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Background: Immune checkpoint inhibitors (ICIs) have demonstrated efficacy in

the treatment of resectable and advanced gastric cancer. However, their

effectiveness in initially unresectable gastric cancer remains unclear. This study

aims to evaluate the efficacy and elucidate the molecular mechanisms of

conversion therapy utilizing ICIs in patients with initially unresectable

gastric cancer.

Methods: This retrospective cohort study included patients with initially

unresectable locally advanced or oligometastatic gastric cancer treated with

ICIs-based therapy for conversion purposes. The primary endpoints were rates of

complete pathological response (pCR), major pathological response (MPR), and

R0 resection. Secondary endpoints included overall survival (OS), disease-free

survival (DFS), event-free survival (EFS) and safety. A multi-omics analysis was

performed on the tumor samples.

Results: A total of 73 patients were analyzed, with 75.3% at stage cIV. The median

EFS and OS were 26.1 and 41.3 months, respectively. 82.2% of the patients

underwent radical surgery and achieved a median EFS of 30.9 months. The pCR

and MPR rates were 24.7% and 37.0%, respectively. R0 resection was associated

with superior survival, and MPR further enhanced efficacy. The incidence of

adverse effects and postoperative complications were within acceptable limits.

KMT2D mutations were associated with improved outcomes and enhanced

immune responses, whereas tumor cytochrome P450 was linked to resistance.
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Conclusion: ICIs-based conversion therapy demonstrates promising survival

benefits and manageable safety profiles for patients with unresectable locally

advanced or oligometastatic gastric cancer, and provides real-world evidence for

a potential treatment strategy. Additionally, multi-omics findings have revealed

drug resistance mechanisms and potential biomarkers of efficacy.
KEYWORDS

conversion treatment, gastric cancer, immunotherapy, initially unresectable,
multi-omics
1 Introduction

Gastric cancer (GC) is the fifth most common and fourth

deadliest cancer globally, causing about one million new cases

and 700,000 deaths annually (1). Radical resection is the main

treatment to cure and extend survival, but many patients present

with unresectable disease due to local invasion, non-regional lymph

node metastasis, liver metastasis, and peritoneal dissemination (2).

For these patients, palliative therapy is standard but typically results

in poor survival outcomes of 12 to 16 months (3). Neoadjuvant

therapy has been established as the standard treatment for

resectable locally advanced GC (4). The potential of conversion

therapy is still under investigation, facing challenges such as low

conversion and R0 resection rates (5). In the AIO-FLOT3 study,

patients with limited metastatic disease showed better survival

following conversion chemotherapy and surgery, but only 60%

underwent surgery, with just 43.3% achieving R0 resection (6).

Immune checkpoint inhibitors (ICIs) enhance T-cell responses and

prevent cancer cells from evading immune detection (7–9), offering

promising survival benefits as first-line treatments for unresectable

locally advanced and metastatic GC. However, overall survival (OS) in

these randomized controlled trials (RCTs) remains below 15 months

(10). Phase III RCTs in the perioperative setting, such as KEYNOTE-

585 (11), MATTERHORN (12), and DRAGON-IV (13), suggest that

adding ICIs to neoadjuvant chemotherapy improves pathological

complete response (pCR) rates and disease-free survival (DFS).

However, these trials included only 4%, 3%, and 1% of cT4b

patients, respectively, and no cM1 patients (11–13), limiting their

applicability to cIVA and metastatic cIVB GC patients. To date, the

treatment strategies for these patients often reference those established

for advanced metastatic disease (14, 15), and research on ICIs in

conversion therapy for initially unresectable GC is sparse. Additionally,

while perioperative immunotherapy studies often assess traditional

biomarkers like programmed death-ligand 1 (PD-L1) expression (16),

microsatellite instability (MSI) status (17), tumor mutational burden

(TMB) (18), a comprehensive high-throughput analysis of efficacy

prediction and resistance mechanisms remains underexplored.

In summary, current research on conversion immunotherapy

for initially unresectable GC is sparse, necessitating urgent
02
validation in larger cohorts and advanced-stage populations,

along with exploration of tumor immune microenvironments

through high-throughput genomic and transcriptomic

approaches. Consequently, we conducted a real-world

retrospective cohort study on ICI-based conversion therapies for

unresectable GC, incorporating multi-omics analyses to assess

survival outcomes and safety and to identify potential biomarkers

for treatment efficacy and resistance mechanisms.
2 Materials and methods

2.1 Patient inclusion

This single-institution retrospective study, approved by the

Medical Ethical Committee (approval number: 2018214) and the

Ethics Committee on Scientific Research (approval number:

202107-059) of Shandong University Qilu Hospital, included

pa t i en t s w i th gas t r i c o r gas t roe sophagea l junc t ion

adenocarcinoma who were intended to receive conversion therapy

from June 1, 2019, to December 31, 2022. Clinical data were

collected via the hospital’s electronic medical record system, with

follow-up at least every 3 months. All clinical data were de-

identified prior to use, and informed consent was waived as

approved by the Ethics Committee. The data cutoff for the

analyses was November 16, 2023. The inclusion criteria were as

follows: 1. pathological confirmation of gastric or gastroesophageal

junction adenocarcinoma; 2. initially unresectable locally advanced

GC or oligometastatic patients who were considered candidates for

conversion therapy by a multidisciplinary team (MDT); and 3.

completion of at least two cycles of ICI-containing therapy (ICI +

chemotherapy ± antiangiogenetic agents), followed by surgical

resection or not. The exclusion criteria were as follows: 1. prior

neoadjuvant radiotherapy. 2. Patients with concurrent or recent

other malignancies within 5 years. Treatment regimens and the

number of cycles were determined primarily by the treating

physician in consultation with the MDT, informed by evidence

from relevant clinical studies and a comprehensive assessment of

the patient’ s underlying conditions and potential drug toxicities.
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2.2 Study endpoints and assessments

