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Objective: Panel-based sequencing is widely used to measure tumor mutational burden

(TMB) in clinical trials and is ready to enter routine diagnostics. However, cut-off points

to distinguish “TMB-high” from “TMB-low” tumors are not consistent and the clinical

implications of TMB in predicting responses to immune checkpoint blockade (ICB) in

gastric cancer are not clearly defined. We aimed to assess whether TMB is associated

with the response to immunotherapy and to examine its relation with other biomarkers

of immunotherapy response in advanced gastric cancer.

Design: In total, 63 patients with advanced gastric cancer treated with ICB were

included in the study. Panel-based TMB in gastric tumor samples, treatment responses

to ICB, clinicopathological data, and time to progression were retrospectively analyzed.

Microsatellite instability (MSI) status, Epstein–Barr virus (EBV) positivity, and programmed

death-ligand 1 (PD-L1) combined positive score (CPS) were also analyzed.

Results: TMB ranged from 0 to 446 mutations/megabase (mt/mb) and was significantly

associated with MSI (P < 0.001), PD-L1 CPS (P = 0.022), response to ICB (P =

0.04), chemotherapy (P = 0.02) and older patient age (≥65 years; P = 0.0014). The

cut-off point of 14.31 mt/mb determined by log-rank statistics for progression-free

survival divided the tumors into eight (12.7%) TMB-high and 55 (87.3%) TMB-low

tumors. The median TMB of the chemo-refractory group was significantly higher (8.43

mt/mb) compared to that of chemo-naïve group (3.42 mt/mb) (P = 0.02). Patients

with TMB-high tumors showed prolonged progression-free survival in univariate [HR,

0.32; 95% confidence interval (CI), 0.12–0.90] and multivariate (HR, 0.21; 95% CI,

0.07–0.69) analyses. In area under the receiver operating curve (AUC) analysis of TMB,

PD-L1, EBV, MSI, and their combination, the AUC value was the highest for EBV

(0.97), followed by MSI (0.96), PD-L1 (0.81), the combination (0.78), and TMB (0.56).
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Conclusion: In addition to EBV, MSI, and PD-L1 CPS, TMB could be used as a

predictive biomarker in patients with advanced gastric cancer treated with ICB and may

aid clinical decision making.

Keywords: tumor mutational burden, panel sequencing, cut-off points, immune checkpoint blockade, gastric

cancer

INTRODUCTION

Immunotherapy has emerged as an innovative treatment for
several types of cancer (1–6). Cancer cells can escape immune
surveillance by upregulating immune-checkpoint proteins, such
as programmed death ligand 1 (PD-L1) (7). This escape can
be counteracted by using immune-checkpoint blockade (ICB),
such as pembrolizumab and nivolumab, which interrupt the
interaction between programmed cell death-1 (PD-1) and PD-
L1. ICB have been approved for various types of cancer, including
non-small-cell lung cancer, melanoma, and renal cell carcinoma
(1–6), and recently also for previously treated advanced gastric
cancer with PD-L1 expression (combined positive score (CPS)
≥1) (8, 9). However, clinical trials using ICB have reported a
wide range of response rates (10–26%) in patients with advanced
gastric cancer without a clear selective biomarker or PD-L1
positivity (8–10).

Gastric cancer is a complex and heterogeneous disease. Gastric
tumors are classified into four molecular subgroups: tumors
positive for Epstein–Barr virus (EBV), microsatellite unstable
(MSI) tumors, genomically stable tumors (GS), and tumors
with chromosomal instability (CIN) (11). Although ICB have
durable antitumor activity and improve survival in a subset of
patients with PD-L1-expressing, MSI, and EBV-positive tumors
(11, 12), there is a need for additional predictive biomarkers to
improve patient selection and avoid toxicity in potential non-
responders (13).

Tumor mutational burden (TMB) has been emerged as a
new biomarker for PD-L1 antibody treatment in diverse tumor
types (14–16). However, its predictive effect in advanced gastric
cancer had not yet been demonstrated (17). Recently, Wang et al.
(18) have identified TMB as a biomarker for survival benefit in
chemo-refractory gastric cancer treated with toripalimab: High
TMB group showed significant superior overall survival (OS)
than the TMB-low group (14.6 vs. 4.0 months, HR = 0.48,
P = 0.038). TMB has been traditionally determined by whole
exome sequencing; however, high cost and lengthy turnaround
time limit its widespread use in clinic (12, 13, 19, 20). Current
precision oncology platforms generally use next-generation
sequencing of targeted gene panels (14). However, most studies
determining TMB by panel-based sequencing were performed
in patients with non-small-cell lung cancer or melanoma (13,
16, 20). Although several studies evaluated TMB in gastric
cancer, most studies proposed cut-off points for TMB and their
relevance to survival (21–23), and only two studies included
patients treated with ICB, in which TMB was measured by
whole exome sequencing (18) and custom-designed large-sized
panels (14). Moreover, despite efforts to standardize the TMB

from multiple different genomic profiling panels (24), the cut-
off value for TMB is not consistent and the associations with
other biomarkers have not been fully defined in gastric cancer.
For the use in daily clinical practice, a smaller and standardized
panel should be developed and needs to be validated in clinical
trials (17).

The present study aimed to assess the clinical implications
of TMB using a small and verified panel and established
biomarkers (PD-L1 CPS, EBV, and MSI) to better characterize
and select advanced gastric cancer patients who may benefit
from immunotherapy.

