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1GENERAL INTRODUCTION:  
INHERITED HYPERBILIRUBINEMIA, 

PATHOLOGY, CURRENT AND  
NOVEL TREATMENTS
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HYPERBILIRUBINEMIA
Jaundice, the yellowish colourisation of the skin and eyes, caused by the accumulation of 
the endogenous compound bilirubin in blood and tissues, is a readily recognizable symptom 
of liver disease. Bilirubin is generated by the breakdown of heme for instance derived from 
hemoglobin from red blood cells (Figure 1). The clearance of approximately 2 million of these 
cells per second from the circulation, which is compensated by the similar production by 
the bone marrow, is one of the major sources of heme1-3. Other sources of heme are hemoproteins 
such as cytochrome P450, myoglobin, and nitric oxide synthase1, 2. In the mononuclear 
macrophages of the reticuloendothelial system in the spleen, kidney, brain, heme is catabolized 
to an equal molar amount of biliverdin, iron (ferrous iron, Fe2+), and carbon monoxide (CO) 
by heme oxygenase. The liberated Fe is exported from the macrophages through iron channels, 
where it binds to apotransferrin resulting in transferrin that allows enterocytic re-uptake from 
circulation, this salvage of iron prevents anemia. The produced CO has signaling functions and 
has anti-inflammatory effects. At low concentration, CO selectively modulates the upstream 
kinases in the Mitogen-activated protein kinase (MAPK) pathway inhibiting the expression of 
lipopolysaccharide (LPS)-induced pro-inflammatory cytokines like tumor necrosis factor-α 
(TNF- α), interleukin-1β (IL-1β), and macrophage inflammatory protein-1β (MIP-1β) while it 
increases the LPS-induced expression of the anti-inflammatory cytokine interleukin-10 (IL-10)4. 
Due to the selectivity of heme oxygenases, almost only biliverdin IXalpha (IXα) and very small 
amounts of the other 3 forms biliverdin IXβ, γ and δ are generated5. All four forms of biliverdin 
are green, water soluble pigments that can effectively be excreted via bile and urine, as is the case 
in birds. In mammals it is further metabolized by biliverdin reductase into bilirubin IXα, a yellow 
colored pigment6. Bilirubin IXα is a very lipophilic compound at physiologic pH due to internal 
hydrogen bonds7-9, while the other three isomers, bilirubin IX-β, IX-γ, and IX-δ have a much 
higher water-solubility because of partial loss of hydrogen-bonding. Bilirubin IXα has a high 
affinity for membranes and can diffuse across the cell membranes. Unbound or free bilirubin IXα 
is toxic to cells9. In man, toxicity by high levels of bilirubin IXα is mainly seen in the brain where 
it causes severe and irreversible damage characterized by kernicterus, the yellow pigmentation 
of the neurons of the basal ganglia10, 11. In the extracellular space bilirubin binds to albumin with 
high affinity in a ratio of two to three molecules per albumin molecule9. Bound to albumin, 
bilirubin reaches the liver via the systemic circulation, where it can enter the hepatocytes, either 
by transport as suggested by Tiribelli and Ostrow12 and Cui with his colleagues13, or by diffusion 
through membranes as reported by Noy et al14 and Zucker et al15, 16. The affinity of bilirubin IXα 
for membranes and proteins renders effective excretion under physiologic conditions ineffective. 
Disposal of this lipophilic and toxic compound requires its conversion into a water-soluble form 
that can be excreted into bile. A specific UDP-glucuronosyl-transferase, UGT1A1, present in 
the endoplasmic reticulum (ER) of the hepatocytes converts bilirubin into a water-soluble form 
by catalyzing its conjugation with glucuronide as substrate17-20. In contrast to the unconjugated 
bilirubin (UCB), the resulting bilirubin glucuronides, bilirubin mono glucuronide (BMG) 
and bilirubin di-glucuronide (BDG), can actively be transported into bile by the transport 
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protein multidrug resistance related protein 2 (MRP2 or ABCC2), present in the canalicular 
membrane of the hepatocytes, resulting in its effective disposal from the body via bile into 
the feces21, 22. In the intestine, metabolism of bilirubin by bacteria results in the formation of 
additional metabolites like urobilinogen, excreted via the feces, or upon uptake by the intestine 
into the circulation, excreted into urine23, 24. Under normal physiological conditions, the range 
of serum bilirubin concentration is 1.71 – 20.5 µmol/L in human blood25. Both increased 
production or too low excretion can lead to levels above the upper value of normal. Which 
bilirubin metabolites, unconjugated or conjugated, are increased in the serum is an important 
indication of the pathological mechanism causing the hyperbilirubinemia. 

