Heat-Shock Protein-Based Cancer
Immunotherapy

Taylor H. Schreiber

Abstract Despite the registration of over 1,000 clinical trials assessing the activity
of therapeutic cancer vaccines in human patients with multiple cancer types, only a
single vaccine has received FDA approval for clinical use. Nonetheless, the thera-
peutic potential of immune modulation for treating cancer has continued to be
validated with both preclinical and clinical studies, most recently in studies investi-
gating so-called checkpoint inhibitory antibodies targeting CTLA-4 and PD-1. One
important class of therapeutic cancer vaccines seeks to generate therapeutic immu-
nity based on the combined adjuvant and antigen delivery characteristics of heat-
shock proteins. Heat-shock protein-based vaccines are unique among other
approaches due to the unique ability of certain heat-shock proteins to dually activate
antigen-presenting cells and specifically deliver tumor antigens to cytotoxic CD8+ T
cells via the antigen cross-presentation pathway. The enclosed chapter provides a
comprehensive overview of heat-shock protein-based cancer vaccines assessed in
human clinical trials within the context of parallel progress in understanding the
interactions between a developing tumor and the human immune system.

1 Heat-Shock Proteins, Sterile Inflammation,
and Immunosurveillance

Molecular alarm systems are an essential component of vertebrate immunity and
function to signify the occurrence of an event which threatens the survival of the
host. One such system operates through the family of receptors known as “Toll-like”
receptors (TLRs), which evolved to recognize common pathogen-associated
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molecular patterns (PAMPs) such as bacterial cell wall sugars, single-stranded viral
DNA, and flagella [1, 2]. Other pattern recognition molecules include C-type lectin
receptors (CLRs), caspase-recruitment domain (CARD), and nucleotide-binding
domain (NOD) family members [3]. There are currently 13 known TLRs that rec-
ognize PAMPs derived from many of the most common human pathogens [4, 5].
The predetermined specificity of the TLR/PAMP warning system provides a very
efficient mechanism for host notification of an invading pathogen but performs this
function principally by promoting inflammation and is incapable of directly stimu-
lating antigen-specific immunity. Instead, TLR ligation signals the maturation of
antigen-presenting cells (APCs) via upregulation of costimulatory molecules includ-
ing CD80 and CD86, production of inflammatory cytokines including interleukins-
12 and -18, and migration of activated APCs to local lymphoid organs [6-8].

The limitation inherent to screening for PAMPs is that such a system requires a
unique receptor for each PAMP. Likely as a mechanism to increase efficiency in this
process, the immune system evolved an antigen-specific presentation system to
screen not just for pathogen-specific patterns but also for individual peptide
sequences that are specific to the pathogen in question. Such a candidate system
would ideally have at least several of the following properties: (1) abundant
expression in all cell types, (2) ability to bind a diverse array of proteins, (3) ability
for specific detection by immune cells, and (4) ability to inform immune cells as to
the identity of the pathogen in question. These requirements describe precisely the
role of the major histocompatibility complex (MHC) in the evolution of adaptive
immunity. Reviewed extensively elsewhere, the MHC consists of two complexes
(MHC I and MHC II) which provide a division of labor for defense against intracel-
lular (MHC I) and extracellular (MHC II) pathogens [9—-11]. The expression pat-
terns of these receptors follow the behavioral patterns of the pathogens to which
they provide defense, with the MHC I molecules being ubiquitously expressed by
all cells (save erythrocytes) and the MHC II molecules being restricted to cells
capable of engulfing or directly binding extracellular pathogens such as dendritic
cells, macrophages, and B cells. Together, the MHC molecules and TLR system
provide an integrated, but parallel, system of antigen presentation and expression of
costimulatory molecules which lead to the antigen-specific activation of adaptive
immunity (exerted by T and B cells) in response to the dual presence of both “danger
signals” and specific antigens presented by MHC I and/or MHC II.

Survival to reproductive age is threatened by not only invasion from foreign
pathogens but also maladaptive mutations throughout development. Adaptation
itself is a process afforded by the acquisition of individual mutations in the human
genome which may lead to cellular progeny with differential fitness from the paren-
tal cell. For this to occur DNA replication must, by necessity, be an imperfect pro-
cess. Taking into account all DNA proofreading mechanisms, the fidelity of
eukaryotic DNA replication is estimated to be on the order of 107'°, which predicts
that a cell will progressively and randomly acquire a single mutation every 1-2 cell
divisions (in a human genome containing approximately 6.6 billion nucleotides)
even in the absence of genotoxic stress and in proportion to the overall rate of cell
division throughout development. Thus, the evolutionary trade-off for adaptation is
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the acquisition of mutations during development that may lead to the dysregulated
growth and potentially transformation of otherwise normal cells into cancer cells.
This is a process against which both cell-intrinsic and -extrinsic defense systems
have developed; the extrinsic defense system is known today as cancer immunosur-
veillance [12, 13].

