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Abstract

Modulation of the immunosuppressive tumor microenvironment (TME) is essential
for enhancing the anti-tumor effects of immune checkpoint inhibitors (ICls). Adhesion
molecules and enzymes such as vascular adhesion protein-1 (VAP-1), which are ex-
pressed in some cancers and tumor vascular endothelial cells, may be involved in the
generation of animmunosuppressive TME. In this study, the role of VAP-1 in TME was
investigated in 2 murine colon cancer models and human cancer cells. Intraperitoneal
administration of the VAP-1-specific inhibitor U-V296 inhibited murine tumor growth
by enhancing IFN-y-producing tumor antigen-specific CD8" T cells. U-V296 exhibited
significant synergistic anti-tumor effects with ICls. In the TME of mice treated with
U-V296, the expression of genes associated with M2-like macrophages, Th2 cells (1/4,
Retnla, and Irf4), angiogenesis (Pecam1), and fibrosis (Acta2, LoxI2) were significantly
decreased, and the Th1/Th2 balance was increased. H,0,, an enzymatic product of
VAP-1, which promoted the production of IL-4 by mouse Th2 and inhibited IFN-y by
mouse Th1 and human tumor-infiltrating lymphocytes, was decreased in tumors and
CD31" tumor vascular endothelial cells in the TMEs of mice treated with VAP-1 in-
hibitor. TCGA database analysis showed that VAP-1 expression was a negative prog-
nostic factor in human cancers, exhibiting a significant positive correlation with IL-4,
IL4R, and IL-13 expression and a negative correlation with IFN-y expression. These
results indicated that VAP-1 is involved in the immunosuppressive TMEs through
H,0,-associated Th2/M2 conditions and may be an attractive target for the develop-

ment of combination cancer immunotherapy with ICls.
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1 | INTRODUCTION

Immunotherapy with ICls is a promising modality in the treatment
of cancers. However, durable responses to the treatment with ICls,
including anti-PD-1/PD-L1 and CTLA4 antibodies, have been ob-
served only in a limited number of patients.1 To improve the effi-
cacy of ICls, the mechanisms responsible for the resistance to ICls
therapy need to be understood and overcome. One of the reasons
underlying this resistance is the insufficient generation of anti-tumor
effector T cells due to the presence of an immunosuppressive tumor
microenvironment (TME).? The immune-resistance is partly caused
by immunosuppressive immune cells, stromal cells, and their se-
cretory molecules and metabolites.? Th1 cells producing IFN-y are
responsible for activating and regulating the development and per-
sistence of CTLs favoring anti-tumor immunity, whereas Th2 cells
producing interleukin (IL)-4 trigger immunosuppressive cascades.®
Under the influence of IL-4, macrophages differentiate into tumor-
promoting M2-like macrophages, generally known as TAMs.* NH,
and H,0, are signaling metabolites that contribute to tumor pro-
gression under various conditions.’”

In this study, we investigated the role of vascular adhesion pro-
tein-1 (VAP-1), which is highly expressed in the immunosuppressive
TME, and evaluated possible improvements in ICI therapy by tar-
geting VAP-1. VAP-1 is an adhesion molecule involved in the trans-
migration of immune cells, including myeloid ceIIs,8 Th2 ceIIs,9 Treg

1 and other inflammatory cells,*? into

cells,’® CD16" monocytes,*
the tissues. It has also been reported to contribute to tumor pro-
gression through migration of immunosuppressive myeloid cells.®
VAP-1 is also a topaquinone-containing semicarbazide-sensitive
amine oxidase, also known as amine oxidase, copper containing 3
(AOC3), that oxidizes primary amines as per the following reaction:
R-CH,NH, + H,0 + 0, = R-CHO + NHj + H,0,.%'® Under normal
conditions, VAP-1 is highly expressed in 3 types of cells in humans:
vascular endothelial cells, smooth muscle cells, and adipocytes.
Upon inflammation, VAP-1 is expressed in the endothelial cells, and
the protein is translocated from cytoplasmic vesicles to the plasma
membrane.®

