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Recently, the V-domain immunoglobulin suppressor of T-cell activation (VISTA) was
identified as a negative immune checkpoint regulator (NCR) that is mainly expressed in
hematopoietic cells. Preclinical studies have shown that VISTA blockade results in
impeded tumor growth and improved survival. Nevertheless, little is known about the
physiological role of VISTA expression in macrophages. This study focused on the
differential expression of VISTA in human monocytes and macrophages in order to
elucidate a putative role of VISTA regulation upon macrophage polarization and
activation. We observed that human peripheral monocytes constitutively release soluble
VISTA, which was regulated via matrix metalloproteinases. However, monocyte
stimulation with cytokines that induce macrophage differentiation, such as granulocyte-
macrophage colony–stimulating (GM-CSF) andmacrophage colony-stimulating factor (M-
CSF), substantially reduced soluble VISTA release. VISTA release was further affected by
various pro- and anti-inflammatory stimuli that led to macrophage polarization, where
activated M1 macrophages generally released more VISTA than M2 macrophages.
Additionally, we observed that stimulation of activated macrophages with the toll-like
receptor 4 ligand lipopolysaccharide (LPS) led to a further decrease of soluble VISTA
release. Moreover, we found that soluble VISTA impairs T cell cytotoxic activity but did not
induce their programmed death. Our results suggest that VISTA is constantly produced
and released in the peripheral blood where it may contribute to peripheral tolerance.

Keywords: VISTA, immune checkpoint regulators, macrophage polarization, soluble immune checkpoint proteins,
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INTRODUCTION

Macrophages play a crucial role in innate immune responses,
inflammation and in antigen presentation. These cells are,
however, highly heterogeneous, particularly regarding expression
of surface receptors and release of pro-inflammatory and other
regulatory cytokines. In vitro, two distinct macrophage phenotypes
with differential transcriptomic profiles and functions have been
intensively described. The first type, M1 macrophages, also called
classically activated macrophages, are pro-inflammatory and
produce cytokines such as interleukin-1b (IL-1b), IL-6, IL-12, IL-
23, and tumor necrosis factor alpha (TNF-a). Conversely, the
second type, namely M2 macrophages or alternatively activated
macrophages, primarily release anti-inflammatory cytokines like
IL-10 and the multifunctional transforming growth factor beta type
1 (TGF-b) (1). However, plasticity is a hallmark of macrophage
differentiation and in vivo a plethora of different macrophage
subtypes have been identified. Macrophage activation is favored
by the presence of cytokines, where M1 macrophages are activated
in the presence of IFN-g+LPS or TNF-a, while M2 macrophages
are activated by either IL-4 for the M2a macrophage subtype, Toll-
like receptor (TLR) stimulation in the presence of immune
complexes for M2b macrophages, IL-10 for M2c macrophages,
or IL-6 for M2d macrophages. Each subtype of M2 macrophages is
responsible for specific types of immunogenic function. The M2a
phenotype has been mainly associated with tissue remodeling and
wound healing. M2b macrophages are immunoregulative and are
implicated in a Th2 response. M2c macrophages are
immunosuppressive and also involved in tissue remodeling.
Various tumors are often infiltrated with M2d macrophages, also
called tumor-associated macrophages, that stimulate angiogenesis,
tumor growth and metastasis. However, due to their high plasticity
regulation of macrophage polarization is much more complex in
vivo and different macrophage subtypes cannot always be
functionally segregated. For example, both M2a and M2b
macrophages might have critical roles in allergies and parasitic
responses, whereas M2c are also implicated in tumor progression
(2, 3). Additionally, mixed phenotypes can occur.

Macrophages, and to a lesser extent monocytes, can serve as
antigen-presenting cells (APCs) and present peptide antigens to T
cells via the major histocompatibility complex (MHC) class II.
While antigen binding to the T cell receptor is the basis for a
specific immune response, a second signal, which is not antigen-
specific, is necessary for full activation of naive T cells. The best
characterized co-stimulatory signal is the interaction of cluster of
differentiation (CD) 28 on T cells with its ligands B7-1 (CD80) and
B7-2 (CD86) on APCs. This second signal promotes clonal
expansion, cytokine secretion, and effector function. Absence of
this signal, however, facilitates T cell inactivation and induces
peripheral tolerance against the respective antigen. In addition,
negative signaling can directly counteract the co-stimulatory
effects of CD28, thus providing negative checkpoints of T-
cell activation.

Cytotoxic T lymphocyte-associated protein (CTLA-4) and
Programmed Death-1 (PD-1), which both belong to the CD28/
CTLA-4 subfamily of the immunoglobulin (Ig) superfamily, are
Frontiers in Immunology | www.frontiersin.org 2
key regulatory inhibitors of T cell responses. Consequently,
polymorphisms of PD-1 and CTLA-4 are implicated in various
autoimmune diseases (4–6). In contrast, blockade of CTLA-4 and
PD-1 improves the capacity of immune cells to clear tumor cells
(7). Indeed, nivolumab and ipilimumab, which respectively target
PD-1 and CTLA-4, have been reported to result in improvement
in cancer therapies including melanoma (8).

Besides the prototypic NCRs, CTLA-4 and PD-1, many NCRs
of the B7-family and their respective ligands suppress T-cell
activity and proliferation. One of these is the V domain‐
containing immunoglobulin suppressor of T‐cell activation
(VISTA), also called Differentiation of Embryonic Stem Cells 1
(Dies1), Gi24 and PD‐1 homolog (PD‐1H). VISTA is a 52000 to
65000 molecular weight type I immunoglobulin membrane
protein with an extracellular domain which is homologous to
PD‐L1 (9, 10). This protein is highly expressed on hematopoietic
cells of the myeloid lineage (e.g. monocytes and macrophages). In
the mouse kidney it has been shown that resident macrophages
(R1) expressed constitutively high levels of VISTA, evenly in
homeostatic conditions, whereas infiltrating macrophages (R2)
expressed very low levels of VISTA. Furthermore, VISTA may
play a major role in the repair process of ischemic injury in the
kidney since VISTA dysfunction was reported to impair
macrophage cytokine and chemokine production (11, 12).