An immunological defense against transformed cells is fundamentally distinct
from defense against exogenous pathogens in that the immune response must be
initiated under the so-called sterile conditions for non-virus-associated malignan-
cies. Sterile inflammation is detected through a distinct group of molecules known
collectively as “damage-associated molecular patterns” (DAMPs) and their recep-
tors [14, 15]. DAMPs include a range of endogenous molecules including heat-
shock proteins, HMGB1, S100 proteins, as well as nucleic acids and extracellular
matrix components [16]. In general, DAMPs are molecules that are released as a
result of cell necrosis as occurs during conditions of extreme cellular stress or
trauma. Many DAMPs are also recognized by the TLR system and are important for
mediating inflammatory cytokine production in response to tissue damage that may
contribute to recruitment of innate immune cells and wound healing [17-19].
Certain DAMPs, including HMGB 1, may play critical roles in the efficacy of cancer
chemotherapy and radiotherapy by generating inflammation within the tumor
microenvironment via TLR and RAGE interactions [20]. Dysregulation of DAMP-
mediated immune activation is also associated with a variety of pathological condi-
tions including atherosclerosis, pseudogout, type 1 diabetes, and Alzheimer’s
disease, which may represent the evolutionary trade-off for a DAMP-mediated sen-
sor system to detect necrotic cell death.

In addition to TLRs, DAMPs can also interact with several other receptors, of
which CD91 and CLECY are unique in bridging sterile inflammation to antigen
cross-presentation [21-25]. CD91 and CLEC9 are both expressed by CD11c+ den-
dritic cells and in particular by the CD8a+ subset of dendritic cells that play a criti-
cal role in antigen cross-presentation [22, 25-27]. The ligand for CLEC9 was
recently identified as F-actin [28, 29], and the ligands for CDO91 include well-
described members of the heat-shock protein family, which constitutes the oldest
and most abundant class of protein in all mammalian cells [25, 30, 31]. Because the
adaptive immune response is developmentally programmed to recognize foreign
antigens [32], the existence of a linkage between sterile inflammation and adaptive
immunity implies that certain antigens may arise in metabolically stressed “self”
cells that are sufficiently nonself to engage the adaptive immune response and that
such a pathway provides a survival advantage to the host at large. It has been sug-
gested in the “neo-ligand” hypothesis that such a linkage is purely maladaptive and
contributes only to autoimmunity [33]; however, the possibility that this pathway
provides a survival advantage via tumor immunosurveillance must also be consid-
ered. This linkage may also be important for defense against the introduction of
exogenous antigens during traumatic tissue damage; however, it is clear that a role
of HSP/CDO91 in this situation would be redundant with the PAMP/MHC system.
Such redundancy may provide benefit in response to infection with pathogens that
have developed mechanisms to evade (low-frequency CpG DNA by adenoviruses
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for example) or thwart (V-proteins by paramyxoviruses for example) innate immune
activation by TLRs; however, this may not be the only benefit. The recent identifica-
tion of antigen cross-presentation as a critical mechanism for tumor immunosurveil-
lance supports a specialized role of the HSP/CD91 system in this process [26, 34].

Heat-shock proteins are an abundant family of intracellular proteins that collec-
tively facilitate protein folding, trafficking, localization, and degradation [35-37].
The classification of this family of proteins as being related to “heat shock™ dates to
their accidental discovery as molecular mediators of cell stress, and the name has
persisted despite the knowledge that their primary role is to chaperone protein fold-
ing and trafficking [38]. The ability of a relatively small number of HSP to function
as protein chaperones for a large number of unique proteins expressed across all cell
types requires that these HSP have unusual promiscuity in peptide binding specific-
ity. This property has been confirmed by several groups, all seeking to identify the
source of immunogenicity of different HSP. Most comprehensively shown for HSP
2p96, efforts to identify specific HSP peptide-binding motifs have failed to eluci-
date a defined peptide profile based on amino acid content or peptide length that
defines HSP binding capacity. In the specific case of gp96, nearly every peptide
analyzed has been found in association with gp96 and the binding of these peptides
has surprisingly high affinity, surviving SDS-PAGE and only weakly released by
high temperature or high salt conditions in vitro [39]. The peptide binding promis-
cuity of HSP70 is slightly more limited than for gp96, being specific for aliphatic
amino acid motifs and extremely sensitive to peptide release in the presence of ATP
[31, 40]. This promiscuity in peptide binding is likely the source of evolutionary
efficiency in APC adaptation to screen for extracellular HSP via CD91 as a sensor
for necrotic cell death. CD91 is the endocytic receptor for all known heat-shock
proteins, including HSP70, HSP90, gp96, and calreticulin [5, 9]. Among DAMP
receptors, CDO91 is also the primary endocytic receptor, which indicates that among
DAMPs, HSPs are highly specialized adjuvants that can provide APCs with both a
maturation signal (via TLRs) and a source of antigen via endocytosis of HSP/anti-
gen complexes. The remarkable efficiency of HSP/peptide complex uptake by
CD91 facilitates the induction of antigen-specific immunity at femto-molar concen-
trations of antigen, which represent physiologic concentrations [37, 41]. The evolu-
tion of HSP proteins as dual-purpose adjuvants may have taken place as a specific
immunosurveillance mechanism in cancer, because linkage of adaptive immunity to
sterile inflammation in diseases other than cancer is usually maladaptive.

