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Biliary atresia (BA) is an immune-related disorder and signal transducer and activator of
transcription 3 (STAT3) is a key signalling molecule in inflammation. The present study was
designed to clarify the function of STAT3 in BA. STAT3 expression was examined in pa-
tients and a mouse BA model in which STAT3 levels were further altered with a specific
inhibitor or activator. Neutrophil accumulation and the levels of the neutrophil chemoattrac-
tants (C–X–C motif) ligand 1 (CXCL1) and IL-8 were determined. The effects of STAT3 in-
hibition on IL-8 expression were examined in human biliary epithelial cell (BEC) cultures.
Functional changes in liver STAT3+ neutrophils in the mouse model were analysed with
10× single cell RNA-seq methods. Results showed STAT3 and p-STAT3 expression was
reduced in BA liver tissue compared with control samples. Administration of a STAT3 in-
hibitor increased jaundice and mortality and reduced body weight in BA mice. In contrast,
the STAT3 activator ameliorated BA symptoms. Extensive neutrophil accumulation together
with CXCL1 up-regulation, both of which were suppressed by an anti-CXCL1 antibody,
were observed in the STAT3 inhibitor-treated group. Recombinant IL-8 administration in-
creased disease severity in BA mice, and the STAT3 activator had the reverse effect. In-
hibiting STAT3 increased apoptosis of human BECs together with up-regulated IL-8 expres-
sion. RNA-seq analysis revealed reduced the numbers of STAT3 expressing neutrophil in
BA which was accompanied by marked enhanced interferon-related antiviral activities. In
conclusion, STAT3 reduction, enhanced IL-8 and CXCL1 expression and promoted the ac-
cumulation of interferon-responsive neutrophils resulting in BEC damage in BA.

Introduction
Biliary atresia (BA) is a fatal liver disease that occurs primarily in neonates. Although surgery provides a
solution for bile drainage, patients often develop progressive liver fibrosis and liver failure without liver
transplantation [1]. The aetiology of BA is not fully understood, and immune dysregulation and virus
infection appear to contribute to the process. Approximately 20% of BA cases are associated with other
congenital malformations, and the presence of multiple cases in a family suggests a genetic predisposition
in the disease aetiology, including chromosome abnormalities and genetic polymorphisms [2]. Interest-
ingly, some genes have been suggested to be related to the immune response, such as ICAM1, MIF, CD14,
ITGB2 and IFN-γ [3–7]. Although the results of studies vary according to population which further il-
lustrates the complexity of BA aetiology.
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Biliary epithelial cells (BECs) or cholangiocytes are active immune cells that play an important role in the BA and
many other hepatobiliary diseases [8]. The pathology of BA includes the accumulation of inflammatory cells, damage
and blockage of bile ducts, and liver fibrosis. Progression is irreversible even with the clearance of pathogens such as
viruses or bacteria or after the Kasai procedure. However, the details of the mechanism are still not fully understood.
A recent study by Luo et al. [9] using bioinformatics analysis of cholangiocyte-related inflammatory conditions such
as BA, primary biliary cholangitis and primary sclerosing cholangitis found 34 core genes related to intestinal and
hepatobiliary diseases. Among them, signal transducer and activator of transcription 3 (STAT3) plays a central role
in liver fibrosis [9], though no detailed functional studies have yet been performed.

STAT3 is a transcription factor essential for many physiological responses, and deletion of STAT3 is embryonically
lethal [10]. STAT3 is also a key regulator in the haematopoietic and immune systems, as it regulates granulopoiesis
and the development and functioning of dendritic cells, T cells and B cells [11]. Multiple signalling pathways of
STAT3 have been described. For example, IL-6-STAT3 signalling induced by lipopolysaccharide (LPS) is involved in
immune regulation [12], and IFN-γ-mediated STAT3 activation by G-CSFR is related to monocyte differentiation
during granulopoiesis [13]. Thus, various biological outcomes of STAT3 signalling may contribute to the phenotypes
of different diseases. Changes in STAT3 polymorphisms are associated with a variety of autoimmune diseases, such
as multiple sclerosis, autoimmune thyroid disease, Graves’ disease and Crohn’s disease. Huang et al. showed the re-
duction of phospho-STAT3 and ultimately diminished the expression of hepcidin in the liver of late stage of BA which
was caused by accumulation of hydrophobic bile acid glycochenodeoxycholate [14]. The study highlights the close
relationship of BA and STAT3 and supports further studies on the effects of immune regulation on the pathogenesis
of BA.

Neutrophils are important myeloid cells. The effects of STAT3 on neutrophil functions such as maturation, mobili-
sation and migration have been reported [15,16]. In an acute inflammatory response, granulocyte colony-stimulating
factor (G-CSF) activates the JAK/STAT pathway to promote the maturation and chemotaxis of neutrophils. However,
in STAT3-deficient mice, a large accumulation of neutrophils can still be found in the lesion area. The accumulation of
neutrophils in the animal model of BA was observed [17]. This finding prompted us to investigate the potential role of
STAT3 in the pathology of BA in patient samples and in a BA animal model using inhibitors and activators of STAT3.
The effects of modulating STAT3 on expression of neutrophil chemoattractant chemokine (C–X–C motif) ligand 1
(CXCL1) in an animal model and on IL-8 biosynthesis in human BEC cultures were also explored. The results suggest
that STAT3 contributes to the disease process in BA and provide new information to enhance the understanding of
BA pathogenesis.

Materials and methods
Reagents and antibodies
All chemical reagents were purchased from Sigma (Sigma–Aldrich Corp., St. Louis, U.S.A.) unless otherwise stated.
The reagents and antibodies used in the experiments were listed in Supplementary Table S1.

