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Abstract

As an endoplasmic reticulum heat shock protein (HSP) 90 paralogue, glycoprotein (gp) 96
possesses immunological properties by chaperoning antigenic peptides for activation of T cells.
Genetic studies in the last decade have unveiled that gp96 is also an essential master chaperone for
multiple receptors and secreting proteins including Toll-like receptors (TLRs), integrins, the Wnt
co-receptor, Low Density Lipoprotein Receptor-Related Protein 6 (LRP6), the latent TGFp
docking receptor, Glycoprotein A Repetitions Predominant (GARP), Glycoprotein (GP) Ib and
insulin-like growth factors (IGF). Clinically, elevated expression of gp96 in a variety of cancers
correlates with the advanced stage and poor survival of cancer patients. Recent preclinical studies
have also uncovered that gp96 expression is closely linked to cancer progression in multiple
myeloma, hepatocellular carcinoma, breast cancer and inflammation-associated colon cancer.
Thus, gp96 is an attractive therapeutic target for cancer treatment. The chaperone function of gp96
depends on its ATPase domain, which is structurally distinct from other HSP90 members, and thus
favors the design of highly selective gp96-targeted inhibitors against cancer. We herein discuss the
strategically important oncogenic clients of gp96 and their underlying biology. The roles of cell-
intrinsic gp96 in T cell biology are also discussed, in part because it offers another opportunity of
cancer therapy by manipulating levels of gp96 in T cells to enhance host immune defense.
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1. gp96 AND CANCER: INTRODUCTION

Heat shock proteins are a highly conserved group of chaperone molecules involved in
several aspects of cellular homeostasis. Glycoprotein 96 (gp96, GRP94, Erp99,
endoplasmin; thereafter after referred to as gp96) is an endoplasmic reticulum (ER) resident
protein, which belongs to the HSP90 family. Constitutively expressed in virtually all cell
types, gp96 expression is upregulated by interferons [1] and a multitude of stress conditions
that perturb ER functions including, glucose starvation, oxidative stress, ER calcium-store
depletion and the accumulation of misfolded proteins [2, 3]. Moreover, loss of gp96 is
embryonically lethal [4], but this is not surprising, as gp96 is responsible for chaperoning
multiple essential proteins such as TLRs (with the exception of TLR3) [5], Wnt co-receptor
LRP6 [6], GARP [7], GPIb [8] and Insulin-like growth factor [4] as well as majority of the
a and B integrin subunits [9, 10]. These client proteins of gp96 (Fig. 1) have been described
to function at various stages of cancer development, indicating that gp96 plays a crucial role
in oncogenesis, as would be discussed in depth later in this review.

Gp96 was discovered by multiple groups initially as a protein induced strongly in cells upon
glucose starvation [11] and as a major calcium-binding protein in the ER [12], as well as the
most abundant ER-resident protein [13]. Subsequent work identified gp96 as an active tumor
rejection antigen that can induce resistance to tumor transplants in specifically immunized
syngeneic recipients. Purified gp96 from two antigenically distinct chemically-induced
sarcomas elicited tumor-specific immunity [14]. Previous work by our group and others have
provided evidence for the immunological roles of extracellular gp96 [15-18], thus, a brief
overview ensues followed by more in-depth discussions on the cell-intrinsic roles of gp96 in
cancer. Moreover, loss of cellular integrity is often associated with efflux of HSPs into the
extracellular environment. While multiple mechanisms have been proposed, the most
rational explanation for extracellular HSPs is necrosis; a commonality among all cancers
[19]. The finding that HSPs isolated from cancer or virus infected tissues, but not healthy
tissues, are capable of eliciting an immune response indicates potential cross-talk between
extracellular HSPs and the immune system [20]. Gp96, and to a larger extent the HSP90
family, chaperones a broad array of peptides including both normal and altered proteins [21].
Interestingly, vaccination with only purified HSPs did not elicit an immune response [22].
However, isolated gp96 cDNA from normal and tumor samples showed no noticeable
differences in immunogenicity [23], and when HSPs were complexed with peptides, even
poorly immunogenic peptides gained immunogenicity [22]. Together, these studies
conclusively demonstrate a system in which both aspects of the HSP-antigen complex are
required to mount an effective immune response.

Mechanistically, it was still unclear how HSP-antigen complexes conferred immunity. Two
pieces of evidence hinted at the existence of an HSP-specific receptor: (i) immunization with
extremely low concentrations of antigens chaperoned by HSPs, but not other proteins could
elicit a T cell response; and (ii) inhibition of antigen presenting cells (APCs) abrogated
HSP-peptide immune responses [24-26]. Support for this hypothesis arrived from multiple
experiments. First, it was shown that macrophage uptake of gp96-peptide complexes results
in MHC class I presentation of the peptide [20]. Second, competitive binding assays were
utilized to show HSP affinity to APCs. Third, CD91 was identified as a de facto global
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receptor for the HSP family [27]. These findings gave credence to a model whereby the
HSP-peptide complex is phagocytosed by the APC, processed intracellularly and presented
to cognate CD8" T cells via MHC class I. Interestingly, depletion of CD4* T cell
populations during the effector phase but not during the priming phase of immunization,
ablated the effectiveness of tumor-derived gp96 vaccination [25]. Soon, cross-presentation of
gp96-chaperoned peptides via MHC class 11 molecules were demonstrated experimentally
[28, 29]. Combined, these findings indicated that the presence of CD4* T cells are essential
to support CD8* T cell-mediated effector functions, but not required for the initial HSP-
mediated priming of antigen-specific responses.

The extracellular roles of gp96 in immune responses have received well-deserved attentions
for some time now [26]. Moreover, current work utilizing genetic knockout (KO) strategies
have revealed exciting cell-intrinsic roles of gp96 in innate immunity, inflammation,
cytoprotection, development, stemness and oncogenesis [5, 18, 30-32]. This review will
mainly focus on the cell-intrinsic roles of gp96 in cancer development, as the basic aspects
of gp96 ER function such as calcium homeostasis, mechanisms of protein folding and
quality control have already been reviewed extensively elsewhere [33, 34].

