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Abstract
VISTA is a potent negative regulator of T cell function that is expressed on hematopoietic cells
and leukocytes. VISTA levels are heightened within the tumor microenvironment where its
blockade can enhance anti-tumor immune responses in mice. In humans, blockade of the related
PD-1 pathway has shown great potential in clinical immunotherapy trials. Here we report the
structure of human VISTA and examine its function in lymphocyte negative regulation in cancer.
VISTA is expressed predominantly within the hematopoietic compartment with highest expression
within the myeloid lineage. VISTA-Ig suppressed proliferation of T cells but not B cells, blunted
production of T cell cytokines and activation markers. Our results establish VISTA as a negative
checkpoint regulator that suppresses T cell activation, induces Foxp3 expression and is highly
expressed within the tumor microenvironment. By analogy to PD-1 and PD-L1 blockade, VISTA
blockade may offer an immunotherapeutic strategy for human cancer.
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Introduction
Immune responses must be tightly controlled to allow effective clearance of invading
pathogens or cancerous cells, and yet maintain tolerance to self. This is exemplified by the
‘signal1/signal 2’ paradigm for T cell activation[1]. Antigen-specific signals from the
TCRζ–CD3 complex and CD4/8-p56lck provide the ‘signal 1’ for T cells. Whether this
results in activation or anergy of the T cell depends on signal strength, and the combination
of positive and negative co-signals provided by co-receptors in the immunoglobulin (Ig)
superfamily–‘signal 2’[2].
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Positive regulators are typified by the CD28 receptor, which interacts with CD80 and CD86
(B7-1 and B7-2) resulting in the recruitment of its intracellular immunoreceptor tyrosine-
based activation motif (ITAM) into the immune synapse[3]. Generally, phosphorylated
ITAMs serve as docking sites for Syk family tyrosine kinases (e.g. ZAP-70 or Syk) that
potentiate T cell signaling for activation[4].

In contrast, negative regulators tend to recruit phosphatases (e.g. SHP-1/2 or PP2A) that
limit T cell activation. The most well characterized receptors in this group are CTLA-4 and
PD-1[5]. Expression of CTLA-4 is induced by TCR signaling, allowing interaction with
CD80 and CD86 to counteract CD28[3]. PD-1 acts more peripherally, interacting with PD-
L1 in tissue sites to moderate T cell responses.

Negative checkpoint regulators have come to the forefront of cancer research with the
concept that tumor cells can exploit them to oppose immune attack in ‘adaptive resistance’.
This is illustrated by the success of blocking monoclonal antibodies to CTLA-4 and PD-1or
PD-L1 in enhancing protective anti-tumor immunity [6–9].

Ipilimumab, the human anti-CTLA-4 mAb, has been approved for treating advanced
melanoma, although the clinical response rate was low [10]. It has also undergone early
phase trials for other cancers[11]. However, consistent with the severe autoimmune
phenotype in CTLA-4KO mice, anti-CTLA-4 therapy was associated with immune related
toxicities (IRT) in patients [12]. MDX-1106, the human anti-PD-1 mAb, has also produced
promising results in clinical trials [13, 8]. Early results suggest that the toxicity profile of
MDX-1106 appears better than ipilimumab, with a response rate which is at least as good in
a number of solid cancers [8]. However, no effects on tumor growth were observed in
prostate cancer, colorectal cancer, or with tumors negative for PD-L1[8], suggesting that
there may be other negative checkpoint regulators that are impairing the development of
protective anti-tumor immunity.

Recently, our laboratory and others described a novel negative checkpoint regulator
designated V-domain Ig Suppressor of T cell Activation (VISTA) [14, 15]. VISTA shares
homology to PD-L1, and like PD-L1, potently suppresses T cell activation. In mice, VISTA
is highly expressed on tumor infiltrating leukocytes, and blockade enhances anti-tumor
immunity in multiple tumor models (submitted manuscript).

In this paper, we present the first studies on the structure, function and expression of human
VISTA. Our studies show that human VISTA can profoundly suppress human T cell
activation, induce Foxp3, and we propose VISTA as a new target for cancer
immunotherapy.

