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Abstract: Biliary atresia is a severe obliterative cholangiopathy in early infancy that is by far the
most common cause of surgical jaundice and the most common indicator for liver transplantation in
children. With the advanced knowledge gained from different clinical trials and the development
of research models, a more precise clinical classification of BA (i.e., isolated BA (IBA), cystic BA
(CBA), syndromic BA (SBA), and cytomegalovirus-associated BA (CMVBA)) is proposed. Different
BA subtypes have similar yet distinguishable clinical manifestations. The clinical and etiological
heterogeneity leads to dramatically different prognoses; hence, treatment needs to be specific. In this
study, we reviewed the clinical characteristics of different BA subtypes and revealed the molecular
mechanisms of their developmental contributors. We aimed to highlight the differences among these
various subtypes of BA which ultimately contribute to the development of a specific management
protocol for each subtype.

Keywords: biliary atresia; genetics; neonatal obstructive jaundice; Kasai portoenterostomy; molecular
mechanism

1. Introduction

Biliary atresia (BA) is a congenital disease characterized by obliterative cholangiopa-
thy. Affected infants experience a varying degree of obstruction in both intrahepatic and
extrahepatic bile ducts [1]. During the embryonic stage, the intrahepatic bile ducts and ex-
trahepatic bile ducts originate differently, which suggests that BA is a multifactorial disease
with a complex pathogenesis. BA is the leading cause of obstructive jaundice in neonates
and the most common indicator for liver transplantation in children worldwide [2].

Traditionally, BA is classified into two forms according to the time of onset: the embry-
onic form and the perinatal form. Newborns who suffer from the embryonic form develop
cholestasis soon after birth and may suffer from concomitant disorders. By contrast, the
perinatal form is characterized by a slightly later disease onset, and the majority of patients
do not have associated abnormalities. However, with increasing knowledge gained from
various clinical research studies, Davenport proposed a new clinical classification algo-
rithm in 2012 [3]. According to his classification, BA is categorized into the following four
subtypes: isolated BA (IBA), syndromic BA (SBA), cystic BA (CBA), and cytomegalovirus-
associated BA (CMVBA). This novel classification instigates the popularity of the holistic
description of the individual features and the investigation of the etiology for the BA
subtypes. This study reviews the clinical characteristics of the BA subtypes and describes
the molecular mechanisms contributing to their etiology and pathogenesis. In our previous
systematic review, we proposed a generalized clinical management protocol for BA based
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on the current evidence [4]. However, we believe that ideally, different BA subtypes should
have a precise and unique management strategy based on different molecular pathways.

2. Search Strategy and Inclusion Criteria

We searched English-language articles in the PubMed database using the search
terms (isolated biliary atresia) OR (syndromic biliary atresia) OR (cystic biliary atre-
sia) OR (cytomegalovirus-associated biliary atresia). The publications were retrieved on
19 December 2021 and traced back to 1 January 1990. Clinical studies and experimental
animal studies that evaluated the molecular mechanism and the treatment efficacy together
with the safety profile of monotherapy or polytherapy for the four subtypes of BA met
the inclusion criteria. A total of 643 potential papers were obtained for the selection of
representative articles to understand the clinical characteristics and molecular mechanisms
in different BA subtypes. Apparently, the clinical studies of BA subtypes are scant across
the past three decades (Figure 1). We also retrieved relevant clinical studies that had been
published or currently ‘in press’ in the ClinicalTrials.gov (accessed on 28 March 2022)
database, as stated on 19 January 2022.

Figure 1. Stacked area chart of different article types regarding the four clinical phenotypes of
biliary atresia. Articles were retrieved from the PubMed database ranging from 1 January 1990 to
19 December 2021 using the search terms ((isolated biliary atresia) OR (syndromic biliary atresia)
OR (cystic biliary atresia) OR (cytomegalovirus-associated biliary atresia)) AND (mechanism OR
treatment OR therapy OR safety).

3. Clinical Characteristics
3.1. Phenotypes and Clinical Manifestations of All BA Subtypes

In addition to the difference in embryonic origins, the intrahepatic bile ducts and
extrahepatic bile ducts of BA patients have dramatically different structures at the tissue
level: Intrahepatic bile ducts are hyperplastic, surrounded by lobules with different degrees
of giant multinucleated hepatocytes, and embedded in fibrotic and inflammatory portal
tracts; by contrast, extrahepatic bile ducts show segmental or integral loss of the epithelial
lining, extensive fibrosis, and occasional inflammatory foci [3]. The common clinical
manifestations of all BA subtypes include: (1) progressive infantile jaundice; (2) acholic
stool; (3) dark-colored urine; (4) hepatomegaly; and (5) malnutrition.

ClinicalTrials.gov
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3.2. Surgical Treatment for All BA

The most widely accepted surgical treatment for BA is Kasai portoenterostomy (KPE)
which aims to restore biliary drainage from the bile duct to the gastrointestinal tract. It is
expected that once the cholestasis is relieved, the liver damage is alleviated and patients
can achieve long-term native liver survival (NLS). An early KPE is likely to achieve a higher
NLS rate. A 30-year follow-up study published in France reported that the 25-year NLS
rate with KPE performed in the first month after birth (38%) was significantly greater than
that in the second (27%) and the third months (22%) after birth (p = 0.0001) [4].

Adjuvant therapy (AT) for BA includes steroids and choleretic agents. However,
there is still no consensus for the treatment duration and the dosage of these drugs. The
principle of administering UDCA is based on the fact that UDCA is a hydrophilic bile
acid and can reduce other toxic endogenous bile acids to protect the native hepatocytes
and cholangiocytes [5].

A single-center prospective phase 3b randomized controlled trial (RCT) from King’s
College Hospital (ClinicalTrials.gov (accessed on 28 March 2022) Identifier: NCT00539565)
introduced a high dose of prednisolone (5 mg/kg/day) to treat IBA infants who underwent
KPE at <70 days after birth and assessed the efficacy of this regimen [6]. The high-dose
prednisolone significantly improved 1-month biochemical derangement and 6-month
jaundice clearance rate compared with the low-dose prednisolone (2 mg/kg/day), despite
no improvement in the 4-year OS and NLS. These promising findings become the basis
of the universal practice of administering steroids in the United Kingdom. However, the
START trial (ClinicalTrials.gov (accessed on 28 March 2022) Identifier: NCT00294684),
a double-blind, placebo-controlled RCT, showed no significant differences in the 6-month
bile drainage and the 2-year NLS between BA infants treated with a high-dose steroid and
those treated with a placebo. However, the cohort with a high-dose steroid was more likely
to have an earlier onset of the first serious adverse event by 1-month post-KPE than the
placebo cohort (37.2% vs. 19.0%; p = 0.008) [7]. The reason for this contradictory result is
in part related to the different participants (i.e., only IBA in the former RCT and all BA
subtypes in the latter RCT), suggesting that the clinical subtype could be an important
factor associated with the prognostic outcomes of AT with steroids.

3.3. Clinical Characteristics of Different BA Subtypes

The most common clinical phenotype of BA is IBA, accounting for 67–89% of all
cases (Table 1) [5,8–14]. A large number of clinical studies have established the close but
variable association between CMV infection and BA. For example, several studies tested
CMV infection by fluorescence quantitative polymerase chain reaction (PCR) in post-KPE
liver biopsies while others tested it by serum IgM antibody. The inconsistency in testing
modalities has led to different results among centers [15–18]. However, because CMVBA
is a relatively new emerging subtype, there is a paucity of epidemiological studies that
explicitly evaluate this subtype. Davenport et al. reported that CMVBA made up 5–9.5%
of their clinical series [5,19]. The remaining cases consisted of CBA and SBA, with the
frequency of 5–22.4% and 4.9–10%, respectively (Table 1) [5,8,20–23]. Of note, different BA
subtypes possessed their unique clinical characteristics (Table 1).

Table 1. Clinical classification of BA subtypes.

Clinical Subtype Distribution Frequency Characteristic Manifestation References

IBA 67–89% Isolated duct obliteration [7,10–16]
SBA 4.9–10% Combination with other defects [7,10,22–25]
CBA 5–22.4% A cyst at the portal hepatis [7,10,22–25]

CMVBA 5–9.5% Cytomegalovirus-IgM positive [7,21]

Abbreviations: IBA, isolated biliary atresia; SBA, syndromic biliary atresia; CBA, cyst biliary atresia; CMVBA,
cytomegalovirus-associated biliary atresia.

