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Summary

Utilization of negative checkpoint regulators (NCRs) for cancer immunotherapy has garnered
significant interest with the completion of clinical trials demonstrating efficacy. While the results
of monotherapy treatments are compelling, there is increasing emphasis on combination
treatments in an effort to increase response rates to treatment. One of the most recently discovered
NCRs is VISTA (V-domain Ig-containing Suppressor of T cell Activation). In this review, we
describe the functions of this molecule in the context of cancer immunotherapy as a target for the
management of inflammatory diseases. We also discuss factors that may influence the use of anti-
VISTA antibody in combination therapy and how genomic analysis may assist in providing
indications for treatment.

Keywords
VISTA; PD-1H; cancer; immunotherapies

Introduction

The approval of antibodies targeting cytotoxic T lymphocyte antigen 4 (CTLA-4) and the
programmed death receptor 1 (PD-1) — programmed death ligand 1 (PD-L1) pathway
revitalized interest in utilizing antibodies against negative checkpoint regulators to counter
the normally suppressive effects of these molecules. VISTA (1) (also known as PD-1H (2),
DDla (3), c10orf54, Gi24 (4), Diesl (5), and SISP1(6)), is one such NCR that is currently
in phase | clinical trials (NCT02671955). Here we summarize the literature and the potential
use of antagonist anti-VISTA antibodies in immuno-oncology and agonists for the
management of inflammation. In addition, we discuss how antibodies targeting NCRs may
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be used in combination with other agents and how genomic analysis can assist in providing
indications for usage.

VISTA structure and expression

VISTA is a type | transmembrane protein consisting of a single N-terminal immunoglobulin
(lg) V domain, an approximately 30 amino acid (aa) stalk, a transmembrane domain, and a
95 aa cytoplasmic tail (1, 2). Phylogenetic analysis of the full VISTA molecule shares
similarities with PD-1, CD28, and CTLA-4, with the highest identity with PD-1 (2).
However, a close comparison of VISTA with the other members of the CD28 family reveals
some differences. Unlike the genomically clustered group CD28/ CTLA4 ICOSVISTA is
isolated on chromosome 10 (10g22.1) with no neighboring Ig superfamily members.
Interestingly, it is located within a large intron of the CDHZ23 gene in all genomes starting
with the most primitive predicted ortholog in ray-finned fish. VISTA is the most conserved
among the B7 members and shows 76% identity between mouse and human and
unparallelled 31% sequence identity (59.4% identity in the cytoplasmic tail) between mouse
and zebra fish counterparts. The cytoplasmic tail shares 90.6% identity between mouse and
human suggesting a tightly conserved functional role (1, 2). By comparison the human and
mouse PD-1 tails only share 59% identity.

In contrast to results using the whole protein, analysis of the IgV domain of VISTA shows
that this has the greatest homology with programmed death ligand 1 (PD-L1). Subsequent
sequence prediction and modeling after PD-L1 shows that the 1gV domain of VISTA
possesses the canonical disulfide bond between the putative B and F strands. However, it
also uniquely has four additional invariant cysteines (three predicted to be within the IgV
domain and an additional one in the stalk region) (1). Indeed, the VISTA IgV domain is the
most divergent among both B7 member and IgV domains in general (7). While it is possible
that the conserved cysteine residues contribute to dimerization, efforts to identify multimeric
complexes have been unsuccessful (data not shown).

Within the conserved cytoplasmic tail, VISTA resembles CD28 and CTLA-4. While it does
not possess a classic ITIM/ITAM motif, setting it apart from other B7 co-receptor
molecules, VISTA has a conserved Src homology 2 (SH2)-binding (YxxQ, potentially
capable of binding STAT proteins) motif in the middle of the cytoplasmic tail and three C-
terminal SH3-binding domains (PxxP, two in CD28 and one in CTLA-4). It remains to be
tested whether the motifs within the VISTA tail actually recruit SH2/SH3 domain adapter
proteins as was demonstrated for CD28 and CTLA-4. Taken together, these data suggest that
VISTA may act as both a ligand and receptor in regulating immune responses (1-3, 8-12).
Emerging studies from a number of labs support this concept.

In mice, VISTA mRNA is expressed in embryonic stem cells at the blastocyte stage of
development. Studies suggest it regulates signaling of bone morphogenetic protein 4, which
subsequently impact /n vitro stem cell differentiation (5, 13, 14). In adult mice at steady
state, mMRNA for VISTA is primarily confined to hematopoietic tissues including bone
marrow, thymus, spleen, and lymph node. The lung and small intestine also have high levels
of expression, which is probably due to the presence of leukocyte infiltrate in these tissues.
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Low but detectable mRNA levels of VISTA are also observed in the heart, brain, muscle,
kidney, testis, and placenta (1, 2). However, extensive immunohistological analysis in mice
support the conclusion that VISTA protein is exclusively expressed within the hematopoietic
compartment (data not shown).

Within the hematopoietic compartment, overall the highest levels of protein expression of
VISTA are found in myeloid cells. This includes expression on macrophages, conventional
dendritic cells, monocytes, and circulating neutrophils. Within the CD4 T cell compartment,
VISTA expression is highest in naive cells and FoxP3* regulatory T cells (Treg). Memory
CDA T cells also express VISTA, albeit at a slightly decreased intensity. In addition, CD8 T
cells and natural killer (NK) cells also have low, but detectable, surface expression of
VISTA, while B cells do not express this molecule (1, 2). Interestingly, another group
identified VISTA as a downstream target of p53 activity in response to stress. This
observation suggests that surface VISTA is induced in apoptotic cells that sustained DNA
damage (3).

Consistent with the mouse data, in humans VISTA is primarily, if not exclusively, found in
hematopoietic tissues. Myeloid cells, including patrolling (CD149™MCD16%) and
inflammatory (CD14*CD16%/") monocytes, and lymphoid and myeloid dendritic cell
populations have the highest expression, with intermediate levels on neutrophils (11).
Monocytes from HIV infected individuals have elevated levels in comparison to healthy
controls (8). In contrast to T cells in mice, CD4 and CD8 T cells express VISTA to a similar
extent. Dim expression of VISTA is found on CD56'° NK cells (11).

