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Abstract
Although the large stress/heat shock proteins (HSPs), i.e., Hsp110 and Grp170, were identified
over 30 years ago, these abundant and highly conserved molecules have received much less
attention compared to other conventional HSPs. Large stress proteins act as molecular chaperones
with exceptional protein-holding capability and prevent the aggregation of proteins induced by
thermal stress. The chaperoning properties of Hsp110 and Grp170 are integral to the ability of
these molecules to modulate immune functions and are essential for developing large chaperone
complex vaccines for cancer immunotherapy. The potent antitumor activity of the Hsp110/
Grp170-tumor protein antigen complexes, demonstrated in preclinical studies, has led to a phase I
clinical trial through the National Cancer Institute's RAID Program that is presently underway.
Here we review aspects of the structure and function of these large stress proteins, their roles as
molecular chaperones in the biology of cell stress, and prospects for their use in immune
regulation and cancer immunotherapy. Lastly, we will discuss the recently revealed
immunosuppressive activity of scavenger receptor A that binds to Hsp110 and Grp170, as well as
the feasibility of targeting this receptor to promote T-cell activation and antitumor immunity
induced by large HSP vaccines and other immunotherapies.

Introduction
It is well understood that heat shock proteins (HSPs) are a set of highly conserved molecules
that are highly inducible by various proteotoxic stresses, such as heat shock (reviewed in
(1)). The mammalian HSPs are classified into several families of proteins based on their
molecular weight, i.e., the Hsp25/Hsp27, the Hsp40, the Hsp60, the Hsp70, the Hsp90 and
the Hsp110 (also called Hsp105) families (2). Analogous to these HSPs that are resident in
the cytoplasm, nucleus, and mitochondria, there is a second set of the endoplasmic reticulum
(ER)-resident stress proteins referred to as “glucose-regulated proteins” (GRPs) (3). The
“GRP” nomenclature derives from the original finding that these molecules are induced by
glucose deprivation (4, 5). The major proteins in this group include Grp78 (also called BiP),
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Grp94 (also called Gp96) and Grp170 (also called Orp150). While GRPs are functionally
and structurally related to the HSPs, they are induced by different sets of stressors, such as
chronic hypoxia, calcium ionophores, and inhibition of glycosylation (6–8) but not by heat
shock. Indeed, induction of GRPs has been used as a marker for the `unfolded protein
response' or UPR based on the disruption of ER homeostasis (9). Sequence related homologs
of most, if not all, of these stress proteins are constitutively expressed in all living organisms
and function as molecular chaperones that are key players in protein homeostasis, including
protein synthesis and degradation, folding and assembling, preventing the irreversible
aggregation of misfolded proteins and, in some instances, refolding denatured proteins (10–
12). Figure 1 shows the effects of heat shock and chromic hypoxia on stress protein
induction in Chinese hamster ovary (CHO) cells where the major HSPs and GRPs are
evident.

Hsp110
Some HSPs (e.g., Hsp70, Hsp90) have been intensely studied for over 30 years. While
several studies also identified a HSP of approximately 110 kDa in the earliest studies of the
mammalian heat shock response (13–18), it was largely ignored until the 1990s (19–21).
Interestingly, some of the earliest studies of Hsp110 demonstrated that its expression in
mammalian cells correlated with the expression of the highly protective phenomenon of
thermotolerance in coordination with Hsp70 and Hsp90 (15, 16). A protective effect of a
mild heat exposure to damage created by a later and more severe heat shock in non-
mammalian and mammalian systems is a concept that goes back to the late 1950s and early
1960s, and includes protection from heat induced teratogenesis, inhibition of protein
synthesis, as well as cell death (for a review of the early literature see (2)).

Hsp110 was finally cloned in our laboratory in the early 1990s (19). Subsequent sequence
analysis combined with two homologous yeast sequences and the sea urchin egg receptor for
sperm that were in the data base at that time showed that this limited group of genes
represented a large and highly diverged set of Hsp70s. This contradicted a view at that time
that the Hsp70 family was among the most highly conserved gene families in biology. It
soon became evident that newly identified sequences from numerous organisms from yeast
to fungi to plants also expressed a Hsp110-like protein, indicating that Hsp110 was
representative of its own family of stress proteins (reviewed in (1)).