The physiological substrate of VAP-1 has not been well defined®;
however, it is known that VAP-1 can deaminate amino acids such
as arginine.* Metabolites generated by VAP-1, such as ammonium,
aldehyde, and hydrogen peroxide, may negatively influence TAMs
at certain concentrations.'’ NH, reduces the function of dendritic
cells,*® the viability and activation of lymphocytes, and their abil-
ity to secrete cytokines!’ in addition to supporting tumor growth,’
modulating ion transport,'® and influencing various immunoregu-
latory mechanisms.’ H,0,, a major component of the ROS, plays
several regulatory roles in the TME,? including angiogenesis,?* fi-
brosis,?? Th2 skewing,?>?* M2 skewing,*2 and activity suppression
of CTL”?427 and NK cells.

VAP-1 was targeted for the treatment of various inflammatory

28-30 | sing murine models.332 VAP-1 inhibitors and specific

diseases
monoclonal antibodies were used as treatment remedies in various

experimental disease models, including autoimmunity, arthritis,
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asthma, ischemia/reperfusion injury, and diabetes.® It was reported
that both anti-VAP-1 antibodies and VAP-1 inhibitors could reduce
the inflammatory responses associated with VAP-1. The expression
of VAP-1 in several cancers has been reported.333°

In this study, we evaluated possible modulations of tumor-
promoting immunosuppressive TMEs by targeting VAP-1 and im-
provements in ICl therapy through augmentation of tumor-reactive
T cells. We administered a novel VAP-1 inhibitor, U-V296, into 2
murine tumor models, including MC-38/C57BL6 and CT26/BALB/c
mice. We observed that U-V296 enhanced the anti-tumor response
of tumor antigen-specific CD8" T cells accompanied by a decrease in
the immunosuppressive Th2/M2-associated TME due to a reduced
H,O, level. In contrast, only a small difference in the number of in-
filtrating TAMs was observed in our tumor models. Also, a significant
synergistic effect was observed between U-V296 and ICls, including
anti-PD-1 and anti-CTLA-4 antibodies. Therefore, VAP-1 may be an
attractive target for the development of novel combination cancer

immunotherapy with ICls.

2 | MATERIALS AND METHODS
2.1 | Mice

Female wild-type C57BL/6 and BALB/c mice, 6-7-wk-old, were
purchased from CLEA Japan, Inc. Murine NOG (NOD/Shi-SCID,
IL-2Rgnull) mice deficient in MHC class | and Il were also used to
examine the effect of the immune system during the anti-tumor
response.3® All mice were maintained under specific pathogen-free
conditions and used for the study upon approval by the Animal Care
and Use Committee of the Keio University School of Medicine.

2.2 | Celllines and transplantation

MC-38 and CT26 (both murine colon carcinoma cell lines) were cul-
tured in RPMI 1640 medium (Gibco Invitrogen) supplemented with
10% FCS, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. An
area on their flanks was shaved into which tumor cells (5 x 10° cells
per mouse) contained in PBS (100 pL) were subcutaneously injected.
Subsequent growth of the tumor was recorded by measuring its di-
mensions using an electronic caliper. The tumor sizes were measured
every 3 d, and their volumes were estimated using the following for-
mula: V = 0.5 x (shortest diameter)? x (longest diameter).

2.3 | Treatment with the VAP-1 inhibitor

Tumors on the injected areas were palpable on the fifth day post sub-
cutaneous inoculation of the cancer cells. An inhibitor of VAP-1 (U-
V296), developed by Sucampo Pharmaceuticals, was intraperitoneally
administered with daily doses of 10 mg/kg. Vehicle (physiological sa-

line) injections served as a negative control. The first day of treatment
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was defined as day 0. After 2 wk of initial injection (day 15), the tumors
were removed, washed with sterile RPMI 1640, cut into fragments of
1 to 3 mm dimensions with a pair of scissors, and placed in solutions of
type IV collagenase (1.4 mg/mL; Sigma) and DNase (0.3 KU/mL; Sigma).
The tumor fragments, therefore collected in the flasks, were incubated
under conditions of slow and continuous shaking at 37°C for 30 min to
form suspensions. These cell suspensions were then passed through
nylon filters and used for further analysis.

