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ABSTRACT

Background The gut microbiome is associated with the
response to immunotherapy for different cancers. However,
the impact of the gut microbiome on hepatobiliary cancers
receiving immunotherapy remains unknown. This study
aims to investigate the relationship between the gut
microbiome and the clinical response to anti-programmed
cell death protein 1 (PD-1) immunotherapy in patients with
advanced hepatobiliary cancers.

Methods Patients with unresectable hepatocellular
carcinoma or advanced biliary tract cancers who have
progressed from first-line chemotherapy (gemcitabine
plus cisplatin) were enrolled. Fresh stool samples were
collected before and during anti-PD-1 treatment and
analyzed with metagenomic sequencing. Significantly
differentially enriched taxa and prognosis associated taxa
were identified. The Kyoto Encyclopedia of Genes and
Genomes database and MetaCyc database were further
applied to annotate the differentially enriched taxa to
explore the potential mechanism of the gut microbiome
influencing cancer immunotherapy.

Results In total, 65 patients with advanced hepatobiliary
cancers receiving anti-PD-1 treatment were included in
this study. Seventy-four taxa were significantly enriched in
the clinical benefit response (CBR) group and 40 taxa were
significantly enriched in the non-clinical benefit (NCB)
group. Among these taxa, patients with higher abundance
of Lachnospiraceae bacterium-GAM79 and Alistipes sp
Marseille-P5997, which were significantly enriched in

the CBR group, achieved longer progression-free survival
(PFS) and overall survival (0S) than patients with lower
abundance. Higher abundance of Ruminococcus calidus
and Erysipelotichaceae bacterium-GAM147 enriched

in the CBR group was also observed in patients with
better PFS. In contrast, worse PFS and OS were found in
patients with higher abundance of Veillonellaceae, which
was significantly enriched in the NCB group. Functional
annotation indicated that the taxa enriched in the CBR
group were associated with energy metabolism while

the taxa enriched in the NCB group were associated with
amino acid metabolism, which may modulate the clinical
response to immunotherapy in hepatobiliary cancers. In
addition, immunotherapy-related adverse events were
affected by the gut microbiome diversity and relative
abundance.
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Conclusions We demonstrate that the gut microbiome

is associated with the clinical response to anti-PD-1
immunotherapy in patients with hepatobiliary cancers.
Taxonomic signatures enriched in responders are effective
biomarkers to predict the clinical response and survival
benefit of immunotherapy, which might provide a new
therapeutic target to modulate the response to cancer
immunotherapy.

INTRODUCTION

Hepatobiliary cancers are malignant tumors
with poor prognoses. Global cancer statis-
tics estimated that liver cancer, comprizing
75%-85% hepatocellular carcinoma (HCC)
and 10%-15% intrahepatic cholangiocarci-
noma, ranked sixth in incidence (905677
new cases) and ranked third in mortality
(830180 new deaths) worldwide in 2020.!
Regarding cholangiocarcinoma, intrahe-
patic cholangiocarcinoma accounted for
20%, while perihilar cholangiocarcinoma
and distal cholangiocarcinoma accounted
for 50%-60%and 20%-30%, respectively.”
There were approximately 115949 new cases
and 84695 new deaths from gallbladder
cancer.' For patients with unresectable HCC,
atezolizumab plus bevacizumab is recom-
mended as the firstline systemic therapy
(median progression-free survival (PFS): 6.8
months; median overall survival (OS): 19.2
months).” * For unresectable biliary tract
cancer (BTC), gemcitabine plus cisplatin is
regarded as the primary treatment (median
PFS: 8.0 months; median OS: 11.7 months)
while lenvatinib plus pembrolizumab may
be useful as subsequentline therapy after
disease progression from chemotherapy.’
Currently, more combination regimens of
immune-checkpoint inhibitors (ICIs) and
molecularly targeted drugs are under inves-
tigation in hepatobiliary cancers. However,
the clinical response and survival benefit are
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limited due to a lack of effective predictive biomarkers
and current biomarkers, such as tumor programmed cell
death ligand 1 (PD-LI) expression, tumor lymphocyte
infiltration and immune class gene signatures, warranting
examination in large-scale studies.®” Therefore, the estab-
lishment of effective biomarkers associated with the clin-
ical response to immunotherapy is required to identify
the patient subgroup that benefits from immunotherapy
and to guide treatment decisions for patients with hepa-
tobiliary cancers.

