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Abstract

Biliary atresia (BA) is a fibroinflammatory disease of the intra- and extrahepatic biliary tree. 

Without medical treatment, surgical hepatic portoenterosmy (HPE) may restore bile drainage, but 

progression of the intrahepatic disease results in complications of portal hypertension and 

advanced cirrhosis in most children. Recognizing that further progress in the field is unlikely 

without a better understanding of the underlying cause(s) and pathogenesis of the disease, the 

National Institutes of Diabetes and Digestive and Kidney Diseases sponsored a research workshop 

focused on innovative and promising approaches and on identifying future areas of research. 

Investigators discussed recent advances using gestational ultrasound and results of newborn BA 

screening with serum direct (conjugated) bilirubin that support a pre-natal onset of biliary injury. 
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Experimental and human studies implicate the toxic properties of environmental toxins (e.g. 

biliatresone) and of viruses (e.g. CMV) to the biliary system. Among host factors, sequence 

variants in genes related to biliary development and ciliopathies, a notable lack of a cholangiocyte 

glycocalyx and of submucosal collagen bundles in the neonatal extrahepatic bile ducts, and an 

innate pro-inflammatory bias of the neonatal immune system contribute to an increased 

susceptibility to damage and obstruction following an epithelial injury. These advances form the 

foundation for a future research agenda focused on identifying the environmental and host 

factor(s) that cause BA, the potential use of population screening, studies of the mechanisms of 

prominent fibrosis in young infants, determinations of clinical surrogates of disease progression, 

and the design of clinical trials that target subgroups of patients with initial drainage following 

HPE.
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The Challenge

Biliary atresia (BA) is a severe neonatal disease caused by an inflammatory and fibrotic 

obliteration of the extrahepatic biliary tree resulting in cholestasis and progressive hepatic 

failure. Left untreated, BA invariably leads to death from end-stage liver disease in the first 

two years of life. Even with surgical treatment, BA remains the most common cause of end-

stage liver disease and most frequent reason for liver transplantation in children. Yet, despite 

its frequency and serious consequences, the cause(s) and pathogenesis of BA remain 

unknown (1, 2).

BA is a disease of the intra- and extrahepatic biliary tree and causes liver injury largely as a 

result of extrahepatic obstruction. Described in the late 19th century after histopathologic 

studies of children dying of liver disease, BA continues to be a major medical challenge in 

the 21st century, although the nature of the challenge has changed. Two important advances 

in management of BA occurred in the second half of the 20th century. The first was the 

development of the Kasai hepatic portoenterostomy (HPE), in which the extrahepatic biliary 

system is surgically removed and replaced with a loop of intestine (Roux-en-Y anastomosis) 

that is connected directly to the portal area of the liver, allowing for restoration of bile flow 

and relief of obstruction. If done within the first 45 days of life, HPE is associated with a 

65.5% survival with the native liver at 2 years of age and 40.5% at 15 years (3). The second 

major advance, also surgical, was liver transplantation. With the combination of HPE and 

liver transplantation, most children with BA now survive into adulthood. Major clinical 

challenges remaining are: 1) early diagnosis, so as to increase the percentage of successful 

HPEs; 2) prevention of the progressive liver injury and fibrosis that occur even after 

successful HPE; and 3) management of long-term complications of liver transplantation and 

immune suppression.

Reversing BA at its earliest stages and preventing it altogether, however, are broader key 

challenges that persist. The advances in BA management during the last 50 years have been 
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dramatic, but further progress seems unlikely without a better understanding of the 

underlying cause(s) and pathogenesis of the disease.

For these reasons, the National Institute of Diabetes and Digestive and Kidney Diseases 

(NIDDK) sponsored a research workshop in June 2017, focused on identifying innovative 

and promising approaches to understand the pathogenesis of BA and translating this 

knowledge into treatment and prevention (Supplemental Table: Workshop agenda).

Clinical Research

Epidemiologic studies on BA have provided few clues to its etiology. BA occurs in 1 in 

8,000 to 18,000 live births and appears to be more frequent in Asians and Africans than 

Europeans and more common in females than males. These differences, however, are not 

great. The incidence of BA may vary by region or time of year, but in general there is limited 

association with exposure to animals or environmental toxins, parental diet, health status, or 

occupation. Epidemics of BA in humans have not been described and it rarely appears in 

clusters, temporal or geographic. Strikingly, BA shows little evidence of being genetic: 

familial cases are rarely found, and most twin studies show discordance of the disease, even 

between identical twins.

