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VISTA Expression on Cancer-Associated Endothelium
Selectively Prevents T-cell Extravasation
Sietse J. Luk1, Rouven Schoppmeyer2,3,4, Marieke E. Ijsselsteijn5, Antonios Somarakis6, Ibtissam Acem7,8,
Dennis F.G. Remst1, Daan T. Cox1, Cornelis A.M. van Bergen1, Inge Briaire-de Bruijn5, Max L.B. Gr€onloh2,4,
Werner J. van der Meer2,4, Lukas J.A.C. Hawinkels9, Roman I. Koning10, Erik Bos10, Judith V.M.G. Bov�ee5,
Noel F.C.C. de Miranda5, Karoly Szuhai10, Jaap D. van Buul2,3,4, J.H. Frederik Falkenburg1, and
Mirjam H.M. Heemskerk1

ABSTRACT
◥

Cancers evade T-cell immunity by several mechanisms such as
secretion of anti-inflammatory cytokines, down regulation of
antigen presentation machinery, upregulation of immune check-
point molecules, and exclusion of T cells from tumor tissues. The
distribution and function of immune checkpoint molecules
on tumor cells and tumor-infiltrating leukocytes is well estab-
lished, but less is known about their impact on intratumoral
endothelial cells. Here, we demonstrated that V-domain Ig
suppressor of T-cell activation (VISTA), a PD-L1 homolog, was
highly expressed on endothelial cells in synovial sarcoma, subsets
of different carcinomas, and immune-privileged tissues. We
created an ex vivo model of the human vasculature and dem-
onstrated that expression of VISTA on endothelial cells selec-

tively prevented T-cell transmigration over endothelial layers
under physiologic flow conditions, whereas it does not affect
migration of other immune cell types. Furthermore, endothelial
VISTA correlated with reduced infiltration of T cells and poor
prognosis in metastatic synovial sarcoma. In endothelial cells, we
detected VISTA on the plasma membrane and in recycling
endosomes, and its expression was upregulated by cancer cell–
secreted factors in a VEGF-A–dependent manner. Our study
reveals that endothelial VISTA is upregulated by cancer-secreted
factors and that it regulates T-cell accessibility to cancer and
healthy tissues. This newly identified mechanism should be
considered when using immunotherapeutic approaches aimed
at unleashing T cell–mediated cancer immunity.

Introduction
Synovial sarcoma is an aggressive soft-tissue sarcoma that is char-

acterized by a specific driver translocation between chromosomes X
and 18, resulting in a fusion of the SS18 gene with SSX1, SSX2, or
SSX4 (1). The 10-year cancer-specific survival for patients with
metastatic synovial sarcoma is under 10% (2), underscoring the
need for effective systemic therapies. Synovial sarcoma responds
poorly to immune checkpoint blockade with mAbs against cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1; refs. 3, 4), which is in line with its low

mutational burden (5, 6) that results in a low number of putative
neoantigens that can be recognized by autologous T cells. Further-
more, synovial sarcoma is generally poorly infiltrated by T cells (7),
whereas its tumor microenvironment is enriched with macrophages
displaying immunosuppressive features (8). Removing immunologic
barriers that preclude T-cell infiltration into synovial sarcoma could
result in an improved clinical outlook for this disease.

In this study, we used imagingmass cytometry (IMC) as a discovery
tool to identify mechanisms underlying T-cell exclusion in synovial
sarcoma.We demonstrated that in synovial sarcoma and several other
cancer types, V-domain Ig suppressor of T-cell activation (VISTA), an
immune checkpoint molecule that is homologous to programmed
death-ligand 1 (PD-L1) and suppresses T-cell responses in vitro and
in vivo (9–12), is highly expressed on intratumoral endothelial cells
(EC). We demonstrate that VISTA acts as an endothelial immune
checkpoint molecule that selectively halts T-cell migration across the
endothelium.

Materials and Methods
Human materials

All patient materials were collected and used according to the
Declaration of Helsinki and Dutch law and regulations. Patient mater-
ials were derived from the bone and soft-tissue tumor biobank at
Leiden University Medical Center and coded according to the ethical
guidelines described in “Code for Proper Secondary Use of Human
Tissue in the Netherlands” of the Dutch Federation of Medical
Scientific Societies, as reviewed and approved by the Medical Ethical
Board Leiden-Den Haag-Delft (B20.034). Written informed consent
was acquired from the patients that were included in this biobank. For
some patients that were included in the biobank before 2015, a waiver
of consent was obtained by the institutional medical ethical board.
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Three tissue microarrays (TMA) were created from 71 formalin-fixed
paraffin-embedded (FFPE) tumor resections of synovial sarcoma that
were derived from 44 patients. Inclusion criteria were all SS18-SSX
fusion gene–positive synovial sarcoma samples in our biobank. When
possible, three 1.5-mmcores were included from each tumor resection.
In cases where limited material was available, 2 or 1 cores were
included per tumor, resulting in a total of 201 synovial sarcoma cores.
Primary tumors were included that were treatment na€�ve, as well as
primary tumors that were sampled after cytotoxic therapy. Metastatic
tumors that did not undergo cytotoxic therapy were included as well.
Commercial TMAs with normal and malignant tissues were obtained
from Biomax. TMA MNO961 contained the following tissues from
healthy individuals (the number in brackets represents the number of
samples each from a different patients): adrenal gland [3], urinary
bladder [3], bone marrow [1], eye [2], breast [3], cerebellum [3],
cerebral cortex [3], 3x fallopian tube [3], esophagus [3], stomach [3],
small intestine [3], colon [3], rectum [3], heart [3], kidney [6], liver [3],
lung [3], ovary [3], pancreas [3], parathyroid [1], pituitary gland [2],
placenta [3], prostate [3], skin [2], spinal cord [2], spleen [2], skeletal
muscle [3], testis [3], thymus [3], thyroid [3], tonsil [3], ureter [3],
cervix [3] and endometrium [3]. BC000119b contained invasive breast
carcinoma [38], lung squamous cell carcinoma [38], colon adenocar-
cinoma [38], prostate adenocarcinoma [38], and pancreas adenocar-
cinoma [38]. BC000120a contained stomach adenocarcinoma [38],
hepatocellular carcinoma [38], ovary adenocarcinoma [38], endo-
metrioid adenocarcinoma [38], and squamous cell carcinoma of
head and neck [38]. BNC17011c contained brain specimens from
frontal lobe [3], apical lobe [3], occipital lobe [3], temporal lobe [3],
midbrain [3], pons [3], medulla oblongata [3], Thalamus opticus,
[3], cerebellum [3], hippocampus [3], callositas [3], optic nerve [3],
spinal cord [3], and caudate nucleus [1]. TMA HEN241a contained
healthy heart tissues [24].