ClinicalTrials.gov
ClinicalTrials.gov
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IBA: IBA is characterized by the isolated obliteration in bile ducts and later onset
of jaundice and cholestasis. Overexpression of hepatic transforming growth factor-b1,
collagen, and α-smooth muscle actin is positively correlated with the METAVIR fibrosis
stage but can be downsized after an uneventful KPE [24,25]. Interestingly, postoperative
IBA infants experience a significantly higher expression of these three proteins than post-
operative SBA infants, mapping to more progressive liver fibrosis in patients with the
IBA subtype [24,25].

SBA: SBA is considered to be the embryonic form of BA, which occurs in combina-
tion with one or more additional defects, e.g., polysplenia syndrome, cat-eye syndrome,
esophageal atresia, intestinal malrotation, and dextrocardia.

CBA: A cyst at the portal hepatis of BA infants is the characteristic of CBA. This is
occasionally mistaken as another biliary disease—choledochal cyst (CC), which also exhibits
abnormal cystic dilatation of the bile duct. It is of paramount importance to differentiate CBA
from CC because the treatment and prognosis of these two conditions are entirely different.
Some clinical features may help to differentiate CC from CBA: (1) a non-atretic gallbladder;
(2) dilated intrahepatic ducts; (3) sludge deposits inside the cysts [26]; and (4) intramural
smooth muscle within the cyst wall [27]. Unique imaging and histological features have
been reported in CBA, including: (1) positive triangular cord sign (thickness ≥ 4 mm) [28,29];
(2) stable and small cyst size (diameter ≤ 1.5–3.5 cm) [20,26,28,30,31]; (3) gallbladder mucosal
irregularity; (4) thickened hepatic artery; and (5) invisible distal common bile duct [28,29].
Laboratory tests demonstrate a significantly increased serum aspartate aminotransferase-
to-platelet ratio index (APRI) (at the best cut-off value of 0.73) and total bilirubin (TBIL) (at
the best cut-off value of 98.5 mmol/L) in CBA when compared to CC [30]. Because of the
discernable cyst at portal hepatis, CBA can be easily detected at an early age and treated
with KPE shortly after birth. Thus, CBA infants have the highest jaundice clearance rate
and the lowest cholangitis incidence rate among all BA subtypes, and their 5-year NLS is
better than those of IBA infants [32,33].

CMVBA: CMV is a double-stranded DNA virus from the Herpesviridae family that
can infect and damage bile duct epithelia. CMV infection occurs in approximately 1% of
prenatal newborns and 2% of perinatal newborns, but only a very low proportion of CMV-
infected neonates may develop CMVBA. The differentiation of CMVBA from other BA
subtypes mainly depends on an elevated expression level of CMV-IgM [34]. Furthermore,
the CMVBA subtype has significantly higher serum levels of APRi and TBIL, as well as
a significantly larger spleen size than other BA subtypes [19]. The prognosis of CMVBA is
worse than IBA, with a lower jaundice clearance rate, increased METAVIR fibrosis stage,
and more severe biochemical derangement (e.g., a higher APRi value). The NLS and OS
are also inferior due to a later KPE [19]. In order to improve the poor prognosis of CMVBA,
a polytherapy that incorporates specific antiviral therapy (e.g., intravenous ganciclovir)
into the existing treatment (i.e., KPE combined with AT) is recommended. The duration of
ganciclovir is guided by the serial measurements of CMV copies. A European multicenter
survey suggested that the median time is 1 month [5]. Nevertheless, RCTs are needed to
define the optimal treatment duration and dosage.

4. Etiologic and Pathogenic Mechanisms in Different Subtypes of BA

With increasing knowledge around BA pathogenesis, scientists started to believe
that different BA subtypes may have a unique etiopathogenesis. For example, ciliary
dysfunction caused by genetic mutations of PKD1L1 (i.e., a ciliary calcium signaling-
related gene) has been reported to contribute to BA splenic malformation syndrome [35].
Despite the many efforts spent on studying the underlying mechanism that drives BA,
our knowledge of this is still limited. In particular, there is a great deficit of knowledge
around the precise pathogenesis of different BA subtypes. Common questions raised
by scientists are centered around the reasons for the co-existence with other defects or
a cyst at the portal hepatis, as well as the different consequences of CMV-infected infants
(i.e., health, non-BA cholangitis, IBA, and CMVBA). We herein attempted to summarize
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the existing knowledge regarding the molecular mechanisms of three contributors, namely
ciliary dysgenesis, epithelial injury, and duct obstruction, that have been hypothesized to
be responsible for development of different BA variants.

4.1. Mechanisms of Ciliary Dysgenesis

In BA liver, the cholangiocyte cilia were found to be less in number and shorter in
length. They also exhibit abnormal orientation and movement. Severe chronic cholestasis,
due to ductal obliteration, leads to the accumulation of cytotoxic bile acids that damage the
cholangiocyte cilia [36]. Two potential susceptibility genes, MAN1A2 and ARF6, participate
in the ciliogenesis and planar polarity effector (CPLANE) network [37]. The interaction of
CPLANE proteins with the ciliopathy-related protein JBTS17 at the base of cilia recruits
intraflagellar transporters. MAN1A2 interacts with ARF6 and EGFR, signaling the pathway
to regulate the intrahepatic biliary network development and bile drainage from the liver
(Figure 2). MAN1A2 mRNA and protein expression are significantly lower in BA liver
tissue. MAN1A2 dysregulation could induce functional/developmental defects of cilia and
contribute to abnormal bile duct development in BA [37,38].

Figure 2. Mechanisms of biliary atresia pathogenesis. The top figure represents the mechanism
of cholangiocyte cilia dysfunction, and the bottom figure represents the mechanisms of epithelial
injury and duct obstruction. Underexpressed MAN1A2 and ARF6 inhibit IFT recruitment and
EGFR-mediated biliary network formation. Th1-mediated immune response, Th2-mediated immune
response, and the synergistic effect of perforin and granzyme are all responsible for the damage
to the bile duct epithelium. Lymphocyte-released chemokines promote the tissue infiltration of
inflammatory cells, which leads to intrahepatic and extrahepatic duct obstruction. The inhibition of
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the TNFα–TNFR axis, the targeted inactivation of IL-1R1 or NLRP3, and the combined loss of Stat1
and Il13 each reduce the infiltration of DCs and NK cells, which effectively maintain epithelial
integrity and good bile drainage. The solid cyan arrow represents the releasing effect. Abbreviations:
IFT, intraflagellar transporter; RRV, rhesus rotavirus; ICFs, immunologic costimulatory factors;
DC, dendritic cell; NK, natural killer cell.

4.2. Mechanisms of Epithelial Injury

The immune system plays a central role in the pathogenesis of BA. Overexpression of
intercellular cell adhesion molecules on cholangiocytes can promote these cells to produce
immunologic costimulatory factors (e.g., B7–1, B7–2, and CD40) that activate antigen-
presenting cells (e.g., Kupffer and dendritic cells (DCs)) in portal tracts, followed by the
infiltration of activated natural killer (NK) cells, autoimmune T cells (e.g., CD4+ T cells and
CD8+ T cells) and helper T cells (e.g., Th1+ cells, Th2+ cells, and Th17+ cells) to the portal
tract area [39–41]. These NK cells may be immature; in addition to killing virus-infected
cholangiocytes [42], these NK cells may lyse uninfected cholangiocytes in the Nkg2d-
dependent cells fashion and aggravate the epithelial damage [43,44]. Meanwhile, these
infiltrated immune cells release Th-1 cytokines (e.g., Ifng, Tnfa, Il12p40, Il1a, Mip1, Stat1,
Opn), Th-2 cytokines (e.g., Il4, Il5, and Il13), and chemokines (e.g., Il15, Cxcl2, Cxcl9, Cxcl10,
Mcp1, and Mip2) (Figure 2) [39,45–49]. Overexpression of these cytokines and chemokines
is associated with the intrahepatic and extrahepatic bile duct injury, but their expression
levels vary among different subtypes of BA patients. For example, no Opn overexpression
is detected at the interlobular regions and bile duct remnants of SBA [49].

Activation of NK cells by DCs requires the TNFα–TNFR2 axis, and can be accelerated
by the viral infection-induced upregulation of IL-1R1 and NLRP3 [45,50]. In addition,
upregulation of IL-1R1 and NLRP3 expression facilitates Th1 cell-mediated release of
Th1 cytokines and chemokines (Figure 2) [45]. The peripheral blood of BA infants, especially
CMVBA infants, has a very low level of regulatory T cells (Tregs), which play key roles
in maintaining peripheral tolerance, preventing autoimmune diseases. Therefore, low
Tregs activity in BA infants could lead to reduced auto-immunosuppression, leading to the
excessive release of cytokines and exaggerated bile duct injury (Figure 3). Furthermore,
RRV infection of Sat1-/- mice (failure to mount Th1 cell-mediated immune responses) still
causes epithelial injury by Th2 cell-mediated release of Th2 cytokines (e.g., Il4 and Il13) [46].
There is less lymphocyte and myeloid cell infiltration associated with moderate epithelial
damage in RRV-infected Stat1 and Il13 double knockout mice, which is in line with findings
that both Th1 and Th2 cell-mediated immune responses are involved in RRV-induced bile
duct damage [46]. Given the aforementioned findings, experimental studies on animals
demonstrate the loss of cytotoxic CD8+ T cells, cytotoxic proteins (perforin and granzyme),
and Th1 cell-.

