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Abstract

Stress or heat shock proteins (HSPs) 70 and 90 are powerful
chaperones whose expression is induced in response to a
wide variety of physiological and environmental insults.
These proteins have different functions depending on their
intracellular or extracellular location. Intracellular HSPs have
a protective function. They allow the cells to survive poten-
tially lethal conditions. The cytoprotective functions of HSPs
can largely be explained by their anti-apoptotic properties.
HSP70 and HSP90 can directly interact with different pro-
teins of the tightly regulated programmed cell death ma-
chinery and thereby block the apoptotic process at distinct
key points. In cancer cells, where the expression of HSP70
and/or HSP90 is frequently abnormally high, they participate
in oncogenesis and in resistance to chemotherapy. There-
fore, the inhibition of HSPs has become an interesting strat-
egy in cancer therapy. In contrast to intracellular HSPs, extra-
cellularly located or membrane-bound HSPs mediate immu-
nological functions. They can elicit an immune response
providing a link between innate and adaptive immune sys-

tems. In cancer, most immunotherapeutical approaches
based on extracellular HSPs exploit their carrier function for
immunogenic peptides. This review will focus on the roles of
HSP70 and HSP90 in apoptosis and in innate immunity and
how these functions are being exploited in cancer therapy.
Copyright © 2010 S. Karger AG, Basel

Introduction

Heat shock proteins (HSPs) were first discovered in
Drosophila in 1962 as a set of proteins that accumulates
in the cells after a heat shock and has thermoresistance
proprieties. Latter studies demonstrated that HSPs are
expressed in all living organisms and are the most con-
served proteins present both in prokaryotes and eukary-
otes. HSPs are now also more generally known as stress
proteins because they are induced in response to a wide
variety of physiological and environmental insults. HSPs
have a cytoprotective function and act as molecular chap-
erones by assisting the folding of nascent or misfolded
proteins and by preventing their aggregation. Mamma-
lian HSPs have been classified into 5 families according
to their molecular weight: HSP110, HSP90, HSP70, HSP60
and the family of small HSPs. Each family is composed of
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members expressed constitutively or regulated inductive-
ly and which are targeted to different subcellular com-
partments.

Among the different HSPs, the ATP-dependent chap-
erone families HSP70 and HSP90 are the most studied by
their involvement in cancer. The most studied members
of the HSP70 family are inducible HSP70 (also called
HSP72 or HSPA1) and the constitutive HSC70 (HSP73 or
HSPAS). HSP70 is hardly expressed at the basal level in
non-stressed ‘normal’ (non-transformed) cells, but its ex-
pression is strongly and transitorily induced after many
different stresses, including oxidative stress or anticancer
chemotherapy, thus allowing the cell to survive under le-
thal conditions. In cancer cells, the expression of HSP70
is abnormally high, and may participate in oncogenesis
and in resistance to chemotherapy by interfering with
apoptosis signaling.

The HSP90 protein family includes HSP90a (now also
called HSPC1), HSP90B (HSPC3) and gp96 (HSPC4).
The two HSP90 isoforms are very abundant cytosolic
proteins representing more than 1% of total proteins, and
this expression can be further stimulated by certain
stresses. gp96 is an endoplasmic reticulum (ER) member
and constitutes the main secreted chaperone. HSP90 can
also accumulate in cancer cells and has been shown to
contribute to tumorigenicity and cancer cell resistance
both by its role in apoptosis and by its chaperone function
stabilizing many kinases involved in cancer cell signal-
ing.

HSP70 and HSP90, although mainly cytosolic/nuclear
proteins, can also have an extracellular location. Several
mechanisms may account for the release of these HSPs,
including necrosis. HSPs could then act on the immune
system alone or via their bound peptides. This review
deals with the dual function of these HSPs: the intracel-
lular anti-apoptotic function and the extracellular im-
munogenic function. In both cases, the interest of target-
ing HSPs in cancer therapy is discussed.

