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ABSTRACT

Organoids are three-dimensional and self-organizing cell
cultures of various lineages that resemble structures and
functions of an organ in many ways, and they are versatile
tools in disease modeling and patho-mechanistic study

of human diseases affecting their tissues of origin. Biliary
atresia (BA), a cholangiopathy affecting the bile ducts of
the liver, is a heterogeneous and multifaceted liver disease
of complex pathogenesis. Cholangiopathies refer to a
category of liver diseases that affect the cholangiocytes,
the epithelial cells lining the lumen of the biliary trees.
Biliary organoids consist of cholangiocytes in a spherical
monolayer epithelium, which favorably resembles the
structures and functional properties of the bile duct
cholangiocytes. Biliary tissue-derived cells, pluripotent
stem cells or embryonic stem cells, and hepatic progenitor
cells are capable of generating biliary organoids. In the
last decade, a considerable advancement has been made
in the generation of biliary organoids for modeling liver
physiology and pathophysiology. Using biliary organoids,
scientists have advanced our knowledge underlying the
pathogenic roles of genetic susceptibility, dysregulated
hepatobiliary development/structure, environmental
factors, and dysregulated immune—inflammatory
responses to an injury in BA. This review will summarize
and discuss the derivation and the use of biliary organoids
in the disease modeling and patho-mechanistic study of
BA.

ORGANOIDS IN DISEASE MODELING AND PATHO-
MECHANISTIC STUDY

An organoid is a self-assembled three-
dimensional structure which leverages the
self-renewal and differentiation properties
of stem/progenitor cells and the intrinsic
self-organization ability to form organized
structures, that resemble structures and func-
tions of an organ in many ways.' Normal and
patients’ tissues/cells-derived organoids are
versatile tools in disease modeling and patho-
mechanistic study of human diseases affecting
their tissues of origin.

Biliary atresia (BA) is a devastating inflam-
matory obliterative disease of the bile ducts,
a cholangiopathy affecting the cholangio-
cytes, the epithelial cells lining the lumen of
the biliary trees of the liver. This review will
discuss the generation and the application of
biliary organoids in the disease modeling and
patho-mechanistic study of BA.

Development of biliary tree

Hepatocytes produce and secrete bile into
their canaliculi (thin tubules between adja-
cent hepatocytes), then the canaliculi empty
bile into bile ductules (known as canals of
Hering), which connect with interlobular
bile ducts. Bile travels from interlobular bile
ducts down to intrahepatic bile ducts, left and
right hepatic ducts, common hepatic duct,
cystic duct, and the gall bladder, where bile
is stored. When food is eaten, the gallbladder
contracts pushing bile through the cystic duct
and into the common bile duct and then into
the duodenum to help to break down the
dietary fats.?

The biliary tree refers to the network
consisting of hepatocytes, intrahepatic bile
ducts (IHBDs), and extrahepatic bile ducts
(EHBDs). Cholangiocytes, the epithelial
lining of the bile duct lumen, are joined
together by intercellular tight junctions at
the upper part of the intercellular membrane
and polarize the plasma membrane with the
apical side facing the bile duct lumen.” Chol-
angiocytes in the EHBDs and IHBDs are of
different developmental origins. During
human embryogenesis, a portion of the
endoderm-lined yolk sac is incorporated into
the embryo to form the primitive gut, from
which the liver primordium is developed.
The anterior portion of the primitive foregut
(the hepatic diverticulum) develops and gives
rise to the liver and IHBDs, while the poste-
rior portion forms the EHBDs. The hepatic
diverticulum endoderm gives rise to hepato-
blasts, which are bipotential and differentiate
into IHBD cholangiocytes and hepatocytes.
Periportal hepatoblasts differentiate into
ring structures of cholangiocyte progenitors,
namely ductal plates around the portal vein
branches. Then, primitive ductal structures
(PDS) form at discrete locations of the ductal
plate, which finally develop into IHBDs. PDS
that fail to be incorporated into the bile ducts
regress, leaving mature ducts in place.4 The
architecture organization of the hepatic
parenchyma and vasculature, and the EHBDs
are substantively developed by gestation week
16. In contrast, IHBD development continues
throughout gestation and after birth.
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Derivation of hiliary organoids

Biliary organoids consist of cholangiocytes in a spher-
ical monolayer epithelium.”® Biliary organoids could be
derived from both intrahepatic and extrahepatic biliary
tissues.”™ Pluripotent stem cells (PSCs) or embryonic
stem cells, hepatic progenitor cells, and tissue-derived
cells are capable of generating biliary organoids.'’ Huch
et al. reported the derivation and clonal expansion
of organoids from single Lgrb+ (leucine-rich repeat-
containing G-protein coupled receptor 5 expressing)
liver cells in R-spondin I-based culture medium.” Later,
the same group reported the establishment of intrahe-
patic biliary organoids (IBOs) from bipotent EPCAM-
expressing IHBD cells of human liver, and these biliary
organoids contained bipotent hepatoblast-like stem cells
that could be induced to form functional hepatocytes.®
The epithelial cell adhesion molecule (EPCAM, also
known as CD326) is a surface epithelial marker selec-
tively expressed in ductal cells.! EPCAM-expressing
ductal cells of human livers developed into organoids
with a high efficiency, while EPCAM non-expressing
hepatocytes failed to generate organoids.® Single cell
transcriptomics studies have identified the EPCAM-
expressing population within the canals of Hering as
bipotent progenitors capable of differentiating into
cholangiocytes and hepatocytes.'? ' Derivation of biliary
organoids from cells isolated from mouse and human
extrahepatic biliary tissues including the gall bladders
and the common bile ducts has also been reported.® ?
The EHBD-derived biliary organoids could repair the
biliary epithelium following transplantation into a mouse
model of injury.9 Sampaziotis et al. reported a stepwise
differentiation of human PSCs into endoderm and
subsequently into foregut progenitor cells, followed by
the generation of hepatoblasts, cholangiocyte progeni-
tors, and cholangiocyte-like cells in the form of biliary

organoids,'* which resembles the embryonic develop-
ment of cholangiocytes in many ways.

