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Abstract

Epstein-Barr virus-associated lymphoproliferative disease (EBV-LPD) is frequently
fatal. Innate immunity plays a key role in protecting against pathogens and cancers.
The stimulator of interferon genes (STING) is regarded as a key adaptor protein al-
lowing DNA sensors recognizing exogenous cytosolic DNA to activate the type | in-
terferon signaling cascade. In terms of EBV tumorigenicity, the role of STING remains
elusive. Here we showed that treatment with the STING inhibitor, C-176, suppressed
EBV-induced transformation in peripheral blood mononuclear cells. In an EBV-LPD
mouse model, C-176 treatment also inhibited tumor formation and prolonged sur-
vival. Treatment with B cells alone did not affect EBV transformation, but suppres-
sion of EBV-induced transformation was observed in the presence of T cells. Even
without direct B cell-T cell contact in a transwell system, the inhibitor reduced the
transformation activity, indicating that intercellular communication by humoral fac-
tors was critical to prevent EBV-induced transformation. These findings suggest that
inhibition of STING signaling pathway with C-176 could be a new therapeutic target
of EBV-LPD.
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1 | INTRODUCTION

Innate immunity plays an essential role in the early defense against
pathogens, including viruses. Recognition of exogenous viral nu-
cleic acid is required to induce the innate immune response, not
only in antigen-presenting cells such as macrophages and dendritic
cells, but also in vascular endothelial cells, fibroblasts, and epithelial
cells.! These cells recognize microbial pathogen-associated molecu-
lar patterns (PAMPs) through pattern-recognition receptors (PRRs).
When PRRs recognize a PAMP, they activate the intracellular signal
transduction system, which induces the innate immune response for
pathogen elimination.? Activation of the innate immune response
promotes acquired immunity, reflected in T cell activity and den-
dritic cell maturation.®

The stimulator of interferon genes (STING; also known as MITA,
ERIS, MPYS, and TMEM173) is an adaptor protein for PRRs recog-
nizing viral DNAs.* Recently, many studies have identified various
PRRs such as cyclic GMP-AMP synthase (cGAS), interferon gamma-
inducible protein 16 (IFI16), DEAD-box helicase 41 (DDX41), meiotic
recombination 11 homolog A (MRE11), and heterogeneous nuclear
ribonucleoprotein A2/B1 (hnRNPA2B1).41° STING activation by
these sensors induces the production of the humoral factors in-
terferon (IFN)—oc/[S.11 cGAS, which plays a central role in the innate
immune response, recognizes herpes virus-derived DNA in the cy-
toplasm during the primary infection and viral production phases,
inducing the innate immune response via STING.® In addition, in a
methylcholanthrene (MCA)-induced sarcoma mouse model, STING
knockout mice showed a shorter survival time.}? These data suggest
that STING can promote antiviral and antitumor effects.

Epstein-Barr virus (EBV) is a double-stranded DNA virus that
belongs to the Herpesviridae family, and commonly infects humans.
EBV infects B cells and can produce EBV-associated lymphoprolifer-
ative disorder (EBV-LPD) in immunocompromised patients.13 EBV-
LPD is characterized by symptoms ranging from benign polyclonal
proliferation of EBV-infected lymphocytes to malignant monoclonal
proliferation. When immune suppression occurs after transplan-
tation, malignant EBV-LPD is challenging to treat and treatment-
related death may occur.*®*

EBV shows 2 patterns of infection: latent and lytic. The tran-
sition from latent to lytic infection is known as “reactivation.”*® In
EBV-positive lymphoma, tumor cells with both infection patterns
have been observed.* In latently infected cells that express a lim-
ited number of virus genes, including oncogenes, the gene expres-
sion pattern is altered depending on the cell type and intracellular
status.?” Previous reports have shown that LMP2 degrades the IFN
receptor, while EBNA2 and EBER induce resistance to IFN.*829 Lytic-
infected cells express approximately 80 viral genes and control IFN
induction and signaling via several viral proteins.21’22 Although stud-
ies have aimed to identify virus genes that negatively regulate the in-
nate immune response, it remains unclear whether STING influences
the development of EBV-related tumors.

