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Abstract Several heat shock proteins (HSPs) act as potent
adjuvants for eliciting anti-tumor immunity. HSP-based
tumor vaccine strategies have been highly successful in
animalmodels andare undergoing testing in clinical trials.
It is generally accepted that HSPs, functioning as chap-
erones for tumor antigens, elicit tumor-specific adaptive
immune responses. HSPs also appear to induce innate
immune responses in an antigen-independent fashion.

Innate responses generated by HSPs may contribute to
anti-tumor immunity. Immunologically active chaper-
ones with anti-tumor activity are referred to as ‘‘immu-
nochaperones’’. Here, we review the studies that address
the role of structural domains or regions of the immuno-
chaperones HSP70 and GP96 that may be involved in the
induction of adaptive or innate immune responses.
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Introduction

More effective therapies for treatingmany human cancers
are needed. Several heat shock proteins (HSPs) elicit anti-
tumor activity as demonstrated in pre-clinical studies. The
HSPs that are effective as adjuvants include HSP70,
HSP90, HSP110, GRP94 (GP96), GRP170 and calreti-
culin [1–4]. Autologous tumor-derived GP96 has been
evaluated against several cancers in human clinical trials
[5–8]. Positive human immunological responses have also
been generated against tumors in vitro with HSP70 [9].
These HSPs are characterized as potent immunoadju-
vants, helping the immune system recognize specific tu-
mor antigens. Due to this property, HSPs are extremely
important, since few conventional adjuvants to date are
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safe for clinical testing. Since the primary role of HSPs is
to act as molecular chaperones, these immunologically
active chaperones that also possess anti-tumor activity are
referred to as ‘‘immunochaperones’’ in this review [10].

HSPs in general are categorized as heat shock pro-
teins or glucose regulated proteins (GRPs) based on the
environmental stressors that induce their expression [11].
Both of these groups are collectively referred to here as
HSPs or stress proteins. Within cells, HSPs are found in
many organelles and in the cytoplasm, while the
majority of GRPs are localized in the eukaryotic endo-
plasmic reticulum (ER).

The initial immunological interactions that lead to
HSP-mediated anti-tumor immunity are not well de-
fined. Studies are ongoing to attempt to characterize the
mechanisms by which HSPs elicit immune responses to
tumors. There appear to be two main functions of HSPs
that are critical for their adjuvant properties. The first is
their ability to chaperone a myriad of peptides and
proteins. This property is believed to confer specificity to
HSPs against individual tumors.

The second property is the ability of HSPs to bind to
surface receptors on antigen-presenting cells (APCs).
This interaction can result in receptor-mediated endo-
cytosis of the associated peptides/proteins, facilitating
cross-presentation via major histocompatibility class I
(MHC class I). Exogenous antigen uptake usually results
in classical MHC class II presentation that can generate
CD4+ T cell activation. Cross-presentation is the pro-
cess by which exogenous antigens are targeted for pre-
sentation by MHC class I for activation of CD8+ T
cells, which in turn develops into cytotoxic T lympho-
cyte (CTL) responses. HSPs enable efficient cross-pre-
sentation in vitro with subsequent activation of antigen-
specific CTL responses which can directly contribute to
potent anti-tumor immunity [12, 13]. Thus, this second
property of HSPs can result in antigen-specific, adaptive
immune consequences.

Receptor binding may also induce cell-signaling cas-
cades, resulting in the induction of innate immune re-
sponses, includingmaturation of dendritic cells (DCs) and
activation of macrophages. Other important non-antigen
specific consequences by HSPs include secretion of pro-
inflammatory cytokines byAPCsand inductionof natural
killer (NK) cells that maymodulate the immune response.
We focus here on HSP70 and GP96 immunochaperones.
In some cases, the described studies may be applicable to
other stress proteins (e.g., calreticulin). However, in gen-
eral one should be careful in extending these observations
about HSP70/GP96 to other HSP/GRP stress proteins.

