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ABSTRACT
Oral microbiota is associated with human diseases including cancer. Emerging evidence suggests that 
proton pump inhibitors (PPIs), which allow the oral microbiome to translocate into the gut, negatively 
influence the efficacy of immune checkpoint blockade (ICB) in cancer patients. However, currently there is 
no effective treatment that restores the decreased efficacy. To address this issue, we retrospectively 
evaluated 118 advanced or recurrent non-small cell lung cancer (NSCLC) patients treated with ICB and 
analyzed 80 fecal samples of patients with lung cancer by 16S metagenomic sequencing. Clostridium 
butyricum therapy using C. butyricum MIYAIRI 588 (CBM588), a live biotherapeutic bacterial strain, was 
shown to improve the ICB efficacy in lung cancer. Thus, we investigated how CBM588 affects the efficacy 
of ICB and the gut microbiota of lung cancer patients undergoing PPI treatment. We found that PPI 
treatment significantly decreased the efficacy of ICB in NSCLC patients, however, CBM588 significantly 
restored the diminished efficacy of ICB and improved survival. In addition, CBM588 prolonged overall 
survival in patients receiving PPIs and antibiotics together. The fecal analysis revealed that PPI users had 
higher abundance of harmful oral-related pathobionts and lower abundance of beneficial gut bacteria for 
immunotherapy. In contrast, patients who received CBM588 had lesser relative abundance of potentially 
harmful oral-related bacteria in the gut. Our research suggests that manipulating commensal microbiota 
by CBM588 may improve the therapeutic efficacy of ICB in cancer patients receiving PPIs, highlighting the 
potential of oral-related microbiota in the gut as a new therapeutic target for cancer immunotherapy.
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Introduction

Immune checkpoint blockade (ICB) has emerged as a new 
pillar of cancer treatment and opened a new era for cancer 
therapy.1,2 However, only a minority of patients with 
advanced lung cancer responds to ICB that targets the 
programmed death 1 (PD-1) receptor or programmed 
death ligand 1 (PD-L1). To overcome the resistance to 
ICB therapy, extensive research efforts have been 
undertaken.3 Accumulating evidence revealed that gut 
microbiota influences the response of tumors to ICB in 
cancer patients.4–7 Modulation of gut microbiota has been 
investigated in preclinical murine tumor models and cancer 
patients to treat cancer.4,5,8,9 Intriguingly, clinical studies 
have reported that manipulating the gut microbiota by 
fecal microbiota transplantation using stool collected from 
patients who had response to ICB allow advanced mela-
noma patients to overcome resistance to ICB.10,11 These 
findings support the concept of overcoming primary and 
acquired resistance to ICB by modulating the gut microbes 
using live biotherapeutic bacteria.4,5

A number of studies have reproducibly shown that unfavor-
able changes in gut microbial composition caused by antibio-
tics, which are referred to as “dysbiosis”, impairs response to 
ICB, suggesting that an intact gut microbiota is essential to 
improve the efficacy of ICB.4,6,12,13 For this, the gut microbiota 
can be an attractive therapeutic target for cancer therapy. 
Proton pump inhibitors (PPIs) also affect the integrity of the 
intestinal microbiota and have been associated with gut 
dysbiosis.14–16 PPIs are drugs used to suppress gastric-acid 
production and treat gastrointestinal disorders such as gastro- 
esophageal reflux and gastric ulcers. They have been consid-
ered low-risk and widely adopted; thus, PPIs are often over- 
prescribed across the world.14,15,17 It has been reported that 
multiple oral bacteria that related cancer development were 
found in the feces of PPI users.14 Importantly, several retro-
spective studies have identified a possible association between 
PPI use and poor overall survival (OS) of non-small cell lung 
cancer (NSCLC) patients treated with ICB.4,18,19 However, the 
mechanisms underlying the association between PPI use and 
the detrimental effects on ICB efficacy have not been 
elucidated.4,13,17–20 Also, there is no effective treatment that 
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restores the decreased therapeutic efficacy of ICB in cancer 
patients receiving PPIs or concomitant use of PPIs and 
antibiotics.4,5,13,20

The clinical value of modulating gut microbiota by admin-
istration of specific bacterial species in cancer patients receiv-
ing ICB remains largely unknown.4,8,20–22 C. butyricum is 
a butyrate-producing, spore-forming anaerobic bacterium 
and found in healthy human and animal intestines, and also 
in environments, including soil and vegetables.8 C. butyricum 
has been investigated for potential protective effects in dysbio-
sis-associated diseases, including gut infection, irritable bowel 
syndrome, inflammatory bowel disease, and metabolic disease 
and safely used in the clinical setting for decades in Japan.8 In 
addition, accumulating evidence has shown C. butyricum mod-
ulates host-immunity through producing short-chain fatty 
acids (SCFAs), butyrate, and acetate.8,23 In 2020, we reported 
that manipulating commensal microbiota by C. butyricum 
therapy using a single microbial, live biotherapeutic bacterium, 
C. butyricum MIYAIRI 588 strain (CBM588, MIYA-BM®) has 
the potential to enhance the efficacy of ICB in patients with 
advanced NSCLC.20 A randomized phase IB clinical trial com-
paring nivolumab/ipilimumab with or without CBM588 in 
patients with metastatic renal cell carcinoma is ongoing 
(NCT03829111) and the preliminary results suggested that 
CBM588 has the capacity to modulate the gut microbiome 
and enhance the response to ICB.22

