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Chapter 1

Introduction






The Liver

The liver plays vital roles in regulation of synthesis, transformation and storage of
compounds. In addition, the liver is involved in secretion of many substances as well as
regulation of breakdown products. These processes include, amongst others, control of
blood glucose, the production of albumin and clotting factors. The liver also excretes
bile, which contains breakdown products, such as bilirubin. Bile also contains bile salts
that act as detergents and aid in absorption of dietary fats. Cholesterol that reaches the
liver via lipoproteins or is synthesized in the liver can be secreted back into blood with
VLDL but also excreted into bile.

Fat-insoluble vitamins, such as A, D, E and K, copper and iron are stored in the liver.
Clearance of harmful substances, such as ammonia also takes place in the liver.
Additionally, this organ is also largely responsible for modification and inactivation of
hormones, e.g. inactivation of testosterone and oestrogen, and degradation or
modification of drugs and inactivation of toxins.

The liver weighs about 5% of body weight at birth. The liver in adult man constitutes
approximately 2.5% of body weight, which means that it weighs approximately 1.5 kg °. It
is divided into the larger and the smaller lobes, which are further divided into
approximately 100.000 lobules. A macroscopic representation of the liver is shown in
figure 1 and a part of a liver lobule is depicted in figure 2. The liver receives its blood
supply via the hepatic artery (30%), which supplies oxygen rich blood and the hepatic
portal vein (70%), which transports nutrients from the intestine.

Hepatocytes represent about 60% of cells in the liver. Because they are larger than the
other cells in the liver, they occupy almost 80% of parenchymal volume. In contrast, the
liver sinusoidal endothelial cells (LSEC) account for approximately 15%-20% of the total
number of cells in the liver, but only 6.5% of volume. Extracellular spaces account for
16-20% of the liver volume, of which about two-thirds represent the sinusoidal lumen
and one-third the perisinusoidal tissue space of Disse. These LSECs are fenestrated
cells that have a filtration function and are located between the sinusoidal lumen and the
space to the basolateral side of the hepatocytes (Space of Disse) .

The liver contains cells of the immune system as well, such as T-cells and specialized
macrophages, called Kupffer cells (KC). KCs represent about 15% of total liver cells in
number ” and are located on the luminal side of sinusoidal capillaries. The Kupffer cells
account for over half of the body’s reservoir of macrophages, which helps fighting
infections by destroying pathogens that come into contact with them. These pathogens
as well as lipopolysaccharides (LPS) are sequestered from the blood by Kupffer cells.
Another function of Kupffer cells is the excretion of chemokines and cytokines.

Stellate cells (also called lto cells) are located in the Space of Disse and store vitamin A.
These cells are also involved in development of fibrosis in liver disease. Hepatocytes are
polarized cells; the apical domain is called the canalicular membrane. These bile
canaliculi are the site of primary bile formation and connect with the smaller branches of

the bile duct system, which eventually drain into the gallbladder and the duodenum "*°.
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Figure 1. Macroscopic overview of the liver. The liver is located in the peritoneal cavity. It is connected by
the portal vein with the intestine and the spleen. It receives oxygen rich blood through the hepatic vein. The
liver is connected with the gallbladder via the common bile duct in which the smaller ductules drain their
content.

Figure 2. Representation of part of a liver lobule displaying sinusoidal architecture. In normal liver, cords of
hepatocytes are surrounded by fenestrated endothelial lining. In the intervening space of Disse are the
hepatic stellate cells (blue). Kupffer cells (pufple) are typically intrasinusoidal and are shown here as
adherent to the endothelial wall. Reprinted from 8 with permission.

Inherited liver diseases

As a result of the many functions that are fulfilled by the liver, there is a large variety of
different inherited liver disorders. These diseases can be divided into two types based
on their etiology. 1) Directly affecting hepatocyte function, this is often accompanied by
liver damage leading to fibrosis and cirrhosis. 2) Affecting the body, but leaving the liver
relatively unharmed.

Inborn errors of the first category include a-1-antitrypsin deficiency, Wilson's disease,
glycogen storage disease, urea cycle defects and many more. A particularly suitable
group of diseases for hepatocyte transplantation and repopulation are patients with
progressive familial intrahepatic cholestasis (PFIC) encompassing several different
inherited disorders *"'8'. These patients have mutations in a family of transport proteins,
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which are the ATP binding cassette (ABC) transporters that require ATP hydrolysis to
drive membrane transport.

This group of patients consist of three types of PFIC, namely PFIC1 (ATP8B1, FIC1
deficiency/Byler’'s disease), PFIC2 (ABCB11, BSEP deficiency) and PFIC3 (ABCB4,
MDR3 deficiency). PFIC1 patients have mutations in the ATP8B1 gene. The function of
this protein has not been completely elucidated to date. It has been demonstrated that
there is a high percentage of similarity of ATB8B1 to the bovine aminophospholipid
flippase that regulates translocation of aminophospholipids (phosphatidylserine, PS, and
phosphatidylethanolamine, PE) in plasma membranes. Ujhazy et al reported that the
energy-dependent translocation of aminophospholipids may indeed be regulated by
ATP8B1 protein '®.

A recent publication suggests that the increased sensitivity to the detergent action of
hydrophobic bile salts in Atp8b19%%V63%Y mutant mice is due to phospholipid
randomisation, as shown by increased biliary recovery of cholesterol and ectoenzymes,
as well as the presence of phosphatidylserine (PS) in bile "*. The authors hypothesize
that the enhanced extraction of cholesterol by hydrophobic bile salts subsequently may
impair the activity of ABCB11 and cause cholestasis. In PFIC2 (BSEP deficiency)
patients have a defect in biliary bile salt secretion, caused by mutations in the bile salt
export pump, which decreases the transport of bile salt excretion of hepatocytes into
bile, leading to accumulation of bile salts.

