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There has been growing evidence that heat-shock protein (HSP) functions as an endogenous
immunomodaulator for innate and adaptive immune responses. Since HSPs inherently act as chaperones
within cells, passive release (e.g., by cell necrosis) and active release (including release by secretion in the
form of an exosome) have been suggested as mechanisms of HSP release into the extracellular milieu. Such
extracellular HSPs have been shown to be activators of innate immune responses through Toll-like receptors.
However, it has also been suggested that HSPs augment the ability of associated innate ligands such as
lipopolysaccharides to stimulate cytokine production and dendritic cell maturation. More interestingly, a
recent study has demonstrated that innate immune responses elicited by danger signals were regulated
spatiotemporally and that can be manipulated by HSPs, thereby controlling immune responses. We will
discuss how spatiotemporal regulation of HSP-chaperoned molecules within antigen-presenting cells affects
adaptive immunity via antigen cross-presentation and innate immune responses. Precise analysis of HSP
biology should lead to the establishment of effective HSP-based immunotherapy.

KEYWORDS: cross-presentation danger signal

Toll-like receptor

Heat-shock proteins (HSPs), highly conserved
across species, are generally considered to be intra-
cellular proteins that have protective functions
in situations of cellular stress {1]. A wide variety of
stressful stimuli such as heat shock, UV radiation,
and viral or bacterial infections induce a substan-
tial increase in intracellular HSP synthesis. The
main functions of HSPs are to act as chaperones
of nascent or aberrantly folded proteins [1.2]. HSPs
have also been shown to have important functions
in the mammalian immune system. Srivastava’s
group first identified the endoplasmic reticulum
(ER)-resident HSP gp96 as a tumor antigen [3.4].
Immunization of mice with gp96 isolated from
tumors induced an antitumor immune response
through the induction of tumor-specific cytotoxic
T lymphocytes (CTLs). This immunogenicity is
based on antigenic peptides that are associated
with gp96 molecules, and peptide-deprived HSP
complexes lose their specific immunogenicity.
Following these observations, Srivastava’s group
further demonstrated that immunization with
tumor-derived Hsp70 and Hsp90 also elicited
tumor-specific CTL responses [5.6]. [n particular,
they showed that Hsp70 bound tumor-specific
antigenic peptides because Hsp70 treated with
ATP released bound peptides, resulting in loss
of their immunogenicity {s]. Noessner ez al. also
demonstrated that tumor-derived Hsp70 bound a
tumor antigen (tyrosinase) peptide [7]. Moreover,

dendritic cell heat-shock protein

the role of extracelluar HSPs in the stimulation
of innate immunity has drawn much attention in
recent years. We will discuss the current view of
this unique feature of HSPs in the regulation of
innate and adaptive immune responses.

HSPs as key players of the immune
system

Recently obtained evidence indicates that extra-
cellular HSPs play an important role in the
induction of innate immune responses [2]. Since
HSPs do not have a canonical signal sequence,
it has been suggested that HSPs may be released
via an active secretion mechanism or from cells
undergoing necrosis [2.8]. The resultant extracel-
lular HSPs may then interact with dendritic cell
(DCs) or macrophages, resulting in the activa-
tion of innate immune responses including
maturation of DCs and secretion of proinflam-
matory cytokines and chemokines through Toll-
like receptor (TLR) activation [9.10]. This unique
feature of certain HSPs is termed ‘chaperokine’,
which describes that extracellular HSPs act as
both chaperones and cytokines (11]. By contrast,
regarding the adaptive immunity, HSPs have
another unique feature acting as a cross-presen-
tation inducer. DCs have a unique ability to take
up, process and present exogenous antigens in
association with MHC class I molecules, termed
cross-presentation [12]. The cross-presentation
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plays a pivotal role in priming antigen-specific
naive T-cell responses to tumor cells and virus-
infected cells that cannot access the classical
pathway for MHC class I presentation. It has
been shown that HSPs can be released in the
form of complexes with antigenic peptides and
that these HSPs—peptide complexes are taken up
by antigen-presenting cells (APCs) such as DCs
through specific receptors expressed on APCs,
leading to cross-presentation 4,8,13]. Thus, extra-
cellular HSPs act as chaperokines for activation
of innate immunity as well as enhancers for
adaptive immunity of antigen-specific T-cell
induction (summarized in Tascz 1).

These findings led to the idea that APCs
bear HSP-specific receptors on the cell surface.
Following the identification of CD91/low-density
lipoprotein receptor-related protein-1 (LRP-1) as
a gp96 receptor (14), many receptors including
members of the TLR and scavenger receptor (SR)
families have been shown to be HSP receptors.

Considering the establishment of HSP-based
cancer immunotherapy, it is very important to
develop the orchestrated link between innate and
adaptive immunity via specific HSP receprors.
Therefore, we next overview the HSP receptors
expressed on APCs.

HSP receptors

HSPs interact with a range of receptors expressed
on target cells. These receprors can be divided
into two groups: TLRs and SRs (15]. TLRs are
major pattern-recognition receptors (PRRs) and
11 have been identified in mammals. Two TLRs,
TLR2 and TLR4, have been demonstrated to

Family HSPs Intracellular Cross-presentation Induction of inflammatory
localization cytokine

Small HSP Hsp25/27/28 Cytosol ND ND

Hsp40 Hsp40 Cytosol ND ND

Hsp47 Hsp47 ER ND ND

Hsp60 Hsp60 Mitochondria ND Enhance {19]

Hsp70 Hsp70 Cytosol Enhance 5,6,7.13] Enhance {9,11,16], inhibit (81]
Hsc70 Cytosol ND ND
mtHsp70 Mitochondria ND ND
BiP (Grp78) ER Enhance (82] ND

Hsp90 Hsp90 Cytosol Enhance [74,75] Enhance [17]
Gp96/Grp94 ER Enhance [14,23) Enhance [17]

Hsp100 Hsp105/Hsp110 Cytosol Enhance [83] Enhance [84]
ORP150/Grp170 ER Enhance {80,85] ND

ER: Endoplasmic reticulum; HSP: Heat-shock protein; ND: Not determined.

function as receptors for Hsp60, Hsp70 and
gp96, leading to NF-kB activation [16-18]. In
addition, the cell-surface protein CD14 required
for lipopolysaccharide (LPS)-mediated TLR4
activation, has been shown to be required for
Hsp70-mediated induction of cytokines TNF-
o, IL-1B and IL-6 [10]. Lehner ez al. showed
that immunological consequences of Hsp72 can
be localized to specific domains of the Hsp72
molecule. The C-terminal portion of Hsp72
(amino acids 359-610) stimulates production of
chemokines, IL-12, TNF-o. and NO, induces
Thl polalization and stimulates the matura-
rion of DCs. The N-terminal ATPase domain
(amino acids 1-358) largely lacks these functions
(19]. Wheeler et al. have also demonstrated that
the C-terminal region of Hsp72 serves as an
activator for macrophages to produce TNF-a.
These effects did not seem to result from LPS
contamination [20]. However, some studies have
suggested that these interactions between Hsp70
and TLR are not likely to be exerted through
the direct binding of Hsp70 to CD14, TLR2
or TLR4, as cells stably transfected with CD14,
TLR2 or TLR4 do not bind avidly to Hsp70
i21). These findings suggest that low-affinity
interactions may be involved in TLR activation
by Hsp70. A previous study showed that TLR
activation by Hsp60 requires the internaliza-
tion of the Hsp60; therefore, experiments using
cells with simple TLR gene overexpression may
thus be inadequate to assess direct HSP-TLR
binding [18,22].

