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Immune-checkpoint protein
VISTA in allergic, autoimmune
disease and transplant rejection
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Yijun Dong*, Aiping Tong® and Hui Yang™
Department of Otolaryngology, Head and Neck Surgery, West China Hospital, West China Medical

School, Sichuan University, Chengdu, Sichuan, China, 2State Key Laboratory of Biotherapy, West
China Medical School, Sichuan University, Chengdu, Sichuan, China

Negative checkpoint regulators (NCRs) reduce the T cell immune response
against self-antigens and limit autoimmune disease development. V-domain Ig
suppressor of T cell activation (VISTA), a novel immune checkpoint in the B7
family, has recently been identified as one of the NCRs. VISTA maintains T cell
quiescence and peripheral tolerance. VISTA targeting has shown promising
results in treating immune-related diseases, including cancer and autoimmune
disease. In this review, we summarize and discuss the immunomodulatory role of
VISTA, its therapeutic potential in allergic, autoimmune disease, and transplant
rejection, as well as the current therapeutic antibodies, to present a new method
for regulating immune responses and achieving durable tolerance for the
treatment of autoimmune disease and transplantation.
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Abbreviations: NCRs, Negative checkpoint regulators; VISTA, V-domain Ig suppressor of T cell activation;
PD-1, Programmed Death-1; CTLA-4, Cytotoxic T lymphocyte antigen 4; Tim-3, T cell immunoglobulin and
mucin domain 3; Lag-3, Lymphocyte-activation gene 3; BTLA, B and T lymphocyte attenuator; APCs,
Antigen-presenting cells; GVHD, Graft-versus-host disease; SLE, Systemic lupus erythematosus; RA,
Rheumatoid arthritis; EAE, Experimental allergic encephalomyelitis; ITIM, Immunoreceptor tyrosine-
based inhibition motif; ITAM, Immunoreceptor tyrosine-based activation motif; DCs, Dendritic cells;
Tregs, Regulatory T cells; MDSC, Myeloid derived suppressor cells; NK, Natural killer; VSIG3, V-Set and
Immunoglobulin domain containing 3; PSGLI, P-selectin glycoprotein ligand 1; Th1, T helper type 1; iTregs,
Induced Tregs; nTregs, Naturally occurring Tregs; IRG1, Immune response gene 1; IRF5, IFN regulatory
factor 5; DLE, Discoid lupus erythematosus; CAIA, Collagen antibody-induced arthritis; MHC, Major
histocompatibility complex; ACAID Anterior chamber-associated immune deviation; CNS, Central nervous
system; NDD, Neurodegenerative diseases; MS, Multiple sclerosis; HIV, Human immunodeficiency virus;

CRS, Cytokine-release syndrome.
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Introduction

Immune checkpoints inhibitors transmit coinhibitory signals
during T cell activation, thereby directly suppressing T cell
responses (1). Coinhibitory molecules on T cells, including
programmed Death-1 (PD-1), cytotoxic T lymphocyte antigen 4
(CTLA-4), T cell immunoglobulin and mucin domain 3 (Tim-3),
Lymphocyte-activation gene 3 (Lag-3), and B and T lymphocyte
attenuator (BTLA), can disrupt signaling mechanisms or induce
negative intracellular signaling pathways on antigen-presenting
cells (APCs) or other cells types (1, 2). Several immune-
checkpoint regulator molecules are critical in modulating T cell
responses and involved abnormally T cells response mediated
inflammatory and autoimmunity diseases (3), which revitalized
interest in utilizing antibodies against immunosuppress
checkpoint regulators to counter the effects of these molecules.

V-domain immunoglobulin suppressor of T-cell activation
(VISTA) is a novel immune inhibitory molecule of the B7 family (4)
that can negatively regulate immune responses, maintains peripheral
tolerance, and control autoimmunity (5, 6). VISTA is revealed to
function as an immune checkpoint in multiple mouse immune
pathology diseases models, such as graft-versus-host disease
(GVHD), rheumatoid arthritis (RA), asthma, and experimental
allergic encephalomyelitis (EAE), and VISTA-deficient mice increase
susceptibility to developing autoimmunity (7). The multi-faceted role
of VISTA in regulating immune responses has suggested the utility of
VISTA as a potential reagent in the prevention or even therapeutic cure
of allergic, autoimmune disease and transplant rejection (7-9).

