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exposure with survival outcomes in patients with advanced KRAS-mutated NSCLC
receiving ICIs. Methods: This multicenter retrospective study included patients
with advanced KRAS-mutated NSCLC who received at least one dose of ICI-based
therapy. Progression-free survival (PFS) and overall survival (OS) were estimated
using the Kaplan-Meier method and compared using the log-rank test. Univariable
and multivariable Cox proportional hazards regression analyses were performed to
evaluate factors associated with survival outcomes. Results: A total of 101 patients
were included, of whom 23 were exposed to antibiotics and 18 received probiotics.
All patients had documented KRAS mutations. Eight patients received KRAS-
targeted inhibitors after ICI progression, and none received KRAS-targeted
inhibitors before or during ICI treatment. The median PFS was 9.0 months in the
antibiotic-exposed group and 14.4 months in the non-antibiotic group (p = 0.041).
The median OS was 23.5 and 38.4 months, respectively (p = 0.017). After
multivariable adjustment, antibiotic exposure remained associated with shorter PFS
(hazard ratio [HR], 2.04; 95% confidence interval [CI], 1.08-3.84; p = 0.029) and
OS (HR, 2.85; 95% CI, 1.30-6.22; p = 0.009). Probiotic exposure was not
significantly associated with PFS or OS. Conclusions: Antibiotic exposure was
associated with shorter PFS and OS in patients with advanced KRAS-mutated
NSCLC receiving ICIs, whereas probiotic exposure was not significantly associated
with survival outcomes.
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1. Introduction

Lung cancer remains the leading cause of cancer-related mortality worldwide and continues to impose a
substantial global health burden [1]. Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung
cancer cases and represents the major histological subtype [2]. Kirsten rat sarcoma viral oncogene homolog
(KRAS) mutations are among the most common oncogenic alterations in NSCLC, particularly in lung
adenocarcinoma, and define a clinically important molecular subgroup [3]. KRAS-mutated NSCLC is biologically
and clinically heterogeneous. Compared with EGFR-mutated or ALK-rearranged NSCLC, KRAS-mutated tumors
are more frequently associated with smoking exposure, higher tumor mutational burden, increased neoantigen
load, and relatively higher programmed death-ligand 1 (PD-L1) expression [3]. These features may favor tumor
immune recognition and responsiveness to immune checkpoint inhibitors (ICIs) [4]. Although ICIs targeting the
programmed cell death protein 1 (PD-1)/PD-L1 axis have substantially changed the treatment landscape of
advanced NSCLC [2], clinical outcomes remain heterogeneous among patients with KRAS-mutated disease [5].
This heterogeneity is influenced by tumor-related factors, including PD-L1 expression, specific KRAS variants,
and co-occurring genomic alterations such as TP53, STK11, and KEAP1 mutations [6—8]. Individual KRAS variants
may also exhibit distinct immunological phenotypes; for example, KRAS G12D has been associated with lower
tumor mutational burden and a more immunosuppressive tumor microenvironment, although the predictive value of
individual variants remains incompletely defined [9]. In addition to these tumor-intrinsic determinants, host-related
factors, particularly the gut microbiome, may further modify the efficacy of ICIs [10-13].

The prevalence and subtype distribution of KRAS mutations vary according to ethnicity, histological subtype,
and smoking background [14-16]. KRAS GI12C is less frequent in East Asian than in Western lung
adenocarcinoma populations [15,16]. Because individual KRAS variants may be associated with distinct
immunological phenotypes and responses to IClIs, differences in subtype composition may limit the direct
generalizability of findings across populations. Moreover, previous studies of antibiotic exposure and ICI
outcomes have largely involved molecularly unselected NSCLC cohorts or mixed cancer populations. These
considerations provide a rationale for specifically evaluating the association between antibiotic exposure and ICI
outcomes in a Chinese cohort with KRAS-mutated NSCLC. Growing evidence indicates that the gut microbiome is
associated with systemic antitumor immunity and the efficacy of ICIs [10-13]. Gut microbial diversity, specific
commensal taxa, and microbial metabolites may influence antigen presentation, cytokine signaling, T-cell priming,
and effector immune responses required for effective PD-1/PD-L1 blockade [10,12,13]. Antibiotics can disrupt gut
microbial composition and function, potentially attenuating microbiome-mediated immune activation and reducing
ICI benefit [10,12]. Clinical studies and meta-analyses have linked antibiotic exposure before or around ICI initiation
to shorter progression-free survival (PFS) and overall survival (OS) in patients with advanced NSCLC [17-20].
Probiotics are often used with the intention of restoring microbial balance, but available observational studies have
reported heterogeneous findings, and their clinical impact on ICI outcomes remains uncertain [21-23]. Most evidence
has been derived from unselected NSCLC cohorts or mixed cancer populations [17-23], leaving the associations of
antibiotic and probiotic exposure with ICI outcomes in KRAS-mutated NSCLC insufficiently characterized.