Methods
Quantitative Real-Time PCR

TissueScan human normal cDNA array (Origene) was used to provide template cDNA for
48 major human tissues. Taqman gene expression assays containing FAM™ dye-labeled
TaqMan® MGB probe were used for human VISTA (Hs00735289_m1) and PD-L1
(Hs01125301_m1) in multiplex with primer-limited assays for GAPDH endogenous control
containing VIC® / MGB probes. 10-fold dilution series of these assays on monocyte cDNA
showed no alteration in efficiency with assays performed in single-plex versus duplex. Real-
time quantification was performed using Taqman gene expression master mix on a Bio-Rad
CFX96™ optical reaction module on a C1000 thermal cycler. Data was analyzed using CFX
Manager™ Software (Bio-Rad).
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Production of VISTA-Ig fusion protein
A fusion protein was created consisting of amino acids 16–194 from the extracellular IgV
domain of human VISTA and a form of human IgG1 mutated for low binding of Fc
receptors. The VISTA sequence was cloned into the SpeI–BamHI sites of the vector
CDM7B[17]. Protein was produced by transient transfection of Freestyle CHO cells using
Freestyle transfection reagent and protein-free Freestyle Expression Media according to
manufacturer instructions (Invitrogen). Supernatant was harvested after 5 days of growth
and purified using standard protein G agarose column affinity purification (Roche). Protein
was concentrated using 10K MWCO spin columns (Amicon).

Generation of anti-VISTA monoclonal antibodies
Female C57BL/6 mice were immunized with human VISTA-Ig fusion protein emulsified in
CFA. They were boosted 4 weeks later with protein in IFA, then 6 weeks later, A20 cells
overexpressing VISTA-RFP. Finally, they were boosted with VISTA-Ig fusion protein
without adjuvant. 4 d after this last boost, spleens from immunized mice were provided to
APS Ltd (Haywards Heath, UK). Hybridomas and antibodies were generated by APS Ltd
under contract. Hybridoma clones that produced VISTA-specific antibodies were selected
after limiting dilution and screened by both ELISA and flow cytometry methods. In order to
demonstrate specificity of GA1, 106 PBMCs were stained with 5ug/ml of GA1 in the
presence of 10ug of soluble VISTA-Ig. Additionally, K562s were transfected with human
VISTA and staining was compared to untransfected parent cells (Suppl. Fig. 1).

Cell Preparation
Human apheresis samples were obtained from unidentified healthy human donors. To isolate
PBMCs, blood was layered onto Lymphoprep (PAA) and isolated by density-gradient
centrifugation. Interface cells were washed twice in PBS, then once in MACS buffer before
undergoing magnetic bead selection with Miltenyi CD4 Negative selection kit II, CD8
Negative Selection Kit, CD4 Memory T cell selection kit, or the B Cell Isolation Kit II
according to manufacturer instructions. For effector cell isolation, CD4 T cells isolated with
CD4 Negative selection kit II were subsequently depleted of CD27+ cell types with Miltenyi
CD27 positive selection beads.

Where indicated, before culture, T or B cells were labeled with 5-(and 6)-
Carboxyfluorescein diacetate succinimidyl ester (CFSE) as previously described [18].
Briefly, labeling was performed by incubating cells at 106 cells/ml at 37°C for 10 minutes
with 5uM CFSE in PBS containing 0.1% bovine serum albumin (BSA). CFSE was
quenched by adding twice volume of complete media, followed by 3 washes in complete
media.

Culture
For T cell cultures, unless otherwise indicated, 96-well flat-bottom plates were coated
overnight with anti-CD3 (clone OKT3, BioXCell) at 2.5 μg/ml mixed together with 10 μg/
ml (ratio 1:4) VISTA-Ig or control-Ig protein (110-HG, R&D biosystems) in PBS at 4°C
overnight. Wells were washed twice with RPMI 1640 before adding cells. T cells were
plated at 2 × 105 cells per well in complete RPMI media (RPMI 1640, 10% heat-inactivated
fetal bovine serum, 1000U/ml penicillin, 1000ug/ml streptomycin, 50uM 2-
mercaptoethanol, 2mM GlutaMAX™; all Life Technologies). When indicated, a titrated
amount of anti-CD28 (clone 15E8. Miltenyi Biotech) or cytokines IL-2, IL-4, IL-7 or IL-15
(Peprotech) were added to the culture media. T cell cultures were analyzed on day 2 for
early activation markers, and on day 5 for late activation markers or CFSE profiles.
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For B cell cultures, flat-bottomed 96-well plates were coated with 10ug/ml of VISTA-Ig or
human recombinant Fc isotype control (R&D biosystems). B cells were plated at 5 × 104