Patient subjects
Fresh BA liver tissue (n=28, average age: 2.6 months) was obtained from wedge biopsies collected from patients
undergoing intraoperative cholangiograms and the Kasai operation. Control samples were obtained from patients
with choledochal cysts (CC) (n=20, average age: 9.1 months) (Supplementary Table S2). All fresh liver tissues were
collected from Guangzhou Women and Children’s Medical Center, China. The diagnosis of BA was confirmed by
histological evaluation of the liver and the portal plate, which demonstrated bile duct obstruction. The human study
protocols, which conformed to the ethical guidelines of the 1975 Declaration of Helsinki, were approved by the in-
stitutional review boards of Guangzhou Women and Children’s Medical Center, China (2017021302) and all subjects
had signed written informed consent before the study. All tissue samples for histological study and immunohisto-
chemical staining analysis were obtained from the Department of Pathology and the Biobank of the hospital. For
single-nucleotide polymorphism (SNP) analysis, tissue samples were collected during surgical procedures performed
on 503 sporadic BA patients recruited between 2000 and 2015. At the time of sample collection patient details includ-
ing their birthplace and if any close family or relative has the disease were collected as a part of medical history. Blood
samples were collected from 495 geographically and ethnically matched controls with no history of BA or related
hepatobiliary disorders.
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Animal model establishment and treatment
The BA mouse model with rhesus rotavirus (RRV) inoculation was used in the experiments. The RRV strain MMU
18006 was purchased from American Type Culture Collection (ATCC, Manassas, VA, U.S.A.). MA104 cells were
used to amplify the virus, which was quantified by a plaque assay as described previously. Pregnant BALB/c mice
were purchased from Guangdong Animal Experimental Center and kept in a specific pathogen-free room with a
12-h dark–light cycle. Neonatal BALB/c mice were intraperitoneally injected with 20 μl of 1.5 × 106 pfu/ml RRV
within 24 h of birth to establish the experimental BA model or with supernatant from the MA104 cell cultures as a
control. Infected mice that died within the first 2 days or not fed by their mothers were excluded from further analysis.
The experimental protocol was approved by The Institutional Animal Care and Use Committee of Jinan University
Laboratory Animal Center (#IACUC-20180705-12), and the animal experiments were carried out in the Laboratory
Animal Management Center of Jinan University. The animals were given anaesthesia with pentobarbital sodium (50
mg/kg) and at the end of the experiments and an overdose of pentobarbital sodium (200 mg/kg) was given before the
sample collection.

The mice were randomly separated into control (Cont.) and treatment groups. For the drug treatment group, the
STAT3 inhibitor Stattic (25 μg/g, Santa Cruz Biotechnology) and the STAT3 activator Colivelin (1 μg/g, Santa Cruz
Biotechnology, Inc., TX, U.S.A.) were given 4 h before RRV inoculation and within 24 h after birth. The vehicle
control of DMSO/PBS was given to BA mice and no toxicity effect was observed. The chemotactic cytokine IL-8
(50 ng/mouse, BioLegend, CA, U.S.A.) and an CXCL1 antibody or an IgG2b isotype control (10 μg/mouse, Thermo
Fisher Scientific, MA, U.S.A.) were administered at the same time. BA symptoms were monitored and recorded. For
tissue sample collection, mice were dissected under a microscope (SMZ1000, Nikon); injection of 0.4% Methylene
Blue into the gallbladder was used to test for blockage of the bile ducts, and the liver was photographed. Samples were
collected and fixed in 10% formalin for histological study or kept in −80◦C for RNA or protein isolation.

Extrahepatic cholangiography
At the end of the experiments, the mice were anaesthetised with Sevoflurane. The liver, gallbladder and extrahepatic
bile ducts were fully exposed with a cotton swab, and the appearance of the liver and bile ducts were observed and
photographed under a dissection microscope. Then, ophthalmic forceps were used to gently hold the bottom of the
gallbladder, slowly inserting a 1-ml syringe needle with Methylene Blue solution (0.05 wt. % in H2O) into the gall-
bladder cavity, grasping the needle with ophthalmic forceps, and slowly infusing 10–20 μl of Methylene Blue. Finally,
the extrahepatic bile ducts were observed and photographed under a microscope.

Histological analysis and immunohistochemical staining
Liver tissue samples from either human patients or animals were fixed in formalin overnight and embedded in paraf-
fin. Four-micron-thick tissue sections were stained with Haematoxylin and Eosin (HE) for histological analysis. Pi-
crosirius Red staining was used to detect the collagen deposition of liver fibrosis. After Haematoxylin counterstaining,
the tissue section was treated with Picrosirius Red for 1 h at room temperature; the sections were then mounted and
analysed. For immunohistochemical staining, antigen retrieval was performed in citrate buffer (10 mM, 0.01% Tween
20, pH 6.0) for CK19 or Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA solution, pH 9.0). Endogenous peroxidase
activity was blocked by 3% hydrogen peroxide treatment. The sections were then incubated for 30 min in a blocking
solution (antibody diluent, Dako), followed by an overnight incubation at 4◦C in the blocking solution containing pri-
mary antibodies. The antibodies used were anti-STAT3 (1:50) and anti-p-STAT3 (Tyr705, 1:50) antibodies from Cell
Signaling (MA, U.S.A.), an anti-p-STAT antibody (Ser727, 1:50) from Abcam and an anti-CXCL1 antibody (Thermo
Fisher Scientific, 1:50). ImmPACT DAB (VECTOR, CA, U.S.A.) was used for development. The results were analysed
using a Nikon microscope (Eclipse Ci, NIKON, Japan) and captured with NIS-Elements F4.0 (Nikon). For quantifi-
cation of the tissue sections, six to ten individual sections were used for each group and five fields around the portal
area in each section were photographed blinded and counted with NIH software ImageJ (NIH, Maryland, U.S.A.).

Flow cytometric analysis
Fresh mice livers were collected, and the tissue samples were gently minced though a 70-μm cell strainer. After wash-
ing with RPMI 1640 medium (Thermo Fisher Scientific, MA, U.S.A.), lysis buffer (Thermo Fisher Scientific) was
added to remove red blood cells. After gradient centrifugation with Percoll (GE, CT, U.S.A.), the single-cell suspension
of hepatic mononuclear cells was analysed by cytometry. The antibodies used or flow cytometric analysis were pur-
chased from Thermo Fisher Scientific, including anti-mouse CD11b-FITC, anti-mouse Gr-1-PE/FITC, anti-mouse
Ly6G-PE, anti-mouse Ly6C-PerCP-Cyanine5.5, anti-mouse CD4-PerCP-Cyanine5.5, anti-mouse CD3e-Alexa Fluor
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488, anti-mouse CD8a-APC, anti-mouse MHC-II-PE, anti-mouse F4/80-APC and anti-mouse CD11c-PE. The re-
sults were analysed using FlowJo software (FlowJo LLC, OR, U.S.A.).

