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Abstract

Background and Aims: Alagille syndrome (ALGS) is characterized by

chronic cholestasis with associated pruritus and extrahepatic anomalies.

Maralixibat, an ileal bile acid transporter inhibitor, is an approved

pharmacologic therapy for cholestatic pruritus in ALGS. Since long-term

placebo-controlled studies are not feasible or ethical in children with rare

diseases, a novel approach was taken comparing 6-year outcomes from

maralixibat trials with an aligned and harmonized natural history cohort from

the Global ALagille Alliance (GALA) study.

Approach and Results: Maralixibat trials comprise 84 patients with ALGS

with up to 6 years of treatment. GALA contains retrospective data from 1438

participants. GALA was filtered to align with key maralixibat eligibility criteria,

yielding 469 participants. Serum bile acids could not be included in the GALA

filtering criteria as these are not routinely performed in clinical practice. Index

time was determined through maximum likelihood estimation in an effort to

align the disease severity between the two cohorts with the initiation of

maralixibat. Event-free survival, defined as the time to first event of mani-

festations of portal hypertension (variceal bleeding, ascites requiring ther-

apy), surgical biliary diversion, liver transplant, or death, was analyzed by

Cox proportional hazards methods. Sensitivity analyses and adjustments for

covariates were applied. Age, total bilirubin, gamma-glutamyl transferase,

and alanine aminotransferase were balanced between groups with no

statistical differences. Event-free survival in the maralixibat cohort was sig-

nificantly better than the GALA cohort (HR, 0.305; 95% CI, 0.189–0.491;

p< 0.0001). Multiple sensitivity and subgroup analyses (including serum bile

acid availability) showed similar findings.

Conclusions: This study demonstrates a novel application of a robust sta-

tistical method to evaluate outcomes in long-term intervention studies where

placebo comparisons are not feasible, providing wide application for rare

diseases. This comparison with real-world natural history data suggests that

maralixibat improves event-free survival in patients with ALGS.

INTRODUCTION

Alagille syndrome (ALGS) is the most common form of
familial intrahepatic cholestasis and is characterized by
bile duct paucity, congenital cardiac disease, ocular and
skeletal abnormalities, vascular and renal anomalies,
and characteristic facial features. Although ALGS-related
liver disease can be highly variable, approximately three-
quarters of patients have pruritus that is debilitating and
frequently refractory to medical therapy and has a
negative impact on the quality of life.[1,2] Other sequelae
of bile duct paucity and intrahepatic retention of toxic bile
acids are growth impairment, bone fractures, and biliary
cirrhosis. Bile acids are thought to be a major contributor

to pruritus, the most debilitating symptom of ALGS and a
primary driver of liver transplantation, although the exact
mechanism of cholestatic itch remains unclear.[3,4]

Treatment options for ALGS-related liver disease have
generally been limited to supportive care that is directed
toward optimizing fat-soluble vitamin levels and nutrition,
as well as treating the pruritus with off-label antipruritic
agents. Surgical biliary diversion (SBD) has also been
used with varying efficacy to promote the disposal of
accumulated bile constituents, including bile acids, from
the body and thereby to mitigate the pruritus.[5–7] Despite
these efforts, 50% to 75% of patients with ALGS undergo
a liver transplant by adulthood to manage the conse-
quences of cholestasis, or complications associated with
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cirrhosis.[8,9] In a recent analysis of >1000 patients with
ALGS, most (72%) were transplanted for ≥1 complica-
tion of persistent cholestasis, including pruritus (69%),
growth failure (54%), and xanthomas (49%).[9]

Maralixibat is an ileal bile acid transporter inhibitor that
was recently approved by the US Food and Drug
Administration and the European Medicines Agency as a
pharmacologic therapy in ALGS.[10,11] The current indica-
tions are limited to cholestatic pruritus.[10,11] Maralixibat
disrupts the enterohepatic circulation of bile acids by
inhibiting their reuptake in the ileum.[12] In the pivotal
clinical trial (ICONIC; NCT02160782) of maralixibat for
children with ALGS, participants demonstrated significant
improvement in pruritus with 84% of patients experiencing
a pruritus response within the first 48 weeks of treatment,
as well as a significant decrease in serum bile acid (sBA).
These effects were maintained over time in patients who
remained on maralixibat with treatment up to 204
weeks.[13] Moreover, improvements in growth, xanthomas,
and quality of life were observed versus baseline. Findings
of improved pruritus and reduced sBA levels were also
observed in two additional randomized clinical trials of
maralixibat in children with ALGS.[14,15] While all three prior
studies affirm the benefit of maralixibat to improve
cholestatic pruritus and decrease sBA, its impact on
long-term outcomes such as transplantation or SBD has
not been previously studied, given that ALGS is a rare
condition and that these outcomes are infrequently seen in
clinical trials with shorter follow-up. All three studies
included optional, open-label, long-term extensions with
data now available for up to 6 years of follow-up. These
long-term extension studies did not have a corresponding
control group because longer-term placebo-controlled
studies are not feasible or ethical for children in whom
pruritus is debilitating. The Global ALagille Alliance

