GUT MICROBES .
2023, VOL. 15, NO. 1, €2155018 (19 pages) IalyL?r &franCIs
https://doi.org/10.1080/19490976.2022.2155018 aylor &Francis Group

RESEARCH PAPER 8 OPEN ACCESS ’ n Checkforupdates‘

Alterations in gut microbiome and metabolomics in chronic hepatitis B
infection-associated liver disease and their impact on peripheral immune
response

Yue Shen=**, Sheng-Di Wu2*<*, Yao Chen¢, Xin-Yue Li¢, Qin Zhu®®, Kiyoko Nakayama?, Wan-Qin Zhang®®, Cheng-
Zhao Weng<, Jun Zhang<, Hai-Kun Wang', Jian Wu(®2?<, and Wei Jiang ()2°<

2Department of Gastroenterology & Hepatology, Zhongshan Hospital of Fudan University, Shanghai, China; ®Shanghai Institute of Liver
Diseases, Fudan University Shanghai Medical College, Shanghai, China; “Department of Gastroenterology& Hepatology, Zhongshan Hospital
Xiamen Branch of Fudan University, Xiamen, China; YDepartment of Emergency Medicine, Zhongshan Hospital of Fudan University, Shanghai,
China; eDepartment of Medical Microbiology & Parasitology, MOE/NHC/CAMS Key Laboratory of Medical Molecular Virology, School of Basic
Medical Sciences, Fudan University Shanghai Medical College, Shanghai, China; fCAS Key Laboratory of Molecular Virology and Immunology,
Institute Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai, China
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Gut dysbiosis has been reported in chronic hepatitis B (CHB) infection, however its role in CHB progres- Received 6 May 2022

sion and antiviral treatment remains to be clarified. Herein, the present study aimed to characterize gut ~ Revised 3 November 2022
microbiota (GM) in patients with chronic hepatitis B virus infection-associated liver diseases (HBV-CLD) by~ Accepted 30 November 2022

combining microbiome with metabolome analyses and to evaluate their effects on peripheral immunity. KEYWORDS
Fecal samples from HBV-CLD patients (n = 64) and healthy controls (n = 17) were collected for 16s rRNA Chronic hepatitis B virus
sequencing. Fecal metabolomics was measured with untargeted liquid chromatography-mass spectro- infection-associated liver

metry in subgroups of 58 subjects. Lineage changes of peripheral blood mononuclear cells (PBMCs) were disease; cirrhosis; antiviral
determined upon exposure to bacterial extracts (BE) from HBV-CLD patients. Integrated analyses of treatment; microbiome;
microbiome with metabolome revealed a remarkable shift of gut microbiota and metabolites in HBV- metabolome; peripheral
CLD patients, and disease progression and antiviral treatment were found to be two main contributing immunity

factors for the shift. Concordant decreases in Turicibacter with 4-hydroxyretinoic acid were detected to be

inversely correlated with serum AST levels through host-microbiota-metabolite interaction analysis in

cirrhotic patients. Moreover, depletion of E.hallii group with elevated choline was restored in patients

with 5-year antiviral treatment. PBMC exposure to BE from non-cirrhotic patients enhanced expansion of

T helper 17 cells; however, BE from cirrhotics attenuated T helper 1 cell count. CHB progression and

antiviral treatment are two main factors contributing to the compositional shift in microbiome and

metabolome of HBV-CLD patients. Peripheral immunity might be an intermediate link in gut microbe-

host interplay underlying CHB pathogenesis.
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Legend for graphical abstract

Integrated analyses of microbiome with metabolomics revealed a remarkable shift of gut micro-
biota and metabolites in HBV-CLD patients. Disease progression and entecavir treatment were
found to be two main contributing factors for the shift. Novel host-microbiota-metabolite interplay
was investigated (red, positive correlation; blue, negative correlation). Ex vivo results showed that
exposure of PBMCs to BE from non-cirrhotic patients promoted expansion of T helper 17 cells whilst
BE from cirrhotic patients attenuated T helper 1 cell count, suggesting peripheral immunity may be
one of mechanisms by which overall bacterial products exert profibrotic effects and have an impact
on prognosis of HBV-CLD patients. Our research confers new insights into the role of gut dysbiosis
and metabolomics in the pathogenesis of HBV-CLD, and underscores that disrupted peripheral
immunity homeostasis during the microbe-host interplay may contribute to fibrosis progression in
HBV-CLD. CHB, chronic hepatitis B (treatment-naive); Crrh, cirrhosis; ETV, entecavir; HBV-CLD,
chronic hepatitis B virus infection-associated liver diseases; HCs, healthy controls; MCFAs, medium
chain fatty acids; NC, non-cirrhosis; Th1, T helper 1; Th17, T helper 17.

Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ANOISM, analysis of similarities; AST,
aspartate aminotransferase; BE, bacterial extracts; BMI, body mass index; CC, compensated cirrhosis;
CHB, chronic hepatitis B; DB, direct bilirubin; DC, decompensated cirrhosis; DCA, deoxycholic acid;
ETV, entecavir; FDR, false discovery rate; GGT, y-glutamyl transpeptidase; GM, gut microbiota; HBV,
hepatitis B virus; HBV-CLD, chronic hepatitis B virus infection-associated liver diseases; HCs, healthy
controls; HCC, hepatocellular carcinoma; LC-MS, liquid chromatography-mass spectrometry; LRE,
liver-related events; LS, liver stiffness; ImP, imidazole propionate; IQR, interquartile range; MCFAs,
medium chain fatty acids; OCT, organic cation transporter; OPLS-DA, orthogonal partial least square
discriminant analysis; PBMCs, peripheral blood mononuclear cells; PERMANOVA, permutational
multivariate analysis of variance; PLS-DA, partial least square discriminant analysis; PCA, principal
component analysis; PcoA, principal coordinates analysis; PT, prolonged prothrombin time; SDs,
standard deviations; TB, total bilirubin; Tregs, regulatory T cells; Th1, T helper 1; Th17, T helper 17.

Introduction

Globally, there are still more than 257 million hepa-
titis B virus (HBV)-positive subjects.1 More than
90 million of HBV infection exists with progression
of 30 million infected individuals to chronic hepatitis
B (CHB) in China although HBV vaccination
resulted in a significant reduction in HBV infection
in general public.” The chronicity of HBV infection
is a global health burden and the leading cause for
liver-related events (LREs) including decompensa-
tion, hepatocellular carcinoma (HCC), liver trans-
plantation, and liver-related mortality.” Nucleoside/
nucleotide analogs and pegylated interferon-a (PEG-
IFN-a), the first-line anti-viral mediations, have slo-
wed down CHB progression with reduced LREs.*™®
However, progression undergoes even if a viral load
is undetectable (<50 IU/ml) in a small fraction of
subjects.” Therefore, pathophysiologic mechanisms
of the CHB progression remain not fully understood.

The influence of gut microbiota (GM) and its
derivatives on liver pathophysiology has drawn
great attention.>” Based on the structural link to
the intestine, the liver receives various gut-derived
substances (bacterial products, environmental tox-
ins, and food antigens) via the biliary tract, portal
vein, and systemic circulation. Considering the

uniquely intertwined connection between gut and
liver, the liver plays a vital role in the balance of
foreign substances and the systemic milieu."
Indeed, significant changes in GM composition
were determined in CHB patients characterized by
a gain in bacteria including Firmicutes, Streptococcus,
Proteobacteria, and Prevotella."''* HBV infection
has been demonstrated to alter the composition of
the GM in a mouse model by hydrodynamic injec-
tion to mimic either acute or chronic HBV
infection.'” In addition, entecavir (ETV) treatment
effectively corrected GM dysbiosis developed in per-
sistent HBV-infected mice.'® Nonetheless, detailed
genera profile alterations in connection with disease
progression and prognosis under antiviral treatment
have not been systematically established.

The profiling of complex microbial communities
using 16s rRNA sequencing lacks quantitative func-
tional annotation, which could be supplemented by
microbe-derived metabolites. Fecal metabolomics
appears to be a novel tool to explore the interplay
between the host and GM since metabolomic data
may explain impacts of GM on host metabolic and
immunogenic alterations.'”'® Growing evidence
revealed that gut microbe-derived metabolites, such
as trimethylamine, bile acids, short-chain fatty acids,



significantly affect the initiation and progression of
liver diseases.'” ' Therefore, comprehensive inte-
gration of host-microbiota with metabolomic data
may provide a clue to decipher the altered home-
ostasis of GM in CHB pathogenesis. In addition to
intestinal function and host metabolism, gut
microbe-derived metabolites are able to regulate
host immune system.”>*> Peripheral immunity
influences the course of chronicity, antiviral
response as well as the prognosis of chronic hepatitis
B virus infection-associated liver diseases (HBV-
CLD)."***® From clinical observations, it is learnt
that persistent inflammatory response may upregu-
late immunosuppressive pathways and promote
recruitment of immune regulatory cells to sustain
chronic HBV infection in an immune-tolerant
state."**** In this context, convincing evidence has
suggested that balances of Th1/Th2 and Treg/Th17
cells orchestrate HBV clearance and liver
inflammation.**"*® Thus, exploring the direct and
indirect immunomodulating effects of GM on per-
ipheral immunity creates a unique opportunity to
develop both novel prognostic signature and thera-
peutic approaches for HBV-CLD.

