20]). In addition, there are a
few examples of moonlighting proteins that participate in multiple multiprotein
complexes, changing roles with the different polypeptide partners. Saccharomyces
cerevisiae Clf1p apparently performs different functions by interacting with dif-
ferent proteins in two multiprotein complexes for pre-mRNA splicing and the
initiation of DNA replication. It interacts with the U5 and U6 small nuclear
ribonucleoprotein particles, pre-mRNA, and other components of pre-mRNA
splicing reactions. It also interacts with the DNA replication initiation protein
Orc2p in the origin of replication complex [21–24].

Sug1/Rpt6 and Sug2/Rpt4 are AAA proteins (an ATP-dependent pro-
tein superfamily including molecular chaperones involved in protein assem-
bly/disassembly) that form part of the base complex of the proteasome. The
base complex and lid complex, which make up the 19S particle, join with the
20S proteolytic complex to catalyse proteolysis. However, the base complex
also plays a role in RNA polIII transcription, without the lid complex or the
20S particle. In response to galactose induction, the base complex moves to
the GAL1-10 promoter, and the Sug1/Rpt6 and Sug2/Rpt4 proteins interact di-
rectly with the Gal4 transactivator to alter transcription levels from the GAL1-10
promoter [25].

Multiple binding sites for different substrates or ligands: Other proteins
do not necessarily have a switch mechanism to change functions; they sim-
ply have multiple binding sites or active site pockets for different ligands or
substrates. The enzyme prostaglandin H2 synthase-1 has two active sites: a
heme-dependent peroxidase active site and a cyclooxygenase active site. The
two active site pockets are found near each other in the enzyme structure
[26], and both catalyse reactions in the synthesis of prostaglandin H2. Simi-
larly, the enzyme lysyl hydroxylase 3 catalyses two steps in collagen biosynthe-
sis [27].

Overall, there are a number of ways in which a protein can combine two func-
tions within one polypeptide chain. The methods are not mutually exclusive,
and, in some cases, a combination of factors contribute to switching between
functions.
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Figure 4.2. Examples of benefits provided by proteins that moonlight: (A) Coordination
of functions within a cell. The CFTR is a chloride channel and it regulates (horizontal
grey arrows) the activity of the EnaC sodium channel and the ORCC chloride channel.
(B) Coordination between different cell types. Some proteins with catalytic activity in
the cytoplasm of one cell type (black oval to star) also have an extracellular function in
which they bind to a receptor on other cells types. (C) Feedback. Some enzymes that
catalyse a chemical reaction (square to hexagon) can sense when the accumulation of
product (hexagon) is high and bind to DNA to inhibit the synthesis of more copies of
the enzyme. (D) Switch between pathways. Some chaperones that help a protein fold
(curved line to black oval) also have a protease activity that can degrade a protein (curved
line to short line fragments), depending on cellular conditions.
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4.3. Why have moonlighting proteins?

The wide variety of moonlighting proteins and combinations of functions sug-
gests that moonlighting evolved independently many times. This suggests that
there are benefits to having moonlighting proteins, or that it is relatively easy for
a second function to evolve. Analysis of the examples in Table 4.1 suggests that
both are true. In fact, moonlighting proteins appear to provide several kinds of
benefits to the organism. Also, there are two proposed mechanisms for moon-
lighting proteins to have evolved that make use of general physical properties
of many protein structures.

4.3.1. Benefits to the organism

Having moonlighting proteins can provide a means to coordinate different bio-
chemical pathways, a means to respond to stress or changes in the environment,
and as a feedback mechanism (Figure 4.2).

Coordination: As the complex modern cell evolved, a need arose for meth-
ods to coordinate the many intracellular biochemical pathways for signalling,
transport, biosynthesis and other functions, and moonlighting proteins provide
one such mechanism. For example, combining the two enzymatic functions of
lysyl hydroxylase 3, described earlier, within one protein might help coordi-
nate two steps involved in collagen maturation. The cystic fibrosis transmem-
brane conductance regulator (CFTR) is a chloride channel and also regulates
the activity of the outwardly rectifying chloride channel (ORCC) and a sodium
channel (ENaC) (Figure 4.2) [28]. The ability of one transmembrane channel
to coordinate the activity of several kinds of channels helps to maintain ion
homeostasis within epithelial cells. In addition, as multicellular organisms de-
veloped, the need for coordination of activities between different cells, cell
types, and organs arose, which might be one reason there are multiple examples
of intracellular enzymes with a second function as a cytokine or growth factor
(Figure 4.2).

Switch between pathways: The combination of two alternative functions
within one protein might also provide an efficient method to switch between
two pathways in response to changing conditions in the environment, such as
changes in food supply or the introduction of a stress (Figure 4.2). Changes in
cellular iron concentrations cause a decrease in the catalytic activity of aconitase,
a cytosolic enzyme. Aconitase, also known as the iron-responsive element bind-
ing protein, then binds to DNA to cause changes in transcription of proteins
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involved in iron accumulation [16]. The two functions of delta-aminolevulinic
acid dehydratase, as an enzyme in the heme biosynthesis pathway and as the
proteasome inhibitor CF-2, might provide a method to switch between protein
degradation and heme biosynthesis [19]. Mitochondrial Lon protease, which is
both a protease and a chaperone (reviewed in [29]), provides a more general
switch between protein degradation and protein biosynthesis.

Feedback: Some enzymes that catalyse one step of a biochemical pathway
moonlight as a sensor for the overall level of activity of the pathway by mea-
suring the concentration of substrates or products and then binding to DNA
or RNA in order to regulate transcription or translation of enzymes within the
pathway (Figure 4.2). This combination of functions provides a feedback mech-
anism to regulate the activity of the pathway. Thymidylate synthase 3, biotin
synthetase (birA), and PutA proline dehydrogenase are three examples of en-
zymes that also bind DNA or RNA to regulate transcription or translation in
response to changing levels of substrate, product, or cofactor [13–15].

No clear benefit: Although in many cases it appears there is indeed a benefit
to having two functions within one polypeptide chain, it is not always clear if
there is a connection between the two functions in some moonlighting proteins.
As described earlier, phosphoglucose isomerase is both an enzyme in glycolysis
in the cell cytosol and an extracellular cytokine [3–6]. It is not clear why an
organism would make use of a glycolytic enzyme in this way. One possibility
is that after the second function evolved both functions benefit the organism
independently and there was no selective pressure to remove it.

4.4. Models for the evolution of moonlighting proteins

But how can a protein develop a second function within the same polypeptide
chain? From consideration of the examples listed in Table 4.1, it appears that
there are two general mechanisms for a protein to evolve a second function
(Figure 4.3).

Recruitment of a protein without significant change in protein structure: The
first method involves recruitment of the protein for a new function, perhaps as
a new organ or cell type evolves, without major changes in protein structure
(Figure 4.3). The crystallins, members of the small heat shock protein family,
are a classic example of this method. Several crystallins are ubiquitous, soluble,
cytosolic enzymes that were recruited for a second function in the lens when
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Figure 4.3. Methods of evolution. A protein can evolve a second function (A) by recruit-
ment without a significant change in protein structure or (B) by modification of ‘unused’
solvent exposed surface area. In both cases, the original function, as represented by the
black oval ‘active site’ remains.

the eye evolved [30]. Two other proteins that appear to have evolved a second
function by recruitment into a multiprotein complex are PHGPx (glutathione
peroxidase), a soluble enzyme that is also a sperm structural protein [31], and
E. coli thioredoxin, which was adopted by the T7 phage as a subunit of its DNA
polymerase [32].

Modification of solvent-exposed surface area: The other general method for
a protein to develop a moonlighting function is based on the observation that
several ubiquitous enzymes appear to have evolved a protein-binding site on
the protein surface in addition to their catalytic sites (Figure 4.3). One example
is phosphoglucose isomerase (PGI). PGI is found in almost all species and so
must have evolved over three billion years ago. Throughout all that time, the
enzyme active site has been conserved, but the protein surface has undergone
many changes. As is seen in many enzymes, the active site pocket of PGI is
actually rather small compared to the total surface area of the protein. In this
relatively large protein – a dimer with 557 amino acids in each subunit – there is
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a large amount of apparently unused solvent exposed surface area that might not
be under tight evolutionary pressure. The random accumulation of mutations
on the surface of PGI could provide the material and opportunity that might
have resulted in the evolution of an additional binding site. The protein surface
might be able to accommodate these changes without adversely affecting the
protein’s first function: catalysis. In fact, a comparison between the structures
of bacterial and mammalian PGI indicates that several alpha helices, surface
loops, and surface pockets have undergone considerable change through evolu-
tion, whereas the active site pockets of the two enzymes have remained almost
identical [33].

Both the recruitment and modification of surface area methods of evolution
of a moonlighting function make use of general features of protein structure
and could apply to many proteins. Whichever way that a protein evolves a new
function, as long as the new function does not adversely affect the original
function of the protein, then the second function might provide some of the
benefits just described. It is therefore possible that there would be an advantage
to retain both functions during further evolution, or at least no selective pressure
to eliminate either.

4.5. How many proteins moonlight?

The two proposed methods of evolving moonlighting functions could have
happened to many proteins. In addition, the examples of moonlighting pro-
teins identified to date include many types of proteins, including enzymes,
transcription factors, channels, and receptors, and proteins from many diverse
organisms and cell types. This wide variety of proteins and combinations of
functions suggest that many types of proteins can moonlight. While we cannot
put a distinct value on the number of proteins that moonlight, it is possible that
moonlighting proteins might be common, and we could find that many other
proteins also have additional functions that have not yet been found.

4.6. Identifying more moonlighting proteins

Although it is not yet clear how many proteins might moonlight, moonlighting
proteins that have different functions in different locations or within different
multiprotein complexes might be especially common because they could pro-
vide the key benefits listed earlier: coordinating cellular activities, response to
changes in the environment, and feedback mechanisms. The current interest
in large-scale proteomics studies that apply biochemical or genetic methods to
characterise the locations, protein–protein interactions, or expression levels of



P1: JZX
0521836549c04.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:41

Moonlighting Proteins 71

thousands of proteins is likely to lead to the identification of more examples of
moonlighting proteins.

4.6.1. Methods employing protein locations

Mass spectrometry and two-dimensional gel electrophoresis can be used to iden-
tify proteins in complex mixtures such as whole cells, organelles, or multipro-
tein complexes. Similarly, analysis of RNA levels using micro-array methods can
suggest which proteins are being expressed in a chosen cell type or tissue. The
resulting protein expression profiles can be repeated for different cell types, at
different times in development, before and after application of a signal, or in
diseased and healthy tissues. The differences in protein expression patterns are
then used to help deduce the function of that protein. For example, in general,
groups of proteins that function together in a biochemical pathway, multipro-
tein complex or signalling pathway are often expressed in the same cell types
and under the same growth conditions, whereas in other cell types none of the
proteins in those complexes or pathways are expressed – in other words, an ‘all
or none’ pattern.

However, a moonlighting protein might have an unusual pattern of expression
which is inconsistent with its function in a single biochemical pathway or protein
complex. For example, it might be expressed along with the other enzymes in a
multiprotein complex or multienzyme pathway in some cell types or under some
conditions, but it might also be expressed in other cell types without the other
proteins, in which it performs its second function. When protein expression
profiles identify a protein in an unexpected cell type, organelle, or multiprotein
complex, it is possible that the protein might have a moonlighting function.

4.6.2. Interactions with different binding partners

Identifying binding partners, whether other proteins or small molecules, might
also help to identify moonlighting proteins, because the development of a new
binding site is one way by which moonlighting proteins are proposed to evolve.
Micro-array technology can be used to measure the interaction of a protein with
other proteins, small molecules, antibodies, or peptides in vitro. The yeast two-
hybrid method is used to determine in vivo physical interactions between pro-
teins; for example, in protein complexes or in signalling networks. In fact, yeast
two-hybrid screens are notorious for identifying many ‘false positive’, protein–
protein interactions that do not seem to be involved in the protein complex or
signalling network being studied. Moonlighting proteins can provide a possible
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explanation for some of the apparent ‘false positives’ that are observed in yeast
two-hybrid experiments.

4.6.3. Unexpected protein expression levels

An unusually high expression level of a particular protein might also suggest the
protein has a second function. In general, many proteins in biochemical and
signalling pathways are not needed at high concentrations in the cell because
they can be used repeatedly, function in a highly specialised pathway, or are
involved in a cascade that amplifies a signal. However, a second function, per-
haps as part of a protein complex, might require much higher levels of protein
expression. Delta-aminolevulinic acid dehydratase is expressed at levels far more
than is needed to catalyse a step in heme biosynthesis (up to 1% of total soluble
protein). However, the surprisingly high level of protein expression makes more
sense when we consider that the protein is also a proteasome inhibitory subunit.

4.7. Moonlighting proteins in disease and rational drug design

Whereas the preceding discussion included many examples of proteins in basic
physiological pathways, moonlighting proteins can also be important in stud-
ies of disease. Already, moonlighting proteins have been found to be involved
in tumour cell motility, angiogenesis, DNA synthesis or repair, chromatin and
cytoskeleton structure, and cystic fibrosis (reviewed in [34]). The ability of a
protein to moonlight can complicate the elucidation of molecular mechanisms
of disease, the identification of biomarkers of disease progression, and the de-
velopment of novel therapeutics.

The presence of moonlighting proteins can complicate understanding of the
molecular mechanisms of disease development. Even in the case where the key
proteins involved have been identified, the observed role of a particular protein
in disease progression might be difficult to explain if only one function of a
moonlighting protein is known. In fact, even if both functions are known, the
identification of a molecular mechanism by which the proteins cause the ob-
served symptoms can be complicated, and it might not be clear which function
(or both) is responsible for the observed symptoms.

Even in the case of a genetic disease caused by altered levels or activity of a
single protein, the effects of mutations on one function of a protein – for example
its enzymatic activity – might not be sufficient to explain the disease symptoms.
Instead, the mutation might affect a second function, such as interactions with
another protein. Even if all the functions of a protein are known, the function (or
both) that is affected by a disease-causing mutation might be unclear. Similarly,
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moonlighting proteins can complicate the understanding of mutant phenotypes
of model organisms developed from experimental methods that alter the level
of expression of a protein, such as gene knockouts, RNA interference, anti-sense
RNA or protein over-expression.

Some specific proteins whose expression levels differ between healthy and
diseased cells can serve as biomarkers for diagnosis or for following the progres-
sion of the disease. However, if a protein moonlights, the presence or absence of
a disease state might be only one of many factors that affect its expression level.
In that case, the lack of a direct correlation between expression levels and disease
state would prevent a moonlighting protein from being a good biomarker for
the disease.

The ability of a protein to moonlight can also complicate selection of poten-
tial drug targets and the development of novel therapeutics to treat disease. It
is important that a drug that alters a protein activity alters the correct activity.
Modifying other protein activities not involved in the disease can result in in-
creased toxicity and side effects. A review by Searls describes in more detail the
importance of considering many potential mechanisms in the evolution of pro-
tein functions, including moonlighting, gene redundancy, orthology, paralogy,
and crosstalk, in selecting a suitable target for drug development [35].

4.8. Word of caution

Although the preceding discussion emphasises that moonlighting might be quite
common, it is important to consider two points of caution.

Although the presence of a protein in multiple cellular locations, multiple
cell types, or multiprotein complexes, or the observation of unexpected re-
sults, can suggest that a protein is moonlighting, it is not a guarantee that
the protein has multiple functions. Some single-function proteins are found
in multiple locations or cell types because a single function might be used in
both places, for example a kinase activity. A protein with the same function
in two different locations is not a moonlighting function. Evidence that the
protein truly does two different things in the two locations is needed, and so
it is important that the initial observations are complemented with further bio-
chemical characterisation or other studies before a protein is determined to be
moonlighting. Combining the results of multiple experimental methods, such
as biochemical assays of catalytic activity, yeast two-hybrid data, and mass spec-
trometric analysis of cellular location, would provide more evidence of multiple
functions.

Another area of caution is in regards to assigning functions to proteins based
on amino acid sequence homology. If one protein is a moonlighting protein, its



P1: JZX
0521836549c04.xml CB856/Henderson 0 521 83654 9 August 27, 1956 19:41

74 Constance J. Jeffery

homologues or other isoforms might have one, the other, or both functions. For
example, the E. coli aspartate receptor is also the receptor for maltose binding
protein; however, the homologous aspartate receptor from a related bacterium,
Salmonella typhimurium, does not bind to maltose binding protein [36, 37]. Sim-
ilarly, within one organism, one isoform of a protein might have multiple func-
tions, whereas other isoforms might each have only one function. For example,
three isoforms of lysyl hydroxylase (in collagen synthesis) share approximately
60% overall amino acid sequence identity, and all three have lysyl hydroxylase
catalytic activity. However, only isoform 3 (LH3) also contains galactosylhy-
droxylysyl glucosyltransferase catalytic activity.

4.9. Conclusions

A variety of different proteins has been found to moonlight, with different
functions, mechanisms to switch between functions, ways in which they can
benefit an organism, and methods by which they might have evolved, and this
variety suggests that many more proteins might moonlight. In general, identify-
ing one function of a protein is not always followed by a search for additional
functions of a protein, and although there are several types of experiments that
can suggest that a protein moonlights, there is no general method to identify
which additional proteins moonlight. However, moonlighting proteins might be
a common mechanism of communication and cooperation between the many
different functions and pathways within a complex modern cell or between
different cell types within an organism, and they might help explain complex
disease symptoms or unexpected phenotypes from gene knockout experiments
in model organisms. Perhaps the identification of more moonlighting proteins
might also help explain why the human genome encodes only approximately
twice as many proteins as S. cerevisiae, a single-celled yeast.
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Molecular Chaperones: The Unorthodox View

Brian Henderson and Alireza Shamaei-Tousi

5.1. Introduction

Like a Brian Rix farce, in which the characters’ identities are continuously chang-
ing, the functions of the class of protein known as molecular chaperones has
been unfolding continuously over the past decade resulting in substantial con-
fusion. However, like such farces, we are confident that the dénouement will be
a complete surprise and will provide a new world picture of the processes with
which molecular chaperones are involved. This short chapter aims to introduce
the reader to the rapidly changing world of molecular chaperones as an aid to
the reading of the rest of the chapters in this volume.

5.2. Molecular chaperones are protein folders

Our story starts with a huff and a puff with the study of the response of the
polytene chromosomes of Drosophila to various stressors. This revealed novel
patterns of specific chromosomal puffs, in response to heat, and a variety of other
environmental stresses, representing the transcription of selected genes [1, 2].
The behaviour of cells exposed to various stresses became known as the heat
shock response or the cell stress response and we now appreciate the very large
number of environmental factors to which cells will respond in this stereotypical
manner. The ‘molecularisation’ of the cell stress response occurred in the late
1980s with the pioneering work of Ellis and colleagues [3], who introduced
both the concept of protein chaperoning and the term molecular chaperone.
The enormous amount of work currently being carried out on the structural
biology and molecular and cellular mechanisms of molecular chaperones has
its genesis in this paper. The reader is referred to Chapter 1 in which John Ellis
reviews the protein chaperoning function of molecular chaperones and warns

78
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of the pitfalls of incorrect definitions in relation to molecular chaperones and
stress proteins.

5.3. Molecular chaperones are potent immunogens

Contemporaneously with the discovery of molecular chaperones as protein-
folding ‘machines’ was the realisation that these proteins were potent immuno-
gens involved in immune responses to infection [4] and also in autoimmunity
[5]. The possibility of a connection between these two events was suggested
by Irun Cohen [5], who continues this argument in Chapter 16. The discovery
of the immune response to molecular chaperones was surprising because these
proteins are highly conserved. Furthermore, human molecular chaperones such
as chaperonin (Cpn) 10 and Cpn60 proteins can be considered to be bacte-
rial molecules because the mitochondrion evolved from an α-proteobacterium
[6]. The unexpected immunogenicity of molecular chaperones is presumably
related to the capacity that these proteins have to activate myeloid cells. The
interactions of molecular chaperones, ranging in mass from 8 kDa (ubiquitin)
to 90 kDa (Hsp90), with myeloid and other cell types is detailed in many of the
later chapters in this volume.

5.4. Molecular chaperones as moonlighting proteins

By the late 1980s and early 1990s the paradigm of molecular chaperones as
intracellular proteins acting as ‘catalysts’ of protein folding was being forged
[7]. Although this is clearly a major function for these proteins, evidence began
to emerge that they have other intracellular and extracellular functions. The
first line of evidence for this non-orthodox view of molecular chaperones was
the finding of their presence on the surfaces of cells. For example, Cpn60 was
identified on the cell surface of γδ T cells [8]. The cellular disposition of molec-
ular chaperones is detailed in Chapter 2. The binding of molecular chaperones
to membranes is a continuing motif in the literature. For example, GroESL
oligomers have been shown to stabilise artificial membranes [9]. A report sug-
gests that type II chaperonins in Archaea function primarily to stabilise cellular
membranes [10]. One experimental finding that has not been followed up was
the report that Cpn60 induced pores in membranes [11]. Perhaps the most in-
teresting association of molecular chaperones with cell membranes is the finding
that the receptor for the potent pro-inflammatory Gram-negative bacterial com-
ponent, lipopolysaccharide (LPS), contains the heat shock proteins Hsp70 and
Hsp90 [12, 13].



P1: JZX
0521836549c05.xml CB856/Henderson 0 521 83654 9 August 27, 1956 20:54

80 Brian Henderson and Alireza Shamaei-Tousi

LPS is a major issue for those working on the non-folding functions of molec-
ular chaperones (e.g., [14]) because many of the proteins being used are recom-
binant proteins made in Escherichia coli. In the past few years a number of papers
have appeared suggesting that all of the actions of molecular chaperones are due
to LPS contamination [15–17]. This problem is dealt with by a number of the
authors and there can be few fields of study in which more care is taken with
LPS contamination of recombinant proteins. The recent finding that the Heli-
cobacter pylori Cpn60 protein activates macrophages by a mechanism that does
not involve the LPS (TLR4) or bacterial lipopeptide (TLR2) receptors reveals
that non-proteinaceous bacterial contaminants are unlikely to account for the
biological activity of molecular chaperones [18]. However, the watchword has
to be vigilance.

These reports certainly begin to suggest that molecular chaperones may have
functions in addition to their protein-folding actions. Thus it is obvious that
molecular chaperones can also be grouped into the widening pool of proteins
with multiple functions and now known as moonlighting proteins. The concept
of moonlighting proteins has been reviewed in Chapter 4.

5.4.1. The unfolding moonlighting functions
of molecular chaperones

In the past decade a surprisingly large number of apparent non-folding functions
have been ascribed to one or another of the molecular chaperones (Table 5.1)
and some of these proteins have a number of different biological actions. These
results are still controversial and the molecular chaperone field is divided into
those that believe that the non-folding actions of molecular chaperones are arte-
factual and those that hold that they are part of the systems biology of the cell
stress response. The classic example of the former position is the belief that
the cytokine-inducing actions of molecular chaperones are due to contamina-
tion of these proteins with LPS. Some of the criticism (in this case balanced
criticism) about the extracurricular actions of molecular chaperones is voiced
in Chapter 1. It is assumed that similar criticisms were levelled at the findings
that most of the glycolytic enzymes have moonlighting functions. The protein
currently holding the prize for most extracurricular activity is phosphoglucoiso-
merase (PGI). Over the past 20 years this protein, which has a CXXC motif
identical to that found in the molecular chaperone thioredoxin and in certain
chemokines, has been independently identified as three different cytokines and
an implantation factor. Thus this protein is also neuroleukin [41], autocrine
motility factor [42], differentiation and maturation mediator [43] and an im-
plantation factor [44]. Any criticism of these findings seems to have dissipated
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Table 5.1. Non-folding actions of molecular chaperones

Molecular mass
Proteins (kDa) Additional functions

Ubiquitin 8 Antibacterial activity [19]
Thioredoxin 12 ADF – a T cell cytokine [20]

A novel chemoattractant [21]
Chemokine inhibitor [22]
Modulates glucocorticoid action [23]

Chaperonin 10 10 (oligomer) Early pregnancy factor [24]
Osteolytic factor [25]

α-Crystallin 18–20 Activates microglia [26]
Cyclophilins ∼ 20 Secretory pro-inflammatory macrophage product [27]

Chemotactic activity [28]
Parasite inducer of IL-12 [29]

Hsp27 27 Induces IL-10; anti-inflammatory [30]
Hsp60/Cpn60 60 Modulates myeloid cell and vascular endothelial cell

function
Hsp70 70 Cytokine inducer (various chapters in volume) or

inhibitor [31]
Receptor for LPS [11, 12]

Bip 70 Negative regulator of inflammation [32, 33]
Hsp90 90 Immunomodulator acting to present peptides to T

lymphocytes
Grp94/Gp96 96 As above

A cell surface receptor for Gram-negative bacteria
[34, 35]

A receptor for bacterial invasion [34, 35]
A factor involved in surface TLR expression [36]
A direct ligand for activating cells [37–40]

and they are now part of the mainstream of the biochemistry and cellular biology
of glycolysis.

5.4.2. Moonlighting actions of individual molecular chaperones

The following discussion will briefly deal with the reported moonlighting actions
of molecular chaperones and will deal with them in terms of increasing molec-
ular mass (Table 5.1). Much of this information is dealt with more extensively
elsewhere in this volume.

Ubiquitin: This is an 8.5-kDa intracellular protein involved in the controlled
degradation of proteins and thus just comes under the remit of molecular
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chaperone. It has recently been discovered that this protein has antibacterial
actions [19] and it therefore joins the multitude of proteins and peptides that
function to defend us against bacteria.

Thioredoxin: This is a 12-kDa redox protein with a CXXC motif, which acts in-
tracellularly as a hydrogen donor to ribonucleotide reductase. It has been known
since the late 1980s that thioredoxin is a secreted cytokine [20], termed adult
T cell-leukaemia-derived factor, with autocrine growth properties on T lympho-
cytes. Thioredoxin is found in the serum in normal individuals [45]. In addition
to acting on T cells, thioredoxin is a unique chemoattractant with a different
mechanism of action to the large family of chemotactic cytokines known as the
chemokines [21]. Surprisingly, in spite of being identified as a chemoattractant,
thioredoxin can also block cellular responses to LPS by suppressing the activity
of known chemokines [22]. Indeed, circulating levels of thioredoxin appear to
be important in AIDS, and it has been proposed that high levels of this molec-
ular chaperone in the blood of HIV-infected individuals with low CD4+ T cell
counts directly impair survival by blocking pathogen-induced chemotaxis and
thus prevent myeloid cell defences crucial for survival [46]. This chemotaxis
suppressing activity of thioredoxin is likely to have a therapeutic effect and one
study has shown that this molecular chaperone can block experimental inflam-
matory or fibrotic lung injury [47]. Finally, thioredoxin has also been shown to
be involved in control of glucocorticoid action at the level of glucocorticoid-
inducible gene expression. This interaction reveals a link between cellular and
physiological stress responses [23]. The authors suggest that the homeostatic
control of the multicellular organisms must require a link between the cellular
stress responses and the physiological (organismal) stress response.

Chaperonin 10/Hsp10/early pregnancy factor: The fetus is equivalent to an
allograft because the mother and fetus will generally express a different profile
of major histocompatibility antigens. Thus an obvious question is how is fetal
rejection controlled? Almost 30 years ago an immunosuppressive factor was
identified in the sera of pregnant mothers and was termed early pregnancy
factor (EPF) [48]. Significant efforts were made to identify EPF; however, it
took until 1991 for the suggestion to be made that EPF was actually thioredoxin
[49]. A second group identified EPF as chaperonin (Cpn) 10 (Hsp10) [50], a
10-kDa protein which forms a heptameric structure that interacts with Cpn60
to promote protein folding (Cpn10 is a co-chaperone). This finding raised an
enormous amount of interest and criticism [51]. However, the recent cloning
and expression of human EPF (Cpn10/Hsp10) in eukaryotic cells and in E. coli
has revealed that the recombinant Cpn10 has EPF activity both in vitro and in
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vivo and that activity depended upon the presence of appropriate N-terminal
modification [52]. The studies that suggested EPF was thioredoxin have not
been repeated.

Another strand of this story comes from the work of Coates and colleagues,
which is described to a limited extent in Chapter 6. Coates was the first to clone
and express the cpn10 gene of Mycobacterium tuberculosis [53] and had shown
that this protein inhibited inflammation in both adjuvant arthritis in the rat
[54] and experimental allergic asthma in the mouse [55]. In the former study,
the activity of the whole molecule could be replicated by synthetic N-terminal
peptides that are free of LPS.

Tuberculosis of the bone causes major damage and the M. tuberculosis Cpn10
was also found to be a potent inducer of bone resorption and the major osteolytic
component of this organism [25]. Using synthetic peptides the active site in M.
tuberculosis Cpn10 has been identified as the mobile loop [25]. The group that
had identified EPF as Cpn10 has subsequently shown that human Cpn10 is able
to inhibit inflammation in animals with experimental allergic encephalomyelitis,
a much-used model of autoimmunity [56, 57]. Here is the first evidence of a
molecular chaperone acting as a secreted hormone or cytokine and able to inhibit
immune/inflammatory responses in a key process (pregnancy) [24]. Much more
information is required before we can fully understand the role played by Cpn10
in the control of the early phase of pregnancy.

α-Crystallin: This is a member of the small heat shock protein family – proteins
of approximate molecular mass of 20 kDa that form extremely large aggregates
(see Chapter 1). It is reported that this protein activates microglial cells [26],
which are the myeloid cell population in the brain with major roles in brain
defences against infection.

Cyclophilins: A family of proteins (>30 genes in the human genome) with
peptidyl-prolyl isomerase activity and a capacity to bind the cyclic peptide im-
munosuppressants such as cyclosporine. It has been reported that cyclophilin
is secreted by LPS-activated macrophages and has chemotactic activity [27, 28].
Members of this protein family have been found in biological fluids includ-
ing human milk [58, 59] and blood [59]. Elevated levels are also found in the
synovial fluid of patients with rheumatoid arthritis [60] and in patients with
sepsis [61]. Toxoplasma gondii is a protozoan responsible for toxoplasmosis in
humans. It has been reported that this eukaryotic parasite releases a potent
IL-12–stimulating protein which has recently been identified as C-18 cy-
clophilin. This protein activates dendritic cells (DCs) by binding to the CCR5
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receptor [29]. These findings emphasise the diversity of the interactions that can
occur between molecular chaperones and the chemokine system of cytokines.

Hsp27: The literature on this molecular chaperone is reviewed by Miller-
Graziano in Chapter 13. The key observation is that exposure of human mono-
cytes to Hsp27 induces the production of the anti-inflammatory cytokine, IL-10
[30]. This suggests that Hsp27 may have anti-inflammatory functions. The ability
of extracellular molecular chaperones to act as inhibitors of immunity and in-
flammation appears to be a theme. Such anti-inflammatory actions of molecular
chaperones rules out the possibility that the functions being described are due
to LPS contamination.

Cpn60: There is now very good evidence that this molecule is a stimulator of a
range of cells, including myeloid cells, vascular endothelial cells and epithelial
cells, and this literature has been reviewed by Coates in Chapter 6 and the
topic is also touched on in other chapters. Two issues will be addressed in
this brief section. The first is the nature of the receptor for this protein. There
appears to be a range to choose from, including CD14, TLR2 and TLR4 [62, 63].
However, a number of the Cpn60 proteins tested do not appear to bind to any
of these receptors (e.g., [18]). The simplest explanation for this is that cells can
discriminate between Cpn60 proteins from different species. The most striking
demonstration of the ability to recognise differences in Cpn60 proteins is the
finding that the salivary symbiont (Enterobacter aerogenes) of the insect predator
known as the antlion produces a neurotoxin used by the insect in catching its
prey. This neurotoxin turns out to be the Cpn60 protein of this bacterium.
Strikingly, single-residue changes in the E. coli equivalent protein, GroEL, turn
this best-studied of molecular chaperones into a potent insect neurotoxin [64].
The possible consequences of this will be discussed at the end of the chapter.

More recently it has been shown that eukaryotic Cpn60 interacts with Bax and
Bak. These two are pro-apoptotic cytolysis proteins that stimulate the release of
cytochrome c and apoptosis. Binding to Cpn60 may regulate the activity of these
two pro-apoptotic proteins by preventing them from oligomerising and inserting
into the mitochondrial membrane [65, 66]. This action resembles the role that
Hsp90 has in the normal cell [67, 68]. The second issue is the presence of Cpn60
(Hsp60) in the blood of humans. The protein, which is N-terminally recognised
and processed in mitochondria, can also be found on the surface of endothe-
lial cells and macrophages [69]. The authors have established that the levels
of Hsp60 in the blood of a population of normal individuals (healthy British
civil servants) are stratified into three groups: (i) those below assay detection;
(ii) those with measurable, but low levels and (iii) those with extremely high,
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biologically active, circulating levels. The latter can be in the hundreds of mi-
crograms per millilitre range. There is no explanation for this stratification of
plasma Hsp60 concentrations and these results imply a mechanism of produc-
tion and/or release, or a mechanism of removal of Hsp60 that differs enormously
within the normal human population. Preliminary data fail to support the hy-
pothesis that the difference in levels is due to differences in transcriptional rates
[70]. However, it has been shown that elevated levels of Hsp60 in the blood
of healthy individuals could be associated with an unfavourable lipid profile,
high TNF-α levels and low socioeconomic status. TNF-α plays an important
role in atherogenesis and the development of acute coronary syndromes [71],
and low socioeconomic status and social isolation have been related to chronic
heart diseases [72]. This will be dealt with in more detail in Chapter 12. Some
questions and speculations about human Cpn60 are detailed in Figure 5.1.

Hsp70: The human genome sequence has revealed that Homo sapiens is in pos-
session of 13 hsp70 genes and thus one has to be careful when reviewing the
literature on Hsp70 and its biological actions and receptors that one compares
apples with apples and not with oranges. Other chapters in this volume (Chap-
ters 7, 8, 9, 10 and 14) deal with aspects of a number of Hsp70 family proteins,
including Bip. There is controversy in the literature about the receptor(s) used
by exogenous Hsp70 to activate cells (see Chapter 10). There is also controversy
about the nature of the signal induced by peptide-free Hsp70. Most studies of
the human or mycobacterial Hsp70 show an activation of myeloid cell cytokine
synthesis (see Chapters 7–10). However, in a recent report, M. tuberculosis Hsp70
has been shown to induce the production of the anti-inflammatory cytokine
IL-10 and reduce the production of TNF-α [31].

Bip: This is another member of the Hsp70 protein family which is located
in the lumen of the endoplasmic reticulum and was originally identified as
an immunoglobulin heavy chain-binding protein. Transcription of Bip (also
known as glucose-regulated protein (Grp) 78) is enhanced when the glucose
concentration is lowered. The transcription of a number of molecular chaper-
ones is regulated by environmental glucose levels and it is interesting to spec-
ulate why this evolved. For example, hypoglycaemia is one response to infec-
tion and to the key Gram-negative inflammogen, LPS [73]. As Corrigal and
Panayi review in Chapter 14, Bip is now known to be a potent negative regula-
tor of inflammation acting, like Hsp27, as an inducer of the anti-inflammatory
cytokine IL-10 [32]. Bip also induces the production of soluble TNF receptor II
and IL-1 receptor antagonist, inhibits the recall antigen response by periph-
eral blood mononuclear cells (PBMCs) to tuberculin purified protein derivative
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Figure 5.1. Model for the actions of Cpn60 inside and outside of cells: some questions
and speculations about mitochondrial Cpn60 (Hsp60), a protein that has been shown to
have an increasing range of biological actions.

and down-regulates CD86 and HLA-DR expression of human PBMCs [33].
An obvious hypothesis is that inflammation results in lowered circulating glu-
cose levels and that this triggers the transcription of a number of molecular
chaperones, at least one of which, Bip, has anti-inflammatory properties. Is
this a homeostatic regulatory network? Further work is required to determine
if glucose-regulated molecular chaperones play a role in regulating immune
responses.
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Hsp90: This is a major cytoplasmic heat shock protein family with a growing
range of key cellular functions – notably the ability to render cryptic protein
gene polymorphisms that damage protein function [74]. Much of the current
excitement about Hsp90 centres on its ability to bind peptides and present them
to cytotoxic T cells, and it is believed that this activity will be the basis of a novel
and very effective treatment for cancer [75]. In addition, Hsp90 is part of the
LPS receptor complex and thus participates in the innate immune response to a
key pathogen-associated molecular pattern [12, 18]. Related to this is the finding
that the Hsp90 homologue, gp96 (also known as glucose-regulated protein (Grp)
94) is involved in the folding of Toll-like receptors (TLR).

Inactivation of the gene encoding gp96 results, not as one would expect –
in cell death under stressed conditions – but in the inability to express Toll-
like receptors on the cell surface. Thus the description of gp96 as a cell stress
protein may be inaccurate [36]. While putatively a protein of the endoplasmic
reticulum, gp96 is also found on cell surfaces throughout the vertebrate phylum
and this surface expression is up-regulated by exposure of cells to bacteria and
their constituents [76]. This cell surface targeting of gp96 is involved in the
maturation of DCs [77]. Indeed, it turns out that gp96 is a receptor for one of
the outer membrane proteins (OmpA) of E. coli and is involved in the ability
of this bacterium to invade eukaryotic cells [34, 35]. In addition to being an
infection-related receptor, soluble gp96 is also able to activate leukocytes through
binding to receptors including the TLRs [37–39] and gp96 appears to act as a
Th2-specific co-stimulatory molecule [40]. The binding of gp96 (with associated
peptides) to cells utilises the cell surface ‘receptor’ CD91 [78]. However, there
appears to be a price to pay for the surface expression of gp96 in terms of the
induction of autoimmunity [79].

This quick trawl through the literature reveals that many molecular chap-
erones have a range of actions in addition to the proposed main function as
protein-folding proteins. A good example of the changing paradigm in molec-
ular chaperone biology is the finding that the intracellular pathogenic bacteria
known as Chlamydia contain three cpn60 genes. This is not unusual, as certain
members of the Rhizobia can contain up to six cpn60 genes. What is striking
is that two of the Chlamydial genes encode proteins that have lost the ATPase
domain required for the protein-folding ability of these molecules [80]. Con-
firmation of this loss of protein-folding activity is shown by the inability of the
genes encoding these two aberrant proteins to complement an E. coli GroEL
mutant [80]. These are not some form of pseudo-gene, because it has been
shown that all three proteins are independently expressed by Chlamydia [81].
Thus, here is a situation in which cells have evolved proteins that look like
Cpn60 molecules but which have no capacity to fold proteins. Can these be
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referred to as non-folding molecular chaperones? The key question is – what bi-
ological role do these non-folding chaperones have? Perhaps these proteins are
not moonlighting and have completely different roles to play from the assumed
protein-folding role.

5.5. A physiological role for molecular chaperones

As reviewed in Chapter 1, molecular chaperones, through their protein-folding
and chaperoning actions, are vital for homeostatic cell function. The new
paradigm that is the subject of most of this book is that some, if not all, molec-
ular chaperones have additional non-folding actions and that these contribute
to cell–cell signalling involved in homeostatic regulation of the organism. The
necessary supporting evidence for this paradigm is that molecular chaperones
must be found at the surface of cells and/or in the extracellular fluid in order
to be able to transmit a signal from cell to cell. There is now substantial evi-
dence that many of the molecular chaperones are found in the blood and there
is emerging evidence that these proteins are found in other body fluids such
as saliva [82] and seminal fluid [83]. Indeed, it must also be remembered that
one molecular chaperone, clusterin (apolipoprotein J) is normally present in
body fluids [84]. The extracellular disposition of molecular chaperones and the
relationship that this might have to disease processes is described in detail in
Chapter 12.

If molecular chaperones are found in the extracellular milieu, then this raises
the thorny point about how they get out of the cell. Many have dismissed the idea
that molecular chaperones could function as intercellular signalling molecules
because there is no known mechanism to account for their secretion from cells.
This is actually a poor argument, because for many years we had no idea how
many key signalling proteins such as IL-1, IL-16, IL-18, fibroblast growth fac-
tor and annexin, to name but a few, were released from cells. As described in
Chapter 3, a pathway that has been elucidated over the past decade or more –
the leaderless secretory protein pathway – is responsible for the release of the
aforementioned proteins and also of the molecular chaperone thioredoxin. It is
now known that the glycolytic moonlighting protein, PGI, is secreted via this
pathway. Other novel pathways of protein secretion also exist (e.g., [85]) and
hence the absence of a mechanism for secreting molecular chaperones cannot
be used as an argument that they cannot be released from cells. Discovering
the mechanisms of molecular chaperone secretion should be a priority for those
interested in the biology of these proteins.

So if we accept that molecular chaperones are released from cells, what do they
do? It is now appreciated that we have no shortage of receptors for molecular
chaperones such as Cpn60, Hsp70, Hsp90 and cyclophilin with experimental
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evidence identifying CD14, TLR2, TLR4, LOX1, CD40, CD91 and CCR5 as
receptors for these various molecular chaperones. Of course, we do not have
identifiable receptors for the other molecular chaperones. However, it is now
clear that the various molecular chaperones described can bind to and activate
a wide range of cells.

The authors propose that there are four major functions of extracellular molec-
ular chaperones.

1. The first is as signals warning the multicellular organism that certain of its
constituents are under stress and modulating the function of nearby cells
in case the stress continues or expands. The biological response of cells
of innate immunity to stress proteins may overlap with the concept of
proteinaceous danger signals as postulated by Matzinger [86]. This warning
signal function was termed stress broadcasting in a recent review [87]. It is
not clear whether molecular chaperones in the circulation are part of this
stress broadcasting mechanism or are involved in linking cellular stress to
higher order systems control.

2. The second is as a physiological input signal to the immune system in
the form of pro- and anti-inflammatory molecular chaperones which may
better be called stress cytokines. The pro- and anti-inflammatory actions of
molecular chaperones have been identified in earlier sections and will not
be discussed further; they are also discussed elsewhere in this volume. This
is a novel but testable hypothesis that we hope will be explored in the near
future.

3. Increasing evidence exists that another function of molecular chaperones is
to provide adjuvant-like signals through the ability of molecules like Hsp70
and Hsp90 to present peptides to antigen-presenting cells. This activity may
be a key feature of Matzinger’s danger model and is an obvious foundation
for a novel therapy for cancer. This is reviewed in detail in Chapters 17
and 18.

4. This is extremely speculative and springs from the findings of the last
decade or so that vertebrates live with a very large number of bacterial
species. It is estimated that H. sapiens have 2–3,000 bacterial species as
their constant companions. London Zoo only keeps about 6–700 species
of animal. Contrast this with the 40 or 50 bacteria that cause human disease
[88]. How do we discriminate between these friendly bacteria and the ones
that mean us harm? We propose that one set of signals is the molecular
chaperones. There is little evidence for this hypothesis as yet, other than
the finding that many receptors recognise molecular chaperones and the
work on E. aerogenes, which reveals that single nucleotide changes in GroEL
can dramatically alter the biological actions of this protein [64].
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As these speculations were being put onto paper, another idea emerged from
the literature. It is now suggested that Cpn60 is involved in sperm capacitation,
a key event required for fertilisation [89].

5.6. Conclusions

John Ellis, a pioneer in the study of molecular chaperones, has thrown down a
gauntlet in Chapter 1 with the statement ‘This view [that molecular chaperones
have non-folding roles] has not found general acceptance, partly because it is
novel [as was the concept of proteins folding proteins [90]] and partly because of
the paucity of high-quality evidence compared with that available in support of
the protein folding paradigm’. The authors would argue that there is now a large
amount of ‘high-quality’ evidence in terms of papers in Nature, the Journal of
Experimental Medicine, the Journal of Clinical Investigation, the Journal of Immunology
and International Immunology to name but a few, which supports the hypothesis of
the non-folding actions of molecular chaperones. As Sherlock Holmes was want
to say ‘when you have excluded the possible then the impossible must be true’.
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6

Cell-Cell Signalling Properties of Chaperonins

Anthony Coates and Peter Tormay

6.1. Introduction

In the beginning, bacteria evolved chaperonins (Cpns) to help in the folding
of other proteins. Then, about one and a half billion years ago, bacteria began
to live with eukaryotic cells. The career of the chaperonin began to expand
beyond the protein folding area, and they developed new functions in order
to adapt to the eukaryotic evolutionary niche. As the eukaryotes became ever
more complex, the chaperonins evolved into cell-cell signalling molecules. The
sophistication of this new role has only recently begun to emerge.

The chaperonins that are the subject of this chapter belong to the 60- and 10-
kDa classes and are called Cpn60 and Cpn10, respectively. The folding actions of
these proteins have been described in detail in Chapter 1. If there is more than
one Cpn60 or Cpn10 in any one species, they are called Cpn60.1, Cpn60.2
and so on [1]. Cpn60 proteins are also called heat shock protein (Hsp) 60
or 65, and Cpn10s are also named Hsp10. For example, the Mycobacterium
tuberculosis genome contains two cpn60 genes. One of these, termed cpn60.1 [2],
appears to form an operon with the cpn10 gene. This is the usual relationship in
most bacteria. The second cpn60 gene encodes Cpn60.2, the well-known Hsp65
protein of M. tuberculosis, and is found elsewhere in the genome.

6.2. What is a cell-cell signalling molecule?

A cell-cell signalling molecule is one that directly communicates a message from
one cell to another. The signalling molecule may be attached to the outside of
the broadcasting cell or it may be released from it and may attach to audience
cells. The broadcasting cells may be bacterial or eukaryotic, because chaperonins
exist in both eukaryotes and prokaryotes. The audience cells respond in a variety
of ways, such as cytokine release.

99



P1: JYD
0521836549agg.xml CB856/Henderson 0 521 83654 9 August 27, 1956 21:49

100 Anthony Coates and Peter Tormay

Figure 6.1. Chaperonins are produced by bacteria such as M. tuberculosis inside phago-
somes. The chaperonin migrates into the phagosome and can be detected in tissues and
in the blood. Eukaryotic chaperonins are found in the mitochondrion and can also be
detected in the blood.

6.3. Are chaperonins released from cells?

Traditionally, chaperonins are regarded as intracellular, because they help to
fold other proteins inside cells, and so, if this is their only function, why bother
to wander into the extracellular space? The first suggestion that chaperonins
might occur extracellularly was the observation that early pregnancy factor, sub-
sequently reported to be Cpn10, could be detected in the serum of animals
and of humans [3]. Since then, numerous reports have described chaperonins,
both eukaryotic and prokaryotic, in extracellular situations [4–13]. For example,
bacterial chaperonins have been detected on the cell surface [10], in the extracel-
lular matrix [12] and in the serum of patients with tuberculosis [14] (Figure 6.1).
Mammalian chaperonins are also detected on the cell surface [15], are secreted
from glial cells and neuroblastoma cells [8] and are found in the serum of hu-
mans [5, 16]. It is not known for certain whether these chaperonins are secreted
from live cells or whether they are released from dying ones. However, there is
evidence that supports the idea that some chaperonins are secreted.

For instance, inside the macrophage phagosome, ingested M. tuberculosis
Cpn10 accumulates in the wall of the bacterium and in the matrix of the
phagosomes [17] (Figure 6.1). The chaperonins dissociate into partially helical
monomers which interact with acidic lipids. This may represent two important
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steps in the mechanism of secretion of the protein into the external environ-
ment. So it seems that some chaperonins, although lacking signal peptides,
interact with membranes in a similar way to such peptides. The cell location
and secretion of these proteins is dealt with in detail in Chapter 2 and to lesser
extents in other chapters in this volume.

Interestingly, human Cpn10 behaves in a similar way to the mycobacterial
protein and is found extracellularly; however, the Cpn10 of Escherichia coli is
different in that it adopts a dimeric β-sheet which is not found outside the cell.
These data suggest that Cpn10 is secreted by some species, but not by others.

An alternative, but not mutually exclusive, explanation for the presence of
chaperonins outside the cell is that these proteins are released as the cell dies.
This could be a kind of death message. In certain situations, it is possible that
both secretion and release from dying cells might be responsible for extracellular
chaperonins. That the broadcaster is dead does not diminish the power of the
message, as readers of Shakespeare will no doubt agree.

6.4. Do all chaperonins transmit the same message?

The answer is a definite ‘No’. The first indication that different chaperonins
transmit different messages was the observation that M. tuberculosis Cpn10 in-
duces lysis of bone, whereas Cpn60 from the same species is totally inactive
[18]. Subsequently, it has been demonstrated in vivo [19] that M. tuberculosis
Cpn60.1 actually blocks bone resorption. Even Cpn60s within the same species
have different properties. For example, Rhizobium leguminosarum Cpn60.3 in-
duces cytokine production by human monocytes, whereas Cpn60.1 is inactive
[20]. In the case of M. tuberculosis Cpn60s, Cpn60.1 is a more powerful inducer
of pro-inflammatory cytokines than Cpn60.2 [21]. These data indicate that dif-
ferent chaperonins, even though they may share very high sequence identity,
carry different messages.

6.5. Who is in the audience?

This is one of the most intriguing aspects of this area of research. Effects on
human peripheral blood monocytes have been observed by several different
laboratories [20–25]. However, the audience also contains macrophages and
endothelial cells [26, 27], epithelial cells [28], vascular smooth muscle cells
[29], dendritic cells (DCs) [24, 30], bone cells such as osteoclasts [31, 32] and
osteoblasts [18], and cells of the central nervous system (CNS) [8, 33]. The
available evidence indicates that the audience is primarily from a myeloid back-
ground, although the inclusion of nerve cells suggests that this may be too narrow
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a definition. Chapter 15 describes in detail the interactions of chaperonins with
nerve cells.

6.6. Is every chaperonin a molecular messenger?

Available evidence suggests that most species produce chaperonins which con-
vey signalling messages to eukaryotic cells. For example, M. tuberculosis Cpn60.2
induces human monocytes to synthesise pro-inflammatory cytokines [20–25].
Many other Cpn60s from diverse bacterial species such as E. coli [23, 34],
Chlamydia spp. [26, 34] and Helicobacter pylori [35] induce cells to synthesise
pro-inflammatory cytokines. Even plant Cpn60s [20] can stimulate cytokine
secretion. The significance of chaperonins became even more interesting when
reports began to emerge that mammalian Cpn60s from rats, mice, hamsters and
humans [24, 26, 34] also induce eukaryotic cells to synthesise pro-inflammatory
cytokines. Such a ubiquitous property of chaperonins indicates that these
molecules have a significant role to play in nature, one that we are only just
beginning to understand.