We then demonstrated that the overexpression of Hsp110 in Rat-1 and HeLa cells provided
significantly greater cell survival to a severe heat shock compared to control cells (22),
supporting the ability of Hsp110 to confer partial thermotolerance on its own as suggested in
our initial correlative studies. It was suggested that this occurs due to the ability of Hsp110
to bind to proteins damaged by heat and prevent their irreversible aggregation (22). It was
shown that Hsp110 was four times more efficient than Hsp70 in performing this important
chaperoning function (22). In other words, it takes four Hsp70s to produce an equivalent
protective effect as does one Hsp110. This property was later used to create `chaperone
vaccines' for the treatment of cancer (discussed below).

Grp170 and identification of the Hsp70 superfamily
An early study of GRP induction by glucose starvation indicated an obvious GRP of
approximately 170 kDa (6). Studies of additional potential inducing conditions soon
identified chronic hypoxia as a physiologically important inducer of GRPs, including
Grp170 (7, 23–26). Since an oxidative environment is required for the formation of disulfide
bonds involved in protein folding in the ER, the removal of oxygen may be interpreted as a
reductive stress interfering with this process. In these hypoxia studies it was also observed
that reoxygenation of hypoxic cells resulted in the repression of GRP induction, as expected,
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but surprisingly also lead to the induction of HSPs. This observation forms a basis for the
concept that reperfusion of hypoxic tissues can lead to a heat shock response and tissue
damage, a concept central to many areas of medical research as discussed briefly below.
Induction of HSPs during conventional fractionated radiation therapy due to reoxygenation
is also a possibility and could conceivably inhibit tumor response to hyperthermia.

Years later, almost in parallel with the cloning of Hsp110, we undertook the cloning of
Grp170. Analysis of the Grp170 sequence together with one related sequence then available
in the database, an open reading frame from C. elegans, clearly indicated that Grp170 also
represented a new stress protein family that was distantly related to, but different from, both
Hsp70 and Hsp110 families (20). The cloning of Hsp110 and Grp170 therefore revealed a
new and unexpected view of the Hsp70 gene family. We named these distantly related stress
protein families, i.e. the Hsp70, Hsp110 and Grp170 families, the `Hsp70 Super-Family' (1).
Later studies using numerous sequences that became available in the database further
emphasized our conclusions regarding the interrelationships between these three families (1,
27).

In parallel to the protective properties of HSPs, we believed that GRPs, including Grp170,
also possessed protective functions, perhaps protecting cells from damaging effects of long
term hypoxia and ischemia. Indeed, our early studies showed that samples from nectrotic
regions of mouse tumors expressed high (or induced) levels of GRPs. Unexpectedly, this
necrotic material, which was presumed to be largely non-viable, was found to be highly
clonogenic. While the clonogenicity of cells from necrotic material was less than that
obtained from histologically viable tumor regions (that did not show induced levels of
GRPs), the differences were small (24). More direct support for a role for GRPs in
protection came from the observation that a cell line expressing anti-sense Grp78 exhibited
reduced cell viability when exposed to long hypoxic exposures (28). Further, cultured
neurons that overexpress Grp170 have also been shown to be resistant to hypoxic stress,
whereas astrocytes with reduced Grp170 expression levels are more vulnerable (29). It was
recently shown that upregulation of Grp170 effectively ameliorates hepatic ER stress and
hypercholesterolemia-related liver damage (30), which underscores the functional
significance of these large stress proteins in cellular protection during stress responses. The
induction of GRPs, including Grp170, by conditions associated with the ischemic state, such
as glucose starvation, low pH, and hypoxia, suggests important roles for these proteins in
several areas of pathophysiology, e.g., myocardial infarction and stroke as well as tumor
resistance to ischemic conditions and chemotherapeutic agents (26, 31, 32). Protective
functions of GRPs to ischemic/reperfusion injury is a current major area of investigation
(e.g. (33, 34) among numerous other excellent studies).

Grp170 associates with the other major GRPs in the ER and interacts with immunoglobulin
chains (8, 35), implicating its potential involvement in folding/assembly of secretory
proteins in concert with other ER chaperones. Interestingly, Grp170 was reported to be the
most efficient ATP-binding protein in a microsomal extract (36), and to assist polypeptide
translocation into the ER (37). Indeed, yeast Grp170 (Lhs1; Lumenal hsp seventy) is
involved in signal recognition particle (SRP)-independent post-translational translocation of
proteins into the ER (27, 38, 39). These studies provide supporting evidence that Grp170
may participate in polypeptide transport into the ER, which is pre-requisite not only for
protein modification, but also for loading of peptide onto major histocompatibility complex
(MHC) molecules for antigen presentation.
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Chaperoning activity of Hsp110/Grp170
Hsp110 and Grp170 are significantly more effective in inhibiting the denaturation of heat
damaged proteins than other stress proteins. Figure 2 shows the ability of Hsp110, Grp170,
Hsc70 and Grp94 (Gp96) to prevent heat induced aggregation of luciferase, a reporter
protein used for this purpose. It is seen that at a 1:1 molar ratio that Hsp110 or Grp170 are
nearly totally effective in inhibiting heat induced aggregation. This is accomplished through
the formation of chaperone complexes as discussed below.