The primary endpoints were rates of pCR, major pathological

response (MPR), and R0 resection. Secondary endpoints included

OS, DFS, event-free survival (EFS), incidence of any grade or grade

≥3 treatment-related adverse events (TRAEs), and postoperative

complications. The exploratory endpoint was the correlation

between tumor genetic characteristics and efficacy. Two

independent pathologists assessed the pathological response by

determining the percentage of residual viable tumor cells in the

tumor bed. pCR was defined as the absence of viable tumor cells,

whereas MPR was defined as the presence of no more than 10%

viable tumor cells. OS was measured from the first treatment dose to

death from any cause. DFS was measured from surgery to disease

recurrence or death in patients with R0 resection. EFS was

measured from the first treatment dose to disease progression,

recurrence, or death from any cause. For individuals lost to follow-

up, the date of their last visit or follow-up was used for censoring.

Adverse events were assessed according to the Common

Terminology Criteria for Adverse Events (CTCAE) v5.0, and

postoperative complications were graded using the Clavien-Dindo

system (19). PD-L1 IHC was performed using the PD-L1 IHC 22C3

pharmDx kit (Dako) on the Dako ASL48 platform, in accordance

with manufacturer recommendations.
2.3 Genome sequencing and analysis

Our cohort (Qilu cohort, 73 patients) included 58 patients who

underwent genomic profiling via whole-exome sequencing at 300×

depth (n = 19) or targeted sequencing of 324 core driver genes (n =

39). Analyses of single nucleotide variants (SNVs), insertions and

deletions (indels), and copy number variations (CNVs) were

performed on genes common to both methods. TMB was

quantified as nonsynonymous somatic mutations per megabase,

with TMB-H defined as TMB ≥10muts/Mb. MSI was assessed using

MSIsensor software (version 0.6). For external validation, targeted

sequencing data from an independent cohort (the Qingdao Cohort)

of 16 patients with locally advanced GC who received neoadjuvant

immunotherapy combined with chemotherapy at the Affiliated

Hospital of Qingdao University were used.
2.4 Transcriptome sequencing

Transcriptome sequencing of 27 tumor samples was conducted.

Differential expression analysis using the limma package identified

DEGs based on absolute log2(fold change) > 1 and P-value < 0.01.

Pathway enrichment analyses for Gene Ontology (GO), Kyoto

Encyclopedia of Genes and Genomes (KEGG), Reactome, and

cancer hallmarks were performed using GSEA. Single-sample

pathway enrichment analysis was conducted using the GSVA

package. Immune cell infiltration abundance was estimated in

each sample using the R packages (20), CIBERSORT (21), and

MCP-counter (22). The Immunophenogram tool was used to assess
Frontiers in Immunology 03
immunophenotypes, focusing on major histocompatibility

complexes (MHC), immune checkpoints, effector cells, and

suppressor cells (23).
2.5 Statistical analysis

Statistical analyses were performed using R (v3.6.1), GraphPad

Prism (v9.5), and SPSS (v26). Categorical variables were presented

as percentages with 95% confidence intervals (CIs), and intergroup

differences were assessed via Chi-square or Fisher’s exact tests.

Continuous variables, shown as medians and quartiles, were

compared using the unpaired t-test or Mann-Whitney U test.

Correlations between continuous variables were evaluated using

Spearman’s rank correlation coefficient. OS, DFS, and EFS were

estimated using the Kaplan-Meier method and compared using the

log-rank test. Univariable and multivariable Cox regression analyses

were used to determine the hazard ratios (HR) and their 95% CIs.

All P-values were two-sided, with significance set at P < 0.05.
2.6 Multivariable modelling and sensitivity
analyses

Multivariable Cox proportional hazards models were employed

to assess the independent associations of variables with survival

outcomes based on classical statistical assumptions. Covariate

selection for the final model was guided by a combination of

statistical significance and clinical relevance. Specifically, variables

that showed an association with OS or DFS in univariable analysis

(using a threshold of P < 0.05) were considered candidates.

Furthermore, established biomarkers of biological significance in

the context of immunotherapy (e.g., MMR status), even if not

statistically significant in univariable analysis, were included to

enhance the clinical interpretability of the model. To mitigate the

concern of multicollinearity, the variance inflation factor (VIF) was

calculated for each variable included in the multivariable models. A

conventional threshold of 5 was used to indicate significant

collinearity among the multiple indicators in the model. To

further test the robustness of key findings, sensitivity analyses

were conducted. This involved sequentially refitting the

multivariable Cox models while excluding specific covariates of

interest (namely, MMR status, Lauren classification, and PD-L1

expression) to observe the stability of the effect estimates for TMB.
3 Results

3.1 Patient characteristics

A total of 489 GC patients who received ICI-based therapies

were screened. Of these, we excluded 380 patients aimed with first-

line palliative therapy, 24 with neoadjuvant therapy, and 5 with

adjuvant therapy. According to the predefined analysis plan,

patients with less than 2 cycles of treatment (n = 6) and those
frontiersin.org
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who died while preparing for surgery (n = 1) were excluded. Finally,