Imaging mass cytometry
Antibodies were conjugated in-house with Maxpar antibody

labeling kits (Fluidigm) according to manufacturer’s protocol using
100 mg of antibody per reaction. Antibodies were diluted in 100 mL
antibody stabilization buffer (Candor Bioscience, catalog no. 131
050) before use. A full list of antibodies including incubation times
and temperatures is summarized in Supplementary Table S1. For-
malin-fixed, paraffin-embedded (FFPE) tissue sections were stained
for imaging mass cytometry as previously described (13). Shortly,
sections were deparaffinized in xylene and rehydrated in a series of
ethanol. Heat-mediated antigen retrieval was performed in citrate
buffer pH 6.0 (0.1 mol/L sodium citrate; Sigma, catalog no.
W302600) in distilled water, adjusted with 0.1 mol/L citric acid
(Sigma, catalog no. C0759; to pH 6.0) for 10 minutes using a
microwave oven. After cooling, slides were blocked using Super-
block PBS Blocking Buffer (Thermo Fisher Scientific, catalog no.
57515), and slides were incubated overnight with anti-CD39. After
washing three times in PBS-0.05% Tween (Sigma, catalog no.
P1379), a Qdot800-labeled anti-mouse secondary antibody (diluted
1:100, Thermo Fisher Scientific, catalog no. Q-11071MP) was
incubated for 1 hour at room temperature, followed by washing
and incubation for 5 hours at room temperature with half of the
metal-conjugated antibodies. After washing, the second half of the
metal-conjugated antibodies was incubated overnight at 4�C, fol-
lowed by washing. Slides were then incubated with an iridium-
labeled DNA intercalator (Fluidigm, catalog no. 201192A), washed
with deionized water, and dried before imaging on a Hyperion
imaging mass cytometry system (Fluidigm).

Analysis of imaging mass cytometry data
Cell segmentation was performed using Ilastik version 1.3.2 (14)

and Cell Profiler version 2.2.0 (15). Pixel classification was performed
in Ilastik to create probability maps from the DNA intercalating
staining for subsequent segmentation of tumor cells and lymphocytes
in Cell Profiler. Combined images with signals fromCD31, CD68, and
CD204 were used to create probability masks for myeloid and endo-
thelial cells and subsequent segmentation in cell profiler. Masks for
both cell types were combined in Cell Profiler. A semiautomated
background removal was performed on raw TIFF images for each
channel in Ilastik to reduce noise, as was described previously (16), and
some markers were excluded because of inadequate staining
[Supplementary Table S1 (indicated by �)]. The in-house developed
software IMACytE (17)was used to combine imaging data with the cell
masks and to calculate mean intensity values for each segmented cell.
Single cells were then embedded using hierarchical stochastic neigh-
borhood embedding (hSNE) in Cytosplore version 2.2.1. (18), and
density-based clusters were generated that were separated into two
groups based on their protein abundance: tumor/stromal cells and
immune/endothelial cells. The latter group was further explored
by t-distributed SNE (tSNE) in Cytosplore and density-based
clustering. IMACytE was used to map identified cell phenotypes
back to the original images to investigate tissue distribution of
identified phenotypes.

Immunofluorescent labeling of FFPE tissue sections and
adherent cells

For immunofluorescent labeling of FFPE tissues, 4-mm-thick FFPE
tissue sections were deparaffinized in xylene, rehydrated in a series of
ethanol, and heat-mediated antigen retrieval was performed in a Tris-
EDTA buffer at pH 9.0 (10 mmol/L TRIS; Sigma, catalog no. T1503),
0.1 mmol/L EDTA [Sigma (catalog no. E5143) in deionized water] in a
microwave oven. Slides were blocked using Superblock PBS Blocking
Buffer (Thermo Fisher Scientific, catalog no. 57515) for 30 minutes,
and primary antibodies were incubated in PBS with 1% BSA (Sigma,
catalog no. A7030; PBS-BSA) overnight at 4�C (Supplementary
Table S2, “Immunofluorescence in FFPE tissues”). After 3�5-minute
washes in PBS, secondary antibodies (Supplementary Table S2, “Sec-
ondary antibodies”) were incubated for 1 hour at room temperature,
followed by 3�5-minute washes in PBS and incubation for 5 minutes
with 1 mmol/L 40,6-diamidino-2-phenylindole (DAPI; catalog no.
D9564, Sigma) in PBS. Slides were mounted in prolong gold (Thermo
Fisher Scientific, catalog no. P36930). For immunofluorescent labeling
of adherent cells, endothelial cells were grown overnight on in-house
gelatin-coated glass slides [Start Frost slides, Knittel Glass, coated
overnight at 37�Cwith 0.2% gelatin (BDHChemicals, Cat. # 44045) in
PBS] and then washed two times with cold PBS before fixation with
3.7% formaldehyde (Merck, catalog no. 1.03999.1000) in PBS and
permeabilization with either 70% ethanol (1 hour at room temper-
ature) or 0.1% Triton (Sigma, catalog no. T8787) for 10 minutes at
room temperature. Slides were washed two times for 2 minutes in
PBS-BSA before primary antibody incubation was performed (Sup-
plementary Table S2, “Confocal microscopy”) in PBS-BSA for
1 hour at room temperature, followed by 3�5-minute washes and
incubation with secondary antibodies Supplementary Table S2,
“Secondary antibodies”) in PBS-BSA for 30 minutes at room
temperature. Slides were washed three times for 5 minutes, incu-
bated for 5 minutes with 1 mmol/L DAPI in PBS, and mounted with
Prolong Gold Mounting medium. Slides were scanned using a Zeiss
Axio ScanZ1 slide scanner (Zeiss). High-resolution confocal images
were acquired using an SP8 scanning confocal microscope (Leica).
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Analysis of dual immunofluorescent images
Full-slide scans of TMA slides were loaded into QuPath version

0.2.3 (19) for TMA core annotation and exporting raw fluorescence
data as multilayered TIFF files for each individual core. TIFF files
were manually inspected for the presence of tissue, morphology, and
appropriate CD31 staining as a control for fixation. Samples that
did not contain any tissue or showed no CD31 staining were excluded
from the analysis. All individual cores were scored by two independent
observers as follows: “�” for<5%of vessels positive for VISTA; “þ” for
5% to 40% of vessels positive for VISTA; “þþ” for 40% to 80% of
vessels positive for VISTA; and “þþþ” for >80% of vessels positive
for VISTA. The VISTA score per tumor was calculated as the aver-
age of all suitable cores, which was rounded to an integer for visual-
ization purposes.

Quantification of T-cell infiltration
CD3-labeled full-slide images were processed into multilayer tiff

files per TMA core as described for CD31/VISTA staining in QuPath.
In ImageJ (20), tumor regions were manually annotated. Composite
images of CD3 and the adjacent empty channel were transferred to the
pixel classification tool of Ilastik version 1.3.2. (14) and trained forCD3
signal. Generated probability maps and annotated tumor maps were
used to quantify intratumoral T-cell numbers permm2 of tumor inCell
Profiler (15).