2.4 | Detection of the tumor antigen-specific T cell
response through the release of mouse IFN-y and
cytotoxicity assay

Single-cell suspensions of draining lymph nodes (axillary and inguinal,
present on the same side of the transplanted tumors) and spleens from
each mouse were cultured in RPMI 1640 medium supplemented with
10% FBS. These were stimulated using 1 pg/mL of the tumor-specific
peptides gp70 or AH-1 in MC-38 or CT26 cell lines, respectively, fol-
lowed by irradiation (32 Gy) of the syngeneic splenocytes for 5 d.
Tumor-infiltrating CD8" T cells from the digested tumor cells were iso-
lated using CD8a (Ly-2) MicroBeads and autoMACS (Miltenyi Biotec
KK) and cultured for 2 d with the tumor Ag as mentioned above. These
cultured CD8" T cells were harvested, washed, and incubated with
EL-4 cells in the presence of gp70 or AH-1 at different concentrations
0f 0,0.01, 0.1, or 1 pg/mL for 16-20 h (2 x 10° T cells and 2 x 10° EL-4
cells/200 pL/well). Then, the concentration of IFN-y was determined
using ELISA (mouse IFN-y CytoSet; Life Technologies, and BD OptEIA;
BD Biosciences, respectively). Mouse IFN-y was detected in the range
of 31.3-1000 pg/mL. p-Galactosidase (B-gal) was used as a negative
control for the tumor-specific peptide. For target cells killing assay,
EL-4 cells pulsed with peptide were labeled with 5 umol/L Calcein-AM
(eBioscience) and co culture with T cells. Fluorescence of calcein re-

leased from the dead cells were measured.

2.5 | Treatment with ICls (anti-PD-1 and anti-
CTLA-4) and depletion of immune cells

Mice were administered with the following antibodies purchased
from Bio X Cell on days O, 3, and é: anti-PD-1, anti-CTLA-4, anti-
mouse CD4, anti-mouse CD8, and anti-mouse NK1.1/NK1.2, each
at a dosage of 200 ug/body. As a control treatment, each antibody
isotype was administered intraperitoneally on the same day as that

of the test after implantation of the tumor.

2.6 | Transcriptome analysis of mouse tumor tissue
with or without VAP-1 inhibition and TCGA analysis

Total RNA was isolated from 8 samples of the mouse tumor (n = 4
for both vehicle and the treatment group, U-V296) using a column-

based method (Qiagen RNeasy; Qiagen, Hilden, Germany). Purity

and integrity of the RNA were evaluated using an ND-1000 spec-
trophotometer (NanoDrop) and Agilent 2100 Bioanalyzer (Agilent
Technologies). RNA labeling and hybridization were carried out using
the Agilent One-Color Microarray-Based Gene Expression Analysis
protocol (Agilent Technology, v.6.5, 2010). Briefly, 100 ng of total
RNA from each sample was linearly amplified and labeled using Cy3-
dCTP. The labeled cRNAs were purified using an RNeasy Mini Kit
(Qiagen). The concentration and specific activities of the labeled
cRNAs (pmol Cy3/ug of cRNA) were measured using a NanoDrop
ND-1000 (NanoDrop). Each labeled cRNA, 600 ng in quantity, was
fragmented by treating with 5 pL of a 10x blocking agent and 1 pL of
25x fragmentation buffer, followed by heating at 60°C for 30 min.
Finally, 25 pL of a 2x GE hybridization buffer was added to dilute the
labeled cRNA, after which 40 pL of the hybridization solution was dis-
pensed into a gasket slide and assembled with the Agilent SurePrint
G3 Mouse GE 8X60K, V2 Microarrays (Agilent Technologies). The
slides were incubated for 17 h at 65°C in an Agilent hybridization
oven. Then, they were washed at room temperature using the
Agilent One-Color Microarray-Based Gene Expression Analysis pro-
tocol (Agilent Technology, V6.5, 2010). The hybridized array was im-
mediately scanned using an Agilent Microarray Scanner D (Agilent
Technologies).