73 patients initially deemed unresectable by the MDT were included

in the analysis. All 73 patients were assessed for OS, 63 for

pathological response, and 58 for multi-omics analysis

(Figure 1A). Among the 73 patients, 58 had adenocarcinomas, 14

had signet-ring cell carcinomas, and one had adenosquamous

carcinoma. Under clinical staging, 18 (24.7%) were cIII, 47

(64.4%) were cIVA, and eight (10.9%) were cIVB, which included

four peritoneal, two hepatic, and two ovarian oligometastases. PD-

L1 CPS was ≥1 in 36 (49.3%) patients, ≥5 in 18 (24.7%), and ≥10 in

11 (15.1%). Additionally, eight patients (11.0%) were HER2

positive, seven (9.6%) were dMMR, 16 (21.9%) were TMB-H, and

two (2.7%) were EBER-positive (Table 1). Patients received a

median of 3 (quantile 2–5) cycles of ICI-based conversion

therapy, with 24 patients receiving the combined therapy of ICIs

and chemotherapy, and 49 receiving the combination of ICIs,

chemotherapy, and apatinib (Table 1). The detailed distribution

of treatment cycles and treatment regimens across the cohort is

provided in Supplementary Table S1. One HER2-positive patient

also received trastuzumab (Table 1). The median follow-up was 21.0

months (quantile, 15.8-25.8) (Figure 1B).
Frontiers in Immunology 04
3.2 Overall treatment efficacy

The mOS and mEFS for the 73 patients who received conversion

therapy were 41.3 months (95% CI, 23.9–NR) and 26.1 months (95%

CI, 19.1–NR), respectively (Figures 2A, B). A total of 60 patients

(82.2%; 95%CI, 73.2–91.2%) underwent R0 resection (Figure 2D), with

an mDFS of 30.9 months (95% CI, 16.0–NR) (Figure 2C). Conversion

treatment failed in 13 patients who did not achieve R0 resection based

on clinical or intraoperative evaluation, including three patients who

had undergone palliative surgery. One patient underwent palliative

total gastrectomy due to peritoneal metastasis, one had a palliative total

gastrectomy with bilateral oophorectomy due to adnexal metastasis,

one underwent palliative total gastrectomy due to individual physical

conditions. Eight patients remained inoperable based on CT

examination and did not undergo surgery after conversion therapies

following MDT assessment. Two patients underwent exploratory

surgery only, as peritoneal metastases were discovered

intraoperatively. Among the 63 patients with assessable pathological

responses (60 R0 resection and three palliative surgery), the overall

pCR and MPR rates were 24.7% (18/73; 95% CI, 14.5–34.8%) and

37.0% (27/73; 95% CI, 25.6–48.3%), respectively (Figures 2E, F).
FIGURE 1

Overview of patient enrollment and follow-up. (A) Patients’ treatment process. Patients with unresectable locally advanced or oligometastatic gastric
cancer (GC) received immune checkpoint inhibitors (ICIs) + chemotherapy ± antiangiogenic agents for conversion purpose, followed by surgical
resection. Tumor biopsy samples were used for multi-omics analysis. (B) Swimmer plot depicting individual trajectories of the 73 patients, providing
a visual representation of treatment duration and outcomes. CPS, combined positive score; ICI, immune checkpoint inhibitor; MDT, multidisciplinary
team; MMR, mismatch repair; PD-L1, programmed death-ligand 1; TMB, tumor mutational burden.
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TABLE 1 Baseline demographic and treatment characteristics.

Variables All patients (n = 73) Clinical stage III (n = 18) Clinical stage IVA (n = 47) Clinical stage IVB (n = 8)

Gender [n (%)]

Male 55 (75.3) 16 (88.9) 34 (72.3) 5 (62.5)

Female 18 (24.7) 2 (11.1) 13 (27.7) 3 (37.5)

Age (years)

Median (range)
63
(32–76)

63.5
(33–72)

63
(32–76)

57
(39–66)

ECOG PS [n (%)]

0 40 (54.8) 7 (38.9) 25 (53.2) 8 (100.0)

1 33 (45.2) 11 (61.1) 22 (46.8) 0 (0.0)

Primary tumor location [n (%)]

G 52 (71.2) 11 (61.1) 35 (74.5) 6 (75.0)

GEJ 21 (28.8) 7 (38.9) 12 (25.5) 2 (25.0)

Histological type [n (%)]

Signet-ring 14 (19.2) 5 (27.8) 6 (12.8) 3 (37.5)

Non-signet-ring 59 (80.8) 13 (72.2) 41 (87.2) 5 (62.5)

Lauren’s classification [n (%)]

Intestinal 25 (34.2) 2 (11.1) 22 (46.8) 1 (12.5)

Diffuse 27 (37.0) 6 (33.3) 17 (36.2) 4 (50.0)

Mixed 19 (26.0) 10 (55.6) 6 (12.8) 3 (37.5)

unknown 2 (2.7) 0 (0.0) 2 (4.3) 0 (0.0)

Degree of histological differentiation [n (%)]

Well 3 (4.1) 1 (5.6) 2 (4.3) 0 (0.0)

Moderately 8 (11.0) 0 (0.0) 8 (17.0) 0 (0.0)

Poorly 50 (68.5) 16 (88.9) 27 (57.4) 7 (87.5)

unknown 12 (16.4) 1 (5.6) 10 (21.3) 1 (12.5)

Clinical T stage [n (%)]

cT4a 22 (30.1) 18 (100.0) 0 (0.0) 4 (50.0)

cT4b 51 (69.9) 0 (0.0) 47 (100.0) 4 (50.0)

Clinical N stage [n (%)]

cN0 1 (1.4) 0 (0.0) 0 (0.0) 1 (12.5)

cN1 4 (5.5) 0 (0.0) 4 (8.5) 0 (0.0)

cN2 24 (32.9) 6 (33.3) 14 (29.8) 4 (50.0)

cN3 44 (60.3) 12 (66.7) 29 (61.7) 3 (37.5)

PD-L1 status [n (%)]

