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Prior antibiotic administration disrupts anti-PD-1
responses in advanced gastric cancer by altering the
gut microbiome and systemic immune response
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In brief

Kim et al. demonstrate that prior
antibiotic administration is associated
with worse outcomes in patients with
advanced gastric cancer following PD-1
blockade, which is not recapitulated in
patients treated with chemotherapy.
Translational analyses reveal that prior
antibiotic administration induces
dysbiosis of gut microbiota and alteration
of systemic immune responses.
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SUMMARY

Evidence on whether prior antibiotic (pATB) administration modulates outcomes of programmed cell death
protein-1 (PD-1) inhibitors in advanced gastric cancer (AGC) is scarce. In this study, we find that pATB admin-
istration is consistently associated with poor progression-free survival (PFS) and overall survival (OS) in mul-
tiple cohorts consisting of patients with AGC treated with PD-1 inhibitors. In contrast, pATB does not affect
outcomes among patients treated with irinotecan. Multivariable analysis of the overall patients treated with
PD-1 inhibitors confirms that pATB administration independently predicts worse PFS and OS. Administration
of pATBs is associated with diminished gut microbiome diversity, reduced abundance of Lactobacillus gas-
seri, and disproportional enrichment of circulating exhaustive CD8* T cells, all of which are associated with
worse outcomes. Considering the inferior treatment response and poor survival outcomes by pATB admin-
istration followed by PD-1 blockade, ATBs should be prescribed with caution in patients with AGC who are
planning to receive PD-1 inhibitors.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) represent an emerging ther-
apeutic strategy for a broadening range of cancers.’? Adminis-
tration of ICls unleashes T lymphocyte-mediated immune re-
sponses by inhibiting the interaction between immune
checkpoint co-inhibitory receptors and their cognate ligands.®
Blockade of programmed cell death protein-1 (PD-1) and its
ligand programmed death-ligand 1 (PD-L1) is the most widely
utilized strategy for reinvigorating exhausted T cells.* Several
studies have demonstrated the meaningful clinical activity of

the PD-1 inhibitors pembrolizumab and nivolumab among pa-
tients with advanced gastric cancer (AGC)5'6—the fifth most
common cancer and the third most common cause of cancer
death globally.”® However, clinical benefits from these agents
are largely restricted to a minor proportion of patients,”'° neces-
sitating further studies of biomarkers for predicting treatment
response, effective combination strategies, and other medical
strategies for enhancing therapeutic response.

Primary resistance to ICIs has been associated with low muta-
tion burden, " local immunosuppression, ' exhaustion of tumor-
infiltrating lymphocytes,'® and defective antigen presentation.’*
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Figure 1. Schematic description of each cohort

Recent studies have highlighted the key role of the gut micro-
biota in shaping antitumor immune responses mediated by
ICls.”>"" Mechanistically, exposure to broad-spectrum anti-
biotic (ATB) therapy may adversely influence the therapeutic
response to ICls via modulation of intestinal microbiota.'”~"®
Alteration of gut microbiota also influences systemic immune re-
sponses, determining anti-PD-1 responses.”® In accordance
with this hypothesis, previous studies have reported that ATB
treatment negatively affects the clinical activity of ICls in patients
with non-small cell lung cancer,?'** renal cell cancer,?’ and mel-
anoma.”” In patients with AGC, ATBs are occasionally pre-
scribed during the treatment course.?®> However, no studies to
date have vigorously investigated the association between
ATB treatment and ICI outcomes in AGC. Furthermore, no
studies have addressed whether ATB use is associated with
response to PD-1 blockade in a specific manner by comparing
outcomes between patients treated with PD-1 inhibitors and
those treated with other drugs including chemotherapy.

Therefore, in the present study, we aimed to investigate and
validate whether prior ATB (pATB) administration can impair
therapeutic response to ICI treatment. In addition, to investigate
the clinical implications of ATB treatment according to different
treatment strategies, we explored whether the same phenome-
non can be observed in patients treated with single-agent
chemotherapy with irinotecan. Furthermore, we analyzed circu-
lating immune cells and gut microbiota via single-cell RNA
sequencing (scRNA-seq) and 16S ribosomal RNA-seq to provide
mechanistic insights correlating pATB administration and out-
comes of ICI treatment. Using these approaches with multiple
patient cohorts (Figure 1), we thoroughly uncovered clinical
and translational evidence that pATB use can influence treat-
ment outcomes of ICI treatment, highlighting the significance
of such practice among patients with AGC.

2 Cell Reports Medicine 4, 101251, November 21, 2023

Cell Reports Medicine

RESULTS

Baseline characteristics and treatment outcomes in the
retrospective exploratory and chemotherapy cohorts
Among the 253 patients in the retrospective exploratory and
chemotherapy cohorts, 152 were treated with PD-1 inhibitors,
while 101 were treated with irinotecan (Table 1). The median
age was 57 years old, and there were more male patients
(55.7%). Of the 152 patients treated with PD-1 inhibitors, 85
(55.9%) and 67 (44.1%) were treated with nivolumab and
pembrolizumab, respectively. There were no differences in
baseline clinicopathologic characteristics between patients
treated with PD-1 inhibitors and those treated with irinotecan.
The objective response rate and the disease control rate for
the overall population were 7.1% and 37.5%, respectively,
without any differences based on treatment. Similarly, pro-
gression-free survival (PFS) and overall survival (OS) were
comparable in patients treated with PD-1 inhibitors and those
treated with irinotecan (Figures S1A and S1B), although cross-
over of survival curves was commonly observed in both PFS
and OS.