The combined adjuvant properties of APC activation via TLRs and antigen
delivery via CD91 are what make HSP ideal candidates for vaccine development.
The hypothesis that the dual adjuvant role of HSP evolved specifically as an antigen-
cross-presenting mechanism for immunosurveillance against cancer arising under
conditions of sterile inflammation remains to be experimentally confirmed; however,
this evidence would heighten the validity of utilizing HSP as cancer immunother-
apy. Such findings would provide an elegant circularity to the original description of
HSP as the critical tumor rejection “antigens” (now understood to be HSP/antigen
complexes) for sarcoma tumors in mice [42]. To date, 20 clinical trials have been
conducted in the United States with HSP-based oncology vaccines. Of these, 13
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Fig. 1 Schematic overview of the key characteristics of autologous and allogeneic HSP based
vaccines in clinical development

utilized gp96-based approaches and 7 HSP70-based approaches. There are not yet
any immunotherapy trials testing calreticulin, HSP90, or grp170 listed on clinical-
trials.gov. The major focus of the following sections is geared toward those
approaches that have been studied in human patients. A schematic overview of the
core attributes of autologous and allogeneic HSP vaccines is illustrated in Fig. 1,
using gp96 as the archetypal HSP.

2 Autologous Purified HSP Vaccines

The initial discovery of HSP gp96 as a “tumor rejection antigen” demonstrated that
purified preparations of gp96 provided T cell-mediated protection against parental,
but not unrelated, sarcoma tumors [42]. In these experiments, the immunogenic
component within individual chemically induced murine sarcoma cell lysates was
meticulously chased using several fractionation strategies into a fraction of glyco-
proteins of approximately 96 kDa molecular weight. Subsequent immunization of
mice with these 96 kDa molecular weight proteins was protective against a
subsequent challenge with the parental, but not unrelated, sarcoma cell lines. The
proposed explanation for the immunogenicity of gp96 and the limited protection it
provided only to parental tumor cells was that gp96 itself must be uniquely mutated
in various sarcoma tumor cell lines. This hypothesis was quickly proven false, and
the specific immunogenicity of gp96 was unequivocally demonstrated to be due to
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the client tumor peptides chaperoned by gp96 [24, 43]. Thus, the apparent restriction
of therapeutic immunogenicity to parental but not unrelated tumors was assumed to
be due to the unique antigenic “fingerprints” of individual sarcomas [44]. Because
purified gp96 is assumed to remain bound to the full antigenic fingerprint of an indi-
vidual sarcoma cell, the failure of one sarcoma preparation to protect against a chal-
lenge with a distinct sarcoma cell line predicted that the antigenic fingerprints of one
were sufficiently distinct from another as to provide no benefit.

These observations provided the scientific basis for the first HSP-based vaccine
trials in humans, which were performed using autologous preparations of gp96 iso-
lated from surgical specimens from a small safety trial and subsequently a larger
study in patients with advanced melanoma. The strategy used for these trials was
similar to the initial murine studies, wherein individual patient tumor specimens
were surgically collected, shipped, and processed at a centralized facility and then
returned to the physician for re-administration of the purified tumor-derived gp96
preparation to the original patient. In the first human trial, performed in Germany,
16 patients with various tumor types were enrolled and treated postsurgically in the
setting of residual disease [45]. This study demonstrated that the autologous gp96
vaccine was safe, induced an immune response in 50 % of patients tested
(as measured by tumor antigen-specific CD8+ T cells), and produced interesting,
albeit anecdotal, tumor responses in at least one patient with coincident hepatocel-
lular and breast carcinoma.