Phenotype of VISTA deficient mice

Lexicon Pharmaceuticals generated VISTA deficient mice on a mixed genetic background
by targeting exon 1 for deletion. Preliminary studies showed a slight increase in CD4 T cell
frequency in blood (15). Two groups independently crossed these mice to a C57BL/6
background and performed a more extensive analysis of them (9, 12). Both groups observed
that VISTA deficient mice had similar numbers of T cells in the spleen; however, the
frequency of activated cells within this population becomes elevated over time in
comparison to age-matched controls (9, 12). Consistent with this phenotype, after re-
activation 7n vitro, T cells produced more IFN-y, TNFa, and IL-17A (9, 12). In addition,
deficient mice had elevated frequencies of myeloid cells in the spleen and higher plasma
levels of the chemokines eotaxin, IP-10, MCP-1, and MIG (12). Histology of 12-month old
mice showed increased immune cell infiltration in the liver, lung, and pancreas in
comparison to controls but lacked overt autoimmunity. However, when VISTA deficient
mice were crossed to 2D2 transgenic mice, expressing a TCR that recognizes myelin
oligodendrocyte protein, they had a high incidence of spontaneous autoimmune
encephalomyelitis (12).

Lee and co-workers also created VISTA deficient mice using a different approach. They
floxed exons 2 and 3 with loxP sites and intercrossed them with Ella-cre mice, which can
lead to germline deletion of VISTA. Subsequent VISTA heterozygous mice were
backcrossed onto a C57BL/6 background and then intercrossed with each other to obtain
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VISTA deficient mice. In contrast to the Lexicon VISTA deficient mouse, these mice do
develop overt autoimmunity with age, manifesting as increased skin inflammation, anti-
nuclear antibody titers, and immune complex deposition in the kidneys (3). The basis for this
difference is currently unknown; however, one possibility is that the Lee mice may contain
residual 129 genes as they were only backcrossed 7 generations (3). Another is that the
normal flora in these mice may be different and subsequently influencing the immune
microenvironment to be more inflammatory.

VISTA functions as both a ligand and a receptor

The notion that VISTA functions as a ligand initially developed from a series of /n vitro
assays measuring T cell responses to stimulation in the presence of VISTA. Mouse and
human CD4 and CD8 T cells stimulated with anti-CD3 in the presence of VISTA-Ig fusion
protein proliferated less and produced reduced amounts of IFN-y and IL-2 (1, 3, 11).
Additional experiments using A20 over-expressing VISTA-RFP or VISTA-transduced bone
marrow dendritic cells as antigen presenting cells (APC) also demonstrated reduced
proliferation of antigen-specific CD4 T cells as compared to priming elicited by cells
expressing control RFP protein (1). Furthermore, myeloid-derived suppressor cells (MDSC)
isolated from mice infected with LP-BMS5 retrovirus can inhibit B cell proliferation in vitro
in a VISTA dependent manner as demonstrated through utilization of VISTA deficient mice
and treatment with an anti-VISTA blocking antibody (16). Taken together these studies
indicate that VISTA engagement with an unknown VISTA counter-receptor negatively
regulates their activation.

A series of studies from the Chen lab have convincingly demonstrated that the engagement
of VISTA on the T cell surface by antibody can directly induce T cell suppression. In
multiple murine models of GVHD, treatment with the anti-VISTA antibody (clone MH5A)
on day -1 and day 0 relative to lethal irradiation of recipient mice significantly increased
survival of mice and decreased expansion of donor CD4 and CD8 T cells in the spleen and
liver (2, 10). As the numbers of endogenous T cells was similar at early time points after
treatment, it is thought that this antibody does not deplete VISTA positive cells and instead
functions as a VISTA agonist. In addition, studies utilizing VISTA deficient mice show that
expression of VISTA on the donor T cells, but not the host, is necessary for antibody-
induced suppression of disease (10). These findings suggest that VISTA can function as a
negative checkpoint regulator on T cells. We have now reproduced these findings with other
antibodies to VISTA in our anti-VISTA library. As such, there are antibodies to VISTA that
enhance immunity (clone 13F3) and anti-VISTA antibodies that induce profound
suppression (MH5A). Isotype and fine specificity of these antibodies are now being closely
evaluated for the determinants that are critical for VISTA antagoinism vs agonism.

Since both mouse and human myeloid populations express high densities of VISTA (1, 2, 8,
11), it is conceivable that in addition to VISTA potentially serving as a ligand for T cells, it
may also be involved in reverse signaling within the myeloid compartment. Transient over-
expression of human VISTA in CD14* monocytes resulted in increased production of IL-6,
IL-8, IL-1pB, and TNFa. This activity requires the presence of the cytoplasmic domain,
suggesting that VISTA engagement on monoctyes results in signaling. In addition, activated

Immunol Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nowak et al.

Page 5

CD14* CD16™ monocytes isolated from HIV positive individuals express elevated levels
mRNA for many of these same cytokines (8). Although VISTA lacks recognized ITIM or
ITSM in the cytoplasmic domain, the protein sequence contains potential protein kinase C
binding sites and proline rich motif, which may function as a platform to interact with other
complexes (2). Furthermore, studies of PD-L1 and PD-L2 on dendritic cells suggest that
engagement of these ligands can have cell intrinsic effects (17-22). Additional work is
needed to further examine downstream signaling effects of VISTA on myeloid cells.

While we present the potential roles of VISTA as a ligand and receptor separately, these
functions are not mutually exclusive. Indeed, both /in vitroand in vivo mixing experiments
that utilize VISTA deficiency on T cells and APCs show that optimal T cell activation occurs
in its absence on both cellular compartments (9, 12). Therefore in the context of cancer
immunotherapy, blocking antibodies can function to prevent its engagement of an unknown
counter-receptor on T cells or by directly targeting VISTA expressed on naive and effector T
cells to prevent it from providing negative signaling upon counter-receptor engagement
(Figure 1). Likewise, agonistic antibodies to VISTA that trigger immune suppression may
elicit suppressive activities from both T cells and myeloid cells.

