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First-line nivolumab-plus-chemotherapy demonstrated superior overall
survival (OS) and progression-free survival versus chemotherapy for
advanced gastroesophageal adenocarcinoma with programmed death

ligand 1combined positive score > 5, meeting both primary end points of
the randomized phase 3 CheckMate 649 trial. Nivolumab-plus-ipilimumab
provided durable responses and higher survival rates versus chemotherapy;
however, the prespecified OS significance boundary was not met.
Toidentify biomarkers predictive of differential efficacy outcomes, post
hocexploratory analyses were performed using whole-exome sequencing
and RNA sequencing. Nivolumab-based therapies demonstrated improved
efficacy versus chemotherapy in hypermutated and, to alesser degree,
Epstein-Barr virus-positive tumors compared with chromosomally unstable
and genomically stable tumors. Within the KRAS-altered subgroup, only
patients treated with nivolumab-plus-chemotherapy demonstrated
improved OS benefit versus chemotherapy. Low stroma gene expression
signature scores were associated with OS benefit with nivolumab-based
regimens; high regulatory T cell signatures were associated with OS benefit
only with nivolumab-plus-ipilimumab. Our analyses suggest that distinct
and overlapping pathways contribute to the efficacy of nivolumab-based
regimens in gastroesophageal adenocarcinoma.

Integration of immune checkpoint blockade into the therapeutic
armamentarium of advanced gastroesophageal adenocarcinoma
hasimproved outcomesin a disease where standard first-line chemo-
therapy has median OS of less than 1year'*. Nivolumab, a programmed
death 1 (PD-1) inhibitor, plus chemotherapy, demonstrated superior
OS compared with chemotherapy alone in previously untreated,
nonhuman epidermal growth factor receptor 2 (HER2)-positive
advanced gastric, gastroesophageal junction and esophageal ade-
nocarcinoma in the CheckMate 649 study’. Based on these data,
nivolumab-plus-chemotherapy is approved for the first-line treat-
ment of this disease in many countries®. In contrast, treatment with

nivolumab plus the cytotoxic T lymphocyte antigen-4 (CTLA-4) inhibi-
tor ipilimumab failed to meet the prespecified hierarchically tested
secondary end point of OS versus chemotherapy in patients with pro-
grammed death ligand 1 (PD-L1) combined positive score (CPS) > 5,
although responses were more durable and the OS rate was higher at
24 months’.

Nivolumab and ipilimumab elicit antitumor responses by dis-
tinct but complementary mechanisms of action®’. PD-1 inhibition
restores the antitumor function of T cells', whereas CTLA-4 inhibition
induces de novo antitumor T cell responses as well as modulation of
regulatory T cells" ™. Anti-PD-1and anti-CTLA-4 combination therapies
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Fig.1| Genomic characterization of baseline tumors from CheckMate 649.
a, Flowchart depicting method of genomic classification of tumors (left).
Scatter-plot of TMB versus genomic instability in EBV-negative tumors (right).
b, Tumor subtyping by anatomical location. ¢,d, Forest plot of OS by genomic
subsetsin patients treated with nivolumab-plus-chemotherapy (c) or
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nivolumab-plus-ipilimumab (d) versus chemotherapy. Data are presented as
unstratified HRs and 95% CI. HR was not calculated if the number of patientsin

each armwas <5. Open circles represent MSI-H, filled circles represent MSS,
and squares represent not available (NA). IPI, ipilimumab; MSI-H, MSI-high;
NIVO, nivolumab.

enhance expansion of tumor-specific T cells, including CD8" T cells
and T helper cells, compared with monotherapies®”. The observed
efficacy of nivolumab-plus-chemotherapy in CheckMate 649 may be
attributed to the potentiation of chemotherapy-induced cytotoxicity
and immunogenic cell death with the antitumor effects of nivolumab'®.
Therefore, responses to nivolumab-plus-chemotherapy and to
nivolumab-plus-ipilimumab are likely driven by distinct molecular

or immunophenotypes of the tumor. Identification of pretreatment
biomarkers associated with outcomes with nivolumab-based regimens
in gastroesophageal adenocarcinoma may help identify patient sub-
groups that are likely to derive the most clinical benefit.

Among the four molecularly distinct subsets of gastroesopha-
geal cancer”, microsatellite instability (MSI)-high tumors have the
most favorable outcomes withimmune checkpointblockade, whereas
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studies describing tumors with chromosomal instability (CIN) or
that are genomically stable (GS) or Epstein-Barr virus (EBV)-positive
are limited™®?'. Select gene expression signatures (GES) related to
inflammation, stroma or angiogenesis were associated withimmune
checkpoint blockade outcomes across tumor types*'; however,
there has not been a comprehensive DNA or RNA analysis explor-
ing the relationship of various pretreatment tumor characteris-
tics with therapeutic outcomes in metastatic gastroesophageal
adenocarcinoma. We describe in-depth biomarker analyses from
baseline tumors from the CheckMate 649 study to examine the asso-
ciation of biomarkers with survival outcomes in patients treated with
nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab versus
chemotherapy.

Results

Patient population

0f1,581 patients randomized to receive nivolumab-plus-chemotherapy
versus chemotherapy, 685 (43%) were evaluable by whole-exome
sequencing (WES) and 809 (51%) were evaluable by RNA sequencing
(RNA-seq) (Supplementary Table 1). Of 813 patients randomized to
receive nivolumab-plus-ipilimumab versus chemotherapy, 366 (45%)
were evaluable by WES and 402 (49%) were evaluable by RNA-seq (Sup-
plementary Table 2). At data cutoff (31 May 2022), minimum follow-up
(time from concurrent randomization of the last patient to data cutoff)
for the nivolumab-plus-chemotherapy versus chemotherapy group was
36.2 months. Minimum follow-up for the nivolumab-plus-ipilimumab
versus chemotherapy group was 47.9 months.

Baseline characteristics were generally balanced between the treat-
ment groups and were consistent for all-randomized, WES-evaluable
and RNA-seq-evaluable patients (Supplementary Tables 1 and 2).
Median OS and hazard ratios (HRs) were generally comparable between
all-randomized, WES-evaluable and RNA-seq-evaluable patientsin both
the nivolumab-plus-chemotherapy and nivolumab-plus-ipilimumab
versus chemotherapy groups, suggesting that the biomarker-evaluable
populations were representative of the entire randomized population
(Supplementary Tables1and 2).

0S by genomic subtypes

Among the WES-evaluable population (n = 889), 41 patients (5%) were
EBV positive. Of tumors that did not have sequences mapping to the
EBV genome, a Gaussian mixture model of tumor mutational burden
(TMB) and CIN scores identified three clusters: 533 (60%) had a high
chromosomal instability score and were classified as CIN, 273 (31%)
had low chromosomalinstability score and were classified as GS and
42 (5%) had high TMB and were classified as hypermutated (Fig. 1a).
These subtypes werein alignment with those described by The Cancer
Genome Atlas (TCGA)". Further characterization revealed that 37 of
42 (88%) hypermutated tumors were MSI-high (Fig. 1a). Analysis of
the genomic subtypes by tumor location revealed that the CIN sub-
type was predominant in esophageal (86%) and gastroesophageal
junction adenocarcinomas (72%) (Fig. 1b). Association with histol-
ogy was consistent with TCGA", and the diffuse histological subtype
was predominantin the GS group (Extended Data Fig. 1a). Although
the prevalence of PD-L1 CPS > 5was high in the EBV subtype, no pro-
nounced associations were seen with PD-L1CPS and genomic subtypes
(Extended Data Fig. 1b).