Protein quantification with Western blotting
Liver tissue was lysed with RIPA lysis buffer in the presence of 100 mM PMSF (Sigma). After centrifugation, quan-
tification of the protein in the supernatant was performed with a Pierce™ BCA protein assay kit (Thermo Fisher
Scientific). Fifty micrograms of protein was added to each well, and the proteins were separated by SDS/PAGE. After
the proteins were transferred to a PVDF membrane, the membrane was incubated with a primary antibody overnight,
followed by HRP-conjugated secondary antibody staining. Signals were revealed with Immobilon Western Chemilu-
minescent HRP Substrate (Millipore, MA, U.S.A.). Anti-STAT3 and anti-p-STAT3 antibodies (1:1000, Cell Signaling)
were used, and the results were analysed with Bio-Rad ChemiDoc™ Imaging System (Bio-Rad Laboratories, Inc., CA,
U.S.A.).

Gene expression analysis with reverse transcription polymerase chain
reaction
Total RNA was extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany). One microgram of RNA was used for
reverse transcription with the iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad). Expression of human STAT3
was detected using SYBR Green Supermix (Bio-Rad) with Quant Studio™ 6 Flex System (Applied Biosystems, CA,
U.S.A.). For the Q-PCR, the polymerase activation and cDNA denaturation were set at 95◦C for 30 s. Amplification is
through denaturation at 95◦C for 15 s and then annealing at 60◦C for 60 s with 40 cycles. The following primers were
used: human STAT3: forward, 5′-AGCAGCACCTTCAGGATGTC-3′, and reverse, 5′-GCATCTTCTGCCTGGTCA
CT-3′; mouse CXCL1: forward, 5′-ACTGCACCCAAACCGAAGTC-3′, and reverse, 5′-TGGGGACACCTTTTAG
CATCTT-3′; human IL-8: forward, 5′-TTTTGCCAAGGAGTGCTAAAGA-3′, and reverse, 5′-AACCCTCTGCAC
CCAGTTTTC-3′; human β-actin: forward, 5′-ACCCACACTGTGCCCATCTAC-3′, and reverse, 5′-TCGGTGAG
GATCTTCATGAGGTA-3′; and mouse β-actin: forward, 5′-AAACTGGAACGGTGAAGGTG-3′, and reverse, 5′-
AGTGGGGTGGCTTTTAGGAT-3′.

BEC cultures
Human intrahepatic BECs were purchased from ScienCell (ScienCell, CA, U.S.A.). The passage 3–4 was used in the
study. The cells were cultured in epithelial cell medium (EpiCM, ScienCell) with 2% (v/v) FBS, 1% (v/v) epithelial cell
growth factors (EpiCGS, 4152, ScienCell) and 1% (v/v) penicillin–streptomycin (Thermo Fisher Scientific) in a 5%
CO2 incubator.

Human neutrophil and BEC co-cultures
Human peripheral blood was collected and gradient centrifuged with a Histopaque-1119/Histopaque-1077 mixture.
Prior to use in experiments, the layer of neutrophils from the Histopaque gradient was transferred to a new tube,
treated with red blood cell lysis buffer, centrifuged and washed with PBS. To test the effects of activating neutrophils
with BECs, BECs (3 × 105/well) were seeded and cultured for 48 h. The neutrophils were preactivated with 0.1 μM
phorbol 12-myristate 13-acetate (PMA; Sigma–Aldrich) for 20 min. To remove the PMA, cells were centrifuged at
500×g for 5 min and the supernatant containing PMA was carefully removed before the neutrophils were cocultured
with the BECs. For the control group, the same volume of DMSO was used. Each experiment has been repeated a
minimum of three times. The cells were cultured for 24 or 48 h and then photographed.

Liver neutrophil isolation and 10× single-cell RNA-seq analysis
The livers from the NC and BA groups of mice were collected on day 5 and digested into single cell suspensions
using the Liver Dissociation Kit (Miltenyi Biotec Inc., CA, U.S.A.) following the instructions of the Gr-1+ Cell Mag-
netic Bead Separation Kit (Miltenyi). In brief, after FcR blocking single cells were incubated with anti-Gr-1-Biotin.
Then after further washing the cells were incubated with anti-Biotin MicroBeads and the Gr-1+ cells were sorted on a
MACS® Separator (Miltenyi). The purity of the Gr-1+ cell was over 90% flow cytometry. The viability of the cells used
in 10× Genomics single-cell RNA-sequencing was greater than 90%. RNA-seq library preparation for 10× Genomics
single-cell 3′ was achieved by mixing Gr-1+ cells with the RT-PCR master mix and gel beads containing barcode infor-
mation and enzymes, and reverse transcribed to synthesise labelled cDNA according to the manufacturer’s instruc-
tions. The cDNA was ultrasonically broken into fragments (200-300 bp) and the sequencing adapter P5 (Illumina P5
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adapter: 5′- AATGATACGGCGACCACCGAGATCTACAC-3′) and sequencing primer R1 (5′- ACACTCTTTCCC-
TACACGACGCTCTTCCGATCT -3′) were added and PCR amplification was performed to obtain a DNA library.

The original data were analysed using 10× single-cell RNA-seq configuration analysis software Cell Ranger (3.1.0)
to demultiplex the cellular barcodes and align reads to the mm10 mouse reference genome. For data quality control,
cells with fewer than 200 genes or more than 5000 genes detected, and cells for which more than 5% of UMIs were
derived from mitochondrial genes or haemoglobin (HB) genes were excluded. Following the quality control proce-
dure, the dataset consisted of 8351 cells expressing 16738 genes. The Seurat package was used to normalise data,
dimensionality reduction, clustering, differential expression. Seurat alignment method canonical correlation analysis
(CCA) was used for integrated analysis of datasets. For clustering, highly variable genes were selected and the princi-
pal components based on those genes used to build a graph, which was segmented with a resolution of 0.6. Based on
filtered gene expression matrix by Seurat, differentially expressed genes (DEGs) and specific marker genes for each
of the cellular were using Seurat’s FindMarkers function. Detailed of the cellular subsets and their marker genes are
included in the figures and main test of the relevant sections. Loupe Cell Browser 5.0.0 was used to visualise the Cell
Ranger data. Further pathway analysis was performed using the Metascape tool [18].