UNCONJUGATED HYPERBILIRUBINEMIA
The most frequent form of unconjugated hyperbilirubinemia is the benign physiologic jaundice 
of the newborn that develops in about 60% of term and 80% of preterm babies27, 28. This jaundice, 
with typical yellow coloration of skin and eyes develops between 2-5 days after birth, thus not 
during the first 24 hours29. The major part is from degradation of fetal hemoglobin derived 
from fetal red blood cells. The resulting increased bilirubin production, especially in the spleen, 
and the low bilirubin glucuronidating activity in the neonatal liver, which amounts only about 
1% of the activity in adult liver, is insufficient, causing accumulation of UCB. Breast feeding 
further increases the level of unconjugated hyperbilirubinemia due to the presence of beta-
glucuronidase in mothers’ milk30. This enzyme converts conjugated bilirubin in the intestine to 
UCB, which enters the enterohepatic circulation via re-absorption or diffusion. Upon establishing 
the intestinal bacterial flora, the large numbers of intestinal bacteria degrade bilirubin to a non-
absorbable substance, stercobilinogen, excreted via the feces, and urobilinogen, taken up via 
the intestine and, excreted via the urine23. 

In contrast to the physiologic jaundice of the newborns, pathological jaundice of the new 
born is rare. This severe form of unconjugated hyperbilirubinemia already is manifest shortly 
after birth, usually within 24 hours29. The high serum level of UCB in pathological jaundice 
can have very serious consequences, especially permanent brain damage, and when not treated 
timely it can be lethal10. When the concentration of UCB exceeds the total binding capacity of 

Figure 1. Bilirubin metabolism. HMOX represents heme oxygenase; BVRA, biliverdin reductase alpha. 
Modified from Wagner KH et al 201526.
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albumin, the concentration of free or unbound UCB in serum increases31. This unbound UCB 
can diffuse across the blood-brain barrier into the brain causing irreversible damage to the basal 
ganglia and cerebellum9. In neonates this risk is higher due to lower expression in their blood-
brain barrier of the Multi Drug Resistance 1 protein (MDR1), an ATP-dependent transporter 
that pumps UCB back into the circulation32, 33. This important role of MDR1 does explain 
the need of phototherapy, that converts UCB into water soluble isomers, in neonatal Ugt1a1-/- 
mice, while at later time points they survive without phototherapy. In neonates with additional 
illness this risk is further increased34. The role of MDR1 in preventing the diffusion of UCB into 
the brain suggest that drugs that inhibit MDR1 activity may increase the risk of brain damage in 
patients with unconjugated hyperbilirubinemia and thus should be avoided. How UCB causes 
neurotoxicity is still unclear, one potential mechanism could be an inhibitory effect of bilirubin 
on phosphorylation of proteins, like synapsin 1, a synapatic vesicle-associated neuronal 
phosphoprotein35-39. UCB toxicity is not only limited to neuronal cells. The hydrophobic nature 
of UCB may result in high concentrations of this compound in membranes that could impair 
the function of membrane proteins including transporters40, 41. 

Most forms of pathological neonatal jaundice result from an increased hemolysis, 
the breakdown of erythrocytes due to several causes (see table 1). These forms of neonatal 
jaundice are transient requiring only several days of hospitalization for effective phototherapy. 
Congenital UGT1A1 deficiency, if severe, does result in sustained and severe neonatal 
unconjugated hyperbilirubinemia, requiring life-long treatment.

Inherited unconjugated hyperbilirubinemia 
The most severe form of inherited unconjugated hyperbilirubinemia is Crigler Najjar Syndrome 
(CNs). This is an ultra-rare severe condition which occurs in 0.6-1 in 1,000,000 live births, 
resulting in lethal brain damage during infancy or early childhood if not treated effectively51. 
It is caused by the inherited deficiency of uridine diphosphate glucuronosyltransferase due to 

Table 1. Causes of pathologic unconjugated hyperbilirubinemia

Increased UCB production                        Decreased UCB clearance                        

Immune mediated hemolysis
Rhesus and ABO incompatibility (~17%)42, 43

Non-immune mediated hemolysis
glucose-6-phosphate dehydrogenase deficiency 
in red blood cell44, 45

hereditary spherocytosis46

heterozygous beta-thalassemia47

pyruvate kinase deficiency48

Other cause
breast milk jaundice49

Deficient of UGT1A1 enzyme (Congenital condition)50

Gilbert syndrome
Crigler-Najjar syndrome type I 
Crigler-Najjar syndrome type II
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mutations in the UGT1A1 gene52, 53. The first report in 1952 by Crigler and Najjar, presented six 
patients that all died during infancy due to brain damage characterized by the yellow coloration 
also reported in neonates with lethal unconjugated hyperbilirubinemia51. Subsequently, Arias 
et al in 1969 reported that two different forms of CNs, type I and II, could be recognized54. In 
type I patients, the most severe form, bilirubin glucuronidating activity is completely absent 
resulting in UCB serum levels > 340 µmol/L causing irreversible brain damage. The residual 
bilirubin glucuronidating activity in the liver of type II patients resulted in less severe 
hyperbilirubinemia with UCB levels between 50 to 340 µmol/L, which can be reduced by 30% 
or more by phenobarbital administration, which induces the residual UGT1A1 expression54. 
In newly identified CN patients, this response to phenobarbital is used to distinguish type 
I and type II. Although serum bilirubin in patients with type II usually are below the levels 
causing brain damage, in case of trauma or inflammation, the levels can increase to toxic levels, 
rendering surveillance of the type II patients with serum bilirubin in the higher range needed to 
prevent irreversible brain damage.   