SRs constitute the other family of PRRs.
These are receptors for chemically modified
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forms of lipoproteins, including oxidized and
acetylated low-density lipoproteins. The SR
family is divided into eight subclasses (A to H),
and many receptors belonging to this family
are expressed on the surface of APCs. The oxi-
dized low-density lipoprotein-binding protein
CD91/LRP has been shown to be a common
receptor for Hsp60, Hsp70, Gp96 and calre-
ticulin [23]. However, Theriault showed that
the difference of Hsp70 binding to CD91-
positive and -negative cells was minimal [21).
Therefore, Hsp70 binding to CD91 may be
a low-affinity interaction or may be indirect.
It has been demonstrated that Hsp70 can
interact with at least three members of the SR
family, lectin-like oxidized low-density lipo-
protein receptor-1 (LOX-1) [24], SR expressed
by endothelial cells-1 (SREC-1) [25], and fas-
ciclin, EGF-like, laminin-type EGF-like and
link domain-containing SR-1 (FEEL-1) [25].
Hsp70 can be bound art high affinity by these
SRs and internalized. Both Hsp90 and Hsp60
can also bind to LOX-1. In addition, gp96 and
calreticulin show significant affinity to SR-A1
and SREC-1 and are internalized by these
receptors {26,27]. However, HSP (gp96) binding
to SR-A1 is immunosuppressive (28], whereas
LOX-1 mediates Hsp70 immunogenicity and
antigen presentation [24]. Therefore, derailed
studies of each receptor—HSP interaction are
essential to determine the effects of HSPs on
immune responses.

Mechanism of HSP release from cells

As described above, immunization with HSP—
peptide complexes elicits antitumor immune
responses via cross-presentation by APCs. Do
immune responses induced by extracellular
HSP-mediated antigen cross-presentation actu-
ally take place # vivo? Because HSPs are inher-
ently intracellular proteins, some mechanism for
the release of endogenous HSPs into the extracel-
lular space must exist. However, HSPs are not
secreted via the classical pathway because their
sequences encode no secretion leader signals. In
fact, as described later, it has been shown that
the export of HSPs to the extracellular space
could not be blocked by typical inhibitors of
the ER—Golgi pathway, such as brefeldin A.
Currently, two mechanisms are considered to
result in the release of HSPs from cells: passive
release mechanisms such as necrotic cell death
caused by exposure to hypoxia, severe trauma,
surgery and lytic virus infection [29}; and active
release mechanisms involving nonclassical
protein release pathways (8,30-32].

@ Passive release mechanism

Release of intracellular proteins involves cell
lysis and this may occur in pathological con-
ditions that give rise to necrosis (29]. Basu and
coworkers reported that HSPs, including gp96,
Hsp90, Hsp72 and calreticulin, are released
from necrotic cells but not from apoptotic cells
117]. Necrotic cell death results in the release
of intracellular contents into the extracellular
space, thereby liberating HSPs. Their findings
make cell necrosis an attractive explanation for
the mechanism by which HSPs are released into
the extracellular milieu as an intrinsic immuno-
logical messenger termed endogenous danger
signal as described later.

# Active release mechanism

An active release mechanism has been sug-
gested as an additional mechanism to the pas-
sive release hypothesis. Asea ez a/. showed that
IFN-y and IL-10 induce the active release of
constitutively expressed Hsp70 (Hsc73) as well
as Hsp72 from tumors under conditions that
will not induce cell death (30]. Since IFN-y and
IL-10 are thought to exist at high concentrations
within inflammatory foci, these cytokines may
mediate the active release of Hsc73 and Hsp72
in vivo (31]. Moreover, Asea’s group showed that
whereas some extracellular Hsp72 could be
found as free Hsp72, a proportion of extracel-
lular Hsp72 was released within exosomes [31.32].
Exosomes are internal vesicles of multivesicular
bodies released into the extracelluar milieu upon
fusion of an multivesicular bodies with the cell
surface. Additionally, they showed that Hsp72
was released by a nonclassical protein transport
pathway and that intact surface membrane
lipid rafts were required for efficient stress-
induced Hsp72 release. Mambula ez 2/. also
demonstrated that a prostatic cancer cell line
secreted Hsp72 via an endolysosomal pathway
18]. Furthermore, Fleshner ez a/. demonstrated
another possible mechanism for Hsp72 release
under the condition of psychological stress (33].
They proposed that activation of the sympa-
thetic nervous system by stimuli such as stressor
exposure results in the release of norepineph-
rine and subsequent activation of a.1-adrenergic
receptors. Stimulation of cl-adrenergic recep-
tors results in an increase in intracellular Ca?,
which may stimulate the release of exosomes
containing Hsp72. More recently, Vega ez al.
34] and De Maio [35] have demonstrated that
Hsp72 is inserted into the plasma membrane
of cells after stress, which may be formed by
inverse evagination. It was also shown that
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Hsp72 was released into the extracellular space
in a membrane-associated form (i.e., exosome)
that could act as a danger signal to activate mac-
rophages. Strikingly, activation of macrophages
by the membrane-associated form of Hsp72 was
highly effective than that by the free recombi-
nant Hsp72. This robust effect is likely to be
due to the high concentration of Hsp72 within
the vesicle (exosome).

Taken together, the results of these stud-
ies suggest thar the active release hypothesis is
an important mechanism by which Hsp72 is
released into the extracellular milieu.

Extracellular HSPs act as endogenous
danger signals

The ‘danger theory’ postulates that the host
releases endogenous signals that are derived from
stressed or damaged cells, capable of stimulating
immunity (36). Accumulating evidence indicates
that extracellular HSPs fulfil the criteria of an
endogenous danger signal.

% HSPs are chaperokines

Preparations of HSPs such as Hsp60, Hsp70,
Hsp90, gp96 and Hspl110 purified from a vari-
ety of sources including bacterial and mam-
malians, as well as recombinant bacterial and
human products, have been reported to be
potent activators of innate immunity, indicat-
ing that HSPs act as danger signals. Specifically,
these HSP preparations have been reported to
stimulate the production of proinflammatory
cytokines such as TNF-a, IL-1, IL-6 and IL-12
and the release of nitric oxide (NO) and C-C
chemokines by monocytes, macrophages and
DCs [10,37-40]. HSPs have also been reported
to induce the marturation of DCs, as demon-
strated by the upregulation of MHC class I and
II molecules and costimulatory molecules such
as CD80, CD86 and CD40 (40.41]. Moreover,
Chen et al. have demonstrated that heat stress
induced the release of various HSP from tumor
cells, which, in turn, activated tumor cells to
produce chemokines for chemoattraction
of DCs and T cells via the TLR4 signaling
pathway {42). Thus, it has been proposed that,
through their cytokine-like functions, HSPs
serve as ‘chaperokines’ to the host’s immune
system at sites of tissue injury or stress where
HSPs are released into extracellular spaces. The
discovery of extracellular biological actions of
HSPs as chaperokines is very attractive and the
chaperokine theory is interesting with regard
to extracellular HSPs as a cause of sterile
inflammation.