2. GP96 CANCER-ASSOCIATED CLIENTELE

2.1. TLRs

Toll-like receptors are a type of pattern recognition receptors (PRRS) that recognize specific
pathogen-associated molecular patterns (PAMPs) commonly present in microbes to initiate
downstream immune responses. Thirteen members of the TLR family have so far been
described in mammalian cells (TLR1-TLR10 in humans, TLR1-TLR9 and TLR11-TLR13 in
mice). Whereas TLR3, TLR7, TLR8, TLR9 and TLR13 are localized primarily within
endolysosomes and recognizes nucleic acids [35], the rest of the TLR family proteins are
present on the cell surface and they largely recognize microbial membrane components.
TLRs are also expressed on various immune cells, including T and B cells [36, 37], dendritic
cells (DCs) [38], macrophages [39] as well as some non-immune cells such as fibroblasts
and epithelial cells [40]. Upon encounter with specific microbial molecules TLR receptor
are activated and initiate downstream signaling via MyD88-dependent or -independent
pathways [41]. The identification of TLRs advanced the field of immunoadjuvants greatly,
as most microbial immunoadjuvants work through TLR ligands [30], [42, 43]. Thus by
controlling most TLRs as well as professional APCs, gp96 modulates both the innate and
adaptive components of the immune system. Indeed, multiple studies have demonstrated
gp96 to chaperone both cell-surface and intracellular TLRs [5, 9, 44, 45] as well as regulate
the proteolytic processing and conformational stability of TLR9 [37, 46]. Moreover, gp96
plays a multi-faceted role in TLR9 biology, as its inhibition leads to a reduction in TLR9
signaling, although gp96 remains associated with TLR9 during trafficking to lysosomal
compartments. Furthermore, inhibition of gp96 function also leads to increased sensitivity of
TLR9 towards proteolytic degradation [46]. An important mode for the regulation of TLRs
is localization and trafficking, which can be regulated in part by chaperones such as gp96.
For example, the well characterized toll-like receptor, TLR4, cycles between the Golgi and
plasma membrane until engaged by LPS [47], and the interaction between TLR2 and TLR4
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ligands with the N-terminal domain of gp96 amplifies both innate and adaptive immune
responses [48]; however, gp96 requires a co-chaperone for optimal TLR signaling under
certain circumstances. For example, PRAT4A (protein associated with toll-like receptor 4)
acts as a substrate-specific co-chaperone for gp96, and associates with TLR4/MD-2, for
TLR4 cell surface expression [43, 49]. Further, a 2002 article by Vabulas ef a/., commented
on how HSPs such as gp96 could act as ligands of TLRs, thus suggesting that both the innate
and adaptive immune systems can be stimulated with the same ligand simultaneously [50].

TLRs are the most studied PRRs that recognize PAMPS in the context of cancer
immunotherapy. This is partly due to their intrinsic roles on tumor cells, as well as their
extrinsic roles on the various immune cells found within the tumor microenvironment. For
example, activation of TLR9 heightens breast tumor cell proliferation and invasive
phenotype [51]. TLR9 has an inverse effect in neuroblastoma cells /n vitro and in vivo, as
evidenced by reduced proliferation and increased apoptosis [52]. Intriguingly, TLRs that are
expressed on immune cells are also expressed by glioma cells, and the same TLRs (TLR2,
TLR4 and TLR9) have a tumor-promoting role in the biology of these tumors [41]. As gp96
expression is increased in multiple malignant cancers [53], it suggests gp96-regulated TLR
signaling to be involved in cancer oncogenesis. As such, more research to support earlier
work into gp96-based cancer vaccines [54] would further advance the field and aid our
efforts to develop clinically relevant gp96 therapies.

Cancer vaccines are designed to introduce antigen in combination with adjuvants to activate
DCs either ex vivo or in situ [55]. DCs are crucial for the initiation of adaptive immune
responses, and are present in both mouse and human tumors [56]. The priming of cytotoxic
T lymphocytes (CTLs), which are essential for antitumor immunity require DCs. As
professional APCs, DCs recognize PAMPs [57, 58] and impaired cytokine production by
DCs has been linked to cancer progression; thus, increasing cytokine secretion may inhibit
cancer progression [59]. Indeed, Kuhn et al reported that only polyl:C and monosodium
urate (MSU) plus Mycobacterium smegmatis rapidly induced monocyte-derived DCs in
draining lymph nodes (LNs), which in turn increased the antitumor activity of CTLs [59].
TLR agonists are effective adjuvants since they activate the innate immune response. This
activation can be harnessed to successfully treat a variety of skin cancers such as basal cell
cancer, squamous cell carcinoma and malignant melanoma [60]. TLR9 agonists enhance
anti-tumor immunity and inhibit tumor-associated immunosuppressive cell in a mouse
cervical cancer model following recombinant lipoprotein therapy [61]. A review by
Goutagny et al highlighted the plethora of ways in which PRRs such as TLRs can be
targeted in cancer immunotherapy [62]. Indeed, immunotherapy is one of the more
promising therapeutic strategies for the treatment of human gliomas. In 2010, a CpG phase
Il clinical trial was completed for patients with recurrent glioblastoma multiforme (GBM),
where the therapy was well tolerated and a modest increase in survival rate was observed
[41]. Since gp96 is an essential chaperone for nearly all of the TLRs, it logically follows that
gp96 has a key role in potentiating TLR functions in adjuvant therapies. Furthermore, the
greater specificity of gp96 in binding to substrates suggests manipulation of its client-
binding domain (CBD), as an alternative strategy of targeted therapy for variety of diseases
such as cancer [45].
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2.2. Integrins