In the current study, we hypothesized that PPI use may 
impact on the gut microbial composition in advanced 
NSCLC and CBM588 may restore the diminished therapeutic 
efficacy of ICB in cancer patients receiving PPIs. To test this, 
we retrospectively evaluated the impact of PPI use and 
CBM588 on survival in 118 advanced or recurrent NSCLC 
patients treated with ICBs. In addition, we investigated the 
association between PPI usage and the oral-gut microbiome 
axis of patients with thoracic cancer using 16S rRNA sequen-
cing of gene amplicons of 80 fecal samples. We show that 
CBM588 improved the decreased efficacy of ICB in NSCLC 
patients who received PPIs. Bacterial 16S rRNA sequencing 
and taxonomic analyses revealed that PPI users had higher 
abundance of oral-related pathobionts and cancer patients 
who received CBM588 had lesser relative abundance of harm-
ful oral-related bacteria for immunotherapy. These findings 
support the hypothesis that manipulating commensal micro-
biota by CBM588 has the potential to improve the efficacy of 
ICB and highlight the potential of oral-related microbiota in 
the gut as a new therapeutic target for cancer immunotherapy.

Materials and methods

Patients

We retrospectively evaluated 118 patients with NSCLC con-
secutively treated with ICB therapy in routine clinical practice 
at Kumamoto University Hospital between January 1, 2016 
and May 31, 2019. The patients are the same cohort as who 
have been previously reported.20 A total of 99 men and 19 
women [median (range) age, 68 (37–83) years] with advanced 
or recurrent NSCLC were included in this study. The clinical 
information for all NSCLC patients has been fully updated 

and reanalyzed for the analyses. Patients with NSCLC 
received anti-PD-(L)1 antibody alone or in combination 
with chemotherapy. The medical records of patients who 
had received nivolumab, pembrolizumab, or atezolizumab 
were reviewed. Treatments were provided until disease pro-
gression, unacceptable toxicity, or consent withdrawal. All 
patients enrolled in this study were Japanese. The following 
data were extracted from the database: date, type of treat-
ment, age, sex, histology, PD-L1 status, stage at initial diag-
nosis, Eastern Cooperative Oncology Group (ECOG) 
performance status (PS), smoking status, driver mutations, 
the response to ICB, any oral or intravenous PPIs used within 
a period of 30 days prior and 30 days after initiation of ICB 
therapy, any oral or intravenous antibiotics used within the 
60 days before the start of ICB therapy, and C. butyricum 
therapy using CBM588 (MIYA-BM®, Miyarisan 
Pharmaceutical Co., Ltd., Tokyo, Japan) prescribed within 
6 months before beginning ICB therapy and/or concurrently 
with ICB therapy until cessation. The time frames for PPI use, 
antibiotic use and C. butyricum therapy were analyzed based 
upon prior analyses.17–20 Patient characteristics by PPI use 
within the 60-day window are summarized in Table 1. The 
histories of PPI use, antibiotic use, and C. butyricum therapy 
were extracted by using prescription database and also manu-
ally checked from medical records. Attending physician and 
pharmacists confirmed that patients had taken CBM588 as 
prescribed. This study was conducted in accordance with the 
amended Declaration of Helsinki. The present study was 
performed after approval by the Kumamoto University 
Institutional Review Board (IRB number, 1825, Approval 
Date, July 2, 2021), which also waived the need to obtain 
informed consent because the data were analyzed retrospec-
tively and anonymously.

Fecal sample collection from cancer patients

A total of 80 fecal samples were collected from 52 patients with 
thoracic cancer, who visited Kumamoto University Hospital, 
according to a protocol approved by The Kumamoto 
University Institutional Review Board (IRB number, 2287; 
approval date, January 23, 2018) from November 1, 2020 to 
April 23, 2021. Written informed consent from eligible patients 
willing to participate in this study was obtained. Fecal samples 
consecutively collected were all analyzed and there were no 
excluded samples in this study. A total of 38 men and 14 
women with thoracic cancer were included. Median age was 
70.5 years. The cohorts comprise 52 patients with locally 
advanced or metastatic thoracic cancer, including 43 NSCLC, 
8 small cell lung cancer (SCLC), and 1 malignant mesothelioma 
(Supplementary Table S1). Around 0.1 g of fecal samples were 
collected and suspended in 900 μL of DNA extraction buffer 
(4 M guanidium thiocyanate, 100 mM Tris-HCl (pH 9.0), 
40 mM EDTA (pH 8.0)), which can stabilize fecal samples 
under room temperature for up to 30 days, and transported 
to the laboratory within 5 days. Then, fecal samples were stored 
at −80°C. Fecal samples were analyzed by two experienced 
researchers who were blinded to the patients’ detailed clinical 
statuses. Patient records were reviewed to determine any oral 
or intravenous PPI use within 60 days before the time of stool 
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collection, any oral or intravenous antibiotic use within 60 days 
before the time of stool collection, and C. butyricum therapy 
within 6 months before the time of stool collection.

Bacterial 16S rRNA gene sequencing and taxonomic 
analyses

Total DNA was extracted from fecal samples and purified using 
the High Pure PCR Template Preparation Kit (Roche 
Diagnostics GmbH, Mannheim, Germany). The variable V3- 

4 regions of the 16S rRNA gene were amplified by PCR using 
a TaKaRa Ex Taq® Hot Start Version (Takara Bio Inc., Shiga, 
Japan) and the universal 16S primer set 341 F and 805 R, which 
contain the Illumina index and sequencing adapter overhangs. 
The pooled samples were sequenced using MiSeq Reagent Kit 
v3 (600-cycle; Illumina, Inc., CA, USA) on a MiSeq platform 
according to the manufacturer’s instructions. The raw 
sequence data were processed using quantitative insights into 
microbial ecology 2 (QIIME 2 2019.10) pipeline with DADA2 
plugin and SILVA 138.1 rRNA database. For diversity analysis, 

Table 1. Summary of patient characteristics by PPI use within the 60-day window.