6.7. What effect does the chaperonin signal have on the audience?

Chaperonins induce mammalian cells to produce pro-inflammatory cytokines
[8, 18, 20–33]. For example, seven Cpn60s from different species all induce pro-
inflammatory cytokine release from mouse macrophages [34]. However, data
are available that suggest chaperonins have a greater significance than this in
the world of non-folding biology: human Cpn10 has been shown to be early
pregnancy factor [11, 36] and is present in red blood cells and in secretory gran-
ules [37]. Cpn60 from Actinobacillus actinomycetemcomitans [38], which is an oral
pathogen in humans, induces proliferation of epithelial cells in 24 hours and
increases the rate of epithelial cell death after prolonged incubation (144 hours).
In cardiac muscle cells, Cpn10 and Cpn60 suppress ubiquitination of insulin-
like growth factor-1 receptor and augment insulin-like growth factor-1 receptor
signalling [39]. In the central nervous system, a chaperonin homologue is neuro-
protective [33]. However, it is whole organ and animal studies that have revealed
the truly startling biology of chaperonins.

In 1981 a major antigen of M. tuberculosis was identified by immunising mice
with whole bacteria and generating the monoclonal antibody TB78 [40]. The
antigen that bound to TB78 turned out to be Cpn60.2 (reviewed in [41]) which,
curiously, can both induce and attenuate autoimmune arthritis and diabetes
in animals [42, 43] (reviewed in [41]). Chaperonins are now being developed
as vaccines for human diseases such as cancer [44] and diabetes [45]. Certain
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of the chapters in this volume deal with this in more detail (Chapters 16–18).
It is thought that these properties are mediated by T lymphocytes. However,
chaperonins have been called multiplex proteins [41], which means that they
each have a number of parallel biological properties, of which immunogenicity
and protein folding are but two.

The clearest example of a non-immunological, non-folding property of chap-
eronins is their ability to modulate bone formation. The first report of whole-
organ bone modulation by chaperonins was that the Cpn60 proteins from A.
actinomycetemcomitans and E. coli were potent stimulators of in vitro bone resorp-
tion [31]. Further work strengthened this observation, demonstrating that these
proteins stimulated the proliferation and differentiation of myeloid precursor
cells into mature bone-resorbing osteoclasts [32] and that the human Cpn60
protein was also a potent stimulator of bone resorption. In contrast, M. tuber-
culosis Cpn60s do not resorb bone [18], despite the fact that Cpn10 from this
species is the primary bone resorbing molecule in the bacterium and may be re-
sponsible for the marked bone destruction that is seen in clinical cases of spinal
tuberculosis, also known as Pott’s disease.

However, in the rat adjuvant arthritis model, which is a T cell–driven disease
with considerable osteoclastic bone remodeling [46], M. tuberculosis Cpn60.1
almost completely prevents bone destruction, whilst Cpn60.2 has no effect [19,
47]. The mechanism of action appears to be directly on bone formation (see the
next section).

Another non-T cell–mediated effect is seen in the central nervous system. Rats
that are given an intranasal dose of the Cpn60-like peptide activity-dependent
neuroprotective protein (ADNP) are protected from neurodegeneration [33, 48].
An even stranger effect is a bacterial chaperonin in insect saliva which is used
by the insect as a toxin to kill other insects [49].

This chapter will not review the T cell–mediated effects of chaperonins in
autoimmune diabetes and arthritis because these are covered in the literature
[41, 50, 51] and elsewhere in this volume. However, chaperonins seem to have
effects in diseases that are not classically regarded as being T cell-mediated. For
example, they are active in suppressing antigen-induced asthma in the mouse
[52], despite the fact that asthma is an allergic condition. This is not to say
that T cells play no part in asthma. The author and colleagues have found that
M. tuberculosis Cpn60.1 blocks both the eosinophilia and the airway hyperre-
sponsiveness found in this model and that it does so by a mechanism involving
the priming of DCs. In contrast, Cpn60.2 was without effect ([52] and unpub-
lished observations). These findings are supported by a recent publication which
showed that Mycobacterium leprae Cpn60.2 is active in suppressing this asthma
model, whereas M. tuberculosis Cpn60.2 is inactive [53].

Thus it seems that chaperonins remain full of biological surprises.
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Figure 6.2. Osteoclast formation depends on the upregulation of the TNF family member
RANKL (receptor activator of NF-κB ligand) on osteoblasts and the activation of osteo-
clast precursor cells through binding of RANKL to RANK. OPG binds RANKL and acts
as a RANK antagonist, thereby inhibiting osteoclast formation (+ = molecules that en-
hance differentiation/activation; − = molecules that inhibit differentiation/activation).

6.8. Mechanism of action – cytokines and the cytokine ceiling

At the cellular level, there are two seemingly contradictory actions of chaper-
onins. Firstly, they stimulate the release of pro-inflammatory cytokines from
eukaryotic cells. Secondly, they suppress cells that have been stimulated by ei-
ther endogenous or exogenous agents. The effects of M. tuberculosis Cpn60.1
(MtCpn60.1) on bone are a case in point. This chaperonin stimulates cytokine
release from cells [21], yet it suppresses bone resorption that has been triggered
by exogenous bacterial lipopolysaccharide (LPS) or endogenous RANKL (recep-
tor activator of NF-κB), a tumour necrosis factor (TNF) family member and key
osteoclast-inducing cytokine. It is now recognised that the dynamic remodelling
of bone, which is a consequence of the bone forming action of the osteoblast
and the bone destroying activity of osteoclasts, is controlled by the regulation of
RANKL expression on osteoblasts and its interaction with RANK on osteoclast
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precursor cells. Another TNF family member, osteoprotegerin (OPG), acts as
a soluble RANK and antagonises RANKL/RANK interactions and inhibits os-
teoclast formation (Figure 6.2). In bone cell and explant culture studies it is now
established that M. tuberculosis Cpn60.1 can block the activity of RANKL which
interacts with RANK on osteoclast precursors [19]. Such interaction stimulates
a complex signalling pathway involving TRAF-6, which is described in detail in
Chapter 7. It has been established that inhibition is not due to (i) stimulation of
synthesis of the negative regulator OPG, (ii) inhibition of the key MAP kinase
c-JNK or (iii) binding of RANKL by Cpn60.1.

It is likely that DCs, the conductors of the immune system, are an impor-
tant target for chaperonins and therein may hide secrets of their mechanism
of action. Cpn60s can activate DCs to secrete pro-inflammatory cytokines and
can induce these cells to mature [24]. Cpn60 induces the release of TNF-α,
IL-12 and IL-1β from DCs [30], but only a small amount of IL-10, which sug-
gests the presence of a bias towards Th1 (pro-inflammatory) responses. One
interpretation of this is that Cpn60s may prime for destructive Th1 responses
at sites of Cpn60 release [30]. An alternative hypothesis which has been sug-
gested by the author (AC), called the ‘cytokine ceiling hypothesis’ suggests that
whilst chaperonins do activate the innate immune system, they also suppress
over-activation. This dampening down of, for example, a bacterial LPS-activated
immune system, is an essential control mechanism which, if absent, would result
in self-destruction by an innate immune system that is out of control. So, the
‘cytokine ceiling’ is an additional property of chaperonins. The innate immune
system recognises bacterial pro-inflammatory signals (pattern-associated molec-
ular patterns – PAMPs) as ‘danger’ molecules [54]; however, when the level of
response reaches the ‘cytokine ceiling’, chaperonins induce suppression of an
otherwise highly damaging immune response.

It is possible that some chaperonins are activators and others are suppressors
(see Figure 6.3); however, it is also possible that one species of chaperonins
can both activate and suppress the immune system. Furthermore, it likely that
this paradigm applies to many other cell types such as bone and CNS cells,
not just innate immune cells. For instance, M. tuberculosis chaperonins show
three separate patterns of activity: (i) Cpn60.1 and Cpn60.2 both activate hu-
man monocytes [21], (ii) Cpn60.1 is a potent inhibitor of the differentiation
of osteoclast precursor cells into mature bone resorbing osteoclasts [19] whilst
Cpn60.2 is inactive in this regard and (iii) Cpn10 is a potent stimulator of os-
teoclast proliferation. Gram-negative bacterial and the human mitochondrial
Cpn60 proteins also act as potent inducers of osteoclast formation. These data
show that chaperonins can be very different from one another in terms of their
interaction with selected target cells.
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Figure 6.3. Chaperonins bind to PRRs. Shown here are hypothetical pathways 1 and 2
which lead to inflammation/bone resorption and inhibition, respectively.

6.9. Chaperonin receptors

Chaperonins activate cells by interacting with pattern-recognition receptors
(PRRs) including CD14 and Toll-like receptors (TLRs) [26, 30, 55, 56] (Fig-
ure 6.3), and the interaction of Cpn60 proteins with the TLRs is discussed in
detail in Chapter 7. However, chaperonins have such a diverse range of activities
that it is likely that these receptors are probably the tip of the iceberg and it is
anticipated that more receptors will be implicated soon. For example, although
TLR4 is presumed by many workers to be the major (perhaps only) receptor for
Cpn60 (see Chapter 7), early work on the Cpn60 protein of A. actinomycetemcomi-
tans showed that it could activate myeloid cells from the TLR4 negative mutant,
C3H/HeJ strain, of mouse [31]. Human and bacterial chaperonins seem to use
the same receptors, and this suggests that bacteria may use this to modulate their
host’s immunity to their advantage.

Chaperonins can be considered PAMPs [57]. PAMPs are evolutionarily con-
served components of pathogens recognised by non-clonal receptors of the host.
A growing number of PRRs (recent examples being the TLRs) have been identi-
fied and are responsible for the ability of our innate immune system to rapidly
recognise, and discriminate, infections by bacteria and fungi [58–60]. PAMPS
include LPS, peptidoglycan, flagellae and CpG DNA [58–60] and are unique
to pathogens. Interestingly, human chaperonins seem to use the same receptors
as some of the bacterial PAMPs [55, 56]. This would be highly damaging to
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the host unless there was an upper cut-off point above which the chaperonins
became suppressive, the so-called cytokine ceiling.

6.10. Is all the activity of chaperonins due to contaminating
bacterial lipopolysaccharide?

Most recombinant chaperones are produced in E. coli and so are contaminated
with LPS. In this and subsequent chapters the problems with such contamination
will be discussed and evidence will be presented that the biological actions of
molecular chaperones such as Cpn60 are not due to contaminating LPS. Many
workers use commercially available columns with polymyxin B linked to agarose
in order to remove LPS contaminating recombinant molecular chaperones. This
has the disadvantage (as discussed in Chapter 10) of also resulting in the binding
of the molecular chaperone to the column.

The author’s (AC) group has solved this particular problem by washing affin-
ity (e.g., Ni-NTA) columns containing recombinant chaperones with polymyxin
B. This eliminates most of the contaminating LPS without removing the activity
of the recombinant protein. Thus, powerful chaperonin activity can be detected
when LPS is undetectable [21, 24]. If chaperonins are exposed to proteases or
heat, their cell signalling activity is lost. Furthermore, when short peptides of
chaperonins are made by chemical synthesis, chaperonin activity is seen [18].
In addition, in vivo, many activities of chaperonins cannot be reproduced by
LPS. For example, M. tuberculosis Cpn60.1 blocks bone resorption [19]. This
chaperonin also inhibits asthma in the mouse [52]. Single-amino-acid changes
in another bacterial chaperonin render it toxic to insects [49] and a short mam-
malian chaperonin peptide protects rats from neurodegeneration [33, 48].

However, there are occasional reports of loss of activity of chaperonin which
have been attributed to the absence of LPS [61]. In the author’s experience, loss
of activity of a chaperonin does occur from time to time; however, this is not
due to absence of LPS, but rather from incorrect folding of the chaperonin or
a technical problem associated with the biological assay. The involvement of
LPS contamination in the observed biological activities of chaperonins has also
been discussed elsewhere in this volume (Chapters 7, 8 and 10).

6.11. Conclusion

Chaperonins are multiplex molecules. Apart from helping cells to fold proteins,
they have important non-folding activities, as well as being powerful antigens
and cell-cell signalling molecules. Chaperonins are released from cells and can
be detected in tissues and in the blood. They transmit messages from one cell
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to another, and messages transmitted by chaperonins from individual species
can be different and distinct. The audience cells are primarily myeloid in origin;
however, cells of the central nervous system are also involved.

The effects of the chaperonin signal are diverse. For example, chaperonins in-
duce pro-inflammatory cytokine release, promote bone resorption, inhibit bone
resorption, protect neural cells from degeneration, kill insects and protect mice
from asthma. Chaperonins act through PRRs which include CD14 and Toll-like
molecules. The mechanism of action has two main arms: firstly, stimulation of
cytokine release, and secondly suppression. It is hypothesised that chaperonins
suppress overactive cytokine responses at a certain high dangerous level, which
is termed the cytokine ceiling. This protects the animal from damaging itself.

The extraordinary diversity of actions of chaperonins that are known today
are almost certainly the tip of an iceberg.
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Toll-Like Receptor-Dependent Activation of Antigen
Presenting Cells by Hsp60, gp96 and Hsp70

Ramunas M. Vabulas and Hermann Wagner

7.1. Discovery of Toll-like receptors

The basic concept of the immune system postulates an ability to discriminate
between self and non-self and to free the organism from the latter. Two major
contributions advanced the comprehension of the cellular basis of self- versus
non-self-discrimination. The first was the hypothesis regarding the expansion
of antigen-recognising clones on encounter with a respective antigen, which al-
lowed antigenic specificities of the resulting immune reactions to be explained.
The co-stimulatory signal hypothesis represented another essential advance-
ment. It postulated the necessity of a second, antigen-independent signal for
lymphocyte activation. Its nature was put into an elegant metaphor of the ‘immu-
nologist’s dirty little secret’ [1], referring to substances of microbial origin that
should be present concomitant with an antigen to prime an immune response
to it.

Of a number of host receptors participating in detection of microbial con-
stituents [2], Toll-like receptors (TLRs) currently represent the most interesting
group. Their importance is assumed from the prominent cell activating capacity
which they display after engagement with their cognate ligands. The name orig-
inates from the Drosophila homologue Toll, which was discovered as a part of
the dorsoventral patterning cascade during the developmental larva stage of the
fruit fly, and this seminal study established an additional, anti-microbial func-
tion for Toll in adult flies [3]. It demonstrated that mutants of the genes in the
cassette between the Toll ligand Spätzle down to the IκB homologue Cactus
showed a compromised inducibility of the anti-fungal peptide drosomycin
upon fungal challenge and consequently succumbed to the infection. More-
over, there was an obvious specificity in discrimination of microbial classes, be-
cause the signalling cascade had no influence on the induction of anti-bacterial
peptides.

113
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Searches against the intracellular Toll domain were similarly performed and
a human homologue hToll, now classified as the Toll-like receptor (TLR)4 was
discovered [4]. Forced dimerisation of TLR4 induces a typical pro-inflammatory
state, confirming not only structural but also functional similarity with the Toll
of Drosophila. Ten human TLRs have now been described, and years of intense
research have demonstrated the importance of this system for sensing a variety of
microbial as well as endogenous products, including the main classes of human
heat shock proteins.

7.2. Toll-like receptor structure

TLRs are type I membrane proteins. The extracellular (or lumenal) part of TLRs is
composed of tandemly repeated modules enriched in leucines and, hence, called
leucine-rich repeats (LRRs). LRRs are found in a variety of proteins with very
different functions. The single LRR is usually 20–29 residues long and displays
a characteristic leucine distribution pattern. By comparing sequences of LRRs
from different proteins one can distinguish several classes which reflect the dif-
ferences in the C-terminal part of the LRR module. On the other side, the leucine
positions in the initial 10 amino acid stretches are well conserved and show an
X-L-X-X-L-X-L-X-X-N pattern (X being any amino acid). The spatial visualisa-
tion of this conservation has been provided by crystal and nuclear magnetic
resonance structures of several LRR proteins. They all indicate a horseshoe-like
molecular shape in which parallel β-strands in perpendicular fashion line the
concave horseshoe surface. β-strands fold out of the first, conserved LRR halves
which explains the invariant appearance of the concave surface. The β-strand in
each LRR module is followed by the less conserved stretch which forms more
variable structures. The analysis of crystal structures of LRR proteins complexed
with their ligands reveals that the concave surfaces and β–α loops provide the
required interaction platform [5].

Unfortunately, no TLR structure has yet been solved, and the mechanistic
aspects of activation therefore remain enigmatic. Because of the broad range
of non-proteinaceous ligands implicated from functional studies, the structural
determinants for TLR–ligand interactions might appear quite different to those
already established. The recent bioinformatical analysis of the TLR family has
implicated the insertions within the LRRs (typically at positions 10 and 15) to
be important in controlling specificity of interaction [6]. Nevertheless, to test
this and other hypotheses it will only be possible by solving X-ray structures of
different TLR–ligand complexes.

The cytoplasmic domain of the TLR, the Toll/IL-1 receptor (TIR) domain,
is responsible for all features of the receptor-mediated intracellular signalling of
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the TLR family. It was the TIR domain that provided the first evidence for the
homology that spans such distant taxons as the fruit fly and the human and
related proteins with such different functions as embryonic body polarisation
and controlling the inflammatory response [7, 8]. Discovery of the TIR do-
main in proteins encoded by the plant disease-resistance genes underscore the
conservation and, hence, the importance of this evolutionary ‘invention’ [9].

Together with the first insight into the heterogeneity of the TLR family, at-
tempts were made to structurally analyse the TIR domain [10]. The (β/α)5 fold
was predicted and the similarity to the bacterial chemotaxis regulator, CheY was
implicated. The structural work proved the resemblance between human TIR do-
mains and CheY and also revealed some specific properties [11]. Comparisons
of TIR domain structures of different TLRs, including those that had been mu-
tated or were non-functional, provided some insight into mechanistic aspects of
the biology of these receptors. Two interaction interfaces on the domain surface
appeared to be possible. The first of them, the R face, which varies in different
receptors, appears to contribute to the specificity of the ligand recognition by
specifying the oligomerisation of the receptors. Another one, the S face, which
displays a conserved surface patch, contributes to the invariant aspect of the
TLR family function by engaging the conserved intracellular machinery of cell
activation.

7.3. Toll-like receptor signalling

After binding to their cognate extracellular ligands, many classes of membrane-
bound receptors modulate or even re-programme cellular functions by recruiting
and activating different sets of cytoplasmic mediators. The mediators, in turn,
transmit inhibitory or activating signals to transcription factors, and these, con-
sequently, alter the transcriptional profile and define the cellular response to the
original external input.

The response to TLR engagement was first demonstrated by manipulating
human TLR4 [4]. The extracellular part of the receptor was exchanged for the
CD4 fragment, which drives spontaneous homodimerisation of the fusion pro-
tein. This forced ligand-independent signalling led to the paradigmatic state of
immune alertness, namely, the activation of the transcription factor NF-κB and,
consequently, the induction of pro-inflammatory cytokines and the upregula-
tion of co-stimulatory molecules. Intense genetic and biochemical work ensued,
and this has elucidated many aspects of the intracellular process. We will briefly
discuss this work.

MyD88 is the first and essential adaptor molecule which becomes engaged
after activation of every TLR, except for TLR3. MyD88-deficient mice show
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impaired responsiveness not only to most TLR ligands, but also to IL-1 and IL-
18, thereby proving MyD88 to be a critical signalling component for any TIR
domain-containing receptor [12, 13]. MyD88 possesses its own C-terminal TIR
domain, which drives the heterodimerisation of the adaptor with the activated
receptor. The N-terminal death domain of MyD88 then recruits IRAK1 and
IRAK4 kinases. The IRAK4 phosphorylates and activates the IRAK1, which in
turn initiates autophosphorylation and recruits TRAF6. Lack of IRAK4 repro-
duces the defects seen in MyD88 mutants [14]. The importance of IRAK1 is less
clear, because its deficiency exhibits a less pronounced phenotype. In addition,
there are two further IRAKs, neither of which have kinase activity – IRAK2 and
IRAK-M. IRAK-M has been found to be a negative regulator of TLR signalling
[15], whereas the exact role of IRAK2 remains unclear.

Of the family of six TRAF adaptor proteins, only TRAF6 is involved in TLR
signalling. TRAF6, together with IRAK, dissociates from the activated recep-
tor and binds to the preformed complex of TGF-β-activated kinase (TAK)1
and TAK1-binding proteins (TAB)1 and 2. TAK1 is a mitogen-activated pro-
tein kinase kinase kinase (MAP3K) involved in activation of IκB kinase (IKK).
Activation of IKK appears to require atypical polyubiquitination [16, 17].
The TRAF6/TAK1/TAB1/TAB2 complex associates with the heterodimeric
ubiquitin-conjugating enzyme Ubc13/Uev1A. This results in modification of
TRAF6 with lysin63-linked polyubiquitin chain, which leads to IKK activation,
IκB phosphorylation, ubiquitination and degradation. From the IκB released
transcription factor NF-κB translocates to the nucleus and switches on the tran-
scription of a large number of pro-inflammatory genes. TAK1 is also responsible
for activation of MAP kinases (MAPKs) and c-Jun N-terminal kinases (JNKs),
in this way broadening and diversifying transcriptional changes in response to
receptor stimulation.

The specificity of the response to different ligands is assumed to arise from
different adaptors associating with the respective receptors. In particular, and in
contrast to other TLRs, TLR3 and TLR4 engagement is known to activate the
transcription factor Interferon Regulatory Factor 3 (IRF3) and as a consequence
to induce interferon-β. Furthermore, MyD88-deficient mice are not able to
produce a number of cytokines upon challenge with lipopolysaccharide (LPS),
whereas they still show NF-κB and JNK activation, albeit with slower kinetics
[13]. This evidence prompted an intense search for additional adaptors.

The first candidate was a molecule named TIRAP/Mal; however, knock-out
studies confirmed the function of the TIRAP/Mal in MyD88-dependent path-
way [18, 19]. The specificity of another adaptor, the TRIF/Ticam1, was subse-
quently substantiated using classical and reverse genetic approaches [20, 21].
These studies proved the role of TRIF/Ticam in MyD88-independent effects
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upon TLR3 and TLR4 activation. The latest addition to the ever growing list of
response specifiers is yet another TIR domain-containing molecule – TRAM.
Analysis of TRAM-deficient mice located this adaptor in the exclusive position
on the TLR4-triggered MyD88-independent pathway of cell activation [22].

There are a number of other receptor-proximal molecules implicated in one or
another aspect of TLR function and further studies are awaited, for example, PI3-
kinase, Tollip, Pellino or sterile alpml motif (SAM) and armadillo motif (ARM).
The future will undoubtedly reveal additional complexities but, concomitantly,
also a better understanding of TLR biology, thereby substantiating in molecular
terms the hypothesis of the innate, and thus invariant system, of discrimination
and the identification of ‘foreign and dangerous’. The importance of this knowl-
edge will become even more apparent during our further discussion showing
that the TLR system has been accommodated to sense ‘danger’ by interacting
with heat shock proteins, independently of their origin.

7.4. Heat shock protein signalling via Toll-like receptors

There are numerous circumstances in which the immune system becomes ac-
tivated in the absence of infection. The most prominent examples could be
aseptic necrosis or immunisation with syngeneic tumours. To explain these and
other phenomena it has been postulated that the organism possesses its own
(i.e., endogenous) danger signals that are normally concealed inside the cell.
When released, these alert the organism that something is going wrong. Heat
shock proteins, also called chaperones (see Chapter 1 for details on nomen-
clature) due to their assistance in protein folding and translocation, seem to
be perfect candidates for endogenous danger signals. Firstly, most of them are
essential and abundant. Secondly, some of them get strongly upregulated un-
der stress conditions (hence, another name – stress proteins). Thirdly, they are
normally located intracellularly. In addition, bacterial homologues have long
been known to be immunodominant antigens in infections [23]. Pathogen heat
shock protein–specific antibodies and T cell clones are often found in infected
individuals, and their cross-reactivity with endogenous homologous molecules
has been used to explain the pathogenesis of several autoimmune disorders. See
Chapter 16 for more details of the immunology of chaperonins.

The essential role of heat shock proteins in a number of cellular processes
[24] suggests that they should be evolutionarily conserved, and this is indeed
the case. This sequence conservation also supports the cross-reactivity hypothesis
and provides an additional basis for the proposition that heat shock proteins act
as endogenous danger signals.
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A strong thrust to the heat shock protein immunology field came with the
discovery that some stress proteins are able to shuttle antigenic peptides into
antigen presentation pathways and thereby prime adaptive immune responses
[25–27]. Many details of this process have been elucidated including the charac-
terisation of peptide association, the discovery of several receptors involved in
the uptake of these proteins and some insights into the intracellular trafficking
events. These aspects are discussed in Chapters 16–18. However, we will review
here the stimulatory capacities of heat shock proteins and summarise what has
been recently learned about their mechanisms.

7.4.1. Hsp60 signalling

In wishing to stress the point that heat shock proteins are more than an additional
adjuvant for the immune system, it is salutary to start with Hsp60, the chaperone
which does not have a documented ability to transport non-covalently bound
antigens. In other chapters in this book the generic term chaperonin (Cpn)60 is
used to describe this protein. The term Hsp60 tends to be used with eukaryotic
(mitochondrial) proteins, but in this chapter it will be used to describe both
human and bacterial proteins.

Hsp60 (also called GroEL – the Escherichia coli Hsp60) has the most impressive
file on its role in immune responses among all chaperones. Immune reactions
to bacterial Hsp60 become so prominent in some instances that they should
be regarded as the characteristic sign of infection. Additionally, considerable
interest in the inflammatory effects of Hsp60 arose from the field of atheroscle-
rosis research. Chlamydial infection has been implicated in the pathogenesis
of atherosclerosis, and chlamydial Hsp60 has been found in atherosclerotic le-
sions [28]. Interestingly, the human Hsp60 was co-localised with the chlamydial
protein in the same study and it was shown to activate a number of different
cell types. Subsequently, systematic analyses of human Hsp60 stimulatory fea-
tures demonstrated a typical pro-inflammatory reaction pattern – specifically,
the induction of TNF-α, IL-6, IL-12, IL-15 and nitric oxide (NO) production
and synergy with IFN-γ – which was indistinguishable from stimulation with
the classical bacterial inflammogen, LPS [29, 30]. These findings prompted the
proposition that Hsp60 is an endogenous danger signal.

At the same time, evidence accumulated to establish the TLRs as the central
axis of the infectious danger sensor. The question arose as to whether Hsp60
exploits the same receptor system. The first hint came with the analysis of CD14
involvement [31]. CD14 has been described as a high-affinity binding recep-
tor for LPS [32] and for other bacterial products [33]. It was shown that cells,
otherwise unresponsive to Hsp60, gained sensitivity to Hsp60 upon expression
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of CD14 [31]. Furthermore, anti-CD14 antibodies blocked Hsp60 activating
potential on peripheral blood mononuclear cells. Attempts to analyse intracel-
lular events following encounter with Hsp60 were undertaken and a transient
activation of the transcription factor ATF2 was observed. ATF2 is a target of
p38 MAPK, typically activated by a variety of bacterial products. CD14 is a
glycosylphosphatidyl inositol (GPI)-anchored membrane protein without an
intracellular domain and thus needs a partner to trigger signalling. CD14 can be
found in complex with TLR4 on the cell surface and is thought to concentrate
and pass ligands to it, thereby increasing TLR4 sensitivity [34]. Indeed, another
study has provided evidence for the involvement of TLR4 in Hsp60-driven cell
activation [35]. This study used C3H/HeJ mice, which are known to carry a
mutation in the TLR4 TIR domain (P712H) rendering it unresponsive to TLR4
ligands [36]. C3H/HeJ mice failed to respond to Hsp60 stimulation in regard
to each parameter tested, whereas C3H/HeN control mice showed normal re-
action. Although there were no data on the direct intracellular events, the study
gave clear indications for this kind of analysis, which followed soon afterwards.

The evidence provided by Vabulas et al. [37] remains the most direct data on
Hsp60-triggered signalling. However, evidence for TLR4-independent signalling
of Hsp60 proteins is presented in Chapter 6. Kinase activity measurements have
shown the involvement of JNK and IKK in the macrophage activation process.
Although the IKKβ subunit is typically responsible for the inducibility of IKK
complex activity, IKKα activation was shown. Why this subunit is activated
during Hsp60-induced signalling in macrophages and the consequences thereof
require investigation.

As discussed earlier, IKK activation leads to IκB phosphorylation, ubiqui-
tination and degradation allowing the NF-κB transcription factor to exit the
cytoplasm and enter the nucleus. Analysis of IκB degradation in response to ex-
tracellular Hsp60 has shown good kinetic correlation to IKK activity. Together
with NF-κB mobility shift assays [30], it has supported the involvement of the
canonical pathway of NF-κB activation. Interestingly, analysis of different ki-
nases measured either by kinase assays or by means of activated-state-specific
antibodies have revealed delayed and sustained activation kinetics compared
to most other bacterial stimuli ([37] and unpublished data). Only polyI:C, the
surrogate double-stranded RNA which is the ligand of TLR3 [38], displays a sim-
ilar kinetic pattern. Yet the involvement of TLR3 could be excluded by showing
MyD88 dependence of Hsp60 signalling.

As discussed previously, the activity of all known TLRs, except TLR3, relies on
the adaptor MyD88; hence, the demonstration of MyD88 dependence on JNK
and IKK strongly supports the initial hypothesis that TLRs are involved in Hsp60
signalling. The definitive proof was supplied using the genetic reconstitution
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system. When Hsp60-unresponsive cells were transfected with cDNA encoding
TLR2 or TLR4, the cells gained the sensitivity to Hsp60 as measured by an
NF-κB–dependent luciferase reporter. Interestingly, TLR4-mediated signalling
required co-transfection of MD2 co-receptor. MD2 is also known to be essential
for LPS/TLR4 interaction [39]. The proof of specificity (i.e., the engagement of
only selected receptors) provided the result from the reconstitution with TLR9.
In this case Hsp60 failed to activate transfected cells. However, one should
cautiously evaluate the latter data because of recent evidence on vesicular lo-
calisation of TLR9 [40] which possibly suggests that TLR9 is unavailable for
interactions with extracellular ligands.

Another study, also aimed primarily at elucidation of heat shock protein
signalling pathways, has supported and expanded previous findings [41]. The
authors analysed the induction of cyclooxygenase-2 (COX2) and NO synthase-2
(NOS2) in macrophages and endothelial cells by Hsp60 by measuring the activ-
ity of respective luciferase reporters with intact and mutated transcription factor
binding sites. They found that the inducibility of COX2 was dependent on the
intact NF-κB binding site, cAMP-response element (CRE) and two NF-IL6 sites.
One of the NF-IL6 elements was especially important for Hsp60 inducibility of
the reporter. The mobility shift assays confirmed the earlier finding of NF-κB
activation of others [30] and additionally validated the involvement of CRE
binding protein. Furthermore, using phospho-specific antibodies and inhibitors
of ERK and p38 MAPKs, the authors confirmed the involvement of ERK, JNK
and p38 in cellular activation. Interestingly, IFN-γ was again shown to act syn-
ergistically with Hsp60 for the induction of NOS2, which is reminiscent of the
synergy between IFN-γ and LPS.

The discussed studies and additional evidence [42–46] show that Hsp60 sig-
nalling, apart from the differences in the kinetics, is very similar to the signalling
induced by other microbial ligands. This is in agreement with the involvement
of TLRs. However, these similarities have prompted the proposition that the
effects of heat shock proteins might result from contaminants in the heat shock
protein preparations. This concern will be discussed later; however, at this point
we would like to mention one aspect in advance, namely the requirement of
Hsp60 uptake to initiate signalling which is, without exception, overlooked by
protagonists of the contamination argument.

During the search for optimal conditions for Hsp60-driven macrophage
activation, it was noted that serum exerts an inhibitory effect on the inter-
action [37]. Subsequent analysis demonstrated that the inhibition of Hsp60
signalling correlated with the blockade of Hsp60 uptake. Employing the clathrin-
dependent endocytosis inhibitor monodansylcadaverin, the link between
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endocytosis of Hsp60 and its triggered signalling was established [37]. In contrast
to the requirement for endocytosis in the signalling by Hsp60, LPS signalling is
independent of uptake and can be initiated from the cell surface [40, 47].

7.4.2. Gp96 signalling

The connection between signalling and endocytosis makes sense in the case of
heat shock proteins that are able to shuttle antigenic peptides. It is appealing to
anticipate some economic rationale behind the evolutionary process having led
to the situation in which endocytosis is a premise to evoke the signalling. Only
those antigen-presenting cells that are able to internalise heat shock protein–
peptide complexes become activated and thus acquire the immune response
priming capacity. Gp96 and Hsp70 are chaperones that are capable of peptide
shuttling. Analysis of their signalling capacity followed that of Hsp60 and soon
allowed different aspects of the process, including the dependence on internal-
isation, to be compared.

Gp96 is an endoplasmic reticulum (ER)-resident chaperone, the function of
which is less well understood than that of its cytoplasmic paralogue Hsp90.
Nevertheless, gp96 has long been known to be able to confer tumour-specific
immunity, a capacity that has been shown to be dependent on peptides with
which it is associated [26, 27]. Further analysis revealed that gp96 can activate
NF-κB and induce dendritic cell (DC) maturation [48, 49]. One study has
claimed that this peptide-independent stimulatory capacity of gp96 is a major
determinant of its anti-tumour activity [50].

Truncated forms of gp96 have been constructed, one lacking the ER-anchoring
carboxy-terminal sequence Lys-Asp-Glu-Leu (KDEL) sequence and another
without the complete C-terminal substrate binding domain. Both modifications
render gp96 secretable, and the supernatants collected from the transfected cells
were able to induce DC maturation in a similar manner to that induced by
microbial products.

The interaction of human gp96 with TLRs has been investigated [51]. Re-
sembling Hsp60-driven activation, it has been demonstrated that gp96 engages
TLR2 and TLR4 to activate an NF-κB–dependent luciferase reporter. Again,
MD2 appeared to be indispensable for TLR4 engagement. In regard to intracel-
lular signalling, the activation of the typical inflammatory pattern of kinases was
observed, namely, the activation of ERK, JNK and p38 MAP kinases. Because
IκB degradation was detected, it was assumed that IKK also becomes activated.
A clear dependency of the signalling on endocytosis was detected, as is the sit-
uation with Hsp60. However, given the capacity of gp96 to shuttle peptides,
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in this instance there was a more plausible basis to explain the requirement for
cellular uptake in heat shock protein–mediated activation.

Comparison of Hsp60- and gp96-driven activation of immune cells suggested
that the process is possibly more complicated than the simple ligand–receptor
interaction. Bone marrow–derived DCs from TLR2-deficient and TLR4-mutant
mice show partial defects in their response to Hsp60 as expected from genetic
reconstitution data [37]. In contrast, similar experiments with gp96 unexpectedly
showed that the response in DCs from mutant mice was completely controlled
by TLR4 [51]. This finding could be explained by differences in the accessory
proteins needed for response to ensue. Different uptake receptors could possibly
act as critical specifiers of biological activity, and the requirement for these
might differ between heat shock proteins and cell types. Thus, the cell type or
even the developmental and maturational status of the same cell type seems
to influence the type of reaction anticipated after stimulation with heat shock
protein.

Additional evidence argues for interaction of gp96 and TLRs and comes from
mutation studies of the 70Z/3 cell line [52]. The results from this study showed
defects in the maturation of several cell surface receptors, notably, TLR1, TLR2
and TLR4, when gp96 was deleted or mutated. Interestingly, reconstitution of
the missing gp96 or by the analogous parts or even the whole molecule of
the cytoplasmic paralogue Hsp90 did not relieve the phenotype. However, dis-
tinct interactions between gp96 and TLRs in the ER as compared to the cell
surface or endocytic compartments cannot be excluded and warrants further
analysis.

7.4.3. Hsp70 signalling

Hsp70 is the second chaperone taking an exclusive place in immunology due
to its role as a peptide shuttle [25]. The biology of this protein is also dis-
cussed in various other chapters in this volume. The analysis of Hsp70-triggered
signalling events began with the proposal that CD14 is its receptor on the cell
surface [53]. Besides demonstrating the inflammatory potential of human Hsp70
leading to NF-κB activation and the induction of pro-inflammatory cytokines
IL-1β and IL-6, this study presented two additional, interesting and important
findings. The first was the rapid induction of a transient cytoplasmic Ca2+ wave.
This feature clearly distinguishes Hsp70 from LPS (described in more detail
in Chapters 8 and 10). The second interesting observation was the unequal
contribution of CD14 for the induction of different cytokines. Specifically, IL-
1β and IL-6 were shown to depend on the presence of CD14, whereas TNF-α
was produced independently of it. Unfortunately, the Ca2+ flux inhibitor turned
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out to be non-specific regarding CD14, in that CD14-dependent, IL-1β and IL-6
secretion, as well as CD14-independent TNF-α secretion upon Hsp70 stimula-
tion, were compromised. Thus, the Ca2+ flux role in CD14-dependent effects
remains an important, but still unresolved, issue. The study of human Hsp70
interactions with DCs followed and established this chaperone as a potent stim-
ulus of innate immunity [54].

Finally, due to the established participation of CD14 and the insight gained
with Hsp60 and gp96, the involvement of TLRs was investigated. Two stud-
ies simultaneously described TLR2 and TLR4 as receptors of Hsp70. Vabulas
and colleagues [55] analysed the signalling pathway induced by Hsp70 in the
macrophage cell line RAW264.7 by transfecting dominant negative forms of
MyD88 and TRAF6 adaptors from the TLR signal pathway. Furthermore, a
versatile tool for spatial dissection of signalling was used, namely, a cell line
stably expressing functional MyD88-EGFP fusion protein. This allowed the vi-
sualisation of Hsp70-triggered signalling. The kinetics and pattern of MyD88
recruitment could be followed at the single-cell level. Once again, the results
provided a strong argument against LPS contamination being responsible for
the observed effects, since Hsp70 induced the intracellular MyD88 recruitment
pattern, in contrast with LPS stimulation, which results in MyD88 recruitment
to the macrophage surface [40, 47]. Furthermore, by employing transient trans-
fections of TLR2 and TLR4 into an otherwise Hsp70-unresponsive fibroblast cell
line, the authors demonstrated a specific involvement of those TLRs, because
TLR9 transfection did not confer sensitivity to Hsp70.

Finally, to validate the results, MyD88-, TLR2- and TLR4-mutant mice were
used. DCs from TLR4-mutant mice showed a complete defect in TNF-α and
IL-12 production, which is reminiscent of the situation with gp96 and again
implies the involvement of additional components in receptor complexes. A
second study came to the same conclusion by using TLR stably transfected
fibroblasts [56]. Apart from documenting the involvement of TLR2 and TLR4
in cellular activation by Hsp70, the authors confirmed their previous finding on
CD14 involvement and showed TLR2/TLR4 synergism, which was established
to be MyD88-independent.

Continuing work provides additional insights into Hsp70-induced responses
and suggests broader implications. For example, an immediate release Hsp70
following heart surgery has been reported and might influence accompany-
ing inflammatory effects [57]. Another study has demonstrated interactions of
Hsp70 (and other heat shock proteins) with microglial cells, thereby suggesting
an ability to evoke inflammation in the neural system [58]. The importance
of understanding Hsp70-triggered cellular activation is therefore difficult to
over-estimate.
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7.4.4. Non-Toll-like receptor signalling

We have centred our discussion on heat shock protein–induced signalling
around TLR-associated intracellular events because these have, to date, been
more widely analysed and characterised. Nevertheless, TLR biology is still far
from understood, especially with respect to the complexity of interactions with
the diverse set of cell surface components [59]. In addition, given the docu-
mented versatility of heat shock protein uptake/scavenging mechanisms, it is
tempting to speculate on additional non-TLR-driven signalling as a sequela to
heat shock protein encounter. There has been some controversy regarding the
route of gp96 uptake [60, 61]. Although gp96 uptake receptors under discussion
(CD91, SR-A) are not primarily devoted to signalling, it is feasible to assume that
they could introduce additional qualities into the primary reaction triggered by
TLRs. The same holds true in the case of Hsp70, because CD91 has also been
shown to participate in the uptake of Hsp70 [62] as has the scavenger receptor
LOX1 [63]. Transient Ca2+ rises, induced by extracellular Hsp70 and discussed
earlier, could represent one aspect of the TLR-independent process [53]. Inter-
estingly, CD40 has been shown to interact with bacterial and human Hsp70 [64,
65]. The signalling potential of CD40 is well established and is highly relevant
for the immune system. It would be interesting to explore this particular inter-
action in more detail. See Chapter 10 for a fuller discussion of CD40/Hsp70
interactions.

The peptides originating from microbial or endogenous heat shock pro-
teins and their capacity to stimulate and expand peptide-specific T cell clones
should also be highlighted [66]. Although such responses would involve dif-
ferent intracellular signalling cascades including the T cell receptor (TCR)
signalling axis, the outcome could be as impressive as that following TLR
engagement.

7.5. Contamination issue

Due to the extreme sensitivity of the immune system to some bacterial prod-
ucts, most notably LPS, concerns regarding reagent contamination inevitably
accompany investigations of immune cell activation. This concern becomes of
primary importance if the same receptor systems are implicated, as in the case
of TLR2/TLR4 and heat shock proteins. From the beginning, much effort has
been expended in order to exclude the possibility that contamination of heat
shock protein preparations used for investigations accounts for the observed
responses. Nevertheless, several reports proposing that some [67] or all of the



P1: JYD
0521836549c07.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:0

Toll-Like Receptor-Dependent Activation of Antigen 125

stimulatory effects of heat shock proteins [68–70] originate from contaminating
LPS have appeared. After examination of the available data, some major points
of criticism of this ‘contamination theory’ should be mentioned:

1. Responsiveness to any ligand is dependent on the responsive cell type.
Negative data obtained using a single cell line are not strong evidence
on which to include or exclude an effect. The danger of ending up with
a particular clone over short or long periods is well known and real. This
unintended sub-cloning often results in loss of some and gain of additional
properties, such as accessory receptors and defective signalling pathways
to name but two. In some instances, the methods sections in publications
acknowledge these problems. For example, in one study cell harvesting
might be reported to require scraping, whereas in another the ‘same’ cell
line is described as being only loosely attached or semi-adherent.

2. The possibility that different sub-units in receptor complexes are required
for different heat shock proteins adds complexity to the analysis. If stimula-
tion were to originate from LPS contamination, then the same DC would
respond similarly. However, these cells respond to gp96 and Hsp70 irre-
spective of TLR2 expression and the response is fully dependent on TLR4.
In contrast, Hsp60 uses both receptors in the same cells. These functional
distinctions argue against the contamination theory.

3. Correct culture and, most importantly, activation conditions are of great
concern. It is difficult to compare data collected from experiments in which
stimulations are performed in serum-containing medium with those per-
formed in the absence of serum because serum had been found to inhibit
the process. At this point it is appropriate to mention the importance of
generous upwards titrations in the event of negative results.

4. It is worth considering whether clarifying the source or even species of the
protein would resolve some of these issues. Although homologous heat
shock proteins are well conserved, one cannot exclude the possibility that
small differences in primary sequence or in post-translational modification
are critical for the activity.

5. Serum is known to enhance the sensitivity to LPS because of the presence of
LPS binding protein (LBP), which interacts with LPS and passes it to CD14
on the myeloid cell surface [32]. If a considerable stimulatory capacity of
heat shock protein preparations originates from contaminating LPS, how
should one explain the strong inhibitory effect of serum on stimulation of
macrophages with Hsp60 and gp96? Hsp70 has not been analysed in this
respect by means of direct assays.
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6. Last, but not least, is the endocytosis argument, an argument which is
regrettably never discussed by proponents of the ‘contamination theory’.
LPS is known to signal from the cell surface and does not need endocy-
tosis for its activity [40, 47]. In contrast, Hsp60 and gp96 clearly require
uptake to initiate the signalling [37, 51]. Moreover, experiments with Hsp70
have shown that internalisation is required for TLR signalling, because the
TLR-specific adaptor MyD88 is primarily recruited to the endocytic com-
partments, as visualised by means of MyD88-EGFP fusion protein [55].
This is in an obvious contrast to the cell surface recruitment of MyD88
after TLR4 engagement.

Even this incomplete list of concerns shows how important critical discussion
and innovative experimental approaches are to advancing our understanding of
the mechanisms of heat shock proteins and immune system interaction. Two
recent publications demonstrate in vivo the adjuvant effects of Hsp70 and gp96,
which simply can not be explained by contamination [71, 72]. Further evidence
for the hypothesis that the biological effects of chaperones are not due to con-
taminants is provided in many of this book’s chapters.

7.6. Conclusion

After presenting known facts on heat shock protein signalling we are now faced
with two questions. The first question is – why TLRs? TLRs have evolved into
a powerful system which is capable of sensing a broad range of invaders. TLRs
not only mobilise cells for innate first line defence, they also condition the
immune system for antigen-specific priming and thus provide a bridge between
innate and adaptive immunity. Nothing else could be more suitable for alerting
vertebrates to other kinds of danger. Endogenous heat shock proteins released
as a consequence of tissue damage and signalling via TLR immediately attract
all the resulting inflammatory power against the initiating insult. This scenario
satisfies the original theoretical considerations [1, 73] and has received support
from experimental data [74–77].

The second question, which asks how both pathogenic and host proteins
can share the same receptor, is more difficult to answer. To gain some insight
into this, one should remember that until recently it was believed that the
only function of heat shock proteins was in the assistance in protein folding and
prevention of aggregation. Binding and release of exposed or otherwise distorted
regions on client polypeptides are features that are common to different classes
of chaperones and constitute the mechanism of their biochemical action [78].
It is tempting to speculate that these common features account for the observed
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overlap in their interaction with TLRs. To test this and other assumptions at the
molecular level is the challenge and the task for the future. Simultaneously, it is
an opportunity to gain a better insight into the functions of TLRs and heat shock
proteins, and this might reveal new avenues via which important physiological
and pathological processes can be modulated.
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Regulation of Signal Transduction by Intracellular
and Extracellular Hsp70

Alexzander Asea and Stuart K. Calderwood

8.1. Introduction

There is a clear dichotomy between the effects of the 70-kDa heat shock protein
(Hsp70) when expressed intracellularly and when released into the extracellular
space. Intracellular Hsp70 is primarily implicated as a protein chaperone that
transports and folds naı̈ve, aberrantly folded, or mutated proteins, resulting in
cytoprotection when cells are exposed to stressful stimuli – most notably heat
shock itself. Intracellular Hsp70 also functions as a regulatory molecule and
has a largely inhibitory function in cellular metabolism. In contrast, Hsp70 is
implicated in immune activation, given that exposure of immunocompetent
cells to exogenous Hsp70 triggers acute inflammatory responses, activates in-
nate immunity and enhances anti-tumour surveillance. This review focuses on
recent advances in understanding the contrasting roles of Hsp70 as an intracel-
lular molecular chaperone and extracellular signalling ligand and highlights its
relevance to host defence against pathogens and malignant transformation.

The formative studies of Hsp70, dating back over 30 years, suggested a strictly
intracellular function for Hsp70 with the properties of a molecular chaperone – a
protein that modulates the tertiary structures of other proteins and protects cells
from stress [1, 2]. However, in 1989 Hightower and colleagues showed that cells
in culture contain a pool of Hsp70 which is loosely associated with the cell and
which could be released into the extracellular medium after heat shock or even
after mild washing with tissue culture medium [3]. Subsequent in vitro studies
indicated that such Hsp70 released from cells could be taken up by neuronal
cells under which circumstances it enhances the molecular chaperoning power
of these cells [4]. Later work identified the presence of extracellular Hsp70 in
human subjects, as indicated by free Hsp70 and Hsp70 antibodies circulating in
the bloodstream [5]; the biology of circulating molecular chaperones is discussed
in Chapter 12. However, the studies that accelerated the interest in extracellular
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Hsp70 and its functions were those of Srivastava and colleagues who showed
that tumour-associated antigens bind stably to molecular chaperones such as
Hsp70 and that these complexes can form the basis of an effective anti-cancer
vaccine [6]. This aspect is discussed in Chapter 18. All aspects of the extracellular
functions of Hsp70 are currently under active investigation, and we aim here to
provide an overview of our present understanding.

8.2. Intracellular signalling functions of Hsp70

As befits a molecular chaperone, intracellular Hsp70 plays a role in cellular
signalling events that involves associations in high-molecular-weight complexes
with other proteins [7, 8]. Hsp70 functions as a wide-spectrum negative regulator
and plays a restraining role in a wide range of processes via its ability to inhibit
the activities of protein kinases and transcription factors [7, 8]. Indeed, elevated
Hsp70 inhibits a plethora of intracellular processes and, probably for this precise
reason, Hsp70 levels are strictly regulated via negative control of its transcrip-
tion factor heat shock factor 1 (HSF1) and its destabilisation at the mRNA level
[9–12]. In addition, HSF1 itself can negatively regulate the promoters of cy-
tokine genes and genes involved in cell proliferation [13, 14]. Particularly in the
context of the inflammatory response and the innate immune response, there-
fore, intracellular Hsp70 and the heat shock system exhibit roles as negative
regulators [13–16]. This property, as we shall discuss later, is in stark contrast to
the pro-inflammatory and pro-immune functions of extracellular Hsp70.

8.3. Sources of extracellular Hsp70

It is evident that intracellular Hsp70 can escape into the interstitial fluid and
is found at significant levels in the bloodstream [5, 17]. However, the cellular
source of such Hsp70 and the mechanisms involved in the release of this intra-
cellular protein are not well defined. See Chapter 2 for discussion of the cellular
dispositions of mitochondrial Hsp70. As mentioned, cells in tissue culture can
contain a pool of loosely associated Hsp70 which can be removed by gentle
washing [3]. Such Hsp70 could be associated with the lipid rafts in the outer
leaflet of the plasma membrane or could perhaps be loosely bound to other cell
surface molecules [18–20]. This, of course, begs the question of how this intra-
cellular protein is transported to the cell surface. One possible mechanism is via
its release in association with proteins such as transferrin that are transported
in exosomes bound to Hsp70 [21]. Details of this mechanism are provided in
Chapter 3.