(GALA) study, with >1400 patients with ALGS from 29
countries, was developed with the aim of advancing our
understanding of the natural history and outcomes of
ALGS. As such, theGALA cohort encompasses real-world
data on natural history and provides a unique opportunity
to compare the long-term outcomes of patients with ALGS
treated with maralixibat with untreated controls.

In this analysis, we compare long-term outcomes
among individuals with ALGS treated with maralixibat in
three placebo-controlled studies and open-label exten-
sions for up to 6 years with a harmonized, aligned,
natural history external control cohort from the GALA
research database. This statistical approach is novel in
pediatrics and allows for the comparison of single-arm
clinical trial data with balanced real-world controls. The
primary outcomes included event-free survival [EFS; the
absence of manifestations of portal hypertension (PHT),
biliary diversion, liver transplant, or death] and transplant-
free survival (TFS; the absence of liver transplant or
death). While the prior published studies of maralixibat
focused on short-term outcomes of pruritus and bio-
chemistry, these long-term primary outcomes have not
yet been examined in patients treated with maralixibat
and are of critical clinical importance.

EXPERIMENTAL PROCEDURES

Patient selection

The control cohort was selected from GALA and
followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines
(Figure 1). The organization of GALA has been
described.[9,16] The GALA control cohort for the current

F IGURE 1 Selection of the GALA control group. *A minimum amount of follow-up time was considered to avoid immortal time bias (ie, an early
observed effect due to survivor treatment selection bias). Abbreviation: GALA, Global ALagille Alliance.
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analysis consisted of individuals who received
standard-of-care treatment for ALGS but were not
treated with maralixibat or another ileal bile acid
transporter inhibitor. Standard-of-care in GALA
represents the standard management of cholestasis,
including treatments for pruritus such as antihistamines,
rifampicin, cholestyramine, and nutritional support,
including fat-soluble vitamins. Individuals from the
GALA control cohort were selected based on key
inclusion and exclusion criteria from the maralixibat
clinical studies, using parameters that were available
within the GALA clinical research database
(Supplemental Methods, http://links.lww.com/HEP/
I186). During the entire selection process of this aligned
cohort, the statistician was blinded to the outcomes.
The cohort used for comparison consisted of 84
participants with ALGS treated with maralixibat, who
participated in long-term studies that have been
described elsewhere.[13,14] The maralixibat trials fol-
lowed the Consolidated Standards of Reporting Trials
(CONSORT) reporting guidelines.[17] Of note, cardiac
disease was not considered as an exclusion criterion for
any of these trials. All aspects of this study were
approved by Institutional Review/Ethics Boards at the
centers providing data, and informed consent was
obtained when appropriate.

Index time

The index time represents the start of follow-up. For
the maralixibat cohort, the index time was defined as
the date of the first dose of the drug (Supplemental
Figure S1, http://links.lww.com/HEP/I186). For the
GALA control cohort, patients may have fulfilled the
inclusion and exclusion criteria at multiple time
points during their disease trajectory and multiple time
points were considered (Supplemental Figure S1,
http://links.lww.com/HEP/I186). The primary analyses
defined the patient-specific index time as the date
where the maximum prediction within a patient of all
eligible visits compared with the maralixibat cohort
(yes/no) was achieved, referred to as “best fit,”
applying a logistic regression analysis including age,
sex, total bilirubin, and alanine aminotransferase (ALT)
as covariates (Supplemental Methods, http://links.lww.
com/HEP/I186). Sensitivity analyses were also per-
formed to evaluate the impact of different index times
(Supplemental Methods, http://links.lww.com/HEP/
I186).

