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Background: Achieving sustained virologic response (SVR) in patients infected
with hepatitis C virus (HCV) reduces all-cause mortality. However, the
mechanisms and risk factors for liver fibrosis and portal hypertension post-SVR
remain incompletely understood. In the gut-liver axis, mucosa-associated
microbiota (MAM) substantially influence immune and metabolic functions,
displaying spatial heterogeneity at the anatomical intestinal site. We analyzed
MAM composition and function to isolate the locoregional MAM involved in
chronic liver disease progression in HCV post-SVR patients.

Methods: We collected MAM samples from three intestinal sites (terminal ileum,
ascending colon, and sigmoid colon) via brushing during colonoscopy in 23 HCV
post-SVR patients and 25 individuals without liver disease (controls). The 16S
rRNA of bacterial DNA in specimens collected with a brush and in feces was
sequenced. The molecular expression of intestinal tissues and hepatic tissues
were evaluated by quantitative real-time PCR.

Results: In the post-SVR group, the microbial B-diversity of MAM, especially in
the ascending colon, differed from the control group and was associated with
liver fibrosis progression. In PICRUSt analysis, MAM in the ascending colon in the
liver cirrhosis (LC) group showed compromised functions associated with the
intestinal barrier and bile acid production, and FGF19 expression was markedly
decreased in the terminal ileum biopsy tissue in the LC group. At the genus level,
six short-chain fatty acid (SCFA)-producing bacterial genera, Blautia, Alistipes,

'Roseburia, Agathobaculum, Dorea, and Pseudoflavonifractor were reduced in

the ascending colon of post-SVR LC patients.

Conclusion: In patients of HCV post-SVR, we identified the association between
the degree of liver fibrosis and dysbiosis of mucosa-associated SCFA-producing
bacterial genera that may be related to intestinal barrier and bile acid production
in the ascending colon. -

KEYWORDS

mucosa-associated microbiota, hepatitis (o ascending colon, short-chain fatty acid,
liver fibrosis, intestinal barrier, bile acid production i
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1 Introduction

In, 2020, an estimated 57 million people worldwide were
chronically infected with the hepatitis C virus (HCV)
(Collaborators, 2022). The development of direct-acting antiviral
(DAA) therapy has revolutionized clinical care (Martinello et al.,
2023). Sustained virological response (SVR) has been linked to
decreased mortality and morbidity in cirrhosis, decompensated
liver disease, and hepatocellular carcinoma (HCC) (Martinello
et al, 2023). Although several patients recover hepatic fibrosis
when HCV is eliminated, in some cases, the improvement in liver
fibrosis and portal hypertension is insufficient, and its mechanisms
and risk factors are not completely understood (Lens et al,, 2020;
Rockey and Friedman, 2021).

Trillions of microorganisms in the human intestine are crucial
for regulating health, and disruptions in gut microbial communities
can cause disease (Flsu and Schnabl, 2023). In gut-liver axis,
microbial dysbiosis contributes to the development of liver
diseases such as metabolic dysfunction-associated fatty liver
disease, alcoholic liver disease, and primary sclerosing cholangitis
(Nakamoto et al., 2019; Albillos et al., 2020; Tilg et al., 2022; Hsu
and Schnabl, 2023). Intestinal bacteria are categorized into two
compartments: the luminal and the mucosa-adherent
compartments, known as the mucosa-associated microbiota
(MAM) (Sugiyama and Shiotani, 2021). Considering its proximity
to the epithelium, MAM has a profound impact on the immune and
metabolic health by directly affecting gut barrier function and the
immune system (Juge, 2022). The taxonomic composition of MAM
differs from that. of feces, with the genera exhibiling spatial
heterogeneily depending on the anatomical site of the intestinal
tract influenced by local environmental-microbial interactions
(Zhang et al., 2014; Matsumoto et al., 2019). Therefore, assessing
and analyzing the locoregional MAM dysbiosis is crucial for
understanding the exact involvement of host=microbiome
interactions in liver disease.

Herein, we investigated the association between chronic liver
disease (CLD)-related factors and MAM dysbiosis in HCV post-
SVR patients. MAM from three intestinal sites (terminal ileum,
ascending colon, and sigmoid colon) and feces were collected and
analyzed for microbiota composition. The B-diversity of MAM in
the ascending colon exhibited a significant correlation with hepatic
fibrosis. In the MAM of the ascending colon in post-SVR liver
cirrhosis (LC) patients, six bacterial species were reduced, and
metagenomic functional analysis revealed impairment of the
intestinal barrier and bile acid-producing function, which may

have affected liver fibrosis progression.

Abbreviations: SVR, sustained virologic response; MAM, mucosa-associated
microbiota; LC, liver cirrhosis; CH, chronic hepatitis; SCFA, short-chain

fatty acid.
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2 Materials and methods
2.1 Patient enrollment

~ This study included 23 HCV post-SVR patients and 25 patients
without liver disease who underwent total colonoscopy at our
hospital between, 2019 and, 2021. Tables 1 and 2 summarize the
clinical characteristics of the patients. The LC group included
patients with stage F4 fibrosis on liver biopsy at the time of
treatment and those with shear wave velocity (SWV) > 1.86 m/s
(LOGIQ S8, GE Healthcare, Milwaukee, WI, USA) in whom biopsy
was not performed. The following potential enrollees were
excluded: minors, patients with gastrointestinal infections,
individuals with a predisposition to bleeding, patients with
concurrent malignant tumors, including HCC, habitual alcohol
consumption, and those with a history of antibiotic usage within
the past two months (Table 3). All participants provided written
informed consent, This study was conducted in accordance with the
Declaration of Helsinki. The study design was approved by the
Research Ethics Committee of the University of Fukui (registration
number: 20190167).