The microarray results were extracted using the Agilent Feature
Extraction software v.11.0 (Agilent Technologies) and normal-
ized using gene expression and functional profiling analysis suite,
Babelomics 4,% followed by the Agilent one-channel normaliza-
tion. After normalization, the data set was evaluated and reduced.
Replicates of probes with lower variance and those without gene
names were deleted. Furthermore, probes for microRNAs were
not included in the analysis. As a result, a final set of 23 599 (out
of 59 305) expression values was obtained. Unsupervised hierar-
chical cluster analysis was performed, and the data were visualized
using Cluster3 and TreeView 3.0, respectively. Correlation analysis
of TCGA data were performed using the online tool GEPIA 2 and
GraphPad Prism 6.

2.7 | Insilicoimmune cell-type deconvolution
using the gene expression data

We used the normalized (RPKM) gene expression values as an input
in CIBERSORT for the in silico estimation of the relative abundance
of immune cell populations in the samples.>® We used the immune
cell signature matrix produced specifically for mouse tissue as the
signature gene file.3” The number of permutations applied was 100
(default).

2.8 | Measurement of H,0, as an indicator of the
enzymatic activity of VAP-1

The Amplex Red assay (Thermo Fisher) was used to measure the
VAP-1 activity in lysates and CD31" cells of the tumors. Briefly, the
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tumor tissue was lysed using 1.0% NP-40 (Sigma) in PBS, and the total
protein content from this lysate was calculated using a colorimetric
assay employing the standard protein bovine serum albumin (Bio-
Rad) and the Coomassie brilliant blue reagent. Then, 1 mg of clarified
supernatant from the samples was incubated with or without U-
V296, to which benzylamine (a substrate of VAP-1) was added. H,0,
was kinetically generated after the addition of the Amplex Red de-
tection mixture, which was detected by measuring the fluorescence
of the samples using 2104 EnVision® Multilabel Plate Readers. The
specific activity of VAP-1 was measured by subtracting the emission
values read for the control wells without the substrate.®? A Krebs-
Ringer phosphate glucose (KRPG) buffer (comprising 145 mmol/L
NaCl, 5.7 mmol/L sodium phosphate, 4.86 mmol/L KCI, 0.54 mmol/L
CaCl,, 1.22 mmol/L MgSO,, and 5.5 mmol/L glucose; pH 7.35) was
used to detect its activity in CD31" cells.*® CD31* cells were mag-
netically sorted and used instead of the tumor lysate and processed

in accordance with the same method as described above.

2.9 | Effect of extracellular H,0, on the
production of cytokines by T cells

Mouse Th1 and Th2 cells were generated in vitro using a method pub-
lished previously.*! Briefly, naive CD4" cells were sorted using the
CD62L'CD4" Isolation Kit from Miltenyi Biotec (USA). These CD4*
cells were stimulated using a plate coated with the anti-CD3 (2 pg/
mL) and soluble anti-CD28 antibodies (2 pg/mL) in the presence of
3.33 ng/mL, 10 pg/mL, and 10 pg/mL of IL-12 (Peprotech), anti-IL-4
for Th1 or IL-4 (Peprotech), and anti-IFN-y for Th2 cells, respectively,
in RPMI 1640 medium supplemented with 10% FCS, 100 U/mL
penicillin, 100 pg/mL streptomycin, 55 mmol/L p-mercaptoethanol,
Na-pyruvate, and nonessential amino acids (NEAA, Gibco, Life
Technologies). To assess the effect of H,0, on the production of cy-
tokines by T cells, Thl or Th2 cells were re-stimulated using a plate
coated with the anti-CD3 antibody (2 pg/mL) and soluble anti-CD28
antibody (2 ug/mL) and cultured overnight in the presence or absence
of 100 umol/L H,0O, (Sigma) and IL-2 (50 IU/mL) or PMA + ionomycin.
Na-pyruvate was added to neutralize the effect of H,O,. After incu-
bation, the supernatant was collected, and the levels of IFN-y or IL-4
were measured using ELISA (BD OptEIA, BD Biosciences). Human
melanoma-derived T cells were cultured using a high dose of 1L-2%
and then activated using PMA (50 ng/mL) and ionomycin (1 pug/mL)
for 4 h in the presence or absence of an indicated amount of H,0,,.

