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ABSTRACT
Background Epstein- Barr virus (EBV)- associated gastric 
cancer (GC) (EBVaGC) is a distinct molecular subtype of 
GC with a favorable prognosis. However, the exact effects 
and potential mechanisms of EBV infection on immune 
checkpoint blockade (ICB) efficacy in GC remain to be 
clarified. Additionally, EBV- encoded RNA (EBER) in situ 
hybridization (ISH), the traditional method to detect EBV, 
could cause false- positive/false- negative results and 
not allow for characterizing other molecular biomarkers 
recommended by standard treatment guidelines for GC. 
Herein, we sought to investigate the efficacy and potential 
biomarkers of ICB in EBVaGC identified by next- generation 
sequencing (NGS).
Design An NGS- based algorithm for detecting EBV was 
established and validated using two independent GC cohorts 
(124 in the training cohort and 76 in the validation cohort). 
The value of EBV infection for predicting ICB efficacy was 
evaluated among 95 patients with advanced or metastatic 
GC receiving ICB. The molecular predictive biomarkers for ICB 
efficacy were identified to improve the prediction accuracy of 
ICB efficacy in 22 patients with EBVaGC.
Results Compared with orthogonal assay (EBER- ISH) results, 
the NGS- based algorithm achieved high performance with a 
sensitivity of 95.7% (22/23) and a specificity of 100% (53/53). 
EBV status was identified as an independent predictive factor 
for overall survival and progression- free survival in patients 
with DNA mismatch repair proficient (pMMR) GC following 
ICB. Moreover, the patients with EBV+/pMMR and EBV−/
MMR deficient (dMMR) had comparable and favorable survival 
following ICB. Twenty- two patients with EBV+/pMMR achieved 
an objective response rate of 54.5% (12/22) on immunotherapy. 
Patients with EBVaGC with a high cytotoxic T lymphocyte- 
associated antigen- 4 (CTLA- 4) level were less responsive to 
anti- programmed death- 1/ligand 1 (PD- 1/L1) monotherapy, and 
the combination of anti- CTLA- 4 plus anti- PD- 1/L1 checkpoint 
blockade benefited patients with EBVaGC more than anti- PD- 1/
L1 monotherapy with a trend close to significance (p=0.074). 
There were nearly significant differences in tumor mutational 
burden (TMB) level and SMARCA4 mutation frequency between 
the ICB response and non- response group.
Conclusions We developed an efficient NGS- based 
EBV detection strategy, and this strategy- identified EBV 
infection was as effective as dMMR in predicting ICB 
efficacy in GC. Additionally, we identified CTLA- 4, TMB, 
and SMARCA4 mutation as potential predictive biomarkers 
of ICB efficacy in EBVaGC, which might better inform ICB 
treatment for EBVaGC.

BACKGROUND
Epstein- Barr virus (EBV)- associated gastric 
cancer (GC) (EBVaGC) accounts for approx-
imately 5%–10% of GC worldwide and is well 
recognized as a distinct molecular subtype 
of GC.1–4 Several lines of evidence suggested 
that patients with EBVaGC tended to have 
fewer lymph node metastases and a better 
prognosis.5–7 Among cohorts of advanced 
EBVaGC, response rates following anti- 
programmed death- 1 (anti- PD- 1) mono- 
immunotherapy were reported to range 
from 25% to 100%, but all higher than that 
of unselected patients with advanced GC.8–11 
Although the exact impacts and potential 
mechanisms of EBV infection on GC immune 
checkpoint blockade (ICB) efficacy remain to 
be clarified, there has been a growing interest 
in EBV as an emerging biomarker to inform 
clinical management of GC, especially ICB 
treatment.

EBV- encoded RNA (EBER) in situ hybrid-
ization (ISH) has long been regarded as the 
gold standard for detecting EBV. However, 
apart from commonly false- negative 
EBER- ISH results caused by RNA degrada-
tion, false- positive results might be generated 
in the presence of background hybridization 
caused by poorly fixed tissues, non- specific 
staining, or cross- reactivity.12 13 Moreover, 
EBER- ISH does not allow for simultaneous 
characterization of other clinically relevant 
biomarkers such as tumor mutational burden 
(TMB), microsatellite instability (MSI), 
HER2 amplification, and NTRK fusion as 
recommended by the National Comprehen-
sive Cancer Network (NCCN) Guidelines 
for GC.14 The advent of next- generation 
sequencing (NGS) offers a viable solution 
by accommodating EBV detection and the 
gene profile in numerous other cancer- 
related markers in one single assay. However, 
it has been only employed to interrogate the 
EBV genome for research purposes.15 16 The 
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development and validation of NGS- based EBV detection 
intended for clinical use have never been reported.

In this work, we aimed to develop an efficient NGS- 
based EBV detection strategy that allows for parallel char-
acterization of other genomic features. More importantly, 
we assessed the ability of EBV status to predict the benefit 
from ICB treatment and explored the predictive molec-
ular markers which may be incorporated into EBV status 
to improve the accuracy of ICB efficacy prediction.

METHODS
Samples and study design
The study design and consort patient flow diagram were 
illustrated in online supplemental figures 1 and 2. Gene 
selection, algorithm development, and EBV score cut- 
off training were performed using 24 EBVaGC and 100 
EBV- negative GC (EBVnGC) tissue samples. Technical 
validation was conducted in a cohort of 23 EBVaGC and 
53 EBVnGC tissue samples. The 124 and 76 samples 
mentioned above were obtained from the Beijing Cancer 
Hospital with a confirmed histological diagnosis of 
advanced GC and available EBER- ISH results.

The correlation between EBV score and viral copy 
number by quantitative PCR (qPCR) was assessed using 
20 GC DNA samples with EBV score >0.00005 (excluding 
EBV genes that could not be detected at all) retrieved 
from the 3DMed Biobank (3D Medicines).

The repeatability and reproducibility of the EBV detec-
tion method were evaluated using four EBVaGC and 
four EBVnGC tissue samples randomly selected from the 
technical validation cohort. Each sample was detected for 
two runs with each run in quadruplicate under the same 
operating conditions. The data of replicates in the intra- 
assay were counted for the repeatability test, while the 
data of the two batches in the inter- assay precision study 
were collected and compared for reproducibility analysis.

To determine the limit of detection (LOD), EBV- 
transformed B lymphoblasts, BL1954, BL1395, BL2009, 
and BL1143, were purchased from the American Type 
Culture Collection, and the control white blood cells were 
obtained from a healthy donor.17 18 Briefly, genomic DNA 
samples derived from four EBV- positive cell lines were 
diluted into the genomic DNA isolated from the control 
white blood cells, targeting four titration points, 2.5%, 
5%, 10%, and 20%. The titration series were examined at 
a total cell input of 5×106 and four different sequencing 
depths: 100×, 300×, 500×, and 1000×.

To evaluate the predictive value of EBV status in ICB 
efficacy in patients with GC and further identify the 
molecular markers predictive of ICB efficacy in patients 
with EBVaGC, 95 patients with advanced or metastatic 
GC treated with ICB at Beijing Cancer Hospital from 
June 21, 2017, to October 22, 2021, were included. The 
exact ICB drugs for these patients were summarized in 
online supplemental table 1. Among 95 patients, 66 were 
DNA mismatch repair (MMR) proficient (pMMR), and 
29 were MMR deficient (dMMR), where MMR status 

was identified by immunohistochemistry (IHC). The 
patients with pMMR comprised 22 patients with EBV+/
pMMR and 44 patients with EBV−/pMMR, wherein EBV 
status was obtained via our NGS- based method. The 
patients with dMMR were EBV negative and represented 
as EBV−/dMMR phenotype. All tumor samples had at 
least 20% tumor content as reviewed by two independent 
pathologists.