Intracellular Roles of HSP70 and HSP90: Balancing
Apoptosis and Cell Survival

HSPs as Cytoprotective Proteins

HSP70

The HSP70 family constitutes the most conserved and
best-studied class of HSPs. Under normal conditions,
HSP70 participates in the folding of newly synthesized
polypeptides, the assembly of multi-protein complexes
and the transport of proteins across cellular membranes.

Heat Shock Proteins in Apoptosis

HSP70 is also a powerful anti-apoptotic protein that
can act at different key points, both upstream and down-
stream of the mitochondria, affecting both the extrinsic
and intrinsic pathways of apoptosis (fig. 1).

At a pre-mitochondrial level, HSP70 can interact with
the death receptor signaling pathway. In Ber-Abl express-
ing cells, HSP70 is able to bind to death receptors DR4
and DR5, thus inhibiting the TRAIL-induced assembly
of the death-inducing signaling complex (DISC) [1]. Ex-
posure of hematopoietic cells to TNF induces the activity
of the pro-apoptotic double-stranded RNA-dependent
protein kinase (PKR). Together with its co-chaperone
HSP40, HSP70 via its ATPase domain is able to stabilize
the Fanconi anemia complementation group C (FANCC),
an inhibitor of PKR, resulting in TNF-induced apoptosis
inhibition [2].

HSP70 has also been shown to stabilize survival ki-
nases by phosphorylation modifications. HSP70 can bind
to protein kinase C via the kinase’s unphosphorylated C-
terminus, therefore priming the kinase for rephosphory-
lation and stabilizing the protein. In a similar manner,
HSP70 binds Akt, a kinase that generates a survival sig-
nal, resulting in its stabilization [3]. After TNF-induced
DISC formation and caspase 8 activation, HSP70 can in-
hibit BID activation and downstream events [4]. HSP70
has been shown to block BAX translocation, thus pre-
venting mitochondrial outer membrane permeabiliza-
tion. More recently, HSP70 has been demonstrated to in-
teract with another Bcl-2 family member, Mcl-1. This an-
ti-apoptotic protein is degraded upon heat stress, leading
to BAX activation. Under these conditions, over-expres-
sion of HSP70 allows the stabilization of Mcl-1, thus pre-
venting mitochondrial events [5]. In NIH 3T3 cells ex-
posed to UV, over-expressed HSP70 interacts with stress-
activated kinases such as the pro-apoptotic c-Jun
N-terminal kinase (JNK), leading to its inhibition [6].
Overexpression of HSP70 also inhibited H,0,-induced
activation of apoptosis signal-regulating kinase 1 as well
as that of downstream kinases in the p38 mitogen-acti-
vated protein kinase signaling cascade [7]. However, in an
acidic environment, heat-induced HSP70 failed to sup-
press JNK activation and other apoptotic events such as
BAX translocation and caspase-3 activation [8]. In apop-
tosis induced by hyperosmolarity, HSP70 has been found
to modulate JNK and extracellular-regulated signal ki-
nase (ERK) phosphorylations, leading to the inhibition of
BAD pro-apoptotic activity [9].

Downstream of mitochondria permeabilization,
HSP70, via its ATPase domain, is able to interact with
apoptosis protease-activating factor-1 (APAF-1), thereby
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Fig. 1. Schematic representation of HSP70 and HSP90 regulatory
functions in the intrinsic and extrinsic pathways to death. HSPs
can block the mitochondrial intrinsic pathway of apoptosis by in-
teracting with key proteins at 3 levels: (1) upstream of the mito-
chondria, thereby modulating signaling pathways (HSP70 modu-
lates the activation of stress-activated kinases such as Akt, JNK or
ERK); (2) at the mitochondrial level, controlling the release of cy-

inhibiting recruitment of procaspase-9 to the apopto-
some and the consequent caspase-3 activation [10]. The
inhibitor of CAD, ICAD, is essential for generating prop-
erly folded CAD. When ICAD, is cleaved, CAD is released
and enters the nucleus to degrade the chromosomal
DNA. The enzymatic activity and proper folding of CAD
has been reported to be regulated by HSP70, its co-chap-
erone HSP40 and ICAD [11].