This review aims to illuminate the expression and biological
effects of VISTA and discuss the current research progress in
preclinical studies on allergies, autoimmune diseases, and organ
transplantation using VISTA. In addition, VISTA’s potential as an
immune modulator encourages further research on current
antibodies, which can control immune responses and achieve
durable tolerance for the treatment of autoimmune disease
and transplantation.

The structure and expression of VISTA

VSITA, also known as PD-1H (10), c10orf54 (11), DD1c: (12),
Diesl (13), is a type I transmembrane protein on chromosome
10922.1 containing 311 amino acids (14). VISTA comprises an
extracellular IgV domain, a stalk segment, a transmembrane region,
and a conserved cytoplasmic tail. The structure of VISTA shares
similarities with PD1, CD28, and CTLA4 (15), but the cytoplasmic
tail of VISTA lacks a classic immunoreceptor tyrosine-based
inhibition motif (ITIM) or immunoreceptor tyrosine-based
activation motif (ITAM) (4). VISTA is conserved with 76%
identity between humans and mice. Interestingly, the cytoplasmic
tail shares 90.6% identity between humans and mice, indicating a
highly conserved functional role, whereas the cytoplasmic tail of
PD1 between humans and mice only shares 59% identity (4).

VISTA is expressed in several organs and tissues, including the
spleen, heart, kidney, thymus, brain, and bone marrow (14). Expression
of VISTA is constitutive and limited to hematopoietic cells; there is a
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significant expression of VISTA in monocytes, macrophages,
neutrophils, and dendritic cells (DCs), as well as on all types of T
cells, including naive CD4 and CD8 T cells and regulatory T cells
(Tregs), both in human (16) and mice (10, 14), but not on B cells.
Interestingly, VISTA is not only expressed on the cell surface, but also
expressed in the intracellular of myeloid compartment (17). B
lymphocytes, natural killer cells (NK), and other lymphocytes
expressed by mice and humans have almost no expression of VISTA
(14). VISTA is also expressed in various types of tumors, including
ovarian and endometrial cancer (18), prostate cancer (19),
hepatocellular carcinomas (20), pancreatic cancer (21), gastric
carcinoma (22), and colorectal carcinoma (23). In the tumor
microenvironment, VISTA is highly expressed on myeloid-derived
suppressor cells (MDSC) and regulates their effector functions (24, 25).

VISTA binding partners

As VISTA contains two potential protein kinase C binding sites
in its cytoplasmic tail domain (14), that could function as docking
sites, suggesting that it is a coinhibitory molecule with dual
functions as both receptor and ligand (11). VISTA can function
as a coinhibitory receptor on T cells to suppress naive T cell
response. VISTA expressed in APCs interacts with certain T cell
receptors to inhibit T cell activation and proliferation (11). Several
researchers have identified a potential VISTA-binding ligand, but
the counterreceptor of VISTA remains elusive. There are two
confirmed ligands of VISTA with immunosuppressive functions;
one is VSIG3 (V-Set and Immunoglobulin domain containing 3)
and PSGL1 (P-selectin glycoprotein ligand 1) (26, 27). VISTA
interacts with VSIG3 at physiological PH environment, while at
acidic pH environment to PSGL-1, both interactions led to the
suppression of T cell function (26, 27) (Figure 1).

Wang and colleagues reported that VSIG3 is a ligand of VISTA
that inhibits the proliferation and functions of human T cells. The
expression of VSIG3 is primarily observed in non-hematopoietic
cells (26). VISTA interacts with VSIG3 in vitro, reducing the
production of several cytokines, including IFN-y, IL-2, IL-17,
CCL3, CCL5, and CXCLI1 (26). However, VSIG3 expression is
undetectable in hematopoietic cells, and the physiological relevance
of VISTA-VSIG3 interaction in vivo remains to be validated.
Korman et al. identified PSGL-1 as a VISTA binding partner via
histidine residues within the extracellular domain (27), and the
interaction is regulated by the pH in microenvironment (27).
VISTA interacts with PSGL-1 in vitro and in vivo, suppressing T-
cell response at acidic pH 6.0 in the tumor microenvironment (28).
Unlike VSIG3, PSGL-1 is expressed on a range of hematopoietic
cells, with a lower expression on B cells and microvascular
endothelial cells (29, 30). The functional binding of VISTA and
PSGL-1 is regulated by tyrosine sulfation and glycosylation (31, 32).
PSGL-1 are highly expressed in macrophages, granulocytes,
microglia (17), and endothelial cells (28). There is a possibility
that VISTA may have multiple binding partners. VSIGS8, Galectin 9,
and NSC622608 have been reported to bind to VISTA in addition to
these two ligands, but further research is required to verify their
functional binding (28, 33, 34).
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FIGURE 1

VISTA binding partners. VSIG3 interaction with VISTA on T cells suppresses T cell activation and proliferation. VISTA activity decreases reducing the
production of several cytokines, including IFN-y, IL-2, IL-17, CCL3, CCL5, and CXCL11. VISTA expressed on tumor cells, tumor-associated
macrophages (TAMs) or MDSCs can bind to PSGL-1 on T cells at pH 6.0, and promoting T cell exhaustion.