DNA sensor molecules, such as cGAS, STING (as adaptor pro-
teins), and TANK binding kinase 1 (TBK1) are essential for activating
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IFN regulatory factor 3 (IRF3).2 Host DHHC (Asp-His-His-Cys) pal-
mitoyl transferase palmitoylates STING, which promotes STING ac-
cumulation in the trans-Golgi network (TGN), thereby accelerating
the recruitment of downstream TBK1 and IRF3 to the TGN.225 |n
recent years, STING inhibitors, including C-176, have been identified
by drug screening focused on the palmitoylation of STING.?® These
inhibitors were developed to clarify the role of STING palmitoyla-
tion in the type | IFN-producing cascade, and in autoinflammatory
disease in mice. C-176 showed no apparent toxicity in vitro or in
vivo. Moreover, C-176 improves inflammation in the organs of three-
prime repair exonuclease 1 (TREX1)-deficient mice, in which the
overproduction of type | IFN causes Aicardi-Goutieres syndrome-
like symptoms.?®

In this study, we conducted infection experiments in vitro
and in vivo to clarify the role of STING in EBV tumorigenesis. In
cell cultures, the STING inhibitor C-176 suppressed the trans-
formation of EBV. Furthermore, administering a STING inhibitor
in the EBV-LPD mouse model provided an antitumor effect and
prolonged survival. Inhibitor treatment with B cells alone did
not influence cell proliferation, humoral factor production, or
transformation, but transformation efficiency decreased in the
presence of T cells. Our findings suggest that STING-mediated
crosstalk of various inflammatory factors plays an important role

in EBV-LPD tumorigenesis.

2 | MATERIALS AND METHODS
2.1 | Cell culture

HEK293 cells and EBV-positive HEK293 cells (HEK293EBV), estab-
lished by the transfection of BAC DNA carrying the whole B95-8
EBV genome (a generous gift from Dr. R. Longnecker), were grown in
DMEM (Sigma-Aldrich) supplemented with 10% FBS and hygromycin
B (150 ug/ml; Takara).?” AGS cells (a human gastric adenocarcinoma
cell line) infected with a recombinant EBV?® carrying enhanced GFP
(EGFP) were cultured in Nutrient Mixture F-12 Ham (Sigma-Aldrich)
including 10% FBS and G418 (400 ug/ml; Wako). Lymphoblast cell
lines (LCLs) were established by infecting the human PBMCs from
healthy donors (precision medicine, #1-4) with a virus fluid obtained
from HEK293EBV cells. LCLs and Jurkat cells were cultured in RPMI
1640 medium (Sigma-Aldrich) supplemented with 10% FBS. All me-
diums contained 1% penicillin-streptomycin (Gibco) unless other-
wise specified. Primary T cells were cultured in RPMI 1640 medium
containing 10% human serum, 2% t-glutamine (Sigma-Aldrich), 1%
penicillin-streptomycin (Sigma-Aldrich), and recombinant human IL-2

(PeproTech) to a final concentration of 50 IU/mL.

2.2 | STING inhibitor and agonist treatment

C-176 and H-151 were obtained from Sigma-Aldrich and

InvivoGen, respectively. G10 was purchased from Abcam. These
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reagents were dissolved in DMSO. LCLs and isolated primary T
cells were treated with C-176 or H-151 for 24 h. Primary T cells
and Jurkat cells were reacted with G10 for 2-4 h. Reacted cells
were lysed, and immunoblotting analysis for gene expression was

performed.

2.3 | Immunoblotting analysis

Harvested cells were lysed in loading buffer (50 mM Tris-HClI,
pH 6.8, 2% sodium dodecylsulfate (SDS), 10% glycerol, 6%
2-mercaptoethanol, 0.0025% bromophenol blue), subjected to
SDS-PAGE (Wako), and then transferred to a PVDF membrane.
The following primary antibodies were diluted in Can Get Signal
Solution (TOYOBO): anti-LMP1 antibody (512, 1:50), anti-GAPDH
antibody (14C10; Cell Signaling Technology [CST], 1:2000), anti-
TBK1 antibody (CST), anti-phospho-TBK1/NAK (Ser172) antibody
(D52C2, 1:1000; CST), and anti-STING antibody (D2P2F, 1:1000;
CST). As the secondary antibody, HRP-conjugated goat anti-
mouse 1gG (BioSource) or HRP-linked anti-rabbit 1gG (CST) was
used at a dilution of 2000-5000. Forte (Merck) or Chemi-Lumi
One Ultra (Nacalai Tesque) was used as the HRP substrate, and
EZ-Analyzer (ATTO) was used to detect luminescence, which was

also photographed.