HSP can also have important anti-apoptotic functions
downstream of caspase activation. For example, HSP70
can protect caspase-3 targets from proteolysis. Our team
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tochrome c by interaction with BAX for instance; and (3) at the
post-mitochondrial level, by blocking apoptosis by their interac-
tion with APAF-1. HSPs can also block the extrinsic pathway at
different levels. They can interact with the death receptors (DR4
and DR5), they can inhibit Bid cleavage and thus the activation of
the mitochondria pathway and they can neutralize AIF and in-
hibit cathepsines.

has demonstrated that during erythroid differentiation,
HSP70 protects the transcription factor GATA-1 from
caspase-3 cleavage, thus inhibiting erythroblast apopto-
sis [12].

HSP70 can also prevent caspase-independent apopto-
sis pathways. Our group has observed that over-expres-
sion of HSP70 protects Apaf-17/~ cells from apoptotic cell
death induced by serum withdrawal. Indeed, HSP70 di-
rectly binds to apoptosis-inducing factor (AIF) and in-
hibits AIF-induced chromatin condensation [13].

Joly/ Wettstein/Mignot/Ghiringhelli/
Garrido



Finally, in stress conditions, HSP70 inhibits cathep-
sins release by stabilizing lysosome membranes. This can
lead to autophagic cell death inhibition in some cell mod-
els [14] and in others, due to a cross-talk between lyso-
somes and mitochondria, to an inhibition of mitochon-
drial permeabilization and apoptosis [15]. Recently, Jaat-
tela’s group demonstrated the interaction of HSP70 with
lysosome membranes. Following stress, HSP70 is able
to bind the endolysosomal anionic phospholipid
bis(monoacylglycero)phosphate, an important co-factor
for the activity of acid shingomyelinase leading to lyso-
some membrane stabilization and normal lysosome stor-
age functions [16].

In conclusion, HSP70 is a decisive negative regulator
apoptosis that can act: (1) at a pre-mitochondrial stage by
inhibiting stress inducing signaling; (2) at the mitochon-
drial stage, by preventing mitochondrial membrane per-
meabilization, and (3) at the post-mitochondrial level by
inhibiting caspase activation and DNA fragmentation
(fig. 1). This essential role of HSP70 in apoptosis has been
confirmed by gene ablation studies.

HSP90

HSP90 is also implied in the balance of apoptosis ver-
sus cell survival after induction of stress (fig. 1). Although
most studies do not differentiate between the 2 isoforms
of this protein, HSP90a and HSP90(, it is believed that
they have many overlapping functions. As an ATP-de-
pendant chaperone, HSP90 acts mostly as a homodimer
that forms a hydrophobic pocket in order to interact with
client proteins. HSP90 associates with numerous signal-
ing proteins including ligand-dependent transcription
factors such as steroid receptors, or ligand-independent
transcription factors such as signal-transducing kinases.
HSP90 can also promote the conformational maturation
of proteins implied in cell cycle regulation. It is still not
known if the different client proteins have a different af-
finity for one or other HSP90 isoform.

HSP90 regulates the activity and stability of many
transcription factors and kinases implicated in apoptosis,
such as NF-kB, p53, Akt, Raf-1 and JNK [17]. HSP90 can
affect NF-kB survival activity via the IKK complex. This
complex is composed of 2 catalytic and 1 regulatory sub-
unit, HSP90 and Cdc37 [18, 19]. HSP90 has also been im-
plicated in apoptosis induced by p53. It has been demon-
strated that HSP90 associates to mutated p53 and stabi-
lizes the protein [20]. HSP90 interacts with and stabilizes
phosphorylated Akt. In turn, phosphorylated Akt can
phosphorylate the pro-apoptotic Bcl-2 family protein
BAD and the caspase-9 [21], leading to their inactivation
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and to cell survival. Akt has also been shown to phos-
phorylate the I-«B kinase, which results in promotion of
NF-«kB-mediated cell survival.