The tumor microenvironment and VISTA

The relationship between the development of cancer and host immunity has long been
debated and continuously remodeled. Originating from the concept of immunosurveillance,
that the immune system can identify and eliminate cancers by way of recognizing non-self
antigens, we now understand the relationship to be far more nuanced and complex. Tumor
immuno-editing is a dynamic process in which host immunity can either eliminate or at least
contain the tumor growth (equilibrium) but also, it can potentiate tumor growth leading to
the escape of a clinically overt cancer (23). The understanding that host immunity can exert
deleterious effects offered profound insight on vastly unsuccessful immunotherapy
approaches that relied solely on generating anti-tumor responses. Despite eliciting potent
anti-tumor responses, activated T cells are thwarted upon trafficking into the
immunosuppressive tumor microenvironment (TME) (24).

Immune-mediated tumor evasion represents a wide network of active mechanisms that shape
anti-tumor mechanisms into those that potentiate tumor growth and allow the tumor to
escape the immune system. The emergence of an immunosuppressive tumor
microenvironment stems from multiple factors. Here, we will focus predominantly on the
development of inhibitory mechanisms and the potential involvement of VISTA in these
mechanisms.

NCRs deliver co-inhibitory signals to dampen T cell response. The B7 family represents a
class of structurally related co-inhibitory molecules belonging to the Ig superfamily. Active
research has shed light on the expanding B7 family. Their expression is found to be
upregulated in multiple different human cancers and murine models. In particular, NCRs
such as CTLA-4 and the PD-1 - PD-L1 axis have emerged as a fundamental target for
reversing immunosuppression largely due to the profound clinical responses in a spectrum of

Immunol Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nowak et al.

Page 6

cancers (25-29). VISTA must be included in this cast of NCRs as its expression is also
heightened in the TME.

NCR expression is regulated at many stages in the development of the anti-tumor host
response driven by a mix of constitutive oncogenic signaling as well as by adaptive immune
resistance. CD80 and CD86 are the binding partners for CTLA-4. They are expressed on
APCs and as a result, CTLA-4 is viewed to function primarily within secondary lymphoid
organs where T cell activation occurs (25). CTLA-4 is not expressed on naive or memory
cells, which provides full opportunity to CD28 to engage CD80/86 and allow co-stimulation
to dominate. However, upon TCR signaling, CTLA-4 mRNA is stabilized, protein is
mobilized and subsequently expressed on the surface. Upon outcompeting CD28 and
ligating with CD80/CD86, CTLA-4 can inhibit T cell responses in both cell-autonomous and
cell-extrinsic ways (26).

In contrast to CTLA-4, it is viewed that PD-1 pathway acts to restrain T cell responses in the
peripheral tissues, such as at the tumor bed where ligand and receptor are both in abundance
(27, 28). Within the TME, PD-1 — PD-L1 engagement leads to many downstream
mechanisms that in general support tumor growth. There are two proposed broad
mechanisms of PD-L1 regulation that govern its expression within the TME: innate immune
resistance and adaptive immune resistance. The regulation of PD-L1 by oncogenes is known
as innate immune resistance and is constitutively driven and is expressed independent of
inflammatory signals within the TME. Consistent with its role as a negative feedback
regulator of effector responses, during adaptive immune resistance PD-L1 is upregulated by
inflammatory mediators within the TME and heavily dependent on IFN-y or TLR-mediated
signaling pathways (34-37).

VISTA is a member of the B7 family of NCR and represents a new target for
immunotherapy. Unlike PD-L1, which is detected in both tumor and hematopoietic lineages,
VISTA expression is constitutive /7 vivoand is primarily, if not exclusively, expressed
within the hematopoietic lineage (1, 29). In multiple mouse models, VISTA expression is
upregulated in the TME and plays a critical role in shaping anti-tumor immunity (29). In
particular, VISTA expression is higher on tumor infiltrating myeloid cells such as myeloid
DCs and MDSCs, and on tumor infiltrating Tregs compared to those in the periphery (29).
On MDSCs, VISTA increased almost 10-fold on tumor infiltrating leukocytes compared to
those in the peripheral lymph node (29). This heightened expression within the TME
suggests that factors present, such as hypoxia, may upregulate VISTA expression.
Importantly, this indicates that tumors with infiltrating immune cells may harbor abundant
levels of VISTA available for therapeutic targeting.

Multiple pre-clinical studies have been performed to examine potential role of VISTA in
mediating an immunosuppressive TME. Wang et al. initially demonstrated this in a murine
model of fibrosarcoma. They showed that over-expression of VISTA in tumor cells
significantly increased tumor growth due to a direct or indirect impact of the ligand activity
of VISTA on suppressing T cell immunity (1). In a glioma tumor model with radiotherapy,
VISTA™~ mice were more resistant to tumor growth than wild-type mice. This was
mediated by a CD4 dependent mechanism, as CD4 depletion prevented resistance (9). Work
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by Le Mercier et al. showed that VISTA monotherapy with a blocking monoclonal antibody
significantly reduced growth in many different solid tumor models (B16/OVA melanoma,
B16/BL6 melanoma, MB49 bladder carcinoma, and PTEN/BRAF inducible melanoma)
regardless of their immunogenic status or origin (transplantable or inducible). It should be
noted that agonistic antibodies to VISTA (those that induce immune suppression) do not
enhance immunity in syngeneic tumor models (data not shown). Overall anti-Vista
monotherapy (clone 13F3) reshapes the suppressive nature of the TME by reducing the
number of MDSCs and tumor specific Tregs. Moreover, anti-VISTA treatment increases the
proliferation of TIL and promotes T cell effector function (29). More recently, Kondo et al.
investigated a model of squamous carcinoma. Although they did not see striking tumor
regression (this could be explained by the fact that they used a different anti-VISTA
antibody), treatment did significantly increase CD8 T cell activation and effector function
(30). Furthermore, a study comparing VISTA™~, PD-17/, and VISTA"PD1~/~ mice
demonstrated that the PD1 and VISTA checkpoints are non-redundant in antigen-specific
responses and in chronic inflammation. Consistent with this finding, autoimmunity was
exacerbated in the double deficient mice both in spontaneous disease on a wild-type
background, or on a CNS-disease susceptible 2D2 background (31). Consequently, VISTA
represents a non-redundant target in the context of PD-1 pathway for blockade in cancer
which may impact its clinical potential as a therpeutic target. These promising results of
tumor studies in mice led to a phase | anti-VISTA monotherapy clinical trial
(NCT02671955) which is currently ongoing. However, the fact that VISTA and PD-1 appear
to regulate non-redundant pathways of immune suppression in the TME offers significant
excitement for combination therapy.