The hypermutated subtype benefited most fromboth nivolumab-
based regiments versus chemotherapy (nivolumab-plus-chemotherapy,
HR 0.37,95% C1 0.15-0.90; Fig. 1c; nivolumab-plus-ipilimumab, HR
0.27,95% C10.07-1.06; Fig. 1d).

Patients with CIN subtype derived less benefit from the addi-
tion of nivolumab to chemotherapy (HR 0.92, 95% CI 0.74-1.13) com-
pared with those with GS (HR 0.70, 95% Cl 0.52-0.94) or EBV (HR
0.61, 95% CI 0.26-1.45) subtypes (Fig. 1c); similar OS trends across
these subtypes were also observed in the PD-L1 CPS > 5 population
(Extended DataFig. 1c); however, a different trend was observed with
nivolumab-plus-ipilimumab versus chemotherapy, which resulted in
an HR of 0.81 (95% CI 0.61-1.08) in the CIN subtype and 0.76 (95% CI
0.22-2.64) in the EBV subtype compared with 1.01 (95% C1 0.70-1.46)
inthe GS subtype.

OS by TMB and MSI status

Among WES-evaluable patients treated with nivolumab-plus-
chemotherapy, 57 patients (8%) were TMB-high (TMB-high denotes
>199 mutations/exome; Fig.2a). An analysis of the association between
TMB and microsatellite instability in patients where both biomarkers
were evaluable revealed that all patients with MSI-high tumors also
had TMB-high status.

The magnitude of OS benefit seemed higher with nivolumab-
plus-chemotherapy versus chemotherapy in patients with TMB-high
tumors (HR 0.48,95% C10.25-0.91) compared with those with TMB-low
tumors (HR 0.85, 95% CI 0.72-1.00). A similar trend was observed
when MSI-high patients were excluded from the analysis, suggest-
ing that the association was not solely driven by MSI-high patients
(Fig. 2a). The enrichment of OS benefit in TMB-high tumors with
nivolumab-plus-chemotherapy versus chemotherapy was consist-
ently observed in patients with PD-L1 CPS > 5 tumors (HR 0.43, 95%
Cl1 0.21-0.89; Extended Data Fig. 2a). The number of patients with
TMB-high and PD-L1CPS < 5wasless than 5 per treatment group; there-
fore, OS benefit could not be evaluated. In patients with MSI-high
tumors, the magnitude of OS benefit was enriched compared with the
overall population treated with nivolumab-plus-chemotherapy versus
chemotherapy (HR 0.34, 95% C1 0.16-0.74; Fig. 2b), although sample
sizes were small; patients with microsatellite stable (MSS) tumors had
OS benefitsimilar to that of the overall population (MSS, HR 0.79, 95%
Cl10.71-0.89; Fig. 2b; overall population, HR 0.69, 95% C1 0.60-0.79)°.

Patients with TMB-high tumors seemed to benefit from nivolumab-
plus-ipilimumab (HR 0.31, 95% CI 0.10-0.95), although the sample
size in the TMB-high group was small (Fig. 2c); similar results were
also observed in patients with PD-L1 CPS > 5 (Extended Data Fig. 2b).
In patients with MSI-high tumors, OS benefit was observed with
nivolumab-plus-ipilimumab versus chemotherapy (HR 0.28, 95% CI
0.08-0.92) (Fig. 2d). OSresults in patients with MSS tumors (HR 0.95,
95% C10.81-1.11) were consistent with the overall patient population’
(Fig. 2d).

0S by genetic alterations

To characterize the impact of alterations in gastroesophageal
adenocarcinoma-relevant genes, association of genetic changes
(mutations or copy number) with OS was evaluated (Extended Data
Fig. 3a and Supplementary Table 3). The most frequently altered
genes among patients were TP53 (55%), ARID1A (13%) and KRAS

Fig.2|0S by TMB in patients treated with nivolumab-plus-chemotherapy or
nivolumab-plus-ipilimumab versus chemotherapy. a, Forest plot showing OS
by baseline TMB status in patients who received nivolumab-plus-chemotherapy
versus chemotherapy. Data are presented as unstratified HRs and 95% CI.

b, Kaplan-Meier curves of OS by microsatellite stability status in patients treated
with nivolumab-plus-chemotherapy versus chemotherapy. ¢, Forest plot showing
OS by baseline TMB status in patients who received nivolumab-plus-ipilimumab
versus chemotherapy. d, Kaplan-Meier curves of OS by microsatellite stability

status in patients treated with nivolumab-plus-ipilimumab versus chemotherapy.
TMB-high denotes 2199 mutations per exome, whereas TMB-low denotes <199
mutations per exome. Data are presented as unstratified HRs and 95% CI. HR was
not calculated if the number of patients in each arm was <5.*TMB not evaluable
(NE)/available in 896 patients (NIVO + chemo: n = 431; Chemo: n = 465).°TMB not
evaluable/available in 727 patients (NIVO + chemo: n = 355; Chemo: n = 372). “TMB
not evaluable/available in 447 patients (NIVO + IPI: n = 226; Chemo: n = 221). “TMB
not evaluable/available in 351 patients (NIVO + IPI: n = 181; Chemo: n =170).
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Fig. 3 | Efficacy by KRAS alterations in patients treated with nivolumab-plus-
chemotherapy versus chemotherapy. a, Kaplan-Meier estimates of OS in all
WES-evaluable patients with altered (left) or unaltered (right) KRAS mutations
+amplifications. b, OS by baseline KRAS pathway alteration status derived from

the model, including interaction of KRAS alteration status with treatment, MSI
and TMB status. Data are presented as unstratified HRs and 95% Cl. ¢, KRAS
mutation map. *MSlI status not evaluable/available in two patients. KRAS, Kirsten
rat sarcoma viral oncogene.

(12%). The results suggest a general trend toward OS benefit with
nivolumab-plus-chemotherapy versus chemotherapy across gene
alteration subgroups; however, the interpretation is limited due to
the small number of patients within each genomic subset, which led
towide confidenceintervals (Extended DataFig. 3b). Although benefit
was observed regardless of KRAS alteration status, a higher magni-
tude of benefit was noted within the KRAS-altered subgroup (HR 0.53;
Fig. 3a). Similar trends were observed when KRAS alterations were
further categorized as mutations or amplifications; 31 patients (5%)
had KRAS mutations, and 52 patients (8%) had KRAS amplifications
(Fig. 3b). Most KRAS mutations seemed to occur at the G12 and G13
codons (Fig.3c). Gene alterations did not have anotable impact on OS
with nivolumab-plus-ipilimumab versus chemotherapy (Extended Data
Fig.3c), although patient numbers were small within some subgroups.

