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Abstract

Purpose
Proton pump inhibitors (PPIs), the acid-suppressing agents most widely used in oncology, may impair
the efficacy of immune checkpoint inhibitors (ICIs) through gut dysbiosis, but the evidence in non-small
cell lung cancer (NSCLC) remains conflicting and safety data are scarce. We assessed the impact of PPI
exposure on the efficacy and safety of ICIs in NSCLC.

Methods
We combined a systematic review and meta-analysis of 44 studies comprising more than 58,000
patients with a real-world pharmacovigilance analysis of nearly 18 million deduplicated reports in the
FDA Adverse Event Reporting System (FAERS), using four cross-validated signal-detection methods.

Results
PPI exposure was associated with significantly shorter overall survival (35 studies; hazard ratio [HR]
1.33, 95% CI 1.23–1.44) and progression-free survival (23 studies; HR 1.65, 95% CI 1.44–1.89), but not
with overall immune-related adverse events (odds ratio 0.98, 95% CI 0.63–1.51) (GRADE certainty: low to
very low). The association was independent of treatment regimen and ICI class, strongest for exposure
within the window around ICI initiation (HR 1.64; interaction P = 0.03), and significantly more pronounced
in Asian than in non-Asian studies (HR 1.65 vs. 1.17; interaction P = 0.0005). In FAERS, PPI co-medication
did not increase fatality or alter the early-onset kinetics of adverse events but shifted their spectrum: 38
four-fold-validated core signals clustered in microbiota–mucosal, infectious, and renal domains.

Conclusion
PPI prescribing in ICI-treated NSCLC warrants rigorous indication review, avoidance of unindicated use
around ICI initiation, and vigilant monitoring of infection and renal function.

PROSPERO registration:
CRD420261470983 (meta-analysis) and CRD420261486154 (pharmacovigilance analysis).

1. Introduction
Lung cancer remains the leading cause of cancer incidence and mortality worldwide, accounting for
approximately 2.5 million new cases and 1.8 million deaths annually, with non-small cell lung cancer

Page 2/32



(NSCLC) representing 85%~90% of all cases [1]. Immune checkpoint inhibitors (ICIs) targeting the
programmed death-1 (PD-1)/programmed death-ligand 1 (PD-L1) axis have fundamentally reshaped the
therapeutic landscape of NSCLC and are now established as first-line standard of care across PD-L1
expression strata [2, 3], offering durable benefit exemplified by a 5-year overall survival (OS) rate of 29.3%
with pembrolizumab monotherapy in the KEYNOTE-024 trial [4]. Nevertheless, a substantial proportion of
patients derive no benefit from ICIs, which has intensified interest in modifiable host-related
determinants of response—most notably the gut microbiota and concomitant medications.

Among concomitant medications, proton pump inhibitors (PPIs) warrant particular scrutiny. PPIs are the
most widely used acid-suppressing agents in oncology, prescribed for gastroesophageal reflux disease
and peptic ulcer as well as for prophylaxis of treatment-related gastrointestinal mucosal injury [5].
Approximately 30% of patients with cancer receive PPIs [6], and baseline PPI use reached 37% in the
IMpower150 trial population [7]. Importantly, a considerable share of this use lacks a valid indication or
extends far beyond guideline-recommended durations [8], meaning that any deleterious interaction with
ICIs would be both clinically consequential and, in part, avoidable.

A coherent biological rationale links PPI exposure to attenuated ICI efficacy. Profound acid suppression
elevates intragastric pH and compromises the gastric acid barrier, permitting oralization of the lower gut
microbiome and reducing microbial diversity, with depletion of immunologically favorable taxa such as
Akkermansia muciniphila and Bifidobacterium spp. [9, 10]. Because ICI-induced antitumor immunity
depends on microbiota-conditioned dendritic-cell antigen presentation and T-cell priming, such dysbiosis
may blunt checkpoint blockade. In addition, PPIs exert direct immunomodulatory effects on lymphocytes
and polymorphonuclear cells, providing a second, microbiota-independent mechanistic pathway [11].

Clinical evidence, however, remains conflicting. Pooled post hoc analyses of the OAK and POPLAR trials
showed that PPI users receiving atezolizumab had a median OS of 9.6 versus 14.5 months in non-users,
with no such association in the docetaxel arms, suggesting treatment specificity [12]. Concordant
findings emerged from IMpower150 (adjusted hazard ratio [HR] for OS 1.53, 95% CI 1.21 ~ 1.95) [13] and
from an individual-participant-data analysis of five randomized trials (n = 4,458), in which the OS benefit
of atezolizumab was essentially abolished among PPI users (HR 1.00, 95% CI 0.85 ~ 1.17) yet preserved
in non-users (HR 0.76, 95% CI 0.69 ~ 0.83) [7]. Large real-world NSCLC cohorts [14] and pan-cancer
meta-analyses [15, 16] point in the same direction. By contrast, several studies found no significant
association and attributed earlier positive findings to heterogeneous exposure definitions and residual
confounding [17, 18], and a recent post hoc analysis of the PACIFIC trial—reporting differential effects of
PPIs and antibiotics on consolidation immunotherapy after chemoradiotherapy—has renewed the debate
[19]. Reflecting this uncertainty, current guidelines neither restrict PPI–ICI co-administration nor provide
risk-stratified recommendations, advising only symptom-driven use [20, 21], leaving clinicians without
actionable guidance.

Three gaps limit the existing evidence base. First, prior meta-analyses pooled biologically heterogeneous
tumor types, were published before several recent large real-world studies, and rarely stratified by
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exposure timing or duration, ICI class, or treatment regimen—precluding scenario-specific risk estimates
for NSCLC. Second, safety has been largely neglected: whether PPI co-medication alters the spectrum of
adverse events under ICI therapy, or generates interaction signals beyond the additive class effects of
either drug, has never been systematically evaluated. Third, real-world pharmacovigilance evidence is
confined to a single pan-cancer analysis restricted to preselected event categories without formal
interaction modeling [22]. Established disproportionality methods [23] and the four-arm Omega
shrinkage measure for drug–drug interaction surveillance [24] now make a systematic, full-spectrum
assessment feasible.

To address these gaps, we conducted a dual-evidence study focused exclusively on NSCLC. A
systematic review and meta-analysis was performed to quantify the association between PPI exposure
and the efficacy (overall survival, progression-free survival, objective response rate, and disease control
rate) and safety (immune-related adverse events) of ICI therapy, with prespecified subgroup analyses to
explore potential effect modifiers, including the timing of PPI exposure, ICI class, and treatment regimen.
In parallel, a real-world pharmacovigilance analysis of the FDA Adverse Event Reporting System (FAERS)
was conducted to characterize the adverse-event spectrum of ICI therapy under PPI co-exposure and to
identify potential drug–drug interaction signals beyond the class effects of either agent. Together, these
complementary evidence tracks were designed to inform rational acid-suppression management in
patients with NSCLC receiving ICIs.

2. Materials and methods

2.1 Study design and registration
This dual-evidence study comprised (i) a systematic review with meta-analysis and (ii) a real-world
pharmacovigilance analysis of the FDA Adverse Event Reporting System (FAERS), each prospectively
registered on PROSPERO (CRD420261470983 and CRD420261486154). The meta-analysis was
conducted and reported in accordance with the PRISMA 2020 statement [25] and its extension for living
systematic reviews [26]; the disproportionality analysis was reported following the READUS-PV guideline
[27]. Because all analyses were based on published aggregate data and publicly available, anonymized
spontaneous reports, ethical approval and informed consent were not required.

2.2 Systematic review and meta-analysis

2.2.1 Eligibility criteria
Because PPI use is a non-randomized, real-world exposure rather than an assigned intervention,
eligibility was defined a priori using the PECO-S (Population, Exposure, Comparator, Outcome, Study
design) framework. Eligible studies enrolled adults (aged ≥ 18 years) with histologically or cytologically
confirmed NSCLC of any stage receiving ICIs as monotherapy or in combination (P); compared patients
exposed to PPIs at baseline (typically within ± 30 days of ICI initiation) or during treatment, as defined by
the original investigators (E), with patients receiving identical ICI regimens without PPI exposure (C); and
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reported at least one extractable efficacy outcome—OS, PFS, objective response rate (ORR), or disease
control rate (DCR)—or safety outcome, namely the incidence of overall, grade ≥ 3, or organ-specific
immune-related adverse events (irAEs) (O). Post hoc, subgroup, and individual-participant-data (IPD)
analyses of randomized controlled trials (RCTs), prospective and retrospective cohort studies, and case-
control studies published in English or Chinese were eligible (S).

We excluded single-arm studies and publications without original comparative data (reviews, meta-
analyses, case reports, editorials, letters, and conference abstracts lacking extractable effect estimates);
studies of non-NSCLC populations or of patients not receiving ICIs; studies in which the exposure was
restricted to non-PPI acid suppressants (histamine-2 receptor antagonists or potassium-competitive
acid blockers) or in which PPI-specific effects could not be isolated from pooled acid-suppressant
groups; and duplicate or overlapping publications, of which only the largest and most complete dataset
was retained. Studies judged at high risk of bias were not excluded a priori; their influence was examined
in sensitivity analyses.

2.2.2 Search strategy
We searched PubMed, Embase, Web of Science Core Collection, the Cochrane Library, and three Chinese
databases (CNKI, Wanfang, and VIP) from inception to August 2026. Searches combined controlled
vocabulary (MeSH or Emtree) with free-text terms across three concept blocks—NSCLC, ICIs, and PPIs—
linked by Boolean operators, and were adapted to the syntax of each database. Strategies were drafted
independently by two reviewers trained in systematic review methodology and cross-checked following
PRESS principles; the full search strings for all seven databases are provided in Supplementary Table S1.
Reference lists of included studies and of relevant reviews were hand-searched to identify additional
eligible records.