MATERIALS AND METHODS

Patients and Data Collection
Data of 81 patients with advanced gastric cancer and metastasis
treated with an ICB (pembrolizumab or nivolumab) at Samsung
Medical Center between December 2016 and January 2019 were
retrospectively collected. One patient was excluded because of
follow-up loss and 17 patients were excluded because TMB could
not be assessed because of a lack of tissue. Finally, 63 patients with
metastatic gastric cancer were included in the study.

Median age was 54 years (29–82), and 37 (58.7%) patients were
male. Clinicopathological data were retrospectively extracted
from electronic medical records. Patients were evaluated for
treatment response by chest or abdominal/pelvic computed
tomography. The response rate was assessed using RECIST
1.1 criteria (25). The biopsy specimens were all from archival
formalin-fixed paraffin-embedded tissues, of which 58 (92.1%)
were obtained prior to ICB therapy. 58 (92.1%) were obtained
from the primary tumors, and 46 (73%) tissues were obtained
before chemotherapy (Table S1). This study was performed in
accordance with institutional review board guidelines for data
analysis and investigational treatments, and patient consent
was obtained.

Sample Preparation and DNA Extraction
Tumor-rich areas for dissection were circled by pathologists
on haematoxylin and eosin-stained 5-µm-thick slides from
formalin-fixed, paraffin-embedded (FFPE) tissue. The tumor cell
percentages with>20% onH&E-stained slides were selected. The
sections were macro-dissected along the circle and deparaffinized
using xylene and 100% ethanol. Genomic DNA was extracted
using the ReliaPrepTM FFPE Total DNA Miniprep System
(Promega, Madison,WI). Nucleic acids were quantified using the
Qubit dsDNA HS Assay Kit and the amount of amplifiable DNA
by qPCR.
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Sequencing
All 63 cases were evaluated using the targeted high-throughput
sequencing Oncomine Comprehensive Assay v3 (Thermo Fisher
Scientific), which enables simultaneous detection of hundreds of
variants across 161 genes relevant to solid tumors (Table S2).
Libraries were prepared and were sequenced on an Ion S5
XL Sequencer using the Ion 540 Kit-Chef. Raw sequence data
were analyzed using Ion Torrent software (Ion Reporter 5.6)
and Oncomine Knowledgebase Reporter (all from Thermo
Fisher Scientific). The reads were aligned to Genome Reference
Consortium Human Build 37 (hg19) within Torrent Suite, and a
minimum average read depth of 1,000 was required for analysis.
Tier I or II genetic alterations were identified according to
standards and guidelines for the interpretation and reporting of
sequence variants in cancer (26). Briefly, the criterion of variant
allele frequency for single nucleotide variants (SNVs)/insertions
and deletions (indels) was ≥5%. Average copy number ≥4 was
interpreted as a gain (amplification) and <1 as a loss (deletion).
Most tumor samples were within the standards of sequencing
results, such as mapped reads >5,000,000, on-target rate >90%,
mean depth >1,200, and uniformity >90%. The final analysis of
each case was reviewed and reported by a pathologist (K-MK) in
a College of American Pathologists (CAP)-certified laboratory.
All the sequencing data have been deposited into European
Nucleotide Archive (ENA) (Webin-53995).

TMB Assay
The Oncomine Tumor Mutation Load Assay was used to assess
TMB (somatic mutations per Mb) by interrogating 409 key
cancer genes (Table S3). This assay counts SNVs including
both non-synonymous and synonymous mutations from coding
and non-coding regions. The analysis pipeline calls variants
with optimized parameters on the tumor sample only, with no
requirement for matched normal samples, and applies filters to
remove germline variants (27). Libraries were prepared using
Oncomine Tumor Mutation Load Assay library preparation kits
(Chef-Ready) and barcoded adapters were ligated. Eight libraries
were combined and loaded onto a single Ion 540 Chip. Reads
were aligned to hg19 using Torrent Suite 5.6, and BAM files were
transferred to Ion Reporter 5.6 for variant calling and secondary
analysis, including TMB calculation.

EBV Detection
Three-micrometer-thick sections were cut from FFPE tissue
blocks and mounted on SuperFrost Plus slides (Thermo Fisher
Scientific). The BOND-MAX system was used for in-situ
hybridization (ISH) with an EBV-encoded RNA probe (Leica,
Newcastle, UK). Only nuclei of tumor cells with strong brown
signals were considered positive.

MSI PCR and Immunohistochemistry for
Mismatch Repair Proteins
MSI status was determined by multiplex PCR to amplify five
quasimonomorphic mononucleotide repeat markers (BAT-25,
BAT-26, NR-21, NR-24, and NR-27). Genomic DNA was isolated
from FFPE tissue blocks using a QIAampDNAMini Kit (Qiagen,
Hilden, Germany). Sense primers were fluorescently end-labeled

with FAM, HEX, or NED. Amplicons were analyzed on an ABI
Prism 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA). Allelic sizes were estimated with GeneMapper 4.1 (Applied
Biosystems), and tumors with allelic size variation in <2 and ≥2
microsatellites were classified as microsatellite stable (MSS) and
instable, respectively.

For mismatch repair protein immunohistochemistry,
antibodies against MLH1 (clone ES05; 1:100 dilution;
Novocastra) and MSH2 (clone G219-1129; 1:500 dilution;
Cell Marque) were used, as previously reported (23).

PD-L1 Immunohistochemistry
FFPE tissue blocks were cut into 4-µm sections and were stained
on an Autostainer Link 48 system (Agilent Technologies) using a
Dako PD-L1 IHC 22C3 pharmDx kit (Agilent Technologies) and
visualized using EnVision FLEX, as previously described (12).
The CPS of PD-L1 expression was calculated as the number of
PD-L1-stained tumor and immune cells divided by total number
of viable tumor cells, multiplied by 100. Cases with CPS ≥1 were
considered positive.

