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In this thesis, I studied novel treatment options for two inherited severe liver disorders, Crigler-
Najjar syndrome type I and progressive familial intrahepatic cholestasis type 3. In this chapter, 
I derive main findings from my approaches and results. In addition, I discuss the future 
perspectives of the different approaches towards the treatment of these two inherited severe 
liver diseases.

CRIGLER-NAJJAR SYNDROME TYPE I AND II
Crigler-Najjar syndrome (CNs) presents as unconjugated hyperbilirubinemia, resulting from 
UGT1A1 deficiency, is differentiated as a severe (type I) and milder (type II) phenotype1. In type 
I patients, bilirubin glucurondating activity is completely absent resulting in serum levels 
> 340 µmol/L which, when left untreated, will cause lethal brain damage, characterized 
by kernicterus, the yellow pigmentation of the globus pallidus in the basal ganglia2. 
The residual bilirubin glucuronidating activity in the liver of type II patients prevents this 
extreme accumulation resulting in levels between 50 to 340 µmol/L. CNs type II patients 
with serum levels in the lower range do not need treatment, but those with levels above 200 
µmol/L usually are treated with phenobarbital to reduce serum bilirubin levels by inducing 
residual UGT1A1 activity. Early after birth, this response to phenobarbital is generally used 
to distinguish type I and type II. Some type II patients need a combination of phenobarbital 
and phototherapy to ensure safe bilirubin levels.

In chapter 2 we report a patient with a serum level of unconjugated bilirubin around 
250 µmol/L, characteristic for CNs type II, but not responsive to phenobarbital treatment. 
The genetic analysis revealed heterozygosity for two different UGT1A1 mutations, a mutated 
HNF-1α binding site in the promotor region on one allele and a novel nonsense mutation on 
the other allele. The 3 nucleotides insertion in the HNF-1α binding site caused a strong reduction 
of basal promoter activity (- 95%) as previously reported by our group3. The 5% residual activity 
explains the serum bilirubin levels characteristic for CNs type II, while disruption of the HNF-1α 
binding site explained the absence of a phenobarbital response. Phenobarbital induces nuclear 
translocation of CAR in primary hepatocytes and in intact livers resulting in its binding to 
the gtPBREM region (phenobarbital-responsive enhancer module) leading to transcriptional 
activation of the UGT1A1 promoter. HNF-1α plays a central role in this activation, and 
disruption of its binding site in the UGT1A1 proximal promoter preventing its binding abolishes 
the activating effect of CAR. This case report combined with our previous study indicates that 
newly diagnosed CNs patients with a similar phenotype, the HNF-1α binding site and possibly 
the gtPBREM region should be screened for mutations. Upon confirming presence of a mutated 
HNF-1α binding site the use of phenobarbital should be reconsidered in view of lack of efficacy 
and its sedative effect and, specifically in women, because of its reported teratogenic properties4. 
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SYSTEMIC RE-ADMINISTRATION OF ADENO-
ASSOCIATED VIRAL GENE THERAPY
AAV vectors mediated gene therapy, as a potential treatment for Crigler-Najjar syndrome, 
is now tested in two clinical trials (NCT03466463 and NCT03223194) performed in adult 
patients. Although phototherapy can prevent brain damage until adulthood, the treatment is 
cumbersome and severely affected patients remain at risk to develop irreversible brain damage 
due to sudden spikes of unconjugated bilirubin5. A recent worldwide registry reveals that 
a significant percentage of the severely affected CN patients die during early childhood especially 
in countries where effective affordable phototherapy units are not available (Aronson et al, 
unpublished). In view of the risks of this disorder early in life and the increase in pre-existing 
immunity towards AAV over time in patients, rendering them ineligible for AAV mediated gene 
therapy, treating at a younger age is preferable. This is complicated because recombinant AAV 
vectors do not actively integrate into the host genome and are lost upon cell division6. Studies in 
neonatal animals, in which AAV gene therapy is modeled to treat newborn CN patients, showed 
loss of correction over time7, 8. In Chapter 3 we studied at which age treatment, with the vector 
used in the ongoing trial, would result in long-term efficacy. Neonatal (P1), suckling (P14) and 
juvenile (P28) Ugt1a1 deficient rats receiving a clinically relevant dose showed that long-term 
correction of inherited hyperbilirubinemia was obtained only when treated after P28. Earlier 
treatment results in loss of efficacy. To translate P28 in rats into human age additional studies 
comparing liver growth rates in man and rats are ongoing.