Th2 cell-mediated immune responses, the depletion of NK cells, and the blockade
of Nkg2d each prevent severe bile duct epithelial cell damage and bile duct blockage in
RRV-infected mice [43,44,46].

Genomic and epigenetic studies showed that single-nucleotide polymorphisms (SNPs),
DNA hypomethylation, and abnormal expression of microRNA are associated with epithe-
lial injury of BA. Genome-wide association studies tested the association between BA and
common SNPs in specific populations and implicated a number of BA-susceptible genes
that may be involved in multifarious actions of BA occurrence (e.g., immunoregulation,
gene regulation, inflammatory response, and cell transmigration) (Table 2) [51–80]. Interest-
ingly, the associations of SNPs with BA are inconsistent between different populations or
among different BA subtypes. For example, SNPs in EFEMP1 increase the risk of BA for
European–American infants, but not for Chinese populations [55,80], and SNP in PDGFA
(i.e., rs9690350) increases the risk of non-CBA rather than CBA [71]. However, the asso-
ciations between these SNPs and BA have not been completely confirmed by functional
studies; a possible explanation is that the etiology of BA is heterogeneous or may involve
nonclassical genetic mechanisms (e.g., DNA methylations and somatic mutations).
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Figure 3. The role of regulatory T cells and dysregulated microRNAs in biliary atresia pathogenesis.
Deficits in function and quantity of regulatory T cells contribute to the loss of function in auto-
immunosuppression, which gives rise to excessive release of type 1 and 2 cytokines that are both
associated with epithelial injury. Downregulated DNMT1 and DNMT3 cause the hypomethylation
of LINE-1, ALU, and SAT2 repetitive sequences, and IFN-γ promoter activity, which triggers type
1 cytokines-induced epithelial injury. The SOCS1 protein can halt chemokine-induced inflammatory
cell infiltration that causes bile duct obstruction. The FOXA2 protein arrests the recruitment and
activation of dendritic cells and Th2 cells, leading to the low production of chemokines and type
2 cytokines. The solid cyan arrow represents the releasing effect, and the T-shaped solid cyan arrow
indicates the inhibition of the releasing effect. Abbreviations: Tregs, regulatory T cells; DNMT1, DNA
methyltransferase 1; and DNMT3, DNA methyltransferase 3.

Table 2. Common single-nucleotide polymorphisms with reported association with biliary atresia.

Gene 3’-UTR Position/Rs
Number(Minor Allele) Population Risk Functions Ref.

ADD3

rs17095355 (T) Chinese Increased

Cytoskeletal organization

[55,56]
rs17095355 (T) Thai Increased [57]
rs17095355 (T) Thai Increased [67]

rs7099604 (G) Caucasian Increased [58]

GPC1
rs6707262 (C)
rs6750380 (C) Chinese Increased Growth factors and cytokines [55]

rs2292832 (C) Chinese Decreased [59]

ARF6
rs3126184 (T) Chinese No association

Cytoskeletal organization
[55]

rs3126184 (T)
rs10140366 (C) Caucasian Increased [60]

EFEMP1

4 SNPs Chinese No association

Cell proliferation

[55]
rs10865291 (A)
rs6761893 (T)
rs727878 (T)

Caucasian Increased [80]

USF2
rs916145 (C) Chinese No association Gene regulation [61]
rs916145 (C) Taiwanese Increased [66]

CD14 -159 C/T (T) Taiwanese Increased Immunoregulation [63]

miR-499
rs3746444 (G) Egyptian Increased

Cell adhesion
[64]

rs3746444 (G) Chinese Increased [65]

VEGFA
rs3025039 (T) Taiwanese Decreased Vasculogenesis, cell proliferation,

and cell transmigration

[68]
rs3025039 (T) Chinese No association [69]
rs3025039 (T) Chinese Decreased [70]
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Table 2. Cont.

Gene 3’-UTR Position/Rs
Number(Minor Allele) Population Risk Functions Ref.

PDGFA rs9690350 (C) Chinese Decreased Vasculogenesis, cell proliferation,
and cell transmigration [71]

ADIPOQ rs1501299 (T) Thai Decreased Anti-inflammation [74]

ITGB2 rs1160263 (T) Chinese Decreased Immunoregulation [75]

Abbreviations: ADD3, adducin 3; GPC1, glypican 1; ARF6, ADP-ribosylation factor 6; EFEMP1, EGF containing
fibulin-like extracellular matrix protein 1; USF2, upstream transcription factor 2; CD14, cluster of differentiation
14; VEGFA, vascular endothelial growth factor A; PDGFA, platelet-derived growth factor subunit A; ADIPOQ,
adiponectin; ITGB2, integrin β2.

DNA hypomethylation (e.g., LINE-1, ALU, and SAT2 repetitive sequences and IFNγ
promoter) triggers IFN-γ-induced epithelial injury in BA infants, which is associated with
overexpression of miR-29b and miR-142-5p, causing the downregulation of DNMT1 and
DNMT3a/b (Figure 3) [81]. By contrast, hypermethylation of the FOXP3 promoter in Tregs
impairs the Tregs’ immune suppressor function, leading to an aggravated injury of the
biliary epithelium (Figure 3) [82]. miR-155 overexpression activates JAK2/STAT3 signaling
the pathway to enhance the pro-inflammatory effect and downregulates the expression
of the SOCS1 protein, which can suppress chemokine production (e.g., Cxcl1, Cxcl9, and
Cxcl10) [83,84]. The upregulation of miR-200 and the downregulation of miR-124 have
complementary roles in promoting cholangiocyte proliferation via the IL-6/STAT3 signaling
pathway, and miR-200 upregulation concomitantly inhibits FOXA2 expression that further
reinforces the a risk of BA relative to the minor allele.

The overexpression of IL-6 in cholangiocytes [85]. FOXA2 is implicated in program-
ming Th2 cell-mediated innate immunity; depletion of FOXA2 incites the recruitment and
activation of myeloid dendritic cells and Th2 cells, which results in an increased production
of chemokines and Th2 cytokines (Figure 3) [86].

4.3. Mechanisms of Duct Obstruction

The mechanisms of bile duct obstruction and those of epithelial injury partially overlap
(Figure 2). RRV infection increases the infiltration of liver by IFN-γ-producing CD4+ and
CD8+ T cells, leading to the overexpression of Th1 cytokine Ifng [47]. Loss of Ifng prevents
extrahepatic bile duct obstruction, improving long-term survival in RRV-infected newborn
mice [47], indicating the key role of Ifng in the process of bile duct obstruction. Interestingly,
RRV-primed inflammatory obstruction of bile ducts can be reversed by the depletion of IFN-
γ-producing CD8+ T cells, but not by that of IFN-γ-producing CD4+ T cells [87]. Moreover,
extrahepatic bile duct obstruction is associated with MAN1A2 downregulation in BA
infants. MAN1A2 knockdown leads to an accumulation of high mannose-type N-glycans
on EGFR that inhibits the tyrosine kinase activity of EGFR [88], which limits the EGFR-
dependent branching morphogenesis of the biliary network and has a pro-inflammatory
response via increased adhesion of inflammatory cells on extrahepatic bile ducts [89,90].
As such, CD4+ T cells and CD8+ T cells work independently to mediate neonatal bile
duct obstruction, suggesting that these factors are potential therapeutic targets to stop the
progression of bile duct obstruction.

5. Development of Biomarkers to Improve Clinical Managements

The dysregulated genes identified are closely associated with BA etio-pathogenesis via
corresponding signaling pathways, and this association provides possible targets for the
development of noninvasive biomarkers for the clinical management of BA subtypes. Early
diagnosis and prediction of post-KPE prognosis remain the two major challenges. More
work is required to advance BA diagnosis such that patients could be better stratified [91].
At present, the diagnosis for BA can only be made postoperatively after an invasive
surgical procedure, and there is still a lack of objective parameters to predict the prognosis.
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Increasing studies are emerging to validate the feasibility of the application of noninvasive
biomarkers to address these challenges.