2.4 | RT-PCR

LCLs were treated with DMSO or STING inhibitor (C-176) for 24 h.
Total RNAs were isolated from treated LCLs using TriPure (Sigma-
Aldrich), and RNA was then dissolved in nuclease-free water. To
detectthecellulartranscripts,RT-PCRwasperformedusingtheOne-
Step TB Green PrimeScript PLUS RT-PCR Kit (Takara) according to
the manufacturer's instructions. Transcripts were detected by oli-
gonucleotides designed to amplify gene-specific regions. The IFN-f
primer sequence was 5-TGCTCTCCTGTTGTGCTTCTCC-3’ (for-
ward primer), 5'-ATAGATGGTCAATGCGGCGT-3' (reverse primer),
the IL-6 primer sequence was 5-CCAGGAGCCCAGCTATGAAC-3’
5'-CCCAGGGAGAAGGCAACTG-3"  (re-
verse primer) and the CXCL10 primers were designed as
5'-CCAGAATCGAAGGCCATCAA-3’ (forward primer),
5'-CATTTCCTTGCTAACTGCTTTCAG-3' (reverse primer). RT-PCR
was performed using the 7500 Fast Dx Real-Time PCR instrument

(forward  primer),

(Applied Biosystems), as described previously.?’

2.5 | Cell proliferation assay

To measure cell proliferation, 2 x 10° LCLs were seeded onto 12-well
plates and cultured in medium containing 0.5 uM STING inhibitor
(C-176). Cells were counted for the trypan blue exclusion test every
24 h using the Countess automated cell counter (Thermo Fisher

Scientific).

2.6 | Cytotoxicity assay

First, 1 x 10% LCLs were seeded into a 96-well plate and reacted
for 24 h with 0, 0.25, 0.5, or 2.0 uM C-176. To measure cell viability,
CellTiter-Glo (Promega) was added according to the manufacturer's
recommendations, and the luminescence signal was detected with
the GloMax Navigator Microplate Luminometer (Promega).

2.7 | EBV-LPD mouse model

We followed the relevant guidelines for Animal Experimentation
of Nagoya University, Japan, and the ethical regulations. The mice
were killed once they showed signs of clinical illness (20% weight
loss, ruffled coat, and hunching behavior). Six-wk-old NOD/Shi-
scid, IL-2RyKO (NOG) mice purchased from the Central Institute
for Experimental Animals were assigned randomly to groups under
specific pathogen-free conditions, and food and water were pro-
vided. First, 1 x 10” human cord blood mononuclear cells (CBMCs),
purchased from RIKEN, were co-cultured for 2.5 h with 2 x 10°
green Akata unit viral fluid derived from HEK293EBV cells and in-
oculated intraperitoneally (ip). Then, 150 mg/mL C-176 dissolved
in DMSO was added to 50 puL corn oil, and 562.5 nmol C-176 was
administered ip twice daily for 2 wk (total of 24 treatments). In the
untreated group, an equivalent volume of DMSO was dissolved in
50 ul corn oil. Tumors that formed ip were observed under bright
field and fluorescence microscopy using an M205 FA stereomicro-

scope (Leica).

2.8 | Detection of viral DNA in mouse blood by real-
time PCR

Genomic DNA was isolated from whole blood using the DNeasy
Blood & Tissue Kit (Qiagen) in accordance with the manufac-
turer's instructions. EBV DNA was detected by real-time quan-
titative PCR, as described previously, using primer pairs and
a fluorogenic DNA probe targeting the EBV BALF5 gene (se-
quence context: 5-CGGAAGCCCTCTGGACTTC-3' (forward) and
5'-CCCTGTTTATCCGATGGAATG-3' (reverse), 5'-PE-TGTACACGCA
CGAGAAATGCGCC-3").%° Amplification reactions were performed
using the Fast Start Universal Probe Master (Roche) and 7500 Fast
Dx RT-PCR instrument.

2.9 | Histological analysis

The mice were reflux fixed with 10% formalin neutral buffer solu-
tion (Wako), and tissues were embedded in paraffin using a Tissue-
Tek VIP 6 processor and TEC-P-S system (Sakura Finetek). H&E or
immunohistochemical (IHC) staining was performed as described
previously.3! After deparaffinization and rehydration of the tis-