Another pathway of cell survival in which HSP90 can
be involved is the steroid nuclear receptors pathway. In
the absence of stimulation, the interactions of HSP70,
HSP40 and HSP90 lead to stabilization of the complex in
order to prevent its activity. HSP90 is implied in the mat-
uration, intracellular transport and regulation of these
receptors. An ATP-dependant conformational change
occurs when the specific ligand interacts with its receptor
leading to translocation of transcription factors to the nu-
cleus and expression of target genes.

A key regulator in apoptosis induced by TRAIL is
FLIP(S). It has been shown in glioma cells that HSP90«
associates with FLIP(S) in a manner dependent on the
ATP-binding N-terminal domain of the chaperone. Fol-
lowing TRAIL exposure, HSP90« and its client protein
FLIP(S) are recruited to the DISC. HSP90a depletion
blocks the recruitment of FLIP(S) to the DISC and there-
by sensitizes resistant glioma cells to TRAIL-induced
apoptosis [22]. HSP90 has also been shown to interact
with and stabilize the receptor interacting protein (RIP).
Upon ligation of TNFR-1, RIP-1 is recruited to the recep-
tor and promotes the activation of NF-kB and JNK. Deg-
radation of RIP-1 in the absence of HSP90 precludes ac-
tivation of NF-kB mediated by TNFa and sensitizes cells
to apoptosis [23].

HSP90 has also been shown to directly block apoptosis
at a post-mitochondrial level. HSP90 associates to APAF-
1 leading to an inhibition of caspase activation [24]. Some
reports describe the formation of Bcl-2 and HSP90{3
complex preventing the release of cytochrome ¢ from mi-
tochondria and activation of caspase 3 in mast cells [25].
This effect was confirmed in monocytes/macrophages
and dendritic cells treated with an unmethylated CpG
motif of bacterial DNA. The authors show that HSP90,
but not HSP90a, is able to associate to Bcl-2. Inhibition
of HSP90 with radicicol inhibits this association [26]. In
tumor cells, HSP90 is present in the mitochondria associ-
ated to its related molecule TRAP-1. It has been shown
that this mitochondria-located HSP90 regulates mito-
chondrial membrane permeabilization and cytochrome
¢ release. The inhibition of mitochondrial HSP90 pro-
vokes a depolarization of the mitochondrial membrane
and a dose-dependent release of cytochrome c. This
might have important consequences in cancer therapy
since HSP90 chaperone is only localized in tumor cells’
mitochondria but not in mitochondria isolated from nor-
mal tissues [27].
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Fig. 2. Chaperokine versus tumor-antigen carrier functions of
HSP. (1) Recombinant HSP70 engages signaling receptors (e.g.
CD40 or TLR2/4 with the coreceptor CD14) triggering NF-«kB
activation leading to the release of pro-inflammatory innate im-
mune system molecules. (2) HSPs can also chaperone antigenic

In conclusion, the role of HSP90 in cell survival/apop-
tosis seems related to the proteins chaperoned by HSP90.
Depending on the cancer cell model, the relevance of a
given HSP90 client protein might be different.

Inhibition of HSPs in Cancer Therapy

Clinical studies often associated HSP70 or HSP90
with a poor prognosis. Increased expression of HSP70 has
been reported in many tumors, such as breast, endome-
trial or gastric cancer, where it has been associated with
metastasis, poor prognosis and resistance to chemother-
apy or radiation therapy. Concerning HSP90, an over-
expression of the protein has been reported in tumors
such as breast, lung and hematopoietic malignancies [28].
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peptides derived from tumor cells and internalize them by endo-
cytosis via several putative receptors (DC40, TLR2/4 and/or
CD14). After peptides are taken up and processed, they are pre-
sented to the APC via MCH class I molecules which results in
CD8* T cell activation.