2.2.3 Study selection and data extraction
Records were managed and deduplicated in EndNote X9. Two reviewers independently screened titles
and abstracts, then full texts, documenting reasons for exclusion; disagreements were resolved by
discussion or adjudication by a third senior reviewer. Using a piloted standardized form, the same
reviewers independently extracted study characteristics (first author, year, country or region, design),
patient characteristics (sample size, age, sex, ECOG performance status, histology, PD-L1 expression,
stage, follow-up), treatment regimens, PPI exposure details (definition, agent, dose, time window,
duration, and exposure prevalence), outcomes, and the extent of confounder adjustment (e.g.,
antibiotics, corticosteroids, ECOG performance status, PD-L1 expression). For OS and PFS, multivariable-
adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) were extracted preferentially, followed
by propensity-matched or weighted estimates; unadjusted HRs were used only when no adjusted
estimate was available and were flagged for sensitivity analysis. When HRs were not reported directly,
they were estimated from Kaplan–Meier curves or reported summary statistics using the methods of
Tierney et al. [28]. For ORR, DCR, and irAEs, event counts and group sizes were extracted to compute
odds ratios (ORs). Missing key data were requested from corresponding authors.
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2.2.4 Risk of bias assessment
The Risk Of Bias in Non-randomized Studies of Exposure (ROBINS-E) tool served as the primary
instrument for all included studies, covering confounding, exposure measurement, participant selection,
post-exposure intervention, missing data, outcome measurement, and selective reporting [29]. For
analyses derived from RCTs, the internal validity of the parent trial was additionally appraised with the
Cochrane risk-of-bias tool [30], and retrospective cohort and case-control studies were additionally
scored with the Newcastle–Ottawa Scale as a quantitative complement [31]. Assessments were
performed independently by two reviewers, with disagreements resolved by consensus or a third
reviewer.

2.2.5 Statistical analysis
Time-to-event outcomes were pooled as log-transformed HRs using the generic inverse-variance
method; binary outcomes were pooled as ORs. Given the anticipated clinical and methodological
heterogeneity of predominantly observational evidence, random-effects models with the DerSimonian–
Laird estimator were prespecified for all analyses, irrespective of heterogeneity test results [32].
Heterogeneity was quantified with the χ² test and the I² statistic. Prespecified subgroup analyses of OS
examined treatment regimen (ICI monotherapy vs. combination therapy), timing of PPI exposure
(baseline only; peri-initiation, defined as a 21 ~ 42-day window around ICI initiation; or during treatment),
ICI class (PD-1 vs. PD-L1 inhibitors, restricted to studies with class-homogeneous cohorts), and study
region (Asian vs. non-Asian, excluding multinational studies); between-subgroup differences were tested
with the interaction Q test. Sensitivity analyses comprised leave-one-out analysis, exclusion of studies at
high risk of bias, and exclusion of studies with estimated or unadjusted HRs. For outcomes with at least
ten studies, publication bias was assessed by funnel plots and the Egger regression test, with trim-and-
fill adjustment where asymmetry was detected [33, 34]. The certainty of evidence for each outcome was
rated with the GRADE approach and presented in a summary-of-findings table [35]. Meta-analyses were
performed in RevMan 5.4.1 and R 4.3.3 (package metafor 4.4-0). All tests were two-sided with α = 0.05.

2.3 FAERS pharmacovigilance analysis

2.3.1 Data source and processing
Quarterly ASCII files (DEMO, DRUG, REAC, INDI, OUTC, and THER) covering 2011Q1 through 2026Q2 (62
quarters) were downloaded from FAERS. Deduplication proceeded in two stages: for each case identifier,
only the most recent report version was retained; cross-case duplicates with identical sex, age, event
date, reporting country, and adverse-event term combinations were then removed, with reports missing
key fields exempted from the second stage to avoid erroneous deletion. Adverse events and indications
were coded at the MedDRA Preferred Term (PT) level using the version current at each quarterly release
(v29.0 for the most recent quarter).

2.3.2 Exposure and cohort definitions
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ICI exposure was defined as any PD-1, PD-L1, or CTLA-4 inhibitor recorded as the primary or secondary
suspect drug; PPI exposure was defined as any of the seven marketed PPIs (omeprazole, esomeprazole,
lansoprazole, dexlansoprazole, pantoprazole, rabeprazole, or ilaprazole) in any drug role, with matching
of both generic and brand names. Four mutually exclusive groups were constructed: ICI plus PPI (group
A), ICI only (group B), PPI only (group C), and neither (group D). The primary population for
disproportionality analyses was restricted to reports in which the indication linked to the ICI was coded
with NSCLC-specific terms, with broader lung-cancer terms examined in sensitivity analyses. Because
interaction analyses require all four groups, they were performed primarily in the full database, with the
lung-cancer-indication population analyzed for corroboration.

2.3.3 Disproportionality analysis
For each PT, the reporting odds ratio (ROR) with 95% CI and the Bayesian information component (IC)
with 95% credibility interval were computed for group A against group B as the comparator [23, 36],
applying the Haldane correction (0.5 added to each cell) when any cell count was zero. A signal required
at least three cases in group A together with ROR025 > 1 or IC025 > 0. PTs reflecting the underlying
disease or medication management were excluded at the interpretation stage.

2.3.4 Drug–drug interaction analysis
Interaction signals exceeding the expected class effects of either drug were assessed with the Ω
shrinkage measure based on the four-group design [24]: under the no-interaction assumption, the
expected reporting rate in group A was derived from the observed rates in groups B, C, and D, and Ω was
computed as the shrinkage-adjusted log2 ratio of observed to expected. A signal required Ω025 > 0 with
at least three co-exposed cases; additive and multiplicative interaction models were computed as
robustness checks. Core signals were defined as PTs that were positive in the NSCLC and pan-cancer
disproportionality analyses and in both Ω interaction analyses (four-fold validation).

2.3.5 Time-to-onset and fatal outcomes
Time to onset was calculated as the interval between the adverse-event date and the earliest ICI start
date, restricted to reports with complete dates and intervals of 0–3 years, and summarized as median
(interquartile range); groups were compared with the Wilcoxon rank-sum test, and Weibull distributions
were fitted with the shape parameter β characterizing the onset pattern (β < 1 indicating early-failure
type). Fatal outcomes (outcome code DE) were compared between groups with the χ² test. Missing
demographic and date fields were not imputed; each analysis used all available data, and resulting
differences in denominators are reported as observed. FAERS analyses were conducted in R 4.5.1
(packages data.table and fitdistrplus).

3. Results

3.1 Study selection and characteristics
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Database searches retrieved 2,424 records, and citation tracking identified 8 additional records. After
removal of 324 duplicates, 2,100 records were screened by title and abstract, and 101 full texts were
assessed for eligibility, of which 57 were excluded (reasons detailed in Fig. 1). Forty-four studies were
ultimately included[7, 12–14, 18, 19, 37–74], of which 42 contributed data to quantitative synthesis and 2
were summarized narratively[39, 57] (Fig. 1). Four studies were post hoc or pooled analyses of
randomized trials[7, 12, 13, 19]—an individual-participant-data analysis of five atezolizumab trials [13],
pooled post hoc analyses of the OAK and POPLAR trials [12], and post hoc analyses of IMpower150 [7]
and PACIFIC [19]—and 40 were observational studies [14, 18, 37–74], including real-world analyses of the
US Veterans Affairs system, the Korean HIRA database, the TriNetX network, and the French national
claims database. Studies originated from Asia (n = 22) [14, 41, 42, 44, 45, 48, 51, 53–55, 60, 63–66, 68–
74], Europe (n = 10) [38, 40, 43, 49, 50, 57–59, 62, 67], North America (n = 6) [18, 37, 47, 52, 56, 61], and
Australia (n = 1) [46], with 5 multinational analyses [7, 12, 13, 19, 39]; publication years spanned 2017 ~ 
2026, with 20 studies (45%) published in 2024 or later [19, 37, 39, 43–45, 48–50, 53, 55, 56, 58, 60, 64,
65, 68, 70, 73, 74]. Sample sizes ranged from 63 to 31,257, for a cumulative total of more than 58,000
patients, of whom approximately 25,000 were PPI-exposed. PPI exposure was most commonly defined
within ± 30 days of ICI initiation; two studies additionally stratified by cumulative dose or duration of PPI
use. OS was available for meta-analysis in 35 studies [7, 14, 18, 19, 37, 38, 40–47, 49, 50, 52–56, 58–64,
66–70, 72, 74], PFS in 23 [7, 18, 19, 38, 40, 42, 43, 46, 48, 50, 51, 53, 59, 60, 62–64, 68–70, 72–74], ORR in
10 [40, 42, 43, 54, 65, 66, 68, 69, 72, 74], DCR in 6 [42, 43, 66, 69, 72, 74], and irAEs in 6 [38, 54, 55, 60, 71,
74]. Characteristics of the included studies are summarized in Supplementary Table S2.

3.2 Risk of bias
Among the 42 studies included in quantitative synthesis, ROBINS-E rated 36 (85.7%) at some risk and 6
(14.3%) [42, 45, 48, 52, 62, 71] at high risk of bias, with none at low risk; the dominant source of bias was
confounding by indication, as PPI users typically had poorer performance status, greater comorbidity
burden, and more frequent co-medication with corticosteroids or antibiotics. The six high-risk studies
[42, 45, 48, 52, 62, 71] reported only unadjusted estimates or estimates derived indirectly from median
survival times. The parent trials underlying the four RCT-derived analyses [7, 12, 13, 19] were
methodologically robust, with open-label design representing the principal limitation in three [7, 12, 13],
whereas the PACIFIC trial was double-blind[19]. On the Newcastle–Ottawa Scale, 26 of 40 observational
studies (65%) scored ≥ 7 [14, 18, 37, 40, 43, 44, 49–51, 53–58, 60, 61, 63, 64, 67–70, 72–74], with points
most often lost for between-group comparability. Full assessments are provided in Supplementary Figs.
S1–S2 and Supplementary Tables S3–S4.