In view of the abovementioned advantages of a treatment earlier in life, developing strategies 
to allow effective retreatment upon loss of correction due to hepatocyte proliferation is 
warranted. One option is to prevent the induction of high levels of NAbs against AAV induced 
by the first vector administration that will block effective re-administration. We tested if 
an immune suppressive regime with Rapamycin could prevent NAbs formation allowing 
effective re-administration of AAV vector. The humoral immune response towards AAV 
can indeed be prevented both in young and adult rats, but only in naïve animals. Upon 
prior exposure, even when no immune response was detectable, the immune system 
appeared to be primed and NAbs could not be prevented upon re-injection. The frequent 
prior exposure to AAV, an endogenous virus in humans, suggests that Rapamycin treatment 
will not effectively block the induction of NAbs in most patients. In addition to its impairment 
of growth especially seen in young animals, this also indicates other treatments will be needed 
to overcome the problem imposed by the presence of NAbs9. Using Rapamycin in nanoparticles 
could overcome some of the problems observed with free Rapamycin, by targeting immune cells 
generating immune response against AAV. A single dose of rapamycin in nanoparticle effectively 
blocks induction of NAbs against AAV in non-human primates10. Studies into the efficacy and 
safety of this formulation in Ugt1a1 deficient mice and rats are ongoing. Additional options have 
to be investigated to allow AAV gene therapy for liver disorders early in life. Plasmapheresis has 
been reported to deplete AAV NAbs in patients, but will only be sufficiently effective if the titers 
are low11, 12. Recently, Leborgne et al. reported that the IgG-degrading enzyme, derived from 
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Streptococcus pyogenes, Imlifidase (IdeS) can efficiently cleave anti-AAV antibodies, to 
reduce AAV neutralizing activity in blood to levels compatible with efficient transduction of 
hepatocytes13. The prevalence of pre-existing immunity against IdeS is unknown. However, 
presence of anti-IdeS antibodies did not impair its activity in serum suggesting pre-existing 
immunity towards this enzyme may not be a problem. Degradation of NAbs will not only 
allow re-treatment of AAV vector, but will also make it possible to treat patients with pre-
existing immunity towards AAV. Presence of NAbs is one of the exclusion criteria limiting 
the participation of about 30% of adult CN patients in the ongoing gene therapy trials.

AAV MEDIATED GENE THERAPY FOR PFIC3
Progressive familial intrahepatic cholestasis (PFIC) is a heterogeneous group of life-
threatening autosomal recessive disorders. So far, 6 types of PFIC have been identified and 
are caused by mutations in ATP8B1, ABCB11, ABCB4, TJP2, NR1H4, or Myosin5B genes, 
respectively14. The main characteristic of all types of PFIC, a progressive impairment of bile 
formation, resulting in progressive damage to the hepatocytes and/or bile ducts cells, leading 
to liver failure before adulthood. PFIC3 is caused by mutations in the ABCB4 gene, encoding 
a protein transporting phosphatidylcholine from the inner to the outer leaflet of the canalicular 
membrane of hepatocytes. Phosphatidylcholine in the outer leaflet is available for extraction by 
bile acids resulting in the formation of micelles, shielding the cells from the detergent properties 
of bile salts. Currently, the first line of treatment for PFIC3 patients is ursodeoxycholic acid 
(UDCA) supplementation to reduce the hydrophobicity of the bile acid pool, lowering its 
detergent potency. This treatment is often effective in patients with residual ABCB4 activity 
having a milder form but not in cases where ABCB4 activity is completely absent. Most patients 
suffering from complete ABCB4 deficiency do need a liver transplantation within first decade of 
life15, 16. A partial correction of ABCB4 activity can be therapeutic. Expression of human ABCB4 
in Abcb4-/- mice, restoring phospholipid levels in bile to 15% of wild-type levels, improved 
the pathology significantly17. Transplanting Abcb4 expressing hepatocytes in Abcb4-/- mice 
resulted in partial repopulation of the liver, restored phospholipid secretion, and diminished 
liver pathology18. These studies provide proof of concept that expressing ABCB4 using liver-
directed gene therapy could be potentially be therapeutic in patients with PFIC3.