In PFIC3 (MDR3/ABCB4 deficiency) patients have mutations in the ABCB4 gene
resulting in the absence of ABC transporter ABCB4 (Multidrug Resistance P-
glycoprotein 3) *3. This protein is involved in the excretion of phosphatidylcholine into
the bile canaliculi resulting in the inactivation of toxic bile salts by formation of mixed
micelles. Apparently, these three transporters fulfill crucial roles in bile formation as their
absence causes serious liver disease.

Mutations in another ATP-dependent transporter (ATP7B gene) may also lead to a
severe liver phenotype. Disruption of the ATP7B gene causes Wilson disease, which is
an autosomal recessive genetic disease resulting from copper toxicity, primarily in liver
and extrahepatic sites, such as the brain "°3°17¢,

The category of inherited disorders with hepatic pathology also includes metabolic
diseases, such as hereditary tyrosinemia type | *’, a recessive liver disease caused by
deficiency in  fumarylacetoacetate  hydrolase (FAH), which converts 4-
fumarylacetoacetate into fumarate and acetoacetate, the final step of tyrosine
metabolism. Without FAH, metabolic precursors accumulate and induce hepatic and
renal toxicity.

Other diseases include inborn errors of ureagenesis. These patients are vulnerable to
episodic hyperammonemia, which may result in coma and death. Examples are
carbamyl phosphate synthetase, ornithine transcarbamylase or argininosuccinic acid
synthetase deficiency. Furthermore, this group of liver diseases also encompasses
several glycogen storage diseases 2'.

Because defects in the above described diseases may lead to accumulation of toxic
compounds or harmful substances in the liver, hepatocytes themselves are being
affected. Transplantation of healthy cells may lead to an increase of these cells in the
liver, because they render a certain level of resistance to the toxins. All these diseases
vary from mild to severe phenotype and as a result the speed of repopulation and the
extent of hepatocyte replacement may differ as well. As explained below, these diseases
are especially suitable for transplantation with corrected autologous hepatocytes,
because repopulation of healthy cells may occur.
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Many other metabolic liver disorders do not affect the liver directly, but result in
accumulation of toxic compounds or defects elsewhere in the body. In these liver
diseases repopulation by transplanted cells will not take place. Examples of this
category are the syndrome of Crigler-Najjar and the hemophilias.

Patients with the Crigler-Najjar syndrome do not express bilirubin  UDP-
glucuronyltransferase (UGT1A1)"*'®®. This leads to high levels of unconjugated bilirubin
in plasma, which results in jaundice. Patients are generally treated by phototherapy, but
this alleviates the symptoms only temporarily and liver transplantation is often
necessary, because unconjugated hyperbilirubinemia increases the risk of bilirubin
encephalopathy (kernicterus) '. For this specific metabolic liver disease the well-
established Gunn rat model ' is available.

In hemophilias there is a decrease of coagulation factors (factor VIII or 1X), which are
produced in the liver. The most commonly used animal models are based on factor VIII
and factor I1X deficiency for hemophilia A and hemophilia B respectively.

These coagulation disorders, such as hemophilia A are also well suited for cell
replacement therapies or gene therapy, because coagulation factor VIIl ' |evels in the
blood plasma are therapeutic over a wide range, although unusually high FVIII
expression levels may increase thrombotic risk.

All these diseases may require a certain proportion of healthy hepatocyte replacement in
the diseased liver to achieve a therapeutic effect. For instance, there is a low therapeutic
threshold for hepatocyte replacement of about 5% in murine phenylketonuria ®°. But
other diseases, such as defects in lipoproteins can require more than 30% of
Psepatocytes expressing the normal gene to phenotypically correct the metabolic disorder

Treatment of inherited liver diseases

As mentioned before, there is a broad array of inherited metabolic liver disorders
displaying a variety of symptoms; examples include diseases Wilson’s disease, a-1-anti-
trypsin-deficiency or Crigler-Najjar syndrome. Most of these disorders can only be
treated by liver transplantation **'"'*’ According to the European Liver Transplant
Registry (http://www.eltr.org/), of the total of more than 57,000 liver transplantations
performed to date in Europe (2003), hepatic associated metabolic disorders represent
about 5%. In pediatric patients between the ages of 2 to 15 years relatively more liver
transplantations are performed to treat metabolic disorders (27%). The overall 1 year
patient survival rate is approximately 83%, and the 10 year survival about 71% 3 with
survival of children significantly higher than for adults "2. Over the years, the number of
successful transplantations and the survival of patients has increased considerably *'.
Although liver transplantation is a curative treatment option and prolongs life expectancy
in these patients, it has major drawbacks 8""'®®. It is an invasive procedure, because in
patients the whole liver is replaced. Furthermore, in a considerable percentage of the
cases retransplantation is required, due to complications '%. Additionally, the
requirement of life-long immunosuppression makes infection by bacterial or fungal
organisms one of the most common causes of death "%, Immunosuppression may
also lead to concomitant kidney failure '??, but improved combinations of
immunosuppressive regimens may eventually have less or no toxicity ¥4,

Another drawback is the risk of rejection % which may require multiple liver
transplantations resulting in high morbidity. Finally, one of the main disadvantages
remains the shortage of donor livers resulting in death of patients on the waiting list.
Unless these factors are improved in the future, alternatives are required for whole liver
transplantation.
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Hepatocyte transplantation and repopulation as a potential therapy of inherited
liver diseases

Hepatocyte transplantation arose as an alternative for orthotopic transplantation in the
80’s. Since then, experimental and clinical applications have been investigated 641283
The liver has the unique ability to grow back to its original size after removal of up to
80% of its mass. This feature can be exploited in some diseases with intrinsic liver
damage. Healthy cells can repopulate the liver, because they have a growth advantage
over the diseased host liver cells.