Biliary organoids in biliary atresia study

BA is a heterogeneous and multifaceted liver disease of
complex pathogenesis.'” BA is largely a non-syndromic
disease. It is likely that the injury to the liver in the fetus
or around birth, and that the injury progression and
pathological repair in the postnatal period, lead to BA.'®
A number of pathogenic pathways have been proposed
for BA, including genetic susceptibility, dysregulated
hepatobiliary development/structure, environmental
factors (toxin or virus infection induced injury), and
dysregulated immune-inflammatory responses to an
injury.'® Biliary organoids have been used to investigate
the patho-mechanisms underlying some of these patho-
genic pathways for BA (figure 1).

Genetic susceptibility

Genetic factors are known to play a role in BA.'7 18
Large-scale genome-wide association studies identified a
group of genes involved in hepatobiliary development/
structure, including Adducin 3 (ADD3)," *° Glypican 1
(GPC1),”" ARF GTPase 6 (ARF6),”* Mannosidase-1-Alpha-2
(MANI1A2),”® EGF containing fibulin extracellular matrix
protein 1 (EFEMPI),** ArfGAP with dual PH domains I,
(AFAP1) and Tumor Suppressor Candidate 3 (TUSC3).”
Clustered regularly interspaced palindromic repeats/
Cas9-(CRISPR/Cas9)-mediated knockout of BA suscep-
tibility genes ADD3 and GPCI led to reduced ductal
structure formation in biliary organoids.*® It is likely that
mutations/variants of BA susceptibility genes involved in
hepatobiliary development/structure perturbed embryo-
genesis of the biliary tree, although insufficient alone to
cause BA, increases susceptibility to biliary injury and BA.
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Figure 1

Generation and application of biliary organoids for biliary atresia (BA) disease modeling and patho-mechanistic

study. The scheme represents an overview of the generation and the use of biliary organoids from BA/normal liver tissues, BA/
normal pluripotent stem cells (PSCs), and genome-edited PSCs for disease modeling and patho-mechanistic study for BA.
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Figure 2 Morphology and electron microscopy (EM) study of biliary atresia (BA) and non-BA biliary organoids. (A) Non-BA
organoids are large, well-expanded cystic structures with a single outer layer. BA organoids are tiny, frequently appearing as
poorly expanded structures with multiple vacuoles and a thick cell layer or as unexpanded cell clusters. (B) EM study showed a
single layer of tightly packed columnar bile duct cells, with tight junctions (arrowheads) and primary cilia (ci) in BA organoids. In
contrast, non-BA organoid cells are elongated and non-columnar; loosely packed with no tight junctions and primary cilia.

Dysregulated hepatobiliary development/structure

The hepatobiliary system is not fully developed and func-
tionally mature at birth;?’ hence, injury to the abnor-
mally developed/immature hepatobiliary system could
initiate a cascade of events, manifested as BA, suggesting
dysregulated hepatobiliary development/structure could
contribute to BA development.®®

Dysregulated cholangiocyte development

EPCAM-expressing cells of BA and non-BA livers were
cultured to generate organoids and revealed aberrant
morphology and apical-basal organization in BA orga-
noids (figure 2), an aberrant cholangiocyte development
(a partial shift from a cholangiocyte towards a hepato-
cyte transcriptional profile) and changes in expression
of genes related to amyloid-beta (AB) biology.” The
apical-basal disruption and aberrant cholangiocyte devel-
opment in BA organoids have also been corroborated in
another study.” Importantly, the addition of exogenous
AP to normal control biliary organoids was sufficient to
cause BA-like morphological changes (figure 3).2° AB
depositing in the livers of infants with BA was shown to

suppress mitochondrial respiration and mammalian
target of rapamycin (mTOR) signaling, affecting liver
regeneration after injury.”’ Plasma AP levels correlated
with impaired hepatic functions and were suggested as an
adjuvant biomarker for the diagnosis of BA.**
Biliatresone treatment of control biliary organoids
caused a similar apical-basal disruption, accompanied
by reduced glutathione and Sox17 levels.”*™® rotavirus
(RRV) infection of human biliary organoids led to a
disrupted organoid morphology combined with the
induction of an immune response, which resembled the
viral infection elicited bile duct damage and immune reac-
tion in BA development.”” CRISPR-based loss-of-function
screen followed by in vivo validation and single-cell
RNA sequencing in biliary epithelial cell-like organoids
has identified that yes-associated protein 1 (YAP) and
mammalian target of rapamycin complex 1 (mTORCI)
signaling are required for the process of ductular reac-
tion in response to liver injury.” Dysregulated activation
of Hippo-yes associated protein 1 (Hippo-YAP1) signaling
has also recently been shown to induce Pancreatic And

S

Figure 3 Amyloid-beta (AB) induced aberrant biliary organoid development. Untreated organoids are large, well-expanded
cystic structures with a single outer layer. AB-treated organoids are tiny, and some are with multiple vacuoles. DMSO, Dimethyl
sulfoxide.
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Figure 4 A diagram showing the current understanding of the multifactorial nature of biliary atresia (BA), and a table
summarizing the insights from the studies using tissue-derived and/or human pluripotent stem cell (PSC)-derived biliary
organoids on the interplay of different factors in the pathogenesis of BA. AB, beta-amyloid; CMV, cytomegalovirus; EMT,
epithelial mesenchymal transition; hPSCs, human PSCs; KPE, Kasai portoenterostomy.