In contrast to both types of CNs, Gilbert syndrome (GS) is a benign form of inherited 
unconjugated hyperbilirubinemia with a high prevalence of 2 to 10 % of the population. In 
subjects with GS the expression of UGT1A1 is reduced resulting in UCB serum levels from 
the upper limit of normal, 17 µmol/L, to 50 µmol/L55. 

Genetic background of inherited unconjugated hyperbilirubinemia
In 1991, two cDNA clones were isolated from human liver that upon expression in COS-1 cells 
resulted in the expression of two UDP-glucuronosyltransferases that catalyzed the conjugation 
of bilirubin IXα with glucuronic acid18. These enzymes, bilirubin-UGT1 (current name 
UGT1A1) and bilirubin-UGT2 (current name UGT1A4), had identical carboxyl terminal 
regions suggesting both could be derived from a single gene by alternative spicing. Isolation and 
sequencing of the gene, confirmed both were indeed encoded by the same gene, the UGT1A gene. 
Further analysis revealed that this gene encodes several UGT1A enzymes, each with a unique 
amino terminus and an identical carboxyl terminal part17, 56. The entire structure of the UGT1A 
gene (see Figure 2), located on chromosome 2q37, including 13 unique amino terminals first 
exons and 4 common exons was reported in 200157. Each of the 13 alternative first exons encode 
the substrate-binding domain, resulting in UGT1A isoforms catalysing the glucuronidation of 
different compounds. The 4 common carboxyl terminal exons encode the UDP-glucuronic acid 
binding site and ER membrane binding domain57, 58. Initially both UGT1A1 and UGT1A4, were 
reported to catalyse the glucuronidation of bilirubin, but a later study demonstrated that in man 
UGT1A1 is the only isoform with affinity for bilirubin20. In 2007, an alternative exon 5b, located 
between exon 4 and 5, was identified, and including this exon would result in 9 additional 
isoforms encoded by the UGT1A gene59, 60. The function of the novel exon 5b containing 
isoforms is not clear. One possible role is that because these 5b isoforms lack the ER membrane 
binding region but are able to form dimers with exon 5a containing isoforms, they are inhibiting 
the enzymatic activity of the latter ones61.
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The discovery of the UGT1A gene and the structure of all encoded proteins allowed 
the identification of the disease-causing mutations in Crigler-Najjar patients17, 19. Since then 
up to 138 different mutations affecting UGT1A1 activity have been reported and are listed in 
the Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/gene.php?gene=UGT1A1). 
Non-sense mutations, such as frameshifts and premature stop codons, and several missense 
mutations that completely inactivate UGT1A1 have been identified. Presence of inactivating 
mutations on both alleles will result in Crigler-Najjar type I, while presence of a mutated 
enzyme with residual activity on at least one allele results in type II if the residual activity is 
less than 10% of normal. In vitro expression of a novel mutation in UGT1A1, can be used to 
predict the residual activity and help to predict the severity of the syndrome in addition to 
the phenobarbital response62. Presence of inactivating mutations in one of the common exons will 
also inactivate all other UGT1A isoforms. Although this will result in reduced glucuronidation 
of other compounds, because of the substrate overlap with UGT2B isoforms, no accumulation 
of other compounds has been reported. However, increased susceptibility towards several 
drugs has been observed63. In addition to mutations in the coding region, splice site mutations, 
resulting in complete inactivation, and mutations in the promoter region, resulting in aberrant 
expression have been reported. 

Two mutations have been reported to result in GS. In Caucasians, a homozygous insertion 
of an extra TA in the proximal promoter region TATAA (A[TA]6TAA) box of UGT1A1 gene has 
been found64. In Asians, heterozygosity for a missense mutation in exon 1 of UGT1A1 reducing 
its activity to 25-30% has been reported65. The reported prevalence rates of GS differ between 
populations from 2%–10%66, 67. In Caucasian, the frequency of the allele with the extra TA 
insertion in the promoter, the UGT1A1*28 allele, is up to 35-40%. A frequency that will result 
in 10 to 16% of the population to be homozygous for this allele64, 68, 69. In Asians, the frequency 
of UGT1A1*28 allele is low, and most Gilberts are reported to be heterozygotes for various 
missense mutations, Gly71Arg, Tyr486Asp, Pro364Leu, respectively70. Although as expected for 
an autosomal gene, the frequency of the alleles does not differ between males and females, serum 
bilirubin levels in males are higher71. The difference in mean serum bilirubin levels seen between 

Figure 2. Schematic representation of the human UGT1A gene. (Adjusted from Gong QH et al57).
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men and women could result from different expression of UGT1A1 due to hormonal effects. In 
rats, hepatic bilirubin glucuronidation was higher in female than in males while ovariectomy 
decreased this in females72. The high prevalence of GS in most populations is striking. Since 
bilirubin has been reported to be an anti-oxidant, mildly increased serum bilirubin levels could 
be beneficial73.  Several studies do report that GS has a protective effect reducing the risk of 
ischemic heart disease (IHD)74, and diabetes75. As mentioned earlier, UGT1A1 also plays a role 
in detoxification of drugs. A well-established effect is the role of UGT1A1 in the metabolism 
of the anti-cancer drug irinotecan76. Gilberts appeared much more vulnerable to this drug77. 
To prevent severe drug toxicity genotyping to identify patients with reduced UGT1A1 activity  
was needed.

