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Mucosal-associated invariant T cells promote ductular reaction
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Summary
Background Biliary atresia (BA) is a neonatal fibro-inflammatory cholangiopathy with ductular reaction as a key
pathogenic feature predicting poor survival. Mucosal-associated invariant T (MAIT) cells are enriched in human
liver and display multiple roles in liver diseases. We aimed to investigate the function of MAIT cells in BA.

Methods First, we analyzed correlations between liver MAIT cell and clinical parameters (survival, alanine trans-
aminase, bilirubin, histological inflammation and fibrosis) in two public cohorts of patients with BA (US and China).
Kaplan–Meier survival analysis and spearman correlation analysis were employed for survival data and other clinical
parameters, respectively. Next, we obtained liver samples or peripheral blood from BA and control patients for bulk
RNA sequencing, flow cytometry analysis, immunostaning and functional experiments of MAIT cells. Finally, we
established two in vitro co-culture systems, one is the rhesus rotavirus (RRV) infected co-culture system to model
immune dysfunction of human BA which was validated by single cell RNA sequencing and the other is a
multicellular system composed of biliary organoids, LX-2 and MAIT cells to evaluate the role of MAIT cells on
ductular reaction.

Findings Liver MAIT cells in BA were positively associated with low survival and ductular reaction. Moreover, liver
MAIT cells were activated, exhibited a wound healing signature and highly expressed growth factor Amphiregulin
(AREG) in a T cell receptor (TCR)-dependent manner. Antagonism of AREG abrogated the proliferative effect of BA
MAIT cells on both cholangiocytes and biliary organoids. A RRV infected co-culture system, recapitulated immune
dysfunction of human BA, disclosed that RRV-primed MAIT cells promoted cholangiocyte proliferation via AREG,
and further induced inflammation and fibrosis in the multicellular system.

Interpretation MAIT cells exhibit a wound healing signature depending on TCR signaling and promote ductular
reaction via AREG, which is associated with advanced fibrosis and predictive of low survival in BA.
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Introduction
Biliary atresia (BA) is a devastating neonatal cholangi-
opathy featuring severe liver fibrosis and rapid pro-
gression to end stage liver disease.1,2 BA is the leading
indication for pediatric liver transplant worldwide.3 In
response to insults, such as viral infection, damaged
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cholangiocytes activate an innate and adaptive inflam-
matory response that eventually results in biliary
obstruction.4 Meanwhile, cholangiocytes initiate repli-
cation and proliferation, which together with other cells
such as inflammatory cells is termed ductular reaction.5,6

Ductular reaction is a maladaptive wound-healing
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Research in context

Evidence before this study
Ductular reaction that is identified histologically as bile duct
hyperplasia, is often observed in patients with cholestatic liver
diseases including biliary atresia, and also identified in various
liver diseases. Ductular reaction is often together with
inflammatory cell infiltration in portal areas of livers,
contributing to an abnormal wound-healing response and
liver fibrosis. Thus, ductular reaction can be a therapeutic
target to inhibit liver fibrosis. In biliary atresia, ductular
reaction is associated with liver fibrosis and poor survival.
However, the underlying mechanisms remain unknown.

Added value of this study
Our study show that mucosal-associated invariant T (MAIT)
cells, which are abundant especially in the liver, were highly
activated and exhibited a wound healing signature. Further,
MAIT cells promoted ductular reaction via AREG, which clarify
the regulation of rapid progression of fibrosis in biliary atresia.

Implications of all the available evidence
Our findings characterize the ductular reaction promoting
potential of liver MAIT cells and suggest that MAIT cells could
be a prognostic biomarker and potential therapeutic target
for biliary atresia.
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response which is associated with several liver disease
progression7–9 and has a key role in the initiation and
progression of liver fibrosis.10,11 In BA, higher presence
of ductular reactions is an indication of extent of liver
fibrosis and poor survival.12,13 However, the mechanisms
of ductular reaction remain poorly understood in BA.

Mucosal-associated invariant T (MAIT) cells are a
unique innate-like T cell subset defined by co-expression
of C-type lectin-like receptor CD161 and the invariant
Vα7.2−Jα33 T cell receptor (TCR) in humans, which
recognizes riboflavin metabolites14,15 presented on the
restriction molecule major histocompatibility complex
(MHC)-related protein-1 (MR1).16 MAIT cells are abun-
dant especially in the liver compared to any other
human tissues, with up to 15% in of total CD3+ T cells.17

In several liver diseases, MAIT cells are exposed to
increased inflammatory cues and activated towards a
cytotoxic or profibrogenic phenotype by a group of
cytokines including IL-18 and IL-12.18–21 This suggests a
prominent role of MAIT cells both in liver inflammation
and fibrogenesis. In addition, MAIT cells, activated by
TCR stimulation, display a wound healing gene
expression program.22–24 It has been reported that MAIT
cells express a wound healing program at steady state
and have a wound healing function in the skin.25,26 In
mucosa, MAIT cells strengthened the colonic mucosal
barrier by inducing the tight junction protein occludin.27

Lung MAIT cells can also produce growth factors such
as PDGF, VEGF and AREG, which play a role in repair.22

AREG can promote epithelial cell proliferation, re-
epithelialisation, and goblet cell activity, strengthening
the mucus barrier.28 Depending on the distinct tissue
microenvironment, MAIT cells may express both anti-
bacterial and wound healing functions at different
stages in the evolution of an infectious or physical
injury, and their role can be either pathogenic or pro-
tective. Further studies are required to understand the
balance between their wound healing potential and their
pro-inflammatory feature.

In this study, we investigate clinical implications and
functions of MAIT cells using human liver
transcriptomics data, freshly isolated liver MAIT cells
from BA patients, rhesus rotavirus (RRV) infected
human cholangiocytes and PBMC co-culture cell sys-
tem, and human biliary organoids - LX-2 cells - MAIT
cells multicellular system. We reported that liver MAIT
cells were associated with histological inflammation and
fibrosis, and predicted low survival in patients with BA.
Liver MAIT cells were activated, located around portal
tracts and positively correlated with bile duct profiles in
BA. Using freshly isolated MAIT cells from BA patients,
we found that BA MAIT cells exhibited a wound healing
signature, and promoted human cholangiocyte prolif-
eration and biliary organoids growth via AREG. More-
over, we developed a RRV infected co-culture cell system
to recapitulate immune dysfunction of human BA and
further validated the wound healing signature and
ductular reaction-promoting functions of MAIT cells.
RRV-primed MAIT cells promoted ductular reaction in
the multicellular system. Finally, we found that this
wound healing signature was dependent on MR1
mediated TCR signaling and AREG expression in BA
liver was positively correlated with expression of MR1,
ductular reaction markers, chemokines and RAS-MAPK
signaling.
Methods
Detailed information of methods is provided in the
Supporting materials. All antibodies used are listed in
Supplemental Table S1. Primer sequences are listed in
Supplemental Table S2.