Duodenal Homeobox 1 (PDXI1) downregulation and
oxidative stress and impair the development of IBOs.*

Disruption of apical-basal polarity of cholangiocytes
Cholangiocytes, the epithelial lining of the bile duct
lumen, are joined together by intercellular tight junc-
tions at the upper part of the intercellular membrane and
polarize the plasma membrane into the apical and basal
sides. The apical side of the cholangiocyte faces the bile
ductlumen, and the establishment of apical-basal polarity
is fundamental for cholangiocyte development and func-
tions.” Cholangiocytes modify bile acids via secretion
and absorption through transporters on their apical and
basolateral plasma membranes.” *' In the liver, defective
cystic fibrosis transmembrane conductance regulator
(CFTR) function causes dysregulation of chloride and
bicarbonate secretion into bile duct,* impaired biliary
secretion, and ductal cholestasis.® The observations of
disruption of apical-basal polarity and lumen obstruc-
tion in BA livers and organoids,* * in bile ducts of Cdc42
knockout mouse cholangiocytes,** in biliatresone-treated
biliary organoids,”*™ corroborate the importance of
apical-basal polarity in the development and functions
of cholangiocytes. Disruption of apical-basal polarity and
tight junction formation of cholangiocytes could result
in bile leakage of bile ducts, which can lead to inflamma-
tion, scarring, or fibrosis of the liver.

Primary cilia dysfunction of cholangiocytes

Each cholangiocyte presents a primary cilium at its apical
plasma membrane, and these non-motile primary cilia
detect flow, composition, osmolality, and pH of the bile.*
Shorter, misoriented, or less abundant cholangiocyte
primary cilia were commonly observed in patients with
BA.** A number of genes important for ciliogenesis,
including Polycystic Kidney Disease 1 Like 1 (PDKILI), were
mutated in patients with syndromic BA with laterality
abnormalities.*® *® Rare, deleterious de novo or biallelic
variants of liver-expressed ciliary genes, including Peri-
centrin (PCNT), Kinesin-like protein KIF3B, (KIF3B) and
Tetratricopeptide Repeat Protein 17 (TTCI17), were reported
in around 30% patients with non-syndromic BA,” which
further underpins the pathological roles of primary cilia
dysfunction in BA. Biliatresone treatment reduced the
number of primary cilia formation in control human
biliary organoids.”® Primary cilia are involved in a number
of signaling pathways that are crucial for bile duct devel-
opment including Hedgehog, Neurogenic locus notch
homolog protein 1 (NOTCH), wingless-type MMTV
integration site family, member 1 (WNT), and trans-
forming growth factor-§/bone morphogenetic protein
pathways.”'™* Defects in these signaling pathways could
cause abnormal biliary development and contribute to
the pathogenesis of BA.> ™
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Table 1 Landmark publications on biliary organoids in biliary atresia study

Year Main findings Refs.

2015 Establishment of biliary organoids from bipotent EPCAM-expressing IHBD cells of human liver, and *
these biliary organoids contained bipotent hepatoblast-like stem cells that could be induced to
form functional hepatocytes

2016 Biliatresone-treated normal mouse biliary organoids displayed aberrant morphology with apical- 32
basal disruption and reduced GSH and Sox17 levels

2017 Reconstruction of the mouse extrahepatic biliary tree using primary human extrahepatic biliary 2
organoids

2019 Deletion of BA susceptibility genes ADD3 and GPC1 resulted in reduced biliary development in 2t
human PSC-derived biliary organoids

2019 CRISPR-based loss-of-function screen in BEC-like organoids and identification of YAP and 38
mTORC1 signaling for the process of ductular reaction in response to liver injury

2020 Establishment of BA liver tissue-derived organoids. BA biliary organoids exhibited aberrant 2
morphology, disruption of apical-basal organization, and aberrant cholangiocyte development

2020 RRV infection of human biliary organoids exhibited similar bile duct damage and immune reaction ¥’
in BA development

2021 Demonstrate regional differences in human biliary tissues and corresponding in vitro-derived biliary 7
organoids

2022 Biliary organoids uncover delayed epithelial development and barrier function in BA s

2022 Poly I:C treated normal human liver tissue-derived biliary organoids resembled the organoids &
developed from BA liver samples

2023 HCMV infected human biliary organoids exhibited low-level productive or persistent infection and ¢
promoted the EMT process of organoids

2023 HCMYV infection of macrophages induced abnormal development of cholangiocytes in a c8
macrophage and biliary organoid co-culture

2024 Dysregulated activation of Hippo-YAP1 signaling induced PDX1 down-regulation and oxidative %
stress and impaired IBOs development

2024 Abnormal development, disruption of apical-basal polarity, defective primary cilia formation, and %
increased permeability in biliatresone-treated human biliary organoids

2024 Organoid-based transcriptomic profiling could be used to inform Kasai portoenterostomy (KPE) &

success and guide BA management

ADDS3, Adducin 3; BA, biliary atresia; BEC, biliary epitehlial cells; CRISPR, Clustered regularly interspaced palindromic repeats; EMT,
epithelial mesenchymal transition; EPCAM, epithelial cell adhesion molecule; GPC1, Glypican 1; HCMV, human cytomegalovirus; Hippo-
YAP1, Hippo-yes associated protein 1; IBOs, intrahepatic biliary organoids; IHBD, intrahepatic bile duct; mTORC1, mammalian target of
rapamycin complex 1); PDX1, Pancreatic And Duodenal Homeobox 1; Poly I:C, polyinosinic:polycytidylic acid; PSC, pluripotent stem cell;

RRV, rotavirus; YAP, yes-associated protein 1.