Data Analysis
Statistical tests included two-sample tests of proportions, Fisher’s
exact test, two-sample tests for continuous variables that did not
follow a normal distribution, and Wilcoxon rank-sum test.

Kruskal-Wallis test with Dunn correction was used for
multiple comparisons for three or more groups. Spearman’s
correlation was used to examine the association between PD-L1
CPS and TMB. The optimal cut-off point for dividing patients
into TMB-high and TMB-low groups was determined using log-
rank statistics in the R package “maxstat.” The Kaplan–Meier
method and log-rank test in the “survival” R package were used to
compare progression-free survival (PFS) between TMB-high and
TMB-low groups. Uni- and multivariate Cox regression analyses
were utilized to assess hazard ratios and confidence intervals
according to TMB and several other clinicopathologic factors.
Two-sided P ≤ 0.05 were considered significant. All statistical
analyses were performed using R version 3.5.3.

To evaluate the biomarker potential of TMB and PD-L1, EBV,
and MSI to predict responses to ICB, areas under the receiver
operating characteristic (ROC) curve (AUCs) were determined
using the ROCR package (URL http://rocr.bioinf.mpi-sb.mpg.
de). Immunotherapy prediction models were constructed based
on PFS using Cox regression and based on RECIST response
rate using linear regression. Cut-off points for the Cox model
were calculated by comparing PFS with maximally selected
rank statistics using maxstat. The linear regression model was
calculated using the accuracy function in the AUC package
(https://CRAN.R-project.org/package=AUC). To evaluate these
models, AUCs were calculated using the survivalROC and
RORC packages.

RESULTS

Patient Characteristics
Clinical data of 63 patients with advanced gastric cancer treated
with ICB and quantifiable TMB were evaluated. The patients
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were treated with nivolumab (n = 29) or pembrolizumab (n
= 34). Thirteen patients showed a complete response (CR)
or partial response (PR), and 50 patients were non-responders
with stable disease (SD) or progressive disease (PD). TMB
values ranged from 0 to 446 mt/mb. The median TMB was
4.23. The optimal cut-off point for dividing patients into TMB-
high and -low groups based on log-rank statistics for PFS
was 14.31 mt/mb. Based on this cut-off point, eight patients
(12.7%) had TMB-high tumors. Twenty-six (41.3%) patients
showed PD-L1 positivity. Most patients (80.9%) had tubular
adenocarcinoma, but two patients had adenocarcinoma with
neuroendocrine differentiation. Forty-four patients (69.9%) had
poorly differentiated tumors, and 39 (61.9%) patients underwent
gastrectomy. Twenty-three (36.5%) and 24 (38.1%) patients
received ICB as a third- or later-line and as a second-line
treatment, respectively. Fifty (79.4%) patients had peritoneal
carcinomatosis when immunotherapy was started (Table 1).

Correlations Between TMB and Other
Biomarkers
The median TMB of the MSI group (21.93 mt/mb) was
significantly higher than that of the MSS group (3.42 mt/mb,
P < 0.001, Figure 1A). Median TMB was higher in the PD-
L1-positive (5.24 mt/mb) than in the PD-L1 negative (3.42
mt/mb) group, with marginal statistical significance (P = 0.05,
Figure 1B). However, TMB showed a significant association with
PD-L1 CPS as a continuous variable (Spearman’s correlation
coefficient = 0.30, P = 0.022, Figure S1). TMB was significantly
different among responders (CR/PR), SD, and PD groups
(median 7.58 vs. 2.94 vs. 4.22 mt/mb) (P = 0.04) (Figure 1C).
In Dunn post-hoc analysis, TMB was significantly higher in
patients with CR/PR than in those with SD (P = 0.04), while
TMB in CR/PR was not significantly different with TMB in PD
group (P = 0.14).

The median TMB of the chemo-refractory group was
significantly higher (8.43 mt/mb) compared to that of chemo-
naïve group (3.42 mt/mb) (P = 0.02) (Table S4).

Patients of ≥65 years showed significantly higher TMB values
than younger patients (median 9.39 vs. 3.38 mt/mb; P = 0.0014).
Overall, age ≥65 (P = 0.0014), MSI (P < 0.001), and responders
(CR/PR) (P = 0.04) were significantly associated with TMB-high
(Table S4). Relations between PD-L1 positivity, MSI status, EBV-
positivity, and TMB are depicted in a Venn diagram in Figure 2.
There was substantial overlap between MSI and TMB-high
tumors, whereas only some PD-L1-positive tumors were alsoMSI
or TMB-high. The median TMB of EBV-positive patients was
higher than that of EBV-negative patients (5.06 vs. 3.81 mt/mb),
but all EBV-positive patients (n= 4) were TMB-low, and three of
them showed PD-L1 positivity.

Correlation of Response to PD-1 Inhibitors
With Molecular Subtype
To further evaluate biomarkers of ICB, response rates inmodified
molecular subtypes of gastric cancer were compared (28).
Tumors were categorized into MSI (n = 6), EBV (n = 4),
CIN (with TP53 mutation or copy number alteration; n = 23),

TABLE 1 | Patient characteristics.

