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Abstract

Biliary atresia is a severe cholangiopathy of early infancy that destroys extrahepatic bile ducts and
disrupts bile flow. With a poorly defined disease pathogenesis, treatment consists of the surgical
removal of duct remnants followed by hepatoportoenterostomy. Although this approach can
improve the short-term outcome, the liver disease progresses to end-stage cirrhosis in most
children. Further improvement in outcome will require a greater understanding of the mechanisms
of biliary injury and fibrosis. Here, we review progress in the field, which has been fuelled by
collaborative studies in larger patient cohorts and the development of cell culture and animal
model systems to directly test hypotheses. Advances include the identification of phenotypic
subgroups and stages of disease based on clinical, pathological and molecular features. Stronger
evidence exists for viruses, toxins and gene sequence variations in the aetiology of biliary atresia,
triggering a proinflammatory response that injures the duct epithelium and produces a rapidly
progressive cholangiopathy. The immune response also activates the expression of type 2
cytokines that promote epithelial cell proliferation and extracellular matrix production by
nonparenchymal cells. These advances provide insight into phenotype variability and might be
relevant to the design of personalized trials to block progression of liver disease.

Introduction

Biliary atresia, a multifaceted liver disease of complex pathogenesis, has devastating
consequences to child health with rapid progression to end-stage cirrhosis if not treated in a
timely fashion. Departing from solely descriptive studies, the past decade has seen a
proliferation of mechanistic experiments that use /n vitroand in vivo model systems to
directly test disease-related hypotheses. Here, we review how these studies advance our
understanding of disease pathogenesis by providing unique insights into how an insult from
one or more environmental factors triggers an immune response, which is modified by
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genetic and developmental factors to target the bile duct epithelium and produce the clinical
spectrum of biliary atresia.

Biliary atresia results from an inflammatory and fibrosing obstruction of extrahepatic bile
ducts. Along with the general term of ‘neonatal hepatitis’, biliary atresia is a leading cause
of neonatal cholestasis;1~ as a single disease, biliary atresia is the number one indication for
paediatric liver transplantation worldwide.® By the time of diagnosis, extrahepatic bile ducts
are completely obstructed. At the tissue level, segmental or wholesale loss of the epithelial
lining of extrahepatic bile ducts exists, with extensive fibrosis and occasional foci of
inflammation. By contrast, intrahepatic bile ducts are typically hyper-plastic, embedded in
portal tracts that contain variable inflammation and fibrosis, and are surrounded by lobules
with features of cholestasis and variable degrees of giant multinucleated hepatocytes.®

Epidemiology

The disease occurs on all continents, with variable geographical frequency ranging from 1 in
5,000 in Taiwan to an estimated 1 in 15,000 in the USA and 1 in 19,000 live births per year
in the Netherlands.”11 A seasonal clustering of the disease has been reported, with rates
three times higher in infants born between December and March,11:12 put the lack of
seasonality in a large study of 119 Japanese infants underscores the variable geographical
frequency of disease.!3 Biliary atresia has a slight female predominance (1.25:1), especially
in patients who also have splenic malformations and the incidence is substantially higher
among nonwhite infants.11:14 An association with advanced maternal age, increased parity
and a tendency for early foetal losses has been found.1! Biliary atresia has rare familial
recurrence, with twin studies showing that most sets are discordant for the disease.15-19

Disease hallmarks and outcomes

The clinical hallmarks of the disease are simple and reproducible: pathological jaundice with
direct or conjugated hyperbilirubinemia; acholic stools; variable levels of hepato
splenomegaly; and the onset of symptoms restricted to the first few months of life. The
progression to end-stage cirrhosis when the disease is untreated is consistent. The initial goal
of clinical management is to arrive at the diagnosis promptly so that surgical intervention
can remove the atretic biliary remnants and create a Rouxen-Y intestinal conduit for bile
drainage, also known as the Kasai hepatoportoenterostomy.2? Unfortunately, an
unacceptable 40-50% of patients still do not have improved bile drainage after the
hepatoportoenterostomy;1421-23 even when they do, the majority of the patients require liver
transplantation for prolonged survival.®

Precise phenotyping of disease

Jaundice and acholic stools are uniformly present in infants with biliary atresia. However,
increasing evidence supports the existence of specific clinical forms and variants based on
the presence of nonhepatic malformations, time of disease onset and morphological and
molecular analysis of the hepatobiliary system (Table 1).24-26
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Perinatal or nonsyndromic biliary atresia

Most infants fall into this clinical form, which is commonly referred to as ‘perinatal” based
on the isolation of viruses in affected livers and on the detection of serum bilirubin levels
(either conjugated or unconjugated) in the first 1-2 days of life in infants later diagnosed
with biliary atresia.2” However, in the absence of reproducible data demonstrating a
perinatal insult, this group of patients might be more appropriately referred to as
‘nonsyndromic’. A subgroup of these patients might have single or multiple nonhepatic
malformations such as cardiovascular abnormalities and intestinal malrotation.14.28-30
Coexisting malformations do not necessarily worsen the hepatobiliary disease,3° but need
proper attention to prevent complications and improve clinical outcome.