Targeting VISTA in the context of contemporary antibody combination

therapy in immuno-oncology

CTLA-4

It is now becoming apparent that multiple pathways exist to maintain the immunosuppressed
nature of the tumor microenvironment. In order to reach higher response rates treatment
strategies must impact multiple suppressive arms concurrently (depicted in Figure 2) (32).
The advent of combination immunotherapy has introduced new challenges. First, the
mechanisms of each individual component therapy should be evaluated in order to allow the
best selection of synergistic combinations. Second, to improve the frequency of clinical
responses to therapy predictive biomarkers that will allow the tailored selection of therapies
towards a patient’s individual needs are extremely important. Finally, as the composition of
the TME and the anti-tumor immune response evolves during immunotherapy, response
biomarkers are warranted. This is especially true given that immunotherapy may induce
delayed responses or ‘mixed tumor regression’ in which within a single patient some
metastases may respond while others do not. Below is a discussion of the current
understanding of the mechanism of action and responses of monotherapy and combination
therapy, and the potential value that anti-VISTA could add to such approaches.

CTLA-4 is the prototypical NCR functioning by interfering with costimulation, providing a
brake to the generation of T cell immune responses early in T cell activation. As stated
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above, CTLA-4 is upregulated upon T cell activation. Targeting of CTLA-4 with the
monoclonal antibody ipililumab was the first to reach FDA approval (Yervoy). Following
treatment of metastatic melanoma, ipililumab was found to increase the frequency of NY-
ESO-1-specific T cells and the frequency of polyfunctional T cells producing IFNy, MIP-18
and TNFa (33). This increase in T cell frequency may be a biomarker for response to anti-
CTLA-4. In particular, responding patients have increased T cells expressing inducible
costimulator (ICOS), a costimulator of effector T cells that can also enhance Treg functions
(43-45). Consistent with this observation, responses mediated by CTLA-4 blockade in a
model of B16/BL6 melanoma were greatly impaired in mice deficient in either ICOS or the
ICOS ligand (ICOSL) (34). Futhermore, in ipilimumab treated patients, ICOSM T cells had
elevated T-bet expression that was phosphoinositide-3-kinase (P13K) dependent. ICOS
knock down led to reduction in PI3K-signaling and T-bet expression (35). These data
support ICOS’s status as a biomarker for response, and may suggest combination with
agonist therapies towards the ICOS pathway.

As Tregs constitutively express CTLA-4, the question arises as to whether the mechanism
for anti-CTLA-4 therapy might be through depletion or blockade of Treg. To address this
question, Peggs et al. created mice in which the extracellular domain of the CTLA-4 protein
was replaced with human version, so that antibody could be targeted to either the Tregor T
effector compartment, either in vitro, or in reconstitution of RAG™~ mice. These data
showed that CTLA-4 blockade targets both the effector and Treg populations. Further, in a
B16/BL6 tumor model with vaccine, full therapeutic effect was only seen if the antibody
could recognize CTLA-4 on the both the Treg and T effector populations (36). In murine
tumor models, the efficacy of anti-CTLA-4 was shown to be increased if the antibody was
on an IgG2a backbone, or to a lesser extent 1gG2b. This was because this resulted in a loss
of intratumoral Tregs with an increase in effector T cell populations and an improved T
effector to Treg ratio (37).

However, in humans, while there seems to be some agreement towards a role for ipilimumab
on Tregs, whether this activity involves depletion is more controversial. A recent study
collected PBMCs and tumor biopsies from patients undergoing ipilimumab therapy at
baseline and 4 weeks post treatment and looked at antibody-dependent cell-mediated
cytotoxicity (ADCC) ex vivo. They found that ipilimumab caused CD16-dependent, ADCC-
dependent killing of Tregs through CD16* non-classical monocytes (38). Additionally,
patients responding to ipilimumab therapy had higher baseline levels of circulating and
tumor CD16* monocytes than non-responsive patients, suggesting that this may be useful as
part of a panel of biomarkers. However, a study that looked at CD4*CD25* T cells in
peripheral blood from patients with stage IV melanoma or renal cell cancer undergoing
CTLA-4 blockade found no difference in suppressive ability of these cells in vitro. They also
saw no decrease in FoxP3 gene expression within CD4 T cells, and concluded that anti-
CTLA-4 was not depleting Tregs (39). Kavanagh et al. reported that ipilimumab increased
the frequency and proliferation (Ki-67*) of both activated effector CD4 and FoxP3* Tregs in
the blood of patients, and concluded that ipilimumab does not deplete Tregs (40). However,
this study did not report on intratumoral Tregs.

Immunol Rev. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nowak et al.

Page 9

There are two important aspects of VISTA biology as they relate to CTLA-4 and the
regulation of T cell activation. First, as stated above, multiple labs have shown that VISTA-
Ig can suppress the activation of resting T cells (1, 3, 11, 31). This effect of VISTAon T
cells is through a putative VISTA counter-receptor expressed on resting T cells. In addition,
studies from the Chen lab have repeatedly documented that VISTA engagement, as a
receptor expressed on resting T cells, can suppress T cell activation (2, 9, 10). This is
possible because VISTA expression peaks on activated CD4 T cells within one day before
dropping rapidly (data not shown). This finding is consistent with the observation that
treatment with an agonist anti-VISTA antibody given on day 3 (versus day -1 and 0) is
ineffective in preventing GVHD lethality (10). In contrast regulation of CTLA-4 is exerted
shortly after T cell activation. As such, an antagonistic antibody to VISTA, in both cases
would enhance the activation and perhaps clonal diversification of the tumor T cell
repertoire. Studies to examine the breadth of the tumor specific T cell repertoire in anti-
VISTA treated mice and humans is of significant interest.