IHC, qPCR, NGS, EBER- ISH, and multiplex immu-
nofluorescence (mIF) were described in online supple-
mental methods and online supplemental table 6.

ICB efficacy evaluation
De- identified clinicopathological and efficacy data were 
extracted from patients’ medical records by two indepen-
dent physicians and were reviewed by a third physician 
in case of inconsistency. Tumor response was assessed as 
per the Response Evaluation Criteria in Solid Tumors, 
V.1.1, and categorized as complete response (CR), partial 
response (PR), stable disease (SD), and disease progres-
sion (PD). Objective response rate (ORR) was defined as 
CR plus PR. Progression- free survival (PFS) was defined 
as the time from the onset of ICB treatment to PD or 
death, whichever occurred first. Overall survival (OS) was 
defined as the time from the onset of ICB treatment to 
death as a result of any cause. The duration of response 
was defined as the interval from first documented CR or 
PR until PD or death by any cause, whichever occurred 
first. All samples were obtained with informed consents.

Statistical analyses
Continuous variables were compared using a Student’s 
t- test or the non- parametric Mann- Whitney U test, while 
categorical variables were compared using the χ2 test or 
the Fisher’s exact test where appropriate. Survival curves 
were plotted with the Kaplan- Meier method and analyzed 
using a log- rank test. Univariate and multivariate Cox 
regression analyses were applied to identify independent 
prognostic variables for ICB efficiency. Simple linear 
regression was adopted to examine the relationship 
between EBV copy number and EBV score. The receiver 
operating characteristic (ROC) analysis was performed 
using the web tool EasyROC (http://www.biosoft. 
hacettepe.edu.tr/easyROC/). All tests were two- sided, 
and a p value of <0.05 was considered statistically signifi-
cant. Statistical analyses were performed using R software 
V.3.6.1 (R Foundation for Statistical Computing), Python 
software V.3.9.5, GraphPad Prism V.7.01 (GraphPad Soft-
ware), and SPSS V.22.0 (IBM).

RESULTS
Algorithm development for EBV detection
The study design was illustrated in online supplemental 
figure 1. To select target genes for EBV detection, BHRF1 
and BCLF1 were excluded upfront for sharing significant 
homology with the human genome.19 20 Regions with a 
high GC content were also excluded due to affecting 
library preparation/construction.21 The rest of the 
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genome sequences were evaluated by their relevance to 
EBV pathogenesis and carcinogenesis, and six genes, 
EBNA- 1, EBNA- 2, EBNA- 3, LMP1, LMP2, and BZLF1, were 
included in the EBV detection panel.22 23 For each gene, 
a set of probes was designed to cover the whole exons. 
Since EBV viruses are classified into type 1 and type 2 
based on EBNA- 2 and EBNA- 3 sequences, two sets of 
probes targeting type 1 and type 2 sequences separately 
were developed for each of the two genes.

Tissue samples from 24 patients with EBVaGC and 100 
patients with EBVnGC as a training set were subjected to 
NGS analysis using a panel combining the EBV detection 
probes and the probes covering the whole exons of 733 
cancer- related genes, including all currently available 
biomarkers related to tumor immunotherapy, targeted 
therapy, chemoradiotherapy, and prognosis (the gene list 
shown in online supplemental table 2). The sequencing 
depth was calculated for each EBV gene and multiplied 
by two before normalization using the sequencing depth 
of the 733- panel genes to obtain a normalized depth 
(NorDepth) for each gene. Due to low capture efficiency, 
LMP1 and LMP2 were excluded (online supplemental 
figure 3). The remaining four genes had a sharply higher 
NorDepth in the tumors from patients with EBVaGC 
than EBVnGC (figure 1A), which were included in the 
final panel. EBV score was defined as the median of the 
NorDepths of these four genes. In the training set, EBV 
score could significantly discriminate EBVaGC from 
EBVnGC (p<0.001) (figure 1B).

Additionally, 20 GC DNA samples were quantified for 
EBV load by qPCR. A strong correlation was observed 
between EBV score and EBV copy number (R2=0.9326, 
p<0.001, figure 1C), corroborating the reliability of EBV 
score to reflect EBV status. The optimal cut- off EBV score 
for the definition of EBV positivity was determined at 
0.05695 using the ROC curves, with an area under the 
curve (AUC) of 1. Furthermore, we found that the posi-
tive relation between EBV score and EBV copy number 
also held for the individual EBV gene, and the AUC 
values for EBV positivity predictions were 0.969 for EBNA- 
1, 0.865 for EBNA- 2, 0.875 for EBNA- 3, and 0.906 for 
BZLF1 (online supplemental figure 4A,B). These results 
indicated that the EBV algorithm based on NGS detec-
tion of four EBV genes was established and could accu-
rately identify EBVaGC.

Technical validation
The accuracy of the EBV algorithm defining EBVaGC with 
an EBV score of at least 0.05695 was validated in a cohort 
of 76 advanced GC tumor samples, where 23 were diag-
nosed as EBVaGC and 53 as EBVnGC by EBER- ISH previ-
ously. Our NGS- based method identified 95.7% (22/23, 
95% CI 77.3% to 99.8%) of EBVaGC tumors and 100% 
(53/53, 95% CI 93.2% to 100%) of the EBVnGC tumors, 
for an overall accuracy of 98.7% (75/76, 95% CI 92.9% 
to 99.9%) (figure 1D, online supplemental table 3). The 
positive predictive value was 100% (22/22, 95% CI 85.1% 
to 100%). The repeatability and reproducibility of the 

EBV detection method were also assessed. Eight samples 
tested in two batches could get the same EBV status with 
100% concordance (online supplemental table 4). The 
results of LOD showed that for all four EBV- positive 
cell lines, the EBV score of each sample was well above 
0.05695 when the dilution was above 5% across different 
sequencing depths (figure 1E). Therefore, the LOD was 
determined as 5% at a sequencing depth of 100×.

EBV infection predicts clinical benefit from ICB
As existing evidence on the sensitivity of patients with 
EBVaGC to ICB remained controversial,8–10 24 95 patients 
with advanced or metastatic GC receiving ICB therapy 
were included to evaluate the predictive value of EBV 
infection in ICB efficacy. In 95 patients, 29 were dMMR, 
and 66 were pMMR consisting of 22 patients with EBV+/
pMMR and 44 patients with EBV−/pMMR. EBV status 
in patients with pMMR was identified by our NGS- based 
method. Patients’ baseline characteristics were summa-
rized in table 1. In patients with pMMR, patients with 
EBV+/pMMR had a significantly higher proportion of 
responders than patients with EBV−/pMMR (p=0.008) 
(figure 2A). The survival analyses showed that patients with 
EBV+/pMMR had significantly favorable PFS (median 
PFS (mPFS) 8.5 vs 2.0 months, p<0.001) and OS (median 
OS (mOS) not reached (NR) vs 5.0 months, p=0.002) 
after ICB compared with patients with EBV−/pMMR 
(figure 2B,C). Univariate survival analyses revealed that 
ICB strategy, EBV status, prior systemic therapy, and age 
were significantly associated with PFS and OS (figure 2D, 
(online supplemental table 5). Multivariate analysis 
indicated that EBV status remained a strong prognostic 
factor for PFS (HR 0.39, 95% CI 0.16 to 0.97, p=0.042) 
in patients with pMMR GC following ICB (figure 2E). Of 
note, there were two patients with EBV- negative by NGS 
and EBV- positive by EBER- ISH, both of whom were cate-
gorized into the EBV−/pMMR set. In the two patients, 
the PFS was 2.0 and 3.0 months, respectively, and OS was 
3.2 and 10.4 months, respectively, which verged on the 
mPFS (2.0 months) and mOS (5.0 months) of the EBV−/
pMMR group.