3.3 Efficacy outcomes
OS. Thirty-five studies [7, 14, 18, 19, 37, 38, 40–47, 49, 50, 52–56, 58–64, 66–69] comprising 58,545
patients contributed to the OS analysis. PPI exposure was significantly associated with shorter OS (HR
1.33, 95% CI 1.23 ~ 1.44, P < 0.001; I² = 75%) (Fig. 2). The direction of effect was highly consistent: 32 of
35 point estimates exceeded 1 (17 statistically significant), and the three studies with point estimates
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marginally below 1 (HR 0.96–0.98) were all non-significant. The pooled association was not driven by
small studies, as it persisted despite near-null results in several of the largest database analyses.

PFS. Twenty-three studies [7, 18, 19, 38, 40, 42, 43, 46, 48, 50, 51, 53, 59, 60, 62–64, 68–70, 72–74]
comprising 9,939 patients contributed to the PFS analysis. PPI exposure was associated with
significantly shorter PFS (HR 1.65, 95% CI 1.44 ~ 1.89, P < 0.001; I² = 69%) (Fig. 3). All 23 point estimates
were ≥ 1, with 13 reaching statistical significance; the three studies carrying the greatest weight [7, 19,
40] all showed significant associations (HR 1.15, 1.32, and 1.57, respectively).

ORR and DCR. Ten studies [40, 42, 43, 54, 65, 66, 68, 69, 72, 74] with PPI exposure (OR 1.21 favoring non-
exposure, 95% CI 0.86 ~ 1.70, P = 0.27; I² = 60%; crude ORR 33.4% vs. 43.1%) (Supplementary Fig. S3).
One additional study not poolable for lack of event counts reported a significantly lower ORR in PPI users
(41.5% vs. 63.5%). Six studies [42, 43, 66, 69, 72, 74] (764 patients) were pooled for DCR, again showing
a non-significant unfavorable trend (OR 1.43, 95% CI 0.84 ~ 2.43, P = 0.18; I² = 60%; crude DCR 67.8% vs.
75.1%) (Supplementary Fig. S4); a further study reporting only an inverse-probability-weighted estimate
found a significant negative association between PPI use and disease control (adjusted OR 0.14, 95% CI
0.05 ~ 0.43) [63]. Overall, effect sizes displayed a gradient across outcomes, with significant
associations for survival endpoints and non-significant trends for response endpoints.

3.4 Safety outcomes
Six studies [38, 54, 55, 60, 71, 74] (937 patients) contributed to the analysis of overall irAE incidence,
which did not differ significantly by PPI exposure (OR 0.98, 95% CI 0.63 ~ 1.51, P = 0.91; I² = 55%; crude
incidence 43.2% vs. 44.8%) (Supplementary Fig. S5). Heterogeneity reflected two divergent single-study
findings: one study reported significantly fewer non-pneumonitis irAEs among PPI users (adjusted OR
0.510, 95% CI 0.274 ~ 0.947) [55], whereas a dedicated study of ICI-associated acute kidney injury
reported a higher incidence among PPI users (35.0% vs. 15.9%; univariable OR 2.85, 95% CI 1.12 ~ 7.29),
although PPI use was not retained as an independent predictor after multivariable adjustment [71]. Two
studies not poolable for lack of event counts likewise reported no significant association with overall
adverse-event incidence [47, 70]. No study provided PPI-stratified counts of grade ≥ 3 irAEs; the only
comparative dataset showed no difference in grade ≥ 3 checkpoint-inhibitor pneumonitis (4.9% vs. 4.3%,
P = 0.746) [55]. Organ-specific evidence, each available from a single study [55, 70, 71], is summarized in
Supplementary Table S5.

3.5 Subgroup analyses
Prespecified subgroup analyses of OS are shown in Fig. 4 and Supplementary Fig. S6. The association
between PPI exposure and shorter OS was consistent between ICI monotherapy (HR 1.41, 95% CI 1.25 ~ 
1.59) and combination therapy (HR 1.32, 95% CI 1.17 ~ 1.50; interaction P = 0.48), and between PD-1 (HR
1.26) and PD-L1 inhibitors (HR 1.40; interaction P = 0.52). By contrast, effect size differed significantly by
timing of exposure: the association was strongest for exposure within the peri-initiation window (21 ~ 42
days around ICI start; HR 1.64, 95% CI 1.38 ~ 1.94), compared with baseline-only (HR 1.27) and on-
treatment exposure (HR 1.24; interaction P = 0.03) (Fig. 4A). Within-study dose–response evidence was
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concordant: mortality risk increased with cumulative defined daily doses > 159 (adjusted HR 1.45, 95% CI
1.02 ~ 2.07) in one study, and in another, survival outcomes were unaffected by PPI courses ≤ 7 days but
significantly worse with use exceeding 28 days. Effect size also differed by region, with a significantly
stronger association in Asian (HR 1.65, 95% CI 1.39 ~ 1.95) than in non-Asian studies (HR 1.17, 95% CI
1.08 ~ 1.28; interaction P = 0.0005) (Fig. 4B). No study reported PPI effects stratified by histology; single-
study evidence in PD-L1 ≥ 50% populations, consolidation therapy after chemoradiotherapy, and
postoperative recurrence settings showed associations in the same direction.

3.6 Sensitivity analyses and publication bias
The OS association was robust across all prespecified sensitivity analyses (Supplementary Fig. S7).
Excluding the four high-risk-of-bias studies yielded an HR of 1.31 (95% CI 1.21 ~ 1.42); excluding the
three studies with survival-curve-derived, unadjusted estimates yielded an HR of 1.31 (95% CI 1.22 ~ 
1.42); and in leave-one-out analyses the pooled HR ranged from 1.31 to 1.38, remaining significant in all
35 iterations. A parallel analysis of PFS excluding high-risk studies gave an HR of 1.67 (95% CI 1.44 ~ 
1.94). Funnel plots for OS and PFS were asymmetric, with significant Egger tests (P < 0.001 and P = 
0.001, respectively); trim-and-fill imputation of 14 and 7 hypothetical studies attenuated but did not
nullify the associations (OS HR 1.15, 95% CI 1.07 ~ 1.24; PFS HR 1.41, 95% CI 1.23 ~ 1.62). No significant
asymmetry was detected for ORR (Egger P = 0.189); publication-bias testing was not performed for
outcomes with fewer than ten studies. Funnel plots are shown in Supplementary Fig. S8.

3.7 Certainty of evidence
GRADE assessments are summarized in Table 1 and Supplementary Table S6. Starting from “low” for
non-randomized evidence, certainty for OS remained low (downgraded for publication bias; upgraded for
a dose–response gradient), whereas certainty for PFS, ORR, DCR, and overall irAEs was very low,
reflecting unexplained heterogeneity and, for the response and safety outcomes, imprecision.
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Table 1
Summary of pooled results for the association of PPI exposure with efficacy and safety outcomes of ICI

therapy in patients with NSCLC.
Outcome Studies, n

(patients)
Pooled
effect
(95% CI)

P
value

I² Publication
bias (Egger P)

Certainty of
evidence
(GRADE)

Overall survival 35 (58,545) HR 1.33
(1.23–
1.44)

< 
0.001

75% < 0.001 a Low

Progression-free
survival

23 (9,939) HR 1.65
(1.44–
1.89)

< 
0.001

69% 0.001 b Very low

Objective
response rate

10 (2,175) OR 1.21
(0.86–
1.70) c

0.27 60% 0.189 Very low

Disease control
rate

6 (764) OR 1.43
(0.84–
2.43) c

0.18 60% NA d Very low

Overall immune-
related adverse
events

6 (937) OR 0.98
(0.63–
1.51) c

0.91 55% NA d Very low

Abbreviations: PPI, proton pump inhibitor; ICI, immune checkpoint inhibitor; NSCLC, non-small cell
lung cancer; HR, hazard ratio; OR, odds ratio; CI, confidence interval; GRADE, Grading of
Recommendations Assessment, Development and Evaluation; NA, not assessed.

All analyses used random-effects models (DerSimonian–Laird). a Trim-and-fill-adjusted HR 1.15 (95%
CI 1.07–1.24); direction and significance unchanged. b Trim-and-fill-adjusted HR 1.41 (95% CI 1.23–
1.62). c OR expresses the odds in non-exposed relative to PPI-exposed patients; values > 1 indicate
less favorable outcomes with PPI exposure. d Fewer than 10 studies; publication-bias testing not
performed per Cochrane Handbook guidance. Full GRADE assessments are provided in
Supplementary Table S6.

3.8 FAERS pharmacovigilance analysis

3.8.1 Report characteristics
After two-stage deduplication, 17,958,621 reports submitted between 2011Q1 and 2026Q2 were
retained. Of these, 21,272 recorded co-exposure to an ICI (primary/secondary suspect) and a PPI (group
A) and 238,766 recorded ICI exposure without a PPI (group B); the PPI co-reporting proportion among ICI
reports (8.2%) was well below the approximately 30% PPI-use prevalence in oncology populations,
indicating under-reporting of concomitant medication. Restricting to reports with NSCLC-coded ICI
indications yielded 5,256 group A and 40,204 group B reports (6,032 and 52,468 with the broader lung-
cancer definition). Demographic characteristics were similar between groups, with a higher proportion of
healthcare-professional reporters in group A (87.4% vs. 77.9%) (Supplementary Table S7). The proportion
of fatal outcomes did not differ significantly between groups (25.9% vs. 24.9%, P = 0.118)
(Supplementary Table S7).
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3.8.2 Disproportionality analysis
In the NSCLC population, 375 of 4,710 screened preferred terms met signal criteria, clustering in
infections (57 PTs), gastrointestinal disorders (43 PTs), and renal/electrolyte disorders (26 PTs)
(Fig. 5A). The strongest signals were dysbiosis (22 vs. 0 cases; ROR 345.63, 95% CI 20.96 ~ 5698.77)
and skin candida infection (24 vs. 1; ROR 184.42, 95% CI 24.94 ~ 1363.52); a renal cluster comprising
tubulointerstitial nephritis, acute kidney injury, immune-mediated nephritis, and hypomagnesemia was
also disproportionately reported in group A. The pan-cancer analysis (978 signals among 9,161 PTs)
produced a highly concordant ranking. The full signal landscape is displayed as a volcano plot (Fig. 5B).

