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Gastric cancer (GC) remains a leading cause of cancer mor-
tality worldwide1. Helicobacter pylori (H. pylori) infection is 
the dominant etiologic factor2, yet GC also arises in indi-
viduals without infection or after eradication, suggesting 
alternative carcinogenic pathways3. Accordingly, increasing 
attention has been paid to potential differences between H. 
pylori-negative and -positive GC. Clinicopathologic differ-
ences by H. pylori infection status have been reported but 
most evidence derives from case-control studies in which 
infection status assessed at diagnosis is prone to misclassi-
fication due to prior eradication, spontaneous clearance, or 
tumor-related changes. As a result, prospective data defining 
the long-term clinical and biological imprint of baseline H. 
pylori status are limited.

While genetic susceptibility contributes to GC risk, genome-
wide association studies (GWAS)4-8 have rarely accounted 
for infection status, leaving it unclear whether reported loci 
reflect infection-dependent mechanisms or host-intrinsic 
pathways. Clarifying whether inherited risk differs between  
H. pylori-negative and -positive GC is increasingly impor-
tant as H. pylori prevalence declines. Using a large popula-
tion-based intervention trial with long-term follow-up, we 
evaluated the clinicopathologic features and genetic suscepti-
bility of incident GC according to rigorously defined baseline 

H. pylori status, aiming to delineate etiologic heterogeneity 
between infection strata.

This study was designed as a case-cohort study within the 
framework of the Mass Intervention Trial in Linqu, Shandong 
Province (MITS)9, a community-based randomized controlled 
trial to evaluate the GC prevention effect of anti-H. pylori 
treatment (no. ChiCTRTRC-10000979; Figure 1A). Primary 
analyses were stratified according to baseline H. pylori infec-
tion, which was defined by concordant results from 13C-urea 
breath test (13C-UBT) and recomLine H. pylori IgG immunob-
lot assays to improve specificity and better reflect sustained 
infection. Among participants receiving eradication therapy, 
H. pylori status was reassessed 45 d after treatment using 13C-
UBT to determine eradication success9. Incident GC cases were 
identified through local cancer registries, active follow-up by 
village health workers, and review of hospital medical or patho-
logic records. For convenience, we refer to GC cases developing 
in baseline H. pylori-negative and -positive individuals as “H. 
pylori-negative GC” and “H. pylori-positive GC.” Genome-wide 
genotyping was performed, followed by standardized imputa-
tion and quality control4. Genetic susceptibility was evaluated 
using both variant-level analyses and the polygenic risk score 
(PRS) derived from large East Asian GWASs. An environmental 
risk score (ERS) was constructed based on multiple lifestyle and 
dietary factors with components defined a priori and weighted 
according to the associations with GC risk. Associations with 
GC risk were estimated using weighted Cox proportional haz-
ards models within H. pylori-negative and -positive strata, 
and heterogeneity by infection status was tested. The detailed  
methods are provided in the Supplementary Materials.

Clinicopathologic features of GC by H. pylori 
status

Among 1733 participants (mean age, 45.0 years; 39.7% 
women), 420 were H. pylori-negative and 1313 were H. 
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pylori-positive at baseline. During follow-up, 621 incident 
GC cases were identified, including 102 among H. pylori-neg-
ative and 519 among H. pylori-positive individuals. Despite 
broadly comparable clinicopathologic characteristics, H. 
pylori-negative GCs more often exhibited well-differentiated 
histology (21.6% vs. 16.6%, P = 0.015) and less advanced stages  
(Table S1).

Variant-level genetic risk for GC by H. pylori 
infection status

A meta-analysis involving three large East Asian GWAS 
(BioBank Japan, KoGES, and China Kadoorie Biobank6-8; total 
n = 315,446) was performed to characterize inherited suscep-
tibility, together with candidate variants from two published 
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Figure 1  (A) Procedure of inclusion and exclusion of study populations. (B) H. pylori-stratified associations of 14 genetic variants showing 
nominal heterogeneity in gastric cancer risk. (C) Hazard ratios for gastric cancer across polygenic risk score quintiles by H. pylori infection 
status. (D) Cumulative incidence of gastric cancer across polygenic risk score groups by H. pylori status. (E) Associations of H. pylori eradication 
and environmental risk score with gastric cancer risk by genetic risk group. CI, confidence interval; ERS, environmental risk score; GC, gastric 
cancer; FDR, false discovery rate; H. pylori, Helicobacter pylori; HR, hazard ratio; UBT, urea breath test.
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GC PRS panels4,5 with minimal genomic inflation (λ = 1.02). 
After quality control and linkage disequilibrium clumping, 103 
independent variants were identified, including 16 genome-
wide significant loci (P < 5 × 10−8) and 87 suggestive loci 
(P < 5 × 10−5; Table S2). We then evaluated heterogeneity of 
these variants between H. pylori-negative and -positive GCs. 
Fourteen variants showed nominal evidence of heterogene-
ity in the associations with GC risk [P-heterogeneity (P-het) 
< 0.10; Figure 1B], although only a subset remained signifi-
cant after false discovery rate (FDR) correction. Among these 
variants, rs138577550-C (CADPS2) was inversely associated 
with GC risk in H. pylori-negative individuals but not in H. 
pylori-positive individuals [negative: hazard ratio (HR) = 0.22, 
95% confidence interval (CI): 0.11–0.44; positive: HR = 1.20, 
95% CI: 0.73–1.97; P-het (FDR) = 0.0050; Table S2]. In addi-
tion, rs10074991-G within PRKAA1, a well-established GC 
susceptibility locus, showed nominal heterogeneity (P-het = 
0.0062) with a stronger association in H. pylori-negative indi-
viduals (HR = 1.82, 95% CI: 1.37–2.41) than H. pylori-positive 
individuals (HR = 1.19, 95% CI: 1.05–1.34). Conversely, the 
ABO locus (rs7849280-G) was exclusively associated increased 
risk among H. pylori-positive cases (HR = 1.35, 95% CI:  
1.16–1.58) with little evidence of association in H. pylori-neg-
ative cases (P-het = 0.048).