Balance assessment and model selection

The maralixibat and GALA control cohorts at baseline
were assessed to confirm balance with respect to the
prespecified covariates: age, sex, total bilirubin, and

ALT; in addition, the balance of the distribution of
gamma-glutamyl transferase (GGT) was investigated.
Balance was achieved when the standard mean
difference of all covariates was within the borders ±
0.25 (Supplemental Figure S2, http://links.lww.com/
HEP/I186). In instances when balance was not
achieved using standardized mean differences, two
approaches were applied in the time-to-event analysis:
(1) Cox regression adjusting for these covariates; and
(2) assigning weights using either stabilized inverse
probability of treatment weights (stabilized IPTWs)
estimated by the propensity scores of the logistic
regression: maralixibat yes/no or average treatment
effect in the treated (ATT) weights.

Outcomes

An outcome was defined as the time to the first of the
following events: manifestations of PHT (ie, varices
requiring intervention at endoscopy or ascites requiring
therapy), SBD, liver transplant, or death, and EFS was
defined as the absence of these events. TFS was
defined as the absence of a transplant or death.
Hepatocellular carcinoma was prespecified to be
excluded as an event. Duration of follow-up was the
number of months from the index time until the end of
follow-up (Supplemental Methods, http://links.lww.com/
HEP/I186).

Sensitivity and subgroup analyses

A series of prespecified sensitivity analyses was
performed to determine the robustness of findings:
(1) different index times; (2) TFS as a secondary
endpoint; (3) the impact of landmarking from follow-up
for the first 3, 6, and 12 months to avoid selection
biases that may occur in individuals who are poten-
tially too sick to be included in a trial setting (immortal
time bias)[18]; and (4) different approaches to propen-
sity score weighting (ie, IPTW and ATT). Subgroup
analyses explored potential variations in outcomes for
(1) different geographic regions, (2) overlapping sites
that were part of both GALA and maralixibat clinical
trials, and (3) individuals for whom sBA data were
available.

Statistical analysis

Final analysis datasets and follow-up data for maralix-
ibat-treated participants with ALGS from maralixibat
studies were provided to the GALA lead for an
independent, blinded, statistical analysis in a stag-
gered manner: first, demographics to permit selection
of the GALA control cohort; second, initial outcomes;
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and lastly, final outcomes. Summaries of patient
demographics, disease history, and baseline charac-
teristics were tabulated for the different analysis
populations. Kaplan-Meier analyses were performed,
and corresponding figures were generated to compare
the time to event between the cohorts. Cox regression
models were applied to describe and test the
differences between the maralixibat-treated cohort
and the control cohort adjusting for potential con-
founders in different models or applying standardized
IPTW/ATT weights depending on the balance assess-
ment (Supplemental Methods, http://links.lww.com/
HEP/I186).

Statistical inference was assessed at the α = 0.05
significance level and 95% CIs were produced. All
analyses were conducted with SAS 9.3.

RESULTS

Study population

The analysis included 84 individuals treated with maralix-
ibat and 469 individuals from theGALA control cohort. The
cohorts were well-balanced for the set of prespecified
demographic and laboratory characteristics: age, sex,
total bilirubin, and ALT (Table 1). The standardized
differences between the maralixibat and GALA control
cohorts were within the prespecified border of ±0.25
(Supplemental Figure S2, http://links.lww.com/HEP/I186).
In addition, there were no significant differences between
the groups with respect to year of birth, region, variant
type, or GGT. Although baseline sBA was higher in the
maralixibat cohort [200 µmol/L (median, Q1: 81; Q3: 371)]

TABLE 1 Baseline demographics and characteristics

Characteristic Maralixibat cohort (n= 84) GALA control cohort (n= 469) P value

Sex

Male 49 (58.3) 274 (58.4) 0.99

Female 35 (41.7) 195 (41.6)

Age at baseline, y

Median (Q1–Q3) 5.6 (2.7–9.9) 4.3 (2.2–9.6) 0.078

Year of birth

Median (Q1–Q3) 2009 (2005–2012) 2009 (2004–2013) 0.25

Region

Europe 41 (48.8) 229 (48.8) 0.95

North America 34 (40.5) 195 (41.6)

Australia 9 (10.7) 45 (9.6)

Variant

JAGGED1 81 (97.6) 330 (95.1) 0.55a

NOTCH2 2 (2.4) 17 (4.9)

