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Abstract

Background Progressive familial intrahepatic cholestasis type 2 (PFIC2) is an ultra-rare disease caused by mutations
in the ABCB11 gene. This study aimed to understand the course of PFIC2 during the native liver period.

Methods From November 2014 to October 2015, a survey to identify PFIC2 patients was conducted in 207 hospitals
registered with the Japanese Society of Pediatric Gastroenterology, Hepatology, and Nutrition. Investigators retrospec-
tively collected clinical data at each facility in November 2018 using pre-specified forms.

Results Based on the biallelic pathogenic variants in ABCB11 and/or no hepatic immunohistochemical detec-

tion of BSEP, 14 Japanese PFIC2 patients were enrolled at seven facilities. The median follow-up was 63.2 [47.7—
123.3] months. The median age of disease onset was 2.5 [1-4] months. Twelve patients underwent living donor liver
transplantation (LDLT), with a median age at LDLT of 9 [4-57] months. Two other patients received sodium 4-phe-
nylbutyrate (NaPB) therapy and survived over 60 months with the native liver. No patients received biliary diversion.
The cases that resulted in LDLT had gradually deteriorated growth retardation, biochemical tests, and liver histol-
ogy since the initial visit. In the other two patients, jaundice, growth retardation, and most of the biochemical tests
improved after NaPB therapy was started, but pruritus and liver fibrosis did not.

Conclusions Japanese PFIC2 patients had gradually worsening clinical findings since the initial visit, resulting in LDLT
during infancy. NaPB therapy improved jaundice and growth retardation but was insufficient to treat pruritus and liver
fibrosis.
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Introduction

ABCBI11 (chromosome 2q31) encodes BSEP, an ATP-
binding cassette transporter responsible for the secre-
tion of bile salts from hepatocytes to the bile canaliculi
[1-3]. Biallelic mutations in the ABCBI1 gene lead to
progressive familial intrahepatic cholestasis type 2
(PFIC2), an inherited autosomal recessive liver dis-
ease. Its prevalence remains unknown, but its estimated
incidence varies between 1/50,000 and 1/100,000
births, with relatively higher incidences in Saudi Ara-
bia (approximately 1:7000) [4—6]. PFIC2 develops per-
sistent cholestasis with normal GGT levels, intractable
itching, jaundice, diarrhea, and failure to thrive in the
first year of life, eventually leading to cirrhosis before
adulthood [2, 3, 6]. PFIC2 is also associated with an
increased risk of hepatocellular carcinoma in childhood
[7]. A liver biopsy of PFIC2 patients typically shows
extensive giant cell transformation of hepatocytes, lob-
ular cholestasis, lobular inflammation, and the loss of
BSEP expression using immunostaining [8, 9].

Patients with PFIC2 benefit from surgical treatment,
such as partial external biliary diversion (PEBD), which
decreases the size of the bile acid pool by interrupting
the enterohepatic circulation [6, 10]. Liver transplanta-
tion (LTx) is the ultimate therapeutic option, but there is
an additional risk in patients with PFIC2 because recur-
rent graft failure occurs in some patients with PFIC2
[11-13]. Pharmacotherapy for PFIC2 is under develop-
ment. Selective inhibitors of the ileal bile acid transporter
(IBAT), which mediates luminal uptake of bile acids in
enterocytes, reduce serum BA levels and improve growth
and pruritus in patients with cholestatic liver disease [14,
15]. Sodium 4-phenylbutyrate (NaPB), a drug approved
for treating urea cycle disorders, has a newly identified
pharmacological effect that increases the expression and
function of BSEP [16, 17]. This drug improves the clinical
abnormalities and liver histology of PFIC2 patients who
have decreased BSEP expression at the canalicular mem-
brane of hepatocytes but maintain its transport activity
[18-20].

Due to its rarity, clinical symptoms, biochemistry, and
liver histology of PFIC2 during the native liver period
have remained poorly characterized. A recent report
from the global consortium showed the effects of geno-
type and surgical interventions on clinical events such as
native liver survival and the occurrence of hepatocellular
carcinoma [6, 10]. However, there is no clinical informa-
tion on PFIC2 regarding changes over time before surgi-
cal interventions. This fact makes it difficult for clinicians
to provide optimal patient care and counseling. To obtain
more detailed insights into PFIC2 during the native liver
period, we report physical and biochemical parameters,
clinical symptoms, and liver histology of Japanese PFIC2
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patients at presentation and during the course of the dis-
ease before LTx.