CONJUGATED HYPERBILIRUBINEMIA
Mostly, this form of hyperbilirubinemia indicates liver dysfunction resulting in impaired bile 
flow, cholestasis. Due to this, metabolites such as conjugated bilirubin and bile salts, which 
are normally excreted via bile enter the circulation resulting in enhanced in serum levels. In 
contrast to UCB, bilirubin conjugates are not toxic to the brain and because these are water 
soluble can be excreted via the urine. Most forms of conjugated hyperbilirubinemia result from 
liver damage due to acquired diseases like viral infections, due to alcohol and drugs, or due to 
bile duct occlusion caused by gallstones or a tumor. 

In addition to these acquired diseases, several rare inherited benign disorders of conjugated 
hyperbilirubinemia. Dubin Johnson syndrome is a benign disorder caused by deficiency 
of ABCC278. ABCC2 (MRP2) is an ATP dependent transporter of the multi-drug-resistance 
protein family. It is highly expressed in the canalicular membrane of the hepatocytes and actively 
transports bilirubin glucuronides from the hepatocytes into bile. If deficient, the glucuronides 
are secreted into the circulation, resulting in mildly increased levels in serum because these 
metabolites are efficiently disposed via the urine78. Another ultra-rare inherited disorder 
causing mildly increased conjugated bilirubin levels is Rotor syndrome. The increased serum 
levels are due to absence of two organic anion transporting polypeptides OATP1B1 and 3. These 
hepatocyte specific sinusoidal transporters mediate the uptake of bilirubin glucuronides from 
the circulation79. 

In contrast to these benign disorders, all types of Progressive Familial Intrahepatic 
Cholestasis (PFIC) do result in strongly impaired bile formation leading to severe liver damage.

Progressive familial intrahepatic cholestasis
All forms of progressive familial intrahepatic cholestasis (PFIC) are life-threatening autosomal 
recessive disorders. Common to all forms is early-onset progressive liver disease leading to liver 
failure before adulthood. The main characteristic of all types of PFIC is severely impaired bile 
formation, resulting in progressive damage to the hepatocytes and/or bile ducts and accumulation 
of bilirubin metabolites in serum because their disposal via bile and feces is blocked.
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PFIC type 1,  also called Byler’s disease, was first described in 1969 as fatal familial 
intrahepatic cholestasis in seven Amish children, from the original Byler kindred in Western 
Pennsylvania80. It is caused by deficiency of ATP8B1, a P4-type ATPase.81 The expression of this 
protein is not limited to the liver. ATP8B1 is expressed in multiple epithelial tissues, including 
the intestine, the pancreas and the ear81, 82. The expression of this protein in these different 
tissues also explains the extra-hepatic pathology caused by ATP8B1 deficiency. In addition to 
the cholestasis, patients with PFIC type 1 also suffer from diarrhea and hearing problems83, 84. 
How ATP8B1 deficiency results in cholestasis is still unclear. ATP8B1 is a phospholipid flippase, 
flipping phosphatidylserine from the outer to the inner leaflet of the cell membrane, needed for 
maintaining the lipid asymmetry of the cell membrane. This asymmetry is essential not only for 
membrane stability but also for proper function of other membrane proteins, including the bile 
salt export pump, BSEP85, 86. Maintaining lipid asymmetry also seems needed for functions such as 
the signaling towards Farnesoid X Receptor (FXR). ATP8B1 deficiency could result in the down 
regulation of BSEP expression due to loss of FXR activation87. Both mechanisms do cause 
impaired BSEP functioning that will result in the accumulation of bile acids in the hepatocytes 
causing damage. This accumulation of bile salts in hepatocytes is also seen in patients suffering 
from PFIC-2, caused by BSEP deficiency due to mutations in the ABCB11 gene. ABCB11/BSEP 
is an ATP-binding cassette transporter, exclusively expressed in the canalicular membrane of 
hepatocytes, that exports bile salts from the hepatocyte into the canalicular lumen88. In PFIC-2 
patients with complete BSEP deficiency, the accumulation of bile salts in the hepatocyte does 
result in severe damage leading to liver failure soon after birth, rendering a liver transplant 
needed during early childhood. PFIC type 3, is caused by ABCB4 deficiency, an ATP dependent 
transporter also located in the canalicular membrane of hepatocytes. Like ATP8B1, ABCB4 is 
also a phospholipid translocator, it flops phosphatidylcholine (PC) from the inner to the outer 
leaflet of the canalicular membrane. Presence of PC in the outer membrane leaflet facilitates 
its extraction by the detergent activity of bile salts present in high concentration in bile. This 
increases the concentration of PC in bile which results in the formation of mixed micelles of 
PC and bile salts (BS) and cholesterol. The presence of a sufficient concentration of PC in these 
micelles is needed to shield the detergent activity of bile salts and to protect the canalicular 
membrane of hepatocytes and cholangiocytes from further damage. In addition, a sufficient 
concentration of PC in bile, is needed to prevent the crystallization of cholesterol causing 
gallstones, that can cause additional liver damage86.