OS by GES

Baseline tumor GES of potential clinically and biologically relevant path-
ways spanning intrinsic and extrinsic tumor microenvironment factors
(Supplementary Table 4) were evaluated for correlation with each other
and separated into three modules: MAPK/hypoxia/glycolysis/prolifera-
tion, inflammation and angiogenesis/stroma. Inflammation-related
GES including regulatory T (T,.,) cells showed moderate-to-strong
correlation with each other (Fig. 4a). In the MAPK/hypoxia/glycolysis/
proliferation module, the 34-gene MAPK GES was highly correlated with
proliferation (Spearman’s correlation p = 0.9), hypoxia (Spearman’s
correlationp > 0.5) and glycolysis-related GES (Spearman’s correlation

p=0.7) (Fig.4a). These observations were recapitulated when patients
were clustered based on the same signatures, and grouped into three
clusters, similar to the three modules in Fig. 4a. Tumors tended to
have similar expression patterns of different signatures within the
same cluster. CIN tumors tended to be enriched in patients with higher
expression of MAPK/hypoxia/glycolysis/proliferation-related GES, and
PD-L1CPS > 5 tumors were more frequently observed in patients with
higher inflammation-related GES (Fig. 4b).

Several GES were associated with OS benefit from nivolumab-
plus-chemotherapy versus chemotherapy (P< 0.1; likelihood ratio test
(LRT)) (Extended Data Fig. 4a). This included multiple angiogenesis-,
MAPK- and stroma-related signatures (Extended Data Fig. 4a). Further
stratification of all RNA-seq-evaluable patients into tertiles based
on GES high, medium or low scores was performed, and the results
were visualized using Kaplan-Meier curves and forest plots (Fig. 5
and Extended Data Fig. 5). Low angiogenesis GES scores were associ-
ated withimproved OS benefitin all-evaluable patients and those with
PD-L1CPS =5 0r CPS < 5 (five-gene angiogenesis (low), all-evaluable, HR
0.68; CPS =5, HR 0.62; CPS <5, HR 0.66; Fig. 5a,b and Extended Data
Fig.5b,c). Low stromaand high MAPK GES scores were also associated
withimproved OS with nivolumab-plus-chemotherapy versus chemo-
therapy in the all-evaluable and PD-L1 CPS > 5 subgroups (Fig. 5a and
Extended Data Fig. 5b). No obvious associations of OS benefit with
inflammatory GES were observed.

Associations were also observed between GES and OS benefitin the
nivolumab-plus-ipilimumab versus chemotherapy group (P< 0.1;LRT);
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Fig. 4 | Relationship between key biomarkers in all patients treated normalized by z-score method where samples with high z-score (red) indicates
with nivolumab-plus-chemotherapy, nivolumab-plus-ipilimumab or relative high gene signature score and low z-score (blue) indicates relative low
chemotherapy. a, Correlation of gene signatures among all RNA-seq evaluable genesignature score. Patients (column) were ordered based on similarity of
patients. Numbers indicate the Spearman’s correlation. The strength of gene signatures of their tumor samples via hierarchical clustering method.
associationis indicated by the color scale shown on the right. b, Heatmap Dendrogram (top) was added to show the hierarchical relationship between
of baseline tumors clustered by the gene signatures of interest in patients samples. Similarly, gene signatures (rows) were ordered and dendrogram (left)
treated with nivolumab-plus-chemotherapy, nivolumab-plus-ipilimumab was added to show the hierarchical relationship between gene signatures.
or chemotherapy. For visualization purposes, each gene signature was first *Mutations per exome.
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Fig. 5| OS by GES scores in patients treated with nivolumab-plus-
chemotherapy versus chemotherapy. a, Forest plot showing the correlation
between OS and selected signatures used to stratify patients into tertiles (high,
medium or low). Data are presented as unstratified HRs and 95% CI. HR was

not calculated if the number of patients in each arm was <5. b, Kaplan-Meier
estimates of OS in all RNA-seq-evaluable patients with low, medium or high
angiogenesis GES scores (five-gene angiogenesis) at baseline.

these GESincluded angiogenesis-, glycolysis-, hypoxia-, inflammatory-,
chemokine-, T, cell-, MAPK-, proliferation- and stroma-related signa-
tures (Extended Data Fig. 4b). Numerous GES subgroups by tertiles
showed OS benefit with nivolumab-plus-ipilimumab versus chemo-
therapy (Fig. 6). OS benefit was observed in patients with high inflam-
mation GES scores among all-evaluable patients (12-gene chemokine
(high), HR, 0.59; ten-gene inflammation (high), HR 0.63; Fig. 5) and
those with PD-L1 CPS =5 (HR 0.77; Extended Data Fig. 6). Improved
OS was also observed in patients with high T, GES score regardless
of PD-L1status (two-gene T, cell (high), all-evaluable, HR 0.59; PD-L1
CPS >5,HR0.57; PD-L1 CPS < 5,HR 0.51); the Kaplan-Meier OS curves
for these subgroups demonstrated no evidence of an early detriment
with nivolumab-plus-ipilimumab versus chemotherapy (Fig. 5a,b and
Extended Data Fig. 7). Multivariate analysis adjusting for baseline

inflammation demonstrated a similar association of high T, cell

GES scores with OS benefit for nivolumab-plus-ipilimumab versus
chemotherapy, suggesting that this effect was not driven by base-
line inflammation levels (T, cell (high) adjusted by ten-gene inflam-
mation, all-evaluable, HR 0.57 (95% C1 0.39-0.83); PD-L1 CPS > 5, HR
0.57 (95% CI1 0.35-0.92); PD-L1 CPS <5, HR 0.46 (95% CI 0.24-0.86)).
A summary of the various GES potentially associated with efficacy
with nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab
isprovided in Extended Data Fig. 8.

To further explore associations of GES with efficacy of nivolumab-
plus-chemotherapy or nivolumab-plus-ipilimumab, gene set enrich-
ment analysis (GSEA) was conducted (Extended Data Fig. 9). Enrich-
ment of inflammation-related gene sets (interferon_alpha_response
and allograft_rejection)®>** were prognostic for OS benefit in both
nivolumab-plus-chemotherapy and chemotherapy (false discovery
rate <0.01); however, these were predictive of better OS benefit with
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nivolumab-plus-ipilimumab versus chemotherapy (Extended Data
Fig.9). Cellcycle-related gene sets (MYC_targets_vl, G2M_checkpoint
and E2F _targets) were enriched with genes predictive of better OS with
both nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab
versus chemotherapy (Extended Data Fig. 9). The epithelial-mes-
enchymal transition gene set was prognostic of worse OS in all
three treatment groups (adjusted P value of interaction >0.9;
Extended DataFig.9).

Discussion

This analysis from the CheckMate 649 study utilized large-scale
WES and RNA-seq analyses to gain deeper understanding of
signaling pathways associated with favorable outcomes with
nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab versus
chemotherapy. To our knowledge, this study provides the largest WES
and RNA-seq datasets with first-line immune checkpoint blockade in
gastroesophageal adenocarcinoma.

Genomic subtyping analyses of all WES-evaluable tumors from
CheckMate 649 showed that the CIN subtype was predominant in
esophageal and gastroesophageal junction adenocarcinomas. In
WES-evaluable patients, differential associations of OS benefit with
genomic subtypes were observed for nivolumab-plus-chemotherapy
and nivolumab-plus-ipilimumab versus chemotherapy. Greater OS
benefit was observed with nivolumab-plus-chemotherapy and with
nivolumab-plus-ipilimumab versus chemotherapy among patients
with the hypermutated subtype, followed by EBV; however, the small
sample size in this subgroup limits interpretation.