Methods

This study was approved by the institutional review
boards at all participating facilities and performed by the
amended Declaration of Helsinki and its later amend-
ments or comparable ethical standards (as revised in
Edinburgh 2000). In addition, we obtained informed con-
sent in written form from patients’ parents or provided
opportunities for refusal to participate in this study by
opt-out. The participating medical institutions disclosed
the opt-out document approved by the ethics committee.

Patients and study design

From November 2014 to October 2015, a nationwide
Japanese survey was conducted to identify patients with
PFIC at facilities registered with the Japanese Society
of Pediatric Gastroenterology, Hepatology, and Nutri-
tion (207 hospitals). The clinical diagnosis of PFIC was
based on unremitting hepatocellular cholestasis with
intractable pruritus, jaundice with conjugated hyperbili-
rubinemia, and elevated serum bile acid concentrations.
Complete physical examination, measurements of sero-
logical, viral, and metabolic markers, imaging, and urine
screening were performed to rule out other causes of
cholestasis, including hepatitis B and C virus infections,
inborn errors in bile acid synthesis, and ductal origin.
These patients were subjected to genetic testing for the
ABCBL1 gene and/or targeted next-generation sequenc-
ing panel for neonatal/infantile intrahepatic cholesta-
sis, including ABCB11, to analyze all exons and flanking
intron—exon boundaries of the responsible genes [21].
Patients with normal serum GGT levels who carried dis-
ease-causing mutations in both alleles of ABCBI1 and/
or showed no immunohistochemical detection of BSEP
in the liver were diagnosed with PFIC2. Sixteen PFIC2
patients, who consisted of 14 Japanese, 1 Chinese, and
1 Pakistani, were identified at seven facilities. Fourteen
Japanese patients were enrolled in this study because
of racial differences or insufficient clinical information
before LTx in the two others (Fig. 1A). Investigators at
each center collected demographic, clinical, and out-
come data retrospectively using a pre-specified form.
Data reported in the present manuscript were exported
in November 2018.

Blood chemistry test

Blood chemistry values were divided into three groups
in each patient as follows. The initial and end values are
defined as the values of the first visit and last visits before
living donor liver transplantation (LDLT), respectively.
Concerning the patients without LDLT, the values at the
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Fig. 1 Period of follow-up, native liver survival, and survival of Japanese PFIC2 patients. A Flowchart of patient inclusion in this study. B The
follow-up period of the Japanese PFIC2 patients. The patients without NaPB treatment and with NaPB treatment are shown in the gray and blue
bars, respectively. C Native liver survival period of the Japanese PFIC2 patients. D Survival period of the Japanese PFIC2 patients. LDLT, living donor

liver transplantation; NaPB, sodium 4-phenylbutyrate

end of the research period were employed. The median
value is defined as the median of the values between the
first and last visits. To adjust for differences in reference
ranges between institutions, domain experts manually
standardized the dimension of each value.

Height and weight
The height and weight values were separated into three
groups in each patient in the same way as above. Then, the
values were standardized based on the mean and standard
deviation values calculated using the growth standard for
Japanese children [22] as follows:

Xiom — Mm

Zim = —
Om

where z; ,, and x; ,, are the standardized and the raw val-
ues of patient i, and u,, and oy, are the mean and standard
deviation, at the corresponding month age, respectively.

Clinical symptoms

Considering the institutional differences in diagnosis,
only apparent phenotypes easily converted into binary
were investigated in this study: diarrhea, grey-white
stool, intracranial hemorrhage, jaundice, hepatospleno-
megaly, pruritus, and rickets. All data were collected as
written descriptions by clinicians and converted into the
binary, whether a phenotype of interest was observed
in the indicated time points. We employed three time
points: the first visit (Init), the period between the first
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and last visits (Mid), and the last visit or the last visit
before LDLT (End).

Liver histology

Histology slides of liver biopsies and explants obtained
from the PFIC2 patients were prepared and subjected to
hematoxylin and eosin staining and Masson’s trichrome
staining. Based on the scoring system described previ-
ously [9], three pathologists evaluated the liver histology
using a multi-head microscope. The pathologists were
blinded to clinical information, including the patient’s
name, age, symptoms, treatment history, and serological
data.

