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The introduction of immune checkpoint inhibitors (ICIs) has
substantially improved therapeutic outcomes in patients with
non-small cell lung cancer (NSCLC) but marked inter-indi-
vidual variability in treatment response persists!. Increasing
evidence indicates that the gut microbiota has a critical role
in regulating antitumor immune responses through the
gut-organ axis, thereby influencing the efficacy and toxicity
of systemic anticancer therapies?>. Among microbiota-mod-
ulating strategies, antibiotics and probiotics have attracted
considerable interest. Nevertheless, the clinical impact of
antibiotics and probiotics on treatment outcomes in NSCLC
has not been comprehensively and systematically evaluated.
Against this background, a meta-analysis was performed to
determine the associations between antibiotic exposure or
probiotic supplementation and clinical outcomes in patients
with NSCLC, focusing on the objective response rate (ORR),
progression-free survival (PFS), and overall survival (OS).

Antibiotic exposure and survival
outcomes
The studies included in the antibiotic cohort were predom-

inantly retrospective real-world investigations and enrolled
patients with NSCLC receiving ICIs, most of whom had
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advanced disease. The antibiotic-related analysis was comprised
of 34 studies that included patients treated with ICIs mainly
in the second-line or later settings (Table 1). Across studies,
immunotherapy regimens were largely based on PD-1/PD-L1
inhibitors. Antibiotic exposure was generally defined as sys-
temic antibiotic use within predefined peri-ICI time windows
and the antibiotics administered were mainly broad-spectrum
agents. The meta-analysis demonstrated that antibiotic use was
significantly associated with unfavorable survival outcomes in
patients with NSCLC receiving immunotherapy. As shown in
Figure 1A, antibiotic exposure was associated with a signifi-
cantly reduced ORR [pooled odds ratio (OR) = 0.60, 95% confi-
dence interval (CI) = 0.43-0.84, P = 0.002]. Antibiotic exposure
was also associated with a significantly shorter OS [pooled haz-
ard ratio (HR) = 1.68, 95% CI = 1.49-1.91, P < 0.001] and PFS
(pooled HR = 1.62, 95% CI = 1.37-1.92, P < 0.001; Figure 1B,
C). These findings are biologically plausible. Antibiotics can
markedly reduce gut microbial diversity, disrupt the homeosta-
sis of beneficial commensal bacteria, and potentially alter the
pulmonary immune microenvironment via the gut-lung axis.
Consistent with this notion, clinical studies have reported that
antibiotic administration, particularly when given before or
during immunotherapy, is closely associated with diminished
ICI efficacy®®. Collectively, antibiotic exposure exhibited a trend
toward a reduced ORR, while being consistently and signifi-
cantly associated with an inferior OS and PFS, which indicated
that the detrimental impact on immunotherapy outcomes in
NSCLC is more robustly captured by long-term survival end-
points than by early response metrics. This finding also suggests
that antibiotic-induced disruption of the gut microbiota may
exert sustained and systemic inhibitory effects on antitumor
immunity rather than merely delaying initial tumor control.
In this context, antibiotic exposure during critical windows
surrounding immunotherapy initiation may be particularly
relevant, underscoring the need for careful consideration of
antibiotic use in patients with NSCLC receiving ICIs¥.
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A ORR: antibiotics vs. no antibiotics

Treatment  Control Odds ratio Weight
Study Yes No Yes No with 95% ClI (%)
L. Derosa et al., 2018 6 42 44 147 —— 0.48[0.19, 1.20] 7.10
J Quaknine Kriefetal, 2019 11 19 10 32 —— 1.85[0.66, 5.18] 6.24
S Zhao et al., 2019 3 17 20 69 —a— 0.61[0.16, 2.29] 445
H Kim et al, 2019 8 42 21 50 —— 045[0.18, 1.13]  7.16
DJ Pinato et al,, 2019 2 24 65 86 — 0.11[0.03, 0.48] 378
A Schett et al,, 2020 6 27 52 132 —— 0.56 [0.22, 1.45] 6.92
ACastello et al., 2021 1 16 9 20 0.14[0.02, 1.21] 2.02
K Hamada et al., 2021 2 16 25 26 — 0.13[0.03, 0.62] 345
AF Nyein et al,, 2022 12 34 59 151 —— 0.90 [0.44, 1.86] 8.99
A Cortellini et al., 2022 37 86 332 416 E J 0.54[0.36, 0.81] 1271
GASenetal, 2023 7 20 35 28 —a— 0.28[0.10, 0.76] 6.49
F Deng et al., 2024 61 73 78 104 E 3 1.11[0.71, 1.75] 12.25
K Tamura et al, 2024 1 10 19 28 —— 1.33[0.47,3.81] 6.08
N Ochi et al, 2025 55 52 194 129 E 5 0.70[0.45, 1.09] 1237
Overall L 4 0.60[0.43, 0.84]