PD-1 - PD-L1

The PD-1 pathway followed ipilimumab into the clinic with FDA approval for anti-PD-1
antibodies nivolumab (Opdivo, Bristol-Myers Squibb) and pembrolizumab (Keytruda,
Merck) in 2015 and 2016 respectively. PD-1 is a NCR, but in contrast to CTLA-4, PD-1
blocks PI3K activation while CTLA-4 binds to phosphatase PP2A leading to inhibition of
Akt phosphorylation (41). The expression of the ligands PD-L1 and PD-L2 is broader and
can be induced on many cell types, including tumor cells, after exposure to IFN-y (42). The
mechanism of action of PD-1 blockade appears to be localized to the periphery and the
tumor site itself, in releasing exhausted cells allowing restoration of effector function (43).

Initial phase | trials reported that PD-L1 may serve as a predictive biomarker for targeting
the PD-1 pathway (44). However, it is now becoming clear that some patients will respond
even if their tumors are characterized as PD-L1 negative or low (45). Furthermore, the
observed increased response rate doesn’t translate to a survival benefit (46). In metastatic
melanoma patients undergoing anti-PD-1 therapy with pembrolizumab, it was found that
while PD-L1 expression correlates with outcomes, a better predictor of response is a high
density of CD8 cells in the margin of the tumor (43).

Although there is ample evidence supporting a role for VISTA in suppressing the activities
of resting T cells, its role in suppressing effector cell function within the TME is yet to be
resolved. Synergistic effects of anti-VISTA and anti-PD-L1 occurred in CT26 colon cancer
in mice which led to reduced tumor growth and increased long term survival in comparison
to monotherapy treatment of each. This also correlated with increased production of IFN-y,
TNFa, and granzyme B by CD8 T cell from tumor draining lymph nodes after /n vitro re-
stimulation (31). In a murine model of squamous cell carcinoma using a different anti-
VISTA antibody clone, no benefit on tumor growth was observed in combining anti-VISTA
and anti-PD-1 treatment. However, there was a striking increase in CD8 T cell effector
function when anti-VISTA was used alone or in combination with anti-PD-1 in comparison
to controls (30). Results with both of these studies suggest that the effects of targeting
VISTA and the PD-1 — PD-L1 axis are non-redundant. However, the extent to which the
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effects of targeting VISTA are due to effects on CD8 T cells, Tregs, and tumor infiltrating
myeloid cells is yet to be determined.

PD-1 and CTLA-4 in combination

Several pre-clinical and clinical studies have been performed to examine dual blockade of
both of these NCRs. In a B16 model of melanoma, vaccination with irradiated cells
expressing GM-CSF (Gvax) or Flt3-ligand (Fvax) along with a combination of anti-PD-1
and anti-CTLA-4 was much more effective than when the vaccine was used with either
antibody alone. Following treatment, the fraction of TILs expressing CTLA-4 and PD-1
increased, but these cells showed characteristics of reinvigoration including the generation of
IFNy/TNFa double producers. The authors surmised that blockade allows the tumor-
specific T cells that would otherwise be anergic to maintain effector functions (47).

Recently, an in depth study of mechanisms of action and the mechanisms of resistance of
anti-CTLA-4, anti-PD-1, and irradiation was described by Twyman-Saint Victor et al. using
both mouse models and human patient data. They found that anti-CTLA-4 primarily
decreased Tregs, PD-L1 blockade reinvigorated exhausted T cells, and radiation diversified
the TCR repertoire of TILs. In addition, dual checkpoint blockade with anti-CTLA-4 and
anti-PD-L1 was inferior to dual checkpoint blockade plus radiation. When looking at
biomarkers, the best responses occurred when reinvigoration (Ki-67" and GzmB") within
PD1* CD8 T cells was high but the proportion of exhausted (PD-1* and Eomes*) CD8 T
cells were low. In addition, patients with PD-L1" melanoma had high levels of persistent
exhaustion and did not respond to treatment (48).

Another study in patients treated with anti-PD-1 therapy (either pembrolizumab or
nivolumab) found that the proportion of CD8 T cells within the tumor that are PD-1"i
CTLA-4N was strongly correlated with responsiveness (49). As CTLA-4 blockade appears
to increase the frequency of responding antigen-specific T cells (33, 50), and this is a
predictive biomarker for PD-1 therapy, the mechanisms of these two treatments is highly
complementary.

Response rates for CTLA-4 and PD-1 from clinical trial are promising. A phase Il trial of
patients with advanced melanoma showed an overall response rate (ORR) of 61% with the
combination of nivolumab and ipilimumab as compared to 11% for ipilimumab alone (51).
Based on these results, the combination was granted accelerated FDA approval for patients
with BRAF V600 wild-type unresectable or metastatic melanoma. Subsequently, a phase 111
study tested either nivolumab alone, nivolumab plus ipilimumab, or ipilimumab alone in a
1:1:1 ratio of 945 untreated advanced melanoma patients (52). Nivolumab alone or the
combination of nivolumab and ipilimumab resulted in significantly longer progression-free
survival and higher ORR than did treatment with ipilimumab alone. In patients with PD-L1
negative tumors, the combination was better than either treatment alone. In PD-L1 positive
tumors, both the nivolumab alone and combination groups were effective in increasing
survival, although there was some difference in ORR (52).

As discussed above, PD-L1 expression may be an indication of the presence of a responding
T cell pool, which may be effective in the presence of PD-1 blockade that releases the cells
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from exhaustion. In PD-L1 negative tumors, CTLA-4 blockade may first be required to
increase the responding T cell pool. As PD-L1 positive patients may benefit less from
ipilimumab, but may still suffer from the increased adverse events of combination therapy,
PD-L1 expression may act as a biomarker against the use of ipilimumab (52). A recent study
by Kim et al. have underscored the role of MDSCs in murine models in which tumors were
resistant to anti-CTLA-4 and anti-PD-1 blockade (53). It is under these conditions, that anti-
VISTA, with its putative impact on the myeloid compartment, may exert therapeutic benefit.

A role for VISTA in myeloid targeting therapies in combination blockade

While there are multiple cells and molecules that subvert the full potential of
immunotherapy, targeting of MDSCs may offer its distinct advantage in combination therapy
to lead to an overall enhancement of anti-tumor T cell function. As early as the 1980s,
dysregulated myelopoiesis and expansion of immature precursors was first observed in the
setting of cancer (54). Now, MDSCs have been documented to be greatly expanded in many
mouse models (55, 56) and in human cancers such as colon, breast, melanoma, and
pancreatic, among others (64, 65). They inhibit T cell activity through multiple different
mechanisms ultimately leading to increased tumor burden (54) including nutrient depletion
(57, 58), disrupting TCR signal transduction (59), abrogating T cell migration (60, 61), and
utilizing the PD-L1 — PD-1 pathway as a mechanism to suppress T cells (62).