PPI user N = 72 PPI non-user N = 46 P value

Median age (IQR) 67.0 (61.0–72.0) 68.0 (60.5–72.0) 0.83
Sex, N (%)
Male 61 (85%) 38 (83%) 0.80
Female 11 (15%) 8 (17%)
ECOG performance status, N (%)
0 16 (22%) 17 (37%) 0.21
1 36 (50%) 23 (50%)
2 16 (22%) 6 (13%)
3 3 (4%) 0 (0%)
4 1 (1%) 0 (0%)
Smoking history, N (%)
Current 7 (10%) 7 (15%) 0.45
Former 56 (78%) 31 (67%)
Never 9 (12%) 8 (17%)
Stage at initial diagnosis, N (%)
I–III 32 (44%) 16 (35%) 0.34
IV 40 (56%) 30 (65%)
Histology, N (%)
Adenocarcinoma 51 (71%) 30 (65%) 0.55
Squamous/NOS 21 (29%) 16 (35%)
EGFR mutation status, N (%)
wild-type 54 (75%) 35 (76%) 0.53
mutant 5 (7%) 1 (2%)
Unknown 13 (18%) 10 (22%)
PD-L1 status, N (%)
TPS ≥50% 26 (36%) 14 (30%) 0.27
TPS 1–49% 10(14%) 9 (20%)
TPS <1% 21 (29%) 8 (17%)
Unknown/Undeterminable 15 (21%) 15 (33%)
ICB therapy line, N (%)
1st line 24 (33%) 13 (28%) 0.27
2nd line 26 (36%) 17 (37%)
≥3rd line 22 (31%) 16 (35%)
Immune checkpoint inhibitor, N (%)
Nivolumab 29 (40%) 22 (48%) 0.33
Pembrolizumab 34 (47%) 22 (48%)
Atezolizumab 9 (13%) 2 (4%)
ICB monotherapy/ 

combination therapy, N (%)
Monotherapy 66 (92%) 41 (89%) 0.75
Combination therapy 6 (8%) 5 (11%)
Antibiotic use within 60 days before the start of ICB therapy, N (%) 32 (44%) 14 (30%) 0.18
C. butyricum therapy using CBM588, N (%) N = 25 (35%) N = 14 (30%) 0.69
Before ICB initiation, N (%) 3 (12%) 5 (36%) 0.22
During ICB therapy, N (%) 9 (36%) 3 (21%)
Before and during ICB therapy, N (%) 13 (52%) 6 (43%)
Response to ICB, N (%) N = 62 N = 44 0.12
CR 3 (5%) 1 (2%) 0.85
PR 20 (32%) 12 (27%)
SD 23 (37%) 19 (43%)
PD 16 (26%) 12 (27%)
ORR 37% 30% 0.73
DCR 74% 73% 1.00

Pembrolizumab/pemetrexed/platinum (N = 6), pembrolizumab/nab-paclitaxel/carboplatin (N = 4), and atezolizumab/bevacizumab/carboplatin/paclitaxel (N = 1) were 
used as combination therapies with ICBs and chemotherapies. Tumor responses of 108 patients were objectively assessed by pulmonary physicians according to 
Response Evaluation Criteria in Solid Tumors, version 1.1. For recurrent NSCLC, clinical stages at initial diagnosis were recorded. Abbreviations: IQR, interquartile; CR, 
complete response; ECOG, Eastern Cooperative Oncology Group; EGFR, Epidermal Growth Factor Receptor; DCR, disease control rate; ICB, immune checkpoint 
blockade; N., number; ORR, objective response rate; PD, progression disease; PD-L1, Programmed cell death ligand 1; PR, partial response; SD, stable disease; TPS, 
tumor proportion score.
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the alpha-diversities were calculated using the Chao1 and 
Shannon index. For the beta-diversity analysis, unweighted 
UniFrac distance matrices were calculated and used to deter-
mine the distance between samples, and principal coordinate 
analysis (PCoA) was applied to generate two-dimensional 
plots. Statistical differences in alpha-diversities between the 
non-treatment group and treatment group were tested using 
the Mann-Whitney U-test. The significances of the groups in 
beta-diversities were tested using permutational multivariate 
analysis of variance (PERMANOVA). Relative abundances of 
genera between the groups were tested using Mann-Whitney 
U-test. Detailed methods are provided in Supplementary 
Materials and Methods.

Quantitative PCR

TB Green® Premix Ex Taq™ II (Takara Bio) was used to conduct 
quantitative PCR according to the manufacturer’s protocol. 
The following primer sets were used: Total bacteria, 5’- 
CGGYCCAGACTCCTACGGG-3’ and 5’-TTACCGCGGC 
TGCTGGCAC-3’, Clostridium butyricum, 5- AGTGATTGT 
CAGTAGTAGACGAGCG −3’ and 5- CATGCGCCCT 
TTGTAGC −3’. A quantitative PCR reaction was performed on 
a Thermal Cycler Dice Realtime System II (Takara Bio). The 
PCR conditions were 95°C for 30sec, followed by 38 cycles of 
95°C for 5 s, and 60°C for 30 s. To create PCR controls, the 
number of CBM588, cultured independently, was counted 
under a phase-contrast microscope. The DNA was then 
extracted from the bacteria. The relative abundance of 
C. butyricum were calculated from the Ct values on the basis 
of the calibration curves made by serial dilution of the PCR 
controls. The significance of the groups was tested using 
Mann-Whitney U-test.

