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Abstract

Background Epstein—Barr virus (EBV) is an oncogenic human herpesvirus involved in the development of around 10% of
gastric cancers. The overexpression of PD-L1 is one of the features of EBV-associated gastric cancer (EBVaGC); however,
the function of PD-L1 has not been studied in EBVaGC.

Methods We used three EBVaGC cell lines, SNU719 cells, NCC24 cells, and YCCELI cells, to evaluate the PD-L1 expres-
sion and function in EBVaGC. Jurkat T-lymphocytes expressing PD-1 were co-cultured with NCC24 and YCCELI cells and
the cell cycles were analyzed. To study the regulatory mechanism for PD-L1 expression, the 3'UTR of PD-L1 was sequenced,
and the effect of inhibitors of the IFN-y signaling pathway was evaluated.

Results All of the EBVaGC cell lines expressed PD-L1, and its expression was further enhanced by stimulation with IFN-
v. In Jurkat T-cells co-cultured with IFN-y-stimulated NCC24 and YCCELI cells, the number of cells in the GO/G1 phase
was significantly increased. This GO/G1 arrest was partially released by administration of anti-PD-L1 antibody. We found
SNPs in PD-L1 3'UTR nucleotide sequences that were located at seed regions for microRNAs. Treatment of EBVaGC cell
lines with JAK2-inhibitor, PI3K-inhibitor, and mTOR inhibitor reduced the level of PD-L1 expression to the same level as
cells without IFN-y stimulation.

Conclusions EBVaGC cells expressing high levels of PD-L1 suppress T-cell proliferation, and the IFN-y signaling pathway
is involved in the expression of PD-L1.

Keywords Epstein—Barr virus (EBV) - Gastric cancer - Programmed death 1-ligand 1 - Immune checkpoint inhibitor -
Lymphoid infiltration

Introduction

Gastric cancer is the fourth most frequent cancer in the world
D< Jun Nishikawa and is the second leading cause of cancer deaths. More than
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to a characterization based on molecular biology, The Can-
cer Genome Atlas (TCGA) divided gastric cancer into four
types: EBVaGC, microsatellite unstable tumors, genomi-
cally stable tumors, and chromosomally unstable tumors.
EBVaGC shows recurrent PIK3CA mutations, extreme DNA
hypermethylation, and the amplification of JAK2, PD-L1,
and PD-L2 overexpression [5].

The pathological features of EBVaGC show outstand-
ing lymphocytic infiltration. Tumor tissues of EBVaGC are
accompanied by massive lymphocyte infiltration containing
a large amount of IFN-y and PD-L1 is an IFN-y respon-
sive gene [6, 7]. EBVaGC is always exposed to the IFN-y
released from T-lymphocytes and is stimulated to express
high levels of PD-L1. The expression of PD-L1 is observed
more frequently in EBVaGC lesions than in the lesions of
EBV-negative controls [§—12]. It thus seems that EBVaGC
evades immunological surveillance by T-lymphocytes via
the PD-1/PD-L1 pathway.

Treatment by blocking PD-1/PD-L1, which is an immuno-
inhibitory checkpoint molecule, is currently showing good
prognosis in various cancers [13—19]. The anti-PD-1 anti-
body nivolumab is reported to have therapeutic effects in
malignant melanoma, non-small cell lung cancer, renal cell
carcinoma, and Hodgkin’s lymphoma. Recently, patients
with advanced or recurrent gastric cancer are being treated
with nivolumab because they cannot undergo standard ther-
apy due to their physical condition or intolerance. These
patients have experienced significantly prolonged overall
survival in comparison to those who received a placebo [20].
Panda et al. recently showed a patient with EBVaGC who
received clinical benefit from treatment with the anti-PD-L1
antibody avelumab, although the tumor did not have a high
mutation burden or mismatch repair defect [21].

Immune checkpoint blockade therapy can be applied in
the treatment of EBVaGC because EBVaGC shows overex-
pression of PD-L1 and a lymphocyte-rich histology. In this
study, we examined the function of the PD-1/PD-L1 pathway
and the mechanisms of PD-L1 expression in EBVaGC.