Study design
The aim of this study was to identify the function of
MAIT cells on BA. First, we analyzed correlations of
liver MAIT cell level and clinical parameters [survival,
alanine transaminase (ALT), bilirubin, histological
inflammation and fibrosis] in two public cohorts of pa-
tients with BA (one cohort was 45 BA patients in US,
while the second cohort was 102 BA patients in China).
Next, we obtained liver or peripheral blood samples
www.thelancet.com Vol 103 May, 2024
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from BA and control patients for bulk RNA sequencing
(RNAseq), flow cytometry analysis, immunostaning, and
performed wound healing experiment and cell prolif-
eration assay in both chonlangiocyte cell line and biliary
organoids. The control patients were pediatric patients
with hepatoblastoma (HB), neonatal intrahepatic chole-
stasis (IHC) and congenital choledochal cysts (CC). For
hepatoblastoma, we only obtained adjancent normal
liver tissues for study. Finally, we established two in vitro
co-culture systems, one is the RRV infected co-culture
system to model immune dysfunction of human BA
which was validated by single cell RNA sequencing
(scRNA-seq) and the other is a multicellular system
composed of biliary organoids, LX-2 and MAIT cells to
evaluate the role of MAIT cells on ductular reaction.

Ethics statement
All human specimens were collected at The First Affil-
iated Hospital of Sun Yat-sen University, P.R. China.
The protocol was approved by the Institutional Research
Ethics Committee at The First Affiliated Hospital of Sun
Yat-sen University (approval number 2021-572). The
study design conformed to the ethical guidelines of the
1975 Declaration of Helsinki and Istanbul. Written
informed consents were obtained from parents of each
patient or patients.

The animal protocols were reviewed and approved by
the Animal Care and Use Committee of Sun Yat-sen
University (number SYSU-IACUC-2022-016).

Patients
Liver samples and peripheral blood were obtained from
patients with BA and controls including hepato-
blastoma, neonatal intrahepatic cholestasis and
congenital choledochal cysts. These types of disease
controls have been used in study of BA.29–31 No matching
was done between BA and controls. The diagnosis of BA
was defined by an abnormal intraoperative cholangio-
gram and histological demonstration of obstruction of
extrahepatic bile ducts. Liver samples of BA were
obtained at the time of hepatoportoenterostomy (HPE).
Adjacent normal liver tissues of human hepatoblastoma
were collected at radical tumor resection. Clinical para-
mters including sex assigned at birth, age, ALT, aspar-
tate transaminase (AST), gamma-glutamyl transferase
(GGT), total bilirubin, liver pathology (histiological
inflammation score and fibrosis score of liver section),
failure of jaundice clearance, portal vein hypertension
from patients with BA (n = 47) and controls (n = 41)
were summarized in Supplemental Table S3. Age has
been shown to be a potential confounding factor as it is
associated with stage of disease and patient outcome.4,32

Due to difficulty in obtaining perfect age matched con-
trol samples, our study enrolled BA and control patients
with age in an appropriate range to minimize the con-
founding effect of age as previous studies.31,33 Failure of
jaundice clearance were determined by total bilirubin
www.thelancet.com Vol 103 May, 2024
>34.2 μmol/L at 3 months after HPE as previous
described.34 Portal vein hypertension were defined by
history of a complication including esophageal or gastric
variceal bleed, ascites, or hepatopulmonary syndrome or
clinical findings consistent with portal vein hyperten-
sion [both splenomegaly (spleen palpable >2 cm below
the costal margin) and thrombocytopenia (platelet count
<150,000/mL)] as previous described.35 Every specimen
from one patient was used for one or two different
experiments.

Estimation of relative cell abundance of liver MAIT
cells in two cohorts of patients with biliary atresia
and association with clinical parameters
Level of liver MAIT cells was estimated in two cohorts of
BA patients using single sample Gene Set Enrichment
Analysis (ssGSEA) method with input of marker genes
for MAIT cells and gene expression data as previously
described.36 The first cohort (the US cohort) was
microarray gene expression data of 47 BA patients in
USA, while the second cohort (the China cohort) was
bulk liver RNAseq data of 102 patients with biliary
atresia and 14 non-BA disease control patients.37,38 Gene
expression data were retrieved from previous deposition
in the Gene Expression Omnibus database under
accession number GSE15235 for the US cohort and in
the Genome Sequence Archive of Beijing Institute of
Genomics, Chinese Academy of Sciences under acces-
sion number HRA003331 for the China cohort. Clinical
parameters including survival, ALT, bilirubin, histolog-
ical inflammation and fibrosis of the US cohort and
China cohort were retrieved from the original pubuli-
cations.37,38 2 patients in the US cohort were removed
due to dropped off the study as described in the original
publication.30 Then, based on the median level of MAIT
cells, patients were dichotomized into MAIT high- and
low groups for two cohorts separately. For survival
analysis, patients were followed started at the time of
HPE surgery and ended at 24 months after HPE as
described in the original publication.37,38 None of these
survival data are censored. Kaplan–Meier survival plots
were generated and differences in survival were tested
by Log-rank test. For other clinical parameters,
spearman correlation was used to examine the correla-
tion with level of MAIT cells and data were plotted using
corrplot R package. The degree of correlation were
defined by the following cutoff: absolute values of
spearman correlation coefficient rho, 0–0.19 was regar-
ded as very weak, 0.2–0.39 as weak, 0.40–0.59 as mod-
erate, 0.6–0.79 as strong and 0.8–1 as very strong
correlation.39 The marker genes for MAIT cells were
obtained from previous publications40,41 and detailed
listed at Supplemental Table S4.

Immunofluorescence staining (IF)
Immunofluorescence on frozen section was performed
to examine localization of MAIT cells.
3
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Liver mononuclear cell (LMNC) and PBMC isolation
LMNCs and PBMCs were isolated using density
gradient centrifugation and cultured in RPMI medium
(Corning, NY, USA) supplemented with 10% fetal
bovine serum (FBS; FSP500, ExCell Bio, South Amer-
ica) and 1% Gibco Antibiotic-Antimycotic (15140122,
Thermo Fisher Scientific, Waltham, MA, USA). Both
cells were maintained in 37 ◦C incubators with 5% CO2.
LMNCs were isolated from liver tissues of control or BA
patients. Liver tissue were dissociated in RPMI medium
and filtered on a 70 μm cell strainer. LMNCs were
isolated on a 33% Percoll density gradient.

In vitro stimulation assays
For detection of intracellular cytokines, LMNCs or PBMCs
were stimulated for 4 h at 37 ◦C with phorbol 12-myristate
13-acetate (PMA; P1585, Sigma–Aldrich, St. Louis, MO,
USA) and ionomycin (I0634, Sigma–Aldrich) at 10 ng/mL
and 0.5 μg/mL, respectively, in the presence of brefeldin
A (B7651, Sigma–Aldrich) at 3 μg/mL.

For IL-12 and IL-18 stimulation, cells were stimu-
lated in vitro with 50 ng/mL IL-12 (200-12-10, Pepro-
Tech, CA, USA) and IL-18 (9124-IL-010, R&D Systems,
Minneapolis, MN) for 24 h.