This study aimed to explore the associations of antibiotic and probiotic exposure with clinical outcomes in
patients with advanced KRAS-mutated NSCLC receiving ICIs. We further evaluated whether these associations
remained after adjustment for clinicopathological factors and whether they were consistent across clinically
relevant subgroups.

2. Methods
2.1. Study Design and Patients

This multicenter retrospective study enrolled patients from August 2018 to July 2022 at the Guangdong
Provincial People’s Hospital, Cancer Hospital Chinese Academy of Medical Sciences, Shenzhen Center, and
Peking University Shenzhen Hospital. The inclusion criteria were: (1) histologically confirmed NSCLC; (2)
unresectable locally advanced, recurrent, or metastatic disease; (3) confirmed KRAS mutation detected by
molecular testing; (4) treatment with at least one dose of ICI-based therapy. Accordingly, all patients included in
the final analytic cohort had documented KRAS-mutated NSCLC.

Ethical approval for this study was granted by the Ethics Committee at Guangdong Provincial People’s
Hospital, No.GDREC2016175H(R2). The research methodology adhered to the principles outlined in the
Declaration of Helsinki. Written informed consent was obtained from all patients.
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2.2. Clinical Data Collection and Outcome Assessment

The diagnosis of NSCLC was confirmed by histological examination of tumor specimens obtained from
biopsy or surgical samples. Disease stage was determined based on imaging findings, pathological evaluation, and
clinical records according to the American Joint Committee on Cancer staging system. Patients were considered
to have advanced disease according to the documented clinical stage at the time of ICI initiation. KRAS mutation
status was identified through molecular testing of tumor tissue and/or plasma samples. PD-L1 expression was
assessed using the tumor proportion score (TPS), when available.

Clinical data were retrospectively collected from electronic medical records. The extracted variables included
age at ICI initiation, sex, smoking status, Eastern Cooperative Oncology Group performance status (ECOG PS),
histological subtype, brain metastasis status, PD-L1 expression, ICI treatment regimen, antibiotic exposure,
probiotic exposure, date of ICI initiation, date of disease progression, date of death, date of last follow-up, detailed
KRAS variant information, and the use of KRAS-targeted inhibitors. Baseline variables were defined according
to the information available before or at the initiation of ICI therapy. Age was dichotomized at 63 years according
to the median age of the study population. Smoking status was categorized as never-smoker or ever-smoker. ECOG
PS was categorized as <1 or >1. Histological subtype was classified as adenocarcinoma, squamous cell carcinoma,
or other histological subtypes. Brain metastasis status was determined according to imaging findings and clinical
documentation before or at ICI initiation. PD-L1 expression was categorized as <1%, 1-49%, or >50%, and
unavailable results were recorded as missing data. Detailed KRAS variant-level information was extracted from
the available molecular testing reports. Variants were categorized as G12C, G12V, G12D, other recorded KRAS
variants, or specific subtype unavailable. “Specific subtype unavailable” indicated that a KRAS mutation was
documented, but the exact variant could not be retrieved from the available molecular report. Medical records were
also reviewed for the use of KRAS-targeted inhibitors before, during, or after ICI treatment.

ICI-based therapy was defined as any systemic treatment regimen containing at least one immune checkpoint
inhibitor, administered either as monotherapy or in combination with other anticancer agents. Treatment regimens
were categorized as ICI monotherapy or ICI-based combination therapy. Treatment strategies were determined by
the treating physicians according to disease characteristics, molecular profile, previous treatment history,
performance status, and patient preference.

The primary outcomes were PFS and OS. PFS was defined as the interval from the first administration of
ICIs to radiological or clinical disease progression or death from any cause, whichever occurred first. OS was
defined as the interval from the first administration of ICIs to death from any cause. Patients who were alive at the
last follow-up were censored for OS, and patients without documented disease progression were censored for PFS
at the last available disease assessment or follow-up record.