Roles of VISTA in
immunity interactions

Since VISTA is expressed across allergies, autoimmune diseases,
and organ transplantation, and therapeutic agents are being
developed to target VISTA, it is crucial to determine which cells
are affected by VISTA expression.

Age and gender

VISTA-deficient mice demonstrate an age-related
proinflammatory signature (35). VISTA-deficient mice showed
autoimmune defects apparent in the aged female mice and an
accumulation of anti-nuclear and anti-dsDNA antibodies in the
serum, spontaneous glomerulonephritis, and inflammatory
phenotypes in the skin, eyes, and ears (12, 35). Interestingly,
female animals are substantially more sensitive to the disease in
various animal autoimmune disease models, including SLE (36).
Similarly, extremely high gender bias (9:1) also has been described
in humans for systemic autoimmune diseases (37).

T lymphocytes

VITSA is essential to maintain peripheral homeostasis of T
cells. VISTA-deficient mice exhibit less peripheral T cell deletion
and leading to the development of autoimmune phenotypes (5, 7).
The transcriptomic analysis of T cells from VISTA-deficient mice
demonstrates the importance of VISTA in maintaining naive T cell
quiescence and in activating T cells at early stage (5). Many studies
suggest that VISTA on both T cells and APCs negatively regulates T
cell responses via specific pathways, by acting as a ligand or a
receptor. As a receptor on T cells, VISTA can function
independently of APCs to negatively regulate T cell responses, as
VISTA agonistic suppresses antigen-specific T cell proliferation
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when activated by VISTA-deficient APCs (2). In addition,
VISTA-Ig fusion protein can inhibit T cell proliferation and
reduce cytokine production.

Several experimental settings have explored the involvement of
VISTA in T helper type 1 (Thl), type 2 (Th2), and type 17 (Th17)
mediated immune responses. Most research has demonstrated that
VISTA mediates immune responses mediated by Thl and Th17 cells.
Reducing VISTA expression can facilitate the expansion and
differentiation of Th1 and Th17 T cells (38). Psoriasiform dermatitis is
exacerbated by VISTA deficiency, which increases inflammatory
responses in DCs, T cells, and Th17 cells (39). Consistently, murine
VISTA knockout models raise susceptibility to develop experimental
autoimmune encephalomyelitis that has been reported to be
characterized by a Th1/Thl7 response (40). The DC in VISTA
deficient mice produces more IL-23, which further augments the
production of IL17a by Th17 and ¥ T cells (40). Compared to wild-
type induced Tregs (iTregs), VISTA deficient mice have higher Th17 and
Thl cell formation rates during inflammation, which indicates that
VISTA deficient mice have a more reactive T cell response (41). In
addition, VISTA blockade or deficiency of preferentially activated CD8+
T cells, leading to secretion of IFN-y may influence Th2 cell proliferation.
VISTA was demonstrated to negatively inhibit the production of
allergen-specific Th2 cells and Th2-mediated antibody secretion (42).

Like most other NCRs, VISTA is highly expressed in tumor-
infiltrating Tregs and could suppress tumor-specific immunity.
VISTA may also be involved in the differentiation and suppressive
function of Treg, both as a receptor on T cells and as a ligand
expressed by Tregs. Researchers have found that VISTA can induce
and differentiate human and murine Treg cells (2). A reduced ability
to convert T cells into iTregs is observed in mice lacking VISTA, but
naturally occurring Tregs (nTregs) generation is unaffected (41).
Moreover, VISTA blockade decreases the generation of tumor-
specific Treg and reverses Treg-mediate suppression (16). However,
VISTA blockade also increases T cell proliferation even in the absence
of Tregs, indicating that there are other pathways that may involve in
Treg mediated suppression (43).
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Myeloid compartments

