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The potential clinical utility 
of cell‑free DNA for gastric cancer 
patients treated with nivolumab 
monotherapy
Chiaki Inagaki 1,2, Hisato Kawakami 2*, Daichi Maeda 3, Daisuke Sakai 1,4, Shinya Urakawa 5, 
Kentaro Nishida 5, Toshihiro Kudo 6, Yuichiro Doki 7, Hidetoshi Eguchi 7, Hisashi Wada 5 & 
Taroh Satoh 1,4

To assess the potential clinical utility of cell‑free DNA (cfDNA)‑based biomarkers for identifying 
gastric cancer (GC) patients who benefit from nivolumab. From 31 GC patients treated with nivolumab 
monotherapy (240 mg/body, Bi‑weekly) in 3rd or later line setting, we prospectively collected 
blood samples at baseline and before the 3rd dose. We compared cfDNA‑based molecular findings, 
including microsatellite instability (MSI) status, to tissue‑based biomarkers. We assessed the clinical 
value of blood tumor mutation burden (bTMB) and copy number alterations (CNA) as well as the 
cfDNA dynamics. The concordance between deficient‑MMR and cfDNA‑based MSI‑high was 100% 
(3/3). Patients with bTMB ≥ 6 mut/Mb had significantly better progression‑free survival (PFS) and 
overall survival (OS); however, such significance disappeared when excluding MSI‑High cases. The 
combination of bTMB and CNA positivity identified patients with survival benefit regardless of MSI 
status (both PFS and OS, P < 0.001), with the best survival in those with  bTMB≥6mut/Mb and  CNAnegative. 
Moreover, patients with decreased bTMB during treatment had a better disease control rate (P = 0.04) 
and longer PFS (P = 0.04). Our results suggest that a combination of bTMB and CNA may predict 
nivolumab efficacy for GC patients regardless of MSI status. bTMB dynamics have a potential utility as 
an on‑treatment biomarker.

Gastric cancer is the fifth most common cancer in incidence and the fourth leading cause of cancer mortality 
 worldwide1. While cytotoxic chemotherapy is the mainstay of treatment for recurrent or advanced disease, 
the emergence of immune checkpoint inhibitors (ICIs), such as anti-programmed cell death-1 (PD-1) or pro-
grammed cell death ligand-1 (PD-L1) monoclonal antibodies, has changed the treatment landscape and treat-
ment  strategy2–7.

A PD-1 antibody, nivolumab, a fully human immunoglobulin (Ig) G4 monoclonal antibody targeting PD-1, 
has been approved for the third line and later treatment for advanced gastric cancer patients, based on the results 
of a phase III randomized clinical trial, ATT RAC TION-22, which. In this study, nivolumab showed significant 
benefit in overall survival (OS) compared to placebo (median OS, 5.26 months vs. 4.14 months, hazard ratio [HR] 
0.63, P < 0.001). Although the primary endpoint of survival was achieved, the objective response rate (ORR) was 
only 11.2%, with a disease control rate (DCR) of 40.3%. There has been great interest in developing biomarkers 
that predict the response of ICIs and enable the selection of suitable gastric cancer patients to benefit from  ICIs3,8.

Currently, PD-L1 expression is the most studied biomarker for ICI, which is used to stratify patients who 
obtain benefit from ICI monotherapy in the first line setting for non-small cell lung cancer and head and neck 
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squamous cell  cancer9,10. Although some research has been conducted to find an optimal PD-L1 cut-off value 
for gastric cancer, evidence suggests limited usefulness for PD-L1 expression status in this  disease2–7,11–14. For 
gastric cancer, the most well-established biomarker for ICIs has been mismatch repair (MMR)  status3,8,15,16. 
Another candidate biomarker includes Epstein–Barr virus (EBV)  positivity15,17, which is present in approximately 
~ 30% of gastric  cancers3. EBV-positive tumors tend to have elevated PD-L1/2 expression and upregulation of 
immune mediated  signaling18. These findings suggest the favorable antitumor efficacy of ICI for this subgroup; 
however, results have been  inconsistent12,15. Tumor mutation burden (TMB), which is considered to be a marker 
for increased immunogenic neoantigens, has also been studied as a predictor of response to immunotherapy, 
including gastric cancer. Tissue TMB (tTMB) high status, which is defined as ≥ 10 mut/Mb using FoundationOne 
CDx as a companion diagnostic assay, has a broad indication for pembrolizumab  monotherapy19. The usefulness 
of TMB in predicting the treatment response of ICIs for gastric cancer patients has been evaluated in several 
studies with various conclusions, though biomarker analysis of clinical trials using ICIs in gastric cancer revealed 
patients with higher TMB value had more favorable clinical efficacy from  ICIs12,15,20,21.