cells/well in complete Iscove’s Modified Dulbecco’s Media (IMDM; Life technologies)
media with 10% human serum (Valley Biomedical) 1000U/ml penicillin, 1000ug/ml
streptomycin and 2mM glutamine (Life Technologies). B cells were stimulated with soluble
Kirin CD40Agonist (clone 341G2ser-1) at 0.25ug/ml for 4 days. They were then stained by
flow cytometry to determine proliferation.

Flow Cytometry
For staining following culture, cells were harvested and transferred into V-bottomed 96-well
plates. Cells were washed with PBS and stained in violet (B cells) or near-infrared (T cells)
fixable live-dead dye (Invitrogen) at room temperature for 30 minutes. Cells were washed
with PBS and then stained with a cocktail of antibodies for T cells (CD4, CD8, and either
CD25, CD69 or CD45RA; all BD biosciences) or B cells (CD19) in the presence of 1ug/ml
of human IgG for 20 minutes on ice. Cells were then washed twice in PBS, and resuspended
in PBS for flow cytometry. Just prior to analysis, cells were filtered through 40-micron
nylon mesh.

For staining for VISTA expression, 106 PBMCs (prepared as in ‘cell preparation’) or 100ul
of whole blood was washed with PBA buffer (PBS/0.1%BSA/0.1% sodium azide) and then
stained with antibodies for extracellular markers and 1ug of human IgG. Antibodies against
CD4, CD8, CD3, CD45RA, CD56, CD11b, CD11c, CD123, HLA-DR, CD14, CD16 and
CD66b were purchased from BD biosciences and anti-VISTA was produced in-house. To
stain intranuclear FoxP3, we used the Foxp3 Fixation/Permeabilization Concentrate and
Diluent kit from eBiosciences according to manufacturer directions but using anti-FoxP3
clone 236A/E7 from BD biosciences.

Samples were acquired on a BD LSRFortessa cell analyzer (Becton & Dickinson, San Jose,
CA, USA) with FACSDiva software v6.2 (Becton & Dickinson) and analyzed with FlowJo
software (Tree Star, Inc.). Graphs were created using graphed using Prism 5 (GraphPad
Software, Inc.).

Ethics
Studies were approved by NHS Hammersmith and Queen Charlotte’s & Chelsea Research
Ethics Committee (09/H0707/86).

Immunohistochemistry
We performed a fluorescence-based multiplex IHC assay as previously described[19] with
slight modifications in Leica Bond automated staining station. Briefly, after heat-induced
epitope retrieval in ER2 (Leica) for 20 min, protein expression of VISTA (clone GG8), CD8
(Leica), CD11b (Abcam) was revealed in this order by sequential rounds of tyramide signal
amplification reactions using anti-mouse (BioRad), anti-mouse IgG2b (Santa Cruz
biotechnology) and anti-rabbit (BioRad) horseradish peroxidases-conjugated secondary
antibodies and tyramine-coupled fluorescein, rhodamine red, and dylight 594, respectively.
In isotype control antibody slides, anti-VISTA antibody was substituted by an equal amount
of normal mouse IgG1 (Santa Cruz biotechnology). Consecutive 4 μm-thick formalin-fixed
paraffin sections mounted on Leica Microsystems Plus Slides (code S21.2113.A) were used
in these experiments. De-identified tissue specimens were obtained from the Dartmouth
Pathology Translational Research Program.
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Results
The human VISTA protein

We previously published studies describing the structure and function of murine VISTA
[14]. A BLAST of the murine VISTA sequence against the human genome identifies
chromosome 10 open reading frame 54 (C10orf54 or platelet receptor Gi24 precursor,
GENE ID: 64115) with an e-value of 8e-165 and 77% identity. Common with murine
VISTA, this protein is predicted to encode a type I transmembrane protein with a single
extracellular IgV domain. Human VISTA is 311 amino acids (aa) long, consisting of a 32-aa
signal peptide, a 130-aa extracellular IgV domain, 33-aa stalk region, 20-aa transmembrane
domain and a long 96-aa cytoplasmic tail.