Embryonic biliary atresia

About 10% of affected infants have an earlier onset of jaundice, often present at birth and
have nonhepatic congenital malformations.1428-30 This group of patients is also referred to
as having the congenital, fetal or prenatal form of biliary atresia. Consistent with an early
onset of bile duct injury, extrahepatic bile ducts might be absent (that is, no sign of a fibrous
cord at the time of exploratory laparotomy). Splenic abnormalities (as plenia, double spleen
and polysplenia) have been reported in 8-12% of infants with the embryonic form of
disease, which occurs in isolation or in combination with one or more additional defects (for
example, preduodenal portal vein, interrupted inferior vena cava, intestinal mal rotation) in a
variant known as biliary atresia splenic malformation (BASM) syndrome.1428 Infants with
BASM have a higher association with maternal diabetes mellitus than those with the
nonsyndromic form and might have a worse outcome after hepatoportoenterostomy.

Cystic biliary atresia

The presence of a cystic malformation near the site of the common bile duct obstruction,
constitutes an anatomic variant often referred to as cystic biliary atresia, which might be
associated with improved bile drainage after hepatoportoenterostomy.3! Some of the infants
with biliary cysts are detected prenatally during routine ultrasonography; jaundice and
acholic stools might present soon after birth or after an asymptomatic period of 1-3 months
of life. A review of a large cohort of infants with biliary atresia reported the presence of
biliary cysts in ~8% of patients.32 Infants with this cystic variant were younger at
presentation in this cohort, but a delay in performing a portoenterostomy beyond 70 days of
age was associated with poor long-term survival with the native liver. In addition, some of
the infants with the cystic variant of biliary atresia shared features of BASM. Detection of
prenatal cystic changes in some patients suggests an intra-uterine onset of disease; perhaps
also suggesting that the mechanisms of intrauterine tissue injury differs from the other
clinical forms. A promin ent type 2 T helper (TH2)-cell-mediated inflammatory response has
been associated with cystic biliary atresia in mice.33 Mice engineered to have a prominent
TH2 response, in a model of rotavirus-induced biliary atresia, was associated with an
increased frequency of cystic changes in extrahepatic bile ducts.33
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Cytomegalovirus-associated biliary atresia

Reports of an association between cytomegalovirus detection and poor biliary drainage after
hepatoportoenterostomy could be of particular relevance in designing clinical care protocols
and future trials. One study of disease aetiology in 85 Chinese patients identified
cytomegalovirus DNA and/or protein in the livers of 51 infants,34 and a second study of a
smaller cohort showed a low percentage of patients with normalization of bilirubin levels
after hepatoportoenterostomy.3® Poor bile drainage and highest risk of death were also
linked to the presence of cytomegalovirus IgM antibodies in a cohort of infants at King's
College Hospital, London, UK, who had a 10% survival with the native liver at 2 years of
age.36 In a larger cohort of 260 patients, these investigators also found that infants with
cytomegalovirus-associated biliary atresia had the highest aspartate aminotransferase:platelet
ratio index when compared with patients with the cystic, BASM and perinatal forms of
biliary atresia.3’ However, geographical variations in cytomegalovirus-associated biliary
atresia exist.38:39 Some of the inconsistencies between studies might result from
methodological differences used to study the patient population. For example, using an assay
that tests lymphocyte activation to cytomegalovirus proteins identified a positive response in
56% of infants in the USA, even when no other biochemical markers of cytomegalovirus
infection were present.#0 Altogether, efforts to precisely define the status of cytomegalovirus
infection in patient cohorts are justified by this data, as it might trigger unique pathogenic
mechanisms and/or constitute a severity factor influencing the clinical outcome in biliary
atresia.

Staging the disease at diagnosis

Several clinical reports suggest that an age <60 days at the time of hepatoportoenterostomy
is associated with improved bile flow and long-term outcome.?! This association implies
that a younger patient will have an earlier phase of disease and perhaps a lesser degree of
liver injury. However, age alone is not a uniform predictor of outcome as demonstrated by
the poor survival with the native liver of a cohort of young infants with biliary atresia after
hepatoportoenterostomy,*2 suggesting that other factors influence the clinical course of
disease, such as the coexistence of severe cardiovascular disease, cytomegalovirus infection,
and the type and extent of liver pathology at diagnosis. Prominent histological findings of
inflammation in the liver at diagnosis has been reported to correlate with a poor response to
hepatoportoenterostomy.*3 If one assumes that prominent inflammation reflects the severity
of tissue injury this association would make sense, as would the poor outcome despite
surgery. Alternatively, if one assumes that prominent inflammation reflects an early phase of
tissue involvement or injury this association would be unexpected and an improved outcome
after surgical intervention would be expected. Our lack of understanding of the relationship
between histopathology and clinical response is underscored by other studies reporting a
poor outcome in children with advanced hepatic fibrosis,**4° or the lack of a correlation
between fibrosis and clinical outcome.*6