Immunochaperones: chaperoning ability
and chaperokine function

Adaptive immune responses

Certain mouse sarcomas were initially found to be
immunogenic in that immunization leads to rejection

upon subsequent challenge with the same tumor.
Intensive studies in search of tumor rejection antigens
from these murine tumors led to the identification of
HSPs (GP96) as the immunogenic component [14].
Since the identity of shared tumor antigens in the
original sarcomas were lacking, GP96-derived peptides
were consequently considered unique to each tumor
[15, 16]. Therefore, the initial proposed mechanism for
the generation of GP96-mediated immunity (and other
immunochaperones) was based on the premise that
these chaperones associate with immunologically rele-
vant peptides from the tumor cells from which they
were isolated [17]. HSP70 preparations purified from
different murine sarcomas also elicits an immune re-
sponse solely against the tumor from which the HSP70
was isolated [1]. Several early experiments support also
this hypothesis for HSP70 as discussed below.

HSP70 can be viewed as having two structural do-
mains, an N-terminal ATP-binding domain and a C-
terminal peptide-binding domain (PBD). The PBD of
HSP70 is responsible for binding unfolded protein
substrates and is regulated by nucleotide binding in the
ATP-binding domain [18]. The ADP-bound state fa-
vors polypeptide binding, while the ATP-bound state
favors release [19]. Addition of ATP to tumor-derived
HSP70 followed by removal of low molecular weight
fractions depletes the associated antigenic peptides
from HSP70 and abolishes the associated adjuvant
function as measured by tumor rejection assays [20].
The ability of ATP to affect immune function of
HSP70 was supported by results from another study
that generated peptide-specific T cell responses after
HSP70/influenza virus peptide immunization in mice.
Addition of ATP rendered the HSP70 non-immuno-
genic as measured by T cell proliferative responses to
the influenza peptide [21]. Therefore, HSP70 immu-
nogenicity was attributed to physical association of
HSP70 with peptides.

Other indirect data also suggests that peptides may be
important for the specificity of HSPs. Immunization
with HSP70 or GP96 preparations derived from normal
tissues, in general, does not elicit immunity to tumors [1,
20]. This observation further strengthened the argument
that peptide-specific immunity is generated by HSPs
toward individual tumors. Recently, HSP70 and GP96
have been found to associate with tumor-derived pep-
tides (e.g., the differentiation antigens Mart-1 and
tyrosinase) from different human tumors and activate
tumor antigen-specific CTL in vitro [9, 22]. Identifica-
tion of immunogenic peptides found in complex with
HSPs is a daunting task but may reveal new tumor-
associated antigens [23, 24]. However, the biochemical
basis for peptide interactions by chaperones, particularly
GP96, is not entirely clear in vivo [25]. Additionally,
GP96 exhibits very weak ATP-binding activity in vitro
compared to HSP70 [26–28]. It is therefore difficult to
conclude that GP96 uses ATP for peptide-binding
reactions. Accordingly, observations made for HSP70
may not be directly applicable to GP96, since these
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chaperones are distinct from one another in sequence,
structure and function as discussed later.

HSP-peptide complexes have also been prepared in
vitro as cancer vaccines. HSP70/GP96 complexes are as
effective as tumor-derived HSPs for CD8+ T cell acti-
vation and anti-tumor immunity [29]. Picogram quan-
tities of peptides complexed to HSP70 are sufficient for
generation of antigen-specific CD8+ T cell responses
[29, 30]. Complex formation between HSP70/GP96 and
peptide appears to be required for generation of peptide-
specific CTL responses [29, 31]. However, HSP-peptide
complexing in vitro may not represent a natural chap-
eroning interaction. Reports have suggested that GP96-
peptide complexing may induce tertiary conformational
or multimeric changes in structure that may account for
HSP-peptide complex immunogenicity [25, 32, 33].

Design of HSP fusion constructs, in the form of DNA
or protein based vaccines, circumvent the need for non-
covalent complex formation between HSP and peptide
[34, 35]. However, HSP fusion proteins are non-native
proteins and questions arise concerning proper protein
folding, chaperoning activity and ability to bind to APC.
As an example, the gene for E7 from Human Papilloma
Virus 16 was genetically fused to HSP110 and expressed
as a fusion protein. Upon immunization, this fusion
protein was an inefficient anti-tumor vaccine, possibly
due to one or more of the factors mentioned above (Li et
al. unpublished observations).

The ability of HSP-peptide complexes to generate
CTL also appears to correlate with the peptide-binding
affinity by the HSP. The fusion of an immunogenic
peptide with a high affinity linker protein, which resulted
in an increased affinity for HSP70, was shown to en-
hance CTL responses [36].