Materials and methods
Cell cultures

The EBVaGC cell lines SNU719 and NCC24 were obtained
from the Korea Cell Line Bank (Seoul, South Korea), and
the YCCELI1 cell line was obtained from Prof. SY Rha from
the Yonsei Cancer Center [22-24]. The EBV-negative gas-
tric cancer cell lines AGS and NUGC3 and the T-cell lym-
phoma cell line Jurkat were obtained from ATCC.

The SNU719, AGS, NUGC3, and Jurkat cells were cul-
tured in RPMI-1640; 25 mM HEPES and 25 mM NaHCO3
were added to the RPMI-1640 for NCC24. YCCELI was

cultured in MEM. All cultures were supplemented with
10% heat-inactivated FBS (Sigma-Aldrich, St. Louis, MO,
USA) and cultured at 37 °C in a humidified incubator with
5% CO,.

Expression of PD-L1, PD-1 and IFN-y receptors

The expression of PD-L1 was evaluated by flow cytom-
etry. After washing with PBS containing 10% fetal calf
serum, cells were incubated with anti-PD-L1 antibody
(ab109052, Abcam) or matching isotype control antibodies
for 1 h, washed, and fluorescent staining was carried out
by the avidin—biotin method (Anti-mouse immunoglobu-
lins/Biotinylated [Dako, Denmark], Streptavidin-PerCP/
Cy 5.5 [BioLegend]). A total of 20,000 gated events were
analyzed by flow cytometry using a FACSCaliber™ sys-
tem (Becton Dickinson Labware, Bedford, MA, USA). In
addition, the gastric cancer cell lines were treated with
recombinant human IFN-y 100 U/mL (PeproTech, Rocky
Hill, NJ, USA) and reacted for 24 h to evaluate the expres-
sion of PD-L1.

The expression of IFN-y receptor 1 (IFNGR1) was
evaluated in the EBVaGC cell lines NCC24, SNU719,
and YCCEL1 and in the EBV-negative cell lines AGS and
NUGCS3. Cells were collected and reacted with anti-IFNGR1
antibody (ab11286, Abcam) or matching isotype control
antibodies at 4 °C for 1 h. After washing, the cells were
evaluated by flow cytometry. The expression of PD-1 in Jur-
kat cells was similarly examined [25, 26].

Co-culture and the cell cycle analysis

NCC24 and YCCELI cells (EBVaGC cell lines) were seeded
at a density of 1X 10° cells/mL. After 24 h of incubation,
the cells were treated in the presence or absence of IFN-y
100 U/ml for 24 h. After washing the cells twice with PBS,
the cells were co-cultured with Jurkat cells at a density
of 5x 10° cells/mL for 24 h. Jurkat cells co-cultured with
NCC24 and YCCEL1 were collected, centrifuged, washed,
and a cell cycle assay was performed. To measure the DNA
content, treated cells were collected and fixed with 70%
ethanol. After resuspension, the fixed cells were washed
and incubated with propidium iodine (final concentration,
10 pg/mL) (Merck Millipore) and RNase (final concentra-
tion, 0.2 mg/mL). After staining, flow cytometry was per-
formed to analyze the cell cycle phase. The cell number ratio
of each cell cycle phase was calculated based on the results
of 4 independent experiments. Furthermore, to evaluate the
function of PD-L1, co-culturing was performed by admin-
istering 20 pg/mL of PD-L1 antibody (Anti-Human CD 274
[B7-H1] Functional Grade Purified 16-5983 [eBioscience]).
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Fig. 1 The expression of PD-L1 in gastric cancer cell lines. NCC24,
SNU719, and YCCEL1 are EBVaGC cell lines, and AGS and
NUGC3 are EBV-negative gastric cancer cell lines. The violet solid
line shows the PD-L1 expression of the isotype control, the green line

