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and Septic Inflammation”
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Heat shock proteins (HSPs) have been reported to stimu-
late the immune system via innate receptors. However, the
role of HSPs as endogenous adjuvants has been challenged
by reports claiming that pure HSPs are not innate ligands;
it is only the bacterial molecules trapped by the HSPs that
can signal the innate immune system. In this review, we
discuss data suggesting that both views, in essence, are cor-
rect; pure HSPs are indeed innate immunostimulators,
but HSPs can also function as transducers of pathogen sig-
nals. In other words, HSPs perform diverse functions in
two alternative modes of inflammation: sterile inflamma-
tion, which results from endogenous stimuli and is neces-
sary for body maintenance, and septic inflammation,
which protects us from environmental pathogens. Endog-
enous HSPs are key players in the modulation of these two
modes of inflammation, and as such, they are potential
targets for new and more efficient therapies for cancer, in-
Sections, and autoimmunity. The Journal of Immunol-

ogy, 2005, 175: 2777-2782.
H as a group of proteins inducible by heat shock, but it
was soon discovered that HSPs could also be induced
by other stimuli such as growth factors, inflammation, and in-
fection (1). HSPs span a broad distribution of molecular masses
(10—-170 kDa) and intracellular locations and are involved in an
ever-growing list of physiological processes (2). Nevertheless, a
unifying theme of HSPs is their chaperone activity, which con-
tributes to cell survival under stress by facilitating the proper
folding of denatured proteins (2).

The high homology existing between human and microbial
HSPs initially suggested that they could trigger autoimmune
disorders through immune cross-reactivity. Indeed, HSP-spe-
cific immune responses have been implicated in the pathogen-
esis of type 1 diabetes mellitus (T1DM) (3-5), arthritis (6-9),
Behget’s disease (10), and systemic lupus erythematosus (11).
However, HSPs can also inhibit autoimmune diseases such as
arthritis (12-17) and T1DM (18, 19); these regulatory activi-
ties of HSPG6O are beginning to be exploited for the treatment of
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human T1DM. The p277 peptide from human HSP60 (aa
437-460) has been reported to halt B cell destruction in newly
diagnosed T1DM patients, leading to lower requirements for
exogenous insulin (20).

The role of HSPs in immunity got a new twist when HSPs
were found to activate the immune system through nonclonal
receptors such as TLRs. Srivastava and colleagues (21, 22) dem-
onstrated that HSPs are endogenous adjuvants that could be
used to induce strong tumor- or pathogen-specific immunity.
These experiments paved the way to the discovery of the effects
that HSPs have on macrophages (23, 24), dendritic cells (DCs)
(23, 24), T cells (25-28), B cells (29, 30), and NK cells via dif-
ferent receptors; some of these effects and the receptors involved
are listed in Table I. However, the immunostimulatory activity
of HSPs has been challenged recently by reports that assign the
stimulus to bacterial contaminants in the HSP preparations and
not to the HSPs themselves (31-33). These reports are compat-
ible with the teaching that TLRs only recognize foreign mole-
cules, contributing to discrimination between self and non-self
(34). Therefore, we are left to wonder whether HSPs have any
innate immune effects not due to bacterial contaminants.
Moreover, does the copurification of HSPs with bacterial con-
taminants add anything to our knowledge of the roles of HSPs
in vivo?

Do pure HSPs have any effect on innate immunity?

Mammalian HSP60 and HSP70 were described to activate
macrophages and DCs via TLR4 and/or TLR2 (35-37). Be-
cause TLR4 and TLR2 also mediate the activation of macro-
phages and DCs by bacterial LPS (38—-40), it was conceivable
that the cytokine activities of HSPs were caused by bacterial
contaminants copurified with the recombinant HSP60 or
HSP70 used in those experiments. LPS contamination is usu-
ally ruled out by treatment with polymixin B, which binds LPS
inhibiting its immunostimulatory activity. In addition, HSP
preparations are boiled to disrupt their conformation and so de-
stroy their immunostimulatory activity, leaving any contami-
nating LPS untouched. Nevertheless, Gao and Tsan (31-33)
recently reported that LPS and other bacterial contaminants
evade detection by the standard tests of polymixin B and boiling
and were responsible for the activation of macrophages by
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Table I. Receptors and effects of HSP on the immune system