2.10 | Immunohistochemistry

The formalin-fixed, paraffin-embedded specimens were cut into
sections of 5-um thickness. The tissue sections were microwaved
with the antibody of interest in a medium containing 10 mmol/L
citrate buffer at pH 6.0 to facilitate heat-induced epitope retrieval.
Each slide was incubated overnight at 4°C with CD8 primary Abs
at 1:50 dilution (Santa Cruz Biotechnology). These were further
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incubated with the goat anti-rat HRP MAX-PO (R) for 30 min at room
temperature to enable visualization of the bound primary antibody.
The specimens were visualized using 2% 3,3'-diaminobenzidine in
50 mmol/L Tris buffer (pH 7.6) containing 0.3% H,O,. In some cases,
stained tissue sections were scanned by NanoZoomer (Hamamatsu
Photonics KK) and counted using TissueQuest cell analysis software
(TissueGnostics GmbH).

2.11 | Statistical analysis

All results were expressed as the mean + SD. The data were sub-
jected to statistical analyses (unpaired Student t test) to determine
the differences among the means of the experimental, treatment
and control groups. Differences were considered to be statistically

significant at values of P < .05.

3 | RESULTS

3.1 | VAP-1inhibition suppresses tumor growth in
a CD8" T cell-dependent manner in 2 murine tumor
models

To investigate the role of VAP-1 in the tumor immune microenviron-
ment, a novel VAP-1 inhibitor, U-V296, was intraperitoneally admin-
istered to mice with palpable tumors at day 5 (Figure 1). The VAP-1
inhibitor significantly reduced tumor growth in both murine colon can-
cer models, MC-38/C57BL6 (Figure 1A) and CT26/BALB/c (Figure 1B).
The inhibition of tumor growth was not the result of a direct anti-
tumor effect of the inhibitor because it was not toxic to the MC-38
(Figure S1A) or CT26 tumor cell lines in vitro (data not shown) at a con-
centration of up to 10 pg/mL. Suppression of tumor growth by U-V296
was not observed in immunodeficient NOD/Shi-SCID/IL2Rynull (NOG)
mice (Figure 1C). Depletion of CD8" T cells, but not CD4" T or NK cells,
reversed the anti-tumor effect of the VAP-1 inhibitor (Figure 1D-F).
These results indicated that the inhibition of VAP-1 led to anti-tumor
effects through the induction of tumor-specific CD8" cytotoxic T cells.

3.2 | Enhancement of IFN-y production and
cytotoxic activity of tumor antigen-specific CD8* T
cells following the administration of U-V296

We then evaluated the effect of the VAP-1 inhibitor on the induc-
tion of tumor antigen-specific T cells in vivo. The induction of T
cells specific for the immunodominant antigen gp70 of MC-38 tu-
mors was examined using an IFN-y release assay. The production of
IFN-y by gp70-specific T cells in the tumors, spleens, and draining
lymph nodes was significantly increased by the inhibition of VAP-1
(Figure 2A-C). T cell cytotoxic genes, such as Prf1, Gzma, Gzmb, and
Gzmc, were increased in the TME (Figure 2D). The cytotoxic activity

of splenic T cells against EL4 cells pulsed with gp70 peptide was also
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FIGURE 1 Intraperitoneal injection of U-V296 inhibited tumor growth in the MC-38 and CT26 murine tumor models. Mononuclear cells
were collected from tumors, draining lymph nodes, and spleens for further analysis 15 d after U-V296 injection. The size of the tumors was
measured at indicated time points. A, B, U-V296 treatment inhibits tumor growth in the MC-38 (A) and CT26 (B) murine tumor models. C, A
non-significant anti-tumor effect was observed in MC-38 cells upon U-V296 treatment of NOG mice. D, Depletion of CD8" T cells using an

antibody (aCD8) reversed the anti-tumor effect of U-V296. E, F, U-V296 treatment inhibited tumor growth in MC-38 cells, regardless of the
administration of the antibodies for anti-CD4 («CD4) or anti-NK1.1/NK1.2 (aNK1.1). *P < .05; **P < .01

enhanced by VAP-1 inhibition (Figure 2E). Similarly, the production However, no significant changes in the immune cells within the tu-
of IFN-y by AH-1-specific T cells was significantly increased by the mors, including macrophages, MDSCs, CD4, CD8, B-cells, NK cells,
inhibition of VAP-1 in the CT26/BALB/c murine model (Figure S1B). and neutrophils, were observed by VAP-1 inhibition (Figure S2A,B).
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FIGURE 2

