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Abstract Heat shock proteins (HSPs) are a large family
of proteins with different molecular weights and differ-
ent intracellular localizations. These proteins undertake
crucial functions in maintaining cell homeostasis, and
therefore they have been conserved during evolution.
Hsp70 and Grp94/gp96, due to their peptide chaperone
capacity and their ability to actively interact with pro-
fessional antigen-presenting cells (APCs), are also en-
dowed with crucial immunological functions. The
immunological properties of these proteins and their
implications for vaccine in human cancer will be dis-
cussed. Immunological and clinical data of phase I/II
studies in melanoma and colorectal cancer patients will
be reviewed.
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Introduction

The last years of research in tumor immunology have
witnessed an explosion in the identification of T-cell–
defined human tumor antigens that also included tumor-
derived peptides recognized by CD4+ TH cells in MHC
class II restriction [28]. From a different line of research,
initially involving mainly murine studies, heat shock
proteins (HSPs)—intracellular molecular chaperones
devoted to numerous interrelated functions such as
folding and translocation of newly synthesized polypep-
tides in different subcellular compartments [9, 11]—have
been identified as tumor-rejection antigens [30]. In mur-
ine tumors, these proteins were responsible for the
induction of a protective antitumor immune response
whose specificity is determined by the chaperone-assisted
peptides [38]. HSPs purified from tumors or virus-in-
fected cells have been shown to induce a CTL response in
vivo and in vitro against a variety of antigens (Ags) ex-
pressed in the cells from which these immunogenic pro-
teins have been purified. Besides their chaperone activity,
three additional features characterize HSPs: first, they
are efficiently internalized into antigen-presenting cells
by a receptor-mediated endocytosis [36]; second, once
internalized, they can traffic into different cellular com-
partments where chaperoned peptides are released, pro-
cessed, and made available for assembly to new MHC
molecules [7]; third, the receptor-mediated internaliza-
tion of chaperone proteins induces phenotypic and
functional maturation in the APC [31]. By studying the
immunological behaviour of chaperone proteins we ob-
tained crucial insights into the requirements associated
with the induction of a protective immune response. The
features of chaperone molecules could therefore be
exploited to engineer new tumor vaccines potentially able
to generate a full-fledged immune response overcoming
tumor escape and interfering with neoplastic growth.
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In this review we will briefly discuss recent reports
dealing with the activity of chaperone proteins in human
tumors, and we will summarize immunological and
clinical data from phase I/II clinical trials conducted in
melanoma and colorectal cancer patients.

Heat shock proteins: proteins with chaperone activities
induced by cellular stress

The functional, active state of newly synthesized protein
is strictly associated with the acquisition of a unique
three-dimensional structure. The native fold of a protein
compatible with this physiological function is directly
encoded inside its amino acid sequence. However, pro-
tein folding inside cells in general is not a spontaneous
process [17]. Chaperone proteins are necessary to
counteract the incorrect aggregation of proteins and
actively assist their folding process occurring just
immediately after new synthesis or under conditions of
stress, such as heat shock, when native proteins have
become unfolded [11]. The majority of chaperone pro-
teins, although constitutively expressed, augment their
levels of expression upon cellular stress such as heat or
nutrient and oxygen deprivations, and are therefore
classified as HSPs. HSPs include cytosolic and endo-
plasmic reticulum (ER) resident proteins, and, for some
of them, immunological functions have been clearly
demonstrated. When purified from murine tumors and
used as vaccine, HSPs were shown to be effective both in
prophylactic and therapeutic cancer immunotherapy
models [36]. Proteins displaying this activity include the
cytosolic heat shock proteins hsp70, hsp90, hsp110, or
the ER resident Grp94, also known as gp96, and cal-
reticulin [36]. Not all proteins with chaperone capacity
have been found to mediate immunological functions,
and the ER residents PDI, BiP, or ERp72, although
exerting peptide-binding activity, were unable to elicit a
specific CTL response [23].