Flow cytometry
Human MAIT cells were identified as CD3+

CD161+Vα7.2+ cells. Dead cells were excluded from the
analysis using the Ghost Dye™ Red 710 (13-0871, Tonbo
Biosciences, San Diego, CA, USA). Cells were labeled
with cell surface antibodies before fixation and per-
meabilization using the Cytofix/Cytoperm slon kit
(554,714, BD Biosciences, San Jose, CA, USA) as per the
manufacturer’s instructions. Cells were subsequently
washed and stained for intracellular antibodies for flow
cytometric analysis (LSR Fortessa X-20; BD Biosciences).

MAIT cells sorting
MAIT cells from BA or control patients were enriched as
CD3 and Vα7.2 double positive cells from LMNCs or
PBMCs by fluorescence-activated cell sorting on a LSR
Fortessa X-20 (BD Biosciences). RRV-primed or unin-
fected MAIT were sorted as CD3+ Vα7.2+ CD161+ cells.

RNAseq analysis of MAIT cells
MAIT cells were enriched from LMNCs from adjacent
non-tumor liver tissues of HB patients (n = 4) or BA
patients (n = 6). Total RNA were used as input material
and libraries were prepared by following the SMARTer
Stranded Total RNA-Seq kit-Pico Input Mammalian user
manual in shanghai biotechnology. The RNA sequencing
data has been deposited in GEO database (GSE217466)
and can be accessed by token wrufaauodxczhit.

Wound-healing assay
Human cholangiocyte cell line H69 were cultured in
96-well plates. A total of 2 × 104 H69 cells were seeded
per well in a 96-well clear flat bottom plate (Corning)
and grown to confluency at 37 ◦C for 2 days and then
scratched and washed with PBS before supplementing
with different supernatants. Supernatants were collected
at 5 days of sorted MAIT cells and diluted with RPMI
medium containing 2% FBS in a ratio of 1: 3. Time
lapse imaging was recorded every 4 h using microscopy
(CKX53, Olympus, Tokyo, Japan) for 24 h. For anti-
AREG blocking, 1 μg/mL of the polyclonal anti-AREG
antibody was added to the supernatants. The open
wound area were analyzed using ImageJ. The percent-
age of wound healing is defined as the quotient of the
initial wound area and the wound area after a fixed time
interval.

Cell counting assays
A total of 3 × 103 H69 cells per well were seeded in
96-well cell culture plates. Next day, 100 ng/mL cyto-
kines were added to the cells or sorted MAIT cells were
co-culture with the H69 cells. For anti-AREG blocking,
2 μg/mL of the polyclonal anti-AREG antibody was
added. Cell viability was tested by Cell Counting Kit-8
(CCK8) assay (HY-K0301, MCE, New Jersey, United
States) after 48 h.

In vitro co-culture experiments of human
cholangiocytes and PBMCs
Human cholangiocyte H69 were grown to 80% con-
fluency before infection. RRVs were treated with trypsin
at a concentration of 4 μg/mL in DMEM (Corning) for
1 h. Cells were washed with PBS for three times and
infected with pretreated RRVs at an MOI of 1 for 1 h.
Cells were then washed with PBS and co-cultured with
freshly isolated PBMCs derived from healthy donors at
the ratio of 1:2 (H69: PBMC). After co-culturing for
48 h, living CD45+ cells were sorted using Ghost Dye™
Red 710 and PE/Cyanine7-conjugated anti-CD45
antibody.

For intracellular staining, PBMCs co-culturing for
18 h were stimulated with PMA/ionomycin/brefeldin A
for 4 h and the intracellular cytokine expression was
analyzed by flow cytometry. For anti-MR1 blocking,
2 μg/mL of the monoclonal anti-MR1 antibody was
added during co-culturing.

Single cell RNA sequencing (scRNA-seq) and data
analysis
Single cell RNA sequencing libraries were performed ac-
cording to the manufacturer’s instructions (single cell 3′
v2 protocol, 10× Genomics). The libraries were sequenced
in Illumina NovaSeq 6000. The demultiplexing, barcoded
processing, gene counting and aggregation of sequencing
data were made using the Cell Ranger software v2.1.1.
The scRNA-seq data has been deposited in GEO database
(GSE225177) and can be accessed by token utyng-
eyohhqpjsb. Sequencing data were processed with Seurat
(v3) single-cell analysis pipeline with modifications. All
www.thelancet.com Vol 103 May, 2024
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subsequent scRNA-seq analyses were conducted using the
Seurat R package (v3.2.2). Detailed information of scRNA-
seq analyses is provided in the Supporting materials.

Pairwise overlapping comparisons of differentially
expressed genes between RRV infected cell system
and human BA liver
Differentially expressed genes for the RRV infected cell
system were identified between RRV infected and
uninfected groups. Differentially expressed genes for
human BA livers were identified between 121 BA livers
and 7 normal livers from our previous publication.33

Pairwise overlapping comparisons were examined by
Fisher’s exact test in R.

Estimation of cell abundance of immune cell types
in 121 patients with biliary atresia and 7 normal
controls
Level of immune cell types identified in the RRV
infected cell system were measured in 121 patients with
BA and 7 normal controls using ssGSEA method with
top 20 upregulated genes for each immune cell type and
liver expression data as input as previously described.36

Differnece of each immune cell type between BA and
NC were tested by wilcoxon rank sum test. Liver
expression data of 121 patients with BA and 7 normal
controls was obtained from our previous publication.33

Top 20 upregulated genes for each immune cell type
were identified from scRNA-seq of the RRV infected cell
system and listed in Supplemental Table S5.

MAIT cells and biliary organoid co-culture
Human biliary organoids were derived from adjacent
normal tissues of hepatoblastoma from two patients and
cultured as previous described.42 For co-culturing,
biliary organoids were trypsinized to single cells for
10 min, After dissociation, 3 × 103 cells was resus-
pended in growth factor reduced Matrigel (356,231,
Corning). Droplets (25 μL) were plated per well into a
24-well plate and allowed to solidify for 10 min at 37 ◦C
before adding 500 μL expansion medium, in which the
concentration of recombinant human epidermal growth
factor (hEGF; AF-100-15, PeproTech) was adjusted to
2.5 ng/mL. Sorted MAIT cells were added to the media
for co-culture. For anti-AREG blocking, 2 μg/mL of the
polyclonal anti-AREG antibody was added to the media
and supplied every 2 days.

Generation of biliary organoid–LX-2 multicellular
system
Biliary organoids were trypsinized to single cells and
mixed with LX-2 cells at the ratio of 1:2 (organoid: LX-2).
3 × 103 mixed cells was resuspended in Matrigel (25 μL)
and plated into a 48-well plate for 7 days in expansion
medium without TGF-β inhibitor A83-01 and Rho
kinase inhibitor Y-27632 dihydrochloride, and then
co-cultured with sorted MAIT cells for 3 days.
www.thelancet.com Vol 103 May, 2024
Analysis of gene expression
The levels of RNA were detected by real-time quantita-
tive RT-PCR (qPCR).

