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Highlights
� Adeno-associated virus (AAV)-mediated gene therapy can

correct Abcb4 deficiency (PFIC3) in mice.

� By restoring phospholipid transport to bile, cholestasis and
liver damage were strongly reduced.

� Stable transgene expression resulted in long-term correction
of the phenotype (26 weeks).

� Hepatic transgene persistence was achieved by sufficiently
reducing hepatocyte proliferation.
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Lay summary
Progressive familial intrahepatic cholesta-
sis type 3 (PFIC3) is a severe genetic liver
disease that results from impaired trans-
port of lipids to bile, which makes the bile
toxic to liver cells. Because therapeutic
options are currently limited, this study
aims to evaluate gene therapy to correct
the underlying genetic defect in a mouse
model of this disease. By introducing a
functional copy of the missing gene in
liver cells of mice, we were able to restore
lipid transport to bile and strongly reduce
damage to the liver. The proliferation of
liver cells was also reduced, which con-
tributes to long-term correction of the
phenotype. Further studies are required
to evaluate whether this approach can be
applied to patients with PFIC3.
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Progressive familial intrahepatic cholestasis type 3 (PFIC3) is an
autosomal-recessive liver disorder. Patients with PFIC3 present
with cholestasis at a young age, which progresses to cirrhosis
and end-stage liver disease before adulthood.1–3 PFIC3 is caused
by impairment of phosphatidylcholine (PC) translocation to bile
by the canalicular membrane protein ATP binding cassette sub-
family B member 4 (ABCB4), formerly known as multidrug
resistance protein 3 (MDR3), encoded by the ABCB4 gene.4–6 In
bile, PC is essential in the formation of mixed micelles with bile
salts that protect the lining of the biliary tree from the detergent
properties of bile salts. In the absence of PC transport, bile salt–
induced cytotoxicity causes progressive destruction of cholan-
giocytes, mainly of small bile ducts, and hepatocytes leading
to intrahepatic cholestasis and progressive liver damage.4,7

Currently, therapeutic options for PFIC3 are limited. Treat-
ment with ursodeoxycholic acid (UDCA) achieves biochemical
improvement by its anticholestatic effects and by stimulating
biliary HCO3

� secretion at the level of the hepatocyte and
cholangiocyte, shielding the cellular membranes from entry of
toxic protonated glycine-conjugated bile salts (biliary HCO3

�

umbrella hypothesis).3,8,9 Evidence for long-term clinical benefit
is lacking due to the lack of prospective randomized, placebo-
controlled trials. Partial external biliary diversion (PEBD) is the
primary surgical intervention in the management of patients
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Background & Aims: Progressive familial intrahepatic cholesta-
sis type 3 (PFIC3), for which there are limited therapeutic
options, often leads to end-stage liver disease before adulthood
due to impaired ABCB4-dependent phospholipid transport to
bile. Using adeno-associated virus serotype 8 (AAV8)-mediated
gene therapy, we aimed to restore the phospholipid content in
bile to levels that prevent liver damage, thereby enabling stable
hepatic ABCB4 expression and long-term correction of the phe-
notype in a murine model of PFIC3.
Methods: Ten-week-old Abcb4�/� mice received a single dose of
AAV8-hABCB4 (n = 10) or AAV8-GFP (n = 7) under control of a
liver specific promoter via tail vein injection. Animals were sacri-
ficed either 10 or 26 weeks after vector administration to assess
transgene persistence, after being challenged with a 0.1% cholate
diet for 2 weeks. Periodic evaluation of plasma cholestatic mark-
ers was performed and bile duct cannulation enabled analysis of
biliary phospholipids. Liver fibrosis and the Ki67 proliferation
index were assessed by immunohistochemistry.
Results: Stable transgene expression was achieved in all ani-
mals that received AAV8-hABCB4 up to 26 weeks after adminis-
tration. AAV8-hABCB4 expression restored biliary phospholipid
excretion, increasing the phospholipid and cholesterol content
in bile to levels that ameliorate liver damage. This resulted in
normalization of the plasma cholestatic markers, alkaline phos-
phatase and bilirubin. In addition, AAV8-hABCB4 prevented pro-
gressive liver fibrosis and reduced hepatocyte proliferation for
the duration of the study.
Conclusion: Liver-directed gene therapy provides stable hepatic
ABCB4 expression and long-term correction of the phenotype in
a murine model of PFIC3. Translational studies that verify the
clinical feasibility of this approach are warranted.