Heterogeneity: 12 = 0.18, |2 = 53.94%, H? = 2.17
Cochran's Q test: Q(13) = 28.38, P =0.01
Overall effect: z = -3.03, P = 0.002
0.10 1.00 10.00

B OS: antibiotics vs. no antibiotics

exp(log-(HR)) Weight
Study with 95% CI (%)

L Derosa et al., 2018

F Huemer et al., 2018

F Barrén et al., 2019

X Mielgo Rubio et al., 2019
J Ouaknine Krief et al., 2019
S Zhao et al., 2019

S Bagley et al., 2019

T Hakozaki et al., 2019
H Kim et al., 2019

DJ Pinato et al., 2019

M Chalabi et al., 2020
A Schett et al., 2020

PH Lu etal., 2021

MJ Geum et al., 2021
AC Balado et al., 2021
N Ochi et al., 2021

K Hamada et al., 2021
MV Verschueren et al., 2021
ZG Ren et al., 2021

| Joshi et al., 2022

AF Nyein et al., 2022

H Qiu et al., 2022

WA Stokes et al., 2022
WA Stokes et al., 2022
A Cortellini et al., 2022
GA Sen et al.,, 2023
WC Luo et al., 2024

F Deng et al., 2024

K Tamura et al., 2024
YF Xie et al., 2024
THuetal., 2025

N Ochi et al., 2025

A Rousseau et al., 2025

250[1.64, 3.80] 3.51
3.23[0.52, 20.19]  0.42
230[1.07, 4.92] 183
1.90[1.04, 3.48] 2.44
220[1.05, 4.60] 1.91
2.86[1.30, 6.27] 1.75
3.41[1.38, 841 143
202[0.70, 5.83] 1.11
383[1.74, 847] 173
3.40[1.90, 6.09] 255
120[1.04, 1.39] 5.42
261[1.71, 3.99] 348
290[1.07, 7.87] 1.22
229[1.16, 4.52] 212
3.85[1.46, 10.18]  1.27
1.38[1.03, 1.84] 4.44
199[0.94, 4.22] 1.86
120[0.78, 1.84] 3.47
160[0.73, 3.53] 1.73
162[0.98, 2.68] 2.98
1.35[0.91, 2.01] 3.65
229[1.41, 3.70] 3.10
1.31[1.20, 1.44] 568
133[1.21, 1.46] 5.68
142[1.13, 1.79] 4.87
240[1.38, 4.17] 271
364[1.30, 10.18] 1.16
1.42[0.99, 2.05] 3.88
0.99[0.57, 1.72] 269
135[1.01, 1.81] 4.42
145[1.01, 2.07] 3.92
150[1.40, 1.61] 574
1.08[1.05, 1.12] 5.83

.-.+—++~+-'++++++*~+)+'++‘+++++ '

Overall 1.68(1.49, 1.91]
Heterogeneity: T2 = 0.07, I> = 88.38%, H> = 8.61
Cochran s Q test: Q(32) = 190.69, P < 0.001
Overall effect: z = 8.23, P< 0.001
025 050 1.00 200 400 10.00
Figure 1 Continued
Subgroup analyses by line of therapy showed a broadly first-line and mixed-line settings for the ORR with pooled
consistent association between antibiotic exposure and ORs of 0.65 (95% CI = 0.48-0.87; I? = 1%) and 0.42 (95% CI

worse outcomes. The association was more evident in =0.25-0.70; I> = 56%), whereas the estimate in second-line
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Figure 1