Single nucleotide polymorphisms (SNPs) of PD-L1
3'UTR

The sequence of the PD-L1 3'UTR was analyzed to study the
mechanisms involved in the expression of PD-L1. rs4143815
and 52297136 were seed regions binding microRNAs that
inhibit the expression of PD-L1 [27]. The following prim-
ers were used for the amplification of the PD-L1 3'UTR:
5'-GAT ACA CAT TTG GAG GAG ACG-3' (forward) and
5'-CAA ATA CTC CAT GTT TTA CTA G-3' (reverse).
Briefly, each 50 pL reaction contained 20 mM Tris—HCl (pH
9.0), 100 mM KCl, 2.0 mM MgCl,, 200 pM of each dNTP,
0.2 uM of each primer, 1.25 U of Taqg DNA polymerase, and
0.1-0.2 pL. genomic DNA (10-30 ng). Thermal cycling was
performed in an iCycler Thermal Cycler (Bio-Rad) with an
initial denaturation of 5 min at 94 °C, followed by 35 cycles
of 94 °C for 20 s, 55 °C for 30 s, and 72 °C for 1 min. Final
extension was completed at 72 °C for 7 min. The PCR prod-
ucts were used as templates for Sanger DNA sequencing
at GENEWIZ (Saitama, Japan). The SNPs (1rs2297136 and
rs4143815) located in the PD-L1 3'UTR were examined.
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PD-L1 3'UTR luciferase reporter assay

Genomic DNAs were extracted from SNU719 (CC at
rs4143815) and NUGC3 (GG at rs4143815). The PD-L1
3'UTR was amplified using specific primers, 5'-CTCGAG
TTTAGGGGTTCATCGGGG-3' (forward) and 5-GCGGCC
GCTGTCCCGTTCCAACACTGA-3' (reverse). The prod-
ucts of PCR were cloned in TA vector (Promega Corpora-
tion, WI, Madison). Two sequences containing the potential
biding site for miR-570 were cloned into the psiCHECK?2
vector (Promega) downstream of the luciferase gene. For the
luciferase assays, the vectors were transfected to SNU719,
YCCELI, and AGS cells. Following incubation for 48 h,
the cells were collected and analyzed for luciferase activity
using the dual-luciferase reporter assay system (Promega).

Drug treatment and the expression of PD-L1

The following reagents were used to investigate the mecha-
nisms involved in the expression of PD-L1 in EBVaGC cell
lines: fedratinib JAK2-inhibitor (1 uM), AZD1480 JAK?2-
inhibitor (10 0 nM; Selleck Chemicals, Houston, TX, USA),
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Fig.2 The cell cycle of Jurkat cells co-cultured with NCC24 cells
(an EBVaGC cell line). a Jurkat cells alone, b Jurkat cells co-cul-
tured with NCC24 cells, ¢ Jurkat cells co-cultured with IFN-y-treated
NCC24 cells, and d Jurkat cells co-cultured with IFN-y-treated
NCC24 cells, which were also treated with aPD-L1. Representative
results of one experiment are shown. The vertical axis indicates the
number of cells, and the horizontal axis indicates the fluorescence
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intensity. e The cell cycle of Jurkat cells co-cultured with NCC24
cells. The ratio of the number of cells in each phase is represented
by a bar graph in the order of a—d. The mean and standard deviation
of four independent experiments are represented by bars. Asterisks
indicate the values for which there were statistically significant differ-
ences between the two groups (p <0.05)
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LY?294002 PI3K-inhibitor (50 uM) and Wortmannin PI3K-
inhibitor (1 uM) (Sigma-Aldrich), and rapamycin mTOR
inhibitor (25 nM; Cell Signaling Technology, Danvers, MA,
USA). The NCC24, SNU719, and YCCEL1 EBVaGC cell
lines were administered at a density of 1 X 10° cells/mL, and
EBVaGC cell lines were treated with the abovementioned
reagent at 24 h after 100 U/mL IFN-y treatment. After 24 h
of incubation, the cells were collected and centrifuged.
Thereafter, the change in PD-L1 expression was evaluated
by flow cytometry according to the method described above.