Keywords: Progressive familial intrahepatic cholestasis; PFIC type 3; PFIC3; ABCB4;
MDR3; MDR2; Adeno-associated virus; AAV; AAV8; Gene therapy; Correction
cholestatic phenotype.
Received 18 January 2019; received in revised form 1 March 2019; accepted 21 March
2019; available online 29 March 2019
⇑ Corresponding author. Address: Tytgat Institute for Liver and Intestinal Research,
Department of Gastroenterology and Hepatology, Amsterdam UMC, University of
Amsterdam, Room S1-168, Meibergdreef 69, 1105 BK Amsterdam, The Netherlands.
Tel.: +31 20 566 8850.
E-mail address: p.j.bosma@amc.uva.nl (P.J. Bosma).
Journal of Hepatology 2
ults in long-term correction
atic cholestasis type 3 in mice

, Suzanne Duijst1, Lysbeth ten Bloemendaal1,
zitti3, Ronald P. Oude Elferink1, Ulrich Beuers1,
, Piter J. Bosma1,⇑

, Tytgat Institute for Liver and Intestinal Research, Amsterdam
, The Netherlands; 2Amsterdam University Medical Centers,
, Amsterdam, The Netherlands; 3INTEGRARE, Genethon, INSERM,
ris-Saclay, 91002 Evry, France

Lay summary: Progressive familial intrahepatic cholestasis type
3 (PFIC3) is a severe genetic liver disease that results from
impaired transport of lipids to bile, which makes the bile toxic
to liver cells. Because therapeutic options are currently limited,
this study aims to evaluate gene therapy to correct the underly-
ing genetic defect in a mouse model of this disease. By introduc-
ing a functional copy of the missing gene in liver cells of mice,
we were able to restore lipid transport to bile and strongly
reduce damage to the liver. The proliferation of liver cells was
also reduced, which contributes to long-term correction of the
phenotype. Further studies are required to evaluate whether
this approach can be applied to patients with PFIC3.
� 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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with PFIC and can postpone the need for eventual liver trans-
plantation, but only if attempted before major liver damage
has occurred.10,11 We have to note that the reported number
of PEBD performed in patients with PFIC3, as opposed to those
with PFIC1 and PFIC2, is extremely low and that only a marginal
therapeutic effect can be expected based on the pathophysiol-
ogy. Liver transplantation is the only curative treatment for
PFIC3. Despite the risk of short- and long-term complications
after liver transplantation and procedure-associated mortality,
the reported patient survival of 75–100% and primary graft sur-
vival of 73–89% are high.12,13 It is mainly the lifetime burden of
immunosuppressive therapy and the limited availability of
donor livers that warrant the development of alternative thera-
peutic strategies.

Adeno-associated virus (AAV) vector mediated gene therapy
is an attractive, potentially curative approach to treat inherited
gene deficiencies and has taken a leap towards clinical applica-
tion in the last decade. AAV-mediated transfer of a functional
copy of the clotting factor IX gene into hepatocytes has shown
to be safe and provided a long-term reduction of bleeding epi-
sodes in patients with hemophilia B.14 This approach is cur-
rently under clinical investigation for other indications such as
Crigler-Najjar syndrome (NCT03466463),15 Mucopolysacchari-
dosis type VI (NCT03173521)16 and Pompe disease
(NCT03533673).17 The AAV system is established as the vector
of choice because of its superior safety profile and non-
integrative nature.18 AAV-mediated gene transfer results in epi-
somal transgene expression, which is a major safety advantage
over gene editing approaches, but has limited its application to
quiescent tissue to reduce the chance of gradual vector loss
upon cell division.19–21 Low transgene persistence is expected
when targeting proliferative tissue. This is especially undesir-
able since effective vector re-administration is impaired by neu-
tralizing antibody formation, triggered by the initial vector
exposure.22 Despite the current paradigm, we believe that
AAV-mediated gene therapy directed to the liver can be an
attractive approach to treat PFIC3 even though the disorder is
associated with considerable hepatocyte proliferation. For a sin-
gle dose of AAV vector to be effective and provide long-term
correction in PFIC3, it would be necessary to completely elimi-
nate the proliferative trigger and achieve stable transgene
expression. Our current study was set up to test this hypothesis.

Expression of only low levels of hepatic ABCB4 results in suf-
ficient phospholipid translocation to bile to prevent liver
pathology as shown by studies performed in the Abcb4�/�

mouse, a well characterized model for PFIC3.7,23,24 Hepatic
expression of human ABCB4 (hABCB4) in the Abcb4�/� mouse
at only 15% of wild-type levels improved the phenotype by
partly restoring phospholipid content in bile, while in heterozy-
gous animals (Abcb4+/�) no liver pathology is observed.25 The
phenotype in mice is relatively modest compared to that in
humans because of a less toxic bile salt composition in bile,
but it can be aggravated by adding the hydrophobic bile salt
cholate to the diet to more closely resemble the human PFIC3
phenotype.26 As a proof-of-concept study we developed a
liver-targeting gene therapy strategy to correct the phenotype
in a murine model of PFIC3. We hypothesized that AAV8-
mediated transfer of hABCB4 to the liver of Abcb4�/� mice could
provide stable transgene expression by restoring biliary phos-
pholipid excretion to levels that eliminate hepatocyte prolifera-
tion and result in long-term correction of the phenotype.
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Materials and methods
Plasmid design and vector production
The hABCB4 gene comprises 27 coding exons and spans approx-
imately 78 kb on chromosome 7 (NCBI Gene ID: 5244), resulting
in cDNA of 3.8 kb. A transgene expression cassette was assem-
bled by cloning the hABCB4 cDNA (GenBank: M23234.1) into a
modified AAV expression cassette derived from a previously
described vector27 that includes the wild-type AAV2 inverted
terminal repeats (ITRs), an apolipoprotein E gene-derived
enhancer and a compact liver specific human alpha
1-antitrypsin (hAAT) promoter (Fig. 1A). The human factor
IX-derived synthetic intron and the bovine growth hormone
gene polyadenylation signal were also included to improve
mRNA stability.28 A vector containing green fluorescent protein
(GFP) was used as a control, AAV8-GFP. This control vector, con-
taining the hAAT promoter, had a similar backbone compared to
the experimental vector. AAV vectors were produced using an
adenovirus-free transient transfection method as previously
described.15,29 In brief, adherent human embryonic kidney cells
(HEK293T) were transfected with AAV2 Rep and AAV8 Cap
(pDP8.ape, Plasmid Factory, Bielefeld, Germany) and the ITR-
flanked transgene expression cassette. After 72 h of transfection
cells were harvested, lysed by 2 freeze–thaw cycles and treated
with DNAse, RNAse (Roche, Basel, Switzerland) and benzonase
(Merck, Darmstadt, Germany). Vectors were then purified by
iodixanol gradient ultra-centrifugation. Titers of AAV vector
stocks were determined using quantitative real-time
polymerase chain reaction (qPCR) with primers directed to the
promoter sequence as mentioned in Table S1.

Assessment of vector genome integrity and transduction
capacity in vitro
Taking the maximal AAV packaging capacity of �5 kb into
account, we assessed if the AAV8-hABCB4 vector genome
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Fig. 1. Schematic representation of vector expression cassette and exper-
imental design. (A) Schematic representation of the AAV8-hABCB4 vector
genome consisting of an expression cassette including a liver specific hAAT
promoter, a factor IX-derived synthetic intron (Synth. INT), the hABCB4 coding
sequence and a polyadenylation signal (pA), flanked by AAV2 ITRs. (B) At t = 0,
10-week-old male Abcb4�/� mice received intravenous administration of
AAV8-hABCB4 (n = 10) or AAV8-GFP control (n = 7) at a dose of 5 � 1013 vg/kg.
All animals were challenged by a 0.1% cholate diet for a duration of 2 weeks,
starting either at 8 or 24 weeks after vector administration. AAV, adeno-
associated virus; GFP, green fluorescent protein; hABCB4, human ABCB4;
hAAT, human alpha 1-antitrypsin; ITRs, inverted terminal repeats.
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error. Two micrograms of RNA were then reverse transcribed
to cDNA using the RevertAid cDNA Synthesis Kit (Thermo Scien-
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(4.9 kb) was completely packaged using Southern blot analysis.
DNA was extracted from 1 � 108 vector particles by heat-
denaturation at 96 �C for 5 min and separated by alkaline agar-
ose gel electrophoreses. Digoxigenin-dUTP labeled probes direc-
ted to the promoter sequence were produced using a PCR
digoxigenin Probe Synthesis Kit (Merck, Darmstadt, Germany)
and used for DNA hybridization as described previously.30

Transduction of a human hepatoma cell line (Huh7) with the
AAV8-hABCB4 vector at 5 � 106 gc/cell was performed in a 6-
well plate in 1 ml Dulbecco’s modified Eagle’s medium (DMEM;
Lonza, Cologne, Germany) supplemented with 4 mmol/L L-
glutamine and a mixture of antibiotics (5 mg/ml penicillin,
5 mg/ml streptomycin). After 4 h, 1 ml of complete DMEM (con-
taining 10% foetal calf serum) was added and incubated for 72 h
before cells were lysed and expression of ABCB4 was confirmed
by western blot using the monoclonal antibody P3II-26 (Merck,
Darmstadt, Germany) as previously described.31 To achieve
higher transduction efficiency in vitro the Huh7 cells were
pre-treated for 2 h with 1 uM etoposide to enhance the DNA
damage response, which increases second-strand synthesis by
inhibition of topoisomerase II.32,33

Animal study procedures
Ten-week-old male Abcb4 knockout mice (C57BL/6 background)
randomly received a single administration of either AAV8-
hABCB4 (n = 10) or AAV8-GFP control (n = 7) at a dose of