2.3. Definitions of Antibiotic and Probiotic Exposure

Antibiotic exposure was defined as the use of systemic antibacterial agents within 60 days before or after ICI
initiation. Patients who received antibiotics during this predefined exposure window were assigned to the antibiotic-
exposed group, whereas those without antibiotic use during this period were assigned to the non-antibiotic group.
Antibiotic exposure was identified from prescription records, medication orders, and clinical documentation. When
available, additional information was collected, including antibiotic class, indication for antibiotic treatment, route of
administration, timing relative to ICI initiation, and duration of treatment. This exposure window was selected to
capture antibiotic use occurring around the start of immunotherapy, a clinically relevant period during which host
immune activation and early response to ICI treatment may be particularly important.

The use of probiotics was defined as the period from 60 days before the first ICI administration to the entire
duration of immunotherapy. Patients were categorized into probiotic-exposed and non-probiotic groups according
to probiotic use during this predefined period. Information on probiotic type, timing, and duration was collected
when available. Because probiotic use in routine clinical practice may vary in formulation, dosage, duration, and
indication, probiotic exposure was analyzed as a binary clinical variable in the main analyses.

2.4. Statistical Analysis

Baseline characteristics were summarized using descriptive statistics and compared according to antibiotic
and probiotic exposure status. Continuous variables were presented as the mean with standard deviation or the
median with interquartile range, as appropriate. Categorical variables were reported as counts and percentages.
Between-group comparisons were performed using Student’s ¢ test or the Mann-Whitney U test for continuous
variables and the chi-square test or Fisher’s exact test for categorical variables, as appropriate. For categorical
variables with more than two categories and sparse cell counts, the Fisher—Freeman—Halton exact test was used.
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PFS and OS were estimated using the Kaplan-Meier method, and survival distributions were compared using
the log-rank test. Univariable Cox proportional hazards regression analyses were performed to evaluate the
associations of clinical factors, antibiotic exposure, and probiotic exposure with PFS and OS. Variables with a p
value < 0.10 in the univariable analyses were included in the multivariable Cox proportional hazards regression
models. Hazard ratios (HRs) and 95% confidence intervals (CIs) were reported. Analyses involving variables with
missing data were performed using complete cases only.

Exploratory subgroup analyses were performed to evaluate the association between antibiotic exposure and
survival outcomes across clinically relevant subgroups defined by sex, age, smoking status, ECOG PS, histological
subtype, brain metastasis status, PD-L1 expression, probiotic exposure status, and treatment regimen. Exploratory
subgroup analyses were also conducted to assess the association between probiotic exposure and survival
outcomes. Given the limited sample size in some subgroups, these analyses were considered exploratory.

All statistical tests were two-sided, and a p value < 0.05 was considered statistically significant. Statistical
analyses were performed using R software, version 4.4.1.

3. Results
3.1. Patient Characteristics

A total of 101 patients with advanced KRAS-mutated NSCLC who received ICIs were included in this study.
All 101 patients had documented KRAS mutations. Detailed variant-level information was available for 54 patients
(53.5%), whereas the specific KRAS subtype was unavailable for 47 patients (46.5%). In the overall cohort, KRAS
G12C was identified in 22 patients (21.8%), G12V in 14 patients (13.9%), and G12D in 7 patients (6.9%). The
remaining 11 patients (10.9%) with available variant-level information had other recorded KRAS variants. Eight
patients (7.9%) had documented use of a KRAS-targeted inhibitor during the recorded treatment course. All eight
patients were in the non-antibiotic group, corresponding to 10.3% of patients without antibiotic exposure, whereas
none of the patients in the antibiotic-exposed group received a KRAS-targeted inhibitor. Baseline characteristics
of the overall cohort, stratified according to probiotic exposure status and antibiotic exposure status, are
summarized in Table 1. Among the 101 patients, 23 patients were classified as antibiotic-exposed and 78 patients
had no documented antibiotic exposure. In addition, 18 patients received probiotics, whereas 83 patients had no
documented probiotic exposure. In the antibiotic analysis, most baseline characteristics were comparable between
patients with and without antibiotic exposure, including sex, age, smoking status, ECOG performance status, brain
metastasis, PD-L1 expression, and treatment regimen. However, histological subtype differed significantly
between the two groups. Baseline characteristics were generally balanced between patients with and without
probiotic exposure.