The clinical features, course and outcome of BA have been well described. Children 

typically appear normal at birth. Cholestasis may be present early, but it is rarely obvious to 

the clinician because it overlaps with the common physiologic jaundice seen in more than 

half of newborns during the first few weeks of life. In children with BA, however, jaundice 

persists and the appearance of signs of cholestasis such as dark urine and pale stools follow. 

A provisional diagnosis is occasionally made before 4 weeks of life, but more typically not 

until 6 to 12 weeks and is based upon exclusion of other causes of neonatal cholestasis and 

typical liver biopsy findings. The diagnosis is confirmed by identification of an atretic 

biliary tree at the time of HPE.

The success of HPE for BA is most dependent upon the age at which it is performed, with 

the best results (60-80% restoration of bile flow) seen when done before 30 to 45 days of 

age. At present, however, at least half of children still require liver transplantation before 2 

years of age. In addition, those with a successful HPE who survive infancy with a native 

liver often have progressive hepatic dysfunction, and ultimately more than 75% of them will 

require liver transplantation before 20 years of life (1, 2).

Several clinical variants of BA have been described (Table 1). These include isolated, typical 

BA (80%), BA with cystic dilations of the biliary tree (5-10%), a variant attributed to 

cytomegalovirus (CMV) infection (5-10%), and several variants with associated congenital 

malformations (such as laterality defects or congenital heart, urinary or gastrointestinal 

diseases) which are generally grouped together as biliary atresia-splenic malformation 

syndrome (BASM: 5-15%). Whether these different variants have different causes is not 

clear, but their clinical course and response to HPE may differ (4, 5).

An important debate has been whether BA arises during fetal life or only postnatally. In 

support of the post-natal nature of BA is the lack of reports of BA in stillborn or aborted 
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fetuses and the limited association with prematurity, low birth weight, and poor Apgar 

scores; reports are conflicting on whether there are differences in the incidence of BA 

between premature and term newborns (6, 7). In support of a prenatal etiology, instances of 

biliary atresia with cystic abnormalities have been recognized by second and third trimester 

ultrasound examinations (8). Furthermore, recent work, validated by a prospective study, 

reports that direct bilirubin levels were elevated in 34 of 34 BA patients at 24-72 hours, 

suggesting that the initial insult is prenatal and that direct bilirubin might be a means of 

screening for and identifying BA shortly after birth (9, 10). Data on histologic evaluation of 

the extrahepatic bile ducts at the time of Kasai operation presented at the symposium 

suggest that the biliary abnormalities of BA are similar in patients undergoing surgery early 

compared to those done later. These combined findings suggest that BA is a disease of the 

fetus, becoming manifest only after parturition and loss of the protective physiology of the 

mother and placenta. In keeping with the onset of cholestasis in the early postnatal period, 

one can envision the broad use of population-based newborn screening using serum direct 

bilirubin (as reported in a group of hospitals in Houston; references (9, 10) or a stool color 

card (as reported in Japan, Taiwan, and Canada; references (11–13). Before such use, it will 

be important to compare the different screening strategies, their cost-effectiveness, and 

impact on patient outcomes.

Basic Research

Clinical investigation has provided intriguing clues to the nature of BA, but only with basic 

research will the underlying cause(s) and the pathogenesis of BA become clear. Both 

environmental and host factors, including the role of viruses, toxins and environmental 

exposures, developmental pathology, genetic abnormalities, aberrant neonatal immune 

responses, and abnormal fibrogenesis, have been investigated. Data presented at the 

symposium suggest that many of these factors warrant further study.