Therefore, in the present study, GM dysbiosis in
HBV-CLD patients was characterized by employing
16S rRNA gene amplicon sequencing and liquid
chromatography-mass spectrometry (LC-MS).
Microbiome and metabolomic profile in association
with liver stiffness regression after 5-year ETV treat-
ment has been established. Novel host-microbiota-
metabolite interplay underlying CHB pathogenesis
was investigated. Moreover, bacterial extracts (BE)
from both HBV-CLD patients and healthy controls
(HCs) were prepared for ex vivo exposure to confirm
the effects of HBV-CLD-associated GM on the per-
ipheral immune response. The findings confer new
insights into the role of GM in the pathogenesis of
HBV-CLD, and underscore that peripheral immu-
nity may act as an intermediate link in the microbe-
host interplay affecting CHB pathogenesis.

Materials and methods
Patients and study design

A total of 107 fecal samples were collected and 81
subjects were enrolled for final inclusion that was
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divided into two groups: HBV-CLD patients
(n = 64) and HCs (n = 17). Patients with entecavir-
based treatment for 104 weeks were recruited from
two multicenter, randomized, and controlled trials
registered at ClinicalTrials.gov (NCT01938781,
NCT01938820). Treatment-naive patients were
recruited from the outpatients of Zhongshan
Hospital of Fudan University from January 2015
to June 2016. HCs were recruited from volunteers
for routine health examinations in Zhongshan
Hospital. Key inclusion criteria were as follows:
(1) HBsAg-positive status lasted for at least
6 months before screening; (2) Serum HBV DNA
level was higher than 20,000 IU/mL for HBeAg-
positive patients or 2000 IU/mL for HBeAg-
negative patients. Diagnosis of compensated cir-
rhosis was made according to: (1) Metavir fibrosis
grade reached F4 based on liver biopsy; (2)
Esophageal varices, excluding non-cirrhotic portal
hypertension, was identified; (3) When biopsy and
endoscopy were unavailable, two of the following
four criteria were met: (1) Cirrhotic liver morphol-
ogy was indicated by imaging modalities (including
ultrasonography, computed tomography or mag-
netic resonance imaging); (2) Blood platelet count
was <100 x 10°/L with no other explanation; (3)
Albumin was <35 g/L, or international normalized
ratio was >1.3; (4) Liver stiffness parameter was
>12.4 kPa when alanine aminotransferase (ALT)
was <5 upper normal limit. Hepatic decompensa-
tion was defined by the presence of ascites, gastric
or esophageal varices bleeding, hepatic encephalo-
pathy or spontaneous bacterial peritonitis. Patients
with: (1) abnormal blood glucose/lipid, abnormal
urine and stool; (2) other viral hepatitis, autoim-
mune liver diseases or malignancy; (3) previous use
of antibiotics, probiotics or immunosuppressive
drugs within 8 weeks was excluded. Child-Pugh
score was calculated from 5 parameters (total bilir-
ubin (TB), serum albumin, prothrombin time (PT),
ascites and hepatic encephalopathy) to indicate the
severity of chronic liver disease. Written informed
consent was obtained from all patients enrolled in
the study. The study protocol (B2017-192 (2)) was
in accordance the ethical guidelines of the 1975
Declaration of Helsinki, and was approved by the
ethics committee of Zhongshan Hospital of Fudan
University.
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DNA extraction and 16S rRNA gene amplicon
sequencing and analysis

All stool samples were freshly collected and frozen
at —80°C within 2 h after sampling. DNA was
extracted using the E.Z.N.A. soil DNA kit (Omega
Bio-tek, Norcross, GA, U.S.). The hypervariable
region V3-V4 of the bacterial 16S rRNA gene was
amplified and sequenced using MiSeq platform
(Ilumina, San Diego, California, USA). Raw reads
were deposited into the NCBI sequence read
archive database (Bio-Project ID: PRJNA771991).
16S rRNA sequencing data were processed using
quantitative insights into microbial ecology
(QIIME2 V.2020.2) software. After paired-end
merging and error correction, DADA2 was further
applied for quality filtration, and a total of 663147
and 2470462 sequences were obtained from HCs
and HBV-CLD patients, respectively. After sub-
sampling each sample to an equal sequencing
depth (21107 reads per sample), qualified
sequences were clustered into 706 de novo opera-
tional taxonomic units at the 97% similarity thresh-
old level. A total of 230 genera of 11 phyla were
subsequently identified by RDP Classifier against
Silva database (V.13.8). Alpha diversity analysis was
undertaken by Mothur. Principal co-ordinates ana-
lysis (PCoA) and partial least square discriminant
analysis (PLS-DA) were utilized to evaluate global
microbiota composition (pB-diversity) based on
Bray-Curtis distances with statistical differences
between groups calculated by analysis of similari-
ties (ANOISM) and permutational multivariate
analysis of variance (PERMANOVA).

Fecal metabolome profiling and analysis

Fecal metabolome profiling of 39 samples was per-
formed on a Thermo UHPLC system coupled with
a Thermo Q Exactive Mass Spectrometer equipped
with an electrospray interface. Fecal samples were
accurately weighed following homogenization and
ultrasonication. Quality control samples (n = 7)
were pooled into vials in which aliquots of each
sample (10 pL) were mixed together for later LC/
MS analysis together with patient samples.
Metabolomic data were logl0 transformed and
analyzed by the progenesis QI software for peak
detection, extraction, alignment, and integration

(Majorbio Bio-Pharm Technology Co. Shanghai).
In total, 28118 and 32587 peaks were detected in
positive and negative modes. Metabolites were
further annotated against public databases includ-
ing Kyoto Encyclopedia of Genes and Genomes, the
Human Metabolome Database, Lipid Maps (v2.3)
and METLIN. Principal component analysis (PCA)
was carried out for ruling out samples outside 95%
confidence interval. Orthogonal partial least square
discriminant analysis (OPLS-DA) was performed
to visualize metabolic alterations between groups
based on response permutation testing (n = 200). In
general, metabolites with variable importance in
the projection (VIP) >1, (2) fold change (FC) >1.2
or <0.83 and (3) pyr <0.05 were considered differ-
entially abundant between groups.

Preparation of bacterial extract from fecal samples

BE was prepared as previously described.”>*° Fecal
sample at 150 mg was fully suspended in 3 mL of
PBS and subsequently filtrated through a 40-
pum-cell strainer for three times. Isolated bacteria
were washed twice with 1.5 mL of PBS, and then
resuspended in PBS supplemented with protease
inhibitor and phosphatase inhibitor. After heat-
inactivation at 65°C for 1 hour and sonication for
10 min, protein concentration and LPS levels were
measured separately with BCA protein assay and an
endotoxin detection kit. All BE preparations were
adjusted to a protein concentration of 5 mg/mlL, as
a concentration higher than this level led viability
of peripheral blood mononuclear cells (PBMCs) to
be reduced to <80% (Fig. S5E). A final BE concen-
tration was subsequently normalized to LPS levels
<1 ng/ml.

Isolation and exposure of human PBMCs to bacterial
extract

PBMCs were isolated from HCs as previously
described and stored in fetal bovine serum contain-
ing 10% DMSO at —80°C.”" Cell counting and via-
bility were examined with trypan-blue staining.
After being washed twice with PBS, PBMCs were
seeded in a density of 3*10E6 cells/mL in RPMI
medium supplemented with 10% FBS, 1% penicil-
lin/streptomycin and 1% glutamine.



An ex vivo model was applied to stimulate
PBMCs with BE from HCs, untreated non-
cirrhotic and cirrhotic CHB patients mimicking
the pathological circumstance under which the
intestinal permeability is increased and bacteria
along with pathogen-associated molecular patterns
translocated into the mesenteric portal blood flow.
Subsets of T helper 1 (Th1), T helper 17 (Th17) and
regulatory T (Treg) cells were induced for differen-
tiation 72 hrs after BE exposure with corresponding
antibodies and cytokines (Thl: anti-human CD3
(2 pg/mL), anti-human CD28 (2 pg/mL), recombi-
nant human IL-2 (10 ng/mL), anti-human IL-4
(10 pg/mL) and recombinant human IL-12
(10 ng/mL); Th17: anti-human CD3 (2 ug/mL),
anti-human CD28 (5 ug/mL), anti-human IFN-y
(5 ug/mL), anti-human IL-4 (5 pg/mL), recombi-
nant human IL-6 (30 ng/mL), recombinant human
TGF-B (3 ng/mL), recombinant human TNF-a
(10 ng/mL) and recombinant human IL-1p
(10 ng/mL); Treg: anti-human CD3 (2 pg/mL),
anti-human CD28 (2 ug/mL), recombinant
human IL-2 (5 ng/mL), TGF-f (3 ng/mL)).
Afterward, fresh medium supplemented with cell
stimulation cocktail (2 pL/ml, including PMA,
ionomycin, brefeldin A and monensin) in the
absence of BE was given for 4 h. Undifferentiated
PBMCs were stimulated for 3 days in the presence
of BE.

Flow cytometry of human PBMCs

Cells were harvested after BE exposure for subse-
quent surface antigen staining after blocking the Fc
receptor. Following surface antibodies were used:
CD3-PE, CD3-FITC, CD4-Percp, CD8-PECy7,
CD14-BV421, CD19-PECy7, CD25-APC, CD56-
FITC, CD45RO-APC, HLA-DR-APC, and CCR7-
BV421. Fixation/permeabilization solution kit was
employed to stain intracellular cytokines. Following
intracellular antibodies were used: IFN-y-BV510,
IL-17A-BV605, FoxP3-BV421, and IL-10-PECy7.
Stained PMBCs were analyzed by flow cytometry
in BD LSR Fortessa, and data were further analyzed
via Flow Jo software V10 (Tree Star). Detailed gat-
ing strategies of target cell population were shown
in Fig. $4 and Fig. S5.
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Statistical analysis

All data analysis was performed by SPSS version
22.0 software (SPSS Inc., Chicago, IL, United
States) and R (V.4.0.2). Continuous variables are
presented as means * standard deviations (SDs) or
median with interquartile range (IQR), as appro-
priate. Statistical analysis of continuous variables
assessing clinical characteristics with normal distri-
bution was calculated using two-tailed independent
t test or ANOVA test. Non-parametric Mann-
Whitney U-test or Kruskal-Wallis test was applied
for the comparison of data that did not fit a normal
distribution. Categorical variables were compared
by the Chi-square test. Partial spearman rank cor-
relation test was used to analyze the correlation
between genus and metabolites. Correlations of
clinical characteristics with taxa/metabolites were
assessed as well. A p value adjusted using
Benjamini-Hochberg false discovery rate (FDR)
<0.05 was regarded as statistically significant.