Statistics
Correlations among liver MAIT cells, clinical parame-
ters were performed using spearman correlation and
plotted with corrplot R package. For statistical analysis,
every patient represented once in any statistical test.

Data are expressed as the mean ± standard deviation
(SD) of the indicated number of samples and are from at
least three independent experiments or one experiment
representative of at least three performed. Differences
between two groups were analyzed using either
Student’s t-test when the variances are equal (normally
distributed) or Mann–Whitney test when they are not.
All statistical tests were two sided. Differences were
considered statistically significant at p < 0.05. Analyses
were performed using the GraphPad Prism program
V.6 (GraphPad, San Diego, CA).

Role of funders
The funders were not involved in study design, data
collection, analysis, interpretation, or writing.
Results
Liver MAIT cells are associated with low survival,
advanced fibrosis and ductular profiles in BA
To investigate the clinical implications of liver MAIT
cells in human BA, we first performed survival analysis
of liver MAIT cells with transplant-free survival after
HPE in two cohorts of BA patients. The first cohort (the
US cohort) was microarray gene expression data of 47
BA patients in USA, while the second cohort (the China
cohort) was bulk liver RNAseq data of 102 BA and 14
non-BA disease control patients37,38 at the time of diag-
nosis. 2 patients in the US cohort were removed due to
dropped off the study as described in the original pub-
lication.30 The abundance of liver MAIT cells were esti-
mated with ssGSEA using marker genes for MAIT cells
(Supplemental Table S4). ssGSEA is a gene rank-based
method that calculates an enrichment score for each
sample and indicates the abundance of MAIT cells.
When dichotomizing the patients into MAIT high- and
low groups based on median level of liver MAIT cells,
we found that patients with high level of liver MAIT
cells (MAIT high group) displayed lower survival in both
cohorts (Log-rank P = 0.0108 in the US cohort and
P = 0.0144 in the China cohort, Fig. 1A and B).

Liver injury, ductular reaction and liver fibrosis has
been reported to predictive of low survival in BA.12,33,43

Thus, we performed correlation analysis among levels
of liver MAIT cells, clinical parameters at diagnosis
[Serum ALT and conjugated bilirubin (CB) or total
bilirubin (TB)], liver pathology (histological inflamma-
tion and fibrosis), and expression of KRT19 (a marker
5
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Fig. 1: Liver MAIT cells predict low survival and are associated with liver cirrhosis signatures. (A and B) Kaplan–Meier plots of survival of
biliary atresia patients with native liver after hepatoportoenterostomy (HPE) in (A) US cohort and (B) China cohort. p value was calculated by
Log-rank test. The patients were stratified into the high- and low MAIT groups based on the median level of liver MAIT cells. (C and D)
Spearman correlation matrix among liver MAIT cells, serum parameters at diagnosis (ALT and CB, conjugated bilirubin or TB, total bilirubin),
histological inflammation and fibrosis, expression of KRT19 and COL1A1 in US cohort (C) and China cohort (D). Spearman correlation co-
efficients are shown only in boxes with spearman correlation p value < 0.05. Red indicates positive correlation, while blue indicates negative
correlation. Dot size is proportional to absolute value of correlation coefficient.
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for cholangiocytes), COL1A1 (a marker for fibroblasts).
Among these parameters, liver MAIT cells were posi-
tively correlated with histological fibrosis (rho = 0.31,
p = 0.035 in US cohort; rho = 0.23, p = 0.006 in China
cohort), expression of KRT19 (rho = 0.76, p < 0.0001 in
US cohort, rho = 0.33, p = 0.005 in China cohort) and
COL1A1 (rho = 0.4, p = 0.011 in US cohort, rho = 0.21,
p = 0.007 in China cohort) in both cohorts (Fig. 1C and
D). These human data suggest molecular links among
liver MAIT cells, ductular reaction and liver fibrosis.

Liver MAIT cells exhibit activation phenotype and
reside around portal tracts in patients with BA
To understand function of MAIT cells in BA, we ob-
tained liver samples and peripheral blood were obtained
from patients with BA and controls. Clinical informa-
tion of these patients were summarized in
Supplemental Table S3. To investigate how liver MAIT
cells regulate ductular reaction, we first examined the
abundance of liver MAIT cells in clinical samples. Using
flow cytometry analysis, we found that the frequency of
MAIT cells (CD3+CD161+Vα7.2+) among CD3+ T cells
were significantly reduced in both liver and peripheral
blood in BA when compared with the control (Fig. 2A).
The frequency of MAIT cells were confirmed by using
MR1-5-OP-RU Tetramer staining, which was compara-
ble with staining with Vα7.2 (Supplemental Fig. S1). We
thus used Vα7.2 staining for identifying MAIT cells
hereafter. MAIT cells from BA exhibited higher activa-
tion (marked by HLA-DR and CD38) (Fig. 2B). This is
consistent with previous studies showing that liver
MAIT cells decreased but were activated in liver
diseases.21,44

The localization of liver MAIT cells was visualized by
immunofluorescence staining for CD3 and TCR Va7.2
in human liver samples from BA and adjacent normal
liver tissues of hepatoblastoma as control. Most MAIT
cells (marked by CD3+ TCR Vα7.2+) localized around
portal tracts in both BA and control (Fig. 2C and
Supplemental Fig. S2). Examining the correlation
among the abundance of liver MAIT cells measured by
flow cytometry, level of clinical parameters and
www.thelancet.com Vol 103 May, 2024
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Fig. 2:MAIT cells display low frequency but high activation and reside around portal tracts in BA liver tissues. (A) Representative dot plots
and percentages of intrahepatic and peripheral MAIT cells among CD3+ T cells in the control (n = 12, 15) and BA (n = 12, 12) livers or peripheral
bloods, respectively. (B) Comparison of expression of HLA-DR and CD38 on intrahepatic and peripheral MAIT cells in control (n = 12) and BA
(n = 12) patients. (A-B) Statistical analysis was performed using Student’s t test or Mann–Whitney test depending up on the distribution turns
in to the normal or not. Data points are mean ± SD. **p < 0.01, ***p < 0.001. (C) Representative images of CD3+ (green) Vα7.2+ (red) double
positive cells (white arrowheads) in liver tissue sections from control (n = 3) and BA (n = 3) liver tissues. Colocalization of CD3 and Vα7.2 (see
higher magnification at right panels) identifies MAIT cells. White box in left panels point at a portal field (middle panels). PT, portal tract. Nuclei
were stained with DAPI (blue). (D) Correlation matrix among abundance of MAIT cells measured by flow cytemetry, level of clinical paramters,
expression KRT19, COL1A1. Spearman correlation coefficients are shown only in boxes with spearman correlation p value < 0.05. Red indicates
positive correlation, while blue indicates negative correlation. Dot size is proportional to absolute value of correlation coefficient.
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expression of cholangiocyte marker KRT19, fibrosis
marker COL1A1 in the same patients (n = 12 for BA,
n = 12 for control), we observed that liver MAIT cells
were positively correlated with histological inflamma-
tion (Spearman correlation rho = 0.46 and p = 0.0485)
and fibrosis (rho = 0.47 and p = 0.0102) (Fig. 2D and
Supplemental Table S6). Moreover, liver MAIT cells
were correlated with expression of KRT19 and COL1A1
only in BA patients (rho = 0.47 and p = 0.0210 for
KRT19, rho = 0.50 and p = 0.0296 for COL1A1) but not
in control (Fig. 2D and Supplemental Table S6).