Not all livers that become available can be used for orthotopic liver transplantation
(OLT), but viable hepatocytes for hepatocyte transplantation can still be harvested from
these livers. The isolated hepatocytes from a single liver can be used for multiple
recipients; techniques for administration of hepatocytes are relatively simple and
minimally invasive with low systemic stress in comparison with OLT. Additionally, these
cells can be frozen and stored and subsequently used for transplantation after thawing
%073 However, hepatocyte viability decreases after freeze-thaw cycles. Also, hepatocyte
transplantation does not require removal of the host liver, which serves as a safety net if
hepatocyte transplantation turns out to be ineffective or if the transplanted cells are
rejected.

There are many animal models for hepatocyte repopulation of the liver. In a rat model for
Wilson disease ' hepatocyte transplantation and liver repopulation restored biliary
copper excretion and lowered liver copper levels with liver histology being completely
normalized in Long-Evans Cinnamon rats, as compared to untreated rats "°. In Mdr2
knockout mice disease was mitigated upon transplantation and subsequent repopulation
with corrected hepatocytes *2. In a mouse model for hereditary tyrosinemia type 1
extensive repopulation of the liver occurs after transplantation of healthy hepatocytes '*2.
The development of hepatocyte transplantation has already been translated into clinical
application. However, so far hepatocyte transplantation has been performed in diseases
without or minor repopulation potential of healthy cells, e.g. for the treatment of Crigler-
Najjar syndrome type | *®, in an infant with severe urea cycle disorder ® and glycogen
storage disease type 1a ''°. These patients were all treated with healthy donor
hepatocytes.

It has been shown in the mouse model of Hereditary Tyrosinemia Type |, that cultured
FAH- hepatocytes could be transduced ex vivo with retroviral vectors containing the
fumarylacetoacetate hydrolase gene and subsequently repopulated FAH-deficient mice
after transplantation '*. Similarly, in the larger dog model for a-1-antitrypsin deficiency, it
was also feasible to ex vivo correct autologous hepatocytes by retroviral gene therapy
leading to a detectable a-1-antitrypsin expression 2. In a pilot study five patients with
hypercholesterolemia have been treated with low-density lipoprotein (LDL) receptor
expressing retrovirus-transduced hepatocytes without morbidity and achieving persistent
gene expression lasting for at least four months after gene therapy ®. Correction of the
patient’'s own cells eliminates the use of donor hepatocytes and reduces the risk of an
immune response to the transplanted cells.

In contrast to targeting hepatocytes to the liver by portal vein or intrasplenic
administration, hepatocytes can also be transplanted at ectopic sites in the body and
correct defects such as hemophilia A in mice '®. However, survival of ectopic
hepatocytes is relatively short. Administration of autologous fibroblasts expressing UDP-
glucuronyltransferase can also correct the deficiency of Gunn rats, but these rats
developed tumors "¢2.

Although hepatocyte transplantation may be an alternative, sufficient livers need to be
available for isolation, which at present is not enough to serve all patients. As an
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alternative to transplantation of primary hepatocytes, an unlimited supply of a hepatocyte
cell line is required that can be used for similar transplantation therapies.

To reduce the need of donor livers for isolation of hepatocytes many investigators have
tried to culture and expand hepatocytes. Unfortunately, (human) hepatocytes cannot be
expanded efficiently in vitro, even with addition of growth factors, such as hepatocyte
growth factor (HGF) and epidermal growth factor (EGF) '"'. Furthermore, expanded
hepatocytes dedifferentiate rapidly. Recently, immortalized hepatocytes have been
generated, which could be used to treat liver failure of rats with end-stage cirrhosis %
and mice with acetaminophen induced acute liver failure '®. It is remarkable that
immortalisation of hepatocytes can lead to maintenance of both hepatocyte specific
function and continuous proliferation.

In contrast to mature hepatocytes, human fetal liver cells (HFLC) have the advantage of
maintaining differentiation potential and proper function in culture for long periods (up to
4 months) %. After transplantation, HFLCs have the capacity to differentiate into mature
hepatocytes in vivo '8, A comparison between fetal hepatoblasts and adult
hepatocytes showed their repopulation potential in rat liver after ex vivo transduction with
lentiviral vectors ¥

Because HFLCs have these additional properties compared to adult hepatocytes,
immortalised human fetal liver cells may be a preferable option to generate an unlimited
supply of transplantable cells. Indeed, intrasplenic transplantation of immortalised
human fetal hepatocytes has been shown to prolong survival of 90% hepatectomized
rats %% and human fetal hepatocytes immortalised by telomerase reconstitution did not
affect their differentiation potential in vivo 19 " Also, after retroviral vector-mediated
expression of simian virus 40 large T antigen to immortalize a primate fetal epithelial
liver cell, a bipotent hepatic biliary phenotype was preserved °. These bipotent cells
could differentiate to both hepatocytes and biliary epithelial cells.

The use of embryonic stem cells '’? has been investigated as an alternative source and
treatment option for transplantation in patients with metabolic diseases. It is important to
optimise immortalised cell-line culture conditions to preserve their differentiation potential
in vitro and in vivo and preferably maintain multilineage differentiation potential and self-
renewing capacity.

An important problem of hepatocyte transplantation at present is the low liver
engraftment. This is a serious problem for treatment of liver patients with no destruction
of their own liver cells. The low engraftment of hepatocytes in the liver often results in
mitigation only, but never a complete correction of the liver disease.