& HSPs augment the action of
associated microbial products

There is some concern that these chaperokine
activities might have been due to microbial con-
tamination of HSP preparations. The represen-
tative microbial product LPS is a strong stimu-
lus of innate immune signaling. Wallin ez al.
reported that highly purified murine liver Hsp70
had no cytokine effects even at concentrations as
high as 200-300 mg/ml {43}. Thus, some HSPs
have been shown to bind microbial products
very efficiently and thus augment the biologi-
cal actions of microbial products. Habich ez a/.
demonstrated that Hsp60 bound LPS tightly
and that Hsp60-bound LPS, but not Hsp60
itself, was responsible for the observed cytokine
effects of Hsp60 preparation [44]. More interest-
ingly, Hsp60-bound LPS was more potent than
LPS in inducing cytokine production. Reed
et al. showed that gp96 binds endotoxin in a
high affinity, saturable and specific manner. The
same study demonstrated that low (<0.27 EU
endotoxin/mg protein) endotoxin preparations
of gp96 do not stimulate NF-kB activation or
NO release in macrophages (45]. In addition,
Wager et al. showed that gp96 bound lipid-based
TLR ligands such as palmitoyl-3-Cys-Ser-(Lys),
(Pam,Cys; a TLR2 ligand) and LPS (TLR4
ligand). Binding of Pam,Cys and LPS to gp96
enhanced their ability to induce the activation
and maturation of DCs [46]. Thus, there may
be cooperation between gp96 and TLR ligands,
and the former may amplify the effects of the
latter. These results suggested that if ‘chaper-
oned by a certain HSP’, LPS at very low concen-
trations could induce cytokine production. In
this context, HSP augments immune responses
against molecules chaperoned by HSPs but not
against HSPs themselves. In a clinical setting,
this unique character of HSPs may contribute
to the in vive recognition of Gram-negative
bacterial infection by binding to LPS and aug-
menting the host defense system via TLR4.
Although further studies are necessary to deter-
mine whether the reported cytokine-producing
effect is a result of HSPs or contamination of
TLR ligands, there is no doubt that HSPs play
important roles in eliciting immune responses
by acting as danger signals via HSPs themselves
and/or HSP-associated molecules.

# Cell surface-expressed HSPs elicit
immune responses

To avoid the problem of microbial contamina-
tion, a number of studies have been conducted
on transgenic expression of HSPs on the cell
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surface. It has been demonstrated thar cell-
surface HSPs can activate immune responses.
Under these conditions, contamination by exog-
enous molecules such as LPS is unlikely. Zheng
et al. demonstrated that cell surface expres-
sion of gp96 on tumor cells induced efficient
T-cell priming and tumor rejection in vivo (47).
Likewise, Chen ez al. showed that transgenic
expression of Hsp70 on the tumor cell surface
elicited antitumor immunity, and immunization
of mice with these tumor cells led to induction
of tumor-specific cytotoxic T cells 38). In addi-
tion, transgenic expression of gp96 on the cell
surface leads to in vive activation of DCs and the
development of lupus-like systemic autoimmune
disease in mice [48.49]. Vaccination of mice with
gp96-secreting fibroblasts leads to in vive acti-
vation of CD11b* and CD11c* APCs 50]. These
studies have demonstrated that cell-surface
HSPs are capable of activating the immune sys-
tem zn vive. However, it remains unclear whether
the observed iz vivo effects are direct effects of
HSPs themselves or effects via HSP-associated
molecules.

@ Getting a grip on the chaperokine
world

It must be emphasized that HSP purification
procedures should be carried out to the highest
standards of molecular chaperone purification
as described by Pockley ez a/. (51]. In addition, a
further direction of this field will be to identify
the receptor binding domain of each HSP. More
importantly, x-ray crystallographic analysis may
reveal the mode of HSP-receptor binding. From
the biclogical point of view, as an endogenous
danger signal, under the condition of bacterial
or viral infection, damaged cell-derived extracel-
lular HSPs may bind microbial products such as
LPS, lipoproteins, bacterial DNA and viral RNA
in the inflamed milieu, leading to activation of
TLR- and non-TLR-mediated innate immune
responses. This nascent but very attractive field
of biology should be further developed through
careful experiments.

Endogenous danger signals & sterile
inflammation concomitant with
immune responses

In addition to recognizing pathogen-associated
molecular patterns, the immune system has
evolved to recognize endogenous danger sig-
nals, called damage-associated molecular pat-
terns (DAMPs), many of which are released by
dying or necrotic cells and contribute to ‘sterile
inflammation’ in a noninfectious sterile setting.

Furthermore, the recognition of DAMPs can
activate the innate immune system iz vivo.
DAMP molecules comprise a structurally and
sequence-diverse family of endogenous mole-
cules, generally intracellular and hidden by the
plasma membrane, that are often released from
necrotic cells. It has been demonstrated that uric
acid [22], DNA and more specifically unmeth-
ylated CpG-rich DNA regions, high-mobility
group box 1 (HMGBI) [52.53], Sin3A-associated
protein 130 [54], IL-1ct 53], IL-33 (55,56}, S100 pro-
teins {57] and HSPs act as DAMPs is3). However,
a recent study has suggested that highly purified
HMGBI1 does not induce significant amounts
of proinflammatory cytokines. The capac-
ity of HMGBI to bind other molecules may
be the underlying basis for these observations
159]. Thus, some of these DAMPs have the abil-
ity to interact with other molecules, including
DNA, RNA, IL-1B and LPS, and also nucleo-
somes that augment or modify the function of
DAMPs themselves. As mentioned previously,
HSPs can also bind a number of endogenous as
well as pathogen-associated exogenous molecules
and enhance the cytokine effects of these mole-
cules. Recently, we have shown that extracellular
Hsp90 can enhance the self-DNA-mediated
type I IFN production by plasmacytoid DCs
(pDCs) and conventional DCs (cDCs). In the
next section we will discuss how Hsp90 is able
to change the destination of associated molecules
via spatiotemporal regulation.

Hsp90-mediated spatio-

temporal regulation of
CpG-oligodeoxynucleotide &
activation of innate immunity

In contrast to the idea that HSP itself acts as
an endogenous danger signal, we have a work-
ing hypothesis that HSP empowers the chaper-
oned innate ligands to activate innate immune
response [60]. Unmethylated CpG dinucleotides
within certain sequence contexts (CpG mortifs)
are recognized by TLR9, which is expressed pri-
marily by pDCs and B cells, resulting in a large
amount of IFN-a production [61.62}. We have
shown that murine and human pDCs pulsed
with an Hsp90-CpG-A oligodeoxynucleotide
complex produce a larger amount of IFN-o
than that in the case of CpG-A alone (Fioure 14).
Furthermore, unlike human DCs, murine cDCs
express both TLR7 and TLRY, although the
expression levels are low compared with those
in pDCs. We then showed the ability of Hsp90
to target chaperoned CpG-A to murine cDCs,
resulting in IFN-a production (Fieure 18). The
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Figure 1. Hsp90-CpG-A complexes enhance induction of IFN-a by murine
dendritic cells. (A) Hsp90-CpG-A complexes induce IFN-a production by
plasmacytoid DCs to a level twofold higher than that induced by CpG-A alone.

