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Abstract: The observation of bile duct paucity is an important diagnostic finding in children, occurring
in roughly 11% of pediatric liver biopsies. Alagille syndrome (ALGS) is a well-defined syndromic form of
intrahepatic bile duct paucity that is accompanied by a number of other key features, including cardiac, facial,
ocular, and vertebral abnormalities. In the absence of these additional clinical characteristics, intrahepatic bile
duct paucity results in a broad differential diagnosis that requires supplementary testing and characterization.
Nearly 30 years after ALGS was first described, genetic studies identified a causative gene, JAGGED1, which
spearheaded over two decades of research aimed to meticulously delineate the molecular underpinnings of
ALGS. These advancements have characterized ALGS as a genetic disease and led to testing strategies that
offer the ability to detect a pathogenic genetic variant in almost 97% of individuals with ALGS. Having a
molecular understanding of ALGS has allowed for the development of numerous in vitro and in vivo disease
models, which have provided hope and promise for the future generation of gene-based and protein-based
therapies. Generation of these disease models has offered scientists a mechanism to study the dynamics
of bile duct development and regeneration, and in doing so, produced tools that are applicable to the

understanding of other congenital and acquired liver diseases.
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Alagille syndrome (ALGS) Clinical criteria of arteriohepatic dysplasia, or ALGS as it

. .. . . is more commonly known, were later described by Alagille
Overview and clinical manifestations v ’ y 2128

et al., and include bile duct paucity (Figure 1), cholestasis,

In 1969, Daniel Alagille first described several families
manifesting cholestatic jaundice, and went on to publish a
larger series characterizing the clinical phenotype of bile
duct hypoplasia with cardiac manifestations (1). Around the
same time, Watson and Miller observed a syndrome that
they called arteriohepatic dysplasia, characterized by familial
neonatal liver disease and pulmonary artery stenosis (2).
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cardiac involvement (heart murmur, peripheral pulmonic
stenosis, and/or structural heart defects), characteristic
facial appearance, eye findings (most commonly posterior
embryotoxon), and skeletal anomalies (most commonly
butterfly vertebrae) (3). Renal and vascular findings are
also relatively common and are considered to be primary
manifestations of the syndrome. ALGS has a strong
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Figure 1 Liver biopsy from a 5-month old cholestatic infant with ALGS. (A) Hematoxylin and eosin stain of liver biopsy shows a portal tract

(arrow) with branches of hepatic artery and portal vein but no bile duct present. (B) Cytokeratin 19 staining highlights minimal ductular

reaction around portal tracts (arrow) throughout the biopsy. Scale bar =200 pM. ALGS, Alagille syndrome.

genetic component with dominant inheritance and variable
penetrance, and in 1997 the gene JAGGEDI (JAGI), was
identified as the first disease gene (4,5). Genetic testing
is now a key component of the diagnostic algorithm for
ALGS.

Genetics

The genetics of ALGS have been very well-defined and
show a clear pattern of autosomal dominant Mendelian
inheritance, with pathogenic variants identified in one of
two genes in close to 97% of cases (6). These two genes,
7AGI1 and NOTCH?2, encode a ligand-receptor pair,
respectively, that participate in the Notch signaling pathway
and are specifically critical in the formation of bile ducts,
where 74G1 expression in the portal vein mesenchyme has
been shown to be necessary in driving NOTCH?2-expressing
hepatoblasts to adopt a cholangiocyte fate (7,8). Failure to
activate this signaling, which could arise from the presence
of a pathogenic variant in either 74G1 or NOTCH2, drives
hepatoblasts toward the hepatocyte lineage resulting in bile
duct paucity, one of the classic features of ALGS (7-10).

JAG1

Pathogenic variants are most commonly identified
in 74G1, occurring in 94.3% of individuals with
ALGS (6). The overwhelming majority of 74GI pathogenic
variants are protein-truncating or result in whole or
partial gene deletions or complex structural variants. A
smaller percentage of individuals with ALGS have been
found to have 74AGI missense variants (13%) (6). This
observation has led to the hypothesis that ALGS is caused
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by haploinsufficiency of 74G1, and additional support for
this pathophysiologic mechanism includes the finding that
individuals with whole gene deletions have been shown
to have phenotypes indistinguishable from those with
intragenic variants, including missense variants (5,11-13).