Increasing evidence indicates that the gut micro-
biome mediates the host immune system and promotes
carcinogenesis through several mechanisms, such as
modulating inflammation by dysbiosis, inducing DNA
damage by genotoxin, and influencing oncogenesis or
tumor suppression by metabolic process.® With these
strategies, the gut microbiota stimulates or inhibits
antitumour immunity by mediating host immune cells
(including dendritic cells, macrophages, Treg cells, T, 1
or TH17 cells, CD8+ T cells, B cells, natural killer T (NKT)
cells, intraepithelial lymphocytes and mucosal-associated
invariant T cells),” and cytokine production (interleukin
(IL)-2/6/8/10/12/17, interferon (IFN)-y, granzyme
B).'"™ The efficacy of ICI therapy appears to rely on the
gut microbiome composition and favorable responses are
associated with tumour-infiltrating lymphocyte enrich-
ment and myeloid-derived suppressor cell reduction."
Moreover, manipulation of the gut microbiome can
enhance the response or influence toxicity to cancer
immunotherapy in preclinical tumor models'* '° and
patient cohorts.” '° Different bacterial taxa have been
reported to be enriched in responders to ICI therapy and
most taxa belong to the Firmicutes, Bacteroidetes, Actino-
bacteria, Proteobacteria and Verrucomicrobia phyla.'”
In patients with epithelial tumors (including melanoma,
non-small cell lung cancer and renal cell carcinoma), a
higher abundance of Akkermansia muciniphila correlated
with increasing CCR9+CXCR3+CD4+ T lymphocytes
and better clinical responses to programmed cell death
protein 1 (PD-1)-based immunotherapy.'” In patients
with advanced melanoma, enrichment of Ruminococca-
ceae, Faecalibacterium'® and several commensal bacterial
species (Bifidobacterium longum, Collinsella aerofa-
ciens and Enterococcus faecium)'® was associated with
favorable responses to anti-PD-1 immunotherapy. Fecal
microbiota transplantation (FMT) from donors who had
achieved a complete response or partial response for a
long duration to those patients refractory to immuno-
therapy exhibited increased CD8+ T cell activation and
intratumour lymphocyte infiltration to overcome resis-
tance to anti-PD-1 therapy in melanoma.””*' Additionally,
FMT with a consortium of 11 bacterial strains, including
Bacteroides, Ruminococcaceae, Eubacterium and Alis-
tipes, significantly enhanced the antitumour immunity
by increasing tumour-infiltrating IFN-y+CD8+ T cells and
the tumor suppression effect was independent of anti-
PD-1 treatment.”” This evidence strongly indicated that
the gut microbiome modulated the response to cancer

immunotherapy and the intervention of the gut micro-
biome might be a new therapeutic target.

Dysbiosis is prominently associated with the develop-
ment of chronic liver disease, liver fibrosis, cirrhosis and
liver cancer, via both TLR4-mediated inflammation and
secondary bile acid metabolism mechanisms.” ** The
gut microbiome induced a peripheral T cell immuno-
suppressive phenotype in HCC, which was characterized
by regulatory T cell expansion and CD8+ T cell attenua-
tion.” Similarly, dysbiosis promoted cholangiocarcinoma
development by generating an immunosuppressive envi-
ronment, which was characterized by CXCLI1 expres-
sion in hepatocytes and CXCR2 +polymorphonuclear
myeloid-derived suppressor cell recruitment.”® Primary-
to-secondary bile acid conversion is mediated by the gut
microbiome metabolites while the secondary bile acids
regulated the accumulation of CXCR6+ hepaticNKT
cells, which further inhibits liver cancer growth.”’ Previous
gut microbiome analysis of patients with HCC receiving
anti-PD-1 immunotherapy observed that Akkermansia
muciniphila and Ruminococcaceae spp were enriched
in responders, and Proteobacteria was enriched in non-
responders.®® In patients with gastrointestinal cancer
(including colorectal cancer, esophageal cancer, gastric
cancer) receiving anti-PD-1/PD-L1 treatment, the relative
abundance of Prevotella, Ruminococcaceae and Lach-
nospiraceae was significantly higher in responders than
non-responders.” However, whether the gut microbiome
influences the clinical response and survival benefit of
ICI therapy in hepatobiliary cancers remains unclear. In
this study, we aimed to conduct metagenomics analysis
with stool samples to investigate the association of the gut
microbiome with the clinical response to anti-PD-1 immu-
notherapy in patients with hepatobiliary cancers.

METHODS

Patients and clinical evaluation

Patients histologically confirmed with unresectable HCC
or advanced BTC who had progressed from firstline
chemotherapy (gemcitabine plus cisplatin) were enrolled
in the study at the Peking Union Medical College Hospital
(PUMCH). All patients were administered anti-PD-1 based
systemic therapy (every 3 weeks) without antibiotic appli-
cation during the treatment until disease progression or
intolerable toxicity. Treatment responses were assessed
by radiological evaluation every 6 weeks according to the
Response Evaluation Criteria in Solid Tumors (RECIST)
.1.1 standard. Patients with a complete response (CR),
partial response (PR) or stable disease (SD) =6 months
continuously were defined as achieving a clinical benefit
response (CBR), while patients with stable disease <6
months or progression disease (PD) were defined as
achieving a non-clinical benefit (NCB). Adverse events
were assessed according to the Common Terminology
Criteria for Adverse Events V.5.0 standard and grade =2
immunotherapy-related colitis (diarrhea) was regarded
as a severe case.”’ Clinical information, including sex,
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age, hepatitis history, liver function, performance status,
bilirubin level, bile acid level, tumor number, tumor size
and tumor stage, was collected from the medical records.
The survival data and diarrhea condition were collected
during follow-up.

Faecal sample collection

Baseline fecal samples were collected at the starting point
of anti-PD-1 treatment and dynamic fecal samples were
continuously collected the day before each anti-PD-1
monobody infusion every 3 weeks. All fresh stool samples
were stored in sterile containers and frozen at -80°C
within 24 hours until DNA extraction.