Among molecular chaperones, hsp70 and Grp94/
gp96 are well characterized, and, for these proteins,
immunological data are also available in a human set-
ting [10, 25]. Hsp70 has diversified functions, which in-
clude being part of the ubiquitin/proteasome system,
chaperoning proteins into degradation pathways, bind-
ing of new synthesized amino acid chains on ribosomes,
and maintaining translocation-competent folding of ER
and mitochondrial precursor proteins in the cytosol [27].
The unifying theme of these activities is the ability to
bind in an ADP-dependent fashion, short hydrophobic
regions of 6–9 amino acids in extended conformation. In
hsp70, the peptide-binding domain is positioned at the
NH2 termini; the ADP-bound state of hsp70 favors
polypeptide binding while the ATP-bound form favors
release of peptide. Exploiting these two different func-
tional states, purification procedures have been designed
to obtain hsp70 with or without chaperoned peptides
[26]. Obviously, the large selection of physiological
activity of hsp70 together with its ability to traffic

through different cell compartments makes the reper-
toire of hsp70 chaperone peptides potentially wide and
derived from proteins having different subcellular
localization.

As for Grp94/gp96, numerous experimental obser-
vations have shown that this protein also displays
intrinsic polypeptide-binding activity, and it has been
found to be associated with different unfolded proteins.
Being resident in the ER and able to bind peptides, gp96
could be involved in the antigen-presentation pathways
and actively participate in shaping the peptide repertoire
then associated with the nascent MHC class I molecules
[32, 43]. Indeed, gp96 has been shown to possess trim-
ming activity of amino terminally extended peptides but
a direct role of gp96 in antigen presentation is still to be
formally proven [21].

Similarly to hsp70, gp96 bind ATP but the role of this
nucleotide in peptide loading/unloding is not clear, and
the regulation of the peptide-binding activity of gp96 has
still to be defined [42]. What is known is that peptide-
gp96 complexes are very long-lived and remain stable
through all the in vitro procedure for gp96 purification.
The structure of the gp96-binding pocket has been re-
cently mapped as positioned at amino acid 624–630 in a
highly conserved amino acid region [19]. A model for the
peptide-binding groove predicts that peptide binding lies
alongside the dimerization domain of gp96. This loca-
tion may partially explain the extraordinary stability of
peptide-gp96 complexes. The general features of the
gp96 peptide-binding groove is similar to the structure of
the MHC class I–binding pocket possibly suggesting
that the repertoire of gp96-bound peptide partially
overlaps that of MHC class I [19]. The discovery of a
precise region of gp96 involved in peptide binding will
allow experiments that, taking advantage of gp96 mu-
tants at selective positions, will potentially define the
presence, if any, of structural constraints of gp96-bound
peptides. Up to now, not much is known on the struc-
tural requirements for peptides bound to gp96 or hsp70.
Hsp70 seems to have a broad binding specificity that
only requires the presence of hydrophobic regions
composed of six or more amino acid residues [14]. The
same rules have been found also for peptides bound to
gp96, and the presence of charged amino acid inside the
primary structure of the peptide abolishs its ability to
form a stable complex with gp96 [35]. The primary se-
quence of very few peptides eluted from hsp70 and gp96
is now available [16, 24], and the overall information is
too limited to define more precise and general rules
determining the binding capacity of a given peptide.

Immunological evidence that HSPs derived from human
tumors do contain immunogenic peptides

In addition to the structural studies reported above,
the association of peptides with HSPs has been dem-
onstrated by immunological studies initially conducted
in murine systems and more recently also in human
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settings. Studies in murine systems have clearly shown
that peptides associated with HSPs can be derived
from self-proteins, tumor, bacterial, viral, or minor
histocompatibilty antigens [36]. In humans, more re-
cent data exploiting the recognition capacity of tumor-
specific T cells with a defined molecular specificity
have provided evidence that hsp70 and gp96 do
chaperone tumor-derived peptides in different human
tumors [10, 25].