HSP Function Receptor Reference
HSP60 Activation of macrophages TLR4 (76, 91-93)
and DCs
Regulation of T cell adhesion, TLR2 (25-27, 37, 76)

migration and cytokine
polarization

HSP70 Activation of splenocytes, NK CD91  (94)
cells, promonocytes, and

DCs
TLR2 (37, 95)
TLR4 (37, 66, 95)
LOX-1 (96)
CD40 (72, 97-99)
CD14 (100, 101)
CD9%  (102)
HSP90 Activation of macrophages CD91  (94)
Gp96  Activation of macrophages CD91  (%94)
and DCs
SR-A  (103)
TLR2  (104)
TLR4  (104)

HSP70 and HSPG60. Therefore, these authors called for caution
in interpreting the apparent immunostimulatory activities of
HSPs. Although the Gao and Tsan experiments demonstrated
contamination of their recombinant HSP60 and HSP70, sev-
eral independent lines of evidence suggest that HSPs, neverthe-
less, do manifest innate immune activities that are not due to
bacterial contaminants.

Mammalian HSP70 and gp96 purified from murine livers
and kidneys were shown to activate macrophages and DCs (41).
Based on the mammalian origin of these HSP preparations and
their purification by a pyrogen-free method, the effects of
HSP70 and gp96 on macrophages and DCs cannot be easily
assigned to bacterial contaminants. We have used human
HSP60 and HSP70 produced in an eukaryotic cell-free system,
and therefore free of bacterial contaminants, to demonstrate
that pure HSP60 or HSP70 can activate primary macrophages
and the macrophage-like cell line RAW (Nussbaum et al.,
manuscript in preparation). Moreover, mammalian cells in-
duced to display HSP70 on their surface can activate macro-
phages by way of TLR2 and TLR4 signaling (42).

The effects of pure HSPs have also been studied on non-APC
cell types. Highly purified HSP60 can stimulate T cells (25-27,
43). Moreover, synthetic peptides of human HSP70 (44) can
activate NK cells, and a peptide of human HSPG60 (25) as well as
whole HSP60 can modify T cell behavior via TLR2 (25-27).

All in all, these results indicate that mammalian HSPs can
activate innate immunity in the absence of bacterial contami-
nants. Although some of these effects seem to be mediated by
TLRs, their participation in each one of the observed effects
should be carefully analyzed. Whether microbial HSPs are also
endowed with immuno-stimulatory activities is still open to
speculation; however, the high degree of sequence conservation
in HSPs throughout evolution suggests that HSPs from differ-
ent organisms may share immuno-stimulatory properties.

Gao and Tsan’s experiments, in summary, do not invalidate
the conclusion that mammalian HSPs may themselves function
as endogenous adjuvants, but they rightly call our attention to
the physiological role played by complexes of HSPs with other
molecules, self and non-self. The nature of these complexes and
their possible physiological significance should be considered.

BRIEF REVIEW: HSPs IN STERILE AND SEPTIC INFLAMMATION

HSPs as carriers of self~molecules

HSPs can bind a broad array of peptides (23), including those
that result from cell metabolism. Although the lifespan of such
peptides within the cell is very short (45, 46), a fraction of them
are likely to interact with endogenous HSPs, forming HSP-
peptide complexes that reflect the intracellular environment
and the state of the cell in which they were formed. These HSP-
peptide complexes contribute to the fine-tuning of specific im-
mune responses but can also play a role in immune-mediated
disorders.

HSP-peptide complexes derived from cancer cells include tu-
mor-associated Ags. Based on the immunostimulatory adjuvant
properties of HSPs, these HSP-peptide complexes are likely to
activate tumor-specific immunity and could therefore contrib-
ute to the immunosurveillance of tumors. Moreover, HSP-pep-
tide complexes purified from tumors can also be used in cancer
immunotherapy as a tool to induce strong antitumor immune
responses in mice (47) and humans (48).