CR/PR

(N = 13)

SD/PD

(N = 50)

Total

(N = 63)

Sex

- F 3 (23.1%) 23 (46.0%) 26 (41.3%)

- M 10 (76.9%) 27 (54.0%) 37 (58.7%)

Age median value (range) 66 (32–82) 53 (29–72) 54 (29–82)

EBV

- Negative 10 (76.9%) 46 (92.0%) 56 (88.9%)

- Positive 2 (15.4%) 2 (4.0%) 4 (6.3%)

- Unknown 1 (7.7%) 2 (4.0%) 3 (4.8%)

TMB median value (range) 7.58 (0–446) 3.42 (0–169) 4.23 (0–446)

- High 4 (30.8%) 4 (8.0%) 8 (12.7%)

- Low 9 (69.2%) 46 (92.0%) 55 (87.3%)

MSI status

- MSI 5 (38.5%) 1 (2.0%) 6 (9.5%)

- MSS 8 (61.5%) 49 (98.0%) 57 (90.5%)

PD-L1

- Negative 5 (38.5%) 31 (62.0%) 36 (57.1%)

- Positive 8 (61.5%) 18 (36.0%) 26 (41.3%)

- Unknown 0 (0.0%) 1 (2.0%) 1 (1.6%)

ECOG PS

- 0–1 11 (84.6%) 37 (74.0%) 48 (76.2%)

- 2–3 2 (15.4%) 13 (26.0%) 15 (23.8%)

Pathologic subtype

- TADC 10 (76.9%) 41 (82.0%) 51 (80.9%)

- SRC 1 (7.7%) 9 (18.0%) 10 (15.9%)

- NED 2 (15.4%) 0 (0.0%) 2 (3.2%)

Differentiation

- WD 2 (15.4%) 3 (6.0%) 5 (7.9%)

- MD 3 (23.1%) 11 (22.0%) 14 (22.2%)

- PD 8 (61.5%) 36 (72.0%) 44 (69.9%)

Previous gastrectomy

- No 5 (38.5%) 19 (38.0%) 24 (38.1%)

- Yes 8 (61.5%) 31 (62.0%) 39 (61.9%)

Previous line of treatment

- 0 1 (7.7%) 1 (2.0%) 2 (3.2%)

- 1 5 (38.5%) 9 (18.0%) 14 (22.2%)

- 2 4 (30.8%) 20 (40.0%) 24 (38.1%)

- ≥3 3 (23.1%) 20 (40.0%) 23 (36.5%)

Tumor site

- Antrum 6 (46.1%) 11 (22.0%) 17 (27.0%)

- Body/angle 4 (30.8%) 34 (68.0%) 38 (60.3%)

- Cardia/GEJ 3 (23.1%) 3 (6.0%) 6 (9.5%)

- Fundus 0 (0.0%) 1 (2.0%) 1 (1.6%)

- Whole stomach 0 (0.0%) 1 (2.0%) 1 (1.6%)

HER2 positivity

- Negative 10 (76.9%) 39 (78.0%) 49 (77.8%)

- Positive 1 (7.7%) 3 (6.0%) 4 (6.3%)

- Unknown 2 (15.4%) 8 (16.0%) 10 (15.9%)

Peritoneal carcinomatosis

- No 7 (53.8%) 6 (12.0%) 13 (20.6%)

- Yes 6 (46.2%) 44 (88.0%) 50 (79.4%)

Checkpoint inhibitor

- Nivolumab 3 (23.1%) 26 (52.0%) 29 (46.0%)

- Pembrolizumab 10 (76.9%) 24 (48.0%) 34 (54.0%)

CR, complete response; PR, partial response; SD, stable disease; PD, progressive

disease; EBV, Epstein-Barr virus; TMB, tumor mutational burden; MSI, microsatellite

instability; MSS, microsatellite-stable; PD-L1, programmed death-ligand 1; ECOG

PS, Eastern Cooperative Oncology Group performance status; TADC, tubular

adenocarcinoma; SRC, signet ring cell carcinoma; NED, adenocarcinoma with

neuroendocrine differentiation; WD, well differentiated; MD, moderately differentiated; PD,

poorly differentiated; GEJ, gastro-esophageal junction.
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FIGURE 1 | Boxplots of TMB according to MSI status (A), PD-L1 positivity (B), and treatment response (C). TMB, tumor mutational burden; MSI, microsatellite

instability; MSS, microsatellite-stable; PD-L1, programmed death-ligand 1; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.

FIGURE 2 | Venn diagram illustrating relationships between PD-L1 positivity,

MSI status, EBV positivity, and TMB. PD-L1, programmed death-ligand 1;

MSI, microsatellite instability; EBV, Epstein–Barr virus; TMB, tumor mutational

burden.

TP53+GS− (SNVs in genes other than TP53; n = 6), and GS (no
genetic alteration; n = 24). Patients with MSI tumors (median,
74.5 years) were the oldest. All patients with EBV-positive and
MSI gastric cancer were male. PD-1 positivity was the highest in
the EBV group (75%) and the lowest in the GS group (20.8%).
Median TMB was the highest in the MSI group (21.92) and
the lowest in the GS group (2.12). Clinicopathological factors
according to molecular subtypes are presented in Table S5.

Non-responders With Favorable
Biomarkers (EBV-Positive/MSI/TMB-High)
Of the six patients with MSI gastric cancer, five achieved PR with
a median PFS of 12 months and one was refractory to nivolumab

with a PFS of 0.17months. The non-responder was a 72-years-old
male with EBV-negative, PD-L1-positive, and TMB-low (10.11
mt/mb) cancer. Of the four patients with EBV-positive gastric
cancer, two achieved PR with a PFS of 7.2 and 12.7 months and
two were refractory to pembrolizumab and nivolumab with a
PFS of 1.4 and 0.3 months. These non-responders were male and
had TMB-low (4.23 and 9.32 mt/mb) and MSS tumors; one case
was PD-L1 negative. Of the eight patients with high TMB, four
were responders with median a PFS of 12.05 months and four
were non-responders with a median PFS of 2.4 months. These
non-responders were male, hadMSS tumors, were EBV-negative,
and had a median TMB of 21.65 mt/mb, slightly lower than that
of responders with TMB-high tumors (35.27 mt/mb). In non-
responders with TMB-high, PD-L1 positivity was found in 50%
of cases.