MSI- H/dMMR is a well- established biomarker for 
immunotherapy.14 In the 22 patients with EBV+/pMMR, 
that is, EBVaGC, 12 achieved PR, five showed SD, and 
five experienced PD, yielding an ORR of 54.5% (95% 
CI 33.7% to 75.4%) (figure 2F), which was significantly 
higher than the ORR of 17.7% (p=0.008) in the EBV−/
pMMR group and comparable to the EBV−/dMMR 
group (p=0.768, online supplemental figure 5A,B) inde-
pendent from the ICB strategy (data not shown). The 
median time to response was 1.8 months (range 1.1–5.6 
months) in patients with EBVaGC (figure 2G). Besides, 
the ORR to ICB in patients with EBVaGC was less affected 
by prior lines of therapy (p=0.378) (online supplemental 
figure 6). The survival analyses showed that the patients 
with EBV+/pMMR and EBV−/dMMR had comparable 
and favorable PFS and OS, both of whom derived more 
survival benefit from ICB than the patients with EBV−/
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Figure 1 Establishment and validation of NGS- based EBV detection method. (A,) Normalized coverage of EBV genes in 124 
GC tissue samples which EBV status was identified by EBER- ISH. (B,) NGS algorithm- developed EBV score of 124 GC tissue 
samples with EBV status identified by EBER- ISH. (C,) The linear correlation between NGS algorithm- developed EBV score and 
the EBV copy number determined by TaqMan probe based absolute quantitative PCR of BamHI W fragment in 20 tumor tissue 
samples from patients with GC. (D,) the ROC curve of EBV score for predicting EBV status in 76 GC tissue samples where EBV 
status was previously identified by EBER- ISH. The area under the ROC curve was 0.989 (95% CI 0.968 to 1).(E,) Four EBV 
transformed cell lines were diluted to four concentrations (2.5%, 5%, 10%, and 20%) with blood white cells, and the normalized 
EBV score at each concentration under four sequencing depths (100×, 300×, 500× and 1000×) were detected and calculated. 
AUC, area under the curve; EBV, Epstein- Barr virus; EBER, Epstein- Barr virus- encoded small RNA; GC, gastric carcinoma; ISH, 
in situ hybridization; NGS, next- generation sequencing; ROC, receiver operator characteristic.
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pMMR (online supplemental figure 5C,D). A multivari-
able Cox regression analysis also confirmed that EBV and 
dMMR had equal effectiveness in predicting PFS regard-
less of monotherapy or combination therapy (online 
supplemental figure 5E).

Identification of the predictive factors for ICB efficacy in 
patients with EBVaGC
Based on published literature highlighting the role of 
EBV infection in promoting an inflamed tumor immune 
microenvironment (TME),25 the density of multiple 
lymphocyte subgroups and the proposed ICB biomarker- 
expressed cells were determined in 22 EBVaGC. Three 
EBVaGC with no available tissues and two EBVaGC with 
poor- quality tissue samples were excluded from this anal-
ysis. The mIF assay revealed that only the density of cyto-
toxic T lymphocyte- associated antigen- 4 (CTLA- 4)+ and 
T cell immunoglobulin- 3 (TIM- 3)+ cells in the tumor was 
significantly higher in the ICB non- response group than 
in the response group, while no significant difference 

was observed in other cell subgroups between the ICB 
response and non- response group (figure 3A, online 
supplemental figure 7). The representative images of mIF 
staining were displayed in online supplemental figure 8. 
In eight patients receiving programmed death- 1/ligand 
1 (PD- 1/L1) monotherapy, CTLA- 4 expression level 
in six patients who did not reach response was numeri-
cally higher than that in two patients with PR (data not 
shown). Additionally, in 14 patients receiving the combi-
nation of CTLA- 4 and PD- 1/L1 blockers, 10 reached PR, 
two showed SD, and two experienced PD. The patients 
receiving dual- ICB therapy had a better response than 
those who administrated mono- immunotherapy with 
a tendency toward statistical significance (p=0.074) 
(figure 3B). Accordingly, the dual- ICB- treated patients 
tended to have a better PFS than the patients undergoing 
mono- immunotherapy (online supplemental figure 
9). Consistent results were observed in another three 
patients with EBVaGC with ICB as neoadjuvant therapy. 

Table 1 Baseline characteristics of the patients with gastric carcinoma received ICB therapy

Characteristics
EBV+/pMMR 
(n=22)

EBV−/pMMR 
(n=44)

EBV−/dMMR 
(n=29)

P value: EBV+/pMMR 
versus EBV−/pMMR

P value: EBV+/pMMR 
versus EBV−/dMMR

Age
Median (range)

63.5 (28–74) 59.0 (24–77) 65.0 (32–82) 0.320 0.266

EBV status by EBER

  Positive 22 2 0 0.000 0.000

  Negative 0 36 23

Sex

  Male 18 31 19 0.384 0.225

  Female 4 13 10

Stage

  III 1 0 4 0.333 0.375

  IV 21 44 25

Prior systemic therapy

  Yes 13 43 23 0.000 0.135

  No 9 1 6

ICB strategy

  Mono- ICB 8 43 25 0.000 0.000

  Dual- ICB 14 1 4

PD- L1 (CPS >1)

  Positive 15 19 13 0.115 1.000

  Negative 7 23 7

HER2 IHC staining

  0 16 26 18 0.088 0.906

  1 4 3 7

  2 1 13 2

  3 1 2 1

CPS, combined positive score; dMMR, mismatch repair deficient; Dual- ICB, combination anti- CTLA- 4 plus anti- PD- 1/L1 therapy; 
EBER, Epstein- Barr virus- encoded small RNA; EBV, Epstein- Barr virus; HER2, human epidermal growth factor receptor 2; ICB, immune 
checkpoint blockade; ICI, immune checkpoint inhibitor; IHC, immunohistochemistry; Mono- ICB, anti- PD- 1/L1 monotherapy; PD- 1, 
programmed death 1; PD- L1, programmed death- ligand 1; pMMR, mismatch repair proficient.
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Figure 2 EBV infection as a predictive biomarker for patients with GC receiving ICB. A, the percentage of responders and 
non- responders in patients with EBV−/pMMR and EBV+/pMMR. Kaplan- Meier curve of PFS (B) and OS (C) in patients with 
pMMR receiving immunotherapy where EBV status was determined by NGS. Univariate (D) and multivariate (E) analysis of the 
variables associated with PFS of patients with pMMR treated with immunotherapy. Tumor regression from baseline (F) and time 
to response and duration of response (G) in 22 patients with EBVaGC receiving immunotherapy. CPS, combined positive score; 
CTLA- 4, cytotoxic T lymphocyte- associated antigen- 4; Dual- ICB, combination anti- CTLA- 4 plus anti- PD- 1/L1 therapy; EBV, 
Epstein- Barr virus; EBVaGC: Epstein- Barr virus- associated gastric carcinoma; GC, gastric cancer; ICB, immune checkpoint 
blockade; ICI, immune checkpoint inhibitor; Mono- ICB, anti- PD- 1/L1 monotherapy; NGS, next- generation sequencing; PD, 
progressive disease; PD- 1/L1, programmed death- 1/ligand 1; PFS, progression- free survival; pMMR, mismatch repair proficient; 
PR, partial response; SD, stable disease.
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The one with anti- PD- 1 monotherapy did not reach clin-
ical benefit, while two dual- ICB treated patients separately 
achieved pathological PR and pathological CR.