The same mechanism that facilitates the induction of effec-
tive antitumor immunity also might favor the development,
under different circumstances, of pathologic autoimmunity.
Brain samples taken from multiple sclerosis (MS) patients or
from a rodent model of MS contain complexes of HSP70 with
myelin basic protein or proteolipid protein (49), Ags that are
well-known targets in MS (50). These HSP-peptide complexes
facilitate peptide up-take and presentation, increasing the acti-
vation of the Ag-specific T cells that drive the disease (49, 51).
Similar observations have been made in the synovial fluid of
rheumatoid arthritis patients, where HSP70 complexed with
self-proteins might contribute to Ag spreading and the perpet-
uation of the inflammatory process in the joint (52).

Surprisingly, HSP-peptide complexes can also shut down Ag-
specific immunity (53). Although the mechanisms involved in
this Ag-specific immunomodulation are not completely under-
stood, HSP-peptide complexes have already been used with
success to down-regulate CNS and f3 cell-specific, T cell-medi-
ated autoimmunity (50, 54).

In summary, HSP-peptide complexes are sources of informa-
tion that can influence the immune response, manifesting both
pro- and anti-inflammatory activities. They can contribute to
the perpetuation of certain autoimmune disorders, but they
might also provide new tools for the immunotherapy of cancer
and pathologic autoimmunity.

HSPs as carriers of foreign molecules

In the event of an infection, the ability of HSPs to interact with
abroad array of peptides allows them to bind microbial peptides
and enhance their immunogenicity (21, 55, 56). However, en-
dogenous HSPs can also interact with microbial molecules
other than peptides to facilitate their detection by the immune
system; this is exemplified by the interaction of bacterial DNA
and LPS with HSPs.

Bacterial DNA harbors unmethylated CpG motifs that stim-
ulate innate immunity via TLR9 (57). HSP90 binds unmeth-
ylated CpG-motifs and might directly interact with TLRO (58).
Moreover, intracellular HSP90 seems to be involved in the sig-
nal transduction triggered by CpG motifs, which can be
blocked with the HSP90-specific inhibitor geldanamycin (59).
In this way, HSP90 can play two roles in the immune detection
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of bacterial DNA: it facilitates the interaction of CpG-contain-
ing DNA with TLRY, while it also mediates the resulting intra-
cellular signaling.

HSPs are also involved in the amplification of the immune
response to LPS. Triantafilou et al. (60) have shown recently
that the LPS receptor complex includes HSP70 and HSP90 in
addition to the MD2 and TLR4 molecules. Indeed, HSP70,
HSP90, and gp96 can bind LPS directly (60—62). Upon bind-
ing LPS, HSP70 and HSP90 are targeted to the Golgi apparatus
together with TLR4, suggesting that HSP70 and HSP90 are
not only involved in the transfer of LPS to the TLR4-MD2
complex but are also involved in LPS-triggered signal transduc-
tion (63). Indeed, a blocker of HSP90 activity could inhibit the
activation of NF-«B triggered by LPS (59).

Thus, during the course of an infection, self-HSPs interact
with microbial molecules such as peptides, DNA, or LPS to fa-
cilitate their immune detection. Moreover, some HSPs are di-
rectly involved in signal-transduction pathways triggered by
microbial molecules. These observations underscore the impor-
tance of the experiments that called attention to the bacterial
contaminants in recombinant HSP preparations (31-33); these
contaminants might simply reflect the ability of HSPs to inter-
act with different microbial molecules and augment their im-
munostimulatory activities in vivo. This seems to be the case for
HSP70/LPS complexes, which are more immunostimulatory
than their isolated components (64).

Based on the functions performed by HSPs, alone and in
complex with other molecules, we can briefly consider some of
the physiological roles of HSPs in the regulation of the immune
response and inflammation generally (Fig. 1).

HSP physiology in the absence of infection

Control of T cell reactivity. Endogenous HSPs help to keep
autoimmunity under control through direct and indirect mech-
anisms. Human HSP60 can directly inhibit chemotaxis and ac-
tivate anti-inflammatory activities in human T cells, via TLR2
and suppressor of cytokine signaling 3 (25, 27). Remarkably,
naive T cells are more sensitive to the effects of HSP60 than
memory T cells, suggesting that this form of regulation might
be of importance during the induction of primary immune
responses.