Many functional studies have been published to
investigate the basis of missense variant pathogenicity, and
they have identified cellular trafficking defects, caused by
errors in post-translational glycosylation of the mature
JAGI1 protein, and an inability of mutant JAG1 proteins
to bind to and activate NOTCH2 (6,14-17). However,
individual analysis of these missense variants has revealed
differing degrees of impairment in their functional
capacity. For instance, the L37S variant has been well-
studied and shows both an inability of the mutant JAG1
to interact with NOTCH?2 as well as impaired cellular
trafficking, while the G274D variant has been shown to
produce both an abnormally-glycosylated protein that is not
expressed on the cell surface as well as a protein that can
effectively induce Notch signaling (15,18). Other proposed
pathogenic missense variants have been studied and found
to retain complete wild type function, resulting in their
reclassification as benign polymorphisms (15).

These studies have highlighted the importance of
functionally validating each missense variant independently,
and they have also led to the hypothesis that an alternate
disease mechanism could exist for a minority of identified
JAGI variants, namely dominant negative pathogenesis.
Studies to consider a dominant negative disease mechanism
have shown that in some instances the mutant transcripts
(mainly arising from missense alleles rather than protein-
truncating alleles) are stably-expressed, and that when the
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resultant protein products are co-expressed with wild type
JAGI in a NOTCH2 luciferase reporter assay, there is a
reduction in fluorescence readout compared to transfection
of wild type alone, suggesting that the mutant protein may
be able to compete with wild type protein for NOTCH?2
binding (19,20). However, the physiological relevance of
this in vitro model is debatable since it does not take into
account cellular trafficking defects that would prevent
JAGI from interacting with NOTCH2. A separate study
has shown that induced pluripotent stem cells (iPSCs)
containing a heterozygous deletion of 74GI resulted in
the establishment of liver organoids that appeared normal
whereas iPSCs containing a heterozygous nonsense variant
were impaired in their ability to generate liver organoids,
providing evidence that haploinsufficiency in this model
does not alone result in a deficiency in the generation of
liver organoids (21). The authors propose that a second
genetic effector must be required for cases of ALGS
caused by full gene deletions, however this hypothesis is
not supported by the existing literature or the finding that
a substantial number of individuals with ALGS have been
found to carry a gene deletion (13%) while no unaffected
individuals have been found to carry a gene deletion (6,21).

NOTCH2

Pathogenic variants are less commonly seen in NOTCH2,
occurring in 2.5% of individuals with ALGS and accounting
for a total of 19 identified pathogenic variants (6). Unlike
with 74G1, the majority of NOTCH?2 variants are missense
(68%) (6), and the few that have been functionally-studied
have shown a reduction in the ability of the resultant
protein to undergo activation by JAGI through luciferase
reporter assays (22).

Phenotypic variability

A cardinal feature of ALGS has been the widely-reported
variability in clinical phenotype among affected individuals.
Classically, a diagnosis of ALGS is made when an individual
presents with a minimum of three out of the five major
disease features (including liver, heart, eye, vertebrae, and
facies), however patients with fewer than three features have
been identified on the basis of 7AG1/NOTCH?2 gene testing,
and in all cases of ALGS, the severity of each clinical
characteristic can vary greatly from mild to severe (23,24).
Indeed, this variability extends to familial studies where
related individuals with the same pathogenic variants have
been found to have highly disparate disease presentations
(13,22,23,25-30). Furthermore, there is no evidence to
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support any genotype-phenotype correlations, and even the
earliest genetic reports have commented on a general lack
of distinction between individuals who have whole gene
deletions compared to intragenic variants (4,12,31).