(B) Conventional DCs produce IFN-a when stimulated with Hsp90-CpG-A complex
but not when stimulated with CpG-A alone. Hsp90 alone does not have any effect
on IFN-a production. Data are presented as means + standard error of the mean of
triplicate wells.

*p < 0.0005, **p < 0.001; paired student t-test.

DC: Dentric cell.

observed IFN-a production was shown to be
TLRY9-dependent. We found that Hsp90-
chaperoned CpG-A was localized and retained
within static early endosomes for longer periods
in ¢DCs, thereby eliciting TLRY signaling for

IFN-a production, but not inflammatory cyto-
kines such as IL-6 and TNF-o. By contrast,
CpG-A alone moved into late endosomes and
lysosomes within ¢cDCs. Interestingly, not only
CpG-A but also CpG-B could stimulate the
TLR9 signaling within static early endosomes,
resulting in the production of IFN-a. Thus,
extracellular Hsp90 has the ability to direct asso-
ciated CpGs into static early endosomes, leading
to interferon regulatory factor 7 activation and
IFN-a production.

Why, however, are DNA~Hsp90 complexes
retained in early endosomes but not in late
endosomes or lysosomes in DCs? We found that
endocytosed CpG-A-Hsp90 complexes were
selectively transferred into Rab3*, early endo-
somal antigen (EEA)-1* static early endosomes.
Very recently, Lakadamyali ez #/. have shown
that early endosomes are comprised of two dis-
tinct populations, a dynamic population that
is highly mobile on microtubules and matures
rapidly toward the late endosome and a static
population that matures much more slowly (¢3].
Cargos destined for degradation, including low-
density lipoprotein, EGF and influenza virus, are
internalized and rtargeted to the Rab5*, EEAI
dynamic population of early endosomes, there-
after trafficking to Rab7* late endosomes. By
contrast, the recycling transferrin is delivered to
Rab5*, EEAl" static early endosomes, followed
by translocation to Rabl1* recycling endosomes.
They also found that cargos trafficked into these
static early endosomes were retained for longer
periods and not translocated into late endosomes
and lysosomes. Thus, our observation that the
CpG-A-Hsp90 complex was retained in static
early endosomes, leading to sustained activation
of DCs and IFN-a production, is consistent
with their findings (Ficure 2).

Hsp90 as a possible accelerator for
autoimmune diseases

pDCs normally do not respond to sel-DNA,
which may reflect the fact that viral/bacterial
DNA sequences contain multiple CpG nucleo-
tides that bind and activate TLR9, whereas
mammalian selFDNA contains fewer such
motifs, which are most likely masked by meth-
ylation. Recent evidence, however, suggests that
sel-DNA has the potential to trigger TLR9 but
may fail to do so because it fails to access the
TLR9-containing endolysosomal compart-
ments. One of the mechanisms to which this
effect is atcributed is the fact that DNase easily
and rapidly breaks down extracellular DNA,
thereby hampering self: DNA localization into
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endocytic compartments. The importance of
this mechanism in preventing autoimmune
responses has been shown by the fact that
mice deficient in DNase II develop systemic
lupus erythematosus (SLE)-like syndrome {64].
Recently, it has been demonstrated that pDCs
do sense and respond to self-DNA in human
autoimmune diseases. Therefore, we examined
whether Hsp90 targets sel-DNA into static early
endosomes, resulting in IFN-a. production by
human pDCs (s0]. Upon Hsp90-mediated
enforced endosomal translocation, both human
selfDNA and CpG-ODN could activate DCs
via TLRY to produce IFN-a. Previous studies
have demonstrated the presence of autoantibod-
ies to Hsp90 (65.66) and enhanced expression of
Hsp90 in peripheral blood mononuclear cells
of patients with active SLE [67.68], suggesting a
role of Hsp90 in the pathogenesis. In addition,
Hsp90 has been shown to localize both in the
cytoplasm and nucleus (69]. Moreover, under
stressful conditions, it has been shown that
cytosolic Hsp90 translocates to the nucleus [7o].
This suggests that Hsp90 may bind selt-DNA
within the nucleus. When cells undergo necrosis,
self-DNA associated with endogenous Hsp90
could be released into the extracellular space
and might trigger IFN-o production by pDCs.
Our findings support the idea that Hsp90, an
endogenous danger signal molecule found in sera
of SLE patients, might be the key mediator of

pDC activation in SLE. Thus, Hsp90 may acti-
vate innate immunity to selFDNA by forming a
complex with self-DNA that is delivered to and
retained within early endocytic compartments
of pDCs to trigger TLR9 and induce IFN pro-
duction. Thus, we determined a fundamental
mechanism by which pDCs sense and respond
to sel-DNA coupled with Hsp90. Our data
suggest that, through this pathway, pDCs drive
autoimmunity in autoimmune diseases. Several
host factors other than Hsp90 that can convert
sel:DNA into a trigger of DC activation have
been reported. Endogenous cationic antimicro-
bial peptide LL37 (also known as CAMP) (711,
autoantibodies [72] and HMGBI [s9] have been
demonstrated to do so by forming a complex
with host-derived DNA. Together, these find-
ings indicate that the ability of some of DAMPs
to convert sel-DNA into a trigger of high levels
of IFN-a production depends on the capacity of
DAMPs to concentrate and retain DNA in static
early endosomes, thus enabling the selective and
sustained activation of early endosomal TLRO.

Cross-presentation mediated by HSP:
pivotal role of Hsp90

HSPs inherently act as molecular chaperones, and
in our opinion, from an immuno{ogical point
of view, the most characteristic finding is that
HSPs can bind antigenic peptides within cells.
Therefore, immunization with a HSP-antigenic

Hsp90/ORP150

MHC class |

Bl

Figure 2. Extracellular Hsp90/ORP150 targets chaperoned molecules into static early
endosomes. Early endosomes are comprised of static early endosomes (Rab5+ and EEA-1*) and
dynamic early endosomes (Rab5* and EEA-17). Hsp90/ORP150-antigen or Hsp90-CpG-A complexes
are preferentially targeted and retained in static early endosomes of DCs, leading to efficient antigen
cross-presentation as well as sustained activation of Toll-like receptor 9 and IFN-a production.

Hsp: Heat-shock protein; LDL: Low-density lipoprotein.
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peptide complex elicits antigen-specific cytotoxic
T-cell responses. Therefore, extracellular HSP
can deliver associated antigens into the MHC
class I presentation pathway of antigen-present-
ing cells, a process called cross-presentation,
thus inducing antigen-specific CD8* T-cell
responses. However, the underlying mechanism
for introduction of an exogenous antigen into
a cross-presentation pathway remains unclear,
and the precise mechanism for intracellular anti-
gen translocation and the processing pathway
have not been fully elucidated. Recent evidence
indicates that exogenous antigens can be pro-
cessed through at least two distinct pathways,
one involving access of exogenous antigens
to the classical MHC class I loading pathway
(TAP-dependent) and the other involving
unconventional post-Golgi loading of MHC
class I molecules in endocytic compartments
(TAP-independent) {73]. One or both of these
pathways can contribute to cross-presentation
depending on the source of exogenous antigens
such as soluble proteins, immune complexes or
peptides chaperoned by HSPs.