Serum γ-glutamyl transferase (GGT) [92–96] and matrix metallopeptidase-7 (MMP-
7) [97–99] showed good diagnostic performance in differentiating BA patients from infants
with other causes of neonatal cholestasis (non-BA). Our previous systematic review [100]
further reaffirmed the high summary sensitivity, specificity, and area under the curve
(AUC) of both biomarkers in diagnosing BA. Moreover, serums IL-13 and IL-18 may
be the reliable biomarkers to distinguish BA patients from healthy children [101–104].
The summary sensitivity and specificity of IL-13 calculated by our study were 77% and
85%, respectively [100]. The elevated preoperative serum MMP-7 [97,99,105,106] and
postoperative IL-18 [103,104] additionally demonstrated a positive correlation with the
severity of post-KPE liver injury (e.g., jaundice and liver fibrosis).

APRi was first proposed by Wai et al. [107] to predict liver fibrosis and cirrhosis in pa-
tients with chronic hepatitis C, with the equation: aspartate aminotransferase(AST)/upper
value of normal AST/platelet count (109/L) × 100. In the recent decade, several studies
have found that postoperative APRi can also predict post-KPE liver fibrosis and cirrhosis of
BA infants [108–110]. Our results mirrored the findings, with the high summary sensitivity,
specificity, and AUC [100]. Postoperative serum hyaluronic acid (HA) [105,111,112] and the
Wisteria floribunda agglutinin-positive human Mac-2-binding protein (M2BPGi) [110,113]
may be the promising biomarkers to predict post-KPE liver impairment, although no avail-
able data for the calculation of the summary diagnostic performance have been reported
so far.

According to the above findings, we proposed a clinical management protocol that
utilizes a series of noninvasive biomarkers to serve as the alternative to replace surgical
exploration for the early diagnosis of BA and prediction of post-KPE prognosis [100].
However, a limitation of the management protocol is that the optimal cut-off value of
potential biomarkers remains unclear, and no differentiation exists for BA subtypes. The
aforementioned molecule markers involved in the three contributors of BA mechanisms
may enlarge the arsenal of the management protocol.

6. Conclusions

Despite cholestatic jaundice being the common phenotype in different BA subtypes,
each subtype has a unique clinical characteristic that can be distinguished. Regardless
of the subtype, KPE and appropriate AT remain the most effective treatments. There is
an increasing number of clinical trials which aim to optimize the outcome of BA. CBA is
most easily diagnosed due to its morphology and carries the best prognosis compared to
the other subtypes. On the other hand, CMVBA has the worst prognosis attributed to the
possibility of a late KPE, as well as the long-lasting intracorporeal CMV infection. Until
now, the specific etiology and pathogenesis for the other BA subtypes remained unclear.
In this study, we identified the shared contributors that are known at present, including
ciliary dysgenesis, epithelial injury, immune dysfunction, fibrosis, and ductal obliteration.
Different molecular mechanisms are involved in the contributors. Further knowledge in
these pathways, together with their correlations with clinical features, may open a new
avenue to improve the management for different BA subtypes.
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19. Zani, A.; Quaglia, A.; Hadzić, N.; Zuckerman, M.; Davenport, M. Cytomegalovirus-associated biliary atresia: An aetiological and

prognostic subgroup. J. Pediatr. Surg. 2015, 50, 1739–1745. [CrossRef]
20. Suzuki, T.; Hashimoto, T.; Hussein, M.H.; Hara, F.; Hibi, M.; Kato, T. Biliary atresia type I cyst and choledochal cyst [corrected]:

Can we differentiate or not? J. Hepatobiliary Pancreat. Sci. 2013, 20, 465–470. [CrossRef]

http://doi.org/10.1016/S0140-6736(09)60946-6
http://doi.org/10.1007/s12519-018-0203-1
http://www.ncbi.nlm.nih.gov/pubmed/30465125
http://doi.org/10.1016/j.cgh.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21238606
http://doi.org/10.1097/MPG.0000000000002446
http://www.ncbi.nlm.nih.gov/pubmed/31335841
http://doi.org/10.1055/s-0038-1668146
http://www.ncbi.nlm.nih.gov/pubmed/30130826
http://doi.org/10.1016/j.jhep.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23811305
http://doi.org/10.1001/jama.2014.2623
http://doi.org/10.1136/adc.2009.159780
http://doi.org/10.1111/j.1365-3016.2003.00536.x
http://doi.org/10.1542/peds.99.3.376
http://doi.org/10.1097/MPG.0000000000002916
http://doi.org/10.1016/j.asjsur.2016.04.003
http://doi.org/10.1007/s00383-017-4160-x
http://doi.org/10.1016/S0022-3468(03)00178-7
http://doi.org/10.1177/0009922811406264
http://doi.org/10.1097/INF.0000000000001889
http://doi.org/10.1007/s13312-017-1091-5
http://doi.org/10.1007/s13312-017-1091-5
http://doi.org/10.1016/j.jpedsurg.2015.03.001
http://doi.org/10.1007/s00534-013-0605-3


Int. J. Mol. Sci. 2022, 23, 4841 11 of 14

21. Caponcelli, E.; Knisely, A.S.; Davenport, M. Cystic biliary atresia: An etiologic and prognostic subgroup. J. Pediatr. Surg. 2008, 43,
1619–1624. [CrossRef] [PubMed]

22. Komuro, H.; Makino, S.I.; Momoya, T.; Nishi, A. Biliary atresia with extrahepatic biliary cysts–cholangiographic patterns
influencing the prognosis. J. Pediatr. Surg. 2000, 35, 1771–1774. [CrossRef] [PubMed]

23. Lal, R.; Prasad, D.K.; Krishna, P.; Sikora, S.S.; Poddar, U.; Yachha, S.K.; Kumari, N. Biliary atresia with a "cyst at porta":
Management and outcome as per the cholangiographic anatomy. Pediatr. Surg. Int. 2007, 23, 773–778. [CrossRef] [PubMed]

24. Kerola, A.; Lohi, J.; Heikkilä, P.; Mutanen, A.; Jalanko, H.; Pakarinen., M.P. Divergent expression of liver transforming growth
factor superfamily cytokines after successful portoenterostomy in biliary atresia. Surgery 2019, 165, 905–911. [CrossRef] [PubMed]

25. Kerola, A.; Lampela, H.; Lohi, J.; Heikkilä, P.; Mutanen, A.; Jalanko, H.; Pakarinen, M.P. Molecular signature of active fibrogenesis
prevails in biliary atresia after successful portoenterostomy. Surgery 2017, 162, 548–556. [CrossRef] [PubMed]

26. Kim, W.S.; Kim, I.O.; Yeon, K.M.; Park, K.W.; Seo, J.K.; Kim, C.J. Choledochal cyst with or without biliary atresia in neonates and
young infants: US differentiation. Radiology 1998, 209, 465–469. [CrossRef]

27. Lobeck, I.N.; Sheridan, R.; Lovell, M.; Dupree, P.; Tiao, G.M.; Bove, K.E. Cystic Biliary Atresia and Choledochal Cysts Are Distinct
Histopathologic Entities. Am. J. Surg. Pathol. 2017, 41, 354–364. [CrossRef]

28. Shin, H.J.; Yoon, H.; Han, S.J.; Ihn, K.; Koh, H.; Kwon, J.Y.; Lee, M.J. Key imaging features for differentiating cystic bil-
iary atresia from choledochal cyst: Prenatal ultrasonography and postnatal ultrasonography and MRI. Ultrasonography 2020,
40, 301. [CrossRef]

29. Zhou, L.Y.; Guan, B.Y.; Li, L.; Xu, Z.F.; Dai, C.P.; Wang, W.; Xia, H.M.; Xie, X.Y. Objective differential characteristics of cystic
biliary atresia and choledochal cysts in neonates and young infants: Sonographic findings. J. Ultrasound Med. 2012, 31, 833–841.
[CrossRef]

30. Tang, J.; Zhang, D.; Liu, W.; Zeng, J.X.; Yu, J.K.; Gao, Y. Differentiation between cystic biliary atresia and choledochal cyst:
A retrospective analysis. J. Paediatr. Child Health 2018, 54, 383–389. [CrossRef]

31. Huang, F.C.; Hwang, K.P. Differential diagnosis of infantile choledochal cyst with or without biliary atresia. Acta Paediatr. Taiwan
2006, 47, 175–180.