Metagenomic sequencing and taxonomic profiling

Bacterial genomic DNA was extracted using a cetyltrime-
thylammonium bromide kit according to the manufactur-
er’s instructions. The DNA concentration and integrity
were checked to screen qualified samples for sequencing.
Individual libraries were constructed using the NEBNext
Ultra DNA Library Prep Kit and DNA sequencing was
performed on the Illumina NovaSeq 6000 platform using
a 2x150bp paired-end read protocol. Raw data were
filtered with Trimmomatic to obtain high-quality clean
reads.” The host DNA sequence was removed by aligning
to the Homo sapiens genome assembly hg38™ with
Bowtie 2 to obtain metagenomic DNA sequences.” The
metagenomic DNA sequences were assigned taxonomic
labels using the Kraken 2 program® and then Bracken
(Bayesian Reestimation of Abundance after Classifica-
tion with KrakEN) was used to estimate the abundance
of each sample at different phylogenetic levels (phylum,
class, order, family, genus, and specie).”® The quantita-
tive metagenomics analysis was finished by Wekemo Tech
Group Co., Ltd. (Shenzhen, China).

Differentially abundant taxa identification

For phylogenetic diversity between the CBR group and
NCB group, alpha diversity was computed using the R
package vegan to evaluate the richness and evenness of
each sample, and then compared with the Wilcoxon test.
Beta diversity based on Bray-Curtis metrics was applied
to compare the dissimilarities between different groups
with principal coordinate analysis (PCoA) 37 Common or
unique taxa at each phylogenetic level between different
groups were visualized using the R package VennDiagram.
Based on the relative abundance, significantly differential
taxa between the CBR group and NCB group were iden-
tified with the Wilcoxon test, and an alluvial diagram was
used to show the association among different phyloge-
netic levels for the genus or species using the R package
ggalluvial. Linear discriminant analysis (LDA) effect
size (LEfSe) was further applied to identify significantly
differentially enriched taxa between the CBR group and
NCB glroup.38

Functional annotation of metagenomic DNA sequences
The metagenomic DNA sequences were aligned against
the UniRef90 database using the DIAMOND algorithm™

and then the HUMAnN2 tiered search strategy’ was
used to quantify the KEGG Orthologous (KO) groups
abundance against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database.”’ Significantly differential
KOs between the CBR group and NCB group were identi-
fied by LEfSe and potential functional species in different
KOs were also identified. Metabolic pathways were further
verified in the MetaCyc database.**

Statistical analyses

Fisher’s exact test was used to determine the association
between the clinical characteristics of patients and clin-
ical response groups. The Wilcoxon test was employed to
compare the relative abundance at different phylogenetic
levels between different groups. According to the mean
value of relative abundance for different taxa, patients
were stratified into a high abundance group and a low
abundance group. Univariate survival analysis of PFS
and OS between different groups was performed with
the Kaplan-Meier method and log-rank test using the
R package survminer. Redundancy analysis (RDA) with
permutation test for 1000 times was applied to identify
the essential clinical factors that influenced the distribu-
tion of samples or the differentially enriched taxa using
the R package vegan. All tests were two-sided and p value
<0.05 was considered statistically significant. All statistical
analyses were conducted using R software V.4.1.0.

RESULTS

Patient characteristics

From November 2018 to December 2020, 162 patients
with advanced hepatobiliary cancers were enrolled and 65
patients were ultimately included in the study (figure 1).
The baseline characteristics of the patients are summa-
rized in table 1. The study included 30 patients with HCC
and 35 patients with BTC. All patients were treated with
anti-PD-1 immunotherapy. According to the RECIST
V.1.1 standard, 20 patients, 28 patients and 17 patients
achieved PR, SD and PD, respectively. For the CBR eval-
uation, 32 patients were defined as having CBR and 33
patients were defined as having NCB. Approximately half
of the patients had a history of hepatitis and received
antiviral prophylaxis therapy during anti-PD-1 monobody
medication. All the patients had preserved liver function
and performance status. Bile acid elevation was found in
one out of three of the patients. No significant differences
were observed in sex, age, hepatitis history, bilirubin, bile
acid, tumor number, tumor size and tumor stage between
the CBR group and NCB group. Baseline fecal samples
were collected from all the 65 patients and dynamically
collected samples were obtained continuously from 8
patients (4 CBR and 4 NCB).

Gut microbiome composition is correlated with different
clinical responses to anti-PD-1 immunotherapy

To investigate the association between the gut micro-
biome composition and immunotherapy response, the
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Figure 1

Study workflow. BTC, biliary tract cancer; CBR, clinical benefit response; HCC, hepatocellular carcinoma; NCB, non-

clinical benefit; OS, overall survival; PD-1, programmed cell death protein 1; PFS, progression-free survival.