As demonstrated in chapter 3, AAV-mediated gene transfer results in stable correction in 
quiescent tissue while cell proliferation results in loss of the episomal transgene and correction. 
This fuels the paradigm that AAV mediated gene therapy in diseases causing liver damage, 
thereby inducing hepatocyte proliferation, can only provide transient correction. The continuous 
liver damage and ongoing hepatocyte proliferation in all types of PFIC will therefore complicate 
AAV gene therapy8. This may explain the lack of gene therapy studies for these severe liver 
disorders. In chapter 4 we showed that a single dose of AAV8-hABCB4 in the Abcb4-/- mouse 
does result in prolonged hepatic expression of hABCB4 providing long lasting correction of 
the disease phenotype. In this study in all animals that received AAV8-hABCB4 therapeutic 
correction was achieved up to 26 weeks after administration. AAV8 mediated expression of 
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hABCB4 expression restored biliary phospholipid excretion to a sufficient level to shield most 
liver cells from the cytotoxic effects of bile acid by the formation of mixed micelles. This 
resulted in normalization of the plasma cholestasis markers, alkaline phosphatase and bilirubin. 
In addition, AAV8-hABCB4 prevented liver fibrosis and reduced hepatocyte proliferation for 
the duration of the study.

Although this study provided proof of concept for AAV mediated gene therapy 
for PFIC-3, the limitation of this study is the use of adult Abcb4-/- mice. As shown for 
the Ugt1a1 deficient rats, treating at an earlier age will compromise long term efficacy. In 
man, PFIC3 presents at young age and most often progresses to end-stage liver disease 
before adulthood. Ideally, gene therapy should be offered to patients at an early age to 
prevent liver damage. In another PFIC3 mouse model with an FVB genetic background 
causing more severe liver pathology, two doses of AAV were needed to establish therapeutic 
correction. The interval chosen between both administrations was short to circumvent 
the hurdle imposed by a high titer of anti-AAV NAbs, induced by the first injection, that 
would block liver transduction19. Both studies indicated that AAV mediated in vivo gene 
therapy indeed seems a promising treatment for PFIC3, but to avoid the loss of correction 
due to liver damage, a high dose and/ or retreatment were needed to reach the threshold 
bile phospholipid concentration for protection. 

To overcome the dilution of AAV vector when given at a young age, integration of 
the therapeutic construct seems a good alternative. In a recent paper of Siew et al20, a hybrid 
rAAV-piggyBac transposon vector integration system was reported to provide life-long 
phenotype correction in Abcb4-/- mice. The potential risk of this approach is tumorigenesis 
due to insertional mutagenesis. This risk can be reduced by targeting the therapeutic 
construct to a safe locus like the albumin gene and use of a promoterless construct to prevent 
oncogene activation by random integration. 