While most of these established biomarkers require tumor tissue for evaluation, there is difficulty in evalu-
ation due to a high degree of intratumor and inter-tumor heterogeneity that exists in gastric  cancer8,13,14, which 
may hinder advancing translational research. Moreover, patients often face safety concerns when undergoing 
repeated tumor biopsies that may be needed to obtain sufficient tissue for biomarker  analysis3,8.

Liquid biopsy is a rapidly growing technology that detects molecular profiling of cancer by analyzing cir-
culating tumor cells (CTCs), cell-free DNA (cfDNA), exosomes, etc., which are isolated from  blood22. This 
blood-based technology is minimally invasive and may be an alternative to tissue biopsy in advancing biomarker 
 research22. Also, it provides a more convenient option than tissue re-biopsy for assessing real-time dynamics of 
biomarker status in cancer patients. Therefore, we conducted this analysis to investigate the potential of liquid 
biopsy to predict the efficacy of nivolumab monotherapy for gastric cancer patients using a next-generation 
sequencing (NGS)-based assay that analyzes cfDNA. We evaluated liquid-based molecular characteristics at base-
line (pre-treatment) and their dynamics by analyzing paired blood samples (pre-treatment and on-treatment). 
We investigated the association between liquid-based molecular characteristics and tissue-based immunohis-
tochemistry (IHC) results. We also explore the association between molecular characteristics and the efficacy of 
nivolumab in patients with advanced gastric cancer.

Results
Patients’ characteristics and molecular landscape. A total of 32 patients whose baseline blood sam-
ples (just before initiation of nivolumab treatment) were enrolled in this study, and the result of next-generation 
sequencing were analyzed for 31 patients. Among them, paired blood samples, including baseline and collec-
tion before the third treatment administration, were obtained from 20 patients (Supplemental Fig. 1b). Patient 
characteristics are shown in Table 1. Tissue HER2 status was available for all 31 patients. MMR, and EBV status 
were evaluated using archival samples in 30 patients. dMMR, HER2-positive, and EBV-positive were identified 
in 3 (9.7%), 4 (12.9%), and 3 (9.7%) patients, respectively, without overlap (Fig. 1a, Supplemental Fig. 2a). Of 29 
patients with samples evaluable for PD-L1 status, PD-L1 CPS ≥ 1 was found in 13 patients (44.8%) and PD-L1 
CPS ≥ 5 was observed in 8 patients (27.6%). All three dMMR tumors had PD-L1 CPS 1 ≤ to < 5  (Fig. 1a, and 
Supplemental Fig. 2a). One of four HER2-positive patients had PD-L1 CPS ≥ 5 whereas three others were PD-L1 
negative. Two of three EBV-positive patients were PD-L1 CPS ≥ 10. There were no significant differences in the 
median value of PD-L1 CPS between EBV positive and negative patients (median, 12 vs. 0.5, P = 0.27; Supple-
mental Fig. 2b).

The result of next-generation sequencing of baseline plasma samples from 31 patients were analyzed, which 
revealed that 19 had at least one pathogenic and/or likely pathogenetic gene alteration (19/31, 61.3%, Fig. 1a). 
Among these 19 patients, a total of 30 gene mutations were found in 17 patients, whereas a total of 36 copy num-
ber alterations (CNAs) were found in 14 patients. The most frequently altered gene was TP53 (13/31, 41.9%), 
followed by CCNE1 (7/31, 22.6%), and ERBB2 (6/31, 19.4%). Among four HER2-positive tumors, three had 
ERBB2 CNA (3/4,75%, Supplemental Table 1a). Two of the three EBV-positive tumors had PIK3CA alteration, 
and there was no statistical difference in the frequency of PIK3CA alteration between EBV positive and negative 
tumors (2/3 [66.7%] vs. 4/27 [14.8%], P = 0.09, Supplemental Table 1b). Plasma-based MSI status was success-
fully evaluated on all baseline samples, with complete correlation to tissue analysis (3 dMMR/MSI-H, 27 MMR-
proficient (pMMR)/MSI-H not detected; Fig. 1a, Supplemental Table 1c). Additionally, no samples with MSI-H 
had CNA. bTMB was available for 28 patients. bTMB values ranged from 1 to 17 mut/Mb (Fig. 1a), with 50th 
(median) and 75th percentiles being 4 mut/Mb and 6 mut/Mb, respectively. bTMB was significantly higher in 
samples with versus without MSI-H (Fig. 1b), and all samples with MSI-H had bTMB of 6 mut/Mb or higher. The 
analysis of distribution between bTMB and CPS indicated no significant association  (R2 = 0.006, P = 0.71; Fig. 1c). 
There was no significant difference in bTMB between plasma samples with or without CNA (P = 0.58, Fig. 1d).

Association between immunotherapy efficacy and the result of IHC/ISH analysis. Among the 
31 patients included in this analysis, nivolumab monotherapy conferred a median PFS and OS of 57 days [95% 
CI 47–84 days] and 204 days [95% CI 111–286 days], respectively (Fig. 2a,b). Three patients (12.9%) had a partial 
response (PR) and 5 patients had stable disease (SD) without pseudoprogression.

