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Review
Heat shock proteins (HSPs) were initially discovered as
participants in the cellular response to stress. It is now
clear, however, that self and microbial HSPs also play an
important role in the control of the immune response.
Here, we focus on HSP60 and its interactions with both
the innate and adaptive immune system in mammals.
We also consider that circulating HSP60 and the quanti-
ties and specificities of serum antibodies to HSP60 pro-
vide a biomarker to monitor the immune status of the
individual. Thus, the dual role of HSP60 as an immune
modulator and a biomarker, provides an opportunity to
modulate immunity for therapeutic purposes, and to
monitor the immune response in health and disease.

HSP60 immune networks
Nodes and links in complex networks

Living systems, like other complex systems, can be charac-
terized by their networks of interactions [1]. The immune
system is a telling example of a network: the interactions
that occur between subsets of innate and adaptive immune
cells are necessary to initiate a functional and specific
immune response. A standard approach for mapping these
interactions is to formulate the architecture of interaction
networks using a terminology of nodes and links. The nodes
are the entities that interact, and the links are the interac-
tions between the entities. This network analysis of living
systems – that canbeapplied onmany levels – is at theheart
of systems biology. Network thinking enhances our under-
standing of living systems by combining web architecture
(i.e. who is connected to whom) with web dynamics (i.e. the
effects of changes in concentration over time).

The chaperone protein, heat shock protein (HSP)60, is a
node in intracellular molecular networks, and a linking
molecule in intercellular immune networks. Inside all cells
– both prokaryotic and eukaryotic – HSP60 functions as a
highly connected chaperone with links to most cellular
proteins [2]. Although HSP60 is a major node in the intra-
cellular chaperone network, evidence is lacking for the
immune-specific function of HSP60 inside the cell. The
HSP60 sister chaperones, HSP70 and HSP90, in contrast,
participate in the cell biology of antigen processing and
presentation [3,4], and in T cell polarization, through their
interactions with transcription factors [5,6]. HSP90, for
example, controls the activity of the ligand-activated tran-
scription factor aryl hydrocarbon receptor [7], which has
been shown recently to play an important role in the differ-
entiation of FoxP3+ Treg cells [8,9], Th17 cells [8–10], and
Tr1 cells [11,12]. In the extracellular environment, HSP60
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alone or in combination with self or microbial proteins, acts
as a link between immune cells, and can coordinate the
activity of the immune system. This ability to behave as a
linkbetweencomponents of the immune system is sharedby
other chaperones, such as HSP70 and HSP90 [13–15].

The immune response to HSP in general, and the role of
other self-molecules in immune regulation has been dis-
cussed elsewhere [16,17]. This review focuses on the ability
of extracellular HSP60 to link immune cells to infectious
agents and to provide communication between immune
cells and other cells of the body. The capacity of HSP60 to
act as a self-antigen, a foreign antigen, a carrier of other
functional molecules, and a ligand for innate toll-like
receptor (TLR) signaling is considered.

Intercellular immune functions of HSP60
The presence of soluble HSP60 in the blood coincides with
various inflammatory conditions (reviewed in [13,14]). It
has been suggested that HSP60 is secreted from cells in
detergent-soluble lipid vesicles [18] or exosomes [19,20].
The release of intact or fragmented HSP60 from damaged
or dead cells is also a possibility [21]. Although the exact
mechanism(s) by which HSP60 is secreted into the extra-
cellular medium is not understood, it is clear that extra-
cellular HSP60 is a link between body tissues and the
immune system. Here we discuss the effects of extracellu-
lar HSP60 on various components of the immune system
(summarized in Table 1).

Macrophages and dendritic cells (DCs)

HSP60 is an innate signal for macrophages and DCs, cells
that are innate nodes in the immune system network. It
was postulated that the effects of HSP60 on the innate
immune system results from the presence of bacterial
contaminants in preparations of recombinant mammalian
HSP60 preparations [22]. It is now clear, however, that
HSP60 on its own can activate innate immune receptors
[23]. In macrophages and DCs, TLR4 signaling is activated
in response to at least four sources of HSP60: (i) bacterial
HSP60 [24], (ii) bacterial or self-HSP60 molecules that
bear LPS or other bacterial ligands bound to them
[25,26], (iii) self-HSP60 molecules produced by infected,
transformed, damaged or stressed cells [13,14,26] and (iv)
peptides of HSP60 [27]. Monocytes undergo activation and
maturation in response to HSP60, resulting in the produc-
tion of pro-inflammatory molecules and factors such
as TNFa, IL-12, IL-15, IL-6, IL-1b and NO (reviewed in
[13–15]).