32. Ihn, K.; Ho, I.G.; Lee, J.H.; Na, Y.; Lee, D.; Han, S.J. Comparison of the outcomes of biliary atresia with cystic degeneration and
isolated biliary atresia: A matched-pair analysis. J. Pediatr. Surg. 2020, 55, 2177–2182. [CrossRef]

33. Song, Z.; Dong, R.; Shen, Z.; Chen, G.; Yang, Y.; Zheng, S. Surgical outcome and etiologic heterogeneity of infants with biliary
atresia who received Kasai operation less than 60 days after birth: A retrospective study. Medicine 2017, 96, e7267. [CrossRef]

34. Fischler, B.; Woxenius, S.; Nemeth, A.; Papadogiannakis, N. Immunoglobulin deposits in liver tissue from infants with biliary
atresia and the correlation to cytomegalovirus infection. J. Pediatr. Surg. 2005, 40, 541–546. [CrossRef]

35. Berauer, J.P.; Mezina, A.I.; Okou, D.T.; Sabo, A.; Muzny, D.M.; Gibbs, R.A.; Hegde, M.R.; Chopra, P.; Cutler, D.J.; Perlmut-
ter, D.H.; et al. Identification of Polycystic Kidney Disease 1 Like 1 Gene Variants in Children With Biliary Atresia Splenic
Malformation Syndrome. Hepatol 2019, 70, 899–910. [CrossRef]

36. Xia, X.; Francis, H.; Glaser, S.; Alpini, G.; LeSage, G. Bile acid interactions with cholangiocytes. World J. Gastroenterol. 2006, 12,
3553–3563. [CrossRef]

37. So, J.; Ningappa, M.; Glessner, J.; Min, J.; Ashokkumar, C.; Ranganathan, S.; Higgs, B.W.; Li, D.; Sun, Q.; Schmitt, L.; et al.
Biliary-Atresia-Associated Mannosidase-1-Alpha-2 Gene Regulates Biliary and Ciliary Morphogenesis and Laterality. Front.
Physiol. 2020, 11, 538701. [CrossRef]

38. Chu, A.S.; Russo, P.A.; Wells, R.G. Cholangiocyte cilia are abnormal in syndromic and non-syndromic biliary atresia. Mod. Pathol.
2012, 25, 751–757. [CrossRef]

39. Saxena, V.; Shivakumar, P.; Sabla, G.; Mourya, R.; Chougnet, C.; Bezerra, J.A. Dendritic cells regulate natural killer cell activation
and epithelial injury in experimental biliary atresia. Sci. Transl. Med. 2011, 3, 102ra194. [CrossRef]

40. Barnes, B.H.; Tucker, R.M.; Wehrmann, F.; Mack, D.G.; Ueno, Y.; Mack, C.L. Cholangiocytes as immune modulators in rotavirus-
induced murine biliary atresia. Liver Int. 2009, 29, 1253–1261. [CrossRef]

41. Kobayashi, H.; Li, Z.; Yamataka, A.; Lane, G.J.; Miyano, T. Role of immunologic costimulatory factors in the pathogenesis of
biliary atresia. J. Pediatr. Surg. 2003, 38, 892–896. [CrossRef]

42. Qiu, Y.; Yang, J.; Wang, W.; Zhao, W.; Peng, F.; Xiang, Y.; Chen, G.; Chen, T.; Chai, C.; Zheng, S.; et al. HMGB1-promoted and
TLR2/4-dependent NK cell maturation and activation take part in rotavirus-induced murine biliary atresia. PLoS Pathog. 2014,
10, e1004011. [CrossRef]

43. Shivakumar, P.; Mourya, R.; Bezerra, J.A. Perforin and granzymes work in synergy to mediate cholangiocyte injury in experimental
biliary atresia. J. Hepatol. 2014, 60, 370–376. [CrossRef]

44. Shivakumar, P.; Sabla, G.E.; Whitington, P.; Chougnet, C.A.; Bezerra, J.A. Neonatal NK cells target the mouse duct epithelium via
Nkg2d and drive tissue-specific injury in experimental biliary atresia. J. Clin. Investig. 2009, 119, 2281–2290. [CrossRef]

45. Yang, L.; Mizuochi, T.; Shivakumar, P.; Mourya, R.; Luo, Z.; Gutta, S.; Bezerra, J.A. Regulation of epithelial injury and bile duct
obstruction by NLRP3, IL-1R1 in experimental biliary atresia. J. Hepatol. 2018, 69, 1136–1144. [CrossRef]

46. Li, J.; Bessho, K.; Shivakumar, P.; Mourya, R.; Mohanty, S.K.; Dos Santos, J.L.; Miura, I.K.; Porta, G.; Bezerra, J.A. Th2 signals
induce epithelial injury in mice and are compatible with the biliary atresia phenotype. J. Clin. Investig. 2011, 121, 4244–4256.
[CrossRef]

http://doi.org/10.1016/j.jpedsurg.2007.12.058
http://www.ncbi.nlm.nih.gov/pubmed/18778995
http://doi.org/10.1053/jpsu.2000.19248
http://www.ncbi.nlm.nih.gov/pubmed/11101734
http://doi.org/10.1007/s00383-007-1948-0
http://www.ncbi.nlm.nih.gov/pubmed/17569062
http://doi.org/10.1016/j.surg.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30686515
http://doi.org/10.1016/j.surg.2017.04.013
http://www.ncbi.nlm.nih.gov/pubmed/28655415
http://doi.org/10.1148/radiology.209.2.9807575
http://doi.org/10.1097/PAS.0000000000000805
http://doi.org/10.14366/usg.20061
http://doi.org/10.7863/jum.2012.31.6.833
http://doi.org/10.1111/jpc.13779
http://doi.org/10.1016/j.jpedsurg.2020.02.054
http://doi.org/10.1097/MD.0000000000007267
http://doi.org/10.1016/j.jpedsurg.2004.11.035
http://doi.org/10.1002/hep.30515
http://doi.org/10.3748/wjg.v12.i22.3553
http://doi.org/10.3389/fphys.2020.538701
http://doi.org/10.1038/modpathol.2011.212
http://doi.org/10.1126/scitranslmed.3002069
http://doi.org/10.1111/j.1478-3231.2008.01921.x
http://doi.org/10.1016/S0022-3468(03)00117-9
http://doi.org/10.1371/journal.ppat.1004011
http://doi.org/10.1016/j.jhep.2013.09.021
http://doi.org/10.1172/JCI38879
http://doi.org/10.1016/j.jhep.2018.05.038
http://doi.org/10.1172/JCI57728


Int. J. Mol. Sci. 2022, 23, 4841 12 of 14

47. Shivakumar, P.; Campbell, K.M.; Sabla, G.E.; Miethke, A.; Tiao, G.; McNeal, M.M.; Ward, R.L.; Bezerra, J.A. Obstruction of
extrahepatic bile ducts by lymphocytes is regulated by IFN-gamma in experimental biliary atresia. J. Clin. Investig. 2004, 114,
322–329. [CrossRef]

48. Mohanty, S.K.; Ivantes, C.A.; Mourya, R.; Pacheco, C.; Bezerra, J.A. Macrophages are targeted by rotavirus in experimental biliary
atresia and induce neutrophil chemotaxis by Mip2/Cxcl2. Pediatr. Res. 2010, 67, 345–351. [CrossRef] [PubMed]

49. Whitington, P.F.; Malladi, P.; Melin-Aldana, H.; Azzam, R.; Mack, C.L.; Sahai, A. Expression of osteopontin correlates with portal
biliary proliferation and fibrosis in biliary atresia. Pediatr. Res. 2005, 57, 837–844. [CrossRef] [PubMed]

50. Shivakumar, P.; Mizuochi, T.; Mourya, R.; Gutta, S.; Yang, L.; Luo, Z.; Bezerra, J.A. Preferential TNFα signaling via TNFR2 regulates
epithelial injury and duct obstruction in experimental biliary atresia. JCI Insight 2017, 2, e88747. [CrossRef] [PubMed]

51. Vejchapipat, P.; Jirapanakorn, N.; Thawornsuk, N.; Theamboonlers, A.; Chongsrisawat, V.; Chittmittrapap, S.; Poovorawan, Y.
There is no association between K469E ICAM-1 gene polymorphism and biliary atresia. World J. Gastroenterol. 2005, 11, 4886–4890.
[CrossRef]

52. Arikan, C.; Berdeli, A.; Kilic, M.; Tumgor, G.; Yagci, R.V.; Aydogdu, S. Polymorphisms of the ICAM-1 gene are associated with
biliary atresia. Dig. Dis. Sci. 2008, 53, 2000–2004. [CrossRef]

53. Arikan, C.; Berdeli, A.; Ozgenc, F.; Tumgor, G.; Yagci, R.V.; Aydogdu, S. Positive association of macrophage migration inhibitory
factor gene-173G/C polymorphism with biliary atresia. J. Pediatr. Gastroenterol. Nutr. 2006, 42, 77–82. [CrossRef]