Seeking additional insight into the relationship between the degree of liver injury with age at
diagnosis and the clinical course after hepatoportoenterostomy, Moyer er a/.26 scored liver
biopsy samples from infants for inflammation and fibrosis at the time of diagnosis. Only
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19% and 11% of the biopsies revealed high scores for inflammation and fibrosis,
respectively. The remaining 70% had mixed histological features (lower scores for
inflammation and fibrosis). None of these histo logical groups correlated with age at
diagnosis, clinical par ameters, or 2-year survival with the native liver. Reasoning that
morphological quantification methods might be limited by sampling artefacts or variability
in injury patterns, the investigators generated gene expression signatures of biopsy fragments
from the same patients. By differential profiling of gene expression and prediction analysis
models, most of the individuals were grouped into inflammation (36%) or fibrosis (55%),
with only 9% of the specimens displaying mixed molec ular profiling. Infants with an
inflammatory signature were younger than those with fibrosis; however, age alone could not
predict molecular grouping based on the observation that several infants younger than 8
weeks were classified into the fibrosis group. The clinical relevance of the molecular
classification was supported by a decreased survival without transplantation at 2 years of age
in infants with the fibrosis signature.26 If these studies are validated in new prospective
cohorts, molecular staging (with or without histological staging) of liver disease should be
considered when designing new clinical trials.

Pathogenic mechanisms of disease

Studies into the epidemiology, pathology and clinical forms of biliary atresia implicate
numerous factors in the pathogenesis of disease, including: defects in embryo-genesis;
abnormal fetal or prenatal circulation; genetic factors; environmental toxins; viral infection;
abnormal inflammatory response; autoimmunity; and susceptibility factors.4”:48 These
seemingly different factors can be grouped into the broadly defined categories of abnormal
morphogenesis, environmental factors and inflammatory dysregulation, which could
interplay to produce a particular phenotype of biliary atresia (Box 1).

Defective embryogenesis

Developmental defects of the liver and biliary tract might be genetically driven or might
result from an insult that disrupts biological circuits critical to organogenesis. Genetic
mutations and/or variants relevant to embryogenesis might be linked to biliary atresia
pathogenesis, as suggested by BASM and laterality defects (anomalies of left-right
determination of visceral organs), among others. Disruption of complex molecular circuits
during vulnerable periods of embryogenesis could also result from an insult at a precise time
in embryogenesis, with a potential for reprogramming cellular differentiation and an
abnormal developmental outcome. Although no specific insult during embryogenesis has yet
been linked directly to biliary atresia, abnormal cell fate in the developing bile duct has been
proposed to produce ductal plate malformations that persist postnatally in some patients.*?
The ductal plate is a bilayered tubular structure surrounded by thick mesenchyme that is
formed near the portal vein between 11 and 13 weeks of gestation.59 The plate gradually
disappears, except for a focal area where it forms a lumen and gives rise to intrahepatic bile
ducts;>! its postnatal persistence raises the possibility that abnormal mesenchymal and
cholangiocyte signals halt remodelling of hilar ducts. Although ductal plate malformation
has been described in infants with the embryonic form of biliary atresia, a study of the
morphology of several portal tracts from each of eight infants with the perinatal form of
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biliary atresia and six with BASM identified ductal plate malformation in only 10% of the
portal tracts, with no predilection to either clinical forms of the disease.>2

Abnormal fetal or prenatal circulation

Potential defects in prenatal circulation have been implicated in disease pathogenesis based
on the presence of anatomical variants of hepatic artery in some patients with biliary atresia,
the findings of arterial hyperplasia or hypertrophy in liver specimens and on the importance
of arterial blood flow for integrity of bile ducts.?3:54 Although limited data support this
mechanism, it is possible that arterial changes might be driven by primary growth signals, or
represent a response to a diseased micro-environment that might be rich in growth-
promoting signals that favour angiogenesis.>%:56

Genetic factors

The contribution of genetic defects to the development of biliary atresia is suggested by the
association of nonhepatic abnormalities such as polysplenia or asplenia, cardio vascular
defects, intestinal malrotation and a spectrum of laterality defects.5” Experimentally, the
inactivation or overexpression of the genes /nvs, Hes1, Hnf6 (also known as Onecutl),
Hnf1b, Foxfl, Foxal or FoxaZ, Sox17, Lgr4and PdxZ in mice have been shown to disrupt
normal embryogenesis of the extrahepatic biliary system, causing a spectrum of anatomical
malformations of the gallbladder and extrahepatic bile ducts, including hypoplasia and
agenesis (reviewed elsewhere).>® Gene mutations causally linked to biliary atresia in
humans, however, remain elusive. For example, mutations in /A/VVS were not identified in
children with laterality defects and biliary atresia.> Promising observations have linked
mutations in CFCZ, a different laterality gene,60-61 but they have not been validated in a
large cohort. Studies investigating gene sequence variants as susceptibility factors for biliary
atresia are garnering interest, such as the reports of single nucleotide polymorphisms (SNPs)
in JAG1, CD14, MIF, ITGB2, ADIPOQ and VEGF.52-67