relative abundance at different phylogenetic levels was
compared between the CBR group and the NCB group.
Overall, at the phylum level, Bacteroidetes, Firmicutes
and Proteobacteria dominated the gut microbial commu-
nities in both the CBR group and the NCB group, followed
by Actinobacteria and Verrucomicrobia (online supple-
mental figure SI). A higher abundance of Bacteroidetes
was observed in the CBR group (p=0.028), and a trend of
a higher abundance of Proteobacteria was observed in the
NCB group (p=0.067). A similar composition pattern was
observed at the order level (figure 2A). The relative abun-
dance of Bacteroidales from the Bacteroidetes phylum
was significantly higher in the CBR group (p=0.028),
while the relative abundance of Enterobacterales from the
Proteobacteria phylum tended to be higher in the NCB
group (p=0.061) (figure 2B). The Veillonellales order

was predominantly found in the NCB group (figure 2A)
and the relative abundance was significantly lower in the
CBR group (p<0.001) (figure 2B). Furthermore, the top
20 richest species belonged mainly to the Bacteroidetes
phylum (online supplemental figure S2), among which
Alistipes sp Marseille-P5997, Bacteroides fluxus and Bacte-
roides zoogleoformans were enriched in the CBR group
(p=0.024, p=0.012and p=0.031) (online supplemental
table S1). Among the statistically differently genera or
species, most bacterial taxa enriched in the CBR group
belonged to the Bacteroidetes and Firmicutes phyla,
whereas most bacterial taxa enriched in the NCB group
belonged to the Proteobacteria phylum (online supple-
mental figure S3 and S4). Notably, the relative abun-
dance of Lachnospiraceae bacterium-GAM79 and several
taxa from the Ruminococcaceae family (Ruminococcus
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Table 1 Clinical manifestation of 65 patients with advanced
hepatobiliary cancers receiving anti-programmed cell death
protein 1 treatment

Total CBR NCB
Characteristics (n=65) (n=32) (n=33) P value
Sex
Male 46 25 21 0.277
Female 19 7 12
Age (years)
<60 34 18 16 0.622
>60 31 14 17
Hepatitis
Yes 32 14 18 0.460
No 88 18 15
Child-Pugh score
5 45 22 23 0.901
6 9 4 5
7 11 6
ECOG-PS
0 44 22 22 >0.999
1 21 10 11
Bilirubin level
Elevated 8 4 4 >0.999
Normal 57 28 29
Bile acid level
Elevated 21 10 11 >0.999
Normal 44 22 22
Tumor type
HCC 30 17 13 0.267
BTC 35 15 20
Tumor number
Single 28 14 14 >0.999
Multiple 37 18 19
Tumor size (cm)
<5 33 17 16 0.806
>5 32 15 17
Stage
Il 6 3 S 0.993
I 26 13 13
vV 33 16 17

BTC, biliary tract cancer; CBR, clinical benefit response; ECOG-
PS, Eastern Cooperative Oncology Group performance status;
HCC, hepatocellular carcinoma; NCB, non-clinical benefit.

callidus, Eubacterium siraeum, Gemmiger formicilis and
Faecalibacterium genus) were significantly enriched in
the CBR group (figure 2C). In addition, metagenomics
analysis dynamic fecal samples of 8 patients revealed
that the gut microbiome composition in the CBR group

remained relatively stable at the phylum level along with
the treatment and was similar to the gut communities
of bacteria in all 65 patients, while the microbial diver-
sity in the NCB group seemed to decrease (figure 2D).
Together, baseline gut microbiome diversity is associated
with favorable response to anti-PD-1 treatment in patients
with hepatobiliary cancers, which supports that the gut
microbiome might be an effective biomarker to predict
the immunotherapy response.

Differentially enriched bacterial taxa are associated with the
survival benefit of ICI treatment

Regarding phylogenetic diversity, no significant differ-
ence was found in alpha diversity, including the Shannon
index, Simpson index, Pielou index and Chaol index,
between the CBR group and NCB group (online supple-
mental figure S5). However, the beta diversity evaluated
by Bray-Curtis distance showed that patients in the CBR
group were clearly separated from those patients in the
NCB group by PCoA (figure 3A). At the specie level,
the CBR group and NCB group shared 1738 common
species and there were 504 and 575 unique species in the
CBR group and NCB group, respectively (figure 3B). We
further identified 74 CBR group enriched taxa and 40
NCB group enriched taxa possibly influencing the clinical
response to ICI treatment with LEfSe analysis (LDA >2,
p<0.05) (online supplemental figure S6). Of note, Bacte-
roidetes phylum, Bacteroidia class, Bacteroidales order
and Prevotellaceae family were the top enriched taxa in
the CBR group while Negativicutes class, Veillonellales
order and Veillonellaceae family were the top enriched
taxa in the NCB group (LDA >3, p<0.05) (figure 3C-D).
A similar differential enrichment pattern was observed
in subgroup analysis of patients with HCC or BTC. No
significant difference was found in alpha diversity or beta
diversity between the patients with HCC and BTC (online
supplemental figure S7A,B). The significantly different
bacterial taxa between these two cancer types mainly
belonged to the Bacteroidetes phylum (online supple-
mental table S2), and a significantly higher abundance
of Bacteroidetes phylum were observed in patients with
BTC than patients with HCC (LDA >3, p<0.05) (online
supplemental figure S7C,D), which was also enriched in
the CBR group among patients with BT'C (online supple-
mental figure S9A,B). For patients with HCC, a higher
abundance of Veillonellaceae family from the Firmicutes
phylum was also observed in the NCB group (LDA >3,
p<0.05) (online supplemental figure S8A,B).