At least one peptide fragment of mammalian HSP60
appears to participate in the activation of innate immune
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Table 1. Effects of HSP60 on monocytes, T cells and B cells.

Cell type Effects References

Macrophages

and DC

Production of TNFa, NO, IFNa

and IL-6

[25,99–103]

DC maturation [75,104]

Effector T cells Regulation of T cell adhesion

and migration

[73,74]

Promotion of Th2 polarization [75,76]

Regulatory

T cells

Increase in suppressive activity

of FOXP3+ Treg

[77]

Increase in TGFb1 and IL-10 [77]

Activation of anti-ergotypic Treg [71]

B cells Production of IgG3 [41]

Production of IL-10 and IL-6 [41]

Increased antigen presentation [41]

Inhibition of apoptosis [42]
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cells: a 17 amino acid peptide from the 458-474 sequence of
human HSP60 (p458) can activate mouse macrophages via
TLR4, provided that the HSP60 peptide is conjugated to
another molecule to create a polyvalent ligand [27].

B cells

HSP60, both foreign and self, is an antigen for B cells.
HSP60 was first noted to be a common and dominant
bacterial antigen; immune responses to bacterial infection
or vaccination are marked by the production of relatively
large amounts of antibodies to bacterial HSP60 [28]. Sub-
sequently, autoantibodies to self-HSP60 were found to
characterize a number of different autoimmune and in-
flammatory diseases, including type 1 diabetes [29–32],
rheumatoid arthritis [33], multiple sclerosis [34], lupus
[35], atherosclerosis [36], Behcet’s disease [37], and inflam-
matory bowel disease [38]. It seems that tissue damage,
which results in upregulated HSP60 expression and
HSP60 release from dying cells, activates specific B cells
to produce anti-HSP60 autoantibodies. We [39] and others
[40] have shown that simultaneous activation of TLR andB
cell receptor (BCR) signaling by antigens that are them-
selves TLR ligands can trigger the induction of antibodies
in a T cell-independent manner. HSP60 is a TLR4 ligand
that activates B cells [41,42]; thus it is possible that the
simultaneous activation of TLR4- and BCR-dependent
signaling in HSP60-specific B cells facilitates the induction
of HSP60 antibodies following the release of HSP60 by
damaged tissues. The ability to mount HSP60-specific
antibody responses is wired into the immune network,
based on the role of HSP60 as a link for nodes in both
the innate and the adaptive immune response.

Strikingly, autoantibodies to HSP60 are also prevalent
in healthy subjects; infants are born with a significant
amount of HSP60-binding autoantibodies of the IgM iso-
type in their cord blood [43,44]. Healthy human adults
manifest both IgM and IgG autoantibodies to HSP60
[31,43,44]. Using antigen arrays, however, clear differ-
ences were found in the fine specificity of anti-HSP60
antibodies that were detected in the sera of multiple
sclerosis patients versus healthy controls [34]. Thus, dur-
ing the course of autoimmune disease, the inflammatory
environment provides additional signals that influence the
processing and/or immune recognition of HSP60. This
2

might be achieved through a modified architecture of the
cytokine network [45] in the context of autoimmunity. The
interaction of cytokine signaling cascades is known to have
dramatic effects on the immune response: T cell activation
in the presence of TGFb1 results in the differentiation of
FoxP3+ Treg cells [46], whereas T cell activation in the
presence of TGFb1 and IL-6 [47,48] or IL-21 [49] promotes
the differentiation of pro-inflammatory Th17 cells.

Self-HSP60 is a ligand for innate TLR4 on B cells

HSP60, by activating TLR4 and MyD88 signaling, can
induce naı̈ve mouse B cells (B2), to proliferate, to secrete
IL-10 and IL-6, and to upregulate the expression of MHCII
and other activation molecules [41]. B cells that are acti-
vated by HSP60 present antigens to allogeneic T cells to
enhance T cell secretion of both IL-10 and IFNg [41].
HSP60 induces production of polyclonal IgG3 antibodies
[41], and is able to serve as a second signal to activate
specific IgG3 antibodies to LPS. Thus, extracellular HSP60
impacts B cell function in terms of cytokine expression,
antigen presentation and antibody secretion. These innate,
polyclonal effects of HSP60 on B cells represent a self-
ligand response and cannot be attributed easily to bacterial
contaminants; B cells respond innately to mammalian
HSP60, but not to bacterial HSP60 derived from Escher-
ichia coli or from Mycobacterium tuberculosis [41].