Other/unknown 1 (0.2) 37 (9.6)

Total bilirubin, mg/dL

Median (Q1–Q3) 3.15 (1.00–8.15) 1.99 (0.60–11.52) 0.39

<2 37 (44.0) 235 (50.1) 0.31

≥2 47 (56.0) 234 (49.9)

GGT, log10×ULN

Median (Q1–Q3) 1.25 (0.93–1.44) 1.24 (0.93–1.52) 0.58

GGT, ×ULN

<3 3 (3.6) 6 (1.3) 0.14a

≥3 81 (96.4) 463 (98.7)

ALT, U/L

Median (Q1–Q3) 145 (94–207) 130 (75–203) 0.12

sBA,b µmol/L

Median (Q1–Q3) 200 (81–371) 125 (39–260) 0.0033

All data are n (%) unless otherwise stated.
aDue to > 20% of the cells having expected counts <5, chi-square results may be invalid, and the Fisher exact test was used instead.
bBaseline sBA data were available for 73 patients in the GALA control cohort. Approximately 85% of the sBA values were not available in the GALA clinical research
database as frequent sBA measurement is not part of clinical practice.
Abbreviations: ALT, alanine aminotransferase; GALA, Global ALagille Alliance; GGT, gamma-glutamyl transferase; Q1, first quartile; Q3, third quartile; sBA, serum bile
acid; ULN, upper limit of normal.
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versus the GALA control cohort [125 µmol/L (median, Q1:
39; Q3: 260); p = 0.003], these data were only available
for 73 of 469 (16%) individuals from the GALA control
cohort as sBA levels are not routinely monitored as part of
standard-of-care. The mean follow-up/time to censoring in
the maralixibat group was 4.4/5.0 years and 1.7/2.4 years
in the GALA group. The mean follow-up period appears
shorter in the GALA group; however, this represents
truncation at the time of a clinical event.

Outcomes

Over time (0 through year 6), within the maralixibat
cohort, 21 patients had an event. These included 10
liver transplants, 4 SBDs, 3 patients who developed
manifestations of PHT, and 4 deaths. Among the
GALA control cohort, 163 patients had an event,
including 110 liver transplants, 33 SBDs, 5 patients
who developed manifestations of PHT, and 15 deaths.
There were only two deaths due to cardiac disease
(both within the GALA control cohort), and they were
included in the analysis.

Comparison of EFS

EFS was increased for the maralixibat cohort compared
with the GALA control cohort at 6 years of follow-up
(71.4% vs. 50.0%; p<0.0001), with an unadjusted HR of
0.380; 95% CI, 0.238–0.604; p<0.0001 (Figure 2). After
adjustment for age, sex, bilirubin, and ALT, EFS was
significantly higher in the maralixibat cohort [adjusted
hazard ratio (aHR), 0.305; 95% CI, 0.189–0.491;
p<0.0001] indicating a 70% improvement in EFS with
maralixibat treatment. Alternative models were consid-
ered, which included GGT, geographic region, and date of

birth, and all models yielded similar findings of significantly
improved EFS in the maralixibat cohort (Figure 3).

Sensitivity analyses

Additional index times for individuals from the GALA
control cohort were selected for sensitivity analyses to
assess the robustness of the primary analysis. Using the
first eligible visit as the index time so that events occur
with maximum possible follow-up, a trend toward
improved EFS was evident in the maralixibat-treated
cohort compared with the GALA control cohort (aHR,
0.618; 95% CI, 0.369–1.036; p=0.068). In contrast,
when using the last eligible visit as the index time, EFS
was significantly improved in the maralixibat cohort
compared with the GALA control cohort (aHR, 0.241;
95%CI, 0.148–0.392; p<0.0001). With the use of date of
birth (for both the maralixibat and GALA control cohorts)
as the index time, EFS was significantly higher in the
maralixibat cohort compared with the GALA control
cohort (aHR, 0.504; 95% CI, 0.320–0.795; p =
0.0032). Three index visits for the start of follow-up were
selected at random to further determine the robustness of
primary findings and produced similar inferences from
the primary analysis for random visit 1 (aHR, 0.457; 95%
CI, 0.284–0.734; p = 0.0012), random visit 2 (aHR,
0.486; 95% CI, 0.304–0.777; p = 0.0026), and random
visit 3 (aHR, 0.439; 95% CI, 0.274–0.703; p = 0.0006).