To further explore the microbial taxa associated with
survival, we stratified the 65 patients with hepatobiliary
cancers into a high abundance group and a low abun-
dance group based on the mean abundance of these
differentially enriched taxa in the CBR group and NCB
group. Survival analysis showed that patients with a
higher abundance of Lachnospiraceae bacterium-GAM79
achieved longer PFS (median PFS (mPFS): 7.9 months vs
5.1 months, p=0.020) and OS (median OS (mOS): not
reached vs 13.8 months, p=0.023) than patients with a
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Figure 2 Gut microbiome composition of 65 patients with hepatobiliary cancers. (A) Gut microbiome composition at the
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abundance comparison of Bacteroidales, Enterobacterales and Veillonellales in the CBR group and NCB group at the order
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non-clinical benefit.
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lower abundance (figure 4). Erysipelotrichaceae bacte-
rium-GAM147 and Ruminococcus callidus enrichment
were also associated with better PFS (mPFS: 10.8 months
vs 4.9 months, p=0.009; mPFS: 22.1 months vs 5.5 months,
p=0.006) (online supplemental figure S10A,B). Consid-
ering taxa belonging to the most abundant taxa, Bacte-
roidetes phylum, although only a higher abundance of
Bacteroidales order showed a tendency correlated with
favorable outcome (mPFS: 6.9 months vs 5.1 months,
p=0.250; mOS: 32.2 months vs 13.8 months, p=0.269)
(online supplemental figure S10C,D), patients harboring
a higher abundance of Alistipes sp. Marseille-P5997 had
significantly prolonged PFS (mPFS: 9.0 months vs 5.2
months, p=0.013) and OS (mOS: NR vs 13.8 months,
p=0.021) (figure 4) and Bacteroides zoogleoformans
enrichment was also positively associated with longer
PFS (mPFS: 8.1 months vs 5.2 months, p=0.043) (online
supplemental figure S10E,F). In contrast, the presence
of the Veillonellaceae family was significantly negatively
associated with PFS (mPFS: 4.2 months vs 6.9 months,
p=0.018) and OS (mOS: 8.9 vs 22.3 months, p=0.001)
(figure 4). Moreover, a similar association of these bacte-
rial taxa with prognosis was observed in patients with HCC
or BTC. In the 30 patients with HCC, patients enriched
with Erysipelotrichaceae bacterium-GAM147 achieved

better PFS (mPFS: 15.9 months vs 5.5 months, p=0.021)
and OS (mOS: NR vs 15.9 months, p=0.041) although
there was no significant difference of the abundance of
Erysipelotrichaceae bacterium-GAM147 between the
CBR group and the NCB group (online supplemental
figure S8C,D). While patients with HCC enriched with
Veillonellaceae family had obviously worse PFS (mPFS:
3.6 months vs 10.8 months, p=0.005) and OS (mOS: 7.8
vs NR months, p=0.030) (online supplemental figure
S8E,F). In the 35 patients with BTC, patients enriched
with Bacteroidales order had significantly better PFS
(mPFS: 6.6 months vs 4.5 months, p=0.041) and OS
(mOS: 16.6 vs 10.2 months, p=0.025) (online supple-
mental figure S9C,D). Furthermore, patients with BTC
who tended to obtain a higher abundance of Veillonel-
laceae family had worse PFS (mPFS: 3.5 months vs 6.0
months, p=0.031) and OS (mOS: 7.7 vs 16.6 months,
p=0.006) (online supplemental figure S9E,F). Therefore,
differentially enriched gut microbial taxa are associated
with the clinical response as well as the survival benefit
of ICI treatment. Our results indicate that enrichment of
specific taxa in gut microbiota might enhance the clinical
response and prolong the survival of anti-PD-1 treatment,
which can predict the survival benefit for patients with
hepatobiliary cancers receiving immunotherapy.
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The gut microbiome potentially influences the immunotherapy
response by mediating metabolic pathways

To investigate the functional role of the gut microbiota in
immunotherapy, we further annotated the metagenomic
sequencing data in the KEGG database and identified 29
KOs enriched in the CBR group and 4 KOs enriched in
the NCB group by LEfSe (LDA >2, p<0.05) (figure 5A).
The most abundant KOs in the CBR group and NCB
group were energy metabolism pathways and amino
acid metabolism pathways, respectively (figure 5B).
At the pathway level, the CBR group was significantly
enriched with KOs that played essential functions in
several KEGG pathways, including aurachin metabolism
(map00999: K02078), fatty acid biosynthesis (map00061:
K09458), acarbose biosynthesis (map00525: K00973) and
polyketide sugar unit biosynthesis (map00523: K00973)
(online supplemental figure S11). Furthermore, compar-
isons of differential metabolic pathways in the MetaCyc
database showed that metabolic pathways dominant in
the CBR group were associated with bacterial reproduc-
tion processes, such as UDP/UMP biosynthesis and queu-
osine biosynthesis (online supplemental figure S12, black
box). Amino acid metabolism pathways such as arginine
biosynthesis predominated in the NCB group (online
supplemental figure S12, green box). The dominant
species enriched in several CBR group associated KOs,
Faecalibacterium prausnitzii and Ruminococcus callidus,
which belong to the Firmicutes phylum were found to be
correlated with markedly prolonged OS (mOS: 22.3 vs
11.6 months, p=0.013; mOS: NR vs 13.8 months, p=0.052)
(figure 5C-E). In contrast, patients with a higher abun-
dance of Parabacteroides distasonis enriched in the NCB
group associated KOs, which belong to the Bacteroidetes
phylum had poor OS compared with those patients with
a lower abundance (mOS: 9.9 vs 19.7 months, p=0.060)
(figure 5F-G). These findings suggested that the under-
lying mechanisms of the gut microbiome influencing
anti-PD-1 immunotherapy efficacy and survival benefit in
hepatobiliary cancers might be driven by specific bacte-
rial species involved in different metabolic pathways.