C PFS: antibiotics vs. no antibiotics

Continued

exp(log-(HR))  Weight
Study with 95% ClI (%)
L Derosa et al., 2018 +—— 1.30[0.92, 1.84] 5.34
F Huemer et al., 2018 —1 2.17[0.79, 5.94] 1.99
F Barron et al., 2019 — 1.63[0.71, 3.73] 2.59
X Mielgo Rubio et al., 2019 —— 2.60[1.40, 4.81] 3.59
J Ouaknine Krief et al., 2019 - 1.60[0.84, 3.06] 3.41
S Zhao et al., 2019 —— 3.45[1.79, 6.66] 3.36
H Kim et al., 2019 —a— 2.38[1.28, 4.42] 357
M Chalabi et al., 2020 ] 1.10[0.97, 1.25] 6.63
A Schett et al., 2020 —i— 2.22[1.50, 3.29] 5.00
A Castello et al., 2021 ——®———4.20[1.58, 11.16]  2.08
MJ Geum et al., 2021 —— 0.98[0.67, 1.44] 5.06
AC Balado et al., 2021 ——— 8@ ———4.20[1.59, 11.10]  2.10
N Ochi et al., 2021 - 1.14[0.89, 1.46] 6.00
K Hamada et al., 2021 —— 3.16[1.57, 6.35] 3.16
H Qiu et al., 2022 —— 1.64[1.16, 2.33] 5.31
A Cortellini et al., 2022 - 1.29[1.04, 1.60] 6.21
GA Sen et al., 2023 —— 2.42[1.45, 4.03] 4.23
WC Luo et al., 2024 —a— 3.18[1.48, 6.84] 285
F Deng et al., 2024 - 1.01[0.77, 1.32] 585
K Tamura et al., 2024 —— 0.91[0.56, 1.48] 4.36
YF Xie et al., 2024 - 1.29[1.04, 1.61] 6.16
THuetal., 2025 —l— 1.53[1.06, 2.20] 5.22
N Ochi et al., 2025 —- 1.40[1.08, 1.81] 593
Overall < 1.62[1.37, 1.92]
Heterogeneity: 12 = 0.11, 12 = 77.78%, H? = 4.50
Cochran’s Q test: Q(22) = 71.84, P <0.001
Overall effect: z = 5.59, P < 0.001
025 050 1.00 200 400  10.00
D ORR: probiotics vs. no probiotics
Treatment Control Odds ratio Weight

Study Yes No Yes No with 95% CI (%)

Y Tomita et al., 2020 18 19 18 51 —#@——  268[1.16,6.21] 13.09

K Miura et al., 2021 3 11 67 219 —_— 0.89 [0.24, 3.29] 5.41

K Hamadaetal,2021 7 8 20 34 —_—— 1.49[0.47, 472]  6.91

A Morita et al,, 2024 35 58 90 299 —— 2.00[1.24,3.24] 39.82

A Morita et al., 2024 51 26 198 170 —— 1.68[1.01,2.82] 34.78

Overall > 1.84[1.36, 2.49]

Heterogeneity: 12 = 0.00, 2 = 0.00%, H? = 1.00

Cochran’s Q test: Q(4) = 2.33, P = 0.68

Overall effect: z = 3.93, P< 0.001

0.10 1.00 10.00

and later studies was not significant and showed sub-
stantial heterogeneity (OR = 1.85, 95% CI = 0.66-5.18).
However, no significant subgroup difference was observed