Predicted secondary structural models of Hsp110 and Grp170 (1, 40, 41) were generated
based on the crystallographic structure of DnaK, the E. coli homolog of Hsp70 (42). The
overall organization of Hsp110 and Grp170 appear similar to that of Hsp70/DnaK with the
strongest sequence homology occurring in the N-terminal ATP binding domain with very
little similarity observed in C-terminal regions (20, 27). These C-terminal domains are
significantly larger in Hsp110 and Grp170 and account for much of the increase in size of
these proteins. There are two highly conserved motifs in these enlarged regions of both
Hsp110 and Grp170. These motifs can be found in many other proteins in the database such
as malarial cell surface protein and viral poly proteins (reviewed in (1)). The purpose of
these motifs is unknown. That both Hsp110 and Grp170 are significantly more efficient than
Hsp70/Hsc70 in stabilizing heat-denatured protein (22, 41, 43–45) may be attributed to the
large size of these two chaperones caused by the expansion of the C-terminal domains of
each.

The regulatory mechanism for chaperoning activity of Hsp70 involves ATP binding and
hydrolysis (42). While Grp170 binds ATP readily, Hsp110 displays a very weak ATP
binding ability (20, 40). Neither Hsp110 nor Grp170 requires ATP for stabilizing unfolded
protein in vitro and both chaperones require rabbit reticulocyte lysate (RRL) to promote
refolding of the bound protein (22, 41). Similar results have been observed in yeast Hsp110
(referred to as Sse1) (46), suggesting that this chaperoning mechanism for these large HSPs
may differ from that of Hsp70, where large HSPs can hold client protein in a folding
competent state for subsequent refolding by other chaperones (specifically Hsp70).

It has long been recognized that Hsp110 exists in large multi-protein complexes that contain
Hsp70/Hsc70 (22, 47, 48), suggesting a potential collaborative action of molecular
chaperones in the maintenance of protein homeostasis. Hsp110's ability to function
cooperatively with Hsc70 and Hdj-1 (a DnaJ homolog) in the folding of luciferase also
supports interactions between chaperone molecules (22). Similar observations were made in
yeast, where Hsp110 Sse1 forms heterodimeric complexes with Hsp70s Ssa and Ssb, and
regulates Hsp70-substrate interactions (49, 50). These studies support the notion that the
Hsp110 participates in many processes associated with Hsp70, and operates in concert with
Hsp70 in cellular functions. Other evidence also comes from recent studies showing that
Hsp110, Hsp70 and Hsp40 constitute a disaggregase machinery, and efficiently disaggregate
and refold aggregates of chemically or thermally denatured protein in vitro and in cell
extracts, emphasizing a crucial role of Hsp110 in counteracting protein unfolding stress (51,
52).

A recent study showed that the deficiency of the Hsp110 impairs the refolding of heat-
denatured luciferase in mammalian cells, and the Hsp110-deficient cells appear to be more
sensitive to various stresses. In contrast, the overexpression of Hsp110 enhances the
recovery of heat-inactivated luciferase (53). Similarly, the expression of Hsp110 suppresses
the protein aggregation and apoptosis induced by expanded polyQ tract (54). Intriguingly,
Hsp110 facilitates cystic fibrosis transmembrane conductance regulator (CFTR) quality
control at an early stage in its biosynthesis but promotes CFTR post-translational folding

Wang and Subjeck Page 4

Int J Hyperthermia. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(55). Thus, Hsp110 plays a dynamic role in folding of newly synthesized protein, the
refolding of denatured proteins, and protection against stress-induced cell death.

Protein folding by Hsp70 is tightly controlled by co-chaperones, including J-domain
proteins that trigger ATP hydrolysis and nucleotide exchange factors (NEFs) that remove
ADP from Hsp70. Recent studies revealed that Hsp110 (56–59) and Grp170 (60–62) can
function as NEFs for Hsp70 or Grp78, respectively, and are important components of the
eukaryotic Hsp70s machinery of protein folding. In light of the fact that Hsp110 and Grp170
exhibit much more efficient activity in holding and preventing aggregation of denatured
proteins compared to Hsp70/Hsc70, it is reasonable to believe that the function of Hsp110 or
Grp170 extends beyond acting as NEFs. A recent report showed that Hsp110 has a strong
preference for aromatic residues in their substrates in contrast to Hsp70 that prefers aliphatic
residues, and Hsp110 binds peptide substrates with exceptionally fast kinetics (63). It is
possible that these large HSPs serve dual roles as chaperones of their own and as co-
chaperones or NEFs for Hsp70s to assist protein folding in a cooperative process (64). So
far, the relative contribution of these two functions to protein folding and translocation
remains less defined.