Recently, whole exome sequencing was performed to elucidate the genetic background of 
PFIC in patients without mutations in ATP8B1, ABCB11 and ABCB4. In a number of patients 
protein-truncating mutations in the tight junction protein 2 gene (TJP2) were identified89. 
TJP2 is one of the intracellular anchors for tight junctions. Deficiency of TJP2 results in failure 
of protein localization disrupting tight junction structure with resultant leakage of biliary 
components into liver parenchyma causing severe cholestatic liver disease. FXR, encoded by 
NR1H4, deficiency could be another cause of PFIC. As mentioned earlier, this nuclear receptor 
transcription factor regulates bile salt synthesis and BSEP expression. In absence of FXR, BSEP 
expression will be strongly reduced, which like in PFIC 1 and 2, results in the accumulation of 
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bile salts to toxic levels in the hepatocytes. A recent study identified NR1H4 mutations in two 
pairs of siblings with early onset PFIC showing FXR deficiency indeed results in PFIC, albeit as 
a rare cause of this already rare liver disorder90. In other children with early onset cholestasis, 
mutations in Myosin5B (MYO5B) were identified. This protein plays a role in plasma membrane 
recycling and transcytosis. Myosin5B deficiency has been recognized to cause an intestinal 
disorder, microvillus inclusion disease. In hepatocytes MYO5B facilitates normal trafficking of 
ABC transporters, including BSEP to the canalicular membrane. In these children, the nature of 
their MYO5B mutations causes cholestasis without microvillus disease91-93.

The genetic background which was reported by now has been clarified in most patients 
presenting with severe progressive cholestasis at a young age, in some less severe patients, 
surgical interruption of the enterohepatic circulation like surgical biliary diversion is effective 
to a certain extent, but effective and curative treatment options are very limited94.

CURRENT TREATMENTS FOR INHERITED 
UNCONJUGATED HYPERBILIRUBINEMIA
The first report on the severe form of CNs showed this disease results in early death due to brain 
toxicity51. At that time treatment options for severe unconjugated hyperbilirubinemia were very 
limited. Neonates at risk for irreversible, potential lethal UCB mediated brain damage, could be 
treated with exchange transfusion, an effective but invasive and complicated procedure95. This 
procedure is not a feasible treatment option for the persisting life-long severe unconjugated 
hyper-bilirubinemia in CN patients. Due to this lack of treatment options, CN type I was an 
inherited disorder that was lethal in early childhood, until the discovery of phototherapy in 
195896. In the neonatal care unit, the nurse in charge, Jean Ward, had reported the fading away 
of the yellow pigment in the skin of jaundiced babies, upon exposure to sunlight. Further studies 
showed blue light with a wavelength of 450 nm, was the most effective, in converting UCB into 
a water-soluble isomer that can be excreted into bile97-99. This treatment is now the treatment 
of choice for neonatal hyperbilirubinemia. In contrast to exchange transfusions, prolonged 
phototherapy to prevent brain damage in CN patients appeared feasible and effective100. 
Although this treatment prevents kernicterus, the treatment is cumbersome, requiring daily up 
to 14 hours whole body exposure, restricting social opportunities and travel, reducing quality 
of life. The efficacy decreases over time due to the thickening of the skin and reduction of 
surface area to body mass ratio101, 102. The risk to develop brain damage in patients treated with 
phototherapy does persist. Spikes of UCB can occur due to increased bilirubin production 
during trauma or due to poor adherence to phototherapy during adolescence. If recognized in 
time, irreversible brain damage can be prevented by plasmapheresis and albumin injections103, 

104. All this renders a liver transplant, still the only curative option, needed in most CN type 
I patients105-108. Timing of this highly invasive and major surgery depends on the treatment 
strategy of the clinical centers and countries. In some countries, like USA, Germany, UK, China, 
liver transplant is performed during childhood. A successful liver transplantation normalizes 
bilirubin serum levels. Some major problems with this treatment are the limited availability 
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of donor organs, the procedure-associated complications and mortality, and graft survival. 
In addition, the life-long need for immune suppression increases the risk for infections and 
cancer, especially skin cancer. Since about 5-10% of normal UGT1A1 activity is sufficient to 
change a type I into a milder form and thus could reduce the risk for brain damage, hepatocyte 
transplantation has been investigated109-111. This resulted in a transient and only partial decrease 
of serum bilirubin. The loss of efficacy most likely is due to immune responses towards 
the transplanted donor hepatocytes. 

Type 2 patients do have residual UGT1A1 enzyme activity. Their hyperbilirubinemia 
depends on the amount of UGT1A1 activity, resulting in serum levels between >50 mM, 
mildly affected, to 340 mM, severely affected type 2 patients. The latter are at risk to develop 
irreversible brain toxicity due to acute spikes of UCB, during illness or trauma54, 102, 112. Early after 
birth, it is difficult to differentiate between type I and II. A clinically applicable option is to treat 
the patients with phenobarbital. This compound induces nuclear translocation of constitutive 
androstane receptor (CAR) in primary hepatocytes resulting in its binding to the phenobarbital-
responsive enhancer module (gtPBREM) located in the distal promoter of the UGT1A1 gene113. 
CAR binding promotes the binding of Hepatic nuclear factor 1α (HNF1α) to a binding site in 
the proximal promoter that activates the transcription of the UGT1A1 gene114. Patients that 
respond to phenobarbital treatment with a reduction of serum bilirubin level by at least 30% are 
diagnosed as type II54, 115.