A genome-wide association study (GWAS) of 35 patients identified one common
heterozygous deletion of chromosome 2 (2g37.3), which included GPCZ in two unrelated
patients. GPC1 encodes glypican-1, a glycoprotein located in the apical membrane of
cholangiocytes mediating intercellular signalling via the Hedgehog pathway. Diseased livers
had abnormal localization of glypican-1, and morpholino-mediated knockdown of gpcZ led
to developmental defects in zebrafish bile ducts.58 Interestingly, the potential contribution of
Hedgehog pathway was also implied by results from immunostaining and gene expression
studies in human liver samples, which suggested aberrant hepatic Hedgehog signalling in
biliary atresia.?® A different GWAS in a larger cohort of 324 Chinese patients identified a
high prevalence of the SNP rs17095355 on 10q24, upstream of ADD3, which encodes the F-
actin binding protein adducin 3.70 This association was replicated in Thai (7= 124) and US
(n=171) patient cohorts.”1:72 Although the biological relevance of this SNP is not yet
known, the differential hepatic expression of ADD3in affected livers suggest that SNPs in
ADD3might serve as a susceptibility factor or disease modifier.”2 Further progress in the
field will require comprehensive, whole-genome mutation surveys in a patient population
that is precisely phenotyped and meets stringent criteria for adequate statistical analyses,
followed by proof-of-principle experiments to explore the biological relevance of SNPs.
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Environmental toxins

Without clear evidence of disease heritability, there remains the possibility that genetic and
developmental defects might predispose infants to biliary atresia by triggering an abnormal
response that targets the bile ducts upon exposure to detrimental environmental factors. The
potential contribution of environmental toxins to pathogenesis of disease was suggested by
the occurrence of two biliary atresia-like endemics in lambs and calves in New South Wales,
Australia in 1964 and 1988.73 In a remarkable effort, an investigative team from
Philadelphia, USA, imported two species of Dysphania plants from pastures on which the
affected animals had grazed and screened chemical extracts purified from the plants using a
zebrafish bile excretion assay. They purified a phytosterol, which they named biliatresone,
which selectively destroyed extrahepatic bile ducts in zebrafish larvae in a dose-dependent
and time-dependent manner. Furthermore, culture of 3D cholangiocyte spheroids with
biliatresone induced lumen occlusion and loss of cellular polarity.”# Interestingly, a zebrafish
mutant known as aductbend displayed heightened sensitivity to biliatresone. Genetic mapping
experiments localized the ductbendlocus to chromosome 22, in a region that has conserved
synteny to two independent susceptibility loci for biliary atresia in humans (10g24.2 and
16p13.3), thus potentially linking an environmental toxin to a genetic susceptibility loci.”

Viral infection

Microbial agents, especially viruses, have been implicated in the aetiology of biliary atresia.
Since initially suggested by Benjamin Landing in 1974,76 several viruses have been detected
directly in injured livers and biliary remnants or indirectly by the presence of serological
markers of infection in patients with biliary atresia. The viruses include cytomegalovirus,
human papillomavirus, human herpes virus 6, Epstein—Barr virus, reovirus and rotavirus in
specific groups of patients. The identification of individual viruses in affected tissues has
been inconsistent in different populations (as reviewed elsewhere’’). One of the factors that
might limit the identification of viruses includes the variability in methodologies used to
detect infection. For example cytomegalovirus infection is detected by measuring serum
levels of anti-cytomegalovirus IgM antibodies, lymphocyte activation and molecular
footprinting of an immune response to viral infection.38:40.78.79 Reovirus infection is
detected by measuring serum levels of anti-reovirus type 3 19G and IgM antibodies.80-83
Another potential factor limiting the detection of viral infection is the ability of the neonatal
immune system to clear the virus. In an experimental mouse model of biliary atresia,
rotavirus was effectively cleared from the hepatobiliary system by the second week of
infection.84

Abnormal inflammation and autoimmunity

Among all proposed factors linked to the pathogenesis of biliary atresia, the immune system
is central, as evidenced by the infiltration of the liver by inflammatory cells, the
overexpression of cytokines and/or chemokines at the time of diagnosis and mechanistic
experiments in disease models,2>85-88

Experimental models of biliary injury—At least four experimental systems have been
used to study biliary atresia. The first, serving primarily as an observational model of toxin-
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induced bile duct injury, is represented by young lambs and calves in New South Wales,
Australia, which were reported to have a disease similar to biliary atresia.” The animals
have not yet been used in experiment-driven manipulation to study the disease. Second, sea
lampreys have been shown to undergo loss of the gallbladder and bile ducts during normal
metamorphosis and have been used as a model of ‘programmed atresia’.8%:%0 Third,
zebrafish have been increasingly used to study mutation-induced and toxin-induced defects
in the development of intrahepatic and extrahepatic bile ducts.90:91

Finally, mice in the first postnatal week have been used as experimental models.92-94
Newborn BALB/c mice infected with Rhesus rotavirus type A (RRV) constitutes a model
that recapitulates several features of human disease. In this model, RRV infection in the first
2 days of life reproducibly triggers hepatobiliary injury and cholestasis within a week of
infection.95:96 Some of the key features shared with the human disease include: a time-
restricted susceptibility of bile duct injury to the early postnatal period; acholic stools; bile
duct proliferation and portal inflammation; and the type 1 rich inflammatory response in the
liver and bile ducts.2584.97-101 The model provides opportunities for direct examination of
extrahepatic bile ducts to investigate different stages of injury and progression to lumenal
obstruction, tasks that cannot be performed in humans because of the advanced fibrosis in
biliary remnants at diagnosis. Although, the model is a unique system to study the role of the
immune system in epithelial injury and duct obstruction, it is not suitable to study how
biliary injury results in progressive liver fibrosis because of the high mortality before the
development of advanced fibrosis or cirrhosis at 2 weeks of age.