Administration of pATBs and treatment outcomes in the
retrospective exploratory and chemotherapy cohorts
Among the 152 patients treated with PD-1 inhibitors, 137
(90.1%) received ATBs between the initial diagnosis of AGC
and administration of PD-1 inhibitors. To define the best cutoff
value for the interval between the last ATB administration and
ICl treatment to predict PFS, the log-rank maximization method
was performed in patients of the retrospective exploratory
cohort treated with PD-1 blockade. This analysis revealed
that pATB administration within 28 days of treatment with
PD-1 inhibitors most fairly predicted PFS. In contrast, an
adequate cutoff value to associate the interval between last
PATB administration and PFS with statistical significance could
not be defined in patients treated with irinotecan. Based on this
cutoff (28 days), 67 (44.1%) of 152 patients treated with PD-1
inhibitors and 41 (40.6%) of 101 patients treated with chemo-
therapy received ATBs within 28 days before the initiation of
treatment (Table S1). There were no apparent differences in
baseline characteristics between the pATB and non-pATB
groups in the retrospective exploratory cohort (Table S2).
When treatment responses were analyzed, the objective
response rate (11.8% vs. 1.5%) and the disease control rate
(52.9% vs. 16.4%) were significantly higher in the non-pATB
group than in the pATB group (Table 2). In addition, pATB
administration was associated with decreased PFS (hazard ra-
tio [HR] = 2.897, 95% confidence interval [CI] = 2.043-4.109)
and OS (HR = 2.294, 95% CIl = 1.622-3.242) among patients
treated with PD-1 inhibitors (Figures 2A and 2B). In contrast
to the findings observed in patients treated with PD-1 inhibi-
tors, treatment outcomes including response and survival did
not differ according to pATB administration in patients treated
with irinotecan (Table 2; Figures 2C and 2D). When the duration
of pATB administration within 28 days of treatment initiation
was computed, pATB duration of more than 3 days was most
significantly associated with poor PFS and OS in patients
treated with PD-1 blockade (Figures S2A and S2B). However,
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Table 1. Baseline characteristics of the retrospective exploratory cohort treated with anti-PD-1 and chemotherapy cohort treated

with irinotecan

Retrospective exploratory

Chemotherapy cohort

Total (N = 253) cohort (N = 152) (N=101) P
Age 0.353%
Median (range) 57 (20-88) 57 (29-91) 58 (20-86)
Gender 0.223°
Male (%) 141 (55.7) 80 (52.6) 61 (60.4)
Female (%) 112 (44.3) 72 (47.4) 40 (39.6)
Differentiation 0.204° (0.1949
Well differentiated (%) 8(3.2) 4 (2.6) 4 (4.0)
Moderately differentiated (%) 78 (30.8) 40 (26.3) 38 (37.6)
Poorly differentiated (%) 123 (48.6) 81 (53.3) 42 (41.6)
Signet ring cell carcinoma (%) 44 (17.4) 27 (17.8) 17 (16.8)
HER-2 0.615°
Negative (%) 220 (87.3) 134 (88.2) 86 (86.0)
Positive (%) 32 (12.7) 18 (11.8) 14 (14.0)
Not assessed 1 0 1
MSI/MMR 0.445° (0.514°)
MSS/pMMR (%) 229 (95.8) 142 (96.6) 87 (94.6)
MSI-H/dMMR (%) 10 (4.2) 5(3.4) 5 (5.4)
Not assessed 14 5 9
EBV 0.431° (0.537°)
Negative (%) 225 (95.3) 137 (94.5) 88 (96.7)
Positive (%) 11 (4.7) 8 (5.5) 3(3.3)
Not assessed 17 7 10
PD-L1 TPS 0.306" (0.528°)
TPS <1% (%) 121 (87.1) 95 (85.6) 26 (92.9)
TPS >1% (%) 18 (12.9) 16 (14.4) 2(7.1)
Not assessed 114 41 73
PD-L1 CPS 0.375°
CPS <1 (%) 74 (53.2) 57 (51.4) 17 (60.7)
CPS >1 (%) 65 (46.8) 54 (48.6) 11 (39.3)
Not assessed 114 41 73
Previous gastrectomy 0.700°
No (%) 129 (51.0) 79 (52.0) 50 (49.5)
Yes (%) 124 (49.0) 73 (48.0) 51 (50.5
Line of treatment 0.257°
<3 (%) 152 (60.1) 87 (57.2) 65 (64.4)
>4 (%) 101 (39.9) 65 (42.8) 36 (35.6)
Prior antibiotics within 4 weeks 0.583°
No (%) 145 (57.3) 85 (55.9) 60 (59.4)
Yes (%) 108 (42.7) 67 (44.1) 41 (40.6)

PD-1, programmed cell death protein-1; HER-2, human epidermal growth factor-2; MSI, microsatellite instability; MMR, mismatch repair; MSS, mi-
crosatellite stable; pMMR, mismatch repair proficient; MSI-H, microsatellite instability-high; dMMR, mismatch repair deficient; EBV, Epstein-Barr vi-
rus; PD-L1, programmed death-ligand 1; TPS, tumor proportion score; CPS, combined positive score.

2Unpaired t test.
PChi-squared test.
°Fisher’s exact test.

this phenomenon was similarly observed in patients treated
with irinotecan (Figures S2C and S2D), revealing that the dura-
tion of pATB administration was not specifically associated with

the outcomes of PD-1 blockade or irinotecan treatment. In
addition, the classes of pATBs were not significantly associated

with survival outcome.
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Table 2. Treatment response of patients according to the administration of pATBs within 28 days of treatment initiation

Patients treated with PD-1 inhibitors (retrospective exploratory cohort)

Total (N = 152) pATBs (—) (N = 85) pATBs (+) (N = 67) p
Best response <0.001%P°
Complete response (%) 0(0.0) 0(0.0) 0(0.0)
Partial response (%) 11 (7.2) 10 (11.8) 1(1.5)
Stable disease (%) 45 (29.6) 35 (41.2) 10 (14.9)
Progressive disease (%) 65 (42.8) 29 (34.1) 36 (53.7)
Not assessed (%) 31 (20.4) 11 (12.9) 20 (29.9)
Obijective response rate (%) 11 (7.2) 10 (11.8) 1(1.5) 0.0347 (0.049°)
Disease control rate (%) 56 (36.8) 45 (52.9) 11 (16.4) <0.001°
Patients treated with irinotecan (chemotherapy cohort)