All these treatments aim at increasing the excretion of UCB, either by enhancing its 
glucuronidation or by converting it to water soluble isomers. Inhibiting bilirubin production 
is another option to reduce its serum levels. The efficacy of several inhibitors of Heme-
Oxygenase I (HO-I) that catalyze the conversion of heme to biliverdin has been investigated. 
Metalloporphyrins like Sn-protoporphyrin and zinc-protoporphyrin do bind to HO-I, competing 
with the binding of heme116, 117. Both are effective competitive inhibitors of heme oxidation by 
HO-I. In neonates with severe hyperbilirubinemia, inhibition of bilirubin production with these 
metalloporphyrins proved effective but only transient treatment appeared feasible and safe118. 
The severity of the adverse effects of this treatment, like photo-sensitivity of the skin and anemia 
due to iron deficiency did not allow prolonged treatment, as would be needed in CN patients. In 
addition, because this treatment induces the expression of HO-I, the dose needs to be increased 
continuously to retain sufficient inhibition, making it unsuitable for the long-term treatment 
need in CN patients118, 119. Hence, this approach is only used in CN patients for acute treatment 
of dangerously high spikes of serum bilirubin. 

CURRENT TREATMENT FOR PROGRESSIVE FAMILIAL 
INTRAHEPATIC CHOLESTASIS
Patients with PFIC generally develop signs and symptoms during late infancy or early childhood, 
which may include severe itching, jaundice, biliary fibrosis or cirrhosis, portal hypertension, 
hepatomegaly and splenomegaly. The condition may progress to liver failure during childhood 
or adulthood. The first treatment in all patients includes drugs, predominantly UDCA, to 
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increase the hydrophobicity of bile acid pool to reduce its detergent capacity120, 121. Effect of 
UDCA treatment in PFIC patients is only intermediate, usually without complete normalization 
of the liver function tests. This therapy is more effective in PFIC patients with missense 
mutations that do have less severe disease because of some residual transport activity. In most 
patients, UDCA therapy fails122. Other pharmacologic options investigated are for instance 
administration of cholestyramine to capture bile salts in the intestine to increase their disposal 
via the feces and thus reducing their enterohepatic circulation. Also surgical therapies include 
partial biliary diversion, i.e., mechanical interruption of BS enterohepatic circulation, are aimed 
to reduce the bile acid pool. Often, all these treatments options are ineffective or have at best 
limited efficacy. In most PFICs patients, an orthotopic liver transplantation remains the only 
option, but this is a highly invasive procedure. As mentioned before, the limited availability of 
donor livers, the adverse effects of long-term immune suppression and the risks associated with 
this large surgery, all render this treatment far from optimal. In PFIC patients, OLT is even more 
complicated due to serious postoperative adverse effects. In PFIC1, steatohepatitis has been 
reported that can progress to fibrosis in the transplanted liver, and in some patients the extra 
digestive symptoms not only persist but sometimes worsen123. Upon liver transplantation 
in some PFIC2 patients, immune mediated inhibition of BSEP results in the recurrence of 
the disease phenotype 124. In conclusion, effective and curative treatment options are currently 
very limited for most PFIC patients.

GENE THERAPY FOR INHERITED LIVER DISORDERS
As discussed the only curative option for PFIC and CN-type1 patients is a liver transplantation. 
In view of the important drawback of this invasive procedure, gene therapy for these monogenic 
diseases seems a preferable option. 

Gene addition therapy is a most straightforward approach. Using a vector, a correct copy of 
the mutated gene will be delivered to the hepatocytes to restore the expression of a functional 
protein and correct the disease causing deficiency, if expression is obtained in a sufficient 
percentage of hepatocytes. Thus the key to successful gene therapy is to create safe delivery 
vector with a high transduction efficiency to restore expression of the therapeutic protein in 
a sufficient percentage of all hepatocytes. The most efficient vectors are viral vectors. To ensure 
safety, the viral vectors to treat inherited diseases should be replication defective. Transcription 
of all viral genes needs to be blocked to exclude immune-mediated loss of corrected cells 
co-expressing viral proteins which would impair long term efficacy. Replacing crucial or all 
viral genes with a therapeutic gene ensures both prerequisites125.  The choice of viral vector 
depends on the disease to be treated. Gene therapy targeting rapidly dividing cells requires 
a viral vector that inserts the therapeutic gene into the host genome, to ensure long-term or 
life-long correction, such as retroviral or lentiviral vectors126. The random integration of these 
vectors may cause genome damage and retroviral insertion has resulted in tumorigenesis due to 
oncogene activation127. Long-term correction in quiescent tissues such as the eye, brain or liver, 
can be obtained with non-integrating vectors. This will reduce the risk of oncogene activation 
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but correction will be lost upon cell division, rendering non-integrating vectors less suitable for 
liver directed gene therapy during childhood128, 129. 