2.3. LRP6

Integrins are cell-adhesion receptor molecules that mediate cell-cell, cell-extracellular
matrix, and cell-pathogen interactions. They are non-covalently associated heterodimeric
cell surface glycoproteins, consisting of a and B subunits. In humans and mice, there are 24
known ap integrin pairs formed by 18 a subunits and 8 B subunits [63]. This diversity in
subunit composition contributes to variations in ligand recognition, binding to cytoskeletal
components and coupling to downstream signaling pathways. Elevated expression levels of
integrins have been observed in tumors, which positively regulate their survival,
proliferation, angiogenesis, migration and invasion [64—77]. These findings have made
integrins the focus of intense investigation, both as cancer prognostic biomarkers and as
potential therapeutic targets in malignancies. Integrin inhibitors, including antibodies,
peptides and non-peptidic compounds have demonstrated promising results in preclinical,
phase | and phase Il clinical studies [78-87].

To date however, the clinical benefit of integrin inhibitors in phase I11 clinical trials has been
disappointing. In part, this is thought to be due to the difficulty in targeting multiple
integrins simultaneously. Recent studies show that the assembly and maturation of the
majority of integrins is dependent on gp96 [5, 37, 45, 88]. The al domain (AID), a ligand
binding domain shared by seven of the eighteen a integrin subunits, has been shown to be a
critical region for integrin binding to gp96, suggesting that the AID may play an important
role in gp96-dependent maturation and cell surface expression of integrins [10].
Furthermore, the a7 helix region is crucial for AID binding to gp96. A cell-permeable a7
helix peptide competitively inhibits the interaction between gp96 and multiple integrins,
reduces cell surface expression of multiple integrins and blocks cell invasion [10]. This is the
first evidence to suggest that targeting multiple integrins may be an important strategy in
developing useful cancer therapies. However, further studies are warranted to ascertain the
therapeutic potential of this compound, including enhancing its intracellular delivery, its
binding affinity to gp96 and its /n vivo bioavailability and anti-cancer activity. Chaperone-
based and client-specific inhibitors could potentially hold promise as new classes of
therapeutics against cancer in the future.

In an effort to expand the client network of gp96, Liu, et a/., took an unbiased approach to
immunoprecipitate gp96-clientele complex from a preleukemia B cell line, 14.GFP [6]. A
tandem mass spectrometry (MS/MS) was performed to identify gp96-associated proteins.
Unexpectedly, they discovered a strong interaction between gp96 and MesD [6]. MesD, so
named after its critical role in mesoderm formation during early embryogenesis, has been
shown to be a critical chaperone for the surface expression of LRP6 [89]. Furthermore, they
found that gp96 interacts with LRP6, a co-receptor for the cell surface Wnt receptor,
Frizzled, which is required for canonical Wnt signaling [90]. After maturation and surface
expression, LRP6 undergoes y-secretase—dependent regulated intramembrane proteolysis
(RIP) to liberate its extracellular and intracellular domains [91]. In WT mice, LRP6
undergoes RIP to release its extracellular domain. Two forms of full-length LRP6 were
identified in WT cells: Endoglycosidase H (Endo H)-resistant surface LRP6 and Endo H-
sensitive LRP6 in the ER. In contrast, LRP6 does not undergo RIP or translocate to the cell
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surface in gp96 KO cells, as evidenced by the complete sensitivity of LRP6 in gp96KO cells.
In further support of this conclusion, surface biotinylation followed by avidin pull-down and
immunoblot failed to detect LRP6 on the surface of gp96 KO cells, although the same
method detected similar amounts of transferrin receptor and Wnt receptor frizzled-4 (Fzd4)
from WT and KO cells. Consistent with the loss of LRP6 and Wnt signaling, gp96 KO cells
failed to upregulate Ax/in2mRNA in response to Wnt-3a. In contrast, Wnt-3a treatment led
to a dose-dependent upregulation of AxinZ mRNA in WT cells [6].

2.4. Insulin-Like Growth Factors

Other documented clients of gp96 include, the insulin-like growth factors, which are small
molecular polypeptides that play important roles in cellular differentiation and metabolism
[4]. Both insulin-like growth factor-1 and — Il were demonstrated to interact with gp96 and
are not secreted in the absence of gp96 [4, 33, 92]. Indeed, conditional deletion of gp96 in
striated muscle led to a systemic reduction of IGF-1, which resulted in smaller muscle
growth and body size [93]. However, the roles of insulin-like growth factors in gp96-driven
cancer have not been established.

2.5. Platelet Glycoprotein Ib Complex

2.6. GARP

In defining the roles of gp96 in hematopoiesis genetically, our group unexpectedly
discovered that loss of gp96 causes macrothromobocytopenia in mice, a condition that
resembles the human Benard-Soulier syndrome [8]. Further studies established that gp96 is a
critical chaperone for the folding of platelet glycoprotein 1b complex, which is composed of
GPlba, GPIbg, GPV and GPIX molecules [8]. Known functionally and structurally as a Von
Willebrand factor receptor (VWFR), GPIb-V-I1X complex is critical for platelet activation
and hemostasis [94]. Interestingly, GPlba was also reported to be ectopically expressed by
various cancer cells of non-megakaryocytic cell lineage. Moreover, the cancer-associated
GPlba gene appears to be a transcriptional target for the c-Myc oncoprotein and can
substitute for c-Myc in promoting growth, transformation and genomic instability [95]. It is
unclear however, whether the pro-oncogenic roles of GPIba gene product, which apparently
does not depend on the functional receptor for VWFR, requires the chaperone function of
gp96.