There is, in addition, considerable speculation that Hsp70 might be released
into the extracellular space after destruction of the plasma membrane in cells
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Figure 8.1. Origins of extracellular Hsp70. Extracellular Hsp70 (�) may be derived from
(1) a loosely bound pool on the plasma membrane, (2) through transport across the
plasma membrane in exosomes, (3) from cells undergoing necrosis or (4) may be displayed
in bound form on the cell surface.

undergoing necrotic death, and it might thereby act as a pro-inflammatory stim-
ulus or a ‘danger signal’ for the immune system [22]. The extent to which this
actually occurs in vivo is not clear, although, in the case of cancer cells, death
is a continuous process and both apoptotic and necrotic cells are seen in the
interior of tumours. It is also possible that Hsp70 is released after cancer therapy
or as a consequence of ischaemic death following heart attacks or strokes [23].

A further source of extracellular Hsp70 appears to be brown fat from which
Hsp70 is released in a quasi-endocrine manner, an effect that is exaggerated by
exercise or behavioural stress [24, 25]. Such Hsp70 may be taken up by neuronal
cells in the central nervous system that are chronically depleted of Hsp70 due
to low endogenous HSF activity and the long distances involved in axonal
transport of de novo synthesised proteins [4, 26, 27].

Yet another source of Hsp70 might be bound Hsp70 displayed on the surface
of certain tumour cells [28]. Such bound Hsp70 is evidently able to interact
with C-type lectin receptors on the surface of natural killer (NK) cells [29].
There is thus evidence for the existence of extracellular Hsp70 from a number
of sources in the body which could act as a danger signal in the case of cancer
or acute infection, as a target for tumour surveillance by NK cells, as a source
of supplementary chaperones in the central nervous system or could play other
as yet unknown functions [29–32] (Figure8.1).
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Figure 8.2. Consequences of Hsp70–cell surface binding. Hsp70 (�..) complexed with
peptide cargo (�) (Hsp-PC) is shown binding to a cell surface receptor. Hsp70-PC is
shown (1) activating intracellular signalling cascades, (2) entering the cell in endosomes
through the process of receptor-mediated endocytosis and (3), after entering the cell as
in (2), participating in molecular chaperone interactions with unfolded proteins.

8.4. Cell surface binding of Hsp70

Hsp70 and other chaperones released from cells appear able to bind with
high affinity to cells such as B lymphocytes, peripheral blood monocytes,
macrophages and dendritic cells (DCs), as well as to neuronal cells such as glial
cells and astrocytes [29, 33–38]. The demonstration of high-affinity, saturable
binding of Hsp70 to the cell surface has suggested the existence of specific ‘Hsp70
receptors’ (Figure8.2). This hypothesis has been pursued, especially with regard
to cells of the immune system, and a number of investigations have been carried
out to determine specific binding structures. A number of candidate receptors
have been proposed and their association with Hsp70 has been demonstrated.
These include the α2-macroglobulin receptor CD91, the C-type lectin receptor
and oxidised low-density lipoprotein (LDL) binding protein lectin-like oxidised
low-density lipoprotein receptor-1 (LOX-1), and the tumour necrosis factor-α
family protein CD40 [39–41]. Specific binding has been demonstrated in each
case and Hsp70 binding is accompanied by endocytosis, which suggests a role
for each ligand in both cell surface association and uptake of Hsp70 [39–41].

It is not as yet clear which receptor is the most important in the extracellular
functions of Hsp70, although LOX-1 appears to be a promising candidate for an
antigen-cross-presenting receptor [41]. At high concentrations, Hsp70 has been
shown to associate with another member of the C-type lectin family, CD94
found on the surface of NK cells, and this interaction may underlie the enhanced
ability of NK cells to kill tumour cells that express Hsp70 on the cell surface [29,
42]. In addition, Hsp70 has been found in lipid raft structures on the surface of
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cells concentrated together with important signalling receptors such as CD14,
Toll-like receptors (TLRs) and chemokine receptors, and such interactions might
be involved in the signalling events that are discussed in the next section [20].
At the present time, it is not clear whether cells possess a dedicated receptor for
Hsp70, and Hsp70 thus remains an orphan ligand with, as yet, only hand-me-
down receptors for its association with the cell surface. More details of Hsp70–
receptor interactions are presented in Chapter 10.

8.5. Exogenous Hsp70-mediated signal transduction pathways

Much work on cell signalling has been carried out in macrophages, monocytes
and DCs in which attempts have been made to determine signalling pathways
upstream of the cytokine and antigen-presenting cell (APC) co-receptor gene
expression which accompanies Hsp70 binding [34, 35, 43, 44]. Our group has
evaluated the various steps involved in Hsp70-induced signal transduction and
has demonstrated that Hsp70 binds with high affinity to the plasma membrane
of APCs to elicit a rapid intracellular Ca2+ ([Ca2+]) flux within 10 seconds [35].
This is an important signalling step which distinguishes Hsp70- from lipopolysac-
charide (LPS)-induced signalling (discussed later), because the treatment of APCs
with LPS does not result in an [Ca2+]i flux [45].

The possibility that LPS contamination might confound our results was ad-
dressed by using Polymyxin B and Lipid IVa (LPS inhibitor) which abrogates
LPS-induced, but not Hsp70-induced, cytokine expression. In addition, boiling
for 1 hour abrogates Hsp70-induced, but not LPS-induced, cytokine expression.
It is of note that Hsp70 also induces an increased Ca2+ flux in neuronal cells,
suggesting that this is a general signalling response to Hsp70 binding [46].

We noted in studies on APCs that the rapid Hsp70-induced [Ca2+]i flux is
followed by the phosphorylation of I-κBα [35]. Activation of the transcription
factor NF-κB is regulated by its cytoplasmic inhibitor I-κBα, via phosphory-
lation at Serine 32 (Ser-32) and 36 (Ser-36) which targets it for degradation by
the proteosome and releases NF-κB to migrate to the nucleus and activate the
promoter of target genes [47]. As early as 30 minutes after exposure to exoge-
nous Hsp70, I-κBα is phosphorylated at Serine 32 (Ser-32) and 36 (Ser-36) in a
calcium-dependent manner, and this results in the release and nuclear transloca-
tion of NF-κB [35]. Mechanistic studies using the HEK293 model system have
revealed that Hsp70-induced NF-κB promoter activity is MyD88-dependent,
CD14-dependent and is transduced via both TLR2 and TLR4 [43].

TLR2 and TLR4 are pattern-recognition receptors that recognise molecules
associated with Gram-positive and Gram-negative bacteria, respectively [48, 49].
Hsp70 has the unique ability to interact with both of these signalling molecules
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[43] and the presence of both TLR2 and TLR4 synergistically stimulates Hsp70-
induced cytokine production [43]. Chapter 7 provides further discussion of
these receptors. Interestingly, we have found that the synergistic activation
of NF-κB promoter by co-expression of both TLR2 and TLR4 is MyD88-
independent, which suggests an alterative pathway by which exogenous Hsp70
stimulates co-operation between TLR2 and TLR4 in cells of the immune sys-
tem. As early as 2–4 hours after the exposure of APCs to exogenous Hsp70,
there is significant release of TNF-α, IL-1β, IL-6 and IL-12 [35, 43]. By 3–
5 days after exposure there is significant increase in proliferation of immature
DCs and an augmentation in the expression of major histocompatibility com-
plex (MHC) class II and the co-stimulatory molecule, CD86 [43]. These events
might be highly significant to the pathways of antigen presentation, leading as
they do to the maturation of DCs and antigen presentation to immune effector
cells [31].

CD40 is a co-stimulatory molecule expressed on APCs that plays an impor-
tant role in B lymphocyte function and autoimmunity [50] and CD40 binds
Hsp70-peptide complexes via its exoplasmic domain [40]. The Hsp70–CD40
interaction is mediated by the NH2-terminal ATPase domain of Hsp70 in its
ADP-bound state and is augmented by the presence of substrate peptides in the
COOH-terminal domain of Hsp70. The Hsp70–CD40 interaction is suppressed
by Hip, a co-chaperone that is known to stabilise the Hsp70 ATPase domain in
the ADP bound state [40].

Using the HEK293 cell model system, Hsp70–CD40 binding has been
shown to stimulate signal transduction via the phosphorylation of p38 mitogen-
activated protien kinase (previously shown to induce the release of TNF-α and
secretion of IFN-γ [51]), and this results in the activation of NF-κB and uptake
of peptide [40]. A detailed analysis of Hsp70–CD40 interactions is provided in
Chapter 10. The oxidised LDL receptor LOX-1 on human DCs binds Hsp70,
and incubation of cells with a neutralising anti-LOX-1 monoclonal antibody
abrogates Hsp70 binding to DCs and suppresses Hsp70-induced antigen cross-
presentation, although little is known of the signalling cascades that emanate
from Hsp70–LOX-1 complexes [41]. However, LOX-1 is likely to exert a signif-
icant effect on Hsp70 uptake and antigen cross-presentation [41].

8.6. Conclusions

The data available in the literature therefore strongly support a role for extra-
cellular Hsp70 as a danger signal for the immune response, as an emergency
chaperone for the neuronal system and as playing some as yet undefined role
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in stress and exercise. We are, however, at an early stage in the exploration of
this field and little is certain as yet. The uncertainties include the significance
of the various sources of extracellular Hsp70, the receptor systems that permit
cells to respond to this novel ligand, and the physiological role of free or bound
extracellular Hsp70. What seems to be clear is that Hsp70, as a consequence of
its capacity to carry processed peptides as cargo, permits the intracellular milieu
of cells to be sampled by homeostatic cells such as APCs in a way similar to
the MHC system [52]. This may represent a very primitive surveillance system
which evolved many aeons prior to the development of the immune system [52].
In addition, cells may sense the structure of extracellular Hsp70 itself, regardless
of peptide cargo, as a danger signal due to its capacity for massive induction
by stress [35].

The relative physiological responses to heat shock proteins might depend on
the amplitude and precise anatomical site of release. A gradual release of Hsp70
from a tissue in a regulated manner might be quite different from a massive
Hsp70 release during toxic stress accompanied by other danger signals [25, 32].
Such signals might include other molecular chaperones such as Hsp60, Hsp90,
gp96, Hsp110 and gp170, or molecules such as high mobility group box 1
protein (HMGB-1) and uric acid [36, 53–58]. Extracellular Hsp70 is potentially
important in a number of diseases. In the case of cancer, Hsp70 offers an unique
target for therapy with an agent that is already elevated in cancer and capable of
capturing tumour-associated antigens, thus representing an Achilles heel that can
be exploited by tumour immunotherapy approaches [6, 59, 60]. Extracellular
Hsp70 might exert beneficial effects in neuronal and other cells in which extra
chaperoning power can be transferred to vulnerable targets, permitting survival
of acute stress [4, 27, 61].
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Hsp72 and Cell Signalling

Vladimir L. Gabai and Michael Y. Sherman

9.1. Introduction

Many signalling molecules such as steroid hormone receptors and other re-
ceptors, protein kinases and phosphatases are found associated with various
types of heat shock proteins, including Hsp90, Hsp70, Hsp40 and other co-
chaperones. The functional role of these associations appears to be multi-faceted
and the association of signalling proteins with these chaperone cohorts plays
a pivotal role in initial folding and maturation of steroid hormone receptors
and many kinases (e.g., Src). In addition, association with Hsp90 and its co-
chaperones is critical for the stability of signalling proteins, because inhibi-
tion of Hsp90 by geldanamycin and other specific inhibitors leads to rapid
ubiquitin-dependent degradation of Raf-1, Akt and other kinases that normally
associate with Hsp90 [1, 2]. In fact, the anti-cancer activities of Hsp90 inhibitors
could be related to the degradation and downregulation of signalling path-
ways that are controlled by these kinases [1, 3]. In contrast to Hsp90, which
protects from degradation, an association with Hsp70 might target these pro-
teins for rapid ubiquitination (usually via a ubiquitin ligase CHIP) followed by
proteolysis [4].

In addition to their critical role in folding, maturation and stability of vari-
ous signalling components, chaperones may be directly involved in regulation
of their activities. In fact, it appears that Hsp70 and other chaperones play a
regulatory role in the activation of many signalling pathways that are elicited by
heat shock and other stresses.

There are multiple members of the Hsp70 protein family. Many of them,
such as Hsc73, are expressed constitutively and serve a number of housekeeping
functions, such as the folding of newly synthesised proteins and the transport
of proteins to various organelles, and are involved in the ubiquitin-proteasome-
dependent degradation pathway. Other members of this protein family, such as

144
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Hsp72, are typically not expressed in normal, unstressed cells; however, their
expression is rapidly induced to high levels upon exposure of the cells to heat
shock and other stresses that cause protein damage. These proteins are believed
to prevent aggregation of stress-damaged polypeptides and to promote their
rapid refolding [5, 6].

The stress-induced Hsp70 has also been shown to play an important role in
controlling multiple signalling pathways, and it appears that these interactions
are directly related to a well-known cell protective function of Hsp70. Further-
more, these interactions can contribute to a phenomenon of acquired stress
tolerance, in which cells that have been exposed to mild heat stress followed by
recovery become tolerant to a wide range of stressful treatments.

This chapter will focus on the regulatory role of Hsp70 family members in
activation of several kinase pathways and on the implications of Hsp70-mediated
cell signalling in tumour development.

9.2. Hsp70 and MAP kinase signalling pathways

A role for Hsp70 in the regulation of mitogen-activated protein (MAP) kinase
pathways has been studied for several years. Early work demonstrated that arti-
ficial expression of recombinant Hsp70 at high levels in human lymphoid cells
dramatically diminished stress-induced activation of two MAP kinases, p38 and
c-Jun N-terminal kinase (JNK) [7, 8]. The initial hypothesis arising from these
findings was that abnormal proteins accumulating in cells under stressful treat-
ments activate stress signalling cascades, and that Hsp70 can indirectly suppress
the activity of these kinases by inhibiting the accumulation of abnormal proteins
and facilitating protein refolding. Accordingly, it was shown that the accumu-
lation of abnormal proteins induced by amino-acid analogues or proteasome
inhibitors are powerful activators of p38 and JNK cascades [7, 9–11]. On the
other hand, in addition to those stresses that can elicit protein damage (such
as heat shock, ethanol, oxidative stress), a number of other stimuli, including
tumour necrosis factor (TNF), IL-1, UV irradiation, or osmotic stress, can acti-
vate p38 and JNK without causing apparent proteotoxicity. Hsp70 expressed at
high levels can also reduce the activation of the JNK and p38 kinase cascades
induced by these stimuli [7, 12, 13]. Therefore, it appears that the effects of
Hsp70 on these pathways may not be related to the handling of damaged pro-
teins that accumulate after stressful treatment and may not even be related to
the chaperone activities of Hsp70.

An understanding of the inhibitory effect of Hsp70 on JNK activation is
complicated by the fact that there are at least two major pathways of activation
of JNK. Of note, there are two similarly regulated major isoforms of JNK in
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non-neuronal cells, JNK1 and JNK2, and a neuron-specific isoform, JNK3 [14].
Activation of JNK by UV, osmotic stress and cytokines has been shown to pro-
ceed through a signal transduction pathway which involves a cascade of protein
kinases, starting from mitogen activated protein kinase kinase kinase (MEKKs),
followed by dual-specificity kinases, SAPK/ERK kinase/stress activated protein
kinase (SEK1) mitogen activated protein kinase kinase (MKK4) and MKK7,
which in turn phosphorylate JNK at tyrosine and threonine, thus activating it
[15]. Several kinases other than MEKKs, including apoptosis signal regulating
kinase 1 (ASK1) and mixed lineage kinase (MLKs), can also activate MKK4
and MKK7, and therefore there is a network of signalling pathways that con-
tribute to JNK activation. p38 and extracellular signal-regulated kinases (ERKs),
the third group of MAP kinase pathways, are activated via homologous kinase
cascades [15, 16].

Interestingly, heat shock, oxidative stress, and other protein-damaging stresses
activate MAP kinases via a novel pathway that involves an inhibition of their
de-phosphorylation [17]. Multiple phosphatases with varying specificities, in-
cluding dual-specificity phosphatases, PP2C, PP2A and others, are involved in
the de-phosphorylation of MAP kinases [18, 19], the major contributors to
which are dual-specificity phosphatases. For example, a stress-inducible phos-
phatase map kinase phosphatase (MKP-1) can de-phosphorylate all types of
MAP kinases [20, 21]. VHI-recated phosphatase (VHR) and M3/6 are more
specific to JNK [22–24], whereas MKP-3 and MKP-2 are specific to ERKs [22,
23, 25].

Many of these phosphatases are very sensitive to heat shock and other protein-
damaging stresses. For example, upon exposure of cells to even mild heat shock,
M3/6 becomes inactive and rapidly aggregates, leading to an inhibition of the
de-phosphorylation of JNK and therefore an increase in the activity of this
kinase [26]. Other, as yet unknown phosphatases that de-phosphorylate JNK in
cells are probably also very heat-sensitive, because heat shock inactivates JNK
de-phosphorylation almost entirely [17].

Interestingly, dual-specificity phosphatases have an essential cysteine in the
active site, which potentially can be easily oxidised. The presence of this cysteine
may explain the high sensitivity of these phosphatases to oxidative stress [27, 28].
Unexpectedly, JNK phosphatase M3/6 has also been found to aggregate, not
only as a result of heat denaturation but also upon accumulation in cells of an ab-
normal polypeptide, a fragment of huntingtin with expanded polyglutamine do-
main (a cause of neurodegenerative Huntington’s disease) [29]. The mechanism
of M3/6 aggregation under these conditions is unclear. It might be that M3/6
phosphatase is so unstable that it requires molecular chaperones to maintain
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Figure 9.1. Effects of Hsp72 on MAP kinase pathways.

its normal conformation even at normal temperature. Then, accumulation of
the mutant huntingtin fragment may bind chaperones and titrate them from
a complex with the M3/6 phosphatase, leading to its aggregation and inacti-
vation. Interestingly, endogenous levels of Hsp70 are strongly reduced in cells
expressing the mutant huntingtin [29], which has been proposed to contribute
to the M3/6 phosphatase aggregation and JNK activation.

In suppressing JNK activation by heat shock and other protein-damaging
stresses, Hsp70 alleviates the inhibition of phosphatases (Figure 9.1). Similarly,
over-production of Hsp70 protects the M3/6 phosphatase in cells that express
the mutant huntingtin fragment with extended polyglutamine [29]. This func-
tion of Hsp70 is clearly dependent on its chaperone activity, because an Hsp70
mutant with a short C-terminal deletion, which abrogates the refolding activity,
fails to preserve JNK dephosphorylation in heat-shocked cells [30]. Interestingly,
protection of JNK phosphatases is not the only site of Hsp70 action in the JNK
signalling pathway. In fact, in suppressing JNK activation induced by TNF and
other non-protein-damaging stimuli, Hsp70 inhibits the upstream kinase cas-
cade [13]. In contrast to protection of JNK phosphatases, for Hsp70-mediated
inhibition of the kinase cascade, the refolding activity is dispensable, because
the C-terminal deletion mutant of Hsp70 is as efficient in inhibiting the cascade
as normal Hsp70 [13].
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In line with these observations, it has been demonstrated that Hsp70 can
directly interact and suppress activity of ASK1, an upstream component of p38
and JNK signalling cascades, which is activated by stimuli such as TNF or UV
irradiation [31]. Hsp70 associated with ASK1 via an ATP-binding domain and
deletion of this domain of Hsp70 abrogates interactions with ASK1 [31]. It
is not clear whether interactions between Hsp70 and ASK1 are direct or are
mediated by a distinct factor. It is possible that a co-chaperone such as Bag-1
may participate in these interactions, as it does with interactions between Hsp70
and a kinase Raf-1 (see discussion following).

The effect of proteotoxic stresses on MAP kinase de-phosphorylation seems
to be quite general. Indeed, a dual-specificity phosphatase, MKP-3, which is
involved in inactivation of ERK1/2, is also highly sensitive to heat shock and
rapidly aggregates under these conditions [32]. Furthermore, Hsp70, but not
the C-terminal mutant, was able to prevent heat shock–induced MKP-3 aggre-
gation, thus suppressing ERK1/2 activation. As with the JNK pathway, Hsp70
can inhibit the ERK signalling pathway, also at a distinct site in the kinase cas-
cade, and this activity of Hsp70 does not require its chaperone function [32].
Song and colleagues have reported that a co-chaperone, Bag-1, which can form
a complex with a component of ERK-activating cascade, Raf-1, enhances Raf-1
activity [33]. Hsp70, when expressed at high levels, binds to Bag-1 and titrates
it from the complex with Raf-1, leading to inactivation of the latter [33]. In-
terestingly, Bag-1 is known to interact with Hsp70 via its ATPase domain [34],
which is intact in the C-terminal deletion mutant. This interaction may ex-
plain why the chaperone activity of Hsp70 is dispensable for the regulation of
ERK kinase cascade. Further studies are needed to establish whether a similar
Bag-1-dependent mechanism operates in Hsp70-mediated inhibition of the JNK
signalling cascade.

Data from several laboratories indicate that this novel capacity of Hsp70 to
control JNK signalling is important for the protection of cells from apoptosis
induced by certain stimuli. For example, triggering apoptosis via specific activa-
tion of JNK via the expression of an active form of an upstream kinase MEKK1
can be efficiently blocked by Hsp70 [35]. In these cells, tolerance to UV-induced
apoptosis caused by mild heat shock pre-treatment was clearly associated with
Hsp70-mediated JNK inhibition [35]. In suppression of H2O2-induced apopto-
sis, or apoptosis induced by a constitutively active form of ASK1, JNK inhibition
was probably associated with blocking of ASK1 by Hsp70 [31]. Furthermore,
the ATPase domain of Hsp70, which is critical for the control of ASK1, is also
essential for the inhibition of apoptosis under these conditions [31]. Although
inhibition of JNK, which could be achieved by Hsp70 mutants lacking the chap-
erone function, is sufficient for suppressing apoptosis caused by UV irradiation
[35], it does not block heat-induced apoptosis [13, 30]. Indeed, Hsp70 mutants
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that lack chaperone function efficiently suppressed activation of JNK by heat
shock but were unable to protect cells from the consequences [13, 30].

The best-studied example of Hsp70-mediated inhibition of apoptosis is TNF-
induced apoptosis of primary human fibroblasts, in which the suppression of
JNK plays the major protective role [13]. The activation of JNK by TNF leads to
caspase-8 independent cleavage of a BH3-domain protein Bid, which regulates
mitochondrial integrity, and the release of a caspase regulator Smac/Diablo from
mitochondria, with the subsequent activation of caspase-8 [36]. Hsp70-mediated
inhibition of JNK in TNF-treated cells led to a suppression of Bid cleavage and
an inhibition of subsequent apoptotic events [13] (Figure 9.2). Interestingly,
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neither JNK or Hsp70 could regulate the Bid-independent apoptotic pathway,
which takes over at later time points [13].

Of note is that the suppression of JNK may not be the only target of Hsp70
in its inhibition of apoptotic signalling. For example, Hsp70 inhibits formation
of the apoptosome [37, 38]. However, these effects of Hsp70 were studied in in
vitro experiments, and the relevance of these data to the effects of Hsp70 in vivo
have been challenged [74, 75].

An important development in recent years has been the finding that Hsp70-
mediated JNK suppression is involved not only in apoptosis, but also in necrosis.
In contrast to apoptosis, necrosis has always been considered to be a sponta-
neous, unregulated process. However, it now appears that some forms of necrosis
may be tightly regulated and programmed [39]. For example, ischaemia-induced
necrosis of cardiac cells is controlled by several signalling pathways, includ-
ing JNK and p38 [40–42]. In the myogenic cell H9c2, simulated ischaemia
(transient ATP depletion) leads to necrosis involving rapid JNK-dependent
mitochondrial de-energisation. Expression of Hsp70 (or its C-terminal mu-
tant) prevents JNK activation, mitochondrial de-energisation, and cell necro-
sis [32, 42]. This Hsp70-mediated suppression of stress kinases in ischaemic
cells may be the basis for the protective effects of Hsp70 over-expression that
have been demonstrated in a number of organs, including heart, brain, liver or
kidney.

9.3. Control of the heme-activated kinase by Hsc73

The first example of a kinase that is directly regulated by an Hsp70 family
member was HRI, a heme-regulated kinase of the α-subunit of eukaryotic
translation initiation factor 2 (eIF-2α). HRI is present in reticulocytes (and
possibly other cell types; R. Matts, personal communication). As with many
other kinases, the initial folding and maturation of HRI requires an ensem-
ble of chaperones, including Hsp90, Hsc73, Cdc37 and others [43, 44]. Upon
maturation, HRI has low activity under normal conditions. However, upon
heme limitation, HRI is phosphorylated and activated, and phosphorylates
eIF-2α, leading to an inhibition of translation [45, 46]. Alternatively, HRI
can be activated by heat shock, oxidative stress or other stresses that cause
protein damage [45, 47] (Figure 9.3). Therefore, HRI shuts down synthesis of
globin, the main protein produced in reticulocytes, under conditions that may
cause improper production of haemoglobin (i.e., heme limitation or chaperone
overload).

A breakthrough in understanding the mechanisms of HRI regulation was
the finding that the activation of HRI by protein-damaging stresses is likely
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to be mediated by a build-up of damaged polypeptides. In fact, in reticulo-
cyte lysates, the influence of heat shock on HRI activation can be mimicked
by the addition of denatured, reduced carboxymethylated bovine serum albu-
min (BSA), but not of normal BSA [48]. Elegant in vitro experiments have
demonstrated that normally mature HRI associates with a constitutively ex-
pressed member of the Hsp70 family, Hsc73. This association maintains HRI
in a latent form in haemin-supplied lysates. Denatured proteins accumulated in
cells after heat shock or denatured proteins added to lysates interact with Hsc73
and competitively inhibit association of Hsc73 with HRI. This interaction shifts
the equilibrium, leading to dissociation of Hsc73 from HRI and activation of
the latter [44]. Hsc73-mediated regulation of HRI is parallel with, and is inde-
pendent of regulation of HRI by haemin, since neither association of Hsc73
with HRI nor its dissociation after heat shock are influenced by haemin [43]
(Figure 9.3).

It is not clear whether Hsc73 interacts with HRI directly or whether there is
an adaptor protein that mediates these interactions. Interestingly, there are two
distinct protein kinases, PKR and PERK, that also regulate translation via phos-
phorylation of eIF-2α. Although the main regulator of PKR is double-stranded
RNA, this kinase, like HRI, can also be activated by heat shock and other protein-
damaging stresses [49, 50] (Figure 9.3). The mechanism of this regulation is cur-
rently unknown, although the involvement of Hsp70 has been suggested. In fact,
an important regulator of PKR is the inhibitor p58ipk, a protein with J-domain
and multiple tetratricopeptide repeat (TPR) domains, which can bind Hsp70 pro-
teins [51, 52]. Interactions between p58ipk and Hsp70 can be mediated by Hsp40
[53]. p58ipk can function as a co-chaperone of DnaJ type, because it stimulates
ATPase activity of Hsp70 in vitro [52]. Interestingly, interactions between p58ipk

and Hsp70 play an important role in regulation of PKR, because the J-domain
of p58ipk is indispensable for this regulation [52]. It has been hypothesised that
p58ipk recruits Hsp70 into the complex with PKR, which leads to inactivation
of this kinase [54] (Figure 9.3).

In addition, p58ipk can also inhibit PERK, another eIF-2α kinase [55, 56] (Fig-
ure 9.3). Therefore, it appears that all major kinases that regulate translation via
the phosphorylation of eIF-2α could be controlled by Hsp70 family members.

9.4. Hsp70, cell signalling and cancer

Normal tissues usually express a constitutive member of the Hsp70 family,
Hsc73, but not the inducible form Hsp70 (Hsp72). In contrast, tumours often
express both Hsp70 and Hsc73, and a number of reports indicate that high
expression of Hsp70 in human tumours, especially of epithelial origin, correlates
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with high invasiveness, metastatic disease, poor prognosis of the disease and
resistance to chemotherapy [57–60]. For example, in colorectal and lung cancers,
expression of Hsp70 highly correlates with advanced clinical stages and positive
lymph node involvement [61, 62]. These findings suggest that Hsp70 provides
a selective advantage to tumour cells during cancer progression. One possible
involvement of Hsp70 in tumour development could be its capacity to suppress
apoptosis (see preceding discussion). Indeed, many oncogenes (e.g., myc) when
activated can induce apoptosis in normal cells or enhance sensitivity of normal
cells to various apoptotic stimuli [63, 64]. This response is considered to be an
intrinsic cellular anti-cancer mechanism. Therefore, to avoid oncogene-activated
apoptosis, upon cancer transformation cells develop special mechanisms for
anti-apoptotic protection such as an over-expression of bcl-2, mutations in p53
or mutations in PTEN phosphatase.

In line with this observation, the expression of anti-apoptotic factors (e.g.,
bcl-2) significantly promotes cell transformation in vitro and tumour develop-
ment in vivo following the expression of myc oncogene [64–66]. Hsp70 may
serve as an alternative potent anti-apoptotic factor in the promotion of can-
cer transformation. In fact, the expression of Hsp70 in Rat-1 fibroblasts leads
to the formation of foci, anchorage-independent growth, and formation of tu-
mours in nude mice [67], and an over-production of Hsp70 in fibrosarcoma cells
significantly enhances their tumourigenic potential in athymic mice [68]. Fur-
thermore, transgenic mice that express human Hsp70 at high levels developed
multiple lymphomas [69].

An important advance of recent years has been that, besides its possible role
in cell transformation, Hsp70 may be critical for viability and proliferation of
established cancer cell lines. Indeed, it has been demonstrated that the depletion
of Hsp70 by adenovirus-encoded Hsp70 anti-sense RNA causes rapid death of
various types of tumour cells, whereas non-transformed cells are resistant to such
treatment [70]. Treatment with adenovirus expressing Hsp70 anti-sense RNA is
also effective in human glioblastoma, breast and colon carcinoma grown as
xenografts [71].

However, a caveat to these studies is that an adenoviral vector for anti-sense
RNA delivery was employed, because adenovirus by itself causes subtle toxicity
to tumour cells. This toxicity, combined with the effects of Hsp70 depletion,
may lead to cancer cell killing. In fact, when we and others down-regulated
Hsp70 in a milder way by retroviral expression of Hsp70 anti-sense RNA or
siRNA, no significant tumour cell killing was observed; rather there was a spe-
cific sensitisation of cells to some drugs and stresses (Gabai et al, in press).
Using retrovirus vector expressing Hsp70 in an anti-sense orientation, clones
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of PC-3 human prostate adenocarcinoma cells (PC-3/AS) which express 4-fold
lower levels of Hsp70 than parental cells have been generated. These clones
concomitantly expressed normal levels of Hsc73. As expected, PC-3/AS cells
were significantly more sensitive to heat-induced apoptosis, as well as to apop-
tosis induced by TNF, cis-platinum, vinblastine or taxol. Surprisingly, these
cells had a decreased etoposide-induced apoptosis, indicating that the effects of
Hsp70 depletion are specific to certain types of apoptosis. Importantly, reduced
levels of Hsp70 not only influence apoptotic cell death, but also overall cell
survival. Indeed, short-term treatments with certain anti-cancer drugs or radia-
tion did not induce apoptosis; rather it led to mitotic catastrophe and loss of
colony-forming ability of cells. Down-regulation of Hsp70 markedly enhanced
such a mitotic catastrophe.

In a variety of cells, activation of JNK and p38 has been shown to stimulate
apoptosis, whereas stimulation of ERK and Akt kinases promotes survival. As
discussed earlier, over-expression of Hsp70 suppresses stress-induced activation
of JNK, p38, ASK1 and ERK kinases [7, 31, 33, 72] and hence we anticipated
that Hsp70 downregulation in cancer cells should increase the activities of at
least some of these kinases. However, no upregulation of p38 and JNK activities
has been found. Furthermore, depletion of Hsp72 in PC-3 cell clones leads to
a dramatic downregulation of endogenous and stress-induced ERK1/2 activity.
This effect of Hsp72 depletion is associated with strong downregulation of the
ERK-activation kinase cascade, probably at the level of Raf-1. It was previously
demonstrated that treatment of cells with geldanamycin, an inhibitor of Hsp90,
leads to ERK1/2 inactivation because of rapid ubiquitin-proteasome-dependent
degradation of Raf-1 [1]. Although Hsp72 acts as a co-factor of Hsp90 in pro-
tein refolding, the levels of Raf-1 expression increased rather than decreased
in PC-3/AS cells, indicating that Hsp72 downregulation did not reduce Raf-1
stability. At the same time, de-phosphorylation of the inhibitory site Ser-
259 (which is required for Raf-1 activation [73]) was significantly reduced in
PC-3/AS cells.

Therefore, it seems that a certain level of Hsp72 expression in tumour cells
is necessary for maintaining activity of the major cell survival pathway, ERK,
and downregulation of Hsp72 leads to a loss of ERK activity. These findings
can potentially explain the increased sensitivity of PC-3/AS cells to stresses
and drugs, because suppression of ERK can significantly affect viability of cells
exposed to harsh conditions. Indeed, the specific inhibitor of ERK (U0126)
made parental PC-3 cells as sensitive to heat shock as PC-3/AS cells. Taken
together it would appear that the effects of Hsp72 on various signalling systems
play a major role in tumour development and survival.



P1: JYD
0521836549c09.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:23

Hsp72 and Cell Signalling 155

REFERENCES

1. Hostein I, Robertson D, DiStefano F, Workman P and Andrew Clarke P.
Inhibition of signal transduction by the Hsp90 inhibitor 17-allylamino-17-
demethoxygeldanamycin results in cytostasis and apoptosis. Cancer Res 2001, 61:
4003–4009.

2. Fujita N, Sato S, Ishida A and Tsuruo T. Involvement of Hsp90 in signaling and stabil-
ity of 3-phosphoinositide-dependent kinase-1. J Biol Chem 2002, 277: 10346–10353.

3. Neckers L. Hsp90 inhibitors as novel cancer chemotherapeutic agents. Trends Mol
Med 2002, 8: S55–61.

4. Wiederkehr T, Bukau B and Buchberger A. Protein turnover: a CHIP programmed
for proteolysis. Cur Biol 2002, 12: R26–28.

5. Michels A A, Kanon B, Konings A W, Ohtsuka K, Bensaude O and Kampinga
H H. Hsp70 and Hsp40 chaperone activities in the cytoplasm and the nucleus of
mammalian cells. J Biol Chem 1997, 272: 33283–33289.

6. Nollen E A, Brunsting J F, Roelofsen H, Weber L A and Kampinga H H. In vivo
chaperone activity of heat shock protein 70 and thermotolerance. Mol Cell Biol
1999, 19: 2069–2079.

7. Gabai V L, Meriin A B, Mosser D D, Caron A W, Rits S, Shifrin VI and Sherman
M Y. HSP70 prevent activation of stress kinases: a novel pathway of cellular thermo-
tolerance. J Biol Chem 1997, 272: 18033–18037.

8. Mosser D D, Caron A W, Bourget L, Denis-Larose C and Massie B. Role of the
human heat shock protein hsp70 in protection against stress-induced apoptosis. Mol
Cell Biol 1997, 17: 5317–5327.

9. Meriin A, Gabai V, Yaglom J, Shifrin V and Sherman M. Proteasome inhibitors
activate stress-kinases and induce Hsp72: diverse effects on apoptosis. J Biol Chem
1998, 273: 6373–6379.

10. Hideshima T, Mitsiades C, Akiyama M, Hayashi T, Chauhan D, Richardson P,
Schlossman R, Podar K, Munshi N C, Mitsiades N and Anderson K C. Molecular
mechanisms mediating antimyeloma activity of proteasome inhibitor PS-341. Blood
2003, 101: 1530–1534.

11. Almond J B and Cohen G M. The proteasome: a novel target for cancer chemother-
apy. Leukemia 2002, 16: 433–443.

12. Yaglom J A, Gabai V L, Meriin A B, Mosser D D and Sherman M Y. The function of
HSP72 in suppression of c-Jun N-terminal kinase activation can be dissociated from
its role in prevention of protein damage. J Biol Chem 1999, 274: 20223–20228.

13. Gabai V L, Mabuchi K, Mosser D D and Sherman M Y. Hsp72 and stress kinase
c-jun N-terminal kinase regulate the bid-dependent pathway in tumor necrosis factor-
induced apoptosis. Mol Cell Biol 2002, 22: 3415–3424.

14. Davis R J. Signal transduction by the JNK group of MAP kinases. Cell 2000, 103:
239–252.

15. Kyriakis J M a J A. Mammalian mitogen-activated protein kinase signal transduction
pathways activated by stress and inflammation. Physiol Rev 2001, 81: 807–869.

16. Su B and Karin M. Mitogen-activated protein kinase cascades and regulation of gene
expression. Cur Opin Immunol 1996, 8: 402–411.



P1: JYD
0521836549c09.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:23

156 Vladimir L. Gabai and Michael Y. Sherman

17. Meriin A B, Yaglom J A, Gabai V L, Mosser D D, Zon L and Sherman M Y. Protein
damaging stresses activate JNK via inhibition of its phosphatase: a novel pathway
controlled by Hsp72. Mol Cell Biol 1999, 19: 2547–2555.

18. Millward T A, Zolnierowicz S and Hemmings B A. Regulation of protein kinase
cascades by protein phosphatase 2A. Trends Biochem Sci 1999, 24: 186–191.

19. Saxena M and Mustelin T. Extracellular signals and scores of phosphatases: all roads
lead to MAP kinase. Semin Immunol 2000, 12: 387–396.

20. Keyse S M. Protein phosphatases and the regulation of MAP kinase activity. Semin
Cell Develop Biol 1998, 9: 143–152.

21. Keyse S M. An emerging family of dual specificity MAP kinase phosphatases. Biochim
Biophys Acta 1995, 1265: 152–160.

22. Muda M, Theodosiou A, Gillieron C, Smith A, Chabert C, Camps M, Boschert U,
Rodrigues N, Davies K, Ashworth A and Arkinstall S. The mitogen-activated protein
kinase phosphatase-3 N-terminal noncatalytic region is responsible for tight substrate
binding and enzymatic specificity. J Biol Chem 1998, 273: 9323–9329.

23. Muda M, Theodosiou A, Rodrigues N, Boschert U, Camps M, Gillieron C, Davies
K, Ashworth A and Arkinstall S. The dual specificity phosphatases M3/6 and MKP-3
are highly selective for inactivation of distinct mitogen-activated protein kinases. J
Biol Chem 1996, 271: 27205–27208.

24. Todd J L, Rigas J D, Rafty L A and Denu J M. Dual-specificity protein tyrosine
phosphatase VHR down-regulates c-Jun N-terminal kinase (JNK). Oncogene 2002,
21: 2573–2583.

25. Chu Y, Solski P A, Khosravi-Far R, Der C J and Kelly K. The mitogen-activated
protein kinase phosphatases PAC1, MKP-1, and MKP-2 have unique substrate speci-
ficities and reduced activity in vivo toward the ERK2 sevenmaker mutation. J Biol
Chem 1996, 271: 6497–6501.

26. Palacios C, Collins M K and Perkins G R. The JNK phosphatase M3/6 is inhibited
by protein-damaging stress. Cur Biol 2001, 11: 1439–1443.

27. Chen Y R, Shrivastava A and Tan T H. Down-regulation of the c-Jun N-terminal
kinase (JNK) phosphatase M3/6 and activation of JNK by hydrogen peroxide and
pyrrolidine dithiocarbamate. Oncogene 2001, 20: 367–374.

28. Theodosiou A and Ashworth A. Differential effects of stress stimuli on a JNK-
inactivating phosphatase. Oncogene 2002, 21: 2387–2397.

29. Merienne K, Helmlinger D, Perkin G R, Devys D and Trottier Y. Polyglutamine
expansion induces a protein-damaging stress connecting heat shock protein 70 to the
JNK pathway. J Biol Chem 2003, 278: 16957–16967.

30. Mosser D D, Caron A W, Bourget L, Meriin A B, Sherman M Y, Morimoto R I
and Massie B. The chaperone function of hsp70 is required for protection against
stress-induced apoptosis. Mol Cell Biol 2000, 20: 7146–7159.

31. Park H-S, Cho S-G, Kim C K, Hwang H S, Noh K T, Kim M-S, Huh S-H, Kim
M J, Ryoo K, Kim E K, Kang W J, Lee J-S, Seo J-S, Ko Y-G, Kim S and Choi E-J.
Heat shock protein Hsp72 is a negative regulator of apoptosis signal-regulating kinase
1. Mol Cell Biol 2002, 22: 7721–7730.

32. Yaglom J A, Ekhterae D, Gabai V L and Sherman M Y. Regulation of necrosis of
H9C2 myogenic cells upon transient energy deprivation: rapid de-energization of
mitochondria precedes necrosis and is controlled by reactive oxygen species, stress-
kinase JNK, HSP72 and ARC. J Biol Chem 2003, 278: 50483–50496.



P1: JYD
0521836549c09.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:23

Hsp72 and Cell Signalling 157

33. Song J, Takeda M and Morimoto R I. Bag1-Hsp70 mediates a physiological stress
signalling pathway that regulates Raf-1/ERK and cell growth. Nat Cell Biol 2001, 3:
276–282.

34. Bimston D, Song J, Winchester D, Takayama S, Reed J C and Morimoto R I. BAG-1,
a negative regulator of Hsp70 chaperone activity, uncouples nucleotide hydrolysis
from substrate release. EMBO J 1998, 17: 6871–6878.

35. Park H S, Lee J S, Huh S H, Seo J S and Choi E J. Hsp72 functions as a natural
inhibitory protein of c-Jun N-terminal kinase. EMBO J 2001, 20: 446–456.

36. Deng Y, Ren X, Yang L, Lin Y and Wu X. A JNK-dependent pathway is required for
TNFα-induced apoptosis. Cell 2003, 115: 61–70.

37. Beere H M, Wolf B B, Cain K, Mosser D D, Mahboubi A, Kuwana T, Tailor P,
Morimoto R I, Cohen G M and Green D R. Heat-shock protein 70 inhibits apoptosis
by preventing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nat Cell Biol
2000, 2: 469–475.

38. Saleh A, Srinivasula S, Balkir L, Robbins P and Alnemri E. Negative regulation of
the Apaf-1 apoptosome by Hsp70. Nat Cell Biol 2000, 2: 476–483.

39. Proskuryakov S Y, Konoplyannikov A G and Gabai V L. Necrosis: a specific form of
programmed cell death? Exp Cell Res 2003, 283: 1–16.

40. Ma X L, Kumar S, Gao F, Louden C S, Lopez B L, Christopher T A, Wang C, Lee
J C, Feuerstein G Z and Yue T L. Inhibition of p38 mitogen-activated protein kinase
decreases cardiomyocyte apoptosis and improves cardiac function after myocardial
ischemia and reperfusion. Circulation 1999, 99: 1685–1691.

41. Mackay K and Mochly-Rosen D. An inhibitor of p38 mitogen-activated protein
kinase protects neonatal cardiac myocytes from ischemia. J Biol Chem 1999, 274:
6272–6279.

42. Gabai V L, Meriin A B, Yaglom J A, Wei J Y, Mosser D D and Sherman M Y. Suppres-
sion of stress kinase JNK is involved in Hsp72-mediated protection of myogenic cells
from transient energy deprivation. Hsp72 alleviates the stress-induced inhibition of
JNK dephosphorylation. J Biol Chem 2000, 275: 38088–38094.

43. Uma S, Thulasiraman V and Matts R L. Dual role for Hsc70 in the biogenesis and
regulation of the heme-regulated kinase of the alpha subunit of eukaryotic translation
initiation factor 2. Mol Cell Biol 1999, 19: 5861–5871.

44. Thulasiraman V, Xu Z, Uma S, Gu Y, Chen J J and Matts R L. Evidence that Hsc70
negatively modulates the activation of the heme-regulated eIF-2 alpha kinase in rabbit
reticulocyte lysate. Eur J Biochem 1998, 255: 552–562.

45. Chen J J and London I M. Regulation of protein synthesis by heme-regulated eIF-2
alpha kinase. Trends Biochem Sci 1995, 20: 105–108.

46. Hinnebusch A G. The eIF-2 alpha kinases: regulators of protein synthesis in starvation
and stress. Semin Cell Biol 1994, 5: 417–426.

47. Matts R L, Xu Z, Pal J K and Chen J J. Interactions of the heme-regulated eIF-2 alpha
kinase with heat shock proteins in rabbit reticulocyte lysates. J Biol Chem 1992, 267:
18160–18167.

48. Matts R L, Hurst R and Xu Z. Denatured proteins inhibit translation in hemin-
supplemented rabbit reticulocyte lysate by inducing the activation of the heme-
regulated eIF-2 alpha kinase. Biochemistry 1993, 32: 7323–7328.

49. Williams B R. PKR; a sentinel kinase for cellular stress. Oncogene 1999, 18: 6112–
6120.



P1: JYD
0521836549c09.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:23

158 Vladimir L. Gabai and Michael Y. Sherman

50. Brostrom C O, Prostko C R, Kaufman R J and Brostrom M A. Inhibition of transla-
tional initiation by activators of the glucose-regulated stress protein and heat shock
protein stress response systems. Role of the interferon-inducible double-stranded
RNA-activated eukaryotic initiation factor 2 alpha kinase. J Biol Chem 1996, 271:
24995–25002.

51. Tang N M, Ho C Y and Katze M G. The 58-kDa cellular inhibitor of the double
stranded RNA-dependent protein kinase requires the tetratricopeptide repeat 6 and
DnaJ motifs to stimulate protein synthesis in vivo. J Biol Chem 1996, 271: 28660–
28666.

52. Melville M W, Tan S L, Wambach M, Song J, Morimoto R I and Katze M G. The
cellular inhibitor of the PKR protein kinase, P58(IPK), is an influenza virus-activated
co-chaperone that modulates heat shock protein 70 activity. J Biol Chem 1999, 274:
3797–3803.

53. Melville M W, Hansen W J, Freeman B C, Welch W J and Katze M G. The molecular
chaperone hsp40 regulates the activity of P58IPK, the cellular inhibitor of PKR. Proc
Nat Acad Sci USA 1997, 94: 97–102.

54. Melville M W, Katze M G and Tan S L. P58IPK, a novel co-chaperone containing
tetratricopeptide repeats and a J-domain with oncogenic potential. Cell Mol Life Sci
2000, 57: 311–322.

55. van Huizen R, Martindale J L, Gorospe M and Holbrook N J. P58IPK, a novel
endoplasmic reticulum stress-inducible protein and potential negative regulator of
eIF2 alpha signaling. J Biol Chem 2003, 278: 15558–15564.

56. Yan W, Frank C L, Korth M J, Sopher B L, Novoa I, Ron D and Katze M G. Control
of PERK eIF2 alpha kinase activity by the endoplasmic reticulum stress-induced
molecular chaperone P58IPK. Proc Nat Acad Sci USA 2002, 99: 15920–15925.

57. Ciocca D R, Clark G M, Tandon A K, Fuqua S A, Welch W J and McGuire
W L. Heat shock protein hsp70 in patients with axillary lymph node-negative breast
cancer: prognostic implications. J Natl Cancer Inst 1993, 85: 570–574.

58. Nanbu K, Konishi I, Mandai M, Kuroda H, Hamid A A, Komatsu T and Mori T.
Prognostic significance of heat shock proteins Hsp70 and Hsp90 In endometrial
carcinomas. Cancer Detect Prevent 1998, 22: 549–555.

59. Costa M J M, Rosas S L B, Chindano A, Lima P D S, Madi K and Carvalho
M D D. Expression of heat shock protein 70 and P53 in human lung cancer. Oncol
Rep 1997, 4: 1113–1116.

60. Vargasroig L M, Fanelli M A, Lopez L A, Gago F E, Tello O, Aznar J Z and Ciocca
D R. Heat shock proteins and cell proliferation in human breast cancer biopsy sam-
ples. Cancer Detect Prevent 1997, 21: 441–451.

61. Hwang T S, Han H S, Choi H K, Lee Y J, Kim Y-J, Han M-Y and Park Y-M.
Differential, stage-dependent expression of Hsp70, Hsp110 and Bcl-2 in colorectal
cancer. J Gastroenterol Hepatol 2003, 18: 690–700.

62. Volm M, Koomagi R, Mattern J and Efferth T. Protein expression profile of primary
human squamous cell lung carcinomas indicative of the incidence of metastases.
Clin Exp Metastasis 2002, 19: 385–390.

63. Prendergast G C. Mechanisms of apoptosis by c-Myc. Oncogene 1999, 18: 2967–
2987.

64. Nilsson J A and Cleveland J L. Myc pathways provoking cell suicide and cancer.
Oncogene 2003, 22: 9007–9021.



P1: JYD
0521836549c09.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:23

Hsp72 and Cell Signalling 159

65. Pelengaris S, Khan M and Evan G I. Suppression of Myc-induced apoptosis in beta
cells exposes multiple oncogenic properties of Myc and triggers carcinogenic pro-
gression. Cell 2002, 109: 321–334.

66. Pelengaris S, Khan M and Evan G. c-MYC: more than just a matter of life and death.
Nat Rev Cancer 2002, 269: 764–776.

67. Volloch V Z and Sherman M Y. Oncogenic potential of Hsp72. Oncogene 1999, 18:
3648–3651.

68. Jaattela M. Over-expression of hsp70 confers tumorigenicity to mouse fibrosarcoma
cells. Int J Cancer 1995, 60: 689–693.

69. Seo J S, Park Y M, Kim J I, Shim E H, Kim C W, Jang J J, Kim S H and Lee W H.
T cell lymphoma in transgenic mice expressing the human Hsp70 gene. Biochem
Biophys Res Commun 1996, 218: 582–587.

70. Nylandsted J, Rohde M, Brand K, Bastholm L, Elling F and Jaattela M. Selective
depletion of heat shock protein 70 (Hsp70) activates a tumor-specific death program
that is independent of caspases and bypasses Bcl-2. Proc Natl Acad Sci USA 2000,
97: 7871–7876.

71. Nylandsted J, Wick W, Hirt U A, Brand K, Rohde M, Leist M, Weller M and Jaattela
M. Eradication of glioblastoma, and breast and colon carcinoma xenografts by Hsp70
depletion. Cancer Res 2002, 62: 7139–7142.