Table 1. Baseline characteristics of patients with advanced KRAS-mutated NSCLC.

Probiotics Antibiotics
Nom=83) Yes(N=18) pValue No(N=78) Yes(N=23) p Value
Sex

Female 9 (10.8%) 1 (5.6%) 0.686 8 (10.3%) 2 (8.7%) 1.000
Male 74 (89.2%) 17 (94.4%) 70 (89.7%) 21 (91.3%)

Age (year)
Mean (SD) 62.0 (8.13)  61.6(7.40) 0.861 61.9 (8.18)  62.1(7.38) 0.905

Smoking

No 20 (24.1%) 4 (22.2%) 1.000 19 (24.4%) 5(21.7%) 0.480
Yes 63 (75.9%) 14 (77.8%) 59 (75.6%) 18 (78.3%)

ECOG PS
>1 1 (1.2%) 1 (5.6%) 0.326 0 (0.0%) 2 (8.7%) 0.050
<l 82 (98.8%) 17 (94.4%) 78 (100.0%) 21 (91.3%)

Histology
Adeno 75(90.4%) 18 (100.0%) 0.769 73 (93.6%) 20 (87.0%) 0.007
SCC 3 (3.6%) 0 (0.0%) 0 (0.0%) 3 (13.0%)
Other 5 (6.0%) 0 (0.0%) 5 (6.4%) 0 (0%)

Brain Metastases
No 62 (74.7%) 14 (77.8%) 1.000 60 (76.9%) 16 (69.6%) 0.472
Yes 21 (253%) 4 (22.2%) 18 (23.1%) 7 (30.4%)
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Table 1. Cont.

Probiotics Antibiotics
No(n=83) Yes(N=18) pValue No(N=78) Yes(N=23) p Value
PD-L1
<1% 16 (19.3%) 3 (16.7%) 0.812 13 (16.7%)  6(26.1%) 0.130
1-49% 24 (28.9%) 4 (22.2%) 25(32.1%) 3 (13.0%)
>50% 26 (31.3%) 8 (44.4%) 23 (29.5%) 11 (47.8%)
NA 17 (20.5%) 3 (16.7%) 17 (21.8%) 3 (13.0%)

Treatment Regimen
ICI monotherapy 14 (16.9%) 4 (22.2%) 0.734 15(19.2%) 3 (13.0%) 0.757
ICI-based

combination therapy 69 (83.1%) 14 (77.8%) 63 (80.8%) 20 (87.0%)
KRAS mutation subtype
Gl12C 20 (24.1%) 2 (11.1%) 0.436 17 (21.8%)  5(21.7%) 0.163
G12v 13 (15.7%) 1 (5.6%) 13(16.7%) 1(4.3%)
G12D 5 (6.0%) 2 (11.1%) 3 (3.8%) 4 (17.4%)
Other or rare variants 9 (10.8%) 2 (11.1%) 8 (10.3%) 3 (13.0%)
Subtype unavailable 36 (43.4%) 11 (61.1%) 37(47.4%) 10 (43.5%)

Adeno, adenocarcinoma; ECOG PS, Eastern Cooperative Oncology Group performance status; ICI, immune checkpoint
inhibitor; NA, not available; NSCLC, non-small cell lung cancer; PD-L1, programmed death-ligand 1; SCC, squamous cell
carcinoma; SD, standard deviation; Other or rare KRAS variants comprised G12A, G12S, G13C, G13D, Q61H, D154N, and
cases with multiple recorded KRAS variants; “Subtype unavailable” indicates that a KRAS mutation was documented, but
detailed variant-level information was unavailable.

3.2. Association of Antibiotic and Probiotic Exposure with Survival Outcomes

Kaplan—Meier analysis showed that antibiotic exposure was associated with shorter PFS and OS in patients with
advanced KRAS-mutated NSCLC receiving ICIs. The median PFS was 9.0 months in the antibiotic group and 14.4
months in the non-antibiotic-exposed group (log-rank p = 0.041; Figure 1A). The median OS was 23.5 months in the
antibiotic-exposed group and 38.4 months in the non-antibiotic group (log-rank p = 0.017; Figure 1B). Probiotic
exposure was not significantly associated with either PFS or OS (Figure 2A,B).