Data from diseased human livers—In general, the cellular and molecular profiles of
the hepatic microenvironment at the time of diagnosis are largely proinflammatory and
profibrotic. For example, CD4* and CD8* T cells populate affected livers and are associated
with the overexpression of activation markers, such as IFN-vy, IL-2, the IL-2 receptor CD25,
TNF and the transferrin receptor CD71.192-106 Cholangiocyte py knosis and necrosis have
been associated with infiltration of mononuclear cells in the walls of interlobular bile ducts,
duct walls at the porta hepatis and remnants of extra-hepatic bile ducts.197-109 /5 vitro
studies using T cells show that patients with biliary atresia have oligoclonal expansion of
CD4* and CD8* T cells,119 providing more direct evidence that tissue lymphocytes share
common biological programmes. Despite the limited evidence for disease specificity, these
technically challenging experiments add functional relevance of T cells in disease pathology
and set the stage for future studies investigating their relationship to molecular epitopes on
cholangiocytes and mechanisms of autoimmunity.

A proinflammatory molecular profile was reported in a large-scale gene expression analysis
of liver biopsies from infants with biliary atresia.l11 The approach identified a genetic
footprint in which genes involved in the type 1 T helper (T1) cell response were activated
at early stages of biliary atresia, with simultaneous but transient suppression of markers of
humoral immunity.111 Other studies reported increased number and activation of Kupffer
cells and the expression of the MHC class Il antigen HLA-DRA in the livers of infants with
biliary atresia,104112.113 The aberrant expression of HLA-DRA by cholangiocytes led to the
proposal that they might have antigen-presenting properties, but testing this hypothesis in the
laboratory found no evidence that virus-infected cholangiocytes induced lymphocyte
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proliferation.114 This type of experiment lends strong support for the need to complement
observations from studies in human tissues with mechanistic studies using cell and animal
models.

Mechanisms of epithelial injury—Studies of the cellular localization of RRV and the
temporal dynamics of inflammatory cells in BALB/c mice have provided insight into early
mechanisms of epithelial injury. Following infection, RRV can be detected in cholangiocytes
of intrahepatic and extrahepatic bile ducts, macrophages and dendritic cells.84114-117
Infection of cholangiocytes is cytopathic and largely dependent on the expression of a ;-
integrin.116 In culture, cholangiocytes infected by RRV express variable levels of cytokines
and chemokines, 114118 byt at levels that are below the threshold to induce chemotaxis.119

Signals that trigger epithelial injury seem to derive from two other cell types that are
targeted by RRV, macrophages and dendritic cells. RRV has been detected in the mouse
hepatic macrophage cell line RAW264.7 resulting in the secretion of Mip2 and/or Cxcl2 and
the induction of neutrophil chemotaxis.11° Notably, deficiency of Cxcr2, one of the receptors
that recognize Cxcll, Cxcl2 and Cxcl5 (the murine orthologs of IL-8) decreases epithelial
injury and inflammation of liver and extrahepatic bile ducts.?® Studies of dendritic cells after
RRV infection found plasma cytoid dendritic cells (pDCs) as the most abundant dendritic
cell population in early phases of infection; they are targeted by the virus and produce
IL-15.120 The importance of pDCs is supported by evidence of decreased epithelial injury
and reduced incidence of bile duct obstruction in mice that are depleted of pDCs after RRV
infection. A similarly milder phenotype was observed by antibody-mediated inhibition of
IL-15, a potent activator of natural killer cells,121:122 syggesting that the expression of pDC-

derived cytokines represents an important triggering event that targets bile ducts (Figure
1).120

An even more dramatic effect on the prevention of epithelial injury and biliary obstruction
was produced by depletion of natural killer cells.191 In these experiments, investigators first
found that incubation of hepatic natural killer cells isolated from RRV-infected mice lyzed
cholangiocytes in a contact-dependent fashion, with no lysis when the activating Nkg2d
receptor (also known as Klrk1) was blocked on natural killer cells. Consistent with these /n
vitro studies, the depletion of natural killer cells or antibody blockade of Nkg2d immediately
after birth prevented the development of jaundice in newborn mice infected with RRV.101
Detailed histological analysis of extrahepatic bile ducts revealed intact epithelium; without
duct injury or obstruction, newborn mice grew into adulthood. Interestingly, this lack of duct
injury or obstruction occurred despite the persistence of the virus in the liver, which
suggested that RRV alone is not sufficient to produce biliary obstruction, but requires natural
Killer cells to breach the continuity of the duct epithelium and initiate a cascade of events
that produce the atresia phenotype (Figure 2).