CPS<1 37 (50.7) 10 (55.6) 24 (51.1) 3 (37.5)

CPS≥1 36 (49.3) 8 (44.4) 23 (48.9) 5 (62.5)

CPS<5 55 (75.3) 15 (83.3) 33 (70.2) 7 (87.5)

CPS≥5 18 (24.7) 3 (16.7) 14 (29.8) 1 (12.5)

(Continued)
F
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3.3 Efficacy analysis according to R0
resection and MPR in overall population

Patients who achieved R0 resection had significantly longer OS

(HR, 0.20; 95% CI, 0.06–0.68; P < 0.0001) and EFS (HR, 0.20; 95%

CI, 0.06–0.66; P < 0.0001) than those who failed to undergo R0

resection (nonR0) (Figure 3A). The mEFS and mOS of R0 patients

were 32.9 months (95% CI, 22.4–NR) and NR months (95% CI,

26.7–NR), while those for nonR0 patients were only 7.1 months

(95% CI, 4.6–NR) and 17.4 months (95% CI, 11.2–NR) (Figure 3A).

Among patients undergoing R0 or palliative resection, those

who achieved MPR exhibited significantly longer OS (HR, 0.15;

95% CI, 0.06–0.37; P = 0.0029) and DFS (HR, 0.14; 95% CI, 0.06–

0.30; P = 0.0002) than those who did not achieve MPR (nonMPR)

(Figure 3B). The median DFS and OS were not reached in MPR

patients, while nonMPR patients had a mDFS of 15.1 months (95%

CI, 10.7–NR) and mOS of 25.5 months (95% CI, 22.0–

NR) (Figure 3B).

R0 resection combined with MPR demonstrated significant OS

benefits in both R0–MPR (mOS, NR vs. 17.4 months; HR, 0.06; 95%

CI, 0.02–0.23; P < 0.0001) and R0–nonMPR (mOS, 26.7 vs. 17.4

months; HR, 0.32; 95% CI, 0.12–0.90; P = 0.0035) populations
Frontiers in Immunology 06
compared to nonR0 patients (Figure 3C). EFS benefits were also

notable in R0–MPR (mEFS, NR vs. 7.4 months; HR, 0.06; 95% CI,

0.02–0.25; P < 0.0001) and R0–nonMPR (mEFS, 19.1 vs. 7.4

months; HR, 0.36; 95% CI, 0.14–0.93; P = 0.0037) relative to

nonR0 patients (Figure 3C). R0–MPR patients exhibited

significant OS and EFS advantages over R0–nonMPR patients

(Figure 3C). MPR patients had higher survival rates than

nonMPR patients at multiple intervals, including 2-year (90.3%

vs. 52.8%) and 3-year (90.3% vs. 41.6%) OS rates and 1-year (92.3%

vs. 63.1%), 2-year (85.7% vs. 35.3%), and 3-year (85.7% vs. 28.2%)

EFS rates (Figure 3D, Supplementary Table S2).
3.4 Efficacy analysis in cIV patients by the
combination of R0 resection and MPR

Among the 55 patients with cIV, the overall pCR rate was

20.0%, with 21.3% and 12.5% for stages cIVA and cIVB (Figure 4A).

The MPR rates were 32.7% overall, 31.9% for cIVA, and 37.5% for

cIVB (Figure 4A). The R0 resection rates were 76.4% overall, 78.7%

for cIVA, and 62.5% for cIVB (Supplementary Figure S1). Median

EFS was 20.7 months and median OS was 25.5 months overall, with
TABLE 1 Continued

Variables All patients (n = 73) Clinical stage III (n = 18) Clinical stage IVA (n = 47) Clinical stage IVB (n = 8)

PD-L1 status [n (%)]

CPS<10 62 (84.9) 16 (88.9) 39 (83.0) 7 (87.5)

CPS≥10 11 (15.1) 2 (11.1) 8 (17.0) 1 (12.5)

MMR status [n (%)]

dMMR 7 (9.6) 2 (11.1) 4 (8.5) 1 (12.5)

pMMR 66 (90.7) 16 (88.9) 43 (91.5) 7 (87.5)

HER2 status* [n (%)]

Positive 8 (11.0) 1 (5.6) 7 (14.9) 0 (0.0)

Negative 65 (89.0) 17 (94.4) 40 (85.1) 8 (100.0)

EBER status [n (%)]

Positive 2 (2.7) 2 (11.1) 0 (0.0) 0 (0.0)

Negative 35 (48.0) 9 (50.0) 24 (51.1) 2 (25.0)

unknown 36 (49.3) 7 (38.9) 23 (48.9) 6 (75.0)

TMB status (cutoff = 10 muts/Mb) [n (%)]

high TMB 16 (21.9) 4 (22.2) 9 (19.1) 3 (37.5)

low TMB 41 (56.2) 11 (61.1) 27 (57.5) 3 (37.5)

unknown 16 (21.9) 3 (16.7) 11 (23.4) 2 (25.0)

Treatment regimens [n (%)]

ICI+CT 24 (32.9) 4 (22.2) 14 (29.8) 6 (75.0)

ICI+CT+AAA 49 (67.1) 14 (77.8) 33 (70.2) 2 (25.0)
AAA, antiangiogenetic agent; CT, Chemotherapy; EBER, EBV-encoded RNA; ECOG PS, Eastern Cooperative Oncology Group performance status; G, Gastric; GEJ, Gastric-esophageal junction;
Signet-ring, Signet-ring cell carcinoma; Non-signet-ring, Non-signet-ring cell carcinoma; ICI, Immune checkpoint inhibitor; PD-L1, Programmed cell death-ligand 1; MMR, Mismatch repair;
TMB, Tumor mutation burden. *HER2 status was measured using IHC and FISH.
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mEFS of 20.7 months and mOS not reached for cIVA, and mEFS of