SNP genotyping and quality control
SNP rs7211777 was chosen to identify susceptibility to disease. The MassARRAY iPLEX Gold system (Sequenom)
was selected for genotyping of all samples, including 503 cases and 495 controls. PLINK1.9 (genotype test of 3 × 2
contingency tables, Cochran–Armitage trend test, test of dominant and recessive models) was used to compare the
difference in allele frequency between patients and controls.

Statistical analysis
All clinical data are presented as the mean +− standard deviation (SD). Statistical analysis was performed using Graph-
Pad Prism software, version 8.0 (GraphPad Software, San Diego, CA). Student’s t test was applied when compar-
ing two sets of data and one-way analysis of variance (ANOVA) when three or more sets were compared. Tukey’s
multiple-comparison test was used for statistical analysis of each individual comparison within a group. P-values less
than 0.05 were considered statistically significant.

Results
Expression of STAT3 in liver tissues of BA patients
The pathological characteristics of the BA were present namely abnormal bile duct morphology, extensive inflam-
matory cell infiltration (Figure 1A) and increased tissue fibrosis (Figure 1B). To explore the expression of STAT3 in
BA patients, liver tissue samples from BA (n=28) and CC (n=20) cases were analysed and compared. STAT3 mRNA
expression in CC was distributed widely, but in BA, it was present as a tight cluster and was two-fold lower (P<0.001)
(Figure 1C). The protein levels and activation state of STAT3 were examined by Western blotting. In BA, the levels
of both total STAT3 and the active form p-STAT3 were lower than the corresponding levels in CC (Figure 1D). Im-
munohistochemical staining indicated that STAT3 was largely expressed in hepatocytes in CC, whereas in BA much
less staining was observed and was present in hepatocytes and portal areas. In addition, p-STAT3 was detected only
in inflammatory cells and BECs in CC but was nearly absent from BA (Figure 1E).

Effects of inhibiting or activating STAT3 in the BA mouse model
The effect of altering STAT3 activity was examined using the RRV-inoculated BA mouse model and a STAT3 inhibitor
and activator. Morphological analysis showed that inhibition of STAT3 by the specific inhibitor Stattic increased the
severity of BA symptoms (Figure 2A,B), with jaundice appearing earlier on day 5 as compared with day 6 or 7 after
virus inoculation alone. The mean survival time (MST) was reduced from 15 to 9.5 days (Figure 2C). A further
reduction in body weight was observed when Stattic treatment (n=10) with RRV inoculation was compared with
RRV inoculation (n=8) alone, but with no statistical significance (Figure 2D). Pathological investigation showed
an increase in inflammatory cells in the portal areas in the Stattic treated group (Figure 2E). In contrast, compared
with RRV only, the application of the STAT3 activator Colivelin (n=6) ameliorated BA by increasing survival time
(from 15 to over 25 days), and body weight also increased slightly (Figure 2C,D). Inflammatory cell infiltration was
greatly reduced in the Colivelin group (Figure 2E). Additional representative morphological changes are shown in
Supplementary Figure S1.
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Figure 1. Tissue fibrosis and the expression of STAT3 in BA

(A) HE staining showed the cellular infiltrate in CC and BA patient liver samples. The scale bar represents 50 μm. (B) Picrosirius

Red staining shows fibrosis in CC and BA patient liver samples. (C) mRNA expression of STAT3 measured by quantitative PCR.

***P<0.001 (n=20 for CC and n=28 for BA). (D) Protein expression of STAT3 and the activated form p-STAT3 determined by Western

blotting. N=4 for both CC and BA; one set of representative results is shown. (E) Immunohistochemical staining showed expression

of STAT3 and p-STAT3 in BA and CC patient liver samples. The portal areas are shown, and the arrows indicate the positions where

BECs can be observed. The solid arrows indicate these features in the CC samples, and the dashed arrows indicate these features

in BA. The scale bar represents 50 μm.
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Figure 2. Effect of STAT3 inhibition and activation on a mouse model of BA

The STAT3 inhibitor Stattic (25 μg/g body weight, n=10) or activator Colivelin (1 μg/g body weight, n=6) was given 4 h before

RRV inoculation, and mouse morphology, body weight and survival time were recorded. (A) Effects of Stattic and Colivelin on BA

syndrome. Photographs of the mice were taken on day 9 after RRV inoculation. (B) Photographs of the portal areas after dissection

under a dissecting microscope. Cholangiography was achieved by injection of 0.4% Methylene Blue. The dashed blue line shows

the outline of the gallbladder and bile duct. The asterisks depict BA. (C) Effects of Stattic and Colivelin on BA mouse survival. (D)

Effects of Stattic and Colivelin on BA mouse body weight changes. (E) HE staining showing the hepatic bile ducts and cellular

infiltration in the Stattic and Colivelin treatment groups. The scale bar represents 50 μm. Abbreviations: BD, bile duct; PV, portal

vein.
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Inhibition of STAT3 altered the proportion of immune cell types in BA
The immune cells in BA mice treated with the STAT3 inhibitor were analysed using flow cytometry on days 3, 6
and 9 after they were inoculated with RRV. On day 3, there were increases in all immune cells examined, such as
natural killer (NK) cells (P<0.05) and CD4+ T cells (P<0.05). However, following inhibition of STAT3 with Stattic
on day 3 after RRV inoculation we observed increased numbers of innate immune cells, including NK cells (P<0.001),
macrophages (P<0.01), neutrophils (P<0.05) as well as adaptive immune cells namely CD4+ T cells (P<0.01) and
CD8+ T cells (P<0.05), (Supplementary Figure S2A,D). A significant increase in the number of all inflammatory
cell types analysed was also observed on day 6 in the RRV inoculation mice compared with the controls (P<0.001).
Treatment with Stattic further increased the accumulation of macrophages, neutrophils, CD4+ T cells and CD8+

T cells (P<0.001). In contrast, there was a reduction in NK cell accumulation, but no significant differences were
observed (n=3 in each group; Supplementary Figure S2B,E). Similar to the changes observed on day 6, the elevated
levels of inflammatory cells were maintained on day 9, whereby NK cells, neutrophils, CD4+ and CD8+ T cell levels
were significantly higher in the RRV group than in the control group (P<0.001 for NK cells, P<0.05 for CD4+ T
cells and neutrophils and P<0.01 for CD8+ T cells). Treatment with Stattic also had an effect on neutrophils in that it
increased their number (P<0.001), though this treatment significantly reduced the NK cell number compared with
the RRV group (P<0.001) (n=3 in each group; Figure 3A and Supplementary Figure S2C).