Among three dMMR/MSI-H cases, we found two PR and one SD, yielding a DCR of 100% (Fig. 2c), which 
was significantly higher (P = 0.049) than for cases that were pMMR and/or MSI-H not detected (DCR = 32.1%). 
PFS was also significantly longer in patients with dMMR/MSI-H compared to those with pMMR and/or MSI-H 
not detected (median PFS, 1052 days vs. 56 days, HR 0.05 [95% CI 0.01–0.22], P = 0.011; Fig. 2d). Patients with 
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dMMR tumors also showed a non-significant trend toward improved OS (median OS, not reached (NR) vs. 
195.5 days, HR 0.20 [95% CI 0.07–0.58], P = 0.079; Fig. 2e).

For PD-L1 CPS, there was no significant difference in DCR between patients with PD-L1 CPS ≥ 1 tumor vs. 
those with PD-L1 CPS < 1 tumor (7/13 [53.8%] vs. 4/16 [25.0%], P = 0.142; Fig. 2f). Although significant benefit 
in PFS was not observed (median PFS, 84 days vs. 48 days, HR 0.57 [95% CI 0.27–1.20], P = 0.083), patients with 
CPS ≥ 1 tumor had a significantly longer OS (median OS, 286 days vs. 133.5 days, HR 0.47 [95% CI 0.20–1.08], 
P = 0.049) compared to those with CPS < 1 tumor (Fig. 2g,h). We also analyzed patients’ survival using the cut-
off value of CPS 5 but found no significant difference in either PFS or OS for those with CPS scores above or 
below 5 (median PFS, 58.5 days vs. 63 days, HR 1.08 [95% CI 0.47–2.45], P = 0.83; median OS, 210.5 days vs. 
203.0 days, HR 0.96 [95% CI 0.38–2.44], P = 0.77; Supplemental Fig. 3a,b). No trends of HR enhancement in 
PFS or OS were observed with increasing CPS values (Supplemental Fig. 3c–f). For EBV, none of the positive 
cases (n = 3) responded to nivolumab. There was no significant difference in PFS and OS between EBV positive 
and negative patients (median PFS, 55.0 days vs. 58.5 days, HR 1.06 [95% CI 0.32–3.50], P = 0.37; median OS, 
217.0 days vs. 195.5 days, HR 0.90 [95% CI 0.27–3.00], P = 0.77; Supplemental Fig. 4a,b). Among four HER2-
positive cases, three had SD and one had PD. There was no significant survival benefit in HER2 positive vs. nega-
tive patients (median PFS, 147.0 days vs. 54.5 days, HR 0.37 [95% CI 0.13–1.07], P = 0.30; median OS, 252.0 days 
vs. 195.5 days, HR 0.78 [95% CI 0.23–2.59], P = 0.60; Supplemental Fig. 4c,d).

Table 1.  Baseline characteristics. dMMR mismatch repair-deficient, EBER-ISH Epstein–Barr virus (EBV)-
encoded RNA in-situ hybridization, ECOG PS Eastern Cooperative Oncology Group performance status, 
HER2 human epidermal growth factor receptor 2, MMR mismatch repair, NA not available, PD-L1 CPS 
programmed death ligand 1 combined positive score, pMMR mismatch repair-proficient.

Number of patients (n) 31

Median age, years (median, range) 64 (31–77)

Male/female (n, %) 22 (71.0)/9 (29.0)

ECOG PS 0/1 (n, %) 13 (41.9)/18 (58.1)

Primary tumor location (n, %)

 Esophagogastric junction 6 (19.4)

 Upper 3 (9.7)

 Middle 11(35.5)

 Lower 10 (32.3)

 Unknown 1 (3.2)

 No. of metastatic site (median, range) 2 (1–4)

Metastatic site (n, %)

 Liver 15 (48.4)

 Lung 4 (12.9)

 Lymph node 20 (64.5)

 Peritoneum 13 (41.9)

Histology (n, %)

 Differentiated 10 (32.3)

 Undifferentiated 18 (58.1)

 Unknown 3 (9.7)

HER2 status (n, %)

 Positive 4 (12.9)

 Negative 27 (8.7)

EBER-ISH (n, %)

 Positive 3 (9.7)

 Negative 27 (12.9)

 NA 1 (3.2)

MMR status (n, %)

 dMMR 3 (9.7)

 pMMR 27 (8.7)

 NA 1 (3.2)

PD-L1 CPS (n, %)

 ≥ 5 8 (25.8)

 > 5, ≥ 1 5 (16.1)

 1 > 16 (51.6)

 NA 2 (6.5)

 No. of previous regimen (median, range) 3 (2–7)
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Association between immunotherapy efficacy and baseline molecular landscape by liquid 
biopsy. We then examined the association between patients’ survival and the presence of specific genomic 
alterations detected in more than 10% of samples, including TP53, CCNE1, CDK4, EGFR, ERBB2, KRAS, and 
PIK3CA. However, the presence or absence of individual alterations was not associated with survival (Supple-
mental Fig. 5). Similarly, there was no significant survival difference between patients harboring tumors with or 
without CNA (median PFS, 60.0 days vs. 55.0 days, HR 0.92 [95% CI 0.45–1.88], P = 0.66; median OS, 203.5 days 
vs. 216.0 days, HR 1.06 [95% CI 0.48–2.33], P = 0.56; Supplemental Fig. 5).