A soluble form of PD-L1 has been demonstrated to be of
significant importance in tumor immunotherapies (13).
Moreover, degradation of cell surface protein and molecules of
the extracellular matrix (ECM) is essential for different processes
such as hemostasis and cell signaling. These degradations are
mainly due to the actions of Matrix Metalloproteinase (MMPs).
MMP-8 has been identified to play a key role in macrophage
differentiation (14), whereas membrane type 1 MMP, along with
VISTA, plays a role in tumor growth (15). Recently, we have
shown that primary human AML cells secrete high amounts of
VISTA compared to healthy mononuclear leukocytes (16).
Despite many studies describing a pathological function of
VISTA on APCs, little is known regarding its physiological role
on resting versus activated macrophages, particularly also
regarding soluble VISTA that can be released by proteolytic
cleavage. Thus, our aim was to analyze the differential
expression of VISTA in human monocytes and monocyte-
derived M1 and M2 macrophages in order to elucidate the
physiological role of VISTA in macrophage polarization.
Furthermore, we analyzed VISTA expressions upon TLR4-
mediated stimulation of M1 and M2 macrophages. Finally, we
elucidated a mechanism by which soluble VISTA impairs
cytotoxic activity of human T cells.
MATERIAL AND METHODS

Isolation and Cultivation of Human
Monocyte-Derived Macrophages
Human PBMCs were isolated from buffy coats of healthy donors,
provided by DRK Blood donation center in Springe (DRK-
May 2022 | Volume 13 | Article 837097
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Blutspendedienst Niedersachsen, Germany). Isolation of PBMCs
was performed by density gradient centrifugation using
Histopaque-1119 (Sigma-Aldrich, Germany) as described
previously (17). Monocytes were then purified using a
commercial immunomagnetic isolation Kit (Miltenyi Biotec,
Germany) and resuspended in RPMI 1640 media containing
25mM HEPES and 2.05mM L-glutamine (Biowest SAS, France),
supplemented with 10% fetal bovine serum (FBS) – EU-
approved, heat-Inactivated (Bio-Techne, USA). Cells were
seeded at 1x 105 monocytes per well using 96 well plates. Cells
were then incubated at 37°C with 5% CO2 and differentiated into
monocyte-derived macrophages by the addition of either 50ng/
mL granulocyte macrophage-colony stimulating factor (GM-
CSF, BioLegend, USA), for M1 macrophages, or 50 ng/mL
macrophage-colony stimulating factor (M-CSF, BioLegend,
USA), for M2 macrophages, to the culture medium. Half of the
initial medium was replaced after 5 days. Macrophages were fully
differentiated after 7 days and cell supernatant was replaced with
fresh differentiation medium.

Metalloproteinase Inhibition Assay
Monocytes were isolated and polarized as described in 2.1. The
culture medium was supplemented with either 50 µM batimastat
or 50 µM GI254023X. Fully differentiated macrophages were
cultivated for another 7 days without further activation.
Supernatants of monocytes differentiating into macrophages
(MoM1 and MoM2) and polarized macrophages (M1 and M2)
were collected for soluble VISTA analysis on days 0,1, 3, 5 and 7.

Activation of Polarized Macrophages
Monocytes were isolated and polarized as described in 2.1. After
replacement of medium on day 7 polarized macrophages were
maintained in culture until day 10. Macrophages were then
activated using 200 ng/ml Interferon-gamma (IFN-g,
BioLegend, USA) and 100 ng/ml lipopolysaccharide (VWR,
Germany) for M1 polarization. For M2a and M2c phenotypes,
macrophages were activated using 40 ng/ml Interleukin-4 (IL-4,
BioLegend, USA) or 10 ng/ml Interleukin-10 (IL-10, BioLegend,
USA), respectively. After 2 days of activation, cells were further
incubated with or without 500 ng/ml LPS for 24 hours.

Cell Lines
Cell lines used in this work were obtained from American Tissue
Culture Collection (ATCC, USA) and were accompanied by
identification test certificates.

K562 and Jurkat cells were cultured in RPMI 1640 media
supplemented with 10% fetal bovine serum, penicillin (50 IU/
ml), and streptomycin sulfate (50 mg/ml).

TALL-104 CD8-positive cytotoxic T lymphocytes, derived
from human acute lymphoblastic leukemia (TALL), were
cultured according to ATCC instructions. Briefly, ATCC-
formulated Iscove’s Modified Dulbecco’s Medium was
supplemented with 100 units/ml recombinant human IL-2, 2.5
mg/ml human albumin, 0.5 mg/ml D-mannitol and fetal bovine
serum to a final concentration of 20% to make the complete
growth medium (18).
Frontiers in Immunology | www.frontiersin.org 3
K562/TALL-104 and K562/Jurkat
Co-Cultures
K562 cells were placed into Maxisorp 96 well plates and 100 nM
PMA were added to activate protein kinase C and improve
immobilization of these cell onto the plate surface. After 24 h of
incubation, medium was removed and either TALL-104 cells (at a
ratio of 1 K562:1 TALL-104) or Jurkat cells (at a ratio of 1 K562:1
Jurkat), present in TALL-104 or Jurkat cell culture medium, were
added. Cells were co-cultured for 16 h and then separated from
each other. Immobilised K562 cells were cultured in TALL-104
culture medium for 16 h as a control.

Flow Cytometry
For flow cytometric analysis, human monocyte-derived
macrophages (M1 and M2) were blocked for 30 min at 4°C with
50% FBS in autoMACS Rinsing Solution supplemented withMACS
BSA Stock Solution (Miltenyi, Germany) and incubated with
fluorescently labeled antibodies directed against, CD68 (Clone:
REA886, Miltenyi Germany), CD80 (Clone: REA661, Miltenyi
Germany), CD209 (Clone: REA617, Miltenyi Germany), and
monoclonal mouse IgG2B anti-human VISTA (Clone: # 730804,
R&D Systems, USA) as well as corresponding isotype control
antibodies for 30 min at 4°C. Dead cells were stained with
Propidium Iodide Solution (Miltenyi Biotec, Germany). The cell
suspension was analyzed using a MACS Quant 16 cytometer
(Miltenyi Biotec, Germany). Data were evaluated using Flowlogic
7.3 software (Inivai™ Technologies, USA).

Immunofluorescence Microscopy
For immunofluorescence, macrophages were cultivated on cover
slides (VWR, Germany). Cells were washed with PBS (Carl Roth,
Germany) and fixed with methanol (VWR, Germany) for 10 min
at room temperature (RT). Cover slides were then incubated for
30 min with blocking solution (PBS + 0.1% bovine serum albumin,
VWR) at RT. Afterwards, cells were incubated with monoclonal
mouse anti-human VISTA (R&D Systems, USA) for 1 h at RT.
After washing, cells were stained with secondary goat anti-mouse
IgG Alexa Fluor 594 (Thermo Scientific, USA), in the dark at RT.
Cover slides were mounted with Fluoromount-G Mounting
Medium, with DAPI (Thermo Scientific, USA). Image capture
was performed using an Olympus BX63 (Olympus, Japan)
fluorescence microscope. Images were processed by Olympus
cellSense and ImageJ software.