Responders Without Favorable Biomarkers
(EBV-Negative/MSS/TMB-Low)
There were five responders without any favorable biomarkers
including EBV-positivity, MSI, and TMB-high. Patient no. 18
was a 49-years-old female with TMB of 3.38 mt/mb and PD-L1
positivity. The tumor was CIN subtype with co-amplification of
ERBB and MYC. Treatment duration was 14.2 months and PFS
was 14.9 months. Patient no. 36 was a 44-years-old female with
a TMB of 9.27 mt/mb and PD-L1 negativity. The tumor had
an ARID1A nonsense mutation and was classified as TP53+GS−

subtype. Treatment duration was 0.56 months, and PFS was 3
months. Patient no. 63 was a 32-years-old female with no TMB
(0 mt/mb) and PD-L1 negativity. The tumor was GS subtype
and the treatment duration and PFS were 9.63 months. Patient
no. 77 was a 64-years-old male with a TMB of 6.75 mt/mb
and PD-L1 positivity. The tumor was TP53+GS− subtype, with
PIK3R1 mutation. Treatment duration was 3.6 months and PFS
was 3.13 months. Patient no. 81 was a 55-years-old male with
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a TMB of 3.38 mt/mb and PD-L1 negativity. The tumor was
CIN subtype with TP53 mutation. Treatment duration was 5.36
months and PFS was 5.6 months. The two male patients had
adenocarcinoma with neuroendocrine differentiation and patient
no. 81 showed residual carcinoma in several metastatic lymph
nodes in a gastrectomy specimen after therapy. Although several
patients experienced PR to ICB without favorable biomarkers,
most of them eventually progressed in <6 months.

TMB as a Predictive Marker for Objective
Response and PFS
TMB was assessed as a potential predictor for objective response
and PFS. Eight (12.7%) patients were classified as TMB-high
and 55 (87.3%) as TMB-low. Kaplan–Meyer survival curve
analysis corroborated that TMB-high was significantly associated
with longer PFS (P = 0.02, Figure 3). Univariate Cox analysis
showed that the independent variables TMB group, MSI status,
treatment response, and Eastern Cooperative Oncology Group
(ECOG) performance status were significantly associated with
PFS (Table S6). However, PD-L1 positivity was not significantly
associated with PFS (P = 0.530). Multivariate analysis using
stepwise Cox regression modeling including age, sex, EBV,
TMB (categorized), PD-L1 positivity, ECOG performance status
(≤1 vs. >1), and previous line of treatment (≤2 vs. >2) was
performed. These parameters were included because they were
considered to potentially significantly influence the response
to immunotherapy. ECOG ≤1 (HR = 0.23; 95% CI, 0.11–
0.50, P < 0.001) and TMB-high (HR = 0.21; 95% CI, 0.07–
0.69, P = 0.01) were independent predictors of significantly
prolonged PFS (Figure 4). The usability of TMB as a predictive
biomarker for immunotherapy responses was further evaluated

by AUC analyses of each biomarker (TMB, PD-L1, EBV, andMSI)
(Figure S2A) and their combination (Figure S2B) based on 6-
months PFS. The AUC value was the highest for EBV (0.97),
followed by MSI (0.96), PD-L1 (0.81), the combination (0.78),
and TMB (0.56).

DISCUSSION

Here, we analyzed TMB determined based on panel sequencing
in 63 patients with advanced gastric cancer treated with ICB,
correlated the clinical outcomes with TMB, and assessed its
usability as a biomarker to predict response to ICB.

In our study cohort, ECOG ≤1 and TMB-high were
independent predictors of prolonged PFS after treatment with
ICB. In a previous study on patients with metastatic gastric
cancer treated with pembrolizumab, circulating tumor DNA
mutation load was slightly, albeit not significantly correlated
with objective response and predicted PFS (12). Like PD-L1
expression, the thresholds to define high TMB vary depending on
the technique used and tumor type (13, 24). Factors that influence
TMB include tumor type, pre-analytic variables, the method
used (whole exome vs. panel sequencing), and bioinformatics
(20, 24). A previous study estimated TMB from FFPE tissues
of diverse cancer types with a commercially targeted gene
panel and categorized TMB as low (1–5 mt/mb), intermediate
(6–19 mt/mb), or high (≥20 mt/mb) (16). In a study on
126 patients with esophagogastric cancer using an upper 20
percentile cut-off for TMB (8.8 mt/mb) to distinguish TMB-
high and -low groups, TMB could predict clinical response
to ICB (14). Recent clinical study in advanced gastric cancer
patients investigating the safety and efficacy of toriparimab, a

FIGURE 3 | Kaplan–Meier curves for PFS for the dichotomized TMB groups. A log-rank test was used to compare the two groups. TMB, tumor mutational burden.
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FIGURE 4 | Multivariate Cox-regression analysis for PFS. For each variable, the estimated hazard ratio with 95% confidence interval is shown. PD-L1, programmed

death-ligand 1; EBV, Epstein-Barr virus; ECOG, Eastern Cooperative Oncology Group performance status; TMB, tumor mutational burden.