5 � 1013 vector genome copies per kg via tail vein injection.
Mice were housed in a temperature-controlled environment
with 12 h/12 h light–dark cycle and permitted ad libitum con-
sumption of standard chow (2016 Teklad global 16% protein
rodent diet, Envigo, Huntingdon, United Kingdom) and water.
All animals were challenged with 0.1% cholate supplemented
to the standard chow for a duration of 2 weeks until termina-
tion, starting either at 8 or 24 weeks after vector administration
(Fig. 1B). Blood sampling was performed every 2 weeks and
every week during dietary challenge. Prior to termination, bile
duct cannulation was performed under anesthesia with keta-
mine (Nimatek, 100 mg/kg) and xylazine (Sedamun, 10 mg/kg)
as previously described.34 Bile was collected in aliquots every
10 min for 30 min after distal ligation of the common bile duct.
Bile flow was determined gravimetrically assuming a density of
1 g/ml for bile. Additionally, bile was collected directly from the
gallbladder by a 30 G needle prior to bile duct cannulation.
Blood was collected by cardiac puncture and plasma was sepa-
rated by centrifugation at 1,000 g for 5 min. Organs were fixed
overnight in 4% paraformaldehyde or snap frozen in liquid N2

and stored at �80 �C for further analysis. All animal experi-
ments were performed in accordance with the European Direc-
tive 2010/63/EU and with approval of the Institutional Animal
Care and Use Committee of the Amsterdam UMC.

Biochemistry and bile analysis
Plasma biochemistry for cholestatic markers (alkaline phos-
phatase [ALP], total bilirubin) and liver injury (alanine amino-
transferase [ALT], aspartate aminotransferase [AST]) were
determined by routine clinical biochemistry testing on a Roche
Cobas c502/702 analyzer (Roche Diagnostics, US). Choline con-
taining phospholipids and cholesterol in bile were determined
enzymatically as described previously.35 Determination of
changes in fluorescence were performed on a CLARIOstar ana-
lyzer (BMG Labtech, Offenburg, Germany). Concentrations of
different bile salt species in plasma and bile were determined
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by reverse-phase high-performance liquid chromatography as
described previously.36

Transgene expression
Genomic DNA was isolated as previously described37 from at
least 8 random pieces from 4 different lobes to minimize sam-
pling error. hABCB4 and GFP copy number were determined
by qPCR in a LightCycler480 (Roche Diagnostics USA) using
the SensiFASTTM SYBR No-ROX kit (GC Biotech, Waddinxveen,
the Netherlands) and the primers mentioned in Table S1.
Results were processed and analyzed using LinRegPCR software
and normalized to the geometric mean of 36b4 and Gapdh. To
determine the expression of both the hABCB4 and GFP genes,
total liver RNA was isolated as previously described using Tri-
zol,37 according to the same method to minimize sampling
tific) with random hexamers and oligo dT primers. qPCR was
performed on a LightCycler480 (Roche Diagnostics, Indi-
anapolis, USA) using SensiFASTTM SYBR No-ROX kit (GC Biotech,
Waddinxveen, the Netherlands) and the primers mentioned in
Table S1. Results were normalized to the geometric mean
of 36b4, Gapdh and Hprt. Determination of both genomic DNA
and RNA in the liver was performed twice after a second, inde-
pendent DNA and RNA isolation.
Anti-hABCB4 antibody assay
Antibody detection was performed using an ELISA assay as pre-
viously described.38 Lysates of Madin-Darby Canine Kidney
(MDCK) cells or MDCK cells overexpressing hABCB4 were used
to coat ELISA plates (Greiner, Kremsmünster, Austria) overnight
with 2 lg protein per well in 50 mM carbonate buffer pH 9.6.
The wells were blocked with 1% gelatin in PBS, washed and
incubated with serial dilutions of mouse plasma. After washing,
mouse immunoglobulins were detected with peroxidase conju-
gated goat-anti-mouse IgG followed by o-phenylenediamine
(Merck, Darmstadt, Germany) conversion. For the determina-
tion of anti-hABCB4 antibody titers, the titer of the same sample
on the negative control plate (MDCK lysate coated) was sub-
tracted to correct for non-specific binding.

Histology
For conventional bright-field light microscopy, livers were fixed
in 4% formaldehyde solution and embedded in paraffin. Five-
micron sections were stained with hematoxylin (Sigma,
51275) and Eosin (Sigma, E4382) (H&E) or Sirius red.39 Semi-
quantitative analysis of liver fibrosis40 was performed by a
senior hepatopathologist (JV) blinded to the experimental
groups. By using the following scoring system, ranging from 0
to 4, we were able to assess features such as distribution and
fibrous bridging: 0 no fibrosis, 1 periportal fibrosis in <50% of
portal fields; 2 periportal fibrosis in >50% of portal fields; 3
bridging fibrosis in <50% of portal fields; 4 bridging fibrosis in
>50% of portal fields. Acute liver injury in the Abcb4�/� model
was assessed by monitoring ALT and AST.

