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Abstract

Background and Aims: Alagille syndrome (ALGS) is a multisystem disor-
der, characterized by cholestasis. Existing outcome data are largely derived
from tertiary centers, and real-world data are lacking. This study aimed to
elucidate the natural history of liver disease in a contemporary, international
cohort of children with ALGS.

Approach and Results: This was a multicenter retrospective study of children
with a clinically and/or genetically confirmed ALGS diagnosis, born between
January 1997 and August 2019. Native liver survival (NLS) and event-free
survival rates were assessed. Cox models were constructed to identify early
biochemical predictors of clinically evident portal hypertension (CEPH) and
NLS. In total, 1433 children (57% male) from 67 centers in 29 countries were
included. The 10 and 18-year NLS rates were 54.4% and 40.3%. By 10 and
18years, 51.5% and 66.0% of children with ALGS experienced =1 adverse
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NATURAL HISTORY OF LIVER DISEASE IN A LARGE INTERNATIONAL COHORT

liver-related event (CEPH, transplant, or death). Children (>6 and <12 months)
with median total bilirubin (TB) levels between 25.0 and <10.0 mg/dl had a
4 1-fold (95% confidence interval [Cl], 1.6—10.8), and those =10.0 mg/dl had
an 8.0-fold (95% CI, 3.4—18.4) increased risk of developing CEPH compared
with those <5.0 mg/dl. Median TB levels between 25.0 and <10.0 mg/dl and
>10.0 mg/dl were associated with a 4.8 (95% ClI, 2.4-9.7) and 15.6 (95% CI,
8.7-28.2) increased risk of transplantation relative to <5.0 mg/dl. Median TB
<5.0 mg/dl were associated with higher NLS rates relative to 5.0 mg/dI, with
79% reaching adulthood with native liver (p <0.001).

Conclusions: In this large international cohort of ALGS, only 40.3% of chil-
dren reach adulthood with their native liver. A TB <5.0 mg/dl between 6 and
12 months of age is associated with better hepatic outcomes. These thresh-
olds provide clinicians with an objective tool to assist with clinical decision-
making and in the evaluation of therapies.

INTRODUCTION

Alagille syndrome (ALGS) is an autosomal dominant
disorder, primarily characterized by hepatic involve-
ment manifesting as high y-glutamyl transferase (GGT)
cholestasis with variable extrahepatic involvement.['!
Two causative genes encoding components of the
Notch signaling pathway have been identified in ALGS:
JAGGED1 (JAG1) and NOTCH2. Genetic testing yields
a pathogenic JAGT variant or deletion in 94.3% of pa-
tients with ALGS meeting phenotypic criteria, whereas
pathogenic variants in NOTCH2 account for 2.5% of
clinical cases.”! The prevalence of ALGS has histori-
cally been estimated to be approximately 1 in 70,000
live births; however, based on genetic analyses, the
true disease burden is likely closer to 1 in 30,000.0!

There is considerable variation in the clinical course
of ALGS, and there are no known genotypic predictors
of liver disease progression. To date, the phenotype and
natural history of ALGS have been reported from single
centers, often without molecular characterization of pa-
tients, and these data are somewhat outdated. A single
recent multicenter study of ALGS comes from tertiary
referral liver centers in North America and represents
patients with cholestasis who are most severely af-
fected.l®! As a result, the full spectrum of ALGS-related
liver involvement remains unknown, and detailed anal-
yses of real-world natural history data are lacking. This
is a crucial unmet need in an era when novel therapeu-
tic strategies are being developed to target cholestasis-
induced pruritus, such as the apical sodium-dependent
bile acid transporter (ASBT) inhibitors.[”!

The Global ALagille Alliance (GALA) Study Group was
formed to elucidate the natural history of liver disease in a
contemporary international cohort of children with ALGS.
Specifically, we sought to investigate rates of native liver

survival (NLS) in children with ALGS and a history of
neonatal cholestasis and to identify early laboratory pre-
dictors of long-term hepatic outcomes. Furthermore, we
aimed to evaluate global patient and graft survival follow-
ing liver transplantation (LT) in children with ALGS.

PATIENTS AND METHODS

The GALA Study was established in 2018 and pres-
ently consists of 67 pediatric centers from 29 countries.
Children with a clinically and/or genetically confirmed
ALGS diagnosis born between January 1997 and August
2019 were eligible for inclusion. A diagnosis of ALGS
was made in accordance with standard clinical criteria
(Table S1). Children with ALGS born before January
1997 and who had a pathogenic or likely pathogenic vari-
ant in JAG1 or NOTCH2 were also included. The study
was approved by the ethics committee at each participat-
ing center and a waiver of informed consent was granted
by each institutional review committee, if applicable.

Data collection

From May 2018 to July 2021, the medical records of
patients with ALGS were retrospectively reviewed at
each participating center and each site abstracted
data directly into REDCap (Research Electronic
Data Capture), a remote web-based database.’® To
ensure the collection of rigorous, high-quality data,
the GALA Data Coordinating Center (DCC) at The
Hospital for Sick Children, Toronto, Ontario, Canada,
implemented several quality assurances measures and
procedures as described in the Supporting Material.
This study followed the Strengthening the Reporting
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of Observational Studies in Epidemiology (STROBE)
reporting guideline for cohort studies.®

Study definitions and variables

The pathogenicity of reported variants was classified
according to the American College of Medical Genetics
and Genomics guidelines.“o] Neonatal cholestasis was
defined as having at least one of the following features
during the first 3 months of life: (1) direct/conjugated
bilirubin (CB) greater than >2.0 mg/dl (34.0 pmol/L); (2)
serum bile acids or GGT greater than 3 times the upper
limit of normal; or (3) fat-soluble vitamin deficiency,
otherwise unexplainable.[el Liver involvement at any
age was defined as a history of neonatal cholestasis,
elevated liver  aminotransferases, histological
abnormalities, history of pruritus and/or xanthomas,
or having underwent hepatobiliary surgery. Native
liver biopsy reports were reviewed to characterize
histopathological findings. Hepatic fibrosis was
reported as a dichotomous variable (absent or present)
based on review of histopathology reports. Pruritus
and xanthomas were reported at each follow-up visit as
a categorical variable (present, absent, or unknown).
Biochemical parameters including serum bile acids,
total bilirubin (TB), CB, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), GGT, total
cholesterol, and triglyceride, platelet count (PLT)
were collected during the first year of life in those who
presented with neonatal cholestasis. The AST to PLT
Ratio Index (APRI) was calculated utilizing laboratory
data from the first year of life.""! Cardiac involvement
was determined by review of echocardiogram reports.
Magnetic resonance imaging and/or computerized
tomography scan reports were reviewed to determine
the presence of cerebral and/or systemic vascular
anomalies. Clinically evidentportalhypertension (CEPH)
was defined as the combination of splenomegaly, as
noted on ultrasound and thrombocytopenia (PLT count
below 150 x 10°%/L) and/or ascites requiring treatment
with diuretics or esophageal or gastric varices requiring
intervention at endoscopy.”z] NLS was calculated from
the date of birth until LT, death, or date of last clinical
follow-up, whichever event occurred first. To evaluate
geographic differences, the cohort was stratified into
one of seven geographic regions, (1) Africa, (2) Asia,
(3) Europe, (4) the Middle East, (5) North America, (6)
Oceania (Australia and New Zealand), and (7) South
America, and compared. The time to the first adverse
liver-related event was calculated from the date of birth
until one of the following events: CEPH, LT, death, or
date of last known clinical follow-up. Patient and graft
survival following LT were calculated from the date of
LT until retransplantation, death, or date of last known
clinical follow-up. Overall survival (all-cause mortality,
including post-transplant) was calculated from the