We and others were able to demonstrate that hsp70-
peptide complexes purified from human melanoma in-
clude peptides derived from normal differentiation pro-
teins and that melanoma-derived hsp70 when loaded on
HLA-matched APCs was able to activate melanoma and
peptide-specific T cells in an MHC-dependent way.
Epitopes found to be associated with the hsp70 chap-
erone include peptides derived from the differentiation
antigens Mart-1, gp100, TRP-2, and tyrosinase [10, 25].
Unfortunately, since T-cell clones specific for unique
melanoma antigens were not available, the presence of
peptides derived from mutated unique melanoma anti-
gens inside the hsp70-chaperoned peptides could not be
assessed and, therefore, the relative abundance of shared
versus unique epitopes in the human hsp70-chaperoned
peptide repertoire could not be directly compared.
Hsp70 chaperoned peptides may include precursors of
the final T-cell epitopes, and the sequence of hsp70-
complexed peptides are not limited or dictated by the
MHC class I ligands of the cells. In fact, in our experi-
ments MHC matching between melanoma cell lines used
as a source of hsp70 and responding T cells was not a
prerequisite, and the capacity of hsp70 to activate a CTL
response was found to work across MHC barriers.
Conversely, the peptide-dependent activation of CTLs
was affected by the MHC alleles expressed by the APCs
loaded with tumor-derived hsp70, and APCs expressing
the HLA working as restriction elements for the CTL
clones was a strict requirement in order to obtain cyto-
kine release [10]. These observations suggest that the
mechanism leading to T-cell activation involved an
active trimming of the hsp70-chaperoned precursor
peptides by the processing machinery of the APCs,
and the final shaped T-cell epitopes are then available
for recognition only in the presence of the correct
HLA-restriction allele.

Similar data have also been obtained recently in our
laboratory for gp96. We showed that peptides derived
from Mart-1, gp100, are associated with gp96 purified
from melanoma cell lines and that they could be effi-
ciently presented to their cognate CTLs expediting their
loading on HLA-matched APCs [29].

Receptor-mediated endocytosis of HSPs by APCs:
cross-presentation of HSP-chaperoned peptides
and functional activation of APCs

The APC-mediated representation of chaperone-as-
sisted peptides observed for both murine and human

systems represents an example of cellular events known
as ‘‘cross-priming.’’ The term ‘‘cross priming’’ refers to
a complex series of intracellular trafficking mechanisms
by which exogenous acquired polypeptides reach spe-
cialized intracellular compartments, and, after selective,
specific proteolytic processing, their generated peptides
are loaded on the MHC class I molecules and pre-
sented on the cell surface of APCs where they become
available for CD8+ T-cell–mediated recognition [15].
Due to the immunological relevance of CD8+ T-cell
activation, cross-presentation should undergo some
sort of control in specificity and efficiency. These two
main characteristics can be ensured by receptor-medi-
ated processes.

The existence of a receptor specifically mediating the
cellular internalization of HSPs was postulated several
years ago by Srivastava [37]. However, biological evi-
dence for a receptor-mediated endocytosis of HSPs has
been provided only recently, by numerous groups [1, 34,
41]. Applying biochemical techniques, CD91 was the
first cell surface molecule identified as a receptor for
hsp70, hsp90, and gp96 [4, 8]. This receptor was able to
mediate the HSP-peptide complexes� internalization and
cross-presentation. Since then, other cell surface mole-
cules were found to be involved in HSP uptake by APCs
[3, 5, 12, 39, 40] (Table 1) and able to mediate other
crucial biological functions of HSPs. Indeed, in addition
to promoting cross-priming events, hsp70 and gp96
upon specific interaction with their cognate receptors are
also endowed with the capacity to promote phenotypic
and functional maturation of professional APCs such as
dendritic cells or monocytes [2, 18, 33, 39, 40]. Receptor-
mediated APC-gp96 or APC-hsp70 interaction leads to
up-regulation of MHC class II, CD86, and CD83
expression, and to secretion of activator cytokines such
as IL-12 and TNF-a [2, 18, 33, 39, 40]. Therefore, the
remarkable immunogenicity of these HSPs is due to two
crucial features: HSPs as cross-priming carrier and HSPs
as direct activators of professional APCs. Toll-like
receptors 2 and 4 are the major receptors involved in
transducing hsp70- and gp96-mediated signaling leading
to APC activation [3, 39, 40]. The hsp70 or gp96–TLR2/
4 interaction results in the activation of the MyD88/
NF-jB pathway. Notably it has been shown that inter-
nalization of gp96 by active endocytosis is required in
order to achieve activation of the signaling cascade and
consequently the maturation of DCs. However, it is not
yet clear what the precise way is by which a gp96/hsp70
internalized via CD91 interacts with TLR2/4. It has
been postulated that HSPs, transported in the endocytic
vesicles by CD91-mediated internalization, by increasing
their local concentration might became able to trigger
signaling through the TLR2 and TLR4 present in these
vesicles [39]. In addition to TLR2 and TLR4, other cell
surface receptors have been found to be potentially in-
volved in transducing activation signals of hsp70 to
APCs, among them, CD14 [2] and CD40 [5]; while the
scavenger receptor LOX-1 expressed by macrophages
and immature DCs has been shown to be involved in
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hsp70-mediated antigen cross-presentation but not in
APC activation [12].