HSP60 signaling via innate receptors can also influence T cell
cytokine polarization. Human T cells activated by mitogen in
the presence of HSP60 show a decreased secretion of IFN-y and
an increased secretion of IL-10, associated with down-regula-
tion of T-bet, NFATp, and NF-kB, and a concomitant up-reg-
ulation of GATA-3 (26). In other words, soluble HSP60, acting
via TLRs, can inhibit the proinflammatory activities of T cells.

HSPs can also regulate autoimmunity, indirectly, by activat-
ing regulatory T cells that control pathogenic T cells specific for
self-Ags other than HSPs. These HSP-specific regulatory T cells
can be activated and expanded by several regimes of vaccina-
tion. We have used DNA constructs coding for human HSP60,
HSP70, or HSP90 to boost regulatory T cell responses capable
of halting the progression of autoimmune diabetes (19) or ar-
thritis (12-14). Other investigators have used purified mam-
malian gp96 to activate regulatory T cells that inhibit CNS or 8
cell-specific autoimmunity (54). The immunomodulatory
mechanisms used by these HSP-specific regulatory T cells are
diverse; however, one mechanism of particular interest might
be the recognition by anti-ergotypic T regulators of up-regu-
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lated HSPs on activated pathogenic T cells; such anti-ergotypic
T regulators have been reviewed recently (65).

Promotion of inflammation. Heart surgery and stroke have
been shown to trigger the release of HSPs to the circulation (66,
67). Moreover, disorders associated with pathogenic inflamma-
tion, such as TIDM (3) and atherosclerosis (68), show a posi-
tive correlation with increased levels of serum HSPs. It is likely
that different signaling pathways might lead to the secretion of
HSPs in different contexts (42, 69); but the origin of the circu-
lating HSPs associated with inflammation might be necrotic
tissue. Basu et al. (36) demonstrated that necrotic but not apo-
ptotic cell death triggers the release of HSP70, gp96, and
HSP90. The secreted HSPs were purified and shown to activate
macrophages and DCs via the NF-«kB pathway (36). When the
effect of LPS was studied on the same cells, the kinetics of
NF-kB activation triggered by LPS were shown to be faster than
those following stimulation by HSP, pointing out uncharacter-
ized differences in the signaling pathways involved.

Purified HSPs have been shown to activate APCs in vitro, but
what is the role of HSPs in immunity and autoimmunity in vivo?
To study the relationship between APC activation by self-HSPs
and autoimmunity, Liu et al. (70) generated transgenic mice ex-
pressing gp96 on the surface of several cell types. The expression of
the transgene did not alter B cell or T cell development. However,
the transgene triggered a lupus-like syndrome characterized by pro-
liferative nephritis, hypergammaglobulemia, and Abs to the nu-
cleus and to ds- and ssDNA. This autoimmune disorder seems to
be triggered by the hyperstimulation of DCs by membrane-bound
gp96, which finally results in the activation of self-reactive T and B
cells. Interestingly, the hyperstimulation of DCs and the systemic
lupus erythematosus-like syndrome was mediated by the adaptor
molecule MyD88, involved in several TLR signal transduction
pathways (71).

Millar et al. (72) used a different approach to study the effect
of DC activation by endogenous HSPs in autoimmunity. They
used double-transgenic mice that express the lymphocytic cho-
riomeningitis virus glycoprotein (GP) in pancreatic B cells,
along with transgenic GP-specific TCRs in the majority of their
mature CD8" T cells. In these mice, the administration of the
GP epitope (gp33) recognized by the transgenic TCR or
HSP70 alone did not trigger disease. However, overt diabetes
was induced when HSP70 and gp33 were administered simul-
taneously (72). Notably, a physical interaction between gp33
and HSP70 was not needed to trigger the diabetes. The authors
suggested that the induction of overt diabetes was due to a com-
bination of Ag-specific activation triggered by gp33 with the
adjuvant effects of HSP70.

In summary, similar to what we have described for HSP-au-
toantigen complexes, endogenous HSPs can either up-regulate
or down-regulate autoimmune diseases depending, among
other factors, on the type of immune cell targeted and the mix
of HSP and other self- and foreign molecules at the site.