Results

Demographic and genetic features

Demographic and genetic information on the par-
ticipants is summarized in Table 1. The number of new
cases of PFIC2 each year ranged from O to 2. Based on
this finding and the Vital Statistics published by the
Ministry of Health, Labour and Welfare (https://www.
mhlw.go.jp/english/database/db-hw/vs01.html), the
prevalence of PFIC2 in Japan is speculated between
1/500,000 and 1/1,000,000 births. Most of the patients
were girls (10/14=71.4%), and the median follow-up
was 63.2 [47.7-123.3] months (Fig. 1B). Disease-causing
mutations in both alleles of ABCBI1 were found in ten
patients, 8 of whom were compound heterozygotes, and
2 were homozygous carriers. Both homozygous carriers
possessed the same mutation (c.386 G> A, p.C129Y). In
the remaining four patients (C02, C06, C09, and C10),
disease-causing mutations in ABCBII were identi-
fied only in one allele. They were diagnosed with PFIC2
because immunohistological staining of BSEP in liver
sections and pathogenic mutations in NR1H4 were unde-
tectable [23]. The median age of disease onset was 2.5
[1-4] months. All patients were treated with ursodeoxy-
cholic acid and fat-soluble vitamins but not with surgery
to reduce bile salt recirculation, such as partial external
biliary diversion, until the date of the last visit (T01 and
T02) or LDLT (C1-C12). Two patients (T01 and TO02)
started NaPB therapy at 14 and 22 months of age [20].
All patients underwent LDLT (C1-C12) except for these
two cases. The median age at LDLT was 9 [4—57] months,
and the median from disease onset to LDLT was 7 [3—45]
months. The median duration of native liver survival for
the 12 patients without NaPB therapy (C1-C12) was 9.5
[8.2-18.5] months. Both patients with NaPB treatment
(T01, T02) survived without LDLT for over 60 months
(Fig. 1C). All but one patient (C03) are alive, and the
median duration of survival of them was 69.6 [57.7—128]
months (Fig. 1D). The patient (C03) died after LDLT
because of antibody-induced BSEP deficiency [24].
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Growth

The Z-scores for height and weight were available in 8
of the 14 patients at the first visit. Patients who did not
receive NaPB therapy (C01, C02, C03, C06, C08, and
C10) had progressive growth retardation in both height
and weight over time. Two patients treated with NaPB
therapy (T01 and T02) showed improvement in growth
retardation, especially in weight, which normalized at
the end of observation (Fig. 2). The Z-score for height
remained unchanged in both patients.

Clinical features

Changes in clinical symptoms from the initial visit are
shown in Fig. 3. The most common symptom observed
was jaundice (14/14=100%), followed by hepatosple-
nomegaly (12/14=85.7%) and pruritus (9/14=64.3%).
Diarrhea (3/14=21.4%) and rickets (2/14=14.3%) were
observed. Intracranial hemorrhage was identified in one
case (T01) at the initial visit, but she recovered without
neurological sequelae. In two cases (T01 and T02) where
NaPB administration was started after the initial visit,
jaundice improved, but pruritus remained at the end of
observation.

Laboratory evaluations
In blood biochemistry at the first visit, all patients had
elevated transaminases, total and direct bilirubin (T-bil,
D-bil), and total bile acids (TBA). Still, GGT was within
the standard limit in all cases. Cholinesterase (ChE) was
decreased in half of the patients (7/14=50%), and PT-
INR was prolonged in 8 patients (8/13=61.5%). Platelet
counts and coagulation function were within normal lim-
its in TO1, who presented with intracranial hemorrhage.
None had hypoalbuminemia at the initial presentation.
Changes in biochemical blood tests after the first visit
are shown in Fig. 4. Patients who resulted in LDLT (C01-
C12) had progressively elevated T-bil, D-bil, and TBA
levels. ChE levels and platelet counts decreased in these
patients, and PT-INR was prolonged. No such changes
in the values of these tests were observed in the patients
with NaPB therapy (T01 and T02). In both cases, the
elevated levels of transaminase and T-bil and D-bil were
normalized at the end of observation. Total protein level
was decreased in both patients with NaPB therapy (T01
and T02), and the opposite trend was observed in the
patients who resulted in LDLT (C01-C12).

