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Abstract

Biliary atresia, the most common cause of liver transplantation in children, remains a challenge for clinicians and investigators.
The development of new therapeutic options, besides the typical hepatoportoenterostomy, depends on a greater understanding
of its pathogenesis and how it relates to the clinical phenotypes at diagnosis and the rate of disease progression. In this review,
we present a perspective of how recent research has advanced the understanding of the disease and has improved clinical
care protocols. Molecular and morphological analyses at diagnosis point to the potential contributions of polymorphism in the
CFC1and VEGF genes, to the pathogenesis of the disease, and to an association between the degree of bile duct proliferation
and long-term outcome. In experimental models, cholangiocytes do not appear to have antigen-presenting properties despite
a substantial innate and adaptive immune response that targets the biliary epithelium and produces duct obstruction. Initial
clinical trials assessing the efficacy of corticosteroids in decreasing the inflammation and improving outcome do not show a
superior effect of corticosteroids as an adjuvant treatment following hepatoportoenterostomy. The best outcome still remains
linked to an early diagnosis and surgical treatment. In this regard, the Yellow Alert campaign by the Sociedade Brasileira de
Pediatria and the inclusion of the Stool Color Card in the health booklet given to every neonate in Brazil have the potential to
decrease the age of diagnosis, shorten the time between diagnosis and surgical treatment, and improve the long-term outcome
of children with this devastating disease.
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Introduction

Biliary atresia (BA) is an infantile disorder characterized
by the complete obstruction of a portion or the entire length
of the extrahepatic bile duct caused by a fibro-inflammatory
process that disrupts the flow of bile from the liver to the
duodenum. Clinically, infants present with hepatomegaly,
cholestatic jaundice beginning soon after birth or in the first
few weeks of life, acholic stools, and choluria. There are
two clinical forms of BA, congenital and perinatal. In the
congenital form, the onset of jaundice begins soon after
birth and associated with non-hepatic congenital anomalies,
including the biliary atresia splenic malformation (BASM)
syndrome. This contrasts to the perinatal form, in which
signs of cholestasis appear during or beyond the second
week of life, and infants have no congenital anomalies.

Although the liver histopathology of biliary atresia varies,
expanded portal tracts with edema and bile duct prolifera-

tion with bile plugs in neoductules are the most frequent
findings at diagnosis (1,2). Different levels of fibrosis and
inflammation may be related to staging of the disease or
to predominant biological processes producing the atresia
phenotype (3,4). The histological features are more uniform
in extrahepatic bile ducts, with concentric fibrosis and no
residual epithelium. The best chances to restore bile flow
is surgical portoenterostomy, a procedure that removes
the remnants of extrahepatic bile ducts and sews a jejunal
segment onto the porta hepatis in a roux-en-Y fashion.
However, even when portoenterostomy is performed in
a timely fashion, most patients experience progressive
derangement of the intrahepatic biliary system, leading to
fibrosis and eventually end-stage cirrhosis. At this time, liver
transplantation is the only option for long-term survival, and
represents the main indication for liver transplantation in
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children worldwide (5). Although we are currently unable
to interrupt the progression of liver disease or to improve
long-term outcome with the native liver, research on biliary
atresia has attracted the attention of clinicians and scientists
alike. In this review, we discuss what they have reported

Table 1. Putative factors involved in the etiology of biliary atre-
sia.

A - Genetic factors

Genetic alterations
CFC1 mutation
ICAM G241R polymorphism
NFkappaB/c mutation
VEGF A gene polymorphism

Numerical chromosomal abnormalities
Trisomies of chromosomes 10q, 17, 18, and 21

B - Environmental factors
Drugs used during gestation
Amphetamines
Alcohol
Maternal/neonatal infections
Cytomegalovirus
Reovirus type 3
Papillomavirus
Rotavirus
Phytotoxins, mycotoxins
Industrial toxins
DAPM

C - Others
Structural anomalies
BASM
Choledocopancreatic junction anomalies
Ductal plate malformation
Hepatic arterial anomalies
Metabolic abnormalities
Abnormal bile acids
L-proline
Immunologic abnormalities
Maternal serologic auto-immunity
Immunogenetic alterations
Oligoclonal expansion of T lymphocytes
NK lymphocytes
Biliary aberrant MHC class expression
Microchimerism
Maternal diabetes
Gestational diabetes
Maternal age

VEGF = vascular endothelial growth factor; ICAM = inter-cellular
adhesion molecule; BASM = biliary atresia splenic malformation;
NK = natural killer; MHC = major histocompatibility complex.
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recently. Their contribution increases our knowledge of the
clinical phenotypes of disease, pathogenic mechanisms of
biliary injury, and the effect of adjuvant medical therapy on
the clinical course of children with biliary atresia.