72. Yaglom J, O’Callaghan-Sunol C, Gabai V and Sherman M Y. Inactivation of dual-
specificity phosphatases is involved in the regulation of extracellular signal-regulated
kinases by heat shock and Hsp72. Mol Cell Biol 2003, 23: 3813–3824.

73. Dhillon A S, Meikle S, Yazici Z, Eulitz M and Kolch W. Regulation of Raf-1 activation
and signalling by dephosphorylation. EMBO J 2002, 21: 64–71.

74. Nylandsted J, Gyrd-Hansen M, Danielewicz A, Fehrenbacher N, Lademann U,
Hoyer-Hansen M, Weber E, Multhoff G, Rohde M and Jaattela M. Heat shock pro-
tein 70 promotes cell survival by inhibiting lysosomal membrane permeabilization.
J Exp Med 2004, 200:425-435.

75. Steel R, Doherty J P, Buzzard K, Clemons N, Hawkins C J and Anderson R L. Hsp72
inhibits apoptosis upstream of the mitochondria and not through interactions with
Apaf-1. J Biol Chem 2004, 279:51490–51490.



P1: JZX
0521836549c10.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:37

10

Heat Shock Proteins, Their Cell Surface Receptors
and Effects on the Immune System

Thomas Lehner, Yufei Wang, Trevor Whittall
and Lesley A. Bergmeier

10.1. Introduction

Heat shock or stress proteins are important intracellular protein chaperones
that control their trafficking. The function of heat shock proteins in the im-
munopathology of infections, tumours and autoimmune diseases has been the
subject of numerous experimental and clinical investigations over the past few
decades and some of their properties are summarised in Table 10.1. Because
there is extensive homology between mammalian and microbial heat shock
proteins, immunological cross-reactions were considered to account for a num-
ber of autoimmune diseases. However, although the biological significance of
lipopolysaccharide (LPS) found in Gram-negative bacteria has been well ap-
preciated, heat shock proteins, which are found more widely in Gram-negative
and -positive bacteria, especially those in the gut, have received more limited
attention. A relatively new phase in this area of biology was initiated by the
discovery of specific heat shock protein receptors and by rapid advances in our
understanding of the signalling pathways. This chapter will deal with the recep-
tors used by heat shock proteins, with particular reference to Hsp70, involve-
ment of these proteins in the stimulation of chemokine production, maturation
of dendritic cells (DCs), their intrinsic adjuvanticity and capacity to enhance
immunogenicity.

10.2. Structural features of Hsp70

Although the overall three-dimensional structure of Hsp70 is not known, the
structures of the two domains from various members of the family have been
solved separately. The crystal structures of the ATPase domains of bovine Hsc70
(heat shock constitutive protein) and human Hsp70 have been determined
[1, 2]. The domain consists of two approximately equal-sized lobes with a deep

160
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Table 10.1. Properties of Heat Shock Proteins

1. Heat shock proteins are intracellular chaperones binding unfolded polypeptides to prevent
misfolding and aggregation.

2. They bind peptides with a hydrophobic motif by non-covalent linkage.
3. Hsp70 and Hsp90 deliver exogenous antigen into the MHC class I as well as class II pathways,

playing an important role in cross-priming free or antigen released from apoptotic cells.
4. Heat shock proteins stimulate production of the CC-chemokines, CCL3, CCL4 and CCL5

and cytokines, especially TNF-α, IL-12 and NO.
5. Heat shock proteins stimulate maturation of DCs in a similar way to that of CD40L.
6. They exert robust adjuvant function when linked to antigens and they are effective when

administered systemically or by the mucosal route.
7. Generation of IL-12 and TNF-α by Hsp70 induces a Th1-α polarised adjuvant function.
8. Peptide epitopes within Hsp70 exert diverse immunomodulating functions.
9. Hsp70 can function as an alternative ligand to CD4+ T cells, in activating the CD40–CD40L

(CD154) co-stimulatory pathway, thereby enhancing immunity.
10. Tumour- or virus-specific peptides, non-covalently bound to Hsp70 or gp96, elicit CTL

responses and exert protection against the specific tumours or viruses.
11. Heat shock proteins elicit innate immunity which may drive adaptive immune responses.

cleft between them. ATP binds at the base of the cleft. Two crystal forms of
the human ATPase fragment which differ by a shift of 1–2 Å in one of the
sub-domains have been obtained. This shift might be important in ATP binding
and ADP release, and its presence indicates some degree of flexibility in this
domain.

The crystal structure of the substrate-binding domain of DnaK from Escherichia
coli with bound substrate (a seven-residue peptide with the sequence NRLLLTG)
has been determined [3], and this consists of a β-sandwich sub-domain followed
by an α-helical sub-domain. The β-sandwich sub-domain is formed by two
stacked anti-parallel four-stranded β-sheets. The upper sheet forms the substrate
binding site with loops L1,2 and L3,4 (between β-strands 1 and 2 and between
β-strands 3 and 4, respectively), forming the sides of a channel that is the primary
site of interaction with substrate. In the outer loop, L4,5 stabilises L1,2 by
hydrogen bonds and hydrophobic interaction while L5,6 forms hydrogen bonds
that stabilise L3,4. The α-helical sub-domain comprises five helices with the first
and second helices (αA and αB) forming hydrophobic side-chain contacts with
the β-sandwich. Helix αB extends over the entire substrate binding site and may
stabilise substrate binding by interacting with all four loops that form this site;
however, it does not interact directly with substrate.

The peptide substrate (NRLLLTG) complexed to DnaK adopts an extended
conformation in which main-chain atoms form hydrogen bonds with DnaK,
whereas side-chain contacts are predominantly hydrophobic [3]. The central
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Table 10.2. Major receptors interacting with heat shock proteins and
stimulating cytokine and chemokine production, and DC maturation

Receptor Heat shock protein Function Reference

CD14 Human and chlamydial Hsp60
Human Hsp70

Stimulation of TNF-α, IL-12
and IL-6

[4, 5]

CD40 Microbial and human Hsp70 Stimulation of chemokines,
TNF-α, IL-12

DC Maturation

[6–11]

CD91 Human Hsp70, Hsp90, gp96
and calreticulin (α2M)

Stimulation of TNF α, IL-12
and IL-1β

[12, 13]

TLRs Human Hsp60, Hsp70 and
Hsp90

Stimulation of TNF-α and
IL-12

DC maturation

[14–17]

LOX-1 Human Hsp70(LDL) Scavenger receptor [18, 19]

residue (Leu 4) is buried in a relatively large hydrophobic pocket of DnaK and,
together with Leu 3, contributes most of the contacts with the protein. Binding
is almost completely determined by a five-residue core (RLLLT) which is centred
on Leu 4. The specificity of binding is principally determined by an interaction
of the residue at the centre of the core sequence with the hydrophobic pocket of
DnaK and it has been suggested that Ile, Met, Thr, Ser, and possibly Phe could
be accommodated as alternatives to Leu. Hydrophobic residues are preferred
at the positions adjacent to the central residues and, although there are fewer
constraints on residues at the ends of the motif, negative charges are generally
excluded. However, some differences in substrate specificity between members
of the Hsp70 family have been described and these might reflect functional
differences.

10.3. Heat shock protein receptors and co-receptors

A number of receptors that bind different heat shock protein family members
have been identified and these are shown in Table 10.2. Despite their high
degree of conservation, there is a diversity of receptor usage, in that different
members of the heat shock protein family may use the same receptor whereas
others may use different receptors. Interactions between heat shock proteins and
their receptors might elicit two different, but related, functions: (a) non-specific
stimulation of antigen-presenting cells generates production of chemokines [20]
and cytokines [7, 21] and (b) internalisation of heat shock protein–peptide
complexes by endocytosis and the translocation of heat shock proteins into
the human leukocyte antigen (HLA) class I or II pathway [22, 23].
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10.3.1. CD14

CD14 is a glycosylphosphatidylinositol-anchored protein expressed on the cell
surface of monocytes and macrophages and, to a lesser extent, on other myeloid
cells. It is a receptor for LPS and serum LPS-binding protein [24], in association
with TLR molecules [25]. Because CD14 lacks a transmembrane domain, sig-
nalling is dependent on the associated molecules in multi-receptor complexes
[26, 27].

CD14 was characterised as a receptor for human (hu) and chlamydial Hsp60
by Kol and colleagues in 2000 [4]. They demonstrated that Hsp60 treatment of
peripheral blood mononuclear cells resulted in the production of IL-6 and acti-
vation of p38 mitogen-activated protein kinase (MAPK). This could be inhibited
by antibody to CD14. However, transfection of CD14 into CHO cells resulted
in these cells acquiring the ability to respond to LPS, but not to Hsp60. They
suggested that CD14 is necessary, but not sufficient, for cellular responsiveness
to Hsp60, and that other molecules are required, possibly for transduction of the
activation signal. The possibility has been raised that inducible forms of human
Hsp70 may also stimulate human monocytes to produce TNF-α, IL-1β and
IL-6 [5]. This involves TLR2 and TLR4 and calcium-dependent activation of
MyD88, IRAK and NF-κB [28]. In apparent contradiction, it has been reported
that CD14− DCs are capable of internalising Hsp70 [29], although it is not clear
that internalisation and stimulation are necessarily mediated by the same recep-
tors. The reader is referred to Chapter 7 for more details on CD14–TLR–Hsp
interactions.

10.3.2. CD40

CD40 is a 40–50-kDa glycoprotein, a member of the tumour necrosis factor
(TNF) receptor superfamily, and is primarily expressed on B lymphocytes, mono-
cytes and DCs [30]. CD40 can also be found on epithelial cells, some cancer
cells and activated CD8+ T cells [31, 32]. CD40 plays an important role in
T cell–mediated immune responses. It is crucial for T cell–dependent B cell
activation, differentiation and immunoglobulin class switching and germinal
centre formation [30]. CD40 is also involved in the activation of antigen-
presenting cells and mediates DC maturation. It induces CD8+ cytotoxic T
lymphocytes and the generation of memory CD8+ T cells [32–34]. The natural
ligand for CD40 is CD40 ligand (CD40L, CD154), and this is expressed by
activated T cells.

We have reported that CD40 is a receptor for microbial Hsp70 (mHsp70)
[6] and this was later confirmed and extended to include human Hsp70 [9].
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We have put forward the hypothesis that the adjuvanticity of mHsp70 and
mHsp65 is accounted for by their capacity to stimulate production of the CC-
chemokines CCL3, CCL4 and CCL5, all of which attract the entire reper-
toire of immune cells [20]. Because both of the major co-stimulatory pathways,
CD80/86–CD28 and CD40–CD40L, stimulate these CC-chemokines [35–37],
we explored the possibility that heat shock proteins might interact with one of
the co-stimulatory molecules [6]. Whereas antibodies to CD80 or CD86 had no
effect, those to CD40 blocked Hsp70 stimulation of CC-chemokine production.
Further in-depth investigations using HEK293 cells (human embryonic kidney
cell lines) revealed that Hsp70 stimulated the production of CC-chemokines
only if cells were transfected with human CD40, but not with control molecules.
Immunoprecipitation studies revealed that Hsp70 physically associates with
cell membrane CD40 when incubated with CD40-expressing cells, and surface
plasmon resonance showed that Hsp70 can directly bind to CD40 molecules
[6]. Hsp70–peptide complexes binding to CD40 deliver the peptide into the
MHC class I pathway and this process is dependent on the ADP-loaded state of
Hsp70 [9].

CD40 also mediates Hsp70 stimulation of monocytes and bone marrow–
derived DCs, which are the principle antigen-presenting cells in priming
CD4+ and CD8+ T cells responses. Treatment of human monocyte-derived
immature DCs for two days with mHsp70 induces dramatic changes in the
expression of phenotypes, including an increase in the expression of ma-
jor histocompatibility complex (MHC) class II molecules, the co-stimulatory
molecules CD80, CD86 and the CD83, CCR7 maturation markers [7]. The
CC-chemokines and Th1-polarising cytokines – IL-12 and TNF-α – are also
produced. The C-terminal portion of the molecule (Hsp70 359–610) is a
more potent inducer of cytokine expression and DC maturation than the
full-length Hsp70 molecule, whereas the N-terminal ATPase domain of Hsp70
exhibits no such biological effects. Indeed, there is evidence that the preced-
ing functions can be induced by the peptide binding domain of mHsp70
(aa 359–494), and a stimulatory epitope (aa 407–426) has been identified [8].
Human and microbial Hsp70 bind the CD40 receptor; however, surprisingly,
the human ATPase domain of Hsp70 binds to one site, whereas a microbial
C-terminal domain binds another site of the CD40 molecule [6, 9]. It is not
clear whether CD40L shares one of the two receptor sites on CD40 or whether
it binds yet another site. Indeed, two other functional domains have been iden-
tified in the cytoplasmic tail of CD40; one is involved in the induction of
extra-follicular B cells and another is required for germinal centre formation
[38].
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10.3.3. Toll-like receptors (TLRs)

Toll-like receptors (TLRs) are examples of pattern-recognition receptors, are ex-
pressed by the innate immune system and recognise specific pathogen-associated
molecular patterns (PAMPs) expressed on microbial components [39]. To date,
about 10 TLRs have been described within the TLR family and each receptor ap-
pears to recognise different microbial pathogenic elements. TLRs are primarily
expressed in those cell types that are involved in the first line of defence, such
as DCs, monocytes, neutrophils, epithelial cells and endothelial cells. Activa-
tion of TLRs leads to production of inflammatory cytokines, chemokines, nitric
oxide (NO), complement proteins, enzymes (such as cyclooxygenase-2), adhe-
sion molecules and immune receptors [40]. These innate immune responses
are essential for the elimination of pathogens and the regulation of adaptive
immunity.

TLRs are primary candidates as receptors for heat shock proteins, because
these proteins are highly conserved among microbial organisms and may serve
as PAMPs to activate the innate immune system by interacting with pattern
recognition receptors. However, only human Hsp60 and Hsp70, but not mi-
crobial Hsp, have so far been found to stimulate TLRs [14, 15]. Bone marrow–
derived macrophages from the mouse strain C3H/HeJ, which carry a mutant
TLR4, do not respond to Hsp60 [14].

It is, however, not clear whether TLRs act as receptors for heat shock pro-
teins or are involved in signalling cellular activation. Some studies suggest that
cell surface TLR4 is essential for human Hsp60 activation of monocytes [14],
whereas others indicate that endocytosis of Hsp60 or Hsp70 is a prerequisite for
activation of the intracellular TLR2 and TLR4 signalling pathways and that the
endocytosis process is independent of these receptors [16, 17]. There is no evi-
dence to indicate that there is a direct interaction between Hsp and TLRs. How-
ever, the possibility that human heat shock proteins can activate TLRs suggests
that these not only serve as receptors for PAMPs derived from pathogenic mi-
crobes but that they also recognise endogenous ligands. Endogenous Hsp are
present predominantly in the cell cytoplasm and can be induced and released
in pathological conditions, such as injury, necrosis and stress. The observation
that intracellular TLR2 and TLR4 may interact with internalised bacteria [41]
is consistent with interaction of internalised heat shock proteins with TLR or
other receptors in phagosomes. Indeed, small Hsp70 fragments or peptides have
potent functional activity [7, 8]. Induction of local inflammatory responses by
TLRs and endogenous heat shock protein interactions in the milieu around
damaged tissues is probably helpful for tissue repair and wound healing, but



P1: JZX
0521836549c10.xml CB856/Henderson 0 521 83654 9 August 27, 1956 22:37

166 Thomas Lehner, Yufei Wang, Trevor Whittall and Lesley A. Bergmeier

it can also play an important part in chronic inflammatory diseases. Chapter 7
should be read in the context of this paragraph because Vabulas and Wagner
take a different line with regard to the importance of TLRs in the response of
cells to chaperones.

10.3.4. CD91

CD91 is a receptor for α2 macroglobulin (α2M) which is a protease inhibitor
that binds to microbial pathogens and mediates phagocytosis by monocytes [42]
but is poorly expressed on DCs. Several members of the heat shock protein fam-
ilies, including gp96, Hsp90, Hsp70 and calreticulin, despite being structurally
distinct, interact with CD91 and are internalised by the receptor and the heat
shock protein–bound peptides. This interaction is critical to the induction of
CD8+ cytotoxic T lymphocytes by heat shock protein–mediated cross-priming
mechanisms [13, 43]. The heat shock protein gp96 binds directly to CD91, and
this can be inhibited either by antibodies to CD91 or α2M [13]. It is not clear
whether CD91 engagement by heat shock proteins activates antigen-presenting
cells to produce cytokines, express co-stimulatory molecules or induces DC
maturation [44].

10.3.5. LOX-1

LOX-1 is a scavenger receptor which may bind human heat shock proteins,
especially Hsp70 [19]. It is found on endothelial cells, monocytes, immature
DCs and smooth muscle cells [18, 19]. LOX-1 is a cell surface glycoprotein
which binds modified lipoproteins and modified LDL (Ox-LDL), apoptotic cells
and bacterially derived cell wall components [45, 46]. LOX-1 induces Hsp70-
mediated cross-priming of CD8+ cytotoxic T lymphocytes [19]. However, it is
not clear whether LOX-1 engagement by heat shock proteins activates antigen-
presenting cells to produce cytokines, express co-stimulatory molecules or in-
duce DC maturation.

10.4. LPS contamination of heat shock protein preparations

Heat shock proteins stimulate innate immune cells to produce inflammatory cy-
tokines, including TNF-α, IL-1β, IL-12, GM-CSF, NO and chemokines, such as
MIP-1α, MIP-1β, RANTES, MCP-1 and MCP-2. These activities of heat shock
proteins are similar to those of LPS which can contaminate heat shock pro-
tein preparations, and it is essential to exclude the possibility that the observed
effects are elicited by contaminating LPS. Currently it is difficult to prepare LPS-
free heat shock protein preparations, especially those expressed in E. coli. LPS
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activity is abrogated or greatly reduced by polymixin B treatment [5, 6], whereas
heat shock protein stimulation is reduced by heat denaturation [5, 47]. Other
reagents, such as RSLP derived from Rhodopseudomonas spheroids and lipid IVa,
also inhibit LPS activity and have no effect on heat shock protein stimulation [5,
47]. As the stimulating activity of Hsp70 is calcium-dependent, the intracellular
calcium chelator 1,2-bis(2-aminopheroxy)ethane-N,N,N, ‘N’-tetraacetic acid-
acetoxymethylester (BAPTA-AM) has been used to differentiate between the
functions of LPS and Hsp70 [5, 6, 48]. Furthermore, treatment with proteinase
K also inhibits Hsp70, but not LPS-stimulating activity [48]. The C3H/HeJ and
C57BL/10ScCr inbred mouse strains are homozygous for a mutant Lps allele
(Lpsd/d) which confers hyporesponsiveness to LPS challenge [49] and provides a
model to study immunological functions of heat shock proteins. Genetic analy-
sis revealed that C3H/HeJ mice have a point mutation within the coding region
of the TLR4 gene, whereas C57BL/10ScCr mice exhibit a deletion of TLR4 [50].
In studies with monocytes and DCs using microbial Hsp70, inhibition with an-
tibodies to CD40, but not to CD14, should discriminate between heat shock
protein and LPS [6, 7].

Most of the LPS contamination (95–99%) in heat shock protein preparations
can be removed using polymixin B immobilised on agarose affinity column.
Polymixin B is a cationic cyclopeptide that can neutralise the biological activity
of LPS by binding to its lipid A portion. It is noteworthy that heat shock proteins
contain a hydrophobic domain that can interact with the affinity column and
result in protein loss. This may be enhanced by heat shock protein binding to
LPS on the column [27, 51]. Our experience with this method indicates that
60–70% of proteins can be recovered after one treatment with polymixin B and
there is further protein loss if a second treatment is required. The residual LPS
concentration in recovered heat shock protein preparations is typically less than
5 U per mg protein, as determined by the Limulus amoebocyte lysate assay [7].
Although the significance of this low level of LPS in Hsp70 preparations depends
on the function under investigation, such low levels of LPS do not stimulate
production of cytokines, CC-chemokines or maturation of DCs [6, 7]. The
removal of LPS by washing columns of recombinant proteins with polymyxin
B is described in Chapter 6. This overcomes the losses of protein described.

10.5. Signalling pathways

Engagement of heat shock proteins with receptors, such as CD40 and TLRs,
might induce intracellular signalling which varies with the level of cell surface
expression of the receptors on DCs and monocytes [52]. CD40 engagement with
its natural ligand CD154 forms trimeric clusters and recruits adaptor proteins
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known as TNF receptor-associated factors (TRAFs) to the cytoplasmic tail [53].
CD40 has two cytoplasmic domains for binding TRAF. The TRAF6 bind-
ing site is within the membrane proximal cytoplasmic (Cmp) region, whereas
TRAF2/3/5 is in the membrane distal cytoplasmic region (Cmd). See Chapter
7 for a more detailed discussion of the role of TRAFs in Hsp70-induced cell
signalling cascades.

Binding of TRAF2, 3 and 5 results in formation of a signalling complex which
includes multiple kinases, such as the MAPK family, NF-κB inducing kinase or
receptor interacting protein (reviewed in [54]). Human Hsp70 uses the CD40
receptor and activates p38 MAPK [9]. However, another report has suggested
that huHsp70 activates CD14 [28], as does huHsp60, with TLR2 and TLR4
receptors signalling via myeloid differentiation protein 88 and IL-1 receptor
associated kinase (IRAK) [14, 15, 17, 55]. The activated IRAK associates with
TRAF6 and activates p38 MAPK or NF-κB [28].

10.6. Interface between immunity and tolerance

The finding that CD40 is a receptor for mycobacterial Hsp70 (mHsp70) [6]
and huHsp70 [9] might have profound implications for the development of
acquired immune responses at the interface between adaptive immunity and
tolerance. The interaction of CD40 with its ligand CD154 (or Hsp70) plays an
important role in the development of the quality and magnitude of humoral and
cellular immunity. Interference in the interaction between CD40 and CD154
can induce allogeneic and xenogeneic graft tolerance (reviewed in [54]). Indeed,
there is evidence that CD154 blockade of immature DCs with specific antibodies
might induce a state of antigen-specific tolerance [56].

Exposure to necrotic cells can induce maturation of DCs and immune stimu-
lation via the release of antigens and heat shock proteins which are preferentially
taken up by DCs [12, 57–60]. However, a state of tolerance might be induced
by DCs that have captured apoptotic cells [61]. These findings and the cytokine
stimulating activity of heat shock proteins suggest that heat shock proteins might
play a role in the interface between immunity and tolerance. The state of mat-
uration of DCs might be an important determining factor in the induction of
immunity or tolerance. However, DCs within lymphoid tissue are able to form
MHC–peptide complexes in the absence of maturation signals. On recogni-
tion of their ligands, naı̈ve T cells divide and might undergo clonal deletion,
resulting in a state of tolerance [62, 63]. However, if maturation signals are
co-administrated with antigen, an immune response develops. DCs in the ab-
sence of maturation signals are also able to down-modulate established immune
responses [64–67], probably by inducing regulatory T cells [62, 63].
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The capacity of CD40 signalling to induce DC maturation has been demon-
strated in a transgenic CD40−/− DC model in which TNF-α fails to rescue the
immune deficiency, despite its ability to induce maturation of DCs [68]. CD40
ligation of lymphoid DCs might abrogate their tolerogenic activity to a normally
tolerogenic peptide [69]. Indeed, Hsp70 has been shown to stimulate CD40
and convert T cell tolerance, in the presence of lymphocytic choriomeningitis
virus (LCMV) peptide, into autoimmune diabetes [10]. Another study has also
implicated an inducible form of Hsp70 in the presentation of a major autoanti-
gen in multiple sclerosis [70]. Steinmann and Nussenzweig [71] suggested that
chronic infection might result from tolerance being exploited by a pathogen,
as when persistent micro-organisms are taken up by DCs that fail to mature.
The DC might then induce tolerance either by deleting T cells or by induc-
ing T regulatory cells. They suggested that this might occur in HIV infection,
when a large amount of virus is produced and steady-state DCs express recep-
tors for the virus, such as dendritic cell-specific ICAM-3 grabbing non-integrin
(DC-SIGN).

10.7. Interface between innate and adaptive immunity

Utilisation of the co-stimulatory CD40 molecule as a receptor for Hsp70 raises
the paradigm that Hsp70 might function at the interface between innate and
adaptive immunity. The B7 (CD80/CD86) and CD28 co-stimulatory interac-
tion plays a central role in providing the second signal necessary for the adaptive
immune function between HLA peptide and TCR [72]. The HLA-bound pep-
tide and co-stimulatory molecule CD40 on an antigen-presenting cell interact
with the corresponding TCR and CD40L on T cells, respectively, to elicit an
effective immune response. It is of interest to note that ligation of CD40 by
CD40L or Hsp70 and of CD80/86 by CD28 elicits CC-chemokines [35–37] and
this suggests the presence of a non-cognate immune response which is respon-
sible for attracting the immunological repertoire of cells (monocytes, immature
DC, T and B cells). The interaction between CD40 and CD40L or Hsp70 also
elicits production of some cytokines (such as IL-12 and TNF-α) and may in-
duce Th1 polarisation of the immune response [7]. Hsp70 may thus function
as an alternative ligand to CD40L, stimulating the major co-stimulatory path-
way CD40–CD40L. Hsp70 functions as a multi-purpose molecule by acting as
a carrier of antigens, inducing immune cells to the Hsp70 antigen site and by
eliciting the maturation of DCs. There is also the possibility that Hsp70-bound
antigen is processed by antigen-presenting cells and chaperoned by Hsp70 into
the MHC presentation pathway for recognition by T cells [73].
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10.8. The role of heat shock proteins in innate and
adaptive immunity and vaccination

An essential component of vaccines against infections and tumours is an ad-
juvant activity which can elicit innate immune responses that can drive the
development of specific adaptive immunity. Microbial Hsp70 and Hsp65 have
been used as carrier molecules or adjuvants to enhance systemic immune
responses when covalently linked to synthetic peptides [74–76]. Indeed, these
and gp96 can be fused, covalently linked or loaded with peptides to elicit spe-
cific immunity to tumours or viruses [77–80]. The adjuvanticity of microbial
Hsp70 and Hsp65 has been demonstrated not only by systemic but also by
mucosal immunisation in non-human primates [20]. Both systemic and mu-
cosal adjuvanticity are dependent on stimulating the production of three CC-
chemokines – CCL3, 4 and 5 (or MIP-1α and MIP-1β and RANTES). CCL5
is a potent chemoattractant for monocytes, CD4+ T cells and activated CD8+

T cells [81–84]. CCL3 and CCL4 attract CD4+ T and B cells [85] and all three
chemokines attract immature DCs [86]. Monocytes and DCs internalise anti-
gens that are processed and presented on the cell surface. DCs then undergo
maturation and migrate to the regional lymph nodes, in which they present the
processed antigen to T and B cells and elicit cell-mediated and humoral immune
responses.

In addition to the CC-chemokines, IL-12, TNF-α and NO are also elicited
by Hsp70 or, more efficiently, by its C-terminal portion [7]. Because IL-12
is one of the most potent cytokines for inducing Th1 polarisation [87] this
might be responsible for the Th1-polarised adjuvanticity. The C-terminal por-
tion of Hsp70-linked peptide elicits higher serum IgG2a and IgG3 subclasses of
antibodies than the native Hsp70-bound peptide, which is consistent with a
Th1-polarising activity [7]. Furthermore, the Th2-type cytokine (IL-4) was not
produced in immunised macaques. Thus, the C-terminal portion might be used
as a microbial adjuvant that attracts the entire immunological repertoire of
cells by virtue of stimulating the production of CC-chemokines and eliciting a
Th1 response by generating IL-12.

The presence of Hsp70 and Hsp65 in most microorganisms [88, 89] and
their capacity to generate CC-chemokines raises the possibility that the well-
recognised immunogenicity of whole organisms, as compared with a subunit
antigen, is mediated by CC-chemokines generated by heat shock proteins [20].
This is consistent with the principle that the innate immune system might drive
adaptive immunity [90, 91]. Heat shock proteins in micro-organisms might
function as a natural adjuvant generating CC-chemokines and cytokines. This
concept is also consistent with the ‘danger hypothesis’ of infection [92], with the
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heat shock protein inducing the innate system to secrete CC-chemokines and
mobilise the repertoire of cells required to generate specific immune responses
against the invading organism.

The significance of Hsp70 as an alternative ligand to CD40L [6] stimulating
the major co-stimulatory pathway CD40–CD40L has been highlighted. In mice
lacking CD40 (CD40 knockout mice, CD40−/−) the production of IL-12 by
bone marrow–derived DCs was substantially reduced following Hsp70 stimula-
tion [9, 10]. In these CD40−/− mice, Hsp70 failed to enhance DC function or to
prime CD4+ and CD8+ T cell antigen-specific responses, and protection from
Mycobacterium tuberculosis infection depended on the alternative Hsp70–CD40
co-stimulatory pathway [11]. An intriguing report that over-expression of Hsp70
in M. tuberculosis reduces the level of infection observed during the chronic phase
[93] might also be interpreted as reflecting an enhanced immunity to the organ-
ism resulting from the interaction between increased amounts of Hsp70 with
CD40 expressed on macrophages and DCs. In another report, co-administration
of the tolerogenic LCMV peptide with human Hsp70 might reverse tolerance
and promote the induction of autoimmune diabetes by DCs [10].

The application of Hsp70 as a carrier of HIV gp120 and peptides derived
from CCR5 in mucosal vaccination has been recently demonstrated in rhesus
macaques [94]. Significant protection against SHIV 89.6P has been associated
with the induction of specific serum and secretory antibodies, IL-2 and IFN-γ
stimulated by the vaccine components, and a raised concentration of CC-
chemokines which was inversely correlated with the proportion of CCR5+ cells
[94].

CD8+ cytotoxic T lymphocytes (CTLs) can be generated by loading LCMV
peptides onto human Hsp70, and this has been shown to elicit protective anti-
viral immunity in mice [80]. Human anti-influenza CTLs have been generated
by pulsing DCs with mHsp70 loaded with peptides from influenza virus; the
resulting CTL response is significantly greater than that induced by pulsing DCs
with peptides alone [48]. There is also evidence that natural killer (NK) cells can
be stimulated to proliferate by human Hsp70 and that this function resides
in the C-terminal portion of Hsp70 [95]. Cell-surface-bound Hsp70 found on
some tumour cells may induce migration of, and cytolysis by, CD56+CD94+

NK cells [96].
These investigators identified a peptide (aa 450–463) within the sequence of

huHsp70 which enhances NK cell activity. A signal peptide derived from Hsp60
which binds HLA-E and interferes with CD94/NKG2A recognition, and enables
NK cells to detect stressed cells, has also been identified [97]. Hsp70 and Hsp65
upregulate γδ+ T cells, both in vitro and in vivo in non-human primates, and
induce CD8-suppressor factors and CC-chemokines [98]. Indeed, a significant
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increase in γδ+ T cells was found in rectal mucosal tissue and the draining
lymph nodes in macaques immunised with SIVgp120 and p27 and protected
from rectal mucosal challenge by SIV [98].
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Molecular Chaperone–Cytokine Interactions
at the Transcriptional Level

Anastasis Stephanou and David S. Latchman

11.1. Introduction

The heat shock proteins (Hsps) are a group of highly conserved proteins that
have major physiological roles in protein homeostasis [1, 2]. In most cell types,
1–2% of total proteins consist of heat shock proteins even prior to stress, which
suggests important roles for these proteins in the biology and physiology of
the unstressed cell. These roles particularly concern regulating the folding and
unfolding of other proteins. The term ‘heat shock proteins’ was coined because
these proteins were first identified on the basis of their increased synthesis fol-
lowing exposure to elevated temperatures [3]. Subsequently, it has been clearly
shown that they can be induced following a variety of stressful stimuli. Some
heat shock proteins, such as Hsp90 (each heat shock protein is named according
to its mass in kilodaltons – see Chapter 1 for more details), are detectable at sig-
nificant levels in unstressed cells and increase in abundance following a suitable
stimulus, whereas others such as Hsp70 exist in both constitutively expressed
and inducible forms [4, 5].

The dual role of heat shock proteins in both normal and stressed cells evidently
requires the existence of complex regulatory processes which ensure that the
correct expression pattern is produced. Indeed, such processes must be operative
at the very earliest stages of embryonic development, since the genes encoding
Hsp70 and Hsp90 are amongst the first embryonic genes to be transcribed
[6, 7].

The induction of heat shock proteins in response to various stresses is depen-
dent on the activation of specific members of a family of transcription factors,
the heat shock factors that bind to the heat shock element in the promoters of
the genes encoding heat shock proteins [8]. Four heat shock factors (HSF-1 to -4)
have been cloned from a number of organisms, and their roles have now been
characterised (Table 11.1). HSF-1 and HSF-3 have been shown to be involved
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Table 11.1. Functional role of different heat shock factors in regulating heat
shock proteins

Knock-out
Intracellular function phenotype

HSF-1 Stress-induced heat shock protein gene expression Defective heat
shock response

HSF-2 Non-stress-induced heat shock protein gene
expression

NA

HSF-2α HSF-2α expressed predominantly in adult tissue
HSF-2β HSF-2β expressed during early development
HSF-3 HSF-3 also involved in stress-induced heat shock

protein gene expression and has a higher
threshold in response to heat shock than HSF-1

NA

HSF-4α HSF-4α acts as a repressor of heat shock protein
gene expression

NA

HSF-4β HSF-4β is a transactivator of heat shock protein
gene expression

in regulating heat shock proteins in response to thermal stress, whereas HSF-2
and HSF-4 are involved in heat shock protein regulation in unstressed cells, and
their levels are regulated in response to a wide variety of biological processes
such as immune activation and cellular differentiation [8] (Figure 11.1). In gen-
eral however, the stimuli that induce such alterations in heat shock protein gene
expression under non-stress conditions are poorly characterised, and the mech-
anisms by which they act are also unclear. Heat shock proteins are not only

Figure 11.1. Heat shock factor pathways and their interaction or cooperation in modu-
lating heat shock proteins.
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regulated by heat shock factors, and this chapter will discuss heat shock factors
and transcription factors that are able to interact or co-operate with HSF-1 to
modulate the transcriptional regulation of heat shock proteins in response to
non-stressful stimuli.

11.2. Transcriptional regulation of heat shock proteins
by the HSF family

11.2.1. HSF-1

As mentioned earlier, HSF-1 has been identified as the heat shock factor that
mediates stress-induced heat shock protein gene expression in response to en-
vironmental stressors. Such stresses induce HSF-1 oligomerisation and nuclear
translocalisation followed by enhanced DNA binding on the heat shock protein
DNA promoters. HSF-1 is negatively regulated by Hsp70 and Hsp90 which is
suggestive of a negative-feedback loop for the regulation of Hsp70 and Hsp90
genes following a heat shock response [9, 10].

The phosphorylation of HSF-1 also modulates its activity, and constitutive
phosphorylation is important for negatively regulating the activity of HSF-1 un-
der normal growth conditions [11]. The kinases responsible for phosphorylating
HSF-1 on several serine sites include glycogen synthase kinase 3β and c-jun N-
terminal kinase [12, 13]. Although a positive role of HSF-1 phosphorylation in
stress-induced activation of heat shock protein gene expression is also known to
occur, the kinases involved and the phosphorylation sites on HSF-1 have not
yet been characterised.

Cells from HSF-1 knock-out mice exhibit defects in heat shock protein in-
duction following exposure to heat shock [14]. Moreover, cells lacking HSF-1
are susceptible to apoptotic cell death following exposure to heat stress [14].
Mice lacking HSF-1 also exhibit elevated levels of tumour necrosis factor-α,
which results in an increased mortality after endotoxin and inflammatory chal-
lenge [14]. Interestingly, HSF-1 has also been shown to modulate other genes
such as IL-1β and c-fos [15, 16], suggesting a role for HSF-1 in regulating other
stress-responsive genes.

11.2.2. HSF-2

As mentioned earlier, heat shock protein gene expression is crucial not only
for the survival of cells exposed to extracellular stress stimuli, but also for
normal cellular physiological events such as embryonic development and
cellular differentiation. HSF-2 has now been described as the factor involved in
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regulating heat shock proteins under non-stressful conditions. For example,
Hsp70 expression is induced by haemin in K562 cells, and this causes them
to differentiate; this process requires activation of HSF-2 [17]. HSF-2 exists as
two isoforms, HSF-2α and HSF-2β, due to alternative splicing. The HSF-2α iso-
form is predominantly expressed in adult tissue, whereas the HSF-2β isoform is
predominantly expressed in embryonic tissue [18]. HSF-2 DNA binding activity
is high during early embryogenesis in tissues such as the heart, central nervous
system and testis [18]. The importance of HSF-2 in development will become
more apparent when the HSF-2 knock-out animals become available.

11.2.3. HSF-3 and HSF-4

HSF-3 was originally identified in avian cells and, like HSF-1, is also heat stress
responsive [19]. However, the threshold temperatures required for the activation
of HSF-3 and HSF-1 are different in that HSF-1 is activated by less severe heat
shock than HSF-3 [19]. No reports have yet described HSF-3 in other organisms.
Previously, HSF-3 was reported to bind to c-Myb, a transcription factor involved
in cellular proliferation and required for the G1/S transition of the cell cycle,
which also paralleled the expression of Hsp70 [20]. These studies suggest that
HSF-3/cMyb interaction might be involved in cell-cycle-dependent expression
of heat shock proteins. Furthermore, it has also been shown that HSF-3/c-Myb
association is disrupted by direct binding of p53 tumour suppressor transcription
factor, resulting in inhibition of Hsp70 expression [21].

In contrast to other heat shock factors, HSF-4 has been reported to function
as a repressor of heat shock protein gene expression [22]. HSF-4 also exists as
two isoforms, HSF-4α and HSF-4β [22, 23], and it was the HSF-4α isoform
that was cloned and used in the original study reporting it to be a repressor.
However, HSF-4β has subsequently been shown to activate heat shock protein
gene expression, which suggests that the HSF-4 gene is able to generate both an
activator and a repressor of heat shock genes [23].

11.3. The role of non-HSF transcription factors in modulating heat
shock protein gene expression

The phenotype of mice lacking HSF-1 is normal in the absence of stress, and
the expression of Hsp70 and Hsp90 in cells lacking HSF-1 is similar to that
in wild-type cells, despite the fact that they exhibit a defect in the heat shock
response following heat stress [14]. These studies suggest that other heat shock
factors might compensate for the lack of HSF-1 and/or that other factors are
also responsible for the expression of heat shock proteins under normal growth
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Table 11.2. Functional role of STATs and their phenotype observed in the
STAT knockout animal

Induce Knockout phenotype

STAT-1 Interferons, IL-6 Viable – defects in immune responses to microbes
STAT-2 Interferons Viable, defects in INF responses
STAT-3 IL-6 family Embryonic lethal
STAT-4 IL-12 Viable – defects in immune responses
STAT-5α Numerous Viable – defects in mammary gland development

due to loss of responses to growth hormone
STAT-5β Numerous Viable – defects in responses to growth hormone

and prolactin as well as defects in T cell
responses

STAT-6 IL-4 Viable – IL-4 responses abolished resulting in
defects in immune responses

conditions. Studies from our laboratory have unravelled a separate group of
transcription factors that are activated by distinct cytokines and are able to
modulate Hsp70 and Hsp90 gene expression. These factors include STAT-1,
STAT-3 and NF-IL6, and their functional roles are described in the next
section.

11.3.1. STATs

The signal transducers and activators of transcription (STATs) are a family of
cytoplasmic transcription factors which mediate intracellular signalling initiated
at cytokine cell-surface receptors and transmitted to the nucleus (Table 11.2).
STATs are activated by phosphorylation on conserved tyrosine and serine
residues on their C-terminal domains by the Janus kinases ( JAKs) and mitogen-
activated protein kinase families, respectively. These allow the STATs to dimerise
and translocate to the nucleus and thereby regulate gene expression (for review
see [24]). Interferon-γ is a potent activator of STAT-1, whilst the interleukin-6
(IL-6) family members including IL-6, leukaemia inhibitory factor and CT-1
primarily activate STAT-3 [24].

Studies from our laboratory have shown STAT-1 and STAT-3 to have opposing
action on apoptotic cell death in various cell types [25]. We have reported that
over-expression of STAT-1 is able to enhance apoptotic cell death in cardiac
myocytes exposed to ischaemia-reperfusion, whereas over-expression of STAT-3
plus STAT-1 reduces the level of STAT-1–induced cell death following ischaemia-
reperfusion by modulating the expression of pro- and anti-apoptotic genes [26].
Furthermore, these effects on apoptosis require serine-727 (but not tyrosine-701)
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phosphorylation on the C-terminal transactivation domain of STAT-1 [27, 28].
We have subsequently shown that STAT-1 is able to modulate the activity of
p53 and its effects on apoptosis [29]. These effects involve STAT-1/p53 protein–
protein interaction with STAT-1 acting as a co-activator for p53 [29].

11.3.2. NF-IL6

The cytokine IL-6 is known to stimulate two distinct signalling pathways which
results in the activation of two different classes of cellular transcription factors
[30] (Figure 11.2). Thus, initial studies showed that a variety of IL-6–inducible
genes contained binding sites for a transcription factor named NF-IL6 (nu-
clear factor IL-6), which showed high homology with the rat-liver nuclear fac-
tor C/EBP (CCAAT-enhancer-binding protein), and is therefore also known as
C/EBPβ [31]. Subsequently, a second member of the C/EBP family, known
as NF-ILβ or C/EBPδ, was identified and shown to form heterodimers with
NF-IL6, resulting in a synergistic transcriptional effect [32]. After exposure of
cells to IL-6, NF-IL6 is phosphorylated, resulting in its enhanced ability to stim-
ulate transcription [32], whereas NF-IL6β is synthesised de novo [32]. As men-
tioned earlier, the second pathway that is stimulated by IL-6 is the JAK/STAT-3
signalling pathway.

It is generally accepted that the NF-IL6/NF-IL6β and STAT-3 signalling path-
ways allow IL-6 to activate two distinct sets of genes, each of which is respon-
sive to one of these pathways. Thus, class 1 acute-phase proteins (such as α1-
acid glycoprotein, haptoglobin, C-reactive protein and serum amyloid) contain
response elements for NF-IL6 and NF-IL6β, and these factors have been shown
to be involved in the activation of these genes following IL-6 treatment [33].
In agreement with this idea, these genes are stimulated by exposure of cells to
IL-1, which also stimulates NF-IL6/NF-IL6β activity without affecting STAT-3
[33]. In contrast, type 2 acute-phase genes such as fibrinogen, thiostatin and
α2-microglobulin, are not inducible by IL-1 and lack binding sites for NF-
IL6/NF-IL6β. Instead, these genes contain binding sites allowing binding of
STAT-3, which is responsible for activation of these genes in response to
IL-6 [33].

11.4. Role of STAT-1, STAT-3 and NF-IL6 factors
in modulating heat shock proteins

We have reported [34] that IL-6 can induce increased expression of Hsp90 in a
variety of different cell types. The Hsp90β gene promoter is responsive to IL-6
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and can also be activated by NF-IL6 or NF-IL6β [34]. Moreover, a short region
of the promoter containing an NF-IL6 binding site is essential for activation
of the promoter by both IL-6 and NF-IL6 and can confer responsiveness both
to IL-6 and to over-expression of NF-IL6 on a heterologous promoter. These
findings suggest that Hsp90 is a member of the class of IL-6–responsive genes
that are activated by NF-IL6/NF-IL6β.

Interestingly, this short region of the promoter also contains binding sites for
STAT-3, and the Hsp90 promoter can also be activated by this factor. Moreover,
over-expression of NF-IL6 and STAT-3 has a synergistic effect on the Hsp90
promoter and both these signalling pathways appear to be required for acti-
vation of the Hsp90 promoter by IL-6 [35]. However, despite their synergistic
action in IL-6 signalling, these two pathways have opposite effects on the heat
shock–mediated regulation of the Hsp90 promoter. Thus, STAT-3 reduces the
stimulatory effect of heat shock, whereas NF-IL6 enhances it. When applied
together, heat shock and IL-6 produce only weak activation of the Hsp90 pro-
moter compared with either stimulus alone, indicating that the inhibitory effect
of STAT-3 on heat shock factor predominates under these conditions [35]. In
contrast, IL-1, which activates only the NF-IL6 pathway, synergises with heat
shock to produce strong activation of Hsp90 [35]. These results therefore open
up a new aspect of Hsp90 gene regulation which is additional to, and interacts
with, the heat shock–activated pathway.

We have also examined whether STAT-1 is able to modulate heat shock protein
expression. We have shown that IFN-γ treatment increases the levels of Hsp70
and Hsp90 and also enhances the activity of the Hsp70 and Hsp90β promoters,
with these effects being dependent on activation of the STAT-1 transcription
factor by IFN-γ [36]. These effects were not seen in a STAT-1–deficient cell line,
indicating that IFN-γ modulates heat shock protein induction via a STAT-1–
dependent pathway. The effect of IFN-γ/STAT-1 is mediated via a short region
of the Hsp70/Hsp90 promoters, which also mediates the effects of NF-IL6 and
STAT-3 and can bind STAT-1 [36].

This region also contains a binding site for the stress-activated transcription
factor HSF-1. We have shown that STAT-1 and HSF-1 interact with one another
via a protein–protein interaction to produce a strong activation of transcrip-
tion [36]. This is in contrast to our previous finding that STAT-3 and HSF-1
antagonise each other, and we showed that STAT-3 and HSF-1 do not interact
directly. To our knowledge, this was the first report of HSF-1 interacting di-
rectly via a protein–protein interaction with another transcription factor. Such
protein–protein interactions and the binding of a number of different stress
and cytokine-activated transcription factors to a short region of the Hsp90 and
Hsp70 gene promoters are likely to play a very important role in heat shock
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protein gene activation by non-stressful stimuli and the integration of these
responses with the stress response of these genes.

11.5. LinkingSTAT-1, STAT-3 and NF-IL6 elevation
to pathological states

A number of disease states have been shown to exhibit elevated levels of heat
shock proteins [37]. This includes patients with systemic lupus erythemato-
sus (SLE), in whom elevated levels of Hsp90 are present. Interestingly, elevated
levels of circulating IL-6 have also been reported in patients with SLE [38],
and levels have been shown to be correlated with disease activity, being highest
in patients with active disease. Moreover, spontaneous production of IgG by
normal and SLE-derived B lymphocytes in culture can be enhanced by the ad-
dition of exogenous IL-6 and inhibited by antibody to IL-6 [39]. These findings
therefore suggest that IL-6 might play a role in the pathogenesis of autoimmune
diseases and the infusion of an antibody to IL-6 can relieve disease symptoms
in lupus-prone NZB/NZW F1 mice [40].

In order to directly test the role of IL-6 in regulating Hsp90 expression in
vivo we have used mice that have been artificially engineered to express elevated
levels of IL-6 either by being made transgenic for extra copies of the IL-6 gene
[41] or by inactivation of the gene encoding the transcription factor C/EBPβ,
which also results in elevation of IL-6 levels in these mice [42]. In these ex-
periments, elevated levels of Hsp90 were observed in both the IL-6 transgenic
and the C/EBPβ knock-out mice [43]. Hence, the elevated IL-6 levels induced
in these animals are indeed paralleled by increased levels of Hsp90 compared
to normal control mice. In addition, elevated Hsp90 was associated with the
specific production of autoantibodies to Hsp90 in both IL-6 transgenic and
C/EBPβ knock-out animals. It is also of interest that inactivation of the IL-6
gene in the C/EBPβ knock-out mice results in the suppression of Castleman-like
disease normally observed in these animals and a reduction in the production
of autoantibodies.

Furthermore, elevated levels of Hsp90 in SLE correlates with levels of IL-6
and autoantibodies to Hsp90 [44]. These results support a model in which el-
evated levels of IL-6 in SLE patients induce elevated levels of Hsp90 protein,
which in turn results in the production of autoantibodies to this protein. Addi-
tionally, IL-10 is also elevated in SLE, and IL-10 was demonstrated to enhance
Hsp90 gene expression [45]. Therefore, these studies strongly suggest that IL-6
and IL-10 are likely to play a critical role in the regulation of Hsp90 levels and
autoantibody production, both in autoimmune disease states and potentially in
normal cells in vivo.
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11.6. Conclusion

In this chapter, studies demonstrating the modulation of heat shock proteins by
a group of transcription factors other than the traditional heat shock factor fam-
ily under normal non-stressful conditions and also in several disease states have
been reviewed. The finding that the responses to these factors occur around the
HSF DNA binding site suggests that HSF-1, as well as other heat shock factors,
are able to interact or cooperate with STATs or NF-IL6 family members. Further
studies to identify novel protein interacting partners for heat shock factors will
also provide insight into the regulation of heat shock proteins. Unravelling the
mechanistic basis to this cooperation will undoubtedly enhance our understand-
ing of the interdependent relationship between distinct heat shock factors and
their interaction with other factors in these complex regulatory processes, which
ensure that the correct heat shock protein expression pattern is produced under
different physiological states.
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Heat Shock Protein Release and Naturally Occurring
Exogenous Heat Shock Proteins

Johan Frostegård and A. Graham Pockley

12.1. Introduction

Although for many years the perception has been that mammalian heat shock
proteins are intracellular molecules that are only released into the extracellular
environment in pathological situations such as necrotic cell death, it is now
known that these molecules can be released from a variety of viable (non-
necrotic) cell types [1–4]. Moreover, we and a number of others have reported
Hsp60 and/or Hsp70 to be present in the peripheral circulation of normal in-
dividuals [5–12]. These observations have profound implications for the per-
ceived role of these proteins as pro-inflammatory intercellular ‘danger’ signalling
molecules and have prompted a re-evaluation of the functional significance
and role(s) of these ubiquitously expressed and highly conserved families of
molecules. The reader should refer to Chapter 2, which discusses the intracellu-
lar dispositions of molecular chaperones and also touches on the release of heat
shock proteins, and Chapter 3, in which novel pathways of protein release are
described.