Statistical analysis

Patient characteristics were described according to the status of 
PPI use (PPI user versus PPI non-user) and compared using 
Fisher’s exact test for categorical data and Wilcoxon rank sum 
test for continuous data. We presented patient characteristics 
as medians as appropriate. PFS and OS were evaluated using 
the Kaplan–Meier method, with differences being estimated 
using the two-tailed log-rank tests. PFS was measured from 
the date ICB started to the date of documented progression or 
death. Patients who were alive and not known to have pro-
gressed were censored. OS was measured from the date ICB 
started to the date of death or last follow-up. The data cutoff 
date was April 30, 2020. For additional analyses, the Kaplan– 
Meier method was used to estimate 3-year PFS and OS rate, in 
which the data cutoff date was December 31, 2021. Survival 
analysis was conducted using univariate analyses and multi-
variate Cox proportional hazards regression models using pro-
pensity score to correct for potential confounding factors that 
may affect the treatment assignment. For multivariable model-
ing, we used propensity score adjustment for sex, age, ECOG 
performance status, histology, smoking history, PD-L1 status, 
initial stage, ICB therapy line, ICI monotherapy/combination 
therapies, antibiotic use, and C. butyricum therapy. Each factor 
was categorized as shown in Table 1. The method of propensity 

score adjustment preserved statistical power by reducing cov-
ariates into a single variable. To evaluate the adjusted effect of 
CBM588 or PPI, propensity scores were estimated through 
a binary logistic regression providing the predicted probability 
with making CBM588 or PPI have a function above back-
ground factors. Next, we performed survival analyses using 
multivariate Cox proportional hazard models with inverse 
probability of treatment weighting (IPTW) using the propen-
sity score that balances the relevant characteristics between 
CBM588 group vs no CBM588 group, or between PPI user 
group vs PPI non-user group. To confirm the statistical robust-
ness, we performed another method using the propensity score 
as covariate in multivariate Cox proportional hazard models. 
Statistical analyses were performed with R version 3.5.3 (The 
R Foundation for Statistical Computing, Vienna, Austria). 
Statistical significance was indicated by P < .05.

Results

Patient characteristics

Of the 118 patients with NSCLC treated with anti–PD-1/PD- 
L1 antibody therapy, 72 (61%) received a PPI within the 60-day 
window. Table 1 presents patient characteristics by PPI use 
status. Of the 72 NSCLC patients using a PPI, 41 were using 
esomeprazole (56.9%), 17 lansoprazole (23.6%), 9 vonoprazan 
fumarate (12.5%), 3 omeprazole (4.2%), and 2 rabeprazole 
(2.8%) (Supplementary Table S2).

Among 118 NSCLC patients, 39 (33%) received CBM588 
within 6 months before beginning ICB and/or concurrently 
with ICB (Table 1). Twenty five of 72 patients (35%) received 
CBM588 in PPI user group. Fourteen of 46 patients (30%) 
received CBM588 in PPI non-user group. The indications 
and characteristics of C. butyricum therapy by PPI use status 
are shown in Supplementary Table S3.

A total of 46 (39%) patients received antibiotic therapy 
within a period of 60 days prior to ICB therapy initiation. 
Characteristics of antibiotic therapy by PPI use status are 
shown in Supplementary Table S4. Thirty two of 72 patients 
(44%) received antibiotic therapy in PPI user group. Fourteen 
of 46 patients (30%) received antibiotic therapy in PPI non- 
user group. Quinolone and β-lactam–based antibiotic therapy 
were the most common antibiotics used for both groups. 
Among 32 patients who had received both PPIs and antibiotic 
therapy within the treatment windows, 16 (50%) received 
CBM588. Among 40 patients who had received PPIs but not 
received antibiotic therapy, 9 (23%) received CBM588.

PPI use associates with worse survival outcome in NSCLC 
patients treated with ICB

In the 118 patients with NSCLC treated with anti-PD-1/PD-L1 
antibody therapy, PPI use was significantly associated with worse 
OS on univariable analysis (HR 2.47, 95% CI 1.28–4.74, P = .007; 
Log-rank test P = .005, median, 361 days versus NR, Figure 1(a)). 
We applied multivariate Cox proportional hazard models with 
IPTW using the propensity score. Antibiotic use and 
C. butyricum therapy were used as the background factors in 
addition to other clinical factors. The propensity score analysis 
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confirmed that PPI use was independently associated with worse 
OS (IPTW-adjusted HR 3.39, 95% CI 1.62–7.11, P = .001). No 

significant differences in PFS were found for PPI use 
(Supplementary Figure S1A and Supplementary Table S5). 

Figure 1. Kaplan-Meier estimate of survival outcome for PPI users vs non-users in NSCLC patients treated with ICB. (a) OS in NSCLC patients treated with ICB, stratified by 
PPI usage within a period of 30 days prior and 30 days after initiation of anti-PD-(l)1 antibody therapy is shown. (b) Subgroup analysis of OS among all patients.
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To confirm statistical robustness, we performed another method 
using the propensity score as covariate in Cox proportional 

hazards regression models, which also confirmed that PPI use 
was independently associated with shorter OS (HR 2.18, 95% CI 

Figure 2. Kaplan-Meier estimate of survival outcome in NSCLC patients received PPIs within the 60-day window. (a) PFS in NSCLC patients who received PPIs, stratified 
by administration of CBM588 is shown. (b) Subgroup analysis of PFS among PPI users.
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1.09–4.34, P = .027). Subgroup analyses were conducted based 
on various clinicopathological factors (Figure 1(b) and 

Supplementary Figure S1B). The results were consistent with 
those of the whole-cohort analyses, with the OS, but not the PFS, 

Figure 3. Kaplan-Meier estimate of survival outcome in NSCLC patients received PPIs within the 60-day window. (a) OS in NSCLC patients who received PPIs, stratified by 
administration of CBM588 are shown. (b) Subgroup analysis of OS among PPI users.
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being superior in the PPI non-user group in most of the analyses. 
We also confirmed that PPI use within the 60-day window was 
consistently associated with shorter 3-year OS (IPTW-adjusted 
HR 1.89, 95% CI 1.17–3.07, P = .009) (Supplementary 
Figure S2).