newly approved humanized PD-1 antibody, showed that high
TMB (12 mt/mb, upper 20 percentile cut-off) was associated
with improved patient responses and survival benefit after
immunotherapy (18). In our study, a TMB cut-off of 14.31
mt/mb dichotomized patients into TMB-high and -low groups;
eight patients were TMB-high and 55 were TMB-low. The
TMB-high subgroup was significantly associated with higher
objective response rate and prolonged PFS after ICB therapy,
and with MSI, PD-L1 CPS, response to ICB, and older patient
age, as expected. When we set the cut-off at the upper 20
percentile (10.6 mt/mb), although patients with TMB-high still
showed higher ORR (38.5 vs. 16%) and prolonged PFS (2.6
vs. 2.3 months) after ICB therapy, the differences were not
significant. For TMB, recent systematic literature review of 81
prior publications concluded that standardized threshold for
classifying TMB levels as low- and high- does not exist currently
(29). In a large-scale study (n = 1,662) analyzing the association
between TMB and clinical responses to checkpoint inhibitors in
various cancer types (14), they used a top-20th percentile as a
cutoff for TMB and suggested that that there may not be one
universal definition of high TMB. To set a TMB cut-off point,
flexible criteria are recommended depending on the cancer type
and sequencing panel used. The panel sizes and TMB cut-off
values in previous trials are summarized in Table S7. The present
TMB study with commercially available, small, and verified NGS
panel will inform or guide oncologists in therapeutic decision
making and will improve interpretability of TMB data across
many assays.

Potential biomarkers were further analyzed for their
predictability by AUC analyses. Although EBV, MSI, and PD-L1
predicted PFS more accurately than did TMB, the latter also
predicted PFS. Many studies have reported limitations of
PD-L1 as a biomarker of immunotherapy response based on
ORR (8–10), and responders generally have longer PFS. These
discrepant findings might be explained by the different methods

used to measure ORR and PFS. Additionally, when biomarker
predictability for ORR was evaluated, the AUC values were 0.62,
0.62, 0.56, and 0.70 for TMB, PD-L1, EBV, and MSI, respectively.
To identify whether ORR or PFS is a better indicator of patient
prognosis after immunotherapy, clinical trials in a gastric cancer
cohort are needed.

Clinicopathological factors associated with TMB were
also evaluated. Older age, MSI, PD-L1 CPS, chemotherapy
and objective responses were significantly associated with
TMB. Although the number of cases is small, the results
are consistent with previous studies (16, 21, 22). We also
observed that the median TMB of EBV-positive gastric
cancer cases was higher than that of EBV-negative group,
although it did not reach statistical significance as previously
described (12). Although the direct relationship between
EBV and TMB is unclear at the present time, EBV induces
hypermethylation of CpG islands in the promoter regions
of tumor-suppressor genes and affects miRNA levels (30),
therefore, EBV may increase the TMB level, but not as much
as MSI.

To further evaluate response predictors, response to ICB was
correlated with gastric cancer molecular subtypes (11). Gastric
cancers were divided into five subtypes, including the TP53+GS−

subtype. The response rate was associated with the molecular
subtype, and these observations are consistent with those in our
previous study (12), except for a lower response rate to ICB in
EBV-positive tumors. Given the association ofARID1A alteration
with EBV and MSI, and responses to ICB in gastric cancer (11),
we further investigated ARID1A. All three tumors with ARID1A
mutations were TP53+GS− subtype and one patient showed PR
while the other two patients showed PD.

The median TMB was also related with the response rate and
molecular tumor subtype: a high median TMB (21.92 mt/mb)
and high ORR (83.3%) were found in the MSI subtype, whereas
a very low median TMB (2.12 mt/mb) and low ORR (4.2%)

Frontiers in Oncology | www.frontiersin.org 7 March 2020 | Volume 10 | Article 314

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Kim et al. TMB in Advanced Gastric Cancer

were found in the GS subtype. The median TMB of TP53+GS−

tumors was slightly higher than that of EBV-positive tumors, but
the response rate of TP53+GS− tumors was lower than that of
EBV-positive tumors.

Limitations of the present study include (1) the small
study cohort and its retrospective design. The cutoff
values determined by random selection of patients and
performing multiple classifications would result in large
variations, warranting further validation in a large cohort
with generalized dataset. (2) We used RECIST criteria instead
of iRECIST criteria. Actually, a few patients progressed
rapidly on ICB and we cannot exclude the possibility
of pseudoprogression. (3) Although the effectiveness of
Oncomine Tumor Mutation Load Assay’s germline filtering
has been verified (27), we did not use non-tumorous
control samples.

Despite its significance in the immuno-oncological field,
this is the first study to show the prognostic value of TMB
for survival. High TMB was associated with improved PFS
even after adjustment for clinically important variables, such
as sex, age, EBV, ECOG performance status, PD-L1 positivity.
In conclusion, TMB has potential as a predictive biomarker in
patients with advanced gastric cancer treated with ICB and may
be useful for clinical decision making in addition to EBV, MSI,
and PD-L1.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board of Samsung Medical
Center (Seoul, Korea). The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This research was supported by grants from the Basic Science
Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and ICT (NRF-
2017R1E1A1A01075005 and NRF-2017R1A2B4012436) and the
20 by 20 Project of Samsung Medical Center (GFO2190111).