2.2 Sample collection

Total colonoscopy was performed following the usual
colonoscopy preparation using polyethylene glycol. The mucosal
surface was gently scraped using a sterile cytology brush (TeleMed
Systems Inc., MA, USA) and for each respective case, samples were
collected from terminal ileum, ascending colon, and sigmoid colon.
Additionally, stool samples were collected on the day of
examination. In cases with obtained consent, mucosal and liver
biopsy tissues were collected during HCV treatment and preserved
in RNA later (Thermo Fisher Scientific, MA, USA) at -20°C.

2.3 DNA extraction and 16S
rRNA sequencing

Double-stranded DNA (dsDNA) was extracted from each sample
using the NucleoSpin DNA Stool Kit (MACHEREY-NAGEL, Diiren,
Germany). The measurements of DNA concentration were performed
using Qubit dsDNA HS assay (Thermo Fisher Scientific), and 5 ng of
DNA was used for the first PCR targeting the V3-V4 region of the 168
rRNA gene with Universal primers 341F (5-TCGTCGG
CAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG-3') and 805R (5'-GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGACTACHVGGGTATCTAATCC-3')
(Thermo Fisher Scientific). The PCR products were confirmed using
electrophoresis, purified using AMPure XP beads (Beckman Coulter,
CA, USA), and subjected to index PCR using the Nextera XT index kit
(llumina, San Diego, CA, USA). Subsequent bead purification was
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TABLE 1 Characteristics of HCV post-SVR patients and controls.

Characteristics HC\S/\%)St— GO,
(h=23) {h=25)
Age (years) 719 + 8.6 68.8 +13.2 figi*
Gender (male/female) 15/8 17/8 ns'
BM[ (kg/'mz')'; Yo 235+ 39 242431 ns *
Platelet count (10°/uL) * 16.3 £ 6.5 06+47 | <001*
INR” S 2 wLos £0.14 0.97 £ 0.07 ns‘ &
WAST (/L) * i 254 + 116 24079 ns o
AT(UL " le6r132 | 235160 | mt
YGTP (IU/L) : 56.2.& 17.9“” 39.5:£31.2 ns: ;
;-\I:P“(IU/L) 3 94.7 + 49.8 71.8'+ 215 ns *
: AToraI Bilirubin (mg/dL) * 0.9 +04 : 0.9 + 0.4 ns*
Albuﬁxin (g/mL) * 41+05 42403 ns *
| Child-Pugh grade (A/B/C) 2100 . :
j\LBI grade (1/2a/2b/3) 15/6/1/1 2 -
WFIB-AL index * 3% 17 1.8+ 1.0 <0.(_).1:m
Type 1V collagen-7$ (ng/mL) * 6.3 +4.0 - -
MIBPGiCOD® | als3s . ;
S‘::::; }Ei}gﬁtis (CH)/Liver oL R i
Biopsy, F; staging (F1-3
F4)F:\)=19 1 L o b 4
J S;VV of patients withé\# i St e ‘"” o 5
biopsy (<1.86/>1.86), n=4 .
Pél users, m"“;b';:'r'(%) i . 78 (34.2;) 7 6 (2;%.0) ns '
Anlil)ip(iCS users, number (%) 7 » - 0(0.0) ; ”0 (0.0) ns-1
7P7r0bi0tircs”;scrs, nunrlrb‘erw(;é) 0 (0.0) 1(4.0) ns '
avthaE. .
. aclingrantiviala: i »
:lt;tl: liee;o?% };lub ribavirin, 6. 26.1) b "
» Other, number (%) 1(4.3) - -
Past Mistory of HCG, mumber (%) | 1035 | 000) | <001'
SI‘;:: ;;t;“s S, 0(0.0) 0.(0.0) ns!
Time of follow-up (years5 # 58 £4.8 - -

ALBI, albumin-bilirubin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; FIB-4 index, fibrosis- 4 index, gGTP,
gamma-glutamy! transpeptidase; HCC, hepatocellular carcinoma; HCV, hepatitis C virus;
INR, international normalized ratio; ns, not significant; PP, proton pump inhibitor; SVR,
sustained virologic response; SWV, shear wave velocity. “Continuous variables presented as
mean + standard deviation. *Mann-Whitney U test. 'Fisher’s exact test.
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TABLE 2 Characteristics of hepatitis C virus post-sustained virologic
response patients with chronic hepatitis and cirrhosis.