Human and mouse CDI11b™" myeloid cells, including
monocytes, macrophages, granulocytes, and myeloid dendritic
cells, express VISTA at high levels; it is conceivable that VISTA
expression may also correlate with an immune response (14, 42, 44).
In various mouse models of inflammation, such as psoriasis (39),
antibody-induced arthritis (45), experimental asthma (46), and
lupus nephritis (47), VISTA deficient mice exhibit increased
proinflammatory cytokines derived from T cells and myeloid
compartments. The transient overexpression of VISTA in human
monocytes increases cytokine secretion on protein level and mRNA,
such as IL-1B, IL-6, IL-8, and TNFa (44, 48). VISTA is highly
expressed by monocytes isolated from chronically HIV-positive
individuals and elevated levels of the same cytokines (44). Deleting
the cytoplasmic domain of VISTA abolishes this activity, suggesting
that VISTA regulates the activation of myeloid cells (44). Further
research is needed to explore VISTA’s downstream signaling role in
myeloid cells.

Additionally, VISTA is a P53 regulated surface receptor,
expressed on both macrophages and neutrophils, and is essential
for dead cell clearance (12). Neutralizing VISTA on macrophages
reduced neutrophil efferocytosis in vitro (49). In a murine model of
bacterial pneumonia, the distribution of VISTA is redirected from
the macrophage-neutrophil interaction site to a more disorganized,
diffuse surface expression around the macrophage cell and
influences the efferocytosis process (49). Additionally, VISTA
regulates macrophage functions, influences the M1 (classical) and
M2 (alternative) reprogramming of macrophages, and controls the
magnitude of innate inflammation in vivo (50). Mohamed et al.
found that VISTA agonists promote the production of IL-10, miR-
221, A20, immune response gene 1 (IRG1), and MerTK, which are
involved in both M2 polarization and LPS tolerance, and reduced
mediators of M1 polarization, including IFN regulatory factor 5
(IRF5) and IRFS8, at transcriptional and protein levels (50). In
addition, Nzeteu et al. found that activated M2 macrophages
release significantly more VISTA than activated Ml
macrophages (51).

Intriguingly, VISTA deficiency did not lead to a severe systemic
autoimmune disorder, indicating that other immunoregulatory
molecular, such as PD-1, CTLA-4, B7-H3, and B7-H4, might
compensate for the VISTA genetic deficiency and mitigated the
development of inflammation and autoimmunity induced by
genetic loss of VISTA (5).

VISTA in allergic, autoimmune disease
and transplant rejection

Recent evidence suggests that VISTA is also closely associated
with allergic reactions, autoimmune diseases, and transplant
rejection via multiple inhibitory mechanisms, which will be
discussed in the following (Table 1). It is noteworthy that VISTA
is also highly expressed in placental tissues (54). Normal
pregnancies prefer a relatively immunosuppressive environment
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to tolerate fatal antigens, and the acidic environment caused by mild
hypoxia may enhance the immunosuppressive activity of VISTA
(54, 55). Therefore, VISTA in decidual immune cells can regulate
maternal-fetal immunity (54). Research on VISTA’s role in
maternal-fetal tolerance is also needed.

VISTA in allergic diseases

VISTA deficiency and blocking led to a significant increase in
infiltrating inflammation in the airways with massive eosinophils in
the experimental asthma model induced by OVA (46). VISTA KO
mice exhibit increased amounts of Th2-type cytokines, including
IL-5 and IL-13, as well as innate inflammatory cytokines, such as
MCP-1, TNF-0, and IL-6. VISTA KO mice show a significant
reduction in pulmonary CD4+ Foxp3+ Tregs during asthma
induction. In addition, VSITA agonist mAb 4C11 suppressed
pulmonary inflammation (46). Also, another VISTA antagonist
(MIH63) increased Th2-type cytokine production in mice (42).
Treatment with the VISTA antagonist (MIH63) during allergen
sensitization elevated the IL-13 expression but did not increase the
number of eosinophils and asthmatic responses. In contrast, MIH63
treatment during allergen challenge increased IL-4, IL-5, and IL-13
production and accelerated asthmatic responses (42). The results
indicate that VISTA is crucial for modulating asthmatic responses
(42, 46).