Analysis of single-cell mRNA sequencing data
Mapped read counts per cell from 12 human synovial sarcoma

samples were downloaded from the Gene Expression Omnibus
(GSM3770931; ref. 21) and analyzed using the Seurat V3 pipeline in
R-studio (22). tSNE embeddings were generated to visualize the
expression of lineage markers and the gene coding for VISTA, VSIR.
Phenotypes of single cells were adopted from the original publication
of Jerby-Arnon and colleagues and shown with color scale on the
single-cell tSNE embedding (21).

Cell culture
Human umbilical cord endothelial cells (HUVEC) were isolated

from umbilical cords according to Jaffe and colleagues (23) and kindly
provided byA. vanOeveren-Rietdijk andH.C. de Boer (Department of
Nephrology, Leiden University Medical Center, Leiden, the Nether-
lands). HUVECs and EC-RF24 endothelial cells (24) were cultured in
gelatin-coated dishes (cell culture dishes coated for at least 30 minutes
at 37�C with 0.2% gelatin in PBS) in M199 medium (Gibco, catalog
no. 31150030) supplemented with 20% FBS (Sigma F7524), bovine
pituitary extract (50 mg/mL, Gibco, catalog no. 13028014), heparin
(10 IU/mL, LEO), and 1% penicillin/streptomycin (P/S; Lonza, catalog
no. 17–602E). Primary HUVECs were used up to passage 5. SYO-1
synovial sarcoma cells were cultured in Iscove’s modified Dulbecco
medium (IMDM; Lonza 12–722F) supplemented with 10% FBS and
1% P/S. SYO-1 cells were a kind gift from Akira Kawai, National
Cancer Center Hospital (Tokyo, Japan; ref. 25). SYO-1–conditioned
HUVEC medium was generated by plating 2 � 106 SYO-1 cells in a
T75 flask and growing to overconfluency for 5 days, while replacing
the medium daily. At day 5, medium was replaced by 20 mL HUVEC
medium, and SYO-1 cells were cultured for an additional 72 hours,
after which the supernatant was harvested and stored at �80�C.

Peripheral blood mononuclear cell isolation
Peripheral blood mononuclear cells (PBMC) were obtained from

fresh blood provided by a total of 10 healthy anonymous donors at
Sanquin Blood Supply. Blood was diluted 1:2 with isolation buffer

(PBSþ 2 mmol/L EDTA) and up to 35 mL was layered over 15 mL of
Ficoll Paque Plus (Sigma, catalog no. GE17–1440–02), followed by
centrifugation at 400 � g for 40 minutes at room temperature with
the brake off. PBMCs in the interphase were harvested and transfer-
red into a fresh tube that was filled (up to 50 mL) using isolation
buffer. After three centrifugation steps [(i) 350 � g for 10 minutes;
(ii) 200 � g for 10 minutes; (iii) 200 � g for 10 minutes], cells were
counted and used for magnetic bead isolation as described below.

Monocyte isolation
Monocytes were isolated from PBMCs derived from fresh human

heparinized blood provided by three voluntary anonymous donors
(Sanquin Blood Supply) using Negative Selection withMagnetic Beads
(Miltenyi Biotec, catalog no. 130–096–537) and LS columns (catalog
no. 130–042–401, Miltenyi Biotec) according to the manufacturer’s
instructions using PBS supplemented with 2 mmol/L EDTA and 0.5%
FCS as running buffer. After isolation, cells were resuspended to 1 �
106 cells/mL in PBS supplemented with 2 mmol/L EDTA and 0.5%
FCS and were kept on ice. Immediately before injection into the flow-
based in vitro assays, 1� 106 cells were centrifuged and resuspended in
1mL ofHEPES flow buffer/medium [20mmol/LHEPES (132mmol/L
NaCl, 6mmol/L KCL, 1mmol/L CaCl2, 1mmol/LMgSO4, 1.2mmol/L
K2HPO4, 1 g/L D-glucose (all from Sigma Aldrich), and 0.5% (w/v)
human serum albumin (Sanquin)] and thoroughly resuspended to
avoid clumping.

Neutrophil isolation
Neutrophils were isolated from fresh human heparinized blood

provided by three voluntary anonymous donors (Sanquin Blood
Supply) using Percoll (Merck, catalog no. P1644) density centrifuga-
tion. PBMCs were diluted (1:1) with 5% (v/v) TNC (trisodium citrate)
in PBS. The diluted whole bloodwas pipetted carefully onto 12.5mL of
Percoll (at room temperature, density ¼ 1.076 g/mL). Tubes were
centrifuged at 450 � g without brake for 20 minutes. The fraction
containing RBCs and polymorphonuclear cells (PMN) was further
processed by erythrocyte lysis using cold isotonic lysis buffer
(155 mmol/L NH4Cl, 10 mmol/L KHCO3, 0.1 mmol/L EDTA at pH
7.4) in distilled water on ice. This step was repeated once. After
centrifugation at 450 � g for 10 minutes at 4�C, PMNs were washed
once with PBS and centrifuged again at 450 � g for 5 minutes at 4�C
before resuspension in HEPES medium. Neutrophils were kept at
room temperature and were used for experiments for no longer than
4 hours before injection into the flow-based in vitro assays, warmed at
37�C for 10 minutes in an Eppendorf tube in a water bath.

T-cell isolation and recovery
CD8þ and CD4þ T cells were isolated from fresh PBMCs from six

donors using the negative CD8þ or CD4þ T-cell Isolation Kit (catalog
no. 130–096–495/130–096–533, Miltenyi Biotec) and LS columns
(catalog no. 130–042–401, Miltenyi Biotec) according to the manu-
facturer’s instructions using the same buffer as for monocyte isolation.
Isolated T cells were counted and placed in an incubator overnight in
RPMI1640 (Thermo Fisher Scientific, catalog no. 61870036) medium
with 10% FCS and 1% P/S at a density of 2 � 106 cells/mL.