date of birth until death or date of last known clinical
follow-up, whichever event occurred first. In an analysis
of the association between biochemistry data from the
first year of life and long-term events (manifestations
of portal hypertension [PHT], CEPH, or NLS), time
was calculated from 12 months of age until the event
of interest or date of last known clinical follow-up,
whichever occurred first. Causes of death were
classified into one of the following categories: liver or LT-
related complications, cardiac-related complications,
noncardiac vascular complications, multiorgan failure,
sepsis, bleeding, other, or unknown. All follow-up data
were censored on August 31, 2019. A summary of the
data elements is provided in Table S2.

Statistical analysis

Descriptive statistics were summarized with medians
and interquartile ranges (IQR) and categorical variables
are reported as counts and percentages. Clinical
characteristics between groups were compared using
Chi-square test or Fisher's exact test, as appropriate.
Laboratory values were log-transformed to normalize
distributions and adjusted for regional differences
by site-specific upper and lower limits of normal. For
children who underwent Kasai portoenterostomy (KPE)
during the first year of life, laboratory data were only
reported up until the surgical procedure. All analyses
were conducted in children with ALGS, and a history
of neonatal cholestasis and a secondary analysis were
performed in the entire cohort to determine the rate of
all-cause mortality. To assess the risk of NLS and LT in
the presence of the competing risk of death, the Fine
and Gray approach was applied.m] Time-dependent
Cox proportional-hazards models were constructed
to determine NLS in those who underwent a KPE or
surgical biliary diversion (BD). Event-free survival,
patientand graft survival following LT, and overall patient
survival rates were determined using the Kaplan—
Meier method, and between-group comparisons were
made with log-rank test. To determine the utility of liver
biochemistry as a prognostic marker of developing
manifestations of PHT (ascites or varices), CEPH,
and NLS, median serial laboratory measurements
from the first year of life were calculated and potential
associations were assessed using log-linear modeling.
If a relationship was identified, thresholds were visually
derived from the laboratory data distributions and the
Akaike information criterion and C-statistic values were
compared. Cox proportional-hazards models were
then used to assess the effect of the threshold on the
event(s). Hazard ratios (HRs) and 95% confidence
intervals (Cls) were estimated using univariate and
multivariate Cox regression analysis and adjusted for
sex, year of birth, and geographical region by including
this variable as a stratum. This allows each region to
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have its own background hazard rate, thereby allowing
and repairing for heterogeneity. Those who had an
event of interest (manifestations of PHT, CEPH, or LT/
death) in the first year of life or follow-up that ended
before 1 year of age were excluded. A p value<0.05
was considered statistically significant and the analysis
was performed using Statistical Analysis System (SAS)
version 9.4 and Statistical Package for the Social
Sciences (SPSS, Chicago, IL) version 25.

RESULTS
Study cohort

At the time of data extraction, a total of 1543 children
with ALGS were reported in the GALA database. Of
these subjects, 110 (7%) did not meet the study eli-
gibility criteria and were excluded from further anal-
ysis. Ascertainment of the cohort is summarized in
Figure 1. The study cohort consisted of 1433 (57%
male) clinically and/or genetically confirmed chil-
dren with ALGS, with a median follow-up of 6.0 years
(IQR, 2.5-12.2). The largest number of patients
were ascertained from Europe, 34% (n = 487), fol-
lowed by North America, 29% (n = 420), and Asia,
23% (n = 333). Evaluable results of molecular genetic
testing were available in 62% (n = 892/1433) of pa-
tients with ALGS and a pathogenic variant in JAGT or
NOTCH?2 was identified in 98% (n = 878/892). Among
genotyped patients, 2% (n = 14) were negative for
a pathogenic variant in JAG7T or NOTCH2, despite
meeting clinical criteria for ALGS (=3 clinical charac-
teristics). The majority of ALGS cases were de novo
(56%).

1543 subjects were
reported in the GALA database

Table 1 summarizes the clinical characteristics of
the entire study cohort and those with a history of neo-
natal cholestasis. Liver involvement at any age was re-
ported in 95% (n = 1321/1387) of children with ALGS,
and 85% (n = 1184/1387) presented with neonatal
cholestasis. During the study period, pruritus was re-
ported in 74% (n = 761/1028) of children with ALGS and
first manifested at a median age of 12 months (IQR,
6.2—-25.9). Nearly one in four children with ALGS re-
ported xanthomas (24%, n = 243/980), first manifesting
at a median age of 25 months (IQR, 15—-43.2). At the
first presentation of the xanthomas, patients with ALGS
had a median serum cholesterol of 645.8 mg/dl (IQR,
398.3-1020.9; n = 198).