This safety study set the stage for the next human trial, performed in Italy: 39
patients with stage IV melanoma were treated with at least one cycle (four vaccina-
tions) of autologous gp96 starting 5—-8 weeks after surgical resection of at least one
lesion by intradermal or subcutaneous injection [46]. Patients who did not progress
were eligible to continue on a second cycle of vaccinations and continue with
monthly injections thereafter until progression or exhaustion of the autologous gp96
preparation. The vaccine was observed to be safe in all patients tested, and 10/21
evaluable patients demonstrated a positive and specific immune response to mela-
noma antigens by the ELISPOT assay [47]. Of the 28 patients with residual disease
post surgery, there were 2 complete responses (CR) and another 3 patients with
stable disease (SD) for varying intervals. Of the two patients with CRs, one
responded extremely quickly to the vaccine, with resolution of lung metastasis after
only the first cycle, and remained disease free for 24 months after vaccination. In the
second patient the immune response took over a year to resolve the metastatic
lesions, which extended well beyond the period of vaccination and led to a CR in
excess of 38 months in duration. These two patients in the very early studies serve
to highlight the variability in the time required for an immune response to manifest
in patients, which is a phenomenon that is only now becoming accepted by clini-
cians and well highlighted by recent data with anti-CTLA-4 antibodies [48, 49]. In
total, this initial trial demonstrated that autologous gp96 was safe, feasible in at least
60 % of patients enrolled, and warranted further testing in humans [46]. A separate
phase I/IT study performed in the United States on a similar population of patients
with advanced melanoma obtained similar findings, including the intriguing, but
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unconfirmed, suggestion that patients fared better following treatment in the
adjuvant setting [50].

In a subsequent phase II clinical trial, also conducted in Italy, autologous gp96
preparations were prepared from a similar population of patients with stage IV
melanoma; however, the trial design was significantly modified. A total of 20
patients completed the first cycle of vaccinations and were evaluable in the study for
immune response and survival. Once again, no safety issues were observed in any
patients and only minor injection-site reactions including erythema and induration
were common. In this study each weekly vaccination was performed together with
GM-CSF injection and patients received two injections of interferon-alpha (IFNo)
between vaccinations [51]. A greater number of patients achieved SD (11/20) than
in the phase I study, and a single patient had a CR after the first cycle of vaccination.
It remains unclear whether these responses were related to an increased immune
response or to the combination therapy with GM-CSF and IFN« because as in the
phase I study, approximately half of the patients (7/13) had a positive ELISPOT
result. Interestingly, the patient achieving a CR had the lowest expression of the
melanoma antigens MART1 and gp100, perhaps indicating that other antigens not
highly expressed by the ELISPOT target cells contributed to the clinical response
[51]. These data served to extend the safety database, immunological activity, and
potential clinical benefit of autologous gp96 for the treatment of melanoma and
facilitated testing in a controlled phase III clinical trial.

An international phase III trial of 322 patients with stage IV melanoma was sub-
sequently conducted with autologous gp96 to determine overall survival compared
to physicians’ choice [52]. Once again, the study design was revised significantly
from the phase II study. In both prior studies, patients were pretreated with a combi-
nation of surgery +chemotherapy or radiotherapy and in some patients with IFN« or
IL-2. In contrast to the phase II study, patients did not receive peri-vaccination treat-
ment with GM-CSF or intermittent [FNa; however, the patient population was oth-
erwise similar to the two prior studies. As was observed in the phase I and II studies,
vaccination was feasible in just over 60 % of patients enrolled, with a significant
number of patients not receiving treatment due to quality control failures in manu-
facturing. Unfortunately, this trial failed to demonstrate a benefit in overall survival
for patients treated with autologous gp96 as compared to physicians’ choice. In a
subset analysis, a trend toward increased overall survival was observed in all patient
subsets depending on the number of vaccine doses administered to each patient. In
this analysis, it was reported that patients with stage M1a and M1b disease who
received at least ten doses of the vaccine demonstrated a survival benefit as com-
pared to physicians’ choice [52]. Whether or not the failure of this trial was due to
feasibility questions related to vaccine production and adequate supply of product to
reach a therapeutic dose in a majority of patients remains unclear; however, such a
conclusion is supported both by preclinical studies and the overall trends observed
in this randomized phase III trial [44, 53]. In addition, it is worth noting that the
trend toward increased survival also correlated with earlier stage disease, suggesting
that vaccine therapy may be more effective early in the course of disease.
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At the same time the first trials in melanoma were running, phase II and III trials
were also conducted in patients with metastatic renal cell carcinoma. Renal cell
carcinoma was chosen because, similar to melanoma, it was believed to be a rela-
tively immunogenic tumor type that demonstrated intermittent responses to
cytokine-based therapy and immunotherapy [54]. In the phase II study, 60 out of 84
enrolled patients were treated and evaluable, demonstrating an improvement in fea-
sibility in this tumor type as compared to melanoma patients, potentially due to
increased access to tumor tissue following nephrectomy. Out of these 60 patients, 2
CRs, 2 PRs, and 7 SDs were observed. This trial also included a single patient who
developed severe complications that were potentially related to the vaccination. The
remaining 59 patients experienced similar injection-site reactions to what was
observed in the melanoma trials.