In addition to the aforementioned clients, we have shown recently that the novel latent
transforming growth factor-beta (LTGFB) docking receptor, GARP also known as LRRC32
(Leucine Rich Repeats Containing 32) is chaperoned by gp96 [7]. GARP is known to bind to
latent TGFP on the surface of Foxp3* regulatory T cells (Tregs) and activated platelets [96].
GARP is located on chromosome 11q 13.5-14.1 in humans and 7F in mice; this is a region
of synteny conserved between the two species. The GARP gene encodes for an 80 kDa
transmembrane protein (663 amino acids) with an extracellular region made almost
exclusively of 20 leucine rich repeats, a transmembrane domain and a short intracellular
carboxyl-terminal tail of only 15 residues [97]. Structural biology studies showed that the
association between latency-associated peptide (LAP) and GARP occurs through Cys192
and Cys331 present on the 71 and 121" LRR sites of GARP respectively [98]. As a latent
TGFp binding protein, the role of GARP has been linked directly to the bioavailability and
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activation of TGFp. Regarding its immune modulatory properties, Foxp3 and GARP have
been described as “the master and its minion” respectively [99]. Our ongoing work suggests
that retroviral overexpression of GARP in naive CD4* T cells leads to stable reprogramming
of these cells towards the induced regulatory T cell subset (unpublished observation).
Additionally, surface expression of GARP is essential for the maintenance and function of
Treg cells [96]. Using Treg-specific gp96 KO mice, we demonstrated recently that gp96 is
essential for the cell surface expression of GARP on activated Tregs and that loss of gp96
results in instability of the Treg lineage [7]. GARP is also partially responsible for the
suppressive capacity of regulatory T cells via regulation of TGFp bioavailability. Indeed
upon T cell receptor stimulation, GARP forms a complex with LTGFf that subsequently
undergoes shedding from the cell surface of regulatory T cells to yield a soluble GARP-
LTGFpB complex [10]0. Soluble GARP then prevents T cell-mediated destructive
inflammation by enhancing Tregs and inhibiting effector T cell activity in a preclinical
humanized mouse model of xenogeneic graft-versus-host disease (GVHD) [101]. However,
it is unlikely that loss of the tolerogenic function of gp96 KO Tregs is mediated solely by the
absence of GARP (discussed later).

3. ROLE OF GP96 IN CANCER

3.1. Cancer-Associated Cell Surface Expression of gp96

Cell surface expression of gp96 in cancer was first described thirty years ago as a tumor
rejection antigen. [14] Despite its role in the endoplasmic reticulum, it was confirmed that
gp96 was anchored to the cell surface with the KDEL ER localization sequence intact [18].
Moreover, it was determined that gp96 can be expressed on the surface of cancer cells in
response to stress similar to gp96 in the ER lumen [18]. In the years following, surface gp96
was observed to correlate with increased tumor immunogenicity [17] and subsequently
shown to present peptides for an anti-tumor immune response [102], suggesting a key role
for surface gp96 in immune responses against tumors. Continuing along the topic of
immunity, we reported that surface gp96 was involved in DC maturation leading to
inflammation and an increase of antigen presenting molecules and costimulators [103]. In
the same study, overexpression of surface gp96 in tumor cells resulted in tumor regression
through T lymphocytes (Fig. 2) [103]. We further demonstrated in a subsequent study that
surface expression of gp96 promotes antigen presentation, which leads to increased memory
T cell development [15]. Delving further into the relationship between surface gp96 and T
lymphocytes, Banerjee et al detected surface expression of gp96 on antigen presenting cells
and discovered its role in skewing activated T cells to the Th2 subset [104]. Accordingly, T
cell proliferation and cytokine secretion was abrogated when surface gp96 was blocked
[104]. Together, these data suggest a role for tumor-specific surface gp96 in the activation of
dendritic cells and differentiation of Th2 cells, and presents a promising target for cancer
immunotherapies.

Thus far, investigators have pursued several avenues of gp96-based antitumor therapies.
Efforts began with cancer vaccination using tumor-derived gp96 [105]. An initial study
showed that immunotherapy with gp96 was highly effective in inducing an antitumor

immune response in mice bearing methylcholanthrene-induced fibrosarcomas (Meth A
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tumors), although this was only efficacious when given early in the tumor model course, or
in conjunction with surgery [54]. Another study showed that photodynamic therapy
increased surface expression of HSPs including gp96, which then contributes to therapeutic
outcome via induction of inflammation and immune responses [106]. In addition, activated
T cells and natural killer (NK) cells were shown to mediate antitumor immune responses
against multiple myeloma [107] and lung cancer [108] when stimulated with dendritic cells
pulsed with tumor-derived gp96. In the aforementioned cancer models, the primed cytotoxic
T cells remained efficacious in attacking tumor cells, even after challenging a second time.
The recent surge in development of gp96 inhibitors offers great therapeutic promise.

3.2. Monoclonal Antibodies Against gp96

The therapeutic targeting of surface gp96 in tumors has gathered momentum with the recent
development of specific monoclonal antibodies shown to have potent gp96 inhibitory effects
and consequent anti-tumor activities. Although pan-specific HSP90 inhibitors and even
paralog-selective gp96 inhibitors are available, the problem with toxicities and off-target
effects means developing monoclonal antibodies could provide alternative strategies to
attenuating gp96 functions in cancers. Sabbatino ef a/. recently developed a novel
monoclonal antibody (W9 mAb), which selectively targets the extracellular epitope of gp96
that is not detectable on normal cells but highly expressed on malignant cells. Further work
demonstrated that W9 mAb can increase and restore sensitivity of human B-RAFY600E
melanoma cells to B-RAF inhibitors [109]. A different study also demonstrated use of
another monoclonal antibody, gp96 monoclonal antibody (gp96 mAb), to interfere with
gp96-dependent HER?2 dimerization and phosphorylation in breast cancer, and to induce
anti-proliferative effects in HER2-driven cell growth both /in vitroand /n vivo [110]. The
overall knowledge accumulated over the last thirty years across multiple cancer types
provides strong emphasis for pushing forward development of useful extracellular gp96
modulators for clinical therapies.