Infectious causes

Reovirus, rotavirus, and cytomegalovirus (CMV) have been proposed as potential etiologies 

of BA. The Rhesus rotavirus (RRV)-induced BA mouse model has proved helpful in 

investigating the role of viruses and inflammation in the pathogenesis of bile duct injury in 

BA. The largest body of literature supporting a viral infection as an initiating event in BA 

pathogenesis pertains to CMV. CMV DNA was identified in 60% of BA patients at the time 

of diagnosis in one study (14) and immunological studies of infants with BA reported a liver 

memory T cell response to CMV in 56% of patients (15). In another study, a subgroup of 

BA patients with CMV-IgM positivity at diagnosis had higher rates of jaundice, liver 

inflammation, fibrosis and need for liver transplant (16). It is plausible that the infection is 

short-lived, leading to an inability to identify the virus in some cases, and that viral infection 

of cholangiocytes sets the stage for an aberrant autoimmune response targeting 

cholangiocytes and leading to progressive biliary injury and cirrhosis. Nonetheless, detailed 

modern molecular virologic analyses have yet to provide validation of perinatal CMV 

infection, and new approaches to identify low levels of virus, such as tissue-based universal 

virus detection for viral metagenomics, should be employed in BA.
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Environmental Toxins

Spontaneous outbreaks of a BA-like disease in neonatal livestock in Australia recently led to 

the identification of a biliary toxin called biliatresone (17). Biliatresone, which was isolated 

from plants eaten by pregnant dams, causes selective extrahepatic biliary damage in larval 

zebrafish and the offspring of treated pregnant mice. Although humans are almost certainly 

not exposed to biliatresone, the identification of key structural motifs may lead to toxins 

with human relevance. Furthermore, the use of biliatresone in model systems has already 

yielded important insights into the disturbed cellular pathways involved bile duct damage 

and repair.

Developmental immaturity of the neonatal bile ducts

BA occurs only in newborns, suggesting that the fetus and young neonate, by virtue of 

developmental stage, are particularly susceptible to injury and dysregulated repair (fibrosis) 

after an insult to the biliary tree. The human and murine hepatobiliary systems follow the 

same general pattern of development, although in relative terms have different time courses 

(18), with bile flow reaching the intestine at embryo days 75 to 85 and mouse embryo day 

17.5. Notably, the intra- and extrahepatic biliary systems are developmentally distinct, with 

the liver and intrahepatic bile ducts (IHBD) arising from a different region of endoderm than 

the extrahepatic bile ducts (EHBD). IHBD development is SOX4 and SOX9 dependent, 

while the EHBD, which has not been as well studied, arises from a PDX1+/SOX17+ domain 

and then segregates into PDX1+ ventral pancreas and SOX17+ EHBD; Sox17 is required for 

EHBD development in mice, and Sox17 heterozygous mice have a BA-like phenotype (19, 

20). Data from Sox4 and Sox9 knockout mice suggest that the junction between the IHBD 

and EHBD is within the hilum, the site of anastomosis of HPE.

Anatomical immaturities in the neonatal EHBD may also contribute to an age-limited 

susceptibility to injury. Cholangiocytes elaborate an apical glycocalyx with a “bicarbonate 

umbrella”; this layer protects cholangiocytes from bile acid toxicity and may be 

physiologically relevant in many cholangiopathies (21). Preliminary data presented at the 

symposium showed that BALB/c mice lack a mature cholangiocyte glycocalyx at birth, and 

that extrahepatic cholangiocyte cell-cell junctions are similarly poorly developed, suggesting 

the potential for enhanced injury and resulting bile leakage into the submucosa in neonates.

The submucosa of the neonatal EHBD is also immature in the neonatal mouse. The adult 

EHBD submucosa consists of dense collagen bundles which are surrounded by interstitial 

fluid. The newborn mouse submucosa, on the other hand, has almost no collagen; collagen 

bundles are rapidly deposited during the first week of life, presumably by the many cells 

(not yet identified) with large amounts of rough endoplasmic reticulum present only at that 

time. This raises the possibility that bile leaks propagate rapidly in the “open” submucosa of 

the neonate and stimulate a population of cells “primed” for fibrogenesis. These anatomic 

features suggest EHBDs have an increased susceptibility to injury and increased potential 

for a fibrotic response. Future work is needed to extend these findings to human bile ducts 

and confirm their disease relevance.