A B
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Log-rank Log-rank

p=0.041 p=0017
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Figure 1. Kaplan-Meier survival curves illustrating the association of antibiotic use with PFS (A) and OS (B) in
advanced KRAS-mutated NSCLC receiving ICIs. ATB, antibiotic exposure; OS, overall survival; PFS,
progression-free survival; NSCLC, non-small cell lung cancer; ICIs, immune checkpoint inhibitors.

Univariable and multivariable Cox proportional hazards regression analyses of factors associated with PFS
and OS are presented in Table 2. In the univariable analysis for PFS, antibiotic exposure was associated with an
increased risk of disease progression or death (HR = 1.85; 95% CI: 1.02-3.37; p = 0.044), and this association
remained statistically significant after multivariable adjustment (HR = 2.04; 95% CI: 1.08-3.84; p = 0.029).
Histology subtype showed a marginal association with PFS in the univariable analysis but was not significantly
associated with PFS after multivariable adjustment. For OS, antibiotic exposure was associated with an increased
risk of death in univariable analysis (HR = 2.37; 95% CI: 1.14-4.91; p = 0.021) and remained statistically
significant after multivariable adjustment (HR = 2.85; 95% CI: 1.30-6.22; p = 0.009). Ever-smoking status was
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associated with a lower risk of death in the univariable analysis but not after multivariable adjustment. PD-L1
expression > 50% showed a nonsignificant trend toward longer OS in the univariable analysis but was not
independently associated with OS in the adjusted model. Probiotic exposure was not significantly associated with
PFS (HR = 0.89; 95% CI: 0.45-1.77; p = 0.741) or OS (HR = 1.40; 95% CI: 0.65-3.03; p = 0.387). These findings
indicate that antibiotic exposure, but not probiotic exposure, remained independently associated with shorter PFS
and OS after multivariable adjustment.

A B
1 -+ POB
-~ No POB
§' Log-rank Log-rank
: p=075 p=038
Time (Months) Tlrn;tMonlhsj
Number at risk Number at risk
- 18 8 2 - 18 13 5 2 2
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& Time (Months) » Time (Months) ‘ ‘
Figure 2. Kaplan-Meier survival curves illustrating the association of probiotic use with PFS (A) and OS (B) in
advanced KRAS-mutated NSCLC receiving ICIs. POB, probiotic exposure; OS, overall survival; PFS, progression-
free survival; NSCLC, non-small cell lung cancer; ICIs, immune checkpoint inhibitors.
Table 2. Univariable and multivariable Cox proportional hazards regression analyses of factors associated with
PFS and OS.
PFS (O]
Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis
Factors
HR Value HR Value HR Value HR Value
©9s%cy P 95%cy P 95%cy P (95% CI) P
. 0.52 0.76
Sex: Male (0.24-1.16) 0.109 - - (0.27-2.17) 0.606 - -
1.15 0.98
Age < 63 years (0.68-1.94) 0.593 - - (0.49-1.95) 0958 - -
0.64 0.46 0.52
Ever-smoker (0.35-1.16) 0.138 - - (0.22-0.96) 0.038 (0.24-1.13) 0.098
1.50 2.66
ECOGPS>1 (0.21-10.93) 0.687 - ) (0.36-19.79) 0.340 - )
. . 1.31 0.97
Brain metastasis (0.73-2.37) 0.368 - - (0.42-2.25) 0950 - -
Histology: SCC vs. 1.06 0.60 0.77
Adeno (0.26-4.37) 0.072 (0.14-2.68) 0.508 (0.11-5.68) 0.801 - )
PD-L1 expression  0.54 0.36 0.41
>50% (0.26-1.14) 0.105 - ) (0.13-1.04) 0.058 (0.14-1.22) 0.111
PD-L1 expression 1.12 1.02 1.56
1-49% (0.55-2.28) 0.754 - ] (0.40-2.61) 0.960 (0.56-4.33) 0.392
Probiotic exposure 0.89 0.741 - - 1.40 0.387 - -
(0.45-1.77) ) (0.65-3.03) )
o 1.85 2.04 2.37 2.85
Antibiotic exposure (1.02-3.37) 0.044 (1.08-3.84) 0.029 (1.14-4.91) 0.021 (1.30-6.22) 0.009
ICI-based
L 1.09 1.40
combination (0.57-2.08) 0.796 - - (0.60-3.29) 0.437 - -
therapy