We next investigated whether bTMB is associated with nivolumab efficacy. We assessed tumor shrinkage and 
survival in groups stratified by 50th (median, bTMB = 4 mut/Mb) and 75th percentiles (bTMB = 6 mut/Mb) of 
bTMB (Fig. 3). Using the median cut-off value, DCR was significantly greater in patients with higher bTMB (9/15 

a

b c d

Figure 1.  The association between the clinicopathological and genomic features of the study population. (a) 
The landscape of pathological feature observed in tissue samples and genomic alterations detected in baseline 
plasma samples of 31 gastric cancer patients. (b) Comparison of bTMB distribution between tumors with 
versus without MSI-H. (c) Relationship between bTMB and PD-L1 CPS. (d) Comparison of bTMB distribution 
between tumors with or without CNA. bTMB blood tumor mutation burden, CNA copy number alteration, 
dMMR mismatch repair-deficient, EBER-ISH Epstein–Barr virus (EBV)-encoded RNA in-situ hybridization, 
HER2 human epidermal growth factor receptor 2, IHC immunohistochemistry, ISH in-situ hybridization, 
MSI-H microsatellite instability-high, PD-L1 CPS programmed death ligand 1 combined positive score, PD 
progressive disease, PR partial response, SD stable disease.
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[15.4%] vs. 2/13 [60.0%], P = 0.02), as was PFS (median PFS, 88 days vs. 48 days, HR 0.55 [95% CI 0.25–1.16], 
P = 0.034) but not OS (median OS 217 days vs. 164 days, HR 0.76 [95% CI 0.33–1.71], P = 0.19). However, using a 
bTMB cut-off of 6 mut/Mb (Fig. 3a–c), nivolumab clinical outcomes were improved with higher vs lower bTMB 
values. DCR was significantly greater (7/9 [77.7%] vs. 4/19 [21.1], P = 0.01), and both PFS (median PFS, 137 days 
vs. 47.5 days, HR 0.35 [95% CI 0.16–0.77], P = 0.002) and OS (median OS, 365 days vs. 133.5 days, HR 0.37 [95% 
CI 0.14–0.93], P = 0.007) were significantly longer in patients harboring tumor with bTMB ≥ 6 (Fig. 3). Given 
that MSI-H had higher bTMB (Fig. 1b), we examined the association between bTMB and survival in cases where 
MSI-H was not detected. We found a significant difference in PFS for higher bTMB values, using either a cut-off 
of 4 mut/Mb (median PFS, 86.0 days vs. 47.0 days, HR 0.55 [95% CI 0.24–1.27], P = 0.040) or 6 mut/Mb (median 
PFS, 88.0 days vs. 47.5 days, HR 0.54 [95% CI 0.23–1.29], P = 0.027; Supplemental Fig. 6a,b). On the other hand, 
a significant OS advantage was not observed for tumors with MSI-H not detected, regardless of bTMB cut-off 
value (bTMB ≥ 4 mut/Mb, median 230.5 days vs. 115.0 days, HR 0.50 [95% CI 0.20–1.28] P = 0.051; bTMB ≥ 6 
mut/Mb, median 244.0 days vs. 133.5 days, HR 0.55 [95% CI 0.20–1.48], P = 0.053; Supplemental Fig. 6c,d).