Activated MAIT cells highly express AREG and
promote cholangiocyte proliferation and migration
To understand molecular characteristic of MAIT cells,
we sorted MAIT cells from liver samples of BA and
from adjacent normal liver tissue of hepatoblastoma (as
control) for bulk RNAseq analysis. We identified 1199
upregulated and 728 downregulated genes in liver
MAIT cells from BA (Fig. 3A). Differential expression
analysis revealed that several growth factors (such as
AREG) were upregulated in BA MAIT cells (Fig. 3A).
Among these growth factors, AREG showed the largest
upregulation (14.8 fold upregulated, p = 0.0000157) in
BA MAIT cells (Supplemental Table S7). Functional
enrichment analysis showed that top 10 upregulated
biological processes (such as response to wounding,
tube morphogenesis, epithelium development) were
associated with ductular reaction, while neural related
biological processes were downregulated in BA
compared to control (Fig. 3B and C). These data was in
line with our clinical observations in two BA cohorts that
MAIT cells might promote maladaptive wound healing
response in BA.

To determine MAIT function on cholangiocyte, we
performed wound-healing assay by treating the human
cholangiocyte cell line H69 with culture supernatants of
MAIT cells derived from BA or control. Supernatants
obtained from BA MAIT cell cultures significantly
accelerated wound closure (Fig. 3D). Similary, the
proliferation-promoting effect of MAIT cells on human
cholangiocyte H69 was also validated by CCK8 assay
(Fig. 3E). These data suggest that MAIT cells from BA
promote cholangiocyte proliferation and migration.

To examine by which growth factor MAIT cells pro-
mote cholangiocyte proliferation, we first performed
CCK8 assay of cholangiocyte cell line H69 under treat-
ment of AREG, HB-EGF, IGF2 or VEGFA (candidates
from Fig. 3A). We found that AREG and HB-EGF had
the strongest and similar effect on promoting prolifer-
ation of cholangiocyte cell line H69 (Supplemental
Fig. S3). As AREG displayed the highest upregulation
among these growth factors in sorted BA MAIT cells
(from Fig. 3A and Supplemental Table S7), we focused
on AREG in the following experiments. To validate
AREG expression in protein level, we detected the pro-
duction of AREG and other effector cytokines in MAIT
cells via flow cytometry. Consistent with the result of
RNAseq, liver MAIT cells in BA highly expressed
growth factor AREG as well as peripheral BA MAIT
cells, while other pro-inflammatory or cytotoxic factors
remains unchanged (Fig. 3F). Testing the effect of
MAIT cells derived AREG on cholangiocytes, we found
that accelerated wound closure induced by MAIT cells
were blocked by AREG antibody (Fig. 3G). These results
together provide initial evidence that MAIT cells in BA
exhibited a wound healing signature and promoted
cholangiocyte proliferation via AREG.

A RRV infected cell system recapitulates immune
dysfunction of human BA
As human liver samples of BA were limited, using
clinical liver samples for functional and cellular study
was challenged sometimes. Moreover, we observed that
MAIT cells in neonatal mice were undetectable in naive
or RRV-induced mice (Supplemental Fig. S4),
hampering the study of MAIT cells using disease mouse
model of BA. To further study human MAIT cells in BA,
we developed a new cell system by co-culture of RRV
infected human cholangiocyte H69 with human PBMC
from healthy donors (Fig. 4A). In this system, human
cholangiocyte cell line H69 were infected by RRV, an
important cause of BA.45,46 The RRV infected or unin-
fected (as control) cholangiocytes were co-cultured with
human healthy PBMC to mimic the immune environ-
ment in human BA (Fig. 4A). To characterize this cell
system, we sorted CD45 positive cells from both groups
for single cell RNA sequencing (Fig. 4A). The scRNA-
seq analysis identified 10,214 and 10,028 cells in unin-
fected and RRV infected groups, respectively. This
analysis revealed major immune cell types including
naïve T cells (CD3D+CCR7+SELL+), memory T cells
(CD3D+S100A4+), MAIT cells (CD3D+SLC4A10+), cyto-
toxic T cells (CD3D+GZMB+PRF1+), CD56 dim NK cells
(NCAM1+KLRF1+), CD56 bright NK cells (NCAM1++

KLRF1+), naïve B cells (MS4A1+IGHD+IGHG1-),
memory B cells (MS4A1+IGHD−IGHG1+), monocytes
(CD14+LYZ+) and dendritic cells (CD14−LYZ+) (Fig. 4B
and C and Supplemental Table S8). Comparing these
immune cells between RRV infected and uninfected
groups, we found that MAIT cells were decreased while
cytotoxic T cells, naïve B cell were increased in RRV
infected group compared to uninfected group (Fig. 4D
and Supplemental Table S8). These data was in line with
several previous observations that innate and adaptive
immune cells were increased and infiltrated in BA
livers.47,48