Since TMB also impacts the efficacy of immunotherapy 
in GC and its test has been recommended by the NCCN 
Guidelines, we also analyzed TMB level by NGS in 22 
patients with EBVaGC, excluding two EBVaGC with poor- 
quality tissue samples. TMB level was higher in the ICB 
response group than in the non- response group but 
failed to achieve a customary level of statistical signifi-
cance (p=0.140) (data not shown). When 20 patients with 
EBVaGC were classified as TMB- high or TMB- low using 
the top quartile threshold (8.82 per Mb) generated from 

47 patients with EBVaGC with 24 in the training and 23 
in the validation cohort, TMB- high patients had a signifi-
cantly longer PFS (mPFS NR vs 3.2 months, p=0.024) 
along with a trend toward better response (ORR 69.2% 
vs 14.3%, p=0.057) than TMB- low patients (figure 3C,D).

Next, the gene mutations were investigated. The 
frequently mutated genes were listed in online supple-
mental figure 10. SMARCA4 gene mutation occurred 
more commonly in the response group than the non- 
response group with a borderline level of statistical 
significance (40% vs 0%, p=0.087). All the patients with 
SMARCA4 mutation attained a PR following ICB and 
had a numerically higher PFS than wild- type SMARCA4 

Figure 3 Biomarkers for patients with EBVaGC receiving ICB. Twenty- two patients with EBVaGC consisting of 12 ICB 
responders and 10 non- responders were analyzed to identify potential predictive biomarkers of ICB efficacy. (A), The density 
of CTLA- 4+ and TIM3+ cells in tumor region from responders and non- responders. (B,) The percentage of responders and 
non- responders after administration of mono- immunotherapy or dual- immunotherapy. (C,) The percentage of responders and 
non- responders in TMB- low and TMB- high patients. (D,) Kaplan- Meier curve of PFS between TMB- low and TMB- high patients. 
(E,) The percentage of responders and non- responders in the patients with or without SMARCA4 mutation. (F), The TMB level 
in 735 GC cohort tumor tissues with or without SMARCA4 mutation from the 3DMed Biobank.(G,) The frequency variation of 
gene mutations between patients with EBVaGC and EBVnGC in 735 GC cohort from 3DMed Biobank using a 733- gene panel. 
CTLA- 4, cytotoxic T lymphocyte- associated antigen- 4; Dual- ICB, combination anti- CTLA- 4 plus anti- PD- 1/L1 therapy; EBV, 
Epstein- Barr virus; EBVaGC, EBV- associated gastric cancer; EBVnGC, EBV- negative gastric cancer; ICB, immune checkpoint 
blockade; Mono- ICB, mono- immunotherapy; mut, mutation; NR, non- responder; PD- 1/L1, programmed death- 1/ligand 1; 
PFS, progression- free survival; R, Responder; SMARCA4, SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily A, member 4; Tim- 3, T cell immunoglobulin- 3; TMB, tumor mutation burden; TMB- H, high TMB; TMB- L, 
low TMB; WT, wild type.
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patients (figure 3E, online supplemental figure 11). 
Additionally, the frequency of SMARCA4 mutation was 
analyzed and exhibited no significant difference between 
EBVaGC and EBVnGC in a 735 Chinese patients with 
GC cohort retrieved from the 3DMed Biobank (data not 
shown). These data suggested that SMARCA4 mutation 
might be a promising predictor of ICB efficacy in patients 
with EBVaGC.

Considering that patients with SMARCA4 mutation are 
reported to benefit more from ICB in non- small cell lung 
cancer via increasing TMB,26 the effects of SMARCA4 
mutation on TMB were also analyzed. The patients with 
SMARCA4 alteration possessed a higher TMB level than 
patients with wild- type SMARCA4, which reached border-
line significance in 20 patients with EBVaGC (p=0.098) 
and statistical significance in the Chinese GC cohort 
(p<0.001) (figure 3F).

Characterization of EBVaGC was performed via a 
735- case Chinese GC cohort using our EBV algorithm 
along with the 733- gene panel. About 5.2% (38/735) 
of the patients were identified as EBVaGC. The muta-
tional profiles showed that mutations in ARID1A (44.7% 
(17/38), p<0.001), PIK3CA (39.5% (15/38), p<0.001), 
and AR (23.7% (9/38), p=0.029) were recurrent in 
EBVaGC, while alterations in TP53 (63.0% (439/697), 
p<0.001) were enriched in EBVnGC (figure 3G).

DISCUSSION
Herein we innovatively developed an NGS- based EBV 
detection strategy which allows for simultaneous char-
acterization of other genomic features of patients with 
GC. Our EBV algorithm demonstrated a sensitivity of 
95.7%, a specificity of 100%, and an overall accuracy of 
98.7% in reference to EBER- ISH in the validation cohort. 
Moreover, EBV infection predicted response in 54.5% of 
an ICB- treated cohort, which was as effective as dMMR 
in predicting favorable outcomes for patients with ICB- 
treated GC. TME analysis revealed that patients with 
EBVaGC with high CTLA- 4 levels were less responsive to 
single- agent anti- PD- 1/L1 therapy, and EBVaGC derived 
greater benefit from combination PD- 1/L1 plus CTLA- 4 
blockade than anti- PD- 1/L1 monotherapy. Further inves-
tigation identified that TMB and SMARCA4 mutation 
might be predictive biomarkers of ICB efficacy in patients 
with EBVaGC.

Ever since EBVaGC was recognized as a distinct molec-
ular subtype, EBV has gained widespread attention as a 
potential biomarker to guide the personalized manage-
ment of GC.2 27 Given the considerable heterogeneity of 
GC and the challenge with tissue availability, it is highly 
desirable to profile other biomarkers along with EBV in 
one single assay.28 29 However, most previously reported 
NGS- based EBV detection involved sequencing of the 
entire EBV genome, and none of them incorporated EBV 
with cancer- related genes in the same panel, rending 
them less practical for clinical use.15 16 In our EBV detec-
tion panel, the four EBV genes were analyzed with the 

cancer- related genes together, and therefore this method 
may be more cost- effective and feasible to be applied 
in clinical practice. Additionally, both algorithm devel-
opment and validation were performed using clinical 
samples, ensuring the overall accuracy and reliability of 
the algorithm.