Despite the fact that this study concluded that autologous gp96 was “... relatively
ineffective ...” a large phase III study was subsequently performed in patients with
metastatic renal cell carcinoma. As in melanoma, the design of this phase III trial
was a significant departure from the phase Il trial and was tested as adjuvant therapy
to prevent disease recurrence in non-metastatic patients following nephrectomy
[55]. A total of 318 patients were treated with autologous gp96, and both PFS and
OS were compared to 367 patients in the observation-only control group. This trial
was therefore the first of its kind to examine the efficacy of HSP vaccine therapy in
a minimal-residual disease setting but unfortunately also missed its primary end-
point of reducing recurrence-free survival. A post hoc analysis suggested that
patients with the earliest stage disease (AJCC stage I and II) may have enjoyed a
delayed rate of recurrence; however, this conclusion requires further validation. As
in the phase II in renal cell carcinoma, nearly 90 % of the patients randomized to
autologous gp96 were able to receive the vaccine, demonstrating that feasibility was
significantly improved as compared to melanoma.

In addition to melanoma and renal cell carcinoma, autologous preparations of
gp96 have been tested in patients with colorectal and pancreatic cancer as well
as non-Hodgkin’s lymphoma. A study including 29 patients with metastatic
colorectal cancer treated with autologous gp96 in the adjuvant setting reported
impressive increases in MHC I-restricted immune responses in the majority of
patients treated [56]. The presence of a positive immune response detected by
interferon-y enzyme-linked immunospot (ELISPOT) assay was significantly
correlated with both increased overall survival and increased progression-free
survival. As in several previous studies, three different doses of gp96 were
tested, with potentially the lowest dose (2.5 pg/injection) providing the most
consistent immune response in patients. Another series of phase II trials in
patients with non-Hodgkin’s lymphoma also demonstrated safety in all patients
and vaccine production feasibility in the majority of patients but was not designed
to determine survival benefit or immune response [57, 58]. A small, ten-patient,
phase I study in patients with completely resected pancreatic adenocarcinoma
treated in the adjuvant setting also demonstrated safety of the approach, with
immune responses only in a minority of patients which did not correlate with
disease-free survival [59].
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To date, over 1,000 patients with multiple tumor types have been safely treated
with autologous gp96 but without apparent clinical efficacy. These results in con-
trolled clinical trials are certainly disappointing, but sprinkled throughout these
failed trials are individual patients who were observed to have highly unusual
“spontaneous” disease remission or subgroups of patients who in post hoc analysis
appeared to enjoy a survival benefit. Definitive reasons for these failures are
unknown; however, selection of two highly “immunogenic” tumors (melanoma and
renal cell carcinoma) for testing in pivotal trials may have played a role [60]. The
recent approval studies with anti-CTLA-4 antibodies (ipilimumab) in melanoma
support the hypothesis that the most highly immunogenic tumors provide vaccina-
tion in situ, which predicts the immunoselection of tumor subclones that either dis-
play reduced amounts of critical antigens or contribute to local or systemic
immunosuppression [12, 48, 49, 60]. The continued growth of tumors that provide
vaccination in situ indicates that a tumor is progressing in spite of an ongoing
immune response and that blocking immune regulatory mechanisms is a more criti-
cal first strike than attempting to broaden the scope of the immune response with a
vaccine. Combinatorial strategies are in development for these tumor types wherein
vaccination may play a secondary role to primary therapy with immune regulatory
checkpoint inhibitors such as ipilimumab [61]. The overarching themes from these
clinical trials also indicate that autologous gp96 is most effective in patients with
earlier stage disease, who generate a positive immune response to the vaccine and
for whom sufficient vaccine is produced to extend the treatment period well beyond
the first four weekly injections. These predictions are generated from only two
large, controlled, phase III clinical trials, and it is unfortunate that controlled studies
were never run in phase II clinical trials because some of these concepts may have
contributed to improved design of phase III clinical trials and been included in pre-
defined endpoint criteria. An ongoing postsurgical adjuvant therapy trial in patients
with >90 % resection of brain and central nervous system tumors (NCT00905060)
appears poised to enter a pivotal phase III clinical trial and will hopefully incorpo-
rate some of these parameters in future trial design.