In addition, differential expression and gene set
enrichment analysis (GSEA) between RRV infected
and uninfected groups showed that enrichment of
immune related hallmarks gene sets including HALL-
MARK_INFLAMMATORY_RESPONSE (NES = 1.25,
FDR = 0.019) and HALLMARK_INTERFERON_GAMMA_
RESPONSE (NES = 1.29, FDR = 0.011) in the RRV infected
www.thelancet.com Vol 103 May, 2024
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Fig. 3: Activated BA MAIT cells display a wound healing signature and promote cholangiocyte proliferation. (A) Heatmap showing the
expression of differentially expressed genes between BA (n = 6) and control (n = 4). Red indicates high expression, while blue indicates low
expression. Upregulated genes related to wound healing signature are labelled. (B and C) Top 10 enriched biological processes for upregulated
(B) or downregulated (C) genes in BA compared to control. (D) Representative images and summary data of the closure of the wounds in
human cholangiocyte H69 were assessed with time-lapse imaging over a time course of 24 h. Cells were supplemented with different su-
pernatants collected from 5-day co-cultures of sorted MAIT cells from control or BA peripheral bloods. The open wound areas were quantified as
percentages of the initial wound size. Scale bars, 200 μm. (E) Cell viability was analyzed by CCK8 assay. Cells were co-cultured with sorted MAIT
cells from control (n = 8) or BA (n = 5) peripheral bloods for 48 h. (F) Comparison of cytokine profile of BA (n = 10–16) vs. control (n = 10–19)
intrahepatic and peripheral MAIT cells. Statistical analysis was performed using Student’s t test or Mann–Whitney test depending on the
distribution turns in to the normal or not. (G) The open wound areas of H69 supplemented with sorted MAIT cell cultures [BA (n = 5) vs.
control (n = 4)] in the presence or absence of anti-AREG antibodies (1 μg/mL) were assessed at 8 h. Statistical analysis was performed using
Student’s t test. Data points are mean ± SD or mean, respectively. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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Fig. 4: A RRV infected cell system mimics immune environment of human BA liver. (A) Diagram of the co-culture system. H69 were
infected with RRVs at an MOI of 1 for 1 h, washed and co-cultured with human healthy PBMCs for 48 h. CD45+ cells were sorted by flow
cytometry for single cell RNA sequencing. (B) UMAP plot showing clusters of immune cell types. (C) Dotplot showing expression of key markers
for each immune cell type. Size of dot is proportional to percentage of cell expressing the key marker. Red indicates the average of expression of
the key marker. (D) Barplot showing percentage of each immune cell type in total PBMC in uninfected (blue) and RRV infected (red) groups.
(E) GSEA plot showing enrichment of gene sets in RRV infected group compared to uninfected group. (F) Pairwise overlapping comparisons
were performed between upregulated or downregulated genes in RRV infected group compared to uninfected group (Y axis) and upregulated or
downregulated genes in human BA liver compared to normal liver (X axis) were examined by Fisher’s exact test and shown as dots whose size is
proportional to -log10 (p value) and gradation of red is proportional to odd ratio. (G) Abundance of each immune cell type in liver of BA and
normal controls (NC) measured by ssGSEA method with Top 20 upregulated genes for each immune cell type and liver expression data of 121
BA patients and 7 normal controls (NC) as input. Differnece of each immune cell type between BA and NC were tested by wilcoxon rank sum
test. **p < 0.01, ***p < 0.001.
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group (Fig. 4E). These data suggest that the RRV infected
cell system display immune features akin to RRV infected
mice model and human BA patients.49,50 To evaluate clinical
implication of this RRV infected cell system, we performed
gene overlapping analysis of differentially expressed genes
between the RRV infected cell system and human BA livers.
Differentially expressed genes for human BA livers were
identified between 121 BA livers and 7 normal livers from
previous publication.33 This gene overlapping analysis
revealed a transcriptomic similarity between the RRV
www.thelancet.com Vol 103 May, 2024
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infected cell system and human BA livers (Fig. 4F). To
assess cell similarity, we estimated immune cell types in
these 121 BA livers and 7 normal livers with ssGSEA
method using top 20 upregulated genes (as gene signature)
for each immune type identified in scRNA-seq data of the
RRV infected cell system. In line with several previous
studies, BA livers contain high levels of cytotoxic T cells, NK
cells, B cells, monocytes and dendritic cells (Fig. 4G).47,51,52

Consisent with flow cytometry data in Fig. 2A, BA livers
showed less abundance of MAIT cells compared to control
(Fig. 4G). All these data together indicate that the RRV
infected cell system exhibit immune dysfunction similar to
those in human BA liver.

RRV-primed MAIT cells display wound healing
signature and promote cholangiocyte proliferation
and migration via AREG
Having established a RRV infected cell system for
human BA, we next sought to investigate the function of
MAIT cells in this cell system. GSEA analysis revealed
that RRV-primed MAIT cells (from RRV infected group)
displayed enrichment of wound healing signatures
(gene set: GOBP_WOUND_HEALING, GOBP_
RESPONSE_TO_WOUNDING, GO_INFLAMMATORY_
RESPONSE_TO_WOUNDING), suggesting MAIT cells in
this cell system also display wound healing signature as
liver MAIT cells from clinical samples (Fig. 5A). Examing
wound healing related upregulated genes (from upregu-
lated genes in Fig. 3B) in scRNA-seq data of RRV infected
cell system, we found that AREG had the highest expres-
sion level among them and that RRV primed MAIT cells
exhibited higher expression of AREG when compared to
uninfected MAIT cells (Fig. 5B). These data was in keep
with the findings of bulk RNAseq data of BA MAIT cells
(see Fig. 3A and Supplemental Table S7). Therefore, we
employed this cell system for functional studies (Fig. 5C).
Flow cytometry analysis showed a decreased frequency of
MAIT cells (Fig. 5D), activation of MAIT cells (Fig. 5E) and
increased expression of AREG in MAIT cells (Fig. 5F) in
the RRV infected group, which was similar with the
observation in liver MAIT cells from clinical samples (see
Fig. 2A and B and Fig. 3F). Wound-healing assay revealed
that supernatants from RRV-primed MAIT cells culture
promoted cholangiocyte wound closure, while antagonism
of AREG abrogated the effect (Fig. 5G and H). Cell pro-
liferation CCK8 assay also showed that RRV-primed MAIT
cells promoted cell growth of H69 via AREG (Fig. 5I).

MAIT cells promote biliary organoid growth via
AREG
Biliary organoids are self-organizing three-dimensional
structures derived from bile ducts and suitable for the
study of bile duct and disease modelling.53 Thus, we co-
cultured human biliary organoids derived from normal
liver tissues with MAIT cells to further explore its
function in promoting ductular reaction. The viability
and functionality of biliary organoids were confirmed by
www.thelancet.com Vol 103 May, 2024
a 7-days time-lapse imaging (Supplemental Fig. S5A)
and Rhodamine123 assay (Supplemental Fig. S5B) as
previously described.54 As expected, biliary organoids co-
cultured with MAIT cells from human BA liver signifi-
cantly increased their diameters as compared to control
(Fig. 6A). Similarly, diameters of biliary organoids
significantly increased when co-cultured with RRV-
primed MAIT cells from our RRV infected cell system
(Fig. 6B). This effect was abrogated by blocking AREG
(Fig. 6B). These results confirmed that MAIT cells
promoted biliary organoid growth via AREG.

MAIT cells promote ductular reaction in biliary
organoid–LX-2–MAIT cells multicellular system
In addition to cholangiocyte proliferation, inflammation
and fibrosis are key features of ductular reaction. We
noticed that MAIT cells were positively correlated with
liver fibrosis (see Fig. 1C and D). To further explore the
effect of MAIT cells in inducing inflammation and
fibrosis, we evaluated MAIT cell function in a human
biliary organoid–hepatic stellate cells LX-2–MAIT cells
multicellular system (Fig. 6C). RRV-primed MAIT cells
upregulated the expression of inflammatory genes
CCL2, IFNG and profibrogeneic factor TGFB1 (Fig. 6D)
in the human biliary organoids–LX-2 multicellular sys-
tem. Moreover, hepatic stellate cells activation marker
TIMP1 were induced by RRV-primed MAIT (Fig. 6E).
These data suggested that inflammation and hepatic
stellate cells activation were induced by RRV-primed
MAIT cells following cholangiocyte proliferation. Inter-
estingly, no difference was found in the activation of
LX-2 when it was treated with supernatants from BA
patients (Supplemental Fig. S6A) or co-cultured with
RRV-primed MAIT cells (Supplemental Fig. S6B).
These data together implicate that MAIT cells directly
act on cholangiocyte followed by activation of inflam-
mation and fibrosis, leading to ductular reaction
eventually.