Sibaud et al. found that patients with melanoma given anti-PD-
1/PD-L1 therapy were more likely to develop multiple
dermatological complications, suggesting that immune checkpoint
inhibitors may play important roles in the regulation of skin
inflammation and autoimmunity (56). Consistent with this, one
line of evidence has shown that VISTA is important in the
maintenance of skin homeostasis and inflammation (52). It has
been demonstrated that anti-VISTA mAbs can effectively inhibit
allergic airway disease and allergic dermatitis (8, 46). T Ohno et al.
analyzed the roles of VISTA in allergic skin inflammation using a
murine 2,4-dinitro-1-fluorobenzene-induced contact
hypersensitivity model. It was found that treatment with anti-
mouse VISTA mAb (MIH63) (52, 57) at sensitization, but not at
challenge, significantly boosted ear swelling and elevated IFN-y and
TNEF-o. secretion (52). Further analysis of draining lymph nodes
revealed that VISTA antagonist treatment greatly increased the
proportions of CD8" CD25™ T cells, CD4" IFN-y" T cells, and CD8"
IFN-y" T cells, and further increased both CD44"8" fractions in
CD8" T cells, but not affect the proportion of Foxp3™ Tregs (43, 52).
Guo et al. found that VISTA-Ig can successfully alleviate erythema,
a horny substance of allergic dermatitis mice (8). As a result, fewer
inflammatory cells can be infiltrated, and inflammatory cytokines
and IgE are produced (8).

It has been reported that human VISTA-Ig inhibits the
proliferation of T cells and reduces cytokine production in T cells
(16). However, the detailed role of VISTA in human skin diseases
remains to be uncovered. Furthermore, the treatment with VISTA
antagonist during the sensitization and challenge stage shows
opposite results in the experimental asthma model, and the
allergic skin inflammation model still needs further exploration.
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TABLE 1 The functions of VISTA in allergic, autoimmune disease and transplantation.

Diseases Antibody Role of VISTA Reference
Allergy
Skis MIH63 T Oh
i ﬂzmmation (blocking) VISTA suppress the proliferation of, and cytokine production by, T cells. et al. (23(1)7) (8)
Allergic VISTA-Ig significantly suppressed AD symptoms by regulating the abnormal activation of T cells Guo etal. 2)
dermatitis response. (2021)
4Cl11 . . . Liu et al.
Asthma . VISTA deficiency promte production of Th2 cytokines (IL-5 and IL-13) and decrease Treg level (46)
(agonistic) (2018)
MIH63 T Oh
Asthma 6 VISTA is involved in the regulation of Th 2 cell generation and Th 2 cell-mediated antibody production Ohno (42)
(blocking) et al. (2018)
Autoimmune diseases
L MH5A VISTA on both T cells and myeloid cells could transmit inhibitory signals, resulting in reduces Han @
upus
P (agonistic) cutaneous disease, autoantibodies, inflammatory cytokines, chemokines, and immune cell expansion. et al.(2019)
Lupus 13F3 VISTA deficiency exacerbates disease of systemic lupus erythematosus and led to increase in renal Sergent et al. 48)
upu
P (blocking) inflammatory myeloid cells. (2017)
VISTA is a negative checkpoint regulator supress T-cell activation, allowing for an enhanced Wang et al.
EAE 13F3 . (35)
proinflammatory phenotype (2014)
. 8G8 VISTA deficiency reduced MMP-3 expression, C5a receptor ecpression, and joint inflammation and Ceeraz et al.
Arthritis . X (45)
(blocking) tissue damage. (2017)
L VISTA deficiency led to the hyper-activation of Erk1/2 and Jnk1/2, and augmented the production of Lietal
Psoriasis - . . . (40)
IL-23 and IL-17A, and exacerbated psoriasiform inflammation (2017)
Transplantation
GVHD MH5A VISTA as a co-inhibitory receptor on allo-reactive T cell and VISTA on donor T cells is crucial for Flies et al (10)
(agonistic) regulating alloantigen responses. (2011)
Comeal MIH 63 VISTA-mediated immunomodulation protects the corneal allograft from rejection and promotes the Tomoyuki ©)
allografts (blocking) survival of the comeal allograft. et al. (2019)
Viral Infection
HIV HIV-infected subjects show increased expression of VISTA, which correlated with increased cytokine Bharaj et al. (44)
mRNA expression such as IL-1f, IL-6, IL-8, IL-10, and TNF-0, and immune activation (2014)
COVID-19 803 Anti-VISTA agonists may suppress the COVID-19 inflammatory signature, as the VISTA agonist EiTanbouly 53)
(agonistic) downregulated almost 40% of COVID-19 hallmark immune genes. at al. (2020)

Accordingly, these observation raises the possibility that the
administration of VISTA agonistics could be beneficial in steroid-
resistant asthmatic patients and allergic dermatitis patients.