Repopulation models of the liver

Besides the models in which there is an intrinsic repopulation potential of healthy
hepatocytes, artificial repopulation models are required to obtain enough healthy
hepatocytes to correct disease. There are ample examples of these artificial liver
repopulation systems. One such system is the selective repopulation of hormal mouse
liver by apoptosis resistant Fas/CD95 resistant hepatocytes overexpressing Bcl-2 '* or
Bcl-X. "2, Repopulation in this system can be achieved by repetitive administration of
the anti-Fas/CD95 antibody Jo-2, which causes apoptosis in the recipient hepatocytes
while the donor hepatocytes are resistant through Bcl-2 overexpression. Although Bcl-2
overexpressing cells are not completely resistant to Jo-2 induced apoptosis, the risk that
uncontrolled expression of anti-apoptotic genes may lead to tumor development, or may
inhibit immune responses to hepatocytes infected with viruses, makes this approach
unsuitable for human applications.
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The Fah knockout mouse is a model for hereditary tyrosinemia type | #°®°°, which is a

disorder of tyrosine catabolism caused by deficiency of fumarylacetoacetate hydrolase.
The compound (2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) blocks
tyrosine degradation at the level of 4-hydroxyphenylpyruvate dioxygenase (HPD) and
also had been used with success in the clinic **. Withdrawal of NTBC causes cell death
in the recipient hepatocytes, but not in the healthy donor hepatocytes thereby causing
repopulation of the donor cells "*.

In another artificial repopulation model liver-specific overexpression of urokinase
plasminogen activator (uUPA) causes damage and death of hepatocytes '>*. In this mouse
model for hepatocyte repopulation, mice carry the uPA transgene under control of an
albumin promoter. These hepatocytes are functionally compromised and uPA negative
cells expand in nodular fashion. This model has a strong repopulation potential, as
demonstrated by complete reconstitution with xenogeneic rat hepatocytes in
immunotolerant Alb-uPA transgenic mice 2. Although the authors of this paper claimed
complete reconstitution, parenchyma in these mice is gradually replaced by clones of
cells from the acceptor mouse that have deleted the transgene uPA DNA '
Unfortunately, this system cannot be used as a clinical artificial repopulation model,
because all endogenous hepatocytes need to overexpress uPA. In both the uPA and
Fah model near complete reconstitution may take place compared to the Fas/CD95
resistance or MDR3 deficiency model, which both lead to partial repopulation of the liver
only. Other artificial repopulation models that are actually also unfavourable for clinical
application are models with mitosis inhibitors. To achieve repopulation in rats and mice
administration of retrorsine with or without partial hepatectomy is often used °*%. Partial
hepatectomy leads to the required proliferative stimulus and only the transplanted cells
can proliferate because they did not receive growth restriction. However, mitosis
inhibitors may lead to tumor development and hepatectomy is invasive.

Therefore new artificial repopulation systems are required for treatment of patients with
inherited liver diseases to increase functional hepatocytes in the liver to a significant
proportion. This system should affect only the liver without a stimulus to progress
towards uncontrolled cell-cycling, but so far no promising systems have come forward.

Gene therapy for inborn liver errors

As an alternative for orthotopic liver transplantation (OLT) or cell transplantation, gene
therapy may be used in the future to treat inherited diseases. The gene therapy
approaches that have been explored '8:24268384.86.95124.168.178 o5 e divided in non-viral
and viral vector methods. Because viruses have evolved to replicate and survive in their
host organisms, elements of viruses may be perfect to introduce genes in cells that need
correction. There are three major viral-based vector systems that have been extensively
studied for applications in liver directed gene therapy: adenovirus, adeno-associated
virus and retroviruses. All these systems have their pros and cons (Table 1) and will be
discussed in detail below.
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Table 1: Viral vectors. Overview of pros and cons of the four large viral gene therapy groups for
treatment of inherited liver diseases.

Advantages Disadvantages
Adenovirus | Large cloning capacity (up to 37 kb). Acute toxicity and highly immunogenic, but reduced
High levels of transduction of the liver. for helper-dependent adenovirus.
AAV vectors are stable. Short term expression.
AAV Immunogenicity possible, but often present. Limited cloning capacity (5 kb).
Long term expression. Low integration efficiency, resides mostly episomal.

Wildtype virus infects humans, but is not associated with illness.
Can deliver genes to slow- or non-dividing cells.

Retrovirus Can deliver up to 7.5 kb inserted genetic material. Potential risk of insertional mutagenesis, integrates
Long term expression possible, stable expression. preferentially into promoter regions.
Generally, no viral immune response, but depends of pseudotype. Integration in dividing cells only.

Lentivirus Can deliver genes to non-dividing cells and terminally differentiated cells. | Potential risk of insertional mutagenesis, integrates
Can deliver up to 9 kb inserted genetic material. preferentially into genes.

Long term and stable expression.
Generally, no viral immune response, but depends of pseudotype.

Adenoviral vector system

Human adenovirus serotypes are widespread in the population. Infection of these
viruses is often asymptomatic, but can result in respiratory disease in children,
conjunctivitis and gastroenteritis, leading to diarrhea *2.

The adenoviral vector systems have a large transgene capacity, but do not integrate into
the host genome. A major problem of these vectors is that there is a high probability that
the immune system is activated by components of the viral vector itself.

Another disadvantage of adenoviral vectors in treating inherited liver diseases is that
lifelong expression of the therapeutic gene is required. In many studies that used
adenoviral vectors the gene expression declined slowly, but remained for more than
90% in periods of up to 1 year in mice * or dogs ®. In mouse and dog models for
hemophilia A, intravenous injection of high capacity adenoviral vectors expressing B-
domain-deleted human or canine factor VIl from liver specific promoters resulted in
therapeutic FVIII levels, but in mice expression declined because of neutralizing
antibodies and a cellular immune response. In dog, no antibodies to canine FVIII could
be detected *°. On the other hand, there are also studies with long-term correction, for
instance in mice treated with an adenoviral vector leading to canine FVIII expression for
more than a year *°.