ClI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; HR, hazard ratio; ICI, immune

checkpoint inhibitor; OS, overall survival; PD-L1, programmed death-ligand 1; PFS, progression-free survival; SCC, squamous

cell carcinoma.
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3.3. Exploratory Subgroup Analyses

Exploratory subgroup analyses were performed to evaluate the association between antibiotic exposure and
survival outcomes across clinically relevant subgroups (Figure 3). In the overall cohort, antibiotic exposure was
associated with an increased risk of disease progression or death for PFS (HR = 1.85; 95% CI: 1.02-3.37; p =
0.044 and an increased risk of death for OS (HR =2.37; 95% CI: 1.14-4.91; p = 0.021), consistent with the primary
analyses. For PFS, nominally significant associations were observed among patients older than 63 years, ever-
smokers, patients with ECOG PS < 1, patients with adenocarcinoma, and patients with PD-L1 expression < 1%
(Figure 3A). Directionally unfavorable estimates were also observed among male patients, in both brain metastasis
strata, and in both treatment regimen strata, although none of these estimates reached nominal statistical
significance. Estimates for patients with ECOG PS > 1 and non-adenocarcinoma histology could not be reliably
calculated because of the small numbers of patients and events. For OS, nominally significant associations were
observed among patients older than 63 years, ever-smokers, patients with ECOG PS < 1, patients with
adenocarcinoma, patients with brain metastases, patients with PD-L1 expression < 1%, patients without probiotic
exposure, and patients receiving ICI-based combination therapy (Figure 3B). The estimate among male patients
was directionally unfavorable but narrowly missed statistical significance (p = 0.051), whereas the estimate among
female patients was imprecise because of the small sample size and wide confidence interval. Several subgroup
estimates, particularly that for patients with brain metastases, were accompanied by wide confidence intervals and
should therefore be interpreted cautiously.

A PFS B 0sS
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Male 91(90.10)  1.83(0.96 ~ 3.48) : — 0064 Ag“;‘a'e FLE0M0) 221 (100 4.85) 0051
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Figure 3. Exploratory subgroup analyses of the associations of antibiotic exposure with PFS (A) and OS (B) in
advanced KRAS-mutated NSCLC receiving ICIs. Hazard ratios (HRs) greater than 1 indicate a higher risk of
disease progression or death among patients with antibiotic exposure relative to patients without antibiotic
exposure. Horizontal lines represent 95% Cls. CI, confidence interval; HR, hazard ratio; ICI, immune checkpoint
inhibitor; NA, not available; OS, overall survival, PD-L1, programmed death-ligand 1; PFS, progression-free
survival; POB, probiotic exposure; SCC, squamous cell carcinoma.

Exploratory subgroup analyses were also performed to evaluate the association between probiotic exposure
and survival outcomes. Overall, probiotic exposure showed no consistent association with either PFS or OS across
most clinical subgroups. Although a nominally significant association was observed in the ICI monotherapy
subgroup for OS, this result should be interpreted cautiously because of the small sample size and wide confidence
interval (Supplementary Figure S1). These exploratory findings should be interpreted cautiously and require
validation in larger independent cohorts.

4. Discussion

In this study, antibiotic exposure within 60 days before or after ICI initiation was associated with shorter PFS
and OS in patients with advanced KRAS-mutated NSCLC receiving ICIs. These associations remained statistically
significant after multivariable adjustment. Probiotic exposure was not significantly associated with either survival
outcome. Exploratory subgroup analyses showed unfavorable associations in several clinically relevant subgroups.
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These findings suggest that antibiotic exposure may represent a clinically relevant factor associated with reduced
ICI benefit in this molecularly defined population.