C.butyricum therapy restores the decreased efficacy of ICB 
in PPI users.

There is no effective treatment that restores the decreased 
efficacy of ICB in cancer patients receiving PPIs. We hypothe-
sized that C. butyricum therapy using CBM588 may improve 
the therapeutic outcomes of ICB in NSCLC patients who 
receive PPIs. We evaluated the impact of CBM588 on survival 
in those who received or those who did not receive PPIs 
within the 60-day window. Patients who received PPIs had 
improved PFS (HR 0.52, 95% CI 0.29–0.94, P = .030, Log- 
rank test P = .030, median PFS, 250 days versus 88 day) and 
OS (HR 0.42, 95% CI 0.19–0.92, P = .030, Log-rank test 
P = .030, median OS, NR versus 208 days) when given 
CBM588 compared to those not given CBM588 (Figure 2(a) 
and Figure 3(a)). We applied multivariate Cox proportional 
hazard models with IPTW using the propensity score. 
Antibiotic usage was used as the background factors in addi-
tion to other clinical factors. The propensity score analysis 
confirmed that PFS (IPTW-adjusted HR 0.42, 95% CI 0.23– 
0.76, P = .004) and OS (IPTW-adjusted HR 0.25 95% CI 0.10– 
0.61, P = .003) were significantly longer for patients who had 
received CBM588 compared with those who had not. To 
confirm statistical robustness, we performed another method 
using the propensity score as covariate in Cox proportional 
hazards regression models, which confirmed that CBM588 
was independently associated with longer PFS (HR 0,40, 
P = .008, 95% CI 0.21–0.79) and OS (HR 0.3, P = .008, 95% 
CI 0.12–0.73). Subgroup analyses were conducted based on 
various clinicopathological factors (Figure 2(b) and Figure 3 
(b)). The results were consistent with those of the whole- 
cohort analyses, with the PFS and OS, being superior in the 
CBM588 group in most of the analyses. In patients with no 
PPIs, CBM588 did not improve PFS (median, 192 days versus 
152 days, P = .32) and OS (median, NR versus NR, P = .23) 
(Supplementary Table 6–7). We also confirmed that 
CBM588 was consistently associated with longer 3-year PFS 
(IPTW-adjusted HR 0.48, 95% CI 0.27–0.87, P = .016) and OS 
(IPTW-adjusted HR 0.39, 95% CI 0.19–0.80, P = .011) 
(Supplementary Figure S3). These results suggest that 
CBM588 have the potential to improve the decreased efficacy 
of ICB in NSCLC patients who received PPIs.

C.butyricum therapy restores the decreased efficacy of 
ICB in NSCLC patients who received PPIs plus antibiotics.

Retrospective studies have reproducibly shown that exposure to 
antibiotics prior to receiving ICB therapy is especially detrimen-
tal to the clinical outcome.4,6,9,24,25 Thus, we investigated the 
influence of antibiotic therapy within 60 days before the start 
of ICB therapy on clinical outcomes in patients who received or 
those who did not receive PPIs.

Thirty two of 72 PPI users (44%) received antibiotic therapy 
in the 60 days prior to ICB initiation. Patients who received PPIs 
plus antibiotics showed a trend toward shorter PFS (HR 1.65, 
95% CI 0.97–2.80, P = .07; Log-rank test P = .06; median, 75 days 
versus 209 days) and OS (HR 1.62, 95% CI 0.84–3.11, P = .15; 
Log-rank test P = .15; median, 211 days versus NR) compared 
with patients who received only PPIs (Supplementary Figure 
S4). Fourteen of 46 PPI non-users (30%) received antibiotic 
therapy in the 60 days prior to ICB initiation. No differences 
in PFS (median, 164 days versus 178 days, P = .80) and OS 
(median, NR versus NR, P = .27) were found for antibiotic 
therapy in PPI non-user group, suggesting that the combination 
of PPIs with antibiotics is more detrimental than only PPI or 
antibiotic use to the clinical outcome.

Next, we evaluated the impact of CBM588 on survival in 
32 patients who received both PPIs and antibiotics within 
the therapeutic windows. Patients who received antibiotics 
plus PPIs had significantly improved PFS (HR 0.28, 95% CI 
0.13–0.63, P = .002; Log-rank test P = .001; median PFS, 
194 days versus 32 days) and OS (HR 0.26 95% CI 0.10– 
0.70, P = .008; Log-rank test P = .005; median OS, NR 
versus 79 days) when given CBM588 compared to those not 
given CBM588 (Figure 4). We also confirmed that CBM588 
was consistently associated with longer 3-year PFS (HR 
0.48, 95% CI 0.27–0.87, Log-rank test P = .001) and OS 
(HR 0.39, 95% CI 0.19–0.80, Log-rank test P = .005) in 
patients who received antibiotics plus PPIs (Supplementary 
Figure S5), suggesting CBM588 restores the decreased ther-
apeutic efficacy of ICB even in patients who received anti-
biotics plus PPIs.