Bezerra et al. Page 5

Hepatology. Author manuscript; available in PMC 2019 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Genetics

There is increasing evidence that BA patients have a genetic susceptibility to enhanced 

biliary injury and pathologic repair. Genetic approaches to understand BA have included 

candidate gene analyses, copy number variation (CNV) association studies, genome-wide 

association studies (GWAS) and exome sequencing. Some of the genes, such as FOXA2, 

have been linked to BA only in members of a single family (22). ADD3 was found in some 

genome-wide single nucleotide polymorphism association studies, and GPC1 was identified 

through CNV studies; disruption of either of these genes in zebrafish results in biliary 

defects (23, 24). Preliminary data presented at the symposium on ongoing genetic studies 

using whole exome sequencing of BASM trios identified PKD1L1 variants, raising the 

potential that abnormal ciliary function contributes to disease susceptibility.

Other preliminary findings presented at the meeting included a strong variant signal in 

patients with and without BASM within an intron of EFEMP1, which encodes the elastic 

fiber protein fibulin-3, and whole exome sequencing of 30 family trios identifying a loss-of-

function mutation in STIP1, encoding a stress-induced HSP90 co-chaperone protein, in one 

child with BA. Zebrafish with a heterozygous loss-of-function mutation in stip1 had 

markedly increased susceptibility to the toxin biliatresone.

Work with biliatresone also suggests that variations in human glutathione metabolism genes 

are potential risk factors for biliary injury. Biliatresone is a strong electrophile that binds 

reduced glutathione (GSH) in vitro and causes a rapid decrease in levels of GSH in both 

zebrafish and mouse cholangiocytes. Extrahepatic cholangiocytes (in neonates and adults) 

have significantly lower baseline levels of GSH than liver; a zebrafish biosensor able to 

detect the ratio between GSH and oxidized glutathione showed that extrahepatic 

cholangiocytes but not intrahepatic cholangiocytes or hepatocytes become highly oxidized in 

response to biliatresone (25, 26). Restoration of GSH by treatment with N-acetyl-L-cysteine 

significantly delayed biliatresone-induced damage in fish and prevented damage in mouse 

neonatal bile duct explants and cholangiocytes. Zebrafish with loss-of-function mutations in 

gclm (the regulatory subunit of the rate-limiting enzyme in GSH synthesis) and mrp2 (the 

canalicular transporter for GSH) were normal except for markedly increased sensitivity to 

biliatresone, with damage seen in both intra- and extra-hepatic cholangiocytes. Collectively, 

these data highlight the relevance of GSH levels to biliary damage, and suggest that genetic 

susceptibility must be combined with an environmental insult to produce biliary injury – 

strong support for the hypothesis that BA is multifactorial and requires both exposure and 

susceptibility (Figure).

Immune dysfunction

Whether triggered by a virus, toxin or other factor that injures cholangiocytes, the resultant 

breach of the epithelium activates the neonatal immune system. Activated immune cells have 

been identified in BA livers at diagnosis, and have been linked experimentally to 

autoimmunity, amplification of epithelial injury, and bile duct obstruction (4).

Autoimmune diseases develop from either a primary breakdown in tolerance or secondary to 

a deficiency in immune regulation. Regulatory T cells (Tregs), characterized by the 
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expression of the transcription factor FOXP3, are essential to control the low levels of 

autoreactivity that occur normally in humans. In the RRV-induced model of BA and in 

human BA, defects in the number and function of Tregs have been associated with 

autoreactive T cells targeting bile duct epithelia (27). One mechanism to explain Treg 

deficits is hypermethylation of the FOXP3 promoter region, resulting in decreased Treg 

function (28).

Several lines of evidence support autoimmunity as an important mechanism of disease in BA 

(see Table 2 for summary of studies related to indirect proof of autoimmunity). While a 

subject of ongoing debate, no immunosuppressive therapy has been shown to be uniformly 

effective at decreasing the progression of disease post-HPE. Interestingly, the lack of 

response to immunosuppressive agents is similar to that seen in other autoimmune biliary 

diseases (i.e. primary biliary cholangitis [PBC] and primary sclerosing cholangitis [PSC]). 

Future immunologic and genetic studies should focus on pathways of immune dysregulation, 

as well as the identification of autoantibodies that may function as biomarkers of disease 

severity and provide clues to disease pathogenesis.