Gp96 as a personalized vaccine for cancer patients:
immunological and clinical results

The biological features discussed above make HSPs an
appealing candidate for immunotherapeutic approaches
to human cancer. The three main points qualifying HSP-
based vaccine as having potential to induce a full-fledged
immune response able to control tumor growth in vivo
could be summarized as follows:

First: being a chaperone of a broad array of peptides,
potentially including also unique tumor antigens, HSPs
can induce a polyclonal response more likely able to
overcome the in vivo selection of antigen-loss variants.

Second: uptake of HSPs by APCs is receptor medi-
ated, thus ensuring specificity and sensitivity of APC
antigen loading. HSP-based vaccine therefore preferen-
tially targets the chaperoned antigens to professional
APCs, and antigen presentation is likely to occur in an
environment endowed with correct costimuli and there-
fore potentially avoiding anergy induction.

Third: HSPs induce APC activation and provide
‘‘danger signals’’ crucial in the developing of an active
immune response.

The in vivo immunogenicity of tumor-derived gp96
and hsp70-peptide complexes has been extensively
demonstrated in murine and rat tumors, and HSP-based
vaccination has proven efficacious in both prophylactic
and therapeutic settings [36].

Based on the general properties of HSPs and on
preclinical data available for murine tumors, phase I/II
studies have been conducted in melanoma patients with
detectable tumor and in colorectal cancer patients ren-
dered disease-free by complete resection of liver metas-
tasis. In these studies, each patient was vaccinated with

gp96-peptide complexes isolated from his or her own
tumor ensuring therefore an antigenic repertoire as large
as possible potentially including also unique tumor-
specific antigens [6, 20].

In both studies de novo induction or the augmenta-
tion of antitumor-specific T-cell response was achieved
in a large proportion of gp96-vaccinated patients. For
colorectal cancer, 17 out 29 patients (59%) displayed a
statistically significant increase in postvaccination fre-
quency of PBMCs that released INF-c in response to
either autologous or allogeneic HLA-matched colon
carcinoma cells. A similar frequency of immunological
responder patients was detected in the melanoma vac-
cination study with 11 out of 23 patients (47.8%)
showing an increased number of tumor-specific T cells
after gp96 vaccination as evaluated by IFN-c ELISpot
[6]. The antitumor response induced by in vivo gp96
vaccination included T cells specific for shared tumor
antigens (gp100 and Melan-A/MART-1 for melanoma,
CEA and EpCam for colorectal cancer) [29], while,

Table 1 Molecules working as
cell surface receptors for hsp70
and gp96

HSP Receptor Mediated functions Reference

Hsp70, gp96, hsp90,
and calreticulin

CD91, a-macroglobulin
receptor/low density
lipoprotein-related protein

CD91 binds gp96, hsp70, and
hsp90 directly and mediates
HSP-peptide complexes
internalization and
cross-presentation

[8, 4]

Hsp70 CD-40, member of
TNF receptor family

CD40 binds hsp70 in its
ADP state, mediates
peptide uptake, and
initiates cellular signally
though p38

[5]

Hsp70 LOX-1, scavenger receptor
expressed by macrophage
and immature DC

LOX-1 binds
hsp70 and mediates
HSP-peptide complexes�
internalization and
cross-presentation

[12]

Hsp70-gp96 TLR2/4, Toll-like receptors
recognize common
phatogen-associated molecules

TLR2/4 binds gp96
and hsp70 and
induces cellular signaling
though MyD88and NF-j B