Statistical analysis

The results were statistically analyzed using Tukey’s hon-
estly significant difference test. P values of <0.05 were
considered to indicate statistical significance. All statistical
analyses were performed using the JMP software program
(version 9 for Mac; SAS Institute, Cary, NC, USA).

Results
Expression of PD-L1 in EBVaGC

PD-L1 was expressed on the EBVaGC cell lines NCC24,
SNU719, and YCCELI1. The expression was further
enhanced by stimulation with IFN-y for 24 h (Fig. 1). The
expression of PD-L1 was also verified in NUGC3 cells and
AGS cells, which are EBV-negative gastric cancer cell lines.
However, the expression of PD-L1 was not enhanced when
NUGCS3 cells and AGS cells were stimulated with IFN-y
for 24 h (Fig. 1).

The expression of IFN-y receptor 1 (IFN-yR1) was
observed in all gastric cancer cell lines, but the expression
level was lower in AGS cells than in EBV-positive cells.
Jurkat cells also expressed PD-1 (data not shown) [25, 26].

Cell cycle analysis of Jurkat cells co-cultured
with EBVaGC

When Jurkat cells were co-cultured with IFN-y-treated
NCC24 and YCCELI1 cells, the number of cells in the GO/
G1 phase was significantly increased. However, when Jurkat
cells were co-cultured with NCC24 and YCCELI cells with-
out IFN-y treatment, cell cycle arrest was not observed. The
addition of anti-PD-L1 antibody to the co-culture of Jurkat
cells with NCC24 or YCCELL cells, partially released the
GO0/G1 arrest. Representative results are shown in Figs. 2a—d
and 3a—d. The cell number ratio of each cell cycle phase was
statistically evaluated based on the results obtained from
4 independent experiments. Asterisks indicate the values
showing statistically significant differences between the two
groups in Figs. 2e and 3e.
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Analysis of PD-L1 3'UTR

The sequence of the PD-L1 3'UTR was analyzed to study the
mechanisms involved in the expression of PD-L1. rs4143815
and rs2297136 which were seed regions binding microRNAs
that inhibit the expression of PD-L1 [27]. A G-C mutation
was found at rs4143815 in all of the EBVaGC cell lines. In
addition, SNU719 and YCCELI1 cells showed a G-A muta-
tion at rs2297136 (Fig. 4).

The effect of the rs4143815 SNP on the interaction
between the PD-L] 3'-UTR and miR-570 was also exam-
ined. The luciferase activity of CC and GG allele-specific
psiCHECK?2 constructs did not show any significant differ-
ence between the three cell lines (Fig. 5).

Expression of PD-L1 is suppressed by JAK2, PI3K,
and mTOR inhibitors

EBVaGC cell lines were treated with (a) JAK2-inhibitor
fedratinib (1 uM), (b) JAK2-inhibitor AZD1480 (100 nM),
(c) PI3K-inhibitor LY294002 (50 uM), (d) PI3K-inhibitor
wortmannin (1 uM), and (e) mTOR inhibitor rapamycin
(25 nM) at 24 h after IFN-y treatment. When JAK2-inhib-
itors were administered in the EBVaGC cell cultures, the
expression of PD-L1 was suppressed to a similar level as
the cells untreated with IFN-y. The expression of PD-L1
was similarly suppressed by the treatment of cells with PI3K
inhibitors LY294002 (50 uM) and Wortmannin (1 uM) or
rapamycin (25 nM), an mTOR inhibitor. Figure 6 shows a
representative result from the experiments using NCC24
cells. Similar results were obtained from the experiments
using SNU719 and YCCELI1 cells (data not shown). None of
the inhibitors showed any effect on PD-L1 expression in the
NCC24, SNU719, and YCCELI1 cells untreated with IFN-y
(data not shown).

Discussion

The overexpression of PD-L1 has been reported as one of
the features of EBVaGC [5]. Numerous reports have also
shown that PD-L1 is expressed in EBVaGC tumors [8-12].
Using EBVaGC cell lines, we first reported that EBVaGC
cells expressing PD-L1 strongly suppressed T-cell prolifera-
tion and that the IFN-y signaling pathway is involved in the
expression of PD-L1.