Advanced GC has a dismal prognosis with a 5- year 
survival rate of <30% and a limited number of effec-
tive therapeutic options.30 Despite the approval of ICB 
for treating chemorefractory GC, response to mono-
therapy was reported in only 11.2%–12% of unselected 
patients.24 31 32 Although Food and Drug Administration 
approved pembrolizumab for patients with PD- L1 positive 
chemorefractory GC, a combined positive score of ≥1 was 
only associated with an ORR of 15.5%–22%.32 33 dMMR/
MSI- H represents an effective marker by predicting an 
ORR of 45.8%–85.7% among metastatic patients.24 32 34 
However, around 80% of patients with GC are classified 
as pMMR. EBVaGC is a particular subtype of GC, and 
EBV infection is considered to be a potential biomarker 
for the response to immunotherapy in GC.1 2 8–10 24 In our 
cohort of 22 patients with advanced EBVaGC, a 54.5% 
ORR and an mPFS lasting 8.47 months were achieved 
following ICB, which were significantly improved 
compared with the unselected patients with GC treated 
with mono- immunotherapy (11.2% ORR and mPFS 1.61 
months) and dual- ICB therapy (24% ORR and mPFS 1.4 
months).24 31 32 Further analysis showed that EBV status 
was comparably effective as dMMR/MSI- H as an inde-
pendent predictive factor for ICB efficacy in GC. Notably, 
two patients with EBV negativity by NGS but positivity by 
EBER- ISH had poor and comparable survival with patients 
with EBV−/pMMR. One had similar molecular character-
istics with patients with EBVnGC, such as TP53 mutation 
(c.844C>T), while the other had a deleterious BCOR muta-
tion, which might account for the poor benefit from ICB 
for that BCOR deletion had been documented to perturb 
dendritic cell development.35 These phenomena might 
be reminiscent of the EBV status detected by NGS with 
high accuracy of ICB efficacy prediction and potential 
false positivity of EBV identification by EBER- ISH. Given 
the challenge of false- positive/false- negative EBER- ISH 
results, incorporating NGS- based methods may improve 
the diagnostic accuracy of EBV- related diseases and better 
inform follow- up treatment.

EBV infection has been reported to increase tumor- 
infiltrating lymphocytes and the expression of immune 
checkpoint molecules, thereby invoking clinical response 
to ICB.36 37 We further investigated the TME difference 
between the ICB responders and non- responders in 
EBVaGC and found that the density of CTLA- 4+ cells and 
TIM- 3+ cells was significantly higher in the non- response 
group than in the response group. High CTLA- 4 expres-
sion on helper T cells causes the immunosuppressive 
microenvironment.38 As expected, patients with EBVaGC 
with high CTLA- 4 levels were less responsive to anti- PD- 1/
L1 monotherapy, and EBVaGC derived more benefit 
from combination PD- 1/L1 plus CTLA- 4 blockade than 
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anti- PD- 1/L1 monotherapy. TIM- 3, standing for T- cell 
immunoglobulin and mucin domain 3, is a crucial 
immune checkpoint and negatively affects the immune 
system via complex biology.39 40 One recent study showed 
that the TIM- 3+ cell infiltration was associated with an 
immunoevasive GC subtype with CD8+ T cell dysfunction 
and identified that TIM- 3 might serve as a promising 
target for immunotherapy in GC.41 Another recent study 
reported that combining anti- PD- 1 and anti- TIM- 3 mAb 
had an additive effect on the cytotoxicity of cytotoxic T 
lymphocytes, suggesting the dual- ICB targeting for PD- 1 
and TIM- 3 as a means of increasing response rates in 
GC.42 Based on these findings, triple blockade therapy 
targeting PD- 1, CTLA- 4, and TIM- 3 might be a rational 
approach to benefit the patients with EBVaGC with the 
high density of CTLA- 4+ and TIM- 3+ cells.

Extensive analyses about genomic features were 
also conducted comparing ICB responders and non- 
responders to find possible pretreatment biomarkers 
predictive of response or resistance. SMARCA4 is the most 
commonly mutated member of the chromatin remod-
eling SWI/SNF complex. Some evidence suggested that 
improved activity of ICB in SMARCA4- deficient cancers 
might be owing to the increased TMB and activated 
TME.26 43 44 Consistently, our findings from 22 EBVaGC 
and 735- case Chinese GC cohort showed that SMARCA4 
mutation might be a positive predictor of ICB efficacy 
in EBVaGC, and the patients with SMARCA4 mutation 
attained PR, which might be owing to the increased TMB.

It has been documented that EBV- associated tumors 
have distinct molecular and TME characteristics, 
which may guide more targeted clinical treatment.45–47 
Combining the EBV algorithm with the 733- gene panel, 
we identified EBV prevalence in a Chinese cohort of 735 
patients with GC as well as the landscape of their molec-
ular characteristics. EBVaGC accounted for 5.2% of the 
cohort, almost identical with the prevalence of 5.1% for 
EBV previously reported among Chinese patients with 
GC.3 Consistent with previous studies,45 48–50 EBVaGC 
tumors were characterized with a high prevalence of 
ARID1A, PIK3CA, and AR mutations, all of which were 
associated with improved antitumor immunity or sensi-
tivity to ICB in solid tumors, while EBVnGC had a higher 
frequency of mutations in TP53, whose mutations had 
been reported associated with poorer ICB efficacy in 
patients with pMMR GC, supporting that patients with 
EBVaGC had a greater likelihood of benefit from ICB 
than patients with EBVnGC.51–54

The relatively small sample size of the EBVaGC ICB- 
treatment cohort, although it was the largest to date, 
represents the main limitation of our study. This study 
included predictive biomarker analysis about ICB effi-
cacy and identified that CTLA- 4, TMB, and SMARCA4 
mutation might be predictive biomarkers of ICB efficacy 
in EBVaGC. Due to the small sample sizes and ethni-
cally homogeneous populations for these analyses, these 
results are challenging, and caution should be applied in 
extrapolating these results to patients of other ethnicities. 

Prospective trials with larger sample sizes and different 
ethnic populations are warranted to confirm these 
findings.

In summary, our NGS- based EBV detection method is 
accurate and reliable and enables comprehensive molec-
ular diagnosis of EBVaGC with specific implications for 
ICB efficacy prediction.
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Supplemental Methods 

 

DNA preparation and next-generation sequencing (NGS) 

DNA extraction and NGS analysis were conducted by 3D Medicines, Inc., a College of 

American Pathologists (CAP)-accredited and Clinical Laboratory Improvement Amendments 

(CLIA)-certified laboratory. Genomic DNA was isolated from formalin-fixed 

paraffin-embedded (FFPE) tissues using the ReliaPrep™ FFPE gDNA Miniprep System 

(Promega) and quantified using the Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific) 

following the manufacturer’s instructions. DNA extracts (30-200 ng) were sheared to 250 bp 

fragments using an S220 Focused-ultrasonicator (Covaris). Libraries were prepared using the 

KAPA Hyper Prep Kit (KAPA Biosystems) following the manufacturer’s protocol. Indexed 

libraries were subjected to hybridize with probes targeting the Epstein-Barr virus (EBV) 

genes and a customized 733-gene panel (3D Medicines). The captured libraries were 

subsequently loaded onto a NovaSeq 6000 platform (Illumina) for 100 bp paired-end 

sequencing with a mean sequencing depth of 1000×. Raw data of paired samples (an FFPE 

sample and its paired white blood sample) were mapped to the reference human genome hg19 

using the Burrows-Wheeler Aligner (v0.7.12). PCR duplicate reads were removed, and 

sequence metrics were collected using Picard (v1.130) and SAMtools (v1.1.19), respectively. 

Variant calling was performed only in the targeted regions. Somatic single nucleotide variants 

(SNVs) were detected using an in-house developed R package to execute a variant detection 

model based on the binomial test. Local realignment was performed to detect insertions and 

deletions (indels). Variants were then filtered by their unique supporting read depth, strand 

bias, base quality as previously described.
1
 All variants were then filtered using an automated 

false positive filtering pipeline to ensure sensitivity and specificity at an allele frequency (AF) 

of ≥ 1%. Single-nucleotide polymorphism (SNPs) and indels were annotated by ANNOVAR 
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against the following databases: dbSNP (v138), 1000Genome and ESP6500 (population 

frequency > 0.015). Only missense, stopgain, frameshift, and non-frameshift indel mutations 

were kept.  