Constitutively high expression of HSP70 is essential
for the survival of most cancer cells. Inhibiting HSP70
seems to be a good strategy to combine with chemother-
apy. HSP70 antisense constructs have chemosensitizing
properties and may even kill cancer cell lines (in the con-
text of adenoviral infection) in the absence of additional
stimuli [29]. Our group has demonstrated that rationally
engineered decoy targets of HSP70 derived from AIF can
sensitize cancer cells to apoptosis induction by neutral-
izing HSP70 function. These AIF-derived peptides all
carry the AIF region from aa 150 to aa 228, previously
defined as required for HSP70 binding [29]. These inhib-
itors, called ADD70 (for AIF-derived decoy for HSP70),
bind to HSP70 but lack an apoptotic function. In vivo ex-
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periments, in a syngeneic rat colon cancer cell model and
in a mouse model of melanoma (B16F10), showed that
ADD70 decreased the size of the tumors for the rats and
provoked an important delay in the growth of the mice
tumors. In addition, ADD70 sensitizes both the rat colon
cancer cells and mouse melanoma cells to the chemother-
apeutic agent cisplatin. This ADD70 anti-tumorigenic ef-
fect was only observed in syngeneic animals but not in
immunodeficient animals. We have demonstrated that
ADD?70 anti-tumorigenic effects are associated with an
increase in tumor-infiltrating cytotoxic CD8* T cells
[30]. More recently, we have selected combinational pep-
tide aptamers from 2 peptide aptamer libraries, consist-
ing of an Escherichia coli thioredoxin scatfold displaying
variable peptide loops of 8 or 13 amino acids. The screen-
ing was based on the ability of the aptamers to interact
with HSP70 in a yeast 2-hybrid assay. Two among these
peptide aptamers (A8 and A17) increased the sensitivity
to apoptosis induction by anticancer drugs and, in vivo,
have a strong anti-tumor effect. A8 and A17, which inter-
acted with the ATP-binding and the peptide binding do-
mains of HSP70, respectively, both inhibited HSP70
chaperone activity, yet did not affect that of HSC70 or
HSP90 (patented in 2008).

Concerning chemical molecules specific for HSP70,
recently Leu et al. [31] described a small molecule inhibi-
tor that interacts with the C-terminus of HSP70 called
2-phenylethynesulfonamide (PES). PES interaction with
HSP70 chaperone activity leads to aggregation of mis-
folded proteins and destabilization of lysosome mem-
branes, and thus to induction of an autophagic cell death
[31]. However, other reports indicate that PES induces a
clear apoptotic, caspase-dependent, cell death [32]. The
ability of PES to induce an apoptotic or autophagic cell
death could be cell-type dependent.

In contrast to HSP70, many inhibitors of HSP90 are
available that can be clinically tested. The rationale for
their use in cancer therapy is that many HSP90 client pro-
teins are involved in oncogenesis. Therefore, pharmaco-
logical inhibition of HSP90 results in the oncogenic pro-
tein proteasomal degradation, inhibition of tumor growth
through G arrest and activation of apoptosis. Due to the
specificity of the ATP domain of HSP90, different inhib-
itors targeting the ATP pocket have been developed, such
as 17-allylamino-17-demethoxygeldanamycine (17-AAG)
or its more soluble derivative 17-DMAG, both derived
from geldanamycin, a natural molecule. The 2 drugs are
currently undergoing different phase I and II clinical tri-
als for anticancer activity, either alone or in combination
with other anticancer agents. For example, HSP90 inhib-
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itors can be used in combination with histone deacetylase
(HDAC) inhibitors since 17-AAG treatment have been
shown to render acute myeloid leukemia cells sensitive to
HDAC inhibitors [33]. A first phase I study with 17-
DMAG in patients with acute myeloid leukemia has just
been finished [34]. Another class of HSP90 inhibitors that
have been tested are purine-scaffold inhibitors, which
mimic the conformation of ADP in the HSP90 pocket,
such as CNF2024, PU-H71 and PU-DZS8 [28]. The mo-
lecular basis for the selective anti-tumoral activity of the
HSP90 inhibitors seems to be the conformation of the
HSP90 complex. HSP90 isolated from tumor cells has a
binding affinity for the inhibitors between 20 and 200
times higher than does HSP90 isolated from normal cells.
This might be due to the fact that tumor cells, as com-
pared to their normal counterparts, might exhibit a
stressed phenotype, with an enhanced dependency on
the cytoprotective action of HSP90.