Cytokine and Soluble VISTA Analysis
0.3-1 ml of culture supernatant was collected during macrophage
differentiation every 24 h and VISTA concentrations were
quantified by ELISA. Each sample was measured in duplicate.
After stimulation of macrophages, supernatants were collected in
order to quantify VISTA and TNF-a concentrations by ELISA.
VISTA and TNF-a levels were analyzed using a HumanVISTA/B7-
H5/PD-1HDuoSet ELISA, with aminimumdetection of 23.4 pg/ml
(R&D Systems, USA) and Human TNF-a ELISA MAX Deluxe Set,
with a minimum detection 7.8 pg/ml (BioLegend, USA) according
to manufacturer’s recommendations. Human IL-2 and TGF-b
ELISA kits (R&D Systems, USA) were used according to
manufacturer’s instructions.
May 2022 | Volume 13 | Article 837097
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In-Cell Granzyme B Activity Assay and
Detection of Cell Viability
In-cell activity of granzyme B (granzyme B catalytic activity in
living cells) was analyzed by incubation of cells with 150 µM Ac-
IEPD-AFC (granzyme B substrate) for 1 h at 37°C in sterile PBS as
described elsewhere (16). Total cell fluorescence was then
measured in living cells using excitation and emission
wavelengths recommended in the Ac-IEPD-AFC manufacturer’s
(Sigma) protocol. Equal numbers of cells were subjected to
analysis. The activity was expressed in relative units (RU), where
1 RU is equivalent to 1 pmol of cleaved substrate per 106 cells. Cell
viability was analyzed using an MTS assay kit obtained from
Promega (USA) according to the manufacturer’s protocol.

Phosphoinositide-3-Kinase (PI3K) Activity
The activity of PI3K was detected as we previously reported (19).
Briefly, cell lysates were first incubated with 30 µl 0.1 mg/ml
substrate (PI-4,5-diphosphate) in kinase assay buffer, which was
prepared from 20 mM Tris (pH 7.5), 100 mM NaCl, 0.5 mM
EDTA, 8 mM MgCl2 and 40 µM ATP in a total volume of 100 µl
at 37°C. Reactions were terminated by the addition of 1 ml
hexane/isopropanol (13:7, v:v) and 0.2 ml 2 M KCl/HClconc
(8:0.25, v:v). After vortexing the samples, organic phases were
washed with HCl (0.5 ml; 0.1 M). Phosphate groups were then
detected using molybdenum reagent containing 2 parts of 25 mM
(NH4)6Mo7O24, 5 parts of H2SO4 (140 ml of H2SO4 conc was
diluted to 900 ml with bidistilled water), 2 parts of 0.3 M ascorbic
acid and 1 part of 2 mM potassium antimonyl-tartrate. The values
obtained in control samples of each experiment per 1 mg protein
were normalized to 100% of PI3K activity. Other values were then
expressed as percentage of control (19).

Statistical Analysis
All data are depicted as mean ± standard error of the mean (SEM).
Samples were tested for normal gaussian distribution using
D’Agostino-Pearson and Shapiro-Wilk normality test. As all
data was normally distributed, results were analyzed using a
parametric paired t-test (for two groups) and a one-way
ANOVA mixed test with Holm-Sidak or Sidak post test for
multiple comparisons. All calculations were performed using
Prism® 9.1.2 software (GraphPad Software Inc.). Statistically
significance was defined as p<0.05 *, p<0.01 **, p<0.001 ***,
p<0.0001 ****.

RESULTS

VISTA Is Expressed in Monocytes
and It’s Release Is Mediated by
Metalloproteinase Cleavage
After its expression and glycosylation, VISTA protein is
transported to the cell surface. Soluble VISTA can then be
generated from membrane-bound VISTA via proteolytic
cleavage by MMPs. (Figure 1A) Thus, we asked whether VISTA
release from monocytes is facilitated by the same mechanism.
Using flow cytometry, VISTA expression was analyzed on the
surface of freshly isolated monocytes (Figure 1B). 50 µM of
Frontiers in Immunology | www.frontiersin.org 4
batimastat, a broadband matrix metalloproteinases inhibitor
(16), and 50 µM of GI254023X, an inhibitor of ADAM 10 and
matrix metalloproteinase 9 (MMP-9) (20), over a period of 3 days
was then used to suppress proteolytic cleavage. We observed that
the presence of both metalloproteinase inhibitors strongly
impaired the release of soluble VISTA into the culture
medium (Figure 1C).

Differentiating Monocytes But Not Fully
Differentiated Macrophages Secrete
Soluble VISTA
We next asked how differentiation into macrophages affects the
release of soluble VISTA into the culture medium. Therefore, we
determined VISTA concentrations in the supernatant of
differentiating monocytes and macrophages differentiated
towards an M1 or M2 phenotype by ELISA. Interestingly,
monocytes differentiating into M1 (MoM1) and M2 (MoM2)
released substantial amounts of soluble VISTA only in the first 3
days of culture (Figures 2A, B). On days five to seven soluble
VISTA levels in the culture medium reached a stable plateau.
Fully differentiated macrophages (M1 and M2) released
significantly less soluble VISTA in comparison to MoM1 and
MoM2. Successful polarization of macrophages was assessed by
CD163 surface expression (Supplementary Figure 1).

We validated the expression of VISTA in M1 and M2
macrophages using immunofluorescence microscopy. Intriguingly,
we found VISTA protein was also localized intracellularly in both
unstimulatedM1 andM2macrophages –most likely in intracellular
vesicles (Figure 3).

Effect of Different Pro- and Anti-
Inflammatory Stimuli on Macrophages
Regarding Surface Expression and
Release of VISTA
Macrophages play an important role in the activation and
modulation of the immune system. Macrophage activation is
therefore crucial for the immune response (2). Thus, we
investigated whether pro- and anti-inflammatory stimuli could
affect VISTA expression as well as its release from macrophages.
To this end, macrophages that had been differentiated towards an
M1 or M2 phenotype with GM-CSF or M-CSF, respectively, were
further maintained in culture and stimulated with IFN-g+LPS for
activated M1 macrophages, IL-4 for activated M2a and IL-10 for
M2c macrophages. Successful activation was assessed by CD80,
CD163 and CD209 surface expression. (Supplementary Figure 2)
Interestingly, VISTA surface expression was only slightly affected
in the different M2 macrophage subtypes compared to stimulated
M1 macrophages. Additionally, we stimulated M2 macrophages
with IFN-g+LPS to induce a repolarization into an M1 phenotype.
Only IL-10-stimulated macrophages, which clearly represent an
anti-inflammatory macrophage phenotype, show significantly
elevated VISTA surface expression (Figure 4A). Surprisingly,
VISTA release was significantly increased in M1 macrophages
compared to M2a (IL-4) and M2c (IL-10) macrophages.
(Figure 4B) Pro-inflammatory cytokine, i.e. TNF-a release from
IFN-g+LPS stimulated M2macrophages (Figures 5A, B) and high
May 2022 | Volume 13 | Article 837097
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surface expression of CD80 (Supplementary Figure 2) are
indicative of a functional repolarization into an M1 phenotype.
At the same time M2(IFN-g+LPS) macrophages appear to release
higher amounts of soluble VISTA compared to M2a(IL-4) and
M2c(IL-10) macrophages, rather resembling the activated M1
phenotype (Figure 4B).