Outcomes of liver disease

Among the 1184 patients with a history of neonatal chol-
estasis, 345 underwent an isolated LT and 4 underwent
combined liver-kidney transplantation during the study
period. Of note, an additional 14 patients with ALGS
who did not present with neonatal cholestasis, or their
initial liver presentation was unknown, underwent LT.
To determine the rate of NLS, LT, or risk of death
without LT in those with a history of neonatal cholesta-
sis (n = 1184), a competing risk analysis was performed
to evaluate the risk of each of these three independent
outcomes (Figure 2). At 5, 10, and 18years, the rate
of NLS was 66.8%, 54.4%, and 40.3%. The cumula-
tive incidence of LT at 5, 10, and 18years was 27.1%
(95% Cl, 24.3-30.1), 37.8% (95% CI, 34.2—41.3), and
50.4% (95% ClI, 45.4-55.2). The risk of death without
transplantation was 6.1% (95% ClI, 4.7-7.7), 7.8% (95%
Cl, 6.1-9.8), and 9.3% (95% ClI, 7.1-11.8). There were

Excluded (n=110)
n=58, The subject did not undergo genetic testing, or the
genetic report is unavailable, and there is insufficient
evidence to confirm a clinical ALGS diagnosis

n=28, The subject was born before Jan-1997 and does
not have a genetically confirmed diagnosis

n=11, The subject has a VUS or benign variant in JAG/
or NOTCH2, and there is insufficient evidence to

1433 children with a clinically

of ALGS were eligible for the study

and/or genetically-confirmed diagnosis

confirm a clinical ALGS diagnosis

n=10, The subject was born outside of the study period
(born after 31-Aug-19)

n=3, No pathogenic variant was identified in JAG! or
NOTCH?2, and there is insufficient evidence to confirm a
clinical ALGS diagnosis

| Excluded (n=46)

| n=46, The subject’s initial liver presentation was unknown

'
85% (n=1184/1387) 15% (n=203/1387)
of ALGS patients had of ALGS patients did not have a
a history of neonatal cholestasis history of neonatal cholestasis

FIGURE 1

Ascertainment of the GALA Study cohort stratified by patients with Alagille syndrome (ALGS) with and without a history

of neonatal cholestasis. Abbreviations: GALA, The Global ALagille Alliance (GALA) Study; JAG1, JAGGED1; VUS, variant of uncertain

significance.
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TABLE 1 Baseline clinical features for 1433 children with Alagille syndrome (ALGS) and those who presented with neonatal cholestasis

(n = 1184)

n
Male, % (n)

Age at first clinical suspicion, % (n)
0-1years

De novo, % (n)

Genetically confirmed diagnoses, % (n)
Diagnostic criteria, % (n)

Liver involvement, anyb
Echo-confirmed cardiac anomaly, any
Characteristic facies

Posterior embryotoxon

Butterfly vertebrae

Renal anomaly, any

Vascular involvement, any

Median laboratory valuesin the first
year of life in children with ALGS
who presented with neonatal
cholestasis®

Bile acids, pmol/L

Total bilirubin, mg/dl
Conjugated bilirubin, mg/d|
ALT, IU/L

AST, IU/L

GGT, IU/L

Cholesterol, mg/dI
Triglycerides, mg/dl

Platelet count, 10%/L

All

1433
57% (n = 823)

82% (n = 1148/1408)
55% (n = 415/762)
61% (n = 878)

95% (n = 1321/1387)
91% (n = 1231/1347)
90% (n = 1193/1325)
51% (n = 605/1179)
44% (n = 549/1262)
39% (n = 500/1275)
36% (n = 189/532)

<6 months

139.2 (IQR 98.6-205.7)
(n=192)

8.0 (IQR 5.8-10.4)
(n = 497)

5.5 (IQR 3.5-7.5)
(n = 440)

154.0 (IQR 96.0-228.0)
(n =503)

178.0 (IQR 116.0-263.5)
(n = 479)

510.5 (IQR 258.3-830.5)
(n = 490)

228.0 (IQR 170.0-309.0)
(n = 275)

381.0 (IQR 274.0-531.0)
(n = 226)

504.0 (IQR 389.0-605.0)
(n = 451)

History of neonatal cholestasis®

1184
59% (n = 694)

88% (n = 1033/1171)
58% (n = 348/597)
60% (n = 715)

100%

91% (n = 1017/1114)
90% (n = 984/1091)
51% (n = 503/992)
44% (n = 472/1063)
39% (n = 422/1071)
34% (n = 152/448)

>6 and £12 months

181.8 (IQR 76.4-285.8)
(n=100)

6.3 (IQR 1.2-11.8)
(n = 419)

4.4 (IQR 0.8-8.2)
(n =338)

153.0 (IQR 96.0-224.0)
(n = 439)

154.0 (IQR 106.0-223.0)
(n = 407)

427.5 (IQR 222.0-782.0)
(n = 409)

340.0 (IQR 224.0-619.0)
(n = 151)

522.0 (IQR 381.0-726.0)
(n=123)

386.0 (IQR 312.7-482.5)
(n=377)

12 months

139.9 (IQR 95.8-221.0)
(n = 247)

7.9 (IQR 4.1-11.0)
(n = 600)

5.5 (IQR 2.7-7.9)
(n = 529)

153.0 (IQR 99.0-222.8)
(n = 605)

165.0 (IQR 118.0-246.0)
(n=577)

463.0 (IQR 250.5-826.5)
(n = 599)

251.0 (IQR 186.0-387.0)
(n = 355)

416.0 (IQR 301.0 —584.0)
(n = 298)

436.5 (IQR 349.8-550.3)
(n=562)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; Echo, echocardiogram; GGT, gamma-glutamyl transferase.

@Neonatal cholestasis was defined as having at least one of the following features during the first three months of life: (1) direct/conjugated bilirubin greater
than >2.0 mg/dl (34.0 umol/L); (2) serum bile acids or GGT >3 times the upper limit of normal (ULN); (3) fat-soluble vitamin deficiency, otherwise unexplainable.

SLiver involvement at any age was defined as a history of neonatal cholestasis, elevated liver aminotransferase, histological abnormalities, history of pruritus

and/or xanthomas or underwent hepatobiliary surgery.

°In children who underwent Kasai portoenterostomy during the first year of life, laboratory data was only reported up until the procedure. Those who
underwent LT or died in the first year of life or their follow-up ended before 1year of age were excluded from the laboratory analysis.

no significant differences between male and female pa-
tients in terms of NLS rates (log-rank, p = 0.35). Rates
of NLS were significantly different across the seven
geographic regions (log-rank, p <0.001; Figure S2A
and Table S3).