54. Sadek, K.H.; Ezzat, S.; Abdel-Aziz, S.A.; Alaraby, H.; Mosbeh, A.; Abdel-Rahman, M.H. Macrophage Migration Inhibitory Factor
(MIF) Gene Promotor Polymorphism Is Associated with Increased Fibrosis in Biliary Atresia Patients, but Not with Disease
Susceptibility. Ann. Hum. Genet. 2017, 81, 177–183. [CrossRef]

55. Bai, M.R.; Niu, W.B.; Zhou, Y.; Gong, Y.M.; Lu, Y.J.; Yu, X.X.; Wei, Z.L.; Wu, W.; Song, H.L.; Yu, W.W.; et al. Association of common
variation in ADD3 and GPC1 with biliary atresia susceptibility. Aging 2020, 12, 7163–7182. [CrossRef]

56. Cheng, G.; Tang, C.S.; Wong, E.H.; Cheng, W.W.; So, M.T.; Miao, X.; Zhang, R.; Cui, L.; Liu, X.; Ngan, E.S.; et al. Common genetic
variants regulating ADD3 gene expression alter biliary atresia risk. J. Hepatol. 2013, 59, 1285–1291. [CrossRef]

57. Laochareonsuk, W.; Chiengkriwate, P.; Sangkhathat, S. Single nucleotide polymorphisms within Adducin 3 and Adducin
3 antisense RNA1 genes are associated with biliary atresia in Thai infants. Ann. Hum. Genet. 2018, 34, 515–520. [CrossRef]

58. Tsai, E.A.; Grochowski, C.M.; Loomes, K.M.; Bessho, K.; Hakonarson, H.; Bezerra, J.A.; Russo, P.A.; Haber, B.A.; Spinner, N.B.;
Devoto, M. Replication of a GWAS signal in a Caucasian population implicates ADD3 in susceptibility to biliary atresia. Hum.
Genet. 2014, 133, 235–243. [CrossRef]

59. Ke, J.; Zeng, S.; Mao, J.; Wang, J.; Lou, J.; Li, J.; Chen, X.; Liu, C.; Huang, L.M.; Wang, B.; et al. Common genetic variants of
GPC1 gene reduce risk of biliary atresia in a Chinese population. J. Pediatr. Surg. 2016, 51, 1661–1664. [CrossRef]

60. Ningappa, M.; So, J.; Glessner, J.; Ashokkumar, C.; Ranganathan, S.; Min, J.; Higgs, B.W.; Sun, Q.; Haberman, K.; Schmitt, L.; et al.
The Role of ARF6 in Biliary Atresia. PLoS ONE 2015, 10, e0138381. [CrossRef]

61. Chen, L.; Fu, M.; Tan, L.; Zhao, J.; Xu, X.; Lin, Y.; Zhong, Q.; Zhong, R.; Zhang, R.; Zeng, J. Irrelevance of USF2 rs916145 polymor-
phism with the risk of biliary atresia susceptibility in Southern Chinese children. Biosci. Rep. 2020, 40. [CrossRef]

62. Fotouhi, N.; Bonyadi, M.; Jahanafrooz, Z.; Ahmadian, N.; Sadeghi-Shabestari, M.; Aslanabadi, S.; Ghergherehchi, R.; Pormosavi,
M.; Rafeey, M. Tumour necrosis factor-alpha gene polymorphisms in Iranian patients with biliary atresia. Afr. J. Paediatr. Surg.
2014, 11, 233–237.

63. Shih, H.H.; Lin, T.M.; Chuang, J.H.; Eng, H.L.; Juo, S.H.; Huang, F.C.; Chen, C.L.; Chen, H.L. Promoter polymorphism of the
CD14 endotoxin receptor gene is associated with biliary atresia and idiopathic neonatal cholestasis. Pediatrics 2005, 116, 437–441.
[CrossRef]

64. Gawish, E.; El-Monem, E.A.; El-Abd, M.; Sobhy, G.A.; Ghanem, H. MicroRNA-499 rs3746444 polymorphism in Egyptian children
with biliary atresia. Clin. Exp. Hepatol. 2020, 6, 263–269. [CrossRef]

65. Shan, Y.; Shen, N.; Han, L.; Chen, Q.; Zhang, J.; Long, X.; Xia, Q. MicroRNA-499 Rs3746444 polymorphism and biliary atresia. Dig.
Liver Dis. 2016, 48, 423–428. [CrossRef] [PubMed]

66. Huang, Y.H.; Huang, C.C.; Chuang, J.H.; Hsieh, C.S.; Lee, S.Y.; Chen, C.L. Upstream stimulatory factor 2 is implicated in the
progression of biliary atresia by regulation of hepcidin expression. J. Pediatr. Surg. 2008, 43, 2016–2023. [CrossRef]

67. Kaewkiattiyot, S.; Honsawek, S.; Vejchapipat, P.; Chongsrisawat, V.; Poovorawan, Y. Association of X-prolyl aminopeptidase
1 rs17095355 polymorphism with biliary atresia in Thai children. Hepatol. Res. 2011, 41, 1249–1252. [CrossRef] [PubMed]

68. Lee, H.C.; Chang, T.Y.; Yeung, C.Y.; Chan, W.T.; Jiang, C.B.; Chen, W.F.; Chan, H.W.; Liu, H.F.; Lin, M.; Lee, Y.J. Genetic variation
in the vascular endothelial growth factor gene is associated with biliary atresia. J. Clin. Gastroenterol. 2010, 44, 135–139. [CrossRef]

69. Liu, F.; Zeng, J.; Zhu, D.; Zhang, R.; Xu, X.; Wang, M.; Zhang, Y.; Xia, H.; Feng, Z. Association of polymorphism in the VEGFA
gene 3′-UTR +936T/C with susceptibility to biliary atresia in a Southern Chinese Han population. J. Clin. Lab. Anal. 2018,
32, e22342. [CrossRef]

70. Liu, B.; Wei, J.; Li, M.; Jiang, J.; Zhang, H.; Yang, L.; Wu, H.; Zhou, Q. Association of common genetic variants in VEGFA with
biliary atresia susceptibility in Northwestern Han Chinese. Gene 2017, 628, 87–92. [CrossRef]

71. Liu, F.; Zeng, J.; Zhu, D.; Xu, X.; Lan, M.; Wang, M.; Zhao, J.; Xia, H.; Zhang, Y.; Zhang, R. PDGFA gene rs9690350 polymorphism
increases biliary atresia risk in Chinese children. Biosci. Rep. 2020, 40. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI200421153
http://doi.org/10.1203/PDR.0b013e3181d22a73
http://www.ncbi.nlm.nih.gov/pubmed/20234283
http://doi.org/10.1203/01.PDR.0000161414.99181.61
http://www.ncbi.nlm.nih.gov/pubmed/15845635
http://doi.org/10.1172/jci.insight.88747
http://www.ncbi.nlm.nih.gov/pubmed/28289704
http://doi.org/10.3748/wjg.v11.i31.4886
http://doi.org/10.1007/s10620-007-9914-1
http://doi.org/10.1097/01.mpg.0000192247.55583.fa
http://doi.org/10.1111/ahg.12199
http://doi.org/10.18632/aging.103067
http://doi.org/10.1016/j.jhep.2013.07.021
http://doi.org/10.1007/s00383-018-4243-3
http://doi.org/10.1007/s00439-013-1368-2
http://doi.org/10.1016/j.jpedsurg.2016.05.009
http://doi.org/10.1371/journal.pone.0138381
http://doi.org/10.1042/BSR20193623
http://doi.org/10.1542/peds.2004-1900
http://doi.org/10.5114/ceh.2020.99526
http://doi.org/10.1016/j.dld.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/26795543
http://doi.org/10.1016/j.jpedsurg.2008.03.037
http://doi.org/10.1111/j.1872-034X.2011.00870.x
http://www.ncbi.nlm.nih.gov/pubmed/22118303
http://doi.org/10.1097/MCG.0b013e3181b152c2
http://doi.org/10.1002/jcla.22342
http://doi.org/10.1016/j.gene.2017.07.027
http://doi.org/10.1042/BSR20200068
http://www.ncbi.nlm.nih.gov/pubmed/32662506


Int. J. Mol. Sci. 2022, 23, 4841 13 of 14

72. Liu, J.; Yang, Y.; Dong, R.; Zheng, C.; Pei, J.; Chen, G.; Shen, Z.; Huang, Y.; Zheng, S. Cytotoxic T lymphocyte-associated
antigen-4 gene polymorphisms and biliary atresia susceptibility in Chinese children. Int. J. Clin. Exp. Pathol. 2018, 11, 2846–2851.
[PubMed]

73. Sa-nguanmoo, P.; Vejchapipat, P.; Chongsrisawat, V.; Chirathaworn, C.; Honsawek, S.; Theamboonlers, A.; Poovorawan, Y.
Analysis of connective tissue growth factor promoter polymorphism in Thai children with biliary atresia. J. Med. Assoc. Thai 2007,
90, 251–257. [PubMed]