In late intervention of CT26 colon cancer and 4T1 breast cancer in mice, at tumor volumes
at which CTLA-4 and PD-1 combination blockade fails, it appears to be a result of
granulocytic MDSC function. Treatments that reduce tumor granulocytic MDSCs (anti-
Ly6G or epigenetic-modulating drugs) used in combination with dual checkpoint blockade
allowed rejection of even very large tumors (53). Similarly, a treatment that blocked CSF-1
causing CD206-hi tumor associated macrophage (TAM) death, was highly synergistic with
dual blockade in large tumors (63). On the receptor side, CSFR blockade decreased M2
polarization of TAMs. This improved survival in a PDGF-B-driven glioma model, and
reduced growth of proneural glioma xenografts in NOD-SCID mice (64). Due to the high
density of VISTA expression on MDSC, future studies examining the impact of anti-VISTA
therapy used in similar combination blockade would be useful in determining if the
treatment is modulating the myeloid compartment. Transfection of VISTA into monocytes
altered cytokine expression to be more pro-inflammatory and this required the presence of
its cytoplasmic domain (8). This would be consistent with VISTA functioning as a receptor
on myeloid cells after engagement with its counter-receptor. We envision that VISTA is a
criticial immunoregulatory receptor on MDSCs that can control their suppression activity
within the TME and be a valuable complementary therapy to combination blockade of PD-1
and CTLA-4.

Combination strategies with other negative checkpoint molecules

T cells that express PD-1 along with other inhibitory molecules including CTLA-4, T cell
immunoglublin and mucin-domatin containing-3 (TIM-3) (65, 66), lymphocyte-activation
gene 3 (LAG-3) (67, 68), B and T lymphocyte associated (BTLA) (79, 80), T cell Ig and
ITIM domain (TIGIT) (81, 82), and CD39 (69) are thought to be the most dysfunctionally
exhausted cells (70). While PD-1 is the most dominant regulator of exhaustion, other
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negative signaling molecules likely control the severity of exhaustion, and combination
blockade of these with PD-1 may increase the reinvigoration of exhausted cells in the tumor
setting. TIM-3 is expressed by the most severely exhausted PD-1+ CD8+ T cells in tumors
(65). In the CT26 mouse model of colon cancer, antibody blockade of PD-L1 and TIM-3
was much more effective in reducing tumor burden than either treatment alone (65).
Similarly, in vitro blockade of both TIGIT and PD-1 increased T cell function additively
(71). Furthermore, blockade of TIGIT was effective in mouse preclinical tumor models, and
was also synergistic with blockade of TIM-3 (72) or blockade of PD-L1 (73). Interestingly,
similarly to CTLA-4 and CD28, TIGIT competes with a costimulatory molecule CD226 for
its ligand, poliovirus receptor, and actually impairs function of CD226 through interfering
with its homodimerization (73). Given that many checkpoint molecules function in multiple
directions, or have different binding partners, combination blockade should take into
consideration how interacting pathways are affected, including those of positive
costimulatory regulators.

Combination therapies with agonist antibodies

In addition to antibody blockade of negative checkpoints, some treatment strategies employ
agonist antibodies that target costimulatory molecules to convey activating signals to T cells.
These agents appear to work best when combined with blockade of negative checkpoints —
“removing the brakes” (74, 75). Costimulatory molecules include those in the tumor necrosis
factor receptor (TNFR) superfamily and the Ig superfamily. Agonists for CD137, OX40,
GITR, CD40, CD27 and ICOS are currently in clinical trials.

As described above, checkpoint blockade with ipilimumab induces ICOS™* cells response
(43-45), which makes this an obvious candidate for combination therapy. Preclinical cancer
models have shown improved anti-tumor immune responses with ICOS costimulatory
antibody (76), tumor cell vaccines engineered to express ICOS ligand (77). Clinical trials are
underway for ICOS agonist with nivolumab (NCT02904226).

Additional work has focused on effects of TNFR superfamily members. One study tested an
allogeneic cell-based vaccine that secreted Fc-OX40L, Fc-ICOSL, or Fc-4-1BBL versus
systemic agonist antibody and found that OX40 was the most effectively targeted pathway
(78). In murine tumor models, OX40 agonist antibody has enhanced survival as
monotherapy (79) or combined with CTLA-4 blockade (80). Treatment expanded Thethi
EomesM Granzyme B* CD8 T cells and both Th1 and Th2 CD4 T cells (80). OX40 agonist
has shown promise in the clinic, and has entered multiple clinical trials both as a
monotherapy or in combination with other immunotherapies including anti-CTLA4 and PD-
L1 blockade (NCT02705482, NCT02221960, NCT02205333, completed) and anti-CD137
(anti-4-1BB) agonist (NCT02315066). Anti CD137 (4 1BB) antibody has been effective in
monotherapy in preclinical models including melanoma, breast and colon carcinomas (81).
However, early phase I trials using this antibody were terminated because of cases of severe
hepatotoxicity (82). Newer trials are currently underway using lower doses of anti CD137
antibodies to treat patients with melanoma, renal cell carcinoma, and ovarian cancer.
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Perspectives on combination therapy with anti-VISTA

As depicted in Figure 2, there are multiple mechanisms that immunotherapies can target. In
theory, the best results would occur when mechanisms are non-overlapping. As discussed,
effects of an antagonist anti-VISTA antibody appear to be non-overlapping with CTLA-4
and PD-1 — PD-L1 pathways (30, 31). Work studying mechanisms of action of antibody
targeting of CTLA-4 and PD-L1 suggest they function through decreasing Treg and
increasing reinvigoration, respectively (48), therefore anti-VISTA is likely to have
independent functions. Current data shows a marked increase in effector function (29-31);
however, this work does not distinguish if this is a result of increasing the T cell repertoire,
decreasing exhaustion, and/or increasing reinvigorization. All of these effects may also be
indirect consequences of targeting VISTA on myeloid cells, such as MDSCs, which have the
most robust expression of this molecule (1, 2, 11, 29), and future studies are needed to
determine if it impacts their expansion and/or suppressor function. If this is the major effect,
cancers characterized by high infiltration of MDSCs may be particularly responsive to
treatment.