(P = 0.103). Antibiotic exposure was associated with
shorter OS across first-line, second-line and later therapies,
and mixed-line populations with pooled HRs of 1.47 (95%
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E OS: probiotics vs. no probiotics
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exp(log-(HR))  Weight
Study with 95% Cl (%)
M Svaton et al., 2020 —J— 0.92[0.23, 3.63] 3.26
Y Tomita et al., 2020 —a— 0.20 [0.08, 0.50] 6.31
K Takada et al., 2021 B 0.71[0.57, 0.88] 22.27
K Hamada et al., 2021 — 1.37[0.59, 3.17] 7.23
Y Tomita et al., 2024 —i— 0.41[0.22, 0.76] 10.77
A Morita et al., 2024 i 0.45[0.31, 0.65] 17.33
A Morita et al., 2024 —— 0.61[0.38, 0.97] 14.55
WC Luo et al., 2024 —— 0.98 [0.43, 2.22] 7.52
H Nakatsukasa et al., 2024 —— 0.69[0.37, 1.28] 10.75
Overall < 0.60 [0.46, 0.79]
Heterogeneity: 12 = 0.07, 12 = 50.45%, H? =2.02
Cochran’s Q test: Q(8) = 16.97, P=0.03
Overall effect: z = -3.74, P< 0.001
010 0.250.501.002.004.00 10.00
F PFS: probiotics vs. no probiotics
exp(log-(HR))  Weight
Study with 95% ClI (%)
M Svaton et al., 2020 . 1.31[0.46, 3.67] 2.95
Y Tomita et al., 2020 —i— 0.37[0.21, 0.65] 8.16
K Takada et al., 2021 . 3 0.58[0.48, 0.71] 23.91
K Hamada et al., 2021 —a— 0.71[0.32,1.57] 4.73
Y Tomita et al., 2024 —i— 0.55[0.34, 0.88] 10.63
A Morita et al., 2024 - 0.54[0.41, 0.72] 18.77
A Morita et al., 2024 i 0.89[0.66, 1.21] 17.39
WC Luo et al., 2024 — 0.65[0.30, 1.39]  5.04
H Nakatsukasa et al., 2024 — 0.75[0.43, 1.30] 8.42
Overall <& 0.63[0.52, 0.76]
Heterogeneity: 12 = 0.03, I> = 39.00%, H? = 1.64
Cochran’s Q test: Q(8) = 12.74, P=0.12
Overall effect: z = -4.90, P < 0.001
0.25 0.50 1.00 2.00 4.00 10.00

Figure 1 Effects of antibiotics and probiotics on immunotherapy outcomes in patients with non—small cell lung cancer. (A-C) Antibiotics:
ORR, OS, and PFS. Squares indicate study-specific effects; diamonds show pooled estimates with 95% Cls. (D-F) Probiotics: ORR, OS, and PFS.
Squares indicate study-specific effects; diamonds show pooled estimates with 95% Cls. Cl, confidence interval; HR, hazard ratio; ORR, objective
response rate; OS, overall survival; PFS, progression-free survival.

CI = 1.19-1.82; 12 = 91%), 2.27 (95% CI = 1.55-3.31; I? =
0%), and 2.00 (95% CI = 1.59-2.52; I? = 73%), respectively.
PFS had a similar pattern with pooled HRs of 1.58 (95%

CI=1.04-2.39; 1> = 82%), 1.33 (95% CI = 0.91-1.96; I> = 29%)),
and 1.83 (95% CI = 1.39-2.40; 1> = 85%) in the correspond-
ing subgroups. Neither OS nor PES differed significantly
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across treatment-line strata (P = 0.173 and P = 0.648,
respectively).

The results were similar when stratified by immune check-
point blockade strategy. Antibiotic exposure remained asso-
ciated with worse OS in anti-PD-1-only studies (HR = 1.56,
95% CI = 1.29-1.88; I = 89%), anti-PD-L1-only studies (HR =
1.20, 95% CI = 1.04-1.39), anti-PD-1/anti-PD-L1 studies (HR
= 1.76, 95% CI = 1.38-2.23; I*> = 75%), and mixed-strategy
studies (HR = 1.93, 95% CI = 1.48-2.51; I? = 47%) without a
significant subgroup difference (P = 0.390). Pooled HRs for
PFS were 2.00 (95% CI = 1.37-2.93; 12 = 74%), 1.10 (95% CI
= 0.97-1.25), 1.58 (95% CI = 1.22-2.05; I* = 68%), and 1.61
(95% CI = 1.09-2.37; I? = 76%) across these strata with no
significant interaction (P = 0.536). The ORR was less consist-
ent. Specifically, the reduction in response was most appar-
ent in anti-PD-1/anti-PD-L1 studies (OR = 0.45, 95% CI =
0.23-0.88; I2 = 62%), whereas the estimates in anti-PD-1-only
(OR =0.59, 95% CI = 0.23-1.48; I> = 70%) and mixed-strategy
studies (OR = 0.77, 95% CI = 0.49-1.22; I?> = 39%) were not
significant; no subgroup difference was identified (P = 0.601).
Overall, the adverse association of antibiotic exposure was
more consistent for OS and PFS than the ORR.