AREG expression in MAIT cells is TCR-dependent
MAIT cells can be activated by cytokines (such as IL-12
and IL-18) or TCR-dependent pathways.17 To investigate
regulation of AREG expression in MAIT cells, we first
treated MAIT cells isolated from clinical samples of BA
or control with exogenous IL-12 and IL-18. AREG
expression remains unchanged after IL-12 and IL-18
stimulation in both control and BA groups whereas
IFN-γ and Granzyme B were increased (Fig. 7A). Next,
to test if AREG expression was dependent upon MR1-
antigen-TCR interaction, we blocked the TCR medi-
ated activation with a monoclonal anti-MR1 antibody in
RRV infected cell system. The AREG production of
RRV-primed MAIT cells was significantly reduced upon
TCR blockade, while there was no difference in IFN-γ
and Granzyme B (Fig. 7B). Taken all together, these data
indicate that AREG production is dependent on TCR
stimulation.
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Fig. 5: MAIT cells are activated and promote cholangiocyte proliferation after co-cultured with RRV-infected human cholangiocytes. (A)
GSEA plot showing enrichment of wound healing related gene sets in RRV-primed MAIT cells compared to those in uninfected group. (B)
Dotplot showing expression of wound healing related upregulated genes identified in Fig. 3A for each immune cell type in scRNA-seq data of
RRV infected cell system. In X axis, blue denotes immune cell types from uninfected group, while red denotes immune cell types from RRV
infected group. Size of dot is proportional to percentage of cell expressing the key marker. Red indicates the average of expression. (C) Diagram
of the co-culture system. (D–F) Analysis of frequency (D), activation marker (E) and intracellular cytokine production (F) of MAIT cells from RRV-
primed vs. uninfected group (n = 9–15). PBMCs co-cultured with RRV-infected human cholangiocytes H69 for 18 h, followed by activation
marker and intracellular cytokine staining. (G and H) Representative images (G) and summary data (H) of the closure of the wounds in human
cholangiocytes H69 were assessed with time-lapse imaging over a time course of 24 h in the presence or absence of anti-AREG antibody.
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Liver AREG expression is positively correlated with
expression of MR1, ductular reaction markers,
chemokines and RAS-MAPK
To further understand potential upstream and down-
stream factors of AREG, we performed correlation
analysis between AREG and some key factors related to
BA pathogenesis4,50 in liver gene expression of two BA
cohorts (the US and China cohorts we used in Fig. 1).
Confirming the observations that AREG production was
dependent on TCR stimulation and that AREG pro-
moted ductular reaction, liver AREG were positively
correlated with MR1, ductular reaction marker (KRT19,
COL1A1) (Fig. 7C). Interestingly, AREG had strong
correlation with CCL2, CXCL2, CXCL8, suggesting that
MAIT cells might have interaction with other immune
cells such as macrophages and neutrophils. Regarding
the downstream effectors, AREG were linked to RAS-
MAPK signaling (KRAS, MAPK1, MAP2K1).

Discussion
In mice, MAIT cells are about 100-fold less abundant
than in human55 and there was a dearth of MAIT cells in
the skin, lungs, and intestines of 2-week old mice.25

Consistently, we found that liver MAIT cells are barely
detected in neonatal normal and RRV infected BALB/c
mice within 2 weeks after birth. As the difference in
MAIT cells between human and mouse, the classical
experimental mouse model for BA can not fully mimic
immune microenvironment of human BA and is not
suitable for studying MAIT cell function. Directly
studying clinical specimens from BA patients or devel-
oping a new human-based model is necessary for un-
derstanding pathogenic mechanisms of human BA. In
this study, the freshly isolated MAIT cells from BA
clinical specimens were used to explore their functional
roles, which reflected the primordial state of MAIT cells
in human BA. In addition, we established a new RRV
infected co-culture cell system to mimic immune
dysfunction of human BA and found a transcriptomic
and cell similarity between our RRV infected cell system
and human BA livers. MAIT cells from this RRV
infected co-culture cell system exhibit similar function-
ality of wound healing with those from human BA
livers, demonstrating clinical relevance of this cell sys-
tem. Accordingly, this in vitro co-culture system can also
be exploited for exploring other immune cell functions
in BA.

In liver, MAIT cells can secrete pro-inflammatory,
cytotoxic and fibrogenic molecules, including IFN-γ,
Granzyme B, TNF-α, and IL-17.56 Combined with their
abundance in the liver, MAIT cells play a prominent role
Scale bars, 200 μm. Data were analyzed by Student’s t test and are presen
RRV + Anti-AREG vs. RRV; p value in grey, Uninfected + Anti-AREG vs. Unin
cells were co-cultured in the presence or absence of anti-AREG antibody (2
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.
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both in liver inflammation and fibrogenesis. In auto-
immune liver disease, MAIT cells participate in liver
fibrosis via enhancing hepatic stellate cell activation.57 In
viral hepatitis, however, MAIT cells exhibited a flawed
phenotype and impairment of immune response
function.58–60 In cholangiopathy such as primary biliary
cholangitis, IL-7 promotes the production of inflam-
matory cytokines and Granzyme B in MAIT cells.61

Therefore, MAIT cells play complex roles in a context
dependent manner in different liver diseases. In this
study, we surprisingly found that, rather than displaying
cytotoxic or pro-inflammatory features, MAIT cells
exhibited a wound healing signature and promoted
biliary organoid growth via AREG, which is different
from their previously reported functions in liver.57,62

Ductular reaction is characterized by maladaptive
wound healing response with massive cholangiocyte
proliferation and advanced liver fibrosis.6,9 Chol-
angiocytes participate in ductular reaction as both initi-
ators and executors,63 and abnormally proliferated
cholangiocytes induce chronic inflammation, causing
fibrotic response. Our findings demonstrated that MAIT
cells were a key driver of ductular reaction as they dis-
played wound healing signature and promoted
abnormal cholangiocyte proliferation. In addition,
AREG is distinct from most other EGF-like growth
factors in that it can not only induce a mitogenic signal
but can also induce cell differentiation.28 But we found
that MAIT cells activated hepatic stellate cells in the
presences of ductular cells, but not hepatic stellate cells
alone, suggesting an interaction between reactive duct-
ular cells and myofibroblasts, so-called epithelial-
mesenchymal crosstalk. It has been reported biliary
epithelial cells can release high levels of IL-8, which acts
as a direct profibrotic chemokine in BA.64 The upregu-
lation of cholangiocyte secretome involves in the
epithelial-mesenchymal crosstalk, modulating liver
fibrogenesis.65 Consistently, high abundance of liver
MAIT cells were associated with poor survival and
liver cirrhosis signature of BA patients. These together
demonstrate that, instead of promoting biliary repair,
MAIT cells accelerate ductular reaction under an
excessive inflammation and fibrosis environment in BA
patients, in which cell–cell interactions are involved.
Our findings also provide new insights in regulatory
mechanisms of MAIT cells in liver diseases.