Analyses of human tissues have shown that CD4+ and CD8+ lymphocytes are activated in 

BA, populate the livers at diagnosis and express Th1 cytokines, such as interferon-gamma 

(IFNγ), interleukin (IL)-2, and tumor necrosis factor-alpha (TNFα) (4, 29). More direct 

functional insight emerged from the report that CD4+ and CD8+ lymphocytes undergo 

oligoclonal expansion in the liver and bile duct remnants, and activate upon exposure to 

CMV antigens (30). In approaches to directly examine how these findings relate to 

mechanisms of disease, investigators have used the RRV mouse model (4). Findings in this 

model that have also been validated in liver tissues from infants with BA include the role of 

cellular factors that recognize viruses (e.g. α2β1 integrins in cholangiocytes), a lack of Treg 

lymphocytes early in the disease, and the activation of pro-inflammatory signals in liver-

resident immune cells (macrophages, dendritic cells, lymphocytes, and NK cells). 

Experimentally, the depletion of these effector cells individually or the inactivation of key 

cytokines (e.g. IL-8, IL-15, IFNγ, TNFα) suppresses or prevents epithelial injury of 

EHBDs, decreases inflammation, and maintains luminal patency (Figure) (4).

Despite a prominent type 1 inflammatory response, studies in humans and mice also show a 

Th17 commitment and its correlation with disease progression (31). In addition, livers and 

sera from a subgroup of BA patients have high levels of type 2 cytokines, such as IL-13, 

IL-33, and IL-4 (4). Taken together, these findings raise the possibility that patients differ 

molecularly, and that these differences represent biological transitions from a Type 1 to a 

mixed (Th1-2-17) immune response that drives persistent liver injury and progressive 

fibrosis.

Fibrosis

Advances in understanding the mechanisms of hepatic fibrosis and the development of anti-

fibrotic therapies may benefit a broad array of chronic liver diseases, including BA. 

However, studies focusing on biliary fibrosis in BA are needed to provide insight into its 

unusually rapid progression and its onset during early childhood. In EHBDs, the release of 

the Th2 cytokine IL-13 by innate lymphoid cells induces cholangiocyte proliferation after 
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RRV infection, thus stimulating a proliferative circuit that promotes epithelial repair. In the 

liver, the dominant result of IL-13 and IL-33 expression is the activation of stellate cell 

fibrogenesis and the promotion of hepatic fibrosis (4). Interestingly, fibrosis has also been 

linked to Type 1 immune responses, as demonstrated by the finding that circulating and 

hepatic lymphocytes have Th1 features, correlate with liver fibrosis, and are able to induce 

proliferation and activation of stellate cells (32). Resident macrophages also play a role in 

fibrogenesis with a transition from M1 to M2 profiles. The combination of these cells with 

the secretion of soluble mediators like IL-8, TGFβ, PDGF, CXCL1 and TLR4 are likely to 

create an ecosystem conducive to excessive fibrosis in BA (33).

Several non-immune factors have been implicated in triggering and amplifying fibrogenic 

signals in human cholangiopathies, but few have been systematically studied in BA. Tissue 

analyses from patients with BA and other cholangiopathies identify “reactive ductular cells,” 

a population of cholangiocyte-like cells that are thought to participate in tissue repair, and 

join portal myofibroblasts and stellate cells in the regulation of biliary cirrhosis. Portal 

fibroblasts and cholangiocytes cross-talk via Wingless(Wnt)-β-catenin, Hedgehog (Hh), 

Notch, and Hippo/YAP signaling, which constitute important developmental factors and are 

prime suspects for promotion of fibrosis. In support of this possibility, Hh activity has been 

associated with epithelial-to-mesenchymal transition, biliary dysmorphogenesis and poor 

survival in diseased livers (34, 35), with reports that Hh-related signals are important to 

experimental models of biliary injury in zebrafish and neonatal mice. Although these 

pathways have not been studied after HPE, the rapid progression to cirrhosis suggests the 

existence of unique pathogenic processes that are not suppressed after HPE. One example is 

the increase of serum and liver MMP7 during progression of disease, and its correlation with 

the fibrosis stage (36).