This variable expressivity of ALGS has prompted a
search for genetic factors that are capable of modifying
the effects of pathogenic variants in 74G1 and NOTCH?2
to either alleviate or worsen disease features. A number of
genetic modifiers have now been proposed, and this field
represents an ongoing and active area of research. Work
has shown that genes involved in the post-translational
addition of sugar moieties (glycosylation and fucosylation)
to JAGI protein can influence JAG1-mediated Notch
signaling. The first group of genes identified to function in
this capacity was a family of genes called the Fringe genes,
which include Lunatic Fringe (LFNG), Radical Fringe
(RFNG), and Manic Fringe (MFNG) (32). All three
Fringe genes were found to affect the postnatal growth
of bile ducts in a mouse model of Fagl haploinsufficiency
that was sensitive to Fringe gene dosage (32). Two
subsequent murine studies focused on the liver-specific
glycosyltransferase, Rumi (also known as Poglutl), which
was found to lead to a dosage-sensitive effect on liver
function in mouse models, however these two studies were
in disagreement with the overall result of Rumi-mediated
genetic modification, with one study providing evidence
that Rumi expression was protective of liver function and
a second study supporting the opposite effect (33,34). The
two studies utilized different mouse models of ALGS,
which was likely contributory to their discrepant results,
however the overall conclusion that altered glycosylation
of JAG1 could function to modify the effects of liver
disease was universally supported. Interestingly, in their
work, Thakurdas er 4/. identified a transcription factor,
SOXY, that was differentially expressed in livers from
animals that were heterozygous for 7zgl compared to
livers from animals that were heterozygous for both
Fagl and Poglutl, leading to a new hypothesis, and a new
report, with data supporting a role for SOX9 in affecting
both the severity and progression of liver disease (35). One
final proposed modifier, THBS2, was identified through
a GWAS comparing individuals with mild or severe liver
disease in whom a 74GI variant had been identified (36).
This study identified a genetic locus upstream of the
THBS?2 gene and provided evidence suggesting that
individuals with a 74G1 variant and increased levels of
THBS2 may have an increased risk of developing more
severe liver disease (36).
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Liver disease in ALGS

Liver disease in ALGS, like the other associated clinical
manifestations, is highly variable, ranging from mild
biochemical abnormalities to profound cholestasis associated
with malnutrition, fat-soluble vitamin deficiencies,
refractory pruritus, and xanthomas. In some large series,
the rate of progression to liver transplantation was found to
be 20% to 30% (27), although more recent reports suggest
the numbers are higher, especially in patients presenting
with cholestatic liver disease early in life (37). Patients with
ALGS are also at risk for development of hepatocellular
carcinoma (38).

ALGS patients with chronic cholestasis in early
childhood present a management dilemma regarding the
timing of interventions such as liver transplantation, since
cholestasis is known to resolve or improve in a subset of
individuals. Several studies have addressed this question
through the identification of laboratory and clinical
biomarkers that are predictive of later outcome. Kamath
et al. analyzed laboratory data from 33 ALGS patients,
stratified into mild and severe hepatic outcome groups,
at greater than 10 years of age. They found that total
bilirubin >6.5 mg/dL, conjugated bilirubin >4.5 mg/dL, and
cholesterol >520 mg/dL in these children before 5 years of
age were predictive of severe liver disease later in life (39).
As has been found in other studies, 74G1 mutation type
did not have any relationship to outcome. In a larger study,
analysis of clinical data on 144 patients with a confirmed
clinical or genetic diagnosis of ALGS (67 mild and
77 severe) determined that severe long-term hepatic
outcome could be predicted by a model including presence
of fibrosis on liver biopsy obtained before 5 years of age,
presence of xanthomas on physical examination and total
bilirubin >3.8 mg/dL between 1 and 2 years of age (40).
Taken together, these data indicated that prolonged
hyperbilirubinemia beyond the first few years of life in
ALGS portends a more severe hepatic outcome.

Kamath et al. recently published a study of the outcomes
of childhood cholestasis in 293 ALGS patients enrolled in
a longitudinal study through the NIH-funded Childhood
Liver Disease Research Network (ChiLDReN) (37).
This cohort of patients was followed at pediatric referral
centers, with evidence of liver involvement as a criterion for
enrollment in the study. The study found that markers of
cholestasis, such as total bilirubin and cholesterol, tended
to peak in infancy and normalize over time, and xanthomas
and pruritus improved. However, the authors found a high
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burden of complications related to portal hypertension by
20 years of age, with 36% cumulative incidence of ascites,
GI bleeding in 16%, and splenomegaly in 50%. By age
20 years, 40% of the cohort met criteria for clinically
evident portal hypertension [as defined in (41)]. Overall
transplant-free survival in this cohort at the age of 18.5 years
was 24%. These data suggest that in ALGS, cholestasis
peaks in the first years of life but portal hypertension
commonly develops later, with associated complications,
and often requires liver transplantation during childhood.
In contrast, signs of portal hypertension often manifest
earlier in other cholestatic liver diseases, biliary atresia
in particular. In one study of long-term outcomes in 219
children with biliary atresia surviving with native liver,
splenomegaly was reported in 56% and thrombocytopenia
in 64% at a mean age of 10 years (42). In another study of
163 biliary atresia patients surviving with native liver at a
mean age of 9.2 years, 43 (26%) had already experienced
at least one complication of portal hypertension, and 37
(23%) met criteria for definite portal hypertension based on
platelet count and spleen size (43). Further studies will be
necessary to understand the differences in pathophysiology
that lead to disease progression in ALGS and other
cholestatic disorders.

