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ARTICLE INFO ABSTRACT

Handling editor: M.E. Gershwin Primary biliary cholangitis (PBC) is a female-predominant liver autoimmune disease characterized by the specific

immune-mediated destruction of the intrahepatic small bile duct. Although apoptosis of biliary epithelial cells

Keywords: (BECs) and alterations in gut microbiota are observed in patients with PBC, it is still unclear whether these events
Autoimn.lune cholangitis happen in the early stage and cause the breakdown of tolerance in PBC. In this study, we examined the early
gi?it:i)cs:)biota events in the loss of tolerance in our well-defined 2-OA-OVA-induced murine autoimmune cholangitis (AIC)
Xenobiotic model. We report herein that apoptosis of BECs was notable in the early stage of murine AIC. An altered gut

microbiota, in particular, an increased percentage of gram-positive Firmicutes in AIC mice was also observed.
BECs in AIC mice expressed adhesion molecule ICAM-1, cytokines/chemokines TNF-a, CCL2, CXCL9, CXCL10,
and toll-like receptor (TLR) 2. Moreover, BECs treated with TLR2 ligand had elevated apoptosis and CXCL10
production. These data collectively suggest a new mechanism of tolerance breakdown in AIC. Altered gut
microbiota induces apoptosis of BECs through TLR2 signaling. BECs secrete chemokines to recruit CD8 T cells to

Toll-like receptor

damage BECs further.

1. Introduction

Primary biliary cholangitis (PBC) is a female-predominant liver
autoimmune disease characterized by specific antimitochondrial anti-
bodies (AMAs) and immune-mediated destruction of the intrahepatic
small bile duct. The immunodominant mitochondrial autoantigen is
identified as the E2 component of pyruvate dehydrogenase complex
(PDC-E2) [1,2]. Many studies in patients and animal models have
demonstrated that the interplay of genetics and the environment with
the innate and adaptive immune systems is highly orchestrated in the
pathogenesis of PBC. Of note, CD8 T cells play a critical role in biliary
destruction [1-3].

The bile duct is configured by biliary epithelial cells (BECs, also
known as cholangiocytes) and comprises a finely organized biliary
network. BECs participate in bile secretion and bile acid reabsorption.
Additionally, BECs provide the first line of defense against microbes in
the biliary system through several immunological pathways, including

various pathogen pattern recognition receptors [4]. By TdT-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL) staining of liver
sections of humans, previous studies demonstrated that increased
apoptosis of BECs was observed in patients with PBC compared with
normal controls and other chronic cholestatic diseases such as primary
sclerosing cholangitis, with similar degrees of inflammation [5-7].
Furthermore, PDC-E2, the autoantigen of PBC, is shown to localize in the
apoptotic bodies where it is accessible to be recognized by AMAs [8,9].
Hence, apoptosis of BECs is speculated as the initial step of tolerance
breakdown in PBC. However, these observations are from samples in
patients with advanced diseases. It is unclear whether apoptosis of BECs
occurs in the induction stage of PBC.

Gut microbiota plays several crucial roles in the host’s health. A
diverse and balanced microbial community is required to typically
develop the innate and adaptive immune system [10]. Compositional
and functional alterations of the gut microbiome, called dysbiosis, can
cause immune dysregulation and lead to inflammatory disorders [11].

Abbreviations: 2-OA, 2-octynoic acid; 2-OA-OVA, 2-octynoic acid conjugated ovalbumin; AMAs, anti-mitochondrial antibodies; AIC, autoimmune cholangitis;
BECs, biliary epithelial cells; PBC, primary biliary cholangitis; PDC-E2, E2 component of pyruvate dehydrogenase complex; TLR, toll-like receptor; TUNEL, TdT-

mediated deoxyuridine triphosphate nick-end labeling.
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Dysbiosis is an essential factor in the pathogenesis of many autoimmune
diseases, such as inflammatory bowel disease and rheumatoid arthritis,
and liver diseases, such as alcoholic liver disease, nonalcoholic fatty
liver disease, and liver cirrhosis [12,13]. Of note, reduced species rich-
ness and a significant shift in the overall microbial diversity are observed
in patients with PBC [14,15]. These observations suggest that gut
microbiota affects hepatic immune balance in PBC.