HSP physiology during infection

Augmentation of the adaptive immune response. CpG
motifs present in bacterial DNA have been shown to trigger the
release of HSP70 from macrophages (73). Some of the secreted
HSP70 molecules were found to be loaded with peptides; these
HSP70-peptide complexes were taken up by DCs and could
activate peptide-specific T cells. Infection, LPS, and cytokines
are also known to up-regulate HSP levels (74, 75). Thus, the
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FIGURE 1. Sterile and septic inflammation.

up-regulation and secretion of self-HSPs triggered by infection, to-
gether with the adjuvant function of microbial HSPs and their role
as immunodominant Ags, might facilitate the induction of an ef-
ficient immune response against invading pathogens.
Regulation of the innate immune response. The up-reg-
ulation of HSPs and their release to the circulation as a conse-
quence of infection adds another level of complexity to the
host/pathogen interaction. HSP60, HSP70, and bacterial LPS
signal cells via TLR2/TLR4 mechanisms (76). The signaling
pathways triggered by different TLRs are known to interfere with
each other (77-82). Thus, the cross-talk between different signal-
ing pathways activated by self- and/or foreign immunostimulators
might represent a regulatory mechanism that fine tunes
and controls potentially harmful immune responses. Indeed,
repetitive activation of macrophages with sel-HSP60 renders
them nonresponsive to LPS, and LPS stimulation can abrogate the
subsequent response to HSP60 (83, 84). This observation also sug-
gests that, by triggering different TLRs, the environment can alter
homeostatic responses mediated by endogenous adjuvants such as
HSPs. These interactions might constitute the molecular basis for
the hygiene hypothesis, which links exposure to environmental mi-
crobes to a lower prevalence of immune-mediated disorders (85).
Nevertheless, HSPs might also participate in positive feed-
back loops that perpetuate inflammation. Infection triggers
HSP up-regulation and release. However, these newly released
HSPs can bind microbial products and increase their proin-
flammatory activities, leading to the release of more proinflam-
matory factors, that prompt the induction and release of more
HSPs. Positive feedback loops can lead to chaos. The study of
the interactions of HSPs with microbial molecules and the
modulation of their inflammatory activities should open new
horizons in our understanding of the complex mechanisms that
connect autoimmune disorders with environmental stimuli.

Sterile and septic inflammation

How can we connect the different roles played by HSPs in phys-
iology (Table II)? We might begin by considering the concept
of inflammation. Inflammation is “a process which begins fol-
lowing a sublethal injury and ends with complete healing” (86).
From this point of view, inflammation that is needed for heal-
ing is essential for body maintenance (87). Indeed, inflamma-

BRIEF REVIEW: HSPs IN STERILE AND SEPTIC INFLAMMATION

Table 1. HSPs in immune physiology
Function Reference
HSP physiology in the absence
of infection
Control of T cell reactivity (25-27, 54)

Promotion of inflammation
HSP physiology during infection

(3, 36, 66-68, 70, 72)

Augmentation of the adaptive (73-75)
immune response
Regulation of the innate (76—-84)

immune response

tion is involved in processes as diverse as angiogenesis, wound
healing, tissue remodeling and regeneration, connective tissue
formation (88), and the recovery of function following trauma
to the CNS (89). However, in addition to maintenance, inflam-
mation must also keep foreign pathogens under tight control.
Inflammation, then, performs two types of services: mainte-
nance and defense.

In this light, one might well differentiate between sterile and
septic inflammation. Sterile inflammation is involved in body
homeostasis and so results from endogenous stimuli. Septic in-
flammation arises to fight the infectious agents that trigger it.
Self-HSPs play a role in both types of inflammation, boosting
and controlling the immune response. In septic inflammation,
microbial molecules can complex with self- or foreign HSPs to
facilitate the induction of an effective immune response. Con-
versely, microbial products can potentially interfere with the
mechanisms of sterile inflammation needed for body homeosta-
sis, triggering the development of inflammatory disease.

Given the danger that an uncontrolled inflammatory re-
sponse might represent for the individual, several regulatory
mechanisms have been selected through evolution. The im-
mune system has to determine the exact location, kinetics, and
intensity of the inflammatory response needed to perform each
biological process. By being involved in both forms of inflam-
mation, HSPs are key elements in fine-tuning the inflammatory
response (87). The central position of HSPs in immunoregula-
tion and in the healthy immune repertoire (90) could be used
strategically in our quest to develop better therapies for cancer,
infections, and autoimmune disorders. Nature has learned to
use HSPs; so might we.
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