Environmental factors

Viral infection

A viral infection induced biliary injury has long been
suggested as a possible etiological factor for BA, and
viruses including cytomegalovirus (CMV), Epstein-
Barr virus, and human papillomavirus have been impli-
cated.” *® Viral exposure may cause defective bile duct
development® *® or bile duct injury and/or infection trig-
gered secondary autoimmune reaction.” " Among these
viruses, CMV is the most studied virus with associations to
BA, but reports are inconclusive.’* Infants with BA with
higher anti-CMV IgM antibody levels were shown to have
the worst prognosis following Kasai surgery.”® * However,
the cellular/molecular mechanisms underlying CMV-BA
have not been elucidated. Ye et al. recently reported that
human CMV (HCMV)-infected human biliary organoids
exhibited low-level productive or persistent infection and

promoted the epithelial mesenchymal transition (EMT)
process of organoids, which could induce inflammation
and EMT and contribute to the development of BA.%
Furthermore, HCMV infection of macrophages induced
injury and abnormal development of cholangiocytes in a
macrophages and biliary organoid co-culture model for
BA.%

Group A rotaviruses produced extrahepatic biliary
obstruction in orally inoculated newborn mice.” Poly-
inosinic:polycytidylic acid (poly I:C) is a synthetic
immunostimulant that is structurally similar to a double-
stranded RNA found in the reovirus and rotavirus, which
induces immune-mediated inflammation in rats.” Poly
I:C treated normal human liver tissue-derived biliary
organoids exhibited an aberrant morphology and a
distinct pattern of expression of immune-mediated
signaling pathways, resembling the organoids developed
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from BA liver samples, which indicated that biliary organ-
oids are potential research materials to study immune-
mediated inflammation in BA.”

Environmental toxins

Outbreaks of a BA-like disease in livestock in Australia
have led to the identification of a plant biliary toxin
called biliatresone.” BA-like pathology was observed in
biliatresone-treated larval zebrafish and in the offspring
of biliatresone-fed pregnant mice. Disruption of apical-
basal polarity, loss of monolayer integrity, increased
permeability, and obstruction were observed in murine
extrahepatic bile ducts and biliary organoids treated
with biliatresone.” Abnormal development, disruption
of apical-basal polarity, defective primary cilia formation,
and increased permeability have also been observed in
biliatresone-treated control biliary organoids.”*® Mice
injected with biliatresone displayed biliary obstruction
with associated inflammation and fibrosis.”” The limited
distribution of biliatresone suggests that exposure to bili-
atresone is not relevant for human BA, but it provides
evidence that prenatal exposure to a toxin could lead to
BA in neonates, and the characterization of biliary toxic
structural motifs may lead to identification of toxins with
human relevance.

Immune—inflammatory dysregulation to an injury

Liver injury induced exaggerated autoimmune and auto-
inflammatory responses targeting cholangiocytes has
been postulated to cause progressive bile duct damage,
fibrosis, and obliteration in BA.”* Cumulative evidence
indicated that innate immune cells (natural Kkiller cells,
macrophages, dendritic cells, and neutrophils) and adap-
tive immune cells (T cells and B cells) contribute to BA
pathogenesis (introduction of an article by Tam et al.'®).
Multicellular co-cultures which comprise of immune cells
and biliary organoids are needed to delineate the mech-
anisms underlying dysregulated immune-inflammatory
responses in BA pathogenesis. A biliary organoids and
macrophages co-culture was recently established for the
investigation of HCMV infection of macrophages in the
induction of biliary injury for BA.%® More advanced multi-
cellular organoid platforms which comprise of bile duct
cells and various types of immune cells are needed to
delineate the roles of interactions between injured bile
duct cells, innate and adaptive immune cells in BA.

In sum, studies using tissue-derived and/or human
PSC-derived organoids have provided important insights
into the mechanisms underlying susceptibility factors in
the perturbation of biliary tree development in embryos,
environmental factors (biliatresone, CMV, AB) induced
bile duct damages, CMV-infected macrophages in bile
ductinjury, bile duct regeneration, and ductular reaction
in response to injury. BA is a multifactorial disease, and
biliary organoids have enabled us to start to understand
the interplay of genetic susceptibility, bile duct injury,
inflammatory responses, and pathological repair in the
disease causation and/or progression of BA (figure 4).

Clinical translation of findings from biliary organoids

Taken all the above indicated that biliary organoids could
be used as a disease model for patho-mechanism study for
BA, and findings from biliary organoids could be trans-
lated into clinical application for the prognosis, thera-
peutic development, and personalized patient manage-
ment for BA. We have recently shown that organoid-based
transcriptomic profiling could be used to inform Kasai
portoenterostomy (KPE) success and guide BA manage-
ment.” Furthermore, dysregulated signaling pathways in
BA biliary organoids are potential therapeutic targets for
drug development to mitigate the disease progression
and improve the outcomes of KPE by promoting biliary
repair and regeneration in patients with BA.

Limitations and challenges in biliary organoid research

The liver is a complex organ which mainly comprises of
hepatocytes, and other cell types including the paren-
chymal cholangiocytes and the non-parenchymal liver
cells (liver sinusoidal endothelial cells, hepatic stellate
cells, Kupffer cells), and other immune cell types.76
Together, these cells do not only maintain the structural
integrity and functionality of the liver during homeostasis,
but also contribute to repair after injury and pathophysi-
ology for BA.'® Although we have seen the advancement
in the generation and the application of biliary organoids
in BA study (table 1), there are clearly limitations as these
biliary organoids only consist of cholangiocytes, in that
the interactions between bile duct cells, hepatocytes, and
other non-parenchymal liver cells in the disease causa-
tion/progression of BA cannot be studied in these biliary
organoids. Furthermore, Rimland and co-workers have
demonstrated that differences exist not only between
extrahepatic biliary organoids and their tissue of origin,
but also between IHBD and EHBD orgamoids.77 There-
fore, one has to understand the differences and the limi-
tations in biliary organoids derived from different parts
of the bile duct and to interpret the findings with caution
to understand the tissue specificity of cholangiopathies.

SUMMARY AND FUTURE PROSPECT

In the last decade, we have witnessed a considerable
advancement in the generation of biliary organoids for
modeling liver physiology and pathophysiology, which
has yielded important insights in the pathogenesis for
BA. In the future, advanced multicellular liver organoid
platforms which comprise of parenchyma cells and non-
parenchymal cells are needed to delineate the roles of
interactions between different cell types, virus-elicited
innate and adaptive immune responses, extracellular
matrix (ECM), toxins, and genetic susceptibility in BA
disease initiation and progression. Custom-designed scaf-
folds, decellularized liver ECM scaffolds, and improve-
ments to culture reagents to maintain the structural
organization while supporting the function and survival
of multiple cell components of multicellular organoids
will likely bring significant breakthroughs in elucidating
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disease mechanisms for BA. Furthermore, with the
advancements in microfluidic chip technology, in the
future, biliary organoids-on-chips will enable a high-
throughput and cost-effective screening of thousands
of small molecules targeting the dysregulated signaling
pathways identified in BA biliary organoids for thera-
peutic development for BA.