Our findings align with previous evidence linking antibiotic exposure to reduced benefit from ICIs in
advanced NSCLC. Zhao et al. reported that antibiotic use within one month before or after anti-PD-1/PD-L1
therapy was associated with significantly shorter PFS and OS in a Chinese NSCLC cohort [17]. Derosa et al.
similarly found that antibiotic exposure around ICI initiation was associated with inferior clinical outcomes in
patients with advanced NSCLC [18]. A systematic review and meta-analysis subsequently confirmed that
antibiotic-treated patients with NSCLC receiving immunotherapy had significantly poorer survival outcomes [19].
Consistent findings have also been reported in pooled analyses of clinical-trial populations and in real-world
cohorts receiving chemoimmunotherapy [20,24]. Beyond NSCLC, Pinato et al. reported a negative association
between prior antibiotic treatment and ICI outcomes across multiple tumor types, suggesting that the potential
impact of antibiotics may not be restricted to a single cancer type [25]. Hamada et al. also observed lower response
rates and shorter PFS and OS among antibiotic-exposed patients with NSCLC [26]. These studies collectively
support the hypothesis that antibiotic exposure near the initiation of immunotherapy may compromise the clinical
benefit of ICIs. Nevertheless, not all studies have reported statistically significant associations; Nyein et al.
observed numerically worse outcomes among antibiotic-exposed patients, but the differences were not statistically
significant [27]. Ochi et al. suggested that the impact of antibiotics may vary according to PD-L1 expression [28].

These inconsistencies may be explained by differences in study population, cancer type, treatment regimen,
timing of antibiotic exposure, antibiotic class, duration of treatment, indication for antibiotic use, and adjustment
for confounding variables. In this context, our study adds to the existing literature by focusing specifically on
advanced KRAS-mutated NSCLC, a clinically and biologically distinct subgroup in which antibiotic-related
effects remain insufficiently characterized. The persistence of the association after multivariable adjustment
suggests that antibiotic exposure may be relevant even in this molecularly defined population, although causality
cannot be inferred from the present retrospective data.

The magnitude of the association between antibiotic exposure and OS was greater than that observed for PFS.
A similar pattern was observed in pooled analyses of the OAK and POPLAR trials, in which antibiotic exposure was
associated with shorter OS but not PFS among patients receiving atezolizumab [20]. Several nonexclusive
explanations may account for this pattern. Antibiotic-associated disruption of the gut microbiome may exert sustained
effects on systemic immune homeostasis beyond the initial period of radiographic disease control [10,12,13].
However, OS is influenced by a broader range of factors than PFS, including baseline clinical vulnerability,
pulmonary function, the extent of pulmonary involvement, lactate dehydrogenase (LDH) levels, infection severity,
hospitalization, and subsequent systemic treatment. Antibiotic exposure may therefore partly serve as a marker of
underlying infection or poorer general health, resulting in confounding by indication [29]. Although the multivariable
models adjusted for the available clinicopathological variables, these additional factors were not consistently
available or standardized in the retrospective dataset and could not be comprehensively incorporated. Accordingly,
the stronger association with OS should not be interpreted as evidence of a direct causal effect of antibiotics.

Eight patients (7.9%) received a KRAS-targeted inhibitor after progression on ICI-based therapy, all of whom
were in the non-antibiotic group. Because KRAS-targeted therapy was initiated only after ICI progression, it could
not have affected PFS as defined in this study. However, subsequent KRAS inhibitor use may have influenced
post-progression survival and, consequently, OS. Given the small number of KRAS inhibitor-treated patients and
the absence of such patients in the antibiotic-exposed group, its contribution to the observed OS difference could
not be reliably evaluated. Therefore, the association between antibiotic exposure and shorter PFS is unlikely to be
explained by subsequent KRAS inhibitor use, whereas the OS association should be interpreted cautiously because
of potential residual confounding from post-progression treatment.

The present findings should be interpreted within the substantial molecular heterogeneity of KRAS-mutated
NSCLC. PD-L1 expression, individual KRAS variants, and co-occurring genomic alterations involving TP53,
STK11, or KEAP1 may influence the tumor immune microenvironment and the clinical efficacy of ICIs [5-9]. In
the present study, PD-L1 expression was evaluated in baseline comparisons, Cox regression models, and
exploratory subgroup analyses. However, detailed KRAS variant-level information was unavailable for 47
patients, and complete co-mutation data were not uniformly available. Antibiotic exposure should therefore be
interpreted as a potential host-related modifier alongside these established tumor-related determinants.