Influence of PPI on the gut microbiome in cancer patients

PPIs are known to induce gut microbiota changes in non- 
cancer individuals.14,15 However, the impact of PPI use on 
gut microbial composition in patients with thoracic cancer 
has not yet been investigated. We collected a total of 80 fecal 
samples from the 52 patients with locally advanced or meta-
static thoracic cancer and investigated the influences of PPI 
monotherapy (PPI; n = 22, 27.5%), antibiotic monotherapy 
(ATB; n = 19, 23.7%), and concomitant use of PPIs and anti-
biotics (ATB+PPI; n = 13, 16.3%) on gut microbiome. In 26 of 
80 fecal samples, neither PPIs nor antibiotics were used (non- 
treatment, n = 26, 32.5%) (Supplementary Table 1).

We first compared the median alpha-diversity between four 
groups. 16S metagenomic sequencing showed there were no 
significant differences across multiple diversity metrics 
(Shannon and Chao1, Figure 5(a)). PCoA for microbial beta- 
diversity between groups was performed and the two- 
dimensional plot for unweighted UniFrac distance matrices 
was depicted. There was a significant different taxonomy struc-
ture between non-treatment group and PPI group, and a trend 
of difference between non-treatment group and ATB+PPI 
group (Figure 5(b)). Next, we assessed the relative abundance 
of gut microbiome taxa. Potentially beneficial bacteria for 
immunotherapy,4 Lachnospiraceae uncultured and 
Ruminococcus were significantly decreased or tended to 
decrease in PPI users, respectively (Figure 5(c)).
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Accumulating pieces of evidence suggests several oral- 
related pathobionts translocated into the gut may negatively 
influence the efficacy of ICB in cancer patients26–28 or pro-
mote the development of lung cancer.29–32 Thus, we focused 
on the bacterial genera typically found in the oral 
microbiome.33 Twenty-nine oral-related bacteria were 
detected in cancer patients’ fecal samples and relative abun-
dance of oral-related bacteria were significantly enriched in 
PPI group and tended to increase in ATB+PPI group 
(Figure 6(a)). Overall compositions of gut microbiota at 
each taxonomy level were showed in the Supplementary 

Figure S6. In contrast, the composition of resident gut micro-
biota was not altered by PPI use (Supplementary Figure S7). 
The oral-related bacteria which is known to be associated 
with cancer development and/or detrimental effects on the 
efficacy of ICB26–32 were significantly increased in PPI group 
(Granulicatella, Haemophlus, Actinomyces, Gemella, Rothia, 
Streptococcus, Atopobium, and Veillonella) and ATB+PPI 
group (Granulicatella, Haemophlus, Actinomyces, Gemella, 
Rothia, and Streptococcus) (Figure 6(b)). These results suggest 
that PPI use leads to unhealthy gut microbiome in lung cancer 
patients.

Figure 4. Kaplan-Meier estimate of survival outcomes in NSCLC patients received PPIs and antibiotics. PFS (upper panel) and OS (lower panel) in NSCLC patients who 
received PPIs and antibiotics, stratified by administration of CBM588 are shown.
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Impact of CBM588 on the gut microbial composition in 
cancer patients

Next, we investigated the impact of CBM588 on the gut 
microbial composition in cancer patients. CBM588 had 
been administered in patients for whom 31 samples could 

be harvested and analyzed. The duration of CBM588 
administration before the time of stool collection is shown 
in Supplementary Table S8. Overall fecal microbiota com-
positions at each taxonomy level compared between in the 
patients who treated with CBM588 and did not were shown 

Figure 5. 16S Metagenomic analyses of fecal samples in patients with locally advanced or metastatic thoracic cancer. (a) Alpha-diversity for 80 fecal samples from 52 
cancer patients stratified according to the four groups; non-treatment (n = 26), antibiotic use (ATB; n = 19), PPI use (PPI; n = 22), concomitant use of antibiotics and PPIs 
(ATB+PPI; n = 13). Shannon or Chao1 indices are shown. The bold line represents the median. The bottom and top hinges correspond to the first and third quartiles (the 
25th and 75th percentiles). n.s. indicates not significant. (b) PCoA plot of the unweighted UniFrac distance for beta-diversity stratified according to the four groups. (c) 
Relative abundance of potentially beneficial genera for immunotherapy, Lachnospiraceae uncultured and Ruminococcus, are shown. A Mann-Whitney U test was used to 
assess statistical differences compared to the non-treatment group.
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in the Supplementary Figure S8 and Figure 7a. Patients 
who received CBM588 had greater relative abundance of 
C. butyricum than those did not receive CBM588 (Figure 7 
(b)). CBM588 has been shown to increase resident 
Bifidobacterium, which is known as a potentially beneficial 
bacteria for immunotherapy.4,22,34,35 16S rRNA gene 
sequencing of fecal samples showed a 1.8-fold non- 
significant increase in Bifidobacterium in cancer patients 
who received CBM588 (Figure 7(c)). Patients who received 
CBM588 had lesser relative abundance of potentially harm-
ful oral-related bacteria for immunotherapy, Atopobium 
(Figure 7(d)).4,27 The relative abundance of a lung cancer- 
associated oral-related bacteria, Streptococcus, tended to 

be reduced in the subset of patients who took CBM588 
compared with the subset who did not.29,32 These results 
suggest that the presence of a live biotherapeutic bacterium 
CBM588 in the gut of cancer patients may provide 
a beneficial impact on gut commensals.