Findings on the biliary biology, disease mechanisms,
therapeutic targets, biliary repair, and regeneration
for BA will have broader implications for other cholan-
giopathies including primary biliary cirrhosis, primary
sclerosing cholangitis, cystic fibrosis involving the liver,
polycystic liver disease, and cholangiocarcinoma that,
like BA, affect a central target: the cholangiocytes.

Contributors VCHL: Conceptualization; writing; review and editing.

Funding This work is supported by Theme-based Research Scheme 2021 (T12-
712/21-R); Health and Medical Research Fund (06172096; 03143476); RGC CERG
Grant 2019/2020 (17105119) to VCHL.

Competing interests None declared.
Patient consent for publication Not applicable.
Ethics approval Not applicable.

Provenance and peer review Part of a Topic Collection; not commissioned;
externally peer reviewed.

Data availability statement Data are available in a public, open access
repository. Not applicable.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Vincent Chi Hang Lui http://orcid.org/0000-0002-1758-8854

REFERENCES

1 Kim J, Koo BK, Knoblich JA. Human organoids: model systems for
human biology and medicine. Nat Rev Mol Cell Biol 2020;21:571-84.

2 Boyer JL. Bile formation and secretion. Compr Physiol
2013;3:1035-78.

3 Lemaigre FP. Development of the Intrahepatic and Extrahepatic
Biliary Tract: A Framework for Understanding Congenital Diseases.
Annu Rev Pathol 2020;15:1-22.

4 Ober EA, Lemaigre FP. Development of the liver: Insights into organ
and tissue morphogenesis. J Hepatol 2018;68:1049-62.

5 GuanY, Xu D, Garfin PM, et al. Human hepatic organoids for the
analysis of human genetic diseases. JCI Insight 2017;2:€94954.

6 Huch M, Gehart H, van Boxtel R, et al. Long-term culture of
genome-stable bipotent stem cells from adult human liver. Cell
2015;160:299-312.

7 Huch M, Dorrell C, Boj SF, et al. In vitro expansion of single Lgr5+
liver stem cells induced by Wnt-driven regeneration. Nature New Biol
2013;494:247-50.

8 Lugli N, Kamileri I, Keogh A, et al. R-spondin 1 and noggin facilitate
expansion of resident stem cells from non-damaged gallbladders.
EMBO Rep 2016;17:769-79.

9 Sampaziotis F, Justin AW, Tysoe OC, et al. Reconstruction of the
mouse extrahepatic biliary tree using primary human extrahepatic
cholangiocyte organoids. Nat Med 2017;23:954-63.

10 Sato K, Zhang W, Safarikia S, et al. Organoids and Spheroids
as Models for Studying Cholestatic Liver Injury and
Cholangiocarcinoma. Hepatology 2021;74:491-502.

11 Yoon S-M, Gerasimidou D, Kuwahara R, et al. Epithelial cell
adhesion molecule (EpCAM) marks hepatocytes newly derived from
stem/progenitor cells in humans. Hepatology 2011;53:964-73.

12 Aizarani N, Saviano A, et al. A human liver cell atlas reveals
heterogeneity and epithelial progenitors. Nature New Biol
2019;572:199-204.

13

14

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Segal JM, Kent D, Wesche DJ, et al. Single cell analysis of human
foetal liver captures the transcriptional profile of hepatobiliary hybrid
progenitors. Nat Commun 2019;10:3350.

Sampaziotis F, de Brito MC, Geti |, et al. Directed differentiation of
human induced pluripotent stem cells into functional cholangiocyte-
like cells. Nat Protoc 2017;12:814-27.

Davenport M, Muntean A, Hadzic N. Biliary Atresia: Clinical
Phenotypes and Aetiological Heterogeneity. J Clin Med
2021;10:5675.

Tam PKH, Wells RG, Tang CSM, et al. Biliary atresia. Nat Rev Dis
Primers 2024;10:47.

Smith BM, Laberge JM, Schreiber R, et al. Familial biliary atresia in
three siblings including twins. J Pedlatr Surg 1991;26:1331-3.
Silveira TR, Salzano FM, Howard ER, et al. Extrahepatic biliary
atresia and twinning. Braz J Med Biol Res 1991;24:67-71.

Cheng G, Tang C-M, Wong E-M, et al. Common genetic variants
regulating ADD3 gene expression alter biliary atresia risk. J Hepatol
2013;59:1285-91.

Garcia-Barcelé M-M, Yeung M-Y, Miao X-P, et al. Genome-wide
association study identifies a susceptibility locus for biliary atresia on
10g24.2. Hum Mol Genet 2010;19:2917-25.

Cui S, Leyva-Vega M, Tsai EA, et al. Evidence from human

and zebrafish that GPC1 is a biliary atresia susceptibility gene.
Gastroenterology 2013;144:1107-15.

Ningappa M, So J, Glessner J, et al. The Role of ARF6 in Biliary
Atresia. PLoS One 2015;10:e0138381.

So J, Ningappa M, Glessner J, et al. Biliary-Atresia-Associated
Mannosidase-1-Alpha-2 Gene Regulates Biliary and Ciliary
Morphogenesis and Laterality. Front Physiol 2020;11:538701.

Chen Y, Gilbert MA, Grochowski CM, et al. A genome-wide
association study identifies a susceptibility locus for biliary

atresia on 2p16.1 within the gene EFEMP1. PLoS Genet
2018;14:e1007532.

Glessner JT, Ningappa MB, Ngo KA, et al. Biliary atresia is
associated with polygenic susceptibility in ciliogenesis and planar
polarity effector genes. J Hepatol 2023;79:1385-95.