Immunotherapy-related adverse events are influenced by the
gut microbiome

Whether immunotherapy-related adverse events (irAEs)
were affected by gut microbiome composition was also
explored in our study. Considering the typical adverse
event, immunotherapy-related colitis, 8 patients experi-
enced clinically severe diarrhea (grade >2), including 4
CBR and 4 NCB patients, and 57 patients experienced
mild diarrhea (grade 1 or absent) in this study. Compared
with those patients with mild diarrhea, patients who expe-
rienced clinically severe diarrhea seemed to obtain a better
clinical response to anti-PD-1 treatment (Fisher’s exact
test, p=0.021) and achieved longer survival (mPFS: 17.3
months vs 5.6 months, p=0.035) (figure 6A). Regarding
the phylogenetic diversity of gut microbiota, patients with
severe diarrhea tended to have lower richness (figure 6B),
which inferred that immunotherapy-related colitis was

more likely associated with decreased gut microbiome
diversity and relative abundance. Specifically, a total of 16
significantly differentially enriched taxa were identified
between the severe diarrhea group and mild diarrhea
group, among which the Negativicutes class, Veillonel-
laceae family and Dialister genus all belonged to the
Firmicutes phylum (figure 6C). Notably, enrichment of
Prevotellamassilia timonensis from the Bacteroidetes
phylum was observed in patients with more severe diar-
rhea, which might be a potential marker to predict severe
immunotherapy-related colitis. Together, we demon-
strated that the irAE profiles were influenced by the gut
microbiome, and higher diversity and relative abundance
of taxa from the Firmicutes phylum might be a protective
factor against irAEs.

Gut bacterial enrichment is affected by multiple clinical
factors

After identifying the differentially enriched taxa in the
CBR group and NCB group, we addressed the relation-
ship between the gut bacterial features and clinical factors
in patients with hepatobiliary cancers. RDA showed that
multiple tumour-associated factors that significantly influ-
enced the distribution of patients were also associated
with the differential enrichment of the gut microbiome
between the CBR group and NCB group (figure 7A-B).
The tumor size, number and stage correlated positively
with the favorable response and the CBR group enriched
taxa, such as Bacteroidales order, Lachnospiraceae bacte-
rium-GAM?79, Eubacterium eligens, Eubacterium hallii
and Gemmiger formicilis (figure 7B). Further analysis
observed that the relative abundance of Eubacterium
hallii was significantly higher in patients with large
tumors (=5cm) than those patients with small tumors
(<bcm) (p=0.042) (figure 7C). No significant difference
in bacterial abundance was found among subgroups with
different tumor numbers or tumor stages. In contrast, bile
acid elevation, bilirubin elevation and poor liver function
were associated with the NCB group enriched taxa, such
as Veillonellaceae family, Dialister sp. Marseille-P5638
(belonging to Veillonellaceae family), Clostridia-
ceae family, Klebsiella genus and Citrobacter freundii
(figure 7B). Patients with elevated bile acid levels had a
higher abundance of the Clostridium genus than patients
with normal bile acid levels (p=0.019) (figure 7D). In
addition, patients with a higher abundance of tumor
size-positively, number-positively and stage-positively
associated taxa achieved better survival, while patients
with a higher abundance of bile acid-positively, bilirubin-
positively and liver function-positively associated taxa had
worse survival (figure 4). Interestingly, the CBR group
significantly enriched specie, Faecalibacterium praus-
nitzii, was obviously negatively associated with tumor
number and stage (figure 7B). This heterogeneous
impact of clinical factors on the gut microbiota enriched
in the CBR group and NCB group implied that the clin-
ical response and survival benefit of anti-PD-1 treatment
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Figure 6 Immunotherapy-related adverse events were affected by the gut microbiome. (A) The Kaplan-Meier method with log-

rank test estimates the mPFS for patients with severe or mild diarrhea. (B) Gut microbiome alpha diversity comparison between
the severe and mild diarrhea groups (Wilcoxon test). (C) Relative abundance comparison of significantly different taxa between
patients with severe diarrhea and mild diarrhea (Wilcoxon test). mPFS, median progression-free survival.

relied on the whole gut microbiome diversity and differ-
entially enriched taxa community.

DISCUSSION

Through prospective comprehensive metagenomics
analysis, we demonstrated that the gut microbiota was
associated with the clinical response and irAE profiles of
anti-PD-1 immunotherapy in patients with hepatobiliary
cancers. Differentially enriched taxa, such as a higher
abundance of Lachnospiraceae bacterium-GAM79,
Alistipes sp. Marseille-P5997 and a lower abundance of
Veillonellaceae in the gut microbiota may be potential
biomarkers predicting the favorable response and survival

benefit of ICI treatment. In addition, the association
between gut microbiome diversity and immunotherapy-
related colitis highlights that higher diversity and relative
abundance of gut microbiota are associated with a less
severe irAE profile.