The early immunological events leading to PBC are poorly studied
since clinical signs of disease occur late in the pathological process, and
early samples are difficult to get. In this study, we took advantage of our
2-OA-OVA-induced mouse model of autoimmune cholangitis (AIC) to
study the initiation of PBC. 2-octynoic acid (2-OA), a xenobiotic (com-
pounds foreign to a living organism), is mimic of the highly conserved
inner lipoyl domain of PDC-E2 autoantigen [16]. Mice immunized with
2-OA-OVA (2-OA coupled with ovalbumin) and a-galactosylceramide
(a-GalCer) develop high titer of AMAs, and autoimmune cholangitis
with a significant increase in lymphocyte infiltrates, portal inflamma-
tion, granuloma formation, bile duct damage, and, in particular, fibrosis
[17,18]. We reported that apoptotic BECs and gut dysbiosis was notable
in the early stage of murine AIC. BECs in AIC mice expressed adhesion
molecules, cytokines/chemokines, and toll-like receptors (TLRs).
Moreover, BECs treated with TLR2 ligand had elevated apoptosis and
CXCL10 production. Our results highlight that apoptotic BECs and gut
dysbiosis occur in the early stage and lead to the onset of PBC.

2. Materials and methods
2.1. Preparation of 2-OA-OVA

2-OA (500 mg, Alfa Aesar, Haverhill, MA, USA) and N-hydrox-
ysuccinimide (NHS, 410.9 mg) in dry 1, 4-dioxane (10 mL) were stirred
for 20 min under nitrogen. Then N, N'-dicyclohexylcarbodiimide (DCC,
736.6 mg) was quickly added while opening into the mixture to avoid
water vapor in the reaction and stirred overnight to form 2-OA-NHS. 2-
OA-NHS was filtered and concentrated by rotavaporation under reduced
pressure. The mixture was dissolved with ethyl ether (5 mL), washed
with brine, and dried under magnesium sulfate. The mixture was
filtered, and the filtrate was concentrated and then purified using flash
chromatography (silica gel; ethyl acetate/hexane 2:3) to give NHS-
activated 2-OA. NHS-activated 2-OA (636 mg) was dissolved in
dimethyl sulfoxide (DMSO) (3670 mL) and mixed with OVA (2180 mg,
0.1 M sodium bicarbonate buffer) in a shaker at room temperature for 3
h 2-OA-OVA in the supernatant was dialyzed using a dialysis tube (cut-
off 8000 Da) against ddH0 and then lyophilized for storing.

2.2. Xenobiotic 2-OA-OVA-induced autoimmune cholangitis mouse model

Male and female C57BL/6 mice, aged 7-9 weeks, were immunized
with 20 pg 2-OA-OVA in the presence of complete Freund’s adjuvant
(CFA, Sigma-Aldrich, St. Louis, MO, USA) and boosted with 2-OA-OVA
in incomplete Freund’s adjuvant (IFA, Sigma-Aldrich) two weeks later
using intraperitoneal injection. Two pg of a-galactosylceramide
(KRN7000, Cayman Chemical, Ann Arbor, MI, USA) were administered
with the first 2-OA-OVA immunization by intravenous injection. All
mice were purchased from the National Laboratory Animal Center,
Taiwan, and housed under specific-pathogen-free (SPF) conditions with
a 12:12 light-dark cycle at the Laboratory Animal Center of National
Taiwan University College of Medicine. The Institutional Animal Care
and Use Committee (IACUC) of the National Taiwan University College
of Medicine approved the mouse care and handling procedures.

2.3. Detection of serum anti-PDC-E2 IgG by ELISA
ELISA plates were coated with 5 pg/mL recombinant PDC-E2 diluted

with carbonate buffer (pH 9.6) at 4 °C overnight and were blocked with
1% casein (Sigma-Aldrich) for 1 h at room temperature. Diluted sera
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Table 1
List of primers for quantitative RT-PCR.