VISTA expression analysis
The expression of VISTA in healthy human tissues was examined by real-time PCR analysis
of a cDNA tissue panel (Origene; Suppl. Fig. 2A). Similar to mouse VISTA [14], human
VISTA was predominantly, if not exclusively, expressed in hematopoietic tissues or in
tissues that contain significant numbers of infiltrating leukocytes. This is suggestive of an
importance of VISTA for immune-related functions. Interestingly, expression of VISTA was
particularly high in human placenta, which may be indicative of a functional role for VISTA
in allofetal tolerance. Although VISTA’s closest homologue PD-L1 is expressed in
peripheral tissues, it does also show this pattern of enrichment in placental and
hematopoietic tissues (Suppl. Fig. 2B).

VISTA protein expression was also examined within the hematopoietic compartment by
flow cytometry. PBMCs were isolated from peripheral blood and stained with the anti-
VISTA monoclonal antibody, GA1. The specificity of this clone in flow cytometry was
confirmed by the ability of VISTA-Ig to block staining (Suppl. Fig. 1A). Furthermore, this
antibody stained K562 cells transfected with human VISTA, but not the un-transfected
parental cell line (Suppl. Fig 1B). VISTA was not expressed by B cells (CD19+) or CD56hi

NK cells, and was only observed on a small portion of CD56lo NK cells. However,
approximately 20% of CD4 and CD8 T cells showed low density VISTA staining (Fig. 1a).
Overall VISTA was more highly expressed within the myeloid compartment. VISTA
expression was observed within both of the ‘patrolling’ (CD14dimCD16+) and
‘inflammatory’ (CD14+CD16+/−) subsets of CD11bhi blood monocytes, and within both
lymphoid CD11cloCD123+HLA-DR+ and myeloid CD11c+CD123loHLA-DR+ subsets of
dendritic cells. To examine expression of VISTA within neutrophils
(CD66b+CD11b+CD14−), GA1 binding was determined within washed whole blood using
CD14 monocytes as a positive control. CD66b+ neutrophils were found to express VISTA,
at an intermediate intensity, higher than T cells but lower than monocytes (Fig 1b). In mice,
it was reported that VISTA protein expression tracked with CD11b expression [14]. It is of
note therefore, that, as in mice, in human peripheral blood, VISTA is expressed on CD11bhi

cells, but is low within CD11blo cells (Fig. 1c).

The histological expression of VISTA in human secondary lymphoid organs was evaluated
by multiplex immunohistochemistry using anti-VISTA mAbs. Expression in human spleen
was predicted by RT-PCR and flow cytometry analyses (not shown). We detected the
expression of VISTA along with CD8 and CD11b using a fluorescence-based multiplex IHC
assay [19] on normal splenic tissue. CD8 staining was used to define the T cell zone of the
spleen, and CD11b as a marker of the myeloid lineage. The specificity of αVISTA mAbs
was again confirmed by the ability of VISTA-Ig to block staining (Suppl. Fig. 1c). High
levels of VISTA expression were observed in a large proportion of CD11b-expressing cells
in the marginal zone (Fig 1d). This is consistent with the finding by flow cytometry that the
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CD11bhi subset of myeloid cells expresses high densities of the VISTA protein. The lower
intensity VISTA expression of lymphoid cells such as T cells in the periarteriolar lymphoid
sheath was not readily detected by immunohistochemistry.