Results
Clinical characteristics of the enrolled subjects

16s TRNA gene amplicon sequencing was finally
performed in a total of 81 fecal samples, and untar-
geted metabolomic profiling was undertaken in
a subset of 39 samples (Figure 1a). Number of CHB
patients diagnosed with and without cirrhosis was 41
and 23, respectively. Demographic characteristics of
these cohorts are shown in Table 1. Body mass index
(BMI) was balanced across all groups. Cirrhotic
patients seemed to be older than non-cirrhotic sub-
jects (median: 52 vs. 47) with no statistical signifi-
cance. Cirrhotic patients had significantly higher
levels of serum aspartate aminotransferase (AST),
total bilirubin (TB), direct bilirubin (DB), prolonged
prothrombin time (PT) and increased international
normalized ratio with significantly decreased plate-
let, erythrocyte, leukocyte counts, reduced albumin
(ALB), and cholinesterase levels than non-cirrhotic
patients. Serum y-glutamyl transpeptidase (GGT)
and alkaline phosphatase (ALP) levels tended to be
higher in cirrhotic patients than non-cirrhotic sub-
jects although statistical analysis did not reach any
significance.
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LC-MS
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4. Previous history of HCC (n=1) and T2DM (n=4)
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Figure 1 :Distinct fecal microbiota profiles of HBV-CLD patients and HCs. Flow chart of the study design (a); B diversity (based on Bray-
Curtis distances) evaluated by PCoA analysis (b); PLS-DA analysis (c). HBV-CLD, chronic hepatitis B virus infection-associated liver
diseases; HC, healthy control; HCC, hepatocellular carcinoma; LC-MS, liquid chromatography-mass spectrometry; T2DM, diabetes

mellitus type 2.

Microbial community diversity of HBV-CLD patients

Alpha diversity indexes indicating community
richness, diversity, evenness and coverage were
assessed via Sobs, ACE, Chao, Shannon, Simpson,
Shannoneven, Simpsoneven, and Coverage
indexes. No significant changes in a diversity was
observed in the comparison between HBV-CLD
patients and HCs. Both qualitative PCoA and
PLS-DA analyses were performed to evaluate {
diversity. Overall GM community of HBV-CLD
patients was different from that of HCs as indicated
by PCoA analysis (p < .01, PERMANOVA test,
Figure 1b) and PLS-DA analysis (Figure 1lc).
Detailed subgroup analyses of a diversity and
diversity are shown in Supplementary file 1.
ANOSIM analysis was further performed.
Overall, differences in GM between the predefined
groups were small but statistically significant with
the highest differences observed between HCs and

cirrhotic subjects (Table 2). Notably, in the com-
parison of HCs and non-cirrhotic patients, there
was a marked difference in overall microbial com-
munity between HCs and treatment-naive patients
instead of those with antiviral treatment (Table 2).
In spite of receiving antiviral treatment or not, the
difference in overall microbial community between
HCs and the respective cirrhotic patients were of
statistical significance (Table 2). In the comparison
between cirrhotic and non-cirrhotic patients, sig-
nificant difference was confirmed in those receiving
antiviral treatment while not in treatment-naive
patients (Table 2). In summary, significant altera-
tions of gut microbial homeostasis were confirmed
during CHB progression. Antiviral therapy
appeared not only to inhibit HBV replication but
also partially corrected gut dysbiosis, and this phe-
nomenon seemed to be more distinct in non-
cirrhotic patients than cirrhotic patients.
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Figure 2 :Gut microbiota profile in HBV-CLD patients. The abundance of genera was log-transformed with 0 values assigned with 1e-05.
Box plots indicate median (middle line), 25th, 75th percentile (box) and maximum and minimum values (whisker). *ps,<0.05, **ps,
<0.01, ***pr,,<0.001, ****p., <0.0001. HBV-CLD, chronic hepatitis B virus infection-associated liver diseases; HC, healthy control.

Overall microbiota distribution and abundance

Relative abundance analysis was performed based
on 11 phyla, 20 classes, 32 orders, 65 families and
230 genera detected in all 81 fecal samples.
Distribution of predominant bacteria at different
taxonomic levels is shown in Supplementary file
1. Relative genus abundance was compared
between HCs and HBV-CLD patients (p;,<0.05,
Mann-Whitney U-test). Nine genera (Blautia,
Escherichia-Shigella, Bifidobacterium, Klebsiella,
Parasutterella,  E.hallii  group,  Collinsella,
Erysipelotrichaceae_UCG-003, Lactococcus) were
enriched in HC subjects; whereas six genera
(Fecalibacterium,  Streptococcus,  Sutterella,
Lachnospiraceae_ND-3007, Ruminiclostridium 9,
Lachnospiraceae_UCG-010)  were  markedly
increased in HBV-CLD patients (Figure 2). Genus
that was found to correlate with disease progression
as well as antiviral treatment according to subgroup
analyses was present in Table. S1& Table. S2 (ps,
<0.05, Kruskal-Wallis test). Twenty-one genera

reached statistical significance in the subgroup ana-
lysis based on the presence of cirrhosis (Table. S1).
The relative abundance of Fecalibacterium was
similar between HCs and non-cirrhotic patients;
whereas it was increased in cirrhotic patients, indi-
cating that its abundance was positively correlated
with disease progression of CHB. In contrast, the
abundance of Turicibacter and Adlercreutzia exhib-
ited a negative correlation with disease progression
(Figure 3a). In addition, the abundance of
Bifidobacterium, Escherichia-Shigella, and
Sutterella in HBV-CLD patients regardless of the
stage of fibrosis was shown to be at levels similar to
HCs (Figure 3b). In addition, thirty-seven genera
reaching suggestive statistical differences in sub-
group analysis based on antiviral treatment were
identified (Table. S2). Of note, the relative abun-
dance of Blautia, Dorea, and
Ruminococcaceae_ UCG-013 remained similar
between HCs and CHB patients receiving antiviral
treatment; whereas it was significantly different
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Figure 3 :Distinct gut microbiota profile regarding disease progression and antiviral treatment. Genera correlated with disease
progression (a); antiviral treatment (b); Venn diagram outlined the genera associated with disease progression and antiviral treatment
(). The abundance of genera was log-transformed with 0 values assigned with 1e-05. Box plots indicate median (middle line), 25th,
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chronic hepatitis B (treatment naive); Crrh, cirrhosis; ETV, entecavir; HC, healthy control; NC, non-cirrhosis.

from those without treatment, indicating that the
antiviral treatment may correct the gut dysbiosis
(Figure 3c). The abundance of Fusicatenibacter, E.
hallii group and Anaerostipes displayed the same
signature while with the adjusted p value to be
0.059, 0.055 and 0.060 in the comparison between
HCs and non-cirrhotic patients (Figure 3c).
However, the abundance of Escherichia-Shigella,
Collinsella, and Solobacterium in HBV-CLD
patients regardless of antiviral treatment was simi-
lar to that in HCs (Figure 3d). In summary, genera
Fecalibacterium, Turicibacter, and Adlercreutzia
were correlated with CHB progression, and
changes in genera Blautia, Dorea and
Ruminococcaceae_UCG-013 were partially restored
by ETV treatment (Figure 3e).

Fecal metabolomic profile in HBV-CLD patients

Overall alteration of fecal metabolites in HBV-CLD
patients

Untargeted metabolomics on thirty-nine fecal sam-
ples (HCs, n = 11, HBV-CLD, n = 28) was further
performed considering the interplay between GM
and host metabolism. OPLS-DA analysis indicated
that metabolic composition of HBV-CLD patients
was completely separated from that of HCs
(ER’Y (cum) = 0.994, Q* (cum) = 0.708; E*
R*Y (cum) = 0.993, Q* (cum) = 0.725, Fig. S1A).
2940 annotated metabolites were identified and 206
metabolites were statistically changed in HBV-CLD
patients when compared to HCs (pz;,<0.05, Table.
83). These metabolites are involved in tryptophan
metabolisms, primary bile acid biosynthesis,
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phenylalanine, tyrosine, and tryptophan biosynth-
esis, one carbon pool by folate, histidine metabo-
lism, glycerophospholipid metabolism, cholinergic
synapse, choline metabolism in cancer, central car-
bon metabolism in cancer, bile secretion
(Fig. S1D).