The mechanism(s) leading to the release of heat shock proteins are unknown,
as is the source of circulating heat shock proteins in the peripheral circulation
and their physiological and pathophysiological role(s). The inverse relationship
between levels of circulating Hsp70 and the progression of carotid atheroscle-
rosis [13], or the presence of coronary artery disease (CAD) [14], appears to be
inconsistent with the concept that this molecule is a danger signal and an in vitro
activator of innate and pro-inflammatory immunity [15]. Although a great deal
of attention has focussed on the capacity of exogenous heat shock proteins to act
as inflammatory activators of innate and adaptive immunity (discussed in detail
in many of the chapters in this volume), exogenous heat shock proteins have also
been shown to have a number of anti-inflammatory and non-immunological,
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cytoprotective effects on a variety of cells types (see, for example, Chapters 13,
14 and 16).

This chapter reviews the evolving evidence that heat shock proteins are present
in, and can be released into, the extracellular compartment under physiological
conditions and summarises the functional versatility of such exogenous proteins.
Further insight into the functionality and significance of actively released and
circulating heat shock proteins might reveal hitherto unknown physiological and
pathophysiological roles for these ubiquitously expressed families of proteins.

12.2. Heat shock protein release – in vitro studies

12.2.1. Historical perspective

During the course of experiments between 1996 and 1997 in which the Pockley
laboratory was investigating the influence of different physicochemical stressors
on stress protein induction and expression by human peripheral blood mononu-
clear cells [16], it became apparent that the heat shock proteins Hsp60 and Hsp70
were present in the plasma of normal individuals. These findings were counter-
intuitive to the proposition that heat shock proteins were only present in the
extracellular milieu in the event of pathological processes that involved cellular
necrosis and were viewed with scepticism. However, the literature revealed that
these and other heat shock proteins can be released from a variety of intact cells
and that this release appears to be via active, rather than passive, processes.

One of the earliest papers documenting heat shock protein release came from
Tytell and colleagues, who reported the transfer of glia-axon transfer proteins,
which include Hsp70, Hsc70 and Hsp100, from adjacent glial cells into the
squid giant axon [17]. This finding prompted the suggestion that the release of
such proteins might be a mechanism by which glial cells, which are capable of
generating effective stress protein-mediated resistance to physical and metabolic
insults, can protect adjacent neuronal cells, which exhibit a deficient response
to stress. The capacity of glial cells to export Hsp70 has subsequently been
demonstrated in a human system using T98G human glioma cells and stress-
sensitive, differentiated LA-N-5 human neuroblastoma cells [18].

One of the seminal studies in the area of heat shock protein release came from
Hightower and Guidon (see Chapter 19) when they reported that heat shock
proteins could be released from cultured rat embryo cells [1]. Heat treatment
increased the number of proteins released from a small set, which included the
constitutively expressed Hsc70, to include the inducible Hsp70 and Hsp110
molecules. Although uncertain, the proposition was that the release of heat
shock proteins might have resulted from changes in pH and gas tension, a
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disruption of the diffusion layer at the cell surface or by mechanical stresses that
were associated with the manipulations that are an inevitable consequence of
prolonged in vitro cell culture techniques [1]. The release of heat shock proteins
did not appear to be mediated via the common secretory pathway, because it was
not blocked by the inhibitors colchicine and monensin [1]. Nor was heat shock
protein release due to cell lysis, because Hsp70 was not readily released from cells
exposed to low concentrations of non-ionic detergents [1]. Rather, a selective
release mechanism was suggested, and this was supported by the observation that
Hsp70 synthesised in the presence of the lysine amino acid analogue aminoethyl
cysteine was not released from cells. This was probably due to an alteration in the
structure and/or function of the molecule which prevents its correct interaction
with the specific release mechanism [1]. A number of studies have since reported
the release of heat shock proteins from a range of cell types. See Chapter 3 for
a detailed discussion of protein secretion mechanisms.

12.2.2. Heat shock proteins are released from a number
of different cell types

Heat shock induces a four-fold increase in the levels of Hsp60 in the medium
from cultured human islet cells [2], and an Hsp60-like protein is released from
insulin-secreting β-cells [19].

An Hsp60-like protein has also been detected in conditioned media derived
from cultured rat cortical astrocytes and a human neuroblastoma cell line [3].
In the case of neuroblastoma cells, extracellular Hsp60-like immunoreactivity
is increased three-fold in the presence of the neuropeptide vasoactive intestinal
peptide (VIP), and this increase occurs concomitantly with a two- to three-fold
reduction in intracellular levels. Levels of exogenous Hsp60 are also increased
two-fold after temperature elevation, and the effects are additive when VIP and
thermal stress are combined [3]. As with most studies, no lactate dehydrogenase
activity, an exclusively intracellular enzyme, was observed in the extracellular
compartment, thus excluding the presence of cellular necrosis/damage [3]. The
ability of cells to secrete heat shock proteins appears to be dependent on the
cell type, because the levels of extracellular Hsp60-like protein generated by a
human keratinocyte-derived cell line are at least 10-fold less than those generated
by human neuroblastoma cells [3]. Readers should refer to Chapter 15 for further
discussion of the interactions among neuronal cells, VIP and Hsp60.

Heat shock proteins are also released from cultured vascular smooth muscle
cells subjected to oxidative stress by treatment with the naphthoquinolinedione
LY83583. Sequential chromatography and tandem mass spectrometry has iden-
tified several proteins that are specifically secreted in response to such a stress,
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one of which is Hsp90α [4]. The release of heat shock proteins appears to be
selective, because Hsp90β is not secreted under such conditions [4].

Murine and human prostate cancer cell lines secrete Hsp70, and secretion
can be increased by forcing the expression of the protein by transfecting cells
with a vector coding for murine Hsp70 [20]. Data from a number of sources
would suggest that the release of such proteins from tumour cells might have
implications for the development of tumour immunity (see Chapter 18), and
indeed the forced over-expression of Hsp70 delays tumour growth and extends
the survival of mice administered such Hsp70 transformed cells [20]. Another
study has shown that IFN-γ can induce the active release of Hsc70 from K562
erythroleukaemic cells and that this was mirrored by a concomitant reduction
in the amount of Hsc70 present on the surface of these cells [21]. The impact
that such a release might have on the development of immunity is unclear
given the evidence that Hsc70 appears to be unable to mediate the induction of
tumour-specific immunity [22].

As detailed in Chapter 14, the presence of cell-free BiP has been reported in
the synovial fluid and serum of patients with rheumatoid arthritis, and also in the
synovial fluid of patients with other joint diseases. Hsp70 levels are dramatically
increased in the synovial fluid of patients with rheumatoid arthritis and, to a
much lesser extent, in the synovial fluid of patients with osteoarthritis and gout
[23]. Given that BiP has anti-inflammatory actions, the release of this protein in
rheumatoid arthritis might be part of a natural anti-inflammatory mechanism
involving molecular chaperones.

12.3. Mechanisms of heat shock protein release

Although cellular necrosis inevitably leads to the non-specific release of intra-
cellular proteins, the mechanism(s) via which heat shock proteins are actively
released, either constitutively or in response to various factors from viable (non-
necrotic) cells, has yet to be fully elucidated. As described in Chapter 3, ‘non-
classical’ secretion of proteins that lack the typical N-terminal signal peptide
sequences has been observed for a number of proteins such as fibroblast growth
factors 1 and 2, IL-1 as well as viral proteins [24] and the mechanisms involved
in such a process are reviewed in that chapter. A number of mechanisms might
be involved in the release of heat shock proteins.

12.3.1. Release of heat shock proteins via classical or non-classical
secretory pathways?

The original report of heat shock protein release from rat embryo cells suggested
that it was not influenced by the inhibitors of the common secretory pathway,
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colchicine and monensin [1]. Inhibiting the common secretory pathway using
brefeldin A also appears to have no effect on the release of Hsp70 from neu-
roblastoma cells treated with VIP [3], nor does it influence the release of Hsp70
from prostate cancer cell lines [20].

One study showing that a pharmacological inhibitor of phospholipase C ac-
tivity (U731222) induces the release of Hsp70 from the A431 human carcinoma
cell line suggests that phospholipase C inhibition might be one such mecha-
nism [25]. The release of Hsp70 induced by inhibiting phospholipase C activity
might occur via vesicular transport, because in the same publication the authors
refer to unpublished data that indicate that the inhibition of vesicular transport
with brefeldin A prevents Hsp70 release [25].

Another observation has been that a large proportion of the Hsp70 released
by A431 human carcinoma cells is ubiquitinylated [25]. In addition to signalling
for proteosome-dependent degradation, ubiquitination has been shown to serve
as a trigger for different transport events [26, 27].

12.3.2. Release of heat shock proteins via exosomes?

Exosomes are small membrane vesicles that form within late endocytic compart-
ments called multi-vesicular bodies (MVBs) and are distinct to apoptotic vesicles
in that they differ in their mode of production and protein composition [28].
Further details on exosomes can be found in Chapter 3. The fusion of MVBs
with the plasma membrane leads to the release of exosomes into the extracel-
lular space. Various haematopoietic and non-haematopoietic cell types secrete
exosomes, including reticulocytes, B and T lymphocytes, mast cells, platelets,
macrophages, alveolar lung cells, tumour cells, intestinal epithelial cells and
professional antigen-presenting cells (APCs) such as dendritic cells (DCs), and
their function in different physiological processes depends on their origin [29].
DC- and tumour-derived exosomes are enriched in Hsp70, Hsc70 and Hsp90
[30, 31] and exosomes released from reticulocytes contain Hsp70 [32]. It might
be that the release of heat shock proteins from cells is achieved via such a route.

12.3.3. Release of heat shock proteins via lipid rafts?

Lipid rafts might also be involved in the localisation of Hsp70 to the cell sur-
face and its secretion into the extracellular environment [33]. Lipid rafts are
specialised membrane domains enriched in sphingolipids, cholesterol and pro-
teins that have been primarily characterised in polarised epithelial cells. Many
functions have been attributed to lipid rafts, including cholesterol transport,
membrane sorting, endocytosis and signal transduction [34, 35], and they can
be isolated as detergent-resistant microdomains (DRMs) [36]. Hsp70 and Hsp90
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and other molecules that are implicated in lipopolysaccharide (LPS)-mediated
cellular activation are present in DRMs following LPS stimulation [37].

In unstressed Caco-2 human colonic adenocarcinoma epithelial cells, heat
shock proteins (especially Hsp70) are present in a major Triton X-100 soluble
form and a minor detergent insoluble form, which is associated with DRMs.
Levels of Hsc70 and chaperones that are typically resident in the endoplasmic
reticulum are low or undetectable in DRMs [33]. The translocation of Hsp70
into DRMs can be enhanced by heat shock or by increasing intracellular Ca2+

levels [33]. Although the incorporation of Hsp70 into the DRMs and the re-
lease of Hsp70 from Caco-2 cannot be inhibited by blockade of the common
secretory pathway using brefeldin A or monensin, Hsp70 release can be blocked
by disrupting lipid rafts using methyl-β-cyclodextrin [33].

Hypotheses about the extracellular biology of molecular chaperones find lack
of support from referees and granting bodies because of a perception that be-
cause there are no defined mechanisms for the secretion of these proteins they,
therefore, cannot be secreted. This position has been clearly defined by John
Ellis, one of the pioneers of chaperone biology, in Chapter 1. However, it must
be recognised that we know surprisingly little about protein secretions. It is only
within the past decade or so that a number of extremely important and novel
pathways of protein secretion in bacteria have been identified. The secretion
pathways by which key mediators like IL-1 are released from eukaryotic cells
are still not fully identified. The development of the biology of extracellular
molecular chaperones will depend on the elucidation of the pathways by which
these proteins are released from cells, and the authors hope that readers of this
volume will take up this challenge.

12.4. Circulating heat shock proteins in health and disease

12.4.1. Circulating heat shock proteins in normal individuals

Hsp60 and Hsp70 are present in the serum of clinically normal individuals, in
some instances at levels that are likely to elicit biological effects (>1000 ng/mL;
[5, 8, 10, 12]. Circulating Hsp60 levels are not associated with cardiovascular risk
factors such as body mass index, blood pressure and smoking status [5]; however,
higher levels of circulating Hsp60 have been noted in individuals exhibiting an
unfavourable lipid profile, as indicated by a low HDL cholesterol and a high
total/HDL cholesterol ratio [10]. Levels are also associated with levels of the
inflammatory cytokine tumour necrosis factor (TNF)-α [10]. In another study,
serum Hsp60, but not Hsp70, levels have been shown to be associated with
VLDL and triglyceride levels [5].
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Exercise has been shown to induce the release of Hsp70 into the peripheral
circulation of normal individuals [38, 39]. In one study, the observed increase
in Hsp70 levels preceded any increases in Hsp70 protein and gene expression in
contracting muscle, thereby arguing against contracting muscle being the source
of the circulating Hsp70 [38]. Subsequent studies have demonstrated that the
release of Hsp70 from splanchnic tissues during exercise is responsible, in part
at least, for the elevated systemic concentrations of this protein [39].

12.4.2. Circulating heat shock proteins and ageing

Increasing age is associated with a reduced capacity to maintain homeostasis in
all physiological systems, and it might be that this results, in part at least, from
a parallel and progressive decline in the ability to produce heat shock proteins.
If this is so, an attenuated heat shock protein response could contribute to the
increased susceptibility to environmental challenges and the more prevalent
morbidity and mortality which is seen in aged individuals [40, 41].

In vitro studies have shown that Hsp70 expression in heat-stressed lung cells
[42], hepatocytes and liver [43, 44], splenocytes [45], myocardium [46] and
mononuclear cells is reduced with increasing age [40], as is the induction of
Hsp70 expression in response to ischaemia [47] and mitogenic stimulation [48].
Hsp70 gene expression declines during normal aging in human retina [49], and
heat shock–induced Hsp70 expression is decreased in senescent and late-passage
cells, both of which suggest that the process of aging itself might be associated
with reduced Hsp70 production [50–52].

In keeping with the reduced capacity of cells and organisms to generate stress
responses with aging, Hsp70 levels in peripheral blood lymphocytes decline
with age, as do serum levels of Hsp60 and Hsp70 [9, 53]. The biological and
physiological relevance of declining levels of circulating heat shock proteins
with increasing age are unclear; however, intuitively, one consequence might be
a reduced resistance to stress and the accumulation of damage.

12.4.3. Circulating heat shock proteins in cardiovascular disease

Evidence suggests that the inflammatory component to atherosclerosis might,
at least in part, involve immune reactivity to heat shock proteins [54, 55], and a
number of investigators have measured circulating levels of heat shock proteins
in a variety of cardiovascular disease states. Hsp60 and Hsp70 are present in
the serum of clinically normal individuals [5, 8, 10], and we and others have
shown that serum Hsp60 levels are associated with early atherosclerosis in such
individuals [5, 8]. Hsp60 has also been detected in the circulation of patients
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with acute coronary syndromes and chronic stable angina [56], and Hsp70 levels
are elevated in patients with peripheral and renal vascular disease [57].

12.4.3.1. Circulating heat shock proteins as attenuators
of cardiovascular disease?
A study of 218 subjects with established hypertension has shown that increases
in carotid intima-media (IM) thicknesses (a measure of atherosclerosis) at a four-
year follow-up are significantly less prevalent (odds ratio 0.42; p < 0.008) in those
individuals having high serum Hsp70 levels (75th percentile) at enrollment [13].
A similar, albeit non-significant, trend for Hsp60 levels (odds ratio 0.6; p = 0.10)
has also been observed. The relationship between Hsp70 levels and changes in
IM thickness is independent of age, smoking habits and blood lipids.

A cross-sectional study that measured serum Hsp70 levels in 421 individuals
evaluated for CAD by coronary angiography found that serum Hsp70 levels are
significantly higher in patients without evidence of CAD, which supports our
findings [14]. Again, the association of high Hsp70 levels with lack of CAD was
independent of any relationship with traditional risk factors [14]. These findings
indicate that circulating Hsp70 levels predict the development of atherosclero-
sis, at least in subjects with established hypertension and, arguably more im-
portantly, suggest that Hsp70 influences its progression. The mechanism(s) by
which such effects are manifested are currently unclear. However, atherosclerosis
is an inflammatory condition, and Hsp70 is known to be capable of attenuat-
ing inflammatory responses by inducing self-heat shock protein–specific Th2-
type CD4+ T cells producing the regulatory cytokines IL-4 and IL-10 [58–60],
and mycobacterial Hsp70 induces the secretion of IL-10 from peripheral blood
monocytes [61].

Although we have previously reported elevated levels of Hsp70 in the pe-
ripheral circulation of patients with peripheral and renal vascular disease [57],
we have not observed any relationship between Hsp70 levels and IM thickness
in subjects with established hypertension [11], nor have we observed any re-
lationship between Hsp70 levels and IM thickness in subjects with borderline
hypertension [5]. Elevated levels of Hsp70 in peripheral and renal vascular dis-
ease [57] might result from the inflammatory response that is associated with
established atherosclerotic disease. This proposition is supported by the observa-
tion that, although higher than controls, Hsp70 levels in patients with localised
renal vascular disease are significantly lower than those in patients with more
disseminated peripheral vascular disease [57]. It appears to be difficult to draw
parallels between the events leading to elevated Hsp70 levels in overt and clini-
cally established symptomatic vascular disease with those involved in the more
subtle changes associated with increases in IM thickness.
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12.4.3.2. Circulating heat shock proteins as promoters
of cardiovascular disease?
A subset of CD4+ T cells which lacks expression of the CD28 co-stimulation
antigen (CD4+CD28null) is expanded in the circulation of patients with unsta-
ble angina and can comprise up to 50% of this cell population [62]. That these
cells exhibit characteristics of natural killer cells, can produce high levels of
IFN-γ and are present in ruptured atherosclerotic plaques suggests that they
might have a role in the events that lead to plaque destabilisation and acute
coronary syndrome (ACS) [63]. Human Hsp60 (which is present in the pe-
ripheral circulation of these individuals [56]) induces CD4+CD28null T cells
from patients with ACS to express mRNA for IFN-γ and the cytolytic molecule
perforin, whereas CD4+CD28null cells obtained from normal individuals or pa-
tients with chronic stable angina do not respond to Hsp60 [56]. The influence
of Hsp60-reactive CD4+CD28null cells on the events leading to ACS remains
to be more fully determined.

12.4.4. Circulating heat shock proteins in diabetes

12.4.4.1. Type 1 diabetes
Although they did not detect them in plasma from normal individuals, Finotti
and colleagues have reported that Hsp70 and grp94 (gp96) are present at high
concentrations in the plasma of patients with type 1 diabetes and that they are
complexed with IgG and albumin [64, 65]. Vascular complications in patients
with type 1 diabetes are reflected, often independently, by (i) glycaemic control,
(ii) alterations in proteolytic enzyme action and inhibition and (iii) a higher
than normal proteolytic activity of plasma [66]. Grp94 entirely accounts for
the proteolytic activity of plasma from diabetic patients and the proteolytic
form of circulating grp94 appears to lack the glycosylation exhibited by its ER-
derived counterpart [64, 65]. Alpha1-anti-trypsin (α1AT) is the most important
circulating inhibitor of serine protease activity and is complexed with grp94 in
the plasma of patients with type 1 diabetes [64, 65].

12.4.4.2. Type 2 diabetes
The presence of Hsp70 in the plasma of patients with type 2 diabetes has been
reported by Williams and colleagues [67]. Patients with type 2 diabetes are
subject to oxidative stress as a consequence of their hyperglycaemic state, and
this might contribute to the vascular complications that are experienced by these
individuals [68, 69]. Oxidative stress also results from the elevated homocysteine
levels that are often found in patients with type 2 diabetes, high levels of which
are a significant risk factor for diabetes [70]. Hsp70 levels in patients that are not
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taking insulin are higher than those that are present in patients taking insulin,
and the reduction of serum homocysteine levels by the administration of the
antioxidant folic acid, which reduces oxidative stress in vivo, significantly lowers
circulating Hsp70 levels [67]. Hsp70 might therefore be a suitable marker of the
severity of this clinical condition and be useful for monitoring patients with
type 2 diabetes.

12.4.5. Circulating heat shock proteins and stress

During the course of a study investigating levels of circulating Hsp60 in the
plasma of 229 healthy British civil servants taking part in the Whitehall II study, a
prospective study aimed at identifying risk factors for coronary heart disease [71],
Henderson and colleagues identified a significant association between elevated
levels of Hsp60, low socioeconomic status and social isolation in males and
females, as well as psychological distress in women [10]. Some insight into the
mechanism by which this occurs has been provided by experimental animal
studies.

Psychological stress induced by exposing male rats to a cat without physical
contact increases serum levels of Hsp70, concomitant with an induction of in-
tracellular expression of Hsp70 in the hypothalamus and dorsal vagal complex
[72]. This effect appears to be mediated by adrenal hormones, as the induc-
tion on intracellular expression and circulating levels of Hsp70 elicited by cat
exposure does not occur, or is attenuated in adrenalectomised animals [72].

12.4.6. Circulating heat shock proteins and infection

Elevated serum levels of Hsp70 have been found in patients with acute infec-
tions, and Hsp70 levels correlate with levels of the inflammatory markers IL-6
and TNF-α, as well as with levels of the anti-inflammatory cytokine IL-10 [12].

12.4.7. Circulating heat shock proteins after surgery and trauma

Surgical procedures increase circulating levels of heat shock proteins. Plasma
concentrations of Hsp70 and IL-6 markedly increase in patients undergoing
liver resection and are significantly associated with post-operative infection [73].
Hsp70 is also associated with hepatic ischaemic time and with the degree of post-
operative organ dysfunction [73]. Although the observed relationship between
Hsp70 and organ dysfunction would suggest that, rather than being cytoprotec-
tive, circulating Hsp70 is involved in the development of organ dysfunction,
another study has shown there to be no relationship between Hsp70 levels and
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organ dysfunction, nor between Hsp70 levels and the severity of the post-injury
inflammatory response following severe trauma [74]. Indeed, in the latter study,
high levels of Hsp70 appear to be associated with an improved survival under
such circumstances [74].

Hsp70 is released into the circulation following coronary artery bypass graft-
ing (CABG) [75]. The observation that levels of Hsp70 peak immediately after
surgery and before those of IL-6 (which peak at 5 hours) prompted the sugges-
tion that Hsp70 release might contribute to the inflammatory response which
is reflected by elevated IL-6 levels [75]. The release of Hsp70 following CABG
appears to be related to the use of a heart-lung machine, because on-pump
procedures result in plasma levels of Hsp70 that are approximately four times
greater than those present after off-pump procedures [76]. Nevertheless, Hsp70
levels after off-pump procedures are significantly higher than pre-operative lev-
els [76]. Interestingly, on-pump procedures also induce high levels of IL-10, and
the highest levels of IL-10 are present in those individuals with the highest lev-
els of Hsp70 [76]. Although this would appear to be counterintuitive given the
perceived role of Hsp70 as an inflammatory agent, it is consistent with the obser-
vations that Hsp70 can induce regulatory Th2-type CD4+ T cells producing the
cytokines IL-4 and IL-10 ([58–60] and see Section 12.7) and that mycobacterial
Hsp70 can induce the production of IL-10 from monocytes [61].

12.5. Sequence versus functional conservation
in the heat shock protein families

The ability of heat shock proteins to influence the activities of the innate
and adaptive immune systems independently of chaperoned peptides has been
demonstrated using both microbial- and endogenously derived (self ) heat shock
proteins (micHsp and enHsp, respectively). One of the dogmas of heat shock
protein biology is that the high degree of sequence homology between equiva-
lent heat shock protein family members derived from prokaryotes and eukary-
otes (∼50%) is reflected in a high degree of functional conservation. However,
the rigidity of this concept is questioned by a number of studies because, de-
spite their high degree of phylogenetic conservation, the biological activities
of highly homologous heat shock proteins can differ considerably (see Section
6.4 in Chapter 6). Immune responses to micHsp and enHsp are tightly con-
trolled, differentially controlled, and quantitatively and qualitatively different.
A small number of bacteria, one of which is Mycobacterium tuberculosis, contain
multiple genes encoding Hsp60 (chaperonin 60, cpn) genes, and despite hav-
ing greater than 73% amino acid similarity, mycobacterial Cpn60.1 is between
10- and 100-fold more active in inducing cytokine secretion than Cpn60.2
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(otherwise known as Hsp65) [77]. In addition, whereas Cpn60.3 from Rhizo-
bium leguminosarum induces the production of a range of cytokines from human
monocytes, Cpn60.1, which has a 74% amino acid sequence homology with
Cpn60.3, exhibits no cytokine-inducing activity [78]. Thirdly, Hsp60 from the
oral bacterium Actinobacillus actinomycetemcomitans and Escherichia coli are po-
tent stimulators of bone resorption [79, 80], whereas equivalent molecules from
mycobacteria are not [79, 81].

Despite having similar potency for stimulating TNF-α production in mouse
macrophages, phylogenetically separate Hsp60 species interact with murine
macrophages via different recognition systems [82]. The same might be true
for members of other heat shock protein families, and it has been shown that
human Hsp70 binds to murine macrophages via the CD40 molecule, but at a
binding site which is distinct to that used by the bacterial Hsp70 homologue
DnaK [83].

T cells appear to be capable of distinguishing enHsp60 and micHsp60, be-
cause the phenotype of T cells responding to eukaryotic and prokaryotic Hsp60
and their cytokine secretion profile differ. Whereas human Hsp60 activates
CD45RA+RO− (naı̈ve) human peripheral blood T cells, bacterial-specific pep-
tides activate CD45RA−RO+ (memory) T cells, and bacterial Hsp60 (which
contains both conserved (human) and non-conserved (bacterial) sequences) ac-
tivates CD45RA+RO− and CD45RA−RO+ T cells [84].

The phenotype of the immune response to enHsp and micHsp60 also differs
because T cells isolated from the synovial fluid of patients with rheumatoid
arthritis respond to enHsp60 by predominantly producing regulatory Th2-type
cytokine responses, whereas the response to micHsp60 produces higher lev-
els of IFN-γ, which is consistent with a pro-inflammatory Th1-type response
[85]. In addition, T cell lines generated from the synovial fluid of patients
with rheumatoid arthritis in response to enHsp60 suppress the production of
the pro-inflammatory cytokine TNF-α by peripheral blood mononuclear cells,
whereas cells generated using mycobacterial Hsp65 have no such regulatory
effect [85].

12.6. Functional consequences of exogenous
heat shock proteins: immunological

Much attention has focussed on the capacity of heat shock proteins to interact
with and influence the activities of innate and adaptive immune cells via a
number of different receptors, including those of the Toll-like receptor family,
and these activities are reviewed in great detail elsewhere in this volume (see
Chapters 5 to 11).
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Heat shock protein expression and immune reactivity towards heat shock
proteins have been implicated in autoimmune diseases such as arthritis [86–88],
multiple sclerosis [89–91], diabetes [92–94] and cardiovascular disease [55],
and the administration of mammalian Hsp70 has been shown to prevent the
induction of tolerance and promote the development of autoimmune disease
in vivo [95].

The general perception is that exogenous heat shock proteins act as inflamma-
tory mediators. However, from an evolutionary perspective it would not seem
reasonable that mammalian responses to bacterial heat shock proteins (which
presumably evolved as a defence) should also occur against ubiquitously ex-
pressed mammalian heat shock proteins, especially given that these proteins are
present in the extracellular compartment under non-pathological conditions.
A number of observations question the proposition that immune reactivity to
self-heat shock proteins necessarily has a direct pro-inflammatory role in inflam-
matory disease.

The induction of T cell reactivity to enHsp60 and enHsp70 down-regulates
disease in a number of experimental arthritis models, by a mechanism that
appears to involve the induction of Th2-type CD4+ T cells producing the regu-
latory cytokines IL-4 and IL-10 [58–60, 96–100]. The clinical relevance of these
findings has been confirmed by studies that have reported an inverse association
between the severity of disease and the production of regulatory cytokines such
as IL-4 and IL-10 by T cells stimulated with Hsp60 in patients with rheumatoid
arthritis [101–103]. The anti-inflammatory capacity of heat shock proteins also
appears to be effective at the level of the APC, because mycobacterial Hsp70
induces the production of IL-10 by synoviocytes from patients with arthritis,
and from monocytes from both patients and healthy controls [61]. IL-10 pro-
duction by synoviocytes is accompanied by a decrease in the production of
TNF-α [61].

The anti-inflammatory capacity of enHsp60 reactivity appears to dominate,
because the administration of whole mycobacterial Hsp65, which contains the
epitope that induces T cell activation and can induce arthritis in rats when ad-
ministered alone, does not induce the disease. It therefore appears that the con-
comitant presence of conserved (self ) epitopes can dominantly down-regulate
the arthritogenic capacity of the non-conserved (non-self ) epitopes [98]. The ca-
pacity of heat shock proteins to regulate inflammatory disease and the potential
mechanisms by which this is achieved are reviewed in Chapter 16.

Much less studied has been the regulatory role of heat shock proteins in
transplant rejection [104]; however, immunising recipient mice with enHsp60,
or Hsp60 peptides that have the capacity to shift Hsp60 reactivity from a pro-
inflammatory Th1 phenotype towards a regulatory Th2 phenotype, can delay
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208 Johan Frostegård and A. Graham Pockley

murine skin allograft rejection [105]. In the clinical situation, it also appears that
the development of immune responses to enHsp60 can regulate the allograft
rejection response, in that in the late post-transplantation period (longer than
one year) IL-10 production in response to enHsp60 peptides is increased [106].
At this time, the recognition of peptides from the intermediate and C-terminal
regions of the protein appears to dominate [106].

A number of other heat shock proteins have been shown to exhibit anti-
inflammatory activity. Human Hsp10 is now known to be early pregnancy fac-
tor [107, 108] and has been shown to be capable of inhibiting inflammation in
the animal model of multiple sclerosis, experimental allergic encephalomyeli-
tis [109, 110] (see Chapter 5). Extracellular Hsp27 stimulates IL-10 secretion
by monocytes [111], and the anti-inflammatory properties of this protein are
reviewed in Chapter 13. The protein BiP (grp78), a member of the Hsp70 fam-
ily of molecules, is an autoantigen in rheumatoid arthritis [112], and its anti-
inflammatory effects are reviewed in Chapter 14.

Taken together, these findings suggest that, rather than being pro-
inflammatory, reactivity to endogenous (self ) heat shock proteins is part of
a normal immunoregulatory response that has the potential to dominantly con-
trol pro-inflammatory responses and inflammatory disease. The report that the
treatment of human monocytes with enHsp60 suppresses their production of
TNF-α following re-stimulation with enHsp60 or treatment with LPS, yet en-
hances their production of IL-1β, and that it down-regulates the expression of
HLA-DR, CD86 and Toll-like receptor 4 [113], highlights the complexity of
heat shock protein–mediated immunoregulation and the difficulties that will
be encountered in attempting to understand the balance between the ability of
these proteins to control inflammatory and regulatory responses.

12.7. Functional consequences of exogenous
heat shock proteins: non-immunological

Although much attention has focussed on the capacity of exogenous heat shock
proteins to interact with and influence the activities of innate and adaptive
immune cells, a number of studies have also considered non-immunological
consequences of heat shock protein interactions with a range of cell types. For
example, exogenous Hsp/Hsc70 can change the differentiation patterns of the
U937 promonocytic cell line [114] and has been shown to have a number of
cytoprotective and other activities. Exogenous Hsp27, which is a member of the
smaller heat shock protein family, inhibits in vitro culture-induced neutrophil
apoptosis [115].
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12.7.1. Cytoprotection

The cytoprotective effects of intracellular heat shock proteins have been ap-
preciated for some considerable time [116]; however, extracellular heat shock
proteins also appear to have cytoprotective effects (see Chapter 9). Some of
the earliest evidence that heat shock proteins might have a therapeutic poten-
tial arose from the observations that exogenous members of the Hsp70 family
protect spinal sensory neurons from axotomy-induced death and cultured aor-
tic cells from heat stress [117, 118]. Subsequent work using a neonatal mouse
model, in which spinal sensory (dorsal root ganglion) and motor neurons are
induced to die by transection of their peripheral projections, demonstrated that
exogenous Hsc70 can prevent axotomy-induced death of spinal sensory neurons
[117]. The protective effect was selective, because treatment had no effect on
the survival of motor neurons [117].

The capacity of glial cells to export Hsp70, and of Hsp70 to protect stressed
neural cells, has also been demonstrated in a human system using T98G human
glioma cells and stress-sensitive, differentiated LA-N-5 human neuroblastoma
cells [18]. It might therefore be the case that heat shock protein release is an
altruistic response on the part of one cell which is aimed at the protection of its
more vulnerable neighbours [1].

Evidence that exogenous Hsp70 has cytoprotective effects on vascular-derived
cells arose from the observations that exogenous Hsp70 protects heat-stressed
cynomolgus macaque aortic cells [118] and serum-deprived rabbit arterial
smooth muscle cells [119], the latter by a mechanism which involved cell as-
sociation, but not internalisation. The mechanism by which such protection
is induced is unknown, and the cell surface receptors involved have not been
identified. However, some insight has been provided by studies that have shown
exogenous Hsp70 to increase intracellular Hsp70 levels, which in turn delays the
decline in viability of stressed cells [120], and that the accumulation of Hsp70
protects a range of cell types from apoptotic cell death induced by a number
of apoptotic stimuli [121–125]. Hsp70 can inhibit apoptosis downstream of
cytochrome c release, but upstream of caspase-3 cleavage, and the carboxyl-
terminal region containing the peptide-binding domain is sufficient to inhibit
caspase-3 activation [126].

Exogenous Hsp/Hsc70 renders neuroblastoma cells more resistant to
staurosporine-induced apoptosis [18] and U937 pre-monocytes more resistant
to cell death and apoptosis induced by TNF-α [114]. In human carcinoma cells,
the release of Hsp70 induced by an inhibitor of phospholipase C activity leads
to a concomitant reduction in intracellular levels of the protein, which in turn
renders cells more sensitive to the apoptogenic effects of hydrogen peroxide
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[25]. However, other studies in which Hsp70 expression has been enhanced
by transfection have reported that elevated release of Hsp70 does not result in
reduced intracellular levels [20].

12.7.2. Other activities

It must be emphasised that the biology of extracellular molecular chaperones is
still in its infancy and the authors suggest that many and varied effects of these
proteins will be reported. As examples from the current literature, M. tuberculosis
Cpn10 is a potent inducer of bone resorption and the major osteolytic compo-
nent of this organism [81] (see Chapter 5). As highlighted earlier, Hsp60 from
the oral bacteria A. actinomycetemcomitans and E. coli are potent stimulators of
bone resorption [79, 80], although equivalent molecules from mycobacteria are
not [79, 81]. Human Hsp70, bacterial Hsp60 and their mycobacterial homo-
logues induce ion-conducting pores across planar lipid bilayers at low or neutral
pH [127]. A final example of the evolutionary plasticity of Hsp60 is the report
that the endosymbiotic bacterium, Enterobacter aerogenes, present in the saliva of
the antlion (a hunting insect), is the source of the neurotoxin produced by this
insect. This insect toxin is none other than our old friend Hsp60 [128].

12.8. Conclusions

Heat shock proteins are extremely versatile and potent molecules, the impor-
tance of which to biological processes is highlighted by the high degree to which
their structure and function are phylogenetically conserved. Our knowledge of
the physiological role of heat shock proteins is currently limited; however, a
better understanding of their function and thereby the acquisition of the ca-
pacity to harness their power might lead to their use as therapeutic agents and
revolutionise clinical practice in a number of areas.

The observations that heat shock proteins can be released, and that they can
directly or indirectly elicit potent immunoregulatory activities, requires that a
new perspective on the roles of heat shock proteins and anti–heat shock protein
reactivity in autoimmunity, transplantation, vascular disease and other condi-
tions must be considered. It is the qualitative nature of the response to, or
induced by, heat shock proteins rather than its presence per se that is important,
and future experimental and clinical studies attempting to associate heat shock
proteins in disease pathogenesis need to be structured and designed to address
these issues. It is also important to definitively define the specificity of any re-
sponses, so that its outcome can be attributed to self- or non-self-reactivity. By
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doing this, the contribution of infective agents to pathogenic processes such as
autoimmunity and vascular disease can be truly evaluated.
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218 Johan Frostegård and A. Graham Pockley

104. Pockley A G. Heat shock proteins, heat shock protein reactivity and allograft rejec-
tion. Transplantation 2001, 71: 1503–1507.

105. Birk O S, Gur S L, Elias D, Margalit R, Mor F, Carmi P, Bockova J, Altmann D M
and Cohen I R. The 60-kDa heat shock protein modulates allograft rejection. Proc
Nat Acad Sci USA 1999, 96: 5159–5163.

106. Caldas C, Spadafora-Ferreira M, Fonseca J A, Luna E, Iwai L K, Kalil J and Coelho
V. T-cell response to self HSP60 peptides in renal transplant recipients: a regulatory
role? Transplant Proc 2004, 36: 833–835.

107. Cavanagh A C. Identification of early pregnancy factor as chaperonin 10: implica-
tions for understanding its role. Rev Reprod 1996, 1: 28–32.

108. Rolfe B, Cavanagh A, Forde C, Bastin F, Chen C and Morton H. Modified rosette
inhibition test with mouse lymphocytes for detection of early pregnancy factor in
human pregnancy serum. J Immunol Methods 1984, 70: 1–11.

109. Zhang B, Walsh M D, Nguyen K B, Hillyard N C, Cavanagh A C, McCombe
P A and Morton H. Early pregnancy factor treatment suppresses the inflammatory
response and adhesion molecule expression in the spinal cord of SJL/J mice with
experimental autoimmune encephalomyelitis and the delayed-type hypersensitivity
reaction to trinitrochlorobenzene in normal BALB/c mice. J Neurol Sci 2003, 212:
37–46.

110. Athanasas-Platsis S, Zhang B, Hillyard N C, Cavanagh A C, Csurhes P A, Morton
H and McCombe P A. Early pregnancy factor suppresses the infiltration of lympho-
cytes and macrophages in the spinal cord of rats during experimental autoimmune
encephalomyelitis but has no effect on apoptosis. J Neurol Sci 2003, 214: 27–36.

111. De A K, Kodys K M, Yeh B S and Miller-Graziano C. Exaggerated human monocyte
IL-10 concomitant to minimal TNF-α induction by heat-shock protein 27 (Hsp27)
suggests Hsp27 is primarily an anti-inflammatory stimulus. J Immunol 2000, 165:
3951–3958.

112. Corrigall V M, Bodman-Smith M D, Fife M S, Canas B, Myers L K, Wooley P, Soh
C, Staines N A, Pappin D J, Berlo S E, van Eden W, van der Zee R, Lanchbury
J S and Panayi G S. The human endoplasmic reticulum molecular chaperone BiP is
an autoantigen for rheumatoid arthritis and prevents the induction of experimental
arthritis. J Immunol 2001, 166: 1492–1498.

113. Kilmartin B and Reen D J. HSP60 induces self-tolerance to repeated HSP60 stimu-
lation and cross-tolerance to other pro-inflammatory stimuli. Eur J Immunol 2004,
34: 2041–2051.

114. Guzhova I V, Arnholdt A C, Darieva Z A, Kinev A V, Lasunskaia E B, Nilsson K,
Bozhkov V M, Voronin A P and Margulis B A. Effects of exogenous stress protein
70 on the functional properties of human promonocytes through binding to cell
surface and internalization. Cell Stress Chaperon 1998, 3: 67–77.

115. Sheth K, De A, Nolan B, Friel J, Duffy A, Ricciardi R, Miller-Graziano C and Bankey
P. Heat shock protein 27 inhibits apoptosis in human neutrophils. J Surg Res 2001,
99: 129–133.

116. Hightower L E. Heat shock, stress proteins, chaperones and proteotoxicity. Cell
1991, 66: 191–197.

117. Houenou L J, Li L, Lei M, Kent C R and Tytell M. Exogenous heat shock cognate
protein Hsc70 prevents axonomy-induced death of spinal sensory neurons. Cell
Stress Chaperon 1996, 1: 161–166.



P1: JYD
0521836549agg.xml CB856/Henderson 0 521 83654 9 August 27, 1956 23:16

Heat Shock Protein Release 219

118. Johnson A D, Berberian P A and Bond M G. Effect of heat shock proteins on sur-
vival of isolated aortic cells from normal and atherosclerotic cynomolgus macaques.
Atherosclerosis 1990, 84: 111–119.

119. Johnson A D and Tytell M. Exogenous Hsp70 becomes cell associated, but not
internalised by stressed arterial smooth muscle cells. In Vitro Cell Dev Biol 1993,
29A: 807–812.

120. Berberian P, Johnson A and Bond M. Exogenous 70kD heat shock protein increases
survival of normal and atheromatous arterial cells. FASEB J 1990, 4: A1031.
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Schwarz T. Heat shock protein 70 overexpression affects the response to ultraviolet
light in murine fibroblasts. Evidence for increased cell viability and suppression of
cytokine release. J Clin Invest 1995, 95: 926–933.

123. Samali A and Cotter T G. Heat shock proteins increase resistance to apoptosis. Exp
Cell Res 1996, 223: 163–170.

124. Lasunskaia E B, Fridlianskaia I I, Guzhova I V, Bozhkov V M and Margulis B A.
Accumulation of major stress protein 70kDa protects myeloid and lymphoid cells
from death by apoptosis. Apoptosis 1997, 2: 156–163.

125. Mosser D D, Caron A W, Bourget L, Denis-Larose C and Massie B. Role of the
human heat shock protein Hsp70 in protection against stress-induced apoptosis.
Mol Cell Biol 1997, 17: 5317–5327.

126. Li C-Y, Lee J-S, Ko Y-G, Kim K-I and Seo J-S. Heat shock protein 70 inhibits
apoptosis downstream of cytochrome c release and upstream of caspase-3 activation.
J Biol Chem 2000, 275: 25665–25671.

127. Alder G M, Austen B M, Bashford C L, Mehlert A and Pasternak C A. Heat shock
proteins induce pores in membranes. Biosci Rep 1990, 10: 509–518.

128. Yoshida N, Oeda K, Watanabe E, Mikami T, Fukita Y, Nishimura K, Komai K
and Matsuda K. Protein function. Chaperonin turned insect toxin. Nature 2001,
411: 44.



P1: JZX
0521836549c13.xml CB856/Henderson 0 521 83654 9 April 30, 2005 22:16

13

Hsp27 as an Anti-inflammatory Protein

Krzysztof Laudanski, Asit K. De and Carol L. Miller-Graziano

13.1. Introduction

As discussed in other chapters in this volume, heat shock proteins are tradi-
tionally viewed as protein chaperones rather than immunomodulators [1–3].
However, recent data suggest that heat shock proteins might also be ancestral
danger signals which activate adaptive and innate immune responses [3]. The
majority of studies examining the immunomodulatory activities of heat shock
proteins have focused on the large heat shock proteins, Hsp60, Hsp70 and gp96,
and these proteins have been shown to stimulate the innate immune system via
binding to a variety of cellular receptors, particularly on monocytes, and to play
an important role in health and disease [1–6].

This chapter focuses on the small heat shock protein, Hsp27, which, although
shown to have some role in resistance to chemotherapeutic drugs, cytokine-
induced cytotoxicity and to have been described as a prognostic marker in serum
of breast cancer patients, has not been well characterised as an immunomod-
ulator [7–13]. Hsp27 has been reported as present in increased amounts in
the serum of patients with several human diseases, as well as being necessary
for activation of the signal transduction pathway leading to monocyte produc-
tion of the anti-inflammatory and immunoinhibitory cytokine IL-10 [1–3, 14].
These data led to our interest in investigating the possible immunomodulatory
activity of Hsp27 on different human monocyte functions, which are pivotal
in both the development of inflammatory responses as well as the triggering of
lymphocyte-specific immunity.

In contrast to the immunomodulatory effects of Hsp60 or Hsp70, the influ-
ence of which on monocytes is primarily pro-inflammatory, we found Hsp27 to
have potent monocyte anti-inflammatory and immune inhibitory effects [15].
Since Hsp27 has been identified as circulating in the serum of breast cancer pa-
tients as well as burn victims, it has the potential to act as an exogenous mediator
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[2–4, 7]. Exogenous Hsp27 could function as an anti-inflammatory and/or im-
munoinhibitory monocyte mediator through a number of mechanisms, which
are not mutually exclusive. Hsp27 binding to leukocytes could activate other
cytokines/mediators which then influence innate and specific immunity, in a
similar manner to large heat shock proteins which induce monocyte production
of pro-inflammatory cytokines such as tumour necrosis factor (TNF)-α [2, 3,
16, 17]. Hsp27 binding could also alter monocyte surface receptor expression,
thereby changing their activation potential or differentiation capacity. Our data
support the concept that Hsp27 has all of these activities. In the next chapter
(Chapter 14) a similar set of actions are ascribed to the large chaperone, BiP.

Cytokine production by monocytes is key to their inflammatory and lym-
phocyte and antigen-presenting cell (APC) immune-activating activities, as well
as their differentiation to either the most potent APC, the dendritic cell (DC),
or to the end-stage inflammatory macrophage. Consequently, Hsp27 modu-
lation of cytokine production by monocytes could dramatically impact their
inflammatory and immune functions.

13.2. Hsp27 as an inducer of
anti-inflammatory/immunomodulatory cytokines

We first assessed Hsp27 for its stimulation of monocyte mediators, because
large heat shock proteins induce highly elevated pro-inflammatory cytokine
production by monocytes [2, 3]. All assays were performed in polymyxin
B–containing media to prevent any lipopolysaccharide (LPS) present in the
recombinant Hsp27 from binding to lipopolysaccharide binding protein (LBP)
and/or to the LPS receptor complex of CD14 and Toll-like receptor 4 (TLR4),
thereby stimulating LPS rather than Hsp27-mediated responses [2]. Hsp27 in-
duced exaggerated production of IL-10 by monocytes, but equivalent low levels
of TNF-α as compared to other non-LPS bacterial stimuli such as Staphylococ-
cus aureus enterotoxin B (SEB) or muramyl dipeptide (MDP), both of which
are also unaffected by polymyxin B (Figure 13.1). Hsp27 induction of IL-10 is
dose-dependent and inhibited by addition of a neutralising antibody to Hsp27,
thereby further confirming that Hsp27 induces monocyte cytokine production
(Figure 13.1). We have also shown that the activation of monocyte p38 mitogen-
activated protein (MAP) kinase signalling pathway is prolonged when compared
to LPS-induced activation [9]. This prolongation is crucial for the stimulation
of large quantities of IL-10 by its alteration of the IL-10 induction kinetics
[15, 18].

Hsp27-induced production of IL-10 by monocytes can inhibit the produc-
tion of other pro-inflammatory cytokines such as IL-1β, TNF-α, IL-6 and
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IL-12 and can decrease the expression of co-stimulatory molecules on DCs,
diminish immunoglobulin production by B cells and prevent development of
APCs [18]. These effects are all crucially important activities for the devel-
opment and persistence of inflammatory responses. Therefore, Hsp27-mediated
induction of IL-10 can result in a profound and widespread inhibition of inflam-
mation and immunity. Hsp27 has been shown to induce high levels of mono-
cyte prostaglandin E2 (PGE2), which is another mediator having well-described
anti-inflammatory properties [19] (Figure 13.1). PGE2 suppresses antigen- and
mitogen-induced proliferation of T and B cells, as well as antibody produc-
tion by B cells [19]. PGE2 also decreases oxidative and phagocytic responses
of monocytes, and their cytokine production. These activities suggest that the
negative modulation of immune response after bacterial stimulation is one of
its primary roles in host defence [19].

Finally, Hsp27 induces monocyte production of M-CSF. M-CSF has both
pro- and anti-inflammatory actions on monocytes. M-CSF boosts phagocy-
tosis, superoxide production, cytotoxicity and secondary cytokine-secreting
macrophages, and suppresses immune response in pregnancy, facilitating HIV
infection and depleting APC precursors from the peripheral blood pool of
monocytes [20, 21]. M-CSF drives the emergence of terminally differentiated,
activated, tissue macrophages from the monocyte population, thereby decreas-
ing the DC precursor population by depleting available monocyte precursors.
This can result in immunoparalysis and contribute to the monocyte-related
pathology which has been described in trauma and in other patient groups
[20–22].

13.3. Hsp27 can modulate the expression of monocyte receptors

Both monocyte activation and differentiation are dependent on the level and
combination of surface receptors expressed [23–26]. Among the crucial receptors
influencing monocyte activation and differentiation are the pattern recognition
receptors such as the TLRs [23, 27].

Many authors have demonstrated the binding of large heat shock proteins
to TLR4 [5, 28], and the interested reader should refer to Chapters 7, 8 and

Figure 13.1. Anti-inflammatory properties of Hsp27 in comparison to bacterial stimuli
(SEB – staphylococcus enterotoxin B; MDP – muramyl dipeptide): (A) Hsp27 induced
higher level of IL-10 in comparison to SEB + MDP, with only a minimal induction of
TNF. (B) Induction of IL-10 is dose-dependent, reaching maximum levels at 5 µg/ml.
(C) Neutralising antibody to Hsp27 significantly reduces Hsp27-mediated IL-10
induction. (D) Hsp27 is also a potent inducer of PGE and M-CSF in human monocytes.

←
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10 for more details. TLR4 is the receptor for not only LPS but also for other
circulating mediators [24]. The variable detection and transduction of different
ligand-specific signals by monocytes depends on the formation of co-receptor
clusters around TLR4 [23–25, 29]. The specificity of this TLR4 receptor com-
bination determines how the surface signal from LPS, Hsp60 or other TLR4
ligands is transduced and results in differential activation of kinases followed
by signal-specific cytokine release [24, 29]. Based on the ability of large heat
shock proteins to signal through TLR4 or other innate immune receptors, we
hypothesise that Hsp27 might also interact with a TLR4 receptor cluster, thereby
resulting in the production of its unique cytokine pattern, which is distinctive
for this small chaperone. Binding of LPS to TLR4 on monocytes down-regulates
this receptor and contributes to the development of LPS tolerance [24, 29], in
which a subsequent dose of LPS elicits diminished cytokine production due to
receptor changes, activation of intracellular inhibitory pathways, and the release
of inhibitory cytokines (IL-10, TGF-β). LPS tolerance plays an important role
in sepsis, autoimmune disease and allergy [1, 24–26]. Although it is a beneficial
mechanism, under certain circumstances it can impair the ability to respond to
pathogenic challenge [26, 30].