In addition to assisting with protein folding, Hsp110 may have in vivo RNA chaperoning
properties, regulating mRNA degradation and/or translation of lymphokine and other short-
lived messages (65). Recently, we made a striking finding that extracellular Grp170 is
highly efficient in binding CpG oligodeoxynucleotides (CpG-ODN), the microbial DNA
mimetic sensed by toll-like receptor 9 (TLR9). This interaction potentiates the
internalization of CpG-ODN by macrophages, resulting in the synergistic activation of the
MyD88-dependent signaling. This CpG-ODN chaperone complex-promoted innate
immunity confers increased resistance in Listeria monocytogenes. This work demonstrates
not only the ability of Grp170 to facilitate the sensing of pathogen-associated “danger”
signals by intracellular receptors, but also the dynamics of ancient chaperoning functions
inside and outside the cell (66).

Hsp110/Grp170-based chaperone complex vaccines
In the later 1990s, with our experience in working with Hsp110 and Grp170, we turned our
attention to a potential cancer related application for these stress proteins. Extensive studies
over the last 20 years support a concept that tumor-derived HSP/GRPs are associated with
the individually distinct array of antigenic peptides and can induce tumor-specific immune
response (67–75). Although peptide interactions with molecular chaperones in vivo remain
less defined (76, 77), the antitumor response generated by autologous tumor-derived HSP/
GRPs (e.g., Hsp70, Hsp90, Grp94/gp96, and calreticulin) have been well documented (67,
78–80). Our studies also demonstrate that animals immunized with Hsp110 or Grp170
purified from various murine tumors (methylcholanthrene-induced fibrosarcoma, colon
carcinoma, and melanoma) develop a robust antitumor immune response (81, 82). An
interesting observation was made in our studies that Hsp70 and Hsp110, when purified from
tumors obtained from hyperthermia treated mice, were more effective in inhibiting tumor
growth compared to the same HSPs purified from untreated animals (81).

It has been well documented that a broad spectrum of cancers display increased expression
of HSP/GRPs, possibly induced by the high levels of mutated and misfolded oncoproteins
(83–86). The upregulation of HSP/GRPs in cancer cells may be required to chaperone these
molecules essential for tumorigenesis. Therefore, HSP/GRP preparations from tumors are
expected to carry tumor antigens and offer a personalized, polyvalent vaccine therapy. In
addition to tumor-specific antigenic peptides, it is also anticipated that stress proteins like
Hsp110 and Grp170 that possess the superior capacity to bind client proteins, would
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naturally associate in situ with tumor protein antigens. We transfected mouse colon cancer
cells with a secretory form of Grp170 (discussed below) and purified Grp170 from the
supernatants. Proteomic studies showed that the secreted Grp170 was associated with tumor
protein antigen carried by the tumor model (87), suggesting that large stress proteins may
interact with endogenous antigens and participate in the antigen-processing pathways. It is
also supported by the finding that Grp170 is involved in polypeptide transportation into the
ER through interaction with transporter-associated with antigen processing (TAP) (36, 37).
Our findings are consistent with the recent reports that endogenous Hsp90 binds to truncated
protein antigens or polypeptides (88, 89). Therefore, in addition to HSP/GRP-peptide
vaccines, HSP/GRP-protein interactions can also occur inside the cell and possess anti-
cancer vaccine activity.

Early phase trials of an autologous HSP/GRP vaccine, Oncophage (also known as gp96 or
Grp94) showed the positive results in metastatic colorectal carcinoma (74, 90), metastatic
melanoma (91, 92), non-Hodgkin Lymphoma (93), renal cell carcinoma (94, 95). However,
the phase III trial failed to demonstrate survival benefits in Stage IV melanoma patients (92).
In the introspective analysis, an overall survival benefit is seen within the early stage IV
melanoma patients (M1a, distant skin, subcutaneous or nodal metastasis; M1b, lung
metastasis) (92).