Representatively differential metabolites con-
cerning bile acids, fatty acids, vitamins, and amino
acids between HCs and HBV-CLD patients are
present (Figure 4a). 3-B-Hydroxy-5-cholestenoic
acid was dramatically decreased in HBV-CLD
patients, and its plasma level was able to predict a

diversity.”* 2-Hydroxyundecanoic acid, belonging
to a group of medium chain fatty acids (MCFAs)
that exert multiple effects including anti-fungal and
anti-inflammatory, was decreased in HBV-CLD
patients.’>** Furthermore, reduction of long-
chain fatty acids, such as 3-hydroxytetradecane-
dioic acid, which was down-regulated in the necro-
sis and apoptosis of hepatic L02 cells induced by
Pekinenal, was also observed in HBV-CLD
patients.”” Levels of calcitriol and 4-hydroxyreti-
noic acid were significantly lower in HBV-CLD
patients than HCs. Vitamins A and D are able to
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shape GM community through regulation of intest-
inal epithelium and mucosal immune system.>®
Their relevant metabolites are involved in the
pathogenesis of HBV-CLD, thus indicating vita-
mins are likely to participate in molecular commu-
nications between microbiota and host.’’** In
contrast, L-tryptophan was significantly up-
regulated.

Subgroup analysis of fecal metabolite shift in
HBV-CLD patients

In consistent with contributing factors in gut
microbial shift, OPLS-DA analyses based on disease
severity (Fig. S1B) and antiviral treatment (Fig.
S$1C) revealed a complete separation of metabolites.
Metabolites which were most distinct in cirrhotic
patients compared to HCs and non-cirrhotic
patients were fully explored (Figure 4b). 12-
Ketodeoxycholic acid is considered as a major tran-
sient product in the 7a-dehydroxylation of cholic
acid by 7-dehydroxylating bacteria, and it was sig-
nificantly downregulated in cirrhotic patients*”
A decrease of isobutyryl-L-carnitine was most pre-
dominant in cirrhotic patients. In contrast, higher
levels of 20-hydroxy-leukotriene E4 and 2-ethyl-
2-hydroxybutyric acid were found in cirrhotic
patients than non-cirrhotic patients and HCs.
Meanwhile, metabolites involving histidine meta-
bolism including imidazole propionate (ImP)
1,4-methylimidazoleacetic acid were elevated in cir-
rhotic patients compared to HCs. Microbe-derived
ImP may contribute to elevated inflammatory tone
in the mucosal lining and was associated with gas-
trointestinal inflammation.*’ Recently, it has been
shown to be involved in pathogenesis of type 2
diabetes while its role in liver diseases remains to
be further clarified.*>**

Regarding subgroup analysis based on antiviral
treatment, more attention was paid to metabolites
in which difference was most pronounced in treat-
ment-naive patients compared to HCs and patients
receiving antiviral treatment (Figure 4c).
Deoxycholic acid (DCA) and MCFAs (capric acid,
sebacic acid) were much lower in treatment-naive
patients than HCs and patients receiving ETV. In
contrast, the level of fecal phosphatidylcholine PC
(16:0/16:0) displayed an opposite trend. Increased
level of PC (16:0/16:0) was reported in neoplastic
tissues of HCC patients.** In addition, choline and

phosphocholine were more pronounced in
untreated patients than HCs and ETV-treated
patients as well.

Taken together, histidine-relevant metabolites,
such as ImP and 1,4-methylimidazoleacetic acid,
were enriched in cirrhotic patients, signifying its
potential role in CHB progression. Although not
prominent, the attenuation of choline metabolism
in patients with ETV treatment compared to treat-
ment-naive individuals is noteworthy (Figure 4d).

Taxonomic and functional composition of the gut
microbial community and metabolites was
correlated with hepatic dysfunction

Correlations between the disease-linked microbiota
and metabolites

A positive correlation was established between
microbial genus and metabolites enriched in con-
trols, as well as negative correlation between con-
trol-enriched genus and disease-enriched
metabolites (Figure 5a). Parasutterella, the genus
decreased in HBV-CLD patients, was positively
correlated with 4-hydroxyretinoic acid (r = 0.543,
p =.030). Reduced abundance of Turicibacter espe-
cially in cirrhotic patients was positively correlated
with control-enriched metabolites, such as
2-Hydroxyundecanoic acid (r = 0.571, p = .021)
and 4-hydroxyretinoic acid (r = 0.795, p = .000).
Notably, Turicibacter (r = 0.621, p = .010) and
Adlercreutzia (r = 0.536, p = .032) were positively
correlated with isobutyryl-L-carnitine. A decreased
level of sebacic acid was accompanied by reduced
Ruminococcaceae_UCG-013 (r = 0.703, p = .002) in
treatment-naive patients. An increased level of cho-
line in treatment-naive patients was negatively cor-
related with control-enriched genera E.hallii group
(r = —0.508, p = .045).

Correlations of microbial taxa and metabolites with
clinical presentations

Partial spearman correlation tests were utilized to
determine whether the alterations in fecal microbial
and metabolic composition were correlated with
biochemical parameters. Abundant metabolites
were differentially fallen into two main clusters
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Figure 5 :The host-microbiota-metabolite interplay in HBV-CLD patients. The heatmap depicts correlation (partial spearman analysis) of
disease-related taxa and metabolites (a); disease-related metabolites and clinical indexes (b); disease-related metabolites and clinical
indexes (). *ps4,<0.05, **pr4,<0.01, ***pr;,<0.001. ALB, albumin; ALT, alanine amino transferase; AST, aspartate aminotransferase; GGT,
y-glutamyl transpeptidase; TB, total bilirubin; DB, direct bilirubin; PT, prolonged prothrombin time.

(Figure 5b). Decreased levels of 3-PB-hydroxy
-5-cholestenoic acid (r = -0.471, p = .013) and
4-hydroxyretinoic acid (r = —0.384, p = .048) were
linked to increased AST. Moreover, 2-ethyl-
2-hydroxybutyric acid (r = 0.524, p = .005) and
phosphocholine (r = 0.418, p = .030) exhibited

positive correlations with AST. In addition, DB
level was positively linked to phosphocholine
(r = 0.395; p = .041) and 20-hydroxy-leukotriene
E4 (r = 0.495, p = .009); whereas negatively corre-
lated with 2-Hydroxyundecanoic acid (r = —0.446, p
= .020). A high level of choline especially in
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treatment-naive patients was accompanied with
increased ALP (r = 0.492, p = .009).

More importantly, novel accordance between
and host phenotypes was explored
(Figure 5c). Increased AST was linked to low levels
of Turicibacter (r = —0.386, p = .002), Adlercreutzia
(r = -0.282, p = .029), and E.hallii group
(r = -0278, p = .032). Overabundant
Streptococcus was positively correlated with serum
TB (r=0.301, p =.020), DB (r = 0.341, p = .008) and
HBV-DNA copies (r = 0.327, p = .011); whereas
negatively correlated with ALB (r = -0.403, p
= .001). On the contrary, Turicibacter exhibited
opposite correlations with TB (r = -0.286, p
= .027), DB (r = -0.350, p = .006).) and ALB
(r = 0363, p = .004). Interestingly,
Ruminococcaceae_UCG-013 (r = 0.321, p = .012),
which was depleted in treatment-naive patients
while restored after ETV treatment, was positively
correlated with ALB.

In summary, HC-enriched Turicibacter and
4-hydroxyretinoic acid concordantly presented an
inverse correlation with serum AST. Key negative
correlation was established between E.hallii group
and choline, suggesting that novel host-microbiota-
metabolite interplay may affect fibrosis progression
and effects of antiviral treatment.

taxa

Representative microbiota and metabolites
reflected liver stiffness regression

The LS of patients receiving antiviral treatment was
followed up for five years. LS value was defined as
regression when it was decreased by more than 30%
compared to the baseline. Twenty-five of 37
patients receiving ETV treatment achieved LS
regression. Dynamic LS change in both regression
and non-regression cohorts was shown in Fig. S2A.
Four candidate genera including E.hallii group,
Blautia, R.torques group, and Coprococcus 3 in
microbiota were found to be associated with LS
regression (p < .05 while pg;,>0.05) (Fig. S2B).
Moreover, 143 metabolites exhibited remarkable
difference between these two groups. Cholic acid
was decreased; whilst DCA was increased in non-
regression patients. Both L-glutamate and stearido-
nic acid were significantly increased in non-
regression group (Fig. S2C). Taken together, repre-
sentative genera (E.hallii group, Blautia), and

metabolites (cholic acid, DCA) were associated
with LS regression, which highlights that specific
gut dysbiosis may serve as potential prognosis mar-
kers in CHB patients with long-term antiviral
treatment.

Ex vivo stimulation of patient-derived bacterial
extracts on PBMCs

In addition to the correlation analysis, direct effects
of bacterial extracts (BE) from treatment naive
HBV-CLD patients on peripheral immunity remain
unexplored, but fundamentally important.
Therefore, PBMCs from HCs were exposed to BE
from HBV-CLD cirrhosis (n = 24), non-cirrhosis
(n = 12), and HC (n = 12) subjects. No significant
difference was observed in total CD4"CD8" cell
(CD3"CD4"CD87) counts after the treatment.
Surprisingly, BE from treatment naive HBV-CLD
patients attenuated the expansion of T helper 1 cells
(Th1 (CD3"CD4'IFN-y") p = .002), and this effect
was remarkably predominant in patients with liver
cirrhosis compared to HCs (Th1 p =.002, Figure 6a
and b). In contrast, BE from HBV-CLD patients
(p = .004), especially those without liver cirrhosis
(p = .003), significantly provoked the expansion of
T helper 17 cells (Th17 (CD3"CD4'IL-17A")) com-
pared to HCs (Figure 6a and c). The change of
T regular cell count (Tregs
(CD3"CD4"CD25"Foxp3*) p = .830) did not
reach statistical significance (Fig. S3A) under BE
exposure. Furthermore, there was a descending
tendency in total CD8" T «cell count
(CD3"CD4°CD8") and a growing tendency in
cytotoxic CD8" T cells
(CD3"CD4 CD8"CD45RO CCR7") counts after
BE exposure from HBV-CLD patients (p > .05,
Fig. S3B&C). In addition, antigen-presenting cell
populations including monocytes (CD3 CD14"),
myeloid dendritic cells
(CD3°CD19 CD56"HLADR') and B cells
(CD37°CD19"), were also measured under ex vivo
exposure to BE. Regardless of liver cirrhosis, BE
from patients significantly attenuated expansion
of monocytes compared to BE from HCs
(p < .0001, (Figure 6a-d)). Further classifying
monocytes based on relative expression levels of
CD14 and CD16 surface proteins, our results indi-
cated that pro-inflammatory intermediate (CD14"
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Figure 6 :Exposure of PBMCs to patient-derived BEs resulted in altered T cell subtype counts. Th17 (CD3*CD4*IL-17A%), Th1
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cirrhosis; HBV-CLD, hepatitis B virus related chronic liver diseases;

17.