3 Allogeneic Cell-Based HSP Vaccines

The initial studies by Srivastava and colleagues clearly indicated that the repertoire
of antigens bound to gp96 in purified preparations was sufficiently unique to the
parental tumor that immunogenicity did not extend to genetically distinct tumor cell
lines [42]. In the years since these initial discoveries, a great deal of progress has
been made in understanding the specific nature of tumor antigens and in defining
those which may or may not be “shared” by genetically distinct tumors. Two classes
of tumor antigens have emerged from this work and are now defined as either
“tumor-specific antigens” (TSA) or “abnormal self-antigens” (ASA, also referred to
as tumor-associated antigens). TSA are those that arise as a direct result of ran-
domly acquired genetic mutations in somatic genes that contribute as “drivers” or
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stowaway as “passengers” in the oncogenic process. The Cancer Genome Atlas
(TCGA) has in recent years provided definitive evidence that dozens of TSA arise
in every tumor type investigated and that at least a handful of those TSA appear to
have the appropriate characteristics for binding to and presentation by MHC mole-
cules [62-68]. These studies provide unequivocal evidence that except in very rare
cases (such as kras in pancreatic adenocarcinoma), somatic mutations do not repre-
sent a source of shared antigens between patients with individual tumors. Instead,
these studies provide clear evidence that ASA are the much more likely source of
shared antigens between patients with related tumors due to common disruptions in
core signaling pathways as a result of unique mutations in particular oncogenic
“driver” genes [69, 70]. These somatic mutations lead to increases in gene copy
number for a range of different proteins that lead to expression patterns not seen in
non-transformed cells [71]. It is also clear that acquisition of mutations during
oncogenesis leads to re-expression of primitive antigens typically only expressed in
germline tissues and which have been broadly named “cancer testis antigens.” This
group of antigens is widely understood to represent a source of commonly shared
antigens between genetically distinct tumors [72—74]. In fact, the world’s first FDA-
approved cancer vaccine is based upon the principle of antigen sharing between
genetically distinct tumors and demonstrates that even a single shared ASA (pros-
tatic acid phosphatase) can provide meaningful clinical efficacy [75]. At the same
time, preclinical studies demonstrated that shared antigens between several
established multiple myeloma cell lines could provide a basis for HSP gp96-
mediated immunoprotection against genetically distinct tumors [76]. The antigenic
underpinnings of these observations remain to be mechanistically elucidated; how-
ever, it is proposed that the spectrum of antigens from individual cell lines that are
potentially shared with the antigens expressed by a patient tumor is increased by
combining multiple cell lines into the vaccine preparation. Whether these observa-
tions reflect a unique antigenic property of myeloma or whether this phenomenon is
generalizable to other tumor types also remains to be experimentally proven.

To date, clinical experience with allogeneic heat-shock protein vaccines is lim-
ited to a single approach based on a cell-secreted genetically engineered construct
of gp96 [77]. This approach seeks to mimic the natural release of gp96 during
necrotic cell death by replacing the KDEL endoplasmic reticulum retention
sequence on the C-terminus of gp96 with a secretory molecule, in this case the
hinge-CH2-CH3 domain from an IgG1 molecule to create a gp96-Ig fusion protein
[78]. When transfected cell lines express and secrete gp96-Ig, it was found to chap-
erone peptides to the cross-presentation pathway similar to autologous gp96 and
lead to CD8+ T cell-, NK cell-, and perforin-dependent antitumor immunity [41,
79-81]. Because this construct of gp96 was transfected into mammalian cells in
sterile cell culture, required no purification steps, and provided CD8+ T cell-
mediated antigen-specific immunity in vivo, this work finally laid to rest the long-
standing criticism that HSP-mediated immune activation was simply a consequence
of lipopolysaccharide contamination of autologous preparations. Further, preclini-
cal studies demonstrated that immunization with cell-secreted gp96 led to an
approximately tenfold increase in the magnitude of antigen-specific CD8+ T cell
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activation as compared to immunization with an equivalent quantity of cell-purified
gp96 [80]. The reasons for this increase likely relate to increased half-life in vivo of
a continuously secreted protein. Similar to autologous gp96, cell-secreted gp96-Ig
has been shown to stimulate polyclonal and polyfunctional CD8+ T cell responses
against all relevant antigens contained within the transfected cells [61, 82, 83].

A phase I clinical trial in patients with advanced non-small-cell lung cancer has
examined the safety and immunogenicity of secreted gp96-Ig. NSCLC was selected
as a tumor target for this approach because it represents a comparatively non-
immunogenic tumor type as compared to melanoma and renal cell carcinoma and
because 5-year survival for patients with NSCLC only increased from 14.2 to
18.0 % from 1975 to 2006, indicating that new treatment modalities are necessary
[84]. The phase I study was conducted in a total of 18 patients with stage IIIB/IV
NSCLC who had failed at least two prior therapies. The drug consisted of an adeno-
carcinoma cell line that secreted gp96-Ig and which was irradiated and frozen prior
to administration to patients by intradermal injection. The cell line provided the
source of shared NSCLC antigens for delivery by gp96-Ig and was selected on the
basis of cancer/testis antigens that are shared between patients with NSCLC
[85-87]. All patients had progressive disease at the time of study enrollment and
were divided into three different dosing arms which varied on the basis of frequency
of injection but not total dose of vaccine administered. This design was based on
preclinical studies indicating that increased frequency of vaccination provided
increased antitumor immunity and tumor regression [80, 81]. This study demon-
strated that administration of cell-secreted gp96-Ig to patients was safe and stimu-
lated a vaccine-specific immune response in 73 % of patients treated. An analysis of
correlation between immune response and overall survival demonstrated a signifi-
cant association between the two, with nonresponders surviving 4.5 months and
responders an average of 16.5 months. These findings remain anecdotal but sup-
ported progression to phase II clinical trials which are currently ongoing. This phase
II study (NCTO01504542) includes a randomized placebo control group, which had
not been included in any of the previous HSP trials at the phase II stage and may
facilitate appropriate prospective endpoint design for a subsequent phase III study.