Inhibition of VAP-1 enhanced the production of IFN-y by CD8" T cells and cytolytic genes in the TME. A-C, Enhanced
production of IFN-y in response to EL-4 cells and the MC-38 tumor antigen gp70 was observed in CD8" T cells isolated from the tumor
tissues, spleens, and draining lymph nodes. The cells were pooled from 7 mice, cultured for a short period with the gp70 peptide, and
subjected to ELISA in replicates. Representative data from 4 experiments with similar results are shown. D, Microarray analysis revealed that

the inhibition of VAP-1 upregulated the expressions of cytolytic genes (Prf1, Gzma, Gzmb, and Gzmc) in TME. E, Inhibition of VAP-1 enhanced
cytotoxic activity of tumor antigen-specific T cells. **P < .01; ***P < .001
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FIGURE 3 Thi-associated phenotype is favored over that of Th2 or M2 upon inhibition of VAP-1. A-F, VAP-1 inhibition enhanced
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tissues. *P < .05; ***P < .001
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3.3 | Inhibition of VAP-1 enhances the Thl
response and inhibits the immunosuppressive Th2/
M2 responses by decreasing the H,0, level in tumors

To investigate whether the enhanced anti-tumor effect was caused
by improving the immunosuppressive TME, we performed cDNA
microarray analysis on murine tumors after various treatments. The
relative abundance of various immune cells was evaluated in silico
using CIBERSORT, revealing that the Th1 score (Figure 3A) and Th1/
Th2 cytokine ratio (IL-2/1L-13) were increased upon VAP-1 inhibition
(Figure 3B), whereas the expression of the genes for IL4 (lI-4), tran-
scription factor IRF4 (Irf4), and surface marker Fizz1 (Retnla), which
are associated with the Th2/M2 phenotype, was significantly de-
creased (Figure 3C-E).

The ROS-induced expression of Cav3, a gene encoding the protein

caveolin-3,43%4

was also significantly reduced in U-V296-treated mice
(Figure 3F), indicating that H,0, was involved in the modulation of the
immune status of our tumor models. It has been reported that ROS is
involved in angiogenesis! and fibrosis??; we found that genes related
to angiogenesis (Pecam1 encoding CD31 expressed on endothelial
cells) and fibrosis (Collal encoding collagen type 1, Acta2 encoding
SMA, and LoxI2 encoding Lysyl oxidase homolog 2) were decreased
following VAP-1 inhibition (Figure S3A-G).}2 We also found that the
production of H,0, was almost completely inhibited in tumor lysates
(Figure 3G) and CD31" endothelial cells (primary cells highly express-
ing VAP-1) isolated from excised tumors (Figure 3H) from mice treated
with the VAP-1 inhibitor. These results suggested that the VAP-1
inhibitor improved the immunosuppressive TME by reducing the
VAP-1-mediated generation of H,O, in various cells, including tumor
vasculature endothelial and tumor cells.

The increased production of IL-4 by Th2 cells and decreased pro-
duction of IFN-y by Th1 cells in the presence of H,0, have previously
been reported.23 We, therefore, examined the in vitro effects of
H,0O, on Thl and Th2 cells using mouse splenocytes (Figure S4A,B).
We confirmed a marked increase in the productions of IL-4 by Th2
cells (Figure 3l) and a decrease in IFN-y production by Thl cells
(Figure 3)J) in the presence of H,0,, that is cancelled by the addi-
tion of a scavenger of H,0,, Na-pyruvate. A similar phenomenon
was also observed using ex vivo cultured human melanoma tumor-
infiltrating lymphocytes (TILs) (Figure 3K). These results suggested
that the inhibition of VAP-1 reduced the production of H,0,, leading
to a decrease in IL-4 production and the related Th2/M2-associated
phenotype, improvement of the Th1/Th2 balance, and enhancement
of tumor antigen-specific CD8" T cell induction.