HCV post- HCV post-
Characteristics SVR CH SVR LC
(n=12) (n=11)
Age (years) © 745 £ 6.7 69.0 £ 9.5 ns*
Gender (male/female) 7215 8/3 ns
BMI (kg/m?) * 22522 24.7 + 4.8 ns *
Platelet count (10/uL) * 200 6.3 123 + 3.9 <0.01*
INR * 1.00  0.09 L11£0.16 ns *
AST (1U/L) * 21.6 £ 4.3 295 + 152 ns 2
ALT (U/L) * 162 £ 6.2 234 +£17.2 ns &
YGTP (1U/L) z 228 £ 13.6 398 £17.8 <0.01 *
ALP (1U/L) * 679 £ 10.9 124.0 i 58.5 <0.01.*
Total Bilirubin (mg/dL) i 0.9 + 04 1.0 + 04 ns *
Albumin (g/mL) * 43+ 04 38+05 ns *
-Child-l’.ugh grade (A/
12/0/0 9/2/0 -
B/C)~ i
ALBI grade (1/2a/2b/3) 10/2/0/0 5/4/1/1 -
FIB-4 index * 22409 4120 <0.01 ¥
I‘ypcxl\« collagen-7$ (ng/ e Fo'd 43 <BOL*
mL)
M2BPGi (C.O.1) * L1105 50 £ 4.2 <0.01 *
PPI users, number (%) 2 (16.7) 6 (54.5) “ns
Antibiotics users, i ©.0) 0 0.0) ot
number (%)
Probiotics users, ; +
0 (0.0 0 (0.0
number (%) 09) 00 g
Antiviral therapy
Direct acting antivirals, )
; 7(58.3 9 (81.8 -
number (%) A (B1.8)
. Interferon plus’ "
41.7 1494 -
ribavirin, number (%) _ % (A @n
Other, number (%) 0 (0.0) 1(9.1) -
Past history of HCC, 3 (25.0) 8 (72.7) <Gt
number (%)
Current status of HCC,: 0 (0.0) 0(0.0) i
number (%)
; f :
Ty of sollost-gp 71452 43439 ns ¢
(years)

ALBI, albumin-bilirubin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; CH, chronic hepatitis; FIB-4 index,
fibrosis- 4 index, gGTP, gamma-glutamy! transpeptidase; HCC, hepatocellular carcinoma;
HCV, hepatitis C virus; INR, international normalized ratio; LC, liver cirrhosis; PP1, proton
pump inhibitor; SVR, sustained virologic response; SWV, shear wave velocity. “Continuous
variables presented as mean + standard deviation. *Mann-Whitney U test. TRisher’s

exact test.
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TABLE 3 Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

1) HCV post-SVR patients or patients 1) Minors

without liver disease who underwent
total colonoscopy between, 2019
and, 2021

2) Gastrointestinal infections

3) Predisposition to bleeding

2) Patients with consent for ¢
L 4) Concurrent malignant tumors
sample collection

3) Observation to the terminal ileum
is possible

5) Habitual alcohol consumption

6) History of antibiotic usage within
the past two months ;

conducted and the final library concentration was diluted to 4 nM for
normalization. The DNA was denatured by adjusting the final
denatured DNA concentration to 6 pM using 25% PhiX spike-in.
Sequencing was pérformed using a MiSeq Reagent v2 kit with a 250-bp
paired-end strategy according to the manufacturer’s instructions
(llumina) (Muyzer et al., 1993; Inoue et al., 2016).

2.4 Bioinformatics analysis

Paired-end FASTQ files obtained from sequencing were uploaded
from the Basespace hub, an Illumina cloud database, to the Ezbiocloud
(ChunLab, Inc., Seoul, Republic of Korea). Using the EzBioCloud
pipeline, all raw sequencing data were re-analyzed for each 16S-based
microbial taxonomic profile (MTP). Microbiome profiling was
conducted using the MTP platform of the application, with the 165
database version PKSSU.4.0 (Yoon et al,, 2017). The MTP sets were
constructed by grouping the individual MTPs. The MTP sets were
comparatively analyzed after normalizing the gene copy numbers. Beta
(B) diversity was evaluated using Jensen-Shannon divergence and
generalized UniFrac distances, and the results were visualized using
principal coordinate analysis (PCoA). We subsequently performed
taxonomic biomarker analysis based on linear discriminant analysis
(LDA) effect size (LEfSe) to identify differentially distributed taxa
between MTP sets that could potentially be used as microbial
biomarkers. Taxa that demonstrated significant results in the relative
abundance (p <‘0.05) and LEfSe analysis (LDA score > 3.00) were
" considered significant biomarkers (Kim et al., 2023).

TABLE 4 Primers used in this study.

Gene Species Dye
FGF19 Human FAM
VILvS : l-rlnmarxrlr : : FA;\/I
| TeREpL M. o o BAM
;GAPDI& Hrun;mn I;AM -
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2.5 Functional metagenome prediction

The EzBioCloud 16S-based MTP pipeline employed the
phylogenetic 'investigatioﬁ of communities by reconstruction of
unobserved states (PICRUSK) algorithm to estimate the functional
profiles of the microbiome identified using 168 rRNA sequencing.
Raw sequencing reads were processed using the EzBioCloud 165
microbiome pipeline with default parameters and discriminating
reads encountered in the reference database. Functional abundance
profiles of MAM were annotated using bioinformatics analyses. This
specifically involved multiplying the vector of gene counts for each
operational taxonomic unit (OTU) by the abundance of that OTU in
each sample, using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthology and pathway database. The predicted
metagenomic profiles were categorized into clusters of KEGG
pathways and compared between the post-SVR CH and LC groups
(Ferreira et al., 2018; Tangb et al,, 2020).