sue sections, heat-induced epitope retrieval was carried out in
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pH 9 Target Retrieval Solution (Agilent) for 30 min, after which
the tissue sections were kept at room temperature for 30 min.
After blocking with Protein Block (Agilent), the samples were
reacted with a primary antibody, as follows: anti-human STING
(D2P2F, 1:1000; CST), anti-LMP1 (512, 1:50), and anti-human CD3
(F7.2.38, 1:50; Agilent). To detect EBV-encoded small RNA (EBER)
by in situ hybridization (ISH), completely dried tissue sections
were reacted with a FITC-conjugated EBER probe Y5200 (Agilent)
at 55°C for 90 min, and then with anti-FITC antibody (M228-3,
1:2,000; MBL). For endogenous peroxidase blocking, samples
were reacted in methanol containing 0.3% hydrogen peroxide for
30 min after the primary antibody reaction. A secondary antibody
reaction was carried out with EnVision Dual Link reagent (Agilent)
for 30 min. For fluorescence staining, Alexa 488 anti-rabbit 1gG
and Alexa 546 anti-mouse IgG (Invitrogen) were reacted as sec-
ondary antibodies. The stained sections were mounted in Entellan
New (Sigma-Aldrich) or Prolong Gold reagent (Thermo Fisher
Scientific), and whole-slide images were acquired using a virtual
slide system (VS120; Olympus). High-resolution imaging was ac-
complished using confocal microscopy (LSM880; Zeiss).

2.10 | Phenotyping of splenic lymphocytes in an
EBV infection mouse model

Mouse splenic tissue was dissected under deep isoflurane anesthe-
sia and homogenized with 5 mL chilled PBS. The suspension was
passed through a cell strainer (100 um; Falcon). The filtered cell
suspension was centrifuged, and the cell pellet was washed twice in
PBS. The final pellet was resuspended in 100 pL PBS and added to a
DuraClone IM Phenotyping BASIC tube (Beckman Coulter). Mouse
splenic lymphocytes were treated with PECy5 anti-human CD45
antibody (HI30; BioLegend), PECy7 anti-human CD3 antibody (SK7;
BioSource), and FITC anti-human CD19 antibody (J3-119; Beckman
Coulter) for 20 min on ice followed by perm/wash buffer (BioSource)
for permeabilization. Cells were stained with PE anti-human STING
antibody (T3-680; BioSource). After staining in accordance with the
manufacturer's instructions, the cells were exposed to Versalyse
reagent (Beckman Coulter) for 15 min for red blood cell hemolysis,
before being fixed with 4% paraformaldehyde in PBS. Lymphocyte
phenotyping was performed using flow cytometry with the Gallios

instrument (Beckman Coulter).

2.11 | EBV transformation assay

B cells were isolated from peripheral blood or CBMCs in accord-
ance with the manual, using the EasySep/RosetteSep Human
B Cell Enrichment Cocktail (StemCell Technologies). To con-
firm cell isolation, cells stained in a DuraClone IM Phenotyping
BASIC tube (Beckman Coulter) were analyzed by FACS analysis
(Beckman Coulter; Gallios). PBMCs and B cells were seeded into

a 96-well plate and infected with a 10-fold serial dilution of virus

H 5091
Cancer Science NS s

fluid obtained from AGS EBV cells. PBMCs were cultured in the
presence of cyclosporin (0.5 ug/mL; Sigma-Aldrich). Medium ex-
change was performed every 4 d with medium containing a STING
inhibitor (C-176; 0.5 uM). At 3 wk after infection, the number of
wells in which transformed cells were present was counted, and
the 50% transforming dose (TD;) was calculated. Fluorescence
images were obtained by fluorescence microscopy (Axio Observer
7; Zeiss).

2.12 | Lentiviral production

Lentivirus was produced in HEK293T cells using the lentivirus
packaging plasmids pCMV-VSV-G (Addgene #8454) and pCMV-
R8.74 (Addgene #22036). shRNA lentiviral plasmid vectors were
purchased from Vector Builder (pLV[shRNAJ-EGFP:T2A:Puro-
U6>hTMEM173[shRNA#1](VB900090-7227ftv); pLV[shRNA]-
EGFP:T2A:Puro-U6>hTMEM173[shRNA#3] (VB900090-7233grx);
pLV[shRNA]-EGFP/Puro-Ué>Scramble_shRNA). HEK293T cells
were transiently transfected with each lentivirus vector, together
with packaging plasmids, using Lipofectamine 2000 (Thermo Fisher
Scientific). Supernatants containing lentivirus were harvested at 48
and 72 h after transfection, and concentrated using Lenti-X concen-
trator (Takara). Lentivirus was titrated on Jurkat cells by measuring
EGFP-positive cell rates and primary T cells were infected at an MOI
of 3.