3.4 | Expression of VAP-1/AOC3 correlates
positively with the expression of H,0,-sensitive
caveolin and Th2/M2-related genes but negatively
with the prognosis of patients with cancers

We evaluated the role of VAP-1/AOCS3 in human cancers. TCGA da-
tabase analysis revealed that VAP-1/AOC3 was a negative prognostic
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factor in 3 cancer types: colorectal, renal, and urothelial cancer
(Figure 4A). We also found that the gene expression of AOC3/VAP-1
was positively correlated with that of caveolin-1-3, IL4, IL4R, and IL-
13, but negatively correlated with that of IFN-y in colorectal, renal,
and urothelial cancers (Figures 4B and S4C). These results indicated
that VAP-1 might also be involved in the H,0,-mediated immuno-
suppressive Th2/M2 phenotype in human cancers.

3.5 | Significant synergistic anti-tumor effect
between the VAP-1 inhibitor and ICls

We tested whether the VAP-1 inhibitor-mediated anti-tumor ef-
fect is potentiated by the combination with ICI therapy, including
anti-PD-1, anti-CTLA-4, and both PD-1 and CTLA-4 antibodies.
Significant synergistic effects were observed in combination with
anti-CTLA-4 (Figure 5A) or anti-PD-1 antibodies (Figure 5B). Tumor
regrowth after initial inhibition was observed in all mice after dou-
blet therapies. However, upon triplet therapy with U-V296, anti-
CTLA-4, and anti-PD-1 antibodies, 3 out of 5 mice were completely
tumor-free (Figure 5C-E), although the accumulation of CD8" T cells
in tumors was not significantly changed by VAP-1 inhibition in the
ICI combination settings (Figure 5F). These results indicated that
targeting VAP-1 is an attractive strategy for combination cancer im-
munotherapy with ICls.

4 | DISCUSSION

In this study, we showed that VAP-1 expressed in cancer and tumor
vascular endothelial cells was involved in the immunosuppressive TME
through H,0,-associated Th2/M2-related cascades. The VAP-1 inhib-
itor U-V296 augmented the induction of tumor antigen-specific CD8"
T cells and synergized with ICls (anti-PD-1 and CTLA-4 antibodies).

It has previously been reported that VAP-1 modulates the
transmigration of neutrophils, granulocytes, macrophages, and
lymphocytes under various inflammatory conditions, including
those associated with tumors.® Knockout of VAP-1 expression and
pharmacological inactivation or inhibition of VAP-1 reportedly sup-
press tumor growth by inhibiting the infiltration of inflammatory
myeloid cells (eg, TAMSs), angiogenesis, and fibrosis.®%2%31:32 e
observed a similar reduction in tumor growth in our 2 murine tumor
models using the VAP-1 inhibitor U-V296. The U-V296-mediated
anti-tumor effect depended on IFN-y producing tumor antigen-
specific cytotoxic CD8" T cells. VAP-1 inhibition led only to min-
imal differences in the number of infiltrated immunosuppressive
cells, such as TAMs, MDSCs, B-cells, and NK cells. However, gene
expression analysis in tumors from VAP-1-treated mice revealed
functional changes in tumor-infiltrating immune cells, including an
increase in the Th1/Th2 ratio and a decrease in the expression of
IL-4 and other genes related to the Th2-M2-phenotype, angiogen-
esis, and fibrosis. I1L4 triggers the differentiation of alternatively

activated macrophages (M2-like macrophages), which contribute
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positively correlated with AOC3 and IL4/1L4R/IL13 expression in colorectal, renal, and urothelial cancer

to inflammatory angiogenesis and immune evasion of tumor cells.
VAP-1 was reported to mediate the infiltration of M2 macrophages
into inflammatory sites.?® The transcription factor IRF4 is involved
in the IL-4-dependent induction of a set of M2-specific marker
genes such as FIZZ1 (Retnla).*® Enhanced expression of IRF4 and

Retnla was observed in the TMEs of mice following VAP-1 inhibitor

administration.