This so-called “GeneRide” approach, developed by Barzel A.et al, provided therapeutic factor 
IX levels in juvenile and adult mice21. A subsequent study used this approach to correct Ugt1a1 
deficiency in a representative mouse model for Crigler-Najjar syndrome, injecting them at P222. 
Although, transgene integration and protein expression was demonstrated, the efficiency of this 
targeted integration was low because it depends on homology directed repair (HDR), that is low 
in absence of DNA damage and in quiescent cells. Inducing double strand break by CRISPR/
Cas9 close to the target site induced HDR activation and improved the efficiency of integration. 
The concern about safety generating double strand breaks in the host genome using CRISPR/
Cas9 is realistic. Several studies report severe genomic damage including chromosomal re-
arrangements and integration of the CRISPR/Cas9 gene resulting in prolonged expression 
increasing off-target effects23-25. Still, a phase 1 clinical trial using CRISPR/Cas9 for an inherited 
form of blindness, Leber congenital amaurosis (LCA), has recently been started. Patients with 
an intronic mutation causing mis-splicing of the CEP290 mRNA are included upon showing 
safety and efficacy in the relevant mouse model26. Although this method depends on non-
homologous end joining repair, and does not require a DNA template, this trial will clarify 
if in vivo use of CRISPR/Cas9 is safe. If so, upon obtaining proof-of-concept using GeneRide 
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combined with CRISPR/Cas9 to target integration of ABCB4 at the albumin locus, seems 
suitable to allow subsequent testing in a phase 1 study. Targeting the ABCB4 coding sequence to 
its endogenous locus where it will be under control of its endogenous promoter seems another 
potential preferable option, but will require availability of a suitable animal model.

RECOMBINANT SV40 VECTOR AS AN ALTERNATIVE 
VECTOR
A major challenge for AAV mediated liver directed gene therapy is the presence of pre-existing 
Neutralizing Antibodies (NAbs) in a significant percentage of the CN patients27. These NAbs 
will block hepatocyte transduction hampering effective treatment efficacy. The induction 
of a high titer of NAbs upon the first AAV administration blocking re-treatment with this 
vector, is another important hurdle28. In this respect, recombinant SV40 vectors with a low 
prevalence of pre-existing anti SV40 antibodies in the general population seem a promising 
alternative option29,30. Also, the reported absence of a cellular immune response and absence 
of neutralizing antibodies upon repeated rSV40 administration, render this vector a promising 
candidate for liver directed gene therapy 31,32. The generation of replication competent wtSV40 
in SV40 production cell lines, due to recombination of the therapeutic vector with homologous 
sequences in the production cell lines containing the complete wtSV40 genome, like COS-1 
cells, is one of the reasons blocking its clinical use33. Development of a novel rSV40 production 
cell line, Super Vero containing only the T large gene of SV40 by the company AMARNA, solved 
this problem34. In this cell line no wtSV40 was generated when producing rSV40 vector batches. 
Another hurdle of using rSV40 vector is the lack of an efficient production method; in Chapter 
5 we developed an efficient rSV40 production method by inserting Lox-P sites in the bacterial 
backbone of rSV40 plasmids. This method does not rely on restriction enzyme cutting and 
ligation for removal of the bacterial backbone, methods that will complicate GMP production. 
In combination with the Super Vero cell line, this will result in replication competent free 
batches of rSV40.

In Chapter 6, we investigated the potential use of rSV40 as an alternative vector for liver 
gene therapy. Although rSV40-mediated gene therapy has been investigated, its lack of liver 
tropism will induce transgene expression in all tissues increasing the risk of an immune response 
towards the transgene35. To overcome this, a liver specific promoter restricting the expression 
of the therapeutic hUGT1A1 gene to the hepatocytes, was inserted. In vitro studies indeed show 
that this results in more specific expression of transgenes encoded by rSV40 vectors. Subsequent 
in vivo studies in Ugt1a-/- mice, that model CN syndrome, revealed that the efficiency of rSV40 
vectors is very poor. Both vectors did not provide significant correction of serum bilirubin 
levels. Higher vector doses are needed to provide therapeutic correction. Increasing the rSV40 
dose, however, resulted in toxicity. This is most likely due to the presence of impurities such 
as production cell remnants, like protein and DNA, underscoring the need to develop rSV40 
purification protocols. The liver transduction efficiency of rSV40 also appeared much less than 
seen for AAV vectors. Finally, in contrast to previously reported, intravenous administration of 
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rSV40 vectors did induce neutralizing antibodies in all animals, rendering effective retreatment 
with this vector not feasible. In conclusion, the only clear advantage of rSV40 vectors is their 
lower pre-existing immunity in the general population29, 30. 