Mechanisms of duct obstruction—The first studies that directly explored disease
pathogenesis at the mechanistic level, focused on the cellular and molecular constituents of
bile duct obstruction.123 The studies tested the hypothesis that IFN-y is a key cytokine in the
development of biliary atresia. Using newborn mice carry ing an inactivating mutation in the
/fng gene, infection with RRV caused transient cholestasis, but extrahepatic bile ducts were
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free of obstruction and newborn mice had improved survival.84 These findings seem to be
unique for IFN-y based on other studies that showed no improvement in the experimental
phenotype if mice lacked IL-12 or underwent antibody depletion of TNF.124.125

One of the main sources of IFN-y expression is hepatic CD4* T cells, yet the depletion of
these cells was not found to affect the inflammatory obstruction of extrahepatic bile ducts
after RRV infection.1%0 Instead, the loss of CD8" T cells prevented duct obstruction after
rotavirus infection though enabling the development of cholangitis.1%0 The expression of
perforin and granzymes by cytotoxic T cells and natural Killer cells seem to be key effector
molecules.126 The similarities between the phenotypes produced by the loss of CD8* T cells
or /fny expression suggest that both factors work in parallel to promote duct obstruction
(Figure 2).84.100 Although these data pointed to key roles of the Tyl cell response in
pathogenesis of experimental biliary atresia, the administration of RRV into newborn mice
engineered to lack a TH1 cell response by the inactivation of Stat? gene unexpectedly
resulted in the full obstructive phenotype, in addition to focal cystic dilatations of
extrahepatic bile ducts.33 In StatZ-knockout mice, RRV induced a prominent T2 lymphoid
and type 2 myeloid responses, with IL-13 responsible for the obstructive phenotype.

Type 2 immunity and epithelial integrity—The unexpected obstruction of bile ducts in
mice overexpressing type 2 cytokines suggested that the presence of an epithelial injury and
an inflammatory response are sufficient to occlude the duct lumen and disrupt bile flow,
even when the epithelial injury is functionally diverse such as in type 1 and 2 immune
responses. Notably, these responses have also been documented in serum (at the protein
level) and liver samples (as gene expression) at the time of diagnosis.33 The cohort of
patients could have been divided into subgroups that share similar molecular profiles,33 in a
fashion akin to the staging of liver disease by gene expression signatures.2® The molecular
profiles might reflect a transition from a proinflammatory type 1 immune response to a
fibrosis-related type 2 immune response.27 |L-33, one of the type 2 cytokines with alarmin
properties, exerts a potent proliferative response in cholangiocytes of extrahepatic bile ducts
and promotes epithelial integrity after RRV infection.128 Additional experiments revealed
that IL-33 promotes cholangiocyte proliferation by inducing type 2 innate lymphoid cells
(ILC2s) to release IL-13, thus identifying a new paracrine system in which an 1L-33-ILC2s—
IL-13 axis works in concert to regulate proliferation in neighbouring bile duct epithelial
cells.128 Interestingly, in the liver, IL-33 activates hepatic stellate cells and promotes hepatic
fibrosis, raising the possibility that this paracrine system could be a contributor to the
progression of fibrosis characteristic of biliary atresia (Figure 3).12°

Susceptibility factors

The biological basis for the time-restricted onset of biliary atresia is not fully understood.
One possibility is a genetic predisposition caused by SNPs in CFCZ and other genes (see
earlier); however, the lack of congenital malformations in the majority of patients suggests
that other biological processes might be susceptibility factors. Among such processes is an
inflammatory response triggered by the presence of rare maternal cells in the liver of
affected infants (maternal chimerism).130.131 Evidence for this reaction to maternal cells is
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largely circumstantial at this time. Another susceptibility factor is an imbalanced response
by the immune system to an exogenous insult at a vulnerable time of postnatal development.

The mouse model of biliary atresia has a unique susceptibility to disease in early postnatal
life. Specific targeting of cholangiocytes by RRV has been linked to the expression of . p1-
integrin, which influenced viral attachment and biliary injury.116 Another important
susceptibility factor are regulatory T (Treg) cells, which have an important
immunomodulatory function; their absence leads to an array of autoimmune phenotypes. In
the RRV mouse model, the number of Treg cells in the first 3 days of life is very low, even
after RRV challenge, 132133 and their abundance correlates inversely with the degree of liver
and biliary injury induced by RRV infection.133.134 Mechanistically, Treg cells regulate the
activation of hepatic T cells by CD86-dependent co-stimulation with dendritic cells.234 How
these Treg cells modulate susceptibility of biliary injury in humans remains poorly defined.

A working model of disease

Previous models of pathogenesis broadly linked disease phenotype to the interplay between
environmental factors and developmentally regulated tissue responses that target the biliary
system and disrupt bile flow. Contemporary studies that more precisely characterize the
clinical features, quantify the cellular and molecular composition of affected tissues and
explore mechanisms of bile duct injury enable a revised proposal that includes a more-
refined model of disease.

An inclusive model of disease begins with the exposure to environmental toxins or viruses
(Figure 2). Experimentally, biliatresone targets cholangiocytes, while rotavirus infects
cholangiocytes, macrophages and dendritic cells. Disease susceptibility probably involves
sequence variants in candidate genes (for example, ADDJ3), functional immaturity of Treg
cells and other developmental factors. Gene variants might be particularly important for
pathogenesis in children with BASM and/or laterality defects.