Regarding the mechanism underlying the VAP-1-induced immu-
nosuppression (with a Th2/M2 immune cell phenotype), our gene
expression analysis revealed a decreased gene expression of Cav3,
which is induced by ROS,*3#44 in U-V296-treated tumors. H,0,
is the enzymatic product of VAP-1 and was reported to affect the

function of T cells negatively. H,0, derived from activated granulo-

cytes suppressed the function of T cells in patients with advanced
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cancer.?® In addition, extracellular H,0, can reduce the anti-tumor
function of T cells, possibly through the downregulation of the CD3

tﬂ,—chain.‘s'27 In this study, treatment of tumor lysates or endothelial

cells with the VAP-1 inhibitor reduced the production of H,O,, in-
dicating that the function of T cells might be improved partly by a

decrease in the H,0O, level.
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FIGURE 5 Combination of U-V296 and ICls such as anti-PD-1 and anti-CTLA4 synergistically improved the anti-tumor response.
A, B, Doublet therapies (A, U-V296 + aCTLA-4; B, U-V296 + aPD-1) exhibited synergistic anti-tumor effects. C-E, Triplet therapy (U-
V296 + aCTLA-4 + aPD-1) strongly suppressed tumor growth. D, E, All tumors regrew within 2 wk after initial administration of the
aCTLA-4/aPD-1 doublet therapies, whereas 3 out of 5 tumors disappeared without relapse upon application of the triplet therapy. F,
Accumulation of CD8" T cell in tumors were not significantly increased by VAP-1 inhibition in the ICI combinations therapies. *P < .05;

P <.01

Several reports have discussed the role of H,0, in immunosup-
pressive TMEs. It was reported that H,0, inhibited the release of
IL-4 from various immune cells, including Th22® and mast cells,*” and
induced a Th2-dominant response in mice by increasing the molec-
ular ratio of interleukin-12 p40/p70.2* The ROS inhibitor butylated
hydroxyanisole (BHA) inhibited M2 polarization mediated by GM-
CSF or M-CSF but not that by M1.# The knockout of ROS-producing
enzymes was reported to result in the development of a Th1 pheno-
type.® Anti-VAP-1 antibodies were found to effectively inhibit the
rolling of Th2 cells in the liver sinusoids, but they did not affect that
of Th1 cells in a concanavalin A-induced liver injury model? These
reports indicated that H,0, produced by VAP-1 induced IL4-related
Th2-M2 responses, thereby inhibiting the Thl response. In this
study, we showed that U-V296 reduced H,O, production in tumor
lysates in vitro and enhanced the Th1 cell score and Th1/Th2 cyto-
kine balance in vivo, accompanied by decreased expression of II-4,
Irf4, and Retnla. The possible role of the VAP-1 substrate polyam-
ine and the VAP-1 product NH38 was also evaluated in this study.
Polyamines are essential for the growth and function of various nor-
mal cells and are dysregulated in TMEs.*® NH, reportedly affects
dendritic cells to stimulate lymphocytes in tumors.*® No differences
in the production of NH; and the major polyamine-metabolizing en-
zymes were observed in our tumor models (data not shown). These
results indicated that VAP-1 inhibition augmented anti-tumor T cell
responses in the TMEs of our MC-38/B6 and CT26/BALB/c mod-
els by inhibiting H,0, production triggered by Th2/M2-related
immunosuppression.

We also evaluated the role of VAP-1/AOC3 in human cancers.
TCGA database analysis of various human cancers revealed that
VAP-1/AOC3 expression was a negative prognostic factor in pa-
tients with colorectal, renal, and urothelial cancers. The relation-
ship between VAP-1 and the response to checkpoint inhibitors
remains to be evaluated. Significant positive correlations were ob-
served of VAP-1 expression with the inferred activity of H,0, in
the TME*® and the expression of caveolin and Th2/M2-associated
cytokines. In contrast, a negative correlation was observed be-
tween VAP-1 and IFN-y expression. Therefore, a similar VAP-1-
driven immunosuppressive mechanism may be involved in some
human cancers.

These results indicated that VAP-1 is involved in the generation
of H,0,-mediated immunosuppressive Th2/M2 TMEs. U-V296 en-
hanced the anti-tumor activity of tumor antigen-specific CD8" T
cells by improving such immunosuppressive TMEs. In addition, U-
V296 exhibited significant synergistic anti-tumor effects with ICls.
Therefore, VAP-1 may be an attractive target for the development

of combination cancer immunotherapy with ICls.
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