Immunohistochemistry
For the detection of hABCB4, cryosections (5 lm) were fixed in
acetone and stained with the monoclonal antibody P3II26 (Enzo
Life Sciences, Farmingdale, NY, USA) as previously described.41

For the detection of GFP (anti-GFP, Rockland) and Ki67 (SP6,
Thermo Scientific) the same procedure was performed. In short,

019 vol. 71 j 153–162 155
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endogenous peroxidase was blocked by incubating slides with
0.3% H2O2 in PBS for 15 min. Slides were incubated with the pri-
mary antibody (1:2,000) for 4 h at room temperature, rinsed
and incubated with secondary antibody horse radish peroxidase
(HRP) G-anti-Ms/Rb IgG (DPVB110HRP Immunologic) for
45 min. Subsequently the slides were incubated with Bright
DAB substrate (BS04-110, ImmunoLogic) for 7 min. Counter-
staining was performed with hematoxylin. Ki67-positive hepa-
tocyte nuclei were manually counted by 2 observers (LtB and
SA) in 5 randomly-selected, non-overlapping microscopic fields
at 20� magnification. For the detection of cytokeratin 7 (CK7)
(EPR17078, Abcam) the above procedure was performed except
that the endogenous peroxidase was blocked by incubating
slides with 0.3% H2O2 in methanol and the secondary antibody
was visualized using the NovaREDTM Peroxidase (HRP) Substrate
Kit (Vector Laboratories, Burlingame, CA, USA).

RNA in situ hybridization
For the detection of target RNA in liver tissue we made use of
the RNAscope� technology according to the manufacturer’s pro-
tocol (Advanced Cell Diagnostics, Inc., Hayward, CA, USA). Tar-
get probes for hABCB4 and GFP based on the sequences
mentioned in Table S1 were hybridized on liver tissue and visu-
alized after signal amplification with fast-red, and counter-
stained using hematoxylin. UBc and dapB probes served as

positive and negative controls, respectively.
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Statistical analysis
Data are presented as mean values ± SD and were analyzed for
significance using the independent 2-tailed t test for the com-
parison of parametric variables between 2 groups, unless stated
otherwise. For non-parametric variables we performed a Mann-
Whitney U test and for the comparison of 3 or more groups a
1-way analysis of variance (ANOVA) was performed. To assess
the inter-observer agreement for the quantification of the
Ki67 proliferation index the correlation coefficient was calcu-
lated between the analysis of the 2 observers. For statistical
analysis we used GraphPad Prism 7 software (GraphPad
Software Inc., CA, USA). *p <0.05, **p <0.01, ***p <0.001 were
considered significant.

For further details regarding the materials and methods
used, please refer to the Supplementary CTAT table.

Results
Design and in vitro validation of a viral vector for the
treatment of PFIC3
The AAV8-hABCB4 vector genome is relatively large (4.9 kb) and
approaches the maximal AAV packaging capacity of �5 kb. The
expression cassette includes the hABCB4 cDNA with a length of
3.8 kb under control of a liver specific hAAT promoter (Fig. 1A).
Vector genome integrity was evaluated by Southern blot analy-

sis of the heat-denatured AAV8-hABCB4 vector, showing both
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centrations of total bile salts in plasma, of which >90% was con-
jugated cholate, are presented in Table S2. The severe
cholestasis and increase in serum aminotransferases in animals
treated with the control vector translated to significant weight
loss (�21.8% week 10 vs. week 8; �20.9% week 26 vs. week
24), while the weight of animals treated with AAV8-hABCB4
remained stable (Fig. 2D). After termination, both the normal-
ization of relative liver weight and the strong reductions in gall-
bladder volume (135 ± 28 ll [n = 7] vs. 5 ± 2 ll [n = 10],
p <0.001) indicated a marked effect of the vector in AAV8-
hABCB4 treated mice (Fig. S2).

AAV8-hABCB4 restores phospholipid and cholesterol content
in bile
At the end of the experiments, bile collection enabled determi-
nation of biliary phospholipid and cholesterol content. In ani-
mals treated with AAV8-hABCB4 the phospholipid and
cholesterol content in bile was restored to levels that were com-
parable to levels reported in Abcb4+/+ mice7 (Fig. 3A-B). The
restoration of phospholipid and cholesterol content in bile
was persistent up to 26 weeks after vector administration. Bile
flow was assessed in all animals that where successfully cannu-
lated, and no differences were seen between the groups
(Fig. 3C). Phospholipid output in bile was increased in all ani-
mals treated with AAV8-hABCB4 compared to controls

B
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full-length and partial genomes (Fig. S1A). Transduction of
Huh7 cells with the AAV8-hABCB4 vector resulted in expression
of ABCB4, confirmed by western blot (Fig. S1B).