VISTA Surface Expression and Release of
Soluble VISTA After LPS Stimulation of
Macrophages
Although cell surface levels of VISTA is only slightly affected by
macrophage polarization, M1 macrophages released significantly
Frontiers in Immunology | www.frontiersin.org 5
more VISTA than M2 macrophages. Thus, we investigated
whether further stimulation of macrophages via TLR-4 impacted
on VISTA production. To this end, we assessed the surface
expression of VISTA using flow cytometry and release of soluble
VISTA by ELISA from macrophages after stimulation with high
concentrations of the TLR4-ligand, LPS. We observed a tendential
decrease of cell surface-expressed VISTA by flow cytometry
analysis after 24h LPS stimulation (Figure 5C). However, only
on M2c(IL-10) VISTA surface expression was significantly
decreased upon LPS stimulation. Interestingly, VISTA release
was reduced in all macrophage phenotypes after LPS stimulation
(Figure 5D). At the same time soluble TNF-a was upregulated
FIGURE 2 | Differentiating monocytes but not fully differentiated macrophages release soluble VISTA. Monocytes were differentiated into M1 (MoM1, light-blue
circles) or M2 (MoM2, light-green circles) macrophages for 7 days with GM-CSF or M-CSF, respectively. Medium was then replaced and fully differentiated M1 (dark-
blue squares) and M2 (dark-green squares) macrophages were cultivated for another 7 days. VISTA concentration in culture medium was determined every second
day using a VISTA sandwich ELISA. Data are the mean values ± SEM (n=3-11).
A

B

C

FIGURE 1 | VISTA expression in human monocytes. (A) Scheme showing the surface expression of VISTA and proteases involved in shedding and also
demonstrating the action of inhibitors. (B) Monocytes express VISTA on the Surface (histogram of VISTA expression on monocytes) and (C) release soluble VISTA
via protease cleavage. VISTA release mediated by cleavage is reduced in the presence of matrix metalloproteinase inhibitors. Data are the mean values ± SEM (n=6).
May 2022 | Volume 13 | Article 837097
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following TLR4 ligand stimulation in all phenotypes (Figure 5B).
Importantly, we investigated whether LPS affects VISTA
expression. We have recently shown that transforming growth
factor beta type 1 (TGF-b) differentially regulates VISTA
expression through the transcription factor Smad3 (21). We
tested whether M1 and M2 macrophages produce TGF-b in
response to LPS stimulation, as well as measuring VISTA
mRNA levels in parallel. (Figure 5E) We found that the levels
of cell-associated TGF-b were upregulated by LPS in both M1 and
M2 macrophages. However, in M1 macrophages, both
background and stimulated TGF-b levels were lower compared
to those observed in M2, which is most likely related to M2
macrophage function associated with TGF-b production.
However, VISTA mRNA levels were significantly upregulated in
M1 macrophages after LPS stimulation whilst they were
downregulated in M2 macrophages. In both types of
macrophages LPS stimulation led to decrease in the release of
Frontiers in Immunology | www.frontiersin.org 6
soluble VISTA. This suggests that VISTA protein expression and
secretion are controlled by differential mechanisms in both type of
macrophages. The increased VISTA expression in M1
macrophages may serve as a reservoir of the protein in order to
participate in opsonization of LPS-containing Gram-negative
bacteria (22). Conversely, the decrease in VISTA expression in
M2 macrophages is most likely to be associated with LPS-induced
conversion of these cells into anM1 type which would reduce their
immunosuppressive potential.
Soluble VISTA Suppresses Activity of
Tall-104 and Jurkat T Cells But Does Not
Affect Their Viability
We next sought to confirm the cytotoxic T cell suppressive role
which soluble VISTA was previously suggested to play. We used
A B

FIGURE 4 | VISTA production in activated M1 and M2 macrophage subtypes (A) VISTA surface expression was determined by flow cytometry. (B) Soluble VISTA
release was determined by a sandwich ELISA. Data are the mean values ± SEM (n=12-14). *p < 0.05, ****p < 0.0001, ns, non-significant (p>0.05)
FIGURE 3 | Cellular localization of VISTA in M1 and M2 macrophages. VISTA was stained in polarized macrophages with a monoclonal mouse anti-human VISTA
antibody and Alexa Fluor 594-coupled secondary antibody. Lower panel shows the image deconvolution of a z-stack.
May 2022 | Volume 13 | Article 837097
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TALL-104 CD8-positive cytotoxic T cells and exposed them to 5
µg/ml (23, 24) VISTA-Fc protein (or an equimolar amount of Fc
as a control) for 16 h followed bymeasurement of in-cell activity of
granzyme B in living cells as well as viability of TALL-104 cells.
We found that VISTA failed to induce significant upregulation of
granzyme B activity in these cells and did not affect their viability
(Figures 6A–C), which was in line with our previous observation
for PMA-activated (granzyme B expressing) Jurkat T cells. (16)

Next, we wished to elucidate the effect of soluble VISTA on T
helper cells. To this end we cultured CD4+ Jurkat T cells together
with K562 cells, which will stimulate Jurkat cells via the T cell
receptor. (Figures 6D–H) Alternatively, we stimulated Jurkat T
Frontiers in Immunology | www.frontiersin.org 7
cells with PMA (Figures 6I–M). In both cases we found that
soluble VISTA inhibits the production and the release of IL-2 in
Jurkat T cells most likely by downregulating PI3K activity. Finally,
in order to assess whether soluble VISTA suppresses the cytotoxic
activity of T cells we used K562 chronic myeloid leukemia cells,
which express traces of galectin-9 and VISTA but do not release
detectable amounts of these proteins. Co-cultures of K562 with
TALL-140 cells were performed with or without 5 µg/ml VISTA-
Fc (or an equimolar amount of Fc as control). In-cell activity of
granzyme B was measured in both cell types and their viabilities
were assessed. We found that VISTA (but not Fc) prevented
granzyme B injection into K562 cells, thus preventing their killing
A B

D

E

C

FIGURE 5 | VISTA surface expression and release of soluble VISTA after LPS stimulation in macrophages. (A) TNF-a release from activated macrophages and (B)
before and after stimulation with LPS for 24h. TNF-a release after stimulation with LPS confirms macrophage activation. (n=12-14) (C) VISTA surface expression was
determined by flow cytometry before (grey squares) and after stimulation with LPS (black). (D) Release of soluble VISTA was determined by a sandwich ELISA. (E)
The effects of LPS on TGF-b expression and VISTA mRNA levels in M1 and M2 macrophages. M1 and M2 macrophages were exposed to 500 ng/ml LPS for 24 h.
Cell-associated TGF-b (i.e. total amount of TGF-b expressed by the cells and performing autocrine action) was measured by ELISA. VISTA mRNA levels were
measured by qRT-PCR as described in Materials and Methods. Data are the mean values ± SEM (n=3). *p < 0.05, **p < 0.01, ***p < 0.001, ns, non-
significant (p>0.05)
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(Figure 7). However, the presence of VISTA did not lead to
granzyme B activation inside TALL-104 cells (Figure 7). This
suggests that soluble VISTA prevents granzyme B-dependent
killing of target cells by cytotoxic T cells but does not lead to
programmed death of these T cells.
Frontiers in Immunology | www.frontiersin.org 8
DISCUSSION

In this study we focused on the expression of VISTA in
macrophages during and after polarization as well as activation
with various cytokines. (Figure 8A) It has previously been
A B