VISTA in autoinflammation and
autoimmunity diseases

Increasingly studies have focused on the relationship between
VISTA expressions and autoimmune diseases, such as SLE and RA.
It has been discovered that VISTA deletion causes spontaneous
autoimmunity and clinically obvious organ-specific autoimmune
disease (7). Our discussion will focus on the role of VISTA in
autoinflammation and autoimmunity disease, which may
subsequently facilitate establishing the rationale for
therapeutically enhancing VISTA-mediated pathways to benefit
the treatment of multiple autoinflammatory and
autoimmune disorders.

Frontiers in Immunology

Systemic lupus erythematosus

Sabrina et al. found that patients with systemic lupus
erythematosus and discoid lupus erythematosus (DLE) and
autoimmune-prone MRL/lpr mice have up-regulated VISTA
expression (58). They interbred VISTA-deficient mice with
Slel.Sle3 mice, and analyzed the impact of VISTA deficiency on
lupus development in that lupus-prone mouse strain. They found
that Slel.Sle3 VISTA-/— mice showed enhanced CD4+ T cells and
myeloid compartment activation and increased secretion of
proinflammatory cytokines, chemokines, and interferon (IFN)-
regulated genes associated with SLE, including IFNa, IFNY, tumor
necrosis factor, interleukin-10, and CXCL10 (58). A feature of lupus
lesions from VISTA KO mice is pDC clustering, and neutrophils
infiltrate the skin before clinically evident disease, and subsequently
develop more severe systemic lupus erythematosus and
inflammatory arthritis (48). An agonistic VISTA antibody can
consistently inhibit T cell, pDC, and neutrophil function,
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suppressing autoimmune lupus in MRL/lpr mice (7). Meanwhile,
the treatment with a VSITA-blocking antibody (13F3) exacerbates
the progression of lupus and increases amounts of inflammatory
myeloid cells and activated T cells (48). Notably, no difference was
observed in total anti-dsDNA antibodies, anti-dsDNA-IgG
antibody titers, dsDNA-IgM antibodies, or IgG, IgM deposition
in the kidney, suggesting that VISTA has little effect on B cells.
These findings suggest that VISTA activation could effectively treat
systemic lupus erythematosus.

Rheumatoid arthritis

SLE was exacerbated by deleting VISTA, and VISTA agonist
alleviated autoimmune lupus. However, different disease models
exhibit opposite effects. For example, rheumatoid arthritis is also a
chronic autoimmune inflammation that destroys cartilage, tendon,
and bone in particular joints (56, 59). VISTA is expressed in the
synovial tissue of joints in healthy and RA patients. By contrast, in a
mouse model of collagen antibody-induced arthritis (CAIA),
Ceeraz et al. (45) found that both VISTA gene knockout and
specific VISTA-blocking antibody (8G8) modulated macrophage
responses to immune complexes, significantly induced resistance to
arthritis in mice and reduced arthritic inflammation. In addition, it
was demonstrated that VISTA deficiency impaired responses of
myeloid cells to C5a and regulated macrophage reactions to
simulated immune complexes (45). Researchers speculated that it
might be related to the type of mouse model and monoclonal
antibody used in this study, as well as the type of immune cells
involved in the occurrence of RA and, as in another case of CAIA,
anti-VISTA antibody (MH5A) greatly reduced arthritic symptoms
and joint damage (10). Therefore, future studies may consider
selecting other RA models and mAb to further clarify the role of
VISTA in the occurrence and development of RA.

Psoriasis

VISTA also has an inhibitory effect on the occurrence and
development of psoriasis. In the imiquimod (IMQ)-induced
psoriasis model, VISTA deficiency enhanced the production of
IL17 by both ¥ T cells and CD4+ Thl7 cells and suppressed
IMQ-induced TLR7 signaling and IL-23 production, resulting in
exacerbated psoriasiform inflammation (40). These results reveal
the anti-inflammatory role of VISTA through regulating the IL-23/
IL-17 inflammatory axis, leading to the elevated level of
inflammatory mediators in the skin and serum, including IL-1f,
IL-6, IL-17A, IL-22, IL-23, IEN-Yy, TNF-0, and CXCL2 (40).

VISTA and allogeneic transplantation

Organ transplantation is still challenging in clinical practice due
to allogenic transplant rejection and Graft versus host disease.
Therefore, numerous researchers are testing the clinical feasibility
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of targeting immunomodulatory molecules to prevent GVHD and
prolong organ transplant survival.