Several studies have shown that CINis linked to cancer progression
and metastasis due to increased cancer cell migration and immune
evasion® %, One of the CIN-driven mechanisms to evade the immune
system is the chronic activation of the cGAS-STING pathway, which
increases resistance to anti-PD-1/PD-L1 treatment® . In CheckMate
649, adding ipilimumab to nivolumab may have potentially reduced
the effect of thisimmune evasionin CIN tumors, leading to OS benefit,
although further confirmationis required. Novel therapeutic options
and combination strategies may be needed to further improve out-
comes in patients with CIN tumors.

OS benefit with nivolumab-plus-chemotherapy versus chemother-
apy was generally observed regardless of gene alteration status; altera-
tionsin TP53,ARIDIA and KRAS were the most commoninthese analyses.
Notably, patients with tumors harboring KRAS alterations derived
a higher magnitude of benefit with nivolumab-plus-chemotherapy
versus chemotherapy compared with the KRAS-unaltered subgroup.
Although definitive conclusions cannotbe drawn from these findings
due to small patient numbersin some subgroups, similar results were
reported in lung cancer studies, where there were better outcomes
withimmunotherapy-based regimens than with chemotherapy-based
regimens®**°, The underlying mechanisms for the improved efficacy
with nivolumab-plus-chemotherapy in gastric tumors with KRAS altera-
tions are yet to be established. However, several studies previously
demonstrated that mutant KRAS promotes an immunosuppressive
tumor microenvironment through multiple mechanisms, such as
increased release of IL-10 and TGF-f via the ERK-MAPK pathway, result-
ing in promotion of T, cells and inhibition of CD8" T cell activity*-**.
Blocking PD-1can counteract these effects by reinvigorating CD8" T cell
responses and reducing the immunosuppressive impact of mutant
KRAS on the tumor microenvironment, leading to potentially better
outcomes in KRAS-mutant cancers under immune checkpoint inhibi-
tion. Inaddition, oncogenic KRAS signaling is capable of upregulating
noncodingtranscripts arising from transposable elements, whichare
known to increase tumorimmunogenicity*. These factors may lead to
anincreased susceptibility toimmunotherapies.

TMB is lower in gastroesophageal cancers compared with lung
cancer and melanoma**. Consistent with these data, 8% of patients
evaluable for this biomarker had TMB-high tumors in this study;

all TMB-high tumors were also MSI-high. Nevertheless, a trend
toward improved OS benefit with nivolumab-plus-chemotherapy
or nivolumab-plus-ipilimumab versus chemotherapy was observed
among patients with high TMB, in both all-randomized and PD-L1
CPS > 5 populations. Similar results have beenreported in other tumor
types following treatment with immune checkpoint inhibitors?2**;
however, this relationship could not be evaluated in patients with high
TMB and PD-L1 CPS < 5due to small sample size.

In RNA-seq analyses, subgroups with low angiogenesis and low
stroma GES scores were associated with greater OS benefit with
nivolumab-plus-chemotherapy and nivolumab-plus-ipilimumab
versus chemotherapy. Notably, low angiogenesis GES scores were
associated with OS benefit of nivolumab-plus-chemotherapy versus
chemotherapy eveninthe PD-L1CPS < 5subgroup. These findings are
aligned with the known interplay of angiogenesis and stromal/fibro-
blast signaling that leads to immune suppression and resistance to
immune checkpointblockade, likely through impaired vasculature and
stromal aberrations resulting in reduced perfusion limiting the entry
and function of effector T cells into the tumor microenvironment**,
Furthermore, vascular endothelial growth factor (VEGF), which plays
acriticalroleinangiogenesis, activates and recruits immune suppres-
sive cells such as T, cells and tumor-associated macrophages®. The
combination of immunotherapy and anti-angiogenic/anti-fibroblast
agents may potentially overcome tumor resistance to anticancer agents
and improve treatment outcomes in gastroesophageal cancer™ .
Tumor T cellinflammationis aknown predictive biomarker forimmune
checkpointblockade in gastroesophageal and other tumor types® %,
Notably, although our analyses indicated an association between
baseline inflammation and efficacy of nivolumab-plus-ipilimumab,
the trend was less obvious with nivolumab-plus-chemotherapy. This
may be due to activation of proinflammatory signaling following
chemotherapy-induced cytotoxicity and immunogenic cell death
resulting in reduced dependence of nivolumab-plus-chemotherapy
antitumor activity on baseline inflammation'®,

High numbers of tumor-infiltrating T, cells are correlated with
poor prognosis in gastric cancer and other tumor types® ¢ and with
possible resistance to PD-1linhibitor therapy®*®. Inthe current analysis,
high T, cell GES scores emerged as unique signatures associated with
OS benefit from nivolumab-plus-ipilimumab versus chemotherapy
regardless of PD-L1 CPS status. The association of high T, cell GES
scores with OS benefit was still observed when adjusted for baseline
inflammation, despite the known correlationbetween T, cell GESand
inflammation. This may be attributed to ipilimumab-driven T, cell
modulation, enhanced ratio of effector T to T, cellsand CD4" T cell
activation®. Further studies are needed to confirm the mechanistic
interaction of ipilimumab with effector T and T, cells in gastroesopha-
geal adenocarcinoma. Proliferation GES are known to be associated
with better response to immunotherapy’®”’, and high proliferation
was associated with OS benefit with nivolumab-plus-ipilimumab ver-
sus chemotherapy in our analysis. Glycolysis and hypoxia GES, which
showed moderate-to-strong correlation with proliferation GES, were
also associated with potential benefit of nivolumab-plus-ipilimumab
versus chemotherapy. The results from GSEA were largely consistent
with RNA-seq data, supporting the robustness of this analysis. Of note,
cell cycle-related gene sets, which correlate with cell cycle progres-
sion and MAPK pathway activation, were predictive of better OS with
both nivolumab-plus-chemotherapy and nivolumab-plus-ipilimumab
versus chemotherapy, consistent with the GES analysis that dem-
onstrated the association between MAPK GES and OS benefit
for both nivolumab-based regimens. Interestingly, KRAS altera-
tion was associated with higher OS benefit in patients treated with
nivolumab-plus-chemotherapy but not nivolumab-plus-ipilimumab
versus chemotherapy, indicating that MAPK pathway influence on
cancer outcome is not dictated by KRAS alteration status. The minor
differences observed between RNA-seqand GSEA may be duetosome
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variationsinthe genes between the hallmark gene sets used in the GSEA
and those that comprised the GES.

The current analyses have some limitations. Although the
biomarker-evaluable populations were generally representative of
the all-randomized study population with respect to demographics,
baseline clinical characteristics and outcomes, the small sample sizes
of each biomarker subgroup may haveresulted inimbalances that are
not captured by these measurements. Additionally, these retrospective
biomarker analyses were exploratory and therefore were not formally
tested orintended to determine statistical significance. Thus, the utility
of these biomarkers requires further prospective clinical validation.