Additional clinical trials are needed to demonstrate whether allogeneic approaches
with gp96 provide clinical benefit. Potential advantages of this approach relate to
feasibility of vaccine production for all patients enrolled in the study. Because the
product is identical for all patients and easily scalable, concerns over obtaining suf-
ficient material for vaccine production, which limited feasibility in the phase III
melanoma trial to just 60 % of enrolled patients, are significantly reduced. Potential
disadvantages surround the issue of whether the antigens expressed by the selected
cell line are shared between a sufficient proportion of the treated patient population;
the success of a single-antigen vaccine somewhat reduces these concerns [75].

In comparison to other allogeneic cell-based vaccines, HSP constructs provide
several distinct advantages. First, no other allogeneic cell-based approach in clinical
testing facilitates the delivery of antigens specifically to APCs or to the antigen
cross-presentation pathway. In all other cases, stimulation of adaptive immunity
first requires destruction of the injected cells by an anti-allogeneic immune response.
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Killed vaccine cell fragments are then able to be phagocytozed by nearby
macrophages, whereupon tumor antigens may be re-presented by those macro-
phages. In general, this is an antigen presentation pathway that is far more efficient
for antigen presentation by MHC II than MHC I and therefore leads to the more
potent activation of CD4+ T cells than CD8+ T cells. In addition, because antigens
are not delivered to APCs specifically by an HSP, this pathway lacks the efficiency
to stimulate CD8+ T cell responses at femto-molar concentrations of antigen as is
the case with gp96 and other HSPs. Thus, success of a non-HSP-dependent alloge-
neic vaccine is predicted to increase the chances that an HSP-dependent approach
will also succeed in the clinic.

4 Recombinant and Nucleic Acid-Based HSP Vaccines

The natural immunogenicity of HSP enables the design of recombinant proteins and
subsequent loading of those recombinant HSP with antigens of interest. This
approach alleviates the feasibility challenges associated with purification of autolo-
gous HSP preparations but inherits the efficacy challenges associated with selecting
appropriate shared ASA to target. One approach to minimize the ASA-associated
shortcoming of this approach is to target cancers with a known viral etiology and
where viral antigens may form the foundation of the antitumor immune response.
This combination has been examined clinically using a recombinant bacterial Hsp65
(from M. bovis) fused to the E7 protein of human papilloma virus 16 [88].

In the phase II clinical trial, a total of 58 women with cervical intraepithelial
neoplasia III (CIN III) were treated with a series of three monthly vaccinations of
Hsp65—-E7 protein and subsequently monitored by colposcopy. A large proportion
of patients enrolled in the trial experienced either a complete or a partial pathologic
response to treatment (77.5 %); however, this association was not significantly asso-
ciated with a history of HPV 16 infection. Because the antigenic nature of the vac-
cine is predicted to stimulate immunity to HPV 16 E7 antigen, it remains unclear
how immunity would develop in patients without HPV 16 infection and in the
absence of an appropriate control group no definitive determinations could be made.
Nonetheless, this approach was extremely well tolerated and warrants additional
testing in an appropriately controlled clinical setting to determine efficacy [88].

Yet another approach to utilize HSP to stimulate antitumor immunity involves
the in vivo injection of recombinant DNA molecules encoding a particular HSP of
interest. This strategy has been tested in a phase I clinical trial for 21 patients with
advanced head and neck squamous cell carcinoma (HNSCC) in Brazil. Escalating
doses of recombinant DNA hsp65 (M. bovis) were injected intratumorally to an
accessible lesion every 3 weeks for a total of three injections [89]. This phase I
study demonstrated that the approach was generally safe but associated with signifi-
cant pain and edema in a number of patients. It was not possible to determine effi-
cacy in this small, uncontrolled, study, and there was no association found between
patient immune response to the hsp65 protein and overall survival [90].
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A related strategy to direct intratumoral injection of HSP DNA sequences is to
encode particular HSP within viral vectors and attempt to infect tumor cells in vivo
with these HSP-expressing virus particles. This has been examined in a phase I
clinical trial where a modified group C type 2 adenovirus was genetically engi-
neered to express HSP70 and repeatedly injected in a dose escalation study to 27
patients with multiple advanced-stage solid tumors [91]. All evaluable patients
developed an antibody response to the virus; however, no clear evidence of a cellu-
lar immune response was found. As in previous trials, anecdotal evidence of tumor
response was observed in a minority of patients treated at the highest dose, but it
remains unclear whether these responses were associated with the vaccine adminis-
tration. The vaccine was safe in most patients, with a large number of patients devel-
oping fever and a single patient experiencing grade IV thrombocytopenia following
treatment at the highest dose level.