Polygenic risk for GC by H. pylori infection 
status

To summarize inherited susceptibility, PRSs were constructed 
based on independent variants selected at multiple P-value 
thresholds from the meta-analysis. Across these thresholds, 
the genome-wide significant set (P < 5 × 10−8; 16 independ-
ent variants) had the strongest and most consistent association 
with GC overall and by H. pylori status, and was used for pri-
mary analyses (Table S3). In the overall population, GC risk 
increased with higher PRS [per standard deviation (SD): HR 
= 1.32, 95% CI: 1.21–1.43; Figure 1C] with a monotonic gra-
dient across quintiles. Stratified analyses demonstrated het-
erogeneity by H. pylori infection status (P-het = 0.0012) with 
stronger association observed among H. pylori-negative indi-
viduals (per SD: HR = 2.03, 95% CI: 1.52–2.71) than among H. 
pylori-positive individuals (per SD: HR = 1.23, 95% CI: 1.13–
1.35; Figure 1C). The highest PRS quintile was associated with 
a 4.71-fold higher GC risk in the H. pylori-negative stratum 
compared to the lowest quintile. These relative-risk gradients 
were reflected in cumulative incidence curves stratified by 
PRS categories, defined as the bottom 20% (low), middle 60% 
(medium), and top 20% (high) of the PRS distribution, which 
showed clear and widening separation of PRS strata over fol-
low-up (Figure 1D).

PRS associations were generally consistent across sub-
groups (Figure S1). Association between genetic and GC risk 
was stronger among individuals with a family history of GC 

[HR = 3.00, 95% CI: 1.74–5.16 vs. HR = 1.24, 95% CI: 1.15–
1.35 with no family history; P-for-interaction (P-int) = 0.011], 
a pattern that was consistently noted in both H. pylori-nega-
tive and positive groups. Additional heterogeneity by selected 
environmental factors existed, differing by H. pylori status.

An ERS was constructed based on 10 dietary and lifestyle 
factors to quantify the cumulative effect of environmental 
exposures. The ERS was significantly associated with GC risk 
when modeled as both a continuous variable (per SD increase: 
HR = 1.13, 95% CI: 1.04–1.22) and a categorical variable (top 
20%, high vs. low: HR = 1.29, 95% CI: 1.06–1.55; Table 1). 
GC risk increased across joint PRS-ERS strata with elevated 
risk among individuals with medium PRS and high ERS (HR 
= 2.20, 95% CI: 1.60–3.01) and the highest risk among those 
with high PRS and high ERS (HR = 4.63, 95% CI: 3.07–6.98). 
A statistically significant interaction between PRS and ERS 
was noted (P-int = 0.041). Similar gradients existed in analy-
ses stratified by H. pylori status with increased GC risk among 
individuals with combined high PRS and ERS in both strata 
(Table S4).

Lifestyle factors and H. pylori eradication in 
relation to GC risk across genetic risk groups

Further stratified analyses showed differences in the associa-
tion between genetic risk and GC across lifestyle and H. pylori 
eradication groups. Among H. pylori-positive individuals, 
adopting a healthy lifestyle was associated with a lower risk of 
GC (HR = 0.42, 95% CI: 0.28–0.65), whereas no significant dif-
ference was noted in the H. pylori-negative group (Table S5). 
Successful H. pylori eradication also significantly reduced risk 
among individuals with a high genetic risk (HR = 0.61, 95% 
CI: 0.39–0.95; Table S5) but not among those with a low or 
medium PRS. The inverse association was more pronounced 
for high-genetic risk individuals who achieved both successful 
eradication and a healthy lifestyle (HR = 0.24, 95% CI: 0.13–
0.45) with significant heterogeneity when compared with those 
at low or medium genetic risk (P-het = 0.039; Figure 1E).

Several limitations should be acknowledged. First, because 
primary analyses were based on baseline H. pylori status, 
post-baseline changes in infection status may have introduced 
some misclassification. Second, although we noted stronger 
genetic associations among baseline H. pylori-negative indi-
viduals, the limited sample size in this stratum precluded the 
construction of H. pylori-specific PRSs. Larger studies are war-
ranted to identify infection-specific loci and further improve 
risk stratification for H. pylori-negative individuals. Third, 
clinicopathologic data were incomplete for a proportion of 
cases, which limited further examinations of potential differ-
ences in genetic and environmental risk profiles across tumor 
subtypes and disease stages.

In conclusion, our findings highlight heterogeneity in 
genetic susceptibility according to H. pylori infection. Among 
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individuals at high genetic risk, H. pylori eradication and a 
healthy lifestyle were associated with lower GC risk. Integrating 
genetic risk assessment with infection control and behavioral 
interventions may help inform prevention strategies in high-
risk populations.
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