This exploratory biomarker analysis from the CheckMate 649
study identified patient populations with gastric, gastroesophageal
junctionand esophageal adenocarcinomathat seemto derive greater
OS benefit from first-line nivolumab-plus-chemotherapy or potential
benefit from nivolumab-plus-ipilimumab versus chemotherapy. The
pattern of biomarkers identified in this analysis suggests a role for
overlapping (anti-PD-1) and distinct (anti-CTLA-4) mechanisms from
theseimmunotherapy regimens. Additional prospective clinical stud-
iesare needed to determineif these predictive biomarkers hold clinical
utility for treatment selection.
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Methods

Inclusion and ethics

This study was conducted in accordance with the trial protocol and
with Good Clinical Practice guidelines developed by the International
Council for Harmonisation. Written informed consent was obtained
from all patients per the Declaration of Helsinki principles. The study
isregistered at ClinicalTrials.gov (NCT02872116).

Study design and patients

Key eligibility criteria and other study details of the CheckMate 649
study have been previously published®”. Briefly, adult patients with
previously untreated, unresectable or advanced gastric, gastroe-
sophageal and esophageal adenocarcinoma were randomized to
receive nivolumab-plus-chemotherapy, nivolumab-plus-ipilimumab
or chemotherapy alone. Patients in the CheckMate 649 study who
provided appropriate consent for the biomarker testing with evaluable
baseline tumor tissue and matched whole-blood samples that passed
the quality control (QC) criteriawere eligible for the WES analyses, and
those with evaluable baseline tumor samples that passed the QC crite-
riawere eligible for the RNA-seq analyses. OS was assessed in patients
with PD-L1CPS > 5 treated with nivolumab-plus-chemotherapy versus
chemotherapy (primary end point), inall-randomized patients treated
with nivolumab-plus-chemotherapy versus chemotherapy (second-
ary end point) and in patients with PD-L1 CPS > 5 and all-randomized
patients treated with nivolumab-plus-ipilimumab versus chemo-
therapy (secondary end point). Further details can be found in the
supplementary information.

Definitions for gene alterations

Genes analyzed were selected based on previous mutational analyses
in gastric or esophageal carcinoma'”’?, For each gene of interest, an
anticipated functional impact of alteration (gain of function or loss
of function) was assigned based on previous evidence in gastric or
esophageal carcinoma and/or other indications. Somatic mutations
and copy number changes were mapped to each gene based on antici-
pated functionalimpact.

For mutations in genes with anticipated loss of function, individual
somatic mutations were classified as loss of function if predicted to
alter the amino acid sequence of agene (specifically, frameshift muta-
tions, mutations resulting in premature truncation and splice acceptor
or donor variants) orifoccurring at aknown cancer hotspot’; deletions
were classified as aloss of function alteration.

For mutationsingeneswith anticipated gain of function and recur-
rently mutated in cancer (and presentin the list of hotspot mutations™),
individual somatic mutations were classified as gain of function if
occurring at a known recurrent hotspot. For mutations in genes with
anticipated gain of function that were not recurrently mutated in
cancer (not present in the list of hotspot mutations), any missense
mutation was considered a gain of function; amplifications were clas-
sified as again-of-function alteration.

Oncoprint-style visualizations were generated using R package
ComplexHeatmap (v.2.12.1); lollipop-style visualizations representing
thelocation of mutationsin KRAS were generated using the R package
maftools (v.2.12).

Whole-exome sequencing

Baseline tumor tissue and matched whole-blood samples were pro-
cessed using the Agilent SureSelect Human All Exon V6 in-solution
hybrid capture panel and underwent subsequent next-generation
sequencing on the Illumina NovaSeq platform. Sequence alignment
and variant calling were performed. Specifically, BAMfiles were gener-
ated from the paired FASTQ files following the Broad Institute’s best
practices, using Sentieonimplementation of the GATK pipeline’”. The
paired reads were aligned to the reference genome using the Burrows-
Wheeler Aligner’s Maximal Exact Match (BWA-MEM) algorithm” 78 and

sorted; duplicate reads were marked using Sentieon Dedup algorithm.
During this process, Sentieon and Picard metrics were generated. A
WES QC report was generated, which marked tumor samples PASS if
total reads 45 million, meantarget coverage 50x and depth of coverage
>20x at80% of the targeted capture region or higher. Normal samples
were marked PASS if total reads 25 million, mean target coverage 25x
and depth of coverage >20x at 80% of the targeted capture region or
higher””. Somatic single-nucleotide variants and indels were then called
by two variant callers: Tnscope (Sentieon Inc., based on and mathemati-
cally identical to the Broad Institute’s MuTect2 (ref. 80) and Strelka2
(ref. 81)). A consensus set of PASS variants called by both Tnscope
and Strelka2 for the targets and bait bed files of a WES capture kit was
produced to capture high-confidence variants. Annotations were then
added using SnpEff*? from dbSNP**, EXAC®** and genomAD®. Variants
either not presentinor presentat<0.01% allele frequency in the EXAC
database® were retained for further analysis.

PD-L1expression

PD-L1 expression was assessed at baseline in fresh biopsy specimens
or from archival tumor tissue as described previously*’. PD-L1 CPS
was determined using a validated immunohistochemistry assay (Dako
PD-L1IHC28-8 pharmDx assay; Agilent Technologies Inc.) as described
previously®.

TMB assessment

TMB was evaluated in patients who had sufficient WES to pass QC.
Any variants that were found in gnomAD were excluded from the TMB
calculation. Tissue TMB was defined as the total number of somatic
missense mutations at the target region of capturekit used for the WES
assay and identified by both Strelka2 and Tnscope somatic variant call-
ersafter filtering for the PASS variant only®. High TMB was defined as
>199 mutations per exome and low TMB as <199 mutations per exome.
The threshold of 199 mutations/exome is equivalent to ten mutations
per megabase per Foundation Medicine FICDx panel®.

Detection of EBV in WES

PathSeq, a component of the Genome Analysis Toolkit (GATK)®®, was
used to identify EBV reads from WES data. Specifically, reference
genomes from both the host (human, hg38) and microbe (RefSeq
bacteria and viral genomic sequences downloaded from ftp.ncbi.
nlm.nih.gov/genomes/refseq/) were first prepared including index
images construction, host k-mer library file generation and assem-
bly of a taxonomy file derived from the microbe sequences, NCBI
taxonomy dump (taxdump.tar.gz) and RefSeq accession catalog
(RefSeq-release218.catalog.gz). PathSeq was then executed using
the parameter ‘—is-host-aligned false’ with a 90% sequence identity
threshold set for the classification of microbial reads. Subsequently,
the counts of reads mapped to EBV (taxonomy ID10376) were extracted.