Functional effect of VISTA on T cell function
VISTA has previously been demonstrated to suppress mouse T cell immune responses [14],
and therefore a comprehensive set of studies with recombinant human VISTA was
performed on a spectrum of human T cell subsets to evaluate its suppressive activities.. To
this end, an Ig fusion protein was engineered, consisting of the extracellular domain of
VISTA and the Fc region of human IgG containing mutations for reduced Fc receptor
binding. VISTA-Ig or control Ig was immobilized on plates with anti-CD3 (OKT3) and the
ability of VISTA to suppress anti-CD3-induced T cell proliferation was assessed by CFSE
dilution. VISTA was found to suppress anti-CD3-induced CFSE dilution of bulk purified
CD4 and CD8 T cells (Fig. 2A and B). The suppression by VISTA is comparable to that
induced by PD-L1-Ig at similar plate coating densities (Fig. 2C). Additionally, VISTA-Ig
was effective at suppression of memory (CD45RO+; Fig. 2D) and effector (CD27−; Fig. 2E)
CD4 T cell subsets. Comparison of mouse VISTA and human VISTA on human CD4 T
cells demonstrated that VISTA is functionally suppressive across mouse and human species
(Suppl. Fig. 3A & B). Titration of human and murine VISTA-Ig over different
concentrations of anti-CD3 showed that the proliferation induced at higher concentrations of
anti-CD3 could be suppressed by co-immobilization of higher concentrations of VISTA
(Suppl. Fig. 3C &D).

To gain insight into the mechanism of suppression, the activation status of cells was
examined following stimulation in the presence or absence of VISTA-Ig. During 2 days of
culture, upregulation by anti-CD3 of the early activation markers CD25 and CD69 was
blocked by VISTA-Ig (Fig. 3A & B). Similarly, after 5 days of culture, the shift from
expression of CD45RA to CD45RO, indicative of antigen-experience was prevented (Fig.
3C). VISTA had no effect on cell viability as judged by exclusion of vital dyes or annexin
staining (data not shown) and therefore did not appear to induce apoptosis. Consistent with a
block in proliferation, cells treated with VISTA-Ig had forward and side-scatter profiles
similar to unstimulated cells rather than blasting cells seen with anti-CD3 alone (Fig 3D &
E). To determine if the suppression induced by VISTA is long-lasting, cells were cultured
on anti-CD3 and VISTA-Ig for two days, and then viable cells transferred onto anti-CD3
coated plates (in the absence of VISTA-Ig) for 3 days. This further stimulation was unable
to rescue suppression as shown in Suppl. Fig. 4. Therefore, suppression of T cell
proliferation induced by VISTA is long-lasting, even in its absence.

The effect of VISTA-Ig on cytokine production was also evaluated. T cells were stimulated
with plate-bound anti-CD3 for 5 days in the presence of increasing amounts of VISTA-Ig,
and then the concentration of various cytokines was measured in culture supernatants by
cytometric bead array. Only trace levels of IL-2, IL-4 or IL-6 were detected with anti-CD3
alone (<5pg/ml) and no differences were observed when VISTA-Ig was also present (data
not shown). However, VISTA-Ig significantly reduced production of IL-10, TNFα and IFNγ
by CD4 and CD8 T cells (Fig. 3F), and there was a trend towards a modest decrease in
IL-17 production.

Factors that were able to overcome VISTA-induced suppression of T cells were defined.
Anti-CD28 agonistic antibody provides potent costimulation to T cells, and has been shown
to overcome PD-L1 induced suppression of T cells. Titered concentrations of anti-CD28
were added into the cultures to address if VISTA-induced suppression could be reversed
(Fig. 4). Although lower amounts of anti-CD28 were unable to overcome VISTA induced
suppression, when anti-CD28 was included at a coating concentration of 1ug/ml VISTA-Ig,
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VISTA-Ig-induced suppression was reversed. Similarly, while suppression of proliferation
by low concentrations of VISTA-Ig could be overcome by the addition of cytokines such as
IL-2, IL-7 and IL-15, higher concentrations of VISTA-Ig suppressed proliferation even at
supra-physiological concentration of cytokines (50ng/ml; Fig 4A and B).