Injured or infected cholangiocytes and cells of the innate immune system produce
chemoattractants to myeloid cells (for example, Cxcl2 in mice or IL-8 in humans) and
engage natural killer cells to amplify cholangiocyte injury and break the continuity of the
biliary epithelium. Key effector molecules in early phases of epithelial injury in mice
include 11-15, Nkg2d, Rael, and Cxcl2 (or IL-8 in humans). What follows is a prominent
response of the adaptive immune system, with the activation of CD8* T cells and expression
of IFN-y, perforin and granzymes, which targets the epithelium; together with other
inflammatory cells, a luminal plug is formed that stops bile flow. Each one of these effectors
of injury in experimental atresia has been validated in patients’ livers at the time of
diagnosis. The production of autoantibodies by B cells targeting enolase and other
cholangiocyte epitopes might contribute to early epithelial injury or to the ongoing in
trahepatic biliary disease after portoenterostomy.135

Less well known are the factors responsible for progressive biliary fibrosis, but emerging
data point to the existence of a more fibrogenic type 2 immune response driven by ILC2s,
hepatic stellate cells and the expression of I1L-33, IL-13, TGF-f1, osteopontin and related
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extracellular matrix molecules.136-138 Other factors that could contribute to this phenotype
include the toxicity of retained bile acids and other components of the inflammatory
response, such as IL-17 and related cytokines; however, these factors remained largely
unexplored (Figure 2).

Conclusions

Research on biliary atresia has entered a new phase of discoveries, fuelled largely by careful
phenotyping of patients and by mechanistic experiments using model systems. Moving
forward, investigation will be facilitated by the access to large cohorts via multicentre
studies, such as the European consortium of Biliary Atresia and Related Diseases!3? or the
Childhood Liver Disease Research Network (ChiLDReN).140

The systematic use of complementary approaches to detect biomarkers of infection will aid
the search for a viral aetiology of biliary atresia. Testing for cytomegalo-virus in multicentre
cohorts might be particularly rele vant based on its preliminary relationship to poor outcome
after hepatoportoenterostomy. As for environmental toxins, the field awaits greater
knowledge on the cytotoxic or cytopathic effects of biliatresone, its effects on the immune
system and whether it is detected in tissues from affected patients.

Using larger cohorts in GWAS or exome sequencing experiments will increase the power of
gene association studies in biliary atresia. On the basis of the low incidence of the disease,
the inclusion of trios (the patients and parents) in sequencing experiments might narrow the
number of sequence variants and aid discoveries on genetic susceptibility.

The combination of human and mouse studies has identified several inflammatory pathways
that can serve as therapeutic targets. However, blocking individual pathways requires
preclinical testing in a model that more closely recapitulates the progressive liver disease
after hepatoportoenterostomy. One area of particular interest might be the IL-33-1LC2-
IL-13 circuit based on its role in promoting experimental fibrosis. Future studies will
investigate whether the disruption of this circuit suppresses the inflammation-induced
fibrosis and lowers the rate of progression to cirrhosis.

Prospective validation studies, perhaps using ‘disease modelling’ strategies, are important to
better define the clinical relevance of different phenotypic forms, treatment responses and
progression of liver disease. The same is true for staging of liver disease at diagnosis and the
identification of cytomegalovirus-positive patient cohorts. These studies will enable patient-
based investigations that more consistently implicate pathogenic mechanisms with clinical
phenotypes and speed up the discovery of disease biomarkers.

If the different clinical phenotypes and stages of liver disease are validated, they will form a
strong rationale for personalized clinical trials. Despite the predominant inflammatory
signature uncovered in clinical and preclinical studies, the use of corticosteroids in patients
with biliary atresia has not been shown to reliably improve biliary drainage after
hepatoportoenterostomy.14 In the prospective, placebo-controlled, double blind START trial
(steroid in biliary atresia randomized trial, conducted by ChiLDReN),142 high-dose cortico
steroids after hepatoportoenterostomy did not significantly increase the proportion of

Nat Rev Gastroenterol Hepatol. Author manuscript; available in PMC 2016 May 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Asai et al.

Page 13

patients achieving biliary drainage when compared to placebo (58.6% versus 48.6%,
respectively; P=0.43), or transplant-free survival (58.7% versus 59.4%, respectively; P=
0.99).142 Interestingly, an open-label corticosteroid trial that included patients younger than
70 days at the time of hepatoportoenterostomy and excluding specific phenotypes (BASM

an

d patients positive for anti-cytomegalovirus IgM antibodies) showed improved short-term

bile drainage.143 This type of open-label trial and the emerging evidence discussed here,
point to the possibility of future trials that match therapy with a predominant biological
disease process, thus enabling the inclusion of patients that will benefit from targeted
therapies and minimizing unwarranted exposure to drug-induced toxicity (Figure 4).
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Key points

M Biliary atresia is an inflammatory and fibrosing cholangiopathy of infancy caused
by viruses, environmental toxins and targeted epithelial injury that obstructs
extrahepatic bile ducts and rapidly progresses to end-stage cirrhosis

M Precise clinical phenotyping classifies patients into nonsyndromic and embryonic
forms, and into cyst-associated and cytomegalovirus-associated variants, which
might have different disease pathologies

M Liver tissue scoring for inflammation and fibrosis by histological features and
gene expression profiles identifies different stages of disease at diagnosis

W Analyses of human livers and models of experimental biliary atresia suggest that a
type 1 immune response has a key role in the pathogenesis of bile duct injury and
obstruction

M The expression of type 2 cytokines promote cholangiocyte proliferation in
extrahepatic bile ducts and hepatic fibrosis