2.6 RNA extraction from biopsy specimens
and subsequent real-time PCR

 Intestinal mucosa or liver biopsy tissues were homogenized using
Micro Smash (TOMY, Tokyo, Japan), and total RNA was extracted
using an RNeasy Mini Kit (Qiagen, Hilden, Germany). The cDNA
was synthesized from RNA using a High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Foster City, CA, USA) after quantification and
purity assessment using a Nanodrop (Thermo Fisher). Quantitative

real-time PCR (qRT-PCR) was conducted using a StepOnePlus real-

time PCR system (Applied Biosystems) with a TaqMan probe
(Table 4) (Thermo Fisher). The AACt comparative threshold
method was used for analyzing the expréssion levels of the target
genes. GAPDH was considered an internal control.

2.7 Statistical analysis

Permutational multivariate analysis of variance (PERMANOVA)
and the Kruskal-Wallis test were used to analyze the statistical
differences in beta diversity and for functional anlysis, respectively. -
Both analyses were performed using Ezbiocloud. The Mann-Whitney
and Spearmai’s correlation tests were conducted using Prism (version
9; GraphPad, GraphPad Softwadre Inc.). Statistical significance was set at

p-values < 0.05.

04

Company Catalogue No.

Applied Biosystems 5 Hs00192780_m1
Applied Biosystems }

| 1500998133 m1
| Hs02786624_g|

Applied Biosystems
Applied Biosystems
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3 Results

>4 MAM in post-SVR LC patients eXthIt
dysbiosis at the genus level

Microbiota composition was analyzed in the MAM of the
terminal ileum, ascending and sigmoid colon, and feces of patients
infected with HCV who achieved an SVR. We compared the data
between patients with non-cirrhotic (chronic hepatitis; CH) and

10.3389/fcimb.2024.1371429

. cirrhotic (liver cirrhosis; LC) liver diseases and controls.

Taxonomic composition (Phylum level)

MAM (Terminal ileum)

Control

HCV post-SVR
CH

HCV post-SVR
Lc

|
Il
B

Comparing patients with CH and LC revealed no significant
differences between the groups at either sampling site at ‘the
phylum level by the Mann-Whitney U test (Figure 1A). At the
genus level, patients with LC exhibited a distinctly different
composition from patients with CH and the control group, in
MAM in the terminal ileum, ascending colon, and sigxﬁoid colon
(Figure 1B; Table 5). These results indicate that microbiota dysbiosis
was observed at the genus level in the MAM of post-SVR LC patients.

‘MAM (Ascending colon)

HCV post-SVR
CH

HCV post-SVR 5 5
Lc &

. MAM (Sigmoid colon)

|
I 4
.

Control

HCV post-SVR
CH

HCV post-SVR
Lc

Feces
HCV post-SVR
CH
HCV post-SVR
Lc

= . B Fusob [ | B A Others
/
B Taxonomic composition (Genus level) g
MAM (Terminal ileum) MAM (Ascending colon)
e — co"“‘
HCV post -SVR HCV post-SVR
CH | |
HCV post-! SVR HCV post-SVR
Lc LC :
MAM (Sigmoid colon) Feces
Control Control
HCV post~SVR HCV post-SVR
CH
Lc

# Subdoligranulum # Ruminococcus_g5

# Ruminococcus_gé

® Fusobacterium

# Oscillibacter

# Actinomyces mSutterella # Prevotella ® Lachnospira # Intestinibacter
m Veillonella ® Rothia ® Blautia # Clostridium_g24 = Citrobacter,

# Enterococcus m Escherichia = Haemophilus ® Granulicatella ® Bacteroides

# Dorea ® Streptococcus & Parabacteroides ® Neisseria = Anaerostipes
# Alloprevotella # Faecalibacteritim ® Lactuﬁacillus # Enterobacteriaceae_g % Collinsella

m Bifidobacterium B Megamonas

@ Unclassified % Others

FIGURE 1

B Roseburia

B Alistipes W Phascolarctobacterium

The relative abundance of bacteria at the phylum and genus levels of the mucosa-associated micropiota (MAM]} in the terminal ileumn, ascending
colon, and sigmoid colon as well as feces of the control and patients infected with HCV after sustained virologic response (SVR) chronic hepatitis

(CH) and liver cirrhosis (LC).

The bar graphs represent the (A, B) relative amounts of bacterial composition at the

yium {A) and genus levels (B) of

the MAM in the terminal ileum, ascending colon, and sigmoid colon as well as feces from the control (n=25), HCV JVR CH {n=12), and HCV SVR-LC

(ﬂ -11) groups. Labels except for “others” indicate the phylum or genera at the average relative abundance
cirrhosis; MAM, mucosa-associated microbiota: SVR, sust

chronic hepatitis; HCV, hepatitis C virus; LC, liver ¢
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TABLE 5 Genera with significant differences in comparison between HCV post-SVR CH and HCV post-SVR LC on each site.