22.4 months and mOS of 25.5 months for cIVB (Figures 4B, C). No

significant differences in EFS and OS were found among different

stages (Figures 4B, C). Integrating R0 resection and MPR status

offers prognostic insights for cIV patients. Compared to nonR0

patients, R0 patients, including both R0–MPR (mOS, NR vs. 17.4

months; HR, 0.10; 95% CI, 0.03–0.32; P = 0.0002) and R0–nonMPR

(mOS, NR vs. 17.4 months; HR, 0.32; 95% CI, 0.12–0.90; P =

0.0094), showed better OS. Similarly, EFS benefits were significant

in both R0–MPR (mEFS, NR vs. 7.1 months; HR, 0.10; 95% CI,

0.03–0.32; P < 0.0001) and R0–nonMPR (mEFS, 19.3 months vs. 7.1

months; HR, 0.29; 95% CI, 0.10–0.78; P = 0.0009) compared to

nonR0 patients. Additionally, R0–MPR patients had significant EFS

benefits and a beneficial trend in OS compared to R0–nonMPR

patients (Figure 4D). Patients with R0–MPR, R0–nonMPR, and

nonR0 had 1-year OS rates of 94.4%, 95.8%, and 64.2%; 2-year OS

rates of 85.0%, 61.6%, and 9.2%; and 3-year OS rates of 85.0%,

51.3%, and approximately 0%, respectively. These EFS rate trends

mirrored those in OS (Figure 4E, Supplementary Table S2).

In the cIVA group, R0–MPR patients experienced significant

OS and EFS benefits compared to nonR0 patients, while R0–

nonMPR patients had significant EFS benefits and a trend toward
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OS benefit over nonR0 patients. Additionally, R0–MPR patients

exhibited significant EFS and OS benefit trends compared to R0–

nonMPR cIVA patients (Figure 4F). The cIVA patients

demonstrated similar OS and EFS trends as cIV patients

(Figure 4G, Supplementary Table S2).
3.5 Clinical efficacy of patients with
different clinicopathological characteristics

Univariable subgroup analysis revealed that EBER positivity was

the only factor associated with pCR (OR = 3.56, 95% CI: 2.04–6.19)

(Figure 5A). Elevated MPR was significantly associated with non-

signet-ring cell carcinoma, PD-L1 CPS ≥5, PD-L1 CPS ≥10, and

TMB-H (Figures 5A–C). TMB-Hwas also associated with longer DFS

and OS, whereas Lauren’s intestinal type was associated with longer

OS (Figures 5A, C). MMR status was not significantly associated with

pCR, MPR, OS, and DFS. Age, gender, and location did not

significantly impact OS and DFS (Figure 5A, Supplementary Figure

S2). In multivariable Cox models including variables with P < 0.05 in

univariable analyses and biologically relevant immunotherapy

covariates (PD-L1, MMR), TMB-H emerged as the sole factor
FIGURE 2

Clinical efficacy of overall patients. (A) Kaplan-Meier curves of overall survival (OS) of overall patients. (B) Kaplan-Meier curves of event-free survival
(EFS) of total patients. (C) Kaplan-Meier curves of disease-free survival (DFS) in patients with R0 resection. (D) Rates of R0 resection among the
overall cohort. (E) Rates of pathological complete response (pCR) and major pathological response (MPR) among the overall cohort. (F) Waterfall
plot visualizing the extent of tumor pathological regression (n = 73). Baseline features are shown on the top panel, while depths of pathological
regression are shown at the bottom. CPS, combined positive score; MMR, mismatch repair; PD-L1, programmed death-ligand 1; TMB, tumor
mutational burden.
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independently associated with OS and DFS after adjusting for

potential confounders (Figures 5D, E). The adjusted VIFs for

variables in these models were all below 2.0 (Supplementary Table

S3), indicating that multicollinearity did not unduly influence the

estimates. The independent prognostic value of TMB-H was further

validated through sensitivity analyses. The significant association

between TMB-H and survival outcomes remained consistent after

sequentially excluding MMR status, Lauren classification, or PD-L1

expression from the multivariable models, underscoring the

robustness of this finding (Supplementary Figure S3). It should be

noted that the subgroup analyses for certain biomarkers, particularly

HER2-positive (n = 8), dMMR/MSI-H (n = 7), and EBER-positive

(n = 2) populations, are limited by small sample sizes.
3.6 Safety profile and postoperative
complications

The incidence of grade ≥3 TRAEs was 16.4% (95% CI, 7.8–

25.5%), including myelosuppression, anorexia, nausea, fatigue, and

hypokalemia, with no new toxicities or treatment-related deaths

(Supplementary Table S4). The median time from the last treatment

to surgery was 17.5 days (quantile, 14.3–23.8), and the median

hospital stay was 12.0 days (quantile, 10.0–13.8). Grade ≥3

postoperative complications, including anastomotic fistula,

duodenal stump fistula, and pleural effusion, occurred in 3.2%

(95% CI, 0.0–6.7%) of patients (Supplementary Table S5). One

patient (P61) died from COVID-19 on postoperative day 10.
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3.7 Association between KMT2D mutations
and efficacy