D E F

G H

C

J K
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I

FIGURE 6 | Soluble VISTA does not induce intracellular activation of granzyme B in cytotoxic T cells and prevents the release of IL-2 from helper T cells. TALL-104
cells were exposed to either 5 µg/ml VISTA-Fc or an equimolar amount of Fc for 16 h (A). In-cell activity of granzyme B (B) and viability of TALL-104 cells were then
analyzed (C). K562 chronic myeloid leukemia cells, which express traces and do not release detectable amounts of VISTA or IL-2 (as confirmed by ELISA), were
used as targets. K562 cells were exposed to 100 nM PMA for 24 h in 96 well Maxisorp plates for immobilization. These cells were then co-cultured with Jurkat T
cells (helper T cells) at the ratio 1: 1 (D). Some of the wells containing Jurkat T cells were supplied with 5 µg/ml VISTA-Fc or an equimolar amount of Fc. Cells were
then co-cultured for 24 h before separation. IL-2 was measured in the medium (E) and cell lysates (F) by ELISA. Total amounts of IL-2 were also calculated (G).
PI3K activity was measured as outlined in Materials and Methods (H). To confirm the effects observed we exposed Jurkat T cells to 100 nM PMA for 24 h in the
absence or presence of VISTA-Fc (I). IL-2 was then measured in the medium (J) and cell lysates (K) by ELISA. Total amounts of IL-2 were also calculated (L) and
PI3K activity assessed (M). Data are shown as mean values ± SEM for 4 independent experiments. *p < 0.05 vs control.
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demonstrated that VISTA is expressed as a surface membrane
protein on various cell types, including monocytes (9). Here, we
demonstrate that VISTA is also released from peripheral blood
monocytes and, to a much lower extent, upon differentiating into
macrophages. We suggest that soluble VISTA is produced by
proteolytic cleavage since protease inhibitors decreased soluble
VISTA release from human peripheral monocytes (Figure 1C).
This observation is consistent with our previous finding that a
truncated form of VISTA is present in the plasma of AML patients
and that VISTA cleavage from the surface of THP-1 acute myeloid
leukemia (AML) cells is inhibited by the protease inhibitor
GI254023X (16). The release of the extracellular domain of the
VISTA homolog protein PD-L1 was likewise reported to occur via
proteolytic cleavage (25). In addition to soluble form, exosomal PD-
L1 can contribute to immunosuppression via an anti-PD-1
response. (26) A role of exosomal immune checkpoints, including
CTLA-4, PD-L1 and Tim-3 is also described in systemic immune
suppression and tumor progression. (27) With this regard, it would
be interesting to study the potential role of exosomal VISTA in
cancer patients. Here, we showed, however, that the protease
inhibitors Batimastat and GI254023X largely inhibit the release of
VISTA from humanmonocytes of healthy donors, both to the same
extent. Batimastat is an inhibitor of different matrix
metalloproteinases, but not ADAM 10, while GI254023X is a
specific inhibitor of ADAM 10/17 and matrix metalloproteinase 9
Frontiers in Immunology | www.frontiersin.org 9
(MMP-9). Further studies are necessary to elucidate whether matrix
metalloproteinase mediate direct release of VISTA from human
monocytes, i.e. by proteolytic cleavage of its extracellular domain, or
indirectly regulate its release, e.g. by modulation of
exosomal VISTA.

Interestingly, we found that fully differentiated macrophages
showed lower release of soluble VISTA than monocytes (Figure 2).
Particularly, fully activated M2a and M2c macrophages show the
least amount of VISTA release. We also observed that macrophages
stimulated with the Toll-like-receptor 4 ligand LPS generally release
less soluble VISTA, while its surface expression is hardly affected.
Since VISTA release from monocytes and macrophages by
proteolytic cleavage can be differentially regulated by pro- and
anti-inflammatory stimuli, this suggests a potential
immunomodulatory role for VISTA. We recently reported that
soluble VISTA, in association with secreted galectin-9 and Tim-3,
plays a role in the opsonization of gram-negative bacteria (22),
indicating that VISTA crucially regulates not only adaptive
immunity but also innate immune responses.

Thus far, little is known regarding the modulation of immune
checkpoints following the activation of macrophage by various
inflammatory and anti-inflammatory stimuli. In mice, IL-4 highly
promoted the expression of PD-L2 on macrophages (28), whereas
PD-L1 surface expressions were increased following stimulation
with 500 ng/ml IFN-g or after Leishmania infection (17, 29). In
A B
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FIGURE 7 | Soluble VISTA attenuates the release of granzyme B into chronic myeloid leukaemia cells by cytotoxic T cells but does not affect lymphocyte viability.
K562 chronic myeloid leukemia cells, which express traces and do not release detectable amounts of galectin-9 (as confirmed by ELISA), were used as targets.
K562 cells were exposed to 100 nM PMA for 24 h in 96 well Maxisorp plates for immobilization. Medium was replaced with ATCC-formulated Iscove’s Modified
Dulbecco’s Medium containing 100 units/ml recombinant human IL-2; 2.5 mg/ml human albumin; 0.5 mg/ml D-mannitol and foetal bovine serum to a final
concentration of 20% with or without TALL-104 cytotoxic T cells (cells in suspension). When TALL-104 cells were present, the ratio was 1 TALL-104: 1 K562 cell.
Some of the wells containing TALL-104 cells were supplied with 5 µg/ml VISTA-Fc or an equimolar amount of Fc. Cells were co-cultured for 16 h before separation.
In-cell activity of granzyme B and cell viability were measured in both cell types. (A) Scheme of the experiment; (B) in-cell activity of granzyme B in TALL-104 cells;
(C) viability of TALL-104 cells; (D) in-cell activity of granzyme B in K562 cells; (E) viability of K562 cells. Data are shown as mean values ± SEM for 4 independent
experiments. *p < 0.05; **p < 0.01.
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contrast, we have shown that VISTA surface expression is hardly
affected upon the polarization of human macrophages into different
phenotypes. Macrophage activation only promoted a slightly higher
expression of VISTA in M2 versus M1 macrophages (Figure 4A).
However, soluble VISTA release was variable in the different
activated macrophage subtypes. Activated M1 macrophages
generally released more soluble VISTA than the activated M2
macrophages subtypes, albeit moderately, with the exception of
M2 stimulated with IFN-g and LPS (Figure 4B). However, the
increased release of TNF-a from these cells indicated a
reprogramming into a pro-inflammatory M1 phenotype. In this
regard, the intracellular accumulation of VISTA in M1 and M2
macrophages, might represent a dormant reservoir of VISTA
protein which can rapidly be expressed on the cell surface and
released into the extracellular milieu upon changing stimuli. This is
in line with the observation, that VISTA is localized within the
endosomal compartment in peritoneal mouse macrophages. (30)
This could support the containment of acute inflammation by T-cell
inactivation, employing mechanisms similar to other checkpoint
molecules e.g. CTLA-4 and PD-1 as well as its ligands PD-L1 and 2.
In mice CTLA-4 can be expressed in intracellular compartments
and released from the cell surface according to changing conditions
(31). Moreover, PD-L1 is expressed in the intracellular
Frontiers in Immunology | www.frontiersin.org 10
compartment of tumor cells and can be transported to the plasma
membrane in certain settings (32). In addition, tumor cell lines and
brain tumor cells showed strong constitutive expression of PDL1/2
(33). Storage of VISTA in intracellular vesicles may thus be essential
for regulation of VISTA surface expression and release.