74. Udomsinprasert, W.; Tencomnao, T.; Honsawek, S.; Anomasiri, W.; Vejchapipat, P.; Chongsrisawat, V.; Poovorawan, Y. +276 G/T
single nucleotide polymorphism of the adiponectin gene is associated with the susceptibility to biliary atresia. World J. Pediatr.
2012, 8, 328–334. [CrossRef]

75. Zhao, R.; Song, Z.; Dong, R.; Li, H.; Shen, C.; Zheng, S. Polymorphism of ITGB2 gene 3′-UTR+145C/A is associated with biliary
atresia. Digestion 2013, 88, 65–71. [CrossRef]

76. Donaldson, P.T.; Clare, M.; Constantini, P.K.; Hadzic, N.; Mieli-Vergani, G.; Howard, E.; Kelley, D. HLA and cytokine gene
polymorphisms in biliary atresia. Liver 2002, 22, 213–219. [CrossRef]

77. Mack, C.L.; Anderson, K.M.; Aubrey, M.T.; Rosenthal, P.; Sokol, R.J.; Freed, B.M. Lack of HLA predominance and HLA shared
epitopes in biliary Atresia. Springerplus 2013, 2, 42. [CrossRef]

78. Lee, H.C.; Chang, T.Y.; Yeung, C.Y.; Chan, W.T.; Jiang, C.B.; Chen, W.F.; Chan, H.W.; Liu, H.F.; Lin, M.; Lee, Y.J. Association of
interferon-gamma gene polymorphisms in Taiwanese children with biliary atresia. J. Clin. Immunol. 2010, 30, 68–73. [CrossRef]

79. Lee, H.C.; Chang, T.Y.; Yeung, C.Y.; Chan, W.T.; Jiang, C.B.; Chan, H.W.; Chen, W.F.; Yang, H.W.; Lin, M.; Lee, Y.J. Association of
polymorphisms in the Interleukin-18 gene with susceptibility to biliary atresia. J. Pediatr. Gastroenterol. Nutr. 2011, 52, 607–611.
[CrossRef]

80. Chen, Y.; Gilbert, M.A.; Grochowski, C.M.; McEldrew, D.; Llewellyn, J.; Waisbourd-Zinman, O.; Hakonarson, H.; Bailey-Wilson,
J.E. A genome-wide association study identifies a susceptibility locus for biliary atresia on 2p16.1 within the gene EFEMP1. PLoS
Genet. 2018, 14, e1007532.

81. Yang, Y.; Jin, Z.; Dong, R.; Zheng, C.; Huang, Y.; Zheng, Y.; Shen, Z.; Chen, G.; Luo, X.; Zheng, S. MicroRNA-29b/142–5p
contribute to the pathogenesis of biliary atresia by regulating the IFN-γ gene. Cell Death Dis. 2018, 9, 545. [CrossRef]

82. Li, K.; Zhang, X.; Yang, L.; Wang, X.X.; Yang, D.H.; Cao, G.Q.; Li, S.; Mao, Y.Z.; Tang, S.T. Foxp3 promoter methylation impairs
suppressive function of regulatory T cells in biliary atresia. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G989–G997.
[CrossRef]

83. Hsu, Y.A.; Lin, C.H.; Lin, H.J.; Huang, C.C.; Lin, H.C.; Chen, Y.C.; Chang, C.Y.; Huang, S.H.; Lin, J.M.; Lee, K.R.; et al. Effect of
microRNA-155 on the interferon-gamma signaling pathway in biliary atresia. Chin. J. Physiol. 2016, 59, 315–322. [CrossRef]

84. Zhao, R.; Dong, R.; Yang, Y.; Wang, Y.; Ma, J.; Wang, J.; Li, H.; Zheng, S. MicroRNA-155 modulates bile duct inflammation by
targeting the suppressor of cytokine signaling 1 in biliary atresia. Pediatr. Res. 2017, 82, 1007–1016. [CrossRef]

85. Xiao, Y.; Wang, J.; Yan, W.; Zhou, Y.; Chen, Y.; Zhou, K.; Wen, J.; Wang, Y.; Cai, W. Dysregulated miR-124 and miR-200 expression
contribute to cholangiocyte proliferation in the cholestatic liver by targeting IL-6/STAT3 signalling. J. Hepatol. 2015, 62, 889–896.
[CrossRef]

86. Chen, G.; Wan, H.; Luo, F.; Zhang, L.; Xu, Y.; Lewkowich, I.; Wills-Karp, M.; Whitsett, J.A. Foxa2 programs Th2 cell-mediated
innate immunity in the developing lung. J. Immunol. 2010, 184, 6133–6141. [CrossRef]

87. Shivakumar, P.; Sabla, G.; Mohanty, S.; McNeal, M.; Ward, R.; Stringer, K.; Caldwell, C.; Chougnet, C.; Bezerra, J.A. Effector role of
neonatal hepatic CD8+ lymphocytes in epithelial injury and autoimmunity in experimental biliary atresia. Gastroenterology 2007,
133, 268–277. [CrossRef]

88. Kawashima, N.; Yoon, S.J.; Itoh, K.; Nakayama, K. Tyrosine kinase activity of epidermal growth factor receptor is regulated by
GM3 binding through carbohydrate to carbohydrate interactions. J. Biol. Chem. 2009, 284, 6147–6155. [CrossRef]

89. Cabernard, C.; Affolter, M. Distinct roles for two receptor tyrosine kinases in epithelial branching morphogenesis in Drosophila.
Dev. Cell 2005, 9, 831–842. [CrossRef]

90. Chacko, B.K.; Scott, D.W.; Chandler, R.T.; Patel, R.P. Endothelial surface N-glycans mediate monocyte adhesion and are targets for
anti-inflammatory effects of peroxisome proliferator-activated receptor γ ligands. J. Biol. Chem. 2011, 286, 38738–38747. [CrossRef]

91. Lendahl, U.; Lui, V.C.H.; Chung, P.H.Y.; Tam, P.K.H. Biliary Atresia-emerging diagnostic and therapy opportunities. EBioMedicine
2021, 74, 103689. [CrossRef]

92. Lertudomphonwanit, C.; Mourya, R.; Fei, L.; Zhang, Y.; Gutta, S.; Yang, L.; Bove, K.E.; Shivakumar, P.; Bezerra, J.A. Large-scale
proteomics identifies MMP-7 as a sentinel of epithelial injury and of biliary atresia. Sci. Transl. Med. 2017, 9, eaan8462. [CrossRef]

93. Dong, R.; Jiang, J.; Zhang, S.; Shen, Z.; Chen, G.; Huang, Y.; Zheng, Y.; Zheng, S. Development and Validation of Novel Diagnostic
Models for Biliary Atresia in a Large Cohort of Chinese Patients. EBioMedicine 2018, 34, 223–230. [CrossRef]

94. Chen, X.; Dong, R.; Shen, Z.; Yan, W.; Zheng, S. Value of Gamma-Glutamyl Transpeptidase for Diagnosis of Biliary Atresia by
Correlation With Age. J. Pediatr. Gastroenterol. Nutr. 2016, 63, 370–373. [CrossRef]

95. Rendón-Macías, M.E.; Villasís-Keever, M.A.; Castañeda-Muciño, G.; Sandoval-Mex, A.M. Improvement in accuracy of gamma-
glutamyl transferase for differential diagnosis of biliary atresia by correlation with age. Turk. J. Pediatr. 2008, 50, 253–259.