3.8.3 Drug–drug interaction signals and core signal set
Ω shrinkage analysis identified 261 interaction-positive PTs among 23,938 screened in the full database
(groups A–D: 21,272; 238,766; 970,949; 16,727,634 reports) and 146 among 6,794 screened in the lung-
cancer population, led by skin candida infection (Ω025 = 4.83) and dysbiosis (Ω025 = 4.78); probiotic
therapy, intestinal intraepithelial lymphocytosis, and drug reaction with eosinophilia and systemic
symptoms (Ω025 = 2.87) were also interaction-positive. Forty-six PTs were positive in all four analyses
(four-fold validation) and 106 in three; after exclusion of 8 disease-related or administrative terms, 38
core signals remained, falling into five categories: microbiota–mucosal axis events, infections, renal
disorders, hepato-immune disorders, and other events (Fig. 6; Supplementary Tables S8–S9). Triple-
validated signals additionally included acute kidney injury, hypomagnesemia, hypokalemia, oral
candidiasis, and Pneumocystis jirovecii pneumonia.

3.8.4 Time to onset
Among reports with evaluable dates (4,253 in group A; 16,069 in group B), median time to onset was 27
days in both groups (IQR 9 ~ 92 vs. 8 ~ 91; P = 0.866), and Weibull shape parameters below 1 in both
groups (β = 0.649 vs. 0.647) indicated an early-failure pattern, with no evidence that PPI co-exposure
altered the temporal dynamics of adverse events (Supplementary Fig. S9).

4. Discussion
This dual-evidence study—integrating the largest and most current NSCLC-specific meta-analysis of the
PPI–ICI interaction (44 studies, > 58,000 patients) with an interaction-focused pharmacovigilance
analysis of nearly 18 million deduplicated FAERS reports—yielded three principal findings. First, PPI
exposure was associated with significantly shorter OS (HR 1.33) and PFS (HR 1.65), associations that
remained stable across all prespecified sensitivity analyses. Second, response endpoints showed only
non-significant unfavorable trends, forming a gradient of impaired survival with attenuated but
inconclusive effects on tumor response. Third, PPI co-medication did not increase the overall burden or
fatality of adverse events but shifted their spectrum, with 38 four-fold-validated interaction signals
concentrated in microbiota–mucosal, infectious, and renal domains. Compared with earlier meta-
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analyses, which pooled biologically heterogeneous tumor types [15] or all systemic therapies [16], the
present synthesis is restricted to ICI-treated NSCLC, incorporates the roughly twenty studies published
since 2024, adds a systematic appraisal of safety outcomes, and identifies two effect modifiers—
exposure timing and study region—not previously established. Our findings also accord with umbrella-
review evidence ranking PPIs, together with antibiotics, among the concomitant medications most
consistently implicated in impaired ICI efficacy [75].

The biological plausibility of this association rests principally on the gut microbiota. ICIs are
intravenously administered monoclonal antibodies whose absorption and elimination are independent of
gastric pH and cytochrome P450 metabolism [76], excluding a classical pharmacokinetic interaction and
pointing to an indirect pathway. Profound acid suppression compromises the gastric barrier, permitting
oralization of the lower gut microbiome, reducing microbial α-diversity, and enriching oral taxa such as
streptococci, as shown in crossover, population-based, and meta-analytic studies [77–80]; the resulting
dysbiosis diminishes short-chain-fatty-acid producers, impairs barrier integrity, and reshapes local
immune tone [81]. In parallel, gut microbiome composition has been established as a determinant of
checkpoint-blockade efficacy [82, 83], with intestinal Akkermansia muciniphila predicting response to
PD-1 blockade in NSCLC specifically [84]. Interventional studies close the causal chain: fecal microbiota
transplantation (FMT) can overcome anti-PD-1 resistance in melanoma [85, 86], FMT plus first-line anti-
PD-1 achieved a 65% response rate in a phase 1 trial [87], and the 2026 phase 2 FMT-LUMINate trial
extended feasibility and preliminary efficacy to NSCLC [88]. A medication that durably perturbs this
ecosystem would therefore be expected to attenuate ICI benefit.

Several internal observations of the present study cohere with this mechanism. The association was
strongest for exposure in the peri-initiation window (HR 1.64), consistent with the decisive role of
baseline microbiome state in mounting the antitumor immune response; within-study evidence indicated
dose- and duration-dependent gradients, matching the pharmacological expectation that greater acid
suppression produces greater dysbiosis; PPI users experienced significantly fewer non-pneumonitis
irAEs, suggesting diminished systemic immune activation; and in FAERS, dysbiosis (Ω025 = 4.78) and
skin candida infection (Ω025 = 4.83) remained interaction-positive after subtracting the class effects of
either drug, providing independent real-world evidence of microbial disturbance beyond additive
expectation. Confounding by indication nevertheless remains a competing explanation, as PPI use partly
marks frailty and comorbidity burden. Pure confounding, however, would not readily generate timing- and
dose-dependent gradients that persist in analyses restricted to multivariable-adjusted estimates;
confounded and causal components are therefore more plausibly coexistent than mutually exclusive.

The gradient across efficacy outcomes deserves comment. Mechanistically, the microbiota is implicated
chiefly in sustaining antitumor immunity and immune memory, so PPI-associated dysbiosis may erode
the durability rather than the induction of tumor regression—patients may still achieve initial responses
whose depth and duration are curtailed, translating into shorter survival. Statistically, the pooled samples
for ORR and DCR were an order of magnitude smaller than for survival, underpowered for moderate
effects, and both point estimates were directionally concordant with the survival findings; the single
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study with rigorous inverse-probability weighting showed a significant negative association with disease
control. Measurement error compounds this: response assessment relied on retrospective, non-blinded
imaging review, and non-differential misclassification biases estimates toward the null. The null
response-endpoint results should therefore not be interpreted as evidence that PPIs spare near-term
efficacy.

Subgroup findings offer further insight into effect modification. The predominance of the peri-initiation
window is directly actionable, implying that the weeks surrounding ICI initiation constitute the critical
period for acid-suppression stewardship. The significantly stronger association in Asian than non-Asian
studies (HR 1.65 vs. 1.17; interaction P = 0.0005) is biologically credible: CYP2C19 poor-metabolizer
genotypes are carried by approximately 13–23% of East Asians versus 2–5% of Caucasians, producing
higher plasma PPI exposure and stronger acid suppression at equivalent doses [89], which would
amplify dysbiosis and its downstream immunosuppressive effects; dietary patterns and baseline
microbiome composition may contribute further. A methodological component cannot be excluded, as
Asian studies were predominantly smaller single-center retrospective cohorts, whereas non-Asian
evidence derived largely from large databases yielding more conservative estimates. By contrast, neither
treatment regimen (interaction P = 0.48) nor ICI class (interaction P = 0.52) modified the association,
supporting an upstream locus of action independent of the specific checkpoint target—concordant with
prior observations [75]. Residual heterogeneity for OS (I² = 75%) likely reflects the persisting diversity of
exposure definitions, dosing and duration reporting, and adjustment sets across studies.

The safety findings delineate the nature, rather than the absence, of harm. PPI co-medication did not
increase overall irAE incidence, and FAERS corroborated unchanged fatality and early-onset temporal
kinetics—arguing against simple toxicity summation. Because irAE occurrence, particularly non-
pneumonitis irAEs, is positively associated with ICI benefit [90, 91], the significant reduction of non-
pneumonitis irAEs among PPI users is more plausibly a surrogate of blunted immune activation than a
safety advantage. The kidney constitutes the important exception. PPIs are a leading cause of drug-
induced acute interstitial nephritis [92], PPI co-medication has repeatedly emerged as an independent
risk factor for ICI-associated acute kidney injury [93–95], the dedicated study in our synthesis observed
an approximately 2.9-fold risk elevation, and in FAERS both tubulointerstitial nephritis and immune-
mediated nephritis survived four-fold validation, with acute kidney injury and hypomagnesemia triple-
validated. Literature, pharmacoepidemiological, and spontaneous-report evidence thus converge on
additive renal risk, directing monitoring priorities during co-administration toward infection surveillance
and renal function rather than generalized irAE apprehension.

These findings carry direct implications for pharmaceutical care in ICI-treated NSCLC. Acid-reducing
agents are used by 20–33% of patients in oncology trials [96], often without a persisting indication. Our
data support a pharmacist-led pathway: systematic review of PPI indications before ICI initiation, with
deprescribing of unindicated empirical use following established frameworks [97]; for patients with
compelling indications, continuation at the lowest effective dose for the shortest necessary duration,
avoiding new non-essential PPI prescriptions within the peri-initiation window; consideration of
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histamine-2 receptor antagonists where on-demand acid suppression suffices, as current NSCLC
evidence has not demonstrated a comparable adverse association, albeit with limited data [98] and
intensified monitoring of renal function and treatment response in higher-risk groups, particularly Asian
patients and CYP2C19 poor metabolizers. Future research should prioritize interaction analyses
embedded in prospective cohorts and trials, agent- and dose-stratified exposure–response studies, and
microbiota-targeted interventions—an approach supported by early evidence that Clostridium butyricum
supplementation restored ICI efficacy in PPI-treated lung cancer patients [66] and by the maturing FMT
trial program [88].

This study has limitations. PPI exposure was non-randomized in every included study, and residual
confounding by indication cannot be eliminated; the observed associations therefore do not establish
causality. Heterogeneity in exposure definitions, doses, and durations across studies constrains the
precision and generalizability of pooled estimates, and the certainty of evidence was low for OS and very
low for the remaining outcomes, with small-study effects evident for the survival endpoints—although
trim-and-fill adjustment attenuated without nullifying the associations. The FAERS analysis inherits the
constraints of spontaneous reporting: substantial under-recording of co-medication (8.2% PPI co-
reporting against an expected ~ 30% prevalence), absence of exposure denominators, and inability to
infer causality from disproportionality. Conversely, the inclusion of Chinese-language literature and grey
literature reduced language bias, and the influence of the single dissertation was examined in sensitivity
analysis. These limitations underscore that our conclusions should inform cautious stewardship rather
than strong clinical prohibition, pending prospective confirmation.