These HSP-bound peptides are internalized by APCs
with subsequent generation of adaptive responses,
recapitulating what is believed to occur with tumor-de-
rived HSPs [37]. Cross-presentation is only mediated
by receptor-mediated endocytosis of the HSP-antigen
complex, emphasizing the importance of endo-
cytic receptors in the generation of adaptive immunity
[38, 39].

Lastly, it must be noted that although antigen-specific
CD8+ T cells can be activated by HSP immunization, it
is difficult to conclude if T cell responses directly account
for the measured partial responses in clinical trials [8].
NK cells and CD4+ T cells may also play a role in HSP-
mediated immunity and is discussed in the next section
and the structural studies section, respectively.

Innate immune responses

Reports throughout the HSP literature have suggested
mechanisms by which HSPs generate anti-tumor activity
in addition to adaptive immune responses. HSPs derived
from normal liver can have protective effects in a pro-
phylactic setting. A delay in tumor onset and a small
increase in survival were observed for mice immunized

with liver-derived HSP70 compared to controls in the
methylcholanthrene-induced sarcoma MC57X model
[40]. In a seminal study, normal liver-derived GP96 had
partial curative effects in a pre-established metastatic
Lewis lung (D122) carcinoma model, suggesting a pep-
tide-independent immunostimulatory activity by GP96
[16]. HSP70 derived from mouse B16 melanoma can
immunize against the allogeneic tumor CT26 [41]. The
anti-tumor immunity observed in this experiment may
be generated from peptides derived from a viral gp70
protein that is shared between B16 and CT26 tumors.
However, HSP70 generated minimal CTL activity
against CT26 in vitro, suggesting an alternate mecha-
nism of immunity. In another cross-presentation study
in vitro, HSP70 purified from human melanoma was
pulsed onto APCs, with subsequent activation of anti-
melanoma CTL as measured by IFNc secretion [42].
Curiously, IFNc secretion by anti-influenza CTL was
also observed when APCs were pulsed with high doses of
melanoma-purified HSP70. This study suggested that
CTL activation could be mediated by the natural adju-
vant function of HSP70, although direct effector func-
tion such as CTL killing was not assayed in this study.

HSP70 or GP96 can also induce a number of innate
immune responses in vitro [37, 43]. Both can upregulate
surface expression of MHC class II and CD86 as well as
stimulate secretion of pro-inflammatory cytokines IL-1
b, IL-6, TNF-a, and IL-12 [44, 45]. These HSPs can
activate DCs via the Toll-like receptor 2/4 (TLR) path-
way [46, 47]. Hsp70 can mediate pro-inflammatory sig-
naling in a CD14- and MyD88-dependent fashion,
described as the chaperokine activity of HSP70 [48–50].
However, these results and others have been called into
question due to the immunostimulatory effects of
endotoxin that may be present in HSP preparations [51,
52]. In addition to effects on APCs, HSP70 may also
activate NK cells, part of the innate immune system.
Tumor membrane-bound HSP70 may activate certain
NK populations that lyse targets in an MHC class I-
independent manner [53–55]. Synthetically generated
peptide (14-mer), derived from the HSP70 amino acid
sequence, was also found to stimulate NK cell activity in
an endotoxin-free system [56]. HSPs may therefore have
direct immunological effects on NK cells in the absence
of endotoxin. In addition, human NK cells seem to ex-
press low levels of TLRs, suggesting that any endotoxin
present in HSP preparations may exert minimal effects
on NK cells [57].

HSPs were therefore proposed to generate anti-tumor
immunity that did not require bound peptides [23, 58].
In addition to the aforementioned anecdotal reports,
more recent evidence support this hypothesis also.
Antigen-independent effects of GP96 have been ob-
served in vivo in the Xenopus (frog) model. Larvae
tadpoles are immunocompetent but they do not express
MHC class I until metamorphosis into the mature frog.
GP96 derived from tumor as well as normal tissue can
equally generate anti-tumor responses in an antigen-
independent manner in tadpoles [59]. Similarly, in adult
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frogs immunized either with tumor or normal tissue
derived-GP96, CD8+ T cell-depleted splenocytes
display consistent potent in vitro cytotoxicity against
MHC class I negative tumor but not against MHC class
I+ lymphoblast targets [60]. An anti-NK antibody
partially blocks killing against MHC class I negative
targets by effectors that do not express the CD8 marker.
Thus, in Xenopus, GP96 can generate NK-like activity
that does not depend on the source of GP96, in addition
to a tumor-specific CD8+ T cell response.