The clinical use of autologous HSP/GRP vaccines is often limited by requirement for a
patient specimen and complex procedures of vaccine preparation (96, 97). As a result, some
patients are unable to participate in this autologous vaccine trial (98). The lack of
information on targeted antigens also limits immune monitoring. Taking advantage of the
exceptional protein-holding capacity of Hsp110 and Grp170 as described above (22, 41), we
developed a recombinant chaperone vaccine by reconstituting Hsp110/Grp170-tumor
protein antigen complexes under heat shock conditions in vitro (43, 99–101). We show that
complexes of Hsp110 and the intracellular domain (ICD) of human epidermal growth factor
receptor 2 protein (HER-2)/neu elicited ICD-specific CD8+ and CD4+ T cell responses (99).
This Hsp110-ICD vaccine was able to significantly delay or inhibit mammary tumor
development in FVB-neu (FVBN202) transgenic mice (100), a high bar for evaluation of
vaccine activity. Similar antitumor efficacy was seen in a parallel study, in which mice with
established B16 melanoma were treated with the Hsp110 complexed with melanoma-
associated antigen gp100. The immunogenicity of this chaperone complex is much higher
than the Hsp110-native antigen mixture, and Hsp110 is more effective as an adjuvant in
promoting antitumor immunity than is Complete Freud's Adjuvant (CFA) (43). Hsp110
complexed with Carbonic anhydrase IX (CA9) protein, a renal cell carcinoma (RCC)
antigen, also generates a potent antitumor response against mouse RENCA tumors (102,
103). Like Hsp110, the reconstituted Grp170-gp100 complex exhibits similar vaccine
potency against aggressive, poorly immunogenic B16 melanoma (101). This recombinant
Grp170-based chaperone vaccine approach has also been validated by others in vaccinations
targeting different tumor-associated antigens (104, 105).

Since these large chaperones efficiently complex with protein antigens at a 1:1 molar ratio, a
highly concentrated recombinant HSP vaccine can be prepared. The protein antigen contains
a large reservoir of potential peptides, which not only can stimulate polyepitope-directed T
and B cells, but also can help circumvent HLA restriction. Since it does not require tumor
specimens for vaccine production, this approach may be used as adjuvant therapy for
patients with completely resected disease or those at high risk for cancer or for recurrence of
cancer. Using well-defined antigens as opposed to whole tumor cells or lysates also
facilitates immune monitoring in the clinic. Importantly, this synthetic approach can serve as
a model to develop vaccines against many different antigen targets, either alone or in
combination. We demonstrate that Hsp110-gp100 complex vaccine, when used in
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combination with Hsp110-Trp2 (i.e. tyrosinase-related protein 2) complex vaccine,
significantly improved antitumor efficacy compared to either of the single vaccine alone
(45). This `piggy backing' of additional melanoma proteins offers the opportunity to
generate highly powerful multivalent anti-melanoma vaccines in a straight forward manner.
We also show that Hsp110 or Grp170 readily forms complexes with antigenic peptides (e.g.,
TRP2175–192), and enhances CD8+ T-cells reactive with this MHC class I-restricted epitope.
However, the protective antitumor effect elicited by the TRP2175–192 peptide vaccine is
much weaker than that achieved by full-length TRP2 protein antigen chaperoned by Grp170
(45). These studies reinforce the concept of delivering tumor protein antigens using Hsp110
or Grp170 to augment multivalent T cell responses for tumor eradication. As a result, a
phase I clinical trial of recombinant Hsp110-gp100 chaperone vaccine for treatment of
human melanoma is underway at the Roswell Park Cancer Institute in collaboration with the
National Cancer Institute.

Basis for Hsp110/Grp170 vaccine-promoted immune activation
One of key features of HSP/GRP function in promoting immune activation is their capability
to shuttle and deliver antigens into the endogenous antigen-processing pathway of
professional antigen-presenting cells (APCs) for cross-presentation (106–108). Capture of
HSP-antigen complexes by APCs, such as dendritic cells (DCs), via receptor-mediated
endocytosis appears to be essential for HSP-facilitated antigen cross-presentation (109–112).
Search for receptors that mediate this process has not revealed a dedicated HSP/GRP
receptor. Instead, several receptors that display a broad ligand binding specificity, e.g.,
CD91, scavenger receptor class A (SRA), LOX-1, and SRECI, have been identified (113–
117), discussed in more detail below). In addition to enhancing antigen delivery and
processing, it has been shown that APC-HSP/GRP interaction can promote phenotypic and
functional maturation of APCs (118–122). Despite the controversy over the intrinsic
stimulatory effect of stress proteins (123), an overwhelming amount of evidence indicates
that upon release from injured or stressed cells, they can serve as immunological “danger
signals” in the extracellular environment (124, 125). Recent studies also support the notion
that Hsp70 triggers innate immunity through TLR signaling in vivo (126, 127). Hsp110 and
Grp170 have been shown to induce upregulation of MHC class II, co-stimulatory molecules
(CD40, CD86), and pro-inflammatory cytokines (IL-6, IL-12 and TNF-α) in DCs (44, 128,
129).