Genomic approaches to immunotherapy response

The widespread availability of patient genomic data has made computational approaches to
studying tumor immunology increasingly accessible. Multi-dimensional datasets such as the
Cancer Genome Atlas (TCGA) integrate expression, sequencing, and methylation data from
large numbers of patients with multiple tumor types. These datasets enable simple pan-
cancer comparisons to be made, such as the landscape of VISTA expression across multiple
tumor types (Figure 3A). In addition to these superficial comparisons, several methods have
been developed that use these data to more deeply characterize the immune response profile
of each patient, pushing the field of tumor immunology into the realm of personalized
medicine. These methods have utilized patient gene expression and DNA sequencing data to
identify the immune cells present in a patient’s tumor, as well as the tumor antigens that are
likely driving their infiltration. While these approaches have not yet been used to predict
anti-VISTA response, they have been applied in several studies to identify biomarkers
indicative of response to anti-CTLA-4 and anti-PD1 therapy. We outline these methods and
their applications to immunotherapy below with the goal of providing a roadmap for future
analyses of anti-VISTA response.

Inferring infiltration of immune cell subsets from genomic data

Tumors are infiltrated by a variety of immune cell types that each play distinct roles in the
tumor’s growth and survival. By quantifying the infiltration levels of distinct immune cell
subsets, a wealth of information can be obtained regarding patient prognosis and potential
immunotherapy response. Traditionally, histopathological techniques have been used to
assess the types of immune cells present in the patient’s tumor. However, these techniques
are time consuming and require a large number of antibodies in order to comprehensively
define a patient’s tumor microenvironment. To address this issue, several methods now exist
that use genomic data to delineate the tumor infiltrating lymphocytes of a patient’s tumor.
These methods primarily function by examining the expression levels of lymphocyte-
specific genes in a patient’s gene expression profile.
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One approach to expression-based inference of immune infiltration is to examine the
distribution of lymphocyte-specific genes in a patient’s ranked gene expression profile.
There are currently two methods that enable these kinds of analyses. The first method, single
sample gene set enrichment analysis (SSGSEA), requires a binary list of lymphocyte-specific
genes, known as a gene signature, and examines how these genes are distributed in a ranked
patient gene expression profile (83). A higher enrichment score indicates higher
lymphocyte-specific gene expression in a sample, and thus higher infiltration for that
lymphocyte. An early method, known as ESTIMATE, used this approach with a general
immune infiltration signature to infer non-specific immune infiltration levels in 12 TCGA
tumor types (84). In another study, sSGSEA was applied in colorectal cancer to examine the
features associated with the infiltration of different immune cell types and characeterized the
factors driving immunogenicity (85). In this study, differentially expressed genes identified
across 28 different immune cell subsets were used as gene signatures to infer the infiltration
levels of several different cell types. This study demonstrated the potential of sSGSEA
approaches and allowed for a thorough characterization of the factors driving
immunogenicity in colorectal cancer. The second enrichment-based method, known as
binding association with sorted expression (BASE) foregoes gene signatures and instead
utilizes the entire transcriptome of each reference lymphocyte to calculate a lymphocytic
infiltration score (86). This method, which was originally developed to infer transcription
factor activity from ChlPseq data, converts each lymphocyte’s gene expression profile into a
series of weights that inform how differentially expressed each gene is in that cell type. By
accounting for the entire transcriptome of a reference lymphocyte, this method avoids the
biases involved in selecting a gene signature and uses a greater dynamic range to determine
cell-specific gene expression. This method was utilized to examine the landscape of immune
infiltration in breast cancer, finding several cell types associated with patient survival,
mutation burden, and molecular subtype (87). Recently, this method was used to
demonstrate a positive relationship between VISTA expression and infiltration from different
myeloid cell lineages across cancer types (Figure 4B).

While enrichment-based methods of inferring immune infiltration have been successful at
performing sample-sample comparisons, they cannot accurately quantify the cellular
fractions in a given sample. For this task, several deconvolution methods exist that use gene
expression data to infer the proportions of each cell type present in bulk cell mixtures (88—
91). One method in particular, CIBERSORT, has proven to be effective at enumerating the
different infiltrating immune cell types from bulk tumor expression data collected from
microarrays (92) and was utilized to identify cellular proportions that were predictive of
patient survival in an assembly of 166 independent datasets encompassing 39 different
cancer types (93).

In addition to expression-based methods, several studies have also shown the capability of
using DNA methylation data to infer immune infiltration from patient IHllumina Infinium 25k
or 450k methylation arrays (94-96). These methods are dependent on identifying the
differentially methylated CpGs that are unique to distinct immune cell subsets. While
promising, these approaches are not as developed as expression-based methods due to the
lack of immune cell-specific methylation data. As more epigenetic data is compiled on both
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patients and immune cells, these methods may serve as good complementary analyses to be
performed alongside expression-based analyses.

Together, these methods can be applied to quickly assess the levels of patient tumor immune
infiltration for a large number of cell types. When used in conjunction with immunotherapy
response data, these methods can be used to identify the cell types likely involved in
response or resistance to any given cancer treatment. As clinical trials on various therapies,
including anti-VISTA, continue to generate data, these methods will greatly enhance our
ability to provide individualized care to increase clinical responses.

Computational approaches to identifying neoantigens

While understanding the lymphocytes present in a patient’s tumor can greatly benefit our
understanding of immunotherapy response, features intrinsic to each patient’s disease
provide useful information regarding the tumor’s immunogenicity. Mutations specific to
each patient alter the structure of some proteins into non-self forms the immune system does
not recognize. Short fragments of these mutated proteins, known as neoantigens, are capable
of binding to the major histocompatibility complex (MHC) class | proteins used by antigen
presenting cells to educate CD8 T cells. Neoantigens have been shown to associate with
increased immune infiltration in a variety of tumor types, making them good candidates for
predicting immunotherapy response (97, 98).