)88

Genomic subtype classification

WES-evaluable tumor samples were categorized into four subtypes:
EBV positive, hypermutated, GS and CIN. EBV-positive tumors were
defined as those tumors with at least one read mapped to the EBV
genome. For tumors without reads mapped to the EBV genome, a
Gaussian mixture model was fitted to two metrics derived from WES
data: TMB (log;, scale) and CIN score (log,, scale) using mclust (v.5.4.7)
with no prior and default control parameters for expectation-maxi-
mization®’. To quantify the degree of aneuploidy, GISTIC2.0 (ref. 90)
was applied to the copy-number variation (CNV) data from the pre-
processed WES data using GATK v.4.0. The CIN score was defined as
the summation of square of gene-level GISTIC2.0 values as described
previously”. The Bayesianinformation criterion was used to select the
number of clusters (n = 3) that corresponds to hypermutated, GS and
CINsubtypes and covariance parameterization. Tumors were assigned
to clusters based on maximum probability of cluster membership.
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Assessment of genomic alterations

MSlItesting was conducted by Idylla MSl test of baseline tumor tissues.
BROAD Best Practices Somatic CNV Panel Workflow (GATK v.4.1.0.0)
and Control-FREEC LOH (v.11.6)”* were runin parallel for CNV detection.
High-confidence CNV calls from both tools were retained for further
analysis. Amplifications were defined as a copy number of >3 and dele-
tions were defined as a copy number <1.5 by both tools.

Gene expression profiling

Gene expression profiling was performed retrospectively using
RNA-seq on a subset of baseline tumor samples. Pretreatment
tumor tissues were processed using the Illumina TruSeq RNA
Access in-solution hybrid capture panel and underwent subsequent
next-generation sequencing on the Illumina NovaSeq platform.
Paired-end FASTQ files were processed on Seven Bridges platform
(Seven Bridges Genomics). Specifically, RNA-seq data were filtered
by pre-aligning with STAR to a microbial contaminant database
downloaded from the National Center for Biotechnology Information
GenBank.Samples with <5% of total reads mapping to the contamina-
tion database were aligned to the human genome (GRCh38) using the
Ensembl 91gene model and quantified using RSEM to optimally assign
multimapping reads. Samples with <85% alignment rate were excluded
from analysis. Sequencing quality was assessed using the Picard QC
toolkit and DupRadar®* to additionally quantify PCR artifacts using
the following criteria: (1) Picard MarkDuplicates Estimated Library
Size >3,000,000; (2) DupRadar Deduplicated Dynamic Range >265;
(3) reads mapping to hemoglobin <5%; and (4) reads mappingtoribo-
somal regions <5%. Samples that failed to meet any of these criteria
were excluded from the analysis.

Quantified raw counts from the remaining samples were normal-
ized using edgeR trimmed mean of M (TMM) method® and normal-
ized counts per million were log, transformed for further analysis.
TMM-normalized counts per million were z-scored (normalized to a
mean of 0 and s.d. of 1) across all patients in the GES-evaluable group.
For each patient, the GES score is defined as the median over the
selected genes of the z-scored normalized expression values. The GES
were categorized into tertiles (GES high, medium or low) by signature
scores. The GES analyzed in all RNA-seq-evaluable patients are listed
in Supplementary Table 4. For GES evaluations, moderate-to-strong
correlations were defined as a Spearman’s correlation of p > 0.4. The
interactionbetween treatment and each GES score was assessed using
LRT by comparing two models (model 1, OS ~ Arm + GES; model 2, 0S
~ Arm + GES + Arm:GES), where Arm:GES refers to arm-by-GES inter-
action and GES was treated as a continuous value using a linear Cox
proportional hazards (PH) model. Selected signatures (P from LRT
<0.1) were used for further investigation by stratifying patients into
tertiles based on signature scores.

GSEA methods

GSEA was performed to identify pathways and processes that
may be associated with OS in three treatment arms as well as dif-
ferential treatment effect in nivolumab-plus-chemotherapy or
nivolumab-plus-ipilimumab versus chemotherapy. The association
of expression of each gene with OS was evaluated using a Cox PH
model (OS - Arm + Gene + Arm:Gene + Covariates) where Arm:Gene
refers to arm-by-gene interaction. Gene refers to the continuous
expression (log, scale) of protein coding, constant regions of Ig
(IG_C_gene) and T cell receptors (TR_C_gene). Covariates included
prognostic factors such as age, sex, Eastern Cooperative Oncology
Group performance status, region, primary tumor location, disease
status, Laurenclassification, peritoneal metastases, previous surgery
related to current cancer or radiotherapy before randomization,
number of organs with baseline lesion, signet ring cell and planned
chemotherapy regimen as well as PD-L1CPS level and RNA-seq batch
ID. Reverse signed Wald test z-scores from the Cox PH models were

ranked and then evaluated with the GSEA algorithm (fgseav.1.16.0) on
the HALLMARK gene sets from the Molecular Signatures Database®”
per arm and arm-by-gene interaction.

Statistical methods

Allanalyses were conducted using R v.4.0.3. Patient characteristics and
clinical outcomes were compared between the biomarker-evaluable
population and the intent-to-treat population using frequency sta-
tistics and descriptive statistics. Calculated P values were nominal
(not adjusted for multiple testing unless otherwise stated), descrip-
tive and notintended to demonstrate statistical significance. Survival
analyses were conducted using the R survival (v.3.2-7) and survminer
(https://github.com/kassambara/survminer) (v.0.4.8) packages. HR
and 95% Cls for OS were assessed by unstratified Cox PH models and
visualized using Kaplan-Meier analyses and forest plots. Compari-
sons among groups used Mann-Whitney U-test (two groups) and
Kruskal-Wallis test (three or more groups) for continuous variables
and chi-squared test for categorical variables.

Association of gene alterations with OS within subgroups of
patients were tested using an unstratified Cox PH model. In tumors
with higher TMB, higher likelihoods of gene mutations are expected;
therefore, analysis of gene alteration status with outcomes control
for TMB and MSI. Median OS and 95% CI were computed using a
log-log-transformed model.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

WES and RNA-seq datasets have been deposited in the European
Genome-phenome Archive under study ID EGAS50000000747. Bristol
Myers Squibb will honor legitimate requests for our clinical trial data
from qualified researchers with a clearly defined scientific objective.
Consistent with expectations of good scientific practice, researchers
can request access to data from our studies by providing a research
proposal with a commitment to publish their findings. The research
proposal is reviewed by an independent review panel. We share data
from Phase 2-4 interventional clinical trials completed on or after 1
January 2008 and evaluate medicines and indications approved in
the US, EU and other designated markets. Data shared may include
nonidentifiable patient-level and study-level clinical trial data, full
clinical study reports and protocols. Sharing is subject to protection
of patient privacy and respect for the patient’s informed consent, and
publication of the primary results in peer-reviewed journals. Bristol
Myers Squibb reserves the right to update and change criteria at any
time. Other criteria may apply, for details please visit Bristol Myers
Squibb at www.vivli.org.
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Extended Data Fig. 1| Genomic characterization of baseline tumors from
CheckMate 649.aand b, Tumor characterization subtyping by genomic
subtypes and histology (a), or PD-L1CPS (b). Pvalues are based on two-sided
Chi-squared test. Exact Pvalue for (a) was 6.673e-09. cand d, Forest plot of OS
by genomic subsets in all WES-evaluable patients treated with nivolumab-plus-
chemotherapy (c) or nivolumab-plus-ipilimumab (d) versus chemotherapy.