Relative abundance

Relative abundance

Relative abundance

in Control in HCV post-SVR CH  in HCV post-SVR LC
{mean + SD) {mean + SD) (mean + SD)
Bilophila 022 +0.25 024 +024 0.10 +0.16 0.198 0.042
_ Atopobium 0.16 £ 0.27 0.08 £0.11 0.52 £0.72 ;(;;4 ();;L;Z N
Tfl‘e‘::::al Anacrotignum 0.16 +0.16 030 £ 029 0.07 +0.10 008 1 doj)rm b
Coprobacter 0.06 + 0.12 0.13 + 0.24 0.01 + 0.01 0.619 0.031
Holdermania 0.03 +0.04 0.05 + 0.06 0.02 + 0.05 0.144 o.oﬁr;y
Blautia 6.07 + 380 872 + 576 227 £ 231 0.002 0.002
Alistipes * L12 + 113 1,58 + 1.69 034 + 047 0.009 J 7(;;22“77
Dorea 1.07 +0.99 B 0.77;"(7).60 i ) ,7,0'20;014,2 77777777 e 6.605 oo
PO e S B T ES O WS I R SR TR
i e el Y T TR T )
colon Pseudoflavonifractor 050 + 0.31 0.73 £ 0.63 0.24 + 038 0.003 0.022
A Agathobaculum 0.44 +0.30 0.70 + 0.54 0.17 £ 0.29 0.004 . OOO% V
] Anaemﬁgnﬁm e 027 + 038 b} o,zé :027 ) : o.oé i 0.11 ) 0();5 g 0.01;
‘Coprubacier : 0.07 +0.16 0.14 + 025 0.01 + 0.02 o 0.1:5; : 0‘0(7)? :
7771;1‘7(;1'7017ium 7777777 0.06.1- 0.07 T 0.02 J_rro.os 039i0;7 e 0‘2;2,” 7 (;.03377 A
| Agnthobaculum 048 +0.31 0.70 + 0.68 023 £0.33 0.071 0.045 i
Ggmoid | Sporobactr o kodr . 0a7w0d6 oo6ront oo 0?0.177;;
colon Anaerotignuin 024 0.34 027 £ 0.26 0.12 +0.16 0.236 0.029
”Azmerococms ! 0.03 +0.05 0.01;;074 0.08 % 0.13 s 6.75253 i O 0,0714'
Alistipes 092120 . 169 + 149 034 + 041 0.118 &;bi
R TN e B ooss0nz . | bos | oms |
Klebsiclla 042 + 1.10 049 + 1,54 0.02 + 0.03 ()‘:461 (7022 B
Feces & e )
Odoribacter 0.16 + 0.19 020 £0.18 0.08 % 0.13 0.135 0.011
Anaerotignium 0.15 £ 0.19 0.28 + 037 0.08+ 0.11 777;).3117 7()7()31 =
W boprobacrer 0.05 + 0.13 0.14;1 0.16 4 L "407.701 1 (7).627 - ; g.osé S h 0009

CH, chronic hepatitis; HCV, hepatitis C virus; LC, liver cirrhosis; Ctrl, control; SD, standard deviation; SVR, sustained virologic response. * Mann-Whitney U test.

3.2 The B-diversity of MAM in the
ascending and sigmoid colon differs in
- HCV post-SVR patients

In the HCV post-SVR and the control group, microbial B-
diversity at the genus level for MAM at each sampling site and feces
was conducted using Principal Coordinates Analysis (PCoA) based
on Jensen-Shannon divergence. PERMANOVA test revealed a
substantial difference in the B-diversity of MAM of the feces and
the terminal ileum, ascending colon, and sigmoid colon in the HCV
post-SVR group (Figure 2A; Table 6). In the control group, the B-
diversity of MAM in the terminal ileum was different from that in
feces. The B-diversity of MAM in the ascending and sigmoid colon
exhibited significant differences in the HCV post-SVR and control
groups for each sampling site (Figure 2B; Table 7). These results

.Frontiers in Cellular and Infection Microbiology
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indicate that the microbial B-diversity of MAM in the post-HCV
SVR group, especially in the ascending colon and sigmoid colon,
differed from that in the control group.

3.3 The B-diversity of MAM in the
ascending colon is associated with liver
fibrosis progression

~ We performed a PERMANOVA test for each MAM collection
site (terminal ileum, -ascending, and sigmoid colon) to evaluate the
CLD-related factors associated with the microbial B-diversity of
MAM (Figure 3A). Factors related to liver fibrosis, such as type IV
collagen 7S, M2BPGi, and biopsy (F1-3/F4, CH/LC), were
significantly correlated in the MAM of the ascending colon

frontiersin.org
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A HCV SVR Control
0.50" 050 - MAM (Terminal ileum)
-e- MAM (Ascending colon)
025 0.253 -~ MAM (Sigmoid colon)
i -o- Feces
S 0.00 S 0.00
o
0.25- 025
050 050
050 025 000 025 050 050 -025 000 025 050
: PCt » PC1 p
B MAM
; Terminal ileum Ascending colon Sigmoid colon -
060 : 0.60 060
0.30 0.30- 030
, = HCV SVR
;
8 000 \ Soo0 . 8oo0 e ol
} LY l“ . =
-0.30 -0.30- -0.30
-0.60- -0.60 -0.60
060 030 000 030 060 060 -030 000 030 0.0 060 030 000 030 060
PC1 PC1 PC1
FIGURE 2

Weighted principal coordinate analysis of B-diversity at the genus level of MAM in HCV post- SVR and control groups. (A, B) Weighted principal
coordinate analysis (PCoA) plots of B-diversity at the genus level of the microbial community. (A) Comparison of the B-diversity of MAM of each

sampling si

te: terminal ileum, ascending colon, and sigmoid colon as well as feces in the HCV post-SVR (n=23) and control groups (n= 25).