EBV and tumor mutational burden (TMB) detection by NGS 

A detailed description of the algorithm for EBV score calculation was provided in the Results 

section. Any sample with an EBV score of ≥ 0.05695 was considered EBV-positive. TMB 

was defined as the number of somatic SNVs and indels in examined coding regions. All 

SNVs and indels in the coding regions of targeted genes, including missense, silent, stopgain, 

stoploss, in-frame, and frameshift mutations, were considered. 

EBV detection by EBER-ISH and qPCR  

EBER-ISH was performed as previously reported.
2
 To examine the correlation between EBV 

score and viral copy number, the EBV BamHI-W region (GenBank accession number 

V01555.2) of each DNA sample was subjected to probe-based qPCR using the QuantiNova 

Probe PCR Kit (QIAGEN). A standard curve was generated using synthetic BamHI-W 

fragments as templates (GENEWIZ). The EBV copy number for each sample was determined 

in reference to the standard curve.  

PD-L1, MMR, and HRE2 expression by IHC  

IHC detection of PD-L1, MMR, and HRE2 expression was conducted according to the 

standard procedure.
2
 Briefly, FFPE tissue sections were subjected to assessment of PD-L1 

expression using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies). PD-L1 

expression was defined using a combined positive score (CPS) by dividing the number of 

PD-L1-stained cells (tumor cells, lymphocytes, macrophages) with the total number of viable 

tumor cells and multiplying by 100. Any sample with a CPS of ≥ 1 was considered positive 

for PD-L1 expression. MMR expression in FFPE tissue sections was evaluated by MMR IHC 

panel comprised of four primary antibodies, anti-hMLH1, anti-hMSH2, anti-hMSH6, and 

anti-hPMS2 according to the manufacturer’s protocol. Results were ultimately presented as 

dMMR (one or more than one of four MMR proteins missing) and pMMR (all four proteins 

present). For IHC staining for HER2, the extent of overall staining or membranous staining 

was recorded. All antibodies employed in this study were listed in Supplementary Table 5. 

Equivocal and uninterpretable cases required repeated staining of the proteins needed. 
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Multiplex immunofluorescence  

Multiplex immunofluorescence staining was carried out using the PANO 7-plex IHC kit 

(Panovue). FFPE tissue slides were incubated with specific primary antibodies, followed by 

interaction with horseradish peroxidase-conjugated secondary antibody and tyramide signal 

amplification. Each panel included different immune cell markers along with PanCK 

(Cocktail) (Supplemental Table 5). The slides were heat-treated after each round of 

amplification. Cell nuclei acids were counterstained with 4’, 6-diamidino-2-phenylindole 

(DAPI, SIGMA-ALDRICH). Multiplex stained slides were scanned, and all scans for each 

slide were then merged to determine the relative localization of the proteins. The quantity of 

each marker was expressed as the number of stained cells per square millimeter and as the 

percentage of positively stained cells in all nucleated cells, representing each kind of immune 

cell or immune structures calculated from the combination of different markers. 

 

Supplementary Figure 1. The flowchart of the study 

 

 

Abbreviations: EBV: Epstein-Barr virus; GC: gastric cancer; EBVaGC: Epstein-Barr 

virus-associated gastric cancer; EBVnGC: Epstein-Barr virus-negative gastric cancer; EBER: 

EBV-encoded RNA; ISH: in situ hybridization; pMMR: DNA mismatch repair proficient; 

dMMR: mismatch repair deficient; qPCR: quantitative polymerase chain reaction; NGS: 

next-generation sequencing; TCGA: The Cancer Genome Atlas; TMB: tumor mutation 

burden.  
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percentage of responders and non-responders in EBV-/dMMR and EBV+/pMMR patients. 

C-D. Kaplan-Meier curves of the PFS (C) and OS (D) of the patients with EBV+/pMMR, 

EBV-/pMMR, or EBV-/dMMR receiving ICB therapy. E. The multivariate Cox analysis of 

the EBV status and ICB strategy against PFS in the EBV-/dMMR and EBV+/pMMR patients. 

Abbreviations: EBV: Epstein-Barr virus; pMMR: DNA mismatch repair proficient; dMMR: 

mismatch repair deficient; OS: overall survival; PFS: progression-free survival; Mono-ICB: 

anti-PD1/L1 mono-therapy; Dual-ICB: combination anti-CTLA-4 plus anti-PD-1/L1 therapy. 

Supplementary Figure 6. The efficacy of ICB as different treatment lines in EBVaGC 

patients  

 

 

 

The ORRs to first-line, second-line, and at least third-line ICB therapy in EBVaGC patients.  

Abbreviations: ORR: the objective response rate; ICB: immune checkpoint blockade; 

EBVaGC: Epstein-Barr virus-associated gastric cancer. 
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Supplementary Figure 7. The density of multiple lymphocyte subgroups and the 

proposed ICB biomarker-expressed cells in the ICB response and non-response group in 

EBVaGC 

 
A. Multiple lymphocyte subgroups including helper T cells, cytotoxic T cells, regulatory T 

cells, macrophages, M1 type macrophages, and B lymphocytes. B. The proposed ICB 

biomarker-expressed cells including CD8
+
PD-1

+
, LAG3

+
, and PD-1

+
 cells in the ICB 

response and non-response group.  

Abbreviations: ICB: immune checkpoint blockade; EBVaGC: Epstein-Barr virus-associated 

gastric cancer; R: responder; NR: non-responder. 
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Supplementary Table 1. The exact ICB drugs for 95 advanced or metastatic GC patients 

Group Immunotherapy Type 
Exact therapy 

anti drug number 

dMMR 

(n=29) 

Mono 

(n=25) 

PD-1 

(n=16) 

zimberelimab 1 

tislelizumab 6 

sintilimab 1 

pembrolizumab 3 

nivolumab 2 

JS001 2 

CS1003 1 

PD-L1 

(n=9) 

envafolimab 6 

CS1001 1 

atezolizumab 2 

Dual 

(n=4) 

PD-1+CTLA-4 

(n=3) 

nivolumab+ 

ipilimumab 
3 

PD-L1+CTLA-4 

(n=1) 

durvalumab+ 

tremelimumab 
1 

EBV+/pMMR 

(n=22) 

Mono 

(n=8) 

PD-1 

(n=5) 

zimberelimab 2 

tislelizumab 1 

pembrolizumab 1 

JS001 1 

PD-L1 

(n=3) 

MSB2311 1 

CS1001 1 

atezolizumab 1 

Dual 

(n=14) 

PD-1+CTLA-4 

(n=14) 

sintilimab 

+IBI310 
13 

nivolumab+ 

ipilimumab 
1 

EBV-/pMMR 

(n=44) 

Mono 

(n=43) 

PD-1 

(n=35) 

zimberelimab 12 

tislelizumab 8 

sintilimab 1 

pembrolizumab 6 

LZM009 1 

JS001 2 

CS1003 5 

PD-L1 

(n=8) 

envafolimab 2 

durvalumab 1 

CS1001 1 

atezolizumab 4 

Dual 

(n=1) 

PD-1+CTLA-4 

(n=1) 

sintilimab 

+IBI310 
1 
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Supplementary Table 2. List of the genes in the 3DMed 733-gene panel 