VISTA deficiency in macrophages has been previously shown
to be associated with a high level of inflammatory chemokine
production (11), suggesting a role in innate immune responses.
Differential VISTA release from M1 and M2 macrophages
indicates that VISTA may be an important immune regulator of
inflammatory processes and potentially also in macrophage
polarization.

Our findings on human macrophages are supported by recent
investigations in mice, where macrophages resident in the CNS
produced less VISTA following LPS stimulation (34). This is in
contrast to a similar study with PD-L1, whose surface expression
increases after LPS stimulation (35). Further studies are necessary
to elucidate whether LPS stimulation over longer periods leads to
a general decrease in VISTA protein production and a depletion
of intracellular VISTA reservoirs in human macrophages.

Previous reports suggested that VISTA, generally
downregulates T cell proliferation and cytokine production (23,
24). However, to date the role of soluble VISTA is not fully
A B

C

FIGURE 8 | Scheme summarizing the regulation of VISTA levels in M1 and M2 macrophages as well as the role of VISTA in immune responses. (A) Differentiation
and polarization of monocytes to macrophages in response to various stimuli. (B) Monocytes release higher levels of VISTA than macrophages. Upon differentiation,
release of soluble VISTA is downregulated given the function of macrophages. Presence of LPS upregulates TGF-b production in both types of macrophages (M1
and M2), although M2 macrophages release more TGF-b, in accordance with their immunosuppressive role. M1 macrophages respond by upregulation of VISTA
expression in response to exposure to LPS, an effect which could be triggered by TGF-b (21). However, VISTA release is downregulated. The purpose of such a
response in a pathophysiological environment would trigger re-activation of the immune response in the presence of LPS. Downregulation of VISTA in this case is
very likely a differential type of response to TGF-b, as reported recently. (21) (C) soluble VISTA acts on T cells through a receptor which remains to be identified (TBI)
leading to downregulation of PI3K activity in T helper cells (Th) thus leading to decreased IL-2 production. In cytotoxic T cells (CTCs) VISTA downregulates the
release of granzyme B, subsequently blocking their cytotoxic activities.
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understood. It was shown that soluble VISTA-FC fusion protein
can inhibit T-cell proliferation and cytokine production in vitro,
but in this case, immobilization of VISTA- FC was necessary (36).
In contrast, an engineered pentameric form of the extracellular
domain of VISTA was shown to restrain T-cell activation in vivo
without immobilization, suggesting a possible role of VISTA in the
adaptative immune response (37).

Here, we showed that soluble VISTA can play an important
role in suppression of the cytotoxic activities of T cells, by
suppressing the release of granzyme B from these cells.
(Figure 8B) Our recent findings suggested that soluble VISTA
could enhance the apoptosis of cytotoxic T cells in conjunction
with galectin-9 (16). Here, we confirmed that soluble VISTA on
its own (in the absence of galectin-9) prevents release of
granzyme B from cytotoxic T cells into target cancer cells.
However, this does not lead to a significant activation of these
enzyme inside cytotoxic T cells, which would otherwise induce
apoptotic death. This highlights an important mechanism which
granzyme B negative T cell malignancies - T cells do not
normally release high amounts of galectin-9 - might use to
evade immune attack by cytotoxic T cells. Since these
malignant T cells normally produce VISTA, they could
possibly use soluble VISTA, acting on other cytotoxic T cells,
to evade immune attack. In addition, we could show that soluble
VISTA suppresses the release of IL-2 from CD4+ T
cells (Figure 8C).

CONCLUSION

In this study we clearly observed that monocytes constitutively
release VISTA. Secretion was markedly reduced upon GM-CSF
and M-CSF induced macrophage differentiation and further
regulated by macrophage activation. Additionally, we
demonstrated that soluble VISTA suppresses T cell activation
without inducing apoptosis. Our data support the notion that
VISTA plays a role in peripheral tolerance, as has been recently
demonstrated by ElTanbouly et al. (38). Constant release of
soluble VISTA by peripheral blood monocytes into the blood
plasma may result in the suppression of resting T cells. However,
once monocytes are challenged with a pathogen and differentiate
into macrophages, VISTA release may decrease in order to
facilitate a more robust immune response. Overall, our study
provides further insights into the role of soluble VISTA in innate
and adaptive immune responses.
Frontiers in Immunology | www.frontiersin.org 11
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. The patients/participants provided
their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

GN, VS, BG and NM conceived the study. GN, SS, E F-K, UR,
VS, BG and NM designed experiments. GN, SS, SD, AR, E F-K,
VS and NM performed experiments and intepreted the data.
GN, VS and NM wrote the manuscript. EF-K, UR, VS, BG and
NM revised the manuscript. All authors read and approved
the manuscript.
FUNDING

This project was supported by Intramural Funding from the
School of Medicine and Health Sciences, University of
Oldenburg (FP 2017-013 to UR, BG and NM) and in part by a
Swiss Batzebär Grant (to EF-K).
ACKNOWLEDGMENTS

We kindly thank Dr Susanne Mommert, Division of
Experimental Immunology and Allergy from the Hanover
Medical School, Hanover, for expert advice regarding the
culture of macrophages.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
837097/full#supplementary-material
REFERENCES
1. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili

SA,Mardani F, et al. Macrophage Plasticity, Polarization, and Function in Health
and Disease. J Cell Physiol (2018) 233:6425–40. doi: 10.1002/jcp.26429

2. Martinez FO, Gordon S. The M1 and M2 Paradigm of Macrophage Activation:
Time for Reassessment. F1000Prime Rep (2014) 6:13. doi: 10.12703/P6-13

3. Viola A, Munari F, Sanchez-Rodriguez R, Scolaro T, Castegna A. The Metabolic
Signature of Macrophage Responses. Front Immunol (2019) 10:1462. doi:
10.3389/fimmu.2019.01462

4. Zamani MR, Aslani S, Salmaninejad A, Javan MR, Rezaei N. PD-1/PD-L and
Autoimmunity: A Growing Relationship. Cell Immunol (2016) 310:27–41.
doi: 10.1016/j.cellimm.2016.09.009
5. Mitsuiki N, Schwab C, Grimbacher B. What did We Learn From CTLA-4
Insufficiency on the Human Immune System? Immunol Rev (2019) 287:33–
49. doi: 10.1111/imr.12721

6. Fathi F, Sadeghi E, Lotfi N, Hafezi H, Ahmadi M, Mozafarpoor S, et al. Effects
of the Programmed Cell Death 1 (PDCD1) Polymorphisms in Susceptibility
to Systemic Lupus Erythematosus. Int J Immunogenet (2020) 47:57–64. doi:
10.1111/iji.12456