2.13 | Generation of shRNA-transduced T cells

Primary T cells were isolated with RosetteSep™ (StemCell
Technologies) from healthy donor PBMCs. These cells were stimu-
lated with anti-CD3/CD28 beads (Invitrogen) for 3 d. At 1 d after
stimulation, stimulated T cells were infected with lentivirus carry-
ing shRNA, using a scramble sequence as a control (shScramble)
or shRNAs targeting STING (ShSTING#1 and #2). On day 5 after
infection, infected T cells were incubated with puromycin at a low
concentration (0.5 ug/mL). Expanded T cells were restimulated with
anti-CD3/CD28 beads under puromycin at a high concentration (1.0-
2.0 pg/mL). GFP expression upon infection was determined using
a Countess Il counter (ThermoFisher Scientific) and shRNA knock-

down efficiency was tested by immunoblotting analysis.

2.14 | Transwell assay

Isolated B cells were co-cultured with virus obtained from
HEK293EBV cells for 2.5 h at room temperature. B cells were sus-
pended in fresh RPMI medium supplemented with 10% FBS at a
density of 5 x 10° cell/mL and seeded onto 24-well plates. In total,
1 x 10° T cells were placed into the upper chamber of the transwell
(0.4 um pore size; Millipore). B cells on the lower chamber were ob-

served by fluorescence microscopy (Axio Observer 7; Zeiss) and
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counted using the Countess automated cell counter (Thermo Fisher
Scientific) for 7 d after infection.

2.15 | Statistical analysis

Overall survival was analyzed using the Kaplan-Meier method, and
significant differences between the 2 groups were determined using
the log-rank test. The log-rank test and Fisher exact test were per-
formed using EZR software from Jichi Medical University Saitama
Medical Center.®? All quantitative data were analyzed using Student

t test at a significance level of 1% or 5%.

3 | RESULTS

3.1 | STING inhibitor suppresses EBV tumor
formation in the EBV-LPD mouse model

We first assessed whether STING was required for tumorigenesis
in vivo. Severely immunodeficient mice (NOG mice) transplanted
with cord blood-derived mononuclear cells co-cultured with EBV
were administered ip with C-176 (Figure 1A). C-176 administration
prolonged survival and reduced weight loss compared with the
non-administered group (Figure 1B,C). Furthermore, C-176 treat-
ment resulted in a reduction in both tumor size and splenomegaly
(Figure 1D). Although EBV copy levels in the peripheral blood were
unaffected by C-176, we observed reduced lymphocyte infiltra-
tion in the organs (Figure 1E,F). Therefore, these data suggested
that the innate immune response mediated by STING may be in-
volved in the development and exacerbation of EBV tumorigenesis

in vivo.

3.2 | Aninhibitor of STING suppresses EBV
transformation in vitro but not STING signaling in
EBV-positive B cells

To determine whether STING is expressed in EBV-infected cells, we
next examined the expression of STING in EBV-immortalized LCLs,
which were established using PBMCs. STING was abundantly ex-
pressed in LCLs, but not in isolated primary B cells (Figure 2A), con-
sistent with previous findings.®

To examine the effect of STING on EBV transformation activity,
we infected PBMCs with Akata virus in the presence of C-176, which
has recently been identified as a STING inhibitor. At the same time,
we started a cell culture in 0.5 uM C-176 and calculated the TD.,
per mL corresponding to EBV transformation activity at 3 wk after
infection.®* Figure 2B shows that the STING inhibitor C-176 clearly
decreased the transformation efficiency of PBMCs. These data in-
dicated that STING, which plays a central role in the innate immune
response, is expressed in LCLs and involved in EBV tumorigenesis

in vitro.

As STING inhibitors suppressed EBV-induced transformation,
we hypothesized that STING was required for the proliferation of
EBV-immortalized cells. We counted viable cells after treatment
with the C-176 STING inhibitor. There was no significant difference
in cell proliferation either with or without C-176 (Figure 2C). A cy-
totoxicity assay did not show a dose-dependent effect on cell via-
bility (Figure 2D). In addition, STING inhibitors had no clear effect
on the transcription of several humoral factors mediated by STING
(Figure 2E). Furthermore, C-176 did not affect TBK1 phosphoryla-
tion (Figure 2F). Therefore, treatment with a STING inhibitor had no
significant effect on cell proliferation, at least in EBV-immortalized

B cells.