Genomic analysis identified TP53, KMT2D, and ARID1A as the

most commonly altered genes (Figure 6A). In MPR patients,

pathways such as “non-homologous end joining” and “ubiquitin-

mediated proteolysis” were frequently altered, whereas “adherent

junction” was prevalent in nonMPR patients (Supplementary

Figure S4A). A significant association was found between

KMT2D mutation and MPR, while ERBB2 alteration was

significantly linked to nonMPR, even excluding MSI-H or HER2-

positive patients (Figure 6B, Supplementary Figure S4B). KMT2D

mutation was not significantly associated with TMB, PD-L1

expression, or cTNM staging (Supplementary Figure S4C) but

was significantly correlated with improved OS (P = 0.0163), DFS

(P = 0.0117), and MPR (P = 0.016) (Figures 6C, D). The Qingdao

Cohort validated the link between KMT2D mutations and MPR,

with a higher mutation rate in patients with MPR (66.7% vs. 15.4%,

P = 0.136) (Figure 6D). Analysis of the TCGA GC database showed

that KMT2D mutant tumors were active in “proteasome” and

“antigen processing and presentation” pathways (Figures 6E, F,

Supplementary Figures S4D–E), with increased infiltration of CD8+

T cells, NK cells, and cytotoxic lymphocytes (Figures 6G, H).

Conversely, ERBB2 alteration was significantly associated with a

lower MPR rate (P = 0.025) (Supplementary Figure S4F) but did not

impact OS, DFS (Supplementary Figure S4G). In the Qingdao

Cohort, none of the patients with ERBB2 mutations or

amplifications achieved MPR (Supplementary Figure S4F).
FIGURE 3

Clinical efficacy stratified by R0 and MPR status. (A) Kaplan-Meier curves of OS and EFS stratified according to R0 resection. (B) Kaplan-Meier curves
of OS and DFS stratified by MPR status. (C) Kaplan-Meier curves of OS and EFS of overall patients stratified by R0 and MPR status. Log-rank test was
used to assess statistical significance in (A–C). (D) 1–3-year OS and EFS rates of overall patients.
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3.8 Association of the P450 signature with
tumor immune microenvironments and
responses

RNA sequencing unveiled distinct pathway landscapes; the

MPR group was enriched in immune-related pathways, while the

nonMPR group was enriched in P450-related pathways

(Figures 7A, B). Consequently, patients with MPR had lower

P450 signature scores than those without MPR (Figure 7C), and

the proportion of nonMPR patients increased in those with high

P450 scores (Figure 7D). Differentially expressed genes between the

MPR/nonMPR groups were also significantly enriched in two P450-

related pathways, with several genes overexpressed in nonMPR

patients (Supplementary Figures S5A, B).

The Immunophenogram revealed that tumor-P450 negatively

correlated with effector cells and MHC, and positively associated

with checkpoints and suppressing cell markers in both the

investigated cohort and TCGA-STAD cohort (Figures 7E, F,

Supplementary Figure S6). P450-high tumors exhibited
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upregulated checkpoint molecules, including CTLA4, PDCD1,

CD274, and LAG3 (Figure 7G). The P450 signature was

negatively correlated with CD8+ T cells, NK cells, and M1

macrophages, and positively correlated with M2 macrophages and

Treg cells (Figure 7H). Furthermore, MHC molecules TAP1 and

TAP2 negatively correlated with the P450 signature (Figure 7I). To

synthesize these multi-omics findings and provide clearer

mechanistic insight, a schematic diagram has been added as

Supplementary Figure S7.
4 Discussion

As mentioned above, studies on conversion immunotherapy for

initially unresectable or oligometastatic GC are limited.

Furthermore, ongoing phase III RCTs on neoadjuvant

immunotherapy included only 1.1% to 4% of patients with stage

cIVA or cIVB (11–13). Given the considerable proportion of this

patient group within the overall GC demographics, the effectiveness
FIGURE 4

Clinical efficacy analysis in patients with cIV. (A) Rates of pathological complete response (pCR) and major pathological response (MPR) in clinical
stage cIV, cIVA, and cIVB patients. (B, C) Kaplan-Meier curves of event-free survival (EFS) (B) and overall survival (OS) (C) of cIV, cIVA, and cIVB
patients. (D–G) Kaplan-Meier curves of OS and EFS of cIV patients (D) and cIVA patients (F), stratified by R0 and MPR status, with their 1–3-year OS
and EFS rates for cIV (E) and IVA (G) patients.
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of conversion therapy is highly relevant to survival outcomes

(2, 5, 6). However, previous studies on stage cIV GC conversion

therapy predominantly employed chemotherapy, with limited

efficacy (5, 6). It is therefore important to examine the efficacy of

immunotherapy for conversion and its determinants in this

patient population.
Frontiers in Immunology 10
Regarding the pathological assessment of treatment response, it

is important to clarify the criteria employed in this study. While

various TRG systems (e.g., Becker, Mandard, Japanese

Classification) are indeed used in gastric cancer neoadjuvant

therapy, we standardized our definitions by aligning them with

specific TRG categories from these systems: for instance, Becker
FIGURE 5

Clinical efficacy according to different clinicopathological characteristics. (A) Pathological complete response (pCR), major pathological response
(MPR) rate, disease-free survival (DFS) and overall survival (OS) rates among different subgroups. Odds ratios (ORs) were calculated by Chi-square
test, while hazard ratios (HRs) were obtained by univariable Cox analysis. (B, C) Comparison of rates of pCR, MPR, and R0 resection (left), and DFS
and OS (right) among patients with different PD-L1 CPS (B) or TMB (C) statuses. (D, E) Multivariable Cox analyses for OS (D) and EFS (E) AAA,
antiangiogenic agent. CT, chemotherapy. ECOG, Eastern Cooperative Oncology Group. G, gastric. GEJ, gastroesophageal junction. ICI, immune
checkpoint inhibitor. MMR, mismatch repair. PD-L1, programmed death-ligand 1. TMB, tumor mutational burden.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1753749
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2025.1753749
FIGURE 6