In an additional sensitivity analysis that defined an
event as liver transplantation or death (ie, TFS),
maralixibat-treated individuals had improved TFS com-
pared with the GALA control cohort, after adjusting for
age, sex, total bilirubin, and ALT (aHR, 0.332; 95% CI,
0.197–0.559; p<0.0001).

A third set of sensitivity analyses explored the impact
of immortal time bias (selection bias for healthier

F IGURE 2 Kaplan-Meier estimates of EFS in the maralixibat and GALA control cohorts. The number at risk is the original number of
participants (at time 0) minus those who had an event or were censored (eg, lost to follow-up) before the start of the given period. Shaded areas
represent 95% CIs. *Cox regression models for the primary analysis: primary prespecified (adjusted), where the effect of maralixibat versus GALA
log-likelihood test was adjusted for age, sex, bilirubin, and alanine aminotransferase (according to the statistical analysis plan), and primary
unadjusted. Abbreviations: EFS, event-free survival; GALA, Global ALagille Alliance.
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patients to choose a clinical trial) by landmarking time
points shortly after inclusion for comparison with the
maralixibat cohort. EFS continued to be improved in the
maralixibat-treated cohort compared with the GALA
control cohort when events were pruned at 3 months
(aHR, 0.376; 95% CI, 0.230–0.616; p = 0.0001;
Figure 4A), 6 months (aHR, 0.432; 95% CI,
0.256–0.729; p = 0.0017; Figure 4B), and 12 months
(aHR, 0.503; 95% CI, 0.273–0.930; p = 0.0284;
Figure 4C). A final set of sensitivity analyses explored
alternative approaches to balancing the maralixibat and
GALA control cohorts. Using weighted standardized
IPTW yielded similar results to those of the primary
analysis with higher EFS in the maralixibat cohort than
in the GALA control cohort (aHR, 0.379; 95% CI,
0.237–0.605; p< 0.0001), and similar findings were
seen when using weighted ATT (aHR, 0.297; 95% CI,
0.165–0.535; p< 0.0001).

Subgroup analyses

Analyses of the impact of maralixibat on EFS were
stratified by region for individuals from North America,
Europe, and Australia. After adjustment for age, sex, total

bilirubin, and ALT, improved EFS was observed in
maralixibat-treated individuals from North America (aHR,
0.249; 95%CI, 0.114–0.542; p = 0.0005; Figure 3). Similar
improvement in EFS was observed in maralixibat-treated
individuals from Europe (aHR, 0.360; 95% CI,
0.187–0.693; p = 0.0022) and Australia (aHR, 0.140;
95% CI, 0.024–0.832; p = 0.0306). EFS at overlapping
sites (ie, sites that offered both maralixibat clinical trials and
participated in GALA; Supplemental Table S1, http://links.
lww.com/HEP/I186) was improved for maralixibat-treated
individuals (aHR, 0.359; 95%CI, 0.219–0.587; p<0.0001).

Impact of sBA measurement

The inclusion of sBA in the model when available
(maralixibat cohort, n = 84; GALA untreated cohort,
n = 73) indicated improved EFS following treatment
with maralixibat (aHR, 0.245; 95% CI, 0.124–0.483;
p< 0.0001). To determine whether the limited sBA
results in GALA introduce a selection bias, demo-
graphic and laboratory values for individuals within
GALA who had sBA results available were compared
with values of individuals for whom these data were not
available (Supplemental Table S2, http://links.lww.com/

F IGURE 3 Primary, sensitivity, and subgroup analyses of EFS. Sensitivity and subgroup analyses for the primary comparison included SAP-
specified analyses (Cox regression model adjusted for age, sex, total bilirubin, and ALT); Unadjusted [univariate Cox proportional hazards model
that only contains treatment as a covariate (EFS)]; Adjusted 1 (Cox regression model adjusted for age, total bilirubin, and GGT); Adjusted 2 (Cox
regression model adjusted for age, total bilirubin, GGT, ALT, and region); Adjusted 3 (Cox regression model adjusted for age, total bilirubin, GGT,
ALT, sex, and year of birth); and Adjusted 4 (Cox regression model adjusted for age, total bilirubin, GGT, and sBA). Random visit 1 and random
visit 2 represent a visit randomly selected uniformly among all eligible visits. Random visit, Method 2 first selected a year at random among all
eligible visits and then randomly selected a visit within that year. This was done to account for participants who would have “clusters” of visits due
to hospitalization that could skew the selection of a random visit toward that cluster. Landmark time points [x] removed events occurring within
either group within the first [x] months of the selected index time. Abbreviations: ALT, alanine aminotransferase; ATT, average treatment effect in
the treated; EFS, event-free survival; GGT, gamma-glutamyl transferase; IPTW, inverse probability of treatment weights; SAP, statistical analysis
plan; sBA, serum bile acid.
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HEP/I186). Individuals within GALA with and without
sBA results had similar baseline biochemical parame-
ters. In addition, there was no difference in the survival
curve for those in GALA with and without sBA results,