Probiotic supplementation and
therapeutic benefit

Probiotic-related evidence is comprised of 10 studies, most
of which were retrospective cohort or real-world compara-
tive analyses (Table S1). These studies encompassed patients
receiving ICIs across first- to third-line treatment settings.
The formulations varied across studies with respect to pro-
biotic interventions but preparations based on Clostridium
butyricum MIYAIRI 588 (CBM588) were most frequently
used with Bifidobacterium spp. and mixed probiotic formu-
lations. Probiotic interventions were typically administered
orally as long-term adjuncts, like CBM588, to immuno-
therapy with control groups consisting of patients receiving
identical immunotherapy regimens without probiotic sup-
plementation. Probiotic supplementation was significantly
associated with more favorable clinical outcomes in contrast
to the unfavorable associations observed with antibiotics.
Probiotic use was associated with a significantly higher ORR
compared to no probiotic use (pooled OR = 1.84, 95% CI
= 1.36-2.49, P < 0.001), as well as a significantly prolonged
OS (pooled HR = 0.60, 95% CI = 0.46-0.79, P < 0.001) and
PES (pooled HR = 0.63, 95% CI = 0.52-0.76, P < 0.001), as
illustrated in Figure 1D-F. Although the probiotic formula-
tions and administration strategies varied across studies, the
consistent improvement in the ORR and survival outcomes
suggested that microbiota-supportive interventions (espe-
cially CBM588) may enhance antitumor treatment responses
and improve long-term prognosis in NSCLC. These findings
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provided a rationale for considering microbiota modulation
as an adjunctive strategy to optimize therapeutic outcomes in
clinical practice.

Assessment of publication bias

Potential publication bias was assessed using funnel plots
(Figure S1). Visual inspection of the funnel plots showed
no obvious marked asymmetry in the probiotic analyses,
whereas some asymmetry was observed in the antibiotic
analyses, particularly for OS and PFS. Nevertheless, the
number of studies was limited for several comparisons and
these findings should be interpreted with caution. Further
large-scale prospective studies are warranted to confirm the
present results.

Sensitivity analyses

Sensitivity analyses using a leave-one-out approach showed
that the pooled estimates remained largely unchanged after
sequential exclusion of individual studies (Figure S2). The
associations with OS and PFS were consistently maintained
for antibiotic exposure with minimal variation in effect size
and statistical significance. A similar pattern was observed for
ORR, indicating that the overall findings were not dispropor-
tionately influenced by any single dataset.

Sensitivity analyses likewise demonstrated stable effect
directions across all evaluated outcomes for probiotic supple-
mentation. Despite the limited number of studies, the pooled
estimates remained broadly consistent, supporting the relative
robustness of the observed associations.

Discussion

This meta-analysis synthesized currently available real-world
evidence to evaluate the impact of microbiota-modulating
exposures on immunotherapy outcomes in patients with
NSCLC. The results showed that antibiotic exposure is con-
sistently associated with poorer survival outcomes and is
unfavorably associated with a reduction in the ORR. In con-
trast, probiotic supplementation demonstrated a favorable
trend in treatment outcomes, although the current evidence
base remains limited. Collectively, these observations under-
score the emerging importance of host-related determinants,
particularly gut microbiota composition, in shaping the
durability of benefit from ICL.

The differential strength of the associations observed for
survival outcomes and objective response suggests that early
tumor regression and long-term immunotherapy benefit may
be driven by partially distinct biological mechanisms. Initial
tumor response is influenced by tumor-intrinsic characteristics,
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including tumor immunogenicity and the baseline immune
microenvironment, whereas durable clinical benefit depends
on sustained activation and functional maintenance of anti-
tumor immune responses. Antibiotic-associated disruption
of gut microbial homeostasis may interfere with antigen pres-
entation, impair dendritic cell maturation, and weaken mem-
ory T-cell responses, thereby contributing to both reduced
treatment response and less durable immune-mediated tumor
control®.