GVHD is a reaction of activated allogeneic or major
histocompatibility complex (MHC) mismatched T cells directed
against host tissues, which may result in wide tissue damage,
increasing the risk of metabolic disorder, opportunistic infection,
and malignancy, and generally require immune suppression (11,
60). GVHD is commonly found in allogeneic hematopoietic cell
transplantation for treating hematologic malignancies and in the
setting of solid organ transplantation. Flies et al. found that
VISTA' T cells induce exacerbated graft-versus-host disease
compared to wild-type T cells and found the immunosuppressive
impact of VISTA agonists in acute GVHD (11). By
immunohistochemistry analysis, they found that the VISTA
agonists (MH5A) can greatly reduce infiltrating T cells and
suppress T cell activation in all GVHD target organs, such as the
liver, spleen, kidney, and lung (2, 11). In addition, the VISTA
agonists targeting VISTA on donor T cells can prevent GVHD (10).

Tomoyuki et al. (9) examined the role of VISTA in the immune-
privilege status of corneal allotransplantation and allospecific
anterior chamber-associated immune deviation (ACAID). The
researchers found that VISTA-mediated immunomodulation
protects corneal allografts from rejection and promotes survival.
Two possible mechanisms are explored in this study. One was that
VISTA is involved in the induction of donor-specific ACAID, that
antigens-specific systemic immune tolerance to eye-derived
antigens via splenic CD8" CD103™ T regulatory cells (9).
Additionally, they found that the corneal VISTA mediates
immune suppression and reduces inflammatory cells within
the eyes.

VISTA may contribute to GVHD and allograft rejection, and
forced expression of VISTA may be a potential therapeutic strategy
for conferring an immune-privileged status to suppress GVHD
allograft rejection. However, the precise mechanism of VISTA in
the modulation of T-cell response remains elucidated. Therefore,
studies are needed to determine the signaling pathways mediated by
VISTA on APCs and T cells, which will facilitate manipulation of
the immune system for maintaining tolerance and graft survival
with the least side effects.

VISTA in other CNS inflammation
and diseases

Microglia, a major myeloid cell in the central nervous system
(CNS). VISTA is most abundantly expressed by mouse and human
microglia and involved in the immune response of microglia (43,
61). Therefore, understanding the role of VISTA in CNS
inflammation and diseases is important. In accordance with SLE,
anti-VISTA Ab administration in vivo enhanced disease
progression in a passive EAE model. Furthermore, VISTA-
deficient mice significantly enhanced the development and
progression of EAE on a disease-prone transgenic background,
suggesting that VISTA deficiency overcame additional immune-
regulatory mechanisms, leading to elevated activated
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encephalitogenic T cells in the periphery and promoting its
infiltration into the central nervous system (35).

As the VISTA may be involved in immune surveillance and
uptake of apoptotic neurons or other debris by microglia (12, 61).
Borggrewe et al. (62) summarized the role of VISTA in CNS
inflammation, aging, and neurodegenerative diseases. The
expression of VISTA by microglia is consistently decreased in
neurodegenerative diseases (NDD), including Alzheimer’s disease,
frontotemporal dementia, Parkinson’s disease, and amyotrophic
lateral sclerosis. Reduction in VISTA expression during NDD
leads to elevated production of cytokines and inhibits the
clearance of cell debris which might enhance neuroinflammation
(12, 40, 61).

VISTA expression consistently decreases in chronic active
multiple sclerosis (MS) lesions and MS mouse model (61).
Microglia VISTA slightly decreases in MS white matter, whereas
there is no significant difference in MS grey matter (63, 64). The loss
of VISTA expression on microglia in MS may exacerbate the
activation of infiltrating T cells in the lesion, further enhancing
inflammation and tissue destruction (65). Microglia also involves
various CNS diseases, including stroke and Purkinje cell
degeneration. The expression of VISTA by microglia is reduced
2-fold in the stroke murine model (62). Although inhibiting the
activation of microglia during stroke facilitate to produce beneficial
outcomes, microglial activation is also critical to counteract
neuronal death and enhance neurogenesis and angiogenesis
(62, 66).

Alzheimer’s and Parkinson’s disease may develop due to
reduced VISTA expression in microglia during aging. For
example, in mice, VISTA expression is reduced in microglia in
aged mice compared with younger mice. And individuals > 50 years
of age show a slight increase in VISTA expression compared with
those < 50 years (62).