7. Rosenbaum SR, Knecht M, Mollaee M, Zhong Z, Erkes DA, Mccue PA, et al.
FOXD3 Regulates VISTA Expression in Melanoma. Cell Rep (2020) 30:510–
24e516. doi: 10.1016/j.celrep.2019.12.036

8. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined Nivolumab and Ipilimumab or Monotherapy in Untreated
Melanoma. N Engl J Med (2015) 373:23–34. doi: 10.1056/NEJMoa1504030
May 2022 | Volume 13 | Article 837097

https://www.frontiersin.org/articles/10.3389/fimmu.2022.837097/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.837097/full#supplementary-material
https://doi.org/10.1002/jcp.26429
https://doi.org/10.12703/P6-13
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1016/j.cellimm.2016.09.009
https://doi.org/10.1111/imr.12721
https://doi.org/10.1111/iji.12456
https://doi.org/10.1016/j.celrep.2019.12.036
https://doi.org/10.1056/NEJMoa1504030
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Noubissi Nzeteu et al. VISTA Release From Human Macrophages
9. Nowak EC, Lines JL, Varn FS, Deng J, Sarde A, Mabaera R, et al.
Immunoregulatory Functions of VISTA. Immunol Rev (2017) 276:66–79.
doi: 10.1111/imr.12525

10. Villarroel-Espindola F, Yu X, Datar I, Mani N, Sanmamed M, Velcheti V, et al.
Spatially Resolved and Quantitative Analysis of VISTA/PD-1H as a Novel
Immunotherapy Target in Human Non-Small Cell Lung Cancer. Clin Cancer
Res (2018) 24:1562–73. doi: 10.1158/1078-0432.CCR-17-2542

11. Broughton TWK, EltanboulyMA, Schaafsma E, Deng J, Sarde A, CroteauW, et al.
Defining the Signature of VISTA on Myeloid Cell Chemokine Responsiveness.
Front Immunol (2019) 10:2641–53. doi: 10.3389/fimmu.2019.02641

12. Park JG, Lee CR, KimMG, Kim G, Shin HM, Jeon YH, et al. Kidney Residency
of VISTA-Positive Macrophages Accelerates Repair From Ischemic Injury.
Kidney Int (2019) 97:980–94. doi: 10.1016/j.kint.2019.11.025

13. Tominaga T, Akiyoshi T, Yamamoto N, Taguchi S, Mori S, Nagasaki T, et al.
Clinical Significance of Soluble Programmed Cell Death-1 and Soluble
Programmed Cell Death-Ligand 1 in Patients With Locally Advanced
Rectal Cancer Treated With Neoadjuvant Chemoradiotherapy. PloS One
(2019) 14:e0212978. doi: 10.1371/journal.pone.0212978

14. Wen G, Zhang C, Chen Q, Luong Le A, Mustafa A, Ye S, et al. A Novel Role of
Matrix Metalloproteinase-8 in Macrophage Differentiation and Polarization.
J Biol Chem (2015) 290:19158–72. doi: 10.1074/jbc.M114.634022

15. Sakr MA, Takino T, Domoto T, Nakano H, Wong RW, Sasaki M, et al. GI24
Enhances Tumor Invasiveness by Regulating Cell Surface Membrane-Type 1
Matrix Metalloproteinase. Cancer Sci (2010) 101:2368–74. doi: 10.1111/
j.1349-7006.2010.01675.x

16. Yasinska IM, Meyer NH, Schlichtner S, Hussain R, Siligardi G, Casely-
Hayford M, et al. Ligand-Receptor Interactions of Galectin-9 and VISTA
Suppress Human T Lymphocyte Cytotoxic Activity. Front Immunol (2020)
11:580557. doi: 10.3389/fimmu.2020.580557

17. Filippis C, Arens K, Noubissi Nzeteu GA, Reichmann G, Waibler Z, Crauwels
P, et al. Nivolumab Enhances In Vitro Effector Functions PD-1(+) T-
Lymphocytes and Leishmania-Infected Human Myeloid Cells in a Host Cell-
Dependent Manner. Front Immunol (2017) 8. doi: 10.3389/fimmu.2017.01880

18. Yasinska IM, Sakhnevych SS, Pavlova L, Teo Hansen Selno A, Teuscher
Abeleira AM, Benlaouer O, et al. The Tim-3-Galectin-9 Pathway and Its
Regulatory Mechanisms in Human Breast Cancer. Front Immunol (2019)
10:1594. doi: 10.3389/fimmu.2019.01594

19. Abooali M, Lall GS, Coughlan K, Lall HS, Gibbs BF, Sumbayev VV. Crucial
Involvement of Xanthine Oxidase in the Intracellular Signalling Networks
Associated With Human Myeloid Cell Function. Sci Rep (2014) 4:6307. doi:
10.1038/srep06307

20. Metz VV, Kojro E, Rat D, Postina R. Induction of RAGE Shedding by
Activation of G Protein-Coupled Receptors. PloS One (2012) 7:e41823. doi:
10.1371/journal.pone.0041823

21. Schlichtner S, Yasinska IM, Ruggiero S, Berger SM, Aliu N, Prunk M, et al.
Expression of the Immune Checkpoint Protein VISTA Is Differentially
Regulated by the TGF-Beta1 - Smad3 Signaling Pathway in Rapidly
Proliferating Human Cells and T Lymphocytes. Front Med (Lausanne)
(2022) 9:790995. doi: 10.3389/fmed.2022.790995

22. Schlichtner S, Meyer NH, Yasinska IM, Aliu N, Berger SM, Gibbs BF, et al.
Functional Role of Galectin-9 in Directing Human Innate Immune Reactions
to Gram-Negative Bacteria and T Cell Apoptosis. Int Immunopharmacol
(2021) 100:108155. doi: 10.1016/j.intimp.2021.108155

23. Wang L, Rubinstein R, Lines JL, Wasiuk A, Ahonen C, Guo Y, et al. VISTA, a
Novel Mouse Ig Superfamily Ligand That Negatively Regulates T Cell
Responses. J Exp Med (2011) 208:577–92. doi: 10.1084/jem.20100619

24. Wang L, Le Mercier I, Putra J, Chen W, Liu J, Schenk AD, et al. Disruption of
the Immune-Checkpoint VISTA Gene Imparts a Proinflammatory Phenotype
With Predisposition to the Development of Autoimmunity. Proc Natl Acad Sci
USA (2014) 111:14846–51. doi: 10.1073/pnas.1407447111

25. Khan M, Zhao Z, Arooj S, Fu Y, Liao G. Soluble PD-1: Predictive, Prognostic,
and Therapeutic Value for Cancer Immunotherapy. Front Immunol (2020)
11:587460. doi: 10.3389/fimmu.2020.587460
Frontiers in Immunology | www.frontiersin.org 12
26. Chen G, Huang AC, ZhangW, Zhang G, WuM, XuW, et al. Exosomal PD-L1
Contributes to Immunosuppression and is Associated With Anti-PD-1
Response. Nature (2018) 560:382–6. doi: 10.1038/s41586-018-0392-8