Among children with ALGS, 9% (n = 102/1184) un-
derwent a KPE ata median of 61 days (IQR, 40.0-75.0;

n = 99). All patients with KPE met the classic clinical
criteria for ALGS, and the mutation detection rate was
88% (n = 66/75). Infants who underwent KPE (n = 99)
were found to have a 3.2-fold increased risk of LT/
death (95% ClI, 2.5—-4.3, p <0.001). To account for the
increased risk of LT/death among children who un-
derwent a KPE, a sensitivity competing risk analysis
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8 NATURAL HISTORY OF LIVER DISEASE IN A LARGE INTERNATIONAL COHORT

FIGURE 2 Cumulative incidence of native liver survival (NLS) in the presence of competing events (liver transplantation [LT] or risk of
death without LT; n = 1184) in children with Alagille syndrome (ALGS) who presented with neonatal cholestasis. At 5, 10, and 18years, the

rate of NLS was 66.8%, 54.4%, and 40.3%.

was conducted to determine whether these patients
were influencing the overall rate of NLS. In this anal-
ysis, children who underwent KPE were truncated at
the time of their surgical procedure, and the cumu-
lative risk for LT/death was found to be comparable
with the primary analysis: at 5, 10, and 18 years, the
rate of NLS was 70.7% (95% CI, 26.2-32.5), 58.3%
(95% CI, 37.8—45.5), and 43.0% (95% CI, 51.5-62.2)
(Figure S1).

A surgical BD was reported in 5% (n = 56/1184) of
children with ALGS, at a median age of 2.4 years (IQR,
1.9-4.4; n = 53). NLS rates in patients with ALGS who
underwent a surgical BD, revealed a 1.9-fold greater
risk of LT/death (95% CI, 1.3-3.0; p <0.001).

The median age of LT was 2.8years (IQR, 1.6—
5.4) and 72% (n = 247) of transplants were performed
during the first 5years of life. The primary indications
for LT were complications of persistent cholestasis
(intractable pruritus, growth failure, xanthomas, met-
abolic bone disease, and/or fat-soluble vitamin defi-
ciency) in 72% (n = 235/328) and manifestations of
PHT (ascites or varices) in 30% (n = 97/328; Table S4).
Not surprisingly, 53% (n = 174/328) of transplant re-
cipients with ALGS had more than one indication for
LT. Of the 97 patients who underwent LT because of
manifestations of PHT, 39% (n = 38/97) also reported
pruritus as an indication for LT. PHT as the indication
for transplantation was more prevalent among older
transplant recipients with ALGS (median 4.2 years vs.
2.5years, p = 0.001).

The majority of children with ALGS underwent a
deceased donor transplant (68%), and the median fol-
low-up duration after LT was 4.0years (IQR 1.3-8.5).
Figure 3 illustrates patient and graft survival rates fol-
lowing isolated LT. Patient survival rates following LT
at 5, 10, and 20years were 92.0%, 91.0%, and 88.0%,

respectively (Figure 3A). Graft survival rates in children
with ALGS at 5, 10, and 20years after LT were 88.0%,
86.3%, and 83.4% (Figure 3B).

Analysis of adverse liver-related events

Six hundred and fifty (650) adverse liver-related events
were reported in 471 children with ALGS and a history
of neonatal cholestasis. By 5, 10, and 18years, 36.3%,
51.5%, and 66.0% of children with ALGS experienced
at least one adverse liver-related event (Figure 4). At
10 and 18years, there were no significant differences
between male and female patients in terms of rates of
event-free survival (53.6% vs. 47.2% and 69.3% vs.
63.4%, respectively; log-rank, p = 0.22).

To further explore the progression of liver disease
in this ALGS cohort, the development of CEPH was
investigated (Figure 5). The cumulative incidence of
developing a combination of ultrasound-confirmed
splenomegaly and PLT <150 x10%L was 39.2% at
10years and 65.8% at 18years. By 18years of age,
22.3% of children with ALGS developed ascites requir-
ing treatment with diuretics and 12.7% developed vari-
ces requiring intervention at endoscopy. By 18 years of
age, 68.9% of patients developed CEPH.

Predictors of NLS

Among the 1184 patients with ALGS, serial laboratory
measurements were available in 605 with 3777
follow-up visits during the first year of life. The median
laboratory values were evaluated at the following three
time points: (1) <6 months, (2) between >6 and <12
months, and (3) 12 months.
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FIGURE 3 Patient and graft survival following isolated liver transplantation (LT) in 345 children with Alagille syndrome (ALGS). Patient
and graft survival following LT is calculated from the date of LT until retransplantation, death or the date of last known clinical follow-up. (A)
After LT, 10- and 20-year patient survival rates were 91.0% and 88.0%, respectively. (B) After LT, 10- and 20-year graft survival rates were

86.3% and 83.4%, respectively.

TB, CB, ALT, AST, and APRI showed a significant log-
linear relationship with LT or death (Table S5). Based on
the distribution of TB values, three thresholds were ap-
plied: (1) <5.0 mg/dl, (2) 25.0 and <10.0 mg/dl, and (3)
=>10.0 mg/dl. As shown in Figure 6A, a univariate Cox re-
gression analysis showed children with ALGS (>6 and
<12 months) with median TB levels <5.0 mg/dl had signifi-
cantly higher rates of NLS compared with those 5.0 mg/
dl, with 79.0% reaching adulthood with their native liver
compared with 31.6% and 18.2% (log-rank, p <0.001).
Median TB levels between =5.0 and <10.0 mg/dl were
associated with a 4.8-fold (95% CI, 2.4-9.7) increased
risk of LT. When utilizing a median serum TB cutoff of
>10.0 mg/dl, the risk of LT increased to HR 15.6 (95% Cl,
8.7-28.2) relative to those <5.0 mg/dl.

To further explore the predictive value of TB, the ap-
plied thresholds were used to investigate the risk for
developing CEPH. This analysis revealed that children
with ALGS (>6 and <12 months) with median TB lev-
els between 25.0 and <10.0 mg/dl had a 4.1-fold (95%
Cl, 1.6-10.8) increased risk of developing CEPH. For
a median serum TB threshold of 210.0 mg/dl, the risk
was HR 8.0-fold (95% CI, 3.4—18.4) versus <5.0 mg/dI
(Figure S3).

The prognostic significance of the serum TB thresh-
olds was also assessed for predicting manifestations of
PHT (ascites or varices). Children (>6 and <12 months)
with median TB levels between 25.0 and <10.0 mg/dI
and those with 210.0 mg/dl had a significant increase
in the likelihood of developing manifestations of PHT:
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10 NATURAL HISTORY OF LIVER DISEASE IN A LARGE INTERNATIONAL COHORT

FIGURE 4 Time to first adverse liver-related event in 1184 children with Alagille syndrome (ALGS). A Kaplan—Meier analysis
revealed by 5, 10, and 18years, 36.3%, 51.5%, and 66.0% of children with ALGS will experience at least one adverse liver-related event,

respectively.