5. Conclusions
In patients with NSCLC receiving ICIs, PPI exposure was associated with significantly shorter OS and
PFS—independent of treatment regimen and ICI class, strongest for exposure around ICI initiation, dose-
and duration-dependent, and more pronounced in Asian populations—without an increase in overall irAE
burden, indicating that the clinical impact of PPIs is dominated by efficacy attenuation rather than
toxicity summation. Real-world pharmacovigilance corroborated this profile, identifying a shifted
adverse-event spectrum concentrated in microbiota–mucosal, infectious, and renal domains. Pending
prospective validation, PPI prescribing in this population warrants rigorous indication review, avoidance
of unindicated empirical use—particularly within the window surrounding ICI initiation—use of the lowest
effective dose for the shortest necessary duration, and vigilant monitoring of infection and renal function
during co-administration.

Declarations

Competing interests
The authors have no relevant financial or non-financial interests to disclose.

Page 15/32



Ethics approval

Ethical approval was not required for this study. The systematic review and meta-analysis was based
exclusively on previously published studies, and the pharmacovigilance analysis used publicly available,
de-identified reports from the FDA Adverse Event Reporting System (FAERS).

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-
for-profit sectors.

Author Contribution
Z.X. conceived and designed the study, performed the literature search, data extraction, statistical
analyses, and pharmacovigilance analyses, prepared all figures and tables, and wrote the main
manuscript text. X.W. and M.L. performed independent study screening, data extraction and validation.
L.Y. conceived the study, supervised the project, and administered the work. All authors critically
reviewed and approved the final manuscript.

Data availability
All data supporting the findings of the systematic review and meta-analysis are available within the
article and its supplementary materials. The FAERS quarterly data files analyzed in this study are publicly
available from the FDA website (https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html).
The R code used for the pharmacovigilance analysis is available from the corresponding author upon
reasonable request.

References
1. Ji Y, Zhang Y, Liu S, Li J, Jin Q, Wu J, Duan H, Liu X, Yang L, Huang Y (2025) The epidemiological

landscape of lung cancer: current status, temporal trend and future projections based on the latest
estimates from GLOBOCAN 2022. J Natl Cancer Cent 5(3):278–286

2. Huang Q, Li Y, Huang Y, Wu J, Bao W, Xue C, Li X, Dong S, Dong Z, Hu S (2025) Advances in molecular
pathology and therapy of non-small cell lung cancer. Signal Transduct Target therapy 10(1):186

3. Riely GJ, Wood DE, Ettinger DS, Aisner DL, Akerley W, Bauman JR, Bharat A, Bruno DS, Chang JY,
Chirieac LR (2024) Non–small cell lung cancer, version 4.2024, NCCN clinical practice guidelines in
oncology. J Natl Compr Canc Netw 22(4):249–274

4. Li F, Dong X (2021) Pembrolizumab provides long-term survival benefits in advanced non‐small cell
lung cancer: The 5‐year outcomes of the KEYNOTE‐024 trial. Thorac Cancer 12(23):3085

Page 16/32



5. Numico G, Fusco V, Franco P (2017) Proton pump inhibitors in cancer patients: How useful they are?
A review of the most common indications for their use. Crit Rev Oncol/Hematol 111:144–151.
10.1016/j.critrevonc.2017.01.014

6. Raoul JL, Guérin-Charbonnel C, Edeline J, Simmet V, Gilabert M, Frenel JS (2021) Prevalence of
Proton Pump Inhibitor Use Among Patients With Cancer. JAMA Netw Open 4(6):e2113739.
10.1001/jamanetworkopen.2021.13739

7. Hopkins AM, Badaoui S, Kichenadasse G, Karapetis CS, McKinnon RA, Rowland A, Sorich MJ (2022)
Efficacy of Atezolizumab in Patients With Advanced NSCLC Receiving Concomitant Antibiotic or
Proton Pump Inhibitor Treatment: Pooled Analysis of Five Randomized Control Trials. J Thorac
Oncol 17(6):758–767. 10.1016/j.jtho.2022.02.003

8. Savarino V, Dulbecco P, de Bortoli N, Ottonello A, Savarino E (2017) The appropriate use of proton
pump inhibitors (PPIs): Need for a reappraisal. Eur J Intern Med 37:19–24.
10.1016/j.ejim.2016.10.007

9. Minalyan A, Gabrielyan L, Scott D (2017) The Gastric and Intestinal Microbiome: Role of Proton
Pump Inhibitors. Curr Gastroenterol Rep 19(8):42. 10.1007/s11894-017-0577-6

10. Schumacher J, Müller P, Sulzer J (2025) Proton-pump inhibitors increase C. difficile infection risk by
altering pH rather than by affecting the gut microbiome based on a bioreactor model. Gut Microbes
17(1):2519697. 10.1080/19490976.2025.2519697

11. Ohara T, Arakawa T (1999) Lansoprazole decreases peripheral blood monocytes and intercellular
adhesion molecule-1-positive mononuclear cells. Dig Dis Sci 44(8):1710–1715.
10.1023/a:1026604203237

12. Chalabi M, Cardona A, Nagarkar DR, Dhawahir Scala A, Gandara DR, Rittmeyer A, Albert ML, Powles
T, Kok M, Herrera FG (2020) Efficacy of chemotherapy and atezolizumab in patients with non-small-
cell lung cancer receiving antibiotics and proton pump inhibitors: pooled post hoc analyses of the
OAK and POPLAR trials. Ann Oncol 31(4):525–531. 10.1016/j.annonc.2020.01.006

13. Hopkins AM, Kichenadasse G, McKinnon RA, Abuhelwa AY, Logan JM, Badaoui S, Karapetis CS,
Rowland A, Sorich MJ (2022) Efficacy of first-line atezolizumab combination therapy in patients with
non-small cell lung cancer receiving proton pump inhibitors: post hoc analysis of IMpower150. Br J
Cancer 126(1):42–47. 10.1038/s41416-021-01606-4

14. Baek YH, Kang EJ, Hong S, Park S, Kim JH, Shin JY (2022) Survival outcomes of patients with
nonsmall cell lung cancer concomitantly receiving proton pump inhibitors and immune checkpoint
inhibitors. Int J Cancer 150(8):1291–1300. 10.1002/ijc.33892

15. Lopes S, Pabst L, Dory A, Klotz M, Gourieux B, Michel B, Mascaux C (2023) Do proton pump
inhibitors alter the response to immune checkpoint inhibitors in cancer patients? A meta-analysis.
Front Immunol 14:1070076. 10.3389/fimmu.2023.1070076

16. Wei N, Zheng B, Que W, Zhang J, Liu M (2022) The association between proton pump inhibitor use
and systemic anti-tumour therapy on survival outcomes in patients with advanced non-small cell

Page 17/32



lung cancer: A systematic review and meta-analysis. Br J Clin Pharmacol 88(7):3052–3063.
10.1111/bcp.15276

17. Homicsko K, Dummer R, Hoeller C, Wolchok JD, Hodi FS, Larkin J, Ascierto PA, Atkinson V, Robert C,
Postow MA, Re S, Paulucci D, Dobler D, Michielin O (2022) Proton Pump Inhibitor Use and Efficacy of
Nivolumab and Ipilimumab in Advanced Melanoma. Cancers (Basel) 14(9).
10.3390/cancers14092300

18. Peng K, Chen K, Teply BA, Yee GC, Farazi PA, Lyden ER (2022) Impact of Proton Pump Inhibitor Use
on the Effectiveness of Immune Checkpoint Inhibitors in Advanced Cancer Patients. Ann
Pharmacother 56(4):377–386. 10.1177/10600280211033938

19. Brunetti L, Santo V, Pinato DJ, Citarella F, Orlando S, Acker F, Colella V, Ricciuti B, Naidoo J, Nassar A,
Wakelee HA, Takada K, Naqash AR, Garassino MC, Greco C, Ramella S, Pantano F, Tonini G, Vincenzi
B, Arlunno B, Remon J, Parisi C, Planchard D, Besse B, Desilets A, Routy B, Elkrief A, Barlesi F, Derosa
L, Cortellini A (2026) Differential impact of proton pump inhibitors and antibiotics on
immunotherapy efficacy after chemoradiotherapy in locally advanced non-small-cell lung cancer: a
post-hoc analysis of the PACIFIC trial. Lancet Oncol. 10.1016/S1470-2045(26)00191-9

20. Haanen J, Obeid M, Spain L, Carbonnel F, Wang Y, Robert C, Lyon AR, Wick W, Kostine M, Peters S,
Jordan K, Larkin J (2022) Management of toxicities from immunotherapy: ESMO Clinical Practice
Guideline for diagnosis, treatment and follow-up. Ann Oncol 33(12):1217–1238.
10.1016/j.annonc.2022.10.001

21. Hesketh PJ, Kris MG, Basch E, Bohlke K, Barbour SY, Clark-Snow RA, Danso MA, Dennis K, Dupuis LL,
Dusetzina SB, Eng C, Feyer PC, Jordan K, Noonan K, Sparacio D, Lyman GH (2020) Antiemetics:
ASCO Guideline Update. J Clin Oncol 38(24):2782–2797. 10.1200/jco.20.01296

22. Ren X, Li L, Chen Y, Cui X, Wan R, Wang Y (2024) Adverse reactions of immune checkpoint inhibitors
combined with Proton pump inhibitors: a pharmacovigilance analysis of drug-drug interactions.
BMC Cancer 24(1):1193. 10.1186/s12885-024-12947-7

23. Van Puijenbroek EP, Bate A, Leufkens HG, Lindquist M, Orre R, Egberts AC (2002) A comparison of
measures of disproportionality for signal detection in spontaneous reporting systems for adverse
drug reactions. Pharmacoepidemiol Drug Saf 11(1):3–10

24. Norén GN, Sundberg R, Bate A, Edwards IR (2008) A statistical methodology for drug–drug
interaction surveillance. Stat Med 27(16):3057–3070

25. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer L, Tetzlaff JM,
Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hróbjartsson A, Lalu MM, Li T, Loder EW,
Mayo-Wilson E, McDonald S, McGuinness LA, Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P,
Moher D (2021) The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. Rev Esp Cardiol (Engl Ed) 74(9):790–799. 10.1016/j.rec.2021.07.010

26. Akl EA, Khabsa J, Iannizzi C, Piechotta V, Kahale LA, Barker JM, McKenzie JE, Page MJ, Skoetz N
(2024) Extension of the PRISMA 2020 statement for living systematic reviews (PRISMA-LSR):
checklist and explanation. BMJ (Clinical research, p 387

Page 18/32



27. Fusaroli M, Salvo F, Begaud B, AlShammari TM, Bate A, Battini V, Brueckner A, Candore G, Carnovale
C, Crisafulli S, Cutroneo PM, Dolladille C, Drici MD, Faillie JL, Goldman A, Hauben M, Herdeiro MT,
Mahaux O, Manlik K, Montastruc F, Noguchi Y, Norén GN, Noseda R, Onakpoya IJ, Pariente A, Poluzzi
E, Salem M, Sartori D, Trinh NTH, Tuccori M, van Hunsel F, van Puijenbroek E, Raschi E, Khouri C
(2024) The Reporting of a Disproportionality Analysis for Drug Safety Signal Detection Using
Individual Case Safety Reports in PharmacoVigilance (READUS-PV): Development and Statement.
Drug Saf 47(6):575–584. 10.1007/s40264-024-01421-9

28. Tierney JF, Burdett S, Fisher DJ (2025) Practical methods for incorporating summary time-to-event
data into meta-analysis: updated guidance. Syst Reviews 14(1):84

29. Higgins JPT, Morgan RL, Rooney AA, Taylor KW, Thayer KA, Silva RA, Lemeris C, Akl EA, Bateson TF,
Berkman ND, Glenn BS, Hróbjartsson A, LaKind JS, McAleenan A, Meerpohl JJ, Nachman RM,
Obbagy JE, O'Connor A, Radke EG, Savović J, Schünemann HJ, Shea B, Tilling K, Verbeek J,
Viswanathan M, Sterne JAC (2024) A tool to assess risk of bias in non-randomized follow-up studies
of exposure effects (ROBINS-E). Environ Int 186:108602. 10.1016/j.envint.2024.108602

30. Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, Savovic J, Schulz KF, Weeks L,
Sterne JA (2011) The Cochrane Collaboration's tool for assessing risk of bias in randomised trials.
BMJ (Clinical Res ed) 343:d5928. 10.1136/bmj.d5928

31. Gualdi-Russo E, Zaccagni L (2026) The Newcastle–Ottawa Scale for assessing the quality of studies
in systematic reviews. Publications 14(1):4

32. DerSimonian R, Laird N (1986) Meta-analysis in clinical trials. Control Clin Trials 7(3):177–188

33. Egger M, Smith GD, Schneider M, Minder C (1997) Bias in meta-analysis detected by a simple,
graphical test. BMJ (Clinical Res ed) 315(7109):629–634

34. Duval S, Tweedie R (2000) Trim and fill: a simple funnel-plot–based method of testing and adjusting
for publication bias in meta-analysis. Biometrics 56(2):455–463

35. Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P, Schünemann HJ (2008)
GRADE: an emerging consensus on rating quality of evidence and strength of recommendations.
BMJ (Clinical Res ed) 336(7650):924–926

36. Bate A, Lindquist M, Edwards IR, Olsson S, Orre R, Lansner A, De Freitas RM (1998) A Bayesian
neural network method for adverse drug reaction signal generation. Eur J Clin Pharmacol
54(4):315–321

37. Brinzevich D, Falvello V, Rehmani SS, Strohbehn GW, Ramnath N, Dykstra MP, Higgins LM, Elliott D,
Schipper MJ, Green MD, Bryant AK (2025) The effect of common medications on the efficacy of
immune checkpoint inhibitors. Cancer 131(24). 10.1002/cncr.70222

38. Conde-Estévez D, Monge-Escartín I, Ríos-Hoyo A, Monzonis X, Echeverría-Esnal D, Moliner L, Duran-
Jordà X, Taus Á, Arriola E (2020) Prognostic factors and effect on survival of immune-related
adverse events in patients with non-small-cell lung cancer treated with immune checkpoint
blockage. J Chemother 33(1):32–39. 10.1080/1120009X.2020.1849488

Page 19/32



39. Cortellini A, Conroy MR, Takamori S, Shimokawa M, Pinato DJ, Russano M, Brunetti L, Santo V,
Shaikh FY, Ferri JT, Wang L, Sears C, White JR, Naidoo J, Takada K (2026) Microbiota-modifying
medications and gut microbiome features in neoadjuvant immunotherapy for resectable NSCLC: A
post-hoc analysis of the LCMC3 trial. ESMO open 11 10.1016/j.esmoop.2026.106793

40. Cortellini A, Di Maio M, Nigro O, Leonetti A, Cortinovis DL, Aerts JGJV, Guaitoli G, Barbieri F, Giusti R,
Ferrara MG, Bria E, D'Argento E, Grossi F, Rijavec E, Guida A, Berardi R, Torniai M, Sforza V, Genova C,
Mazzoni F, Garassino MC, De Toma A, Signorelli D, Gelibter A, Siringo M, Marchetti P, MacErelli M,
Rastelli F, Chiari R, Rocco D, Della Gravara L, Inno A, Michele DT, Grassadonia A, Di Marino P,
Mansueto G, Zoratto F, Filetti M, Santini D, Citarella F, Russano M, Cantini L, Tuzi A, Bordi P, Minuti G,
Landi L, Ricciardi S, Migliorino MR, Passiglia F, Bironzo P, Metro G, Adamo V, Russo A, Spinelli GP,
Banna GL, Friedlaender A, Addeo A, Cannita K, Ficorella C, Porzio G, Pinato DJ (2021) Differential
influence of antibiotic therapy and other medications on oncological outcomes of patients with non-
small cell lung cancer treated with first-line pembrolizumab versus cytotoxic chemotherapy. J
Immunother Cancer 9(4). 10.1136/jitc-2021-002421

41. Hakozaki T, Okuma Y, Omori M, Hosomi Y (2019) Impact of prior antibiotic use on the efficacy of
nivolumab for non-small cell lung cancer. Oncol Lett 17(3):2946–2952. 10.3892/ol.2019.9899

42. Hamada K, Yoshimura K, Hirasawa Y, Hosonuma M, Murayama M, Narikawa Y, Ariizumi H, Ohkuma
R, Shida M, Kubota Y, Matsukuma S, Ishiguro T, Sambe T, Horiike A, Kuramasu A, Wada S, Tsurutani
J, Inoue E, Uchida N, Kiuchi Y, Kobayashi S, Hoffman RM, Tsunoda T (2021) Antibiotic usage reduced
overall survival by over 70% in non-small cell lung cancer patients on anti-PD-1 immunotherapy.
Anticancer Res 41(10):4985–4993. 10.21873/anticanres.15312

43. Hendem E, Koçak MZ, Çetinkaya AM, Dinç G, Çağlayan M, Uğraklı M, Çağlayan D, Araz M, Eryılmaz
MK, Sakin A, Eren OÖ, Tatlı AM, Geredeli Ç, Artaç M (2026) The Impact of Concurrent Proton Pump
Inhibitors on Nivolumab Response in Metastatic Non-Small Cell Lung Cancer: A Multicenter Real-
Life Study. Med (Lithuania) 62(1). 10.3390/medicina62010214

44. Hong S, Lee JH, Heo JY, Suh KJ, Kim SH, Kim YJ, Kim JH (2024) Impact of concurrent medications
on clinical outcomes of cancer patients treated with immune checkpoint inhibitors: analysis of
Health Insurance Review and Assessment data. J Cancer Res Clin Oncol 150(4). 10.1007/s00432-
024-05728-z

45. Hori T, Yamamoto K, Ito T, Ikushima S, Omura T, Yano I (2025) Neutrophil-to-lymphocyte ratio affects
the impact of proton pump inhibitors on efficacy of immune checkpoint inhibitors in patients with
non–small-cell lung cancer. Int J Clin Oncol 30(11):2266–2276. 10.1007/s10147-025-02859-2

46. Hossain T, Htut S, Pathmanathan S, Fletcher J, Pandey R, Lui A, Lyle M, Rainey N (2020)
Immunotherapy efficacy and concomitant proton pump inhibitor use in non-small cell lung cancer.
Asia-Pac J Clin Oncol 16(SUPPL 2):37. 10.1111/ajco.13417

47. Husain M, Xu M, Patel S, Johns A, Grogan M, Li M, Lopez G, Miah A, Hoyd R, Liu Y, Muniak M, Haddad
T, Tinoco G, Kendra K, Otterson G, Presley C, Spakowicz D, Owen D (2021) P40.15 Proton Pump
Inhibitors, Prior Therapy and Survival in Patients Treated With Immune Checkpoint Inhibitors for
Advanced NSCLC. Journal of Thoracic Oncology 16 (10): S1076 10.1016/j.jtho.2021.08.452

Page 20/32



48. Isono T, Furuno H, Onodera Y, Maruyama T, Takeuchi Y, Ayaka Kojima NT, Kobayashi Y, Ishiguro T,
Takaku Y, Kurashima K, Kagiyama N (2024) Analysis of immune checkpoint inhibitors for advanced
non-small cell lung cancer in patients receiving antacids. Respiratory Invest 62(6):951–959.
10.1016/j.resinv.2024.08.013

49. Japelj N, Horvat N, Jazbar J, Kos M, Kapušin VP, Knez L (2026) Timing and intensity of proton pump
inhibitor exposure hampers overall survival in patients with metastatic non-small cell lung cancer
treated with immune checkpoint inhibitors: a retrospective cohort study. Front Immunol 17:1682723.
10.3389/fimmu.2026.1682723

50. Karatlı S, Kaya S, Çelik S, İlhan A, Yıldırım ÖA (2026) Proton Pump Inhibitor Use and Survival
Outcomes in Patients with Advanced Non-Small-Cell Lung Cancer Receiving Immunotherapy: A Real-
World Study. Med (Lithuania) 62(7). 10.3390/medicina62071413