Broadening the phenotypes of disease

Although most infants with BA can be classified into the
embryonic or perinatal forms, others have unique anatomical
features that suggest the existence of other clinical subsets
or variants. More recently, a review of 225 infants with BA
from a single centeridentified a subset of 23 infants who had
cystic formations in the biliary remnants (6). These infants
were younger at diagnosis than those with the perinatal form,
and as young as those with BASM. Notably, there was no
apparentinfluence of age, of clearance of jaundice or 2-year
survival with the native liver on infants with the acquired form,
but there was a marked detrimental effect of age at Kasai
operation for both the BASM and cystic forms. This report
should lead to new studies examining the frequency of this
anatomical variant and its relationship to clinical outcome.
The existence of such variant raises the possibility that the
pathogenesis of BAincludes biological processes that may
differ according to individual phenotypes, perhaps linked
to genetic predisposition or influenced by environmental
triggers (Table 1) (7).

Developmental and genetic factors for
biliary atresia

During human embryogenesis, the septum transversum
takes on a ventral position where an endodermal projec-
tion of the ventral portion of the primitive gut (the hepatic
diverticulum) gradually develops and gives rise to the liver.
From the caudal segment of the hepatic diverticulum, cells
differentiate to form the gallbladder and the cystic, hepatic,
and common bile ducts. Adjacent endoderm cells undergo
pancreatic specification and form the endocrine and exo-
crine pancreas. Despite the physical proximity of these
cells, several genes have been mechanistically linked to the
specification of the hepatobiliary or pancreatic organs (8)
although the possibility exists that the two organ lineages
may share common molecular pathways.

Recent evidence shows that the extrahepatic biliary sys-
tem and the ventral pancreas may share common progenitor
cells that are distinct from those that form the liver. Sox 17, a
protein involved in the formation of endodermal organs, con-
trols specification of the liver and bile ducts as demonstrated
by the expression of pancreatic markers in the liver bud and
by the presence of ectopic pancreatic tissue in the common
duct in mouse embryos lacking Sox 17. Thus, Sox 17 is
necessary to induce a ductal fate in endoderm cells, with
the separation into the biliary or pancreatic lineages being
regulated by Hes1, a protein belonging to the Notch signal
that may act in a feedback loop with Sox 17 (9). Although
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the extrahepatic biliary tract forms a single anatomic tract,
another study showed that anatomically different segments
may have unique molecular underpinnings. In this study,
the embryogenesis of the gallbladder and cystic duct was
shown to depend on the expression of the Lgr4 gene, a
member of the family of leucine-rich repeat-containing G
protein-coupled receptors (10). In mice with mutant Lgr4, the
hepatic and common bile ducts were normal, but there was
complete absence of the gallbladder and cystic duct. The
independent molecular circuits governing embryogenesis
of segments of the biliary system raises the possibility that
mutations in members of these circuits may constitute a
genetic factor in the pathogenesis of BA.

Polymorphisms in other genes have already been linked
to the pathogenesis of BA. Heterozygous mutations in the
CFC1 gene, which encodes the CRYPTIC protein, have
been reported in children with BASM syndrome (11). In a
different set of patients, the vascular endothelial growth
factor (VEGF) +936 C/T gene polymorphism, particularly
the C allele, was associated with BA, possibly conferring
increased susceptibility to the disease (12). VEGF is an
angiogenic growth factor associated with cell-mediated
inflammatory reactions. The angiogenic properties of
VEGEF are particularly relevant in view of the putative role
of hypoxia in the pathogenesis of BA (13).

Environmental triggers

Environmental factors potentially related to BA patho-
genesis include maternal and/or neonatal infection, drugs
used during pregnancy, toxic agricultural products, industrial
toxins, as well as phyto- and mycotoxins. The hypothesis of
a viral etiology has been reinforced by numerous contribu-
tions from studies using the rhesus rotavirus (RRV)-induced
mouse model of BA (14). There is an intrinsic hyper-re-
sponsiveness of cellularimmunity that renders the neonate
more susceptible to virus- and lipopolysaccharide-induced
morbidity. This hyper-response is temporally restricted to
the early neonatal period and functionally linked to a lower
T-cell number (15). Even if lower in number, neonatal T
cells can activate a broad pro-inflammatory program in
response to tissue infection, as demonstrated by the ef-
fective clearance of RRV from the liver and biliary tract by
neonatal CD8+ cells (16). A prominent pro-inflammatory
footprint and an enriched population of CD4+ and CD8+
lymphocytes have been reported in the murine model, with
evidence of an antigenic oligoclonal expansion (17-20). The
loss of interferon-gamma (IFN-y) or CD8+ lymphocytes
prevents obstruction of bile ducts, suppressing the disease
phenotype, and, when virus-primed T cells are transferred
to RRV-naive recipients, they home to bile ducts and induce
cholangitis. While clearing the virus, however, CD8+ cells
can secondarily injure the epithelium and produce the ob-
structive phenotype typical of experimental BA (16).