Effective vaccine function of Hsp110 or Grp170 requires three separate steps: 1) the ability
to bind to a tumor protein antigen, 2) the ability to bind to receptors on APCs, and 3) the
ability to cross-present antigen and initiate an antigen-specific immune response. We
hypothesized that different regions of these proteins were responsible for each of these
separate functions. We had already defined the contributions to chaperoning for each of the
structural domains for both Hsp110 and Grp170 (40, 41), and selected Grp170 for this
analysis since it has two separate, non-overlapping chaperoning domains. We examined
which of the deletion mutants containing one or both or neither of the chaperoning domains
was capable of binding to receptors on APCs. It was observed that only mutants with
chaperone function exhibited APC binding properties. We then examined the immunological
activities of these domain deletion mutants using melanoma antigen gp100 and the B16
melanoma model (101). All chaperoning competent mutants were able to generate a potent,
antigen-specific antitumor immune response. Further, immunization with gp100 mixed with
non-chaperone competent mutants showed no tumor-inhibitory activity. Interestingly, two of
the Grp170 mutants contained no overlapping sequences, although both acted as molecular
chaperones that avidly bound to heated gp100. Both bound to receptors on APCs and both
were able to stimulate gp100-specific T cells and inhibit tumor growth. This indicates that it
is not a specific domain or sequence that is responsible for these individual properties, but
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simply the ability to act as a molecular chaperone. Thus, we proposed that the ancient
property of molecular chaperoning is the major common denominator underlying the
immunoregulatory effects of Grp170 and most likely other HSPs as well (Figure 3).

Modulation of tumor immunogenicity by Hsp110 and Grp170
Despite a cellular protective effect of Hsp110 to heat shock, CT26 colorectal tumor cells
stably transfected with Hsp110 (CT26-Hsp110) show increased immunogenicity in vivo and
administration of irradiated CT26-Hsp110 cells to mice results in an antitumor immune
response (130), suggesting that manipulation of Hsp110 expression in tumor cells can
facilitate immune recognition of tumor antigens that otherwise remain immunologically
silent. It is also possible that Hsp110 induction or overexpression in cancer cells increases
endogenous processing and presentation of tumor antigens. Interestingly, the Hsp110
isolated from thermally stressed tumor cells is more efficient in priming an antitumor
immune response than those from untreated cells, suggesting that heat shock may alter
antigenic profiles associated with autologous Hsp110 (81). Hsp110 itself could also serve as
a potential tumor antigen since it is often overexpressed in various cancers and correlates
with the stage of diseases (131–133). Indeed, an Hsp110 DNA vaccine inhibits both CT26
colorectal cancer and B16 melanoma in mice, accompanied with activation of Hsp110-
specific CD4+ and CD8+ T cells (134). It should be noted that in our studies mice treated
with recombinant Hsp110 chaperone complex vaccine only develop a robust immune
response against associated protein antigen, not Hsp110 itself (99).

Genetic modification of poorly immunogenic murine B16 melanoma (44), TRAMP-C2
prostate cancer (135) or CT26 colorectal cancer (87) to express a secretable form of Grp170
(sGrp170) by removing its ER-retention sequence “KNDEL” results in significant
suppression of tumor growth in vivo, which is associated with increased tumor-infiltrating of
CD8+ T-cells. Although the Grp170-modified B16 tumor cells (B16-sgrp170) show no
changes in their transformation phenotypes and growth rate in culture, these cells stimulate
the production of proinflammatory cytokines by DCs (44), implying that released Grp170
may be involved in stimulation of DCs. Our studies show that natural killer (NK) cells are
responsible for elimination of viable B16-sgrp170 tumor cells inoculated into mice, whereas
both NK cells and CTLs are required for a long-term protection from secondary challenge
with wild-type B16 tumors (44). Furthermore, these Grp170-secreting tumor cells, when
used as a cell-based vaccine, exhibit therapeutic efficacy in treatment of mice with
established tumors (44, 135). In this context, Grp170 appears to trigger tumor immunity via
its ability to chaperone and deliver intracellular tumor antigens (44). These observations
support the idea of manipulating cellular compartmentalization of Grp170 to restore immune
recognition and protective tumor immunity.