Total (N = 101) pATBs (—) (N = 60) pATBs (+) (N = 41) p
Best response 0.0967 (0.085")
Complete response (%) 0(0.0) 0(0.0) 0 (0.0
Partial response (%) 7 (6.9) 5(8.3) 2 (4.9
Stable disease (%) 32 (31.7) 21 (35.0) 11 (26.8)
Progressive disease (%) 44 (43.6) 28 (46.7) 16 (39.0)
Not assessed (%) 18 (17.8) 6 (10.0) 12 (29.3)
Obijective response rate (%) 7 (6.9) 5(8.3) 2 (4.9 0.7127 (1.000°)
Disease control rate (%) 39 (38.6) 26 (43.3) 13 (31.7) 0.773%
Patients treated with PD-1 inhibitors (retrospective validation cohort)

Total (N = 123) pATBs (—) (N = 66) pATBs (+) (N = 57) p
Best response <0.001%°
Complete response (%) 0(0.0) 0 (0.0 0(0.0
Partial response (%) 8 (6.5) 8 (12.1) 0 (0.0)
Stable disease (%) 48 (39.0) 38 (57.6) 10 (17.5)
Progressive disease (%) 51 (41.5) 15 (22.7) 36 (63.2)
Not assessed (%) 16 (13.0) 5(7.6) 11 (19.3)
Objective response rate (%) 8 (6.5) 8 (12.1) 0 (0.0) 0.011%(0.010°)
Disease control rate (%) 56 (45.5) 46 (69.7) 10 (17.5) <0.001*

pATBs, prior antibiotics; PD-1, programmed cell death protein-1.
2Chi-squared test.

PMantel-Haenszel chi-squared test.

°Fisher’s exact test.

Administration of pATBs and treatment outcomes in the
retrospective and prospective validation cohorts

To validate the association between the efficacy of ICls and
pATB administration, we performed the same analysis in
the retrospective validation cohort at another tertiary referral
center. There were no differences in baseline characteristics
between the retrospective exploratory and validation cohorts
except in the line of treatment and administered drugs
(Table S8). Outcomes following PD-1 treatment were compara-
ble in the retrospective exploratory and validation cohorts.
Compared with patients with pATB administration, those without
pATB administration exhibited an increased likelihood of
achieving objective response (12.1% vs. 0.0%) and disease
control (69.7% vs. 17.5%) in the retrospective validation
cohort (Table 2). Further, pATB administration was consistently
associated with inferior PFS (HR = 3.868, 95% CIl = 2.569-
5.824) and OS (HR = 3.508, 95% CI = 2.288-5.378) after PD-1

4 Cell Reports Medicine 4, 101251, November 21, 2023

inhibitor treatment (Figures 2E and 2F). To further validate
these findings prospectively, we examined whether pATB
administration was associated with survival outcomes in the
prospective validation cohort composed of patients enrolled in
clinical trials with pembrolizumab or nivolumab monotherapy
(Table S4). Similar to the findings of the retrospective exploratory
and validation cohorts (Figures 2A, 2B, 2E, and 2F), pATB admin-
istration was associated with poor PFS and OS (Figures 2G
and 2H).

Univariable and multivariable analyses among patients
treated with PD-1 inhibitors

Univariable and multivariable analyses were performed to
examine the associations between baseline characteristics and
survival among all patients in the retrospective exploratory,
retrospective validation, and prospective validation cohorts.
Univariable analysis of all patients treated with PD-1 inhibitors
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revealed that signet ring cell histology (HR = 1.417, 95% CI =
1.069-1.878), microsatellite stable/mismatch repair proficient
tumor (HR =2.525,95% Cl =1.111-5.747), >4 lines of treatment
(HR =1.291, 95% CI = 1.008-1.652), and pATB administration
(HR = 3.255, 95% CI = 2.529-4.191) were significantly associ-
ated with inferior PFS (Table 3).

On multivariable analysis, line of treatment (HR = 1.389, 95%
Cl = 1.055-1.829), and pATB administration (HR = 3.243, 95%
Cl = 2.427-4.333) were associated with inferior PFS. Similarly,
pATB administration was independently associated with inferior
OS (HR =3.046, 95% CI =2.358-3.935). When the analyses were
performed separately based on the cohort, only pATB adminis-
tration was commonly associated with both inferior PFS and
OS in patients treated with PD-1 inhibitors in an independent
manner (Tables S5-S7). Further, the association between
pATB administration and survival outcomes was consistently
observed irrespective of microsatellite instability/mismatch
repair status or, Epstein-Barr virus status (Figures S3A-S3F;
Pinteraction for PFS = 0.157 and for OS = 0.850). There were 146
documentations of immune-related adverse events. The associ-
ation between pATB administration and survival outcomes was
consistently observed irrespective of the occurrence of im-
mune-related adverse events during treatment (Figures S4A-
S4F; pinteraction for PFS = 0.165 and for OS = 0.851). Administra-
tion of pATBs was not associated with the occurrence of
immune-related adverse events.