"CD16") monocytes were decreased by BE stimula-
tion from patients compared to BE form HCs
(Figure 2b). Accordingly, the ratio of classical
monocytes (CD14"CD167) increased after BE
exposure from HBV-CLD patients in contrast to

.05, ¥*p < .01, ***p < 001, ****p < .0001. BE, bacterial extracts; Crrh,

HC, healthy control; NC, non-cirrhosis; Th1, T helper 1; Th17, T helper

BE form HCs (data not shown). However, there was
no change in B cells and dendritic cells under BE
exposure. NK cell population (CD3"CD56") was
not changed strikingly however tended to decrease
(Fig. S3D). Ratios of each cell population and



€2155018-14 (&) Y.SHENETAL.

statistical comparisons were present in Table. S4.
In summary, BE from non-cirrhotic patients sig-
nificantly enhanced the expansion of T helper 17
cells; however, BE from cirrhotic patients repressed
T helper 1 cells, indicating that signaling from GM
in addition to HBV-specific antigen may shape the

peripheral immunity by altering T cell
subpopulations.
Discussion

In the present study, data generating from micro-
biome and metabolomic analysis have comprehen-
sively demonstrated compositional changes of GM
community in HBV-CLD patients, and identified
distinct microbiota profiles and metabolomic sig-
natures that were correlated to CHB progression
and antiviral treatment. Furthermore, correlations
between microbial and metabolomic profiles as well
as between microbiota/metabolites and clinical pre-
sentations were extensively investigated. In addi-
tion, PBMCs were exposed to bacterial extracts
from HCs and treatment-naive CHB patients to
examine the effects of HBV-CLD-associated micro-
biota and metabolites on the peripheral immunity,
thus providing a new approach to investigate the
role of gut microbiota in the pathogenesis of HBV-
CLD.

In accordance with previous studies, the abun-
dance of Bifidobacterium and Escherichia-Shigella

was  downregulated  while  overabundant
Streptococcus was confirmed in HBV-CLD
patients.'"'#*>%¢  Regarding  host-microbe-

metabolite interplay involved in disease progres-
sion, both Turicibacter and Adlercreutzia were
found to positively correlate with isobutyryl-
L-carnitine, which has been identified to be
a biomarker of hepatic organic cation transporter-
1.*” The three taxa and metabolites were decreased
dramatically in cirrhotic patients compared to HCs.
HC-enriched Turicibacter and Adlercreutzia have
been proposed to be potentially beneficial genera
with anti-inflammatory property.***’ Indeed, both
microbial species presented inverse correlation
with AST, and Turicibacter exhibited a negative
correlation with TB, DB, suggesting their beneficial
roles in HBV-CLD.

Regarding the effects of antiviral treatment on
GM, the depletion of E.hallii group and Blautia was

confirmed in treatment-naive patients; whilst it was
restored in patients with ETV treatment compared
to HCs. Both microbial genera tended to be
decreased in a non-regression cohort. Butyrate-
producing E.hallii group, which was inversely asso-
ciated with AST and disease-enriched choline in
this our study, has been proven to be beneficial in
generating secondary bile acids.”®”' Considering
the restored DCA level in patients with antiviral
treatment compared to those without, a direct effect
of antiviral treatment on the modulation of second-
ary bile acids through E.hallii group in the patho-
genesis of HBV-CLD is worthy of further study. In
addition, Blautia, a genus of anaerobic bacteria
with probiotic characteristics, has drawn attention
for its ability in the alleviation of metabolic syn-
drome as well as biological transformation.>
Interestingly, its decrease was confirmed both in
patients with IgG4-related sclerosing cholangitis
as well as in a mouse model of recombinant AAV-
induced persistent HBV infection, suggesting its
protective role in chronic liver disease.'®*
A prospective longitudinal cohort study indicated
that the achievement of sustained virological
response (SVR) restored the level of Collinsella,
only in non-cirrhotic patients with chronic hepati-
tis .>* However, a lower level of the abundance of
Collinsella was observed in HBV-CLD patients
regardless of treatment compared to HCs.
A longitudinal follow-up cohort study regarding
the long-term effects of antiviral treatment on the
GM community should be carried out in HBV-
CLD patients.

In order to explore the mechanism by which the
compositional and functional shift of GM contrib-
uted to the pathogenesis of HBV-CLD, further
efforts were made to evaluate direct effect of GM
from untreated HBV-CLD patients on peripheral
immunity by exposure of PBMCs to BE treatment.
BE from non-cirrhotic patients had the most capa-
city to elicit expansion of Th17 cells compared to
HCs in consistent with increased frequency of cir-
culating Th17 cells in CHB patients.”® Redundant
Th17 immunity has been recognized as key immu-
nopathological and prognostic elements responsi-
ble for fibrogenesis and progression to cirrhosis in
CHB patients including hepatic stellate cell
activation,”>”® increased expression of TGF-B,”’
MMPs,>>>”® collagen synthesis,”>”” and enhanced



recruitment of inflammatory cells.”®>® Treg cells
characterized by strong immunosuppressive activ-
ity play a key role in alleviating liver injury as well
as sustaining persistent HBV infection via down-
regulating inflammation depending on its present-
ing time. The ratio of Treg/Th17 has been sug-
gested as an inflammation indicator of peripheral
immunity in HBV-CLD patients.”” However,
a slight increase in CD3"CD4"CD25 Foxp3*
Tregs in HBV-CLD patients did not reach statistical
significance. These results suggested that in addi-
tion to HBV-related antigens, components in BE
derived from non-cirrhotic HBV-CLD patients
promoted a proinflammatory and profibrotic
environment by inducing Th17 cells. In addition,
BE from cirrhotic patients compared to HCs atte-
nuated expansion of Thl cells. Activation of Thl
immunity accompanied by the facilitation of HBV-
specific cytotoxic T lymphocytes has been con-
firmed in CHB patients with successful elimination
of HBV.®%%! Moreover, circulating Thl in non-
response CHB patients increased in a much lower
degree than complete-response and part-response
CHB patients during 52-week telbivudine
monotherapy.®” Though with potent antiviral ther-
apy, progression of liver fibrosis still occurs in 10%-
20% of CHB patients with ambiguous risk factors.”
According to a previous report, GM plays a critical
role in age-related immune clearance of HBV, and
fecal microbiota transplantation may induce
HBeAg clearance in a significant proportion of the
patients with persistent positive HBeAg even after
long-term antiviral treatment.>** The attenuation
of Thl cells induced by BE from cirrhotic patients
provides a new hint regarding whether the effects of
GM-derived signaling on peripheral immunity
could be a novel factor contributing to the hetero-
geneity of long-term outcomes or treatment
responses of antiviral therapy in CHB patients.
Taken together, the major ex vivo findings of
T cell subpopulation analysis demonstrated that
patient-derived BE may shape peripheral immunity
that contributes to fibrosis progression and has an
impact on prognosis of HBV-CLD patients.
Several limitations should be acknowledged in
our study. Firstly, small sample size of microbiome
and metabolomics may restrict significance and
stability of the results. A long-term follow-up of
prospective cohorts is needed to further validate
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candidate taxa/metabolites. Secondly, 16s rRNA
sequencing is not able to provide GM annotations
accurate to “species” level. Vague annotations may
lead to controversial results, for instance, the
change in the abundance of Escherichia-Shigella
varied from study to study.'"**®® Thus, shotgun
metagenomic sequencing should be performed for
further microbiome analysis which is able to pro-
vide more accurate GM annotations and to give
direct indications of GM function for further
mechanistic investigations. Thirdly, absolute quan-
titation of candidate GM-derived metabolites
should be obtained through targeted LCMS. The
causal connection between microbiota and meta-
bolite needs to be further verified through huma-
nized animal models colonized by both candidate
genera/metabolites and GM community isolated
from HBV-CLD patients.®® All these limitations
warrant further investigations with more adavnced
technologies in expanded cohort size and extended
follow-up duration.

In conclusion, disease progression
(Fecalibacterium, Turicibacter, Adlercreutzia; iso-
butyryl-L-carnitine, ImP, 1,4-methylimidazolea-
cetic acid) and antiviral treatment (Blautia,
Ruminococcaceae_UCG-013,  E.hallii  group;
DCA, choline, phosphocholine) are major con-
tributors to the compositional shift of gut micro-
biota and metabolites in HBV-CLD patients. The
complicated interplay between altered genera
and metabolites were fully identified through
subsequent network of correlation analysis,
which revealed a positive link between
Turicibacter and 4-hydroxyretinoic and inverse
correlation between E.hallii group and choline.
Moreover, peripheral immunity may be one
mechanism by which overall bacterial products
exert profibrotic effects and have an impact on
prognosis of HBV-CLD patients as non-cirrhotic
patient-derived BE significantly provoked the
expansion of T helper 17 cells; however, BE
from cirrhotic patients repressed T helper 1
cells from PBMCs isolated from HCs. The find-
ings confer new insights into the role of gut
dysbiosis and metabolomics in the pathogenesis
of HBV-CLD, and underscore that disrupted
peripheral immunity homeostasis during the
microbe-host interplay may contribute to fibro-
sis progression in HBV-CLD.