51. Kawachi H, Yamada T, Tamiya M, Negi Y, Goto Y, Nakao A, Shiotsu S, Tanimura K, Takeda T, Okada A,
Harada T, Date K, Chihara Y, Hasegawa I, Tamiya N, Ishida M, Katayama Y, Morimoto K, Iwasaku M,
Tokuda S, Kijima T, Takayama K (2023) Concomitant Proton Pump Inhibitor Use With
Pembrolizumab Monotherapy vs Immune Checkpoint Inhibitor Plus Chemotherapy in Patients With
Non-Small Cell Lung Cancer. JAMA Netw Open 6(7). 10.1001/jamanetworkopen.2023.22915

52. Kulkarni A, Kumar M, Pease DF, Wang Y, DeFor TE, Patel M (2019) Impact of antibiotics and proton
pump inhibitors on clinical outcomes of immune check point blockers in advanced non-small cell
lung cancers and metastatic renal cell cancer. J Clin Oncol 37.
10.1200/JCO.2019.37.15_suppl.e20520

53. Ma H, Lyu X, Lu S, Wang X, Sun C, Shu Y (2026) Association of proton pump inhibitor use with
clinical outcomes in patients with advanced non-small cell lung cancer receiving immune
checkpoint inhibitors. J Thorac Disease 18(6). 10.21037/jtd-2026-1-0341

54. Miura K, Sano Y, Niho S, Kawasumi K, Mochizuki N, Yoh K, Matsumoto S, Zenke Y, Ikeda T, Nosaki K,
Kirita K, Udagawa H, Goto K, Kawasaki T, Hanada K (2021) Impact of concomitant medication on
clinical outcomes in patients with advanced non-small cell lung cancer treated with immune
checkpoint inhibitors: A retrospective study. Thorac Cancer 12(13):1983–1994. 10.1111/1759-
7714.14001

55. Miyamoto I, Shimizu T, Hanamura M, Tanaka R, Kusahana R, Nomoto M, Sugaya K, Nakagawa Y, Gon
Y (2026) Impact of proton pump inhibitor use on immune-related adverse events in patients with
non-small cell lung cancer: a retrospective study. BMC Cancer 26(1):315. 10.1186/s12885-026-
15646-7

56. Niu C, Zhang J, Singh H, Mostafa MAO, Zhu K, Farooq U, Okolo PI, Mushtaq A, Daglilar E, Alweis R
(2025) Impact of Concomitant Proton Pump Inhibitor Use on the Efficacy of Immune Checkpoint
Inhibitors Across Multiple Cancer Types. J Natl Compr Canc Netw 23(11):437–443.
10.6004/jnccn.2025.7070

57. Rounis K, Makrakis D, Papadaki C, Monastirioti A, Vamvakas L, Kalbakis K, Gourlia K, Xanthopoulos I,
Tsamardinos I, Mavroudis D, Agelaki S (2021) Prediction of outcome in patients with non-small cell

Page 21/32



lung cancer treated with second line PD-1/PDL-1 inhibitors based on clinical parameters: Results
from a prospective, single institution study. PLoS ONE 16(6). 10.1371/journal.pone.0252537

58. Rousseau A, Simon-Tillaux N, Michiels S, Derosa L, Laparra A, Planchard D, Remon J, Barlesi F,
Lavaud P, Frelaut M, Parisi C, Gazzah A, Besse B, Foulon S (2025) Concomitant Comedications and
Survival With First-Line Pembrolizumab in Advanced Non-Small-Cell Lung Cancer. JAMA Netw open
8(9):e2529225. 10.1001/jamanetworkopen.2025.29225

59. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillère R, Fluckiger A, Messaoudene M,
Rauber C, Roberti MP, Fidelle M, Flament C, Poirier-Colame V, Opolon P, Klein C, Iribarren K,
Mondragón L, Jacquelot N, Qu B, Ferrere G, Clémenson C, Mezquita L, Masip JR, Naltet C, Brosseau
S, Kaderbhai C, Richard C, Rizvi H, Levenez F, Galleron N, Quinquis B, Pons N, Ryffel B, Minard-Colin V,
Gonin P, Soria JC, Deutsch E, Loriot Y, Ghiringhelli F, Zalcman G, Goldwasser F, Escudier B, Hellmann
MD, Eggermont A, Raoult D, Albiges L, Kroemer G, Zitvogel L (2018) Gut microbiome influences
efficacy of PD-1-based immunotherapy against epithelial tumors. Sci (New York NY) 359(6371):91–
97. 10.1126/science.aan3706

60. Saiki M, Takusagawa K, Takahashi N, Homma K, Satoh T, Furuya S, Shimamura S, Omori C, Ohkoshi
H, Hoshino Y, Uchida Y, Ikemura S, Soejima K (2025) Effect of the Combination of Concomitant
Drugs on Efficacy of Immune Checkpoint Inhibitors in Non-Small Cell Lung Cancer. Cancer Rep
8(11). 10.1002/cnr2.70399

61. Stokes WA, Behera M, Jiang R, Gutman D, Giuste F, Burns A, Sebastian N, Ramalingam S, Sukhatme
V, Lowe MC, Ramalingam SS, Sukhatme V, Moghanaki D (2021) Association of proton pump
inhibitors with survival in Veterans with non-small cell lung cancer receiving immunotherapy. J Clin
Oncol 39(15 SUPPL). 10.1200/JCO.2021.39.15_suppl.e18729

62. Svaton M, Zemanova M, Zemanova P, Kultan J, Fischer O, Skrickova J, Jakubikova L, Cernovska M,
Hrnciarik M, Jirousek M, Krejci J, Krejci D, Bilek O, Blazek J, Hurdalkova K, Barinova M, Melichar B
(2020) Impact of concomitant medication administered at the time of initiation of nivolumab
therapy on outcome in non-small cell lung cancer. Anticancer Res 40(4):2209–2217.
10.21873/anticanres.14182

63. Takada K, Shimokawa M, Takamori S, Shimamatsu S, Hirai F, Ono Y, Tagawa T, Okamoto T, Hamatake
M, Okamoto I, Mori M (2022) The clinical impact of concomitant medication use on the outcome of
postoperative recurrent non-small-cell lung cancer in patients receiving immune checkpoint
inhibitors. PLoS ONE 17(2 February). 10.1371/journal.pone.0263247

64. Takahashi M, Nakatsukasa H, Shibano M, Ishigami Y, Oka T, Tani Y, Kawaguchi T, Nakamura Y,
Kaneda H (2025) Potassium-competitive acid blocker has more negative impacts on clinical
outcomes in patients with non-small cell lung cancer treated with checkpoint inhibitors than those
of proton pump inhibitors. Int J Clin Oncol 30(8):1582–1592. 10.1007/s10147-025-02805-2

65. Toda M, Takada K, Nomura K, Kosai K, Hayasaka K, Watanabe T, Takamori S, Hamada A, Suda K,
Ohara S, Ito M, Oiki H, Fukami T, Muto S, Katsumata S, Konno H, Toyoda T, Endo M, Takamori S,
Nakatsuka M, Tenpaku H, Takegahara K, Matsubara T, Kinoshita F, Akamine T, Nakamura R, Mizuno
K, Nakagawa K, Kaneda S, Okada S, Notsuda H, Sakane T, Shinohara S, Abe M, Haratake N, Tane S,

Page 22/32



Hanawa R, Ito A, Namba K, Kawaguchi T, Minegishi K, Kurihara N, Iguchi T, Aokage K, Tsuboi M, Iwata
T, Soh J, Shimokawa M, Ohde Y (2026) Lack of impact of antibiotics and proton pump inhibitors on
the efficacy of preoperative chemoimmunotherapy in locally advanced non-small cell lung cancer: A
multicenter retrospective study. Lung cancer (Amsterdam, Netherlands). 214.
10.1016/j.lungcan.2026.109344

66. Tomita Y, Goto Y, Sakata S, Imamura K, Minemura A, Oka K, Hayashi A, Jodai T, Akaike K, Anai M,
Hamada S, Iyama S, Saruwatari K, Saeki S, Takahashi M, Ikeda T, Sakagami T (2022) Clostridium
butyricum therapy restores the decreased efficacy of immune checkpoint blockade in lung cancer
patients receiving proton pump inhibitors. OncoImmunology 11(1).
10.1080/2162402X.2022.2081010

67. Verschueren MV, van der Welle CMC, Tonn M, Schramel FMNH, Peters BJM, van de Garde EMW
(2021) The association between gut microbiome affecting concomitant medication and the
effectiveness of immunotherapy in patients with stage IV NSCLC. Sci Rep 11(1):23331.
10.1038/s41598-021-02598-0

68. Yamada J, Fukui T, Yatani A, Mimura C, Fukuda K, Hazama D, Katsurada N, Nagano T, Yamamoto M,
Tachihara M (2024) Impact of concurrent medications on the outcome of immunotherapy in non-
small cell lung carcinoma. Thorac Cancer 15(15):1228–1236. 10.1111/1759-7714.15294

69. Zhao S, Gao G, Li W, Li X, Zhao C, Jiang T, Jia Y, He Y, Li A, Su C, Ren S, Chen X, Zhou C (2019)
Antibiotics are associated with attenuated efficacy of anti-PD-1/PD-L1 therapies in Chinese patients
with advanced non-small cell lung cancer. Lung cancer (Amsterdam Netherlands) 130:10–17.
10.1016/j.lungcan.2019.01.017

70. Bai Y, Li P, Jiang N (2024) Effect of proton pump inhibitors on the efficacy of immune checkpoint
inhibitors in patients with non-small cell lung cancer (in Chinese). J Chengdu Med Coll 19(1):61–65.
10.3969/j.issn.1674-2257.2024.01.012

71. Du Y, Fu L, Guo Y, Luo Y (2022) Clinical characteristics of PD-1/PD-L1 inhibitor-related acute kidney
injury in patients with primary non-small cell lung cancer (in Chinese). Chin Clin Oncol 27(9):782–
787