In view of the high level of neutrophils present in the BA mouse model, especially following Stattic treatment,
their presence was further examined by immunohistochemical staining. A progressively increasing number of neu-
trophils (P<0.001) was observed on all days analysed after RRV inoculation, but there was only a slight increase in
the neutrophil number after treatment with Stattic compared with RRV alone, and this difference was not statisti-
cally significant. However, administration of the STAT3 activator Colivelin resulted in a reduction in the number of
neutrophils on days 3, 6, 9, and 12 (P<0.01 on day 3 and P<0.001 on days 6, 9 and 12, n=5 in each group) (Figure
3B). Extensive immune cell infiltration was observed, and mouse death often occurred on day 12 in the Stattic treat-
ment group. Nonetheless, Colivelin treatment largely ameliorated cellular infiltration and protected the bile duct from
RRV-induced damage (Supplementary Figure S3A).

In BA patients, blood examination indicated that the absolute number of neutrophils was increased
(4.33E+09+−2.4E+09, n=63) compared with controls, which included healthy controls (Cont, 2.18E+09+−8.68+08,
n=40), congenital heart disease (CHD, 2.28E+09+−9.21E+08, n=35; P<0.001), infant hepatitis syndrome (IHS,
2.62E+09+−1.01E+09, n=40; P<0.001) and CC patients (CC, 2.88E+09+−1.18E+09, n=40; P<0.05) (Supplementary
Figure S3B). Similarly, the percentage of neutrophils in BA patients (37.5 +− 15.6%) was higher than that in other
groups: Cont. (22.2 +− 5.6%; P<0.001) and IHS (24.5 +− 7.2% P<0.001); CC (25.9 +− 7.5%; P<0.01) and CHD (26.3 +−
7.6%; P<0.05) (Supplementary Figure S3C). In the portal area of liver tissue sections, immunohistochemical staining
showed that the number of neutrophils in BA (116.0 +− 8) was higher than that in cavernous transformation of the
portal vein (CTPV, 1.4 +− 0.9; P<0.001) (n=5 in each group; Figure 3C).

Modulation of CXCL1 expression in the BA model after treatment with
Stattic and Colivelin
As mice do not have an IL-8 gene, the functional homologue CXCL1 was used to detect changes in the functional
effects of neutrophil chemoattractants in response to STAT3 inhibition and activation. Expression of CXCL1 mRNA
was examined by Q-PCR in mouse liver tissue. The results revealed that CXCL1 mRNA expression was significantly
increased on day 12 (P<0.001). Following inhibition of STAT3, elevated CXCL1 expression was observed earlier
on day 6 (P<0.01), which was maintained on day 9 (P<0.001). However, activation of STAT3 by Colivelin did not
significantly reduce CXCL1 expression on day 6 or 9 (P>0.05) but did on day 12 (n=3 in each group; P<0.001)
(Figure 4A). Next, cells expressing CXCL1 were detected by immunohistochemical staining (Figure 4B). CXCL1+ cells
were present in the portal areas and were a component of the cellular infiltrate. On day 3, only the RRV group showed
an increase in the number of CXCL1+ cells (P<0.001 compared with Cont.), and compared with RRV alone, treatment
with either Stattic or Colivelin lowered the number of CXCL1+ cells (P<0.001). On day 6, more CXCL1-positive cells
were found in the RRV group (P<0.001 compared with Cont.), and Stattic further enhanced accumulation of CXCL1+

cells (P<0.001). Colivelin treatment reduced CXCL1 expression by more than 50% (P<0.001 compared with the RRV
group). Similar outcomes were observed on days 9 and 12, but at the later time point, treatment with Stattic caused
death (n=5 in each group; Figure 4C). The results indicated that reduced expression of STAT3 promotes CXCL1
expression in the portal area.
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Figure 3. Effects of changes in STAT3 expression on immune cell regulation

(A) Effects of STAT3 inhibition on NK cell, macrophage, neutrophil, CD4+ T cell and CD8+ T cell numbers in the liver determined using

flow cytometric analysis. Cell suspensions were obtained from the liver at the end of experiments and labelled with the appropriate

antibodies for immune cell analysis. At least three sets of experiments were performed, and a representative experiment is shown

here. Data were obtained on day 9 after RRV inoculation (other time point analyses are presented in the Supplementary Data).

Data were collected from the experiments and evaluated by statistical analysis. *P<0.05, **P<0.01, ***P<0.001. (B) Effects of

STAT3 inhibition or activation on neutrophil accumulation determined by immunohistochemical staining on days 3, 6, 9 and 12

after RRV inoculation. The number of immune-positive signals was counted, calculated and analysed. **P<0.01, ***P<0.001. (C)

Immunohistochemical staining of neutrophils in samples from normal controls (transplantation donor liver samples), CC patients and

BA patients. The cell numbers in the different categories were evaluated (n=5 in the control group, CC and BA groups; ***P<0.001).