Effects of pATB administration on gut microbiota and
circulating immune cells

To provide mechanistic insights into the association between
pATB administration and worsened clinical outcomes, we
analyzed fecal and blood samples obtained before administra-
tion of PD-1 inhibitors in patients with AGC (experimental
stool/blood analysis cohort; Table S8). As in the other cohorts
treated with PD-1 blockade, pATB administration was associ-
ated with inferior PFS and OS in the experimental stool/blood
analysis cohort (Figures 3A and 3B; Table S9). To investigate
whether the composition of gut microbiome was associated
with pATB administration, we analyzed the fecal microbiota
composition by 16S rRNA gene amplicon sequencing. Prin-
cipal-coordinates analysis based on unweighted UniFrac dis-
tance indicated that pATB administration profoundly affected
the overall composition of the gut microbiome (Figure 3C). The
taxonomic alpha diversity based on Shannon index within each
sample suggested that the diversity of the gut microbiome was
significantly reduced by pATB administration (Figure 3D). In
particular, the PFS and OS were significantly longer in patients
with high Shannon index scores than those with low scores
(Figures 3E and 3F). We found that 26 amplicon sequence vari-
ants had a significantly different relative abundance according
to pATB administration (Figure 3G). Intriguingly, the relative

Cell Reports Medicine

abundance of Lactobacillus gasseri was commonly associated
with PFS and OS among those 26 amplicon sequence variants
(Figure S5). Patients with a high relative abundance of Lactoba-
cillus gasseri had significantly longer PFS and OS than those with
its low abundance (Figures 3H and 3I).

Next, we performed scRNA-seq of circulating peripheral blood
immune cells using the 10x Genomics platform and analyzed a to-
tal of 59,485 cells after filtering dead cells. Based on a uniform
manifold approximation and projection (UMAP) algorithm (Fig-
ure 4A), we identified 11 different cell types using representative
marker genes (Figures 4B and S6A). These clusters and annotated
cell types were unbiased according to individual patients (Fig-
ure S6B). After excluding red blood cells, platelets, and undefined
subsets, we focused on 10 cell types for further analysis. Subclus-
tering analysis of mononuclear phagocytes (Figures 4C, S7A, and
S7B) and natural killer (NK) and T lymphocytes (Figures 4D, S8A,
and S8B) identified 6 and 13 distinct subclusters, respectively.
When we compared the relative frequency of each subcluster (Fig-
ure 4E), the exhaustive CD8 T subcluster significantly expanded in
patients administered with pATBs (Figure 4F). The exhaustive
CD8 T subcluster was characterized by high expression of various
immune checkpoint co-inhibitory receptors, such as PDCD1,
CTLA4, HAVCR2, LAGS3, and TIGIT, transcription factors related
to T cell exhaustion including TOX, and genes associated with tis-
sue-homing properties like CD69 and ITGAE (Figure S9A). Corre-
spondingly, a distinct transcriptional program was operated in
the exhaustive CD8 T subcluster compared with the effector
CD8 T or naive/central memory CD8 T subclusters (Figures S9B-
S9D). Next, we analyzed the correlation between relative fre-
quency of each cluster and clinical outcome. We identified robust
correlation between the frequency of the exhaustive CD8 T cluster
and the effector CD8 T cluster in the whole patient group
(Figures S9E-S9H). Survival analysis revealed that disproportional
expansion of the exhaustive CD8 T cluster compared with the
effector CD8T cluster was significantly associated with a poor clin-
ical outcome (Figures 4G and 4H). The diversity of the T cell recep-
tor repertoire was not associated with pATB administration or
outcomes (Figures S10A-S10J). Collectively, our translational
analysis provided mechanistic evidence that pATB administration
induces microbial dysbiosis and altered systemic immune re-
sponses, contributing to the detrimental outcome of PD-1
blockade in AGC upon pATB exposure.

DISCUSSION

In this study, we investigated the association between pATB
administration and outcomes following PD-1 blockade or irinote-
can chemotherapy in patients with AGC. While our findings indi-
cated that pATB administration was associated with poor out-
comes following PD-1 inhibitor treatment, no such association
was observed in patients treated with irinotecan, a cytotoxic

Figure 2. Survival outcomes according to the administration of pATBs within 28 days prior to the start of treatment

(A and B) PFS (A) and OS (B) in the retrospective exploratory cohort treated with PD-1 inhibitors according to the administration of pATBs.

(C and D) PFS (C) and OS (D) in the chemotherapy cohort treated with irinotecan according to the administration of pATBs.

(E and F) PFS (E) and OS (F) in the retrospective validation cohort treated with PD-1 inhibitors according to the administration of pATBs.

(G and H) PFS (G) and OS (H) in the prospective validation cohort treated with PD-1 inhibitors according to the administration of pATBs.

PD-1, programmed death-1; HR, hazard ratio; Cl, confidence interval; pATBs, prior antibiotics; PFS, progression-free survival; OS, overall survival.
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Table 3. Cox regression analysis for PFS and OS in patients treated with PD-1 inhibitors in the retrospective exploratory cohort,

retrospective validation cohort, and prospective validation cohort

Analysis for PFS

Analysis for OS

Univariable analysis

Multivariable analysis

Univariable analysis

Multivariable analysis

HR (95% Cl) p HR (95% Cl) p HR (95% Cl) p HR (95% Cl) p
Age 0.134 0.088
<65 years old reference - reference -
>65 years old 0.806 (0.609-1.069) - 0.772 (0.573-1.040) -
Gender 0.195 0.354
Female reference — reference —
Male 0.858 (0.680-1.082) - 0.891 (0.698-1.137) -
Differentiation 0.015 0.195 0.075
Non-SRC reference reference reference -
SRC 1.417 (1.069-1.878) 1.236 (0.897-1.702) 1.312 (0.973-1.770) -
HER-2 0.985 0.525
Negative reference - reference -
Positive 0.996 (0.682-1.455) - 0.880 (0.594-1.305) -
MSI/MMR 0.027 0.161 0.088
MSS/pMMR reference reference reference -
MSI-H/dMMR 0.396 (0.174-0.900) 0.550 (0.238-1.269) 0.491 (0.216-1.113) -
EBV 0.457 0.249
Negative reference - reference -
Positive 0.776 (0.398-1.514) - 0.674 (0.344-1.319) -
PD-L1 TPS 0.541 0.759
TPS <1% reference - reference -
TPS >1% 1.152 (0.732-1.813) — 1.076 (0.674-1.717) —
PD-L1 CPS 0.269 0.110
CPS <1 reference - reference -
CPS >1 0.834 (0.605-1.150) - 0.761 (0.544-1.064) -
Line of treatment 0.043 0.019 0.012 0.002
<3 reference reference reference reference
>4 1.291 (1.008-1.652) 1.389 (1.055-1.829) 1.387 (1.075-1.790) 1.509 (1.168-1.949)
Drug 0.176 0.291
Pembrolizumab  reference = reference =
Nivolumab 1.211 (0.918-1.597) - 1.168 (0.875-1.559) -
pPATBs <0.001 <0.001 <0.001 <0.001
No reference reference reference reference
Yes 3.255 (2.529-4.191) 3.243 (2.427-4.333) 2.952 (2.287-3.810) 3.046 (2.358-3.935)