suggesting that the lack of availability of these data
in most individuals would not introduce a bias (log-rank
p = 0.3359; Supplemental Figure S3, http://links.lww.
com/HEP/I186).

F IGURE 4 Kaplan-Meier estimates of EFS in the maralixibat and GALA control cohorts with landmark time points for events occurring in the
first (A) 3 months, (B) 6 months, and (C) 12 months. The number at risk is the original number of participants (at time 0) minus those who had an
event or were censored (eg, lost to follow-up) before the start of the given period. Participants who had events within the first 3, 6, or 12 months
were excluded from the analysis (thus, there are no events within these respective periods). This was done to avoid immortal time bias. Shaded
areas represent 95% CIs. Abbreviations: aHR, adjusted hazard ratio; EFS, event-free survival; GALA, Global ALagille Alliance.
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DISCUSSION

This analysis incorporates data from three clinical trials
of maralixibat in children with ALGS and compares
long-term clinically important events in this treated
population with the largest global, real-world, natural
history cohort of children with ALGS. In a prespecified
analysis, maralixibat treatment was associated with a
70% improvement in EFS and a 67% improvement in
TFS. This finding of improved EFS was robust and was
not dependent on varying approaches to (1) aligning the
initial time of follow-up, (2) counting events after the
landmark time points, or (3) propensity score matching
each cohort. Only the model that was selected for a first
eligible visit as the index time failed to show an
improvement in EFS for the maralixibat cohort, which
may be expected, given that by selecting the first
eligible time point, individuals in GALA will necessarily
have longer follow-up time until events. Apart from
baseline consideration of age and bilirubin, additional
adjustments of the model yielded nearly identical
results, including a comparison of people from the
same center to account for potential variations in
standard-of-care practices. The primary finding is not
attributable to variations in cardiac disease since there
were only two cardiac-related deaths in the GALA
cohort.

Historical control comparison is useful when there are
ethical concerns regarding the recruitment of patients for
long-term control arms requiring several years of study in
life-threatening or debilitating diseases.[19] In addition,
historical controls make the generation of controlled data
in rare disease trials feasible.[19] ALGS is rare, and the
consequences of cholestasis, including pruritus, xantho-
mas, and growth failure are severe, greatly affecting the
quality of life, such that these are leading indications for
liver transplantation.[9] This setting is therefore the ideal
condition for which to invoke a real-world comparison
cohort rather than a several-years-long control group.[20]

The feasibility of selecting a natural history cohort to
provide real-world data in ALGS was recently demon-
strated by the Childhood Liver Disease Research
Network (ChiLDReN), although actual comparisons to
trial patients were not performed in this analysis.[21]

Further, the methodology used in the current analysis
has recently been successfully implemented in primary
biliary cholangitis to demonstrate improved TFS in
patients following treatment with obeticholic acid com-
pared with control patients from two external registries.[22]

However, this statistical approach has not previously
been applied to a pediatric cohort, and this study clearly
demonstrates its utility in children, especially those with
rare diseases.

A recent study conducted by Sokol et al identified
predictors of EFS in patients with ALGS treated with
maralixibat and revealed that improvement in pruritus
over 48 weeks, and lower bilirubin and sBA levels at

week 48 were associated with fewer clinically important
events. The study population in that analysis was well-
defined from the outset, per the maralixibat clinical
program, and the question answered was which
variables (with cut points) differentiated maralixibat
responders versus nonresponders. This analysis of
improvements in adverse hepatic events was made
only in patients enrolled in the clinical trials, all of whom
received maralixibat. Most importantly, Sokol et al’s
paper lacked an external comparator cohort and
therefore no definitive conclusions could be drawn
regarding the efficacy of maralixibat in improving EFS in
ALGS.[23] The current analysis identifies a subset of
patients from a real-world database, GALA, aligned to
be as similar as possible to patients who were enrolled
in the clinical trials. This permitted the creation of a
placebo/control cohort to enable, for the first time, an
analysis of EFS in patients with ALGS treated with
maralixibat versus real-world data.