The pathological characteristics of EBVaGC are shown
by its infiltration of lymphocytes [28, 29]. Approximately,
50% of EBVaGC expresses LMP2A, which is a latent EBV
gene but is recognized and targeted by cytotoxic T-lympho-
cytes [30]. We verified the PD-L1 expression in EBVaGC
cell lines. We then co-cultured EBVaGC cell lines with PD-
1-positive T-cells to reproduce the lymphocytic infiltration
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Fig.3 The cell cycle of Jurkat cells co-cultured with YCCELL cells
(an EBVaGC cell line). a Jurkat cells alone, b Jurkat cells co-cultured
with YCCELI cells, ¢ Jurkat cells co-cultured with IFN-y-treated
YCCELI cells, and d Jurkat cells co-cultured with IFN-y-treated
YCCELI cells, which were also treated with aPD-L1. Representa-
tive results of one experiment are shown. The vertical axis indicates
the number of cells, and the horizontal axis indicates the fluorescence

observed in EBVaGC in the in vitro culture system. As a
result, GO/G1 arrest was induced in T-cells surrounding the
EBVaGC cells. The EBVaGC cells, which highly expressed
PD-L1, suppressed the proliferation of T-cells, and the GO/
G1 arrest of the T-cells was partially cancelled by treating

intensity. e The cell cycle of Jurkat cells co-cultured with YCCELI1
cells. The ratio of the number of cells in each phase is represented
by a bar graph in the order of a—d. The mean and standard deviation
of four independent experiments are represented by bars. Asterisks
indicate the values for which there were statistically significant differ-
ences between the two groups (p <0.05)

EBVaGC with anti-PD-L1 antibody. These findings showed
the possible use of anti-PD-L1 antibodies in the treatment
of EBVaGC.

The effects of anti-PD-1/PD-L1 antibody treatment have
been reported in various cancers, including melanoma
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Fig.4 The sequence data of
the PD-L1 3'UTR in the gastric
cancer cell lines. NCC24,
SNU719, and YCCELI are

EBVaGC cell lines, and AGS C
and NUGC3 are EBV-negative
gastric cancer cell lines. The NCC24
results of sequencing include
rs4143815 on the left side and
rs2297136 on the right side
c
SNU719
c
YCCEL1
C
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Fig.5 Analysis of the PD-L1 3'UTR by luciferase reporter assay.
SNU-719 (a) and YCCELI1 (b) are EBVaGC cell lines, and AGS is an
EBV-negative gastric cancer cell line. White bars show the luciferase

[13-19]. Recently, the anti-PD-1 antibody nivolumab was
reported to show good prognosis, with prolonged overall
survival in patients with unresectable and recurrent gastric
cancers refractory to conventional chemotherapy [20]. In
comparison to melanoma, there are too many patients suffer-
ing from lung cancer and gastric cancer to reduce the cost of
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anti-PD-1 treatment, which puts added pressure on medical
economics. It is important to search for biomarkers that pre-
dict the effects of anti-PD-1/PD-L1 antibody therapy [31].
Previous studies reported that tumors with high expression
levels of PD-L1 and those with lymphocytic infiltration in
the stroma are more likely to respond to anti-PD-1 antibody
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violet solid area shows the isotype control, the green line shows the
expression of PD-L1 without IFN-y treatment, and the red line shows
the expression of PD-L1 at 24 h after IFN-y treatment. The blue line
shows the expression of PD-L1 at 24 h after IFN-y treatment and then
with treatment with the abovementioned drugs. The vertical axis indi-
cates the number of cells, and the horizontal axis indicates the fluo-
rescence intensity
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therapy [31]. The dramatic response of PD-1 inhibitor in
MSI-High GC or EBVaGC was recently demonstrated.
There was a high correlation between PD-L1 positivity and
EBV+/MSI-high in the cohort [32]. There are several reports
that PD-L1 was overexpressed in GC with EBV or MSI-
high [8-12, 33, 34]. Both EBVaGC and MSI-high GC are
accompanied by abundant lymphocyte infiltration which can
produce IFN-y [28, 29, 34-37]. Though it might be possible
that MSI-high GC uses the same mechanism as EBVaGC,
further studies are needed to clarify the role of PD-1/PD-L1
interaction in MSI-high GC. Based on our research, we con-
sider EBVaGC to be a suitable target for immune checkpoint
inhibitor treatment.