VISTA and viral infection

VISTA could also impact human immunodeficiency virus
(HIV)-induced immune activation and T-cell response.
Monocytes from HIV-infected subjects show increased expression
of VISTA, which correlated with increased cytokine mRNA
expression such as IL-1B, IL-6, IL-8, IL-10, and TNF-a, and
immune activation (44), and these results indicated that VISTA
might play a critical role in regulating the immune response in HIV
infection. Additionally, VISTA may induce phagocytosis of HIV-
infected T cells and subsequent upregulation of apoptosis (67).
VISTA overexpression on both phagocytes and HIV-infected CEM-
SS T cells facilitated phagocytosis (66). Moreover, it has been
suggested that CXCL10 might serve as a prognostic biomarker
and an essential pathogenic mediator of COVID-19 in recent
studies (68, 69). The potential immunoregulatory role of VISTA
in COVID-induced inflammation has also been explored as the
anti-VISTA mAb suppresses CXCL10. Enrichment analysis of the
COVID-19 immune profile indicates that anti-VISTA agonists may
suppress the COVID-19 inflammatory signature, as the VISTA
agonist downregulated almost 40% of COVID-19 hallmark immune
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genes (53). However, The underlining mechanism is still unknown,
which could be related to VISTA agonist’s reduction of FcgRIIIa, as
the Fc receptor responses have been reported as an
immunopathologic feature of COVID-19 infection (53). The
impact of VISTA on myeloid chemotaxis also makes it a
promising target in COVID-19 cytokine storm management. In
addition, heightened cytokine production from myeloid cells likely
contributes to cytokine-release syndrome (CRS) induced by CAR-T
cell therapy, and VISTA agonistic may ameliorate the innate
inflammation of the CAR-T-induced CRS (53). Meanwhile,
VISTA agonists likely would exert minimal inhibitory impact on
activated CAR-T cells directly (53). However, there are limited
numbers of studies on viral infection and VISTA biology, which
topic remains largely unexplored.

Targeting VISTA in autoimmunity

Multiple functional outcomes of VISTA modulation are
plausible in autoimmune diseases. VISTA antibodies can be
divided into agonistic or antagonistic antibodies according to
their function. VISTA agonistics has been shown to limit immune
response and suppress proinflammatory cytokine production in
several mice autoimmune diseases models, such as EAE, murine
lupus nephritis, K/BxN arthritis, IMQ-induced psoriasis, and
GVHD (5, 10). VISTA agonist mAb, such as MH5A (7, 10, 11)
and 4C11 (46). Using these VISTA antagonistic in mice, such as
13F3 (14, 43), and MIH63 (42) exacerbates the severity of the
allergy and autoimmune diseases, including asthma and EAE. On
the contrary, VISTA antagonistic 8G8 suppresses the collagen
antibody-induced arthritis (45). Researchers have no consensus
regarding the exact function of the MH5A clone (70). MH5A
clone acts as an agonist in the GVHD model and autoimmune
lupus in MRL/lpr mice, whereas in the case of CAIA, Ceeraz et al.
used it as an antagonist to reduce joint inflammation (45). The exact
epitopes and properties involved with different monoclonal
antibody against VISTA may account for these apparent various
results (71).

Importantly, VISTA may also be involved in a large variety of
functions, including phagocytosis, cytokine response, and
chemotaxis, which make it complex to predict the outcome of
VISTA modulation. Moreover, systemically using anti-VISTA
antibodies may impact the immune function unpredictably.
Therefore, it urges us to explore precise therapeutic antibodies
which target distinct epitopes. In addition, an innovative strategy
for engineering pH-selective anti-VISTA antibodies has been
developed, targeting only the PH- dysregulation sites.

Conclusions

VISTA is a critical immune-checkpoint regulator that
maintains peripheral tolerance and controls autoimmunity.
Recent advances in targeting VISTA have shown promising
results in immune-related diseases such as cancer and
autoimmunity. VISTA-Ig and genetic VISTA ablation promotes
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proinflammatory cytokine production and leads to a susceptible
condition under which autoimmune diseases are more likely to
develop. VISTA manipulation or targeting to enhance or suppress
its activity may offer promising therapeutic approaches for allergic,
autoimmune disease and transplantation. The knowledge gap
concerning VISTA binding partners is a critical limiting step in
developing targeted therapy. Identifying VISTA’s binding partner is
critical for clinical benefits and will further offer insight into the
cellular and molecular immunomodulatory mechanisms of VISTA
signaling. An in-depth understanding of VISTA’s
immunomodulatory mechanisms has provided exceptional
opportunities to therapeutically target or manipulate VISTA and
design synergistic combination therapies for tolerance maintenance
in allergic and autoimmune diseases and organ transplants.
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