Subgroup analyses indicated that the adverse impact of
antibiotic exposure on immunotherapy outcomes was gener-
ally consistent across different lines of therapy and immune
checkpoint inhibitor strategies with no significant differences
observed between subgroups. This pattern suggests that the
observed variability may partly reflect methodologic hetero-
geneity across studies rather than true biological differences.
Because most included studies did not systematically report
key antibiotic-related variables, such as antibiotic class, expo-
sure timing, and indication for use, more refined stratified
analyses could not be performed.

Current treatment recommendations for NSCLC are pri-
marily based on disease stage, resectability, oncogenic driver
status, and PD-L1 expression. Although ICIs have been incor-
porated into standard treatment algorithms across multiple
clinical settings, current clinical guidelines do not provide
explicit recommendations regarding antibiotic use or pro-
biotic supplementation during immunotherapy, and micro-
biota-related factors are not included in routine treatment
stratification.

NSCLC-specific evidence indicates that antibiotic exposure
during immunotherapy is associated with clinically meaning-
ful adverse outcomes. Peri-treatment antibiotic use has been
linked to a significantly shorter PES (pooled HR = 1.47, 95%
CI = 1.13-1.90) and OS (pooled HR = 1.69, 95% CI = 1.25-
2.29) in patients with advanced or metastatic NSCLC treated
predominantly with ICI monotherapy, which corresponded to
an absolute reduction of approximately 6-7 months in median
survival. The negative association appears most pronounced
when antibiotics are administered within the peri-immuno-
therapy window, supporting a potential interaction between
early microbiota disruption and immune activation*.

Similar trends have been reported in first-line chemo-
immunotherapy (chemo-10), which represents a current
standard treatment paradigm for advanced NSCLC without
actionable oncogenic drivers. Antibiotic exposure within 60
days before treatment initiation was associated with a lower
ORR (27% vs. 40%), shorter PES (3.9 vs. 5.9 months; HR =
1.35,95% CI = 1.10-1.60), and reduced OS (10 vs. 15 months;
HR = 1.50, 95% CI = 1.20-1.80) in a large multicenter cohort.
Consistent findings have also been demonstrated in meta-
analytic evaluations, demonstrating inferior survival in the
overall IO-treated population (HR =1.93,95% CI = 1.52-2.45)
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and in patients receiving chemo-IO specifically (HR = 1.54,
95% CI = 1.28-1.84)%L.

These observations suggested that the adverse impact of
antibiotic exposure may be particularly relevant in advanced-
stage disease, in which durable immune-mediated tumor con-
trol is critical. From a clinical perspective, a more cautious and
indication-driven approach to antibiotic use during the peri-
ICI period may therefore be warranted. In contrast, although
microbiota modulation through probiotic supplementation
has been proposed as a potential strategy to enhance immu-
notherapy efficacy, current evidence remains insufficient to
support routine implementation in unselected patients.

Several limitations to this meta-analysis should be acknowl-
edged. First, most included studies were retrospective obser-
vational analyses and causal inference remains limited.
Second, the overall number of eligible studies, particularly for
probiotic interventions, was relatively small, which may have
affected the statistical power and stability of pooled estimates.
Although probiotic formulations were broadly comparable in
the immunomodulatory profiles, methodologic variability in
dosing strategies, treatment duration, and study design may
still introduce residual confounding. Third, heterogeneity
across studies and the lack of detailed stratified data precluded
more refined analyses of specific microbiota-related interven-
tion strategies.

In conclusion, antibiotic exposure is associated with infe-
rior survival outcomes in patients with NSCLC receiving
immunotherapy, whereas probiotic supplementation shows a
potential but yet unconfirmed benefit. These findings high-
light the emerging role of gut microbiota as a host-associated
determinant of immunotherapy efficacy and support the
need for well-designed prospective studies to define micro-
biome-informed therapeutic strategies.
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