However, all HSP90 inhibitors have been demonstrat-
ed, both in vitro and in vivo, to strongly induce HSP70
expression [30], a highly protective protein that may
strongly reduce the cell death effect provoked by HSP90
inhibition. Therefore, combining both an inhibitor of
HSP90 and an inhibitor of HSP70 would be a very inter-
esting approach in cancer therapy.

In conclusion, all these findings demonstrate why
there is interest in developing novel therapeutic drugs
targeting HSP70 and HSP90 to improve patient outcome
in many different cancers.

Extracellular HSPs

HSPs in the Extracellular Space

The main secreted or membrane-bound HSPs are
HSP70, HSP90 and gp96. These external HSPs can inter-
act with the immune system during stress conditions (e.g.
inflammation, bacterial or viral infections). Appearance
of pathogen-derived HSPs in the extracellular space sig-
nals a local infection whereas appearance of mammalian
HSPs is usually the result of an intracellular trauma.

How can HSPs which do not have a consensual secre-
tory signal join the extracellular space? Different secre-
tion mechanisms are possible [35]. Since transport of oth-
er proteins across lipid membranes is one of the tasks of
HSPs, it is assumed that cytosolic HSPs could be trans-
ported to the plasma membrane in concert with other
proteins possessing transmembrane domains that fulfill
shuttle functions. However, the molecular nature of these
associated proteins has not yet been identified. Calder-
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wood’s team reported that the presence of cytosolic HSPs
in the extracellular medium resulted from necrosis after
cell injury. However, since undamaged cells also released
HSP70, Hunter-Lavin et al. [36] reported an active non-
classical secretory pathway that could not be affected by
inhibitors that antagonize transport through the ER-
Golgi system. Other authors have reported that after
stress, HSP70 and HSC70 display an interaction with
phosphatidylserine moieties on membranes, followed by
rapid incorporation into the lipid bilayer. Finally, De
Maio’s group demonstrated that once HSP70 and HSC70
are anchored in the membrane via their C-terminus se-
quences, these proteins could then be released via exo-
some formations that activate macrophages [37].

gp96, the ER counterpart of HSP90, plays an important
role in secreted protein traffic. This protein has a KDEL
sequence that allows it to be retained in the ER. It can be
hypothesized that for gp96 to join the extracellular space,
this sequence has to be masked or even cleaved by cathep-
sin-P, as recently suggested by Hassanein et al. [38].

HSPs can interact in different ways with the innate im-
mune system (fig. 2). First, they can act as cytokines and
induce activation of antigen-presenting cells (APC) as-
sessed by secretion of pro-inflammatory cytokines or
maturation of dendritic cells (DC). Second, due to their
chaperone function, HSPs can act as carriers that will de-
liver antigenic peptides to APC. Peptides will enter the
cross presentation pathway to be presented to the im-
mune system via CMH class 1. HSPs may therefore pro-
vide alink between innate and adaptive immune systems.