PFS, progression-free survival; OS, overall survival; PD-1, programmed cell death protein-1; HR, hazard ratio; Cl, confidence interval; SRC, signet ring
cell; HER-2, human epidermal growth factor-2; MSI, microsatellite instability; MMR, mismatch repair; MSS, microsatellite stable; pMMR, mismatch
repair proficient; MSI-H, microsatellite instability-high; dMMR, mismatch repair deficient; EBV, Epstein-Barr virus; PD-L1, programmed death-ligand
1; TPS, tumor proportion score; CPS, combined positive score, pATBs, prior antibiotics within 28 days.

chemotherapeutic agent. The association between pATB admin-
istration and outcomes of PD-1 blockade was further validated in
other independent retrospective and prospective cohorts of pa-
tients treated with PD-1 inhibitors. When patients in these co-
horts were considered, pATB administration was associated
with reduced response rate and impaired survival in terms of
both PFS and OS, suggesting that pATB administration repre-
sents a therapeutically actionable target for patients planning
to undergo treatment with PD-1 inhibitors. Analysis of gut micro-
biome and circulating immune cells revealed distinct features

associated with administration of pATBs, supporting a mecha-
nistic link between pATB administration and worsened clinical
outcomes in patients treated with PD-1 blockade.

Several hypotheses can be suggested to associate pATB
administration and treatment outcomes of PD-1 blockade. Phar-
macokinetic or pharmacomicrobiomic interactions between
anti-PD-1 antibody and ATBs would influence the outcome of
PD-1 blockade.?*?° In addition, preclinical and clinical studies
have reported that imbalances in the microflora induced by
ATB administration may negatively impact the outcomes of

Cell Reports Medicine 4, 101251, November 21, 2023 7



Please cite this article in press as: Kim et al., Prior antibiotic administration disrupts anti-PD-1 responses in advanced gastric cancer by altering the gut
microbiome and systemic immune response, Cell Reports Medicine (2023), https://doi.org/10.1016/j.xcrm.2023.101251

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

R=5.561 (95% Cl=1.723-17.943)

1004
P=0.0021

HR=2.911 (95% CI=1.225-6.915)
P=0.0113

100+

—PpATB (-)
—PpATB (+)

751 —PpATB (-)

—pATB (+)

o

PFS (%)

PC2 (6.76%)
o

25+

'
o
N

T T

T T

0

18

PERMANOVA
=0.03

o PATB (-)
o PATB (+)

3 6 9 12 15
Time of treatment (months) 0.4
Number at risk
12
12

3 6 9 12 15

Time of treatment (months)

Number at risk
12
12

7
1

2
0

N

1
4

2
0

7
1

2

2 2 5 2
- 0 0 0 - 0 0

o

HR=2.360 (95% CI=0.995-5.599)
P=0.0443

— Shannon indexhigh
— Shannon index'o¥

100+

P=0.0071

-

754

[e2)

50+

N

0S (%)

254

N

Shannon index

T 1

0.6

-0.4 0.2 0.4

-0.2 0.0
PC1(17.97%)

HR=2.599 (95% CI=1.007-6.707)

P=0.0405

— Shannon indexhigh
— Shannon index'ow

T T T T

o pATB pATB
()

3 6 9 12 15
Time of treatment (months)
Number at risk
12
12

12
12

7
1

1
1

ENEEEEEEEEEEEEEEEEEENEEN NoATE () EPATSB (+)

¢c7d1ed6¢70202259164edf3ee7806f0c
355f538130a7284be63b1658e5edead4
b0553a7cf3e72573824b0dacf2747ae5
09ad3f07c79e7bbc78206689dc55492d
f2150fef76b295092cd60a788cbe500
394468b49611f78b96b64d72449fab5
26a7201865e340fc468259cc1429fd4

€9765c6f0550bb571627b1778fc1e0f2
2a0cc8cff17eae5402c2cch58311588f
86b444fb673d554ebd55837a29a398e
05344b0b04df4d06036c8c91f439255
931ef4ba7852a196ef9674b8fc64631
400ef329b2c43b49217289537bb77633
3aef8bb7f47464bd8c11e5692ab3975f
b5e3497608adb66df7d662dd8196ed2f
b23053de8f4269febb5ce286dfbef3c*
afe3e1470fa41376f7a69ccd3920984
3702ac2f20c944d2fa15358fb40c02e
75d47d0e00ce464efcc06550c8d986f
bbae6ed124f4d6b48435a9642a95c8418
f51d9f310a6b219ce2348bccb775a142
9c56ef00debbb4020b660358049fd6cc
2a27b7e082705536d13eccdcedOcbe9
82fae36f33acd1efdcaf7cacf00ef0a
BN b3d9e1f59bd4584a0601d913f3e153ff

1.0 1.5

1

OS (%)

Z-score of relative abundance Il

-0.5 0.0 0.5

T

3 6 9 12
Time of treatment (months)

Number at risk

1" 5
4 3

HR=7.590 (95% Cl|=2.357-24.439)
P<0.0001
— Lactobacillus gasseris"

— Lactobacillus gasserio%

T T T T

3 6 9 12 15 18
Time of treatment (months)

557156f08d4eab8818ea1914d5f83ed0 Number at risk

2
0

-

12
12

8
0

2 2 2
0 0 0

HR=2.803 (95% CI=1.068-7.351)
P=0.0294
— Lactobacillus gasserihiah

— Lactobacillus gasseri°¥

00-

759

504

257

0 T T .
3 6 9 12 15 18
Time of treatment (months)

Number at risk

12
12

11
4

6
2

Figure 3. Comparison of gut microbiome composition according to the administration of pATBs within 28 days prior to the start of treatment

(A and B) PFS (A) and OS (B) in the experimental stool/blood analysis cohort treated with PD-1 inhibitors accordi

ng to the administration of pATBs.