Previous research on gut microbiota in KRAS-mutated NSCLC has been limited. Nevertheless, studies in
NSCLC and other solid tumors support a biologically plausible link between gut microbiota, systemic antitumor
immunity, and responsiveness to immune checkpoint blockade [30-33]. ICIs depend on the presence of a
functional host immune system capable of antigen recognition, T-cell priming, effector-cell expansion, and tumor
infiltration. The gut microbiota may influence these processes through multiple interconnected mechanisms,
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including modulation of innate immune activation, regulation of antigen-presenting cells, production of
immunologically active metabolites, and maintenance of systemic inflammatory tone. Therefore, disruption of the
gut microbial ecosystem during the critical period around ICI initiation could plausibly weaken the immune
activation required for effective PD-1/PD-L1 blockade. Mechanistically, antibiotics may disrupt the gut ecosystem
by reducing microbial diversity, depleting beneficial commensal bacteria, and altering microbial metabolic
functions [10,12,34]. Such dysbiosis may impair dendritic-cell activation, antigen presentation, cytokine signaling,
CD8+ T-cell priming, and effector T-cell trafficking, thereby attenuating the immune activation required for
effective PD-1/PD-L1 blockade [10,12]. Favorable ICI responses have been associated with specific bacterial taxa,
including Akkermansia, Bifidobacterium [13,35].

Importantly, the relationship between the gut microbiome and ICI efficacy cannot be attributed solely to
antibiotic exposure. Derosa et al. reported that the presence of fecal Akkermansia muciniphila at baseline was
associated with increased objective response rates and longer OS independently of PD-L1 expression, antibiotic
exposure, and performance status [13]. These findings suggest that baseline microbial composition may influence
ICI outcomes independently of antibiotic use and that antibiotic exposure cannot be regarded as a direct surrogate
for a favorable or unfavorable microbiome. Because stool samples were not available in our study, we could not
determine whether the observed associations were mediated by Akkermansia muciniphila or other specific
microbial taxa. Cross-cohort analyses have also shown that microbiome signatures are clinically relevant but may
vary across populations and geographic settings [36,37]. Therefore, antibiotic-related dysbiosis may act as a host-
level factor that perturbs systemic antitumor immunity and may help explain the shorter PFS and OS observed in
antibiotic-exposed patients in our KRAS-mutated NSCLC cohort. However, because the present study did not
include microbiome sequencing, metabolomic profiling, or immune microenvironment analyses, this mechanistic
interpretation remains hypothesis-generating and requires validation in prospective studies integrating antibiotic
exposure data with gut microbiota composition, microbial metabolites, and immune profiling.

In contrast to antibiotic exposure, probiotic use was not significantly associated with PFS or OS in our cohort.
This finding should be interpreted cautiously. Previous observational studies suggest that the effects of probiotics
on ICI outcomes may depend on strain composition and concurrent antibiotic exposure [21-23]. The limited
number of probiotic-exposed patients and the heterogeneity of probiotic use in routine practice, including
variations in formulation, dosage, duration, timing, and adherence, may have reduced our ability to detect a
clinically relevant association. Moreover, conventional probiotic supplementation may be insufficient to restore
the complex microbial ecosystem required for favorable ICI responses. Therefore, our findings do not exclude a
potential role for microbiome modulation but suggest that nonspecific probiotic use may have limited or
inconsistent clinical effects in patients with advanced KRAS-mutated NSCLC receiving IClIs.

From a clinical perspective, our results support careful antibiotic stewardship in patients initiating ICI
therapy. Antibiotics remain essential when clinically indicated, particularly in patients with infections or treatment-
related complications. The present findings should not be interpreted as a recommendation to withhold necessary
antimicrobial treatment. Rather, unnecessary antibiotic exposure should be avoided, and the spectrum and duration
of treatment should be optimized whenever feasible.

This study has several limitations. First, its retrospective design limits causal inference, and residual
confounding cannot be excluded. Second, the sample size was limited, particularly in the antibiotic- and probiotic-
exposed groups. Third, detailed KRAS variant-level information was unavailable for 47 patients, and the small
numbers within individual variant categories precluded reliable subtype-specific survival analyses. Fourth, stool
samples, microbiome sequencing, and metabolomic profiling were unavailable, and the proposed microbiome-
mediated mechanisms remain hypothesis-generating.

5. Conclusions

Antibiotic exposure around ICI initiation was associated with shorter PFS and OS in patients with advanced
KRAS-mutated NSCLC receiving ICIs, whereas probiotic exposure was not significantly associated with survival
outcomes. These findings do not establish a causal effect and require validation in larger prospective studies
incorporating detailed molecular profiles, antibiotic indications, subsequent treatments, and longitudinal gut
microbiome assessment.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/
2608211545467352/T1-26060226-S1.pdf.
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