M Clinical, histological and molecular variability of disease at presentation form a
strong rationale for future trials that take into consideration the predominant
biological features of affected infants
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Box 1 | Biological categories and pathogenic factors

Abnormal morphogenesis
Defective embryogenesis

W BASM

M Laterality defects

M Ductal plate malformation
Abnormal prenatal circulation

M Vascular abnormalities

W Arterial hyperplasia or hypertrophy
Genetic factors

W Nonhepatic malformations

W SNPs in: CFC1; JAGI, CD14; MIF, ITGBZ, ADIPOQ, VEGF, GPCI;, and ADD3
Environmental factors
Toxins

M Biliatresone (from Dysphania plants)
Viruses

W Cytomegalovirus

MW Reovirus

MW Rotavirus

W Human papillomavirus

W Human herpes virus 6

M Epstein—Barr virus
Immune dysregulation
Abnormal inflammatory response

W Activation of dendritic cells

W T cells

W Natural Killer cells

W Macrophages or Kupffer cells

MW Expression of IFN-y, IL-2, CD25, TNF, IL-15, NKG2D, perforin and granzymes,
IL-8

Autoimmunity

H HLA-DRA
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M Oligoclonal expansion of T cells

W Anti-enolase antibodies
Susceptibility factors

W Gene SNPs

W Microchimerism

M TRreg cells

W ayp1-integrins

Abbreviations: ADD3, adducin 3; BASM, biliary atresia splenic malformation; CFC1,
cripto, FRL-1, cryptic family 1; GPC1, glypican 1; HLA-DRA, major histocompatibility
complex, class Il, DR alpha; ITGB?2, integrin, beta 2; JAG1, jagged 1; MIF, macrophage
migration inhibitory factor; NKG2D, killer cell lectin-like receptor subfamily K, member
1; SNP, single nucleotide polymorphism; Treg cell, requlatory T cell; VEGF, vascular
endothelial growth factor.
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Review criteria

This Review presents a perspective of how recent patient-based and laboratory-based
studies advance the understanding of pathogenic mechanisms of biliary atresia. To select
the studies, we performed a MEDLINE search combining the medical subject headings
of “biliary atresia” and “children,” published in the English literature as original articles
up to 30 September 2014.
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Figure 1.
Cellular targets and molecular events after RRV infection. When administered into BALB/c

mice in the first 2 postnatal days, RRV infects cholangiocytes, inducing apoptosis and
necrosis. RRV also targets hepatic DCs, which activate NK cells via 1l-15 and hepatic
macrophages, which secrete Cxcl2 that attracts neutrophils. Abbreviations: Cxcl2, C-X-C
motif chemokine 2; NK, natural killer cell; RRV, Rhesus rotavirus type A.
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Figure 2.
Biological processes and effectors of injury in biliary atresia. The release of IL-15 by DCs

after RRV infection or toxin activates NK cells and CD8" T cells. Targeting of
cholangiocytes by infection or toxin activates inflammatory cells and the release of IL-15,
perforin and granzymes, which injures the epithelium. IFN-y expression is linked to an
amplification of epithelial injury and duct obstruction by prominent infiltration of
lymphocytes and myeloid cells. The release of IL-33 and IL-13 by ILC2 promotes epithelial
repair in bile ducts, and is linked to fibrosis in the liver (and perhaps of extrahepatic ducts).
Abbreviations: DC, dendritic cell; EHBD, extrahepatic bile duct; ILC2, innate lymphocyte
cell type 2; M, macrophage; N, neutrophil; NK, natural killer cell; RRV, Rhesus rotavirus
type A.
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Figure 3.
Epithelial and fibrogenic response induced by IL-33. The presence of 1L-33 activates type 2

innate lymphoid cells (ILC2) to release IL-13, which induces cholangiocyte proliferation in
the neighbouring epithelium of extrahepatic bile ducts. In the liver, the 1L-33-1LC2-IL-13
circuit activates the profibrogenic phenotype of hepatic stellate cells. Abbreviation: EHBD,
extrahepatic bile duct.
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Figure 4.
Designing clinical trials based on biological stages of liver disease. Histopathology and

molecular methods to stage the liver disease might identify predominantly inflammation
(red), fibrosis (blue) and mixed (grey) subgroups of patients at diagnosis. Matching of the
disease stages with specific therapies in future trials could yield improved efficacy and
prevent unnecessary exposure of patients to drug toxicity.
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Table 1
*
Clinical phenotypes of biliary atresia
Phenotype Incidence and disease features Pathogenesis
Perinatal form ~80% of patients, isolated malformations, jaundice-free period after birth Type 1 cytokine response
Embryonic form  7-10% of patients, BASM, laterality defects, early onset of jaundice Gene mutations and variants
Cystic variant 8% of patients, might co-exist with BASM, poor response when HPE performed after 70 Type 2 cytokine response

days of age

CMV-associated ~ Variable incidence based on geography and methodological detection, poor response to HPE ~ CMV infection

*
Key features and a proposal for the main mechanisms of pathogenesis. Abbreviations: BASM, biliary atresia splenic malformation; CMV,
cytomegalovirus; HPE, hepatoportoenterostomy.
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