Some recent findings provide further insight into the
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pathological mechanisms of RRV infection in relation to
BA. In a series of experiments, investigators showed that
RRV-infected cholangiocytes express both major histo-
compatibility complex (MHC) class | and aberrant MHC
class Il (21). Although they had all necessary markers for
effective antigen presentation, cultured cholangiocytes
were not shown to function as antigen-presenting cells
in T-cell proliferation assays. Instead, cholangiocytes ap-
peared to modulate the immune response by producing
pro-inflammatory cytokines and chemokines. In another
study, the susceptibility of cholangiocytes to RRV infection
was found to be dependent on the interactions between RRV
and cholangiocytes through a2B1 integrin (22). Notably,
blockade of this molecule resulted in a significant reduction
in virus attachment and virus yield in RRV-infected cells,
and pretreatment of newborn mice with anti-a231 antibody
reduced the ability of RRV to produce the full phenotype of
BA in neonatal mice.

Examining the biological fate of cholangiocytes following
RRYV infection, another study found an increased number
of cholangiocytes displaying markers of apoptosis in bile
ducts of infected neonatal mice (23). Apoptosis was also
induced when cholangiocytes were exposed to IFN-y and
tumor necrosis factor-alpha (TNF-a) simultaneously, but
not individually. These findings suggest that apoptosis of
the biliary epithelium results from at least two separate
mechanisms: 1) direct consequences of a viral infection, and
2) increased concentration of pro-inflammatory cytokines
(such as IFN-y and TNF-a) in the biliary microenviron-
ment. The additional finding that the administration of a
caspase inhibitor decreased apoptosis and the extent of
epithelial injury is consistent with the potential role of this
therapeutic approach to ameliorate the disease phenotype
or to slow down the progression of liver disease following
portoenterostomy.

Innate immunity and pathogenesis of the
disease

Recent studies examined how the neonatal innate im-
mune system contributes to the injury of the duct epithe-
lium in BA. First, analyzing the livers of infants at the time
of diagnosis, investigators found that natural killer (NK)
cells populate the vicinity of intrahepatic bile ducts and
over-express several genes involved in cytotoxicity (24).
Activated NK cells also populated neonatal murine livers in
the RRV-induced mouse model and were the most abundant
cells in extrahepatic bile ducts at the time of obstruction. To
investigate how NK cells might be involved in the experi-
mental model, the authors used cell culture systems and
in vivo manipulation assays. In cell cultures, they found
that RRV-primed hepatic NK cells lysed cholangiocytes
in a contact- and NKG2D receptor-dependent fashion. In
vivo, the investigators used antibodies to deplete NK cells
or to block NKG2D. Both types of antibodies prevented
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injury of the duct epithelium after RRV infection as well as
the obstruction of the duct lumen. As a consequence, bile
ducts remained patent and maintained continuity between
the liver and duodenum despite the presence of virus in
the tissue. These findings point to epithelial integrity as a
key factor in the pathogenesis of experimental BA, and to
the critical role of NK cells, and not necessarily of RRV, in
targeting cholangiocytes.

Cholangiocytes actively participate in innate immunity
by expressing antimicrobial molecules such as defensin and
lysozyme, as well as Toll-like receptors (TLR), specifically
TLR3, which recognize pathogen-associated molecular
patterns (PAMPs), such as the RRV double-stranded RNA
(dsRNA). Repeated signaling through TLR in response to
PAMPs usually induces TLR tolerance. To examine the
contribution of this molecular circuit to BA, investigators
exposed cultured biliary epithelial cells to poly(l:C), a syn-
thetic analogue of viral dsRNA, and found that they did not
induce TLR tolerance (25). However, they maintained sig-
nificant up-regulation of molecules involved in biliary injury
and apoptosis, even after the end of poly(l:C) stimulation.
This unique biliary innate immune response to dsRNA may
be related to the progressive obstructive cholangiopathy
occurring in BA patients.