3.3 | Tumor-infiltrating T cells express STING

To evaluate the expression of STING in vivo, we tested for its pres-
ence in tumors from EBV-associated LPD (EBV-LPD) mouse mod-
els.31353¢ |mmunohistochemical analysis of the EBV-LPD mouse
model showed expression of STING in tumor tissue (Figure 3A). B cell
LPD was reported in this mouse model,® consistent with our find-
ings; however, CD3-positive cells were also observed in the tumor
tissue (Figure 3A). Previous reports showed that STING is expressed
in human lymphocytes, including macrophages and T cells, and that
the innate immune response mediated by STING is required to regu-
late both the innate and adaptive immune systems.*”*® Moreover,
it was reported that T cells provide support for the proliferation of
B cells infected with EBV in vitro and in vivo.®’ Therefore, we in-
vestigated whether T cells in tumor tissues expressed STING. We
observed higher levels of STING expression in LMP1-negative cells
compared with LMP1-positive tumor cells (Figure 3B). As the tumor
progressed in mice, a GFP signal indicating EBV-positive cells was
detected in the spleen, denoting the presence of a metastatic tumor
(Figure 2D). Phenotypic analysis of spleen lymphocytes revealed
that B and T cells, rather than natural killer (NK) cells, predominated
in the spleen, suggesting that the invasive CD3-positive cells were
predominantly T cells (Figure 3C). Furthermore, multicolor-staining
analysis of the tumor revealed the expression of STING in CD3-
positive cells (Figure 3D,E). These results suggested that STING-
regulated intracellular communication between EBV-positive tumor
cells and tumor-infiltrating T cells is important for tumorigenesis of
EBV-LPD.

3.4 | T cells promote EBV transformation through
humoral factors

We hypothesized that the activation of STING in inflammatory
T cells, rather than infected B cells, contributed to the onset of
EBV-LPD. Therefore, we compared transformation efficiency
between isolated B cells alone and isolated B and T cells in the
presence of C-176. The transformation efficiency of the isolated

B cells alone treated with C-176 was equivalent to that of the
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FIGURE 1 STING inhibitor suppresses EBV tumor formation in the EBV-LPD mouse model. A, Schematic of the mouse model. A NOG
mouse was inoculated ip with EBV-infected human cord blood mononuclear cells and then administered DMSO or C-176 (562.5 nmol) ip,
twice daily for 2 wk (n = 6 mice per group). Blood sampling was carried out to identify genomic EBV DNA at the indicated time points. B,
Kaplan-Meier survival curves. C, Bodyweight changes of mice are shown. D, The ip tumor and spleen of DMSO-treated and C-176-treated
mice. The EBV-encoded EGFP signal was detected under excitation light. Scale bars, 5 mm. E, The EBV genome (copies/mL) of each group is
indicated. EBV DNA in blood was detected by real-time PCR. n.s., no significant difference. F, H&E staining of DMSO-treated and C-176-

treated mouse organs. Scale bars, 200 um

untreated cells, but decreased in the presence of the isolated T
cells (Figure 4A). To determine whether there was a direct inter-
action between the B and T cells, we performed a transformation
assay using a transwell system, in which humoral factors, but not
cells, could pass through the porous membrane (Figure 4B). As
shown in Figure 4B, C-176 suppressed transformation efficiency
regardless of the presence or absence of a membrane. These re-
sults suggested that STING-mediated innate immune response
activity in T cells is involved in EBV tumorigenesis and regulated

by humoral factors.

3.5 | STING inhibitors suppressed STING signaling
in T cells

Human primary T cells have been shown to express STING, and their
physiological significance in terms of survival and acquired immunity
have been studied.*° Because C-176 did not decrease the phosphoryla-
tion of TBK1 in LCLs (Figure 2F), we next evaluated the effect of STING
inhibitors on STING signaling in T cells. H-151, as well as C-176, which
inhibits the palmitoylation of STING, suppressed TBK1 phosphoryla-

tion in primary T cells (Figure 5A,B). Conversely, when primary T cells
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FIGURE 2 Aninhibitor of STING suppresses EBV transformation in vitro but not STING signaling in EBV-positive B cells. A, Primary