As well as suppressing effector T cell responses, PD-L1 is able to increase the conversion of
naïve T cells into FoxP3+ regulatory cells (Treg)[20, 21]. Under neutral culture conditions,
VISTA-Ig ablates T cell activation, which would prevent differentiation into Treg. Therefore,
we examined FoxP3 expression after culture in intermediate levels of anti-CD28 and IL-2
that still allowed some T cell proliferation to occur. Under these conditions, conversion of
naïve T cells into FoxP3 expressing T cells is significantly enhanced by the presence of
VISTA-Ig (Fig. 5). As such, VISTA is both immunosuppressive and immunoregulatory.

Effect of VISTA on B cells
B cells were examined for their responsiveness to VISTA. To this end, B cells were isolated
from human blood by immunomagnetic bead negative selection, and were cultured for 4
days in the presence of 250, 100, or 5ng/ml of soluble CD40 agonist on 0, 1.25, 2.5, 5 or
10ug/ml of VISTA-Ig or control Ig. Proliferation was determined by CFSE dye dilution. As
shown in Supplementary Figure 5, immobilized VISTA-Ig was unable to suppress B cell
proliferation induced by CD40 signaling at high (10ug/ml) concentrations (Suppl. Fig. 5A),
even when the level of B cell proliferation was titrated down by using low amounts of CD40
agonist (Suppl. Fig 5B). Under the conditions used, VISTA-Ig has no impact on B cell
proliferation in vitro.

Discussion
The studies presented are the first to describe the structure, function and expression of
human VISTA, a novel, hematopoietically-expressed negative checkpoint regulator.
Structurally, VISTA is a novel PD-L1-like ligand, with only one IgV domain and whose
structure still is not fully resolved. Studies with a newly produced anti-human VISTA mAb
show that human VISTA is highly expressed on myeloid cells with reduced expression on
CD4+ and CD8+ T cells. Functionally, human VISTA-Ig is profoundly suppressive on both
resting and activated human CD4+ and CD8+ T cells. We propose VISTA as a promising
new target for cancer immunotherapy, either as a single target or in combination with other
immunotherapeutic strategies

VISTA has an interesting expression pattern, with greatest mRNA detected in either
hematopoietic tissues (i.e. spleen, lymph nodes, peripheral blood) or those tissues with
significant infiltration by leukocytes (Fig. 1). This suggests that VISTA is likely to have
important immune functions. Overall, there is a good concordance between murine and
human expression patterns for VISTA, however human monocytes and myeloid lineage
dendritic cells appear to uniformly express VISTA (Fig. 1a), whereas in mice VISTA
appears to track with the maturity of myeloid cells rather than be a characteristic of the
myeloid lineage [14].

Notably, while T cells are responsive to VISTA, indicating that they express the receptor, T
cells also express VISTA themselves (Fig. 1). This may be reflective of the function of
VISTA. VISTA is expressed widely and sets a ‘danger’ threshold that must be overcome
before T cells will be responsive. While this may be counterintuitive, it may facilitate the
maintenance of a quiescent state of naïve T cells as they receive tonic signals in T cell zones
of secondary lymphoid organs. In fact, expression of both ligand and receptor is not unique
to VISTA. For example, PD-L1 is expressed on activated murine and human T cells, and
particularly in mice, also on naïve T cells [22, 23]. In addition to acting as a ligand for PD-1,
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PD-L1 has recently been shown to exert receptor function while interacting with CD80 [24,
25]. PD-L1 therefore can signal bidirectionally from and to T cells. VISTA has a long
cytoplasmic tail, and T cell expression of VISTA may allow similar bi-directional signaling
pathways on T cells.

Interestingly, mRNA for both PD-L1 and VISTA mRNA were found to be particularly high
in human placenta (Suppl. Fig. 2). This is in agreement with studies showing high PD-L1
expression on placental trophoblasts and PD-L2 on placental decidual macrophages [26, 27]
where they play a critical role in maternal-fetal tolerance [28, 29]. VISTA is most highly
expressed on hematopoietic cells and in particular myeloid cells (Fig. 1). Given the rich
blood supply of the placenta, and the presence of immunoregulatory macrophages, the
prominent expression of VISTA is not unexpected. VISTA may contribute to the
maintenance of maternal tolerance.