27. Xing C, Li H, Li RJ, Yin L, Zhang HF, Huang ZN, et al. The Roles of Exosomal
Immune Checkpoint Proteins in Tumors. Mil Med Res (2021) 8:56. doi:
10.1186/s40779-021-00350-3

28. Huber S, Hoffmann R, Muskens F, Voehringer D. Alternatively Activated
Macrophages Inhibit T-Cell Proliferation by Stat6-Dependent Expression of
PD-L2. Blood (2010) 116:3311–20. doi: 10.1182/blood-2010-02-271981

29. Suarez GV, Melucci Ganzarain CDC, Vecchione MB, Trifone CA, Marin
Franco JL, Genoula M, et al. PD-1/PD-L1 Pathway Modulates Macrophage
Susceptibility to Mycobacterium Tuberculosis Specific CD8(+) T Cell Induced
Death. Sci Rep (2019) 9:187. doi: 10.1038/s41598-018-36403-2

30. Eltanbouly MA, Croteau W, Noelle RJ, Lines JL. VISTA: A Novel
Immunotherapy Target for Normalizing Innate and Adaptive Immunity.
Semin Immunol (2019) 42:101308. doi: 10.1016/j.smim.2019.101308

31. Alegre ML, Noel PJ, Eisfelder BJ, Chuang E, Clark MR, Reiner SL, et al.
Regulation of Surface and Intracellular Expression of CTLA4 on Mouse T
Cells. J Immunol (1996) 157:4762–70. doi: 10.1046/j.1365-3083.2001.00985.x

32. Zheng B, Yu L, Hu J, Xu H, Wang J, Shi Y, et al. Expression of PD-L1 in
Mononuclear Cells, Multinucleated Cells, and Foam Cells in Tenosynovial
Giant Cell Tumors. Int J Clin Exp Pathol (2019) 12:876–84.

33. Fu Y, Liu CJ, Kobayashi DK, Johanns TM, Bowman-Kirigin JA ,
Schaettler MO, et al. GATA2 Regulates Constitutive PD-L1 and PD-L2
Expression in Brain Tumors. Sci Rep (2020) 10.9027:1–12. doi: 10.1038/
s41598-020-65915-z

34. Borggrewe M, Grit C, Den DunnenWFA, Burm SM, Bajramovic JJ, Noelle RJ,
et al. VISTA Expression by Microglia Decreases During Inflammation and Is
Differentially Regulated in CNS Diseases. Glia (2018) 66:2645–58. doi:
10.1002/glia.23517

35. Rodriguez-Garcia M, Porichis F, De Jong OG, Levi K, Diefenbach TJ, Lifson
JD, et al. Expression of PD-L1 and PD-L2 on Human Macrophages Is Up-
Regulated by HIV-1 and Differentially Modulated by IL-10. J Leukoc Biol
(2011) 89:507–15. doi: 10.1189/jlb.0610327

36. Lines JL, Pantazi E, Mak J, Sempere LF, Wang L, O'connell S, et al. VISTA is
an Immune Checkpoint Molecule for Human T Cells. Cancer Res (2014)
74:1924–32. doi: 10.1158/0008-5472.CAN-13-1504

37. Prodeus A, Abdul-Wahid A, Sparkes A, Fischer NW, Cydzik M, Chiang N,
et al. VISTA.COMP - An Engineered Checkpoint Receptor Agonist That
Potently Suppresses T Cell-Mediated Immune Responses. JCI Insight (2017)
2:94308–9. doi: 10.1172/jci.insight.94308

38. Eltanbouly MA, Zhao Y, Nowak E, Li J, Schaafsma E, Le Mercier I, et al.
VISTA is a Checkpoint Regulator for Naive T Cell Quiescence and Peripheral
Tolerance. Science (2020) 367:264–14. doi: 10.1126/science.aay0524
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Noubissi Nzeteu, Schlichtner, David, Ruppenstein, Fasler-Kan,
Raap, Sumbayev, Gibbs and Meyer. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 837097

https://doi.org/10.1111/imr.12525
https://doi.org/10.1158/1078-0432.CCR-17-2542
https://doi.org/10.3389/fimmu.2019.02641
https://doi.org/10.1016/j.kint.2019.11.025
https://doi.org/10.1371/journal.pone.0212978
https://doi.org/10.1074/jbc.M114.634022
https://doi.org/10.1111/j.1349-7006.2010.01675.x
https://doi.org/10.1111/j.1349-7006.2010.01675.x
https://doi.org/10.3389/fimmu.2020.580557
https://doi.org/10.3389/fimmu.2017.01880
https://doi.org/10.3389/fimmu.2019.01594
https://doi.org/10.1038/srep06307
https://doi.org/10.1371/journal.pone.0041823
https://doi.org/10.3389/fmed.2022.790995
https://doi.org/10.1016/j.intimp.2021.108155
https://doi.org/10.1084/jem.20100619
https://doi.org/10.1073/pnas.1407447111
https://doi.org/10.3389/fimmu.2020.587460
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1186/s40779-021-00350-3
https://doi.org/10.1182/blood-2010-02-271981
https://doi.org/10.1038/s41598-018-36403-2
https://doi.org/10.1016/j.smim.2019.101308
https://doi.org/10.1046/j.1365-3083.2001.00985.x
https://doi.org/10.1038/s41598-020-65915-z
https://doi.org/10.1038/s41598-020-65915-z
https://doi.org/10.1002/glia.23517
https://doi.org/10.1189/jlb.0610327
https://doi.org/10.1158/0008-5472.CAN-13-1504
https://doi.org/10.1172/jci.insight.94308
https://doi.org/10.1126/science.aay0524
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Macrophage Differentiation and Polarization Regulate the Release of the Immune Checkpoint Protein V-Domain Ig Suppressor of T Cell Activation
	Introduction
	Material and Methods
	Isolation and Cultivation of Human Monocyte-Derived Macrophages
	Metalloproteinase Inhibition Assay
	Activation of Polarized Macrophages
	Cell Lines
	K562/TALL-104 and K562/Jurkat Co-Cultures
	Flow Cytometry
	Immunofluorescence Microscopy
	Cytokine and Soluble VISTA Analysis
	In-Cell Granzyme B Activity Assay and Detection of Cell Viability
	Phosphoinositide-3-Kinase (PI3K) Activity
	Statistical Analysis

	Results
	VISTA Is Expressed in Monocytes and It’s Release Is Mediated by Metalloproteinase Cleavage
	Differentiating Monocytes But Not Fully Differentiated Macrophages Secrete Soluble VISTA
	Effect of Different Pro- and Anti-Inflammatory Stimuli on Macrophages Regarding Surface Expression and Release of VISTA
	VISTA Surface Expression and Release of Soluble VISTA After LPS Stimulation of Macrophages
	Soluble VISTA Suppresses Activity of Tall-104 and Jurkat T Cells But Does Not Affect Their Viability

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