Proper activation of innate immunity may also be
necessary for an effective adaptive response [61, 62]. A
recently proposed mechanism for HSP-mediated anti-
tumor activity bridges innate and adaptive responses in
vivo. GP96 is believed to initially activate APCs, which
then stimulates NK and CTL expansion. EG7 is an
ovalbumin-transfected EL4 thymoma cell line that
forms lethal tumors in syngeneic C57BL/6 mice.
Immunization with EG7 cells engineered to secrete
GP96-immunoglobulinG (IgG) fusion protein generates
specific anti-tumor immunity that was abrogated with
anti-CD8 antibodies [13]. A subsequent study demon-
strated that NK1.1+ cell numbers increased 24 h after
immunization while numbers of CD11c+ APCs also
modestly expanded [63]. The authors suggested that
EG7-GP96-Ig recruits CD11c+ APCs with subsequent
expansion of NK cells, essential for subsequent CD8+
T cell expansion [64]. Cancer patients immunized with
autologous tumor derived-GP96 appear to generate an
inherently non-specific NK cell response in addition to a
tumor-specific CTL response [5, 22]. Expansion of CTLs
and generation of effective anti-tumor immunity by
HSPs may therefore depend on innate immune stimu-
lation. Experiments that investigate the effects of GP96
directly on NK cells may further support these findings.
Both immune compartments should therefore be moni-
tored in order to better understand the immune mech-
anisms that are elicited by various immunochaperones.

Structural studies: ATP-binding domains or peptide-
binding domains?

To exploit immunochaperones for adjuvant use in hu-
mans, basic knowledge about the minimal regions re-
quired to generate adaptive as well as innate functions
are desirable. Truncated fragments of HSPs that retain
full immunological functions, compared to full-length
protein, may reduce the likelihood of autoreactivity to
self-HSPs [65, 66]. Different families of HSPs have dif-
ferent structures that are suited to different functions.
The proposed dumbbell-shaped HSP70 may act as a
molecular clamp, binding to newly synthesized poly-
peptides in the cytoplasm, promoting correct protein
folding and preventing aggregation [10, 67, 68]. GP96 is
proposed to exist as a homodimer, which may bind and
help in the folding of immunoglobulin heavy chain in the
ER [69–71]. In an attempt to define functional epitopes
within HSP molecules, several groups have begun to

investigate which regions and/or functional domains of
HSP70 and GP96 stimulate adaptive or innate immune
responses. The following sections review the literature
on immune effects generated by the N- and C-terminal
regions of HSP70 and GP96.

HSP70

In addition to the N-terminal ATP-binding domain
(A) and b-sheet containing the PBD (B), HSP70 family
members have an a-helical domain present at the C-
terminus (H) [72]. The HSP70 H domain acts as a ‘‘lid’’
which decreases on/off rates for bound substrate [73].
The ATP-binding domain of HSP70 has ATPase activity
and influences the affinity of the PBD for unfolded
proteins [18]. ATP nucleotide hydrolysis leads to con-
formational changes in the PBD, indicating communi-
cation between these two domains [74]. Interdomain
communication results in modulation of peptide affinity
and ATPase activity [75–77]. The mechanism of HSP70
chaperoning function has been modeled after the
mechanism of interactions of hexokinase and actin with
substrate. The tertiary structure of the HSP70 ATP-
binding domain is similar to the ATP-binding domains
of hexokinase and actin that also have open and closed
conformations and are substrate dependent [78].

The N-terminal region of HSP70 was shown to gen-
erate CTL activity upon immunization in two early
studies. These initial studies utilized HSP70 constructs
fused to peptide and expressed as a fusion protein.
Ovalbumin peptide was fused to four segments of
mycobacterial HSP70; the ATP-binding domain (N-
terminal and C-terminal halves), and the PBD and H
domains. The C-terminal half of the ATP-binding do-
main of mycobacterial HSP70 (amino acids 160–370)
was found to be essential for generation of CTL against
the ovalbumin peptide [79].