Innovative Approaches to Treatment

Recent Results

Treatments after HPE with ursodeoxycholic acid, antibiotics, and fat-soluble vitamin 

preparations are routine, but have not been systematically evaluated and have not 

substantially improved outcomes. In a double-blind, place-controlled study, corticosteroids 

begun within 3 days of the HPE (START trial) did not change outcomes and increased the 

risk of serious adverse effects while receiving corticosteroids compared to placebo (37). The 

open-label use of corticosteroids in younger BA infants did appear to improve biliary 

drainage, with yet-to-be proven impact on survival with the native liver (38), raising the 

possibility that specific subsets of infants may be responsive to treatment. While some 

clinical centers use corticosteroids after HPE, there is no evidence as of 2017 that its broad 

use (or the use of other medical therapies) in all BA patients enhances long-term clinical 

outcomes after HPE.

Current paradigms which pool all BA patients imply that they will be equally responsive to 

therapeutics. However, approximately 50% of BA patients never achieve effective bile flow 

after HPE (39), although they are indistinguishable at diagnosis from those who do. Patients 

with poor bile flow are unlikely to benefit from any medical intervention; better predictors of 

HPE outcome would enable the design of trials that focus on those patients who clear their 
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jaundice after surgery. Recent reports indicate that those who develop bile flow (defined as a 

serum total bilirubin level < 2 mg/dL) within 3 months of HPE have a >80% chance to be in 

the group of BA patients surviving with the natively liver at 2 years of age (40). More 

importantly, although these are considered “successful” responders to Kasai HPE, at least 

75% of them will develop ongoing fibrosis, portal hypertension and cirrhosis, with 

significant risks of hepatic complications, death and transplant from childhood through 

young adulthood (41–44). These BA patients are candidates for trials of an array of novel 

therapeutic agents as they have the potential to respond and stand to benefit significantly.

Potential future therapies

Several new agents are currently being tested in cholestatic and fibrotic liver diseases in 

adults (45) (Table 3). These include bile acid-based therapeutics such as the FXR agonist 

obeticholic acid in PBC and the modified bile acid norursodeoxycholic acid, which is 

currently in Phase 2 trials in adult PSC (46, 47). FXR agonists suppress bile acid synthesis 

and engage multiple anti-cholestatic adaptive responses in liver, while norursodeoxycholic 

reduces markers of cholangiocyte damage, suggesting that one, or both, agents might be 

beneficial in BA. Other agents of potential value are those that interrupt the ileal 

reabsorption of bile acids, the luminally-restricted ASBT (ileal bile acid transporter) 

inhibitors. These agents diminish total bile acid flux through the cholestatic liver, reduce 

hepatic bile acid retention, and alter the composition of bile. In several animal models of 

biliary tract disease, ASBT inhibition reduced cholestatic and fibrotic liver damage (48, 49). 

A recently described inhibitor of the hepatocyte basolateral bile acid uptake protein, NTCP, 

Myrcludex B, may provide a novel approach to reducing bile acid burden in the liver (50). 

Two agents currently in common clinical use in pediatric liver diseases, bile acid 

sequestrants (cholestyramine or colesevelam) and ursodeoxycholic acid, have yet to be 

thoroughly tested in clinical trials in BA (51).

Outside of bile acid-based approaches, directly addressing inflammation or fibrogenesis in 

this highly fibrotic disease is a potential strategy. Although current anti-inflammatory 

approaches have yet to bear fruit in BA, it is possible that there are subsets of BA patients 

who would benefit from selective agents after detailed cellular and molecular 

immunotyping. There are several anti-fibrotic agents undergoing study in liver diseases, 

including the CCR2/CCR5 antagonist cenicriviroc, which has improved fibrosis in 

nonalcoholic steatohepatitis in the recently completed CENTAUR trial (52).

First-step therapies targeting BA patients with good biliary drainage after HPE should be 

directed towards alleviating cholestasis, cholangiocyte injury, peribiliary fibrosis and portal 

hypertension. Biomarker development (e.g. liver stiffness measures, serum bile acids or 

GGT levels) (52) would help evaluate the efficacy of therapeutics, once validated in this 

population.