B cells and EBV-transformed B cells, known as LCLs and established from several healthy donor-derived PBMCs, were analyzed by
immunoblotting for STING. Epstein-Barr virus LMP1 was used as an infection marker. Anti-GAPDH antibody was used as the internal
control. B, PBMCs were infected with 10-fold serial dilutions of Akata EBV. The medium containing the C-176 STING inhibitor (0.5 uM)

was exchanged every 4 d. After 3 wk, the transformation efficiency (TDso/mL) was calculated based on the number of wells in which
immortalized cells were present. C, LCLs were cultured in the presence of C-176 and counted every 24 h for 4 d. A trypan blue exclusion test
using an automated cell counter was performed. D, LCLs were treated with the indicated concentration of C-176 for 24 h, and cell viability
was quantified by a luminescent assay using CellTiter-Glo, based on the ATP level. E, Cytokine production of EBV-transformed B cells
treated with DMSO or STING inhibitor (C-176). LCLs treated with C-176 for 24 h were harvested and total RNA was extracted. IFN-p, IL-6,
and CXCL10 mRNAs were quantified by RT-PCR. All experiments were carried out in triplicate. n.s., no significant difference, Student t test.
F, Immunoblot analysis of STING, TBK1, phospho-TBK1 (Ser 172), and GAPDH of LCLs, in the presence or absence of C-176

were treated with G10, a STING agonist,41 the TBK1 phosphorylation
level increased slightly (Figure 5C), which was also observed in human
T cell leukemia cell line Jurkat cells (Figure 5D). These results suggested
that the STING signaling pathway is commonly conserved in T cells.

To elucidate the molecular mechanisms of T cell STING signal-
ing in EBV tumorigenesis, we established STING-knockdown pri-
mary T cells. Lentiviral vector targeting STING was introduced into
primary T cells, and T cells were proliferated in accordance with a
published method for chimeric Ag receptor T (CAR-T) cell expan-
sion.*? Then, we conducted a co-culture experiment with EBV-
infected B cells (Figure 5E). Although STING knockdown by shRNA

resulted in reduced expression of STING and suppression of TBK1

phosphorylation (Figure 5F), cell growth of EBV-infected B cells co-
cultured with STING-knockdown T cells was comparable with that of
STING-intact T cells (Figure 5G,H). Based on these results, we were
unable to determine the influence of STING on EBV-infected B cells

growth, at least in co-culture experiments.

4 | DISCUSSION

In this study, we identified the expression of STING in EBV-
transformed B cell lines and showed that administration of a STING in-
hibitor reduced EBV transformation activity. We also identified STING



MIYAGI ET AL.

(A)

Haematoxylin and eosin

0 for
CD45 S0t

H 5095
Cancer Science SIS e

LMP1 DAPI Merge Enlarge

100 10t 10e 108
CD45+CD3+

100 9 9 . " . 9
3
500

100

100 10° 10°
STING

— lIsotype
— anti-STING

FIGURE 3 Tumor-infiltrating T cells express STING. A, H&E and immunohistochemical staining for STING, CD20, and CDS3, and in situ
hybridization for EBER in tumor tissue from the EBV-LPD model mouse. Scale bars, 50 um. The black boxes contain magnified images. B, Co-
immunofluorescence staining for STING (green), LMP1 (magenta), and DAPI (gray) in the tumor of the EBV-LPD mouse model. C, The relative
proportions of CD45-, CD3-, CD8-, CD19-, and CD56-positive cells in splenic lymphocytes of the EBV-LPD mouse model were determined
by flow cytometry. D, Co-immunofluorescence staining of STING (green), CD3 (magenta), and DAPI (cyan) in the tumor of the EBV-LPD
mouse model. Scale bars, 50 pm. The white boxes contain magnified images. E, Flow cytometric analysis of STING in splenic lymphocytes in

the EBV-LPD mouse model
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transformation through humoral factors.
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infected with Akata EBV and cultured
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a 24-well plate and cultured with medium
containing C-176 (0.5 uM), while isolated
T cells were inoculated into transwell
chambers with 0.4 um polycarbonate
membranes. Cells were co-cultured for 7 d
and observed by fluorescence microscopy.
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expression in tumor-infiltrating lymphocytes, especially T cells, and in
EBV-positive B cells. Infection experiments with isolated B and T cells
revealed that intercellular communication between EBV-infected B
and T cells via humoral factors, but not intercellular contact, is required
for EBV transformation activity. Furthermore, administering a STING
inhibitor to an EBV-LPD mouse model suppressed EBV tumor progres-

sion, demonstrating the importance of STING for tumorigenicity.