Given that the presence of CNA may result in a state of immune  evasion23,24, we asked whether survival out-
comes were affected by bTMB in combination with presence or absence of CNA. Significant differences between 
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Figure 2.  The clinical outcome of gastric cancer patients who received nivolumab monotherapy in the overall 
population, and its association with tissue-based biomarkers including dMMR and PD-L1 CPS. Kaplan–Meier 
estimates of progression-free survival (PFS, a) and overall survival (OS, b) of overall gastric cancer patients 
treated with nivolumab monotherapy. Disease control rate (DCR, c), and Kaplan–Meier estimates of PFS (d), 
as well as OS (e), according to dMMR status. Disease control rate (DCR, f), and Kaplan–Meier estimates of 
PSF (g), as well as OS (h), of patients stratified by PD-L1 CPS of 1. dMMR mismatch repair-deficient, MSI-H 
microsatellite instability-high, MSS microsatellite stable, PD-L1 CPS programmed death ligand 1 combined 
positive score, PR partial response, SD stable disease.
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groups were observed for PFS and OS.  (bTMB≥6mut/Mb/CNAnegative vs.  bTMB≥6mut/Mb/CNApositive vs.  bTMB<6mut/Mb/
CNAnegative vs.  bTMB<6mut/Mb/CNApositive; median PFS, 752 days vs. 84 days vs. 37.5 vs. 55.5 days, P < 0.001; median 
OS, not reached vs. 204 days vs. 99.5 days vs. 176 days, P < 0.001; Fig. 4a,b). In post-hoc analyses, we found 
that patients harboring tumors classified as  bTMB≥6mut/Mb/CNAnegative had significantly longer PFS and OS than 
those in the other three categories:  bTMB≥6mut/Mb/CNApositive (median PFS, P = 0.006; median OS, P = 0.039), 
 bTMB<6mut/Mb/CNAnegative (median PFS, P = 0.002; median OS, P < 0.001), and  bTMB<6mut/Mb/CNApositive (median 
PFS, P = 0.007; median OS P = 0.016). This effect persisted after excluding the MSI-H tumors, all of which were 
 bTMB≥6mut/Mb/CNAnegative (median PFS,  bTMB≥6mut/Mb/CNAnegative vs.  bTMB≥6mut/Mb/CNApositive vs.  bTMB<6mut/Mb/
CNAnegative vs.  bTMB<6mut/Mb/CNApositive, 572.5 days vs. 84 days vs. 37.5 days vs. 55.5 days, P = 0.007). For OS, 
the median values for each respective group were not reached vs. 204 days vs. 99.5 days, vs. 176 days, P = 0.003 
(Fig. 4c,d). We further found significant difference both in PFS and OS for patients with  bTMB≥6mut/Mb  CNAnegative 
compared to patients with  bTMB≥6mut/Mb  CNApositive (median PFS, P = 0.041; median OS P = 0.041),  TMB<6mut/Mb 
 CNAnegative (median PFS, P = 0.024; median OS, P = 0.024). These findings suggest that, when using a cfDNA panel 
with a relatively small genomic footprint, bTMB in combination with CNA information may predict clinical 
outcomes for gastric cancer patients treated with nivolumab monotherapy.

Association between immunotherapy efficacy and liquid biopsy dynamics. Using pre- and on- 
treatment samples, we evaluated the dynamics of genomic alterations detected in liquid biopsy as a potential 
predictor for nivolumab efficacy. Among 20 paired samples, 19 were available for evaluation of maxVAF value 
and bTMB at both timepoints (Supplemental Fig. 1b).

We examined the association between maxVAF change and treatment response. Ten patients had decreased 
ΔmaxVAF (pre-treatment maxVAF minus on-treatment maxVAF), whereas 9 patients had non-decreased 
ΔmaxVAF (Supplemental Fig. 7a). We found no significant association between the maxVAF change (decreased 
vs. not decreased) and tumor response  (R2 = 0.01, P = 0.70; Supplemental Fig. 7b). DCR was not significantly dif-
ferent in patients with decreased ΔmaxVAF compared to those with non-decreased ΔmaxVAF (5/7 [71.4%] vs. 
3/12 [25.0%], P = 0.07; Supplemental Fig. 7c). Similarly, PFS and OS were not significantly different in patients 
with decreased ΔmaxVAF compared to those with non-decreased ΔmaxVAF (median PFS, 88 days vs. 56 days, 
HR 0.64 [95% CI 0.24–1.70], P = 0.24; median OS, 286 days vs. 202 days, HR 0.71 [95% CI 0.25–2.03], P = 0.20; 
Supplemental Fig. 7d,e).
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Figure 3.  The association of blood tumor mutation burden (bTMB) with clinical outcome of gastric cancer 
patients received nivolumab monotherapy. Disease control rate (DCR, a), and Kaplan–Meier estimates of 
progression-free survival (PFS, b), as well as overall survival (OS, c) of patients stratified by bTMB of 4 mut/Mb. 
Disease control rate (DCR, d), and Kaplan–Meier estimates of PFS (e), as well as OS (f), of patients stratified by 
bTMB of 6 mut/Mb.
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We next focused on the dynamics of bTMB. Six patients had decreased ΔbTMB (pre-treatment bTMB minus 
on-treatment bTMB) and 13 patients had non-decreased ΔbTMB (Fig. 5a). Analysis of the association between 
dynamics of bTMB and treatment response revealed significant and weak association between the magnitude 
of bTMB change and tumor shrinkage  (R2 = 0.24, P = 0.043; Fig. 5b). DCR was significantly higher in patients 
with decreased ΔbTMB compared to those with non-decreased ΔbTMB (5/6 [83.3%] vs. 3/13 [23.1%], P = 0.04; 
Fig. 5c). Moreover, we found that PR was observed solely in patients with decreased ΔbTMB (2/6, 33.3%). 
We further found that significantly longer PFS was observed in patients with decreased ΔbTMB compared to 
those with non-decreased ΔbTMB (median PFS, 122 days vs. 57 days, HR 0.47 [95% CI 0.17–1.31], P = 0.041; 
Fig. 5d), although OS in patients with decreased ΔbTMB was not significantly longer compared to those with 
non-decreased ΔbTMB (median OS, 365 days vs. 216 days, HR 0.59 [95% CI 0.19–1.84], P = 0.123; Fig. 5e). 
These findings suggest that ΔbTMB accurately reflects treatment response, raising a potential to serve as an early 
indicator of nivolumab treatment benefit.