5 Conclusions Based on Clinical Evidence

The initial rise in optimism surrounding the use of heat-shock proteins in cancer
vaccines resulted from elegant preclinical studies demonstrating that heat-shock
proteins are dual-purpose adjuvants that both chaperone the full antigenic repertoire
of tumor cells to the cross-presentation pathway via scavenger receptors and
simultaneously provide a maturation signal to the receiving APCs via TLR-2 and -4.
The subsequent identification of antigen cross-presentation as a critical process for
tumor immunosurveillance provided further support for the scientific validity of this
approach [26]. This information, combined with an increased understanding of the
molecular participants in “sterile” inflammation, helped to clarify that the name
“heat-shock proteins” did not appropriately convey the true role of HSP as DAMPs,
which in addition to functioning as protein chaperones provide a critical and poten-
tially non-redundant linkage between sterile inflammation and adaptive immunity.
Knowledge that this association is mostly maladaptive and contributes to diseases
including atherosclerosis, type 1 diabetes, and Alzheimer’s raised the tantalizing
possibility that either the linkage between HSP and adaptive immunity was acciden-
tal or this association evolved specifically as an immune defense against cellular
transformation. Alas, the clinical evidence has clearly demonstrated that the initial
wave of optimism was premature.

Incredible effort, expense, and faith on the part of scientists, drug developers,
investors, oncologists, and patients have been expended on the development of
HSP-based cancer vaccination. Large phase III trial failures in melanoma and renal
cell carcinoma may have dampened support for what appeared to be promising
early studies in colorectal carcinoma and have no doubt raised the level of skepti-
cism that this approach will eventually lead to an FDA-approved cancer vaccine.
Nonetheless, the sporadic and dramatic clinical responses observed in a minority of
the patients treated on these trials preserve the belief that HSP-based vaccines will
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eventually stake their claim as important weapons in a growing immunotherapeutic
toolbox available to oncologists in the near future.

These clinical trial results also provide important lessons for how future
HSP-based vaccine trials should be designed. In the two largest phase III clinical
trials to date, post hoc analysis clearly demonstrated that the dose and duration of
vaccination had an important bearing on the clinical response observed in patients
and that this clinical response was most apparent in patients with earlier stage
disease. Second, the overall absence of placebo-controlled patient groups in phase
II clinical trials has likely hampered the clinical success of HSP vaccines. Despite
a large number of phase II clinical trials in large number of patients, effectively
none of this data provided evidence of an efficacy signal because control groups
were not included. This, coupled with the repeated shift in the target patient popu-
lation between each stage in clinical trials, limited the ability of clinical trial per-
sonnel to appropriately select prospective clinical trial endpoints or appropriate
patient populations. If controlled phase II studies had been performed in mela-
noma or renal cell carcinoma they may have enabled phase III designs to deter-
mine overall survival in stage Mla/b melanoma patients for whom at least ten
doses of vaccine were available or to determine recurrence-free survival in AJCC
stage I +1I renal cell carcinoma patients. Either of these trials may have led to an
FDA-approved HSP-based cancer vaccine and indicate potential strategies for suc-
cess in future studies.

Ongoing trials may lead to the eventual approval of such a vaccine in the future.
The recent approvals of Provenge for treatment of patients with advanced prostate
cancer and ipilimumab for patients with advanced melanoma (and potentially
with PD-1/PD-L1 blockade in the near future) have renewed enthusiasm in the
immunotherapy of cancer [32, 37]. These successes buttress the groundswell of
support from the basic scientific community that the immune system plays a dom-
inant role as a cell-extrinsic defense system against cancer [67, 92]. The approval
of a single-antigen vaccine also significantly increases the possibility that clinical
efficacy of HSP vaccines will not be strictly limited to autologous approaches. If
this is indeed the case, then allogeneic, recombinant protein or DNA-based
approaches may eventually provide significant advantages in terms of manufac-
turing cost and scalability given the apparent importance of prolonged treatment
for the induction of an effective antitumor immune response. The potential advan-
tages of HSP-based vaccines from a mechanistic perspective provide a compel-
ling rationale for further exploration of the approach. The link between heat-shock
proteins and the adaptive immune system may have specifically evolved to pro-
vide immunosurveillance against cancer, and through that evolutionary process
naturally developed all the core attributes we now understand to be critical for
antitumor immunity: poly-antigen specificity, adjuvanticity at physiologic antigen
concentrations, and specific stimulation of CD8+ T cell immunity by
cross-priming.
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