3.3. Selective gp96 Small Molecule Inhibitors

Heat-shock protein-targeted inhibitors where initially anticipated to lack specificity and
cause damage to normal as well as tumor cells, due to the abundance and ubiquitous
expression of HSPs in most, if not all normal human cells. However, identification of
geldanamycin (GM), a small-molecule inhibitor of HSP90 showed that tumor cells were
more sensitive to HSP90-targeted drugs than untransformed cells. The selectivity of GM was
demonstrated when low concentrations of the drug was described to induce differentiation,
reduce cell proliferation and induce apoptosis by specifically binding to the N-terminal
ATPase pocket of HSP90 [111]. Multiple groups later described unique gp96 expression
patterns in various cancers, and this correlated clinically with advanced stage and poor
prognosis in a variety of cancers including head and neck cancer [112], gallbladder cancer
[113] and breast cancer [110]. Further work closely linked gp96 with promoting the growth
and metastasis of cancers such as hepatocellular carcinoma [114], multiple myeloma [115],
ovarian cancer and inflammatory colon carcinomas [116]. Since the identification of GM,
multiple pan-HSP90 inhibitors have been developed and shown to disrupt various biological
processes dependent on their functions [117]. However, the lack of selectivity ignited great
interests in identifying paralogue-selective HSP90 inhibitors. Such inhibitors are predicted
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to interfere less with HSP functions in normal cells and therefore cause less toxicity, which
should allow for the administration of higher drug doses and perhaps greater anticancer
activity.

Among these, 5’ - N-ethylcarboxamidoadenosine (NECA) was described to open up a cavity
that can be accessed by the 5”- A-ethylcarboxamido moiety of NECA in gp96, but not in
HSP90 [118]. Other compounds such as Compound 2 and Radamide can also access the
unique 5’-hydrophobic pocket within the ATP-binding site of gp96 in a similar manner to
NECA [119, 120]. Recently, Patel et a/. also described novel purine-based ligands that were
more than 100-fold selective for gp96 over HSP90a/B. Moreover, biochemical and
crystallographic studies have showed that gp96 and other HSP90s do adopt distinct
conformations and hydrolyze ATP differently when bound to nucleotides [121], despite the
high degree of sequence conservation within their ATP-binding pockets. This
conformational flexibility of gp96 allows the identified ligands to ‘freeze’ the protein in a
state that unveils a unique pocket in gp96 due to a five amino acid (QEDGQ) insertion.
Based on a strategy that combined library screening of purine-scaffold compounds and
structural studies, new gp96 inhibitory ligands PU-H54, PU-WSI3 and PU-H39 were
identified and described to have distinct structural features in the ATP-binding pocket;
notably, Phe199 is swung away from the binding-pocket to reveal a deep hydrophobic cleft.
A backward bend conformation is adopted by the X2-Ar functional group on PU-H54 that
allows it to insert into the hydrophobic cleft and consequently stabilized upon contact with
gp96 residue. Importantly, these distinct structural properties were not observed in the
crystal structure of HSP90a bound paralog-specific inhibitors. The group then assessed the
activities of their HSP90-paralogue inhibitors in whole cells, having confirmed their
biochemical selectivity. Using the SKBr3 cell line, which expresses high levels of HER2
protein, gp96-selective inhibitors induced significant apoptosis with a notable reduction in
cell viability [121]. Interestingly, no change in HER2 expression was observed in MCF-7
cells in presence of these inhibitors. Perhaps, due to cell specific requirements for HSP90
paralogues in the chaperoning of HER2, which is controlled by changes in the proteome.
Moreover, gp96 was demonstrated to bind to HER2 specifically at the plasma membrane and
stabilizes the protein in high HER2-expressing cells such as SKBr3. By contrast, gp96
inhibitors had little effect on MCF-7 cells due to the low expression of HER2 in these cells.
However, HSP90 inhibitors have profound inhibitory effects in these cells as these inhibitors
target cytosolic HER2. Thus, only membrane but not cytosolic HER2 molecules are
substantially reduced by gp96 inhibition in SKBr3 cells in a time-dependent manner [122].

The selective inhibition of gp96 by PU-H39 was further demonstrated /7 vitro to interfere
with the al domain (a ligand-binding domain shared by seven integrin a-subunits) and
consequently block the invasion of pre-B leukemic cells and RAW264.7 cells [10].
Additionally, the effect of PU-WS13 on gp96 was examined in a xenograft model of
multiple [115] and shown to induce significant apoptosis and to block the growth of multiple
myeloma cells, but not pre-B leukemic cells, thus demonstrating the dependence of
myeloma growth on gp96. These studies experimentally demonstrate the possible clinical
impact of developing gp96-selective inhibitors. They also show the context-specific
advantages of gp96-selective inhibition over pan-HSP90 inhibition, and further emphasize
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the importance of further work to identify additional gp96-selective inhibitors and
monoclonal antibodies.

3.4. Macrophage-Associated Colon Cancer

As both malignant cells and tumor-infiltrating immune cells express gp96, it is thus not
surprising that gp96 plays a dual role in oncogenesis [6]. This chaperone promotes
oncogenesis in a cancer cell-intrinsic fashion via Wnt and integrin signaling, as well as by
enhancing tumor-related inflammation in a cancer cell-extrinsic manner by endowing the
oncogenic functions of macrophages [123]. Macrophages express multiple pattern
recognition receptors such as Toll-like receptors and can respond to TLR ligands to produce
proinflammatory cytokines during infections [124]. Many functions of macrophages are
regulated by TLRs, including cytokine production and antigen presentation [125]. Not
surprisingly, since gp96 is a master chaperone for TLRs and integrins [9, 46], loss of gp96
from macrophages leads to a major perturbation of their function [5, 43, 44]. This has been
demonstrated clearly in macrophage-associated colitis and colon cancer models. There is a
strong clinical association between inflammatory bowel disease (IBD) and an increased risk
of colon cancer [126, 127]. The loss of barrier functions (as is often seen in IBDs) leads to
bacterial translocation across the intestinal wall, which activates macrophages through TLR
ligands such as LPS. It has been postulated that chronic inflammation coupled with
carcinogens triggers the upregulation of gp96 and the functional conversion of macrophages
into tumor-associated macrophages (TAMs), which fuel oncogenesis by producing
cytokines, reactive oxygen species, reactive nitrogen species, etc [123]. It is also known that
TAMs promote cancer invasion and metastasis, while gp96 is strongly induced
simultaneously in TAMs [128-132].