Association of KMT2D mutation with major pathological response and immune landscape. (A) Mutational landscape of major pathological response
(MPR; n = 22)/nonMPR (n = 29) patients. TMB and baseline features are shown in the upper panel, while the top 20 genes with the highest mutation
frequency are in the lower panel. (B) Analysis of the association between gene mutations and pathological response. Upper panel: Differences in
gene mutation frequencies between the MPR and nonMPR groups among the 58 patients who underwent genomic profiling. Lower panel:
Sensitivity analysis performed after excluding all MSI-H/dMMR patients to mitigate potential confounding effects of dMMR status on the results. Each
dot represents a gene, and orange dots indicate significance. (C) Kaplan-Meier curves comparing overall survival (OS) and disease-free survival (DFS)
stratified by KMT2D mutation status. Log-rank test was used to evaluate survival differences. (D) Prevalence of KMT2D mutations in MPR and
nonMPR populations in Qilu Cohort (left) and Qingdao Cohort (right). (E) Comparison of pathway enrichments between KMT2D mutation and wild-
type patients by Gene Set Enrichment Analysis (GSEA), with the normalized enrichment score (NES) indicating pathway activation levels. (F) GSEA
enrichment analysis of “Proteasome” and “Antigen processing and presentation” pathways, comparing KMT2D mutation and wild-type patients.
(G) Fold changes of immune cell levels between KMT2D mutation and wild-type patients by Cibersort, Xcell, and MCPcounter methods. The number
represents fold changes and * denotes significance. (H) Comparison of levels of specific immune cells between KMT2D mutation and wild-type
patients. (E–H) used data from the TCGA stomach cancer cohort. AAA, antiangiogenic agent; CT, chemotherapy; ECOG, Eastern Cooperative
Oncology Group; G, gastric; GEJ, gastroesophageal junction; ICI, immune checkpoint inhibitor; MMR, mismatch repair; PD-L1, programmed death-
ligand 1; TMB, tumor mutational burden; non-pro, no progression; TCGA, the cancer genome atlas.
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TRG1a, Mandard TRG1, and JCGC TRG3 were considered

equivalent to pCR. This approach was taken to harmonize data

across referenced studies. Furthermore, we note that recent pivotal

phase III trials evaluating neoadjuvant immunotherapy in gastric

cancer [such as KEYNOTE-585 (11), MATTERHORN (12), and

DRAGON-IV (13)] have adopted pCR as endpoints. Therefore, the

use of pCR and MPR as key efficacy metrics in our analysis is not

only methodologically sound but also aligns with contemporary

clinical research standards, facilitating meaningful cross-

trial comparisons.

In this study, 75% of patients had cIVA (cT4bN+M0) or cIVB,

and the remaining cIII patients were deemed initially unresectable

by the MDT. The application of ICI-based conversion therapy and

subsequent surgery yielded an R0 resection rate of 82.2%, a pCR
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rate of 24.7%, an MPR rate of 37.0%, an mEFS of 26.1 months, and

an mOS of 41.3 months. Patients with stage cIVA achieved a nearly

80% R0 resection rate and a 53.8% 3-year OS rate, while those with

cIVB reached an R0 resection rate of 62.5%, surpassing previous

reports for chemotherapy alone (24). It is noteworthy that patients

with cIVB achieved a mEFS of 17.0 months and a mOS of 25.5

months, surpassing the approximately 15-month mOS reported in

earlier RCTs assessing first-line ICIs with chemotherapy for

advanced GC (25).

Compared to perioperative immunotherapy trials like

KEYNOTE-585 and MATTERHORN, which predominantly

included patients with stage cII–III disease (>95%), this study had

only 25% stage cIII patients, yet achieved equivalent R0 resection

rates (82.2%)—comparable to KEYNOTE-585 (80%) (11), although
FIGURE 7

Correlation of major pathological response (MPR) with tumor cytochrome P450 activity. (A) Comparison of pathway enrichments between MPR and
nonMPR patients by Gene Set Enrichment Analysis (GSEA), with the normalized enrichment score (NES) indicating pathway activation levels. (B) GSEA
enrichment analysis focusing on the “Drug metabolism cytochrome P450” and “Metabolism of xenobiotics by cytochrome P450” pathways
comparing MPR and nonMPR patients. (C) Comparison of the “Metabolism of xenobiotics by cytochrome P450” signature scores between MPR and
nonMPR populations. (D) Comparison of MPR rates between P450-high versus -low populations. (E, F) Correlation between tumor-cytochrome
P450 signatures and immunophenotypic scores of “Checkpoint”, “Effector cell”, “MHC”, and “Suppressor cell” in the Qilu Cohort (E) and TCGA
Cohort (F). (G–I) Spider plots depicting the correlation coefficients between tumor-cytochrome P450 signature and specific immune parameters in
“Checkpoint” (G), “Effector/Suppressor cell” (H), and “MHC” (I). The yellow circle denotes the threshold for positive/negative correlation, and *
represents significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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lower than MATTERHORN (91%) (12) and DRAGON-IV (98.7%)

(13). This high R0 resection rate, reflecting successful conversion

treatment, significantly enhanced survival. Notably, the pCR rate

was 24.7% in our study, which was higher than that reported in

KEYNOTE-585 (12.9%) (11), MATTERHORN (19%) (12), and

DRAGON-IV (18.3%) (13). For initially unresectable stage cIV

patients, OS was notably longer in R0 patients compared to nonR0,

with an 80% reduction in the risk of death and recurrence and an 8-

fold increase in 2-year EFS/OS rates. The 3-year EFS and OS rates

for R0 patients rose to 51.4% and 64.6%, respectively, exceeding the

efficacy of chemotherapy alone (24, 26). Notably, patients achieving

MPR following R0 resection exhibited even greater benefits, with a

90% reduction in the risk of death or recurrence and significantly

higher 3-year OS (85.0% vs. near 0%) and EFS (71.1% vs. near 0%)

compared to nonR0 patients.