ACKNOWLEDGMENTS

We would like to thank the patients and their families for
participating in this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.00314/full#supplementary-material

REFERENCES

1. Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Csoszi T,

Fülöp A, et al. Pembrolizumab versus Chemotherapy for PD-

L1-Positive Non-Small-Cell Lung Cancer. N Engl J Med. (2016)

375:1823–33. doi: 10.1056/NEJMoa1606774

2. Weber J, Mandala M, Del Vecchio M, Gogas HJ, Arance AM, Lance Cowey

C, et al. Adjuvant nivolumab versus ipilimumab in resected stage III or IV

melanoma. N Engl J Med. (2017) 377:1824–35. doi: 10.1056/NEJMoa1709030

3. Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson VG, Dalle

S, et al. Prognostic and predictive value of AJCC-8 staging in the phase

III EORTC1325/KEYNOTE-054 trial of pembrolizumab vs. placebo in

resected high-risk stage III melanoma. Eur J Cancer. (2019) 116:148–

57. doi: 10.1016/j.ejca.2019.05.020

4. Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar

B, Choueiri TK, et al. Nivolumab plus Ipilimumab versus Sunitinib

in Advanced Renal-Cell Carcinoma. N Engl J Med. (2018) 378:1277–

90. doi: 10.1056/NEJMoa1712126

5. Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et al.

Pembrolizumab plus axitinib versus sunitinib for advanced renal-cell

carcinoma. N Engl J Med. (2019) 380:1116–27. doi: 10.1056/NEJMoa1816714

6. Herbst RS, Baas P, Kim DW, Felip E, Pérez-Gracia JL, Han JY,

et al. Pembrolizumab versus docetaxel for previously treated,

PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-

010): a randomised controlled trial. Lancet. (2016) 387:1540–

50. doi: 10.1016/S0140-6736(15)01281-7

7. Budczies J, Allgäuer M, Litchfield K, Rempel E, Christopoulos P, Kazdal D,

et al. Optimizing panel-based tumormutational burden (TMB)measurement.

Ann Oncol. (2019) 30:1496–506. doi: 10.1016/j.lungcan.2020.01.019

8. Muro K, Chung HC, Shankaran V, Geva R, Catenacci D, Gupta S, et al.

Pembrolizumab for patients with PD-L1-positive advanced gastric cancer

(KEYNOTE-012): a multicentre, open-label, phase 1b trial. Lancet Oncol.

(2016) 17:717–26. doi: 10.1016/S1470-2045(16)00175-3

9. Fuchs CS, Doi T, Jang RW, Muro K, Satoh T, Machado M, et al.

Safety and efficacy of pembrolizumab monotherapy in patients with

previously treated advanced gastric and gastroesophageal junction

cancer: phase 2 clinical KEYNOTE-059 trial. JAMA Oncol. (2018)

4:e180013. doi: 10.1001/jamaoncol.2018.0013

10. Kang YK, Boku N, Satoh T, Ryu MH, Chao Y, Kato K, et al.

Nivolumab in patients with advanced gastric or gastro-oesophageal

junction cancer refractory to, or intolerant of, at least two previous

chemotherapy regimens (ONO-4538–12, ATTRACTION-2): a randomised,

double-blind, placebo-controlled, phase 3 trial. Lancet. (2017) 390:2461–

71. doi: 10.1016/S0140-6736(17)31827-5

11. Cancer Genome Atlas Research N. Comprehensive molecular

characterization of gastric adenocarcinoma. Nature. (2014)

513:202–9. doi: 10.1038/nature13480

12. Kim ST, Cristescu R, Bass AJ, Kim KM, Odegaard JI, Kim K, et al.

Comprehensive molecular characterization of clinical responses to PD-

1 inhibition in metastatic gastric cancer. Nat Med. (2018) 24:1449–

58. doi: 10.1038/s41591-018-0101-z

13. Prelaj A, Tay R, Ferrara R, Chaput N, Besse B, Califano R, et al. Predictive

biomarkers of response for immune checkpoint inhibitors in non-small-cell

lung cancer. Eur J Cancer. (2019) 106:144–59. doi: 10.1016/j.ejca.2018.11.002

14. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R,

Janjigian YY, et al. Tumor mutational load predicts survival after

immunotherapy across multiple cancer types. Nat Genet. (2019)

51:202–6. doi: 10.1038/s41588-018-0312-8

Frontiers in Oncology | www.frontiersin.org 8 March 2020 | Volume 10 | Article 314

https://www.frontiersin.org/articles/10.3389/fonc.2020.00314/full#supplementary-material
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1056/NEJMoa1709030
https://doi.org/10.1016/j.ejca.2019.05.020
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1016/S0140-6736(15)01281-7
https://doi.org/10.1016/j.lungcan.2020.01.019
https://doi.org/10.1016/S1470-2045(16)00175-3
https://doi.org/10.1001/jamaoncol.2018.0013
https://doi.org/10.1016/S0140-6736(17)31827-5
https://doi.org/10.1038/nature13480
https://doi.org/10.1038/s41591-018-0101-z
https://doi.org/10.1016/j.ejca.2018.11.002
https://doi.org/10.1038/s41588-018-0312-8
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Kim et al. TMB in Advanced Gastric Cancer

15. Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J,

et al. Pan-tumor genomic biomarkers for PD-1 checkpoint blockade-based

immunotherapy. Science. (2018) 362:aar3593. doi: 10.1126/science.aar3593

16. Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V,

et al. Tumor mutational burden as an independent predictor of response

to immunotherapy in diverse cancers. Mol Cancer Ther. (2017) 16:2598–

608. doi: 10.1158/1535-7163.MCT-17-0386

17. Folprecht G. Tumor mutational burden as a new biomarker for PD-

1 antibody treatment in gastric cancer. Cancer Commun. (2019)