HSPs and Cytokine Functions

Even if it remains unclear whether HSPs are released
as free soluble proteins or in detergent-soluble membrane
vesicles, members of the HSP70 and HSP90 groups, in
absence of immunogenic peptides, may serve as ‘danger
signals’ to the host’s immune system. To induce an im-
mune response, HSPs must bind to specific receptors on
the surface of specialized cells. The binding will stimu-
late a cascade of signals that will eventually induce the
production and release of immune molecules. Around
the year 2000 the term ‘chaperokine’ appeared, which
better describe the unique function of HSPs as both chap-
erone and cytokine. Since then, a lot of studies have at-
tested the roles of HSPs in the immune system. Calder-
wood’s team showed that members of the HSP70 family
have the capacity to stimulate TLR-2/TLR-4 and the
CD14-associated pathway on human monocytes, leading
to initiation of the NF-kB and IRF signaling pathways.
This ‘chaperokine’ function resulted in a stimulation of
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the innate immune system via the secretion of pro-in-
flammatory cytokines including IL-1B3, IL-6 and TNFa
[39, 40]. Accordingly, membrane-bound HSP70 has been
shown to activate macrophages [37]. A recent study
showed that during monocyte to DC transition, HSP70
was upregulated, leading to an increase in intracellular,
membrane-bound and secreted HSP70. Heat stress leads
only to an increase in intracellular HSP70 contrary to
specific pro-inflammatory cytokine treatment that also
promotes extracellular HSP70 accumulation. The au-
thors suggested that an extracellular HSP70 could be rec-
ognized by the HSP receptor CD40 pathway that may be
involved in an autocrine-positive DC growth response
through upregulation of anti-apoptotic molecules [41]. In
contrast, a study performed on CD40~~ mice proved that
the HSP70 cytokine effect was CD40-independent [42].
These contradictory publications underline the fact that
the established list of HSP receptors is very controversial
[43].

HSP70 are also found to be expressed on the plasma
membrane of malignantly transformed cells or tumor-
derived exosomes. Many reports focus on the possible
immunoadjuvant effect of exosome HSPs, which en-
hance the maturation of dendritic and NK cells [44, 45],
thus leading to immune-mediated protection. This hy-
pothesis was challenged by reports showing that HSPs
can also downregulate an immune response in some au-
toimmune models such as rheumatoid arthritis in rats
and diabetes in mice. The mechanism proposed for the
immunoregulatory function of HSPs involved the gen-
eration of IL-10-producing immunosuppressive T cells.
In this regard, it is noteworthy that extracellular HSP70
could also render APC resistant to adjuvant-induced
maturation. In a recent study, we demonstrated that
HSP70 expression in tumor-derived exosomes is detri-
mental for the antitumor response. We showed both in
mice and humans that HSP70 expressed on exosome
surface triggers Stat3 activation in myeloid-derived sup-
pressor cells (MDSCs) in a TLR2/MyD88-dependent
manner through an autocrine production of IL-6 [46].
HSP70 cytokine properties are well described and relat-
ed to its capacity to bind to TLR4/CD14 complex or
TLR2. Conflicting reports suggest that the adjuvant
Toll-dependent effects of HSPs are due to LPS or lipopep-
tide contamination [47]. In our study, we performed for
the first time physical measurement of the interaction
between HSP70 and TLR2 by surface plasmon reso-
nance, thus definitively demonstrating the potent capac-
ity of HSP70 to interact directly with TLR2.
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HSPs and Antigen Presentation

Cancer cells can be considered as permanently stressed
cells that therefore express a highly abnormal level of
HSPs. Due to HSP chaperone activity, HSP-tumoral pep-
tides can be released in the extracellular space. HSPs can
interact with the APC through different putative recep-
tors. These include: (1) the low-density lipoprotein recep-
tor-related protein CD91; (2) the TNF receptor family
member, CD40; (3) members of the scavenger receptor
family such as Lox-1 [43]. After endocytosis, the com-
plexes are degraded and tumoral peptide could be cross-
presented to CD8 T cells through MHC class I molecules.
Interactions with the adaptive system result in CD8" T
cell response and tumor cell eradication. This discovery
opened HSP-based cancer vaccines research.