NIVO + IP| ¢—— Chemo

Data are presented as unstratified HRs and 95% CI. HR was not calculated if the
number of patients in each arm was less than 5. CIN, chromosomal instability;
CPS, combined positive score; EBV, Epstein-Barr virus; GS, genomically stable;
IPI, ipilimumab; MSI-H, microsatellite instability high; MSS, microsatellite stable;
N/A, not available; NIVO, nivolumab; PD-L1, programmed death ligand 1; TMB,
tumor mutational burden; WES, whole-exome sequencing.
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Extended Data Fig. 2| OS by PD-L1 CPS and TMB status in patients treated
with nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab versus
chemotherapy. a, Forest plot showing OS by baseline PD-L1 CPS and TMB status
in patients who received nivolumab-plus-chemotherapy versus chemotherapy.
b, Forest plot showing OS by baseline PD-L1 CPS and TMB status in patients who
received nivolumab-plus-ipilimumab versus chemotherapy. Data are presented
as unstratified HRs and 95% CI. *TMB not evaluable/available in 504 patients
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(NIVO+chemo: n=238; chemo: n=266)."TMB not evaluable/available in

376 patients (NIVO+chemo: n=185; chemo: n=191). “TMB not evaluable/available
in 243 patients (NIVO+IPI: n=121; chemo: n=122). “TMB not evaluable/available
in191 patients (NIVO+IPI: n=98; chemo: n=93). Chemo, chemotherapy; ClI,
confidence interval; CPS, combined positive score; HR, hazard ratio; NA, not
available; NIVO, nivolumab; OS, overall survival; PD-L1, programmed death
ligand 1; TMB, tumor mutational burden; WES, whole-exome sequencing.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03575-0

a Selected Individual Genes
oo LI IR I [ MR ) | msI
1000 T™MB
5081|J,IIJ. il NS T da J||.|_||_LL_.__|,|| W IJ 0 200 40
| | Y won
e e Il Ml kras I
| |
N | [ I eres2 |
([N} L} A cornza i
1] i 1| A Iy
6% | EGFR |
i | N T W oo 1
5% FGFrR2 I
o | || | I I | I erss 1
3% | 111 I | I |I | 1 | I I lNOTCH1 |
Alterations MSI
Il SNV OR INDEL ["] INVALID OR NOT REPORTED
AMPLIFICATION W MSI-H
== DELETION MSS
b ) c -
Ca!egorylgene Status Unstratified HR (95% C|) Ca!egorylgene Status Unstratified HR (95% C|)
| i
. _ 0.80 All _ 0.81
All evaluable (n=685) (0.68-0.94) - evaluable (n =365) (0.65-1.00) ——
1 1
1 1
Unaltered 0.75 Unaltered 0.94
1p53 (n=314) (0.59-0.96) —— P53 (n=167) (0.68-1.31) ——
1 1
Altered 0.85 Altered 0.81 1
(n=369) (0.68-1.06) - (n=197) (0.60-1.10) ——
1 1
1 1
Unaltered 0.81 Unaltered 0.89
PIKSCA (n=626) (0.68-0.95) - (n=334) (0.71-1.12) —-
Altered 084 ! PIK3CA Altered 059 !
(n=57) (0.46-1.51) —— (n=30) (0.26-1.35) ¢ |
1 1
1 1
Unaltered 0.83 Unaltered 0.87
KRAS (n=601) (0.70-0.99) - (n=318) (0.68-1.10) A
Altered 058 ! Altered 0.78 H
(n=82) (0.37-0.91) ——, KRAS (n=46) (0.43-1.41) —_—
1 1
Unaltered 0.80 ! Unaltered 0.88 !
ForR2 (n=654) (0.68-0.94) "': (n=337) (0.70-1.11) +,
Altered 0.97 ! ERBB2 Altered 0.63 !
(n=29) (0.45-2.11) _’_’, (n=27) (0.28-1.41) _‘_'_,
1 1
Unaltered 0.79 I Unaltered 0.89 !
ERBES (n=652) (0.67-0.93) - H (n=333) (0.70-1.12) +|
Altered 1.38 ! CDKN2A Altered 0.58 !
(n=31) (0.63-3.00) _’_’_’I (n=31) (0.27-1.27) _’_'_,
1 1
Unaltered 0.83 1 Unaltered 0.88 !
ERBE2 (n=610) (0.70-0.99) ""I (n=318) (0.69-1.11) +|
Altered 0.59 ' ARID1A Altered 0.74 !
(n=73) (0.36-0.98) +’. (n = 46) (0.38-1.43) _’_—,
1 1
Unaltered 0.81 1 ! . ! . :
orr (n=640) (0.68-0.95) -, 0.125 025 05 1 2
1 NIVO + IP| ¢——
Altered 0.80 1
(n=143) (0.42-1.55) _’_:_
1
Unaltered 0.83 1
(n=620) (0.70-0.99) gl
CDKNZA Altered 0.57 |
. 1
(n=63) (0.34-0.97) _’_:
1
Unaltered 0.80
(n=648) (0.67-0.94) -
CDH1 1
Altered 0.96
(n=35) (0.46-2.00) —
1
Unaltered 0.81 !
(n=599) (0.69-0.97) -
ARIDIA Altered 072 !
(n=84) (0.44-1.16) —

1
T T t T
025 05 1 2

NIVO + chemo ¢———p

Extended Data Fig. 3| OS by gene alterations. a, Oncoprints of gene
alterations among all WES-evaluable patients. Frequency and overlap of
select gene alterations. b and ¢, Forest plots showing the association between
OS and selected gene alterations in patients who received nivolumab-plus-
chemotherapy versus chemotherapy (b) or nivolumab-plus-ipilimumab versus

chemotherapy (c). Data are presented as unstratified HRs and 95% CI. HR

was not calculated if the number of patientsin each arm was less than10. HR
were derived from model including interaction of gene alteration status with
treatment, MSland TMB status. *MSI status not evaluable/available in 2 patients.
Chemo, chemotherapy; CI, confidence interval; CPS, combined positive score;
HR, hazard ratio; IPI, ipilimumab; MSI-H, microsatellite instability high; N/A, not
available; NIVO, nivolumab; OS, overall survival; WES, whole-exome sequencing.
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Extended Data Fig. 4 | Association test of differential OS treatment effect by
GES scoresin patients treated with nivolumab-plus-chemotherapy or with
nivolumab-plus-ipilimumab versus chemotherapy. a, P value of interaction
between GES score and treatment arm among all RNA-seq-evaluable patients

and by PD-L1CPS status who received nivolumab-plus-chemotherapy versus
chemotherapy. Selected gene signatures with Pvalues < 0.1 from Likelihood
Ratio Test are colored in the table; color scale is shown at the bottom. b, Pvalue of
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interaction between GES score and treatment arm among all RNA-seq-evaluable
patients and by PD-L1 CPS status who received nivolumab-plus-ipilimumab
versus chemotherapy. Selected gene signatures with Pvalues < 0.1 from
Likelihood Ratio Test are colored in the table; color scale is shown at the bottom.
Selected gene signatures with Pvalues < 0.1 from Likelihood Ratio Test are
colored inthe table; color scale is shown at the bottom.
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Extended DataFig. 5| OS by GES scores and PD-L1 CPS status in patients
treated with nivolumab-plus-chemotherapy versus chemotherapy.

a, Forest plot showing the correlation between OS and selected signatures
used to stratify patientsinto tertiles (high, medium, or low). Data are presented
as unstratified HRs and 95% CI. HR was not calculated if the number of patients
ineacharmwasless than 5. b and ¢, Kaplan-Meier estimates of OSin all

RNA-seq-evaluable patients with low, medium or high angiogenesis GES scores
(5-gene angiogenesis) and PD-L1CPS > 5 (b) or PD-L1CPS <5 (c) at baseline.
Chemo, chemotherapy; CI, confidence interval; CPS, combined positive score;
GES, gene expression signature; HR, hazard ratio; NIVO, nivolumab; OS, overall
survival; PD-L1, programmed death ligand 1.
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Extended DataFig. 6 | OS by GES scores and PD-L1 CPS status in patients
treated with nivolumab-plus-ipilimumab versus chemotherapy.