Another study showed that co-expression of CTLA4Ig with BUGT in an adenoviral vector
permitted long-term, repeatable transgene expression in the Gunn rat '°. In an animal
model for hereditary tyrosinemia type | (HT1), mice lacking fumarylacetoacetate
hydrolase (FAH) were injected with first-generation adenoviral vector expressing the
human FAH gene and survived at least 2-9 months. Non-treated FAH mutant control
mice died within 6 weeks '**. Unfortunately, the strong selective advantage of FAH-
expressing cells in a FAH-deficient liver led to the development of carcinomas, which are
not associated with the viral treatment itself.

The development of helper dependent adenoviral vectors or gutless vectors often
provides longer gene expression. These vectors are devoid of all viral coding sequences
and provide an increased cloning capacity (up to 37 kb).

Lifelong correction with a single dose of helper-dependent adenoviral vector was
sufficient to achieve stable correction of Crigler-Najjar (CN) disease type 1 in rats for
more than two years '®. In low-density lipoprotein receptor-deficient mice, an animal
model of familial hypercholesterolemia, helper-dependent adenoviral vector expressing
the very low-density lipoprotein receptor produced long-term lowering of plasma
cholesterol and prevented development of atherosclerosis in LDLR-deficient mice "'
126 Large-scale production of helper-dependent adenoviral vectors is difficult and
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contamination with helper virus remains a problem to be solved, although Palmer and
Ng showed that they could obtain high titers (more than 1 x 10™) and low helper virus
contamination after CsCl purification (0.02-0.01%) **°.

Experiments in rats and mice are often non-toxic. However, animal models closer to
humans often display toxicity after adenoviral vector administration caused by viral
antigens that trigger an immune response ?°'. This vector-induced toxicity of high dose
recombinant adenoviral vectors remains a problem also in vector naive and pre-
immunized mice '®. This has been shown in a hemophilia A model in which low dose
adenoviral vector administration gave no toxicity, but higher vector doses caused
transient hepatotoxicity and thrombocytopenia '®. In contrast, in a dog model of
hemophilia B phenotypic correction was achieved without any detectable symptoms of
ngicity % and indeed also with a helper dependent adenoviral vector in a similar study

In animal models that are more closely related to humans, high doses of adenoviral
vector injected into a baboon resulted in acute symptoms, decreased platelet counts,
and increased liver enzymes, and became life threatening at 48 hrs after injection. A
baboon treated with a lower dose developed no symptoms ' "".

In another study in baboons, long-term expression of the human o4-antitrypsin (hAAT)
gene was observed with the use of gutless vectors and not with regular adenoviral
vectors. Re-administration of another serotype could re-establish corrected hAAT values
"8 Injection of a high dose in a baboon, which resulted in a 100% transduction efficiency
of hepatocytes, was again lethal. A lower dose only resulted in mild hepatotoxicity %°.
Viral capsid proteins in first-generation adenovirus-expressing lacZ triggered systemic
cytokine syndrome in nonhuman primates '*°, which was mediated by dendritic cells and
macrophages 2. These toxicity issues should be addressed, before these vectors can
be taken into the clinic.

Patients have already been subjected to adenoviral vectors and the first 17 subjects of a
clinical trial of adenoviral gene therapy for ornithine transcarbalase (OTC) deficiency
showed no clinical signs of jaundice after vector administration, but some adverse
effects included fevers, transient rise in hepatic transaminases and thrombocytopenia
“* The death of a patient in a clinical trial of adenoviral gene therapy for ornithine
transcarbamylase (OTC) deficiency "**'** pointed out that increased sensitivity to viral
infections and systemic inflammation in individuals, necessitates alternative gene
therapy systems that are less immunogenic.

Adeno-associated virus vectors

Adeno-associated virus (AAV) is a parvovirus with a single stranded linear genome '
Compared to adenoviral vectors and lentiviral vectors, these viral vectors are relatively
small and are therefore not suitable for correction of inherited diseases caused by
genetic mutations in large genes.

Some reports have used AAV-vectors as an ex vivo approach to transduce liver
progenitor cells '®’, although in general these vectors have a poor transduction efficiency
ex vivo and direct injection is required ™*'. For some types of AAV, antibodies can be
frequently found in human serum samples 2. The use of other vector serotypes may
overcome this immunity. On the other hand, readministration of AAV vectors in muscle-
directed gene therapy was not hampered by neutralizing antibodies *'. An advantage of
this viral vector system is that none of the AAV serotypes have been shown to be
pathogenic. It was generally thought that integration of wildtype provirus genomes, which
often takes place at a common site on human chromosome 19 (19q13-qter) %9413
would provide a safe delivery in the genome, but modified AAV vectors turned out to
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integrate at random "°?%_ Despite this random integration, no evidence of tumorigenesis
of AAV vectors was observed in an elaborate study performed in mice "

AAV vectors have been used extensively in animal models. Sustained expression was
observed after single intraportal vein injection of rAAV vector encoding canine factor IX
(cFIX) "¥2'%_|n two other studies, AAV-vectors injected intramuscularly or into the liver
also corrected factor 1X levels in canine and murine models with no associated toxicity
67.118.166 Several serotypes of AAV encoding a liver-specific promoter and human blood
coagulation factor IX gene injected in mice led to curative levels for patients with
hemophilia *°.

In models for glycogen storage disease type la AAV delivery of glucose-6-phosphatase-
a resulted in sustained expression and improvement of liver histology and metabolic
abnormalities ®*. In glycogen storage disease type Il (Pompe disease), which is a
lysosomal storage disease, reduced glycogen content of muscle was obtained by adeno-
associated virus vectors expressing a-glucosidase 2"'*'"* and this mitigated the
disease process.

Therapeutic levels of a-galactosidase were obtained by administration of AAV2 vectors
in a mouse model for Fabry disease (X-linked lysosomal storage disease) with a
significantly reduced immune response to the transgene if a liver restricted
enhancer/promoter was used 27 in contrast to an ubiquitous promoter.