Cloning and retroviral transduction
Total RNA was isolated using the Micro RNaqueous Kit (Ambion)

before DNA was fragmented with DNAse (Ambion) and removed by
RNeasyMini Kit (Qiagen). cDNA synthesis was performed using oligo
dT primers with M-MLV reverse transcriptase (Invitrogen). A retro-
viral vector for overexpression of VISTA was created by amplifying
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full-length VISTA cDNA from isolated CD14þ cells with primers
containing ECOR1 restriction sites for cloning into a MP71 eGPF-
expressing vector (26). eGFP-taggedVISTAconstructs were created by
amplifying VISTA and eGFP separately and performing fusion PCR.
eGFP was attached with a GGGGGS linker to the C-terminus of full-
length VISTA. eGFP-tagged-VISTA constructs were cloned into an
MP71-markerless vector (26). Primers and details of the PCR reactions
are described in Supplementary Table S3. XL-2 Blue ultracompetent
cells (Agilent, catalog no. 200150) were used for clonal selection and
amplification of vectors. Vectors were checked by bidirectional Sanger
sequencing to ensure correct cloning and insertion of the target
sequences into vector backbones. After purification with the PureYield
Plasmid Miniprep system (Promega, catalog no. A1222), retroviral
vectors were transfected into Phoenix-GALV cells (27) using FuGene
HD Transfection Reagent (Promega, E2311). Virus-containing
supernatant was collected 48 hours after transfection. For retroviral
transduction, non–tissue culture–treated plates (Greiner, catalog
no. 657 185 or 662 102) were coated overnight with 30 mg/mL
retronectin (TaKaRa Bio, catalog no. T100B) and blocked for 30
minutes with 1% human serum albumin (Albuman, Sanquin Plas-
ma Products BV). The harvested virus was centrifuged at 2,000 � g
for 20 minutes at 4�C, supernatant was removed, and endothelial
cells were added at 70% confluency in their appropriate culture
medium and cultured overnight before trypsinization (Gibco, cat-
alog no. 25300). After five days of culture, cells were enriched for the
retroviral vector containing eGFP using a BD FACSAria III 4 L cell
sorter (BD Biosciences). Cell purity was >95% for cells used in
experiments as described below.

Stimulation of endothelial cells and qPCR
HUVECs were plated in 12-well dishes (0.1–0.2 � 106 cells/well)

and grown to confluency in 3 to 4 days, while replacing medium every
48 hours. Stimulation was performed by adding 2 mL SYO-1 condi-
tioned-medium, or 2 mLmedium that was supplemented with VEGF-
A 165 (50–100 ng/mL, Sigma, catalog no. V5765–10 mg) or placental
growth factor (100 ng/mL, BioLegend, catalog no. 765202). To the
abovementioned stimulation conditions, bevacizumab (10 mg/mL,
Pfizer) or SU5416 (1 mmol/L, WuXi AppTec) were added or not
added. During stimulation, medium was refreshed every 48 hours,
except for SYO-1 conditioned medium, which was refreshed every
24 hours. Cells were harvested after the indicated time intervals for
RNA isolation using the ReliaPrep RNA Miniprep System (Promega,
catalog no. Z6012). cDNAwas synthesized from1,000 ngmRNAusing
oligo DT primers with M-MLV reverse transcriptase (Invitrogen,
catalog no. 28025–013). qPCR was performed on a Roche Light-
Cycler 480 using the FastStart Taq DNA Polymerase Kit from
Sigma-Aldrich (catalog no. 12032945001) and EvaGreen from
Biotium (catalog no. 310000). Primer sequences and conditions
are described in Supplementary Table S4. Target gene expression
was measured in triplicate, and expression was normalized against
the average of three housekeeping genes (GUSB, VSP29, and
PSMB4) using the DCt method.

Flow cytometry
For flow cytometry and intracellular staining of VISTA, HUVECs

were resuspended using trypsin and fixed using 1% paraformaldehyde
(PFA, Apotheek AZL) before permeabilization for 30 minutes with
perm buffer [0.2% saponin and 0.1%HSA (Sanquin) in PBS]. Primary
VISTA antibody (Cell Signaling Technology, #64953) was incubated
for 30 minutes at room temperature in perm buffer, followed by two
washing steps perm buffer and incubation with secondary goat anti-

rabbit Alexa Fluor 647 antibody (Invitrogen, catalog no. A21244,
diluted 1:1,600 in perm buffer) for 30 minutes at room temperature,
followed by two washes of 5 minutes in perm buffer. Cells were
resuspended in perm buffer and acquired on a Fortessa cytometer
(BD Biosciences).

Electron microscopy
Primary HUVECs transduced with VISTA-eGFP were fixed in

PIPES, HEPES, EGTA, and magnesium sulphate heptahydrate (PHEM)
buffer (28) containing 2% formaldehyde (EMS, catalog no. 157–8) and
0.2% glutaraldehyde (EM grade, EMS catalog no. 16019) for 2 hours.
The fixed samples were embedded in 12% gelatin (type A, bloom 300,
Sigma) and cut with a razor blade into cubes (0.5 mm3). The sample
blocks were immersed in phosphate buffer containing 2.3 mol/L
sucrose for 3 hours. The sample blocks were then mounted on
aluminum pins and submerged and stored in liquid nitrogen. For
ultrathin sectioning, frozen samples were mounted in a cryo-
ultramicrotome (Leica) at 158 K. Samples were trimmed to yield
squared blocks with a front face of about 200 � 200 mm. Using a
diamond knife (Diatome) and antistatic device (Leica), a ribbon of
60-nm-thick sections was produced that was retrieved from the cryo-
chamber with a droplet of 1.15 mol/L sucrose containing 1% meth-
ylcellulose. After thawing, the sections were transferred to a specimen
grid previously coatedwith formvar/carbon (Agar Scientific, catalog no.
AGS162). The sections attached to the grid were left for 30 minutes on
the surface of 2% gelatin in phosphate buffer at 37�C, after which they
were rinsed on droplets of PBS at room temperature. The sections were
then labeled with the primary anti-eGFP (Supplementary Table S2,
“Electron microscopy”), rinsed with PBS, followed by labeling with 10-
nmprotein A–coated gold particles (CMC,UtrechtUniversity, Utrecht,
the Netherlands; catalog no. PAG10nm/S). Subsequently, the labeled
sections on the grid were embedded in 2% methylcellulose and 0.4%
uranyl acetate (pH 4.5) and air-dried. Electronmicroscopy images were
recorded using a Tecnai 12 TEM (FEI company) equipped with an
EAGLE 4�4K digital camera using a magnification of 13,000�.

Flow-based in vitro transmigration assay
HUVECs were stimulated overnight with TNFa (PeproTech, cat-

alog no. 300–01A, 10 ng/mL) in EGM-2 (PromoCell, catalog no. C-
22011) containing endothelial cell growth supplement (Promocell,
catalog no. C-39216) and 1%P/S (Thermo Fisher Scientific, catalog no.
15140122). In experiments using the VISTA blocking antibody onva-
tilimab (MedChem Express, catalog no. HY-P99040), the endothelial
cells were incubated prior to flow-based experiments with the antibody
at a concentration of 100 mg/mL for 60 minutes at 37�C. TNFa-
/antibody-treated HUVECs were then subjected to flow with HEPES
buffer [20 mmol/L HEPES, 132 mmol/L NaCl, 6 mmol/L KCL,
1 mmol/L CaCl2, 1 mmol/L MgSO4, 1.2 mmol/L K2HPO4, 1 g/L D-
glucose, and 0.5% (w/v) human serum albumin]. HEPES flow buffer
was prepared fresh for every experiment, filtered, warmed to 37�C, and
used on the same day. A flow rate of 0.5 mL/minute, corresponding to
approximately 0.8 dyne/cm2, was set on a table-top pump (Pro-
sense) with a 60 mL syringe with Luer-Lock tip (BD Biosciences).
Endothelial cells were exposed to the flow rate indicated for 10
minutes prior to the injection of 1-mL leukocytes (isolated mono-
cytes, neutrophils, and CD8þ T cells) with a concentration of 1 �
106 cells per mL in RPMI containing 10% FBS and 1% P/S. Imaging
of live cells was performed using a Zeiss Axiovert 200 Widefield
microscope with a HXP lighting unit and incubation (37�C and 5%
CO2). For each channel, multiple random positions were recorded
and analyzed as discussed below.
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Flow-based transmigration assay analysis
Recorded image series were analyzed using Fiji is just ImageJ