Tian L, Ye Z, Kafka K, et al. Biliary Atresia Relevant Human Induced
Pluripotent Stem Cells Recapitulate Key Disease Features in a Dish.
J Pediatr Gastroenterol Nutr 2019;68:56-63.

Roskams T, Desmet V. Embryology of extra- and intrahepatic bile
ducts, the ductal plate. Anat Rec (Hoboken) 2008;291:628-35.
Tanimizu N. The neonatal liver: Normal development and response to
injury and disease. Semin Fetal Neonatal Med 2022;27:101229.
Babu RO, Lui VCH, Chen Y, et al. Beta-amyloid deposition around
hepatic bile ducts is a novel pathobiological and diagnostic feature
of biliary atresia. J Hepatol 2020;73:1391-403.

Amarachintha SP, Mourya R, Ayabe H, et al. Biliary organoids
uncover delayed epithelial development and barrier function in biliary
atresia. Hepatology 2022;75:89-103.

Tian X, Wang Y, Zhou Y, et al. Beta-amyloid Deposition in Biliary
Atresia Reduces Liver Regeneration by Inhibiting Energy Metabolism
and Mammalian Target of Rapamycin Signaling. Clin Trans/
Gastroenterol 2022;13:e00536.

Lyu H, Ye Y, Lui VCH, et al. Plasma amyloid-beta levels correlated
with impaired hepatic functions: An adjuvant biomarker for the
diagnosis of biliary atresia. Front Surg 2022;9:931637.

Nagi SAM, Abdallah HM, El Gazzar AA, et al. Does amyloid
precursor protein gene expression have a role in diagnosis of biliary
atresia? Clin Exp Hepatol 2023;9:335-43.

Fried S, Gilboa D, Har-Zahav A, et al. Extrahepatic cholangiocyte
obstruction is mediated by decreased glutathione, Wnt and Notch
signaling pathways in a toxic model of biliary atresia. Sci Rep
2020;10:7599.

Waisbourd-Zinman O, Koh H, Tsai S, et al. The toxin biliatresone
causes mouse extrahepatic cholangiocyte damage and fibrosis
through decreased glutathione and SOX17. Hepatology
2016;64:880-93.

Hai-Bing Y, Sivasankaran MS, Ottakandathil BR, et al. n.d.
Environmental Toxin Biliatresone-Induced Biliary Atresia-like
Abnormal Cilia and Bile Duct Cell Development of Human Liver
Organoids. Toxins (Basel)16:144.

Chen S, Li P, Wang Y, et al. Rotavirus Infection and
Cytopathogenesis in Human Biliary Organoids Potentially
Recapitulate Biliary Atresia Development. MBio 2020;11.
Planas-Paz L, Sun T, Pikiolek M, et al. YAP, but Not RSPO-LGR4/5,
Signaling in Biliary Epithelial Cells Promotes a Ductular Reaction in
Response to Liver Injury. Cell Stem Cell 2019;25:39-53.

Xie H, Zhu Z, Tang J, et al. Dysregulated Activation of Hippo-YAP1
Signaling Induces Oxidative Stress and Aberrant Development

of Intrahepatic Biliary Cells in Biliary Atresia. Lab Invest
2025;105:102199.

Lui VCH. World J Pediatr Surg 2025;8:¢001010. doi:10.1136/wjps-2025-001010


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-1758-8854
http://dx.doi.org/10.1038/s41580-020-0259-3
http://dx.doi.org/10.1002/cphy.c120027
http://dx.doi.org/10.1146/annurev-pathmechdis-012418-013013
http://dx.doi.org/10.1016/j.jhep.2018.01.005
http://dx.doi.org/10.1172/jci.insight.94954
http://dx.doi.org/10.1016/j.cell.2014.11.050
http://dx.doi.org/10.1038/nature11826
http://dx.doi.org/10.15252/embr.201642169
http://dx.doi.org/10.1038/nm.4360
http://dx.doi.org/10.1002/hep.31653
http://dx.doi.org/10.1002/hep.24122
http://dx.doi.org/10.1038/s41586-019-1373-2
http://dx.doi.org/10.1038/s41467-019-11266-x
http://dx.doi.org/10.1038/nprot.2017.011
http://dx.doi.org/10.3390/jcm10235675
http://dx.doi.org/10.1038/s41572-024-00533-x
http://dx.doi.org/10.1038/s41572-024-00533-x
http://dx.doi.org/10.1016/0022-3468(91)90613-x
https://pubmed.ncbi.nlm.nih.gov/1823220
http://dx.doi.org/10.1016/j.jhep.2013.07.021
http://dx.doi.org/10.1093/hmg/ddq196
http://dx.doi.org/10.1053/j.gastro.2013.01.022
http://dx.doi.org/10.1371/journal.pone.0138381
http://dx.doi.org/10.3389/fphys.2020.538701
http://dx.doi.org/10.1371/journal.pgen.1007532
http://dx.doi.org/10.1016/j.jhep.2023.07.039
http://dx.doi.org/10.1097/MPG.0000000000002187
http://dx.doi.org/10.1002/ar.20710
http://dx.doi.org/10.1016/j.siny.2021.101229
http://dx.doi.org/10.1016/j.jhep.2020.06.012
http://dx.doi.org/10.1002/hep.32107
http://dx.doi.org/10.14309/ctg.0000000000000536
http://dx.doi.org/10.14309/ctg.0000000000000536
http://dx.doi.org/10.3389/fsurg.2022.931637
http://dx.doi.org/10.5114/ceh.2023.132818
http://dx.doi.org/10.1038/s41598-020-64503-5
http://dx.doi.org/10.1002/hep.28599
http://dx.doi.org/10.3390/toxins16030144
http://dx.doi.org/10.1128/mBio.01968-20
http://dx.doi.org/10.1016/j.stem.2019.04.005
http://dx.doi.org/10.1016/j.labinv.2024.102199

40

Fabris L, Fiorotto R, Spirli C, et al. Pathobiology of inherited biliary
diseases: a roadmap to understand acquired liver diseases. Nat Rev

60

Hartley JL, Davenport M, Kelly DA. Biliary atresia. Lancet
2009;374:1704-13.