We have shown that exogenous Hsp27 is at least as potent as LPS in decreas-
ing surface expression of the TLR4 receptor (Figure 13.2). In contrast, surface
expression of TLR1 remains unchanged after monocyte stimulation with exoge-
nous Hsp27, and TLR2 receptor expression is slightly up-regulated. The decrease
of TLR4 levels on monocytes after Hsp27 stimulation in vitro might reflect
classical down-regulation of surface expression, since intracellular staining of
Hsp27-treated monocytes reveals no significant differences in total intracellular
TLR4 concentrations. The precise mechanism by which Hsp27 influences TLR4
expression is undefined, although there are several possibilities.

Hsp27 actions on TLR4 could be mediated by direct binding to TLR4 fol-
lowed by internalisation of the TLR4–Hsp27 complex into the cytoplasmic
compartment. Although several authors have demonstrated that TLR4 is the
binding receptor for large heat shock proteins, there is no conclusive proof to
show that the same is true for Hsp27 [2, 3, 5, 24, 31]. Alternatively, Hsp27 could

Figure 13.2. Hsp27 may interact with TLR4 expressed on monocytes. Hsp27 induces
a profound down-regulation of TLR4 receptors similar to that produced by LPS
stimulation. Pre-treatment with Hsp27 modulates the magnitude of monocyte LPS TNF
responses. Hsp27 added 2 hours prior to LPS stimulation reduces TNF production to 27%
of LPS alone, whereas LPS pre-treatment did not affect Hsp27-induced TNF levels. Block-
ing anti-TLR4 antibody reduced Hsp27-induced pro- and anti-inflammatory cytokine
production (∗ p < 0.05).

←
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bind to other monocyte receptors such as RAGE, CD91, CD36 and chemokine
receptors, and this might then indirectly stimulate down-regulation of TLR4
expression on the surface of monocytes.

Since TLR4 surface expression is significantly down-regulated after stimula-
tion of monocytes with exogenous Hsp27, the monocyte response on subsequent
exposure to LPS might also be diminished in a manner similar to LPS-induced
tolerance, should TLR4 be a major Hsp27 receptor on monocytes [3, 26, 30].
When human monocytes are treated with Hsp27 followed by LPS (2-hour in-
terval), or pre-treated with LPS followed by Hsp27 in vitro, the TNF-α response
pattern is the same as that of Hsp27 alone, thereby demonstrating a reduced LPS
response, which is similar to that observed for LPS tolerance [26] (Figure 13.2).
Hsp27 pre-treatment or post-treatment reduces LPS-induced monocyte TNF-α
levels, whereas Hsp27-induced TNF-α levels remain constant. One explanation
for this finding is that Hsp27 induced early increases (8 hours after stimula-
tion) of IL-10, which down-regulate LPS-induced TNF-α levels. LPS-induced
IL-10 normally peaks 18 hours after stimulation, which is considerably later
than TNF-α induction, thereby allowing an enhanced TNF-α induction [18].
However, treating monocytes with a neutralising antibody to TLR4 diminishes
their Hsp27-induced IL-10 and TNF-α production, which indicates some type
of Hsp27–TLR4 interactions (Figure 13.2).

The failure of monocyte LPS pre-treatment to reduce Hsp27-induced TNF-α
implies that additional or other elements of the LPS binding receptor cluster
might be affected. Antibody to TLR4 could inhibit Hsp27 by steric hindrance
of the LPS receptor complex, rather than by directly interfering with Hsp27–
TLR4 binding. The LPS receptor cluster involves TLR4, CD14, MD-2, CD11c,
CD18 and CD36 arranged in a specific spatial pattern [24, 29]. Stimulation
with other TLR4 ligands besides LPS results not only in different spatial com-
position of co-receptors for LPS receptor cluster, but also different composi-
tion of co-stimulatory receptors [22]. Whatever the mechanism, the ability of
Hsp27 stimulation to decrease monocyte TLR4 levels will attenuate monocyte
stimulation by other TLR4-dependent mediators and further influence the anti-
inflammatory/inhibitory effects of Hsp27.

13.4. Hsp27 stimulation alters monocyte differentiation

Monocytes are pluripotent cells that can differentiate into a range of myeloid cell
populations including immature DCs (iDCs) and macrophages, depending on
the local microenvironmental signals [22]. IL-4 plus granulocyte macrophage-
colony stimulating factor (GM-CSF), or similar cytokine combinations, drive
monocytes to differentiate into iDCs, whereas stimulation by M-CSF, GM-CSF
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Figure 13.3. Mediator effects on differentiation of monocytes into terminally differenti-
ated macrophage or DCs.

alone, or LPS induces monocyte-to-macrophage differentiation (Figure 13.3)
[6, 12, 27]. The emergence of mature DCs (mDCs) is a two-phase process which
requires distinct signals that induce differentiation to iDCs and their subse-
quent maturation. IL-4 and GM-CSF stimulate the differentiation of the iDCs,
and these undergo terminal specialisation following exposure to LPS, TNF-α,
PGE2, or other TLR ligands. A relative lack of IL-4 or GM-CSF, or the presence
of LPS, PGE2, IL-10 or TNF-α at the initial differentiation stage of iDC devel-
opment, results in the induction of apoptosis or a failure of the differentiation of
monocytes into iDCs [22]. The absence of maturation stimuli for iDC develop-
ment into fully competent mDCs also results in an aborted differentiation and
iDC apoptosis. Surprisingly, mediators that inhibit the initial differentiation of
monocytes into iDCs often subsequently induce the maturation of iDCs, and
the timing of stimulation must therefore be well orchestrated. Monocyte-derived
DCs play a pivotal role in T lymphocyte activation [22]. DCs are the only APC
which is capable of activating naı̈ve T cells, and they are crucial for the transition
of activated T lymphocytes to memory T cells. DC defects have been described
as major contributors to immunoaberrations in the regulation of T cells and the
attenuation of specific immunity [21, 22, 32].

We have demonstrated that Hsp27 is a potent inducer of M-CSF, PGE2 and
IL-10. All of these mediators inhibit monocyte differentiation into DCs while
promoting the differentiation of monocytes into macrophages. Hsp27 might
therefore exert significant immunosuppressive effects on monocytes by inhibit-
ing their differentiation into DCs. In a series of experiments, we have shown
that the stimulation of monocytes with Hsp27 inhibits their differentiation into
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iDCs (CD1a+ cells) after IL-4/GM-CSF co-stimulation, but promotes iDC mat-
uration into mDCs (CD83+ cells) (Figure 13.4). Hsp27-induced monocyte pro-
duction of M-CSF, PGE2 and IL-10 could be responsible for the inhibition
of iDC differentiation after IL-4 plus GM-CSF stimulation [21, 22, 32]. IL-10
and M-CSF promote the differentiation of monocytes to macrophages and are
secreted by monocytes after exposure to Hsp27 (Figures 13.2, 13.4). The action
of M-CSF is especially critical since this cytokine induces autocrine secretion
of both itself (positive feedback loop) and IL-10 [20, 21]. In healthy volunteers,
neutralising antibody to IL-10 partially reverses the inhibitory effect of Hsp27 on
iDC differentiation (Figure 13.4). This suggests that an increase in IL-10 levels
is at least partially responsible for the diminished differentiation of monocytes
to iDC, which is mediated by Hsp27. However, the inhibitory effects of Hsp27
on monocyte differentiation to iDCs naturally involve other inhibitory effects,
perhaps elevated PGE2 and M-CSF levels.

In contrast to its inhibitory effect on the differentiation of monocytes into
iDCs, Hsp27 is a potent inducer of iDC maturation (Figure 13.4). Neither M-
CSF nor IL-10 are particularly potent maturation factors for iDC, and PGE2

is only a co-stimulator of maturation [19, 22, 32]. LPS stimulation is sug-
gested to act as a DC maturation signal via TLR4 induction of TNF-α, IL-
1β and, to a lesser degree, TGF-β. Since Hsp27 is a relatively poor inducer
of TNF-α compared to LPS, the mechanism by which it induces DC matu-
ration awaits further dissection. Nevertheless, these data illustrate that Hsp27
has both immunosuppressive and immunostimulatory capacities in vitro, and
these will be dependent on when and where it interacts with differentiating
monocytes.

13.5. Hsp27 in disease

We have shown exogenous Hsp27 to have potent inhibitory effects on monocyte
inflammatory cytokine production and immunostimulatory activities in vitro.
However, it is unclear whether Hsp27 has similar activities in vivo. Hsp27 is pre-
dominantly an intracellular molecule [3] and, to date, the secretion of Hsp27 un-
der physiological conditions has not been demonstrated. However, it is released
from cells undergoing necrosis [3, 7, 14, 33, 34]. This implies that Hsp27 released
into tissue or serum after cell injury or death could then interact with leukocytes.

Figure 13.4. Hsp27 treatment affects differentiation and maturation of DCs: (A)
Exogenous Hsp27 significantly inhibits the differentiation of iDCs from monocytes
but augments the maturation of mature DCs from iDCs. (B) Addition of antibodies to
monocytes during iDC differentiation partially reduces the inhibitory effects of Hsp27.

←
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Elevated serum levels of Hsp27 have been demonstrated in breast cancer patients
as well as in sufferers of other malignancies [7, 11]. Apoptosis and necrosis are
increased in malignant cells and this possibly contributes to the release of Hsp27
and elevated circulating levels. Circulating Hsp27 also appears to trigger an im-
mune response, as anti-Hsp27 antibodies are also detected in the serum of some
cancer patients [9, 13]. Interestingly, increased serum titres of anti-Hsp27 an-
tibodies correlate with an improved survival, which suggests that exogenous
circulatory Hsp27 might itself be exerting activities that suppress anti-cancer im-
mune functions. The capacity of Hsp27 to induce the immunosuppressive me-
diators IL-10, M-CSF and PGE2, and to inhibit the differentiation of monocytes
into DCs, might impair anti-tumour immunity. Hsp27 has also been implicated
as a regulator of oestrogen receptor expression in breast cancer patients [35].
Further characterisation of the role of Hsp27 in cancer host defence is clearly
required.

Since elevated circulatory Hsp27 levels are apparent in subjects with extensive
tissue damage, we hypothesise that large quantities of Hsp27 can be released into
the bloodstream in trauma. In a small pilot study, we have shown that Hsp27
can be detected in the serum of trauma patients at levels approximately three
times higher than those found in healthy volunteers (24 ± 5.38 vs. 7.32 ±
5.1 ng/ml, respectively; p < 0.05). This finding suggests a new investigative area
in which the capacity of circulating Hsp27 to modulate inflammatory events
and immune function in the severely injured patient should be defined. Trauma
patients experience monocyte paralysis, which is typified by LPS tolerance and
a significant defect in the differentiation of monocytes to iDCs [21, 26]. Down-
regulation of TLR4 as well as other monocyte receptors is also characteristic
of these patients. Our laboratory is investigating the contribution of elevated
exogenous Hsp27 in the development and maintenance of these monocyte
aberrations in trauma patients.

13.6. Conclusions

Hsp27 is unusual among heat shock proteins in that it has the potential to
suppress aspects of the immune system by multiple mechanisms. Induction of
monocyte production of predominantly inhibitory cytokines (IL-10, M-CSF,
PGE2) with a relatively small release of pro-inflammatory molecules (TNF-α)
clearly distinguishes Hsp27 from Hsp60, Hsp70 and other members of the large
shock protein family. Hsp27 might also interfere with the response to bacterial
endotoxins by down-regulating TLRs. However, the clinical importance of these
activities remains to be established. Hsp27 is a potent inhibitor of monocyte dif-
ferentiation into iDCs, and this activity could profoundly impair the induction
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of specific adaptive immunity. Further studies are necessary to determine the
precise mechanisms by which exogenous Hsp27 elicits immunoinhibitory and
anti-inflammatory activities and their impact. Nevertheless, like many members
of the large heat shock protein family, Hsp27 is emerging as a major modulator
of host defence as well as a molecular chaperone and substrate in the p38 MAP
kinase signalling pathway.
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BiP, a Negative Regulator Involved
in Rheumatoid Arthritis

Valerie M. Corrigall and Gabriel S. Panayi

14.1. Introduction

The heat shock protein (Hsp) 70 family is a collection of evolutionarily con-
served, ubiquitous proteins that are either constitutively expressed and/or stress
induced and which are nominally defined by their molecular weight (Hsp70,
Hsc73, BiP (binding immunoglobulin protein, or glucose regulated protein (grp)
78)). Historically, these proteins have been perceived to function as intracellular
molecular chaperones that ensure the correct folding of nascent proteins and
are involved in the translocation of proteins and assist in protein degradation
through the proteasome [1]. At times of physical or chemical stress, such chap-
erones are upregulated by the unfolded protein response and provide protection
against the accumulation and aggregation of denatured proteins.

In contrast to this long-standing perception, there is now increasing interest
in an intercellular signalling role for these proteins and, as a consequence, they
have been termed ‘chaperokines’ in light of their cytokine-like qualities [2, 3].
The interaction between heat shock proteins and specific cell surface receptors
that signal the release of inflammatory mediators has revealed a link between the
innate and adaptive immune response. A wide range of extracellular receptors
for human Hsp70 has been identified. These include CD14 [2, 4, 5], Toll-like
receptor (TLR) 4, TLR2 [4, 6], CD91 [7, 8] and CD40 [9, 10] on monocytes,
and scavenger receptors such as LOX-1 on dendritic cells (DCs) [11]. The role
of these receptors is detailed in Chapters 7 and 10. Hsp70 and Hsp60 stimula-
tion of monocytes via these receptors induces predominantly pro-inflammatory
cytokine/chemokine production, including TNF-α, IL-1β and IL-12 [6, 12].

The present assessment of heat shock proteins is that they act as ‘danger
signals’ alerting the adaptive immune system to raise a Th1 immune response
[13]. However, immunological homeostasis needs to be maintained. For this,
other proteins, including heat shock proteins, must induce a counter-regulatory

234
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Th2 response or the production of cytokines and other factors with anti-
inflammatory properties. Our preliminary studies have shown that BiP does
not bind to any of the previously identified receptors for Hsp70 despite the
high degree of homology between the two molecules. There is now accumu-
lating evidence that BiP, like Hsp27 (reviewed in Chapter 13) [14], might serve
such an immunomodulatory role partially through the secretion of IL-10.

This chapter proposes that BiP is an immunoregulator of the innate and
adaptive immune systems which may prevent inappropriate damaging responses
to antigenic challenge. These immune functions of BiP have only recently been
identified by us, and information is limited. The evidence reviewed in the follow-
ing indicates that BiP is a natural stimulator of anti-inflammatory cytokines
from mononuclear cells. BiP may also prevent DC maturation and stimulate
regulatory T cells, all of which may collectively play a key role in regulating the
immune system and thus maintaining homeostasis.

14.2. Glucose regulated protein 78 or binding
immunoglobulin protein (BiP)

Glucose regulated protein 78 (grp78) or binding immunoglobulin protein (BiP)
is classified as a member of the Hsp70 family [1, 15, 16]. As evident from its
name, BiP was first identified as the chaperone protein that was involved in the
folding of the H and L chains of the immunoglobulin molecule to generate
the complete immunoglobulin molecule prior to its exit from the endoplasmic
reticulum (ER) [1, 16, 17]. It is now known that BiP is involved in the correct
folding of all nascent proteins [1, 17]. BiP binds to the sequences of seven
amino acids with exposed hydrophobic residues that are only seen in denatured
proteins to prevent intracellular damage [1, 17]. It is from this function, perhaps,
that the misconception arose that BiP binds to all proteins. In fact, BiP binds
only to the hydrophobic regions of the polypeptide chains that are obscured as
the protein is folded [1, 17].

BiP is regulated at two levels: firstly, to maintain a basal constitutive level
which is sufficient for intracellular protein folding functions, and secondly, at
an induced level which is upregulated when the cell is stressed. Constitutive
BiP is tethered in the lumen of the ER by the 3′ carboxyl terminal amino acid
sequence, KDEL, which binds to the ERD2 receptor [18]. Upregulation occurs
when the cell is stressed, particularly under conditions of reduced glucose or
oxygen levels, calcium flux or increased concentrations of reactive oxygen species
[19]. These conditions are often associated with inflammation, especially with
the late stages of acute inflammation or chronic inflammation, and are also
prevalent within the joints of patients with rheumatoid arthritis (RA) [20–22].
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A

B
Figure 14.1. BiP is over-expressed in RA synovial membrane. Synovial membrane from
patients with (A) rheumatoid arthritis or (B) osteoarthritis was stained with 1/100 di-
lution of anti-BiP antibody with vector red alkaline phosphatase substrate kit (Dako).
Magnification 20×.

Indeed, we and Blass and colleagues [23] have shown that BiP is over-expressed
in the synovial membrane of patients with rheumatoid arthritis when compared
with membranes from osteoarthritis patients (Figure 14.1).

Upregulation of BiP by stress in vitro causes its translocation from the ER and
its expression on the cell surface. Delpino and colleagues [24] have reported
cell surface BiP expression in response to thapsigargin treatment, which is an
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inhibitor of ER calcium ATPase and thus a powerful stress inducer. In addition,
Gagnon and colleagues [25] have shown that, during endocytosis, ER proteins
may become exposed on the cell surface as the pinocytotic cup becomes inverted
at the point of internalisation (see Chapter 3). There is in vivo evidence for cell
surface expression of BiP and heat shock proteins by tumour cells [26–28], and
the secretion of heat shock proteins at levels that can be detected by enzyme
immunoassays in sera has also been reported [29]. These findings reinforce the
view that these molecules have important functions as intercellular messengers
outwith their established intracellular functions.

In vitro studies into the extracellular functions of the Hsp70 family have used
either recombinant human/bacterial heat shock proteins [6, 10, 12, 30] produced
in a bacterial system or mammalian heat shock proteins isolated from cell lysates
[23, 31–33]. Protein glycosylation and tertiary structure-dependent differences
in their functional ability have not been directly compared. Furthermore, the
role of contaminating endotoxin in the heat shock protein preparations used
has not always been adequately addressed (a point debated in many chapters
in this volume). Much work on heat shock proteins has been performed in
animal models [30, 32] or has used mouse and/or human cell lines [6, 10, 12,
30, 33]. Although this approach has considerably simplified the analysis and
reduced the variability of the results obtained, extrapolation of these findings
into an entirely human system, especially in vivo, must be made with caution. At
present, data from experiments assessing the interactions of human heat shock
proteins with primary human cells are limited and much of the work cited in
this chapter involves human peripheral blood mononuclear cells (PBMCs) in
conjunction with a recombinant human BiP (rhuBiP) from an Escherichia coli
source [34]. This same preparation of rhuBiP has been used throughout the
animal studies.

14.3. Studies in animals

14.3.1. Induction of arthritis

On identification of BiP as an autoantigen in RA, we determined whether BiP
was arthritogenic. A wide range of concentrations of BiP in complete Freund’s
adjuvant was administered to several strains of rats and mice. However, all failed
to induce arthritis [34]. There are two possible explanations for this. The first is
that the correct genetic strain of mouse or rat had not been chosen, because it is
known that the induction of arthritis exhibits a high genetic dependency. The
second possibility is that BiP is unable to stimulate the induction of arthritogenic
Th1 T cells.
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Human in vitro studies provided the clue that the second possibility was
the most likely. We showed that, although BiP stimulated the proliferation of
T cells from the RA joint, the proliferation was low and was not accompa-
nied by the secretion of IFN-γ [34]. It is therefore possible that BiP is not a
‘pathogenic’ autoantigen but rather plays some other, possibly regulatory, role
in RA synovitis. This hypothesis was supported by the finding that intravenous
BiP prevented collagen-induced arthritis (CIA) in the DBA/1 or HLA-DR1+/+

transgenic mouse [34].

14.3.2. Prevention of arthritis

Work with CIA and adjuvant arthritis (AA) animal models confirmed that BiP
may have anti-inflammatory properties. A single intravenous injection of BiP
totally protects mice from the onset of CIA and reduces the incidence and
severity of AA in rats when compared with animals similarly treated with a
control recombinant protein (β-galactosidase) or the PBS vehicle [34].

14.3.3. Therapy of collagen-induced arthritis

Although protection from disease is of scientific interest, it is of limited clinical
value. Therapeutic studies were therefore initiated in which a single dose of BiP
was administered via three different routes, namely intravenous (IV), subcuta-
neous (SC) and intranasal (IN). In these studies, BiP was administered to DBA/1
or HLA-DR+/+ transgenic mice in a single dose at the time of onset of CIA, as
judged by paw swelling. IV- and SC-administered BiP caused significant thera-
peutic activity with the minimal effective IV dose being 1 µg/mouse, and that
for SC dose being 50 µg/mouse [35]. IN administration was without therapeutic
effect. The reason for the failure is presently unknown.

14.3.4. Animal studies – in vitro experiments

14.3.4.1. Cellular studies
In vitro experiments on spleen and lymph node single-cell preparations from
CIA mice were carried out in parallel with the disease studies. Incubation of
cells from the DBA/1 mice (not previously injected with BiP) with rhuBiP stim-
ulated a strong proliferative response when compared to that induced by a con-
trol protein (bovine serum albumin). Although interferon (IFN)-γ was present
in the supernatants, the level of IL-4 was significantly increased. It should be
noted that it is difficult to induce IL-4 secretion from T cells of this strain of
mouse. Analysis of the splenocyte and lymph node cell responses to either
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rhuBiP or collagen type II (CII) showed that those animals that had been
treated with BiP produced high levels of the Th2 cytokines IL-10, IL-4 and
IL-5, spontaneously and when re-stimulated with BiP or CII [35, 36]. In con-
trast, the response to CII was characterised by a significantly greater secretion
of IFN-γ.

Ongoing work in our laboratory is aimed at determining whether BiP-treated
cells can transfer protection and evaluating whether this is dependent on the
production of anti-inflammatory cytokines or by cell-to-cell contact.

14.3.4.2. Antibody studies
The analysis of serum from the mice used in the CIA prevention study not only
demonstrated that anti-CII antibody levels were reduced in BiP-treated mice
but also that these were predominantly of the IgG1 isotype, an isotype that is
typically associated with Th2-driven immune responses [34].

14.4. Human studies

If BiP has intercellular signalling functions, then two requirements must be
satisfied. Firstly, cell-free BiP must be found in vivo; secondly, there must be the
presence of a cell surface receptor capable of binding to BiP and transducing
intracellular signals.

14.4.1. Cell-free BiP in synovial fluid

Cell-free BiP, in either synovial fluid (SF) or serum, could originate from cells
by several different routes. In the SF, it is known that cell death occurs and
this would certainly lead to the release of BiP. In addition, BiP can be expressed
on the cell surface [26] and has been detected on the cell surface of single-cell
suspensions from RA synovial membranes (unpublished results). Proteolytic
enzymes, which are plentiful in the SF, may cleave BiP from the cell surface.
Alternatively, upregulation of BiP expression under stress may induce alternative
splicing of the BiP gene which, by omitting the retaining KDEL sequence, allows
extracellular release. BiP has been detected in the SF of 74% of patients with RA
and 38% of individuals with other inflammatory joint diseases. Interestingly, no
KDEL was detected on the BiP, despite the fact that other KDEL-containing
proteins were detected. Thus, it appears that the mechanism leading to the
presence of BiP in the SF is distinct from that used by other ER proteins. The
possibilities for such differences include cleavage, and alternative splicing of BiP
was discussed earlier.
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14.4.2. BiP receptor-like molecule (BiPRL)

We have shown that a variety of cells express a BiP-binding, receptor-like
molecule (BiPRL) on their surface such that >95% monocytes, <29% B cells,
<10% T cells and 85% fibroblast-like synoviocytes bind fluorescein
isothiocyanate-conjugated BiP (BiP.FITC). Specificity of binding is suggested
by the difference in percentage of BiPRL+ cells of the different cell types. No
competitive binding for BiPRL has been seen with α2-macroglobulin or anti-
bodies to TLR2, TLR4, CD40, CD91 or CD14 (manuscript submitted). The
latter have already been identified as receptors for human Hsp70, grp94 and
Hsp60 (see preceding discussion). Following binding to the BiPRL on mono-
cytes, BiP.FITC is internalised and co-localises with the vesicle membrane pro-
tein LAMP-1 (CD107a) (manuscript submitted). This internalisation is similar
to the process that has been seen with Hsp70 [33] and grp94 [31].

The localisation of BiP within the endosome suggests that BiP could be de-
graded and processed and peptides derived therefrom presented to T cells by
major histocompatibility complex (MHC) class II molecules. The pathway used
for the degradation of BiP, either exogenous or endogenous, has not yet been
elucidated; however, it is known that there is leakage in this process between
peptides that are eventually presented either by MHC class I molecules to CD8+

T cells or by MHC class II molecules to CD4+ T cells. This important obser-
vation would explain the development of both CD4+ and CD8+ clones from
BiP-stimulated human (PBMCs [37]; (see following text). Chapter 6 also de-
scribes the role of internalisation of chaperones in myeloid cell modulation.

14.4.3. T cells

The stimulation of T cells in vitro is used as a measure of T cell responsiveness to
nominal antigen. However, the length of time taken for the response to become
apparent must be carefully considered when reviewing such results. Prolifera-
tion that is maximal after seven days is most likely to be due to the induction
of a primary response during the culture. In contrast, proliferation that occurs
in less than seven days may be considered to be due to the induction of a sec-
ondary response by previously primed memory T cells. These considerations are
important when reviewing work with BiP. Thus Blass and colleagues [23] have
demonstrated borderline primary proliferative responses by peripheral blood
CD45RA+ T cells to BiP that were HLA-DR restricted. However, the low stim-
ulation index of these cells renders the interpretation of the results difficult. We
have shown that RA SF T cells proliferate to exogenous rhuBiP with the kinetics
of a secondary response. In contrast to Blass et al.’s study we found little, or no,
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proliferative response by normal PBMCs and a limited proliferative response
in PBMCs, even those from RA patients whose SF T cells showed a response
[34]. The response to BiP appeared to be specifically in RA SF T cells, because
those from other inflammatory diseases, including ankylosing spondylitis and
psoriatic arthritis, showed no proliferative response to BiP. One peculiarity of
this response was the lack of either IFN-γ or IL-2 secretion; the predominant
cytokines produced were IL-10 and IL-4 [34].

There are at least four possible interpretations for these findings: firstly, the
depressed proliferation was due to the IL-10 produced; secondly, BiP was ac-
tivating Th2 T cells; thirdly, BiP stimulated the development of regulatory T
cells; or fourthly, BiP drives alternative activation of monocytes to produce
IL-10 and anti-inflammatory mediators and promote Th2 cell differentiation.
With respect to the first possibility, there are many reports in the literature that
describe depressed T cell proliferation caused by excess IL-10 [38]. We have
shown that there is a correlation between PBMC proliferation to tuberculin
purified protein derivative (PPD) and the ratio of IL-2 to IL-10 produced. This
was particularly striking in patients with RA, the PBMC cultures from whom ex-
hibited a reduced IL-2 production [39]. Because the cultures stimulated by BiP
produced no IL-2 but high IL-10 levels, it is not surprising that proliferation was
low. However, the addition of neutralising anti–IL-10 antibody to these cultures
did not totally reverse the poor proliferation, thereby indicating that BiP had
anti-proliferative properties that are independent of IL-10 [40]. Interestingly, in
cultures in which IL-10 was produced by alternatively activated monocytes, the
reduction of PBMC proliferation remained unchanged following the addition
of neutralising anti–IL-10 antibody [41].

With respect to the second possibility – that BiP was generating a Th2
response – this is at present being investigated. Evidence from the animal work
and the fact that CD4+ and CD8+ BiP specific T cell clones are secreting Th2
cytokines [37] would support this contention. As to the third possibility, we are
currently investigating the regulatory capacity of BiP activated T cells. The fourth
option, the stimulation of alternatively activated monocytes, is discussed next.

14.4.4. CD4 and CD8 human T cell clones

Additional evidence for the priming of T cells by BiP peptides is provided by the
isolation of CD4+ and CD8+ BiP-specific T cell clones from normal PBMCs
[37]. The generation of these clones suggests that BiP is processed via both
endogenous and exogenous pathways, as has been found for Hsp70 [42]. The
CD8+ clones produce IL-10, IL-4 and IL-5, strongly suggesting that they are
Th2 cells [37].
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Figure 14.2. IL-10 production stimulated by BiP and Hsp70. IL-10 production by periph-
eral blood mononuclear cells following 24 hours of stimulation with BiP, Hsp70 (both
at 20 µg/ml) or LPS (20 ng/ml). Polymyxin B (10 µg/ml) was added to all cultures.

14.4.5. Monocytes

An important function of BiP is its ability to stimulate human monocytes. As
already noted, >95% of monocytes express BiPRL. In PBMC cultures, BiP-
stimulated monocytes secrete large amounts of IL-10, significantly greater than
that induced by an equivalent amount of Hsp70 (Figure 14.2). In addition,
preliminary cytokine gene array analysis of BiP-stimulated, purified peripheral
blood monocytes has indicated that BiP up- and/or downregulates many cy-
tokine/chemokine/cytokine receptor genes. The pattern of genes activated indi-
cates that BiP may be alternatively activating the monocytes [43] to produce an
anti-inflammatory macrophage producing IL-10. This is similar to the process
described with Hsp27 in Chapter 13. The natural inhibitors of IL-1β and TNF-
α, IL-1 receptor antagonist and soluble TNF receptor II, respectively, are both
upregulated by BiP stimulation (Table14.1), as is macrophage migration inhibi-
tion factor and alternative monocyte activated chemokine (AMAC). In addition,
IL-8, granulocyte macrophage-colony stimulating factor (GM-CSF) and epithe-
lial neutrophic activating peptide (ENA)-78, all of which have the potential to
increase the inflammatory influx of cells into the synovium, are downregulated
following BiP stimulation. In addition, BiP induced a prolonged downregula-
tion of CD86 and HLA-DR expression, in contrast to the intense but transient
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Table 14.1. Cytokine gene array data analysed by densitometry

Upregulation Downregulation

Cytokine Cytokine
mRNA BiP PMA + IONO mRNA BiP PMA + IONO

TIMP 65.5 ± 19 30.7 GROα 29.8 ±18.6 57
IL-6 17 ± 18.2 Not detected GROβ 35.4 ± 26 59
MIF 20.2 ± 10.6 3.4 GROγ 35.7 ± 25 64
TNF RII 4.1 ± 2.2 Not detected CCL1 Not detected 8.8

IL-8 57 ± 20.4 85.8
GMCSF 3.9 ± 3.2 17.2
Osteopontin Not detected 14.7
Urokinase R 50.8 ± 11 80.4
LIGHT 6.6 ± 1.1 19.2

BiP Unstimulated BiP Unstimulated

IL-1Ra 26.7 ± 19.7 12.2 ENA-78 4.2 ± 16.2 55
Chem23 15.3 ± 15.9 7.2 GROγ 35.6 ± 25 47
IL6 17 ± 18.2 6.7 IL-8 57.8 ± 20.4 80
AMAC 18.3 ± 5.3 not detected LDGF 5.4 ± 0.7 52
TNF RII 4.1 ± 2.2 not detected

Note: Peripheral blood monocytes were isolated and stimulated with either BiP (20 µg/ml) or phorbol myristic acid
(PMA; 20 ng/ml) + inomycin (IONO; 500 ng/ml) or left unstimulated for 24 hours. The cytokine gene array autora-
diographs were analysed by densitometry and normalised to give a percentage expression of maximum (100%). The
results shown are from two subjects for BiP-stimulated monocytes and one subject each for unstimulated and maxi-
mally stimulated cells (PMA + IONO). The results are shown as either upregulation or downregulation of BiP-stimulated
cytokine mRNA, in both samples, when compared with the control cells.

downregulation observed in the presence of rhuIL-10 [40]. Thus, BiP may have
direct anti-inflammatory effects outwith its ability to secrete anti-inflammatory
mediators such as IL-10.

14.4.6. Dendritic cells

Maturation of monocytes into DCs is of paramount importance to the de-
velopment of an efficient adaptive immune system. In vitro studies, which use
GM-CSF plus IL-4 to drive the differentiation of immature DCs (iDCs), have
been performed in the presence and absence of BiP. In concurrence with the
hypothesised immunoregulatory functions of BiP, BiP inhibited the differentia-
tion of monocytes to iDCs [44]. Failure of this development was accompanied
by a depressed ability to induce the proliferation of allogeneic T cells. This cor-
responded with the production of high levels of IL-10 and could be reversed
either by neutralising IL-10 or by blocking the IL-10 receptor by neutralising
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monoclonal antibodies. In contrast to BiP suppression of antigen stimulation of
PBMCs, the reduced allogeneic proliferative response was reversed by the neu-
tralisation of IL-10 [44]. Interestingly, this property of BiP is in complete con-
trast to Hsp60. Flohé and colleagues [45] have shown that a mouse macrophage
cell line cultured with Hsp60 upregulates CD86 and CD40 and enhances iDC
maturation. The antigen-presenting quality of the Hsp60-stimulated cells was
increased [45].

14.5. Summary of BiP functions

In this chapter we have attempted to provide an overview of our studies with BiP.
In summary, we have found that BiP, which is found cell-free in synovial fluid
and can therefore exert intercellular activity, has immunoregulatory functions
mediated via a receptor-like molecule that is different from those described for
other members of the human Hsp70 family, which include

� anti-inflammatory properties, in distinction from other members of the Hsp70
family;

� the stimulation of PBMCs to produce IL-10 and T cell clones to produce
IL-10, IL-4 and IL-5;

� the suppression of differentiation of iDCs from monocytes; and
� the prevention and treatment of CIA in DBA/1 and HLA-DR1+/+ mice.

14.6. Conclusion

In conclusion, all the data gathered from the animal in vivo and in vitro stud-
ies and the human in vitro studies indicate that BiP is an immunomodulatory
protein. This is in contrast to the data obtained with Hsp70, a molecule with
which BiP has regions of high homology. Competitive binding studies show
that BiP does not bind to any of the confirmed Hsp70 receptors. This supports
the fact that BiP is also different functionally. We hypothesise, therefore, that
in normal circumstances cell surface expressed and/or secreted BiP will regulate
the development and cytokine profile of immune cells maintaining homeosta-
sis and prevent an inappropriate inflammatory immune reaction (Figure 14.3).
However, in a chronic inflammatory focus, such as the RA synovium, the over-
whelming presence of pro-inflammatory agents (cytokines, chemokines, reactive
oxygen species) will prevent upregulated BiP from being an effective means of re-
ducing inflammation. In these circumstances, addition of exogenous BiP might
prove to be an effective immunotherapy.
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Figure 14.3. Stress, such as hypoxia, induces BiP release from the stressed cell. Cell-
free BiP, after binding to a proposed BiP receptor-like molecule stimulates monocytes
(MOs) to secrete IL-10. This deviates monocyte differentiation to alternatively activated
monocytes (aaMOs). AaMOs induce an anti-inflammatory response via the secretion of
anti-inflammatory molecules (such as IL-10, IL-1Ra, TNFR II) and regulatory T cells,
thus controlling the inflammatory response.
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and Calderwood S K. Novel signal transduction pathway utilized by extracellular
HSP70. Role of Toll-like receptor (TLR) 2 and TLR4. J Biol Chem 2002, 277: 15028–
15034.



P1: JZX
0521836549c14.xml CB856/Henderson 0 521 83654 9 April 30, 2005 22:20

246 Valerie M. Corrigall and Gabriel S. Panayi

7. Basu S, Binder R J, Ramalingam T and Srivastava P K. CD91 is a common receptor
for heat shock proteins gp96, hsp90, hsp70 and calreticulin. Immunity 2001, 14:
303–313.

8. Binder R J, Han D K and Srivastava P K. CD91: a receptor for heat shock protein
gp96. Nat Immunol 2000, 1: 151–155.

9. Becker T, Hartl F U and Wieland F. CD40, an extracellular receptor for binding and
uptake of Hsp70-peptide complexes. J Cell Biol 2002, 158: 1277–1285.

10. Wang Y, Kelly C G, Karttunen T, Whittall T, Lehner P J, Duncan L, MacAry P,
Younson J S, Singh M, Oehlmann W, Cheng G, Bergmeier L and Lehner T. CD40
is a cellular receptor mediating mycobacterial heat shock protein 70 stimulation of
CC-chemokines. Immunity 2001, 15: 971–983.

11. Delneste Y, Magistrelli G, Gauchat J, Haeuw J, Aubry J, Nakamura K, Kawakami-
Honda N, Goetsch L, Sawamura T, Bonnefoy J and Jeannin P. Involvement of
LOX-1 in dendritic cell-mediated antigen cross-presentation. Immunity 2002, 17:
353–362.

12. Habich C, Baumgart K, Kolb H and Burkart V. The receptor for heat shock protein
60 on macrophages is saturable, specific, and distinct from receptors for other heat
shock proteins. J Immunol 2002, 168: 569–576.

13. Matzinger P. The Danger Model: A renewed sense of self. Science 2002, 296: 301–
305.

14. De A K, Kodys K M, Yeh B S and Miller-Graziano C. Exaggerated human monocyte
IL-10 concomitant to minimal TNF-α induction by heat-shock protein 27 (Hsp27)
suggests Hsp27 is primarily an anti-inflammatory stimulus. J Immunol 2000, 165:
3951–3958.

15. Haas I G. BiP (GRP78), an essential hsp70 resident protein in the endoplasmic retic-
ulum. Experientia 1994, 50: 1012–1020.

16. Kozutsumi Y, Normington K, Press E, Slaughter C, Sambrook J and Gething M J.
Identification of immunoglobulin heavy chain binding protein as glucose-regulated
protein 78 on the basis of amino acid sequence, immunological cross-reactivity, and
functional activity. J Cell Sci Suppl 1989, 11: 115–137.

17. Knarr G, Gething M J, Modrow S and Buchner J. BiP binding sequences in antibodies.
J Biol Chem 1995, 270: 27589–27594.

18. Janson I M, Toomik R, O’Farrell F and Ek P. KDEL motif interacts with a specific
sequence in mammalian erd2 receptor. Biochem Biophys Res Commun 1998, 247:
447–451.

19. Kozutsumi Y, Segal M, Normington K, Gething M J and Sambrook J. The presence
of malfolded proteins in the endoplasmic reticulum signals the induction of glucose-
regulated proteins. Nature 1988, 332: 462–464.

20. Mapp P I, Grootveld M, C, and Blake D R. Hypoxia, oxidative stress and rheumatoid
arthritis. Br Med Bull 1995, 51: 419–436.

21. Tak P P, Zvaifler N J, Green D R and Firestein G S. Rheumatoid arthritis and p53:
how oxidative stress might alter the course of inflammatory diseases. Immunol Today
2000, 21: 78–82.

22. Maurice M M, Nakamura H, van der Voort E A, van Vliet A I, Staal F J, Tak P P,
Breedveld F C and Verweij C L. Evidence for the role of an altered redox state in
hyporesponsiveness of synovial T cells in rheumatoid arthritis. J Immunol 1997, 158:
1458–1465.



P1: JZX
0521836549c14.xml CB856/Henderson 0 521 83654 9 April 30, 2005 22:20

BiP, a Negative Regulator Involved in Rheumatoid Arthritis 247

23. Blass S, Union A, Raymackers J, Schumann F, Ungethum U, Muller-Steinbach S,
De Keyser F, Engel J M and Burmester G R. The stress protein BiP is overexpressed
and is a major B and T cell target in rheumatoid arthritis. Arthritis Rheum 2001, 44:
761–771.

24. Delpino A and Castelli M. The 78 kDa glucose-regulated protein (GRP78/BIP) is
expressed on the cell membrane, is released into cell culture medium and is also
present in human peripheral circulation. Biosci Reports 2002, 22: 407–420.

25. Gagnon E, Duclos S, Rondeau C, Chevet E, Cameron P H, Steele-Mortimer O,
Paiement J, Bergeron J J and Desjardins M. Endoplasmic reticulum-mediated phago-
cytosis is a mechanism of entry into macrophages. Cell Biol Int 2002, 110: 119–
131.

26. Shin B K, Wang H, Yim A M, Le Naour F, Brichory F, Jang J H, Zhao R, Puravs
E, Tra J, Michael C W, Misek D E and Hanash S M. Global profiling of the cell
surface proteome of cancer cells uncovers an abundance of proteins with chaperone
function. J Biol Chem 2003, 278: 7607–7616.

27. Barreto A, Gonzalez J M, Kabingu E, Asea A and Fiorentino S. Stress-induced release
of HSC70 from human tumors. Cell Immunol 2003, 222: 97–104.

28. Dai J, Liu B, Caudill M, Zheng H, Qiao Y, Podack E R and Li Z. Cell surface
expression of heat shock protein gp96 enhances cross-presentation of cellular anti-
gens and the generation of tumor-specific T cell memory. Cancer Immun 2003, 3:
1–5.

29. Lewthwaite J, Owen N, Coates A, Henderson B and Steptoe A. Circulating human
heat shock protein 60 in the plasma of British civil servants. Circulation 2002, 106:
196–201.

30. Habich C, Kempe K, van der Zee R, Burkart V and Kolb H. Different heat shock pro-
tein 60 species share pro-inflammatory activity but not binding sites on macrophages.
FEBS Lett 2003, 533: 105–109.

31. Wassenberg J J, Dezfulian C and Nicchitta C V. Receptor mediated and fluid
phase pathways for internalization of the ER Hsp90 chaperone grp94 in murine
macrophages. J Cell Sci 1999, 112: 2167–2175.

32. Binder R J, Harris M L, Ménoret A and Srivastava P K. Saturation, competition, and
specificity in interaction of heat shock proteins (hsp) gp96, hsp90, and hsp70 with
CD11b+ cells. J Immunol 2000, 165: 2582–2587.

33. Arnold-Schild D, Hanau D, Spehner D, Schmid C, Rammensee H-G, de la Salle H
and Schild H. Receptor-mediated endocytosis of heat shock proteins by professional
antigen-presenting cells. J Immunol 1999, 162: 3757–3760.

34. Corrigall V M, Bodman-Smith M D, Fife M S, Canas B, Myers L K, Wooley P, Soh
C, Staines N A, Pappin D J, Berlo S E, van Eden W, van der Zee R, Lanchbury
J S and Panayi G S. The human endoplasmic reticulum molecular chaperone BiP is
an autoantigen for rheumatoid arthritis and prevents the induction of experimental
arthritis. J Immunol 2001, 166: 1492–1498.

35. Brownlie R, Sattar Z, Corrigall V M, Bodman-Smith M D, Panayi G S and Thompson
S. Immunotherapy of collagen induced arthritis with BiP. Rheumatology (Oxford)
2003, 42 suppl: 13.

36. Sattar Z, Brownlie R, Corrigall V M, Bodman-Smith M D, Staines N A, Panayi G S
et al. CD4+ T cells specific for the stress protein BiP modulate the development of
collagen induced arthritis. Rheumatology (Oxford) 2003, 42 suppl: 124.



P1: JZX
0521836549c14.xml CB856/Henderson 0 521 83654 9 April 30, 2005 22:20

248 Valerie M. Corrigall and Gabriel S. Panayi

37. Bodman-Smith M D, Corrigall V M, Kemeny D M and Panayi G S. BiP, a putative
autoantigen in rheumatoid arthritis, stimulates IL-10-producing CD8+ T cells from
normal individuals. Rheumatology (Oxford) 2003, 42: 637–644.

38. Krakauer T. Differential inhibitory effects of interleukin-10, interleukin-4, and dex-
amethasone on staphylococcal enterotoxin-induced cytokine production and T cell
activation. J Leuk Biol 1995, 57: 450–454.

39. Corrigall V M, Garyfallos A and Panayi G S. The relative proportions of secreted
interleukin-2 and interleukin-10 determine the magnitude of rheumatoid arthritis
T-cell proliferation to the recall antigen tuberculin purified protein derivative.
Rheumatology (Oxford) 1999, 38: 1203–1207.

40. Corrigall V M, Bodman-Smith M D, Brunst M, Cornell H and Panayi G S. Inhibi-
tion of antigen-presenting cell function and stimulation of human peripheral blood
mononuclear cells to express an antiinflammatory cytokine profile by the stress pro-
tein BiP: relevance to the treatment of inflammatory arthritis. Arthritis Rheum 2004,
50: 1164–1171.

41. Schebesch C, Kodelja V, Muller C, Hakij N, Bisson S, Orfanos C E and Goerdt
S. Alternatively activated macrophages actively inhibit proliferation of peripheral
blood lymphocytes and CD4+ T cells in vitro. Immunology 1997, 92: 478–486.

42. Castellino F, Boucher P E, Eichelberg K, Mayhew M, Rothman J E, Houghton
A N and Germain R N. Receptor-mediated uptake of antigen/heat shock protein
complexes results in major histocompatibility complex class I antigen presentation
via two distinct pathways. J Exp Med 2000, 191: 1957–1964.

43. Gordon S. Alternative activation of macrophages. Nat Rev Immunol 2003, 3: 23–35.
44. Vittecoq O, Corrigall V M, Bodman-Smith M D and Panayi G S. The molecular

chaperone BiP (GRP78) inhibits the differentiation of normal human monocytes
into immature dendritic cells. Rheumatology (Oxford) 2003, 42 suppl: 43.
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Neuroendocrine Aspects of the Molecular
Chaperones ADNF and ADNP

Illana Gozes, Inna Vulih, Irit Spivak-Pohis and Sharon Furman

15.1. Introduction

Vasoactive intestinal peptide (VIP), which was originally discovered in the in-
testine as a 28–amino acid peptide and shown to induce vasodilation, was later
found to be a major brain peptide with neuroprotective activities in vivo [1–5].
To exert neuroprotective activity in the brain, VIP requires glial cells that secrete
protective proteins such as activity-dependent neurotrophic factor (ADNF [6]).
ADNF, isolated by sequential chromatographic methods, was named activity-
dependent neurotrophic factor because it protects neurons from death associ-
ated with the blockade of electrical activity.

ADNF is a 14-kDa protein, and structure-activity studies have identified
femtomolar-active neuroprotective peptides, ADNF-14 (VLGGGSALLRSIPA)
[6] and ADNF-9 (SALLRSIPA) [7]. ADNF-9 exhibits protective activity in
Alzheimer’s disease–related systems (β-amyloid toxicity [7], presenilin 1 mu-
tation [8], apolipoprotein E deficiencies [9] – genes that have been associated
with the onset and progression of Alzheimer’s disease (AD)). Other studies
have indicated protection against oxidative stress via the maintenance of mito-
chondrial function and a reduction in the accumulation of intracellular reactive
oxygen species [10]. In the target neurons, ADNF-9 regulates transcriptional
activation associated with neuroprotection (nuclear factor-κB [11]), promotes
axonal elongation through transcriptionally regulated cAMP-dependent mech-
anisms [12] and increases chaperonin 60 (Cpn60/Hsp60) expression, thereby
providing cellular protection against the β-amyloid peptide [13].

Longer peptides that include the ADNF-9 sequence (e.g., ADNF-14) activate
protein kinase C and mitogen-associated protein kinase kinase and protect de-
veloping mouse brain against excitotoxicity [14]. In neocortical synaptosomes,
ADNF-9 enhances basal glucose and glutamate transport and attenuates oxida-
tive impairment of glucose and glutamate transport induced by the β-amyloid

251
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peptide and Fe2+ [15]. In hippocampal neurons, ADNF-9 stimulates synapse
formation as demonstrated by glutamate responses of excitatory neurons and
morphological development [16]. In this hippocampal culture system, ADNF-9
induces the secretion of neurotrophin 3 (NT-3). Because both NT-3 and ADNF-
9 regulate the NMDA receptor subunits 2A (NR2A) and NR2B, these results
suggest in vivo effects of ADNF-9 on learning and behaviour in the adult ner-
vous system. Indeed, in a rat model of cholinodeficiency, intranasal ADNF-9
enhances performance in a water maze, which is indicative of spatial learning
and memory [17].

Antibody studies suggest that ADNF-like molecules mediate VIP neuro-
protective and neurotrophic activities [12, 16, 18]. Preparation of ADNF-9–
like analogues have resulted in the discovery of neuroprotective activity in an
all D-amino acids ADNF-9 (D-ADNF-9, D-Ser-D-Ala-D-Leu-D-Leu-D-Arg-D-
Ser-D-Ile-D-Pro-D-Ala) which suggests a non-chiral mode of action [17, 19].
Studies on ADNF-9 originated in our laboratory and Dr. D.E. Brenneman’s
laboratory [6, 7, 20, 21]. ADNF neuroprotective activity, at very low concentra-
tions in models relevant to AD in particular and neurodegeneration in general,
were independently corroborated in laboratories all over the world, for exam-
ple, by Mattson and colleagues [8, 11, 15, 21], Gressens and colleagues [14],
Hashimoto and colleagues [22] and Ramirez and colleagues [23].

Activity-dependent neuroprotective protein (ADNP) is another glial media-
tor of VIP-associated neuroprotection [9]. Antibodies that recognise ADNF-9
also recognise ADNP, and this has allowed the isolation of ADNP cDNA by
expression cloning. An active eight–amino acid peptide (NAP, NAPVSIPQ)
derived from ADNP, which shares structural and functional similarities with
ADNF-9 in cell culture, has thus been identified [9]. ADNP was implicated in
the maintenance of cell survival via a modulation of p53 expression [24]. A
100-fold more potent VIP analogue which provides neuroprotection is stearyl-
Nle17-VIP (SNV [2–5]) and recent studies have now identified ADNP as a
molecule which may mediate protection offered by SNV against ischaemic cell
death [25].

As for NAP, in vitro experiments have shown that NAP protects neurons
against numerous toxins and cellular stresses [9, 18, 26–30] including the AD
neurotoxin (the β-amyloid peptide), excitotoxicity, the toxic envelope protein of
the human immunodeficiency virus [9], electrical blockade [9], oxidative stress
[18], dopamine toxicity [26], decreased glutathione [26], glucose deprivation
[27] and tumour necrosis factor–associated toxicity [30].