(C) PC analysis of gut microbiota based on unweighted UniFrac distances. PERMANOVA was performed to compare the differences of gut microbial community

according to the administration of pATBs.
(D) Diversity of gut microbiota based on Shannon index according to the administration of pATBs.
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immune checkpoint blockade.”® However, few studies have
explored whether pATB administration is associated with
alterations in gut microbiome, systemic immune responses,
and outcomes of PD-1 blockade in patients with AGC, especially
in relation to other treatment modalities. This study provides
evidence that pATB administration worsens outcomes among
patients with AGC receiving PD-1 inhibitors with translational
analysis, underscoring the importance of microbiota homeosta-
sis and systemic immune responses in determining the treat-
ment response to immune checkpoint blockade.

Currently, several factors have been known to be associated
with outcomes following PD-1 inhibitor treatment in patients
with AGC, including PD-L1 expression,®?’ microsatellite insta-
bility or mismatch repair deficiency status,>?’ tumor mutation
burden,?® Epstein-Barr virus infection,'® and gene expression
profile.>*? In addition to tumor-intrinsic factors or microenviron-
ment-derived immune signatures,®°~? researchers have sug-
gested that the cancer microbiome exerts a profound influence
on the efficacy of immune checkpoint blockade.**® Although
preclinical studies have provided ample evidence,®* human
studies have also suggested that the microbiome can determine
the response to treatment with PD-1 inhibitors, based on the
finding that fecal microbiota transplantation can overcome
resistance to immunotherapy.®>° In these two first-in-human
studies,®>>*° patients who were previously refractory to ICls
underwent fecal microbiota transplantation using stool
collected from patients with complete or partial response to
immune checkpoint blockade, following which they were
treated with PD-1 blockade. Strikingly, objective response
was achieved in approximately a quarter of the analyzed pa-
tients, suggesting that altering the gut microbiome can repro-
gram the tumor microenvironment and improve the therapeutic
efficacy of PD-1 inhibitors. Our study directly demonstrated that
pATB administration reduced the diversity of gut microbiota,
resulting in worsened outcomes in patients with AGC treated
with PD-1 blockade. Furthermore, the relative abundance
of Lactobacillus gasseri was significantly diminished by
pATB administration and associated with the outcome of
PD-1 inhibitors. Previously, the abundance of Lactobacillus
gasseri was negatively associated with LAG3 expression,®” an
immune checkpoint co-inhibitory receptor imposing anti-PD-1
resistance.®®*° In addition, recent studies identified that
Lactobacillus gasseri treatment reduced the production of
proinflammatory cytokines,”° which can be translated to
enhanced anti-PD-1 response. The differences in the composi-
tion of circulating T lymphocytes according to pATB administra-
tion is similar to previous findings, which demonstrated dysre-
gulation of T cell immunity following exposure to ATBs.*'**?

¢ CellP’ress

Our study uncovered that pATB administration was associated
with enrichment of exhaustive CD8" T cells expressing multiple
immune checkpoint co-inhibitory receptors. Intriguingly,
exhaustive CD8" T cells highly expressed PDCD1 and EOMES
but expressed TCF7 and TBX21 less, suggesting the terminal
differentiation status of this subset. The EOMES"T-bet°PD-
1M terminal progeny subset is less likely to be reinvigorated by
PD-1 blockade,*® associated with anti-PD-1 resistance. In line
with this, a balance between the exhaustive CD8 T and effector
CD8 T subsets was associated with clinical outcomes of
patients with AGC treated with PD-1 blockade in our study.
Collectively, comparison of the single-cell landscape of
circulating immune cells in patients with AGC treated with
PD-1 blockade demonstrated a predictive value for distur-
bances in T cell differentiation and fate decision following
pATB administration.

Prescription of ATBs is occasionally performed during the
treatment course of AGC to deal with various clinical scenarios.?
Anatomic characteristics of AGC, such as frequent involvement
of the peritoneum leading to bowel obstruction, biliary tract
involvement leading to biliary sepsis, and urinary tract involve-
ment leading to urinary tract infection, contribute to the high
rate of ATB usage.* In addition, cytotoxic chemotherapy forms
the basis of earlier treatment for AGC, resulting in immune sup-
pression and an increased risk of infection. Accordingly, 45.6%
(150/329) of patients in our study treated with PD-1 inhibitors
received pATBs within 28 days of treatment initiation, which is
higher than the rate reported for other types of cancer.?"?> Our
findings suggest that clinicians should be cautious when pre-
scribing ATB treatment prior to PD-1 blockade, based on preclin-
ical and clinical evidence that dysbiosis of the microbiome and
alteration of systemic immune response is common following
ATB treatment. Considering that the objective response to
PD-1 blockade in patients with AGC is modest when compared
with that observed in patients with other types of cancer, our find-
ings may help to identify subgroups of patients who are more
likely to benefit from PD-1 inhibitor treatment or aid future re-
searchers in enhancing the therapeutic efficacy of PD-1 inhibi-
tors. Hence, future studies should aim to investigate whether
therapeutic interventions with the administration of pATBs could
improve outcomes following PD-1 blockade in patients with
AGC. In addition, whether pATB administration is associated
with outcome in patients treated with immune checkpoint
blockade combined with chemotherapy would also be an
intriguing area of future research, based on the established role
of PD-1 inhibitor plus chemotherapy in first line setting.*”

In summary, our findings indicate that administration of pATBs
is specifically associated with inferior outcomes following PD-1

(E and F) PFS (E) and OS (F) according to the diversity of gut microbiota based on Shannon index. The median Shannon index value was used to define the

“Shannon index™9"” and “Shannon index'®"” subgroups.