Another group cleaved 100 amino acid long frag-
ments starting from the N-terminus of murine HSC70,
the constitutively expressed homologue of HSP70, and
fused the resulting mutants to a peptide derived from a
Plasmodium protein at the C-terminus of the deletion
mutants [80]. The critical region of HSC70 required for
generation of CTL responses was mapped to residues
280–385 in the ATP-binding domain, although the PBD
also induced CTL responses. The authors of these
studies suggest that the ATP-binding domain may acti-
vate APCs, up-regulating costimulatory molecules and
inducing secretion of pro-inflammatory cytokines [79,
80]. The latter group suggests that APC binding may
occur via pattern-recognition receptors such as TLRs
that have been identified as receptors for HSPs [47, 49].
The proximal region of the ATP-binding domain and
the adjacent PBD and C-terminal regions of HSP70 may
form a structure that permits binding to APCs and
subsequent endocytic uptake of HSP70 fusion proteins
and activation of CTL [80]. However, the possible lack
of proper tertiary folding of these deletion mutants in
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these studies may complicate the observed responses as
discussed earlier in this review.

One recent study dissected the peptide-binding
activity of HSP70 and its ability to generate CTL from
inherent innate activity. Human DCs pulsed with
mycobacterial HSP70-peptide complexes efficiently
generated peptide-specific CTL as measured by CTL
lysis [30]. The HSP70-peptide complex was found to be
more potent than high concentrations of peptide alone
or LPS-stimulated DC pulsed with peptide, indicating
that CTL generation is not simply due to activation of
DC. The wild-type peptide-binding region of HSP70
without the ATP-binding domain, (i.e., HSP70 PBD
mutant), with high affinity for peptide, was sufficient for
eliciting a CTL response in vitro. Other HSP70 PBD
domain deletion mutants, with amino acid substitutions
that significantly reduce peptide affinity, were unable to
generate an antigen-specific CTL response. However,
these HSP70 PBD mutants were able to induce release of
chemokines and cytokines by DCs, separating the innate
and adaptive functions of HSP70 [30]. Furthermore, the
innate compartment was shown to augment antigen-
specific CTL activation. Addition of excess peptide-free
HSP70 to DCs could increase CTL killing when a sub-
optimal concentration of wild-type HSP70/peptide was
tested as a stimulus. However, peptide-bound HSP70 is
necessary for efficient CTL generation; peptide-free
HSP70 or excess free peptide led to minimal CTL lysis
[30, 81]. The authors proposed that the PBD of HSP70
could induce innate responses that can augment CTL
responses produced by the antigen-complexed PBD of
HSP70.

Several groups have begun to investigate which re-
gions and/or functional domains of HSPs bind to spe-
cific receptors on immune system cells and result in
stimulation of adaptive or innate responses. All three
domains of HSP70 (ATP-binding domain, peptide-
binding domain and C-terminal helices) are required for
binding to a macrophage cell line as visualized by
immunofluorescence [82]. In addition to synthetic pep-
tides derived from HSP70, the C-terminal domain
(CTD) of HSP70 stimulates the cytolytic activity of
naive NK cells against HSP70-positive tumor target
cells. Binding of recombinant HSP70 CTD to NK cell
line (YT) was also demonstrated by immunofluorescence
studies [55].

In addition to binding to the NK cells, the CTD of
HSP70 was shown to bind to the CD40 receptor on
APCs. Mycobacterial HSP70 CTD containing the PBD
stimulated mononuclear cells to release the chemokine
RANTES [83]. Secretion of the chemoattractant was not
inhibited by polymyxin B, which is believed to inhibit
the effects of endotoxin. These observed innate immune
effects by mycobacterial HSP70 was dependent on the
cell surface expression of CD40. A follow-up study
demonstrated that the CTD of mycobacterial HSP70 is
also responsible for secretion of TH1-polarizing cytokine
IL-12, as well as TNF-a and NO by human monocytes
[65]. Different epitopes within the peptide-binding do-

main of mycobacterial HSP70 were found to induce or
suppress cytokine production by monocytes and DCs, as
well as maturation of DCs [84]. Thus, in addition to
chaperoning antigens that generate adaptive immune
responses, the HSP70 PBD may also induce receptor-
mediated innate responses, similar to that observed by
MacAry et al. [30].