HSP60 induces the resistance of B cells to both sponta-
neous and antigen-induced apoptosis [42]. Unlike the
effects of HSP60 on B cell activation [41], the effects of
HSP60 onB cell survival are notmediated via TLR4, but do
depend on innate MyD88 signaling [42]. These effects of
HSP60 are associated with enhanced survival of B cells in
vivo [42]. Thus, mammalian HSP60 influences many
aspects of B cell physiology.

T cells

T cells recognize epitopes of self-HSP60 as specific antigens
both in health and in autoimmune disease. The effect of
HSP60 on T cells is varied and unexpected. T cell responses
to bacterial infections include T cells that are reactive to
bacterial HSP60 [50], particularly TCRgd+ T cells [51,52],
and foreign HSP60 is a dominant T cell antigen just as it is
a dominant B cell antigen. Healthy humans manifest
significant cytolytic T cell reactivities to peptide epitopes
of mycobacterial HSP65 that are identical to peptide
sequences of human HSP60 [53]. Indeed, the cord blood
of healthy newborns contains a high frequency of T cells
responsive to theseHSP60 self-peptides [54]. Thus, effector
T cell autoimmunity to HSP60 is natural and present from
birth. Healthymice alsomanifest T cells reactive to various
peptides of self-HSP60 [55].

At about the same time that T cell immunity to self-
HSP60 was discovered in healthy individuals, it was
reported that pre-diabetic NOD mice manifest T cells
reactive to a peptide epitope of human/mouse HSP60
[30,56], and that clones of these T cells mediate transient
insulitis and hyperglycemia in otherwise healthy mice
[30,56]. It was later discovered that patients with new-
onset type 1 diabetes (T1D) also manifest peripheral blood
T cells with specific reactivity to the same self-HSP60
peptide epitope [29,57].
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In summary, T cell reactivity to defined peptide epitopes
of self-HSP60 is demonstrable both in autoimmune disease
and in health. Indeed, T cell responses to self-HSP60 are
associated with a good prognosis in spontaneous juvenile
chronic arthritis in humans [58,59] and with resistance to
experimental autoimmune arthritis in rats [60–64]. Thus,
the cytokine profile of HSP60-reactive T cells might deter-
mine whether HSP60 autoreactivity is noxious or benefi-
cial: anti-HSP60 T cells that produce pro-inflammatory
cytokines could be detrimental in autoimmune disease
and beneficial in protection against pathogens. In contrast,
anti-HSP60 T cells that produce suppressor cytokines can
be beneficial in autoimmune disease and detrimental in
infections [63–66].

Anti-ergotypic regulatory T cells recognize HSP60

peptides presented by activated effector T cells

Anti-ergotypic T cells are a type of regulatory T cells that
recognize, via their T cell receptor (TCR), peptide epitopes
presented by the MHC molecules of activated effector T
cells [67–69]. Only activated T cells present ergotopes
(activation markers) to anti-ergotypic regulators; resting
T cells do not simulate anti-ergotypic T cells [67–69].
Recently we discovered that HSP60 is an ergotope; pep-
tides of HSP60, in addition to other ergotypic molecules
[68–70], are presented by the MHC molecules of activated
but not of resting T cells [71]. Anti-ergotypic T cells down-
regulate the proliferation and secretion of pro-inflamma-
tory cytokines by effector T cells in vitro [71], and suppress
the development of experimental autoimmune diseases
[67,70,71]. Although anti-ergotypic T cells have been
reported in multiple sclerosis patients following T cell
vaccination [72], we do not yet know whether human
ergotopes include HSP60.