We first demonstrated that extracellular
Hsp90-peptide complexes generated in vitro
were efficiently cross-presented by DCs and
recognized by peptide-specific CTLs via a
TAP-independent ‘endosome-recycling’ path-
way because DCs derived from TAP-knockout
mice were fully functional in cross-presentation
of an Hsp90-peptide complex [74]. Next, we
showed that cross-presentation of extracellular
Hsp90-ovalbumin (OVA) protein complexes
to specific CD8* T cells involved both clas-
sical proteasome~TAP-dependent and TAP-
independent endosome-recycling pathways
i751. Using confocal microscopy, we found
that the internalized extracellular Hsp90 and
OVA colocalized with cytosolic proteasomes.
To investigate whether endogenous Hsp90
was responsible for cross-presentation of the
exogenous Hsp90—-OVA complex, we treated
DCs with the Hsp90-specific inhibitor radici-
col in a cross-presentation assay. The results
showed that treatment of DCs with radicicol
did not affect the cross-presentation of exog-
enous Hsp90-OVA, suggesting that endog-
enous Hsp90 might not be responsible for the
exogenous Hsp90-mediated cross-presentation.
Strikingly, when an anti-Hsp90 monoclonal
antibody was introduced into DCs, the colo-
calization of internalized Hsp90-chaperoned
OVA and proteasomes was abolished, result-
ing in inhibition of TAP-dependent cross-
presentation of OVA. Thus, extracellular Hsp90

may play a pivotal role in the translocation of
chaperoned antigens for proteasomal degrada-
tion in the cytosol. By contrast, a high con-
centration of soluble OVA (200 mg/ml) was
cross-presented by DCs, although the cross-
presentation was considerably less efficient than
that of a Hsp90-~OVA complex (20 pg/mi of
OVA). Interestingly, this cross-presentation was
radicicol-sensitive, indicating that endogenous
Hsp90 played an important role in the cross-
presentation of exogenous OVA. Udono ez 4/.
have elegantly demonstrated that endogenous
Hsp90a was required for cross-presentation
of exogenous OVA using DCs derived from
Hsp90a-knockout mice [76]. Their findings
also suggest that endogenous Hsp90, as well as
exogenous Hsp90, might help the exogenous
Hsp90—OVA complex translocate into cyto-
sol at the cytosolic face for cross-presentation
(Fieure 3). By contrast, OVA chaperoned by
Hsp90 was not presented by MHC class II mol-
ecules in vitro or in vivo, although the antigen
was exogenously loaded onto DCs. To confirm
these observations, we investigated the desti-
nation of Hsp90-OVA complexes and soluble
OVA after its uptake in DCs, using confocal
laser microscopy. Hsp90-chaperoned OVA was
observed to colocalize with early endosomes,
recycling endosomes, and proteasomes but
not lysosomes. By contrast, soluble OVA was
detected in early endosomes to lysosomes but
not in recycling endosomes, ER or proteasomes.
These findings indicated that Hsp90-OVA
complexes and soluble OVA were sorted into
different organelles. Thus, extracellular Hsp90
might be essential for translocation of chaper-
oned antigens from the extracellular milieu into
the cytosol, resulting in proteasomal degrada-
tion for cross-presentation. These results have
revealed 2 novel mode of involvement of Hsp90
in antigen presentation by DCs: exogenous
Hsp90 preferentially introduces the chaperoned
antigen into the MHC class I pathway, resulting
in efficient cross-presentation. Since there is a
classical paradigm that extracellular antigens are
presented by MHC class II molecules, it seemed
significant to find that Hsp90 changed the des-
tination of the associated antigen on antigen
presentation. Calderwood’s group has recently
reported that the SREC-1 acts as an Hsp90
receptor for cross-presentation on DCs (77). As
described previously, Lakadamyali ez a/. dem-
onstrated that early endosomes are comprised of
two distinct populations: a dynamic population
that matures rapidly toward the late endosome
and lysosome, and a static early endosome that

848

Immunotherapy (2012) 4(8)

— 206 —

future science group



Heat-shock proteins as endogenous ligands

MHC class |

He padsovA‘
‘complexes

Figure 3. Pathway for Hsp90-antigen complex-mediated cross-presentation by DCs.
Internalized Hsp90-antigen complexes through receptor-mediated endocytosis follow two distinct
MHC class | pathways. (A) Internalized antigens chaperoned by Hsp90 are processed by endosomal
peptidases such as cathepsin S and are loaded in the endocytic pathway onto MHC class | molecules
that are recycled from the plasma membrane (TAP-independent pathway). (B) Alternatively,
internalized Hsp90-antigen complexes are translocated to the cytosol and are degraded by the
proteasome. Resultant peptides are imported into the ER in a TAP-dependent fashion and are loaded

onto newly synthesized MHC class | molecules.
ER: Endoplasmic reticulum; OVA: Ovalbumin.

matures much more slowly (63]. Interestingly,
Burgdorf ez al. demonstrated that a mannose
receptor introduces exogenous OVA specifically
into an EEA-1*, Rab5" static early endosomal
compartment for subsequent cross-presentation
178.79]. These observations are consistent with
dynamics of extracellular Hsp90 demonstrated
by us. By contrast, OVA endocytosed by a SR
did not colocalize with EEA-1; instead, it colo-
calized with LAMP-1 in the lysosome as shown
here, leading to presentation in the context of
MHC class IT molecules. Thus, we expect that
Hsp90-specific receprors such as SREC-1 might
introduce the Hsp90—-OVA complex into the
static early endosome for cross-presentation.
Furthermore, we have recently shown that an
ER-resident Hsp70 family member, oxygen-
regulated protein 150 (ORP150), localized to
static early endosomes after endocytosis, lead-
ing to antigen cross-presentation when pulsed
onto DCs [80]. These CTLs induced by immu-
nization with Hsp90/ORP150 peptide com-
plexes could inhibit established tumor growth,
indicating that Hsp90/ORP150 peptide com-
plexes act as cancer vaccines. Importantly, the

Hsp90/ORP150-mediated cross-presentation
pathway for exogenous peptides has been
shown to be an endosome-recycling pathway,
not a conventional TAP-dependent pathway.
Targeting static early endosomes is the key fea-
ture of Hsp90/ORP150 for inducing innate as
well as adaptive immune responses. These find-
ings provide a rationale for the development of
Hsp90-based vaccination strategies for cancer
as well as viral immunity.

Future perspective

Can all HSPs target chaperoned molecules
to static early endosomes? It has been shown
that Hsp90 and ORP150 could be targeted to
static early endosomes after endocytosis, lead-
ing to antigen cross-presentation when pulsed
onto DCs. Whether this is the case for other
HSPs, however, remains to be determined. More
importantly, the HSP receptor responsible for
targeting to static early endosomes should be
clarified. Elucidation of the molecular basis
for sorting HSPs to static endosomes will also
be necessary to establish HSP-based cancer
vaccines.
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HSP release & HSP receptors

cells (DCs).
Spatiotemporal regulation of HSPs

Conclusion

the need for an adjuvant.

Heat-shock proteins are key players in orchestrating innate & adaptive immunity
= Extracellular heat-shock proteins (HSPs) behave as endogenous danger signals for activation of innate immune responses through
binding to Toll-like receptors {TLRs).
« Extracellular HSPs can bind innate ligands and augment innate immune responses through spatiotemporal regulation of chaperoned
ligands.
= Extracellular HSP-antigen complexes are cross-presented by antigen-presenting cells via both a TAP-independent endocytic pathway
and a TAP-dependent pathway.