Both the work described herein (Figs 2 and 3), and that of Wang et al. in mice[14], describe
a profoundly suppressive role for VISTA towards T cells. As such, anti-VISTA mAb
exacerbates experimental autoimmune encephalomyelitis [14] and enhances anti-tumor
immune responses (submitted manuscript). In fact, all of our data to date both in vivo and in
vitro, as well as preliminary studies in VISTA-deficient mice (unpublished) clearly establish
a negative regulatory role for VISTA. However, another study found that a mAb against
VISTA prevents graft-versus-host disease in allogeneic mouse models which is suggestive
of a stimulatory role[15]. At this time we cannot readily explain this discrepancy. Unique to
this family, VISTA appears to be constitutively expressed on T cells, myeloid monocytic
and dendritic subsets (Fig. 1). In combination with a potentially constitutively expressed
receptor, this suggests that VISTA exists as a negative regulator that must be overcome in
order to initiate an immune response. Indeed, we found that strong costimulatory signals by
anti-CD28 can overcome VISTA suppression (Fig. 4). Furthermore, the threshold can be
adjusted by the activity of the γc family cytokines, so that treated cells are less sensitive to
VISTA (Fig. 4). These cytokines increase proliferation of T cells after antigen stimulation,
and increased availability allows greater homeostatic proliferation [30]. VISTA signals do
shut down IL-2 production (Fig. 3), however even supra-physiologic levels of γc family
cytokines do not completely rescue VISTA-treated cells (Fig. 4), suggesting that VISTA
does not exert its function through targeting the IL-2 pathway alone. It has been proposed
that T cells require tonic signals through their T cell receptors from interaction with self-
MHC to provide survival signals and maintain the size of the T cell pool [31, 32]. It is
possible that VISTA may temper tonic T cell signaling to prevent overt activation.

Clinical studies involving the use of antibodies that block negative checkpoint regulators,
like CTLA-4, PD-1 and PD-L1 [33, 34] provide compelling evidence that these molecules
impair the development of protective anti-tumor immunity. Furthermore, accumulating
evidence suggests that expression of negative checkpoint regulators correlates with a poor
patient outcome [35–39]. The expression of these molecules within a given TME may vary
widely from person to person, and the signature of checkpoint regulators may provide
biomarkers for targeted treatment to achieve improved patient outcomes [40, 8]. One
particular advantage of VISTA as a therapeutic target may be its expression pattern. VISTA
tends to be expressed on haematopoeitic cells rather than non-hematopoietic cells (Suppl.
Fig 2 and [14]). In mouse tumors, infiltrating leukocytes such as myeloid derived suppressor
cells, tumor associated macrophages and dendritic cells, consistently express unusually high
levels of VISTA (submitted manuscript), while non-hematopoietic tumor cells are negative.
In contrast, PD-L1 is expressed in peripheral tissues and on tumor cells in areas of tumors
with T cell infiltration and expression of IFNγ [41]. Therefore, while the efficacy of PD-1
blockade appears to correlate somewhat with the expression of PD-L1 on the tumor [8, 41],
the consistent expression of VISTA on leukocytes within the tumors may allow VISTA
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blockade to be more effective across a broad range of solid cancers. It could therefore be
envisioned that blockade of different inhibitory molecules may be tailored to the individual.
In this context, we envision that VISTA will be amongst the most relevant targets for
immune intervention.