€2155018-16 Y. SHEN ET AL.

Acknowledgments

We would like to thank Wei Ma for his assistance in sample
collection. Part of work was present at International Liver
Congress, June 22-26, 2022, London, United Kingdom, by
European Association for the Study of Liver (EASL) and
published as an abstract in J Hepatol 2022; 77, S1:173-176.

Disclosure statement

All authors declare that no conflict of interest is associated
with participation and contribution to this work.

Funding

This work was supported by Natural Science and Technology
Major Project of Fujian Province (2021D033 to W.J.), Natural
Science Foundation of Shanghai (20ZR1410900 to W.]J.),
National Science and Technology Major Project (2017ZX
10203202-003-002 to W.J.), National Natural Science
Foundation of China (#81670541 to W.]; 81572356,
81871997, 82170624 to J.W.), as well as the National Key
R&D Program of China (#2016YFE0107400) to J.W.

ORCID

Jian Wu
Wei Jiang

http://orcid.org/0000-0001-9933-7364
http://orcid.org/0000-0002-9354-6699

References

1. Tang LSY, Covert E, Wilson E, Kottilil S. Chronic hepa-
titis B infection: a review. JAMA. 2018;319:1802-1813.
doi:10.1001/jama.2018.3795.

2. Polaris Observatory C, Gamkrelidze I, Nguyen MH,
Chen D-S, Van Damme P, Abbas Z, Abdulla M, Abou
Rached A, Adda D, Aho I. Global prevalence, treatment,
and prevention of hepatitis B virus infection in 2016:
a modelling study. Lancet Gastroenterol Hepatol.
2018;3:383-403. doi:10.1016/S2468-1253(18)30056-6.

3. Wong MCS, Huang JLW, George J, Huang ], Leung C,
Eslam M, Chan HLY, Ng SC. The changing epidemiol-
ogy of liver diseases in the Asia-Pacific region. Nat Rev
Gastroenterol Hepatol. 2019;16(1):57-73. doi:10.1038/
s41575-018-0055-0.

4. Lampertico P, Agarwal K, Berg T, Buti M, Janssen HLA,
Papatheodoridis G, Zoulim F, Tacke F. European
Association for the Study of the Liver. Electronic
address eee, European association for the study of the
L. EASL 2017 clinical practice guidelines on the man-
agement of hepatitis B virus infection. ] Hepatol.
2017;67(2):370-398. doi:10.1016/j.jhep.2017.03.021.

5. Liaw Y-F, Sung JJ, Chow WC, Farrell G, Lee C-Z,
Yuen H, Tanwandee T, Tao Q-M, Shue K, Keene ON,

10.

11.

12.

13.

14.

15.

16.

17.

et al. Lamivudine for patients with chronic hepatitis
B and advanced liver disease. N Engl ] Med. 2004;351
(15):1521-1531. doi:10.1056/NEJM0a033364.

. Wong GL, Chan HL, Mak CW, Lee SKY, Ip ZMY,

Lam ATH, Iu HWH, Leung JMS, Lai JWY, Lo AOS, et
al. Entecavir treatment reduces hepatic events and deaths
in chronic hepatitis B patients with liver cirrhosis.
Hepatology. 2013;58(5):1537-1547. doi:10.1002/hep.
26301.

. Sun Y, Zhou J, Wang L, Wu X, Chen Y, Piao H, Lu L,

Jiang W, Xu Y, Feng B, et al. New classification of liver
biopsy assessment for fibrosis in chronic hepatitis
B patients before and after treatment. Hepatology.
2017;65(5):1438-1450. doi:10.1002/hep.29009.

. Wang R, Tang R, Li B, Ma X, Schnabl B, Tilg H. Gut

microbiome, liver immunology, and liver diseases. Cell
Mol Immunol. 2021;18(1):4-17. doi:10.1038/s41423-
020-00592-6.

. Liu C, Wang Y-L, Yang -Y-Y, Zhang N-P, Niu C,

Shen X-Z, Wu J. Novel approaches to intervene gut
microbiota in the treatment of chronic liver diseases.
FASEB J. 2021;35(10):e21871.  doi:10.1096/fj.
202100939R.

Lynch SV, Pedersen O. The human intestinal micro-
biome in health and disease. N Engl ] Med.
2016;375:2369-2379. d0i:10.1056/NEJMral600266.
Wang J, Wang Y, Zhang X, Liu J, Zhang Q, Zhao Y,
Peng ], Feng Q, Dai J, Sun S, et al. Gut microbial
dysbiosis is associated with altered hepatic functions
and serum metabolites in chronic hepatitis B patients.
Front Microbiol. 2017;8:2222. doi:10.3389/fmicb.2017.
02222.

Wang X, Chen L, Wang H, Cai W, Xie Q. Modulation of
bile acid profile by gut microbiota in chronic hepatitis B.
J Cell Mol Med. 2020;24:2573-2581. doi:10.1111/jcmm.
14951.

Yun Y, Chang Y, Kim HN, Ryu S, Kwon M-J, Cho Y,
Kim H-L, Cheong H, Joo E-J. Alterations of the gut
microbiome in chronic hepatitis B virus infection asso-
ciated with alanine aminotransferase level. J Clin Med.
2019;8:173. d0i:10.3390/jcm8020173.

ChenY, Yang F, Lu H, Wang B, Chen Y, Lei D, Wang Y,
Zhu B, Li L. Characterization of fecal microbial com-
munities in patients with liver cirrhosis. Hepatology.
2011;54:562-572. doi:10.1002/hep.24423.

Zhu Q, Xia P, Zhou X, Li X, Guo W, Zhu B, Zheng X,
Wang B, Yang D, Wang J, et al. Hepatitis B virus infection
alters gut microbiota composition in mice. Front Cell
Infect Microbiol. 2019;9:377. doi:10.3389/fcimb.2019.
00377.

Li X, Wu S, Du Y, Yang L, Li Y, Hong B. Entecavir
therapy reverses gut microbiota dysbiosis induced by
hepatitis B virus infection in a mouse model.
Int ] Antimicrob Agents. 2020;56:106000. doi:10.1016/
j.ijantimicag.2020.106000.

Chu H, Duan Y, Yang L, Schnabl B. Small metabolites,
possible big changes: a microbiota-centered view of


https://doi.org/10.1001/jama.2018.3795
https://doi.org/10.1016/S2468-1253(18)30056-6
https://doi.org/10.1038/s41575-018-0055-0
https://doi.org/10.1038/s41575-018-0055-0
https://doi.org/10.1016/j.jhep.2017.03.021
https://doi.org/10.1056/NEJMoa033364
https://doi.org/10.1002/hep.26301
https://doi.org/10.1002/hep.26301
https://doi.org/10.1002/hep.29009
https://doi.org/10.1038/s41423-020-00592-6
https://doi.org/10.1038/s41423-020-00592-6
https://doi.org/10.1096/fj.202100939R
https://doi.org/10.1096/fj.202100939R
https://doi.org/10.1056/NEJMra1600266
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.1111/jcmm.14951
https://doi.org/10.1111/jcmm.14951
https://doi.org/10.3390/jcm8020173
https://doi.org/10.1002/hep.24423
https://doi.org/10.3389/fcimb.2019.00377
https://doi.org/10.3389/fcimb.2019.00377
https://doi.org/10.1016/j.ijantimicag.2020.106000
https://doi.org/10.1016/j.ijantimicag.2020.106000

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

non-alcoholic fatty liver disease. Gut. 2019;68:359-370.
doi:10.1136/gutjnl-2018-316307.

Sun X, Pan CQ, Xing H. Effect of microbiota metabo-
lites on the progression of chronic hepatitis B virus
infection. Hepatol Int. 2021;15(5):1053-1067. doi:10.
1007/s12072-021-10230-6.

Koh A, De Vadder F, Kovatcheva-Datchary P, Biackhed F.
From dietary fiber to host physiology: short-chain fatty
acids as key Dbacterial metabolites.  Cell.
2016;165:1332-1345. doi:10.1016/j.cell.2016.05.041.
Zhao M, Zhao L, Xiong X, He Y, Huang W, Liu Z, Ji L,
Pan B, Guo X, Wang L, et al. TMAVA, a metabolite of
intestinal microbes, is increased in plasma from patients
with liver steatosis, inhibits gamma-butyrobetaine
hydroxylase, and exacerbates fatty liver in mice.
Gastroenterology. 2020;158:2266-2281 e27. doi:10.
1053/j.gastro.2020.02.033.

Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in
gastrointestinal inflammation and carcinogenesis. Nat
Rev Gastroenterol Hepatol. 2018;15:111-128. doi:10.
1038/nrgastro.2017.119.

Sun M, Wu W, Chen L, Yang W, Huang X, Ma C,
Chen F, Xiao Y, Zhao Y, Ma C, et al. Microbiota-
derived short-chain fatty acids promote Th1 cell IL-10
production to maintain intestinal homeostasis. Nat
Commun. 2018;9(1):3555. doi:10.1038/s41467-018-
05901-2.