FIGURE 5 Cumulative incidence of clinically evident portal hypertension in an international cohort of children with Alagille syndrome
(ALGS). (A) Ultrasound-confirmed splenomegaly and PLT <150 x 10%/L; (B) ascites requiring treatment with diuretics; (C) gastrointestinal
varices requiring intervention; (D) clinically evident portal hypertension. Abbreviation: PLT, platelet count.

4.2-fold (95% CI, 0.9-19.0) and 4.5-fold (95% CI,
1.1-18.0), respectively.

Based on the distribution of AST, a median AST
value 2152 U/L between >6 and <12 months of life was
identified and associated with an increased risk of LT
(HR, 1.9; 95% CI, 1.4-2.6: Figure 6C). No other specific

cutoffs for serum liver biochemistries, including serum
bile acids, from the first year of life, were significantly
associated with LT or death.

To explore potential bias, a sensitivity analysis was
performed to assess rates of NLS between children
with (n = 600) and without (n = 406) TB data in the first
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FIGURE 6 Early biochemical predictors for native liver survival in children with Alagille syndrome (ALGS). (A) Median serum total
bilirubin levels between >6 and <12 months; (B) Median serum total bilirubin levels from the first 12 months of life; (C) Median serum
aspartate aminotransferase (AST) levels between >6 and <12 months; (D) Median serum AST levels from the first 12 months of life.

year of life using the Kaplan-Meir method and a log-
rank. In this analysis, there were no significant differ-
ences in rates of NLS between those with and without
available laboratory data (log-rank, p = 0.78)

Hepatocellular carcinoma

Histologically proven hepatocellular carcinoma (HCC)
was reported in <1.0% (n = 9/1433) of the study co-
hort, and the median age of diagnosis was 4.1years
(IQR, 1.5-8.3). Hepatic fibrosis was reported in 55%
(n = 5/9) of native liver biopsies, and 75% (n = 3/4) had
CEPH. Among these patients, six underwent LT, two
died before LT, and one patient underwent surgical re-
section and remains alive at last clinical follow-up. The
majority of patients were diagnosed with HCC prior to
LT (n = 4/6).

Histopathology

Seven hundred and fifty-four native liver biopsy reports
were retrospectively reviewed in 604 patients with ALGS
and a history of neonatal cholestasis. Bile duct paucity
was reported in only 65% (n = 202/31) of liver biopsies

performed during the first 3 months of life. Features of
biliary obstruction, including bile duct proliferation and/
or ductular bile plugs, were reported in 22% (n = 69/311)
of patients aged <3 months. Among these 69 patients
with ALGS and histologic features of obstruction, 44
underwent genetic testing, and a pathogenic variant in
JAGT1 or NOTCH2 was identified in 31 patients (70%). In
a subgroup analysis, patients were stratified according
to the presence or absence of baseline bile duct paucity
(Table S6). Children with ALGS without baseline bile
duct paucity were significantly more likely to have giant
cell transformation (p <0.001) and features of biliary
obstruction (p <0.001).

Histological features were compared based on age
at first native liver biopsy: (1) <6 months, (2) between
>6 and <24 months, and (3) >24 months. As shown in
Table S7, the presence of bile duct paucity and fibrosis
increased significantly with advancing age (p <0.001; p
<0.001). As expected, the frequency of giant cell trans-
formation significantly decreased with age (p <0.001).

Of the 604 children with ALGS, 14% (n = 85/604) un-
derwent two or more native liver biopsies at least 12
months apart during the study period (Table S8). The
patient's first and second biopsies were compared, and
the median interval between biopsies was 31.0 months
(IQR 20.5-61.0). Second biopsies were significantly
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12 | NATURAL HISTORY OF LIVER DISEASE IN A LARGE INTERNATIONAL COHORT

more likely than baseline biopsies to show liver fibrosis
(28% vs. 62%, p = 0.01) but not bile duct paucity (66%
vs. 86%, p = 0.53). Bile duct paucity was not reported
on either baseline or follow-up biopsy in 6% (n = 5/86)
of children with ALGS who underwent a second biopsy.
Among these five patients without bile duct paucity on
either biopsy, a pathogenic variant in JAG7 or NOTCH2
was identified in 80% (n = 4/5).

Mortality

During the study period, 108 deaths were reported in
all 1433 children with ALGS. At 5, 10, and 18years, the
rate of overall patient survival was 92.8%, 91.2%, and
88.1%, respectively (Figure S4). Significant differences
in overall survival rates across geographic regions were
observed (log-rank, p = 0.002; Figure S2B). The median
age of death was 2.6 years (1.2—4.7). Liver-related com-
plications, including LT complications, were the leading
cause of death (22%; median age 2.8years, IQR, 1.6—
6.7), followed by cardiac-related complications in 18%
(median age 1.1years, IQR, 0.5-4.5), and multiorgan
failure (median age 3.9years, IQR, 3.0-7.0) and non-
cardiac vascular complications (median age 2.2years,
IQR, 1.5-3.2) accounted for 15% each.

A survival analysis was performed to compare over-
all survival in ALGS with (n = 1184) and without (n = 203)
a history of neonatal cholestasis. A Kaplan—Meier anal-
ysis showed the cumulative rate of survival at 10 and
18years was significantly lower in children with ALGS
who presented with neonatal cholestasis in comparison
with those who did not (log-rank p <0.001; Figure S5).
The 10 and 18-year patient survival rates in patients
with ALGS presenting with cholestasis were 89% and
86% compared with 100% and 97%, respectively.

DISCUSSION

To the best of our knowledge, the GALA database is the
largest cohort of children with ALGS ever ascertained
and encompasses a broad spectrum of sites in terms
of center size and geography, with 29 countries repre-
sented. This analysis of the GALA data set provides
insights into the natural history of liver disease and out-
comes of this complex disorder. In this real-world global
view, 40% of children with ALGS-cholestasis reached
adulthood with their native liver. A competing risk analy-
sis revealed that this rate of NLS is largely driven by
LT and, perhaps surprisingly, not death, despite the
multisystem nature of this disorder with substantial car-
diac involvement. As expected, heterogeneity in rates
of NLS was observed across geographic regions and
likely represents differences in allocation policies and
clinical resources. The burden of liver disease is great-
est among young children, with the median age of LT

being only 2.8years and almost three-quarters of all
LTs occurring in the first S5years of life. The majority
of early LTs occur because of complications associ-
ated with cholestasis, including pruritus, with a smaller
number occurring later in childhood due to the onset
of PHT. The NLS of 40% at 18years is higher than
the 24% rate recently reported by the Childhood Liver
Disease Research Network (ChiLDReN), which is com-
posed of North American tertiary referral centers and
therefore may select a more severely affected group
of patients.®! In addition to LT, a time to first adverse
liver-related event analysis demonstrates the extent of
clinically significant liver comorbidities occurring during
childhood, with more than 60% of children experiencing
an adverse liver event during the study period. These
data highlight the consequences of profound choles-
tasis arising from developmental defects of the biliary
tree and reveal the unmet need to develop targeted
therapies for ALGS-related cholestasis for the young-
est children. Because the majority of transplants in
ALGS have pruritus as a leading indication, antipruritic
agents that target cholestasis (rather than fibrosis) may
also offer hope to change disease biology and extend
NLS. The natural history data and outcomes presented
here are essential to evaluate therapies already in clini-
cal trials and to identify rational therapies.