> Extracellular Hsp90/ORP150 is targeted to static early endosomes within DCs.
= Extracellular Hsp90-self-DNA/CpG-A complex can stimulate IFN-a production by DCs via spatiotemporal regulation.

= Both extracellular Hsp90 and endogenous Hsp90 may be involved in translocation of exogenous antigen from the endosome to the
cytosol for degradation by proteasome, leading to antigen cross-presentation.

« HSPs are released from cells by passive and active mechanisms in response to several kinds of stress.
= TLRs and scavenger receptors have been identified as receptors for HSPs expressed on antigen-presenting cells such as dendritic

= HSPs can link innate and adaptive immune responses, leading to amplified immune responses.
+ HSPs are attractive candidates for vaccine development due to their ability to target DCs and to induce specific cytotoxic T cells without

» Elucidation of the molecular basis for sorting HSPs to static endosomes should lead to the establishment of HSP-based cancer vaccines.
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Abstract: Recently, growing evidences that extracellular heat shock protein (HSP) functions as endogenous
immunomodulator for innate and adaptive immune responses have been demonstrated. Because HSPs
inherently act as chaperones within the cells, passive release such as cell necrosis and active release
including secretion in the form of exosome have been suggested for HSP release into extracellular milieu.
Such extracellular HSPs have been shown to be activators for innate immune responses through Toll-like
receptors (TLRs). However, it has also been suggested that HSPs augmented the ability of associated innate
ligands such as LPS to stimulate cytokine production and dendritic cell (DC) maturation. More interestingly,
recent study demonstrated that innate immune responses elicited by both endogenous and exogenous danger
signals were spatially and temporally regulated and this can be manipulated using Hsp90 or oxygen-regulated
protein 150 (ORP150), thereby controlling the immune responses. We will discuss how spatiotemporal
regulation of HSP-chaperoned molecules within antigen-presenting cells affects the antigen cross-presentation
and innate immune responses. Precise analysis of HSP biology can lead us to establish outstanding HSP-

based immunotherapy.

Keywords: Danger signal, dendritic cell, endosome, heat shock protein, innate immunity, Toll-like receptor.

INTRODUCTION

Heat-shock proteins (HSPs), highly conserved
across species, are generally considered to be
intracellular proteins that have protective functions in
situations of cellular stress. A wide variety of stressful
stimuli like heat shock, ultraviolet radiation, and viral or
bacterial infections induce a substantial increase in
intracellular HSP synthesis. The main functions
ascribed to HSPs are to act as chaperones of nascent
or aberrantly folded proteins. From the immunological
point of view, HSPs are of significant interest because
HSPs like Hsp70 and gp96 purified from tumor and
virus-infected cells are capable of eliciting protective
cytotoxic T cell (CTL)-mediated immunity [1, 2]. This
immunogenicity is based on antigenic peptides that are
associated with Hsp70 and gp96 molecules, and
peptide-deprived HSP complexes lose their specific
immunogenicity. Recently, there is the growing
evidence that the extracellular HSPs play a very
important role in the induction of innate immune
responses. As HSPs do not have a canonical signal
sequence, it has been suggested that HSPs may be
released via an active secretion mechanism or from
cells undergoing necrosis. The resultant extracellular
HSPs may then interact with DCs or macrophages,
which results in the activation of innate immune
responses through TLRs activation. In addition, it has
been shown that HSPs can be released in the form of
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complexes with antigenic peptide and these HSPs-
peptide complexes are taken-up by antigen-presenting
cells (APCs) such as DCs through specific receptors
expressed on APCs. Such peptides may then be
transferred to MHC class | molecules through the
process known as cross-presentation, and such MHC I-
peptide complexes can be recognized by CD8" T cells
leading to T cell activation [2]. Thus, exiracellular HSPs
act as danger signals for activation of innate immunity
as well as enhancers for adaptive immunity of antigen-
specific T cell induction. We will discuss the current
view of this unique feature of HSPs in the regulation of
innate and adaptive immune responses.

IDENTIFICATION OF HSPS-PEPTIDE COMPLEX
AS A CANCER ANTIGEN

In their search for tumor-specific antigens,
Srivastava’s group first identified the ER-resident HSP
gp96 as a tumor antigen [2]. Immunization of mice with
only pg of gp96 isolated from tumors induced an
antitumor immune response through the induction of
tumor-specific CTLs. The mechanism for this observed
immunity has been shown to be gp96-chaperoned
immunogenic antigenic peptides. Following these
observations, they further demonstrated that tumor-
derived Hsp70 and Hsp90 also bound tumor-specific
antigenic peptides. These findings led to the idea that
APCs bear HSP-specific receptors on the cell surface.
Following the identification of CD91 as a gp96 receptor
many recepiors have been demonstrated including
members of the TLR and scavenger receptor families
[3]. When extracellular HSPs are loaded onto APCs,
such HSPs can be proinflammatory signals and lead to

© 2012 Bentham Science Publishers
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cytokine production through TLR activation as
described later. More importantly, HSPs can act as
stimulants of adaptive immune responses through their
ability to bind antigenic peptides during antigen
processing [2, 4-7]. In this case, although the HSP-
peptide complexes act as exogenous antigens, they
can gain access to the MHC class | Ag presentation
pathway, resulting in the stimulation of CD8" T cell
responses, termed  cross-presentation. Cross-
presentation is required to elicit antitumor CD8" T cell
responses because vaccinated antigenic peptides/
proteins act as inherently exogenous antigens.
Therefore, how the exogenous Ags such as HSP-
peptide complexes get into unusual cross-presentation
pathways has been extensively elucidated. Recently,
the intracellular pathway for HSP-mediated cross-
presentation has been demonstrated. We have shown
that an Hsp90-peptide complex was efficiently cross-
presented via an endosomal pathway but not the
classical TAP-dependent pathway [4]. In contrast,
protein Ag complexed with Hsp90 is cross-presented
by both the endosomal pathway and the proteasome-
TAP-dependent pathway [8]. This may be because
whole protein is required for further dynamic
degradation unlike antigenic peptides.

In vivo, when HSP-peptide complexes are released
from dead and dying cells or via active secretion from
cells, they bind to receptors on APCs and antigens can
be delivered to MHC class | molecules on the surfaces
of such cells through antigen -cross-presentation
pathway. Such interactions form the basis for HSP-
based anticancer vaccines. The potency of these
vaccines has been ascribed to the ability of HSPs to
stimulate both innate and adaptive arms of antitumor
immune responses through HSP receptors. Therefore,
we next overview the HSP receptors expressed on
APCs.