Given a large repertoire of undefined tumor-associated antigens in cancer cells, Grp170 can
also be exploited to improve molecular-targeted therapy by promoting tumor immunogenic
death. We demonstrate that intratumoral administration of a nonreplicating adenovirus
encoding Grp170 (Ad.sgrp170) enhances the antitumor efficacy of melanoma
differentiation-associated gene-7 (mda-7), a cancer-specific, apoptosis-inducing gene with
broad-spectrum antitumor activity (136, 137). This combinatorial treatment generates
systemic antitumor immunity, indicated by an increased antigen-/tumor-specific CTL
response, enhanced protection against subsequent tumor challenge, and improved control of
distant tumors. These data provide rationale for optimizing tumor cytotoxic therapy by
concurrently targeting the immune environment using Grp170 as novel immune modulators,
which may help achieve more efficient tumor eradication and prevention of tumor
recurrence.
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Tumor escape may result from loss of immunogenicity of cancer cells and/or the
establishment of an immunosuppressive state within the tumor microenvironment (TME)
(138, 139). We recently showed that strategic incorporation of a pathogen-derived `danger'
signal into the Grp170 sequence markedly enhances its potency in driving and/or restoring
antitumor immunity in the TME (140). This chimeric chaperone created by fusing Grp170
with the defined NF-κB-activating domain of Flagellin (141), termed Flagrp170, not only
maintains highly efficient antigen-holding ability, but also possesses a strong capability to
activate DCs. Intratumoral administration of adenoviruses expressing Flagrp170 induces a
superior antitumor response against B16 melanoma and its distant lung metastasis compared
to either unmodified Grp170 or Flagellin. The enhanced tumor destruction is accompanied
with significantly increased tumor infiltration by CD8+ cells as well as elevation of IFN-γ
and IL-12 levels in the tumor sites. The mechanistic studies reveal that CD8+ DCs are
required for the improved T-cell cross-priming. Studies are under way to define the
molecular actions of this chimeric chaperone in subverting tumor-associated
immunosuppressive mechanisms and promoting highly immunostimulatory presentation of
tumor antigens in the TME (140).

Interestingly, certain HSPs, such as Hsp60 and Hsp70, have been reported to display
immunoregulatory effects and induce anti-inflammatory, immunosuppressive Foxp3+

regulatory T cells (Treg) (142–145). It is possible that the immunostimulatory or
immunoregulatory consequences induced by these HSPs are context dependent or may be
determined by the conditions in which the HSPs are presented to the immune system.
Whether these large HSP/GRPs may also stimulate Treg in the setting of therapeutic
vaccination against tumor antigens is not clear, and needs to be examined in the future
studies.

Hsp110 and Grp170-binding receptors and vaccine design
Scavenger receptors are a major set of receptors identified to mediate the binding and
internalization of HSP/GRPs by APCs (115–117, 122, 127, 146). We showed that SRA,
which is primarily expressed on myeloid DCs and macrophages, binds Hsp110 and Grp170
(147). As a prototype scavenger receptor, SRA is known to bind a broad range of
polyanionic ligands, including oxidized lipoproteins, pathogen-associated molecules, and
apoptotic cells. The observation of SRA interaction with Hsp110/Grp170 prompted us to
investigate the effect of SRA on activities of these large stress protein vaccines in vivo. It
was anticipated that removal of a receptor of these stress proteins would result in a partial
reduction in immune activity. Surprisingly, genetic ablation of SRA was found to strongly
enhance antitumor immune responses generated by vaccination with autologous tumor-
derived Grp170 or recombinant Grp170-gp100 chaperone complex (148). SRA absence also
improves the therapeutic efficacy of the Hsp110- or Grp170-gp100 vaccines in mice
established with B16 melanoma (149). In addition, the lack of SRA restores the immune
recognition of several poorly immunogenic mouse tumors, which is mediated by CD8+

CTLs and APCs with phagocytic activity (148). The enhanced antitumor immunity was
similarly seen in SRA-deficient mice treated with vaccines formulated using
monophosphoryl lipid A (MPL), a detoxified form of Lipopolysaccharide (LPS) that
selectively activates the toll-like receptor 4 (TLR4) signaling pathway (150). In addition to
suppressing the activation of CTLs, the presence of SRA inhibits MPL-induced T-helper 1
(Th1) response, indicated by enhanced production of IFN-γ, not IL-4 or IL-17, by antigen-
specific CD4+ T cells in SRA-deficient mice (151). These findings suggest that SRA
dampens the immunostimulatory activities of adjuvants of both foreign- or self-origins.
Indeed, our recent studies of concanavalin A-induced hepatitis demonstrate that SRA loss
increased mortality and liver pathology correlates with excessive production of IFN-γ and
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heightened activation of T cells (152), underscoring the role of SRA as an immunoregulator
that may promote tolerance.