The lack of liver damage and the availability of representative animal models, the Ugt1a1 
deficient rat and mouse, rendered CNs a good model of an inherited severe liver disorder 
to study the feasibility of liver directed gene therapy. Several viral vectors, like adenoviral130, 
lentiviral131, 132 , and Simian virus 40 (SV40)133 viral vector all showed efficacy in these pre-
clinical models, but for different reasons including immunogenicity, poor hepatocyte tropism 
and immature production platforms, only Adeno Associated Vectors (AAV) have reached 
clinical testing in a small patient cohort. The continuous liver damage in all types of PFIC 
complicates gene therapy, for instance because liver fibrosis impairs hepatocyte transduction 
and ongoing hepatocyte turnover results in loss AAV mediated correction. This may explain 
the lack of gene therapy studies for these severe liver disorders. In addition, the complications 
seen after OLT, especially in PFIC1 and 2, may also be a hurdle for long-term efficacy of gene 
therapy in these patients. 

AAV is a non-enveloped and non-pathogenic virus of the parvoviridae family. It is a helper 
dependent virus, thus it can only replicate in presence of a helper virus134. In absence of a helper 
virus, AAV genomes persists for long-term in tissues in an episomal form. Overtime some 
random integration into the host genome is seen most likely due to repair of double strand 
genome breaks. The 4.7 kb single stranded DNA genome of wt AAV encodes the replication 
(Rep) and capsid (Cap) proteins flanked by two terminal repeats (ITR), essential for packaging 
and genome replication. In AAV gene vectors the Rep and Cap gene are replaced by a therapeutic 
construct flanked by the ITRs (Figure 3). In quiescent cells, recombinant AAV genomes persist 
for a long time and thus can provide long-term expression of the therapeutic transgene135. This 
and the mild-inflammatory innate immune response, rendered AAV vectors the best option 
for in vivo gene therapy136. Several AAV serotypes, each with a different tropism, have been 
investigated. In various animal models efficacy of AAV vectors to treat inherited disorders of 
tissues like, liver, retina, muscle, heart and brain, has been demonstrated137-139. Safety and efficacy 
of several of these are now investigated in clinical studies. Three of these AAV gene therapies 
have received market approval, the first was the treatment of lipoprotein lipase deficiency. Very 
recently Luxturna, the AAV vector to treat for inherited blindness due to Retinal Pigment 
Epithelium (RPE) deficiency and Zolgensma, the AAV vector to treat Spinal Muscular Atrophy 
(SMA), a severe neurological disorder, have received market approval. Also for inherited liver 
disorders, AAV mediated gene therapy has demonstrated long-term correction in hemophila 
A and B patients and application for market approval has been filed. All this demonstrates 
the potency and even life changing effect of AAV mediated gene therapy. 

The feasibility of AAV mediated gene therapy is also investigated in a small number of adult 
CN patients in our ongoing clinical trial (NCT03466463). In this trial AAV serotype 8 is used, 
which has tropism for the liver140. An important hurdle for efficient gene therapy in all CN patients 
is the pre-existing immunity towards this vector. Presence of neutralizing antibodies (NAbs), 
inhibit AAV transduction of hepatocytes, render effective treatment impossible141. Screening of 
49 adult CN patients showed 15 had too high NAbs levels to be eligible for AAV mediated gene 
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therapy142. Another major hurdle of this approach is the high level of NAbs induced by the first 
vector administration that blocks effective re-administration. Re-treatment is needed when 
the first dose appeared sub-optimal or when the expression is lost overtime for instance due to 
liver damage. The latter is especially relevant for all types of PFIC, which do require treatment 
early after birth and do cause liver damage both causing hepatocyte proliferation and causing 
loss of AAV mediated correction128. 

CONCLUSION 
The treatment options for inherited severe liver disorders, such as Crigler-Najjar syndrome 
and progressive familial cholestasis, are limited. For most patients suffering from one of these 
diseases, the only curative option is a liver transplant. In view of the important drawbacks of this 
highly invasive treatment, as discussed earlier, liver directed gene therapy seems a preferable 
option. AAV mediated gene therapy has been demonstrated to be a feasible option and its 
efficacy and safety is currently investigated in a small cohort of Crigler-Najjar patients. Two 
major hurdles, the pre-existing immunity and the lack of effective re-administration due to 
the induction of neutralizing antibodies by the first administration, need to be overcome to 
make this treatment available to all Crigler-Najjar patients. Liver directed gene therapy for 
patients suffering from PFIC is even more challenging. In addition to both hurdles discussed 
above, treatment in these patients will only result in transient correction, because the damage 
to the non-corrected hepatocytes will result in continuous cell proliferation that will cause loss 
of therapeutic efficacy. Hence, only if the treatment corrects the vast majority of all hepatocytes, 

Figure 3. Genome of wild-type AAV and rAAV vectors. The wild-type AAV genome with rep (replication) 
and  cap  (capsid) genes flanked by two inverted terminal repeats (ITRs)  (~4.68 kb). In the recombinant 
AAV vector (rAAV), the Rep and Cap gene are replaced by a tissue specific promoter and gene of interested 
flanked by the ITRs.
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prolonged correction will be obtained. In addition, the complications observed after OLT in 
PFIC type 1 and type 2, may also prevent long-term efficacy of AAV mediated gene therapy.    