96. Liu, Y.; Xu, R.; Wu, D.; Wang, K.; Tu, W.; Peng, C.; Chen, Y. Development and validation of a novel nomogram and risk score for
biliary atresia in patients with cholestasis. Dig. Liver Dis. 2021. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/31938405
http://www.ncbi.nlm.nih.gov/pubmed/17375628
http://doi.org/10.1007/s12519-012-0377-x
http://doi.org/10.1159/000352025
http://doi.org/10.1046/j.0106-9543.2002.01647.x
http://doi.org/10.1186/2193-1801-2-42
http://doi.org/10.1007/s10875-009-9330-8
http://doi.org/10.1097/MPG.0b013e3182111b9b
http://doi.org/10.1038/s41419-018-0605-y
http://doi.org/10.1152/ajpgi.00032.2016
http://doi.org/10.4077/CJP.2016.BAE419
http://doi.org/10.1038/pr.2017.87
http://doi.org/10.1016/j.jhep.2014.10.033
http://doi.org/10.4049/jimmunol.1000223
http://doi.org/10.1053/j.gastro.2007.04.031
http://doi.org/10.1074/jbc.M808171200
http://doi.org/10.1016/j.devcel.2005.10.008
http://doi.org/10.1074/jbc.M111.247981
http://doi.org/10.1016/j.ebiom.2021.103689
http://doi.org/10.1126/scitranslmed.aan8462
http://doi.org/10.1016/j.ebiom.2018.07.025
http://doi.org/10.1097/MPG.0000000000001168
http://doi.org/10.1016/j.dld.2021.09.015


Int. J. Mol. Sci. 2022, 23, 4841 14 of 14

97. Wu, J.F.; Jeng, Y.M.; Chen, H.L.; Ni, Y.H.; Hsu, H.Y.; Chang, M.H. Quantification of Serum Matrix Metallopeptide 7 Levels May
Assist in the Diagnosis and Predict the Outcome for Patients with Biliary Atresia. J. Pediatr. 2019, 208, 30–37.e31. [CrossRef]

98. Yang, L.; Zhou, Y.; Xu, P.-P.; Mourya, R.; Lei, H.-Y.; Cao, G.-Q.; Xiong, X.-L.; Xu, H.; Duan, X.-F.; Wang, N.; et al. Diagnostic
Accuracy of Serum Matrix Metalloproteinase-7 for Biliary Atresia. Hepatology 2018, 68, 2069–2077. [CrossRef]

99. Jiang, J.; Wang, J.; Shen, Z.; Lu, X.; Chen, G.; Huang, Y.; Dong, R.; Zheng, S. Serum MMP-7 in the Diagnosis of Biliary Atresia.
Pediatrics 2019, 144. [CrossRef] [PubMed]

100. He, L.; Ip, D.K.M.; Tam, G.; Lui, V.C.H.; Tam, P.K.H.; Chung, P.H.Y. Biomarkers for the diagnosis and post-Kasai portoenterostomy
prognosis of biliary atresia: A systematic review and meta-analysis. Sci. Rep. 2021, 11, 11692. [CrossRef] [PubMed]

101. Behairy, O.G.; Elsadek, A.E.; Behiry, E.G.; Elhenawy, I.A.; Shalan, N.H.; Sayied, K.R. Clinical Value of Serum Interleukin-
33 Biomarker in Infants With Neonatal Cholestasis. J. Pediatr. Gastroenterol. Nutr. 2020, 70, 344–349. [CrossRef] [PubMed]

102. Dong, R.; Dong, K.; Wang, X.; Chen, G.; Shen, C.; Zheng, S. Interleukin-33 overexpression is associated with gamma-glutamyl
transferase in biliary atresia. Cytokine 2013, 61, 433–437. [CrossRef] [PubMed]

103. Vejchapipat, P.; Poomsawat, S.; Chongsrisawat, V.; Honsawek, S.; Poovorawan, Y. Elevated serum IL-18 and interferon-gamma in
medium-term survivors of biliary atresia. Eur. J. Pediatr. Surg. 2012, 22, 29–33. [CrossRef] [PubMed]

104. Urushihara, N.; Iwagaki, H.; Yagi, T.; Kohka, H.; Kobashi, K.; Morimoto, Y.; Yoshino, T.; Tanimoto, T.; Kurimoto, M.; Tanaka,
N. Elevation of serum interleukin-18 levels and activation of Kupffer cells in biliary atresia. J. Pediatr. Surg. 2000, 35, 446–449.
[CrossRef]

105. Irvine, K.M.; Wockner, L.F.; Hoffmann, I.; Horsfall, L.U.; Fagan, K.J.; Bijin, V.; Lee, B.; Clouston, A.D.; Lampe, G.; Connolly,
J.E.; et al. Multiplex serum protein analysis identifies novel biomarkers of advanced fibrosis in patients with chronic liver disease
with the potential to improve diagnostic accuracy of established biomarkers. PLoS ONE 2016, 11, e0167001. [CrossRef]

106. Kerola, A.; Lampela, H.; Lohi, J.; Heikkilä, P.; Mutanen, A.; Hagström, J.; Tervahartiala, T.; Sorsa, T.; Haglund, C.; Jalanko, H.; et al.
Increased MMP-7 expression in biliary epithelium and serum underpins native liver fibrosis after successful portoenterostomy in
biliary atresia. J. Pathol. Clin. Res. 2016, 2, 187–198. [CrossRef]

107. Wai, C.T.; Greenson, J.K.; Fontana, R.J.; Kalbfleisch, J.D.; Marrero, J.A.; Conjeevaram, H.S.; Lok, A.S. A simple noninvasive index
can predict both significant fibrosis and cirrhosis in patients with chronic hepatitis C. Hepatol 2003, 38, 518–526. [CrossRef]

108. Yang, L.Y.; Fu, J.; Peng, X.F.; Pang, S.Y.; Gao, K.K.; Chen, Z.R.; He, L.J.; Wen, Z.; Wang, H.; Li, L.; et al. Validation of aspartate
aminotransferase to platelet ratio for diagnosis of liver fibrosis and prediction of postoperative prognosis in infants with biliary
atresia. World J. Gastroenterol. 2015, 21, 5893–5900. [CrossRef]

109. Grieve, A.; Makin, E.; Davenport, M. Aspartate Aminotransferase-to-Platelet Ratio index (APRi) in infants with biliary atresia:
Prognostic value at presentation. J. Pediatr. Surg. 2013, 48, 789–795. [CrossRef]

110. Ueno, T.; Kodama, T.; Noguchi, Y.; Saka, R.; Takama, Y.; Tazuke, Y.; Bessho, K.; Okuyama, H. Clinical implications of serum
Mac-2-binding protein (M2BPGi) during regular follow-up of patients with biliary atresia. Pediatr. Surg. Int. 2018, 34, 1065–1071.
[CrossRef]

111. Chongsrisawat, V.; Kongtawelert, P.; Tongsoongnoen, W.; Tangkijvanich, P.; Vejchapipat, P.; Poovorawan, Y. Serum hyaluronan as
a marker reflecting the severity of cirrhosis and portal hypertension in postoperative biliary atresia. Pediatr. Surg. Int. 2004, 20,
773–777. [CrossRef]

112. Hasegawa, T.; Sasaki, T.; Kimura, T.; Hoki, M.; Okada, A.; Mushiake, S.; Yagi, M.; Imura, K. Measurement of serum hyaluronic
acid as a sensitive marker of liver fibrosis in biliary atresia. J. Pediatr. Surg. 2000, 35, 1643–1646. [CrossRef]

113. Ueno, T.; Kodama, T.; Noguchi, Y.; Nomura, M.; Saka, R.; Takama, Y.; Tazuke, Y.; Bessho, K.; Okuyama, H. Serum Mac-2-binding
protein (M2BPGi) as a marker of chronological liver fibrosis in biliary atresia patients with cirrhosis. Pediatr. Surg. Int. 2019, 35,
1065–1070. [CrossRef]

http://doi.org/10.1016/j.jpeds.2018.12.006
http://doi.org/10.1002/hep.30234
http://doi.org/10.1542/peds.2019-0902
http://www.ncbi.nlm.nih.gov/pubmed/31604829
http://doi.org/10.1038/s41598-021-91072-y
http://www.ncbi.nlm.nih.gov/pubmed/34083585
http://doi.org/10.1097/MPG.0000000000002565
http://www.ncbi.nlm.nih.gov/pubmed/31764415
http://doi.org/10.1016/j.cyto.2012.10.035
http://www.ncbi.nlm.nih.gov/pubmed/23178147
http://doi.org/10.1055/s-0032-1306260
http://www.ncbi.nlm.nih.gov/pubmed/22434229
http://doi.org/10.1016/S0022-3468(00)90211-2
http://doi.org/10.1371/journal.pone.0167001
http://doi.org/10.1002/cjp2.50
http://doi.org/10.1053/jhep.2003.50346
http://doi.org/10.3748/wjg.v21.i19.5893
http://doi.org/10.1016/j.jpedsurg.2012.10.010
http://doi.org/10.1007/s00383-018-4317-2
http://doi.org/10.1007/s00383-004-1141-7
http://doi.org/10.1053/jpsu.2000.18342
http://doi.org/10.1007/s00383-019-04535-9

	Introduction 
	Search Strategy and Inclusion Criteria 
	Clinical Characteristics 
	Phenotypes and Clinical Manifestations of All BA Subtypes 
	Surgical Treatment for All BA 
	Clinical Characteristics of Different BA Subtypes 

	Etiologic and Pathogenic Mechanisms in Different Subtypes of BA 
	Mechanisms of Ciliary Dysgenesis 
	Mechanisms of Epithelial Injury 
	Mechanisms of Duct Obstruction 

	Development of Biomarkers to Improve Clinical Managements 
	Conclusions 
	References