Gene list 

ABCB11 ABI1 ABL1 ABRAXAS1 ACKR3 ACSL3 ACVR1 ACVR1B ACVR2A AEN AFF3 AFF4 AKT1 AKT2 
AKT3 ALK ALKBH2 ALKBH3 AMER1 ANK1 APC APEX1 APEX2 APLF APOBEC3B APTX AR ARAF 
AREG ARHGAP5 ARID1A ARID1B ARID2 ARNT ASXL1 ATM ATP1A1 ATP2B3 ATR ATRIP ATRX 
AURKA AXIN1 AXIN2 AXL B2M BAP1 BARD1 BAZ1A BCL10 BCL11A BCL11B BCL2 BCL2L1 BCL2L11 
BCL6 BCOR BCORL1 BCR BIRC3 BIRC5 BLM BMP5 BMPR1A BRAF BRCA1 BRCA2 BRD4 BRIP1 
BTG1 BTK BUB1B CACNA1D CALR CAMTA1 CANT1 CARD11 CARS CASP8 CBFA2T3 CBFB CBL 
CBLB CCDC6 CCNB1IP1 CCND1 CCND2 CCND3 CCNE1 CCNH CCNO CD274 CD74 CD79A CD79B 
CDC73 CDH1 CDH10 CDH11 CDK12 CDK2 CDK4 CDK6 CDK7 CDK8 CDKN1A CDKN1B CDKN1C 
CDKN2A CDKN2B CDKN2C CDX2 CEBPA CENPS CENPX CETN2 CHAF1A CHD1 CHD2 CHD4 
CHEK1 CHEK2 CHIC2 CIC CIITA CLIP1 CLK2 CLTCL1 CNBP CNOT3 COL7A1 CRBN CREB3L1 
CREB3L2 CREBBP CRKL CRLF2 CRNKL1 CRTC1 CRTC3 CSF1R CSF3R CTCF CTNNB1 CTNND2 
CTR9 CUL1 CUL3 CUL4A CUL5 CUX1 CXCR4 CYLD CYP17A1 CYP2C19 CYP2D6 CYSLTR2 DAXX 
DCLRE1A DCLRE1B DCLRE1C DDB1 DDB2 DDIT3 DDR2 DDX10 DDX3X DDX5 DDX6 DICER1 DIS3 
DIS3L2 DKC1 DMC1 DNM2 DNMT1 DNMT3A DNTT DOCK8 DPYD DROSHA DUT EBF1 EED EGFR 
EIF3E EIF4A2 ELANE ELF3 ELF4 ELK4 ELL ELOA EME1 EME2 EMSY ENDOV EP300 EPAS1 EPCAM 
EPHA2 EPHA3 EPHA7 EPHB1 EPS15 ERBB2 ERBB3 ERBB4 ERC1 ERCC1 ERCC2 ERCC3 ERCC4 
ERCC5 ERCC6 ERCC8 EREG ERF ERRFI1 ESR1 ETNK1 ETV1 ETV4 ETV5 ETV6 EWSR1 EXO1 EXT1 
EXT2 EZH2 EZR FAAP100 FAAP20 FAAP24 FAH FAM135B FAM47C FAN1 FANCA FANCB FANCC 
FANCD2 FANCE FANCF FANCG FANCI FANCL FANCM FAS FAT1 FAT4 FBXW7 FEN1 FES FGF19 
FGF3 FGF4 FGFR1 FGFR2 FGFR3 FGFR4 FH FHIT FLCN FLT1 FLT3 FLT4 FOXA1 FOXL2 FOXP1 
FRK FRS2 FUBP1 FUS G6PD GALNT12 GAS7 GATA1 GATA2 GATA3 GBA GEN1 GFI1 GJB2 GLI1 
GLI2 GLI3 GNA11 GNA13 GNAQ GNAS GPC3 GRB2 GREM1 GRIN2A GSK3B GSTT1 GTF2H1 GTF2H3 
GTF2H4 GTF2H5 H2AFX H3F3A HDAC1 HDAC2 HELQ HES1 HEY1 HFE HFM1 HGF HIF1A HIP1 
HIST1H3B HLTF HMBS HMGA2 HMGB1 HNF1A HNRNPA2B1 HOOK3 HOXA11 HOXB13 HRAS HUS1 
HUS1B IDH1 IDH2 IGF1R IGF2 IKBKE IKZF1 IL6ST IL7R INPP4B IRS2 ITGAV ITK JAK1 JAK2 JAK3 
JMJD1C JUN KCNJ5 KDM5A KDM5C KDM6A KDR KEAP1 KIT KLF4 KMT2A KMT2C KMT2D KNL1 
KRAS LASP1 LATS1 LATS2 LCK LEF1 LIFR LIG1 LIG3 LIG4 LMNA LMO1 LRP1B LZTR1 MAD2L2 
MAP2K1 MAP2K2 MAP2K4 MAP3K1 MAPK1 MAX MBD4 MCL1 MDC1 MDM2 MDM4 MECOM 
MED12 MEF2B MEN1 MET MGA MGMT MITF MLH1 MLH3 MLLT3 MLST8 MMS19 MNAT1 MPG 
MPL MPLKIP MRE11 MSH2 MSH3 MSH4 MSH5 MSH6 MTAP MTOR MUS81 MUTYH MYB MYC MYCL 
MYCN MYD88 MYOD1 NAB2 NABP2 NBN NCOA3 NCOR1 NCOR2 NDRG1 NEIL1 NEIL2 NEIL3 NF1 
NF2 NFE2L2 NFIB NFKBIA NHEJ1 NHP2 NKX2-1 NME1 NONO NOP10 NOTCH1 NOTCH2 NOTCH3 
NOTCH4 NPM1 NR4A3 NRAS NRG1 NRG3 NSD2 NSD3 NT5C2 NTHL1 NTRK1 NTRK2 NTRK3 NUDT1 
NUP93 NUTM1 OGG1 PAK1 PALB2 PARP1 PARP2 PARP3 PARP4 PAX3 PAX5 PAX7 PAX8 PBRM1 
PCDH9 PCNA PDCD1LG2 PDGFB PDGFRA PDGFRB PDPK1 PER1 PER2 PER3 PHF6 PHOX2B 
PICALM PIK3CA PIK3CB PIK3CD PIK3R1 PIK3R2 PIK3R3 PIM1 PLCG2 PLXNA1 PLXNB1 PML PMS1 
PMS2 PNKP POLB POLD1 POLD3 POLD4 POLE POLE2 POLE3 POLE4 POLG POLH POLI POLK 
POLL POLM POLN POLQ POT1 POU2AF1 POU5F1 PPARG PPM1D PPP2R1A PPP2R2A PPP4R1 
PPP4R2 PPP4R3A PPP4R3B PPP4R4 PPP6C PRCC PRDM1 PRDM16 PRDM9 PREX2 PRF1 PRKACA 
PRKAR1A PRKCH PRKDC PRPF19 PRSS1 PSIP1 PTCH1 PTEN PTK2 PTK6 PTPN11 PTPN13 PTPRD 
PTPRT QKI RAC1 RAD1 RAD18 RAD21 RAD23A RAD23B RAD50 RAD51 RAD51B RAD51C RAD51D 
RAD52 RAD54B RAD54L RAD54L2 RAD9A RAD9B RAF1 RANBP2 RAP1GDS1 RARA RASA1 RB1 
RBBP8 RBM10 RBX1 RDM1 RECQL RECQL4 RECQL5 RET REV1 REV3L RFC1 RFC2 RFC3 RFC4 
RFC5 RFWD3 RGS7 RHBDF2 RHEB RHOA RHOH RICTOR RIF1 RIT1 RMI1 RMI2 RNF168 RNF213 
RNF4 RNF43 RNF8 ROS1 RPA1 RPA2 RPA3 RPA4 RPS6KA3 RPS6KB1 RPTOR RRM2B RUNX1 
RUNX1T1 RXRA SBDS SDC4 SDHA SDHAF2 SDHB SDHC SDHD SEM1 SERPINA1 SERPINB3 SETBP1 
SETD2 SETMAR SF3B1 SFPQ SGK1 SH2B3 SH2D1A SHOC2 SHPRH SLC25A13 SLC29A1 SLC34A2 
SLC45A3 SLIT2 SLX1A SLX4 SMAD2 SMAD3 SMAD4 SMARCA1 SMARCA2 SMARCA4 SMARCB1 SMO 
SMUG1 SOCS1 SOS1 SOX2 SOX9 SPEN SPO11 SPOP SPRED1 SPRTN SPTA1 SRC SRGAP3 SRSF2 SRY 
SS18 STAG2 STAT3 STK11 SUFU SUZ12 SYK TBL1XR1 TBX3 TCF3 TCF7L2 TCL1A TDG TDP1 TDP2 
TEAD2 TELO2 TERT TET1 TET2 TFE3 TGFBR1 TGFBR2 THBS2 TIMELESS TMEM127 TMEM189 
TMPRSS2 TNFAIP3 TOP2A TOP3A TOP3B TOPBP1 TP53 TP53BP1 TP63 TPMT TRAF7 TREX1 TREX2 
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TRIM37 TSC1 TSC2 TSHR TSPAN31 TYK2 U2AF1 UBE2A UBE2B UBE2N UBE2T UBE2V2 UGT1A1 
UNG UROD USP1 USP6 USP8 UVSSA VEGFA VHL WAS WDR48 WIF1 WRN WT1 XAB2 XPA XPC 
XPO1 XRCC1 XRCC2 XRCC3 XRCC4 XRCC5 XRCC6 YAP1 YWHAE ZBTB16 ZFHX3 ZNF217 ZNF479 
ZNF703 ZNF750 ZNRF3 