HSP-based vaccines work across tumor types, bypass-
ing the need for the identification of the single immuno-
genic peptide, and thus emerging as a class of tumor- and
patient-specific vaccines. One of the most promising tu-
mor-derived HSP-peptide complexes (HSPPCs) tested as
a vaccine is the HSPPC-96-based vaccine Vitespen® (for-
merly Oncophage®). This is a personalized vaccine devel-
oped by Antigenics that consists of an extract containing
gp96-peptide complexes prepared from an individual pa-
tient’s excised tumor. It confirmed its activity in different
malignancies (e.g. gastric cancer, colorectal cancer, pan-
creatic cancer, non-Hodgkin’s lymphoma and chronic
myelogenous leukemia), and showed promising results in
phase III clinical trials in melanoma and kidney cancer
[48, 49]. HSP-based vaccines are emerging as a novel ther-
apeutic approach with a suggestive role in cancer therapy.
A scientific issue of the approach might be to elucidate the
nature of HSP-chaperoned peptides since purification of
the HSP-peptide complexes from patient-derived tumors
limits the amount of vaccine it is possible to produce.

Concluding Remarks: Is HSP Inhibition in Cancer
Therapy a Good Strategy?

While intracellular HSP90 and, more recently, HSP70
have become very exciting anticancer molecular targets,
a relatively small number of studies have suggested that a
pool of the chaperones are located on the cell surface, fac-
ing the extracellular space, and that this fraction of HSPs
may have unique and unexpected properties. The report-
ed environmental cues that trigger cells to secrete HSPs
include ROS, heat, hypoxia, gamma-irradiation and inju-
ry-released growth factors. Membrane-bound HSPs acti-
vate macrophage APC leading to CD8" T cell activation.

Heat Shock Proteins in Apoptosis

Concerning extracellular HSPs, they can either act as
chaperones for tumor peptide antigens thereby eliciting
an immune anti-tumor response or act like ‘chapero-
kines’. The latter is a more controversial function that, in
some cases, has been attributed to endotoxin or LPS con-
tamination. Because HSPs tightly bind to circulating
LPS, they might have a function in LPS transport and in
enhancing the immune-stimulatory effect of LPS. Fur-
ther studies are necessary to elucidate this in vivo effect
of external HSPs.

The dual role of HSPs depending on their intracellular
or extracellular location may be a paradox in cancer ther-
apy. HSPs are over-expressed in cancer cells leading to
chemotherapy resistance whereas extracellular or mem-
brane-bound HSPs seem to participate in cancer cell de-
struction by the immune system. However, intracellular
HSPs can also affect the immune response by affecting
either immune cell survival or differentiation. For in-
stance, HSP60 and HSP70 seem to be involved in neutro-
phil apoptosis in response to bacteria, and phagocytosis
of such cells leads to macrophage stimulation [50]. Dur-
ing differentiation of monocytes to DC there is an induc-
tion of intracellular HSP70. The inhibition of this heat
shock response by triptolide or KNK-437 seems to abro-
gate DC differentiation, suggesting that the accumula-
tion of intracellular HSP70 is important for this differen-
tiation process [41]. Moreover, not all extracellular effects
of HSPs are anti-tumoral. Eustace et al. [51] showed that
the HSP90« isoform, but not HSP90, is expressed extra-
cellularly where it interacts with the matrix metallopro-
teinase 2 (MMP2). Inhibition of extracellular HSP90«
decreases both MMP2 activity and invasiveness. This
role for extracellular HSP90a in MMP2 activation indi-
cates that cell-impermeable anti-HSP90 drugs might de-
crease invasiveness without the concerns inherent in in-
hibiting intracellular HSP90 [51]. All these data explain
why many laboratories are now working to develop new
inhibitors of HSP90 and HSP70, both those able and
those unable to penetrate the cells.

In a theoretically ideal anticancer therapeutic ap-
proach, both therapies based on intracellular and extra-
cellular HSP properties could be tried successively. First
would be the inhibitors of HSPs in association with a clas-
sical chemotherapy to increase the sensitivity of cancer
cells to the cytotoxic drug. Second would come the HSP-
based therapy to boost the immune system and thereby
avoid the apparition of metastasis. In conclusion, the dual
function of HSPs, depending on their location, makes
them interesting molecules in cancer therapy.
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