It is reported that carcinomas for which immune check-
point inhibitors are effective have numerous genetic muta-
tions and thus express diverse neoantigens. In melanoma,
numerous genetic mutations are present due to exposure
to ultraviolet radiation; similarly, lung cancers in smokers
show large numbers of genetic mutations. Gastric cancer is
also known to show high antigenicity in general because of
frequent somatic mutations [38]. Although EBVaGC does
not have a high mutation burden or mismatch repair defects
according to TCGA data, EBVaGC expresses EBV latent
and lytic genes, which may also act as neoantigens.

Previous studies showed that DNA methylation is closely
associated with carcinogenesis of EBVaGC [5, 39, 40].
Methylation of both viral and host DNA is important for the
development of EBVaGC. Viral DNA methylation controls
the expression of EBV latent and lytic genes. Methylation
of host cell DNA inactivated expression of tumor suppres-
sor genes and tumor-associated antigens [41, 42]. When
EBVaGC cells were treated with DNA demethylating agents,
the promoters of viral and host genes were demethylated,
and their expression was upregulated [43]. EBV latent and
lytic genes and tumor-associated antigens might act as neo-
antigens, thus can be targeted to immunotherapy including
immune checkpoint inhibitors. The therapeutic application
of immune checkpoint blockades with DNA demethylating
agents is an attractive therapeutic approach for EBVaGC.

Tumor tissues of EBVaGC are accompanied by massive
lymphocyte infiltration containing a large amount of IFN-y
[6]. EBVaGC is always exposed to the IFN-y released from
T-lymphocytes and is stimulated to express high levels of
PD-L1. PD-L1 is an IFN-y responsive gene, and response
to IFN-y is also regarded as a biomarker for predicting the
effect of anti-PD-1 antibodies [31]. All EBVaGC cell lines
strongly responded to IFN-y treatment and the IFN-y signal-
ing pathway was involved in the expression of PD-L1.

We studied the mechanisms involved in the high expres-
sion of PD-L1 in EBVaGC cell lines. Abnormalities in the
PD-L1 3'UTR are reported to be involved in the high expres-
sion of PD-L1 in various tumors [27, 44]. We focused on
two SNPs corresponding to the seed regions of miRNAs.
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The SNP in the seed region of miRNA 570 was found in all
EBVaGC cell lines, but we could not show a difference in
luciferase activity between the CC and GG allele-specific
psiCHECK?2 constructs. Function-acquired mutation of
PI3KCA and amplification of 9p24.1, which encodes JAK2
and PD-L1 have been reported in EBVaGC [5, 11]. These
genetic abnormalities may lead to the high expression of
PD-L1 in EBVaGC.

The expression of PD-L1 is common in EBVaGC and
EBV-associated posttransplant lymphoproliferative dis-
order, NK/T lymphoma, and nasopharyngeal carcinoma
[8—12, 45]. The constitutive expression of PD-L1 might be
involved in the development of these EBV-related tumors. In
EBV-positive nasopharyngeal carcinoma, LMP1 enhances
the expression of PD-L1 [46]; however, EBVaGC does not
express LMP1. It is possible that other EBV latent genes are
involved in the expression of PD-L1.

To our knowledge, we are the first to report the function
of the PD-1/PD-L1 pathway and the IFN-y signaling path-
way is involved in the expression of PD-L1 in EBVaGC.
We consider EBVaGC to be a suitable target for immune
checkpoint inhibitor treatment.
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