HSP60 regulates the activity of effector T cells via

innate TLR2 signaling

T cells purified from human peripheral blood as CD3+ and
CD45RO+ or CD45RA+ cells were found to respond to
human HSP60 or to its p277 peptide via TLR2 signaling,
which triggered protein kinase C and Pyk-2 activation
[73,74], and led to downregulation of chemokine receptors
and activation of cell adhesion [73,74]. Subsequent studies
have shown that HSP60 induces upregulation of SOCS3
[75], downregulation of T-bet, NFkB, and NFAT, and
upregulation of GATA-3 in human T cells, leading to a
shift towards Th2 cytokines [75,76]. HSP60 administered
intraperitoneally inhibited immune inflammation in a
mouse model of hepatitis induced by concanavalin A and
mediated by Th1 T cells [76]. The HSP60 peptide, p277,
induced similar anti-inflammatory effects in mouse type 1
diabetes via TLR2 signaling [74].

HSP60 is a co-stimulator of CD4+CD25+ T regulatory

cells (Tregs) via innate TLR2 signaling

The description of the innate effects of HSP60 and its p277
peptide on human T cells were followed by the discovery
that these ligands, via TLR2 signaling, enhance signifi-
cantly the anti-inflammatory effects of Tregs [77]. Incuba-
tion of purified Tregs with HSP60 augmented their ability
to suppress CD4+CD25- effector T cell proliferation and
pro-inflammatory cytokine secretion in response to mito-
genic anti-CD3. These effects were associated with specific
changes in signaling events in both the Tregs (altered AKT,
Pyk2, p38 and ERK signaling) and the T effector cells
(altered ERK, T-bet and NFkB signaling). Note that T cell
TLR2 activation requires approximately one thousand
times less HSP60 than is required for the TLR4 response
in monocytes and B cells. Thus low concentrations of free
HSP60 primarily activate Tregs [77], whereas higher con-
centrations of HSP60 trigger a pro-inflammatory response
in monocytes.

Concluding remarks
Is HSP60 pro-inflammatory or anti-inflammatory;

a danger signal or a resolving signal?

Figure 1 summarizes our current knowledge of the HSP60
network: HSP60 is both an antigen, via the TCR and the
BCR, and an innate link to adaptive immunity via activa-
tion of TLR4 and TLR2. HSP60 is both a pro-inflammatory
signal, via monocytes, B cells and effector T cells, and an
anti-inflammatory signal, via B cells, Tregs, and anti-
ergotypic T cells. The integrated effects of HSP60 on the
immune response depend on the concentration, the partic-
ular HSP60 epitope (bacterial or self), and the cohort of
cells present at the site where HSP60 acts. One might
expect that a low ‘constitutive’ concentration of HSP60, for
which chaperone housekeeping activities are a possible
source, contributes to maintain immune equilibrium by
promoting Treg activity and downregulating effector T cell
activity. By contrast, high concentrations of HSP60 liber-
ated at sites of tissue damage, neoplasia or infection in the
presence of macrophages and dendritic cells might en-
hance the pro-inflammatory responses of monocytes and
effector T cells; B cells will be stimulated to proliferate, to
resist apoptosis and to produce IgG3 antibodies. The B
cells will also contribute to the resolution of inflammation
by secreting increased amounts of IL-10. As the acute
injury and/or cellular stress decrease, resolution sets in
as the local concentration of HSP60 falls, Tregs become the
prominent responders to HSP60 and anti-ergotypic T cells
begin to downregulate activated effector T cells.

Moreover, HSP60 seems to be closely linked to other
HSP networks. For example, administration of DNA vac-
cines encoding HSP70 or HSP90 downregulates experi-
mental arthritis, and does so by activating Treg responses
to peptides of HSP60 [64]. Thus, it would be an over-
simplification to label HSP60 a pro-inflammatory danger
signal or an anti-inflammatory signal only. HSP60 is a key
link in complex networks in which the immune system
communicates with itself and with the body; thus, HSP60
mediates immune physiology.

What might the immune system gain from

multifaceted recognition of HSP60?

One might reason that there is an evolutionary advantage
to having an immune system that recognizes and responds
to HSP60 in different ways from birth [44]. Because upre-
gulation of HSP60 is a dependable sign of cell stress or
hyperactivity, HSP60 might allow the body to sense dis-
ruptions in tissue homeostasis [78,79]. Indeed, increased
HSP60 levels in the circulation have been linked to several
3
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Figure 1. The HSP60 immune network. The immune effects of HSP60 are mediated both by innate TLR signaling (upper segment) and adaptive T cell and B cell antigen

receptors (lower segment). The local concentration of HSP60 determines whether the pro-inflammatory (left half) or the anti-inflammatory (right half) functions of HSP60 prevail.