Discussion

The gut microbiota represents a complex ecosystem essential for 
maintaining intestinal immune homeostasis.7,36–38 The interac-
tions between the gut microbiota and host immunity play a key 
role in human health and disease.39 A number of studies have 
reproducibly shown that a disruption of the homeostatic balance 

Figure 6. Fecal microbiota differences in patients with thoracic cancer who receiving PPIs and/or antibiotics. (a) Heatmap of scaled relative abundances of oral-related 
bacteria detected in the gut of patients with thoracic cancer. Right box plot indicates comparing total relative abundance of the 29 genera of oral-related bacteria. 
A Mann-Whitney U test was used to assess statistical differences between indicated two groups. (b) Box plots comparing the relative abundance of the genera typically 
found in the oral microbiota (Granulicatella, Haemophilus, Actinomyces, Gemella, Rothia, Streptococcus, Atopobium, and Veillonella) are shown. A Mann-Whitney U test 
was used to assess statistical differences between indicated two groups (* p < .05, ** p < .01, *** p < .001, n.s. not significant). The number of samples in four groups; 
non-treatment (n = 26), antibiotic use (ATB; n = 19), PPI use (PPI; n = 22), concomitant use of antibiotics and PPIs (ATB+PPI; n = 13).
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Figure 7. Fecal microbiota differences in patients with thoracic cancer treated with CBM588. (a) Stacked bar charts indicate the gut microbiota composition compared in 
the two groups; No CBM588, n = 49, CBM588, n = 31 at genus level. The data are sorted by the richness of the taxonomic category which includes genus Streptococcus. 
Only the 15 or 20 most abundant bacterial genera are shown. (b) Box plots comparing the abundance of C. butyricum in 80 fecal samples. Quantitative PCR analysis of 
C. butyricum in 80 fecal samples was performed. A Mann-Whitney U-test was used to assess statistical differences between indicated two groups. No CBM588, n = 49, 
CBM588, n = 31. (c) Relative abundance of Bifidobacterium is shown. (d) Relative abundance of Atopobium and Streptococcus are shown.
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within the gut microbiome due to antibiotic exposure impairs 
response to ICB in advanced or recurrent NSCLC, suggesting 
a causal link between antibiotics use, dysbiosis, and poor ICB 
efficacy.4,9 Similarly, significant negative prognostic associations 
of PPI use on survivals in patients with NSCLC, melanoma, and 
urothelial carcinoma treated with ICB were shown.17–19 However, 
there had been no evidence to show the association of microbial 
alterations in the gut associated with PPI use or with concomitant 
use of PPIs and antibiotics in lung cancer. In addition, no treat-
ment to restore the decreased therapeutic efficacy of ICB in 
patients receiving PPIs is available.4,5,13 In the current study, we 
showed PPI use was independently associated with shorter OS in 
NSCLC patients treated with ICB, which is consistent with the 
findings of previous studies.18,19 PPIs tend to be used for extended 
time periods in cancer patients, which may result in potential 
long-lasting detrimental effects on the efficacy of ICB.17–19 Given 
the widespread use of PPIs, clinicians should take into considera-
tion the negative influence of PPIs on the efficacies of ICB.

We have previously shown that CBM588 has the potential 
capacity to restore the clinical activity of ICB in NSCLC 
patients who took antibiotics before the initiation of ICB.20 

The impact of CBM588 on patients’ survival was more signifi-
cant in cancer patients who received antibiotic therapy than 
those who did not received antibiotic therapy,20 suggesting that 
a beneficial impact of CBM588 on gut microbiome may be 
enhanced under the condition of drug-induced gut dysbiosis. 
Based on these findings, we hypothesized that C. butyricum 
therapy using CBM588 may reduce the negative effects of PPIs 
on ICB efficacy. In this study, we demonstrated for the first 
time that CBM588 restored the decreased efficacy of ICB in 
cancer patients who received PPIs.

A recent study highlighted the impact of concomitantly 
using two dysbiosis-inducing drugs, PPIs and antibiotics. The 
magnitude of the negative association between PPI use and OS 
was greater in patients with urothelial carcinoma who received 
antibiotics in the 60 days prior to ICB therapy.17 In consistent 
with the result, we demonstrated that the concomitant use of 
antibiotics plus PPIs was more detrimental than only PPI use 
to the clinical outcome in NSCLC treated with ICB therapy. 
Importantly, in the subgroup analysis of patients who received 
both PPIs and antibiotics, CBM588 restored the decreased 
efficacy of ICB. These results suggest that manipulating com-
mensal microbiota by CBM588 has the potential to reduce the 
negative effects of concomitant use of two major dysbiosis- 
inducing drugs, PPIs, and antibiotics, on ICB efficacy.

Emerging evidence suggests a detrimental effect of PPIs on 
ICB efficacy.4,13,18,19 There is a postulated link between micro-
biome dysbiosis induced by PPIs and poor ICB efficacy, how-
ever, the mechanism by which this occurs has not been 
elucidated. Although PPIs are known to induce gut microbiota 
changes in non-cancer individuals,14,15 it remains unclear 
whether PPI use or concomitant use of PPIs and antibiotics 
indeed impact on the gut microbial composition in cancer 
patients. Therefore, we investigated the effect of PPI use or 
concomitant use of PPIs and antibiotics on the gut microbial 
composition in patients with thoracic cancer. It has been 
reported that the changes in the gut microbiome associated 
with PPI use are caused by reduced acidity of the stomach and 
the subsequent survival of more bacteria that are ingested with 

food and oral mucus.14,15 In our study, beta-diversity between 
PPI users and PPI non-users was significantly different, indi-
cating that the taxonomy community structure differs in can-
cer patients. In consistent with the findings previously reported 
in healthy individuals,14,15 we found a significantly higher 
abundance of oral-related commensals in the gut of PPI users 
with lung cancer. Veillonella, Gemella, Atopobium, 
Streptococcus, Actinomyces, and Haemophlus have been 
shown to be enriched in the gut of NSCLC, hepatocellular 
carcinoma, and melanoma patients with unfavorable response 
to ICB.26–28 Rothia, Veillonella, Streptococcus, Gemella, 
Atopobium, Haemophlus, Granulicatella, and Actinomyces 
have been shown to be abundant in patients with NSCLC, 
pancreatic cancer, and colorectal cancer compared with 
healthy individuals or nonmalignant control. These findings 
suggest that PPIs significantly alter the composition of gut 
microbiota by allowing the oral microbiome to translocate 
into the gut, which may lead to poor ICB efficacy and cancer 
progression in PPI users.29–32,40,41