p-actin Forward: CACAGTGTTGTCTGGTGGTA
Reverse: GACTCATCGTACTCCTGCTT
TNF-a Forward: CCCCAAAGGGATGAGAAGTTC
Reverse: TGAGGGTCTGGGCCATAGAA
IFN-y Forward: GGCCATCAGCAACAACATAAGC
Reverse: TGGACCACTCGGATGAGCTCA
TLR2 Forward: CAGCTTAAAGGGCGGGTCAGAG
Reverse: TGGAGACGCCAGCTCTGGCTCA
TLR3 Forward: GGGGTCCAACTGGAGAACCT
Reverse: CCGGGGAGAACTCTTTAAGTGG
TLR4 Forward: GCCTTTCAGGGAATTAAGCTCC
Reverse: AGATCAACCGATGGACGTGTA
TLR5 Forward: CACTCCCTCGGAGAACCCA
Reverse: GGCCTTGAAAAACATCCCAAC
TLR7 Forward: TCTTACCCTTACCATCAACCACA
Reverse: CCCCAGTAGAACAGGTACACA
TLR9 Forward: ACTGAGCACCCCTGCTTCTA

Reverse: AGATTAGTCAGCGGCAGGAA

were added for 2 h at room temperature. After washing, HRP-labeled
anti-mouse IgM and IgG (1:2000, Invitrogen, Camarillo, CA, USA)
were added for detection. The tetramethylbenzidine (TMB) substrate
(Clinical Science Products, Mansfield, MA, USA) was added to each well
for 15 min and stopped with 1 N H3SO4. The absorbance was read on a
SpectraMax® M2 Microplate Reader (Molecular Devices, San Jose, CA,
USA) at 450 and 540 nm.

2.4. Liver mononuclear cell quantitation

The livers were perfused with phosphate-buffered saline containing
0.2% BSA and dissociated with the gentleMACS™ Dissociator (Miltenyi
Biotec, Auburn, CA, USA). The parenchymal cells were removed as
pellets after centrifugation at 50xg for 5 min, and the non-parenchymal
cells were isolated using 40% and 70% Percoll (GE HealthCare Bio-
sciences, Quebec, Canada). Subsets of liver mononuclear cells were
obtained using flow cytometry. Cells were incubated with anti-CD16/32
(clone 93, Biolegend, San Diego, CA, USA) at room temperature for 10
min before staining with fluorochrome-conjugated monoclonal anti-
bodies (mAb) against cell surface markers, including CD3 (clone 145-
2C11), CD4 (clone GK1.5), CD8a (clone 53-6.7), NK1.1 (clone
PK136), and CD19 (clone 6D5) (Biolegend, San Diego, CA, USA) at 4 °C
for 30 min. Stained cells were measured using a flow cytometer (BD
FACSVerse) and analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).

2.5. Isolation of bile ducts

The liver was perfused with Hank’s Balanced Salt Solution (HBSS)
without calcium, magnesium, and phenol red (Gibco, Thermo Scientific,
Wilmington, DE, USA) containing 5 mM EGTA (Sigma Aldrich) at a rate
of 8 mL/min for 5 min, then perfused with HBSS containing 0.05% type
IV collagenase (Gibco) and 5 mM CaCl; (Sigma Aldrich) for 5-8 min. The
liver was collected, and the biliary tree was obtained after removing the
hepatic parenchyma with a soft interdental brush. Intrahepatic small
bile ducts in the peripheral region of the biliary tree were collected.
Tissue samples were snap-frozen in liquid nitrogen and stored at —80 °C.

2.6. RT-gPCR

Total RNA from the liver, proximal colon, or isolated bile duct was
obtained using TRIZ! (Invitrogen Life Technologies, Carlsbad, CA, USA).
cDNA was synthesized using High-Capacity cDNA Reverse Transcription
Kits (Applied Biosystems, Foster City, CA, USA), followed by real-time
PCR (SYBR green; Applied Biosystems) with an ABI 7500 Fast Real-
Time PCR system (Applied Biosystems). Primers were designed ac-
cording to the published sequences and listed in Table 1 p-actin served as
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Fig. 1. Both male and female mice immunized with 2-OA-OVA developed AMAs and liver inflammation. Male and female mice were immunized with 2-OA-
OVA or normal saline, and serum levels of AMAs and liver lymphocytes were examined at 3 weeks post-immunization. (A) Serum levels of anti-PDC-E2 IgM and IgG
were determined using ELISA. OD, optical density. (B) Representative flow plots show the gating strategies of different subsets of cells. (C) Liver leukocytes and
lymphocytes were quantified. (D) The numbers of T, B, NK, and NKT cells in the liver were quantified. (E) The numbers of CD4 T and CD8 T cells in the liver were
quantified. (F) The ratio of CD8/CD4 was calculated. M, male mice; F, female mice. The dashed lines in (A) and (C) depict the cut-off for a positive response,
calculated as the mean of the results of saline-treated samples plus three standard deviations. Symbols represent one individual mouse, and bars indicate mean +
SEM. n = 5-10 mice per group. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 (two-way ANOVA followed by Tukey’s multiple comparison test).