 

Supplementary Table 3. The sensitivity and specificity of NGS-based EBV detection in 

76 gastric adenocarcinoma patients  

  
EBER-ISH 

Total 
+ - 

NGS-EBV 
+ 22 0 22 

- 1 53 54 

Total   23 53 76 

 

 Value 95% CI (%) 

Sensitivity 95.65% 77.3 - 99.8 

Specificity 100% 93.2 - 100 

PPV 100% 85.1 - 100 

NPV 98.15% 90.9  99.9 

Concordance 98.68% 92.9 - 99.9 

Abbreviations: EBER: Epstein-Barr virus (EBV)-encoded small RNA; ISH: in situ hybridization; NGS: 

next generation sequencing; PPV: positive predictive value; NPV: negative predictive value; CI: 

confidence interval. 
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Supplementary Table 4. Repeatability and reproducibility test of EBV score detection 

Sample ID 

EBV- 

Batch

1 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 EBV score 

Score Status Score Status Score Status Score Status 
Averag

e 

Concor

dance 

tMSIbz-05

5 
Neg 0.00  Neg 0.00  Neg 0.00  Neg 0.00  Neg 0.001  100% 

tMSIbz-13

3 
Neg 0.00  Neg 0.00  Neg 0.00  Neg 0.00  Neg 0.001  100% 

tEBVbz-21 Neg 0.03  Neg 0.05  Neg 0.04  Neg 0.04  Neg 0.038  100% 

tMSIbz-14

6 
Neg 0.25  Neg 0.20  Neg 0.23  Neg 0.26  Neg 0.234  100% 

tEBVbz-7 Pos 2.12  Pos 1.90  Pos 2.24  Pos 2.29  Pos 2.138  100% 

tEBVbz-35 Pos 10.11  Pos 10.32  Pos 10.25  Pos 9.73  Pos 10.102  100% 

tEBVbz-28 Pos 29.10  Pos 29.35  Pos 29.56  Pos 29.38  Pos 29.348  100% 

tEBVbz-27 Pos 91.07  Pos 89.02  Pos 87.41  Pos 89.98  Pos 89.370  100% 

 

Sample ID 

EBV- 

Batch

2 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 EBV score 

Score Status Score Status Score Status Score Status 
Averag

e 

Concor

dance 

tMSIbz-05

5 
Neg 0.01  Neg 0.00  Neg 0.00  Neg 0.00  Neg 0.00  100% 

tMSIbz-13

3 
Neg 0.00  Neg 0.00  Neg 0.02  Neg 0.00  Neg 0.01  100% 

tEBVbz-21 Neg 0.03  Neg 0.02  Neg 0.03  Neg 0.04  Neg 0.03  100% 

tMSIbz-14

6 
Neg 0.07  Neg 0.08  Neg 0.06  Neg 0.07  Neg 0.07  100% 

tEBVbz-7 Pos 2.03  Pos 2.47  Pos 2.28  Pos 2.32  Pos 2.27  100% 

tEBVbz-35 Pos 10.46  Pos 10.62  Pos 11.14  Pos 10.74  Pos 10.74  100% 

tEBVbz-28 Pos 28.41  Pos 29.57  Pos 28.98  Pos 31.42  Pos 29.59  100% 

tEBVbz-27 Pos 88.85  Pos 86.99  Pos 86.84  Pos 88.40  Pos 87.77  100% 

Abbreviations: Neg: negative; Pos: positive. 
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Supplementary Table 5. Univariate and multivariate Cox regression against OS 

 

Covariate Univariate cox Multivariate cox 

HR P value HR P value 

Gender 0.77 [0.39-1.51] 0.451   

Age 0.97 [0.94-0.99] 0.005 0.96 [0.93-0.98] 0.002 

ICB strategy 0.18 [0.04-0.74] 0.018 0.24 [0.05-1.26] 0.091 

Prior systemic therapy 7.86 [1.08-57.2] 0.042 2.7 [0.34-21.36] 0.347 

Her2 status 0.92 [0.46-1.83] 0.809   

PD_L1 status 0.62 [0.33-1.16] 0.135   

EBV status 0.28 [0.12-0.66] 0.004 0.6 [0.22-1.63] 0.317 

 

Abbreviations: PFS: progression-free survival; OS: overall survival; HR: hazard ratio; CI: confidence 

interval. 
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Supplementary Table 6. Antibodies used in mIHC and IHC 

Name Clone Company Usage 

PD1 EH33 Cell Signaling Technology mIHC 

CD8 C8/144B Cell Signaling Technology mIHC 

PanCK C11 Cell Signaling Technology mIHC 

CTLA4 SP355 Abcam mIHC 

CD4 BP6028 Biolynx mIHC 

FoxP3 259D BioLegend mIHC 

CD68 KP1 ZSGB-BIO mIHC 

HLADR EPR3692 Abcam mIHC 

CD20 EP459Y Abcam mIHC 

LAG3 D2G4O™ Cell Signaling Technology mIHC 

TIM3 D5D5R™ Cell Signaling Technology mIHC 

Her-2 4B5 Roche (ULTRA) IHC 

MLH1 GM002 Genetech IHC 

MSH2 RED2 Genetech IHC 

MSH6 EP49 Genetech IHC 

PMS2 EP51 Genetech IHC 
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