By using macrophage-specific gp96 KO (LysMcegp9eTox/floxy mice, our group
demonstrated that macrophages promote colitis and colitis-associated colon tumorigenesis in
a gp96-dependent manner [116]. These macrophage-specific KO mice were more resistant
to dextran sodium sulfate (DSS)-induced colitis than wild-type (WT) littermates. In response
to the colitis-inducing agent and carcinogen, AOM/DSS, the colonic epithelium of WT mice
harbored a higher level of p-catenin mutations within the exon 3 region of B-catenin, which
was not seen in mice with gp96 deletion in macrophages [116]. Importantly, deletion of
gp96 from macrophages also attenuated the production of IL-6, IL17, IL-23 and tumor
necrosis factor (TNF)-a, as well as induction of genes involved in DNA mismatch repair
pathways [5, 116]. These findings provide evidence that gp96 in TAMs play an important
role in inflammation-driven genetic instability of gut epithelial cells [123]. On the contrary,
gp96 is also involved in maintaining gut microbiota homeostasis and gut immune tolerance.
Due to the tight clinical correlation between IBDs and cancer [126, 127], it was pertinent to
investigate the role of gp96 and macrophages in Crohn’s disease (CD). Moreover, a lack of
gp96 expression in intestinal macrophages from CD patients correlates with loss of tolerance
against the host gut flora leading to chronic inflammation [133]. Thus, gp96 may serve as a
key molecule in mediating gut mucosal immune tolerance. This theory is supported by the
fact that gp96 is induced during differentiation of normal intestinal macrophages, but not
detected in intestinal macrophages in the gut mucosa of CD patients [134]. As gp96 may
have a role in tolerance induction, this observation suggests that downregulation of gp96 is
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responsible for the loss of tolerance against luminal bacteria found in CD patients [134,
135].

3.5. Hepatocellular Carcinoma

As with macrophage-associated cancer mentioned earlier, several recent studies have also
established that gp96 plays important roles in hepatic homeostasis, steatosis and cancer
development [136]. To investigate the role of gp96 in liver, Rachidi et al generated a
hepatocyte-specific gp96 KO mouse model by crossing gp9670%/flox mice with A/b-cre mice.
This strategy was very efficient and achieved greater than 95% deletion of gp96 in the liver
of 6-weeks old KO mice. However, cre-mediated recombination was not 100% faithful,
leaving out a small but definitive percentage of residual hepatocytes which retained gp96
expression [114, 137]. Nevertheless, this model allowed the investigators to discern the
hepatocyte-intrinsic roles of gp96 in the baseline hepatic function, as well as during hepatic
carcinogenesis. Rachidi et al found that gp96 deletion in hepatocytes resulted in a growth
disadvantage, as the percentage of gp96-null hepatocytes in KO mice decreased from more
than 95% in young mice (<6 month old) to less than 5% in aged mice (>12 month old).
During this period of adaptation, a variety of novel metabolic disorders were identified in
KO mice. First, the regenerating gp96-positive hepatocytes underwent profound steatotic
changes, which raised an intriguing possibility that postulates increased metabolic demand
to the liver as the underlying uniform mechanism for non-alcoholic steatohepatitis.

Second, the loss of gp96 resulted in accumulation of ceramide and sphingosine-1-phosphate,
which play important roles in regulating inflammation, tumor growth and stress responses
[138, 139]. These results suggest that gp96 plays important roles in maintaining the
homeostasis of sphingolipid metabolism, which warrants further investigation. Importantly,
this study has also unequivocally demonstrated that gp96 is an oncogenic chaperone in the
liver. In response to diethyl-nitrosamine (DENA), only gp96-positive hepatocytes developed
cancer. The pro-survival roles of gp96 were also confirmed by both genetic and
pharmacological strategies using human hepatocarcinoma cell lines. Consistently, a recent
report by Chen et al., also demonstrated that liver-specific gp96 KO mice develop abnormal
tumor nodules in the advanced age, but only in gp96-positive hepatocytes [140].

The importance of gp96 in liver cancer has also been demonstrated in several other systems.
For example, gp96 overexpression was shown unexpectedly to decrease the stability of the
crucial tumor suppressor, p53, providing a mechanism by which ER stress can promote
instability of the genome [141]. Moreover, molecular epidemiology studies also showed that
there is a consistent elevation of gp96 protein and mMRNA levels with progression from
normal to precancerous to cancerous lesions in hepatocellular carcinoma [142].
Furthermore, supplementation of curcumin, a component of turmeric and curry which are
widely used in food preparations was reported to reduce gp96 expression in liver cancer,
potentially conferring future research into dietary treatments of HCC [143]. Altogether,
gp96 is an important chaperone for hepatic homeostasis and an oncogenic chaperone in
hepatocyte carcinogenesis. As gp96 functions in multiple important oncogenic clienteles
such as TLR, IGF1, Wnt co-receptor and integrin (see below), gp96-targeted therapy may
prove to be a promising therapeutic modality for liver cancer. Such gp96-targeted therapy for
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solid tumors will also be useful in treating hematologic tumors such as plasma cell
malignancies, as the role of gp96 in these cancers is well documented [144].