The underlying theme in most of the studies described
here is the role of surface receptors on APCs for initia-
tion of adaptive and innate responses [39]. Endocytic
receptors for HSPs include scavenger receptors CD91,
LOX-1, SR-A, and CD36 [85–88], while activating
receptors include TLR2/4 and CD40 [46, 47, 83]. Iden-
tification of HSP receptors and their consequences on
immune cells is in its infancy and may play a pivotal role
in our understanding of the generation of adaptive and
innate immunity. Data suggests the CTD of HSP70 can
interact with specific receptors of immune cells such as
CD40; other identified receptors await future study.
Studies that address the structural domains of GP96 that
interact with specific receptors should also be informa-
tive.

GP96

GP96 is a homologue of the cytosolic HSP90 and resides
in the ER [89, 90]. GP96 exists as an obligate homodi-
mer, and adopts a tail-to-tail orientation [71, 91].
Overall, the relationship between GP96 structure and
function, such as peptide binding, is poorly understood
compared to HSP70 [25]. A peptide-binding site for an
extended version of VSV8 was mapped to a highly
conserved region of GP96, next to the dimerization
domain at the C-terminus [92]. VSV8 is an immunogenic
peptide epitope of Vesicular Stomatitis Virus N protein.
The peptide-binding site of GP96 was found by an in
vitro peptide cross-linking technique followed by peptide
sequencing and confirmed by mass spectroscopy [92].

Initial studies suggest that innate immunity may
originate at the N-terminus of GP96 and may be inde-
pendent of the HSP-bound peptides. Two GP96-secret-
ing cell lines (4T1 and NIH 3T3) were tested as
adjuvants against 4T1 mammary tumor challenge.
Interestingly, the allogeneic 3T3 fibroblast cell line
secreting GP96 was effective against 4T1 tumor, in
addition to the autologous 4T1 tumor cell secreting-
GP96, for suppression of tumor growth [93]. The pos-
sibility of shared antigens bound to GP96 post secretion
by 3T3 cells could not be entirely excluded. Therefore,
cell lines were designed that secrete only the N-terminal
domain containing the ATP-binding domain of GP96
(NTD). Surprisingly, immunization with 4T1 secreting-
GP96 NTD suppressed 4T1 tumor growth. Control of
tumor growth was found to be independent of anti-4T1
CTL generation, and immunization with GP96 NTD
had only a modest effect on NK activity. GP96 NTD
was shown to bind various APCs in vitro as measured by
flow cytometry. Supernatants from either GP96 or GP96
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NTD-secreting cells activated DCs as measured by
CD86, CD40 and MHC class II up-regulation. These
observations prompted the investigators to hypothesize
alternate mechanisms generated by the secreted GP96
NTD.

In a follow-up study, immunization of BALB/c mice
with syngeneic KBALB fibroblasts secreting GP96 or
GP96 NTD stimulated TNF-a and IFNc production by
CD11b/c(+) cells in the spleen and draining lymph
nodes [93]. After depleting mice of APCs with caragee-
nan, immunization with KBALB fibroblasts secreting
GP96 NTD resulted in a decrease in cytokine secretion
by CD4+ T cells [94]. The authors proposed that GP96
NTD appears to delay tumor growth by stimulating
APCs that in turn stimulate cytokine secretion by
CD4+ T helper cells. These observations suggest effec-
tor mechanisms for GP96 other than CTL that may
result in anti-tumor responses. Although HSPs may also
be involved in the generation of CD4+ T cell responses
through MHC class II presentation, the role of class II
presentation and CD4+ T cell effectors in HSP-medi-
ated responses is only beginning to be explored [21, 95].

In addition to localization of a PBD at the CTD for
GP96, other studies have identified a peptide-binding
site for VSV8 at the N-terminus [96, 97]. This site is
present within the GP96 NTD in the above described
secretion models [93]. Peptide-binding activity within the
NTD cannot therefore be entirely ruled out. Lastly,
characteristics of receptor binding include specificity,
saturation and competition. Demonstration of these
attributes for GP96 NTD binding to APCs can indicate
a ligand-receptor interaction. A recent study demon-
strates the NTD of GP96 can also lead to the generation
of CTL (Hepatitis B virus peptide-specific) as measured
by ELISPOT assay [98]. This GP96 NTD construct also
contains the putative peptide-binding site and may ac-
count for CTL activation in this report.