The regulatory mechanisms by which EBV escapes the in-
nate immune response triggered by primary infection, and the
reactivation molecules, have been well characterized.??** KSHV-
ORF52 and EBV BLRF2 homologs directly interact with cGAS to
control its enzymatic activity.** More recently, it was found that
EBV BGLF2 binds to STING and suppresses type | IFN produc-

tion.** Thus, although EBV lytic infection-associated genes have
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been well characterized, the role of STING in tumor cells, among
which latently infected cells are present, remains unclear. One un-
expected finding concerned the extent to which STING inhibitors
significantly suppressed the transformation activity of EBV and
tumorigenesis in vivo, which suggested that STING is critical for
EBV tumorigenesis. Even though STING was expressed in the EBV-
transformed B cell lines, the STING inhibitor did not affect their
proliferation. This suggested that EBV might utilize STING during
B cell transformation and tumorigenesis, while acquiring multiple
mechanisms to negatively regulate innate immunity. Notably, T cell
depletion in the humanized mouse model reduced tumorigenicity
efficiency, indicating that T cells support the development of EBV-
infected B cell ymphomas.®? We found that T cells infiltrating EBV-
positive cells highly expressed STING in the tumor tissue of the
EBV-LPD mouse model (Figure 3B,C). In addition, human primary
T cells expressed STING, and STING inhibitors suppressed TBK1
phosphorylation (Figure 5A,B). However, C-176 did not affect TBK1
phosphorylation in LCLs (Figure 2F). Based on previously published
literature and our results, it appears that STING expressionin T cells
contributes to intercellular communication between T and B cells
via humoral factors. As B cell proliferation in the presence of T cells
was suppressed by C-176 at 1 wk after infection (Figure 4B), we
speculate that STING in T cells is involved in the initiation but not
the progression of multistage carcinogenesis. Further research is
needed to identify the humoral factors produced during tumorigen-
esis according to the actions of STING.

Whether STING expression in tumor cells is beneficial for cell
survival is controversial. In mouse primary B cells and chronic lym-
phocytic leukemia, stimulation with STING agonists induced cell
apoptosis.‘“"‘17 Moreover, proliferation and survival were intact with
STING knockout in melanoma cells, and some reports indicated that
the reaction of STING agonists with various carcinomas did not in-
duce cytotoxic activity.*®! Clinically, the tumor stage has shown as-
sociations with STING expression in colorectal cancer and malignant
melanoma.’>°3 Therefore, our findings suggest that the outcomes
of STING expression in cancer cells vary depending on the cell type
and tumor stage.

Activation of the innate immune response by STING is asso-
ciated with the construction of a cancer microenvironment via
crosstalk of various inflammatory factors, such as chemokines,
cytokines, and growth factors, between inflammatory and cancer
cells. Tumor-infiltrating inflammatory cells can reportedly both
suppress and promote cancer progression.’*>> In many EBV-
positive cancers, infected cells grow in a neoplastic manner with
inflammatory cell infiltration; EBV-positive gastric cancers with
infiltration of lymphocytes are known as lymphoepithelioma-like
carcinomas.’®>” Moreover, infected cells are reported to release
secretory inflammatory factors, such as IL-6 and tumor necrosis
factor.”®>? In this case, the inflammatory cells that make up the
cancer microenvironment might be closely associated with EBV
tumor formation. We presume that B-T intracellular communica-
tion in tumors will be clarified by single-cell analysis using next-

generation sequencers.
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One limitation of this study was that the experiments were per-
formed using a STING inhibitor, and the possibility of off-target effects
cannot be ruled out. Whether C-176, which has been shown to inhibit
mouse STING more specifically compared with human STING,? in-
hibited human STING remains unclear. To rule out off-target effects,
we treated primary T cells with H-151, which targets human STING.?
H151 also suppressed STING signaling (Figure 5B). By contrast, no
clear difference in EBV transformation was found in a co-culture
experiment with B cells and STING-knockdown T cells. Therefore,
STING in T cells alone cannot fully explain the acquisition of prolifer-
ative activity. However, the role of T cell STING in EBV tumorigenesis
remains controversial, as the conditions of CD3/CD28-stimulated and
puromycin-selected T cells are presumed to be very different from
those of primary T cells. Moreover, we believe that the generation of
STING-knockdown EBV-infected B cells may provide new insights.

In conclusion, we have identified that C-176, a STING inhibitor,
prevented EBV-induced B cell transformation and tumorigenesis in
EBV-LPD. Taken together, these findings suggest that EBV may uti-
lize innate immunity while avoiding antitumor immunity. Although
treatment with a STING inhibitor had therapeutic effects in vivo, we
were unable to identify humoral factors and T cell subsets regulating
tumorigenesis via intracellular communication. Further research on
the relationship between EBV and innate immunity is required to

clarify the mechanisms of EBV pathogenicity.
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