an internal control. Expression levels of mRNA were calculated as 242¢T

2.7. Stool sample collection and fecal DNA extraction

Two hundred mg of fecal specimens were collected in a sterile 2 mL

centrifuge tube, snap-frozen in liquid nitrogen, and stored at —80 °C
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Fig. 2. Increased expression of liver pro-inflammatory cytokines and TLRs in AIC mice. Male and female mice were immunized with 2-OA-OVA or normal
saline and examined at 3 weeks post-immunization. The expression levels of (A) IFN-y and TNF-a and (B) TLRs in the liver were detected using RT-qPCR. M, male
mice; F, female mice. Symbols represent one individual mouse, and bars indicate mean + SEM. n = 8-12 mice per group. *, p < 0.05; **, p < 0.01; ***, p < 0.001;

*wkk p < 0.0001 (two-way ANOVA followed by Tukey’s multiple comparison test).

until DNA extraction. Bacterial DNA in these specimens was isolated via
a QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) following
the user’s guide. Extracted DNA was dissolved in 50 pL. ddH20, and the
purity and quality of the DNA were assessed by a Nanodrop 1000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA).

2.8. NGS of bacterial 16S-TRNA genes

The v3 and v4 regions of bacterial 16s rRNA gene were amplified
using 5'-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT
ACG GGN GGC WGC AG-3’ and 5'-GTC TCG TGG GCT CGG AG A TGT

GTA TAA GAG ACA GGA CTA CGV GGG TAT CTA ATC C-3' as forward
and reverse primers and 2X KAPA HiFi HotStart ReadyMix (KAPA Bio-
systems, Woburn, MA, USA). These polymerase chain reaction (PCR)
products, the size of 550 base pairs, were subjected to PCR clean-up
using AMPure XP beads (Beckman Coulter Genomics, Danvers, MA,
USA). A subsequent second PCR involving the above amplicons was
conducted to incorporate dual indices and Illumina sequencing adapters
using a Nextera XT Index Kit (Illumina, San Diego, CA, USA). AMPure XP
beads were again applied to clean up the PCR products, and the resulting
amplicons were sequenced on an Illumina MiSeq System (Illumina) ac-
cording to the manufacturer’s standard protocol.
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test).

2.9. Immunofluorescence assay and TUNEL assay

Portions of liver tissue were trimmed and fixed with 4% para-
formaldehyde solution (Santa Cruz Biotechnology, Dallas, TX, USA)
immediately for 5 min under room temperature and, after that, incu-
bated in 6% sucrose in PBS for 1 h, 12% sucrose for 1 h, 18% sucrose for
2 h, and 24% sucrose overnight at 4 °C. Tissue was immersed in Tissue-
Tek® O-C.T. Compound (Sakura Finetek, Torrance, CA, USA) and sliced
into the 5-pm section. The frozen tissue sections were fixed with 4%
paraformaldehyde solution for 10 min at room temperature, blocked
with 3% BSA for 60 min at room temperature, permeabilized with 0.3%
Triton-x solution for 10 min at room temperature, and then incubated
with primary antibodies, anti-cytokeratin 19 (ab52625, 500x dilution,
Abcam, Cambridge, UK) and anti-MHC class II (ab25333, 150x dilution,
Abcam) overnight at 4 °C. After four PBST (0.2%) washing, incubation
with a cocktail containing Alexa488-conjugated secondary antibody
(ab150157, 500x dilution, Abcam), Alexa594-conjugated secondary
antibody (ab150080, 500x dilution, Abcam) and DAPI (4',6-diamidino-
2-phenylindole dihydrochloride, D8417, Sigma-Aldrich) was performed
for 60 min at room temperature in the dark and ultimately mounted with
mounting medium (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For
apoptotic cells detection, the sections were stained using ApopTag®
Fluorescein in Situ Apoptosis Detection Kit (Merck Millipore, Billerica,
MA, USA) before being post-fixed in pre-cooled ethanol-acetic acid.
Images were taken with an Olympus IX83 fluorescence microscope
(Olympus, Tokyo, Japan).