(B) Comparison of B-diversity of the HCV post-SVR and control groups of MAM at each sampling site: terminal iteum, ascending colon, and sigmoid

colon. The statistical significance among the two groups was determined using permutational multivariate analysis of variance

TABLE 6 PERMANOVA test for the B-diversity of MAM collected at each
site and feces in HCV post-SVR patients and controls.

PERMANOVA test for the B-diversity of each site in HCV
post-SVR patients

Group 1 Group 2 pseudo-F p-value
Terminal ileum 3.103 0.008
Feces Asuendmg colon 2,335 0.030
Slgmmd colon 3,137 0.004
Ascendmg colon 0.423 0.882
Terminal ileum o 2k e =
Sigmoid colon 0.442 0.862
Ascendmg colon Sigmoid colon 0.061 0.997

PERMANOVA test for the B-diversity of each site

in controls

- Group 1 Group 2 pseudo-F p value
Terminal ileum 2.817 0.013
Feces Ascendmg colou 1.662 0.121
Slngld colon 1.837 0.084
Ascendmg colon 0.735 0.619
Terminal ileum 3 e e e e
: Sigmoid colon 1.161 0.304
Ascending colon ngm()ld colon 0.116 | 0.991
- S e = = e SHEES o eis e PGS SRR J5s SShap0

K |
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(Figures 3A, B). The association between CLD-related factors and
MAM in the terminal ileum or the sigmoid colon was statistically
insignificant. Thus, the B-diversity of MAM in the ascending colon is
associated with liver fibrosis progression in HCV post-SVR patients.

3.4 MAM in the HCV SVR-LC group may

have impaired intestinal barrier and blle
acid production

We performed a functional analysis of predictive metagenomics
using PICRUSt in HCV post-SVR patients to evaluate the function of
MAM in the ascending colon in liver fibrosis. We compared the
relative proportion levels associated with the KEGG pathway in the
MAM of the ascending colon in the HCV SVR-CH and LC groups
(Figures 4A, B). Cell adhesion molecules, tight junctions, focal

“adhesions, and primary bile acid biosynthesis were the pathways

TABLE 7 PERMANOVA test of the B-diversity of MAM per intestinal site
in HCV post-SVR patients and the controls.

Site pseudo-F p-value
Terminal ileum ‘ 1.098 0.358
| Ascending colon b e | R
7 ngmmd colon > l 2.886 o5 O;);)I‘ s

frontiersin.org



10.3389/fcimb.2024.1371429

Midori et al.
A 10 5 = 10
MAM (Terminal ileum) MAM (Ascending colon)
g 8 ° 8-
= k=1
o I} *
o~ o~
6 6-|
i 3
T O] ECE RIS e e |
s 4 <,
2 2
< S
~* .o I =]
ol LD UL Flar L LG et g A T
FEriaEibzfageggratprds gFeoizk fimgeRrag
58 S°8E 2s5&e3 §8%% §5 Egsgsx
ge 8 B gx 183153 g¢ 38 an 183:53
49 e p ® 29 3"
£ g £ g
I 3 5 8
o [ . o 0
10 5 7
" MAM (Sigmoid colon)
= &
2 )
s
D 6
(=3
o
T 5
| L gl
2
s 2
a
o-lo HHI—IHH I—]H HHHHHHH
Lé&fnlg'g[;lnléiéééé-_l.&z})é:';éé
2580500582830 88 28
§¢,<5§ RQ2GdZ<EE ELakzt
a L
= o o ogq gg’ggog
E‘B g e ¢
8 .
14
&
B ;
Type IV collagen 7S . M2BPGi . Biopsy (F; staging) CH/LC
e <46 aghl <o 246ngmL s~ NA < <167 w2167 e+ INA  ~iF13 e iF4 o:NA o CH --:LC
i< 06 06 06 06
=
2
=. 03 03 03 03
g
E S 5 . S o0 g oo 8 oo
£ ;
£ s 03 03 03
=
<
S a8 08 06 06
04 00 04 04 00 04 04 00 04 4
I Pt pet pet
5 05 05 06 06
8
o 03 03 03 03
&
o
§ 8 o0 8 oo 8 o0 8 00
173
L 03 03 03 03
=
% 06 06 06 06
04 00 04 04 00 04 04 00 04 04
pC1 Pt pet
c s 06 06 T e
2
8 03 03 03 03
g
g S o 2 oo 8 oo 8 oo
2
L 03 03 03
= : ; ; :
<
= 0.6 06 06 06
04 00 04 04 00 04 -04 0.0 04 04
pet pet pCt
FIGURE 3

Comparison of the correlation

sampling site. (A, B} In patients of HCV post-SVR (n=23), each clinical parameter was divide
e (terminal ileum, ascending colon, and sigmoid colon) was compared (A) Among
The dotted tine i
| of MAM in the terminal |