Liver histological analysis

The liver histology of the participants is summarized in
Table 2. Liver pathology specimens were available in 9 of
the 14 cases, of which 6 had the specimens available at
two-time points. In four cases (C01, C03, C06, and C12),
the first liver specimens were collected by percutaneous
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Fig. 2 Height and weight gain in Japanese PFIC2 patients

with native liver. A Definition of the category of the follow-up
time points. Init, the initial visit; End, the last visit (TO1 and T02)

or the last visit before LDLT (CO1, C02, C03, C06, C08, and C10); Mid,
visits between the initial and the end. B Height and weight gain.
Height and weight were scored as z score based on the mean
and SD of the Japanese population at each month’s age. The
difference in z-score of height and weight between Init and Mid
or End was calculated and plotted. The median z-score measured
during the Mid-period was used for the Mid-values. Data
concerning patients without NaPB therapy are shown as means
with 95% Cl (n=6; C01, C02, C03, C06, C08, and C10). A grey
horizontal and dotted line indicates 0

needle liver biopsy, and the second liver specimens were
taken from the explant liver at LDLT. Two patients who
received NaPB therapy (T01 and T02) underwent per-
cutaneous needle liver biopsy for collecting liver speci-
mens at both time points. The median age at the first
liver biopsy was 4 [4—6.5] months, and the median time
from onset to the first liver biopsy was 3 [1-4] months.
The collected specimens were analyzed using the previ-
ously described method [9]. In this method, the score
increases as the histology worsens. The median scores of
each histological finding in the initial liver biopsy were
as follows: cholestasis: 3 [3—6.5] (min: 0, max: 9), paren-
chymal change: 5 [4.5-9] (min: 0, max: 11), portal tract
change: 3 [3—4.5] (min: 0, max: 9), fibrosis: 3 [3, 4] (min:
0, max: 8). In the four cases (C01, C03, C06, and C12)
who underwent LDLT and had liver specimens available
at two-time points, all histological findings were worse in
the explanted livers at LDLT compared to the initial liver
biopsy specimens. The median scores of each histologi-
cal finding at LDLT were as follows; cholestasis: 8 [6—8],
parenchymal change: 10 [9-11], portal tract change: 5
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[4-6], fibrosis: 5.5 [5—7]. All histological findings were
improved or unchanged in 2 cases who received NaPB
therapy (T01 and T02).

Discussion

Because of its rarity, the clinical symptoms, biochemis-
try, and liver histology of PFIC2 during the native liver
period have remained poorly characterized. Recent
reports from the global consortium have provided infor-
mation on native liver survival time and the incidence of
hepatocellular carcinoma in PFIC2 patients [6, 10]. How-
ever, there is still no clinical data on PFIC2 regarding
changes over time before surgical intervention. The pre-
sent study investigated the detailed clinical information
of Japanese PFIC2 patients during the native liver period.
Fourteen Japanese PFIC2 patients identified through a
nationwide survey in Japan were enrolled in this study.
Based on their year of birth and the number of births
in Japan, the incidence of PFIC2 in Japan was estimated
to be 1/500,000 to 1/1,000,000 births. This is lower than
in other countries, where it is estimated to be 1/50,000
to 1/100,000 births [4—6]. None of the participants had
ABCB11 mutations with a relatively favorable prognosis,
p-E297G (c.890A > G) and p.D482G (c.1445A > G) [6, 25].
All patients except those treated with NaPB underwent
LDLT at less than 5 years of age (Fig. 1C). The gradual
deterioration of laboratory and histological findings up
to the time of LDLT (Fig. 4 and Table 2) suggests that
LDLT was inevitable to save each patient’s life. The age
of LTx in Japanese PFIC2 patients was earlier than pre-
viously reported in the global database study, in which
the native liver survival rate at 5 years of age was 34%
(66/192) in PFIC2 patients, excluding cases with p.E297G
(c.890A>G) and p.D482G (c.1445A>G) [6, 25]. This
may be because of the difference in the rate of patients
who underwent biliary diversion, a surgical procedure to
decrease the size of the bile acid pool by interrupting the
enterohepatic circulation and to prolong native liver sur-
vival. None of the patients in this study underwent biliary
diversion, while 23% (61/264) did in the report from the
global consortium [6].

At the initial visit, all patients had elevated serum lev-
els of AST, ALT, T-bil, D-bil, and TBA, suggesting hepa-
tocellular damage and obstructive jaundice because of
cholestasis. On the other hand, GGT levels were within
the normal range, reflecting the characteristic of PFIC2.
These biochemical results are consistent with the histo-
logical findings of cholestasis and parenchymal change
on the initial liver biopsy (Table 2). After the initial
visit, the patients who resulted in LDLT (C01-C12)
had progressively elevated T-bil, D-bil, and TBA levels,
decreased ChE levels and platelet counts, and prolonged
PT-INR, suggesting decreased liver functional reserve.
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Fig. 3 Clinical symptoms in Japanese PFIC2 patients with native liver. The closed and open circles show that each clinical symptom was observed
and not observed at the indicated period, respectively. Init, the initial data available; End, the last visit (TO1 and T02) or the last visit before LDLT