2.10. In vitro apoptosis assay

603B cells, a non-tumorigenic mouse cholangiocyte cell line, were
seeded in each well of a 6-well plate (1 x 10%/well) and treated with
Pam3CSK4 (5 pg/mL, Invivogen, San Diego, CA, USA) in the presence of
TNF-a (100 ng/mL, PeproTech, Cranbury, NJ, USA) and SC-514 (50 nM,
Cayman Chemical) for 24 h [19]. Cells were then stained with Annexin V
and 7-AAD to detect apoptosis. Stained cells were measured using a
2-laser CytoFLEX flow cytometer (Beckman Coulter) and analyzed using
FlowJo software (Tree Star, Ashland, OR, USA). The percentages of
Annexin V'7-AAD" (early apoptosis) and annexin V' 7-AAD" (late
apoptosis) were counted as apoptotic cells.

2.11. Statistical analysis

Data are expressed as the mean + standard error of the mean (SEM).
Statistical analysis was determined by two-way ANOVA followed by
Tukey’s multiple comparison test (Figs. 1-6) or two-sided paired

Journal of Translational Autoimmunity 6 (2023) 100182

Fig. 3. Apoptosis of BECs in AIC mice.
Male and female mice were immunized
with 2-OA-OVA or normal saline. Three
weeks post-immunization, apoptosis of
BECs in the liver tissues of mice was
measured by TUNEL assay. (A) Represen-
tative images of TUNEL assay of liver his-
.f topathology (1000x magnification, scale
[ ]

*kk*k
*k*

bar, 10 pm). The liver section was triple
labeled for apoptotic cells (green), biliary
cytokeratin CK-19 (red), and nuclei DAPI

Oo
T
Qo

S:i‘:g L | (blue). (B) Thirty intrahepatic small bile

ducts were counted in each slide to
M F M _F calculate the frequency of bile ducts with
saline 2-OA TUNEL-positive cells. M, male mice; F, fe-

male mice. Symbols represent one indi-
vidual mouse, and bars indicate mean +
SEM. n = 6-9 mice per group. ***, p <
0.001; ****, p < 0.0001 (two-way ANOVA
followed by Tukey’s multiple comparison

Student’s t-test (Fig. 7). Statistically significant differences were defined
as p values of less than 0.05 (Prism 6; Graph-Pad Software, La Jolla, CA,
USA).

3. Results

3.1. Mice immunized with xenobiotics induce autoantibodies and liver
inflammation

2-0A, a xenobiotic, is widely found in the environment, including
perfumes, lipstick, and many accepted food flavorings [16]. Hence, the
female predominance of PBC may be because they contact more 2-OA
than males. To investigate the role of environmental xenobiotics in the
pathogenesis of PBC, we exposed male and female littermate mice to
equivalent 2-OA-OVA to induce AIC and detected their anti-PEC-E2
autoantibodies and liver inflammation at 3 weeks post-immunization.
As shown in Fig. 1, both male and female mice immunized with
2-OA-OVA had elevated serum levels of anti-PDC-E2 antibodies
(Fig. 1A) and infiltrated immune cells in the liver (Fig. 1B and C).
Moreover, all female mice immunized with 2-OA-OVA were considered
positive in autoantibody levels and immune cells (Fig. 1A and C).
Lymphocytes, including CD4 and CD8 T, B, and NK cells, were increased
in both male AIC and female AIC mice, while NKT cells were decreased
(Fig. 1D and E). Although both CD4 T cells and CD8 T cells were
increased in 2-OA-OVA immunization, there were more increases in CD8
T cells than in CD4 T cells (Fig. 1F). The expression levels of
pro-inflammatory cytokines, IFN-y and TNF-a, in the liver were
increased in male AIC mice and female AIC mice (Fig. 2A). Levels of
Toll-like receptor (TLR) 2, 4, 7, and 9 in the liver had marked increases
in male AIC mice and female AIC mice (Fig. 2B). Notably, significantly
higher levels of IFN-y, TNF-a, TLR2, 4, 7, and 9 were found in female AIC
mice than in male AIC mice (Fig. 2). The results highlighted the
importance of environmental triggers in the development of AIC.
However, female mice developed higher AIC than males may be because
of their immune responses triggered by xenobiotic exposure.