AAV8-hABCB4 corrects the cholestatic phenotype in Abcb4�/�

mice
Ten-week-old male Abcb4�/� mice received a single administra-
tion of AAV8-hABCB4 (n = 10) or AAV8-GFP control (n = 7) at a
dose of 5 � 1013 vector genome copies per kg via tail vein injec-
tion. All animals were challenged by a 0.1% cholate diet for a
duration of 2 weeks before termination, starting either at 8 or
24 weeks after vector administration (Fig. 1B). This dietary chal-
lenge led to a steep increase of the cholestatic markers ALP and
total bilirubin in plasma of animals that received the AAV8-GFP
control vector (Fig. 2A and B), as expected in the Abcb4�/�

model.26 In contrast, treatment with the AAV8-hABCB4 vector
resulted in complete correction of this cholestatic phenotype,
both at the early (w8-10) and the late (w24–26) time point
(Fig. 2A and B). Serum ALT, an indicator of parenchymal liver
damage, was also markedly reduced in animals treated with
AAV8-hABCB4 compared to controls during cholate feeding
(Fig. 2C). High levels of total bile salts were measured in plasma
of AAV8-GFP treated animals after 2 weeks of cholate diet,
which were markedly lower in plasma of AAV8-hABCB4 treated
animals (1.94 ± 0.54 vs. 0.013 ± 0.006 mM, p <0.001). The con-
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(Fig. 3D). Although animals at both the early (w8–10) and late
(w24–26) time point showed a phospholipid output that was
above the threshold required to improve liver damage as
described in the literature (15% of wild-type),25 a relative
decrease over time was observed. The absolute concentrations
of phospholipids, cholesterol and total bile salts in bile are pre-
sented in Table S2.

AAV8-hABCB4 mediated expression of hABCB4 in liver is
stable
Both hABCB4 transgene copy numbers and mRNA expression
were detectable in livers of all animals treated with AAV8-
hABCB4 and remained stable for at least 26 weeks, while hepatic
GFP transgene and expression in animals treated with AAV8-
GFP decreased over time (Fig. 4). Furthermore, hABCB4 expres-
sion in the liver remained stable for the duration of the study
(26 weeks) (Fig. 5A-B), while GFP expression was reduced when
comparing the late (w24–26) to the early (w8-10) time point
(Fig. 5C-D). Using in situ hybridization with RNA specific probes
(RNA scope) we were able to visualize hABCB4mRNA expression
in liver tissue on the cellular level. Immunostaining was used to
visualize both hABCB4 and GFP protein expression, showing a
clear canalicular staining pattern for hABCB4 and cytosolic
expression of GFP (Fig. 6). Since transgene expression was stable
for the duration of the experiment but a relative decrease of
phospholipid output in bile was observed, we studied the possi-
bility of inactivating anti-ABCB4 antibody formation after vector
administration. No ABCB4 antibodies in plasma were detected
as a consequence of hABCB4 expression in Abcb4�/� mice at
26 weeks after vector administration (Fig. S3).

AAV8-hABCB4 prevents liver fibrosis and reduces hepatocyte
proliferation
Histological evaluation of the liver by hematoxylin and eosin
(H&E) staining showed almost complete amelioration of the duc-
tular reaction in AAV8-hABCB4 treated animals compared to
AAV8-GFP treated animals, both 10 and 26 weeks after AAV-
hABCB4 administration (Fig. 7A). This was subsequently con-
firmed by immunostaining of cytokeratin-7 in liver sections
(Fig. S4). Sirius red staining enabled scoring of fibrosis in the liver,
as described in the methods section, and showed a decreased
fibrosis score in AAV8-hABCB4 treated animals compared to
AAV8-GFP treated animals (Fig. 7A-B). The Ki67 proliferation
index tended to decrease after 10 weeks and decreased after
26 weeks in animals that received the AAV8-hABCB4 vector com-
pared to animals that received AAV8-GFP (Fig. 7C-D). Addition-
ally, we assessed the number of Ki67 positive hepatocytes at
baseline in untreated Abcb4�/� mice at 10 weeks of age (Fig. 7D
and Fig. S5). Accurate identification of Ki67-positive hepatocytes
is known to be difficult.42 Still, the correlation coefficient
between the analyses of the 2 observers was R2 0.87 (p <0.001).