Serum TB level in children with ALGS aged 6 and
<12 months was identified as a prognostic marker for
long-term hepatic outcomes. Median TB levels <5.0
mg/dl during this early stage of life were associated
with significantly higher rates of NLS, with 79% reach-
ing adulthood with their native liver. Children with ALGS
(>6 and <12 months) and median TB levels between
=25.0 and <10.0 mg/dl had an almost 5-fold increased
risk of LT, and >10 was 15.6-fold as compared with <5.0
mg/dl. It is important to note that these TB thresholds
are not only associated with LT but also appear to be
associated with progressive liver disease, as shown
by their association with the development of CEPH.
Children with ALGS (>6 and <12 months) with median
TB levels between 25.0 and <10.0 mg/dl had a 4.1-fold
increased risk of developing CEPH, and those with TB
>10.0 mg/dl had a 8.0-fold increased risk. It is intriguing
that a median AST >152 in the first year of life is also
associated with NLS, which may portend the onset of
PHT.”

These data provide clinically valuable information
to the clinician managing infants with ALGS liver dis-
ease. One of the challenges associated with the man-
agement of ALGS liver disease is the decision-making
surrounding timing of LT. Unlike biliary atresia (BA), in
which cholestasis is often progressive even after KPE,
in ALGS, a patient's cholestasis can resolve or stabi-
lize.'"" Therefore, not all children with cholestasis and
ALGS inevitably require LT, and there is a strong need
for early predictors of NLS. In a previous study, Mouzaki
et al. identified a serum TB cutoff of 3.8 mg/dl between
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12 and 24 months of life as a threshold for poor hepatic
outcome (surgical biliary diversion or LT); however, this
threshold was applied at an older age and is therefore
less clinically useful early on. Furthermore, the sam-
ple size was limited in this analysis, and patients were
stratified into outcome groups at the age of 10years,
thereby not accounting for events beyond this age.m]

It may be considered surprising that serum bile
acids in the first year of life were not predictive of
NLS in ALGS. Observations from real-world practice
at GALA sites clearly show that serum bile acid levels
are not routinely sent on a clinical basis in ALGS. Only
247 patients had serum bile acid levels available in the
first year of life for this analysis. This is in stark con-
trast to other laboratory variables evaluated as predic-
tors for which levels were available for >600 patients.
Therefore, the lack of association of serum bile acids
and liver disease outcomes in ALGS warrants further
prospective investigation, especially in an era when
ASBT inhibitors that target serum bile acid levels are
now approved therapies.[15]

This series represents the largest review of liver
biopsy reports in ALGS. Examination of liver tissue
histopathology in this extensive cohort also provides
insights that will aid diagnosis. It is noteworthy that bile
duct paucity was reported in only 65% of liver biopsies
performed during the first 3 months of life, the period
during which there are diagnostic challenges with dis-
tinguishing ALGS from syndromic BA. It is crucial for
clinicians to appreciate that more than one-third of in-
fants with ALGS will not have bile duct paucity and that,
further, almost one-quarter have histologic features of
biliary obstruction. These observations suggest that
ductular proliferation and/or bile duct plugs are not
pathognomonic of BA and are present in a sizeable
subset of infants with ALGS, potentially leading to mis-
diagnosis. Clearly, a future histopathologic review of
early ALGS liver biopsies is warranted, though even the
current data alone can inform clinical practice. These
data highlight the limitations of relying on histopathol-
ogy for diagnostic purposes in infants with cholestasis
and support the incorporation of rapid genetic testing
into diagnostic aIgorithms.“G] Consistent with earlier re-
ports, though in a substantially larger cohort, this study
also found that the frequency at which bile duct paucity
is identified on liver biopsy increases with advancing
age.m However, in individual patients who have under-
gone repeat liver biopsies, the progression of bile duct
paucity over time did not reach statistical significance.

The GALA Study demonstrates that global patient
and graft survival rates in children with ALGS are very
good, exceeding 83% at 18 years of age. These obser-
vations are comparable with two prior North American
analyses of ALGS.['"""® This reflects the global clinical
practice of carefully selecting recipients with ALGS.
Some children with ALGS may be deemed ineligible for
LT because of a severe cardiac phenotype, though, with

expert input from cardiologists, this number of patients
should diminish over time.l'"¥ It is also notable that there
is substantial early mortality 52% (<30days post-LT) in
ALGS. This concerning observation was also reported
by the prior SPLIT study in which early post-LT mortal-
ity rates were significantly higher in ALGS in compari-
son with patients transplanted for BA.'8

In this contemporary cohort of children with ALGS,
the all-cause mortality rate was 8.5%. This rate is con-
siderably lower than earlier reports and likely reflects
an increased availability of LT, earlier interventions for
cardiac defects, and subspecialty clinical teams work-
ing synergistically to manage the multisystem disease
burden.l'-32%2" Fyrthermore, although previous stud-
ies have estimated long-term outcomes in ALGS, most
of them were conducted without considering competing
risks. Among reported deaths, liver or LT-related com-
plications were the most common, followed closely by
cardiac-related complications, together accounting for
almost half of all deaths. Notably, most deaths occurred
during the first Syears of life. Patient survival data in
ALGS underscore the need for adult clinicians to be
aware of ALGS and the medical needs of these indi-
viduals as they transition from pediatric to adult care.
There is currently a paucity of research in this age
bracket, and specific recommendations for the clinical
management of adults with ALGS are lacking.