3.2. Apoptosis and cytokines/chemokines production of BECs in AIC mice

To investigate whether apoptosis of BECs occurred in the disease’s
early stage, we examined the apoptosis of BECs in AIC mice at 3 weeks
post-immunization. As shown in Fig. 3, there were more apoptotic BECs
(TUNEL' CK19™) in AIC mice than in control mice. We further inves-
tigated whether BECs act as antigen-presenting cells by detecting the
expression of MHC II molecules on BEC using immunofluorescence
staining of liver tissues. There were no positive signals of IA? in CK19"
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Fig. 4. Adhesion molecules and cytokines/chemokines of BECs in AIC mice. Male and female mice were immunized with 2-OA-OVA or normal saline. Three
weeks post-immunization, liver tissues, and intrahepatic small bile ducts were taken. (A) Representative images of MHC class II (IAb) expression in liver histopa-
thology (400x magnification, scale bar, 35 pm). The liver section was triple labeled for IAP (green), biliary cytokeratin CK-19 (red), and nuclei DAPI (blue). (B) The
expression levels of ICAM-1 mRNA in the intrahepatic small bile duct were detected by RT-qPCR. (C) The expression levels of TNF-a, IL-6, CCL2, CXCL9, and CXCL10
mRNA in the intrahepatic small bile duct were detected by RT-qPCR. M, male mice; F, female mice. Symbols represent one individual mouse, and bars indicate mean
+ SEM. n = 6-11 mice per group. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 (two-way ANOVA followed by Tukey’s multiple comparison test).

BECs of male AIC mice and female AIC mice. Cells expressed IA? were were not different among the four groups (Fig. 4C).
around the bile duct (Fig. 4A). Increased expression levels of adhesion
molecule ICAM-1 in bile ducts were observed in AIC mice compared
with saline-treated controls (Fig. 4B). Expression levels of inflammatory
cytokines/chemokines TNF-a, CCL-2, CXCL9, and CXCL10 in the bile
duct were also increased in AIC mice. In addition, the expression levels
of TNF-a, CCL-2, CXCL9, and CXCL10 were markedly higher in female
AIC mice than in male AIC mice. However, the levels of IL-6 in bile ducts

3.3. Altered compositions of gut microbiota of mice after 2-OA-OVA
immunization

TLRs expressed on sentinel cells, such as macrophages and dendritic
cells, and non-immune cells can recognize various microbial compo-
nents and mediate the immune responses [20]. Due to increased levels of
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Fig. 5. Marked alternation of gut microbiota after 2-OA-OVA immunization. Male and female mice were immunized with 2-OA-OVA or normal saline. Fecal
samples of mice were collected at 3 weeks post-immunization. Gut microbiota compositions were profiled by 16s rRNA next-generation sequencing (NGS). (A)
Hierarchical clustering heat map of microbiota abundance at the genus level. Highly relative abundance bacteria were in red. Lowly relative abundance bacteria were
in blue. (B) Microbial communities were analyzed by principal coordinate analysis (PCoA) based on the weighted UniFrac distance metric. (C) Relative abundance of
fecal microbiota at the phylum level of the taxonomy. (D) Histograms of linear discriminant analysis (LDA) effect size (LEfSe) comparison between fecal microbiota at
the family level. Only the taxa having an LDA >3.0 were shown. Log-level changes in LDA scores were displayed on the x-axis. Green bars: taxa found in greater
relative abundance in saline controls. Red bars: taxa found in greater relative abundance in 2-OA-OVA immunization. (E) The expression levels of TNF-a mRNA in the

intestines were detected by RT-qPCR. Symbols represent one individual mouse, and bars indicate mean + SEM. n = 6-11 mice per group.

ANOVA followed by Tukey’s multiple comparison test).