B-diversity of MAM of each sampling si

(~log2 ratio) were determined using permutational multivariate analysis of variance (PERMANOVA)
g ¥ Y’

incipal coordinate analysis (PCoA) plots of B-diversity at the genus lev

colon were drawn in two divided groups according to the type IV collagen 75, M2BPGi, Biopsy, and CH/LC parame

(B) Weighted

that were proportionally downregulated in the LC group. Pathways
related to the intestinal barrier function (cell adhesion molecules,
tight junctions, and focal adhesion) and bile acid production

(primary bile acid biosynthesis and bile secretion) were significantly
decreased in the MAM of the HCV SVR-LC group compared to those

of the control and HCV SVR-CH groups (Figure 4C). Thus, MAM in
the ascending colon in the HCV post-SVR LC group may have

impaired intestinal barrier and bile acid production.
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between B-diversity of mucosa-associated microbiota (! AM} and chronic liver
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nd

3.5 Tissue expression of the bile acid-
related and fibrosis-related molecules
associated with liver fibrosis

We evaluated the molecular expression of bile acid signaling in

intestinal tissues and fibrosis-related genes in the hepatic tissues of
the HCV post-SVR LC and CH groups. FGF19 expression, a

downstream signaling molecule of bile acids and farnesoid X
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receptor (EXR), was markedly decreased in the terminal ileum
biopsy tissue of the SVR LC group compared to that in the CH
group (Figure 5A). In the liver tissue, IL-8 and TGE-B1 expression,
cytokines associated with the progression of liver fibrosis, were’
markedly increased in the SVR LC group compared to that in the
CH group (Figure 5B). These findings suggest that the SVR LC
group exhibits decreased expression of the intestinal bile acid-
related signaling molecules and increased expression of the liver

fibrosis-related cytokines.
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3.6 The bacterial genus of MAM in the
ascending colon is associated with liver
fibrosis progression in HCV post-

SVR patients

We compared the differences in the relative composition at the
taxonomic level in the MAM of the ascending colon between the
HCV post-SVR LC and CH groups using LEfSe. The genera Blautia
(p=0.002, LDA score 4.52), Alistipes (p=0.022, LDA score 3.75);
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cirrhosis and chronic hepatitis groups. Quantitative real-time PCR analysis of the mRNA expression in the biopéy samples from the

terminal fleum (A) and liver tissue (B). Data represent means + standard deviation. Mann—Whitney U test. *p < 0.05, #*p < 0.0L.

Roseburia (p=0.013, LDA score 3.67), Agathobaculum (p=0.003,
LDA score 3.44), Dorea (p=0.031, LDA score 3.42), and
Pseudoflavonifractor (p=0.022, LDA score 3.36) were significantly

decreased in the MAM of ascending colon in HCV post-SVR LC /

group (Figure 6). All six genera were short-chain fatty acid (SCFA)-
producing bacteria.

3.7 The correlation between the genus.
composition of MAM in the ascending
colon and liver fibrosis-related factors in
HCV post-SVR patients

We analyzed the correlation between the genera composition of
MAM in the ascending colon and liver fibrosis markers, molecular
expression in the intestinal and liver tissues, and the function of
metagenomics in HCV post-SVR patients (Figure 7). Six genera
(Blautia, Alistipes, Roseburia, Agathobaculum, Dorea, and

Lefse (Genus level)
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Pseudoflavonifractor) of MAM in the ascending colon were
negatively correlated with the degree of fibrosis of liver tissue and
serum liver fibrosis markers, such as type IV collagen-7S and

'M2BPGi, compared with the other dominanl genera.

Additionally, they positively correlated with the functional gene
sets related to the intestinal barrier and bile production as well as
FGF19 expression in the terminal ileum tissue. Conversely, they
exhibited a negative correlation with IL-8 and TGF-B1 expression in
the liver tissue. Thus, in post-HCV SVR cases, the composition of
the six genera in the MAM of the ascending colon is associated with
the hepatic fibrosis degree and bacterial flora function related to

liver fibrosis.

4 Discussion

In HCV post-SVR patients, MAM were collected from three

intestinal sites (terminal ileum, ascending colon, and sigmoid

Pseudoflavonifractor
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colon) and feces. The microbial B-diversity of MAM in the post-
SVR group, especially in the ascending and sigmoid colon, differed
from that in the control group. Additionally, the B-diversity of
MAM in the ascending colon is associated with liver fibrosis
progression. PICRUSL analysis revealed that MAM in the
ascending colon in the post-SVR LC group had impaired
functions related to the intestinal barrier and bile acid
production. Six SCFA-producing bacterial genera were reduced in
the ascending colon of post-SVR LC patielﬁs, and their composition
was correlated with the progression of liver fibrosis.