version 2.11.0 (20). For transmigration efficiency, all adherent T
cells were counted, as well as all transmigration events. Transen-
dothelial migration efficiency was calculated as the percentage of
adherent cells that transmigrated. For distant transendothelial
migration, all transmigrating T cells in a series were counted and
marked, and the number of transmigrated T cells that performed
diapedesis at a location that required crossing of at least two
different endothelial junctions were categorized as distantly trans-
migrating. For this assessment, individual transmigrated T cells
were traced back manually to their point of adhesion, and the
crossed junctions were counted. Distantly transmigrating T cells
were reported as a percentage of all transmigrated T cells within an
image series. For each experimental flow assay condition, between 5
and 10 image series were recorded in parallel from the same flow
channel. All series recorded were analyzed.

Statistics, data visualization, and survival analysis
Data were plotted usingGraphpad Prism 9.0.1 (LCC). For statistical

testing in transendothelial migration assays, unpaired t tests were
performed. For testing differences in T-cell infiltration between dif-
ferent VISTA-scored cores, aMann–WhitneyU test was performed. A
x2 Test was used to compare proportions of high endothelial VISTA
between primary and metastatic disease. The Kaplan–Meier estimator
from SPSS version 25 (IBM) was used to estimate the survival for
patients with primary and metastatic synovial sarcoma stratified by
endothelial VISTA expression. Overall survival was defined as the time
interval between resection and date of death, taking censoring into
account. Differences in survival were evaluated with the log-rank test if
proportional hazard assumption wasmet, or the Peto–Wilcoxon test if
the proportional hazard assumption was violated. The proportional
hazard assumption was assessed visually. P ≤ 0.05 was considered
statistically significant.

Data availability
The expression data that were analyzed in this study are available

fromGene ExpressionOmnibus (GEO) under GSM3770931 (21). The
data generated in this study are available upon request from the
corresponding author.

Results
VISTA is highly expressed on the endothelium of synovial
sarcoma

To study the immune cell composition and prevalence of immune
checkpoint molecules in synovial sarcoma, imaging mass cytometry
(IMC) with a 39-antibody panel was applied on nine tumor resections
from 8 patients with synovial sarcoma (Fig. 1A; Supplementary
Table S1). A total of 25 regions of interest were analyzed. Cell
segmentation, as described in the Materials and Methods section,
resulted in a total of 286,314 segmented cells that were visualized using
hSNE (Supplementary Fig. S1). The segmented cells were separated
into 244,579 single tumor/stromal cells and 41,735 single immune
cells/endothelial cells based onmajor lineage markers (Supplementary
Fig. S1). tSNEwas used to investigate the immune cells and endothelial
cells in detail (Fig. 1B; Supplementary Fig. S2). The most prevalent
immune checkpoint molecule expressed in synovial sarcoma was
VISTA, which was present on endothelial cells of 9/9 tumors to a
varying degree (Fig. 1B andC). VISTAwas expressed to a lesser extent
on lymphocytes and myeloid cells, whereas plasma cells that were

present in two tertiary lymphoid structures, defined as an area of dense
colocalization of B cells and T cells, of two cases showed strong
expression of VISTA (Fig. 1B). None of the 9 tumors showed
expression of VISTA on tumor cells (Fig. 1B and C; Supplementary
Fig. S1). For other immune checkpoints that were included, only PD-1
was expressed, and its expression was restricted to a subset of
T cells present in the two tertiary lymphoid structures scanned
(Supplementary Figs. S2 and S3). We detected no expression of IDO,
ICOS, or PD-L1.

To confirm our findings at the mRNA level, we used publicly
available, single-cell RNA sequencing data (21) generated from 12
synovial sarcomas from 9 patients to investigate the association
betweenVISTA expression and specific cell types.Mapped read counts
per cell were downloaded, converted to counts permillion (CPM), and
tSNE plots of single cells were created on the basis of total gene
expression. Mapping the expression of VISTA revealed its expression
in endothelial cells of all synovial sarcoma cases, as well as in myeloid
cells and, to a lesser extent, in lymphocytes, confirming the high
expression of this immune checkpoint in the endothelium of synovial
sarcoma (Fig. 2).

VISTA is highly expressed on the endothelium of immune-
privileged tissues and a subset of human cancers

To quantify the expression of VISTA on endothelial cells of healthy
tissues and multiple cancer types including synovial sarcoma,
we evaluated coimmunofluorescent detection of CD31 and VISTA
on 103 normal tissue samples and 402 cancer samples of various
histologic subtypes. In synovial sarcoma, 47 of 66 (71%) tumors
demonstrated substantial expression of VISTA on the endothelium,
with more than 40% of the microvessels scored positive for VISTA
(VISTAþþ or VISTAþþþ; Fig. 3A–D). In 3 of 44 patients
with synovial sarcoma, VISTA expression was detected on tumor
cells (Supplementary Fig. S4). These three cases had biphasic synovial
sarcoma, composed of epithelial and spindle-cell compartments,
and VISTA was only expressed in the epithelial component of the
tumor. Confocal scanning microscopy revealed VISTA expression
to be located at the membrane and exhibited a granular expression
pattern in the cytoplasm in both endothelial cells and tumor cells
(Fig. 3E; Supplementary Fig. S4). In other tumor types, endothelial
VISTA was most abundant in lung squamous cell carcinoma,
invasive breast carcinoma, and stomach adenocarcinoma, with
endothelial VISTA scoring of þþ or þþþ in 18%, 12%, and
11% of cases, respectively. In normal tissues, VISTA was most
prominently expressed on the endothelial cells of immune-
privileged tissues, such as the brain (100% þþ/þþþ), cardiac
muscle (86% þþ/þþþ), and the female reproductive system
(ovary, fallopian tube, cervix, endometrium, and healthy breast;
57% þþ/þþþ), whereas VISTA expression was absent in other
tissues such as skin and lung (Fig. 3A and F–K). Although
the placenta highly expressed VISTA, it was located on the syncy-
tiotrophoblasts, CD31-negative cells lining the fetal–maternal bor-
der, but not on endothelial cells (Fig. 3I). These data demonstrate
that VISTA is highly expressed on endothelial cells within a subset
of cancers, most frequently in synovial sarcoma, but also on
immune-privileged tissues, thereby supporting its role in suppres-
sing immunity.