The activation of TLR signaling (mainly via TLR4) in DCs and macrophages by high concentrations of HS60 promotes inflammation by diverse mechanisms, such as maturation

of DCs, increased antigen presentation and the secretion of proinflammatory cytokines. Conversely, low concentrations favor the arrest of inflammation via TLR2 signaling in

effector and CD4+CD25+ (FOXP3+) regulatory T cells. The recognition of HSP60 peptides by specific T cells via their TCRs can both promote inflammation (via effector T cells)

and arrest inflammation (via anti-ergotypic T cells). HSP60-specific regulatory T cells function naturally during the resolution of inflammation; they can be induced

therapeutically by administering HSP60 or HSP60 peptides, DNA vaccines or recombinant viruses. T cell arrest of inflammation is mediated by the secretion of suppressive

cytokines and by anti-ergotypic regulatory mechanisms. B cells are positioned both at the innate (upper) and adaptive (lower) segments, and at the inflammatory border,

because they can mediate both pro-inflammatory effects (via antibodies and antigen presentation) and anti-inflammatory effects (via IL-10 production).
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inflammatory conditions [80,81]. Moreover, this recogni-
tion would automatically induce an immune reaction. It
thus makes good sense for HSP60, an intracellular regula-
tor of cell state, to function at the cell surface and in the
extracellular space both as an immune biomarker and an
inducer of immune regulation.

How might HSP60 be used as a biomarker and

therapeutic agent?

The complexities of the HSP60 network are only just being
worked out. Nevertheless, we can already benefit from the
emerging information. If HSP60 is used as a biomarker by
the immune system, we can use it also. An antigen micro-
array chip has been developed to extract biomarker profiles
from autoantibody repertoires to various body components
including HSP molecules [82]. HSP60 is an informative
antigen: antibodies to epitopes of HSP60 can help discrim-
inate between different clinical types of multiple sclerosis
[34], characterize the state of a tumor in an experimental
mouse system [55], and mark chronic rejection of lung
4

allografts [83]. Thus, although the functions of HSP60
autoantibodies in health or during inflammatory disease
are largely unknown, they might provide a biomarker to
monitor the immune status of the individual [78,84].

HSP60 is a natural immune regulator; so, we might use
it therapeutically also, particularly to arrest pathogenic
inflammation perpetrated by inadequately regulated effec-
tor T cells. The administration of HSP60 is now being
explored in various ways. Clinical trials of the administra-
tion of HSP60 peptides to downregulate uncontrolled in-
flammation have been undertaken in rheumatoid arthritis
and in type 1 diabetes. The HSP60 peptide termed Dia-
Pep277 was successful in preserving beta cell function in
Phase II trials [85–88], and is now being tested in advanced
Phase III trials in new-onset type 1 diabetes.

The administration of HSP60 has shown promise in
various animal models of experimental autoimmune dis-
eases: we have administered whole HSP60, specific HSP60
peptides, and HSP60 naked DNA to inhibit arthritis
[63,66] and type 1 diabetes [30,56,65,89–93] in animal
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models, and others have applied HSP60 peptides to inhibit
experimental arthritis [60–64].

The role of HSP60 peptide p458 as a potential activator
of TLR4 signaling in macrophages and DCs [27] has been
exploited in the development of anti-microbial vaccines.
Defined multi-component vaccines conjugated to peptide
p458 were found to induce IgG antibodies to otherwise
poorly immunogenic capsular polysaccharide antigens of
salmonella [94], pneumococci [27,95], and meningococci
[96]; these vaccines were found to be effective even without
added adjuvants. The HSP60 peptide was also able to
enhance the immunogenicity of peptides from viruses such
as cytomegalovirus [97] and West Nile virus [98]. Thus,
HSP60 functions as the body’s natural adjuvant [26],
probably as a result of its ability to activate the innate
and the adaptive immune response. A natural adjuvant
such as HSP60 has survived millions of years of immune
system evolution, and so is likely to be effective, and yet
safer than an artificial adjuvant devised by humans.

The natural roles of HSP60 in immune regulation rec-
ommend that we continue to explore its potential both in
the context of cancer and autoimmune disorders. Its dual
role as a biomarker and an immune modulator offer a
physiologic avenue to monitor the inflammatory response
in health and disease, and to amend the architecture of
immune networks for therapeutic purposes.
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