MAM on the colonic epithelial surface plays an important role
in maintaining health by training the immune system, promoting
epithelial growth, and regulating mucus production (Wang et al,,
2010; Hsu and Schnabl, 2023). MAM is the focus of attention in
liver discase. Bajaj et al. reported a greater association between
MAM and hepatic encephalopathy than microbiota of feces in
patients with cirrhosis (Bajaj et al., 2012). Haraguchi et al.
reported the decreased diversity of in the MAM of cirrhotic
patients is risk factor for minimal hepatic encephalopathy
(Haraguchi et al., 2019). Moreover, studies on intestinal site-
specific MAM showed a correlation between rectal MAM
composition and alcoholic cirrhosis (Shen et al, 2021) and an
association between ileal MAM and primary biliary cholangitis
(Kitahata et al, 2021). These findings suggest the significance of
analyzing MAM at multiple specific sites in elucidating the
pathogenesis of patients with liver disease.

Spatial heterogeneity of the mucosal microbiota along the
human intestinal tract has been observed (Hong et al., 2011
Zhang et al, 2014). MAM structure and function are influenced
by the changes in mucus, pH, oxygen levels, and bile acid-mediated
signals (Albillos et al,, 2020; Juge, 2022). The pH and mucin
composition increase and luminal contents are dehydrated toward
the rectum (Bown et al, 1974). SCFA, lactic acid, and ethanol
concentrations were higher in the proximal colon and decreased
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toward the distal colon (Zhang et al., 2014). These local
environment-microbes or host-microbe interactions are major
driving forces in spatial helerogeneity formation of the mucosal
microbiota along the intestinal tract (Zhang et al, 2014). These
reports support the finding that the bacterial composition of MAM
differs by site in HCV post-SVR patients. This emphasizes the
importance of analyzing MAM at specific colonic sites rather than
in fecal samples. A

Herein, six SCFA-producing bacteria—Blautia, Alistipes,
Roseburia, Agathobaculum, Dorea, and Pseudoflavonifractor—
were reduced in the MAM of the ascending colon in post-SVR
LC patients compared to post-SVR CH patients. Intestinal bacteria
produce SCFAs, which perform various biological functions such as
homeostasis of the gut-liver axis by maintaining intestinal
permeability and regulating immunity, lipogenesis, and
gluconeogenesis (Jin et al., 2019; Cao el al., 2023). HCV infection
has been reported to decreases the fecal bacterial composition of
Blautia (Chuaypen et al., 2023), Alistipes (Sultan et al., 2021), Dorea
(Chuaypen et al., 2023; Yang et al,, 2023), and Pseudoflavonifractor
(Heidrich et al,, 2018). Regarding the microbial composition of
feces, Roseburia decreases in patients with cirrhosis (Chen et al,
2011) and Agathobaculum decreases in patients with non-alcoholic
fatty liver disease (Ahn et al, 2019). Wi ellhoner et al. reported that
among the HCV patients treated with DAA, fecal microbial
diversity increased in patients without cirrhosis at SVR 24/48, but
not in those with cirrhosis (Wellhoner et al,, 2021). Interestingly, in
HCV post-SVR patients with advanced liver fibrosis, dysbiosis and
six SCFA-producing bacteria—Blautia, Alistipes, Roseburia,
Agathobaculum, Dorea, and Pseudoflavonifractor— were more
significant in the MAM of the ascending colon than in the fecal
luminal microbiota.

The gut-liver axis refers to the bidirectional relationship
between the gut and its microbiota, and the liver. This reciprocal
interaction is established by the portal vein and the liver feedback
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route of bile acid (BA) and antibody secretion’ to the intestine
(Albillos et al., 2020). FXR are nuclear receptors of BAs (Zhu et al,,
2023). FGF 19, the main FXR target gene in the gut, is secreted into
the portal blood upon BA stimulation (Avila and Moschetta, 2015).
Bile flow in the intestine is markedly reduced in end-stage liver
disease (Ikegami and Honda, 2018). In cirrhosis, dysbiosis of the gut
microbiota and decreased FXR signaling disrupt tight junctions in
the gut epithelium. This allows the influx of lipopolysaccharides
into the liver, triggering cytokine production (e.g., IL-8 and TGF-
B1) in the liver and initiating a cascade that exacerbates hepatitis
and promotes liver fibrosis (Albillos et al., 2020; Liu et al., 2022).
These findings support our results, indicating compromised MAM
function and altered gene expression of liver fibrosis-related
cytokines in the hepatic and intestinal tissues in post-SVR
LC patients.

This study has several limitations. First, this was a single-center
study with a-small sample size. This is because the evaluation of
brush-collected MAM and feces was limited to those who
underwent colonoscopy. Second, microbial changes in patients
with HCV infection and SVR were not analyzed because bacterial
specimens were not collected before DAA or IFN therapy. Third,
various foods may be associated with improved diet and functional
optimization of the microbiota; however, we did not consider
individual dietary information in this study (Tilg et al, 2022).
Future analysis of larger numbers of patients and microbial
change in HCV post-SVR patients will provide more robust
evidence regafding the impact of MAM. This is expected to
further elucidate the mechanism of liver fibrosis and its potential
therapeutic applications.

In conclusion, among the MAM in the terminal ileum,
ascending colon, and sigmoid colon, as well as feces, only B-
diversity of MAM in the ascending colon substantially correlated
with liver fibrosis in patients with HCV after SVR. In HCV post-
SVR patients, we identified an association between the degree of
liver fibrosis and dysbiosis of mucosa-associated SCFA-producing
bacterial genera, which may be related to the intestinal barrier and
bile acid production in the ascending colon.
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