VISTA is located on the plasma membrane of endothelial cells
and stored in recycling endosomes

To investigate in which intracellular compartment VISTA is local-
ized in endothelial cells, we applied immunofluorescent labeling with
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Figure 1.

Imaging mass cytometry reveals VISTA expression
on endothelial cells in synovial sarcoma. Combined
imagingmass cytometry data from 25 regions from
9 synovial sarcomas of 8 patients. A, Experimental
workflow. B, tSNE plots of immune cells and endo-
thelial cells. Antibody staining intensity per cell is
shown for CD20, CD38, CD3, CD204, CD31, and
VISTA with color scale. Major lineages were iden-
tified by the shown lineage markers and cells were
clustered as shown in the bottom right panel.
C, Imaging mass cytometry images showing stain-
ing of VISTA, CD3, SSX2 (tumor marker), CD204,
and CD31 in the same tumor area. Bottom right,
composite of CD31 and VISTA.

Endothelial VISTA Prevents T-cell Extravasation in Cancer

AACRJournals.org Cancer Immunol Res; 11(11) November 2023 1485

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/11/11/1480/3374735/1480.pdf by Leids U

niversity M
edical C

enter user on 23 February 2024



cell compartment–specific markers on VISTA-transduced HUVECs.
We observed an almost complete overlap between VISTA and trans-
ferrin receptor (TfR) expression, indicating that VISTA was located
within recycling endosomes and on the plasma membrane (Fig. 4A).
VISTA did not colocalize with Weibel–Palade bodies, early endo-
somes, lysosomes, or CD63þ vesicles (Supplementary Fig. S5). In
placental syncytiotrophoblasts, VISTA was also colocalized with TfR
(Fig. 4A), demonstrating that the colocalization was not an artifact of
retroviral transduction. To confirm the localization of VISTA at the
plasmamembrane and recycling endosomes, we transduced HUVECs
with a vector encoding the VISTA protein with an eGFP tag and
performed immunogold labeling of eGFP, followed by electron
microscopy. This revealed localization of the tagged VISTA protein
at the plasma membrane and in vesicles that were concentrated in the
Golgi area but were also captured during fusion with the plasma
membrane (Fig. 4B and C). These data indicate exchange of VISTA
between these compartments and is in accordance with localization in
recycling endosomes. Thus, in endothelial cells, VISTA is expressed on
the plasma membrane and in recycling endosomes.

Synovial sarcoma cells upregulate VISTA in endothelial cells in a
VEGF-A–dependent manner

On the basis of the specific upregulation of VISTA in endothelial
cells of synovial sarcoma, we investigated whether synovial sarcoma
tumor cells induced VISTA expression in endothelial cells. Wild-type
HUVECs were incubated with cell culture supernatants from synovial
sarcoma cells. After 6 days of incubation, VISTA expression was
upregulated 5-fold in HUVECs (Fig. 4D). This effect was blocked by
addition of the VEGF-A neutralizing antibody bevacizumab and the
VEGF-receptor 2 tyrosine kinase inhibitor SU5416 (Fig. 4D), indi-
cating that the effect was VEGF-A/VEGFR2-dependent. Although
short-term stimulationwith VEGF-A (up to 24 hours) did not result in
upregulation ofVISTA, prolonged stimulation resulted in up to 20-fold
upregulation of VISTA in primary HUVECs, suggesting long-time
VEGF signaling is needed for VISTA upregulation (Figs. 4D; Sup-
plementary Fig. S6A). To investigate whether increasedmRNAexpres-
sion of VISTA translated into elevated VISTA protein expression, we
performed flow cytometry on unstimulated and VEGF-A–stimulated
HUVECs. Five-day VEGF-A–stimulated HUVECs showed increased

Figure 2.

VISTA is expressed at the mRNA level in endothelial cells in synovial sarcoma. Publicly available single-cell RNA sequencing data from 12 synovial sarcomas derived
from 9 patientswere plotted as tSNEmaps based on gene expression levels of all genes. Cell phenotypes as identified by Jerby-Arnon and colleagues (21) are shown
in the top left by color coding of the tSNE. Expression of VISTA is shown in the top right by color scale. Small panels show the expression of lineage marker genes by
color scale. Endothelial cells are shown in orange (top left) and are marked with a green circle (first three panels).
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VISTA protein expression compared with unstimulated HUVECs
(Supplementary Fig. S6B and S6C). Summarizing, synovial sarcoma
cells upregulated VISTA expression in endothelial cells in a VEGF-A–
dependent manner via a paracrine mechanism.

Endothelial VISTA abrogates transendothelial migration of
T cells

On the basis of the prominent expression of VISTA on endothelial
cells in immune-privileged tissues and synovial sarcoma, we hypoth-
esized that VISTA inhibits T-cell migration over endothelial layers,
thereby preventing extravasation and migration of T cells into sur-

rounding tissues and cancer. To investigate whether VISTA could
inhibit transendothelial migration, we created an in vitromodel of the
human vasculature and performed transendothelial migration assays
under physiologic flow conditions (Fig. 5A). We used endothelial
layers composed of primary HUVECs either transduced with VISTA
and GFP or with GFP only (MOCK control; Fig. 5B; Supplementary
Movies S1 and S2). Freshly isolated CD8þ T cells from 6 healthy
individuals were introduced to HUVEC monolayers in a pump-based
flow chamber providing unidirectional laminar flow and sheer forces
resembling those in capillaries. No difference was found in CD8þ T-
cell adherence to MOCK- or VISTA-transduced HUVECs (Fig. 5C).

Figure 3.

The immune checkpoint VISTA is highly expressed on the endothelial cells of immune-privileged tissues and a subset of human cancer. A, The amount of VISTA-
positive blood vessels as percentage of total blood vessels was scored in both cancer and healthy tissues. Left, endothelial VISTA in synovial sarcoma and several
carcinomas. Right, endothelial VISTA in healthy tissues. �, <5% VISTA-positive vessels; þ 5%–40% VISTA-positive vessels; þþ, 40%–80% VISTA-positive
vessels; þþþ, >80% VISTA-positive vessels. Numbers on top of bars represent number of biological samples scored per tissue type. Female reproductive
organs: ovary, fallopian tube, cervix, endometrium and healthy breast. Adeno, adenocarcinoma. B–D, Representative wide-field fluorescent images of VISTA
(red) and CD31 (blue) in FFPE synovial sarcoma sections scoring þþþ (B), þþ (C), and þ (D) DAPI is shown in white. E, Maximum projection of scanning
confocal microscopy images show a granular staining pattern of VISTA in endothelial cells (D). F–I, Same as B and C but in healthy tissue sections of cardiac
muscle (F), brain (G), skin (H), and placenta (I). Note that expression of VISTA in the placenta is located in the syncytiotrophoblasts, cells lining the
fetal–maternal interface but not endothelial cells as scored in A. Scale bars, 50 mm.
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Upon attachment, T cells can either stay rounded and static, or
they can polarize to migrate laterally over the endothelial layer
(Fig. 5B). A significant decrease in T-cell polarization was observed
in T cells attaching to VISTA-expressing endothelium compared
with MOCK control (P < 0.001; Fig. 5D), indicating less activation
of the adhering T cells in the presence of VISTA. Expression of
VISTA on endothelial cells significantly reduced the transendothe-
lial migration of adhering T cells from 57% to 9% when HUVECs
expressed VISTA (P < 0.001; Fig. 5E). In addition, distant diape-