NAP also has neuroprotective activity in a variety of animal models includ-
ing the learning-deficient apolipoprotein E knockout mice (a model related to
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atherosclerosis [4, 9]), mouse paradigms of traumatic head injury (a risk factor
for AD which exhibits some similar stroke-like secondary outcomes [30, 31])
and fetal alcohol syndrome (a model of oxidative damage [32]). In two rat
paradigms, a model of cholinotoxicity and normal middle-aged animals treated
daily by intranasal NAP administration, significant improvements in short-term
spatial memory have been observed [17, 29]. NAP has a short structure, is active
at exceptionally low concentrations (femtomolar), is water soluble, is bioavail-
able, is easily delivered via intranasal inhalation and is unusually stable. No NAP
toxicity has been observed to date [33].

NAP has been studied in several independent laboratories. Busciglio and
colleagues [34] have shown that the in vitro degeneration of Down syndrome
neurons is prevented by ADNF-derived peptides; Shohami and colleagues have
shown protection in head trauma [30], Brenneman and colleagues have shown
protection in fetal alcohol syndrome [32], Leker and colleagues have shown pro-
tection in a model of mid cerebral artery occlusion [35], Offen and colleagues
have shown protection against glutathione depletion [26] and Smith-Swintosky
and colleagues have shown that NAP promotes neurite outgrowth in rat hip-
pocampal and cortical cultures [36]. All of these findings corroborate the original
description of NAP’s neuroprotective properties [9]. The efficacy of NAP ad-
ministration (µg to mg/kg, depending on the indication) has been demonstrated
in animals using a variety of administration routes including intranasal [17], in-
traperitoneal [32], intravenous [35] and subcutaneous [31], and intact NAP has
been detected in the brain 30 minutes and even 1 hour after administration [17,
32, 35].

Significant steps have been made recently towards understanding the mode
of action of NAP. These include the initial identification of specific binding
molecules and cells [37, 38], the identification of potential signal transduction
pathways such as cGMP production [39], an interference with inflammatory
mechanisms [30, 31] and a protective effect against apoptotic processes [35].
Protection against oxidative stress [18, 26, 32] and glucose deprivation [27] also
suggests interference with fundamental processes.

The primary interest of the current chapter is the relationship between ADNF-
9 and NAP with the chaperone family of proteins. Results have shown that
ADNF-9, while having a structure similar to a short sequence in Hsp60, is
directly associated with Hsp60 metabolism in the cell. These results are further
discussed with regards to NAP which is highly homologous to ADNF-9 and
provides an extracellular chaperone function. Because of the complexity of the
systems used a brief description of the experimental methods used has been
provided.
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15.2. NAP and Chaperonin 60: the practical base

15.2.1. Cell culture and anti-sense oligodeoxynucleotide treatment

Cerebral cortical astrocytes were derived from newborn rat brains by trypsinisa-
tion of the cortices and growing the cells in conventional culture medium [9].
To determine the role of Hsp60, the anti-sense oligodeoxynucleotide (5′-TGT
GGG TAG TCG AAG CAT-3′) which has a sequence that is complementary to
the 6–24 position on the rat liver Hsp60 cDNA and has previously been used
to inhibit the neosynthesis of endogenous Hsp60 [40], was used. Anti-sense
oligodeoxynucleotides (5 µM) were added to the culture medium (in the pres-
ence of serum) for 3 days with repeated additions at 24-hour intervals. Water was
added to the control group. Culture medium was replaced only once, to prevent
augmentation of Hsp60 expression due to the stress caused by medium replace-
ment. Experiments were terminated 24 hours after the last addition. Cells were
washed with phosphate buffered saline (PBS) and further incubated at room
temperature for 3 hours with PBS containing 0.1 nM VIP. After the incuba-
tion, the conditioned medium was collected and the cells were harvested and
subjected to protein extraction.

The intracellular protein content was analysed by gel electrophoresis and
Western blotting using specific antibodies for Hsp60 (SPA-804, StressGen
Biotechnologies Corp., Victoria, Canada) and ADNF [9]. The detected signals
were analysed by densitometric scan and compared to the values of the untreated
controls. Actin content was measured using actin-specific antibodies (anti-rabbit,
Sigma), diluted 1:500, as a reference point of total protein content in each
sample.

15.2.2. Hsp60 over-expression

Late passage C6 glioma cells (50–60), which exhibit an astrocytic phenotype,
were used in this study. Cells (1×105 cells/ml) were seeded on tissue culture
flasks [41] and were co-transfected either with the mouse Hsp60 expression
construct [41] and neomycin expression vector using LipofectAMINE Plus (Life
Technologies Inc.) at a ratio of 1:20 or with the neomycin expression vector by
itself. Experiments were routinely carried out on a clone of the transfected cells,
and all the results were confirmed on a number of individual clones expressing
mouse Hsp60 and neomycin resistance and control clones expressing neomycin
resistance only. Intracellular protein content of Hsp60 over-expressing clones
was analysed by gel electrophoresis and Western blotting [13] [42] using poly-
clonal rabbit anti-Hsp60 antibody (StressGen, diluted 1:1000); polyclonal rabbit
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anti-ADNF antibody, diluted 1:250 [20] which was affinity purified against
ADNF-9 [9]; and polyclonal rabbit anti-actin antibody (Sigma), diluted 1:500.

15.2.3. Immunoprecipitation

Intracellular protein mixtures and conditioned medium of Hsp60–over-
expressing C-6 glioma cell clones were immunoprecipitated. Cells were washed
in PBS (Biological Industries) and incubated for 3 hours in PBS. The con-
ditioned medium was harvested, dialysed and lyophilised. The product was
dissolved in anti-protease–containing buffer and was immunoprecipitated us-
ing the ADNF-9–specific antibodies [9]. Ten micrograms of affinity-purified
antibody were added to each milligram of protein and allowed to conjugate
in 4◦C for 1 hour. The conjugates were then precipitated by incubating at
4◦C for 2 hours with Protein A/G Plus-Agarose Beads (Santa Cruz Biotechnol-
ogy). The washed precipitate was boiled, and the supernatant was collected and
analysed by gel electrophoresis and Western blotting as described previously
[14, 20].

15.3. The relationship of intracellular Hsp60 to ADNF

15.3.1. Hsp60 anti-sense oligodeoxynucleotides reduce
ADNF-like expression

Although VIP treatment appeared to increase intracellular Hsp60 in astro-
cytes, albeit insignificantly, an apparent decrease in intracellular ADNF-like
immunoreactivity was observed. As expected, anti-sense oligodeoxynucleotide
treatment (Hsp60-specific) reduced Hsp60 expression, and this was paralleled
by an even more pronounced reduction in ADNF-like immunoreactivity.
Actin levels remained constant or were increased (Figure15.1). Hence, the re-
sults suggest that Hsp60 anti-sense oligodeoxynucleotides reduce ADNF-like
expression.

15.3.2. Over-expression of Hsp60 increases intracellular
ADNF expression: Western blot analysis

Co-transfection generated 18 Hsp60 over-expressing clones, all of which ex-
hibited an enhanced immunoreactivity in the 14-kDa ADNF-like band. Seven
additional clones showed only enhanced ADNF-9–like 14-kDa immunoreac-
tivity. Some of these clones were analysed further. In clone 6, a seven-fold
increase in Hsp60 immunoreactivity was observed (60 kDa), compared to a
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Hsp60

ADNF

Actin

C     V     AS     AS+V

14 kDa band

60 kDa band

A

Figure 15.1. (A) Hsp60 anti-sense oligodeoxynucleotides reduce ADNF-like expression:
Western blot. Antibodies used were anti-Hsp60 (Hsp60), ADNF-9 and actin. C = control,
V = VIP treated, AS = anti-sense oligodeoxynuclotide (Hsp60), AS + V = anti-sense
oligodeoxynuclotide + VIP. (B) Changes were quantified by densitometry.

control neo1-clone (which lacks the Hsp60 vector). Clone 13 exhibited a 30-
fold greater immunoreactivity with the ADNF-14–specific antibody (14 kDa
[9, 20]; Figure15.2). In clone 14 there was a 30-fold greater immunoreactiv-
ity with anti-Hsp60 antibodies and a 258-fold greater reactivity with ADNF-14
antibodies. All of these analyses were performed on the same Western blot.
Similar relationships between Hsp60 and ADNF were observed in all the clones
analysed.
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ADNF

C     H

Hsp60

C    H

14 kDa

60 kDa60 kDa

Actin 45 kDa

MW MW

Antibody

Figure 15.2. Over-expression of Hsp60 increases intracellular ADNF expression: Western
blot analysis. MW = molecular weight, C = control, H = transfected with Hsp60 cDNA.
Arrow indicates 14-kDa ADNF-like immunoreactivity.

15.3.3. Over-expression of Hsp60 increases intracellular
ADNF expression: immunoprecipitation

A specific 14-kDa band was detected by Western blotting following the im-
munoprecipitation experiments only in the Hsp60-transfected clone lanes. No
clear band of this size could be detected in the control lanes (Figure 15.3). The
antibody used for both immunoprecipitation and immunodetection by Western
blotting was the antibody recognising ADNF. The immunoprecipitation results

50 kDa

control   Hsp60

25 kDa
14 kDa

Ab

MW

Figure 15.3. Over-expression of Hsp60 increases intracellular ADNF expression: im-
munoprecipitation experiments. A Western blot is shown and abbreviations are as in
Figures 15.1 and 15.2.
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of proteins in the extracellular milieu showed several ADNF-like bands at the
lower molecular weight range (data not shown).

15.4. Discussion

The aforementioned results suggest a direct association between the expression
of Hsp60 and of ADNF. ADNF exhibits a very close structural homology with
Hsp60 which implies a chaperone-like activity [21]. ADNF was originally discov-
ered as a 14-kDa potent neuroprotective protein secreted from glial cells in the
presence of VIP [6]. Hsp60 is also secreted in the presence of VIP [43]. Hsp60
antibodies induce neuronal cell death which is inhibited by ADNF [6]. Fur-
thermore, VIP-induced secretion of ADNF is associated with enhanced synapse
formation [16]. Other studies have shown that over-expression of Hsp60/10
protects against ischaemia/reperfusion injury [44]. ADNF is a secreted protein.
Hsp60 might also be secreted and the possibility that peptides derived from
these proteins provide extracellular chaperonin activity is intriguing. The pos-
sibility of functional–structural interactions between Hsp60 and ADNF is also
intriguing.

All the studies just described refer to Hsp60 and ADNF intracellular relation-
ships and emanate from our previous findings of extracellular ADNF and Hsp60
sequences [6, 16, 43]. Because ADNF acts at femtomolar concentrations, high
secretion levels are not required and hence the detection of ADNF in the extra-
cellular milieu requires high quantities of conditioned medium. Our preliminary
results (not shown) suggest that extracellular immunoreactive ADNF-like pro-
teins in the lower molecular weight range are related to Hsp60. Interestingly,
ADNF-9 (SALLRSIPA) is structurally homologous to NAP (NAPVSIPQ), an
eight–amino acid peptide derived from ADNP [9]. ADNP is essential for brain
formation [45] and NAP, which provides a broad range of neuroprotection [37,
46, 47], has been shown to inhibit the aggregation of the β-amyloid peptide, an
aggregation that is associated with extracellular toxicity in AD [48]. Thus, NAP
and related peptides may act as extracellular chaperones.
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NOTES ADDED IN PROOF: Several relevant new findings have been published or are
in press since the original preparation of this chapter.
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Heat Shock Proteins Regulate Inflammation by
Both Molecular and Network Cross-Reactivity

Francisco J. Quintana and Irun R. Cohen

16.1. Introduction

Heat shock proteins were initially identified as heterogeneous families of stress-
induced proteins characterised by their chaperone activity [1]. Subsequently,
they were identified as immunodominant antigens recognised by the host im-
mune system following microbial infection [2] or during the course of autoim-
mune disease [3–6]. Recently, the role of heat shock proteins as endogenous
activators of the innate and adaptive immune system has been unveiled [7]. In
this chapter we discuss the relevance of heat shock proteins and their immune
activities to the regulation of inflammation and autoimmune disease. We shall
see that the regulatory activities of heat shock proteins on inflammation involve
two types of cross-reactivity: molecular cross-reactivity exists between microbial
and self-heat shock proteins and network cross-reactivity exists between different
self-heat shock proteins.

16.2. Inflammation activates heat shock protein–specific T cells

Although the injection of incomplete Freund’s adjuvant (IFA) to BALB/c mice
induces local inflammation, Anderton and colleagues demonstrated that the
injection of IFA also induces T cells reactive with the mammalian 60-kDa heat
shock protein (Hsp60) [8]. These Hsp60-reactive T cells were TCRαβ+, CD4+

and major histocompatibility complex (MHC) class II-restricted [8]. Notably,
Hsp60-specific cells could only be found in the local lymph nodes draining
the site of IFA injection, and they were not present in distant lymph nodes.
Hsp60-specific T cells are not only induced but also recruited to the site of
inflammation [8].

The pro-inflammatory response which drives autoimmune disorders has also
been shown to lead to an up-regulation of heat shock protein expression and the
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recruitment of heat shock protein–specific T cells to the target organ. Mor and
colleagues have described that, along with myelin-specific T cells, T cells specific
for the mycobacterial 65-kDa (Hsp65) or 71-kDa (Hsp71) heat shock proteins
are recruited to the central nervous system (CNS) in rats undergoing experi-
mental autoimmune encephalomyelitis (EAE) [9]. This initial observation was
subsequently extended to include self-heat shock proteins and T cells reactive to
them, in both EAE and human multiple sclerosis [10–12]. Finally, transplanted
organs undergoing rejection show increased levels of expression of endogenous
heat shock proteins and are infiltrated by heat shock protein–specific T cells
(reviewed in [13]).

In short, heat shock protein–specific T cells are induced by inflammation
and are recruited to the sites of inflammation. In this chapter, we will discuss
experimental data that support a regulatory role for heat shock proteins and heat
shock protein–specific T cells in the control of inflammation.

16.3. Heat shock proteins control inflammation

Adjuvant arthritis (AA) in the Lewis rat [14] and spontaneous autoimmune
diabetes in the non-obese diabetic (NOD) mouse [15] are experimental models
for two of the most prevalent human autoimmune diseases: rheumatoid arthritis
[16] and type 1 diabetes mellitus (T1DM) [17]. Although the clinical signs of
the models are naturally different, both experimental diseases are linked by the
observation that heat shock proteins can halt the autoimmune attack. We have
used these experimental models to study the role of heat shock proteins in the
control of autoimmune disease.

16.3.1. Adjuvant arthritis

AA is induced in Lewis rats by a subcutaneous injection of heat-killed Mycobac-
terium tuberculosis in IFA [14]. T cells specific for mycobacterial Hsp65 can both
drive and inhibit AA. Although Hsp65-specific CD4+ T cell clones cross-react
with cartilage components and transfer AA [18], Hsp65 administered as a pro-
tein [19], encoded in a recombinant vaccinia virus [20] or administered as a
DNA vaccine [21] can inhibit AA. The administration of Hsp65 can also regu-
late experimental arthritis triggered by the lipoidal amine CP20961 [22] or by
pristane [23].

Inhibition of AA by Hsp65 is thought to involve cross-reactivity with self-
Hsp60 [24]. We have studied the specificity of the regulatory immune re-
sponse that controls AA using DNA vaccines coding for either human Hsp60
(pHsp60) or mycobacterial Hsp65 (pHsp65) [25]. Although both pHsp60 and
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pHsp65 protect against AA, pHsp60 is significantly more effective [25]. Us-
ing DNA vaccines encoding fragments of Hsp60 to identify immunoregula-
tory regions within Hsp60, the anti-arthritogenic effects of the pHsp60 con-
struct have been shown to reside in the amino acid (aa) 1–260 region of
Hsp60 [26]. Using Hsp60-derived overlapping peptides, peptide Hu3 (aa 31–
50 of Hsp60) is specifically recognised by T cells of rats protected from AA
by DNA vaccination [26]. Vaccination with Hu3, or transfer of splenocytes
from Hu3-vaccinated rats, prevents the development of AA, whereas vacci-
nation with the mycobacterial homologue of Hu3 has no effect [26]. Pre-
vention of AA by vaccination with pHsp60, DNA vaccines encoding the N-
terminus of Hsp60, or Hu3 was associated with the induction of T cells that
secrete IFN-γ, IL-10 and TGF-β1 upon stimulation with Hsp60 [25, 26]. Thus,
Hsp60-specific T cells can control the progression of AA. However, what in-
fluence do T cells reactive with other heat shock proteins have on such
processes?

T cell responses to the mycobacterial 10-kDa heat shock protein (Hsp10) [27]
or mycobacterial Hsp71 have also been shown to control the progression of AA
[28–30]. We studied whether self-heat shock proteins other than Hsp60 could
inhibit AA using DNA vaccines encoding human 70-kDa heat shock protein
(Hsp70) or the human 90-kDa heat shock protein (Hsp90). DNA vaccination
with Hsp70 or Hsp90 shifted the specific arthritogenic T-cell response from a
Th1 to a Th2/3 phenotype and inhibited AA [31]. Thus, Hsp70 and Hsp90 can
also modulate arthritogenic T cell responses in AA.

Hsp60-specific responses in patients with rheumatoid arthritis [32, 33] or
juvenile chronic arthritis [34] are associated with milder arthritis and a better
prognosis. Although no information is yet available on T cell responses to Hsp70
or Hsp90 in human arthritis, these observations suggest that heat shock protein–
specific T cells might also have a regulatory role in human autoimmune arthritis.
The role of the 70-kDa heat shock protein BiP as a modulator of rheumatoid
arthritis is described in detail in Chapter 14.

16.3.2. NOD diabetes

NOD mice spontaneously develop diabetes as a consequence of a T cell–
mediated autoimmune process that destroys the insulin-producing β cells of
the pancreas [17]. NOD mice have a high frequency of self-reactive T cells
[35], which is reflected by a highly self-reactive B-cell repertoire [36]. Several
antigens are targeted by diabetogenic T cells, including insulin [37] and glu-
tamic acid decarboxylase (GAD) [38]. Similar to the situation found in AA,
T cell reactivity to Hsp65 is a double-edged sword. A peak of Hsp65-specific
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T cell reactivity precedes the onset of diabetes [39], and immunisation with
Hsp65 can induce a transient hyperglycaemia [39]. However, vaccination with
Hsp65 can also inhibit the development of diabetes [39]. These initial re-
ports may be explained by cross-reactivity between mycobacterial Hsp65 and
self-Hsp60.

We have shown that self-Hsp60 is targeted by the diabetogenic attack; T
cells reactive with the Hsp60 peptide p277 (aa 437–460) can induce diabetes
in irradiated NOD recipients [40]. On the other hand, vaccination of NOD
mice with peptide p277 has been shown to arrest the development of diabetes
[40] and can even induce remission of overt hyperglycaemia [41]. Successful
p277 treatment leads to the down-regulation of spontaneous T cell proliferation
to p277 and to the induction of a Th1-to-Th2 switch in the immune response
to p277 [42]. Other peptides of Hsp60 can also inhibit the development of
spontaneous diabetes in NOD mice [43].

NOD mice can also develop a more robust form of diabetes induced by the
administration of cyclophosphamide, termed cyclophosphamide-accelerated di-
abetes (CAD) [44]. Cyclophosphamide is thought to specifically deplete regu-
latory T cells [44], thereby unleashing a Th1 response which is rich in IFN-γ
secreting cells and leads to overt diabetes [45].

We have studied the effect of DNA vaccination with pHsp60 or pHsp65
on CAD. Vaccination with pHsp60, but not with pHsp65, protects NOD mice
from CAD [46]. Thus, the efficacy of the pHsp60 DNA vaccine in this situation
can be explained by regulatory Hsp60 epitopes that are not shared with Hsp65;
indeed well-characterised regulatory epitopes from Hsp60 are not conserved in
the sequence of Hsp65 [46]. Vaccination with pHsp60 modulates the T cell
responses to Hsp60 and also to GAD and insulin. T cell proliferative responses
are significantly reduced, and the cytokine profile induced by stimulation with
Hsp60, GAD or insulin revealed an increased secretion of IL-10 and IL-5 and a
decreased secretion of IFN-γ, a finding which is compatible with a Th1-to-Th2
shift in the autoimmune response [46].

In conclusion, the administration of Hsp60 peptides, or of whole Hsp60 as a
recombinant protein or a DNA vaccine, can halt autoimmune NOD diabetes.
Several antigens are targeted during the progression of diabetes [17] and it is
therefore remarkable that the immunoregulatory networks triggered by Hsp60
can control diabetogenic T cells that are directed to a range of other antigens,
such as insulin and GAD.

B and T cell responses to Hsp70 [47], Hsp60 and p277 [6, 48] have also been
described in patients with T1DM. Indeed, a double-blind, phase II clinical trial
was designed to study the effects of p277 therapy on newly diagnosed patients
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[49]. The administration of p277 after the onset of clinical diabetes preserved
the endogenous levels of C-peptide (which fell in the placebo group) and was
associated with lower requirements for exogenous insulin, thereby revealing an
arrest of β cell destruction [49]. Treatment with p277 led to enhanced Th2
responses to Hsp60 and p277 [49]. Thus, like NOD diabetes, human T1DM
appears to be susceptible to immunomodulation by Hsp60 therapy.

Taken together it appears that heat shock proteins can control the progression
of inflammation and, in particular, self-heat shock proteins seem to be quite
efficient in doing so. However, do we need exogenous heat shock proteins to
trigger heat shock protein–based regulatory mechanisms?

16.4. Triggering of heat shock protein–based immunoregulation
by innate immune activation

Bacterial DNA stimulates the innate immune system via Toll-like receptor 9
(TLR9) [50] due to the presence of DNA motifs consisting of a central un-
methylated CpG dinucleotide flanked by two 5′ purines and two 3′ pyrim-
idines [51]. Such a sequence is referred to as a CpG motif. We have demon-
strated that bacterial CpG motifs can inhibit spontaneous diabetes in NOD
mice [52], but not CAD [46]. The prevention of diabetes was characterised
by a decreased insulitis [52]. Moreover, we have detected a decrease in the
spontaneous proliferative responses of T cells to Hsp60 and its p277 peptide,
concomitant with the induction of Th2-like antibodies of the same specificity,
thereby revealing a Th1-to-Th2 shift in the autoimmune response of the treated
mice [52].

To investigate the mechanisms involved in the regulation of spontaneous
NOD diabetes by CpG motifs, we studied the expression of Hsp60 in spleno-
cytes from NOD mice stimulated with a synthetic oligonoucleotide containing
CpG motifs (CpG). In vitro stimulation with CpG led to a dose-dependent up-
regulation of intracellular Hsp60 levels, as demonstrated by Western blot anal-
ysis, and also to the release of Hsp60 into the supernatant. A control oligonu-
cleotide containing an inverted CpG motif (GpC) had no significant effect on
the intracellular levels of Hsp60 or on Hsp60 secretion [Quintana and Cohen,
manuscript submitted].

CpG also affected the responses of T cell clones specific for the Hsp60 peptides
p12 (aa 166–185) or p277 (aa 437–460). In the presence of irradiated antigen-
presenting cells (APCs), CpG triggered the dose-dependent proliferation of both
Hsp60-specific T cell clones, but not of an anti-ovalbumin T cell line [Quin-
tana and Cohen, manuscript submitted]. All the T cells were activated by their
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target antigen, but not by lipopolysaccharide (LPS), thereby ruling out the pos-
sibility that some of the observed proliferation was due to the presence of con-
taminating B cells [Quintana and Cohen, manuscript submitted]. The analysis
of cytokine secretion revealed that CpG stimulation triggered the secretion of
higher amounts of IL-10 and lower amounts of IFN-γ than did activation with
the target Hsp60 peptides (p12 or p277) [Quintana and Cohen, manuscript sub-
mitted]. The Hsp60-specific T cell lines were not activated by CpG in the absence
of APCs, and CpG-induced proliferation was inhibited by anti-MHC class II
antibodies [Quintana and Cohen, manuscript submitted]. Thus, CpG activates
Hsp60-specific T cells by stimulating the presentation of peptides derived from
endogenous Hsp60 in the MHC class II molecules of the APC. Because IL-10
is known to have suppressor effects on immune responses [53], the relative in-
crease in IL-10 secretion by Hsp60-specific T cells might explain the protective
effect of CpG on NOD diabetes. The reader should refer to Chapters 13 and 14
for a discussion of chaperones that selectively induce IL-10 over IL-1/tumour
necrosis factor synthesis.

Figure 16.1 depicts our model for the action of CpG on spontaneous NOD
diabetes. The activation of APCs or of other cell types via TLR9 leads to the
up-regulation of intracellular levels of Hsp60 and eventually to its secretion.
Hsp60 is then presented on the surface of the APC via MHC class II molecules.
Hsp60-specific regulatory T cells are therefore activated, halting the progression
of NOD diabetes.

A paper by Kumaraguru and colleagues reports that CpG triggers the up-
regulation and release of Hsp70 from macrophages; however, the effects of
CpG on Hsp70-specific T cell lines were not studied [54]. Based on the APC
function of macrophages, it is likely that Hsp70 peptides presented in the MHC
molecules of CpG-treated macrophages can modulate Hsp70-specific immunity.

TLR9-mediated activation has been shown to control several experimental
models of autoimmune disease including EAE [55], colitis [56] and arthritis
[57, 58]. Ligands for other TLRs, such as poly I:C [59] or LPS [60–62], have
also been reported to inhibit experimental autoimmunity. Whether the activa-
tion of heat shock protein–based immunoregulatory mechanisms is a feature
shared by several TLR-dependent signalling cascades remains to be seen. Nev-
ertheless, our results suggest that regulatory Hsp60-specific T cell responses can
be triggered by the activation of innate networks that lead to the release of en-
dogenous heat shock proteins leading, in turn, to the activation of the specific
T cell populations. Could we use these innate networks to diversify the heat
shock protein–specific immune response? In other words, could we administer
a particular heat shock protein and induce T cell responses directed to a different
heat shock protein?



P1: JZX
0521836549c16.xml CB856/Henderson 0 521 83654 9 April 30, 2005 21:28

A
P

C

A
ct

iv
at

io
n 

of
 H

sp
60

-s
pe

ci
fi

c
re

gu
la

to
ry

 T
 c

el
l c

lo
n

es
H

sp
60

-
sp

ec
if

ic
 T

 
ce

ll

N
on

-A
P

C

S
ec

re
ti

on
 o

f
H

sp
60

C
pG

C
pG

T
C

R
 a

nt
i-

H
sp

60

T
L

R
9

M
H

C
 c

la
ss

 I
I 

/ H
sp

60
 c

om
pl

ex
 

H
sp

60
C

p
G

C
pG

 m
ot

if
s

C
pG

-
ac

ti
va

te
d

A
P

C

C
pG

-
ac

ti
va

te
d

no
n-

A
P

C

C
pG

C
pG

C p G

P
re

se
nt

at
io

n 
of

H
sp

60
 v

ia
 M

H
C

Fi
gu

re
16

.1
.M

od
el

fo
r

th
e

ac
tio

n
of

C
pG

on
sp

on
ta

ne
ou

s
N

O
D

di
ab

et
es

.

269



P1: JZX
0521836549c16.xml CB856/Henderson 0 521 83654 9 April 30, 2005 21:28

270 Francisco J. Quintana and Irun R. Cohen

16.5. Connectivity between different heat shock
protein–specific immune responses

We have demonstrated that DNA vaccines coding for Hsp60 (pHsp60), Hsp70
(pHsp70) or Hsp90 (pHsp90) can inhibit AA [25, 26, 30]. Moreover, DNA
vaccines coding for Hsp70 or Hsp90 can modulate the Hsp65-specific T cell
response which drives AA, in a similar manner to that previously demonstrated
for Hsp60 [25, 26, 30]. Hsp60, Hsp70 and Hsp90 bear no significant sequence
homology or immune cross-reactivity. However, might immunisation with an
exogenous heat shock protein trigger the presentation of a different endoge-
nous heat shock protein, leading to the diversification of the immune response
induced by vaccination with a particular heat shock protein?

DNA vaccination with pHsp70 or pHsp90 induces antigen-specific prolifera-
tive responses: pHsp70-vaccinated rats manifest T cell responses to Hsp70, and
pHsp90-vaccinated rats manifest T cell responses to Hsp90 [31]. However, DNA
vaccination with pHsp70 or pHsp90 could also induce T cells that proliferated
and secreted IFN-γ, TGF-β1 and IL-10 upon stimulation with Hsp60 [31]. Thus
different heat shock protein molecules are linked immunologically.

To characterise this connection, we compared the epitope specificity of the
Hsp60-specific T cell response induced by pHsp60 with that induced by pHsp70
using a panel of overlapping peptides derived from the human Hsp60 se-
quence [31]. We had previously found that pHsp60 DNA-vaccination-induced
regulatory T cells were reactive with a single Hsp60 peptide epitope, Hu3 (aa
31–50) [26]. However, lymph node cells (LNCs) from pHsp70-vaccinated rats
responded to several other Hsp60 peptides: Hu19 (aa 271–290), Hu24 (aa 346–
365), Hu25 (aa 361–380), Hu27 (aa 391–410), Hu28 (aa 406–425), Hu30 (aa
436–455), Hu32 (aa 466–485), Hu33 (aa 481–500) and Hu34 (aa 271–290) [31].
Thus, although both pHsp60 and pHsp70 can induce Hsp60-specific T cells,
the fine specificities of the T cell responses induced are different. The cross-
talk between the Hsp60- and the Hsp70-specific T cell responses is recipro-
cal, in that pHsp60-vaccinated rats showed significant T cell responses upon
stimulation with Hsp70 [31]. These findings are schematically represented in
Figure 16.2.

Hsp60, Hsp70 and Hsp90 share no sequence homology and are not im-
munologically cross-reactive. One possible explanation for the induction of
Hsp60-specific T cell responses by pHsp70 or pHsp90 is self-vaccination with
endogenous self-Hsp60 which is induced and/or released as a result of the DNA
vaccinations. Indeed, we could detect increased levels of circulating Hsp60
in pHsp70-vaccinated rats [Quintana et al., manuscript submitted]. The up-
regulation of Hsp60 levels in the circulation was dependent on the presence
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of the hsp70 gene on the pHsp70 DNA construct; as a control, empty plasmid
had no effect on circulating Hsp60 levels [Quintana et al., manuscript submit-
ted]. Reciprocally, vaccination with pHsp60 induced a T cell response to Hsp70;
however, we have not yet been able to measure the levels of Hsp70 in the blood
of pHsp60-vaccinated rats. Although the molecular mechanisms require fur-
ther study, the present findings demonstrate that heat shock protein–specific
responses are inter-regulated and highlight the multiple immune signalling ac-
tivities of these molecules.

16.6. Immunoregulatory mechanisms triggered
by heat shock proteins

Earlier, we have seen that inflammation induces heat shock protein–specific
T cells and that, despite a lack of immunological cross-reactivity between the
molecules, T cell responses to different heat shock proteins are connected. We
have shown that heat shock proteins can control autoimmune disease, and we
have referred to experimental data suggesting that heat shock protein–based
regulatory networks can be triggered in the absence of exogenous immunisation
with heat shock proteins. We are therefore left with the question of how heat
shock protein molecules might control autoimmunity.

The autoimmune attack which leads to overt autoimmune disease is a process
that simultaneously engages several cell types and molecular mechanisms that are
not restricted to the immune system. Faced by such a multi-front attack, it is not
surprising that heat shock proteins bear several features that might prove helpful
for the control of the autoimmune response. Heat shock proteins, as described
in Chapter 1, are intracellular chaperones which facilitate the correct folding of
newly synthesised proteins [1]. Moreover, they also improve antigen processing
and presentation by APCs [63]. Heat shock proteins facilitate the induction of T
cell responses to free peptide epitopes which are bound by circulating heat shock
proteins and taken up by APCs through heat shock protein–specific receptors
[63, 64]. Circulating heat shock proteins, not loaded with any peptide, can
directly activate several cell types via innate receptors [7]. Heat shock proteins
can activate immune system cells, such as dendritic cells [65–67], and also non-
immune cells, such as endothelial cells [68]. Finally, heat shock proteins bear
regulatory T cell epitopes [25, 69]. However, as we have seen, heat shock proteins
can also be targeted by the pathogenic T cells that characterise autoimmune
diseases such as T1DM [6].

The sites at which heat shock proteins are expressed can influence their im-
munoregulatory functions. The intracellular levels of heat shock proteins are
increased upon cellular stress. Viral or bacterial infections up-regulate heat shock
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protein expression [70–73], and necrotic cells release heat shock proteins [74].
Inflammation is a source of cellular stress, and heat shock proteins are over-
expressed at the sites of inflammation, such as in the synovium in arthritis [75].
Strikingly, heat shock proteins are also up-regulated in activated macrophages
[76] and T cells [77]. Thus, heat shock proteins simultaneously mark the cells
targeted by the autoimmune attack and the pathogenic immune cells that carry
out the attack.

Based on the intra- and extra-cellular functions of heat shock protein and their
localisation, several mutually non-exclusive mechanisms, involving adaptive and
non-adaptive immunity, can contribute to the immunoregulatory properties of
heat shock proteins.

16.6.1. Adaptive immunity

16.6.1.1. Environmental regulation of heat shock
protein–specific immunity
Heat shock proteins are immunodominant bacterial antigens [78]. Because mu-
cosal immunisation is known to induce antigen-specific regulatory responses
[79], exposure to bacterial heat shock proteins from the intestinal flora might be
a source of heat shock protein–specific regulatory T cells. Indeed, Moudgil and
colleagues have demonstrated that environmental microbes can induce Hsp65-
specific T cells directed to regulatory epitopes that are cross-reactive with self-
Hsp60 [69, 80]. Vaccination with heat shock proteins or their peptides might
simply amplify this naturally acquired regulation. However, based on this mech-
anism, any cross-reactive protein conserved through evolution from bacteria to
mammals should be immunoregulatory. This is not always the case, as recently
reported by Prakken and colleagues [81].

16.6.1.2. Boost of regulatory T cell responses
Heat shock proteins can bind free peptides and induce peptide-specific immune
responses, even in the presence of low amounts of the target peptide [82].
Thus, heat shock protein molecules could be loaded in vivo with regulatory self-
peptides and subsequently boost or amplify specific regulatory T cell responses.
Indeed, Chandawarkar and colleagues have reported that gp96 can both induce
and down-regulate tumour-specific immune responses [83]. Furthermore, heat
shock proteins purified from the inflamed CNS of EAE rats (and not from naı̈ve
rats) can vaccinate naı̈ve rats against EAE [84]. Thus, Hsp70–peptide complexes
synthesised at the sites of active inflammation can trigger tissue-specific anti-
inflammatory T cell responses [84]. Nevertheless, this mechanism does not
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explain the immunomodulatory effects of heat shock protein–derived fragments
or peptides. See Chapters 17 and 18 for more information on chaperones and
peptide-specific immune responses.

16.6.1.3. Cytokine-mediated bystander inhibition
Inflammation leads to the local up-regulation of heat shock proteins. Heat shock
protein–specific T cells might therefore be recruited to sites of inflammation,
where they could control pathogenic T cell clones by the secretion of regulatory
cytokines. Heat shock protein–specific T cells induced by vaccination with im-
munoregulatory DNA vaccines or peptides secrete regulatory cytokines (IL-10
and TGF-β1) [25, 29, 30, 46].

16.6.1.4. Anti-ergotypic regulation
T cells reactive to activated T cells (but not to resting T cells) can control ex-
perimental autoimmune disease [85–87]. The T cell receptor expressed by these
regulatory T cells recognises peptides derived from activation markers (ergo-
topes), such as the α-chain of the IL-2 receptor [86, 87] or the TNF-α receptor
[87]. These cells are termed anti-ergotypic [85]. Now it has been reported that
mRNAs encoding for heat shock proteins are up-regulated upon T cell activation
[77]. Thus, Hsp60 too might serve as an ergotope. We studied whether vaccina-
tion with DNA vaccines encoding Hsp60, or with the regulatory peptide Hu3,
might induce anti-ergotypic responses. To serve as an ergotope, Hsp60 would
have to fulfil two requirements. Firstly, Hsp60 must be up-regulated in acti-
vated T cells. Secondly, activated T cells must present Hsp60-derived peptides
to Hsp60-specific T cells.

The activation of T cells by the mitogen Concanavalin A, or by specific
antigen, up-regulates intracellular levels of Hsp60 [Quintana et al., manuscript
submitted]. Thus, the first condition is fulfilled: T cell activation triggers Hsp60
expression. Moreover, activated T cells can present Hsp60. Hsp60-specific T cells
proliferate to activated T cells and secrete both IFN-γ and TGF-β1 [Quintana
et al., manuscript submitted]. The activation of Hsp60-specific T cells was MHC
class II (RT1.B) restricted, since it could be inhibited with the OX6 monoclonal
antibody [Quintana et al., manuscript submitted]. Thus, Hsp60 can function
as an ergotope in vitro; however, can functional Hsp60-specific anti-ergotypic
responses be induced in vivo?

DNA vaccination with pHsp60 has been found to induce anti-ergotypic T cell
responses that are MHC class II (RT1.B) and MHC class I restricted [Quintana
et al., manuscript submitted]. In contrast, vaccination with Hu3 induced only an
MHC class II restricted (RT1.B) anti-ergotypic T cell response [Quintana et al.,
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manuscript submitted]. Thus, Hsp60-specific CD4+ and CD8+ anti-ergotypic
T cells can be induced in vivo.

LNCs from rats with AA stimulated with the immunodominant 180–88 T
cell epitope of Hsp65 (mt180) secrete high levels of IFN-γ [25]. Since T cells
specific for this epitope have been shown to transfer AA [18, 88], the reactivity of
LNCs of AA to mt180 is thought to reflect the behaviour of the arthritogenic T
cells. LNCs of AA rats stimulated with mt180 in the presence of Hsp60-specific
anti-ergotypic T cells (but not with a control anti-myelin bask protein (MBP)
line) secrete significantly less IFN-γ [Quintana et al., manuscript submitted].
Thus, anti-ergotypic responses can control the arthritogenic response in vitro.
Our model for the role of Hsp60-specific T cells in anti-ergotypic response is
depicted in Figure 16.3. However, the contribution of the anti-ergotypic response
to the regulatory functions of heat shock protein–specific T cells in AA and other
autoimmune disorders in vivo is still unknown.

16.6.2. Innate immunity

16.6.2.1. Innate activation of regulatory T cells
Heat shock proteins are endogenous ligands for innate receptors. Hsp60 and
Hsp70 activate TLR4 and TLR2 [89]; Hsp70 and Hsp90 have also been reported
to signal via CD40 and CD91 [90, 91]. See Chapters 7, 8 and 10 for more de-
tails of the receptors for chaperones. Caramalho and colleagues have reported
that regulatory CD25+ T cells are activated via TLR4 [92]. Thus, it is possible
that self-heat shock proteins directly activate regulatory cells via innate recep-
tors. This hypothesis is partially supported by the findings made by Dr. Gabriel
Nussbaum in our laboratory, who has generated NOD mice lacking a functional
TLR4. NOD mice carrying a non-functional tlr4 allele show an early onset and
an increase in the incidence of spontaneous diabetes. Interestingly, the sensitiv-
ity of those NOD mice to CAD remains unchanged (Dr. Gabriel Nussbaum,
personal communication). Cyclophosphamide is thought to deplete regulatory
cells [44]; thus, these findings suggest that TLR4-mediated signals triggered by
self-ligands do activate regulatory cells involved in the control of autoimmune
diabetes.

16.6.3. Hsp60 triggers anti-inflammatory activities in T cells via TLR2

Hsp60 and p277 can directly inhibit chemotaxis and activate anti-inflammatory
activities in human T cells, via TLR2 [93]. Human T cells activated by mitogen
in the presence of Hsp60 or p277 also show a decreased secretion of IFN-γ and
an increased secretion of IL-10 (unpublished observations). Thus, soluble Hsp60
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or p277, acting via TLR2, can modulate T cells involved in the progression of
inflammation.

16.7. Heat shock proteins: physiological
modulators of inflammation

Inflammation is physiological [94]; it plays a role in processes ranging from
wound healing [95] to neuroprotection [96]. However, uncontrolled inflamma-
tion can lead to disease and, as a consequence, precise mechanisms have been
selected through evolution for the tight control of inflammation.

Inflammation induces heat shock proteins and heat shock protein–specific
immune responses. However, heat shock proteins and the immune responses
directed against them can both promote and inhibit inflammation. Heat shock
proteins are central nodes in physiological networks that control inflammation;
they integrate the intra-cellular response to stress with the inter-cellular signals
that spread a cascade of pro- or anti-inflammatory responses (Figure 16.4A). The
variety of the anti-inflammatory responses co-ordinated by heat shock proteins
is as diverse as the biological activities of heat shock proteins. In the short term,
heat shock proteins can activate regulatory mechanisms via innate receptors. In
the long term, heat shock proteins can also trigger adaptive immunoregulatory
T cell responses directed against heat shock proteins or other self-proteins. Heat
shock proteins bridge the innate and adaptive immune responses involved in
the physiological control of inflammation.

Regulatory networks centred on heat shock proteins can be boosted by several
methods to treat autoimmune disease (Figure 16.4B). Indeed, these therapies
could operate by simply mimicking the effects that the environment has on
the immune system. The rise in the standard of living achieved during the
past century in the developed world seems to have diminished the microbial
stimulation of the immunoregulatory functions that keep immune balance. This
reduction in immune stimulation might contribute to the increased incidence
of autoimmune diseases observed in developed countries, as we have discussed
elsewhere [97].

16.7.1. Network cross-reactivity

It is striking that immunisation with defined heat shock proteins leads to the
induction of T cell responses directed to other structurally unrelated heat shock
protein molecules [31]. The definition of immunological cross-reactivity, usu-
ally found in immunology textbooks, would not account for this unexpected
finding. Herein, we would like to propose a new definition for cross-reactivity.
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Figure 16.5. Immunological cross-reactivity.

We define molecular cross-reactivity as the classical cross-reactivity that exists
between antigens that share sequence homology, leading to their recognition by
the same T or B cell clones (Figure 16.5). We define network cross-reactivity as the
immune connection existing between molecules that bear no sequence homol-
ogy, like Hsp60 and Hsp70, but whose specific immune responses are somehow
interconnected (by self-vaccination or another mechanism). Thus, the organi-
sation of the immune network is such that immunisation with antigen 1 can
induce an immune response that targets not only antigen 1, but also antigen 2,
in the absence of any single T or B cell clone that recognises both antigens
(Figure 16.5). The regulatory properties of heat shock proteins might result from
the molecular cross-reactivity existing between self and microbial heat shock pro-
teins and the network cross-reactivity that exists between different endogenous
heat shock proteins.

The study of the pro- and anti-inflammatory mechanisms mediated by heat
shock proteins could lead to the design of novel therapies for autoimmu-
nity: therapies aimed at reinforcing the built-in mechanisms that are based
on the physiological control of the immune function by heat shock proteins
[94, 98]. The initial success of the Hsp60 peptide p277 in treating human
T1DM shows the feasibility of this approach [49]. A deeper understanding
of the multiple activities of heat shock proteins on the immune system and
body homeostasis might allow us to extend these findings to other autoimmune
disorders.
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Heat Shock Protein Fusions: A Platform for the
Induction of Antigen-Specific Immunity

Lee Mizzen and John Neefe

17.1. Introduction

The unusual immunogenicity of heat shock proteins (also known as stress pro-
teins) was discovered in studies of the immune response to microbial infec-
tion, in which a large proportion of the humoral and cellular immune response
to diverse microbial pathogens was found to be specific for pathogen-derived
heat shock protein [1]. These studies demonstrated that immune recognition of
pathogen-derived heat shock proteins occurs in natural and experimental settings
in animals and man. This is discussed in detail in Chapter 16. Immune responses
elicited to mycobacterial heat shock proteins have been particularly well stud-
ied. In man, recognition of mycobacterial heat shock protein by CD4+ T cells
occurs in the context of numerous human leukocyte antigen (HLA) alleles, and
epitopes have been identified that are presented by multiple HLA molecules
[2]. The promiscuous recognition of mycobacterial heat shock proteins sup-
ports their utility as ‘universal’ immunogens for the genetically diverse human
population. The immunogenic properties of microbial heat shock proteins have
accordingly led to their application in a variety of immunisation formats as
prophylactic and therapeutic agents in models of infectious disease and cancer
[3]. In these studies, heat shock proteins have been delivered as subunit vac-
cines, carrier proteins in chemical conjugates, recombinant fusion proteins and
DNA expression vectors for induction of humoral and cellular immunity.

To explain the disproportionate focus of the immune response on a small
subset of pathogen antigens, heat shock proteins were proposed to act as ‘red
flags’ – alerting the immune system to the presence of a foreign invader [4].
Given their ubiquity in microbial pathogens and their over-production by mi-
crobes in response to ‘stressful’ conditions experienced within the infected host
[5], pathogen-derived heat shock proteins represent highly effective targets for
sensing infection. However, evidence is accumulating that the immune system

288
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may also respond to endogenous (i.e., self ) heat shock proteins during various
pathophysiological states, such as inflammation or necrotic cell death. Indeed,
in this context, heat shock proteins are postulated to function as universal ‘dan-
ger signals’, alerting the immune system to the presence of stressed, infected or
diseased tissue [6].

Given the central role of professional antigen-presenting cells (APCs) in ini-
tiating immune responses, the induction of antigen-specific immunity by heat
shock proteins may be explained, in part, by the identification of candidate heat
shock protein receptors on dendritic cells (DCs) and macrophages. On murine
and/or human monocytes, receptors for Hsp90, Hsp70 and Hsp60 homologues
include CD14, members of the Toll-like receptor (TLR) family, TLR4 and TLR2,
scavenger receptors (SRs) CD91 and LOX-1, and the co-stimulatory molecule
CD40 [7–14]. In addition, CD94 is implicated as a receptor for Hsp70 on human
NK cells [15]. The receptors for chaperones are discussed in detail in Chapters
7, 8 and 10. A common function of TLRs and SRs is the binding of exoge-
nous or endogenous ‘pattern recognition’ ligands, respectively, which triggers
innate immune responses [16, 17]. Similarly, stimulation of natural killer (NK)
cells via CD94 can activate their innate tumour-killing function, as observed
with Hsp70 [18]. Finally, co-stimulation of DCs through CD40 is a critical
activation signal for initiating adaptive T cell responses [19]. Hence, receptor
molecules implicated in heat shock protein recognition share the property of
transmitting activation signals from the innate to the adaptive immune system.

Specific heat shock protein recognition and uptake by APCs is also supported
by in vitro studies demonstrating activation and maturation of DCs exposed to
exogenous heat shock proteins [20, 21] as well as the ‘cross-priming’ of CD8+ T
cell responses to antigens associated with heat shock proteins [22, 23]. At present,
direct biochemical confirmation of receptor binding by heat shock proteins is
lacking; the more prevalent view is that identified molecules are part of signalling
pathways in APCs that may involve as yet unidentified co-receptors.

17.2. Heat shock protein fusions: a new approach to immunisation

Given the ability of heat shock proteins to target APCs and to enhance im-
mune responses to associated antigens, a practical approach for the design and
manufacture of new antigen-specific vaccine formulations is the construction
of heat shock protein fusions by recombinant DNA technology. Here, DNA se-
quences for heat shock proteins and target antigens are spliced together in-frame
(‘fused’) using standard techniques, and the resultant chimaeric genes or encoded
proteins are employed as immunogens. As reviewed next, immunisation with
heat shock protein fusions in protein, RNA, DNA or viral vector formats has
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yielded promising results in animal models of infectious disease and cancer.
Significantly, this approach has progressed to the first human testing of a heat
shock protein fusion protein as a viral immunotherapeutic.

17.2.1. Heat shock protein fusion proteins

In the first published example of this concept, immunisation with an HIV
p24-Mycobacterium tuberculosis Hsp70 fusion protein was shown to induce p24-
specific immune responses in mice, as characterised by the production of Th1
and Th2 cytokines and the induction of a significant IgG titre that persisted for
over a year [24]. This work alerted researchers to the potential of heat shock
protein fusions for the induction of immune responses and highlighted some
important features that would be confirmed in subsequent research: lack of de-
pendence on adjuvants, induction of antigen-specific B and T cell responses and
the significant enhancement of antigen-specific immune responses by covalent
linkage (fusion) of heat shock proteins to the antigen.

The ability of heat shock protein fusion proteins to enhance antibody re-
sponses was extended by studies employing Leishmania infantum Hsp70 or Hsp83
fusions with Escherichia coli maltose-binding protein (MBP) [25–27]. A consis-
tent finding in these studies was the induction of a Th1 immune response to
MBP, as measured by cytokine secretion and IgG isotype profile. Notably, im-
munisation of athymic nu/nu mice with the fusion protein generated anti-MBP
IgG2a antibodies, which is consistent with a T cell–dependent response [26]. As
noted in another study, the induction of IgG antibodies by heat shock proteins
can possess unusual features [28].

Although heat shock protein fusions can elicit markedly enhanced antigen-
specific humoral responses, the DC targeting property of heat shock proteins
has been exploited by a majority of researchers seeking to augment cellular im-
munity to fused antigens. In the first example of cross-priming by a heat shock
protein fusion protein, immunisation of mice with an ovalbumin–M. tubercu-
losis Hsp70 fusion induced ovalbumin-specific CD8+ cytotoxic T lymphocytes
(CTLs) [29]. These CTLs recognised the H-2b-restricted ovalbumin SIINFEKL
peptide (amino acids (aa) 257–264), indicating that heat shock protein fusion im-
munisation led to ‘natural’ antigen processing in vivo. Mice immunised with the
fusion were protected against challenge with an ovalbumin-expressing tumour
cell line, implicating ovalbumin-specific CTLs in tumour rejection.

In another study concerning in vivo antigen processing, Trypanosoma cruzi
Hsp70 was chosen as a vehicle for the discovery of potential human CTL
epitopes in a target antigen from the same parasite. In this study, immunisation
of HLA-A2/Kb transgenic mice with a kinetoplastid membrane protein-11
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(KMP11)–Hsp70 fusion permitted the identification of two HLA-A2–restricted
CTL epitopes in KMP11 [30].

In the first example of CTL induction by a fusion protein containing an Hsp60
homologue, peptide-specific CD8+ CTLs were elicited in mice of H-2b and H-2d

haplotypes immunised with Mycobacterium bovis BCG Hsp65-influenza nucleo-
protein fusions [31]. In this study, significant CTL activity appeared following
a single immunisation. This persisted for a minimum of four months and was
boosted by a second immunisation, thereby suggesting the presence of mem-
ory T cells. This study also demonstrated that, as observed for Hsp70 fusions,
Hsp65 fusion immunisation elicits CTLs specific for defined immunodominant
epitopes present within fused antigens.