3.6. Plasma Cell Malighancies

Plasma cell malignancies include multiple myeloma, Waldenstrom macroglobulinemia,
monoclonal gammapathy of undetermined significance (MGUS) and others. Pathogenic
malignant plasma cells characteristically produce large amounts of proteins in the form of
immunoglobulins that require ER chaperones such as gp96 for quality control to prevent ER
stress-induced cell death. Not surprisingly, it was found that gp96 is required for the
pathogenesis of myeloma in a mouse model of disease that was driven by overexpression of
the spliced variant of X-box binding protein 1 (XBP1s) [115]. Mechanistically, it was shown
that gp96 chaperones Whnt signaling co-receptor LRP6, which ensures the long-term survival
of myeloma cells by activating downstream target genes including survivin [145]. Thus, the
dependence on gp96 to survive might be the ‘Achilles heel’ of myeloma, laying a strong
foundation for development of gp96-based inhibitors against this currently incurable disease.
Further work which might identify new targets of gp96, or uncover hitherto unknown
functions of its cancer-associated clients, may open new avenues for developing novel gp96-
targeted therapies.

4. T CELL INTRINSIC GP96: IMPLICATIONS FOR CELLULAR THERAPY
4.1. Regulatory T Cells

Regulatory T cells are a specific lineage of T cells that are generated either in the thymus for
natural Tregs (nTregs) or in peripheral lymphoid tissues for inducible Treg cells (iTregs) that
differentiate from naive T cell precursors [146]. Upon egress from the thymus into
peripheral and secondary lymphoid compartments, T cells are poised to activate the immune
system in response to invading pathogens. Although these responses play essential roles in
pathogen clearance, mechanisms exist to ensure they are directed toward harmful pathogens
while remaining tolerant to self. Suppression by Treg cells that express the transcription
factor, Foxp3, and are critical for maintaining immune homeostasis and tolerance, is one
such mechanism by which activated T cells are prevented from directing immune responses
toward self. Hence, Treg cell-mediated immune suppression becomes an obvious mechanism
that tumors, which are considered “self” tissues, can co-opt in order to limit inflammation
and evade immunosurveillance. Gp96 was initially described to boost antitumor immune
responses which fits its role in the binding and presentation of tumor antigen peptides [14].
However, this immunogenic effect was dose-dependent, and high-dose gp96 immunization
did not have cancer therapeutic effects [14]. Nevertheless, later work by Chandawarkar et al
uncovered that gp96 can also act as an immune regulator when high doses of gp96
immunization (up to 100 pg) were administered [147]. They further demonstrated that
immunization with high doses of gp96 can prevent myelin basic protein- or proteolipid
protein-induced autoimmune encephalomyelitis in SIL mice and the onset of diabetes in
non-obese diabetic (NOD) mice [148]. Similar protective effects were implicated in T cell-
mediated immune disorders including IBD [135] and liver injury [149]. These studies
indicated that gp96 plays different immune regulatory roles in a dose-dependent manner.
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Interestingly, immune regulatory responses upon high-dose gp96 administration can be
adoptively transferred by isolated CD4* T lymphocytes from immunized mice [147, 148].
Not limited to Foxp3* Tregs, CD4*CD25™ T cells isolated from high dose gp96-immunized
mice also retain their immune protective functions on type | diabetes [148]. A recent study
demonstrated that high-dose gp96 immunization of mice significantly enhances Treg cell
frequency and suppressive capacity, which eventually abrogates gp96-induced T cell
activation [150]. Thus, emphasizing the involvement of regulatory T cells in this process.
This immunization strategy provided rapid and long-lasting protection of mice against
concanavalin A and anti-CD137-induced liver injury [149]. Although, the immune
regulatory function of high-dose gp96 immunization was recognized decades ago, the
precise mechanism at both cellular and molecular levels remains elusive. Our group has
developed a unique surface gp96 expression mouse model (gp96'™) to explore this
mechanism. We described recently that regulatory T cell function was enhanced in gp96t™
mice and TLR4 plays a critical role in amplifying Treg cell suppressive function [36]. Our
finding suggests that activation of TLR4 signaling may also contribute to Treg-mediated
immune suppression upon high doses of gp96 immunization.

In contrast to the unclear mechanisms that contribute to the immune regulatory function of
high dose gp96 immunization, the chaperone mechanism of gp96 in maintaining regulatory
T cell function has been clearly addressed. By crossing Treg-specific Foxp3-¢'¢ transgenic
mice with gp96foX/flox mice we discovered that Treg cells cannot maintain stable Foxp3 in
the absence of gp96. These KO mice have impaired suppressive function evidenced by the
development of fatal autoimmune diseases [7]. Moreover, Zhang et al identified that the
folding and biochemical maturation of GARP, a membrane latent-TGF-p (MLTGF-B)
docking receptor, is entirely dependent on gp96 [7]. Further, in gp96-null cells, GARP
cannot exit from the ER and is degraded rapidly due to a very short half-life. In addition,
Tregs with high GARP expression show potent suppressive capacity [96, 151]. As discussed
above, multiple integrins including integrin alpha V and 6 are also client proteins of gp96.
Given the roles of these integrins in the cleavage and activation of latent TGF-p, gp96 most
likely confers regulatory T cell function by controlling TGF- activity via regulation of both
GARP and integrins. These findings suggest that manipulation of gp96 levels in a Treg-
specific fashion might have promising therapeutic implications in controlling autoimmune
diseases and TGF-p-related pathologies such as cancers where TGFf mediates cell invasion
and metastasis. Indeed, our ongoing work suggests that inhibition of gp96 in regulatory T
cells can greatly benefit adoptive T cell transfer therapy (unpublished data).