Epithelial-mesenchymal transition in the
pathogenesis of the disease

Proliferation of intrahepatic bile ducts is a consistent
feature of the liver at diagnosis. Although this has been
traditionally linked to a reactive hyperplasia secondary to
the obstruction of bile flow, recent studies uncovered a
potential relationship with clinical outcome and a change
in cellular plasticity to a mesenchymal phenotype that may
be related to the excessive fibrosis typically seen in BA. In
the first study, the investigators quantified the proliferation
of bile ducts by morphometric analysis of the percentage
of CK7-positivity (PCK7) in livers of patients with BA at the
time of portoenterostomy. PCK7 correlated with a poor
postoperative prognosis, suggesting that it might serve
as a histological predictor of clinical course (26). There is
increasing evidence that cholangiocytes may be an impor-
tant source of fibrogenesis either indirectly by activating
fibrogenic cells through cytokine release, or directly by
tilting the balance toward matrix accumulation. In studies
using human tissues, investigators reported that cells lining
small- and medium-sized bile ducts and those of proliferated
bile ducts from patients with BA and other liver diseases
undergo epithelial-mesenchymal transition (EMT) and form
invasive myofibroblasts (27). In another study, experiments
using cultured human cholangiocytes revealed that stimu-
lation with the viral dsRNA analogue poly(l:C) increased
the expression of EMT inducers, mesenchymal markers
and transcriptional factors associated with EMT, while de-
creasing the expression of epithelial markers (28). In tissue
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culture, treatment of cholangiocytes with the EMT-inducers
basic fibroblast growth factor (bFGF) and TGF-B1 evoked
the typical EMT response, with features of transformation
into myofibroblasts. Other data suggesting a potential role
for EMT in the sclerosing cholangiopathy of BAinclude the
lack of epithelial markers and the aberrant expression of
the mesenchymal marker vimentin by epithelial cells lining
extrahepatic bile ducts and peribiliary glands, as well as
the expression of bFGF by the biliary epithelium affected
by the sclerosing injury.

Early diagnosis and clinical outcome

The contemporary management of BA includes por-
toenterostomy and its variants in the first weeks of life
as the primary surgical therapy, aiming at restoring bile
flow. When bile flow is not successful, the timely use of
liver transplantation offers the best chance for long-term
survival. Liver transplantation should be delayed as long
as possible to permit maximum growth and development,
but must be pursued promptly at the onset of substantial
complications of end-stage cirrhosis. Survival with the native
liver of patients demonstrating evidence of improved bile
flow for 20 years after portoenterostomy has been reported
in up to 20% of patients, and for 30 years in up to 10%,
with a good quality of life (5,29). Complications of biliary
atresia in survivors included ascending bacterial cholan-
gitis, mostly in the first months of life; portal hypertension,
present in about two thirds of patients; intrahepatic biliary
cysts, which may become infected or compress the portal
vein; hepatopulmonary syndrome or pulmonary hyperten-
sion, and malignancies.

Some clinical factors add substantial challenges to the
initial operation and to the postoperative medical treat-
ment of infants with BA, such as the presence of severe
cardiovascular malformations. Their presence often leads
to a poor outcome. Other factors, such as the experience of
the center in the management of patients with BA and the
accessibility to liver transplantation, influence the outcome
and constitute opportunities for intervention. Another factor
is age at the time of portoenterostomy, which is thought to
influence the postoperative course. In arecentreview of the
outcome of a large patient population, investigators showed
that increased age at portoenterostomy had a progressive
and deleterious effect on the surgical outcome, with survival
rates decreasing with increasing age at surgery (30). The
authors estimated that if portoenterostomy were performed
before 46 days of life, up to 5.7% of the liver transplantations
performed in France in patients younger than 16 years of age
could be avoided. Adelay in referral and surgery remains a
problem worldwide because of difficulties in differentiating
BA from other causes of prolonged jaundice in the young
infant (31). In Taiwan, a universal screening system was
established using an infant stool color card previously
tested in other countries. By this method, the sensitivity of
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detecting BA before 60 days of age reached 97.1%, and
both the national rate of portoenterostomies before 60 days
of life and the jaundice-free rate at 3 months after surgery
increased significantly (32).

Adjuvant therapy following portoenterostomy

Different drugs have been proposed for the management
of BA following portoenterostomy. In this patient popula-
tion, some of the aims of adjuvant therapies are to reduce
the inflammatory process and to increase bile flow. Both
effects are presumed to be promoted by corticosteroids.
Different regimens of corticosteroids have been reported
to improve clinical outcome in a number of retrospective,
uncontrolled reports. To more adequately examine the
relationship between corticosteroids and clinical outcome
of infants with BA, two large centers in the United Kingdom
performed the first prospective, placebo-controlled, double-
blind, randomized clinical trial, using 2 mg-kg-!-day~! oral
prednisolone starting 1 week postoperatively (33). The study
did not show a significant improvement in long-term sur-
vival with the native liver in the corticosteroid-treated group
when compared to placebo controls. Another European
prospective, open-label, non-randomized study reported
that high-dose corticosteroids did not improve survival
with the native liver over historical controls not treated with
corticosteroids (34). While these studies do not support
the previous reports of the benefits produced by the use
of corticosteroids, more definitive studies must be done
with the inclusion of a larger, statistically powered patient
population to conclusively answer the question of whether
corticosteroids are beneficial to infants when administered
during the immediate postoperative period.

Ursodeoxycholic acid, a hydrophilic bile acid used in
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