(G) Heatmap showing the significantly different 26 amplicon sequence variants according to the administration of pATBs. The heatmap was constructed by
hierarchical clustering using the unweighted pair group method with an arithmetic mean. The color pattern on heatmap represents column Z score. Asterisks
indicate amplicon sequence variants with survival implication (Lactobacillus gasseri).

(H and 1) PFS (H) and OS () according to the abundance of Lactobacillus gasseri. The median abundance of Lactobacillus gasseri was used to define the

highss lows

“Lactobacillus gasseri and “Lactobacillus gasseri subgroups.

HR, hazard ratio; Cl, confidence interval; pATBs, prior antibiotics; PFS, progression-free survival; OS, overall survival; PC, principal coordinate; PERMANOVA,

permutational multivariate analysis of variance; PD-1, programmed death-1.
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inhibitor treatment in patients with AGC but not following irinote-
can chemotherapy. Mechanistically, pATB administration alters
gut microbiota and systemic immune responses, thereby hinder-
ing the efficacy of PD-1 blockade. Further large prospective
studies accompanied by translational analysis would confirm
the findings of our study. In addition, whether therapeutic inter-
vention regarding prescription of pATBs or transplantation of
specific commensal bacteria alters the treatment outcomes of
PD-1 blockade would be another intriguing aspect for future
studies. Further, investigating whether similar findings can be
obtained in patients treated with combined ICls and chemo-
therapy in patients with AGC could have a potential impact on
future practice.

Limitation of the study

Due to the retrospective nature of the retrospective exploratory
cohort (n = 152), the retrospective validation cohort (n = 123),
and the chemotherapy cohort (n = 101), we could not completely
exclude the possibility that patients with pATB administration
had poorer performance status or other comorbidities compared
with those without pATB administration. Future prospective
studies adjusting for variables associated with patient perfor-
mance status and comorbidities are warranted. In addition,
most patients included in this study started PD-1 blockade
before the COVID-19 pandemic, limiting our analysis regarding
the association between COVID-19 infection and/or vaccination
and the outcome of treatment with PD-1 inhibitors.
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Materials availability
This study did not generate new unique reagents.

Data and code availability

The microbiota sequencing data and the single cell RNA sequencing data have been deposited to the NCBI sequence read archive
database under accession number PRINA820902 and GSE229379, respectively. All data relevant to the study are included in the
article or uploaded as supplementary information. This study did not generate new original code. Any additional information required
to reanalyze the data reported in this work paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients

This study was based on five independent cohorts (four ICI cohorts and one cytotoxic chemotherapy cohort), namely retrospective
exploratory, retrospective validation, prospective validation, experimental stool/blood analysis, and retrospective chemotherapy
cohorts (Figure 1). For the retrospective exploratory cohort, we retrieved data from 152 patients with recurrent and/or metastatic
AGC who were treated with an anti-PD-1 antibody (pembrolizumab or nivolumab) as a single agent at a tertiary academic center
(Yonsei Cancer Center, Seoul, Republic of Korea) between January 2014 and July 2021 (Table 1). For the chemotherapy cohort,
we retrieved data from 101 patients with recurrent and/or metastatic AGC who were treated with chemotherapy with a single agent
irinotecan at Yonsei Cancer Center between January 2014 and July 2021 (Table 1). For the retrospective validation cohort, we
retrieved data from 123 patients with recurrent and/or metastatic AGC who were treated with an anti-PD-1 antibody (pembrolizumab
or nivolumab) as a single agent at another tertiary referral center (Gangnam Severance Hospital, Seoul, Republic of Korea) between
January 2014 and July 2021 (Table S3). For the prospective validation cohort, we retrieved data from 30 patients with recurrent and/or
metastatic AGC who were enrolled in prospective phase Il or phase lll clinical trials exploiting an anti-PD-1 antibody (pembrolizumab
or nivolumab) as a single agent at Yonsei Cancer Center between January 2014 and December 2015 (Table S4). For the experimental
stool/blood analysis cohort, we explored data from 24 patients with recurrent and/or metastatic AGC who were enrolled in a prospec-
tive cohort study for blood and stool sampling and treated with an anti-PD-1 antibody (pembrolizumab or nivolumab) as a single agent
at Yonsei Cancer Center between March 2020 and July 2021 (Table S8). We collected data on the following variables: age at the
beginning of treatment, gender, differentiations, human epidermal growth factor-2 (HER-2) expression, microsatellite instability or
mismatch repair deficiency status, Epstein-Barr virus association, PD-L1 expression in tumor tissue, previous history of gastrectomy,
prior treatments, details of ATB prescription, and treatment outcome including response and survival. Details of ATB prescription
were investigated based on the electronic health records system of each center. This study was approved by the institutional review
board of Yonsei University College of Medicine (IRB number: 4-2020-0153, 4-2021-0449). Written informed consents were obtained
from participants in the prospective validation and experimental stool/blood analysis cohorts. Patient consents were waived for retro-
spective exploratory, retrospective validation, and retrospective chemotherapy cohorts.

Follow-up and response evaluation

Laboratory tests and physical examinations were performed at each cycle of treatment administration. Treatment response was
evaluated by analysing images, including computed tomography or magnetic resonance imaging scans. Based on the Response
Evaluation Criteria in Solid Tumors ver 1.1, treatment response was classified as complete response (CR), partial response (PR), sta-
ble disease (SD), or progressive disease (PD).°® The objective response rate and disease control rate were defined as the proportion
of patients with CR and PR, and those with CR, PR, and SD as their best response, respectively.