The scale bar represents 50 μm.
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Figure 4. Effect of changes in STAT3 levels on expression of the chemoattractant CXCL1 in a BA mouse model

(A) CXCL1 gene expression in response to Stattic or Colivelin treatment was examined by quantitative PCR on days 3, 6, 9 and

12 after RRV inoculation. **P<0.01, ***P<0.001. (B) Immunohistochemical staining for CXCL1 was used to assess BA-model mice

treated with Stattic and Colivelin. The black arrows represent CXCL1+ cells; the scale bar represents 50 μm. (C) Immunohisto-

chemical staining and positive cells were quantified and analysed. ***P<0.001. Abbreviations: BD, bile duct; PV, portal vein.
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Effects of a CXCL1 antibody or IL-8 on BA mice with activated or
inhibited STAT3
As accumulation of the neutrophils through CXCL1 expression might contribute to disease progression in the BA
mouse, we investigated this by targeting CXCL1. The results showed the amelioration of the BA syndrome following
anti-CXCL1 antibody (n=10) treatment, as illustrated by an increase in survival times (56% of mice survived for more
than 25 days; Figure 5A). Body weight also increased slightly, but this change was not significantly different from the
body weight in the RRV group (n=10) on day 12 (Figure 5B). In tissue sections, reduced neutrophil numbers were
found at all time points examined (P<0.01 for day 3 and P<0.001 for days 6 and 9 compared with the RRV group;
n=5 in each group; Figure 5E). In contrast, the addition of recombinant IL-8, a potent chemoattractant of neutrophils
that is absent from mice [19], reduced survival times (the MST was reduced from 15 days in the RRV group to 11
days in the IL-8+RRV group (n=8; Figure 5A), but body weight changes were not significantly different from the
results in the RRV group on day 12 (Figure 5B). In addition, the number of neutrophils was only slightly increased in
the IL-8+RRV group compared with the RRV group on days 3, 6, 9 and 12 (P>0.05) (n=5 in each group; Figure 5E).
Representative images are shown in Supplementary Figure S4.

The STAT3 inhibitor aggravated symptoms of BA in the mouse model. To establish whether this increase in disease
severity was due to CXCL1 expression, mice received combined treatment with Stattic (n=10) and the anti-CXCL1
antibody (n=11). The results showed ameliorative effects in terms of survival time (the MST increased from 11 days
to 63% of the mice surviving for over 25 days), though there was no obvious improvement in body weight on day 12
(Figure 5C,D). Neutrophil numbers were reduced on days 3, 6 and 9 after treatment (P<0.01 at these time points),
but on day 12, the mice receiving Stattic had died (Figure 5E). In contrast, combining Colivelin (n=9) and IL-8 (n=8)
reduced symptoms of BA, and both survival time and body weight increased (Figure 5C,D). Furthermore, neutrophil
numbers were reduced on days 3, 6 and 9 (P<0.001 for the combined treatment group compared with the IL-8 group;
n=5 in each group; Figure 5F). Relative representative images are shown in Supplementary Figure S5.

Activation of neutrophils increases BEC apoptosis
Down-regulation of STAT3 increased neutrophil accumulation in the periductal area. To further investigate whether
neutrophils have any effects on BECs, isolated human neutrophils were activated with PMA and co-cultured with
BECs. The apoptosis of BEC increased after 48 h of incubation with neutrophils and PMA when compared with neu-
trophils alone (58.9 +− 7.4 vs. 3.9 +− 1.84% and 3.0 +− 0.6%, both P<0.001 compared with cultures with no neutrophils
or non-activated neutrophils; Figure 6A–C). This finding suggests that activated neutrophils have the potential to
cause BEC death.

Effects of the STAT3 inhibitor on BEC chemokine expression
The expression of chemokines is a key factor in neutrophil accumulation. Low expression of STAT3 and increased
neutrophil numbers in the portal area provide insight into the role of chemokine expression when STAT3 is
down-regulated. Examination of IL-8 expression was performed on BEC cultures in the presence of the STAT3 in-
hibitor Stattic. The results showed cell death after 24 h in the cultures treated with 10 μM Stattic (Figure 7A). To
confirm effectiveness of Stattic cells in the other groups were collected 12 h after Stattic was added, and the phospho-
rylation of STAT3 was measured by Western blotting. The results indicated a reduction in the level of activated STAT3
(p-STAT3) in the presence of 5 μM Stattic, but the effect was less obvious at a concentration of 2.5 μM. Furthermore,
treatment with the inhibitor did not change the level of total STAT3 at the time points investigated (Figure 7B,C).
IL-8 was detected in BECs treated with 5.0 μM Stattic, and a two-fold increase in IL-8 gene expression was found
(P<0.001) (Figure 7D). This increase in the IL-8 level in the supernatant was confirmed by ELISA (P<0.001, Figure
7E). These data suggest that STAT3 might be needed for epithelial cell growth and that disruption of the signalling
pathway may induce expression of inflammatory mediators, such as chemoattractants.

Altered gene expression in STAT3+ neutrophils in BA
The expression of STAT3 was analysed in Gr-1+ neutrophils on day 5 after virus inoculation. The percentage of the
STAT3+ cells was reduced from 9.1% in the NC group to the 6.8% in the RRV group (Figure 8A). The cells can be
further separated to Ly6G+ and Ly6C+ subclusters which reflect G-MDSC and M-MDSC cells present in the neonatal
period and they become neutrophil and monocyte respectively after maturation [20]. The percentages of Ly6G+ was
three-fold higher than Ly6C+ cells and there were only slight changes in the number of these cells for each cluster
in the RRV group (Figure 8B). The percentages of STAT3 were reduced in both Ly6G+ (7.5 to 5.2%) and Ly6C+

(15.0 top 10.4%) clusters (Figure 8C). The number of the cells was counted and shown (Supplementary Table S3).
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Figure 5. Administration of an anti-CXCL1 antibody or human recombinant IL-8 (rhIL-8) to BA-model mice and the effects

of combining the antibody treatment with STAT3 inhibition or activation

(A) Changes in survival in BA-model mice induced by an anti-CXCL1 antibody (n=10) or rhIL-8 (n=8) compared with RRV inoculation

alone or no treatment. (B) The body weight changes corresponding to (A). (C) Changes in mouse survival induced by the anti-CXCL1

antibody in the Stattic + RRV group (n=11) compared with the Stattic + RRV group (n=10) and by Colivelin in the rhIL-8 + RRV

group (n=9) compared with the rhIL-8 + RRV group (n=8). (D) The body weight changes corresponding to (B). (E) Neutrophil counts

corresponding to (A) determined by immunohistochemical staining with an anti-neutrophil antibody. *P<0.05, **P<0.01, ***P<0.001.