A recent study found that exogenous IL-33 reversed
the suppression of nature ILC2s (nILCs) in RRV infec-
ted mouse model.36 The disruption of the IL-33
signaling promotes a switch of nILC2s to an activated
and inflammatory phenotype (iILC2). IL-33 is a potent
ted as mean +SD. P value in red, RRV vs. Uninfected; p value in black,
fected. (I) Cell proliferation was analyzed by CCK8 assay. Sorted MAIT
μg/mL). Data were analyzed by Student’s t test and are presented as
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Fig. 6: MAIT cells promote biliary organoid growth and ductular reaction in BA. (A) Representative images of normal liver biliary organoids
and summary data of their average diameters after co-cultured with control (n = 6) or BA (n = 6) MAIT cells for 7 and 14 days. (B) Repre-
sentative images and diameters analysis of biliary organoids co-cultured with uninfected or RRV-primed MAIT cells, in the presence or absence
of anti-AREG antibody (2 μg/mL). Data were analyzed by Student’s t test and are presented as mean +SD. p value in red, RRV vs. Uninfected;
p value in black, RRV + Anti-AREG vs. RRV; p value in grey, Uninfected + Anti-AREG vs. Uninfected. (C) Diagram of the biliary organoid - LX-2–
MAIT model. Biliary organoids were mixed with LX-2 cells at the ratio of 1:2 in Matrigel, and then co-cultured with uninfected or RRV-primed
MAIT cells. (D and E) The RNA levels of inflammatory markers (CCL2, IFNG), profibrogeneic factor (TGFB1) and activation marker (TIMP1) were
analyzed via qPCR in organoid–LX-2, which were co-cultured with uninfected- or RRV-primed MAIT cells for 72 h. GAPDH was used as an
internal control. Data were analyzed by Student’s t test and are presented as mean ± SD. *p < 0.05. ns, not significant.
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activator of ILC2s and also contributes to M2 differen-
tiation, which can limit acute inflammation. Also, IL-33
can trigger the generation of inducible regulatory T
cells.66 Therefore, exogenous IL-33 stimulation pro-
motes nILC2 stability and AREG expression, decreased
inflammation, which together induces epithelial ho-
meostasis and repair in experimental biliary atresia. In
this study, however, MAIT cells not only promote
cholangiocyte proliferation, but also induced the
expression of inflammatory genes CCL2, IFNG and
profibrogeneic factor TGFB1 (see Fig. 6D), suggesting
that MAIT cells accelerate ductular reaction.

It is intriguing that AREG-producing cell types
(nILC2s and MAIT cells) perform different functions of
promoting biliary repair or ductular reaction. This may
due to different liver immune environment. Exogenous
IL-33 creates a biliary repairing environment with
enhanced level of nILC2s.36 Without exogenous IL-33,
AREG-producing nILC2s were decreased in experi-
mental biliary atresia.36 In contrast, percentage of
www.thelancet.com Vol 103 May, 2024
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Fig. 7: AREG expression is TCR-dependent in MAIT cells and liver AREG expression is correlated with MR1, ductular reaction markers,
chemokines and RAS-MAPK in two BA patient cohorts. (A) Intracellular cytokine expression by control (n = 10–17) and BA (n = 6–12) MAIT
cells after stimulation with IL-12 + IL-18 for 24 h. Statistical analysis was performed using Student’s t test or Mann–Whitney test depending on
the distribution turns in to the normal or not. (B) Production of cytokines of MAIT cells in a PBMC pool co-cultured with RRV-infected human
cholangiocyte H69 in the presence or absence of anti-MR1 blocking antibody (2 μg/mL) was examined at the 18-h time point. Data were
analyzed by paired t test. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant. (C) Correlation matrix between AREG and MR1, ductular
reaction markers (KRT19, COL1A1), chemokines, cytokines and RAS-MAPK in liver gene expression of two BA patient cohorts. Spearman
correlation coefficients are shown only in boxes with spearman correlation rho >0.2 and p value < 0.05. Red indicates positive correlation, while
blue indicates negative correlation. Dot size is proportional to absolute value of correlation coefficient.
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AREG-producting MAIT cells were higher in both
human BA livers (see Fig. 3F) and the RRV infected
co-culture system (see Fig. 5F) compared to the control.
Additionally, AREG was mainly expressed in MAIT cells
and increased under RRV infection in the co-culture cell
system (see Fig. 5B). Moreover, the same cytokine that
promote tissue repair can become dysregulated in the
presence of chronic inflammation and an altered cyto-
kine milieu to promote fibrotic responses.28 For
example, AREG played a critical role in the development
of TGF-β-induced pulmonary fibrosis.67 The difference
of AREG functions may be related to the upstream and
downstream factors, and crosstalk among specific
immune cells, cholangiocytes and fibroblasts. In an
initial attempt to address this, we found that liver AREG
expression was positively correlated with ductular reac-
tion markers (KRT19 and COL1A1), chemokines (CCL2,
CXCL2, CXCL8) and RAS-MAPK in two cohorts of BA
patients. Future studies will investigate molecular
circuit among these factors.

MAIT cells can be activated by two mechanisms,
cytokine- or TCR-dependent activation. Inflammatory
cytokine signals such as IL-18 and IL-12 drives a signal
amplification innate-like response, while combined
cytokine and TCR signals trigger a potent antimicrobial
response.17 By contrast, TCR signals alone promote the
production of effector molecules associated with tissue
repair and homeostasis.17,23 Our RNAseq analysis
revealed that several growth factors were upregulated in
liver BA MAIT cells, which were associated with duct-
ular reaction. And flow cytometry showed that liver and
peripheral MAIT cells in BA both highly expressed
AREG. Our observation that MAIT cells resided around
portal tracts in BA livers indicated cholangiocytes or
innate immune cells might present MR1 restricted
antigen to activate MAIT cells. In line with this obser-
vation, blockade of MR1 significantly suppress AREG
production. These findings are consistent with the pre-
vious studies showing that biliary epithelium activates
intrahepatic MAIT cells through MR144 and the wound
healing program in MAIT cells is stimulated by TCR
ligands but not by cytokine-mediated stimulation
alone.24,68

Of note, age of patients could be a potential
confounding factor influencing stage of disease and cell
status. In this study, we enrolled control patients
(patients with HB, IHC and CC) with age in an appro-
priate range to minimize the potential confounding
effect of age due to difficulty in obtaining perfect age
matched control samples as previous studies did31,38

(Supplemental Table S3). The median age of patients
with HB, IHC and CC are 156 days, 72 days and 76 days,
respectively. Although patients with HB were older than
patients with IHC and CC, we did not observe signifi-
cant differences in frequency and functions of MAIT
cells among these three type of controls, suggesting the
confounding effect of age was minimized.
As advanced ductular reaction is predictive of poor
survival and promote liver fibrosis, uncovering key
mechanisms underlying this processes are essential for
future therapeutic design. Our findings provide a
potential way for control ductular reaction by dimin-
ishing AREG production of MAIT cells via blocking
MR1.
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