Use of Innovative Experimental Models

Among the more exciting aspects of current arcs in liver disease research are those that have 

begun to discern the molecular underpinnings of hepatocyte and cholangiocyte 

differentiation. Several groups have used induced pluripotent stem cell technologies or novel 
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in vitro protocols to drive the differentiation of both hepatocytes and cholangiocytes from 

circulating mononuclear cells, fibroblasts and other cell types. These technologies can 

uncover specific biological properties of human cholangiocytes derived from patients, 

something that is problematic, or not possible, in mice. Artificial bile ducts generated from 

collagen-based scaffolds and biliary organoids have also been developed (53). This 

interesting technology may be a first step towards patient-specific biliary tract 

reconstruction. Finally, cutting-edge technologies to craft organoids from hepatocytes, 

cholangiocytes and various stromal cells may be powerful future strategies to model human 

disease, develop cell-based therapies, and test therapeutic agents (57) (54–56).

Future Directions in Research

While rare, BA is a heavy burden for the affected child and family, and generates high health 

care costs to society. Improvements in management, treatment and possibly prevention 

would have enormous individual and societal benefits. Questions to address in future 

research on BA include:

• Is BA a disease of the fetus that starts in the prenatal period and might be 

detected before or at birth or shortly thereafter? Identifying means of early, or 

even pre-natal, detection of BA would be of great benefit. For instance, 

validating the finding that serum direct (conjugated) bilirubin is increased soon 

after birth in infants with BA and designing new screening strategies for 

cholestasis (e.g.: direct bilirubin, stool color card) applicable to the general 

newborn population, would permit diagnosis at early stages of biliary injury, 

allowing for early surgical intervention. Early detection might also allow for 

medical therapies to prevent the progression of injury, such as use of agents that 

increase GSH or increase bile flow.

• Are biliatresone and related environmental toxins relevant to human BA? The 

use of zebrafish-based screening protocols and the successful culture of primary 

human cholangiocytes or biliary epithelium/organoids are powerful systems to 

test candidate toxins in the environment. They may also identify common 

pathways of biliary injury that may be targeted by new treatment strategies (such 

as glutathione replacement).

• What is the contribution of gene variants to disease susceptibility? Ongoing 

GWAS and whole exome sequencing (and perhaps future genome scanning) of 

well characterized large cohorts may identify additional risk alleles that are 

relevant to specific phenotypes and/or progression of disease. Analysis of gene 

mutations and epigenetic modifications in the involved tissue, including the 

residual extrahepatic epithelium from the biliary remnants, could also be 

informative.

• To what extent do the unique anatomical features of the developing extrahepatic 

bile ducts contribute to the susceptibility to biliary injury and the rapid 

progression to obliterative fibrosis?
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• Do inflammatory and immune responses play a role in the progression of biliary 

fibrosis and liver dysfunction?

• Can proteins and other factors residing in the neonatal biliary epithelium be used 

as biomarkers of disease and disease progression?

• The use of high-density immunotyping panels and cell-sequencing of 

mononuclear cells in peripheral blood, liver and the extrahepatic biliary tree may 

be particularly effective in identifying cellular cross-talk and molecular targets to 

block mechanisms of disease.

• Can patients who will respond favorably to HPE be identified preoperatively, so 

that they can be targeted for trials of new therapeutic agents?

• What accounts for the progressive hepatic dysfunction that occurs in a high 

proportion of children with a successful HPE who ultimately require liver 

transplantation? Is the injury caused by the same factors that cause BA or by 

secondary events occurring after HPE (such as an autoimmune response or 

alterations in the microbiome)?

• What are the most clinically relevant end-points of disease progression other than 

liver failure, transplantation or death? Can these end-points be used for discovery 

and validation of non-invasive methods for monitoring hepatic dysfunction and 

development of fibrosis and portal hypertension (liver stiffness, serum markers)?