(F) Neutrophil counts for the data in (C) determined by immunohistochemical staining. *P<0.05, **P<0.01, ***P<0.001.
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Figure 6. Effects of neutrophil activation on BEC cultures

(A) Human BECs were cultured as described previously. Neutrophils isolated from PBMCs were activated with PMA and added

to the BEC cultures for another 24 or 48 h, and then the cultures were photographed. (B) Apoptosis in single-BEC suspensions

cocultured with activated neutrophils was analysed by flow cytometry. At least three sets of experiments were performed, and

one representative graph is shown. (C) Apoptosis in BECs co-cultured at 24 and 48 h with activated neutrophils was evaluated.

***P<0.001.
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Figure 7. Inhibition of STAT3 in BEC cultures

(A) Human BECs were cultured in epithelial cell medium for 48 h, and then different concentrations of Stattic were added to the

cultures and incubated for another 24 h before cell morphology was analysed. (B,C) Western blotting shows the expression of

p-STAT3 and STAT3 in cell cultures treated with different concentrations of Stattic for 12 h. Cont., control group with Stattic; Stattic

5, Stattic at a dose of 5 μM. (D) mRNA expression of chemoattractant IL-8 in human BEC cultures was measured by quantitative

PCR. The cont.2.5 and cont.5 group correspond to the control groups for the STAT3 inhibitor Stattic with 2.5 and 5 μM, with the

same volume of DMSO as solvent of Stattic. ***P<0.001. (E) IL-8 secretion into the supernatant of the cell culture was assessed

by ELISA, *P<0.05, ***P<0.001.
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Figure 8. Altered gene expression in STAT3+ neutrophils in BA liver

The 10× single-cell RNA-seq was used in the experiments. (A) The results were analysed using Loupe Cell Browser with t-SNE

method. The percentages of STAT3+ cells in NC and RRV groups is presented. (B) The two subclusters of Gr-1+ cells was showed

using Ly6G and Ly6C as markers and the percentage was indicated. (C) The expression of STAT3 in each subclusters and the

percentage was indicated. (D) Five up- and down-regulated genes each in BA compared with the control group. *P<0.1, **P<0.05,

***P<0.01 and ****P<0.001, the P-values adjusted using the Benjamini–Hochberg correction for multiple testes was showed in

the graph. (E) Five up- and down-regulated genes expressed in the sub clusters compared BA and control group with Ly6G+ and

Ly6C+indicted. The significant P-value label was the same as previous. (F) Metascape analysis showing the enrichment of gene

expression in different signalling pathway and interaction of molecules in the context of genes that are highly differentially expressed

between NC and RRV groups. (G) The analysis of the most highly expressed genes and comparison of the each subcluster to

determine functional differences.
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However, genes related to the interferon signalling pathway such as Cxcl10, Rsad2, Serpina3g were greatly increased,
and in contrast, negative immune regulators such as Il1r2, Cirbp and were reduced suggesting that the cells were
highly activated (Figure 8D). Further analysis found that the up-regulated genes were mostly present in the Ly6C+

population in RRV group but the down-regulated genes were found both in Ly6G+ cells and Ly6C+ cells indicating
the differential regulation was due to the virus infection (Figure 8E). These functional changes were confirmed by
Metascape analysis and those genes that were markedly different between the NC and RRV groups were related to viral
defence responses and the interferon signalling pathway (Figure 8F). In each subcluster similarities in the regulation
of defence response and neutrophil degranulation genes were observed. Genes associated with regulation of cells
cycle, mitotic cytokinesis were only found in Ly6G+ cells. Whereas those genes regulating leukocyte differentiation
and responsiveness to interleukin-1 were present only in Ly6C+ cells indicating functional differences in the response
to the virus (Figure 8G). All of these functional activities suggested that neutrophils are active in response to the virus
but may also contribute to the damage of the BECs.

Genetic association of STAT3 with BA
The genetic susceptibility for BA with regard to STAT3 was examined in southern Chinese populations. SNP
rs7211777 was selected for further replication according to the potential regulatory role with STAT3 expression.
As shown in Supplementary Table S4, major allele A of SNP rs7211777 was significantly associated with increased
BA risk (OR = 1.61, 95% CI = 1.15–2.25, P=5.31E-03), with a 1.6-fold increased risk. We further explored STAT3
expression in 36 liver samples with known genotypes and our findings indicated that individuals carrying the dis-
ease risk allele A had a significantly lower expression (Supplementary Figure S8A,B; P=0.0071 defined by genotype;
P=8.00E-04 defined by allele), which may account, in part, for possible genetic susceptibility to BA.

Discussion
Increased numbers of neutrophils have been observed in BA patients and experimental animal models of BA. In the
current study, the down-regulation of p-STAT3 in BA patients and modulation of STAT3 expression with a specific
inhibitor or activator in a mouse model of BA resulted in changes in the level of the neutrophil chemoattractant
CXCL1. As a consequence, this altered the number of neutrophils present, the symptoms and the pathology. Further-
more, after administration of the anti-CXCL1 antibody, even in the presence of STAT3 inhibitor amelioration of BA
was observed suggesting that the main effect of reducing STAT3 was through the augmentation of CXCL1. The use of
a STAT3 activator in the presence of recombinant IL-8 also had the beneficial effect of protecting the bile ducts, partly
through the inhibition of endogenous CXCL1 expression. However, other functions of STAT3 such as promoting the
proliferation of BEC [21] might also contribute to the protective effect on the bile ducts. Collectively, these findings
indicate a central role for the STAT3 signalling pathway in the BA disease process.

Hydrophobic bile acids compromise IL-6 signalling through both caspase-mediated down-regulation of gp130
expression and p38 MAPK-dependent inhibition of STAT3 phosphorylation [22]. Accumulation of bile acid is a
feature of BA, however, only a few studies have reported increased IL-6 expression in BA, and from our unpublished
data, there were no obvious differences in levels when BA was compared with CC and unrelated disease controls.
We observed a reduction in gp130 expression in BA compared with CC by immunohistochemical analysis (data not
shown), and less bile acid accumulation was found in CC [23]. Furthermore, in the BA animal model, p-STAT3+ cells
were observed on day 9, by which time damage to the bile ducts had already occurred; nevertheless, the p-STAT3+

cells had disappeared by day 12 (Supplementary Figure S6), which suggests that accumulation of bile acid may also
reduce STAT3 activity. The effects of STAT3 inhibitor and activation in p-STAT3 was observed in liver section by
immunohistochemistry (Supplementary Figure S7).