(C01-C12); Mid, visits between the initial and the end

The significant components of serum total protein are
albumin (50-60%) and immunoglobulins (20-30%) [26,
27]. In cirrhosis, the albumin/globulin ratio (A/G ratio)
is decreased because of decreased albumin synthesis in
the liver and increased immunoglobulin associated with
chronic inflammation [28]. The patients who under-
went LDLT were suggested to be approaching cirrhosis
because of decreased serum albumin and unchanged
serum total protein over time, thereby the gradual
decrease in the A/G ratio. The histological findings of
the explanted liver reflected these changes in biochemi-
cal tests because of worsening cholestasis, parenchymal
change, portal tract change, and fibrosis (Table 2).

The two cases treated with NaPB therapy (T01 and
T02) are those described in the previously published lit-
erature that examined the pharmacokinetics of NaPB and
its efficacy and safety in the short term [20]. They had

the ¢.386 G>A, p.C129Y mutation in the ABCB11 gene,
the most common mutation in Japanese PFIC2 patients
(Table 1) [29]. This study provides information on the
long-term treatment of NaPB in PFIC2. In both patients,
biochemical and histological findings in cholestasis and
hepatocellular damage were improved after the initiation
of NaPB therapy. It was accompanied by the disappear-
ance of jaundice and improvement of growth retardation.
On the other hand, NaPB is not effective enough to ame-
liorate liver fibrosis once formed and itching. The effect
of NaPB on pruritus has been evaluated in five PFIC2
patients in two studies [18, 19]. NaPB administration par-
tially improved pruritus in 4 cases and completely in 1
case. Serum TBA level normalized only in one case with
complete resolution of itching. In both patients in this
study, serum TBA levels remained relatively high even
after NaPB administration was started, suggesting that
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the pharmacologic effect of NaPB may not be sufficient
for the complete resolution of pruritus. The action mech-
anism of NaPB is to increase BSEP expression on the
hepatocanalicular membrane [16, 18, 20]. The difference
in the extent of NaPB efficacy among PFIC2 patients may
be due to the amount of functional BSEP in hepatocytes
at baseline depending primarily on the type of mutation
in each patient. Selective inhibitors of IBAT prevents
intestinal absorption of bile acids, reduces serum TBA
level, and improves pruritus in patients with cholestatic
liver disease [14, 15]. The combination of NaPB and IBAT
inhibitors may act synergistically on pruritus and provide
more favorable clinical outcomes for PFIC2 patients than
NaPB alone.

The relationship between genotype and phenotype has
been intensively studied in the European PFIC2 cohorts
[6, 30, 31]. The global database study, in which about 80%
of cases are European, shows that PFIC2 patients with at
least one p.E297G (c.890A > G) or p.D482G (c.1445A > G)
mutation have more extended periods of native liver sur-
vival and lower incidence of hepatocellular carcinoma
than other PFIC2 patients. In contrast, no significant

differences were detectable in biochemistry at presen-
tation [6]. Because p.E297G (c.890A >G) and p.D482G
(c.1445A > G) are not found in Japanese patients, a similar
genotype-based analysis is not practical in this study. This
study included three carriers of p.C129Y (c.386 G>A) in
10 patients who did not receive NaPB therapy, but there
were no notable differences in their clinical course. A
possible ethnic difference is that cholelithiasis and hepa-
tocellular carcinoma were not observed in the patients of
this study. Both medical problems are relatively frequent
in the European cohorts [6, 30, 31]. On the other hand,
there are no significant ethnic differences in age of onset,
clinical findings (jaundice and/or hepatomegaly) at onset,
subsequent progression to pruritus and hepatospleno-
megaly, and liver histological findings represented by
mild to severe portal and lobular fibrosis around 1 year of
age (Fig. 3, Tables 1 and 2) [30].

In conclusion, Japanese PFIC2 patients had gradually
worsening clinical findings since the initial visit, result-
ing in LDLT during infancy. NaPB therapy improved
cholestasis and jaundice in two patients, prolonged their
survival time with the native liver, and may avoid LTx.
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In contrast, it was insufficient to treat pruritus and liver
fibrosis. These clinical challenges may be overcome by
starting the combination of NaPB with IBAT inhibitor,
approved for treating cholestatic pruritus in children [15,
16], early in the course of the disease before liver fibrosis
develops.
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