Although our study provides insight into the natu-
ral history and outcomes of ALGS, there are certain
limitations that require comment. This is a retrospec-
tive study, and therefore it was not feasible to assess
the severity and evolution of pruritus and xanthomas
from medical records. This reflects the variability with
which clinicians assess these two clinically important
features of ALGS and speaks to the need for standard-
ized methods to assess and record these on a clini-
cal basis. In addition, the histopathology data reported
were extracted from local liver biopsy reports rather
than central review. Histologic staging systems clearly
vary by site, and to overcome this to some extent, fibro-
sis was reported as a binary variable for this analysis,
though this does limit its value. Finally, the prevalence
and spectrum of hepatic involvement may still be un-
derestimated as individuals who present with partial or
subclinical disease expression may go undetected and
are not represented in this analysis. Overall, despite
the retrospective nature of the GALA, the data were
rigorously collected and queried by the DCC to account
for incompleteness.

The GALA study provides a comprehensive real-
world analysis of ALGS liver disease in more than 1400
children with ALGS from 29 countries. A TB below 5.0
mg/dl between 6 and 12 months of age appears to be
associated with better NLS and may help guide com-
plex decisions regarding timing of LT, which is challeng-
ing in ALGS. These natural history data are important
to evaluate novel therapies that are currently in clinical
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trials for ALGS. With 40% of children with ALGS sur-
viving to adulthood with native liver, adult hepatolo-
gists also need to be aware of ALGS and its complex
manifestations.
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Data collection

After receipt of a center’s data, their entries were reviewed by the DCC to confirm patient
eligibility. In addition to abstracted data, redacted, de-identified clinical documents e.g., genetic,
imaging and pathology reports were uploaded to REDCap as source documentation to allow the
DCC to verify data entries by the local site. Every variable entered by a participating center was
reviewed by the DCC for discrepancies, incompleteness, and missing data points. Detailed data
summary reports querying such discrepancies and missing variables were prepared by the DCC
and sent to site investigators for resolution, before a patient’s data were qualified to be included
in any analyses. To validate whether the date of a surgical intervention or procedure was entered
correctly, the age at the event was calculated and any age occurring below the 25th or above the
75th percentile of the entire GALA cohort was specifically queried. To avoid duplicate patient
reporting, The GALA Study Group collected data on whether patients were seen at participating
centers as a second opinion or if their care was transferred to another center. Furthermore, the
trajectory of care for patients with identical dates of birth and biological sex were reviewed and

verified by the site investigators.



Supplementary Table 1. Eligibility criteria for The GALA Study.

Pathogenic Variant in JAG1 . . Number of Clinical
Category or NOTCH2 Family History of ALGS Features Required?®
A Identified Present Any or none
B Identified None (proband) At least 1
. . b
C Not identified” or not Present 7 of more
screened for
. . b
D Not identified” or not None (proband) 3 or more
screened for

Clinical features of ALGS include bile duct paucity and/or cholestasis, cardiac, renal, ocular or skeletal
manifestations, structural vascular anomalies or events, and/or characteristic ALGS facies.

®Known disease-causing mutations were not identified during genetic screening or were not screened for.
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Supplementary Table 2. High-level summary of data elements collected in The GALA Study.

Baseline

ALGS
characteristics

Follow-up clinical and
laboratory data

Events during
long-term follow-up

Biological sex

Native liver biopsy reports

Growth parameters

Hepatoportoenterostomy

Surgical

Date of birth Echocardiogram reports Liver function tests . .
biliary diversion
Birth history Ophthalmology Pruritus Solid ~
examinations organ transplantation
Variant details Skeletal involvement Xanthomas Pregnancy
Medications for
Family history Renal involvement cholestasis-associated Mortality
pruritus
Manifestations

MRI and CT scan reports

of portal hypertension

Abbreviations: MRI, magnetic resonance imaging; CT, computerized tomography.
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Supplementary Table 3. Summary of native liver survival (NLS) rates across geographic regions at 5, 10, and

18-years in 1184 children with ALGS who presented with neonatal cholestasis.

NLS rates 5-years 10-years 18-years
Entire Cohort 66.8% 54.4% 40.3%
Africa 79.3% 67.9% 67.9%
Asia 77.0% 73.6% 67.9%
Europe 63.8% 49.7% 37.9%
Middle East 51.1% 28.8% 28.8%
North America 68.8% 57.7% 41.3%
Oceania 69.1% 51.3% 28.0%
South America 32.3% 23.1% 11.5%
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Supplementary Table 4. Indications for liver transplantation in children with ALGS who presented with
neonatal cholestasis.

Indications for Liver Transplantation n
Persistent cholestasis 48% (n=158/328)
Intractable pruritus 69% (n=161/235)
Growth failure 54% (n=127/235)
Complications of Xanthomas 49% (n=116/235)
persistent cholestasis Metabolic bone disease 7% (n=16/235)
Fat soluble vitamin deficiency 1% (n=3/235)
>1 complication of persistent cholestasis 72% (n=235/328)
Cirrhosis 3% (n=11/328)
Ascites 20% (n=19/97)
Manifestations of GI varices requiring intervention 16% (n=16/97)
portal hypertension Not specified 65% (n=63/97)
>1 manifestation of portal hypertension 30% (n=97/328)
Other 7% (n=24/328)

*The indication for LT was missing in 5% (n=17/345) of ALGS patients.
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Supplementary Table 5. Effect median values of laboratory data from the first year of life on the risk of liver
transplantation or death among ALGS patients who presented with neonatal cholestasis. The results are
presented on the logl10-scale.

Cox regression - risk of liver transplantation or death after 12 months of age
Effect Median laboratory <6 months >6 and <12 months 12 months
values on NLS in the first
year of life in ALGS HR HR HR
p.atlents who presenteq (95(%) CI) p-value (95(%) CI) p-value (95% CI) p-value
with neonatal cholestasis
. ) 1.42 0.78 0.86
Bile acids, umol/L (0.69 — 2.93) 0.339 (0.49 1 24) 0.287 (0.57 — 1.29) 0.467
e 10.41 13.88 8.24
Total bilirubin, mg/dL (5.07—21.35) <0.0001 (7.68 -25.1 <0.0001 (53— 12.79) <0.0001
. e 2.52 5.13 4.09
Conjugated bilirubin, mg/dL (151 —421) <0.0001 (322 8.16) <0.0001 (274 - 6.09) <0.0001
1.6 3.61 2.11
ALT, IU/L 096-2.68) | 2972 | (189_601) | 000011 557 353y | 0004
1.81 2.37 3.45
AST, IU/L (1.05—3.11) 0.031 (1.7-33) <0.0001 (2.01 — 5.92) <0.0001
1.05 0.81 0.9
GGT, IUL (0.68—1.61) 0.835 (0.53 —1.25) 0.35 (0.62 —1.31) 0.581
2.15 2.31 2.45
Cholesterol, mg/dL (0.94— 4.9) 0.07 (0.9 5.95) 0.083 (125 4.81) 0.009
. ) 2.08 4.09 3.07
Triglycerides, mg/dL (0.66 — 6.5) 0.209 (0.97 — 17.26) 0.055 (1.15 - 8.21) 0.025
0.98 0.94 0.97
9
Platelet Count, (50 x 10°/L) (0.94—1.03) 0.455 (0.88— 1.01) 0.088 (0.93—1.02) 0.293
1.27 1.4 1.51
APRI (105 1.55) | 010 | (127 154y | 00001 | 557 1 60y | <0000