leads to bile salt-induced damage to bile duct epithelial cells
and hepatocytes, resulting in cholestasis and progressive fibro-
sis. Currently, therapeutic options for PFIC3 are limited and in
the majority of cases a liver transplantation is inevitable. We
aimed to develop AAV-mediated, liver-directed gene therapy
to correct the ABCB4 deficiency, restore phospholipid excretion
into bile and prevent liver injury. Liver-directed gene therapy
using AAV vectors has proven to be safe and effective for the
treatment of hemophilia B14 and has great potential for the
treatment of other inherited disorders as long as the liver tissue
itself is not hyperproliferative.15–17 It is well established that
AAV-mediated gene transfer results in stable correction of qui-
escent tissue and that cell proliferation results in loss of the epi-
somal transgene.19–21 This fuels the paradigm that AAV-
mediated gene therapy in disorders that result in liver damage
and subsequent hyperproliferation, such as PFIC3, can only lead
to transient correction. Since re-administration of the vector is
impaired by anti-AAV neutralizing antibody formation, a tran-
sient correction means that an AAV approach will not be cura-
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Fig. 4. AAV8-hABCB4 mediated expression of hABCB4 in liver is stable,
while GFP expression is lost over time. Transgene copy number of (A)
hABCB4 and (B) GFP and relative mRNA expression of (C) hABCB4 and (D) GFP
in liver of animals treated with AAV8-hABCB4 (w10; n = 5 and w26; n = 5) or
AAV8-GFP (w10; n = 4 and w26; n = 3). Expression of hABCB4 was unde-
tectable in AAV8-GFP treated animals and expression of GFP was unde-
tectable in AAV8-hABCB4 treated animals. Experiment is performed in
duplicate with separate RNA and DNA isolation, data is presented as
mean ± SD. n.s. is not significant, **p <0.01. AAV by independent 2-tailed
t test, adeno-associated virus; GFP, green fluorescent protein; hABCB4, human
ABCB4.
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No macroscopic or microscopic signs of liver tumors were found
in any of the animals during the experimental period. Sponta-
neous development of liver tumors has been described in the
Abcb4�/� mouse, but is strongly dependent on the genetic back-
ground of the strain23,26 and has not previously been described
before the age of 12 months in the C57BL/6 strain.

Discussion
PFIC3 is a severe, inherited liver disorder caused by hepatic
ABCB4 deficiency. Impaired phospholipid excretion into bile
158 Journal of Hepatology 2
tive. However, here we show pre-clinical data suggesting that
a single dose of AAV8-hABCB4 in the Abcb4�/� mouse results
in stable hepatic expression of hABCB4 and provides long last-
ing correction of the phenotype.

In this study, hepatic expression of hABCB4 is achieved up to
26 weeks after vector administration, restoring biliary phospho-
lipid excretion to levels that prevent liver damage and normal-
ize plasma cholestatic markers. The amount of hepatic ABCB4
reconstitution that is necessary to correct the phospholipid con-
tent in bile and prevent liver injury in Abcb4�/� mice is esti-
mated to be between 15–50%.25,41 In animals that received
AAV8-hABCB4, biliary phospholipid and cholesterol content
019 vol. 71 j 153–162
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was restored to wild-type levels and both RNA and protein were
detected in 60–80% of hepatocytes, suggesting that hepatic
ABCB4 expression levels above 50% of wild-type were reached
(Figs. 3 and 6, respectively). The restoration of ABCB4 expres-
sion and function resulted in complete correction of the chole-
static phenotype (Fig. 2). We also observed a normalization of
the gallbladder size in animals treated with AAV8-hABCB4
(Fig. S2), which could be an indirect effect of resolving the
cholestasis in these animals. An increased gallbladder volume
has been described previously in Abcb4�/� mice,43 but the cause
of this phenomenon has not yet been elucidated. We speculate

Fig. 6. Transgene expression on RNA and protein level in liver of AAV8-hAB
expression in liver tissue of animals that received a single injection of the indic
cholate diet. In situ hybridization with RNA specific probes (RNA Scope) v
Immunostaining of hABCB4 shows a canalicular staining pattern (middle pan
associated virus; GFP, green fluorescent protein; hABCB4, human ABCB4. (Thi
Journal of Hepatology 2
that the increased gallbladder volume in the AAV-GFP treated
mice is the result of severe cholestasis during cholate feeding.
Recent studies show that an elevation of plasma bile salts in
mice can activate enterocytes to release Fgf15 into the systemic
circulation.36 Elevated systemic Fgf15 levels could result in the
increased gallbladder volume, since Fgf15 is known to stimulate
gallbladder filling.44 Besides the correction of the cholestatic
phenotype, restoration of ABCB4 function strongly reduces liver
fibrosis and dampens hepatocyte proliferation (Figs. 2 and 7,
respectively). Both the liver fibrosis score and hepatocyte prolif-
eration are not completely normalized in AAV8-hABCB4 treated

4 and AAV8-GFP treated animals. Representative images (20�) of transgene
ed vector and were sacrificed at the indicated time point after 2 weeks of 0.1%
ualizes hABCB4 mRNA expression as brown nuclear staining (left panels).
ls) while GFP shows a cytosolic staining pattern (right panels). AAV, adeno-
figure appears in colour on the web.)
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animals, but the significant reduction of liver damage is likely to
contribute to the long-term transgene expression up to

26 weeks after administration of the vector. Without sufficient
correction of the ABCB4 deficiency, constant hepatocyte prolif-
eration would lead to rapid loss of the episomal transgene, as
shown in the animals that received AAV8-GFP (Figs. 4 and 5).