NK cells play an important role in the BA pathogenesis [24]. However, in this study, the treatment with Stattic sig-
nificantly reduced the number of NK cells, which was accompanied by increased tissue damage. It has been reported
that STAT3 regulates many aspects of NK cell biology, such as NK development, activation and target cell killing [25],
and our previous study using silver nanoparticles to inhibit NK cell activity also showed beneficial effects in the BA
model [26]. Regardless, the reduction in the NK cell numbers did not result in amelioration of BA in the Stattic-treated
group, which might indicate that the increase in neutrophils had a strong promoting effect on the disease. Recent in
vivo studies have shown that targeted specific knockdown of STAT3 expression in NK cells results in increased NK
cell activity through up-regulated expression of DNAM-1 and the lytic enzymes perforin and granzyme B in NK cells,
with a beneficial effect against tumour cells [27]. This result indicated the effects that STAT3 might have on different
cellular functions depending on the disease model, and further investigation NK cell activity in the BA mouse model
treated with Stattic may prove informative.
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Previous studies on BA have revealed that a number of molecules may affect the disease process. For example,
the pathogen-associated molecular pattern (PAMP) molecule HMGB1 has been shown to have a potent effect on
BA by promoting NK cell activation [28]. Zhao et al. also reported up-regulation of HMGB1 expression by ritux-
imab in human diffuse large B-cell lymphoma and suggested that this effect was mediated through the inhibition of
STAT3 [29]. Moreover, expression of the long noncoding RNA H19 is up-regulated in both BA patients and an animal
model of BA, promoting cholangiocyte proliferation and cholestatic liver injury by regulating the S1PR2/SphK2 and
let-7/HMGA2 axis [30]. The effect of H19 has also been investigated in endothelial cell ageing within the context of
intercellular adhesion molecule 1 (ICAM1) and vascular cell adhesion molecule 1 (VCAM1) expression, and it was
observed that depletion of H19 increased ICAM1 and VCAM1 expression. Overexpression of H19 inhibited STAT3
signalling, whereas depletion of H19 enhanced phosphorylation of STAT3 [31]. Recent studies on the inflammasome
in BA have revealed an additional mechanism that contributes to tissue damage, whereby targeted knockdown of
expression of NLRP3 and IL-1R1 but not that of caspase 1 protects against bile duct injury [32]. Another study of
NLRP3 protein deficiency found enhanced hyperoxia-induced death mediated via STAT3 protein signalling and in-
dependent of IL-1β [33]. Furthermore, STAT3 expression is reduced in human neuroblastoma SH-SY5Y cells, which
enhances oxidative stress mediated by the NLRP3 inflammasome [34]. Together, these reports suggest that the effects
of NLRP3 and IL-1R1 on BA might be related to STAT3 expression.

LPS-enhanced IL-6/STAT3 expression can promote BEC proliferation through activation of p44/p42 MAPK [35],
and PD098059, an inhibitor of p44/p42 MAPK, completely blocks proliferation. Regardless, whether STAT3 inhibi-
tion has an effect on proliferation has not been explored. Our data indicate that BECs express STAT3 under normal
growth conditions and that inhibiting signalling blocks proliferation and induces cell death, indicating that activation
of STAT3 is essential for cell growth. Additionally, BECs can produce IL-8 [36], and we report here that it is increased
in BEC culture supernatants in the presence of a STAT3 phosphorylation inhibitor. The effect might occur by directly
reducing STAT3 repressed IL-8 production or indirectly by enhancing NF-κB promotion of IL-8 expression [37,38].
This result also correlates with high expression of IL-8 detected in BA patients, and has been demonstrated in several
clinical studies [39]and in our laboratory (unpublished observations). In conclusion, the findings of the study suggest
that STAT3 expression and activation are central in BA pathogenesis.

Gr-1 cells are an abundant inflammatory cell type present in the BA mouse liver and the RNA-seq analysis showed
that only 10% of the cells are STAT3+ cells in NC group and this was further reduced in BA group. Although there was
only a slight reduction in STAT3 expression between the RRV and NC groups their functional activity was markedly
different in that IFN-related antiviral effector molecules were greatly increased in the former group. This result sug-
gests that STAT3 may not play a major role in these functional changes. It has been shown the STAT3 deficiency
in myeloid cells reduces of bacterial load, but increases neutrophil accumulation [40]. Our data imply that reduced
STAT3 expression might not affect the activity of neutrophils, but through the increased chemoattractant production
by the BECs, promote the accumulation of activated neutrophils and cause bile duct damage.

A recent study using bioinformatics analysis of human cholangiopathies, including BA, reported modulation by
STAT3 expression [9]. Choosing an established eQTL SNP through the GTEX database and identified it as being
associated with BA. Interestingly, a significant correlation between the STAT3 expression level and patients carrying
the disease risk genotype (AA) versus patients carrying either of the other two genotypes was observed. However, large
sample size is the limitation of the study for the genetic relationship of STAT3 in BA, which need to further confirm
the results especially the potential regulatory susceptibility SNP modulates gene expression is in a tissue-specific
manner [11].

Clinical perspectives
• BA is an immune-related disorder with inflammation and tissue fibrosis, but the underlying mech-

anisms are not clear. STAT3 is a key signalling molecule in inflammation and fibrosis.

• STAT3 expression is reduced in BA patients. In the BA mouse model, the STAT3 inhibitor increased
disease severity and the activator reversed BA symptoms. This outcome is, in part, through the
regulation of the chemoattractant CXCL1, and the subsequent accumulation of neutrophils which
express interferon stimulation. The STAT3 inhibitor induced BEC apoptosis and enhanced expres-
sion of IL-8 in cell cultures.
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• Our data suggest that in BA a reduction in STAT3 together with enhanced IL-8 and CXCL1 expres-
sion promote the accumulation of neutrophils resulting in BEC damage. Potentially the adminis-
tration of a STAT3 activator might have a beneficial effect in the clinical management of BA.
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