With these features in mind, a tumour ‘vaccine’ using M. bovis BCG Hsp65
was created and tested in a mouse model of human cervical cancer [32]. Here,
prophylactic and therapeutic immunisation with an Hsp65–human papillo-
mavirus (HPV)-type 16 E7 fusion (HspE7) led to the rejection of an HPV16
E7-expressing tumour, TC-1. HspE7 immunisation was associated with induc-
tion of a Th1-like cell-mediated immune response, based on the cytokine secre-
tion profile, and the presence of cytolytic activity against TC-1 cells. Tumour
rejection following therapeutic immunisation with HspE7 was dependent on
the presence of CD8+ T cells during priming and was associated with long-term
survival (over 253 days) in 80 percent of treated animals.

A number of studies have provided insight into the mechanisms by which
heat shock protein fusion proteins elicit CTLs. A particularly revealing observa-
tion is that CD8+ CTLs are induced by mycobacterial Hsp70 and Hsp65 fusions
in CD4+ T cell-deficient mice [32–36]. Induction of CTLs without CD4+ T
cell ‘help’ can occur by direct activation of APCs, as shown by CD40 ligation
or acute viral infection [37, 38]. Consistent with mechanisms by which APCs
‘licence’ CD8+ T cell responses, mycobacterial Hsp65 fusion proteins have been
shown to directly activate murine bone-marrow-derived DCs in vitro whereas,
in vivo, myeloid DCs recovered from fusion immunised mice displayed an
activated phenotype [33]. To obtain more quantitative measurements on the po-
tency of CTL induction by heat shock protein fusions, an ovalbumin–M. tuber-
culosis Hsp70 fusion protein was used to immunise OT-1 mice transgenic for a T
cell receptor recognising the ovalbumin SIINFEKL peptide [36]. By comparison
with animals receiving the SIINFEKL peptide in complete Freund’s adjuvant
(CFA), immunisation of mice with the fusion protein induced stronger and more
durable proliferation of adoptively transferred OT-1 cells in vivo. On a molar
basis, delivery of the SIINFEKL peptide within an ovalbumin protein fragment
fused to Hsp70 was several hundred-fold more effective in eliciting CTL
responses than peptide in CFA. These observations illustrate, in this transgenic
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model, the quantitative and qualitative superiority of a heat shock protein
fusion over the gold-standard adjuvant CFA as a vehicle for CTL induction.

To map the region of Hsp70 involved in CTL induction to fused antigen, mice
were immunised with heat shock protein fusions composed of an ovalbumin
fragment joined to different portions of the M. tuberculosis Hsp70 protein [34].
This study revealed that the ability to elicit SIINFEKL-specific CTLs resided
within a region of Hsp70 located in the ATPase domain (aa 161–370). It is
noteworthy that the amino acid sequences in Hsp70 associated with induction of
antibody or CTL responses to fused antigens have been mapped to the conserved
ATPase domain [25, 34, 35]. The region of human Hsp70 responsible for CD40
binding has also been mapped to the ATPase domain [13], in contrast to findings
with mycobacterial Hsp70 [12]. However, this discrepancy might be related to
the conformation of Hsp70 induced by nucleotide and peptide binding [13].
The structure–function relationship of Hsp70 with respect to binding to CD40
is described in detail in Chapter 10.

The high degree of sequence and functional conservation among heat shock
proteins in evolution and predictions from the ‘danger hypothesis’ [6] suggest
that the immunogenic properties of heat shock proteins will extend from mi-
crobes to higher eukaryotes, including mammals. In the context of a heat shock
protein fusion, evidence for this has been provided in studies in mice that have
demonstrated CTL induction to antigens fused to murine (i.e., self-) Hsp70 pro-
teins [34, 35]. In one study, CTLs have been elicited to five different major
histocompatibility complex (MHC)-restricted peptide sequences fused individ-
ually to murine Hsc70 as minimal epitopes without flanking sequences [35].

17.2.2. Heat shock protein gene fusions

As noted earlier, current research indicates that the induction of antigen-specific
CTLs by heat shock protein fusion proteins derives largely from their ability to
act upon myeloid APCs in at least two ways: firstly, to efficiently deliver fused
antigen sequences into the MHC class I pathway for presentation to CD8+ T
cells, and secondly, to deliver activation signals that upregulate co-stimulatory
functions and the secretion of cytokines that promote cellular immunity. At
present, the intracellular pathways traversed by heat shock protein fusion pro-
teins in APCs are largely unknown. Because endogenous expression of proteins
by DNA vaccines can enhance the induction of CTLs [39], it is instructive to
compare immune responses induced by heat shock protein fusions encountered
by APCs as exogenous proteins versus endogenously expressed proteins.

To enhance cellular immune responses to HPV16 E7, prototype vaccines have
been tested in mice based on gene fusions between HPV16 E7 sequences and M.
tuberculosis Hsp70, delivered in plasmid DNA [40, 41], adeno-associated virus
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[42], Sindbis virus RNA replicon [43, 44] and vaccinia virus vectors [41]. In
all of these studies, E7-specific CD8+ T cell responses were induced, and when
tested these were superior to those that were induced by the E7 gene alone or
other vector controls. Moreover, these studies demonstrated the prophylactic
or therapeutic activity of the various E7–Hsp70 fusion constructs against TC-1
tumour cells, including, in one instance, a TC-1 variant with reduced class I
expression, a phenotype common to many human cancers [41]. These studies
contained another important observation: that immunisation with E7–Hsp70
fusions in plasmid DNA or RNA replicon formats induces CD8+ T cells/CTLs
and/or anti-tumour responses that are wholly or predominantly independent
of CD4+ T cells [40, 41, 43]. In addition to CTL effectors, a subset of these
studies also demonstrated the essential contribution of NK cells and IFN-γ in tu-
mour rejection following the administration of RNA or DNA vectors expressing
E7–Hsp70 [41, 43].

In a direct extension of previous work using a corresponding heat shock pro-
tein fusion protein, immunisation of mice with plasmid DNA encoding a T. cruzi
KMP11-Hsp70 fusion elicited production of anti-KMP11 IgG2a antibodies and
CD8+ CTL recognising predicted HLA-A2 epitopes in KMP11 and conferred
prophylactic immunity against challenge with T. cruzi [45]. Extending the utility
of a DNA vaccine approach to a mammalian heat shock protein fusion partner,
a rabbit calreticulin–E7 plasmid DNA vaccine has been shown to induce high
levels of E7-specific antibodies and CD8+ T cells in mice and provides prophy-
lactic and therapeutic immunity against TC-1 tumour cells [46]. Notably, CTL
induction with the CRT–E7 DNA vaccine does not require CD4+ T cells during
the priming phase of immunisation. Therefore, one feature of CTL induction
shared by many heat shock protein fusions delivered as protein or nucleic acid–
based immunogens is the relative lack of dependence on CD4+ T cells. The
induction of both CTL and antibody responses by heat shock protein fusions,
as surrogates for delivery of antigen into the MHC class I and class II pathways,
respectively, presumably reflects the multiple pathways of heat shock protein
trafficking within APCs [47, 48].

17.3. Clinical testing of a heat shock protein fusion protein, HspE7

Based on immunotherapeutic activity in a pre-clinical model of HPV-associated
cancer, an M. bovis BCG Hsp65–HPV16 E7 fusion protein, HspE7 [32], has pro-
gressed into clinical testing in humans. HspE7 (formal designation SGN-00101)
is being developed by Stressgen Biotechnologies Inc. (San Diego, CA, U.S.A.)
for the treatment of diseases caused by HPV, including genital warts (GW), re-
current respiratory (or laryngeal) papillomatosis (RRP or warts of the respiratory
tract), the cancer precursors known as cervical and anal intraepithelial neoplasia
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(CIN and AIN respectively) and cervical cancer. HPV is ubiquitous in humans
and is estimated to infect over 70 percent of the sexually active population [49].
Based on nucleotide sequence information, there are over one hundred geno-
types of HPV [50]. Infection with a subset of ‘high-risk’ oncogenic HPV types,
such as type 16, is associated with CIN, AIN and cancer, whereas infection with
‘low-risk’ HPV types 6 and 11 is commonly associated with GW and RRP [51].

In the clinical trials, HspE7 is being administered to patients by subcutaneous
injection in a buffered saline vehicle. HspE7 treatment is well tolerated, with the
most common adverse experience being an injection site reaction, typical of vac-
cines, which resolves without treatment. An active treatment regimen for HspE7
has been identified: 500 µg given three times at monthly intervals. To date, the
trial results in the HPV indications suggest that therapeutic immunisation with
HspE7 is active in AIN, GW [52] and RRP. Clinical activity, measured as reduc-
tion or complete resolution of indicated HPV lesions, is observed in a majority
of patients receiving HspE7 immunisation and, when followed, is durable in a
majority of patients for follow-up periods ranging from several months to two
years. For patients with high-grade AIN and RRP, the response to HspE7 ther-
apy means a potential reduction or avoidance of invasive surgical procedures.
For GW patients, the durability of response to HspE7 therapy is potentially
superior to that typically observed with use of caustic/ablative techniques or
topical immunodulators.

The activity of HspE7, which contains HPV16 E7, against GW and RRP, which
are caused primarily by HPV types 6 and 11, suggests induction of cross-reactive
immunity to HPV E7 sequences present in non-HPV16 genotypes. This evidence
supports the use of HspE7 as a broad-spectrum immunotherapeutic for diseases
caused by multiple HPV genotypes. Other notable clinical findings include the
activity of HspE7 in the HPV-infected adult (GW, AIN) and paediatric (RRP)
populations, and activity in treating HPV-associated lesions of the anogenital
skin and mucosa, and mucosa of the upper respiratory tract. Future clinical trials
plan to test HspE7 in HIV+ patients with anogenital HPV disease. The rationale
for testing HspE7 in this population is directly supported by the observed activity
of HspE7 in CD4-deficient mice [32].

17.4. Conclusions

Heat shock protein fusions, delivered as exogenous protein immunogens or
as endogenously expressing nucleic acid and viral-based vectors, engender po-
tent humoral and cellular immune responses. The literature demonstrates that
immune responses can be induced with heat shock protein fusions containing
antigen sequences that are 1) of varying lengths and character, 2) contained
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within natural flanking residues or as minimal epitopes and 3) fused to the
N- or C-termini of heat shock protein sequences. In addition, antigen-specific
immune responses have been demonstrated with heat shock protein fusion part-
ners derived from 1) different heat shock protein families (e.g., Hsp90, Hsp70,
Hsp60) and 2) prokaryotic and eukaryotic species, including the same species
as the immunised recipient (i.e., ‘self ’). These observations speak to the breadth
and reproducibility of this approach as a robust immunisation platform.

The induction of immune responses and, in particular, CD8+ CTLs by heat
shock protein fusions is an important phenomenon from both theoretical and
practical standpoints. Firstly, it demonstrates efficient CTL priming to antigens
by mechanisms apparently independent of the ‘natural’ chaperone function
hypothesised to underlie CTL induction by non-covalent heat shock protein
complexes [53]. Secondly, CTL responses, which are paramount for eradication
of intracellular pathogens and transformed cells, are routinely achieved by heat
shock protein fusions without adjuvant. This represents a new avenue of inquiry
for developers of vaccines and immunotherapies, to whom decades of experience
have indicated that CTL induction to soluble protein antigens requires adjuvants
that pose safety and toxicity risks [54, 55]. Based on the pre-clinical and clinical
experience described in this review, heat shock protein fusions offer considerable
promise as a platform for future development of therapeutic vaccines to treat
chronic viral infections and cancer.
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Molecular Chaperones as Inducers
of Tumour Immunity

Pinaki P. Banerjee and Zihai Li

18.1. Introduction

Tumour antigens can be broadly classified into four categories: (i) those that
are expressed in larger quantities in tumours than their normal counterparts
(e.g., tumour-associated carbohydrate antigens) [1], (ii) onco-fetal antigens (e.g.,
carcinoembryonic antigen) [2], (iii) differentiation antigens (e.g., melanoma dif-
ferentiation antigen) [3, 4] and (iv) tumour-specific antigens. Tumour antigens
in the first three categories could serve as useful markers for diagnostic and
prognostic purposes. Although some of these antigens are being used in im-
munotherapy, none can be called tumour-specific in a true sense. Only the last
group includes antigens that are truly specific for tumour cells, in that they con-
tain tumour-specific mutations that are unique for individual tumours such as
the tumour-specific point mutation that is found in cyclin-dependent kinase-4.
Such a mutation gives rise to a novel antigenic epitope which can be recognised
by cytotoxic T lymphocytes (CTLs) [5]. However, for these antigens to be of
any value as therapeutic agents, they must be detected in and epitopes isolated
from a large range of cancers, and this makes the general use of these antigens
difficult.

In the past two decades, evidence has accumulated to support the concept
that molecular chaperones or heat shock proteins can be used as a potent source
of cancer vaccines [6, 7]. Molecular chaperones, particularly those derived from
the Hsp70 and Hsp90 families, are now being tested in the clinical arena for
therapeutic efficacy against a range of cancers (Table 18.1). The concept of
vaccinating against cancer using molecular chaperones developed from an ob-
servation which was made half a century ago, namely that mice immunised with
a particular type of irradiated tumour cells were protected against challenge with
live tumour cells from the same, but not a different kind, of tumour [8] (Fig-
ure 18.1). It was evident that, although tumour A and tumour B were induced by

300
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Table 18.1. Gp96 in clinical trials for different types of
cancer

Heat shock
protein vaccine Type of cancer Status

gp96 Renal cell carcinoma Phase III
Melanoma Phase III
Colorectal cancer Phase II
Gastric cancer Phase I and II
Pancreatic cancer Phase II
Sarcoma Phase II
Ovarian cancer Phase I

the same carcinogen, were derived from the same histological type or were even
present in the same host, the antigenic determinants of each of these tumours
appeared to be distinct (see review by Li et al. [9]).

It was postulated that each tumour bears unique tumour-specific transplanta-
tion antigens (TSTAs) that could be used to induce protective responses against
a particular type of tumour, but not others [10]. A pioneering experiment in
which the immunogenic TSTA fraction from tumour lysates was purified led
to the identification of gp96 and other heat shock proteins as the protective
agents against autologous tumours [11]. However, gp96 is not immunogenic per
se; rather the immunogenicity of the preparation is defined by novel tumour-
derived peptides that are carried by the gp96 and are co-purified with it [12, 13].
Immunisation with gp96 elicits a potent CTL response against the tumour from
which gp96 is isolated, the specificity of which is defined by the gp96-associated
peptides [14–17]. It has since been shown that gp96 devoid of peptides can
activate CD8+ T cells in a dose-dependent manner [18] and can provide co-
stimulation to CD4+ T cells which results in the generation of a type 2 helper
T cell (Th2) immune response [19]. This chapter will review features and mech-
anisms underlying the capacity of autologous tumour-derived gp96 and other
heat shock proteins to elicit tumour-specific immunity and act as anti-cancer
vaccines.

18.2. Application of extracellular heat shock
protein gp96 in cancer immunity

18.2.1. Autologous, soluble gp96 as a cancer vaccine

Gp96 was first discovered as the glucose-regulated ‘stress’ protein [20], the
primary function of which was to serve the role of a molecular chaperone [21].
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Because this protein is found to be regulated by glucose levels it is, therefore,
also known as the 94-kDa glucose-regulated protein (grp94) [22]. This protein
is a major glycoprotein resident in the endoplasmic reticulum (ER) and is thus
named endoplasmin [23] or 99-kDa endoplasmic reticulum protein (Erp99)
[24]. However, under stressful conditions, gp96 tends to redistribute to the
Golgi apparatus [25], is found to be enriched to some extent in the nucleus [20]
and can also be expressed on the outer surface of the plasma membrane [26]. It
has been suggested that the glycosylation pattern of gp96 changes after cellular
stress, as denoted by an increased resistance to endoglycosidase H digestion,
which depends on the cell types [25]. However, this phenomenon has also been
observed in several disease states such as cancer [27], thereby suggesting that
cells might be in a state of stress which also results in partial translocation of ER
chaperones to the Golgi apparatus.

The protective immunity elicited by gp96 vaccination is exquisitely specific.
However, questions have been raised about the polymorphism of the molecule
and also there has been doubt about the existence of the mutated form of gp96 in
cancer cells, either of which could be a tumour antigen. Molecular cloning and
sequencing approaches have rejected these two hypotheses and categorically
mapped only one true gene locus, named tra-1 in humans [28]. Sequencing
of gp96 from normal and tumour tissues has demonstrated absolute sequence
homology between gp96 from the two sources, thereby confirming gp96 as being
solely a carrier of immunogenic peptide from the tumour tissues.

Much of the recent studies on the immunologic properties of gp96 have fo-
cussed on understanding the interaction between purified gp96 and a variety
of immune effector cells including T cells and professional antigen-presenting
cells (APCs). APCs such as dendritic cells (DCs) and macrophages carry the
receptors of gp96 on the cell surface, one of which is CD91, or α-2 macroglob-
ulin (α-2M) receptor [29]. Binding of tumour-derived gp96 to CD91 leads to
a receptor-mediated endocytosis of gp96 complete with its associated tumour-
derived peptides (gp96-tumour peptide), and this forms the basis of the initial
critical step leading to the induction of tumour peptide-specific immunity
[30]. The receptor–ligand interaction activates, matures and leads to the cross-
presentation of tumour peptides via major histocompatibility complex (MHC)
class I molecules by the DCs. Once activated, DCs from the peripheral tissues
migrate to the lymph node in which CD8+ T cell–DC interactions result in the
priming and activation of peptide-specific T cells (Figure 18.2). The induction
of tumour immunity by gp96 could be a representation of ‘danger theory’ itself
[31]. To clarify this proposal, stressful conditions such as glucose deprivation,
hypoxia and acidosis might induce the release of gp96-peptide complexes from
the tumour cells, which acts as a danger signal to the immune system. This
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Figure 18.2. Generation of CTL responses by gp96 vaccination. (a) Gp96–tumour peptide
complexes can (b) mature DCs and these DCs (c) generate a potent CTL response by
cross-presentation of the peptide. Effector CTLs (d) migrate to the site of the tumour to
elicit tumour-specific cytolysis. The gp96–tumour peptide from lysed cancer cells (e) can
further interact with DCs to prime the anti-tumour response.

extracellular gp96 might activate macrophages and DCs to initiate a cascade
of downstream events that result in the induction of an effective anti-tumour
immune response.

Intradermal injection of as little as 1 µg tumour-derived gp96 can pro-
tect against tumour challenge. The ‘mathematical derivation’ behind this phe-
nomenon of gp96 is indeed very interesting to note [32]. In brief, such an
immunisation incites 10,000 activated DCs to migrate to the lymph node and
results in the presentation of an estimated 3,000 MHC tumour-specific peptide
complexes to CD8+ cells. As commented by Srivastava, ‘one tenth as many
DCs presenting one tenth as many antigenic peptides are powerful enough to
elicit a potent T cell response’ [32]. Other routes of gp96 immunisation such
as subcutaneous and intraperitoneal approaches are also effective, however only
when 10- to 50-fold higher doses of gp96 are used, respectively [33]. It has
been interesting to note that, irrespective of the route of administration, doses
of soluble gp96 above or below the optimal do not elicit tumour-protective
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responses. Higher doses of gp96 can lead to the generation of transferable sup-
pressive T cell subsets that bear CD4+ molecules on the cell surface. A detailed
insight into the mechanisms underlying this particular phenomenon has yet to
be offered. However, these findings highlight the need for more insight into the
immunologic properties of gp96.

18.2.2. Surface expression of gp96 and its role in CTL response

Gp96 contains the C-terminal KDEL (Lys-Asp-Glu-Leu) motif, which is known
as the ER retention signal [34]. However, it has been estimated that about 3%
of the total amount of gp96 synthesised could be expressed on the surface of
the Meth-A tumour cells [35]. Cell surface expression of gp96 has also been
observed in a variety of other cell types (see the review by Li et al. [9]). In each
case, surface expression was not due to cell death, because surface expression
was clearly dependent on the active transport from ER to Golgi. It has been
hypothesised that the export of gp96 from the ER to the cell surface is a critical
signal to the immune system. To test this concept, we have targeted gp96 to
the surfaces of tumour cells by transfection with an engineered gp96 expression
vector [36]. The engineered gp96, named 96tm, does not possess the KDEL
motif and to the C-terminus of gp96 was attached a transmembrane domain of
a platelet-derived growth factor receptor.

Surface expression of 96tm does not lead to changes in the level of endoge-
nous gp96, nor does it have any effect on the folding or transport of MHC class I
molecules. 96tm was targeted onto cell surfaces of many tumour types in a type I
orientation. A number of important observations were made with these reagents
[36, 37]: (i) the immunogenicity of Meth-A fibrosarcomas and CT-26 colon can-
cers expressing cell surface gp96 is increased; (ii) co-culturing of bone marrow
(BM)-derived immature DCs with tumour cells expressing gp96 on their cell
surface induces phenotypic maturation of DCs as evidenced by upregulation of
CD80, CD86, CD40, MHC class I and MHC class II expression; (iii) DCs acti-
vated by cell surface gp96 produce a large amount of pro-inflammatory cytokines
such as TNF-α, IL-1β, IL-12 and the chemokine MCP-1; (iv) DC maturation
induced by 96tm-expressing tumour cells requires direct cell-to-cell contact;
(v) 96tm-expressing tumour cells recruit both CD4+ and CD8+ cells to the
site of tumours in vivo; (vi) tumour cells expressing cell surface gp96 can cross-
prime antigen-specific CD8+ T cells more efficiently and (vii) immunisation
with tumour cell expressing cell surface gp96 leads to the development of long-
lasting protective CD4+ and CD8+ T cell memory. Thus, over-expression of
surface gp96 can also be an effective and alternative strategy for inducing effec-
tive cell-mediated anti-tumour immunity against less immunogenic tumours.
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Using a similar strategy, the immunological consequence of constitutive ex-
pression of gp96 on cell surfaces was examined by generating a gp96tm transgenic
mouse model [38]. Interestingly, these animals spontaneously develop a DC-
mediated autoimmune disease, which highlights the intrinsic pro-inflammatory
properties of gp96. This transgenic murine model might prove invaluable for
further mechanistic study of gp96 in immune responses.

18.3. A comparison of the functional mechanism
between soluble gp96 and gp96tm

In general, a protective CTL response can be sequentially described by three con-
secutive events: initiation, maintenance and the induction of immunological
memory. Soluble gp96 and membrane-bound gp96 might elicit CTL responses
in a subtle, but different mechanism [9, 39]. Important functional differences in
immune responses induced by gp96-tm and naturally occurring cell surface gp96
might also exist, and these might be revealed following whole-cell immunisa-
tion. Invariably, the chemistry underlying different types of immune responses
relies on the nature of the interaction between cells and the gp96 molecule and
its associated peptides/proteins in the vaccine preparations. Thus, it would be
pertinent to address and also to compare the involvement of various APCs and
T cells in the different phases of the anti-tumour immune response which is
induced by different forms of gp96-based vaccines.

In the priming phase, the requirement of CD8+ T cells, but not the CD4+

T cells, is important, especially when animals are immunised with the soluble
gp96-peptide complex [39]. This phenomenon is found to be largely dependent
on the presence of carrageenan-susceptible cells, which could be macrophages
and other, as yet to be identified APCs. In contrast, the priming of CTLs fol-
lowing immunisation with irradiated cancer cell requires the presence of CD4+

T cells. During the effector phase, both T cell subsets are important for effec-
tive immunisation in response to tumour-derived gp96 or irradiated tumour
cells. Much like the priming phase, macrophages play a pivotal role in the CTL
effector response induced by purified gp96.

An interesting observation is that although immunisation with soluble pro-
tein generally initiates the CD4+ T cell response, the depletion of CD4+ T cells
during gp96 administration does not affect the generation of tumour immunity
in the host. This might be due to the fact that gp96-tumour peptide is tar-
geted directly to macrophages and DCs [30], which cross-present the ‘antigen’
to CD8+ cells. Thus, depletion of macrophages from the immune milieu com-
promises the antigenic response. Both soluble gp96 [40] and membrane-bound
96tm [37] have been shown to elicit memory anti-tumour immune responses.
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In the case of 96tm immunisation, both CD4+ and CD8+ T cells are required
for tumour rejection in the priming as well as memory phase. The requirement
for CD4+ T cells in the generation of CD8+ T cell memory to soluble gp96
immunisation, in vivo, has yet to be carefully studied. Suffice to say, both the
membrane-bound and the soluble gp96 can elicit a potent anti-tumour immu-
nity. However, the mechanisms under which immune responses are generated are
differentially regulated and the mechanistic differences have yet to be elucidated.

18.4. Immunotherapy with other forms of gp96

In addition to the soluble and membrane-bound forms of gp96, gp96-Ig, the
secreted form of gp96 from tumours, has also attracted considerable interest for
its potency in cancer therapy [41, 42]. A gp96-Ig fusion protein has been made
by replacing the KDEL sequence with CH2 and CH3 domains of the murine
IgG1 molecule [43]. This construct was transfected to the ovalbumin-expressing
E.G7 lymphoma cells, and this tumour model was used as a source of vaccine.
Gp96-Ig secreting E.G7 cells, but not gp96-Ig negative control cells, were able to
prime adoptively transferred T cell receptor transgenic CD8+ T cells specific for
the MHC class I–restricted SIINFEKL peptide sequence of ovalbumin. To de-
termine whether the N terminus or the C terminus are crucial for gp96-mediated
peptide presentation, the C terminus of gp96 has been fused with a CTL epi-
tope, and this had a limited effects on the capacity to prime CTL responses
[44]. Covalent fusion of gp96 with peptides might inhibit the presentation of
these peptides via MHC class I molecules, because heat shock protein-tumour
peptides require enzymatic processing before being presented via proteosome-
dependent or -independent pathways [45, 46]. Some believe that the N-terminal
domain of gp96 does not have peptide binding capability, but that it might in-
duce cross-protection in various tumours [47], whereas others believe that the
N-terminal domain of gp96 can indeed carry tumour peptide [13].

Gp96-Ig can efficiently elicit anti-tumour responses in the absence of CD4+

T cells and macrophages [43], and gp96-Ig and gp96-tm are more effective than
soluble gp96 when mice are challenged with 5 × 105 live Meth A tumour cells,
a dose which is five-fold greater than the maximum number of cells up to which
immunity mediated by soluble gp96 can be retained. Gp96-tm has been shown
to be slightly more effective than gp96-Ig in a tumour rejection experiment [37].

To increase the efficiency of gp96 in tumour rejection, it was thought that it
was necessary to enhance the macrophage/DC population in vivo at the time
of gp96 vaccine administration. Thus, the administration of Lewis lung cancer
(LLC) cells transduced with granulocyte macrophage colony stimulating fac-
tor (GM-CSF) in combination with 1 µg tumour-derived gp96 was found to
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be more effective than either one administered separately [48]. This strategy
of combination vaccination can mature, activate and increase the number of
the DCs in the draining lymph node within 36 hours after vaccination. Further,
this LLC-GM-gp96 therapy also depends on the optimum amount of gp96. DC-
mediated activation of CD8+ T lymphocytes is also CD4+ T cell– and natural
killer (NK) cell–dependent. Markers of DC maturation (MHC class II, B7.2) are
up-regulated by gp96 with no significant change in CD40 expression level. How-
ever, the expression of gp96 receptor (CD91) is regarded as being constitutively
expressed and unrelated to the presence or absence of gp96 immunisation [48].

18.5. Role of CD91 and gp96 in innate and adaptive immunity

From the preceding discussion, the question might be asked how gp96-mediated
anti-tumour immunity is regulated, especially given that its receptor is constitu-
tively expressed on DCs. Attempts to elucidate this fact revealed that cell lysates
prepared from necrotic cells, but not apoptotic cells, can deliver a maturation
signal to DCs via the NF-κB pathway, and that it is through this route that gp96
delivers it signals to the DCs [49]. Apoptotic cells are known to bear apoptotic
markers such as phosphatidylserine (PS) on their cell surface and for which DCs
bear the receptor (PSR). Engagement of PS with PSR down-regulates the expres-
sion of co-stimulatory molecules by DCs and concomitantly increases the se-
cretion of anti-inflammatory cytokine transforming growth factor (TGF)-β [50].
Other receptors such as CD14 and CD36 recognise apoptotic cell-associated
ligands and also transmit similar tolerogenic signals to macrophages and DCs.
However, during necrosis the binding of gp96 to its receptor on DCs elicits
the secretion of IL-12 and TNF-α, and also up-regulates the expression of co-
stimulatory molecules. In the peripheral circulation, any potential effects of heat
shock protein–peptide complexes can be neutralised by the presence of α-2M,
another ligand for CD91. However, in the tissues, in which α-2M is not present,
CD91 becomes accessible to gp96 released from damaged or stressed cells [51].

It is important to point out that CD91 is not the only receptor which is
proposed to bind to heat shock proteins. A CD91-independent pathway has
been reported to mediate cross-presentation of gp96-chaperoned peptides [52].
Toll-like receptors (TLRs) [53] and scavenger receptor-A [54] are such candidate
receptors for gp96. The receptors for heat shock proteins are discussed in detail
in Chapters 7, 8 and 10. Furthermore, the observation that gp96 devoid of
peptides can activate DCs strongly indicates the co-existence of innate immunity
in tumour rejection [55]. Binding of gp96 to macrophages and DCs can elicit
the secretion of IL-12, TNF-α, type-1 interferon, IL-1β and GM-CSF. IL-12
activates NK cells which lyse tumour cells directly. On tumour cell lysis, gp96
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and its associated peptides are released, and this binds to CD91 on neighbouring
APCs, thereby generating an adaptive immune response. Thus, as is the case with
other heat shock proteins, gp96 bridges innate and adaptive immune responses,
and this capacity probably developed as early as the emergence of vertebrates [7,
41, 56–58]. To exemplify, autologous tumour-derived gp96- and Hsp70-based
immunisation induces significant protection against a transplantable tumour in
Xenopus, the earliest vertebrate to possess an adaptive immune system [59].

18.6. The role of other heat shock protein family members
in anti-cancer immunity and a comparison with gp96

Soon after the establishment of gp96 as a tumour ‘antigen’, attention focussed
on the possibility that other molecular chaperones exhibited similar properties.
Two of the Hsp90 family members, named 84- and 86-kDa TSTA (i.e., p84 and
p86), are also immunogenic for cancer [60]. Unlike gp96, these molecules are
devoid of sugar moieties and do not bind to lectins; however, much like gp96
these molecules do not bear tumour-specific polymorphic DNA sequences and
are found to protect only against autologous tumours. The overall homology
between p84/86 and gp96 is 49%. Interestingly, at the lowest effective dose
the immunogenicity of these molecules is dependent on the purification pro-
cess. Thus, fractions purified using Mono-Q columns offer comparatively better
protection against a lethal challenge with Meth A cells than those purified us-
ing hydroxyapatite. However, in contrast to gp96, both the purified fractions
of p84/86 offered a similar, almost 80%, protection when used in higher dose
(i.e., 10–40 µg). Much like p84/86, the immunogenicity of Hsp70 also depends
on its preparation protocol. Thus, the replacement of ADP-agarose from the
ATP-agarose in the chromatography column completely restores the ability of
the Hsp70(-peptide) to elicit anti-tumour immunity [61, 62]. ATP binding and
hydrolysis have been shown to release Hsp70-associated peptides [63] and the
loss of immunogenicity after ATP treatment provides strong evidence that the
peptides chaperoned by Hsp70 are the immunogens [62] as, for example, Hsp70
chaperoned tyrosinase peptide [64].

18.7. Mechanisms underlying Hsp70-mediated tumour regression

To determine which portion of the Hsp70 is essential for the generation of
the most potent CTL response against the peptide linked to it, five different
class I restricted CTL epitopes have been covalently linked to either the N or C
terminus of Hsc70 (the constitutive member of the Hsp70 family) and these have
been immunised to mice via different routes [44]. In contrast to gp96-tumour
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peptide immunisation, intravenous rather than intradermal injection of Hsp70-
tumour peptide is the most effective route of immunisation. When compared
to a dose of 1 µg, the intravenous administration of 10 µg chaperone–peptide
complex generates a much more vigorous CTL response, as determined by the
number of IFN-γ–producing cells. The N-terminal region and the C-terminal
region flanking peptides are equally effective as far as intravenous immunisation
is concerned. However, in an overall ‘score’ in the CTL assay, and depending
on different routes of immunisation, the C-terminal-bound flanking peptides
are more efficient than those bound at the N-terminal end.

Studies attempting to elucidate the mechanism resulting in Hsp70-tumour
peptide-mediated CTL responses have shown that, much like gp96-peptide,
carragenan-susceptible cells but not CD4+ T cells are essential for the cytolytic
activity and have demonstrated that Hsp70 binds to newly processed peptides
within as little as 1 hour at 25 ◦C [62]. An elegant study to identify the CTL
epitopes of HLA-B46 positive cancer patients resulted in the discovery of two
oligopeptides, nine amino acids long, derived from a truncated form of Hsc70
(81% homologous). The sequence of these epitopes varied to a small extent
from the wild-type form and was mapped to a position outside of the pep-
tide binding domain [65]. Further, the recognition of surface Hsp72 (a family
member of Hsp70) by a distinct population of NK cells has also been docu-
mented in the literature [66–69]. Taken together, these findings confirm the
probable role of Hsp70 in eliciting the innate and adaptive immunity in tumour
regression.

18.8. The recipient of TAP-transported peptides
as another group of chaperone vaccines

From the data discussed so far, it is evident that any of the three heat shock
proteins (gp96, Hsp90 or Hsp70) could be used as a source of cancer vaccine
against autologous tumours. However, to choose the best, a comparison be-
tween these three heat shock proteins has been undertaken using administration
by the subcutaneous route [70]. This demonstrated that Hsp70 and gp96 are
of equal efficiency, whereas Hsp90 is only 10% as effective as its counterparts.
Thus, whereas 9 µg gp96 or Hsp70–peptide complex protects mice from tumour
challenge, the dose of Hsp90 required for similar protection is 90 µg. Interest-
ingly all three of these heat shock proteins bind equal amounts of peptide.
The molecular and cellular bases for the differential immunogenicity of these
proteins are unclear.

It is proposed that Hsp70 and Hsp90 act as peptide transporters, in that they
carry their peptide cargo to the transporter associated with antigen processing
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(TAP), whereas gp96 and calreticulin facilitate the binding of the MHC class
I-β2 microglobulin peptide complex in the ER. This reasoning suggests that,
much like gp96, other recipients of the TAP-transported peptides such as calreti-
culin (CRT) and the 170-kDa glucose regulated protein grp170 might also act
as tumour vaccines. Grp170 has been tested as a vaccine in a metastatic tumour
model, in which it was found to be effective in terms of reducing the number
of metastatic colonies and growth of further tumour challenge [71].

CRT has also been found to bind tumour peptides and upon subcutaneous im-
munisation CRT and gp96 are comparable in their protective efficiency against a
tumour challenge [72]. As CRT-tumour peptides can be cross-presented by DCs
to generate a CTL response, it is therefore suggested to be the key mechanism
behind CRT-induced anti-tumour immunity. Interestingly, DNA vaccination
of CRT, or CRT-E7 (CRT DNA linked to HPV-16 DNA) equally reduces pul-
monary tumour nodules due to an inhibition of bFGF-induced angiogenesis.
This ‘T cell–independent tumour regression’ has been further proven in a nude
mice model in which a slight advantage of CRT-E7 DNA vaccination over the
CRT vaccinated mice has been observed [73].

CRT, Hsp70, Hsp90 and gp96 bind to the same receptor on DCs, CD91.
CRT-tumour peptides exhibit the greatest capacity to induce IFN-γ secretion
from antigen-specific CTLs in vitro, and this is almost twice that of gp96 [74].
Taken together, these data clarify the involvement of innate and adaptive im-
munity in CRT-mediated tumour rejection. The capacity of CRT in the cross-
presentation experiment is comparable to Hsp70, whereas the efficiency of
Hsp90 lies in between that of gp96 and Hsp70 [70]. Further, a comparative
analysis of heat shock protein binding to CD11b+ cells has also shown that,
even at the very high concentration (200 µg/ml), Hsp70 binding to CD11b+

cells is not saturated, whereas Hsp90 and gp96 were saturated at this concen-
tration [75]. This observation suggests either a high affinity of Hsp70 for CD91
or the existence of another receptor for Hsp70 on CD11b+ cells. Indeed, a new
receptor for Hsp70 (LOX-1) from the group of the scavenger receptor family has
now been documented in the literature [76]. The existence of other receptors
for Hsp70 argue against the observations that an anti-CD91 antibody can com-
pletely abrogate the re-presentation of Hsp70–peptide complex [74] and that
Toll-like receptor (TLR-2 and TLR-4) pathways are involved in gp96-mediated
DC activation which is preceded by endocytosis [30, 53, 77].

The in vivo data provide insight into the relative merits of different heat shock
proteins as anti-tumour vaccines and it would appear that gp96 has a number of
advantages given the low doses required to induce CTL responses and tumour
rejection. Indeed, gp96 is currently being evaluated in a number of clinical trials
(Table 18.1). Hsp70 is also being evaluated in a phase II clinical trial. Studies
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into the therapeutic potential of other heat shock proteins such as Hsp60, Hsp40
and Hsp27 have also been initiated; however, the intense focus on gp96 has to
date overshadowed their contribution [78].

18.9. Conclusion

It is evident that gp96 is not a tumour antigen, nor ‘probably’ are any of the
heat shock proteins; rather the nature of the immune response induced by
them is dictated by the peptides with which they are associated. In general,
heat shock protein–tumour peptide complexes elicit CTL responses against a
wide variety of cancers [15, 79, 80]. However, the mechanisms of action of
each heat shock protein and their various forms (membrane bound, soluble
or secreted) have yet to be elucidated in any great detail. For example, the
mechanistic basis for the distinct CD4+ T cell requirement by soluble and
membrane-bound gp96 is unclear. Does each heat shock protein engage with
same or different sets of receptors? Do heat shock proteins differ in their abilities
to activate innate and adaptive immunity? Despite these uncertainties, these
chaperone–peptide complexes exhibit unique advantages over other vaccines as
follows:

� They represent the entire repertoire of peptides generated in a tumour cell,
thereby abolishing the need to identify and isolate immunogenic tumour
epitopes.

� Their use is not restricted to a particular type of cancer, or to patients with a
particular MHC haplotype.

� The risks that are associated with the use of transforming DNA, attenuated
organisms or immunosuppressive factors such as TGF-β are eliminated.

Finally, with little or no treatment-related toxicity, tumour-derived heat shock
proteins likely fulfil all of the immunological criteria to justify their clinical
evaluation as cancer vaccines.
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Gazing into the Crystal Ball: The Unfolding
Future of Molecular Chaperones

Lawrence E. Hightower

Predicting the future of the exobiology of molecular chaperones is bound to be
risky business: after all, unravelling the intracellular lives of the chaperones has
become legendary for its unexpected twists and turns. Can we expect differently
for their extracellular capers? I cannot claim the clearest crystal, but I do have a
unique perspective on the field from my perch as Editor-in-Chief of the major
specialty journal in the field, Cell Stress & Chaperones. I will refer to papers
in recent issues that will lead interested readers to other papers in key areas
that I believe provide insights into the future as well. Perhaps we can begin to
illuminate the crystal ball by listing major unsolved problems and by identifying
the disciplines of the investigators that these problems are now attracting into
the field.

One of the exciting and renewing aspects of the heat shock field, as it was
known historically, has been the succession of colleagues from different disci-
plines that have entered and moved the field forward. The chance initial finding
of the heat shock response in Drosophila by Ritossa in 1962 [1] was pursued by a
small group of Drosophila biologists until about 1978 when the response was dis-
covered in a variety of other organisms. Molecular geneticists were attracted to
the heat shock genes as models of inducible eukaryotic gene expression, and the
field took on a more global interest. The 1982 Cold Spring Harbor Heat Shock
Meeting: From Bacteria to Man was dominated by molecular geneticists describ-
ing gene organisation and transcription, chromatin structure and regulation in
several systems besides Drosophila [2]. There were a few talks from biochemists,
cell biologists and a smattering of physiologists, the vanguard of many more
to come who would work out the function of the heat shock proteins, create
the names ‘molecular chaperones’, ‘chaperonins’ and ‘co-chaperones’, and es-
tablish the physiological setting of cellular stress responses, as the heat shock
response came to be known. Progress by the biochemists in the purification and
characterisation of the substantial amounts of molecular chaperones attracted
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structural biologists, and we got our first three-dimensional look at chaperones
at the atomic level (see Chapter 1).

Joining this rich interdisciplinary mix of investigators who continue to build
on a now solid foundation of basic science, we now find investigators interested
in translational research including medical scientists focused on specific diseases
along with a few clinicians and M.D./Ph.D. colleagues who are beginning to
take the field from the laboratory bench to the patient bedside. Cellular immu-
nologists in particular are having a major impact. So, here is the first light in
our crystal ball: the future will bring more research on molecular chaperones in
human biology and disease, the effects of environmental stress on human popu-
lations, and the use of animal model systems, particularly those with sequenced
genomes, to study the complex biology of stress response physiology and cyto-
protection, the morphed sibling of thermotolerance and Drosophila phenocopy
protection.

Our crystal brightens more, because colleagues with translational interests
in our field work in biotechnology companies as well as in academia, and my
second prediction is that they will succeed in producing vaccines against can-
cers and dysplasias of viral origin that are both therapeutic and preventative.
Some of these vaccines will be directed against the tumour cells of individual
patients; that is, our field will spawn one of the first really dramatic successes in
personalised medicine (see Chapters 17 and 18). In addition, the process of stress-
conditioning to induce tissue cytoprotection will become part of pre-operative
patient care, at least for elective surgeries, and new drugs will be marketed to
stimulate in some cases and turn off in others the stress response in humans.
Perhaps some of the new drugs needed to accomplish these tasks will be based
on the cytokine activities of molecular chaperones, knowledge of their extracel-
lular receptors, and the signal transduction pathways to which they are linked.
My confidence in these predictions is high and we have opened for 2004 a
new section in Cell Stress & Chaperones entitled ‘Stress Response Translational
Research’.

The path to translational research on molecular chaperones is not quite the
linear one just outlined. Two of the talks on thermotolerance and heat shock
proteins at the 1982 meeting were given by colleagues crossing over from the
discipline of radiation oncology. The clinical use of hyperthermia in cancer treat-
ment to kill cancer cells is a line of translational research which has paralleled
and sometimes crossed paths with the cellular stress response field. Researchers
on both paths have come to view thermotolerance or cytoprotection as a key
cellular state that needs to be understood and controlled, and both have come
to appreciate the central roles of heat shock proteins in this altered state of
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cellular physiology. There is renewed interest in the clinical application of mild
hyperthermia and fever-like responses, and both groups share a fascination with
apoptosis. What will the future hold? I note that the Cell Stress Society Inter-
national and the North American Hyperthermia Society held a joint meeting
in Québec in 2003, The First International Congress on Stress Responses in
Biology and Medicine. My third prediction is that more than a few produc-
tive collaborations on translational research in our field will trace back to this
seminal international meeting.

Perhaps the major unanswered questions are: How do stress proteins egress
from cells, and how are they taken up by other cells? Path-breaking work in the
1980s initially identified heat shock proteins among the set known as glia-axon
transfer proteins, demonstrating that at least a couple of the heat shock proteins
can be transferred cell-to-cell and showed that these same heat shock proteins
are released from cultured mammalian cells by a non-ER–Golgi mechanism
[3, 4]. Hsp70, Hsc70 and Hsp110 were released from heat-stressed newborn rat
cell cultures, and Hsc70 was released from non-heat-stressed cultures, possibly
stimulated by medium changes during the experimental protocol [4]. Actin was
also released into the medium and transferred cell-to-cell, raising the possibility
of a microfilament-aided release or transfer mechanism. The release of actin
by a non-ER–Golgi pathway was reported independently by Rubenstein and
colleagues [5].

There appear to be at least three general ways in which a nucleocytoplasmic
protein like Hsp/Hsc70 might become extracellular. In vivo, it might be released
locally by tissue damage during wounding (i.e., tissue trauma). If the injury is
large enough, sufficient amounts could be released or taken into blood vessels to
create a system distribution. Secondly, there appears to be a release mechanism
via a non-ER–Golgi pathway which might be very sensitive to triggering by
breaks in tissue homeostasis. And finally, there appears to be a cell-to-cell transfer
mechanism which might be particularly important in nervous tissue in which
glial cells capable of producing heat shock proteins might transfer them to
neuronal cells that do not during physiological stress. Tytell and colleagues
have pursued a possible therapeutic application for the transfer of protection
by introducing purified Hsp70 into neuronal cells as a model for treating spinal
cord injury [6].

A portion of Hsp70 is associated with plasma membranes, as early localisation
studies in Drosophila showed. In fact, the propensity of Hsp/Hsc70 to bind fatty
acids and to interact with lipid bi-layers in interesting ways, to produce chan-
nels for example, expands to possibilities for egress and uptake mechanisms.
It will no doubt take a while longer to sort out these mechanisms, even using
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model cells such as yeast, in which non-ER–Golgi release has also been observed
(See Chapter 3). What is very obvious now is that once heat shock proteins are
released from cells, they find receptors on other cells, particularly cells of the
immune system and tumour cells, on which they have biological effects. In
addition to nucleocytoplasmic heat shock proteins, their relatives in the en-
doplasmic reticulum, members of the glucose-regulated protein set, can escape,
presumably by an ER–Golgi secretory pathway, to contribute to these biological
effects.

Another approach to illuminating our crystal is to try to predict some of the
keywords that might come to dominate our field. For homeothermic vertebrates,
I would include inflammation, vascular endothelium and innate or natural im-
munity among the key search terms of the future. Whereas external temperature
cues appear to dominate the thermal induction of the heat shock response of
poikilotherms, it is more likely that the heat generated during localised tissue
inflammation, along with a host of other inducers, acts in concert and prob-
ably synergistically to activate the heat shock or cellular stress response most
frequently in homeotherms. We can also include systematic responses such as
fever and the effects of elevated blood levels of pro-inflammatory cytokines on
the vascular endothelium. It has been clear since some of the earliest work on
the induction of heat shock proteins in the tissues of heat-shocked rats by F. P.
White [7] that cells associated with blood vessels are among the most responsive
in a broad range of tissues. Innate immunity is considered to be the most ancient
of the arms of the immune response, and it appears that a very ancient and evo-
lutionarily well-conserved set of proteins, the heat shock proteins, has become
intertwined in this rather non-specific first line of defence against microbes.

The components of innate immunity include physical barriers such as skin,
mucosal epithelia and the anti-microbial molecules that they produce such as
defensins, the complement system, macrophages, neutrophils and natural killer
cells. Some potentially interesting overlaps in our keywords are now apparent.
Components of innate immunity contribute to inflammatory responses, and
the recruitment of neutrophils into areas of tissue damage requires a regulated
response from the vascular endothelium in the vicinity of the wounded or in-
flamed tissue. In these venues, extracellular molecular chaperones have ample
opportunity to exercise their activities as chemokines to regulate tissue-level
inflammatory processes. This will be a rich hunting ground for additional re-
sponsive cells, more receptors and signalling pathways regulated by extracellular
chaperones.

Coincidentally, the issue of Cell Stress & Chaperones which is most current
to the writing of this chapter contains three articles in succession that would
have appeared in our futuristic keyword search. The search term ‘inflammation’



P1: JZX
0521836549agg.xml CB856/Henderson 0 521 83654 9 April 30, 2005 21:5

Gazing into the Crystal Ball 325

would have brought up an article by Barton and colleagues providing immuno-
histochemical evidence of Hsp32 (hemoxygenase 1) in normal and inflamed
human stomach and colon [8]. Hsp32 was detected in inflammatory cells and
gastric epithelial cells of normal human gastric and colonic mucosa. It was ex-
pressed at higher levels in inflamed gastric mucosa, independent of Helicobacter
pylori infection, and was particularly high in inflamed colon samples from pa-
tients with active ulcerative colitis [8]. In rats, increased expression of Hsp32
has been correlated with decreased inflammation in chemically induced colitis
[9]. Whether or not Hsp32 plays a similar regulatory role in the types of chronic
human inflammatory diseases described in this study remains to be determined.

The search term ‘vascular endothelium’ would identify the next paper in this
issue, a study by Kabakov and colleagues on the cytoprotective effects of over-
expressing either Hsp70 or Hsp27 in human endothelial cells [10]. The authors
used an in vitro model of ischaemia-reperfusion injury, as may occur during
myocardial infarctions and strokes, to show that the expression of either of these
heat shock proteins within the first six hours of post-hypoxic re-oxygenation
results in significant reductions in endothelial cell apoptosis [10]. This is a more
realistic test of the potential for therapeutic intervention than previous animal
models in which stress conditioning has been applied prior to the experimental
induction of a myocardial infarct or stroke, since these are not predictable events
that lead to the initial ischaemia. I fully agree with the authors’ contention that
protection of the vascular endothelium from oxidative damage and apoptosis
is likely one of the most important considerations in facilitating recovery with
minimal tissue damage.

The third paper in this sequence describes the finding that Hsp70 reactivity
independent of major histocompatibility complex (MHC) class I was associated
with increased densities of the C-type lectin receptor CD94 and the neuronal
adhesion molecule CD56 on the surface of human primary natural killer (NK)
cells following stimulation by the peptide terminal localised Hsp70 sequence
‘TKDnnllgrfelsg’ (TKD, 99 450–463) [11]. This paper by Multhoff and col-
leagues provides a glimpse into the exobiology of the human molecular chap-
erone Hsp70. The cell surface receptors CD94 and CD56 in primary NK cells
were selectively upregulated following treatment with the Hsp70 peptide TKD.
Elevated densities of these two receptors were correlated with an increased cy-
tolytic response of these activated NK cells against target tumour cells displaying
Hsp70 on their surface membranes. An important point to note about all three
of these papers is that they employ human cells to address possible links between
heat shock proteins and human diseases – they represent translational research
contributions. This trend in the molecular chaperone field toward translational
research will likely expand in the near future.
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