Discussion
The exploration of biomarkers to predict the therapeutic efficacy of immune checkpoint inhibitors in gastric 
cancer is ongoing. Well-recognized biomarkers for gastric cancer are tissue-based assays such as PD-L1, dMMR, 
and EBV  status3,8, which may be difficult to assess in gastric cancer with insufficient tumor biopsy quantity or 
quality, especially in undifferentiated tumors and those with  heterogeneity8. Blood-based assays have the potential 
to overcome such limitations and may be useful when applied clinically in gastric cancer.

In the current study, we first analyzed the utility of known tissue- and blood-based biomarkers in predicting 
nivolumab treatment efficacy. Patients with dMMR tumors, compared to those with pMMR tumors, demon-
strated excellent survival, consistent with previous  findings15,17. We found that the relationship between PD-L1 
CPS and the efficacy of nivolumab was insignificant, as shown by various PD-L1 CPS cut-off values that did not 
produce consistent trends. Indeed, the exploratory analysis of ATT RAC TION-2 concluded that PD-L1 tumor 
positive score (TPS) was not associated with survival benefit of nivolumab monotherapy in the later line setting 
for gastric  cancer2, while KEYNOTE-061 and KEYNOTE-062 demonstrated the promising clinical utility of 
PD-L1 CPS in defining gastric cancer patients benefit more from pembrolizumab monotherapy in an earlier 
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Figure 4.  The association of bTMB and CNA combination with clinical outcome of gastric cancer patients 
treated with nivolumab monotherapy. Kaplan–Meier estimates of progression-free survival (PFS, a), as well as 
overall survival (OS, b) of patients stratified by the combination of bTMB and CNA in the overall population. 
Kaplan–Meier estimates of PFS (c), as well as OS (d) of patients stratified by the combination of bTMB and 
CNA when MSI-H cased excluded. bTMB blood tumor mutation burden, CNA copy number alteration, MSI-H 
microsatellite instability high.
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clinical  setting5,6. Considering that most of the tissue samples examined in our study were obtained at the time 
of diagnosis, they may not reflect the status of the tumor just prior to treatment. Therefore, the predictive value 
of tumor PD-L1 status, either CPS or TPS, for ICI efficacy may be dependent on when tissue is collected. Also, 
we did not find clinical benefits of nivolumab in EBV-positive patients. These differences between previous 
 studies2,4–7,12,15,17 and ours, in the reliability of PD-L1 and EBV status as a biomarker of ICI efficacy, is possibly 
due to the relatively small number of patients in the current analysis.

Regarding molecular features on liquid biopsy, one of our important findings was that plasma-based MSI-H 
and tissue-based dMMR status were in 100% concordance. As shown in previous  studies16,25, MSI-H determina-
tion by liquid biopsy may provide a convenient approach for determining ICI eligibility for gastric cancer patients. 
On the other hand, we did not observe any single genetic alteration that was associated with a therapeutic effect 
of nivolumab. We, therefore, explored the broader mutational landscape in each plasma sample by investigating 
the impact of bTMB on the prediction of nivolumab efficacy. As cut-off values for bTMB by the version of the 
assay used in this study have not been established, we examined the cut-off values of 4 mut/Mb and 6 mut/Mb 
of bTMB, which are the 50th and 75th percentile for bTMB, respectively. We found that patients with bTMB ≥ 6 
mut/Mb had longer PFS and OS compared to patients with bTMB < 6 mut/Mb. Data have suggested a lower range 
of bTMB is mainly distributed in MSS gastric cancer  patients26,27, while high bTMB is often observed in MSI-H 
gastric  tumors27,28. We thus excluded MSI-H cases from the analysis and found that the significant improvement 
in OS was lost, consistent with a post-hoc analysis of a clinical trial in which tissue-based TMB was  assessed21. 
Despite the limited number of cases in our study, these results suggest that there may be some predictive value 
for high bTMB alone for gastric cancer patients treated with  nivolumab28.