The future perspectives for rSV40 vectors can be summarized as follows: although our 
developed method of producing rSV40 in the new cell line could make the production of rSV40 
vectors more convenient, and excludes contamination with wtSV40, available production 
systems are still far from optimized, rendering effective in vivo application not possible. 
The limited number of companies working with rSV40 vectors precludes development of 
improved production and purification protocols.

INHIBITING BILIRUBIN PRODUCTION
Although the pre-clinical studies of AAV8 mediated gene therapy for Crigler-Najjar 
syndrome have shown very promising results and the clinical trials are ongoing, long term 
gene therapy will not be available to all patients due to pre-existing immunity and/or presence 
of liver damage36. In addition, in case of sub-optimal dosing or induction of liver damage after 
the treatment, the treatment efficacy will be sub-optimal or even lost over time. Furthermore, 
the cost of gene therapy treatments that obtained market approval are high, i.e. a million euro 
or more. This will limit its use especially in low-income countries, making it unavailable to 
a significant number of patients. Alternative treatment options are therefore still warranted.

A possible treatment strategy is blocking the production of bilirubin. The principle 
of inhibiting the production of toxic UCB by inhibition of heme oxygenase using 
metalloporphyrins has been studied in small clinical trials37. Administration of 
metalloporphyrins, a treatment used in CN patients with acute hyperbilirubinemia, has 
never been approved for long-term use due to the adverse effects. Inhibition of biliverdin 
reductase A (BVRa), the enzyme that reduces biliverdin to bilirubin, seems another 
possibility to reduce its production. Two inhibitors that worked in vitro, Disulfiram and 
Montelukast, were tested in pre-clinical animal studies in a rat model but were found to be 
toxic or lacked efficacy possibly due to limited bio-availability38.

The formation of the poorly water soluble and toxic bilirubin IXα from the non-toxic 
biliverdin Ixα, occurring in mammals but not in birds, has been a matter of debate for long 
time. It has been postulated that the conversion to bilirubin is an adaptation to enable efficient 
removal of heme degradation products from the embryo. Indeed, upon administration of 
biliverdin to the embryonal circulation, almost all is reduced to bilirubin before it is transported 
to maternal blood39-41. 

Several recent studies, however, indicate that biliverdin and bilirubin are not just waste 
products. As a lipid-soluble anti-oxidant, bilirubin does protect against radical damage and lipid 
peroxidation42, 43. This role can explain the reported correlation between moderately increased 
serum bilirubin levels and heart disease (HD)44,45. In view of this anti-oxidant role of bilirubin, 
long-term inhibition of BVRa was expected to not be a safe option. The identification of healthy 
Bvra deficient subjects suggests however, that long-term inhibition of BVRa could be safe46.
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So, in Chapter 7 we generated biliverdin reductase alpha deficiency in Ugt1a1-/- mice to study 
its effect on inhibition of bilirubin production. In contrast to the Ugt1a-/- mice, mice deficient 
for both Bvra and Ugt1a1 did not depend on neonatal phototherapy for survival. The complete 
absence of toxic bilirubin IXα prevented its accumulation in the brain. The hydrophilic biliverdin 
was found accumulated in the amniotic fluid and embryonal plasma but did not compromise 
viability. After birth, biliverdin was efficiently excreted via bile and urine. Although the Prdx2, 
an endogenous oxidative stress marker, was increased at 2-3 months after birth, in older Bvra 
deficient animals this effect was gone and the mice deficient for both Ugt1a1 and Bvra appeared 
healthy. None of the inflammation makers did show a significant increase compared to wilt-type 
(wt) mice. 