The level of ABCB4 expression required to prevent liver injury

in humans is not known. Even individuals that are heterozy-
gotes for complete loss of function alleles, expressing 50% of
hepatic ABCB4, can in some cases develop slowly progressive
liver damage.3,45 Nevertheless, in such cases liver pathology is
much less severe and it is safe to assume that in patients with
PFIC3, reconstitution of hepatic ABCB4 between 15–50% will
probably significantly improve the phenotype and result in a

clinically relevant effect.

The Abcb4�/� mouse model we used in the present study

resembles the PFIC phenotype in humans, but some challenges
that arise from the difference between the murine model and
the human context should be addressed prior to translation of
these results. Firstly, the vector was introduced in a liver with
relatively modest injury and hepatocyte proliferation. The phe-
160 Journal of Hepatology 2
B * *
3

sc
or

e 
(0

-4
)

notype that spontaneously occurs in AAV-GFP treated animals is
limited to flairs of serum ALT (Fig. 2C) and a marginal increase
in proliferation of hepatocytes at baseline in 2/3 animals
(Fig. 7D). The bile salt composition in mice is less toxic in the
absence of phospholipids, leading to a less progressive pheno-
type than in humans. Young adult Abcb4�/� mice (�10 weeks
old) show modest elevations in serum cholestatic parameters
(total bilirubin 9.8 ± 8.0 lmol/L and ALP 173 ± 31 IU/L), serum
aminotransferases (ALT 222 ± 80 IU/L) and, histologically, only
moderate fibrosis.7,23 This modest liver injury in young adult
mice would resemble a very early disease stage of PFIC3 in
humans. Although AAV vector transduction efficacy is probably
not limited by liver fibrosis or cirrhosis,46 the extent of liver
injury and subsequent hepatocyte proliferation could be a major
factor contributing to gradual loss of transgene expression in
humans.47 To more closely resemble the human phenotype,
all animals were challenged with a 0.1% cholate diet as previ-
ously described.26 This diet was introduced either at 8 or
24 weeks after vector administration to assess transgene persis-
tence over time (Fig. 1). Future studies to assess the effect of
severe liver injury and abundant hepatocyte proliferation on
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AAV-mediated transduction efficacy in the Abcb4�/� mouse
model could be performed by administering AAV8-hABCB4 after
introducing the cholate diet. Another attractive approach would
be to use a mouse model with a humanized bile salt pool that
develops a phenotype resembling PFIC3 in humans without a
dietary intervention. An example of such a model would be an
Abcb4�/�Cyp2C70�/� double knockout, which is unable to form
hydroxylated bile salts such as a- or b-muricholate,48 but this
model is currently unavailable.

Secondly, we show efficacy of AAV8-hABCB4 in adult
Abcb4�/� mice while PFIC3 in humans presents at young age
and most often progresses to end-stage liver disease before
adulthood. Ideally, gene therapy should be offered to patients
in an early disease stage at young age, but it has been estab-
lished in prior animal studies that transgene persistence is
low in a growing liver.21 Ongoing experiments of AAV-
mediated gene transfer in juvenile Abcb4�/� mice will give
insight into transgene persistence in the context of a growing
liver and the minimum hepatic hABCB4 expression required to
correct the phenotype. Only recently a successful strategy to
perform AAV re-administration after impairment of neutralizing
antibody formation was described in a pre-clinical setting.49

Developing strategies that enable retreatment of patients, in
whom the therapeutic correction has been lost because of liver
growth or residual hepatocyte proliferation, would increase the
feasibility of AAV-mediated gene therapy for PFIC3. Further-
more, we acknowledge that an AAV-mediated gene therapy
approach could be complementary to existing therapeutic
options for PFIC3. Optimal management with UDCA in combina-
tion with AAV-mediated gene therapy may contribute to ame-
lioration of liver injury and proliferation, which could achieve
the same long-lasting transgene expression seen in the Abcb4�/�

mouse model. Undergoing a liver transplantation will remain
the final resort for patients when AAV (re-)administration
ceases to confer phenotypic correction. In some cases, AAV8-
mediated gene therapy may even become a successful bridging
strategy to prevent a liver transplantation at young age.

In conclusion, AAV8-mediated gene therapy provides long-
term correction in a murine model of PFIC3, encouraging
translational studies that aim to verify AAV-mediated gene
therapy as a future option in the management of patients
with PFIC3.
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