In this prospectively defined analysis, the finding of
improved EFS in maralixibat-treated patients has
been shown to be robust, and it is intriguing to
explore the potential explanations. The indications for
liver transplantation in ALGS are composite, typically
encompassing multiple manifestations of cholestasis,
such as pruritus, growth failure, and xanthomas. Of
these, pruritus is the leading indication in 69% of
patients with ALGS.[9] Thus, with an efficacious
reduction in pruritus, the main indication for liver
transplantation may be mitigated. However, since
pruritus is rarely the sole indication for liver trans-
plantation in ALGS, and other features, such as
growth failure, typically coexist, it is worth considering
a broader mechanistic explanation for the improve-
ment in EFS in patients treated with maralixibat. In the
pivotal ICONIC study, sBA levels were significantly
reduced,[13] and it is plausible that this leads to
reductions in intrahepatic accumulation of bile acids
with reduced hepatic toxicity. This has been demon-
strated in mouse models of cholestasis.[24] Indeed, the
ICONIC study noted positive clinical impacts beyond
pruritus, such as reductions in xanthomas and
improvement in growth. Thus, although it might be
assumed that an improvement in pruritus is the only
reason for the observed improvements in EFS seen in
the current analysis, broad-based clinical improve-
ments observed in the ICONIC study make this
unlikely.[13] Interruption of enterohepatic circulation
of bile acids and theoretically depleting retained
hepatic bile acids may result in improved disease
biology to account for the improvement in EFS with
maralixibat treatment.

Although our findings were robust across several
subgroup and sensitivity analyses, one important
limitation when matching to an external control is that
there may be important baseline differences that
could not be assessed and incorporated to optimally
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balance both groups. Specifically, we were unable to
evaluate baseline differences in pruritus and sBA.
Pruritus severity cannot be assessed on a retrospec-
tive basis because there is no validated measurement
tool that is consistently used by physicians outside of
a clinical study setting. Given the importance of
pruritus as a manifestation of cholestasis in ALGS, it
is included in the GALA data collection as a binary
variable, but without an assessment of severity. sBA
levels are also largely unavailable in the GALA
database because although it is understood that
patients with ALGS often have markedly elevated
sBA levels, these are not routinely measured in
clinical practice. Instead, clinicians rely on standard
biochemical markers to assess the severity of
cholestasis. To mitigate this limitation, a sensitivity
analysis was performed utilizing the subset of GALA
patients in whom sBA levels were available, and the
results were consistent with the primary result.

This analysis incorporates data from both the
largest natural history clinical research database in
ALGS with robust and high-quality data and the
largest and longest interventional dataset of patients
with ALGS enrolled in clinical trials of maralixibat. The
novelty of the current study is that it specifically
assessed the effect of maralixibat treatment on
clinically important liver outcomes (manifestations of
PHT, liver transplantation, and death), differentiating it
from prior published studies, which focused on
pruritus and biochemical endpoints only. Prespecified
methodologies were applied to overcome potential
biases, which are inherent to any natural history
comparison. It is accepted that not every potential
confounder can be controlled for in the use of real-
world data; however, the statistical rigor applied in this
analysis, including the patient selection process and
the multiple sensitivity and subgroup analyses, dem-
onstrates the application of such an analysis and
reinforces the robustness of the primary result. In
addition to demonstrating the power of real-world
evidence to generate a control cohort, these findings
hold promise for children with cholestatic liver disease
related to ALGS. To date, the indications for maralix-
ibat have rested on amelioration of pruritus, which has
been clearly demonstrated[13,14]; however, the reduc-
tion of bile acids observed with maralixibat affects
additional manifestations of cholestasis (xanthomas,
growth failure), all of which contribute to decision-
making in the listing for liver transplantation in ALGS.
These data are the first to demonstrate a 6-year
survival benefit in patients with ALGS using a
pharmacologic interventional therapy, suggesting that
maralixibat may delay or obviate the need for liver
transplantation. This may lead to a paradigm shift in
the potential treatment indications for maralixibat
beyond pruritus control to a plausible treatment for
cholestatic liver disease.
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