TLR in the liver of AIC mice, we then investigated whether and how gut
microbiota affects the liver. We analyzed fecal microbiota compositions
of AIC mice through high-throughput 16S ribosomal RNA gene amplicon
sequencing. The heat map depicted relative bacterial abundance at the
genus level among four groups of mice (Fig. 5A). PCoA plots with
weighted UniFrac matrices showed a clear separation of microbial
communities in AIC mice and control mice (Fig. 5B). Fecal microbiota in
four groups of mice at the phylum level was dominated by Firmicutes and
Bacteroidetes (>90%), followed by Verrucomicrobia (<3%), Proteobac-
teria (<3%), Actinobacteria (<1%), and Deferribacteres (<1%). Notably,
normal saline-treated mice had higher Bacteroidetes over Firmicutes,
while 2-OA-OVA-immunized mice were the opposite (Fig. 5C). Linear
discrimination analysis effect size (LEfSe) analysis highlighted that

*, p < 0.05 (two-way

Clostridiaceae, Lachnospiraceae, and Ruminococcaceae were enriched in
AIC mice (Fig. 5D). In addition, increased expression levels of TNF-a in
the intestine were noted in AIC mice (Fig. 5E).

3.4. TLR2 signaling induced apoptosis of BEC

We proposed that dysbiotic gut microbiota leads to apoptosis of BECs
via microbial cell components interacting with TLR on BEC. We detected
expression levels of TLRs in the bile duct of AIC mice and found levels of
TLR2, 7, and 9 in bile ducts had marked increases in AIC mice. Notably,
higher expression of TLR2 was noted in female AIC mice than in male
AIC mice (Fig. 6). To clarify whether TLR2 signaling induced apoptosis
of BEC, we treated 603B cells (a non-tumorigenic mouse cholangiocyte
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Fig. 7. Increased apoptosis of TLR2 ligand-stimulated BEC. 603B cells were stimulated with Pam3CSK4 (TLR2 ligand) or not in the presence of TNF-« and SC-514
for 24 h. (A) Representative and graphical summary of flow cytometry analysis of apoptosis of 603B cells. (B) The expression levels of CXCL10 mRNA in treated 603B
cells were detected by RT-qPCR. Data were normalized based on 603B cells without stimulation (untreated). Individual symbols represent an independent exper-

iment. **, p < 0.01 (two-tailed paired t-test).

cell line) with Pam3CSK4 (TLR2 ligand) for 24 h and detected their
apoptosis. As shown in Fig. 7A, there was an elevated frequency of
apoptotic 603B cells when treated with TLR2 ligand in the presence of
TNF-a and NF-kB inhibitor SC-514 compared to cells treated with TNF-a
and SC-514. Moreover, there were higher expression levels of CXCL10 in
603B cells treated with TLR2 ligand than in controls (Fig. 7B).

4. Discussion

In this study, we took advantage of our 2-OA-OVA-induced mouse
model to study the initiation of PBC. Our results showed that the altered
composition of gut microbiota, in particular, increased Gram-positive
Firmicutes in AIC mice was observed when they were examined only 3

weeks after immunization. In addition, apparent apoptosis of BECs in
AIC mice was also noted. BECs expressed the adhesion molecule ICAM-1
and secreted chemoattractant cytokines and chemokines. Several TLRs,
mainly TLR2, were highly expressed in the bile duct of AIC mice.
Moreover, BECs treated with the TLR2 ligand had elevated apoptosis
and CXCL10 production.

We and others show that the xenobiotic 2-OA is an essential trigger in
PBC because 2-OA can modify cellular proteins to form neoantigens and
induce tolerance breakdown of PBC by molecular mimicry [16-18,21].
In addition, we found that 2-OA can cause altered gut microbiota with
an increased Firmicutes/Bacteroidetes (F/B) ratio in this study. Accumu-
lating evidence indicates that many xenobiotics, such as heavy metals,
pesticides, antibiotics, and food additives, are metabolized by the gut
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Fig. 8. Overall schema of the initiation of PBC. Exposure to environmental xenobiotics alters gut microbiota composition and induces intestinal inflammation. Gut
microbiota membrane components and TNF-a induces apoptosis of BECs, which leads to autoantigen release. Injured BECs express more adhesion molecules ICAM-1
and chemoattractants CCL2, CXCL9, and CXCL10 to recruit immune cells. Among infiltrated immune cells in the portal area, CD8 T cells are responsible for further
biliary destruction by secreting more IFN-y and cytotoxic molecules perforin and granzyme B.