[3, 39, 40]

Table 2 Clinical response in gp96-vaccinated colorectal cancer
patients. Data are expressed as percentage of patients. OS overall
survival, DSF disease free

Group of patientsa Clinical response

OSb DSFb

Patients showing postvaccine
immune response (n=17)

100 51

Patients not showing postvaccine
immune response (n=12)

50 8

aPatients after complete liver resection of metastatic colorectal
cancer were vaccinated with autologous tumor-derived gp96.
Patients were divided between immune responders and non-
immune responders by evaluating their antitumor T-cell reactivity
by ELISpot
bOS and DSF were evaluated at 24 months of follow-up
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unfortunately, the presence of T cells directed against
individual antigens could not be demonstrated due to
the poor viability of fresh tumor cell suspensions and to
the difficulty of establishing in vitro cell lines.

Although gp96 vaccinations for both melanoma and
colorectal cancer were designed as phase I/II clinical
studies with the objectives of evaluating the feasibility,
toxicity, and in vivo immunogenicity of tumor-derived
gp96, clinical benefits could have been observed in a
limited but consistent number of treated patients. For
the melanoma study, complete responses involving
regression of both cutaneous and visceral metastasis
were observed in 2 out of 28 tumor-bearing patients.
Taking into account three stable diseases that lasted for
more then 5 months, a total response rate of 18% was
obtained.

As for the colorectal trial, although the number of
patients was too small for any definitive conclusion on
possible clinical advantages of adjuvant vaccination with
gp96, the results obtained were promising. The disease-
free (DSF) and overall survival (OS) rates at 24 months
of the 29 vaccinated patients were similar to those re-
ported in the literature for patients who underwent to
similar curative surgery [13, 22]. However, a different
clinical outcome was observed between the group of
patients responding (i.e., showing an increased fre-
quency of tumor-specific T cells in the PBMCs obtained
after vaccination) and those not responding to vaccine.
Immunologically competent patients had statistically
significant survival advantage at 24 months on both OS
(100%, versus 50% of nonresponding patients) and DSF
(51%, versus 8% of nonresponding patients) (Table 2)
[20]. Although, due to the limited number of patients, a
possible influence of other prognostic factors could not
be excluded, these data suggest that gp96 vaccination
not only generated an antitumor response in about half
of the treated colorectal cancer patients but that it may
also have actively contributed to improvements in the
patients� survival.

A similar association between T-cell–mediated tumor
immunity by gp96 vaccination and clinical response was
also observed in the melanoma study. The frequency of
patients with antitumor immunity was higher in the
group who showed a positive clinical outcome than that
observed in patients whose disease progressed (Table 3)
[6].

Concluding remarks

Due to their immunological functions, HSPs are opti-
mal candidates for vaccines. Gp96 and hsp70 have been
proven to work also in human tumors as chaperones
for tumor-associated peptides derived from shared
antigens such as gp100 and Melan-A/MART-1 for
melanoma, or CEA and EpCam for colorectal cancer.
When loaded on appropriate APCs by cross-priming
mechanisms, HSPs derived from human tumors have
been shown to mediate the re-presentation of their
chaperoned peptides complexes and lead to the in vitro
activation of tumor-specific T cells.

Vaccination studies clearly showed that in two
different human cancers—namely, melanoma and
colorectal tumors—vaccination with autologus tumor–
derived gp96 can successfully induce in vivo antitumor
immunity potentially associated with clinical benefit in
a percentage of treated patients. The immune responses
induced in the vaccinated patients included T cells di-
rected against shared tumor antigens that have been
shown to be chaperoned by gp96 and hsp70 by in vitro
studies. However, the evidence of immunity directed
against unique tumor antigens still remains to be pro-
ven. Phase I/II clinical trials lead to the conclusion that
vaccination with gp96 derived from autologous tumor
represents a feasible and safe approach able to induce
an active antitumor response in half of the treated
patients. Moreover, the clinical benefit observed in a
limited but consistent number of patients who respond
to vaccine with an increase of tumor-specific T-cell
frequency, warrants further studies evaluating the
clinical and immunological outcomes in a larger num-
ber of subjects.
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