The absence of increased oxidative stress and changes in lipid metabolism between wt mice 
and the double knock-out mice, indicates Bvra inhibition seems a safe approach for long term 
UCB reduction. Further research will focus on the development of highly potent, and selective, 
Bvra inhibitor, and upon showing efficacy and safety in Ugt1a deficient animals models, to test 
this approach in CN patients. In comparison with the existing treatments, gene therapy and liver 
transplantation, an efficient inhibitor that is safe and affordable could be used to treat patients in 
low-income countries. In addition, if proven safe, it may even be applicable to prevent neonatal 
pathological jaundice.

AAV mediated gene therapy has reached the clinic as an advanced therapy for inherited 
liver diseases and is tested in several trials for Hemophilia A (NCT03588299) and B 
(NCT02396342, NCT02971969, NCT02484092 etc.), Ornithine transcarbamylase (OTC) 
deficiency (NCT02991144), Glycogen storage disease type Ia (NCT03517085), Phenylketonuria 
(NCT04480567), Wilson disease (NCT04537377), Methylmalonic acidemia (NCT04581785) 
and Crigler-Najjar syndrome (NCT03466463 and NCT03223194). The efficacy and safety 
data, especially in the hemophilia trials, allowed the companies involved to apply for market 
approval by the FDA and EMA, rendering these treatments available to patients in the near 
future. However, there are hurdles that compromise the use of these therapies in all patients. 
AAV does not integrate actively in the host genome. This characteristic not only makes it less 
effective in children but also in adults suffering from a disease causing hepatocyte proliferation 
like PFIC. In addition, the induction of NAbs after 1st injection impairs efficacy of a second 
treatment upon loss of correction. Furthermore, prevalence of pre-existing NAbs in about 30% 
of all adults patients render them not eligible for these novel treatments. Finally, less than 30% 
of the human hepatocytes were transduced by AAV-3, the serotype showing the most efficient 
transduction of human hepatocytes47. Although this is a significant percentage, for some 
diseases like primary hyperoxaluria, virtually all hepatocytes need to be corrected to reach 
therapeutic efficacy preventing kidney failure, secondary oxaluria48. While increasing dosage 
of AAV will increase the percentage of transduced hepatocytes, high doses of AAV have been 
shown to result in liver failure49. Very recently, in the Phase I/II ASPIRO trial (NCT03199469), 
3 young children died due to liver dysfunction after receiving AAV vector doses of 3 x 1014 
vg/kg. To render AAV mediated gene therapy applicable for all inherited liver disorders, 
developing more efficient AAV vectors is needed. Synthetic capsids have been developed that 



164

not just increase transduction efficiency but also are not hampered by sero-positivity towards 
natural AAV capsid50. Although these capsids perform well in mice with a humanized liver, 
no data from clinical trials that demonstrate their increased potency in man are available 
yet. Recently upon preventing the uptake by Kupffer cells and the expression in dendritic 
cells, lentiviral vectors have been used to correct an inherited liver disorder in an animal  
model51-53. Their active integration in the host genome is an important advantage of lentiviral 
vectors making them suitable to provide establish life-long correction early after birth and in 
diseases causing liver damage resulting in hepatocyte proliferation. The random integration 
may result in oncogene activation and/or tumor suppressor gene inactivation. This imposes 
a potential risk and long term safety of their use for in vivo gene therapy still needs to be 
shown. In this respect targeting to a safe locus, like the Albumin gene, using CRISPR/CAS 
seems a preferable approach. The low efficacy of the homology directed repair in autologous 
(quiescent) cells and of the delivery of the required DNA template renders this approach only 
suitable for disorders in which the corrected cells have a survival benefit. 

In conclusion, liver directed gene therapy has reached the clinic but further research to 
generate better vectors and to prevent immune responses is needed to make it widely applicable 
for most inherited liver disorders.   
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