desis, defined as an event in which a T cell crosses two or more
endothelial cell–cell junctions before transmigrating, was observed
in 41% of all transmigration events through VISTA-transduced
endothelium compared with 5% in the control condition (P <
0.001, Fig. 5F), indicating an inadequate level of protransmigration
signaling between adhering T cells and endothelial cells. To inves-
tigate whether the inhibition of T-cell migration by VISTA was
caused by a direct interaction of VISTA with a receptor on T cells,
we repeated the transendothelial migration assays with the VISTA

Figure 4.

In endothelial cells, VISTA is stored in recycling endo-
somes and upregulated by tumor-secreted VEGF-A.
A, Maximum projection of confocal imaging stacks of
fluorescently labeled VISTA (left) and transferrin recep-
tor (middle) in a VISTA-transduced endothelial cell and a
FFPEplacenta tissue. Right, composite images. Scale bar,
20 mm. B and C, Electron microscopy images of HUVECs
transduced with nanogold-labeled eGFP-tagged VISTA
protein. B, Gold nanoparticles labeling the introduced
VISTA protein at the plasma membrane are illustrated
with white arrows. C, An invagination or fusion at the
level of the plasma membrane, showing the presence of
nanogold-labeled VISTA is marked by an asterisk.
D, Confluent monolayers of HUVECs were stimulated
with HUVEC medium that was supplemented with PBS
(black), synovial sarcoma conditioned medium (blue), or
with VEGF-A (50 ng/mL, green). Stimulation was per-
formed without blocking (circles) or combined with the
VEGF-A blocking antibody bevacizumab (10 mg/mL)
(rectangles) or the VEGF-Receptor 2 kinase inhibitor
SU5416 (1 mmol/L; triangles). Expression of VISTA was
analyzed using RT-qPCR at different time points. VISTA
expression is shownas fold change toPBS at thefirst time
point as calculated with the DCt method with three
housekeeping genes (HKG) as control. Prolonged stim-
ulation with SYO-1 supernatant combined with SU5416
was toxic to HUVECs resulting in not enough live cells to
isolate RNA for this condition after 6 days. Data are
presented as combined data from two experiments using
HUVECs from different donors. Error bars, range of
measurements for each condition. Prolonged stimulation
with a combination of synovial sarcoma conditioned
medium and SU5416 was toxic for HUVECs which is why
wewereunable tomeasureVISTAexpression after 6days
for this condition.
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antagonistic antibody onvatilimab. Preincubation of MOCK-
transduced HUVECs with onvatilimab did not affect transendothe-
lial migration. However, it was able to restore transendothelial
migration of CD8þ T cells over VISTA-expressing endothelium,
thus showing the effect was caused by a direct interaction of VISTA
with T cells (Supplementary Fig. S7).

In addition to blocking CD8þ T-cell transendothelial migration,
VISTA also blocked transendothelial migration of CD4þ T cells
(Supplementary Fig. S8A and S8B). To assess whether VISTA on
endothelial cells specifically blocked the migration of T cells or
blocked migration of other leukocyte subsets, we introduced fresh-
ly isolated monocytes and neutrophils from three donors in the
transendothelial migration assay under the same conditions. Simi-
lar to T cells, the expression of VISTA on endothelial cells did not
alter the attachment of monocytes or neutrophils to endothelial
cells. However, in contrast to our observations for the T cells, no
effect on the number of monocytes and neutrophils crossing
VISTA-expressing endothelial cells was measured (Supplementary
Fig. S8C and S8F). Combined, these data demonstrate that VISTA
expressed on endothelial cells locally downregulates T-cell polar-

ization upon endothelial cell contact and selectively prevents
transendothelial T-cell migration.

Endothelial VISTA correlates with T-cell infiltration in synovial
sarcoma and poor survival in metastatic disease

To investigate whether VISTA’s inhibition of T-cell infiltration
observed in vitro correlated to decreased T-cell infiltration in patients
with synovial sarcoma, we performed immunofluorescence for CD3 in
consecutive sections of our synovial sarcoma TMAs and quantified the
number of intratumoral T cells/mm2 of tumor tissue (seeMaterials and
Methods section for details). The number of T cells/mm2 of tumor
tissues was significantly lower in cores with þþ or þþþ endothelial
VISTA compared with cores with low� orþ endothelial VISTA (P¼
0.0026; Fig. 6A), suggesting that endothelial VISTA impaired T-cell
infiltration in vivo. To investigate whether endothelial VISTA influ-
enced clinical outcomes in patients with synovial sarcoma, we com-
pared overall survival of synovial sarcoma tumors with high VISTA
scoring (at least one of three cores þþþ) and tumors that had lower
endothelial VISTA. Within our cohort of patients with primary
synovial sarcoma (n ¼ 33), there was no significant correlation

Figure 5.

Expression of VISTA on endothelial cells strongly reduces transendothelial migration of T cells without affecting adhesion. A, Schematic overview of experimental
workflow. B, Captures from real-time imaging of transendothelial migration of CD8 T cells over a monolayer of VISTA (left) or mock (right) transduced endothelial
cells.C–F,Results offlow-based transendothelialmigration assay usingHUVECs thatwere transducedwith a full-lengthVISTA construct (VISTA) or amock construct
(MOCK) and isolated CD8 T cells. Each datapoint represents a field of view (FOV) in which an area of the artificial blood vessel was imaged for the duration of
20 minutes. Data are combined from 6 unrelated CD8 T-cell donors. C, Number of adherent cells per field of view. D, Percentage of adhering T cells that show
polarization and lateral migration upon endothelial cell contact. E, Percentage of adhering cells that transmigrated through the endothelial monolayer. F,Percentage
of all transmigration events that happened after the transmigrated T cell crossed more than two endothelial cell–cell junctions. Error bars, SEM. ���� , P < 0.001;
ns, not statistically significant.
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between high endothelial VISTA and overall survival (P ¼
0.285; Fig. 6B). Although there was no difference in high VISTA
scoring between primary and metastatic tumors (13/33 and 6/16,
respectively, P ¼ 0.898), high endothelial VISTA correlated signifi-
cantly with decreased survival in metastatic synovial sarcoma (n¼ 16
patients; P ¼ 0.019; Fig. 6C). Together, these data suggest a different
role for endothelial VISTA in metastatic and primary disease and
highlight the clinical relevance of endothelial VISTA in patients with
synovial sarcoma.