Several significantly differentially enriched bacte-
rial taxa between the CBR group and NCB group were
identified to be obviously associated with the favorable
outcomes to anti-PD-1 treatment in our study. Enrich-
ment of two butyrate-producing commensal bacterium,
Lachnospiraceae bacterium-GAM79 and Erysipelotricha-
ceae bacterium-GAM147, was significantly associated with
prolonged survival of immunotherapy. Lachnospiraceae
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Figure 7 The gut microbiome distribution was affected by clinical factors. (A) RDA with permutation test showed the clinical
factors associated with the distribution of patients with hepatobiliary cancers. (B) RDA with permutation test showed the clinical
factors associated with the different taxa enriched in the CBR group and NCB group. (C) Relative abundance comparison
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comparison of the Clostridium genus in patients with elevated bile acid and normal bile acid (Wilcoxon test). CBR, clinical
benefit response; ECOG-PS, Eastern Cooperative Oncology Group performance status; NCB, non-clinical benefit; RDA,

redundancy analysis.

and Erysipelotrichaceae are protective commensal strain
that produces short-chain fatty acids such as butyrate
by fermentation of dietary fiber. And short-chain fatty
acids can induce protective immune responses and
enhance epithelial barrier function by production of
anti-inflammatory cytokines (TGF- and IL-10) and regu-
lation of Treg cell differentiation,43 # which enhanced
the efficacy of PD-1 blockade in colon cancer.” Lachno-
spiraceae is also involved in the primary to secondary bile

acid conversion process and is regarded as a candidate
effective commensal bacterial strain for consortial FMT to
resurrect the intestinal microbiota and restore coloniza-
tion resistance.*® This evidence indicates that the impact
of Lachnospiraceae and Erysipelotrichaceae on hepa-
tobiliary cancers might be involved in short-chain fatty
acid production and bile acid metabolism, which possibly
modulates the immunotherapy response. In addition,
several taxa from the Ruminococcaceae family were
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significantly enriched in the CBR group and a higher
abundance of Ruminococcus callidus was positively
related to the favorable response and survival improve-
ment of anti-PD-1 treatment in hepatobiliary cancers,
which supported the positive prognostic significance of
the Ruminococcaceae family in immunotherapy in many
other cancers. The Ruminococcaceae family involves in
secondary bile acid production, and deficiency of Rumi-
nococcaceae might result in increasing intestinal inflam-
mation and further influence the host immune system.*’
Further FMT experiments showed that the abundance
of the Ruminococcaceae family significantly increased
post-FMT,?! which enhanced the antitumour immunity by
increasing tumor infiltrating IFN-y+CD8+ T cells in mouse
models and patients receiving immunotherapy.'® *
Taking together, we hypothesize that oral supplementa-
tion or FMT of Lachnospiraceae, Erysipelotrichaceae and
Ruminococcaceae might enhance antitumour immunity
and boost the clinical response to anti-PD-1 treatment in
hepatobiliary cancers, which warrants further exploration
in mice model and clinical cohorts.

It should be highlighted that different impact of the
Bacteroidetes phylum and Firmicutes phylum on cancer
immunotherapy was observed in our study. In our study,
most bacterial taxa associated with favorable outcomes
belonged to the Firmicutes phylum and most bacterial
taxa with heterogeneous impact on immunotherapy
belonged to the Bacteroidetes phylum. The differential
analysis and survival analysis results showed that patients
with HCC were more likely influenced by the taxa from
the Firmicutes phylum and relevant taxa enrichment
correlated with better response and survival benefit of
immunotherapy. In contrast, patients with BTC tended
to be enriched with bacterial taxa from the Bacteroidetes
phylum and significantly higher abundance of Bacteroi-
detes phylum was associated with favorable response to the
immunotherapy. The difference impact of the Firmicutes
phylum and Bacteroidetes phylum was also observed in
previous FMT experiment, which demonstrated that most
significantly enriched taxa in the responders belonged to
the Firmicutes phylum, whereas most decreased taxa in
the responders belonged to the Bacteroidetes phylum
postFMT.?" Furthermore, there is no ideal overlap
among the current bacterial taxa identified to correlate
with favorable immunotherapy responses across different
cancers, especially at a lower level of taxonomy."’ Two
species belonging to the Bacteroides genus, Alistipes
sp Marseille-P5997 and Bacteroides zoogleoformans,
displayed a positive association with favorable response
and survival benefit in our hepatobiliary cancer cohort.
A previous study reported that Bacteroidales thetaiotao-
micron or Bacteroidales fragilis was associated with better
efficacy of CTLA-4 blockades in mice and patients with
melanoma."” However, a higher abundance of species in
the Bacteroides genus, such as Bacteroides ovatus, Bacte-
roides dorei and Bacteroides massiliensis, was reported
to be negatively associated with longer PFS in patients
with melanoma treated with immunotherapy.*® The

controversial impact of Bacteroides genus on carcino-
genesis or cancer immunotherapy might be explained by
different cancer types and the heterogeneous composi-
tion of Bacteroidetes phylum.