Given that previous studies have shown the usefulness of the combination of TMB and CNA obtained by 
tissue-based whole exome sequence (WES) and NGS panel assay in the prediction of ICI  efficacy29,30, we inte-
grated bTMB and blood-based CNA and analyzed its association with treatment outcome. Here, we first dem-
onstrated that patients with  bTMB≥6mut/MbCNAnegative had the best benefit from nivolumab. CNA, one of the 
hallmarks of cancer, is known to result in immune  evasion31. CNA high tumors were shown to have an immune 
evading environment compared to CNA low tumors due to upregulated expression of cell cycle markers and 
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Figure 5.  The association between ΔbTMB dynamics and clinical outcome of gastric cancer patients treated 
with nivolumab monotherapy. (a) Association between tumor response and changes of bTMB between pre- vs. 
on-treatment (immediately before the third cycle) samples. (b) Correlation between bTMB change from the 
baseline and degree of tumor shrinkage. (c) Comparison of disease control rate (DCR) between cases with 
decreased bTMB vs. non-decreased bTMB. Kaplan–Meier estimates of progression-free survival (PFS, d) and 
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9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5652  | https://doi.org/10.1038/s41598-023-32645-x

www.nature.com/scientificreports/

decreased expression of cytotoxic markers and immune cell infiltration, thus leading to a poor prognosis when 
treated with  ICI23,24. In general, elevated tissue TMB has been shown to be associated with increased CD8 T-cell 
infiltration; however, the positive correlation between TMB and CD8 T-cell infiltration is not observed in gastric 
cancer with CNA high  tumors24,32. Given that these findings are based on the tissue-based assay, we wished to 
determine whether they could be applied to a blood-based relatively small NGS panel assay as  well33. Moreover, 
we did not evaluate immune cell infiltration in tumor tissue. Further study is therefore needed in this regard. 
Nonetheless, these data support our finding of the usefulness of the bTMB and CNA combination in the predic-
tion of nivolumab in this setting, which warrants confirmation in a larger cohort.

In our analysis of the association between nivolumab efficacy and liquid biopsy dynamics, including two 
parameters, ΔmaxVAF and ΔbTMB. We found a significant PFS improvement in patients with decreased ΔbTMB 
but not in patients with ΔmaxVAF, suggesting a potential utility of ΔbTMB as an on-treatment biomarker for 
PFS. Dynamics of bTMB, as well as maxVAF, have been found to be correlated with treatment response and 
prolonged  survival34–40, given that both bTMB and maxVAF innately reflect tumor  burden39,41; however, there are 
few studies comparing the utility of maxVAF and bTMB dynamics for predicting the treatment efficacy of  ICI42. 
A recent study demonstrated correlation with outcomes for cancer patients treated with ICI, including those 
with gastrointestinal cancers, was observed for maxVAF changes, but not for bTMB  changes42. The results of that 
study, however, are inconsistent with our results. Possible reasons include a different ctDNA assay platform and 
schedules for blood sample collection between the studies (Supplementary Table 2). Furthermore, that study and 
ours were both conducted with a small number of patients (n = 84 vs. n = 20). Given that there are no standard 
methods to quantitate ctDNA for maxVAF and bTMB calculation and those to evaluate their association with 
clinical outcomes at the  moment43, further study and harmonization are strongly needed in order to use liquid 
biopsy efficiently in a clinical practice  setting43.

The current study has several limitations. First, this study included a small sample size, which limits our abil-
ity to draw definitive conclusions from the exploratory analyses that we conducted. Nevertheless, our findings 
may inform larger studies that are better powered to confirm our hypotheses. Second, the plasma-based NGS 
assay that we used in this study, with a genomic footprint of approximately 150 kb, is much smaller than that of 
commercially available tissue-based NGS assays which report  TMB33,44,45. This might affect the determination of 
bTMB and CNA status in gastric cancer patients. Additionally, considering the potential impact of tumor burden 
and the amount of tumor shedding, bTMB may not be as reliable and stable as  tTMB46. A cautious interpretation 
of our result is therefore warranted. Finally, due to the nature of the observational study, we did not strictly set 
the assessment schedule of the CT scan, which may have missed the short-term immune response.

In conclusion, we demonstrated that, although bTMB based on an assay with a small genomic footprint 
has limited utility as a predictive biomarker for nivolumab treatment of advanced gastric cancer, a combina-
tion of bTMB and CNA status may have the potential to predict the efficacy of nivolumab monotherapy in the 
3rd or later line setting Our analysis also raises the clinical utility of ΔbTMB in the monitoring of nivolumab 
monotherapy in this setting as an on-treatment biomarker. Further prospectively planned analyses with a larger 
cohort are needed to confirm these findings and to use liquid biopsy more efficiently in the real-world practice 
for gastric cancer patients treated with ICIs.

Materials and methods
Patients and sample collection. Patients included in this study were those who (i) consented to the col-
lection of their blood for research purposes and (ii) were treated with nivolumab (240 mg, every 2 weeks) for 
advanced gastric cancer at Osaka University Hospital from December 2014 to May 2018. Blood samples were 
collected at baseline (just before initiation of nivolumab treatment) and immediately before the third admin-
istration (6 weeks after the first dose, Supplemental Fig. 1b). This study was approved by the Osaka University 
ethical committee (No. 764, No. 765) in accordance with the Declaration of Helsinki.