Discussion
In this study, we identified the PD-L1 homolog VISTA as a highly

expressed immune checkpoint molecule on endothelial cells of syno-
vial sarcoma and subsets of other cancer types. We showed that
paracrine secretion of VEGF-A, which was secreted by synovial
sarcoma, as well as other tumors, upregulated VISTA in endothelial
cells and was located on the plasma membrane and in recycling
endosomes. Importantly, VISTA correlated with reduced T-cell infil-
tration and selectively prevented transendothelial migration of T cells
in vitro, highlighting its role in the exclusion of T cells from immune-
privileged tissues and cancer.

The expression of VISTA on intratumoral endothelial cells was
previously detected in pancreatic cancer, ovarian cancer, cervical
cancer, and gastric cancer by IHC (29–33). We added a quantitative
comparison of endothelial VISTA between different subtypes of
human cancer and found that synovial sarcoma exhibited high expres-
sion of endothelial VISTA compared with other cancers. Furthermore,
we found that endothelial VISTA was expressed in healthy immune-
privileged tissues, particularly the brain and cardiacmuscle, which is in
line with earlier data that describes endothelial VISTA in brain
tissues (34). The distribution of endothelial VISTA suggests a role in
immune exclusion, which was further supported by the high expres-
sion of VISTA on syncytiotrophoblasts in placenta, the fetal cells that
are in direct contact with the maternal blood flow and form a physical
barrier against migration of immune cells.

Endothelial VISTA correlated with poor survival in metastatic
synovial sarcoma but not in primary disease. This unexpected finding

could be explained by the different determinants of survival between
these two patient groups: in primary disease, survival is mainly
determined by surgical margins and intrinsic potential of the specific
synovial sarcoma tometastasize, whereas inmetastatic disease, surgery
is often performed with a palliative intent and other undetected
metastases are often present at other locations in the body. The effect
of local and systemic immunity on tumor progression may be more
profound in the latter situation, which could explain the bigger impact
of endothelial VISTA on survival in metastatic disease. Due to the
limited sample size, we were unable to account for surgical margins in
our analysis.

AlthoughVISTA interacts with other cells at the plasmamembrane,
a large proportion of VISTA was stored in the recycling endosomes
of endothelial cells. This suggests that VISTA is constantly stored and
kept “at a ready-state” for shuttling to the site of cell–cell contact when
an immune cell interacts with a VISTA-expressing endothelial cell.
Interestingly, in mouse macrophages, VISTA is also stored within
recycling endosomes, suggesting a similar mechanism of cell surface
regulation by myeloid cells and endothelial cells (35). Future studies
using fluorescently taggedVISTA in live-cell imagingmay shed further
light on the role of recycling endosomes and VISTA signaling by
endothelial cells and myeloid cells.

Multiple in vitro studies have demonstrated that VISTA inhibits
T-cell functions, and an ongoing discussion is taking place on
whether VISTA inhibits T cells as a ligand that binds to a receptor
on T cells or whether it functions as a signaling receptor on T cells
themselves (9–11, 36). Evidence has been shown for both, and
multiple proteins have been shown to bind VISTA, including
VSIG3/IgSF11 (37, 38), and PSGL-1 (39). In this study, we provide
evidence that during synapse formation in diapedesis, VISTA
interacts with an unidentified receptor on T cells which results in
less T-cell polarization and transendothelial migration.

We demonstrated that synovial sarcoma cells upregulated VISTA
on endothelial cells in a VEGF-A–dependent manner. Because the
majority of synovial sarcoma overexpress VEGF-A, this could explain
the high expression of VISTA we found in the endothelium of this
tumor (40, 41). The fact that transendothelial migration of T cells, but
not of neutrophils and monocytes, was inhibited by VISTA, suggests

Figure 6.

Endothelial VISTA correlateswith reduced T-cell infiltration and poor survival in metastatic synovial sarcoma.A, Correlation of T-cell counts permm2 of tumor tissue
andVISTA scoring per synovial sarcoma TMA core. Error bars,median and interquartile range.B andC,Association between high (at least one coreþþþ) endothelial
VISTA expression and survival in patients with primary synovial sarcoma (B) and patients with metastatic synovial sarcoma (C). High endothelial VISTA significantly
correlated with poor survival in metastatic synovial sarcoma but not in primary synovial sarcoma.
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thatVISTA selectively excludes T cells from immune-privileged tissues
and cancer, thereby shaping the immune composition. This is in line
with the composition of infiltrating immune cells in synovial sarcoma,
which is characterized by limited numbers of T cells and large numbers
of tumor-associated macrophages, which are partly derived from
peripheral blood monocytes (8, 42). Further evidence that VISTA is
involved in regulating T-cell infiltration comes from two previous
studies. In a mouse model of multiple sclerosis, VISTA knockout
results in severe deterioration of disease and increased T-cell infiltra-
tion in the brain (43). Another study shows increased infiltration of T
cells into the mouse B16 melanoma model after administration of
VISTA blocking antibodies (44).

In this study, we linked VEGF-A to expression of VISTA on
endothelial cells and T-cell infiltration, which suggests that existing
anti-VEGF therapies and immune checkpoint blockade could work
synergistically. Indeed, in the mouse CT26 colorectal cancer model,
targeting both VEGF and PD-L1 results in increased infiltration of
CD8þT cells and better tumor control, whereas either treatment alone
had no effect (45). A clinical trial is currently evaluating the addition of
the VEGF-A blocking antibody bevacizumab to PD-L1 inhibition and
chemotherapy in biliary tract cancer (46).

Although mAb therapies blocking VISTA are primarily devel-
oped to target immunosuppressive tumor-associated macrophages
and T cells, our study demonstrates an additional mechanism of
action for blocking VISTA. Targeting VISTA with mAbs in cancer
may lead to enhanced T-cell infiltration, which could induce potent
antitumor responses. Treatment of solid cancer with genetically
modified T cells is currently hampered by limited infiltration of
modified T cells into tumors. In cancers with VISTA on endothelial
cells, combining anti-VISTA treatment with adoptive cell therapies
is likely to improve adoptively transferred T cells to infiltrate into
solid tumors, thereby overcoming one of the main hurdles these
therapies currently face. However, our data also raises potential
safety issues. Because VISTA is expressed on endothelial cells of the
heart and the brain, targeting VISTA might result in T-cell infil-
tration into these tissues. Although no dose-related toxicities were
observed in preclinical models (47), our observations should be
considered in clinical studies, as blocking VISTA with mAbs may
lead to unacceptable toxicities in heart and brain (NCT04475523,
NCT05082610, NCT02671955).

Collectively, our data demonstrate that VISTA is expressed on the
intratumoral endothelial cells of synovial sarcoma and healthy
immune-privileged tissues, where it selectively excludes T cells from

transmigration, thereby shaping the immune landscape toward amore
tolerogenic microenvironment.
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