Gastroenterol Hepatol 2019;16:497-511. 61 Mack CL. The pathogenesis of biliary atresia: evidence for a virus-
41 Jones H, Alpini G, Francis H. Bile acid signaling and biliary functions. induced autoimmune disease. Semin Liver Dis 2007;27:233-42.
Acta Pharm Sin B 2015;5:123-8. 62 Kemme S, Canniff JD, Feldman AG, et al. Cytomegalovirus
42 Cohn JA, Strong TV, Picciotto MR, et al. Localization of the cystic in biliary atresia is associated with increased pretransplant
fibrosis transmembrane conductance regulator in human bile duct death, but not decreased native liver survival. Hepatol Commun
epithelial cells. Gastroenterology 1993;105:1857-64. 2023;7:e0175.
43 Colombo C, Battezzati PM, Strazzabosco M, et al. Liver and biliary 63 Zani A, Quaglia A, Hadzi¢ N, et al. Cytomegalovirus-associated
problems in cystic fibrosis. Semin Liver Dis 1998;18:227-35. biliary atresia: An aetiological and prognostic subgroup. J Pediatr
44 Zhou Y, Ji H, Xu Q, et al. Congenital biliary atresia is correlated with Surg 2015;50:1739-45.
disrupted cell junctions and polarity caused by Cdc4z2 insufficiency 64 Zhao D, Gong X, Li Y, et al. Effects of cytomegalovirus infection on
in the liver. Theranostics 2021;11:7262-75. the differential diagnosis between biliary atresia and intrahepatic
45 Masyuk Al, Masyuk TV, Splinter PL, et al. Cholangiocyte cilia detect cholestasis in a Chinese large cohort study. Ann Hepatol
changes in luminal fluid flow and transmit them into intracellular 2021;23:100286.
Ca2+ and cAMP signaling. Gastroenterology 2006;131:911-20. 65 Fischler B, Ehrnst A, Forsgren M, et al. The viral association
46 Chu AS, Russo PA, Wells RG. Cholangiocyte cilia are abnormal of neonatal cholestasis in Sweden: a possible link between
g‘oiénggog'f 57‘”d non-syndromic biliary atresia. Mod Pathol cytomegalovirus infection and extrahepatic biliary atresia. J Pediatr
47 Frassetto R, Parolini F, Marceddu S, et al. Intrahepatic bile duct 66 gﬁzirc():eynztir:rqé\l gtr\,:,ggg\zlj ZZ a?4F-ielationship between prognosis
primary cilia in biliary atresia. Hepatol Res 2018;48:664-74. of biliary atresia and infection of cytomegalovirus. World J Pediatr
48 Hartley JL, O’Callaghan C, Rossetti S, et al. Investigation of primary 2008:4:123-6.
cilia in the pathogenesis of biliary atresia. J Pediatr Gastroenterol 67 Ye Z,’Lui VCH, Cheung AKL. Characterizing the role of human
Nut_r 2011;52:485-8. . ) cytomegalovirus infection associated with biliary atresia. J Hepatol
49 Karjoo S, Hand NJ, Loarca L, et al. Extrahepatic Cholangiocyte 2023:78:S946-7.
g(i)l%%r? ggr;oor;nal in Biliary Atresia. J pediatr gastroenterol nutr 68 Raha’man SM, Cheung AKL, Wong KKY, et al. Human
oIV - . cytomegalovirus (HCMV) infection of macrophages induced
50 Lam W-Y, Tanlg. CS-M, So M_T’. st a{. Identification .Of a y\nde abnormal development of cholangiocytes in an organoid co-culture
spectrum of ciliary gene mutations in nonsyndromic biliary model for biliary atresia. J Hepatol 2023:78:5942-3
atresria patierg;iml\sliggtgs 2'62?’ ?}( s:gggggn as anovel disease 69 Riepenhoff-Talty M Sch.aekel K, Clark H,F ét al Gro.up A rotaviruses
mechanism. EBioMedicine 71 . L ’ S -
51 Anvarian Z, Mykytyn K, Mukhopadhyay S, et al. Cellular signalling by pr."d“‘F’,e Z?Qtragepﬁt;;gf'S'?S'fégfsguc“m in orally inoculated newborn
primary cilia in development, organ function and disease. Nat Rev 70 Els(ei(uex-lf rZhZZ D, et al. TLR3 ligand Poly IC Attenuates Reactive
52 {\Vﬂiﬁl)grgr?r?;tggszrlgsgr,zlgtiersen LB. Primary cilia as dynamic and Astroglilosis and Improvgs Recover)_/ Of_ Rats after Focal Cerebral
diverse signalling hubs in development and disease. Nat Rev Genet Ischemia. CNS Neurosci Ther 2015;21 '905_1.3' -
2023:24:421-41. 7 Chung EH-Y, Babu RO, Wg Z, etal. Dev_eloplng B|I|gry _
53 Pala R, Alomari N, Nauli SM. Primary Cilium-Dependent Signaling Atre§|a-ll_k(_e Model by Trgatm_g Human Liver Organoids with )
Mechanisms. Int J Mol Sci 2017:18:2272. Polyinosinic:Polycytidylic Acid (Poly (I:C)). Curr Issues Mol Biol
54 Lendahl U, Lui VCH, Chung PHY, et al. Biliary Atresia - 2022;44:644-53. o
emerging diagnostic and therapy opportunities. EBioMedicine 72 Lorent K, Gong W, Koo KA, et al. Identification of a plant
2021:74:103689. isoflavonoid that causes biliary atresia. Sci Trans/ Med
55 Averbukh LD, Wu GY. Evidence for Viral Induction of Biliary Atresia: 2015;7:286ra67. o o
A Review. J Clin Trans! Hepatol 2018;6:410-9. 73 Zhu qJ, Yang YF, Dong R, (_-:-t al. Biliatresone: progress in biliary
56 Saito T, Terui K, Mitsunaga T, et al. Evidence for viral infection atresia study. World J Pediatr 2023;19:417-24.
as a causative factor of human biliary atresia. J Pediatr Surg 74 Bezerra JA, Wells RG, Mack CL, et al. _Blllary Atresia: Clinical and
2015;50:1398-404. Research Challenges for the Twenty-First Century. Hepatology
57 Davenport M, Savage M, Mowat AP, et al. Biliary atresia splenic 2018;68:1163-73.
malformation syndrome: an etiologic and prognostic subgroup. 75 Wai AWY, Lui VCH, Tang CSM, et al. Human Liver Organoids to
Surgery 1993;113:662-8. Predict the Outcome of Kasai Portoenterostomy. J Pediatr Surg
58 Davit-Spraul A, Baussan C, Hermeziu B, et al. CFC1 gene 2025;60:161686.
involvement in biliary atresia with polysplenia syndrome. J Pediatr 76 Malarkey DE, Johnson K, Ryan L, et al. New insights into functional
Gastroenterol Nutr 2008;46:111-2. aspects of liver morphology. Toxicol Pathol 2005;33:27-34.
59 Barnes BH, Tucker RM, Wehrmann F, et al. Cholangiocytes as 77 Rimland CA, Tilson SG, Morell CM, et al. Regional Differences
immune modulators in rotavirus-induced murine biliary atresia. Liver in Human Biliary Tissues and Corresponding In Vitro-Derived
Int 2009;29:1253-61. Organoids. Hepatology 2021;73:247-67.
8 Lui VCH. World J Pediatr Surg 2025;8:6001010. doi:10.1136/wjps-2025-001010