Plasma samples analysis. Plasma samples were isolated via centrifugation and stored at − 80  °C until 
cfDNA analysis. For cfDNA analysis, next-generation sequencing was performed using Guardant360, as pre-
viously  described47. This assay detects SNVs, indels, fusions, and copy number alterations in 74 genes (Sup-
plementary Table 3) with a reportable range of ≥ 0.04, ≥ 0.02, ≥ 0.04% and ≥ 2.12 copies, respectively, as well as 
microsatellite instability-high (MSI-H). 3–5 ml of frozen plasma samples were shipped to the central laboratory, 
which is CLIA-certified, CAP-accredited, and New York State Department of Health-approved. After extrac-
tion from plasma, 5–30 ng of cfDNA was labeled with nonredundant oligonucleotides (molecular barcoding), 
enriched using targeted hybridization capture, and sequenced on the Illumina NextSeq 550 platform. Base call 
files generated by Illumina’s RTA software v.2.12 were demultiplexed using bcl2fastq v.2.19 and processed as pre-
viously  described47. The processed reads were then aligned to hg19 using the Burrows–Wheeler aligner–MEM 
algorithm. Somatic cfDNA alterations were identified using a proprietary bioinformatics pipeline and ctDNA 
fraction was measured by the maximum variant allelic frequency (maxVAF).

The reported variants were filtered based on several sources, including OncoKB, Clin Var, and COSMIC, 
and selected variants of known or likely pathogenic status were identified and represented on an oncoprint. 
Plasma-based MSI assessment was conducted by sequencing microsatellite loci, as previously  described16. The 
blood tumor mutation burden (bTMB) was determined by normalization to the mutation burden expected for 
the tumor type and ctDNA fraction, as derived from a training set of 10,543 consecutive clinical samples, and 
is reported as a bTMB score.

Tissue immunohistochemical analysis. Archival formalin-fixed paraffin-embedded (FFPE) tumor 
specimens with the pathological report, which included HER2 status, were retrospectively collected for IHC 
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analysis, if residual samples were available. IHC analysis, such as for PD-L1, MMR, and chromogenic in situ 
hybridization for EBV-encoded RNA (EBER-ISH) using fluorescein-labeled peptide nucleic acid probes (EBV 
PNA Probe/Fluorescein, Agilent), were performed on FFPE tumor samples and assessed by an established 
pathologist.

For PD-L1 evaluation, IHC staining was performed using PD-L1 IHC 28-8 pharmDx (Dako). The level of 
PD-L1 protein expression was determined using the combined positive score (CPS), which was calculated as 
the number of PD-L1-stained cells (tumor cells, lymphocytes, and macrophages) divided by the total number of 
viable tumor cells and multiplied by 100. Tumor PD-L1 positivity was defined as CPS ≥ 1%.

MMR status was determined by IHC for the following proteins; anti-mutL homolog 1 (MLH1; Clone ES05, 
Agilent Technologies), anti-mutS homolog 2 (MSH2; Clone FE11, Agilent Technologies), anti-postmeiotic seg-
regation increased 2 (PMS2; Clone EP51, Agilent Technologies), and anti-mutS homolog 6 (MSH6; Clone EP49, 
Agilent Technologies), in FFPE samples. MMR-deficient (dMMR) was defined as a tumor that lacked staining 
for at least one of the MMR proteins.

Outcomes and statistical analysis. Patients’ clinical data were retrospectively obtained from electronic 
records. We evaluated the ORR, DCR, progression-free survival (PFS), and OS. Tumor response was assessed in 
patients with evaluable lesions using the Response Evaluation Criteria in Solid Tumors version 1.148. The ORR 
was defined as the proportion of patients with the best overall response of complete response (CR) or partial 
response (PR). The DCR was defined as the proportion of patients with CR, PR, or stable disease. Pseudopro-
gression was defined as 25% initial increase in tumor burden and subsequent imaging evaluations that fulfilled 
the criteria of partial  response49. The PFS was defined as the interval from the start of treatment until disease 
progression or death from any cause or the last follow-up visit and estimated by the Kaplan–Meier method. Sta-
tistical analyses were performed using GraphPad and  EZR50. Categorical and quantitative data were compared 
using the Fisher’s exact test and Mann–Whitney U test, respectively. Survival analysis was estimated by the 
Kaplan–Meier method with the log-rank test and presented as hazard ratios (HRs) with 95% confidence inter-
vals (CIs). A two- sided P < 0.05 was considered significant. For multiple comparisons, if statistically significant 
existed among all groups, no post-hoc comparison adjustment was used.

Ethical approved and consent to participate. This study was approved by the Osaka University ethical 
committee (No. 764, No. 765) in accordance with the Declaration of Helsinki. Written informed consent was 
obtained from all patients who were enrolled in this study.

Data availability
The datasets generated during and/or analyzed during the study are not publicly available due to restrictions of 
the research ethics protocol but are available from the corresponding author upon reasonable request.
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