Recent preliminary results of clinical studies have shown the 
ability of live biotherapeutic bacterium to induce compositional 
shifts in the gut microbiome and to provide the positive impact 
on the clinical benefit to ICB.4,20,22,42 However, the impact of 
CBM588 on gut microbiota in patients with thoracic cancer had 
remained unknown. In the current study, we found patients who 
received CBM588 had a lesser abundance of potentially harmful 
oral-related bacterial genera, Atopobium and Streptococcus,26,27 

suggesting that CBM588 may have the potential to shift the gut 
dysbiosis to a favorable microbiota.

It is reported that Akkermansia muciniphila was associated 
with clinical benefit of ICI in patients with NSCLC cancer, 
whereas the genus Clostridium including Clostridium inno-
cuum and Hungatella hathewayi was associated with resistance 
to ICI by Derosa et al.43 However, in our study, there were no 
significant differences in the relative abundances of 
Akkermansia and Clostridium between PPI users and PPI non- 
users (data not shown).

Mager et al. reported Bifidobacterium pseudolongum pro-
duces inosine and enhances the efficacy of ICB.34,35 It has been 
shown that CBM588 modulates composition of gut micro-
biome and increases resident Bifidobacterium in a murine 
model and cancer patients.8,22 In consistent with the results 
reported by Dizman and Meza et al.,22 our study showed that 
resident Bifidobacterium tends to increase in the gut of lung 
cancer patients who received CBM588 of the presence of 
C. butyricum in the gut microbiome. These lines of evidence 
support the hypothesis that CBM588 may have the potential to 
improve the therapeutic efficacy of ICB through the modula-
tion of gut microbiota.

Retrospective and prospective clinical studies have reported 
CBM588 significantly enhanced the efficacy of ICB,20,22 how-
ever, the underlining mechanism remains unknown. Dietary 
fiber is fermented to butyrate by C. butyricum,8 and the buty-
rate promotes the epithelial barrier function and has potent 
epigenetic regulatory activity.8,23 Bachem et al. revealed the 
microbiota-derived butyrate enhanced the memory potential 
of activated CD8+ T cells in a murine model.44 In addition, it 
has been shown that high concentration of fecal butyrate in 
cancer patients treated with ICB was significantly associated 
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with longer PFS.45 C. butyricum produces a robust amount of 
butyrate,8 which might have played a key role in improving the 
efficacy of ICB in PPI users. The association of fecal butyrate 
with survival benefits in patients treated with ICB in combina-
tion with or without CBM588 need to be assessed in prospec-
tive studies.

IFN-γ-producing CD4+ T helper 1 (Th1) cells play a key role 
in antitumor immunity,46,47 and IFN-γ itself is tumoricidal and 
stimulates tumor-specific cytotoxic T cell.47,48 In a recent pre-
clinical study, we demonstrated that CBM588 has immunomo-
dulatory effects and increases Th1 cells during Clostridioides 
difficile infection.23 We speculate that CBM588 may influence 
the T cells unleashed by ICB and promote the induction of Th1 
cells, resulting in enhanced clinical activity of ICB in cancer 
patients receiving dysbiosis-inducing drugs. Accumulating evi-
dence warrants further study in clinical setting.

Our study has limitations in view of the retrospective nat-
ure, a small sample size, and heterogeneity of a study cohort. It 
has been shown that diet including dietary fiber intake, life-
style, or genetics can affect the composition of the gut 
microbiota.21,49,50 We did not assess these possible factors 
impacting patients’ gut microbiome. Although the ethnic ori-
gins of individuals are also an important factor to consider in 
microbiome research,49 only Japanese patients were analyzed 
in our study. We speculate that CBM588 may modulate gut 
microbiota and shift an unfavorable to a favorable microbiota, 
leading to increase the clinical activity of ICB. However, we did 
not assess the dose–response relationship and characterize the 
mechanism by which CBM588 exerts a positive effect on clin-
ical outcomes in cancer patients who received PPIs or PPIs plus 
antibiotic therapy. We could only observe the trend of the 
positive effects of CBM588 on the putative unfavorable oral- 
related microbiota due to its small numbers of the patients. 
Profiling of the gut microbiome and systemic immunity pre 
and post ICB therapy with or without CBM588 in a prospective 
study is essential to elucidate the mechanism of how CBM588 
impact on clinical outcomes of ICB in lung cancer patients.

In conclusion, our findings support the hypothesis that 
C. butyricum therapy using CBM588 may restore the decreased 
clinical efficacy of ICB in patients who receive PPIs, providing 
a rationale for combining CBM588 with immunotherapies, 
especially in cancer patients who receive PPIs or PPIs plus 
antibiotic therapy within the particular therapeutic windows. 
The oral-related microbiota in the gut could be a potential new 
therapeutic target for cancer immunotherapy. Despite the 
acknowledged limitations, our findings provide the first evi-
dence that manipulating commensal microbiota by CBM588 
may improve the therapeutic efficacy of ICB in cancer patients 
receiving dysbiosis-inducing drugs.

Abbreviations

CBM588 Clostridium butyricum MIYAIRI 588
CI confidence interval
HR hazard ratio
ICB Immune checkpoint inhibitors
NSCLC Non-small cell lung cancer
PPI proton pump inhibitor
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