This viral vector system can also be applied in larger animal models and humans.
Administration of several AAV serotypes showed different efficiency in nonhuman
primates, but it was also shown that pre-existing immunity, gender and immunity to the
transgene are important host factors that influence AAV serotype gene transfer °.
Preclinical evaluations in macaques, with rAAV vectors injected in the hepatic artery or
the portal vein, gave 4% and 8% of normal physiological levels of hFIX "',

Recently, in a clinical trial to treat hemophilia B patients with AAV2 vectors, expression
at therapeutic levels was achieved at the highest dose tested, but after about 8 weeks a
gradual decline in factor IX was found as a result of an immune response to transduced

hepatocytes '%.

Retroviruses

Retroviral vectors are vectors based on murine retroviruses, such as Murine Moloney
Leukemia virus (MMLV) or more complex ones such as the lentiviruses. These vectors
can integrate in the genome, which may lead to long-term expression of the transgene.
The main problem with vectors based on MMLYV is that they cannot deliver genes to non-
dividing cells, such hepatocytes and neuronal cells.

Long-term expression of coagulation factor VIII by retroviral vectors based on Moloney
leukaemia virus resulted in correction of the bleeding disorder in FVIlI-deficient mice, but
in the majority of the mice inhibitors to FVIIl could be detected '. Hereditary
Tyrosinemia Type | could also be treated with ex vivo transduction of hepatocytes
followed by transplantation and repopulation 2. MLV-based retroviral vectors were used
for long-term expression of B-galactosidase in dogs with mucopolysaccharidosis VIl "%
and therapeutic levels of canine factor IX for hemophilia B in mice and dogs .

As mentioned above in a clinical trial to treat familial hypercholesterolemia autologous
hepatocytes were successfully corrected with recombinant retroviruses carrying the LDL
receptor °%°'.

By using retroviral vectors in Gunn rats, long-term reduction of serum bilirubin levels
were obtained '"°. However, retroviruses only integrate in dividing cells and stimulants of
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cell-division, such as hepatocyte growth factor, triiodothyronine or partial hepatectomy
have to be used "'° to obtain high hepatocyte transduction efficiency.

HIV based vectors

Human Immunodeficiency Virus (HIV) is part of the lentivirus family. The lipid-enveloped
particles comprise a homodimer of linear, positive-sense, single stranded RNA genomes
of about 9.7 kb **. As all retroviruses, the virion RNA genome needs to be converted into
double-stranded linear DNA by reverse transcription. This process takes place in the
cytoplasm. The resultant viral DNA is then integrated into the host genome to produce
the provirus %%°.

The major advantage of lentiviral vectors as compared to simple retroviral vectors, is that
they can integrate in non-dividing cells "' To increase safety, flexibility and efficiency
of the vector system, cis- and trans-activating domains were separated on different
plasmids "**. These lentiviral vectors are often referred to as third generation lentiviral
vectors **. In this vector system, the gag gene encoding a polyprotein that forms the
inner virion structures matrix, capsid and nucleoprotein and the pol gene encoding the
viral enzymes protease, reverse transcriptase, RNase H, and integrase are located on a
single plasmid and the envelope protein on another one.

The regulatory protein Tat is not required anymore, because the constitutive promoters
upstream of the vector transcript take care of producing the messenger *. The Rev
protein regulates the nuclear export of the vector transcript. To decrease the chance of
recombination, the rev gene has also been removed from the packaging construct. This
resulted in the necessity of Rev complementation in trans for the expression of gag and
pol ** on a third plasmid.

The four accessory proteins Vif, Vpr, Vpu and Nef, which are specific for lentiviruses and
are involved in HIV pathogenesis, are omitted from third generation lentiviral vectors. In
most third-generation lentiviral vectors, posttranslational regulatory elements are
included in the transfer vector to increase transcription of transgenes, such as the
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (PRE) %® or human
hepatitis B virus PRE '®'. These vectors also contain central polypurine tract (cPPT),
which increase efficient transport into the nucleus leading to incorporation into the host
cell genome "¢,

Self-inactivating vectors were developed to make the viral therapeutics safer
these constructs the promoter and enhancer elements from the U3 region of the long
terminal repeat sequence (LTR) were deleted to remove LTR-directed transcription. The
generation of self-inactivating vectors was based on similar modifications in retroviral
vector systems. In the 5’LTR the complete U3 region has been replaced by the Rous
sarcoma virus (RSV) promoter to produce the lentiviral vector transcript. This makes it
also feasible to use internal promoters in the lentiviral vector for tissue specific
expression. A part of the U3 region of the 3° LTR has been deleted as well, i.e. 400bp
sequence including the TATA box. The packaging constructs that are expressed in frans
do not contain any LTR sequences, which makes certain that recombination cannot lead
to reconstitution of complete wildtype LTRs. All these modifications made sure that less
than 20% of the HIV-1 genome is present in the viral construct for functional gene
therapy vectors.

In most cases, human embryonic kidney 293T cells are used for production of lentiviral
vectors by transient transfection, but other cell-types that have high transfection
efficiency may be used as well. Additionally, stable cell lines expressing the required
trans-elements can be generated, either inducible or not % to increase consistency of
production. A schematic representation of plasmids for the production of lentiviral
vectors is depicted in figure 3.

113,209 In
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Other lentiviral vector systems based on bovine "%, simian **'® or feline lentiviruses are

being tested and under further development in addition to the lentiviral vector systems
based on HIV. Another general problem of retroviruses is that they integrate randomly
with a strong preference for actively transcribed regions in the genome #'%"'%° Themis
et al showed that lentiviral vectors based on equine infectious anaemia virus could
induce tumors in the liver if injected in utero "', but in this model HIV-based vectors did
not. In a more recently published paper, low genotoxicity of HIV vectors has been
demonstrated in a tumor-prone mouse model ''°. This genotoxicity may not lead to
uncontrolled cell division in patients with liver disease, because hepatocytes hardly
proliferate under normal conditions in vivo and it is therefore unlikely that viral vectors
integrate near or disrupt genes that are involved in cell-cycle.