The presence of SRA reduces the immunostimulatory activity of DCs by decreasing
expression of co-stimulatory molecules and production of proinflammatory cytokines or
chemokines, which results in reduced antigen cross-presentation and attenuation of CTL
response to tumors (149, 150, 153). Mechanistic studies reveal that SRA suppresses TLR4
ligation-induced NF-κB activation in DCs by interfering with the trimerization and
ubiquitination of TNF receptor-associated factor 6 (154). NF-κB activation has been shown
to be essential for the functional activation of DCs (155), and TLR4 signaling plays a pivotal
role in the cross-presentation of tumor cell-associated antigens by DCs following cancer
therapies, e.g., radiotherapy or chemotherapy (156).

The immunosuppressive activity of SRA in DC functions makes it an appealing target for
cancer immunotherapy. Our proof-of-principle studies demonstrate that downregulation of
SRA in DCs enhances the immunostimulatory activity of a DC vaccine (157). We show that
SRA-silenced DCs carrying melanoma antigen gp100 are more efficient than controls in
mobilizing antigen-specific CTLs, leading to improved control of established melanoma and
its metastases. This enhanced antitumor efficacy correlates positively with greater tumor-
infiltrating CD8+ T cells and NK cells, as well as increased intratumoral ratios of effector T
cells to regulatory T cells (157). In addition, in situ administration of SRA-silenced DCs
enhances the effectiveness of local radiotherapy by provoking a robust systemic antitumor
immunity (158). SRA downregulation also profoundly increases the immunogenicity of DCs
exposed to the Hsp110-gp100 complex vaccine (Qian et al., unpublished data). These
promising results provide a rationale for developing novel SRA-targeting approaches to
improve the antitumor potency of immunotherapy, including large HSP-based vaccines.

Summary
The large stress proteins, Hsp110 and Grp170, exhibit structural similarities as well as
differences from Hsp70. Early studies suggest an important role for these large stress
proteins in collaboration with smaller HSPs and GRPs in protection from heat shock and
chronic ischemia. The most distinctive feature of these large stress proteins is their superior
ability to hold denatured protein, which represents a crucial factor involved in their
immunological functions and serves as an important basis for developing recombinant
chaperone complex vaccines for potential treatment of cancer and infectious diseases.
Further studies are needed to better understand the activities of these conserved large
chaperones in biological and immunological responses, which should provide opportunities
to design a new generation of large HSP/GRP-targeting approaches to enhancing immune-
mediated tumor control. It is conceivable that Hsp110/Grp170-based vaccines for
immunotherapy may be rationally combined with other cancer treatments (e.g.,
radiotherapy, chemotherapy) to achieve an improved, multivalent antitumor response. Other
strategies to overcome cancer-induced immunosuppressive mechanisms should also be
considered to enhance therapeutic outcomes.

Lastly, the potential involvement of multiple HSP/GRP-binding scavenger receptors and
their distinct effects on Hsp110/Grp170 vaccine-induced immune responses reflects the
complexity of the immune system and its regulatory mechanisms. In addition to the immune
suppressive properties of SRA, other scavenger receptors, i.e., LOX-1 and SRECI, which
are also known to bind to these large chaperones and have been reported to mediate Hsp70-
assisted antigen cross-presentation, should be investigated in the future (115, 127, 159). It is
possible that different scavenger receptors have different immune regulatory functions.
Nonetheless, identification of SRA as an immune suppressor provides a novel target for
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intervention to optimize the current large chaperone complex vaccines and other cancer
immunotherapies.
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Figure 1.
Induction of HSPs by heat shock and GRPs by chronic hypoxia in CHO cells. Protein
synthesis was examined using 35S-methionine pulse assays, followed by SDS-
Polyacrylamide gel electrophoresis and autoradiograph analysis. Left panel reproduced from
Subjeck et al, British Journal of Cancer, Suppl 5, 1982. Right panel unpublished.
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Figure 2.
The chaperoning effects of various stress proteins as indicated by their ability to bind to and
inhibit the heat induced aggregation of luciferase (Luc). It is seen that Hsp110 and Grp170
are almost totally effective at a 1:1 molar ratio in inhibiting Luc aggregation. Aggregation is
determined by light scattering.

Wang and Subjeck Page 21

Int J Hyperthermia. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A schematic indicating the central role of molecular chaperoning by large stress proteins in
many cellular functions, including thermotolerance and immune modulation, which are
discussed in this report.
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