HSP RECEPTORS

HSPs interact with a range of receptors expressed
on target cells. These receptors are subdivided into 2
groups, one is TLRs and the other is scavenger
receptors [9]. The TLRs are major pattern recognition
receptors (PRRs) and at least 11 have been identified.
At least two TLRs, TLR2 and TLR4, have been
demonstrated to function as HSP receptors and can
couple the binding of Hsp60, Hsp70, and gp96 to NF-
kB activity [10, 11]. In addition, the cell-surface protein
CD14, which couples LPS exposure to TLR4 activation,
is also required for Hsp70-mediated induction of
cytokines TNF-q, IL-1B, and IL-6 [12]. In a series of
studies by Lehner, immunological consequences of
Hsp72 can be localized to specific domains of the
Hsp72 molecule. C-terminal portion of Hsp72 (aa 359-
610) stimulates production of chemokines, 1L-12, TNF-
o, and NO, induces T helper cell type 1 polalization,
and stimulates the maturarion of DCs. The N-terminal
ATPase domain (aa 1-358) largely lacks these
functions [13]. Wheeler et al. have also demonstrated
that C-terminus region of Hsp72 served as an activator
for macrophages to produce TNF-a. These effects did
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not seem to result from LPS contamination [14].

However, some studies suggested that these
interactions between Hsp70 and TLR are not likely to
be exerted through the direct binding of Hsp70 to
CD14, TLR2, or TLR4, as cells stably transfected with
CD14, TLR2, or TLR4 do not bind avidly to Hsp70 [15].
These data suggest that low-affinity interactions may
be involved in TLR activation by Hsp70. Previous study
have shown that TLR activation by Hsp60 requires the
internalization of the Hsp60; therefore, experiments
using cells with simple TLR gene overexpression may
thus be inadequate to assess direct HSP-TLR binding
[16].

Scavenger receptors (SRs) constitute the other
family of PRRs. The SRs are receptors for chemically
modified forms of lipoproteins, including oxidized and
acetylated low-density lipoproteins. The SR family is
subdivided into eight different subclasses (A to H) and
many receptors belonging to this family are expressed
on the antigen-presenting cell surface. The oxidized
LDL-binding protein CD91/LRP has been shown to be
a common receptor for Hsp60, Hsp70, Gp96, and
calreticulin [17]. However, Theriault showed that the
difference of Hsp70 binding to CD91-positive cells and
negative cells was minimal. Therefore, the Hsp70
binding to CD91 may be a low-affinity interaction or be
indirect. It has been demonstrated that Hsp70 can
interact with at least three members of the SR family,
LOX-1 [18], SREC-1 [19], and FEEL-1 [19]. Hsp70 can
be bound at high affinity by these SRs and internalized
[20]. Both Hsp90 and Hsp60 can aiso bind to LOX-1. In
addition, gp96 and calreticulin show significant affinity
to SR-A1 and SREC-1 and are internalized by these
receptors [21, 22]. However, HSP (gp96) binding to
SR-A1 is immunosuppressive [23], whereas LOX-1
mediates Hsp70 immunogenicity and antigen
presentation [18]. Therefore, detailed studies of each
receptor subtype and its interaction with others are
essential to determine the effects on immune
responses of cellular interactions with HSPs.

MECHANISM OF HSP RELEASE FROM CELLS

As described above, immunization with HSP-
peptide complexes elicits antitumor immune responses
via cross-presentation by APCs. Do immune responses
induced by extracellular HSP-mediated Ag cross-
presentation actually take place in vivo? Because
HSPs are inherently intracellular proteins, some
mechanism for the release of endogenous HSPs into
extracellular space must exist. However, HSPs are not
secreted via the classical pathway because their
sequences encode no secretion leader signals. In fact,
as described later, it has been shown that the export of
HSP to extracellular space could not be blocked by
typical inhibitors of ER-Golgi pathway, such as
brefeldin A. Currently, two mechanisms are considered
to result in release of HSPs from cells; passive release
mechanisms, including necrotic cell death, severe
trauma, surgery and following infection with Iytic
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viruses, and active release mechanisms involving
nonclassical protein release pathways.

Passive Release Mechanism

Release of intracellular proteins involves cell lysis
and this may occur in pathological conditions that give
rise to necrosis. Basu and coworkers reported that
HSPs, including gp96, Hsp90, Hsp72 and calreticulin,
are released from cells by necrotic, but not apoptotic,
cell death [17]. Necrotic cell death results in the release
of intracellular contents into the extracellular space,
thereby liberating HSPs. These results make the cell
necrosis an attractive expianation for the mechanism
by which HSPs are released into the extracellular
milieu as an intrinsic immunological messenger.

Active Release Mechanism

An active release mechanism has been suggested as
an additional mechanism to the passive release
hypothesis. Asea et al. showed that IFN-y and IL-10
induce the active release of constitutively expressed
Hsp70 (Hsc73) as well as Hsp72 from tumors under
conditions that will not induce cell death [24]. Because
IFN-y and IL-10, but not the anti-inflammatory cytokine
TGF-B, is considered to have high concentrations within
inflammatory foci, these proinflammatory cytokines may
mediate the active release of Hsc73 and Hsp72 [25].
Moreover, Asea’s group showed that whereas some
extracellular Hsp72 could be found as free Hsp72, a
proportion of extracellular Hsp72 was released within
exosomes [25, 26]. Exosomes are internal vesicles of
multivesicular bodies (MVB) released into the extracelluar
milieu upon fusion of MVB with the cell surface.
Additionally, they showed that Hsp72 was released by a
nonclassical protein fransport pathway and that intact
surface membrane lipid rafts were required for efficient
stress-induced Hsp72 release. Mambula ef al. also
demonstrated that a prostatic cancer cell line secreted
Hsp72 via an endolysosomal pathway [27]. Furthermore,
Fleshner et al. demonstrated another mechanism for the
Hsp72 release under condition of psychological stress
[28]. They proposed that activation of the sympathetic
nervous system by stimuli, such as stressor exposure
results in the release of norepinephrine and the
subsequent activation of o.1-adrenergic receptors (ADRs).
Stimulation of o1-ADRs results in an increase in
intracellular Ca®*, which may stimulate the release of
exosomes containing Hsp72. More recently, Vega et al.
have demonstrated that Hsp72 was found inserted into
the plasma membrane of cells after stress, which may be
derived by inverse evagination [29, 30]. In addition, Hsp72
was released into the extracellular spaces in a
membrane-associated form (i.e. exosome) of which could
act as a danger signal to activate the macrophages.
Strikingly, activation of macrophages by membrane-
associated form of Hsp72 was 260-fold more effective
than the free recombinant Hsp72. This robust effect is
likely due to the high concentration of Hsp72 within the
vesicle (exosome).

Taken together, these studies suggest that the
active release hypothesis is an important mechanism
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by which Hsp72 is released into the circulation.
However, it remains to be conclusively demonstrated
that T cell responses are primed by active release of
Hsp72, especially in the case of psychological stress
as well as tumor bearing host’” immune surveillance
through the cross-presentation of a tumor-derived
extracelluar HSP-peptide complex:

DO HSPS ACT AS ENDOGENOUS DANGER
SIGNALS?---THAT IS THE QUESTION!