Third generation lentiviral vector system |

HIV-1 provirus | Tat I

Full-length transcript RNA |

4 Component

Split System
5'LTR J'LTR
) ] [0 I AT e et R0 5
Vector genome
Y
Poly A
‘ p | Gag-Pol ‘ Gag-pol packaging plasmid
n Env packaging plasmid

E ‘ p | Rev Rev plasmid

Figure 3. Third generation lentiviral vector four plasmid system. The wildtype HIV provirus is depicted in the upper section.
For the lentiviral transfer vector, the majority of the genes of wildtype HIV have been removed from the transfer vector (1).
Sequences that have been removed include the regulatory gene Tat and the accessory genes vif, vpr, vpu and nef. The
accessory proteins are involved in pathogenesis of HIV infection and not necessary for efficient viral vector production.
The LTR sequences necessary for integration remain in the transfer vector. Additionally, the packaging signal ¥ is
required for efficient inclusion into the viral particle, the Rev Responsive Element (RRE) for transport for stable messenger
from the nucleus and the central polypurine tract (cPPT) to increase the transport into the nucleus after reverse
transcription. Promoters of interest are inserted downstream of the cPPT region followed by the therapeutic gene.
Downstream of the transgene cassette, a posttranslational regulatory element (PRE) increases the number of viral
transcripts, but also of the therapeutic transcript. Our lentiviral vector contains the hepatitis B PRE, but more regularly the
Woodchuck PRE element has been used. The vector is self-inactivating, because the U3 region of the 5’ LTR has been
removed and replaced by the RSV promoter, which is not included in the viral transcript. Additionally, part of the U3 region
in the 3'LTR has also been removed (AU3). Both these modifications are necessary for the so-called self-inactivating
vectors (SIN). To terminate transcription, the R region in the 3'LTR contains the HIV poly A signal.

The packaging plasmids, (2) gag-pol, containing the gag structural proteins for matrix and core and pol consisting of
reverse transcriptase, integrase and protease (3) the envelope protein and (4) Rev are expressed in trans.
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Lentiviral vector liver directed gene therapy

Lentiviral vectors have been used in various animal models to treat metabolic liver
diseases. Many different routes of administration have been used. Injection into the
portal vein may target the liver, because then the viral vectors encounter hepatic cells
first. Systemic delivery in adult mice by tail vein injection of lentiviral vectors expressing
the marker green fluorescent protein (GFP) could lead to high levels (up to 30%) of
transduction of parenchymal and non-parenchymal cells of the liver ***>7® Vascular
injection of HIV-derived lentiviral vector encoding human factor VIl or human factor I1X
(hFIX) also led to therapeutic levels of the protein “*%>'%:182 The injection into either the
portal vein or the tail vein of mice could produce potentially therapeutic serum levels of
hFIX protein '?°, but the portal vein administration produced the highest levels of hFIX
82 In FVIII knockout mice, correction was achieved at levels lower than 5% of normal by
intraperitoneal infusion of LV vector containing human B-domain-deleted factor VIII %,
Another circulatory route of administration may be via the hepatic vein.

We have shown that injection through the common bile duct can also lead to
transduction of hepatocytes (chapter 2, van Til et al).

Age dependent administration and effect on immune response

Early treatment of patients with metabolic diseases may be required from an ethical
point of view, because if treatment is possible from an early stage it should be started as
soon as possible to increase the quality of life. Gene transfer at young age has several
other advantages. It has been shown by Park et al ', that efficacy of hepatic gene
transfer decreased with age. The opinion of the authors was that this was caused by the
reduction in the number and size of the fenestrae of the endothelial cells in older
animals. However, we show that the number and size does not hamper lentiviral
hepatocyte transduction (chapter 2 and '®). Other factors in older mice may therefore
hamper efficient lentiviral transduction of hepatocytes. Applying routine biochemical
assays may help identify genetic disorders at an early stage ®® and may allow early
treatment.

The immunological reaction to a particular transgene may be solved as well if treatment
is started in utero or in neonates, before complete maturation of the immune system has
been achieved.

Indeed, in immunocompetent mice, injection in the neonatal phase is often associated
with a reduced immune response to the transgene product or none at all **®, especially if
the viral vectors are injected directly into the circulation 2%2.

Several groups have shown that injection of high doses of lentiviral vectors in neonatal
rats can completely correct the disease long-term, e.g. in an animal model of Crigler-
Najjar type 1 '2 by injection of lentiviral vectors into the temporal vein. In a similar study,
oncoretroviral vectors had similar effect '2. Also, neonatal FVIII deficient mice and dogs
treated with retroviral vectors resulted in normalised plasma canine FVIII . No FVIII
inhibitors were produced in neonatal transduction in contrast to adult transduction. At an
earlier stage of development, injection in rat fetuses at embryonic day 19 with lentiviral
vectors expressing bilirubin  UDP-glucuronyltransferase (UGT1A1) reduced serum
bilirubin levels about 50% for more than a year '®.

In an animal model for the lysosomal storage disease mucopolysaccharidosis | (MPS ),
a-L-iduronidase (IDUA) expression was restored by injection of retroviral vectors in
neonates and complete correction was achieved of clinical manifestations associated
with deficiency '°'. Intravenous neonatal lentiviral gene delivery into IDUA-deficient mice
resulted in near normalization of the phenotypic manifestations of the disease %. In
contrast, we "% have shown that neonatal injection, and even in utero treatment, can still
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lead to generation of immune response against the transgene UGT1A1, as shown by the
development of anti-UGT antibodies. Unfortunately, many investigators only investigate
the therapeutic effect, and do not look at antibody development. For the human situation
this may be very important and these examples therefore pinpoint the importance of
early intervention, the vector design and the route of administration, which can lead to
successful treatment of inherited liver diseases.