In stage cIV GC patients with R0 resection, OS did not differ

significantly between patients with and without MPR, while stage

cIV nonMPR patients had significantly better survival than nonR0

ones. Therefore, radical surgery after successful conversion appears

crucial for patients with advanced GC. Those who did not achieve

MPR after radical surgery may still benefit from R0 resection, as

subsequent treatments can offset limited short-term efficacy (27).

This real-world evidence highlights the necessity for ICI-based

conversion therapy followed by R0 surgery to extend survival in

patients with locally advanced unresectable or oligometastatic GC.

These findings help inform existing research for this patient group

and may support the rationale for large RCTs to evaluate the

comprehensive strategy of ICI-based conversion therapy followed

by radical surgery, with the goal of improving survival outcomes.

PD-L1, TMB, EBER, and dMMR/MSI are recognized as efficacy

predictors for immunotherapy in advanced GC (28), but their

predictive value in neoadjuvant/conversion immunotherapy

remains unclear. Our study showed that increased PD-L1

expression significantly improved pCR and MPR rates without

extending EFS and OS, consistent with the KEYNOTE-585 study

(11). This suggests that PD-L1’s predictive value in perioperative or

conversion immunotherapy requires further verification.

Conversely, the TMB-H subgroup not only had higher MPR rates

but also longer OS and DFS than the TMB-L subgroup, indicating

that TMB may have a better prognostic predictive value than PD-

L1. TMB quantifies somatic mutations and approximates

neoantigen load, and is associated with immunogenicity and

response to immunotherapy (29, 30). While TMB’s predictive

value has been established in palliative settings for advanced

disease (31), its role in conversion therapy has been

underexplored. Our study demonstrates that TMB−H was

independently associated with benefit in unresectable GC

undergoing immunotherapy−based conversion. Furthermore,

trends toward improved prognosis were observed in EBER-

positive and dMMR/MSI-H subgroups, while HER2 positivity

showed no significant association with efficacy outcomes.

However, due to the limited number of patients in these

subgroups, these analyses are inherently underpowered, and the

results should be interpreted with caution. These findings suggest

that the applicability of these markers in neoadjuvant or conversion
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treatment settings remains unclear and warrants further

investigation in larger, prospective studies.

Genomic analysis identified a link between KMT2D mutations

and enhanced efficacy, specifically associated with increased

antitumor immune cell infiltration, aligning with previous

findings in colorectal adenocarcinoma (32). Mechanistically,

immune-related pathways such as “proteasome” and “antigen

processing and presentation” were significantly enriched in

patients with KMT2D mutations, likely explaining the increased

immune cell infiltration and a more immunologically active TME

(33). This generates the hypothesis that inhibiting wild-type

KMT2D function might convert immunologically “cold tumors”

into “hot tumors” and improve immunotherapy responsiveness in

GC. Small-molecule inhibitors targeting KMT2D have been

developed (34), offering potential strategies to enhance the

sensitivity of KMT2D wild-type GC to immunotherapy.

Transcriptomic analyses indicated that nonMPR patients’ genes

were notably enriched in the P450 pathway, suggesting a

connection with immunotherapy resistance in GC. The P450

enzyme system, known for detoxification (35), has an unclear role

in affecting the tumor immune microenvironment and resistance to

immunotherapy, with sparse research in animal models (36). Our

data provide clinical evidence linking a high P450 transcriptional

signature to a suppressed antitumor immune phenotype,

characterized by upregulation of multiple immune checkpoint

molecules (e.g., PD-1, CTLA-4, LAG-3), increased infiltration of

immunosuppressive cells (e.g., M2 macrophages, Tregs), and

impaired antigen presentation machinery. Targeting CYP19A1

within the P450 system has shown promise in boosting CD8+ T

cell anti-tumor activity and improving anti-PD-1 therapy outcomes

(37). Collectively, these findings from our study and others generate

the compelling hypothesis that the P450 pathway may act as a

metabolic regulator of immune evasion in GC. These results imply

that the P450 system could potentially facilitate immunotherapy

resistance by altering antitumor immune responses, suggesting that

combining P450 system inhibition with ICIs might offer a new

approach to overcome immunotherapy resistance in GC.

Consistent with its exploratory aim, this study has several

inherent limitations that define the scope of its conclusions. It

was a real-world, s ingle-arm invest igat ion lacking a

contemporaneous control group. Given the retrospective design,

limited sample size, and the inherent exploratory nature of this

study, we caution against overgeneralization of the results. Second,

the external validation cohort’s small size and baseline/regimen

imbalances may also limit interpretability, weaken statistical power,

and introduce selection bias. Therefore, the biomarker analysis

primarily serves for “hypothesis generation” rather than

“definitive confirmation”, and subsequent validation in larger,

prospective, and randomized controlled trials is necessary. To

translate these findings into clinical practice, we have initiated a

multicenter prospective study to validate the predictive value of

KMT2D mutations and the P450 signature. In parallel, functional

studies using KMT2D-edited models and patient-derived organoids

are underway to elucidate their mechanistic roles in shaping the

tumor immune microenvironment.
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5 Conclusions

ICI-based conversion therapy shows promising survival benefits

and an acceptable safety profile in patients with unresectable locally

advanced or oligometastatic GC, supporting its potential as a

treatment strategy. Furthermore, our exploratory multi-omics

analyses shed light on potential drug resistance mechanisms and

uncovered candidate biomarkers associated with treatment efficacy,

which warrant further investigation.
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