Forest plot showing the correlation between OS and selected signatures
used to stratify patientsinto tertiles (high, medium versus low). Dataare
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presented as unstratified HRs and 95% CI. HR was not calculated if the number
of patients in each arm was less than 5. CI, confidence interval; CPS, combined
positive score; GES, gene expression signature; HR, hazard ratio; PD-L1,
programmed death ligand 1.
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Extended Data Fig. 8| Correlations between biomarkers in patients treated
with nivolumab-plus-chemotherapy, nivolumab-plus-ipilimumab or
chemotherapy. Summary of factors potentially associated with efficacy with
nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab. *Indicates
significant association with treatment when treated as a continuous variable

(P<0.1). These exploratory Pvalues are not meant to show statistical significance
and areintended to describe the relative performance of the different signatures
for association with response. Chemo, chemotherapy; CPS, combined positive
score; GES, gene expression signatures; IPI, ipilimumab; NIVO, nivolumab; PD-L1,
programmed death ligand 1; TMB, tumor mutational burden.
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Extended Data Fig. 9 | Gene set enrichment analysis in patients treated with chemotherapy as the reference. The data are shown as NES (adjusted P value)
nivolumab-plus-chemotherapy or nivolumab-plus-ipilimumab versus and the cells are colored if adjusted Pvalue is < 0.01. The strength of association
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Population characteristics Details regarding the CheckMate 649 eligibility criteria and study population characteristics have been described previously
(Janjigian YY, et al. Lancet 2021;398:27-40):
Eligible patients were aged 18 years or older, with previously untreated, unresectable advanced or metastatic gastric,
gastroesophageal junction, or esophageal adenocarcinoma. Other key inclusion criteria were measurable (at least one lesion)
or evaluable disease per Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1; Eastern Cooperative Oncology
Group performance status of 0 or 1; adequate organ function; and availability to provide a fresh or archival tumour sample to
evaluate PD-L1. Patients with previous adjuvant or neoadjuvant chemotherapy, radiotherapy, or chemoradiotherapy
(administered at least 6 months before randomisation) were eligible. Patients with known HER2-positive status; untreated
CNS metastases; peripheral neuropathy (higher than grade 1); active, known, or suspected auto immune disease; positive
test result for hepatitis B or C virus; and known history of positive test for HIV or known AIDS were excluded. Additional
details can be found in the study protocol.

Recruitment CheckMate 649 (NCT02872116) was conducted at 175 hospitals and cancer centers in 29 countries across Asia, Australia,
Europe, North America, and South America. Overall, 3,186 patients were enrolled, and 2,031 were randomized; of these,
1,581 patients were concurrently randomized to nivolumab plus chemotherapy (789 patients) or chemotherapy (792
patients) (from April 2017 to May 2019), and 813 were concurrently randomized to nivolumab plus ipilimumab (409 patients)
or chemotherapy (404 patients) (from October 2016 to June 2018). Among randomized patients, 782 received one or more
dose of nivolumab plus chemotherapy, and 767 received chemotherapy; 403 patients received nivolumab plus ipilimumab,
and 389 received chemotherapy. Full details were previously published. See manuscript methods and protocol for additional
details.

Ethics oversight The trial was conducted according to Good Clinical Practice guidelines developed by the International Council for
Harmonisation and in compliance with the trial protocol. The trial protocol was approved by the institutional review boards
or independent ethics committees at each site. All patients provided written informed consent prior to trial participation per
Declaration of Helsinki principles.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Details regarding the statistical analyses in CheckMate 649 have been described previously (Janjigian YY, et al. Lancet 2021;398:27-40):
With an assumed PD-L1 CPS >5 prevalence of 35%, based on limited available data, it was estimated that the primary population would
consist of 554 patients. For OS, the hazard ratio (HR) was modeled as a two-piece HR, a delayed effect for the first 6 months followed by a
constant HR of 0-65 thereafter, providing an average HR of 0.74. At final analysis, it was expected that 466 events would provide
approximately 85% power. The HR for PFS was modeled as a two-piece HR with a delayed effect for the first 3 or 6 months followed by a
constant HR of 0.56. At 12-month minimum follow-up, the expected numbers of PFS events were estimated to be 497 for a 3-month delay
with approximately 99% power and 506 for a 6-month delay with approximately 60% power. Of 1,581 patients randomized to receive
nivolumab-plus-chemotherapy versus chemotherapy, 685 (43%) were evaluable by whole-exome sequencing (WES), and 809 (51%) were
evaluable by RNA sequencing (RNAseq). Of 813 patients randomized to receive nivolumab-plus-ipilimumab versus chemotherapy, 366 (45%)
were evaluable by WES, and 402 (49%) were evaluable by RNAseq.

Data exclusions  Data analyses were conducted in the subset of patients with evaluable data for each assay type who provided informed consent. Assay results
that did not pass quality control procedures (further outlined in methods) were not included.

Replication As this is a post-hoc exploratory biomarker analysis of the CheckMate 649 study, the reproducibility of experimental findings is not applicable.
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Randomization  Details regarding randomization in CheckMate 649 have been described previously (Janjigian YY, et al. Lancet 2021;398:27-40):
Randomization was done using interactive web response technology (block sizes of six) and stratified according to tumor cell PD-L1 status
(>1% vs <1% or indeterminate), region (Asia vs USA and Canada vs rest of world), Eastern Cooperative Oncology Group performance status (O
vs 1), and type of chemotherapy (XELOX vs FOLFOX).

Blinding Details regarding blinding in CheckMate 649 have been described previously (Janjigian YY, et al. Lancet 2021;398:27-40):
The CheckMate 649 study was open label so investigators were not masked to treatment allocation.
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Antibodies used PD-L1; immunohistochemistry assay (Dako PD-L1 IHC 28-8 pharmDx assay; Agilent Technologies, Inc.)
Validation Details can be found in the manufacturer's website: https://www.agilent.com/en-us/product/pharmdx/pd-11-ihc-28-8-overview
Clinical data
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All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT02872116

Study protocol The study protocol and statistical analysis plan has been submitted as a supplemental file along with the manuscript. Proprietary
information has been redacted in these documents as allowed by journal guidelines

Data collection CheckMate 649 was conducted at 175 hospitals and cancer centers in 29 countries across Asia, Australia, Europe, North America, and
South America. Study details are summarized in the Methods section. Full details were previously published.

Outcomes Endpoints were previously published and can be found in the protocol. The biomarkers analysis performed for this manuscript were
of exploratory nature.
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