Development of treatments targeting VISTA would be much facilitated by knowledge of the
receptor and its expression, and the receptor would also provide an additional target for
antibody blockade. Structurally, VISTA is weakly related to the B7 family of proteins,
which includes its closest homologue PD-L1. Immune regulatory proteins generally fall in
either the Ig superfamily or the TNF superfamily [42]. The majority of the B7 family
interacts with CD28 family proteins in the Ig superfamily, with the notable exception of the
negative checkpoint regulator B and T lymphocyte attenuator (BTLA), which binds to
Herpes Virus Entry Mediator (HVEM), a TNF family member. We would predict that
VISTA would also bind to a member of the Ig superfamily, but given the fact that VISTA
has many unique structural features that separate it from the B7 family[14], it may have an
unusual receptor. Interestingly, VISTA was recently demonstrated to bind the secreted
protein Bone morphogenetic protein 4 (BMP4; [43]). Although as a secreted protein this
cannot be the receptor for transducing signals from VISTA-Ig, it is possible that BMP4 may
modulate VISTA receptor function, or the receptor could even be in the BMP family. In any
case, as an immunoglobulin superfamily member expressed on the cell surface, it is
expected that it will exhibit low affinity interactions with fast dissociation rates[44, 45], and
as such may be difficult to identify. We are actively pursuing multiple strategies to identify
the receptor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. VISTA protein is predominantly expressed in the myeloid lineage within peripheral blood
and normal spleen
Human PBMCs (a and c), or whole blood (b), were stained for VISTA expression. Overlays
show representative overlays of VISTA (red) or isotype control (grey) live singlet gated
events from at least three independently stained donors. d) expression of VISTA, CD8 and
CD11b was co-detected in formalin-fixed paraffin-embedded sections normal human spleen.
In merged image panels, co-localization of VISTA (green) and CD11b (magenta) signal
appears white. A consecutive tissue slide was stained with isotype control antibody (mouse
IgG1; green). Original magnification of images was 40X and 400X. Data are representative
of 4 different donors.
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Fig. 2. VISTA is suppressive to human T cells
Bulk CD4 (a, c), bulk CD8 (b), memory CD4 (d), or effector CD4 (e) T cells were purified
from human PBMCs by magnetic bead selection. Cells were labeled with CFSE, and
stimulated for 5 days with 2.5ug/ml anti-CD3 co-coated with 10ug/ml of control-Ig (blue),
VISTA-Ig (red) or PD-L1-Ig (green, c). Unstimulated cells (grey) are included for
comparison. Cells are gated on live, singlet, cells that are CD4 (a, c, d, and e) or CD8 (b)
positive. Data is representative of at least 2 separate experiments.

Lines et al. Page 14

Cancer Res. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. VISTA prevents anti-CD3 mediated induction of an activated T cell phenotype
Bulk CD4 T cells were purified from human PBMCs by magnetic bead selection. Cells were
stimulated for 2 (a and b) or 5 days (c–f) with 2.5ug/ml anti-CD3 co-coated with 10ug/ml of
control-Ig (blue) or VISTA-Ig (red). Unstimulated cells (grey) are included for comparison.
Cells are gated on live, singlet CD4 positive cells. f) The concentration of cytokines in the
culture supernatant was determined by cytometric bead array and is shown as mean +/− SD.
*p<0.05, **p<0.01, ***p<0.001. Data is representative of at least two separate experiments.
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Fig. 4. IL-7 family cytokines or CD28 costimulation can prevent the activity of lower
concentrations of VISTA
Bulk CD4 T cells were purified from human PBMCs by magnetic bead selection. Cells were
CFSE labeled and stimulated for 5 days with 2.5ug/ml anti-CD3 co-coated with VISTA-Ig
or control-Ig in the presence of soluble factors in the culture media. a) 0, 250, 500 or
2000ng/ml of anti-CD28. b and c) 50ng/ml of indicated cytokines. a and b) representative
overlays showing 10ug/ml control-Ig (red) and 10ug/ml VISTA-Ig (blue). C) Percentage
CFSE low cells are shown as mean +/− SD. Control-Ig was used to bring the concentration
of fusion protein to 10ug/ml in all wells. *p<0.05, **p<0.01, ***p<0.001. Data is
representative of four separate experiments.
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Fig. 5. VISTA enhances conversion of human naïve T cells into FoxP3+ T cells
Naive CD4 T cells were purified from human PBMCs by magnetic bead selection. Cells
were CFSE labeled and stimulated for 5 days with 2.5ug/ml anti-CD3 co-coated with
VISTA-Ig or control-Ig in the presence of 10ng/ml IL-2 and 250ng/ml anti-CD28 in the
culture media. a) representative plots showing FoxP3 within live, singlet CD4 T cells
stimulated with 10ug/ml control Ig (left), or 5ug/ml VISTA-Ig and 5ug/ml control Ig (right).
b) Percentage FoxP3 positive cells are shown as mean +/− SD. Control-Ig was used to bring
the concentration of fusion protein to 10ug/ml in all wells. Data is representative of 3
separate experiments.
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