* Cox-model of each laboratory measurement, adjusted for sex and year of birth and stratified by region

**In children who underwent Kasai portoenterostomy during the first year of life, laboratory data was only
collected up until the procedure. Those who underwent LT or died in the first year of life or their follow-up

ended before 1 year of age were excluded from the laboratory analysis.
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Supplementary Table 6. Baseline histopathologic findings in 604 children with ALGS who presented with
neonatal cholestasis stratified by the presence of bile duct paucity on baseline biopsy.

Bile duct paucity, present | Bile duct paucity, absent | p-value
n 421 183
Median age at bx, months 3.0 (IQR 2.0 —21.8) 2.5(IQR 1.8—-4.3)
Histopathologic Findings, % (n)
Giant cell transformation 25% (n=105) 48% (n=87) <0.001*
Hepatic Fibrosis 29% (n=121) 26% (n=47) 0.44
Bile duct proliferation 12% (n=49) 31% (n=56) <0.001*
Duct/ductular bile plugs 6% (n=26) 11% (n=20) 0.04*
Features of biliary obstruction, any 15% (n=65) 36% (n=66) <0.001*
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Supplementary Table 7. Baseline histopathologic findings in 604 children with ALGS and a history of
neonatal cholestasis stratified by age at first biopsy.

S6B Ill(l)(l));{hs >6 an(;3 ;;l:lsl);mnths >2Ell(1)11())sn);hs p-value
n 408 82 114
Median age at biopsy, months (IQR) | 2.0 (IQR 1.5-3.0) 11.3(IQR7.4-17.2) | 49.8 (IQR 35.6 —80.4)
Histopathologic Findings, % (n)

Bile duct paucity 64% (n=262) 73% (n=60) 87% (n=100) <0.001*
Giant cell transformation 43% (n=176) 16% (n=13) 2% (n=2) <0.001*
Hepatic Fibrosis 22% (n=88) 37% (n=30) 45% (n=51) <0.001*
Bile duct proliferation 21% (n=86) 16% (n=13) 5% (n=6) <0.001*

Duct/ductular bile plugs 9% (n=35) 7% (n=6) 4% (n=5) 0.32
Features of biliary obstruction, any 26% (n=105) 21% (n=17) 8% (n=9) <0.001*
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Supplementary Table 8. Histopathologic findings at baseline and follow-up (>12 months apart) in 85 Children
with ALGS and a history of neonatal cholestasis.

First Liver Biopsy Second Liver Biopsy p-value
n 85 85
Median age at bx, months (IQR) 2.3 (IQR 1.8 -4.8) 35.0 (IQR 24.4 —75.0)

Histopathologic Findings, % (n)

Bile duct paucity 66% (n=56) 86% (n=73) 0.53

Giant cell transformation 47% (n=40) 4% (n=3) 0.10

Hepatic Fibrosis 28% (n=24) 62% (n=53) 0.01*

Bile duct proliferation 25% (n=21) 11% (n=9) 0.04*

Duct/ductular bile plugs 8% (n=7) 7% (n=6) 0.41

Features of biliary obstruction, any 29% (n=25) 16% (n=14) 0.02
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Supplementary Fig. 1. Cumulative incidence of native liver survival (NLS) in the presence of competing
events (LT or risk of death without liver transplantation) in children with Alagille syndrome (ALGS)
who presented with neonatal cholestasis, where those who underwent KPE were truncated at the time of
their procedure. At 5, 10, and 18-years the rate of NLS was 70.7% (95% CI, 26.2 — 32.5), 58.3% (95% CI,
37.8 —45.5), and 43.0% (95% CI, 51.5 — 62.2).
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Supplementary Fig. 2. Geographic differences in rates of native liver survival (NLS) and overall survival
(OS) in a large, international cohort of children with Alagille syndrome (ALGS). The cohort was stratified
into one of seven geographic regions — (1) Africa; (2) Asia; (3) Europe; (4) the Middle East; (5) North America;
(6) Oceania (Australia and New Zealand); and (7) South America. (A) A Kaplan-Meier analysis in 1184
children with ALGS who presented with neonatal cholestasis revealed a statistically significant difference
between rates of NLS and geographic region (log-rank, p<0.001). (B) A Kaplan-Meier analysis in 1433 children
with ALGS revealed a statistically significant difference in OS rates across geographic regions (log-rank,
p=0.002). Two subjects were excluded from the NLS and OS analysis due to missing dates of LT and death.
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Supplementary Fig. 3. Early total bilirubin (TB) levels are predictive of developing clinically evident
portal hypertension in children with Alagille syndrome (ALGS). Those who had CEPH in the first year of
life or their follow-up ended before 1 year of age were excluded from the laboratory analysis. Children (>6 and
<12 months) with median total bilirubin (TB) levels between >5.0 and <10.0 mg/dL had a 4.1-fold (95% CI 1.6
—10.8) and those >10.0 mg/dL had an 8.0-fold (95% CI 3.4 — 18.4) increased risk of developing CEPH

compared with <5.0 mg/dL.
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Supplementary Fig. 4. Overall patient survival rates in 1433 children with Alagille syndrome (ALGS). A
Kaplan—Meier survival analysis for all-cause mortality showed at 5, 10 and 18-years the rate of overall survival
was 92.8%, 91.2%, and 88.1%, respectively. Two subjects were excluded from this analysis due to missing

dates of death.
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Supplementary Fig. 5. Overall survival in Alagille syndrome (ALGS) children with and without a history
of neonatal cholestasis (n=1387). Survival analysis using Kaplan-Meier and log rank test revealed overall
survival rates at 10- and 18-years were significantly lower in children with ALGS who presented with neonatal
cholestasis in comparison with those who did not (log-rank p<0.001). Two subjects who presented with
neonatal cholestasis were excluded from this analysis due to missing dates of death.
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