AIM AND OUTLINE
Aim of this project was to develop and/or to improve novel treatment options, such 
as gene therapy for inherited severe liver disorders. The two major hurdles that limit 
the application of liver directed gene therapy in all patients, are the presence of pre-existing 
immunity and the induction of high titers of NAbs due to the first treatment, making  
re-administration in-effective.

Chapter 2 describes a case report of a patient that based on serum bilirubin levels of 
approximately 200 µM does have residual bilirubin glucuronidating activity but does not 
respond to phenobarbital, the test used to differentiate the severe type I Crigler-Najjar from 
the less severe type II. 

Chapter 3 describes the efficacy of immune suppressive treatment with rapamycin and 
prednisolone to prevent the induction of neutralizing antibodies towards AAV8, one of the main 
hurdles of effective repeated administration. Suckling Ugt1a1-/- rats were treated with a sub-
optimal dose of the vector investigated in the ongoing clinical trial, AAV8-hUGT1A1. This 
results in complete correction of serum bilirubin levels that is lost over time due to the growth 
of the animals. To investigate if the inhibition of neutralizing antibodies is feasible, an immune 
suppressive regimen was given for three weeks, which was expected to cover the exposure 
of the AAV8 capsid to the immune system. The induction of anti-AAV NAbs over time was 
followed and upon loss of correction the efficacy of vector re-administration was investigated.

Chapter 4 describes the feasibility of AAV mediated liver directed gene therapy for PFIC-3. 
As discussed, gene therapy for PFIC does require sufficient correction to prevent hepatocyte 
proliferation due to residual damage. The efficacy of AAV8-hABCB4 was investigated in adult 
Abcb4-/- mice and the correction was followed over time. 

Chapter 5 describes the development of an improved recombinant SV40 vector. Several 
studies have reported use of rSV40 as an effective vector for liver directed gene therapy to treat 
several inherited liver disorders, including unconjugated hyperbilirubinemia. A major advantage 
of the vector is the low prevalence of pre-existing immunity in the general population143, 144. 
Clinical application of this vector is however lacking, in part due to lack of a safe production 
platform. The sequences overlap between the gene therapy vectors and the entire SV40 genome 
integrated in the genome of the production cell lines, allows recombination mediated exchange 
of the therapeutic gene with the large T antigen (Tag). Since this represents a serious risk for 
the patient, presence of the latter in clinical vector batches needs to be excluded because of 
its tumor promoting activity. Many studies have shown the tumor promoting effect of Tag for 
instance by binding p53. The formation of the Tag-p53 abolishes the tumor suppressing role of 
p53145. Recently, the development of a new production cell line, super vero, solved this problem146. 
Another problem is the poorly developed production platform requiring restriction enzyme-
mediated removal of the bacterial backbone from the production plasmids147. Upon, re-cutting 
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this requires isolation from agarose gels and ligation, a procedure which is not applicable for GMP 
production of vectors essential for clinical application. This chapter describes the development 
of a novel rSV40 vector that uses cre mediated removal of the bacterial backbone to allow GMP 
vector production. 

Chapter 6 describes the development of a liver specific recombinant SV40 vector. An 
important advantage compared to AAV in addition to its lower pre-existing immunity in 
the general population, is the reported absence of neutralizing antibodies upon administration 
of rSV40148. An important drawback for liver directed gene therapy of rSV40 is its broad tissue 
tropism and the ubiquitous activity of its endogenous promoter. Due to this, rSV40 vectors will 
provide expression of the therapeutic protein in many tissues, which will increase the risk for 
an unwanted immune response against the encoded protein149. To reduce this risk the efficacy of 
a liver specific promoter was investigated. The specificity of the hepatocyte specific vector was 
investigated in vitro and in vivo. In addition, the immune responses, and especially the induction 
of neutralizing antibodies, towards rSV40 upon intravenous administration was investigated.

Chapter 7, describes the feasibility and safety of inhibition of bilirubin production as an 
option to treat inherited unconjugated hyperbilirubinemia. Due to pre-existing immunity, 
AAV mediated gene therapy is not an option for all Crigler-Najjar patients. For these patients, 
inhibition of the production of bilirubin could be an alternative treatment option. As discussed, 
long-term inhibition of heme oxygenase 1 results in severe adverse effects and is therefore not an 
option. Inhibition of the biliverdin reductase alpha would render biliverdin an end product that 
can be secreted because it is a water soluble compound and recognized by efflux transporters. To 
investigate if this would be a safe option, a mouse model deficient for both Ugt1a1 and biliverdin 
reductase alpha was generated. In contrast to the Ugt1a1 deficient mouse, the double knock-out 
was protected against bilirubin induced brain toxicity. Analysis of oxidative stress and liver 
metabolism was performed to investigate long-term safety.

Chapter 8, will present an overview of all the results and the future perspectives of 
the different approaches.
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