Secondary bile acid metabolism-NKT activation medi-
ated by the gut microbiota has been proposed as another
possible mechanism modulating host immunity and
cancer immunotherapy in hepatobiliary cancers.”*” The
bile acid metabolites glycoursodeoxycholic acid and tauro-
ursodeoxycholic acid were increased in intrahepatic chol-
angiocarcinoma and plasma tauroursodeoxycholic acid
was negatively correlated with survival.* The secondary
bile acid 3B-hydroxydeoxycholic acid enhanced periph-
eral Treg cell differentiation by acting on dendritic cells”’
and the Treg cell generation was significantly decreased
by genetic abolition of bile acid metabolic pathways.” In
our results, bile acid was correlated with the Clostridia-
ceae family and a significantly higher abundance of the
Clostridium genus was observed in patients with elevated
bile acid. Enrichment of Clostridium XIVa in HCC with a
high tumor burden was associated with serum bile acids.”
Clostridium species regulated primary-secondary bile
acid conversion, especially the 7o-dehydroxylation reac-
tion process, which restricted hepatic NKT cell accumula-
tion and liver cancer inhibition effect.”’” Taken together,
these observations suggest that specific gut bacterial
strains may be involved in bile acid metabolism and
mediate the response to anti-PD-1 immunotherapy. Bile
acid classification and quantitation as well as intervention
of Clostridium species are required to illustrate the role
of bile acid metabolism in hepatobiliary cancers receiving
immunotherapy.

The influence of the gut microbiome on irAEs was
also preliminarily explored in our study. A higher rela-
tive abundance of Prevotellamassilia timonensis from
the Bacteroidetes phylum correlated with more severe
immunotherapy-related colitis in hepatobiliary cancers,
which might be a potential predictor of severe irAEs.
Most taxa significantly enriched in the mild diarrhea
group belonged to the Firmicutes phylum, such as Nega-
tivicutes class, Veillonellaceae family and Dialister genus,
which inferred that taxa from the Firmicutes phylum
might be a protective factor against immunotherapy-
induced toxicity. Consistent with our result, a higher
abundance of Bacteroides intestinalis in gut microbiota
was associated with upregulation of mucosal IL-1B and
severe irAEs in patients with melanoma and pre-clinical
models treated with combined immune checkpoint
blockade.”® In contrast, another study reported that
increased bacterial species belonging to the Bacteroi-
detes phylum were resistant to ipilimumab-induced colitis
in melanoma.”* Enrichment of taxa in the Firmicutes
phylum was associated with more frequent occurrence
of ipilimumab-induced colitis in metastatic melanoma™
and more severe immunotherapy-related colitis in non-
small cell lung cancer.”® These different findings showed
that the relationship between the gut microbiome and
irAEs remains unclear. And more researches across other
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cancer types are required to explore the impact of the
gut microbiota on irAEs and underlying mechanisms.
However, a higher abundance of the gut microbiome
was observed in patients who experienced mild diarrhea,
suggesting that whole gut microbiota community diversity
instead of specific specie enrichment might play a more
important role in preventing irAEs development. These
results inferred that the gut microbiome might serve as
a new biomarker to predict irAEs incidence and severity.
Furthermore, manipulating the gut microbial compo-
sition and diversity might protect against severe irAEs,
which provided a potential new therapeutic target for
modulating immunotherapy-induced toxicity.

There were some limitations in our study. First, several
confounding factors, such as dietary habits and geograph-
ical differences, were confirmed to affect the gut micro-
biome composition, which were not controlled in our
study. A recent study reported that concomitant medi-
cation of antibiotics, corticosteroids and proton pump
inhibitors was associated with worse outcome of pembroli-
zumab monotherapy in non-small cell lung cancer,”’
which indicated that concomitant medication should be
focused on in further gut microbial analysis on cancer
immunotherapy. Second, the sample size of our cohort
was limited. Some of the high or low abundance catego-
ries had a few patients in survival analysis and large-sample
study is required to validate our findings and hypothesis.
The dynamic analysis of gut microbiome in our study
was also small, which warranted more studies with large
sample to explore whether the favorable response to
immunotherapy depends on the baseline gut microbiota
or some specific bacterial species harbored during treat-
ment. Third, some different findings in patients with
HCC and BTC were not exactly consistent. Whether the
difference originated from cancer type or was due to
the small sample size in the subgroup remains unclear,
and further studies with large-scale sample is required to
explore the difference between HCC and BTC. Fourth,
host immune activation was not evaluated. The cross-talk
between the host immune and gut microbiome may be
the key mechanism modulating the antitumour immune
response. Immunological assessments, such as peripheral
immunophenotype and intratumour CD8 +Tcell infil-
tration, are crucial to elucidate the relationship between
the gut microbiome and the cancer immune response.
Finally, FMT in mouse model or patient cohorts with CBR
group-enriched taxa or feces is expected to confirm that
the gut microbiome can modulate the clinical response
to immunotherapy in hepatobiliary cancers.

CONCLUSIONS

In conclusion, we demonstrated that gut microbiome
diversity and relative abundance might be an effective
biomarker predicting the clinical benefit response and
irAE profile of anti-PD-1 immunotherapy in patients
with hepatobiliary cancers, which indicated that manip-
ulation of the gut microbiome to modulate cancer

immunotherapy might be a new therapeutic option for
systemic treatment of hepatobiliary cancers.
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