39:74. doi: 10.1186/s40880-019-0417-1

18. Wang F, Wei XL, Wang FH, Xu N, Shen L, Dai GH, et al. Safety, efficacy

and tumor mutational burden as a biomarker of overall survival benefit in

chemo-refractory gastric cancer treated with toripalimab, a PD1 antibody

in phase Ib/II clinical trial NCT02915432. Ann Oncol. (2019) 30:1479–

86. doi: 10.1093/annonc/mdz197

19. Lyu GY, Yeh YH, Yeh YC, Wang YC. Mutation load estimation model as a

predictor of the response to cancer immunotherapy. NPJ Genom Med. (2018)

3:12. doi: 10.1038/s41525-018-0051-x

20. Allgäuer M, Budczies J, Christopoulos P, Endris V, Lier A, Rempel E,

et al. Implementing tumor mutational burden (TMB) analysis in routine

diagnostics-a primer for molecular pathologists and clinicians. Transl Lung

Cancer Res. (2018) 7:703–15. doi: 10.21037/tlcr.2018.08.14

21. Vanderwalde A, Spetzler D, Xiao N, Gatalica Z, Marshall J. Microsatellite

instability status determined by next-generation sequencing and compared

with PD-L1 and tumor mutational burden in 11,348 patients. Cancer Med.

(2018) 7:746–56. doi: 10.1002/cam4.1372

22. Weinberg BA, Xiu J, Hwang JJ, Shields AF, Salem ME, Marshall JL.

Immuno-oncology biomarkers for gastric and gastroesophageal junction

adenocarcinoma: why PD-L1 testing may not be enough. Oncologist. (2018)

23:1171–7. doi: 10.1634/theoncologist.2018-0034

23. Cho J, Ahn S, Son DS, Kim NK, Lee KW, Kim S, et al. Bridging

genomics and phenomics of gastric carcinoma. Int J Cancer. (2019) 145:2407–

17. doi: 10.1002/ijc.32228

24. Stenzinger A, Allen JD, Maas J, Stewart MD, Merino DM, Wempe MM,

et al. Tumor mutational burden standardization initiatives: recommendations

forconsistent tumor mutational burden assessment in clinical samples to

guide immunotherapy treatment decisions. Genes Chromosomes Cancer.

(2019) 58:578–88. doi: 10.1002/gcc.22733

25. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.

New response evaluation criteria in solid tumours: revised RECIST guideline

(version 1.1). Eur J Cancer. (2009) 45:228–47. doi: 10.1016/j.ejca.2008.

10.026

26. Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S,

et al. Standards and guidelines for the interpretation and reporting

of sequence variants in cancer: a joint consensus recommendation of

the Association for Molecular Pathology, American Society of Clinical

Oncology, and College of American Pathologists. J Mol Diagn. (2017) 19:4–

23. doi: 10.1016/j.jmoldx.2016.10.002

27. Chaudhary R, Quagliata L, Martin JP, Alborelli I, Cyanam D, Mittal V, et al. A

scalable solution for tumor mutational burden from formalin-fixed, paraffin-

embedded samples using the Oncomine Tumor Mutation Load Assay. Transl

Lung Cancer Res. (2018) 7:616–30. doi: 10.21037/tlcr.2018.08.01

28. Lee J, Kim K-M. Biomarkers for gastric cancer: molecular classification

revisited. Precis Future Med. (2017) 1:59–68. doi: 10.23838/pfm.2017.00079

29. Willis C, Fiander M, Tran D, Korytowsky B, Thomas JM, Calderon F, et al.

Tumor mutational burden in lung cancer: a systematic literature review.

Oncotarget. (2019) 10:6604–22. doi: 10.18632/oncotarget.27287

30. Iizasa H, Nanbo A, Nishikawa J, Jinushi M, Yoshiyama H. Epstein-

Barr Virus (EBV)-associated gastric carcinoma. Viruses. (2012) 4:3420–

39. doi: 10.3390/v4123420

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Kim, Kim, Kang, Heo, Park, Kim, Kang, Lee and Kim. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 9 March 2020 | Volume 10 | Article 314

https://doi.org/10.1126/science.aar3593
https://doi.org/10.1158/1535-7163.MCT-17-0386
https://doi.org/10.1186/s40880-019-0417-1
https://doi.org/10.1093/annonc/mdz197
https://doi.org/10.1038/s41525-018-0051-x
https://doi.org/10.21037/tlcr.2018.08.14
https://doi.org/10.1002/cam4.1372
https://doi.org/10.1634/theoncologist.2018-0034
https://doi.org/10.1002/ijc.32228
https://doi.org/10.1002/gcc.22733
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1016/j.jmoldx.2016.10.002
https://doi.org/10.21037/tlcr.2018.08.01
https://doi.org/10.23838/pfm.2017.00079
https://doi.org/10.18632/oncotarget.27287
https://doi.org/10.3390/v4123420
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Tumor Mutational Burden Determined by Panel Sequencing Predicts Survival After Immunotherapy in Patients With Advanced Gastric Cancer
	Introduction
	Materials and Methods
	Patients and Data Collection
	Sample Preparation and DNA Extraction
	Sequencing
	TMB Assay
	EBV Detection
	MSI PCR and Immunohistochemistry for Mismatch Repair Proteins
	PD-L1 Immunohistochemistry
	Data Analysis

	Results
	Patient Characteristics
	Correlations Between TMB and Other Biomarkers
	Correlation of Response to PD-1 Inhibitors With Molecular Subtype
	Non-responders With Favorable Biomarkers (EBV-Positive/MSI/TMB-High)
	Responders Without Favorable Biomarkers (EBV-Negative/MSS/TMB-Low)
	TMB as a Predictive Marker for Objective Response and PFS

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