From the Point of View that the HSPs Act as
Chaperokines

Preparations of HSPs such as Hsp60, Hsp70,
Hsp90 and gp96 purified from a variety of sources
including bacteria and mammalians, as well as
recombinant bacterial and human products, have been
reported to be potent activators of innate immunity.
Specifically, these HSP preparations have been
reported to stimulate the production of proinflammatory
cytokines such as TNF-q, IL-1, [L-6, and IL-12 and the
release of NO and C-C chemokines by monocytes,
macrophages, and DCs [31-34]. HSPs are also
reported to induce the maturation of DCs, as
demonstrated by the up-regulation of MHC class | and
I molecules and costimulatory molecules such as
CD80, CD86, and CD40 [17]. Thus, it has been
proposed that, through their cytokine-like functions,
HSPs may serve as endogenous “danger signals” to
the host immune system at sites of tissue injury or
stress where HSPs are released into extracellular
spaces. The discovery of the extracellular biological
actions of HSPs as “chaperokines” is very attractive
and the chaperokine theory is interesting with regard to
the extracellular HSPs as a cause of sterile
inflammation.

Microbial Contamination may be Responsible for
Immune Activation

In contrast, there have been many criticisms stating
that these chaperokine activities were due to microbial
contamination. The representative microbial products,
LPS is a strong stimulus of innate immune signaling.
Because microbial contamination occurs during
purification of HSPs, and the recombinant HSPs
expressed within E. coli inherently are contaminated
with LPS, the observed biological actions might be
artifact due to microbial products. To examine this
possibility, using highly purified HSP preparations, a
series of experiments was performed and
demonstrated that the HSP cytokine functions are in
fact a result of contaminating bacterial products. Wallin
et al. noted that highly purified murine liver Hsp70 had
no cytokine effects, even at concentrations as high as
200-300 mg/ml [35]. In contrast, an LPS-contaminated
preparation at Hsp70 concentrations as low as 0.05-0.1
mg/ml induced cytokine production that was heat-
sensitive and not inhibitable by polymixin B. Bausinger
et al. demonstrated that recombinant human Hsp70,
after further purification to remove LPS contamination,
was no longer capable of inducing the activation of
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DCs [36]. Furthermore, Gao et al. reported that the
cytokine-inducing activity of LPS was heat-sensitive
and that the ability of commercially available
recombinant human Hsp70 to induce TNF-a production
in macrophages was entirely a result of contaminating
LPS, and that of recombinant human Hsp60 was a
result of contamination by LPS as well as LPS-
associated molecules [37, 38]. These investigators
demonstrated further that highly purified Hsp60, Hsp70,
and gp96, which were essentially free of LPS
contamination, retained their normal biological
properties, including the molecular chaperone function
and ATPase activity. Thus, Hsp60, Hsp70, Hsp90, and
gp96 do not have cytokine-inducing activities as
reported previously. Moreover, Gao et al. using a gene
expression array, showed that Hsp60 and Hsp70 had
no effect on the expression of 96 common cytokine
genes in macrophages [39].

HSPs Augment the Actions of Associated Microbial
Products

However, some HSPs have been shown to bind
microbial products very efficiently and thus augment the
biological actions of microbial products. Habich ef al. have
demonstrated that Hsp60 bound LPS tightly and that
Hsp60-bound LPS, but not Hsp60 itself, was responsible
for the observed cytokine effects of Hsp60 preparation
{40]. More interestingly, Hsp60-bound LPS was more
potent than LPS in inducing cytokine production. Reeds et
al. have shown that gp96 binds endotoxin in a high
affinity, saturable and specific manner. The same study
demonstrated that low (< 0.27 EU endotoxin/mg protein)
endotoxin preparations of gp96 do not stimulate NF-xB
activation or NO release in macrophages [41]. In addition,
Wager et al. showed that gp96 bound lipid-based TLR
ligands such as palmitoyl-3-Cys-Ser-(Lys)s (PamsCys; a
TLR2ligand) and LPS (TLR4 ligand). Binding of Pam;Cys
and LPS to gp96 enhanced their ability to induce the
activation and maturation of DCs [42]. Thus, there may be
cooperation between gp96 and TLR ligands and that the
former amplify the effects of the latter. These results
suggested that very low concentrations of LPS if
“chaperoned by a certain HSP” could induce cytokine
production. In this context, HSP augments immune
responses against molecules chaperoned by HSPs, but
not against HSPs themselves. In the clinical setting, this
unique character of HSPs may contribute to the in vivo
recogniton of Gram-negative bacterial infection by
binding to LPS and augmenting the host defense system
via TLR4. Although further studies are necessary to
determine whether the reported cytokine-producing effect
is a result of HSPs or contamination of TLR ligands, there
is no doubt that HSPs play very important roles in eliciting
immune responses by acting as danger signals via HSPs
themselves and/or HSP-associated molecules.

“Microbial Product-Free” Cell Surface-Expressed
HSPs Elicit Inmune Responses

To avoid the problem of microbial contamination, a
number of studies involving transgenic expression of
HSPs on the cell surface have been conducted. It has
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been demonstrated that cell-surface HSPs can activate
immune responses. Under these conditions,
contamination by exogenous molecules such as LPS is
unlikely. Zheng et al. demonstrated that cell surface
expression of gp96 on tumor cells induced efficient T
cell priming and tumor rejection in vivo [43]. Likewise,
Chen ef al. showed that transgenic expression of
Hsp70 on the tumor cell surface elicited antitumor
immunity, and immunization of mice with these tumor
cells led to induction of tumor-specific cytotoxic T cells
[33]. In addition, the transgenic expression of gp96 on
the cell surface leads to in vivo activation of DCs and
the development of lupus-like systemic autoimmune
disease in mice [44, 45]. Vaccination of mice with
gp96-secreting fibroblasts leads to in vivo activation of
CD11b" and CD11c” APCs [46]. These studies have
demonstrated that cell-surface HSPs are capable of
activating the immune system in vivo. However, it
remains unclear whether the observed in vivo effects
are caused by the direct effects of HSPs themselves or
via HSP-associated molecules.

To Further Expand the Chaperokine World

In this field, it is very important that HSP purification
procedures should be carried out to the highest
standards of molecular chaperone purification as
described by Pockley et al [47]. In addition,
identification of receptor binding domain of each HSP
should be identified. More importantly, X-ray
crystallographic analysis may reveal the mode of HSP-
receptor binding. From the biological point of view, as
endogenous danger signal, under the bacterial and
viral infection, damaged celi-derived extracellular HSPs
may bind microbial products such as LPS, lipoproteins,
bacterial DNA and viral RNA in the inflamed milieu,
leading to activation of TLR-, and non-TLR-mediated
innate immune responses. This nascent but very
attractive field of biology should be further developed
through careful experiments.

ENDOGENOUS DANGER SIGNALS AND STE-
RILE INFLAMMATION CONCOMITANT WITH
IMMUNE RESPONSES

In addition to recognizing pathogen-associated
molecular patterns (PAMPs), the immune system has
evolved to recognhize endogenous danger signals,
called damage-associated molecular  patterns
(DAMPs), many of which are released by dying or
necrotic cells and contribute to “sterile inflammation” in
a noninfectious sterile setting. Furthermore, the
recognition of DAMPs can activate the innate immune
system in vivo. DAMPs are structurally and sequence-
diverse family of endogenous molecules, generally
intracellular and hidden by the plasma membrane,
often released from necrotic cells. To date, it has been
demonstrated that uric acid [48], DNA and more
specifically unmethylated CpG-rich DNA regions,
HMGB1 [49, 50], SAP130 [51], IL-1a [52], IL-33 [53,
54], S100 proteins [55], and HSPs act as DAMPs [56].
However, recent study has suggested that highly
purified HMGB1 does not induce significant amounts of
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