Growth failure is a common clinical manifestation in
ALGS that was observed from the earliest descriptions of
the syndrome (1,3) and is often severe enough to be an
indication for liver transplantation. Growth deficits are
likely multi-factorial in ALGS, related to the underlying
genetic etiology, as well as cholestatic liver disease,
malnutrition, vitamin deficiencies, and in some cases
renal or cardiac disease. Several studies have shown more
significant growth deficits in ALGS as compared with other
cholestatic diseases such as biliary atresia. In one study,
ALGS children had stunting of linear growth, low body
weight and fat and muscle stores (44). Despite these growth
deficits, resting energy expenditure has been found to be
normal in ALGS (45). One large study examined outcomes
of liver transplantation in 91 patients with ALGS compared
with 236 with biliary atresia as reported in the Studies of
Pediatric Liver Transplantation database (46). Growth
failure was listed as a primary or secondary indication for
liver transplantation in the majority of the ALGS patients.
Growth failure was more profound in the ALGS patients,
with a height z-score of -3 at the time of transplant in
ALGS as compared with -1 in the biliary atresia group.
The ALGS patients did demonstrate good catch-up growth
post-transplant, but their parameters did not normalize,
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indicating a genetic component to their growth deficits.

ALGS therapy: curvent recommendations and future
directions

Clinical treatments

In general, therapy for ALGS-related liver disease is
focused on supportive care for nutrition, fat-soluble vitamin
deficiencies, and cholestasis. Pruritus of cholestasis is one
of the most difficult problems to treat, and also one of
the most disruptive to patients’ quality of life. Medical
treatment of pruritus typically involves a combination
of approaches, including choleretics, antihistamines,
and rifampin and opiate antagonists such as naltrexone.
Recently, sertraline has also been studied as an alternative
treatment for pruritus in ALGS and other cholestatic
disorders (47). In the most refractory cases, surgical biliary
diversion may be considered.

Wang er al. recently conducted an analysis of surgical
interruption of the enterohepatic circulation as a treatment
for pediatric cholestasis (48). They identified 58 children
with inherited cholestasis [20 with ALGS and 38 with forms
of progressive familial intrahepatic cholestasis (PFIC)] who
had undergone biliary diversion or ileal exclusion surgeries
at centers participating in ChiLDReN. The majority of
the ALGS patients were reported to have improvement
in pruritus scores and reduction in serum cholesterol
but not bilirubin levels. There was also a trend towards
improvement in xanthomas in ALGS.

A new class of drugs under study for treatment of
pruritus in ALGS are the apical, sodium-dependent bile
acid transporter (ASBT) inhibitors. These drugs work to
interrupt the enterohepatic circulation through potent
chemical inhibition of the ileal bile acid transporters,
thereby acting as a form of medical biliary diversion.
ChiLDReN conducted a placebo-controlled clinical trial of
the ASBT inhibitor maralixibat (Mirum Pharmaceuticals,
Foster City, CA, USA) in 37 children with ALGS and
found that some doses resulted in significantly reduced
pruritus (49). There was no statistically significant
reduction in serum bile acids with the active drug in this
study, and adverse events were similar between those
receiving active drug and placebo. Another study of
maralixibat in ALGS patients included a randomized
drug withdrawal and long-term open label extension.
In this study, the ASBT inhibitor maralixibat was found
to be well-tolerated and associated with significant and
durable improvement in pruritus scores and serum bile

© Translational Gastroenterology and Hepatology. All rights reserved.