4.2. Effector T Cells

As the era of T cell immunotherapies for cancer treatment has dawned, our laboratory has
aimed to investigate the role of gp96 in CD4* and CD8™ effector T cell lineages in the
context of adoptive T cell therapies. Along with calreticulin, gp96 was targeted as a cellular
modulator of calcium located within the ER. Gp96 binds calcium within the ER with
moderate binding affinity and may be critical for regulation of calcium-mediated signals
such as mitochondrial activation and subsequent nuclear translocation of NFAT (Nuclear
factor of activated T-cells), and interleukin (IL)-2 transcription within the T cells [27, 152,
153]. Unpublished data from our laboratory implicates gp96 as a key regulator of T cell
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calcium flux upon TCR engagement (Thaxton and Li, manuscript in preparation).
Ultimately, loss of T cell-specific gp96 leads to impaired T cell activation concomitant with
a loss in potential to undergo glycolysis. A downstream effect of gp96 T cell-specific
deletion is the cellular-intrinsic loss of IL-2 production.

Manipulation of T cell metabolic programs is at the heart of the most promising T cell
therapies for adoptive transfer to solid tumors [154]. Specifically, inhibition of AKT has
been shown to cause regression of effector T cell programs toward stem cell-like
characteristics coordinated with increased engraftment and cellular longevity in the tumor
microenvironment [155]. Furthermore, transfer of metabolically shifted cytotoxic T cells
through drug therapy has proven an effective method to alter cytotoxic T cell programs from
effector cell-associated glycolysis to memory cell-associated fatty acid oxidation [156, 157].
Illumination of the role of gp96 in the upstream signaling of mitochondrial activation may
prove critical in future identification of ER-mitochondrial targets for therapeutic intervention
aimed to shift T cell metabolic programs.

5. PERSPECTIVE

As a genetic disorder, cancer is a complicated entity with intrinsic molecular mutations that
render them to escape from normal growth regulation. Additionally, cancer cells often need
to overcome extrinsic factors imposed by the host immune system, known as
immunosurveillance, to progress and metastasize. Paradoxically, during the late stage of
oncogenesis, tumor cells can also recruit inflammatory cells and soluble mediators to
enhance tumor growth. As discussed above, gp96 can promote cancer through a cancer cell
intrinsic manner via folding integrins, Wnt co-receptors, IGFs and other critical pathways.
Gp96 can also promote activation of immune suppressive cells via chaperoning TLRs and
activation of TGFp (through integrin and GARP) (Fig. 3). As a critical molecule linking
protein quality-control to stress and inflammation, gp96 is an attractive target for cancer
therapy. Gp96-selective inhibitors should be particularly useful for cancers with a high
demand for protein folding such as multiple myeloma [115, 145]. They should also be
applicable for cancers with dominant component of inflammation such as inflammatory
bowel disease-associated colon cancer and cancers with infectious etiology including,
hepatocellular carcinoma, bladder cancer and mucosa-associated malignancies.
Understanding molecularly how gp96 folds its clients shall also be essential for designing
and developing better gp96 inhibitors with molecular specificity and cellular selectivity for
clinical translation.
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Fig. 1. Model of gp96 cancer-associated clientele
Gp96, a resident ER protein chaperones TLR1, TLR2, TLR4, TLR5 and TLR6 through the

Golgi apparatus to the cell surface (i) and TLR7, TLR8 and TLR9 to endosomes (ii). Gp96
also chaperones multiple integrins (ap subunits) (iii) and participates in canonical Wnt
signaling by folding the fizzled co-receptor, LRP6 (iv). Recently, gp96 was also shown to be
the key molecular chaperone for GARP (V). For clarity only relevant molecules are depicted.
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Fig. 2. Summary of the roles of membrane-bound and soluble gp96 in adaptive immunity
(i) Tumor-bearing membrane-bound gp96, or soluble gp96 released by tumor cells (ii), can

induce maturation of immature dendritic cells (iDCs) into fully matured DCs (mDCs) via
interaction with gp96 receptors on the surface of DCs. Matured DCs can induce activation of
both CD4* and CD8* T cells, leading to apoptosis of tumor cells (iii). In some cases, LPS-
activated B cells express surface gp96 (iv), which interacts with gp96 receptors such as
CD91 on activated CD4™ T cells (v). Here, surface gp96 acts as a co-stimulatory molecule
for T cell differentiation into the Th2 cell lineage (vi). These cells release Th2-specific
cytokines which provide support for CD8 T cells in mediating tumor cell Killing (vii).
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Fig. 3. Roles of molecular chaperone gp96 in oncogenesis from the vantage point of immunology
Upon TCR engagement in regulatory T cells (Tregs), gp96 mediates the surface expression

of the latent TGF-p docking receptor, GARP (i). Expression of surface GARP provides a
site for further binding and activation of latent TGF-p via multiple mechanisms including,
cleavage by integrins such as a,pg integrins, which are clients of gp96 (ii). Tregs then
mediate suppression of effector CD4* and CD8* T cells via cell-cell contact using
membrane-bound active TGF-f (iii), or soluble active TGF- released upon integrin
cleavage of latent TGF-p from GARP (iv). Treg suppression of the adaptive immune
response promotes tumor progression and the release of active TGF-p mediates epithelial-
mesenchymal transition of normal epithelial cells (v). Furthermore in macrophages, chronic
inflammation coupled with carcinogens triggers gp96 upregulation, which in-turn
chaperones TLRs and augments the induction of tumor-associated macrophages (TAMs)
(vi). TAMs support tumor progression by releasing cytokines including IL-6, IL-17, IL-23
and TNFa (vii). In addition, gp96 plays a major role in the oncogenesis of multiple
myeloma (viii). Gp96 chaperones the Wnt signaling co-factor, LRP6, to the cell surface and
this augments Whnt signaling to inhibit GSK-3p and mediate nuclear translocation of -
catenin (ix). This mechanism promotes excessive proliferation of multiple myeloma cells

().
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