The variable nature of both somatic mutations and the MHC loci, known as human
leukocyte antigen (HLA) in humans, makes the identification of neoantigens highly specific
for a given patient. As such, there have now been several tools developed to aid in the
identification of neoantigens from individual tumor DNA sequencing data. These tools
typically perform one of three steps necessary in neoantigen identification: somatic mutation
identification (99-105), HLA typing (106-111), and neoantigen-MHC binding affinity
prediction (112). In addition, some pipelines have been created such as, pVAC-Seq, to
integrate several of these steps together while also accounting for the coverage and
expression information that may confound sequencing based studies (113). As these
approaches continue to evolve and neoantigen prediction becomes more routine, our ability
to identify biomarkers indicative of immune infiltration and response to immunotherapeutic
approaches should be greatly improved.

Integrating genomic data to predict immunotherapy response

While there are currently no studies that use patient genomic data to predict anti-VISTA
immunotherapy response, there have been several studies that use gene expression or DNA
sequencing information collected from pre-treatment patient cohorts to identify the genomic
features associated with response to anti-CTLA-4 and anti-PD-1 therapy. In a study on
CTLA-4 blockade response, whole exome sequencing was performed on 110 pre-treatment
melanoma tumor biopsies and their matching germline tissue samples. In addition to this,
RNAseq data was obtained from 40 of these biopsies, enabling comprehensive genomic
analyses to be performed on a small patient cohort. This study found using several of the
methods described above that higher mutation and neoantigen counts were associated with
clinical benefit to treatment with ipilimumab. Additionally, they found through gene
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expression analyses that the expression of cytolytic genes, which are indicative of cytotoxic
cell infiltration, was also linked to improved ipilimumab response (114).

Similar studies have been performed to examine the genomic correlates of response to anti-
PD-1 therapy. One analysis examined the relationship between mutation burden and
response to pembrolizumab in non-small cell lung cancer (NSCLC). This group found that
higher mutation load was associated with improved progression-free survival, and sensitivity
to treatment (115). In a later study focusing on melanoma, whole exome sequencing was
performed on a collection of 38 pre-treatment or early on-treatment tumors and of these 38,
RNA sequencing information was collected from 27 of them. Interestingly, this study did not
find a relationship between mutation load and improved anti-PD-1 response. However,
clinical benefit was associated with mutations in the DNA repair gene BRCAZ. Additionally,
this group showed that genes involved in mesenchymal transition, angiogenesis, and T cell
suppression were more highly expressed in the non-responsive group relative to the
responsive group (116).

In addition to these studies, a follow-up study was performed to examine the effect of
neoantigen intratumor heterogeneity on tumor immune response and found, using the anti-
PD-1 NSCLC and anti-CTLA-4 melanoma datasets mentioned above, that clonal neoantigen
burden was associated with overall survival and response to CTLA-4 and PD-1 blockade in
melanoma and non-small cell lung cancer, respectively (117). This analysis demonstrates the
high level of complexity behind the tumor immune response and its role on immunotherapy
sensitivity. However, the genomic data obtained from the small patient cohorts included in
the study led to significant insights that could not have been obtained through other methods.

Together, these analyses show the potential of using patient genomic data to identify
biomarkers for immunotherapy response. Interestingly, there was a high amount of
discordance between each of the studies, demonstrating the need for additional
immunotherapy datasets encompassing larger numbers of patients. The differences between
genomic correlates associated with anti-PD-1 and anti-CTLA4 blockade additionally
suggests that response to each type of immunotherapy may be dependent on unique
molecular mechanisms. Going forward, similar studies on anti-VISTA could provide a large
amount of information regarding the molecular mechanisms involved in anti-VISTA
response, as well as predictive biomarkers that could be used to identify patients most likely
to be responsive to the drug.

Conclusions

Due to the success of targeting the negative checkpoint regulators CTLA-4, PD-1, and PD-
L1 to treat cancer, a spotlight has been cast on this entire family of molecules. VISTA has
several unique features that suggest that it functions non-redundantly to PD-1. Consequently,
therapeutic treatment with antibody targeting it may be beneficial not only as a
monotherapy, but also in combination with other treatments. Further studies are also needed
to help identify genetic signatures that can provide further insight into the mechanism of
action of therapy and identification of patients most likely to respond to treatment.
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Figure 1. VISTA function asaligand and a receptor
Potential interactions that may occur are shown and how targeting with a blocking anti-

VISTA antibody can affect these results.
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Figure 2. M echanisms of immunother apy
Anti-tumor T cell responses can be modulated by targeting different cell types and arms of

immunity. 1 | Immunological Cell Death: tumor cell death induced by radiotherapy or some
chemotherapies provide antigen and/or released adjuvant factors that elicit tumor-specific
immunity. These treatments may also increase the diversity of the TCR repertoire. 2 |
Vaccines: peptides, proteins and allogeneic or autologous tumor cell vaccines may also be
used to elicit tumor-specific responses. Some vaccines use cells modified to provide
additional adjuvant activity. For example, Gvax, consists of tumor cells modified to release
GM-CSF to enhance antigen presentation. 3] Enhanced Innate Immunity: Myeloid cells
within tumors may contribute to creating an immunosuppressed environment. Treatments
may modulate myeloid activity toward a more inflammatory type sustaining adaptive
immune responses 4 | Treg Modulation. Some treatments can either interfere with Treg
activity or alter the T effector to Treg balance. 5 | Effector T cell mobilization.
Immunotherapies may increase the infiltration of tumors with T cells 6 | Release from
Exhaustion. Blockade of negative checkpoints may allow reinvigoration of exhausted cells
and restore proliferation and effector function. PD-1 - PD-L1 is the principal pathway, but
other negative checkpoints such as LAG-3, TIGIT and TIM-3 contribute to dysfunction of
exhausted cells.
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Figure 3. Association between VISTA expression and myeloid infiltration acrosstumor types
A. Boxplots comparing the distribution of VISTA expression across 9 different TCGA tumor

types. Each box spans quartiles with bold lines representing the median VISTA expression
level in each tumor type. All outliers were excluded in the plot. B. Spearman correlations
between VISTA expression and infiltration levels of different myeloid cell types. Myeloid
cell infiltration was inferred using patient gene expression data (87).
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