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory
T-cell development by a commensal bacterium of the
intestinal microbiota. Proc Natl Acad Sci U S A.
2010;107:12204-12209. doi:10.1073/pnas.0909122107.
Bertoletti A, Ferrari C. Adaptive immunity in HBV
infection. ] Hepatol. 2016;64(1):S71-S83. doi:10.1016/j.
jhep.2016.01.026.

Lan P, Zhang C, Han Q, Zhang J, Tian Z. Therapeutic
recovery of hepatitis B virus (HBV)-induced
hepatocyte-intrinsic immune defect reverses systemic
adaptive immune tolerance. Hepatology.
2013;58:73-85. d0i:10.1002/hep.26339.

Paquissi FC. Immunity and fibrogenesis: the role of
Th17/IL-17 axis in HBV and HCV-induced chronic
hepatitis and progression to cirrhosis. Front Immunol.
2017;8:1195. doi:10.3389/fimmu.2017.01195.

Ye Y, Xie X, Yu J, Zhou L, Xie H, Jiang G, Yu X,
Zhang W, Wu ], Zheng S, et al. Involvement of Th17
and Thl effector responses in patients with Hepatitis B.
J Clin Immunol. 2010;30(4):546-555. d0i:10.1007/
s10875-010-9416-3.

LiJ, Qiu S-J, She W-M, Wang F-P, Gao H, Li L, Tu C-T,
Wang J-Y, Shen X-Z, Jiang W, et al. Significance of the
balance between regulatory T (Treg) and T helper 17
(Th17) cells during hepatitis B virus related liver
fibrosis. PLoS One. 2012;7(6):€39307. doi:10.1371/jour
nal.pone.0039307.

Behary J, Amorim N, Jiang X-T, Raposo A, Gong L,
McGovern E, Ibrahim R, Chu F, Stephens C, Jebeili H.
Gut microbiota impact on the peripheral immune

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

GUT MICROBES (&) 215501817

response in non-alcoholic fatty liver disease related
hepatocellular carcinoma. Nat Commun. 2021;12
(1):187. doi:10.1038/s41467-020-20422-7.
Cekanaviciute E, Yoo BB, Runia TF, Debelius JW,
Singh S, Nelson CA, Kanner R, Bencosme Y, Lee YK,
Hauser SL, et al. Gut bacteria from multiple sclerosis
patients modulate human T cells and exacerbate symp-
toms in mouse models. Proc Natl Acad Sci U S A.
2017;114(40):10713-10718. doi:10.1073/pnas.
1711235114.

Wang S, Li ], Wu S, Cheng L, Shen Y, Ma W, She W,
Yang C, Wang J, Jiang W, et al. Type 3 innate lymphoid
cell: a new player in liver fibrosis progression. Clin Sci
(Lond). 2018;132(24):2565-2582. doi:10.1042/
CS$20180482.

Wilmanski T, Rappaport N, Earls JC, Magis AT, Manor
O, Lovejoy J, Omenn GS, Hood L, Gibbons SM, Price
ND, et al. Blood metabolome predicts gut microbiome
alpha-diversity in  humans. Nat Biotechnol.
2019;37:1217-1228. d0i:10.1038/s41587-019-0233-9.
Muthamil S, Balasubramaniam B, Balamurugan K.
Synergistic effect of quinic acid derived from syzygium
cumini and undecanoic acid against candida spp.
Biofilm and Virulence Front Microbiol. 2018;9:2835.
Lee JH, Kim YG, Khadke SK, Lee J. Antibiofilm and
antifungal activities of medium-chain fatty acids against
Candida albicans via mimicking of the quorum-sensing
molecule farnesol. Microb Biotechnol.
2021;14:1353-1366. do0i:10.1111/1751-7915.13710.

Shi J, Zhou J, Ma H, Guo H, Ni Z, Duan J, Tao W,
Qian D. An in vitro metabolomics approach to identify
hepatotoxicity biomarkers in human L02 liver cells
treated with pekinenal, a natural compound. Anal
Bioanal Chem. 2016;408:1413-1424. doi:10.1007/
500216-015-9202-4.

Cantorna MT, Snyder L, Arora J. Vitamin A and vitamin
D regulate the microbial complexity, barrier function,
and the mucosal immune responses to ensure intestinal
homeostasis. Crit Rev Biochem Mol Biol. 2019;54
(2):184-192. doi:10.1080/10409238.2019.1611734.

Chan HL, Elkhashab M, Trinh H, Tak WY, Ma X,
Chuang W-L, Kim Y], Martins EB, Lin L, Dinh P, et
al. Association of baseline vitamin D levels with clinical
parameters and treatment outcomes in chronic hepatitis
B. ] Hepatol. 2015;63(5):1086-1092. doi:10.1016/j.jhep.
2015.06.025.

Huan B, Kosovsky M]J, Siddiqui A. Retinoid X receptor
alpha transactivates the hepatitis B virus enhancer 1
element by forming a heterodimeric complex with the
peroxisome proliferator-activated receptor. J Virol.
1995;69(1):547-551. doi:10.1128/jvi.69.1.547-551.1995.
Huan B, Siddiqui A. Retinoid X receptor RXR alpha
binds to and trans-activates the hepatitis B virus
enhancer. Proc Natl Acad Sci U S A.
1992;89:9059-9063. doi:10.1073/pnas.89.19.9059.
Marion S, Studer N, Desharnais L, Menin L, Escrig S,
Meibom A, Hapfelmeier S, Bernier-Latmani R. In vitro


https://doi.org/10.1136/gutjnl-2018-316307
https://doi.org/10.1007/s12072-021-10230-6
https://doi.org/10.1007/s12072-021-10230-6
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1053/j.gastro.2020.02.033
https://doi.org/10.1053/j.gastro.2020.02.033
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1038/s41467-018-05901-2
https://doi.org/10.1038/s41467-018-05901-2
https://doi.org/10.1073/pnas.0909122107
https://doi.org/10.1016/j.jhep.2016.01.026
https://doi.org/10.1016/j.jhep.2016.01.026
https://doi.org/10.1002/hep.26339
https://doi.org/10.3389/fimmu.2017.01195
https://doi.org/10.1007/s10875-010-9416-3
https://doi.org/10.1007/s10875-010-9416-3
https://doi.org/10.1371/journal.pone.0039307
https://doi.org/10.1371/journal.pone.0039307
https://doi.org/10.1038/s41467-020-20422-7
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1042/CS20180482
https://doi.org/10.1042/CS20180482
https://doi.org/10.1038/s41587-019-0233-9
https://doi.org/10.1111/1751-7915.13710
https://doi.org/10.1007/s00216-015-9202-4
https://doi.org/10.1007/s00216-015-9202-4
https://doi.org/10.1080/10409238.2019.1611734
https://doi.org/10.1016/j.jhep.2015.06.025
https://doi.org/10.1016/j.jhep.2015.06.025
https://doi.org/10.1128/jvi.69.1.547-551.1995
https://doi.org/10.1073/pnas.89.19.9059

€2155018-18 Y. SHEN ET AL.

41.

42.

43.

44.

45.

46.

47.

48.

49.

and in vivo characterization of Clostridium scindens
bile acid transformations. Gut Microbes. 2019;10
(4):481-503. d0i:10.1080/19490976.2018.1549420.

Der Heiden C V, Wadman SK, De Bree PK,
Wauters EAK. Increased urinary imidazolepropionic
acid, n-acetylhistamine and other imidazole com-
pounds in patients with intestinal disorders. Clinica
Chimica Acta. 1972;39:201-214. doi:10.1016/0009-
8981(72)90317-8.

Koh A, Molinaro A, Stdhlman M, Khan MT, Schmidt C,
Manneras-Holm L, Wu H, Carreras A, Jeong H,
Olofsson LE, et al. Microbially produced imidazole pro-
pionate impairs insulin signaling through mTORCI.
Cell. 2018;175(4):947-961.e17. doi:10.1016/j.cell.2018.
09.055.

Molinaro A, Bel Lassen P, Henricsson M, Wu H,
Adriouch S, Belda E, Chakaroun R, Nielsen T,
Bergh P-O, Rouault C, et al. Imidazole propionate
is increased in diabetes and associated with dietary
patterns and altered microbial ecology. Nat
Commun. 2020;11(1):5881. do0i:10.1038/s41467-020-
19589-w.

Li Z, Guan M, Lin Y, Cui X, Zhang Y, Zhao Z, Zhu J.
Aberrant lipid metabolism in hepatocellular carcinoma
revealed by liver lipidomics. Int ] Mol Sci. pp.18. 2017.
doi:10.3390/ijms19010018

Zeng Y, Chen S, Fu Y, Wu W, Chen T, Chen J, Yang B,
Ou Q. Gut microbiota dysbiosis in patients with hepa-
titis B virus-induced chronic liver disease covering
chronic hepatitis, liver cirrhosis and hepatocellular car-
cinoma. J Viral Hepat. 2019;27:143-155. doi:10.1111/
jvh.13216.

Liu Q, Li F, Zhuang Y, Xu J, Wang J, Mao X, Zhang Y,
Liu X. Alteration in gut microbiota associated with
hepatitis B and non-hepatitis virus related hepatocellu-
lar carcinoma. Gut Pathog. 2019;11(1):1. doi:10.1186/
s13099-018-0281-6.

Luo L, Ramanathan R, Horlbogen L, Mathialagan S,
Costales C, Vourvahis M, Holliman CL,
Rodrigues AD. A multiplexed HILIC-MS/HRMS assay
for the assessment of transporter inhibition biomarkers
in phase I clinical trials: isobutyryl-carnitine as an
organic cation transporter (OCT1) biomarker. Anal
Chem. 2020;92(14):9745-9754. doi:10.1021/acs.ana
Ichem.0c01144.