METHOD DETAILS

Evaluation of tumor tissue

Immunohistochemistry (IHC) was performed using a Ventana XT automated staining instrument (Ventana Medical Systems, Tucson,
AZ, USA). The following antibodies were used in accordance with the manufacturer’s instructions: HER-2 (HercepTest Kit; Dako,
Santa Clara, CA, USA), MutL homolog 1 (MLH1; clone M1; Roche, Indianapolis, IN, USA), MutS protein homolog 2 (MSH2; clone
G219-1129; Roche, Indianapolis, IN, USA), MutS homolog 6 (MSHS6; clone 44; Cell Marque, Rocklin, CA, USA), post-meiotic
segregation increased 2 (PMS2; clone MRQ28; Cell Marque, Rocklin, CA, USA), and PD-L1 (clone 22C3; Dako, Santa Clara, CA,
USA). PD-L1 expression was quantified using the tumor proportion score (TPS; PD-L1 positivity on tumor cells) or combined positive
score (CPS; ratio of overall PD-L1 positivity to PD-L1 positivity on tumor cells), as previously described.”>* Amplification of ERBB2
was explored via silver in situ hybridisation (ISH) in case of HER-2 2+ by IHC, as previously described.*® Epstein-Barr virus-encoded
small RNA ISH was performed using a Ventana Benchmark ISH system and an ISH iView kit (Ventana Medical Systems, Tucson, AZ,
USA). Microsatellite analysis was performed using DNA extracted from tumor tissues, as previously described.*® Tumors with micro-
satellite instability-high/mismatch repair deficient were defined as those with the presence of at least two of the five instability
markers in the Bethesda microsatellite panel (BAT25, BAT26, MFD15, D2S123, and D5S346) or the absence of one or more proteins
(MLH1, MSH2, MSH6, and PMS2) based on IHC staining.
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16S ribosomal RNA sequencing with stool samples

Fresh stool samples from the participants were collected using a commercial fecal sampling kit after acquisition of informed consent
(OMNIgene GUT; DNA Genotek, Ontario, Canada) and stored at —80°C prior to DNA extraction for gut microbiota-profiling analysis.
The bacterial genomic DNA was extracted from the fecal samples according to the instruction of the QlAamp DNA stool Mini kit
(Qiagen, Hilden, Germany). The V3/V4 hypervariable region of 16S rRNA genes was amplified and sequenced using the lllumina
MiSeq 2 x 300 System (lllumina, San Diego, CA, USA) according to the manufacturer’s instructions. Raw sequencing reads were
analyzed by QIIME 2 pipeline.®® Briefly, raw sequence data were demultiplexed and quality filtered using the DADA2 plugin.®” The
following filtration steps were conducted in addition. Only the features belonging to the bacteria domain and in the range from
380 to 450 base pairs were considered. The filtering step was implemented to remove reads attributed to mitochondria, chloroplasts,
and eukaryotes, ensuring that subsequent analyses were limited to the desired microbial sequences. De novo chimera filtration was
performed using the “vsearch uchime-denovo” program.®® After the completion of the filtering step, taxonomical assignment was
done using a pre-trained Naiva Bayes classifier against the Silva-138 reference sequences. Species assignment was done with
“vsearch usearch_global” based on 99% identity. We obtained an average of 84194.6 16S rRNA sequences from 24 samples after
performing quality filtering procedures. Based on the 34,464 smallest reads, we applied rarefaction to standardize the dataset.

scRNA-seq with circulating immune cells

Peripheral blood mononuclear cells were isolated from venous blood after acquisition of informed consent as described previously. '
Libraries for scRNA-seq were generated using the Chromium Next GEM Single Cell 5’ Kit v2 (10x Genomics, Pleasanton, CA, USA)
and Chromium Single Cell Human TCR Amplification Kit (10x Genomics) to read 5'-mRNA and full-length paired T cell and B
cell receptor sequences following the manufacturer’s instructions. Libraries were constructed and sequenced at a depth of
approximately 50,000 reads per cell using the Novaseq 6000 platform (lllumina, San Diego, CA, USA). Data processing and cell
type annotation through marker gene identification in each cluster were performed as described previously.*®

QUANTIFICATION AND STATISTICAL ANALYSIS

For continuous variables, a Shapiro-Wilk test was performed to determine whether variables were normally distributed or not. An un-
paired t-test was used to compare differences between two groups. Additionally, the Wilcoxon rank-sum test was performed for non-
normally distributed variables. For categorical variables, the Chi-square test was performed to compare between groups. The
Fisher’s exact and Mantel-Haenszel Chi-square tests were also performed if indicated. PFS was defined as the time from the initiation
of treatment to disease progression or death. OS was defined as the time from the initiation of treatment to death from any cause. The
Kaplan—-Meier method was used to depict survival distributions, and log rank test was used for comparison. The Cox proportional
hazards model was used in univariable and multivariable analyses to assess the significant prognostic factors associated with
PFS and OS, with the HR and 95% Cls. Variables with a level of significance for the univariable analyses (P-values <0.05) were
included in multivariable analyses. Each Cox regression model for multivariable analyses was tested for proportional hazards
assumption using Schoenfeld residuals against transformed time, and the significances of all Cox proportional hazard assumptions
were met with P-values >0.05. Optimal cut-off values for the therapeutic window of pATB administration before the first administra-
tion of nivolumab, pembrolizumab, or irinotecan to predict PFS were derived by log rank maximization method. Based on the cut-off
values with log rank maximization method, patients were classified into two groups based on whether they had received pATB during
this window (pATB and non-pATB groups). To compare the differences in the gut microbial community among the groups, permu-
tational multivariate analysis of variance (PERMANOVA) implemented in QIIME2 was performed on an unweighted UniFrac distance.
Significance of PERMANOVA was obtained by 999 permutation tests. The censoring date was 31 December 2021. Results were
considered significant at P-values <0.05. All statistical analyses were performed and visualized using GraphPad Prism version 7.0
(GraphPad Software, CA, USA) or IBM SPSS version 25.0 (IBM Corp., NY, USA).
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