microbiome and can profoundly perturb the composition and function of
the gut microbiota to affect host health status [22]. For example, anti-
biotic vancomycin can reduce microbial diversity, decrease
gram-positive bacteria, and cause a compensatory increase in
gram-negative bacteria [23]. The artificial sweetener saccharin en-
hances the risk of glucose intolerance by inducing dysbiosis and altering
microbial metabolic pathways [24]. In addition, consistent with our
finding, chronic lead exposure perturbs gut microbiota with decreased
Bacteroidetes and increased Firmicutes [25]. The gram-positive Firmicutes
and gram-negative Bacteroidetes are the most common bacteria in the
gut microbiota of humans and mice. The Firmicutes/Bacteroidetes (F/B)
ratio is associated with maintaining homeostasis, and changes in this
ratio can lead to various diseases [26]. Microbial membrane components
such as lipopolysaccharides of gram-negative Bacteroidetes and pepti-
doglycan and lipoteichoic acid of gram-positive Firmicutes can regulate
the host immune response through TLR4/MD2 and TLR2 signaling,
respectively [27].

Apoptosis of BECs is speculated as the initial step of tolerance
breakdown in PBC [5-9]. In this study, apoptosis of BECs could be
observed in liver sections at an early stage of 2-OA-OVA-induced AIC
mice. In addition, elevated expression of TNF-a in the liver, bile duct,
and intestine of AIC mice was also noted. Previous studies and our in
vitro stimulation experiment show that TNF-a is one of the critical in-
flammatory modulators that can induce apoptosis in BECs [28,29].
Moreover, BECs could express multiple TLRs to promote appropriate
activation of the innate immune system against exogenous pathogens

and mediate the fine interaction between the host and its intestinal
microflora [20,30-32]. This study showed a higher expression of TLRs in
the liver tissue and intrahepatic small bile ducts of AIC mice, and BEC
treated with the TLR2 ligand had elevated apoptosis. These results
suggest that TNF-o induces apoptosis of BEC and the binding of the
microbial products of gut microbiota to TLR2 in BEC enhances apoptosis
of BEC.

We found that BECs in AIC mice expressed the ICAM-1 and secreted
CCL2, CXCL9, and CXCL10. These results are consistent with previous
studies that ICAM-1, an essential molecule for lymphocyte adhesion, is
strongly expressed in the bile duct of patients with PBC [33,34], and
BECs derived from patients with PBC stimulated with pro-inflammatory
cytokines could express HLA I, HLA II, and adhesion molecule ICAM-1
and secrete cytokines and chemokines [34,35]. However, MHC II
expression on BECs of our model mice was undetectable. CCL2, CXCL9,
and CXCL10 are important chemotactic agents for the recruitment of
immune cells, such as monocytes and T cells in PBC [36]. These results
suggest an essential involvement of BECs in the recruitment of circu-
lating leukocytes that can migrate to the portal area.

Our previous study showed markedly elevated functional effector
CD8 T cells with increased IFN-y, perforin, or granzyme B expression in
AIC mice (unpublished data). In this study, adhesion molecules ICAM-1
and CD8 T cell-chemoattractants CCL2, CXCL9, and CXCL10 in the bile
duct of AIC mice were increased. By histopathological assessment of
liver samples of human PBC, a previous study showed that CD8" T cells
could enter into BECs, and the entry of CD8 T cells in BECs is correlated
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with TUNEL-positive BECs [37]. These results suggest that CD8 T cells
are recruited to the bile duct and induce apoptosis of BECs by releasing
effector molecules.

5. Conclusions

Our results suggest a new mechanism for the breakdown of tolerance
in PBC. Exposure to environmental xenobiotics alters gut microbiota
composition and induces intestinal inflammation. Gut microbiota
membrane components and TNF-a induces apoptosis of BECs, which
leads to autoantigen release. Injured BECs express more adhesion
molecule ICAM-1 and chemoattractants CCL2, CXCL9, and CXCL10 to
recruit immune cells. Among infiltrated immune cells in the portal area,
CD8 T cells are responsible for further biliary destruction by secreting
more IFN-y and cytotoxic molecules perforin and granzyme B (Fig. 8).
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