Page 5 of 10

acids (50). A separate Phase 2 study of the ASBT inhibitor
odevixibat (A4250; Albireo Pharma, Inc., Boston, MA,
USA) enrolled 24 children with cholestatic liver disease,
including 6 with ALGS and found that the majority
of patients experienced improvements in pruritus and
sleep disturbance and reduction in serum bile acids (51).
These drugs have promise for treatment of pruritus in
children with cholestatic liver disease and are currently

undergoing further study.

Experimental research

ALGS provides a unique opportunity for the development
of novel therapeutic approaches that would target Notch
pathway signaling to promote cholangiocyte differentiation.
Unlike structural heart defects that occur during early
embryogenesis, intrahepatic bile duct development
continues postnatally as the liver grows. This hypothesis is
supported by the work of Libbrecht et al, who performed a
detailed study of a liver explant in a 17-year-old individual
with ALGS (52). They found normally formed bile ducts
in the hilar area, with complete absence of bile ducts in the
periphery, suggesting a lack of branching and elongation of
bile ducts during postnatal liver growth. Theoretically, it
would be possible to target this process and augment Notch
signaling sufficiently to allow new bile ducts to develop
and thereby improve manifestations of cholestatic liver
disease. These therapeutic approaches might be specific to
JAGI mutation types or include global methods to increase
expression of the wildtype 7AGI allele. Exploitation of
genetic modifiers could present another opportunity to fine-
tune Notch signaling at the cellular level. Research efforts
are underway to develop such personalized therapeutic
approaches that could ameliorate the clinical manifestations
in ALGS. In support of these types of therapeutic
investigations, a number of both iz vive and in vitro models
of ALGS have been developed to better understand the
biology of this disease.

Animal models

Numerous mouse models have been described that attempt
to recapitulate the human phenotypic spectrum of ALGS,
and these have been very thoroughly reviewed in a recent
publication (53). These models have focused heavily on
creating perturbations in the Notch signaling pathway,
leading predominantly to the generation of various
knockout strains of both 7agl and Nozch1. Not surprisingly,
given the universal importance of Notch signaling across
many developmental processes, homozygous deletion
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of Fagl was quickly shown to be embryonic lethal (54).
Although original heterozygous Jazgl mouse models did
not mimic any of the clinical features of ALGS (54),
subsequent reports found that breeding these animals
on a different genetic background (C57BL/6) produced
heterozygous animals with human disease features (33). In
an effort to identify alternate models that give rise to an
ALGS phenotype, mouse models incorporating compound
heterozygous loss of both 72gl and Notch2 were developed
that displayed features of human disease, including hepatic,
cardiac, eye, and kidney defects (55).

To circumvent the issues surrounding lethality in
Fagl knockout animals, various animals engineered by
conditional knockout have been described (10,56), and
serendipitously these models have also helped to define
the biological role and cellular context for Jagl by
confirming its cell-specific expression in the portal vein
mesenchyme (9). Selective knockout of 7ag! in SM22a-
positive cells in the portal vein mesenchyme give rise to
many of the hepatic features of ALGS, including bile duct
paucity and liver failure (9).

Although a majority of studies aimed to identify mouse
models of ALGS have utilized gene knockout as a tool to
decrease and/or remove Fagl expression, models of Jagl
missense variants have also been characterized (57,58).
Interestingly these mice were the products of N-ethyl-
N-nitrosurea (ENU) screens that were selected for study
due to having unique head-bobbing phenotypes, and
subsequently were found to have missense variants in
Fagl that affected development of the inner ear and other
organs. Of the described models, homozygous expression
of the missense variant H268Q, which gives rise to the

1 Ndr

aptly named Nodder mice (7zgI™), has been carefully
analyzed and shown to recapitulate many of the features
of ALGS, including delayed biliary differentiation and
morphogenesis and jaundice (58). Of particular, value is that
these animals are able to survive into adulthood, which has
been advantageous in showing that biliary maintenance is
also defective in this model.