Taken together, it is unclear where bona-fide peptide-
binding region(s) for GP96 are located. In addition to
the different methodologies used for identification of the
peptide-binding site for GP96, the proposed N-terminal
region has such a low affinity for VSV8 peptide that it is
difficult to ascertain if this site is physiologically relevant
[25, 96, 97]. It is possible that GP96 possesses two or
more peptide-binding sites, similar to HSP90 [99]. Un-
less the GP96-peptide interaction is spatially defined,
separating the peptide-binding function from the natural
innate function of GP96 will be a complex undertaking.

In contrast to the ATP-binding domain of the HSP70
family, the ATP-binding region of the HSP90 family
(GP96) forms part of a family called the GHKL proteins
that shares structural similarity with diverse proteins
such as DNA gyrase and DNA topoisomerase II [100].
Mechanisms of chaperone activity for HSP90 have been
modeled after DNA gyrase [101]. As previously dis-
cussed, the mechanism regulating the interaction be-
tween GP96 and peptide/polypeptide substrates remains
largely unknown as compared to HSP90. In addition to
weak ATP-binding activity, GP96 has little ATP

hydrolysis activity in vitro [26–28]. Crystal structure
data of the N-terminus of GP96 suggests that a nucle-
otide-dependent conformational switch induces dimer-
ization at the N-terminal region that may facilitate client
protein binding [91]. HSP70 and GP96 N-terminal re-
gions are therefore structurally and functionally differ-
ent and may account for the observed differences in the
immunological activity of these immunochaperones.

Concluding remarks

The long-standing paradigm that chaperoned peptides
of GP96 or HSP70 confer peptide-specific adaptive
immunity that predominantly contributes to anti-tumor
immunity is one that requires revision given evidence
summarized here. While chaperoned peptides by HSPs
appear to be critical for adaptive immune consequences,
the observation that the source of these HSPs for anti-
tumor effects is not as crucial as once believed and
therefore lack of specificity suggests inherent functions
of HSPs, most likely sufficient for suppressing tumor
growth.

The natural innate function of HSPs has been under-
appreciated in the generation of effective immune re-
sponses against tumor. Recent evidence suggestsDCs and
NK cells can cross-talk during infection or anti-tumor
immune responses and may contribute to the CD8+ T
cell response [102–104]. GP96-mediated immunity may
also elicit this interaction between DCs and NK and may
augment adaptive immune responses [13, 64].

The structural domains and regions of immuno-
chaperones required for generating effective anti-tumor
immunity is an area of current interest. The peptide-
binding activity of HSP70 correlates with generation of
CTL responses. Surprisingly, the CTD of HSP70 may
also have a dual role of eliciting chaperokine effects as
well as adaptive responses.

The NTD of GP96 has modest anti-tumor activity
and seems to induce innate immunity via activation of
APCs and generation of cytokines by CD4+ T cells [93].
CD4+ T helper cells can play a role as effector cells in
anti-tumor immunity and may play a role in GP96
NTD-mediated immune responses as well [105–108].
The identification of a chaperoning site within the NTD
of GP96 prevents any definitive conclusions to be made
at this point regarding a possible innate function of the
NTD of GP96. Design of HSP70 NTD-secreting tumor
models would be informative in addition to full-length
hsp70-secreting models [109]. Comparable regions of
these immunochaperones may have qualitatively differ-
ent immunological effects as anti-cancer vaccines.

Adaptive and innate compartments of immunity
contribute significantly to the overall immune response
to infection and likely for anti-tumor immunity as well.
An effective HSP70 or GP96-mediated anti-tumor re-
sponse may similarly result from interplay between both
compartments of immunity. In order to generate a ro-
bust immune response, the innate effects of HSPs and a
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source of complexed antigen for targeting tumors may
require the entire immunochaperone for a clinical ther-
apeutic effect.

The next several years should be exciting due to a
better understanding of HSP-mediated mechanisms of
immunity and should bring us closer to developing more
effective HSP-based vaccines. Elucidation of the inter-
relatedness of adaptive and innate immunity by immu-
nobiologists will also, undoubtedly, shed light on HSP-
mediated mechanisms as well.
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