Liu W, Crott JW, Lyu L, Pfalzer AC, Li J, Choi S-W,
Yang Y, Mason JB, Liu Z. Diet- and genetically-induced
obesity produces alterations in the microbiome, inflam-
mation and Wnt pathway in the intestine of Apc
+/1638N Mice: comparisons and contrasts. ] Cancer.
2016;7(13):1780-1790. doi:10.7150/jca.15792.

Galipeau HJ, Caminero A, Turpin W, Bermudez-Brito
M, Santiago A, Libertucci ], Constante M, et al. Raygoza
Garay JA, Rueda G, Armstrong S, Novel fecal biomar-
kers that precede clinical diagnosis of ulcerative colitis.
Gastroenterology. 2021;160(5):1532-1545. doi:10.1053/
j.gastro.2020.12.004.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Duncan SH, Louis P, Flint HJ. Lactate-utilizing bacteria,
isolated from human feces, that produce butyrate as
a major fermentation product. Appl Environ
Microbiol. 2004;70(10):5810-5817. doi:10.1128/AEM.
70.10.5810-5817.2004.

Mukherjee A, Lordan C, Ross RP, Cotter PD. Gut
microbes from the phylogenetically diverse genus
Eubacterium and their various contributions to gut
health. Gut Microbes. 2020;12:1802866. doi:10.1080/
19490976.2020.1802866.

Liu X, Mao B, Gu J, Wu ], Cui S, Wang G, Zhao J,
Zhang H, Chen W. Blautia —a new functional genus
with potential probiotic properties? Gut Microbes.
2021;13:1-21. doi:10.1080/19490976.2021.1875796.
LiuQ, LiB,LiY, Wei Y, Huang B, Liang ], You Z, Li Y,
Qian Q, Wang R, et al. Altered faecal microbiome and
metabolome in IgG4-related sclerosing cholangitis and
primary sclerosing cholangitis. Gut. 2022;71
(5):899-909. doi:10.1136/gutjnl-2020-323565.
Wellhoner F, Doscher N, Woelfl F, Vital M, Plumeier I,
Kahl S, Potthoff A, Manns MP, Pieper DH, Cornberg M.
Eradication of chronic HCV infection: improvement of
dysbiosis only in patients without liver cirrhosis.
Hepatology. 2021;74(1):72-82. doi:10.1002/hep.31700.
Meng F, Wang K, Aoyama T, Grivennikov SI, Paik Y,
Scholten D, Cong M, Iwaisako K, Liu X, Zhang M, et al.
Interleukin-17 signaling in inflammatory, Kupffer cells,
and hepatic stellate cells exacerbates liver fibrosis in
mice. Gastroenterology. 2012;143(3):765-776 3.
doi:10.1053/j.gastro.2012.05.049.

Tan Z, Qian X, Jiang R, Liu Q, Wang Y, Chen C, Wang
X, Ryffel B, Sun B. IL-17A plays a critical role in the
pathogenesis of liver fibrosis through hepatic stellate
cell activation. ] Immunol. 2013;191:1835-1844.
doi:10.4049/jimmunol.1203013.

Fabre T, Kared H, Friedman SL, Shoukry NH. IL-17A
enhances the expression of profibrotic genes through
upregulation of the TGF-beta receptor on hepatic stel-
late cells in a JNK-dependent manner. ] Immunol.
2014;193(8):3925-3933. doi:10.4049/jimmunol.
1400861.

Dragon S, Rahman MS, Yang J, Unruh H, Halayko AJ,
Gounni AS. IL-17 enhances IL-1beta-mediated CXCL-8
release from human airway smooth muscle cells. Am
J Physiol Lung Cell Mol Physiol. 2007;292:011023-9.
doi:10.1152/ajplung.00306.2006.

Griffin GK, Newton G, Tarrio ML, Bu D-X, Maganto-
Garcia E, Azcutia V, Alcaide P, Grabie N,
Luscinskas FW, Croce KJ, et al. IL-17 and TNF-alpha
sustain neutrophil recruitment during inflammation
through synergistic effects on endothelial activation.
J Immunol. 2012;188(12):6287-6299. doi:10.4049/jim
munol.1200385.

Tsai SL, Sheen IS, Chien RN, Chu CM, Huang HC,
Chuang YL, Lee TH, Liao SK, Lin CL, Kuo GC, et al.
Activation of Thl immunity is a common immune
mechanism for the successful treatment of hepatitis


https://doi.org/10.1080/19490976.2018.1549420
https://doi.org/10.1016/0009-8981(72)90317-8
https://doi.org/10.1016/0009-8981(72)90317-8
https://doi.org/10.1016/j.cell.2018.09.055
https://doi.org/10.1016/j.cell.2018.09.055
https://doi.org/10.1038/s41467-020-19589-w
https://doi.org/10.1038/s41467-020-19589-w
https://doi.org/10.3390/ijms19010018
https://doi.org/10.1111/jvh.13216
https://doi.org/10.1111/jvh.13216
https://doi.org/10.1186/s13099-018-0281-6
https://doi.org/10.1186/s13099-018-0281-6
https://doi.org/10.1021/acs.analchem.0c01144
https://doi.org/10.1021/acs.analchem.0c01144
https://doi.org/10.7150/jca.15792
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1080/19490976.2020.1802866
https://doi.org/10.1080/19490976.2020.1802866
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.1136/gutjnl-2020-323565
https://doi.org/10.1002/hep.31700
https://doi.org/10.1053/j.gastro.2012.05.049
https://doi.org/10.4049/jimmunol.1203013
https://doi.org/10.4049/jimmunol.1400861
https://doi.org/10.4049/jimmunol.1400861
https://doi.org/10.1152/ajplung.00306.2006
https://doi.org/10.4049/jimmunol.1200385
https://doi.org/10.4049/jimmunol.1200385

61.

62.

63.

B and C: tetramer assay and therapeutic implications.
J Biomed Sci. 2003;10:120-135.

Penna A, Del Prete G, Cavalli A, Bertoletti A, D’Elios MM,
Sorrentino R, D’Amato M, Boni C, Pilli M, Fiaccadori F, et
al. Predominant T-helper 1 cytokine profile of hepatitis
B virus nucleocapsid-specific T cells in acute self-limited
hepatitis B. Hepatology. 1997;25(4):1022-1027. doi:10.
1002/hep.510250438.

Li J, Jia M, Liu Y, She W, Li L, Wang J, Jiang W.
Telbivudine therapy may shape CD4(+) T-cell response
to prevent liver fibrosis in patients with chronic hepati-
tis B. Liver Int. 2015;35:834-845. doi:10.1111/liv.12589.
Chou HH, Chien WH, Wu LL, Cheng C-H,
Chung C-H, Horng J-H, Ni Y-H, Tseng H-T,
Wu D, Lu X, et al. Age-related immune clearance
of hepatitis B virus infection requires the establish-
ment of gut microbiota. Proc Natl Acad Sci U S A.

64.

65.

66.

GUT MICROBES (&) 215501819

2015;112(7):2175-2180.
775112.

Ren Y-D, Ye Z-S, Yang L-Z, Jin L-X, Wei W-], Deng -
Y-Y, Chen -X-X, Xiao C-X, Yu X-F, Xu H-Z, et al. Fecal
microbiota transplantation induces hepatitis B virus
e-antigen (HBeAg) clearance in patients with positive
HBeAg after long-term antiviral therapy. Hepatology.
2017;65(5):1765-1768. doi:10.1002/hep.29008.

Yang X-A, LvF, Wang R, Chang Y, Zhao Y, Cui X, Li H,
Yang S, Li S, Zhao X, et al. Potential role of intestinal
microflora in disease progression among patients with
different stages of Hepatitis B. Gut Pathog. 2020;12
(1):50. doi:10.1186/s13099-020-00391-4.

Gilbert JA, Lynch SV. Community ecology as
a framework for human microbiome research. Nat
Med. 2019;25(6):884-889. d0i:10.1038/s41591-019-
0464-9.

doi:10.1073/pnas.1424


https://doi.org/10.1002/hep.510250438
https://doi.org/10.1002/hep.510250438
https://doi.org/10.1111/liv.12589
https://doi.org/10.1073/pnas.1424775112
https://doi.org/10.1073/pnas.1424775112
https://doi.org/10.1002/hep.29008
https://doi.org/10.1186/s13099-020-00391-4
https://doi.org/10.1038/s41591-019-0464-9
https://doi.org/10.1038/s41591-019-0464-9

	Abstract
	Abstract
	Introduction
	Materials and methods
	Patients and study design
	DNA extraction and 16S rRNA gene amplicon sequencing and analysis
	Fecal metabolome profiling and analysis
	Preparation of bacterial extract from fecal samples
	Isolation and exposure of human PBMCs to bacterial extract
	Flow cytometry of human PBMCs
	Statistical analysis

	Results
	Clinical characteristics of the enrolled subjects
	Microbial community diversity of HBV-CLD patients
	Overall microbiota distribution and abundance
	Fecal metabolomic profile in HBV-CLD patients
	Overall alteration of fecal metabolites in HBV-CLD patients
	Subgroup analysis of fecal metabolite shift in HBV-CLD patients

	Taxonomic and functional composition of the gut microbial community and metabolites was correlated with hepatic dysfunction
	Correlations between the disease-linked microbiota and metabolites
	Correlations of microbial taxa and metabolites with clinical presentations
	Representative microbiota and metabolites reflected liver stiffness regression
	Ex vivo <italic>stimulation of patient-derived bacterial extracts on PBMCs</italic>

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