72. Liu C, Yan X, Yang M, Tong J, Mao H (2022) Influence of proton pump inhibitors on the therapeutic
effect of immune checkpoint inhibitors in patients with advanced solid tumors (in Chinese). J Int
Oncol 49(1):26–32. 10.3760/cma.j.cn371439-20210315-00003

73. Luo J, Shen Y, Chen J, Yu Z, Chen J, Cao L, Meng Y, Li X (2024) Analysis of factors influencing the
efficacy of immune checkpoint inhibitors in patients with non-small cell lung cancer and
construction of a prediction model (in Chinese). Cent South Pharm 22(8):2234–2242

74. Wei M (2025) Effects of proton pump inhibitors and immune-related adverse events on the efficacy
of immunotherapy in advanced non-small cell lung cancer (in Chinese). In: ed. Zhengzhou University

75. Li H, Zhang L, Yang F, Zhao R, Li X, Li H (2023) Impact of concomitant medications on the efficacy of
immune checkpoint inhibitors: an umbrella review. Front Immunol 14:1218386

Page 23/32



76. Centanni M, Moes DJA, Trocóniz IF, Ciccolini J, van Hasselt JC, Centanni et al (2019) Clin
Pharmacokinet 58 (7): 835–857

77. Freedberg DE, Toussaint NC, Chen SP, Ratner AJ, Whittier S, Wang TC, Wang HH, Abrams JA (2015)
Proton pump inhibitors alter specific taxa in the human gastrointestinal microbiome: a crossover
trial. Gastroenterology 149(4):883–885 e889

78. Imhann F, Bonder MJ, Vich Vila A, Fu J, Mujagic Z, Vork L, Tigchelaar EF, Jankipersadsing SA, Cenit
MC, Harmsen HJ (2016) Proton pump inhibitors affect the gut microbiome. Gut 65(5):740–748

79. Jackson MA, Goodrich JK, Maxan M-E, Freedberg DE, Abrams JA, Poole AC, Sutter JL, Welter D, Ley
RE, Bell JT (2016) Proton pump inhibitors alter the composition of the gut microbiota. Gut
65(5):749–756

80. Zhang J, Zhang C, Zhang Q, Yu L, Chen W, Xue Y, Zhai Q (2023) Meta-analysis of the effects of
proton pump inhibitors on the human gut microbiota. BMC Microbiol 23(1):171

81. Kiecka A, Szczepanik M (2023) Proton pump inhibitor-induced gut dysbiosis and
immunomodulation: current knowledge and potential restoration by probiotics. Pharmacol Rep
75(4):791–804

82. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV, Prieto PA, Vicente D,
Hoffman K, Wei SC (2018) Gut microbiome modulates response to anti–PD-1 immunotherapy in
melanoma patients. Sci (New York NY) 359(6371):97–103

83. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre M-L, Luke JJ, Gajewski TF (2018) The
commensal microbiome is associated with anti–PD-1 efficacy in metastatic melanoma patients. Sci
(New York NY) 359(6371):104–108

84. Derosa L, Routy B, Thomas AM, Iebba V, Zalcman G, Friard S, Mazieres J, Audigier-Valette C, Moro-
Sibilot D, Goldwasser F (2022) Intestinal Akkermansia muciniphila predicts clinical response to PD-1
blockade in patients with advanced non-small-cell lung cancer. Nat Med 28(2):315–324

85. Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, Lahat A, Katz L, Adler K, Dick-Necula D, Raskin
S, Bloch N (2021) Fecal microbiota transplant promotes response in immunotherapy-refractory
melanoma patients. Sci (New York NY) 371(6529):602–609

86. Davar D, Dzutsev AK, McCulloch JA, Rodrigues RR, Chauvin J-M, Morrison RM, Deblasio RN, Menna
C, Ding Q, Pagliano O (2021) Fecal microbiota transplant overcomes resistance to anti–PD-1 therapy
in melanoma patients. Sci (New York NY) 371(6529):595–602

87. Routy B, Lenehan JG, Miller WH Jr, Jamal R, Messaoudene M, Daisley BA, Hes C, Al KF, Martinez-Gili
L, Punčochář M (2023) Fecal microbiota transplantation plus anti-PD-1 immunotherapy in advanced
melanoma: a phase I trial. Nat Med 29(8):2121–2132

88. Duttagupta S, Messaoudene M, Hunter S, Desilets A, Jamal R, Mihalcioiu C, Belkaid W, Marcoux N,
Fidelle M, Suissa D (2026) Fecal microbiota transplantation plus immunotherapy in non-small cell
lung cancer and melanoma: the phase 2 FMT-LUMINate trial. Nat Med 32(4):1337–1350

89. Klotz U (2006) Clinical impact of CYP2C19 polymorphism on the action of proton pump inhibitors: a
review of a special problem. Int J Clin Pharmacol Ther 44(7):297

Page 24/32



90. Haratani K, Hayashi H, Chiba Y, Kudo K, Yonesaka K, Kato R, Kaneda H, Hasegawa Y, Tanaka K,
Takeda M (2018) Association of immune-related adverse events with nivolumab efficacy in non–
small-cell lung cancer. JAMA Oncol 4 (3)

91. Zhou X, Yao Z, Yang H, Liang N, Zhang X, Zhang F (2020) Are immune-related adverse events
associated with the efficacy of immune checkpoint inhibitors in patients with cancer? A systematic
review and meta-analysis. BMC Med 18(1):87

92. Blank M-L, Parkin L, Paul C, Herbison P (2014) A nationwide nested case-control study indicates an
increased risk of acute interstitial nephritis with proton pump inhibitor use. Kidney Int 86(4):837–
844

93. Mohan A, Krisanapan P, Tangpanithandee S, Thongprayoon C, Kanduri SR, Cheungpasitporn W,
Herrmann SM (2024) Association of proton pump inhibitor use and immune checkpoint inhibitor-
mediated acute kidney injury: a meta-analysis and a review of related outcomes. Am J Nephrol
55(4):439–449

94. Munch PV, Nørgaard M, Heide-Jørgensen U, Jensen SK, Birn H, Christiansen CF (2024) Proton pump
inhibitors and the risk of acute kidney injury in cancer patients receiving immune checkpoint
inhibitors: A Danish population‐based cohort study. Int J Cancer 154(7):1164–1173

95. Seethapathy H, Zhao S, Chute DF, Zubiri L, Oppong Y, Strohbehn I, Cortazar FB, Leaf DE, Mooradian
MJ, Villani A-C (2019) The incidence, causes, and risk factors of acute kidney injury in patients
receiving immune checkpoint inhibitors. Clin J Am Soc Nephrology: CJASN 14(12):1692

96. Smelick GS, Heffron TP, Chu L, Dean B, West DA, DuVall SL, Lum BL, Budha N, Holden SN, Benet LZ
(2013) Prevalence of acid-reducing agents (ARA) in cancer populations and ARA drug–drug
interaction potential for molecular targeted agents in clinical development. Mol Pharm
10(11):4055–4062

97. Targownik LE, Fisher DA, Saini SD (2022) AGA clinical practice update on de-prescribing of proton
pump inhibitors: expert review. Gastroenterology 162(4):1334–1342

98. Rizzo A, Cusmai A, Giovannelli F, Acquafredda S, Rinaldi L, Misino A, Montagna ES, Ungaro V,
Lorusso M, Palmiotti G (2022) Impact of proton pump inhibitors and histamine-2-receptor
antagonists on non-small cell lung cancer immunotherapy: a systematic review and meta-analysis.
Cancers 14(6):1404

Figures

Page 25/32



Figure 1

PRISMA 2020 flow diagram of study selection
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Figure 2

Forest plot of the association between PPI exposure and overall survival in patients with NSCLC
receiving ICIs. Hazard ratios (HR) express the risk of death in PPI-exposed relative to non-exposed
patients; multivariable-adjusted estimates were used where available and pooled with a random-effects
model (DerSimonian–Laird). Two RCT-derived analyses reporting OS (Chalabi 2020; Hopkins 2022a)
were excluded from pooling because their populations are contained within the five-trial pooled analysis
(Hopkins 2022b)
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Figure 3

Forest plot of the association between PPI exposure and progression-free survival in patients with
NSCLC receiving ICIs. Hazard ratios (HR) express the risk of progression or death in PPI-exposed relative
to non-exposed patients; multivariable-adjusted estimates were used where available and pooled with a
random-effects model (DerSimonian–Laird)
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Figure 4

Subgroup analyses of overall survival by (A) timing of PPI exposure and (B) study region. Hazard ratios
express the risk of death in PPI-exposed relative to non-exposed patients, pooled with random-effects
models. The association was strongest for exposure within the peri-initiation window (21~42 days
around ICI initiation; interaction P = 0.03) and was significantly more pronounced in Asian than in non-
Asian studies (interaction P = 0.0005). Multinational studies were excluded from the regional analysis
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Figure 5

Disproportionality signals of ICI therapy under PPI co-exposure in the NSCLC population of FAERS. (A)
Thematic distribution of the 375 positive signals (ICI + PPI vs. ICI only). Disease-related and medication-
management terms (grey) were excluded at the interpretation stage; dysbiosis (gold) is shown
separately as the hallmark finding. (B) Volcano plot of all screened preferred terms, plotting the
information component (IC) against log₂ ROR. Grey, non-signal terms; blue, positive signals (≥ 3 cases
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with ROR₀₂₅ > 1 or IC₀₂₅ > 0); gold, the 38 core signals positive in all four validation analyses (labels
shown for core signals with ≥ 8 cases). ROR, reporting odds ratio; IC, information component; dashed
lines indicate the null thresholds (log₂ ROR = 0 and IC = 0)

Figure 6
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Forest plot of the 38 core adverse-event signals positive in all four validation analyses. Reporting odds
ratios (ROR) with 95% confidence intervals are from the NSCLC-restricted disproportionality analysis (ICI
+ PPI vs. ICI only), grouped by signal category and plotted on a logarithmic scale; the dashed line
indicates ROR = 1. Full numerical results, including information components and Ω interaction estimates,
are provided in Supplementary Table S9
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