In addition to mice, zebrafish models of ALGS have also
been described. The extrahepatic and intrahepatic biliary
system has been well-characterized in these animals (59-61),
and both morpholino and transgenic perturbation of jugged
genes has been successful in replicating the spectrum
of clinical features associated with the disease (60,62).
Zebrafish express three jagged genes (jagla, jaglh, and
jag2b) and targeted morpholino knockdown of both juglb
and jag2b has been shown to phenocopy ALGS, with fish
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displaying liver, kidney, pancreatic, craniofacial, and cardiac
defects (60). This result was corroborated using transgenic
and knockout zebrafish lines that further showed a necessary
and sufficient role for Jaglb and Jag2b as the sole ligands
responsible for inducing all duct cell specification within the
liver (62).

Cell-based models

Multiple approaches have been undertaken to identify
physiologically-relevant in vitro models in which to study
the hepatic features of ALGS. These have involved the
generation of bi-potent liver progenitor cells from liver
tissues (63), the derivation of liver progenitors from
hepatocytes via chemical conversion (64), and the utilization
of both embryonic stem cells and iPSCs to produce 3D
organoid cultures (21,65-68). For a thorough overview
of these individual systems, we recommend a recently
published review article (69).

Liver tissue is difficult to access, and there is an allure
to being able to derive 3D systems from iPSCs, which can
be generated from numerous tissue types that are more
accessible, including peripheral blood and fibroblasts.
Indeed, 3D cultures produced from stem cells have
been shown to form ducts and exhibit properties of fluid
secretion, showing promise in their ability to mimic
physiologically-relevant hepatic properties (65-68). A more
recent report details the generation of human hepatic
organoids derived from iPSCs from both healthy individuals
as well as individuals with ALGS (21). Importantly, this
system was shown to recapitulate both liver development
and the capacity for regeneration, two aspects that are
particularly important for the study of ALGS. The authors
were able to show ALGS patient-derived organoids were
defective in their ability to form duct structures and were
generally less efficient at forming organoids than those
derived from controls (21).

Non-syndromic bile duct paucity

Bile duct paucity is defined as a bile duct to hepatic artery
ratio of less than 0.5 in an adequate liver biopsy specimen
(at least 10 portal tracts). The differential diagnosis of bile
duct paucity in the absence of other clinical manifestations
of ALGS is broad and includes other metabolic and genetic
disorders, infection, immune/inflammatory disorders, drug-
associated vanishing bile duct syndrome, endocrinopathies
and idiopathic (7uble 1) (70). The increasing availability of
genetic testing for inherited cholestatic disorders will result
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Table 1 Disorders associated with bile duct paucity in children (70)

Syndromic bile duct paucity —Alagille syndrome
Non-syndromic bile duct paucity
Metabolic and genetic disorders
Alpha-1 antitrypsin deficiency
BSEP deficiency (ABCB11)
MDRS deficiency (ABCB4)
HNF3p deficiency
Cystic fibrosis
Peroxisomal disorders
Niemann pick type C
ARC syndrome (arthrogryposis-renal-cholestasis)
Kabuki syndrome (rare)
Chromosomal abnormalities (trisomy 17, 18 or 21) (rare)
Infection
Congenital cytomegalovirus infection
Congenital syphilis (rare)
Congenital rubella (rare)
Inflammatory and immune disorders
Graft versus host disease
Chronic hepatic allograft rejection
Sclerosing cholangitis (primary or secondary)
Biliary atresia (late)
Sarcoidosis (rare)
Other
Drug- or antibiotic-associated vanishing bile duct syndrome
Panhypopituitarism (rare)

Idiopathic

in the identification of a definitive diagnosis in a higher
percentage of cases than in the past. A child found to have
bile duct paucity on liver biopsy should undergo a directed
evaluation depending on other presenting signs. Genetic
testing might include either a next generation sequencing
cholestasis panel (available at several different laboratories),
or exome sequencing. It should also be noted that patients
with mutations in NOTCH2, but not 74G1, have been
reported to present with isolated bile duct paucity (22).

In one recent report of a single center experience, bile
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duct paucity was present in about 11% of pediatric liver
biopsies. Over a median follow up period of 11 months,
about 50% improved and the other 50% progressed. The
best predictor of poor outcome in this cohort was the
presence of advanced fibrosis on initial liver biopsy (70).
Opverall, clinical outcome in children with bile duct paucity
is largely dependent on the underlying etiology.
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