Chief among the drivers of future progress in BA research will be the access to well-

phenotyped patients and their tissues, collaboration among basic and clinical investigators, 

and partnership with industry. Already available are serum, plasma, tissue and DNA samples 

from a cohort of more than 1,000 subjects with BA enrolled into studies of the Childhood 

Liver Disease Research Network (https://childrennetwork.org). These subjects are the focus 

of prospective studies and provide tissues and clinical data for studies of etiology and 

pathogenesis of disease; the specimens in the NIDDK repository are available to 

investigators interested in BA research. Short- and long-term studies by the Network and 

interventional trials will be particularly critical to the development of new strategies to 

improve the outcome of children with BA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 
Factors implicated in etiology and pathogenesis of biliary atresia. Susceptibility factors 

include gene sequence variants and anatomical features that may make extrahepatic bile 

ducts of the neonate uniquely prone to cellular injury and prominent expression of 

extracellular matrix. With new findings that infants with biliary atresia have increase in 

serum conjugated bilirubin in the first days of life, bile duct injury by virus, toxins or 

vascular insults may also occur prenatally and trigger the inflammatory and fibrosing tissue 

injury that is typical of the disease.
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Table 1

Classification of Biliary Atresia (BA) Phenotypes

BA Phenotype Incidence and disease features

I. Isolated form 80% of patients, variable jaundice-free period after birth, absence of other major congenital 
malformations

 -CMV variant Variable incidence based on geography and methodological detection, poor response to HPE

II. Congenital Malformation form 10-20 % of patients with at least one major congenital malformation, early onset of jaundice, poorer 
outcome after HPE

 a. BASM variant 1-10% of patients, associated laterality defects (poly/asplenia, heterotaxia, midline liver, interrupted 
IVC, intestinal malrotation, preduodenal portal vein, congenital heart disease), poor response to HPE

 b. BA with major malformation 
variant (non-laterality defect)

5-10% of patients, with major cardiovascular, gastrointestinal, and genitourinary malformations that 
are not related to laterality

 c. Cystic variant 8% of patients, might co-exist with BASM, better response to HPE than over variants in this group

Hepatology. Author manuscript; available in PMC 2019 September 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bezerra et al. Page 19

Table 2

The relationship between biliary atresia (BA) and autoimmunity

Criteria for autoimmune disease Evidence in support of or against autoimmunity in BA

Direct Proof:

Transfer of autoantibodies from BA into normal recipient No direct proof. Anti-enolase autoantibodies in mouse model (57)

Indirect Proof:

Reproduce BA through adoptive transfer of autoreactive T 
cells

Adoptive transfer of liver T cells from BA mice into T cell deficient mice results 
in bile duct targeted inflammatory damage (58, 59)

Circumstantial Evidence:

1) Family history of autoimmunity 44% autoimmunity in 1st degree relatives of BA (5)

2) Lymphocytic infiltrate of the target organ, especially if 
restricted TCR-Vβ usage

Lymphocytic infiltrates of intrahepatic and extrahepatic bile ducts (31, 60, 61); 
Limited TCR Vβ repertoire, oligoclonal expansion of CD4+ and CD8+ T cells 
(38)

3) Statistical association with HLA genotype or aberrant 
expression of HLA class II antigens on the affected organ

Japan: increase in HLA-DR2 in BA with linkage disequilibrium, U.S.: No HLA 
association; Increased expression of HLA class II (HLA DR) on bile duct 
epithelia (62–64)

4) Favorable response to immunosuppression No response to corticosteroids (37) or IVIg*

*
Manuscript under review
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Table 3

Novel Medical Therapies for Consideration in Biliary Atresia

• Bile acid analogues

– Ursodeoxycholic acid

– Norursodeoxycholic acid

– Obeticholic acid (and other FXR agonists)

• Agents that decrease the bile acid burden in the liver

– ASBT inhibitors (SHP625, SHP626, A4250, others)

– NTCP inhibitors (Myrcludex B)

– Bile acid sequestrants (Colesevelam, Cholestyramine)

• Anti-Inflammatory and immunosuppressive agents

– Monoclonal immunomodulatory agents (anti-TNF, IL-2, IL-6, IL-17A)

– Kinase inhibitors (Tofacitinib, Ibrutinib)

• Anti-Fibrotics

– Cenicriviroc

– Pirfenidone

– Nintedanib

– PPAR agonists (Fenofibrate, Pioglitazone, Seladelpar)

• Antioxidant and agents that increase GSH

– Cysteamine, N-acetylcysteine

– Vitamin E, Vatiquinone
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