http://dx.doi.org/10.1038/s41575-019-0156-4
http://dx.doi.org/10.1038/s41575-019-0156-4
http://dx.doi.org/10.1016/j.apsb.2015.01.009
http://dx.doi.org/10.1016/0016-5085(93)91085-v
http://dx.doi.org/10.1055/s-2007-1007159
http://dx.doi.org/10.7150/thno.49116
http://dx.doi.org/10.1053/j.gastro.2006.07.003
http://dx.doi.org/10.1038/modpathol.2011.212
http://dx.doi.org/10.1111/hepr.13060
http://dx.doi.org/10.1097/MPG.0b013e318200eb6f
http://dx.doi.org/10.1097/MPG.0b013e318200eb6f
http://dx.doi.org/10.1097/MPG.0b013e318296e525
http://dx.doi.org/10.1016/j.ebiom.2021.103530
http://dx.doi.org/10.1038/s41581-019-0116-9
http://dx.doi.org/10.1038/s41581-019-0116-9
http://dx.doi.org/10.1038/s41576-023-00587-9
http://dx.doi.org/10.3390/ijms18112272
http://dx.doi.org/10.1016/j.ebiom.2021.103689
http://dx.doi.org/10.14218/JCTH.2018.00046
http://dx.doi.org/10.1016/j.jpedsurg.2015.04.006
https://pubmed.ncbi.nlm.nih.gov/8506525
http://dx.doi.org/10.1097/01.mpg.0000304465.60788.f4
http://dx.doi.org/10.1097/01.mpg.0000304465.60788.f4
http://dx.doi.org/10.1111/j.1478-3231.2008.01921.x
http://dx.doi.org/10.1111/j.1478-3231.2008.01921.x
http://dx.doi.org/10.1016/S0140-6736(09)60946-6
http://dx.doi.org/10.1055/s-2007-985068
http://dx.doi.org/10.1097/HC9.0000000000000175
http://dx.doi.org/10.1016/j.jpedsurg.2015.03.001
http://dx.doi.org/10.1016/j.jpedsurg.2015.03.001
http://dx.doi.org/10.1016/j.aohep.2020.100286
http://dx.doi.org/10.1097/00005176-199807000-00010
http://dx.doi.org/10.1097/00005176-199807000-00010
http://dx.doi.org/10.1007/s12519-008-0024-8
http://dx.doi.org/10.1016/S0168-8278(23)02990-2
http://dx.doi.org/10.1016/S0168-8278(23)02985-9
http://dx.doi.org/10.1203/00006450-199304000-00016
http://dx.doi.org/10.1111/cns.12469
http://dx.doi.org/10.3390/cimb44020045
http://dx.doi.org/10.1126/scitranslmed.aaa1652
http://dx.doi.org/10.1007/s12519-022-00619-0
http://dx.doi.org/10.1002/hep.29905
http://dx.doi.org/10.1016/j.jpedsurg.2024.161686
http://dx.doi.org/10.1080/01926230590881826
http://dx.doi.org/10.1002/hep.31252

	Effect of allergic bronchopulmonary aspergillosis on FEV﻿1﻿ in children and adolescents with cystic fibrosis: a European Cystic Fibrosis Society Patient Registry analysis
	Patients and methods
	Patients included and definitions of variables
	Spirometry
	Primary outcome measures and explanatory variables
	Data analysis

	Results
	Participant characteristics
	Effect of ABPA on FEV﻿1﻿ percent predicted values adjusted for other explanatory variables


	Organoids in biliary atresia
	Abstract
	Organoids in disease modeling and patho-mechanistic study
	Development of﻿﻿﻿﻿ biliary tree
	Derivation of biliary organoids
	Biliary organoids in biliary atresia study
	Genetic susceptibility
	Dysregulated hepatobiliary development/structure
	Dysregulated cholangiocyte development
	Disruption of apical-basal polarity of cholangiocytes
	Primary cilia dysfunction of cholangiocytes

	Environmental factors
	Viral infection
	Environmental toxins

	Immune–inflammatory dysregulation to an injury

	Clinical translation of findings from biliary organoids
	Limitations and challenges in biliary organoid research

	Summary and future prospect
	References