On the other hand, treatment can still be successful, if intervention is started later in life.
In juvenile Gunn rats treated with an lentiviral vector with a liver specific promoter (e.g.
albumin promoter) bilirubin levels were normalised ' and in 5-month-old
hypercholesterolemic rabbits, third generation lentiviral vectors with liver-specific
promoter expressing low-density lipoprotein receptor lowered cholesterol levels
significantly up to 2 years for 34% ®'.

Liver targeting by changing viral vector tropism

The endogenous wildtype HIV-envelope protein has a tropism for macrophages and T-
lymphocytes *?. Replacement of the HIV envelope by heterologous envelope proteins
may change tropism for the cell-type of interest. It may also address another problem of
the HIV envelope protein, i.e. the poor ability to be concentrated through centrifugation.
The most often used envelope protein is the G-glycoprotein of the vesicular stomatitis
virus (VSV), which enables transduction of a wide variety of cells "™ and makes
concentration by centrifugation feasible ®.

Many other envelope proteins have been tested for stability and incorporation in
retroviral vectors. One idea was to find envelope proteins less toxic than VSV-G to
generate stable producer cell lines. Retroviral vectors could be pseudotyped with Ross
River Virus (RRV), Semliki Forest virus or Sindbis virus envelope proteins. These
envelope proteins are derived from viruses, which can replicate in many hosts and the
incorporation of these envelope proteins results in a broad tropism '®>'"'. Semliki Forest
Virus envelope proteins incorporate less efficient into lentivirus vectors than RRV
envelope protein and infectious titers of RRV pseudotype are again lower than VSV-G
118170 'hut can be concentrated. The use of Jaagsiekte sheep retrovirus envelope led to
detectable virus, but was also much lower than VSV-G 1%,

In vivo gene therapy of feline immunodeficiency virus (FIV) vectors also efficiently
incorporated RRV into FIV virions and systemic delivery predominantly transduced liver
of recipient mice "°. The RRV/FIV transduction efficiency of the liver was 20-fold higher
than VSV-G FIV with a reduction of cytotoxicity *°.

GP64 envelope glycoprotein from baculovirus Autographica californica multinuclear
polydrosis virus can also efficiently pseudotype lentiviral vectors ®. Portal vein injection
could efficiently deliver gp64-pseudotyped vectors in vivo with comparable transgene
expression to VSV-G-pseudotyped vectors while tropism of gp64 was more restricted
than VSV-G in vitro, with especially poor ability to transduce hematopoietic cell types,
including dendritic cells '*°. Use of this envelope protein may also reduce cytotoxicity '°.
FIV vectors were efficiently pseudotyped with gp64 and showed hepatocyte tropism in a
hemophilia A mice model %.

In another study, fetuses were injected with lentiviral vectors pseudotyped with VSV-G,
Mokola virus, or with Ebola virus envelope glycoproteins, but out of these three VSV-G
pseudotyped virus vectors transduced the liver most efficiently 2. Lymphocytic
choriomeningitis virus glycoprotein pseudotyped lentivirus did transduce a broad range
of cell types, e.g. human hepatoma cell line. It could also be concentrated and was not
cell-toxic ™.
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A problem with the majority of the envelope proteins used for pseudotyping lentiviral
vectors are the low titers that are obtained, while the viral particles cannot be
concentrated to high titers.

Manipulation of envelope proteins, i.e. changing the intracellular or extracellular domains
may lead to more stable proteins or increased incorporation. It has been shown before
that lentivirus vectors can be pseudotyped with feline endogenous virus RD114
envelope glycoproteins. Chimeric glycoproteins, with the transmembrane and
extracellular domains fused to cytoplasmic domain derived from the amphotropic
Moloney murine leukaemia virus 4070A glycoprotein resulted in 15 fold higher titer than
unmodified RD114 glycoprotein ?%. The above mentioned GP64 glycoprotein has also
been fused to Decay Accelerating Factor (DAF) and efficiently presents this moiety for
binding to its cognate receptor .

Unfortunately, it is difficult to obtain a 100% cell-type specific tropism, but this remains
an important issue as reduced transduction of antigen-presenting cells is crucial to
prevent transgene-induced immune responses.

Hepatocyte specific expression and immune response against the transgene

As mentioned above, one of the main problems in gene therapy may be the activation of
the immune system and subsequent clearance of cells expressing the therapeutic gene.
First of all, the route of administration may affect the development of an immune
response . Therapeutic levels of human FIX were detected in the majority of
immunocompetent hemophilia B mice following intravenous administration of rAAV
vector without the development of anti-hFIX antibodies; in contrast, hFIX protein was not
detected in 14 immunocompetent mice following intramuscular administration of the
virus which led to production of neutralizing antibodies '®. On the other hand,
intramuscular injection in hemophilia B mice failed to activate FIX-specific cytotoxic T-
lymphocytes *°. Development of an immune response may therefore also be dependent
on the route of administration. Other factors may also influence the immune response.
The applied vector dose and the expression level of the transgene often influence factor
IX-specific T and B cell responses in muscle-directed gene therapy °°. For some
inherited liver diseases though, high expression of the therapeutic gene is required and
to obtain that a high dose is injected. The development of an immune response is often
a dose response effect, because low dose often does not lead to immune reactivity. The
use of some AAV vectors, that expressed erythropoietin (EPO) even led to autoimmune
anemia in macaques *°, even though the monkeys already expressed EPO before
treatment.

The different viral vectors can elicit various immune responses. Recombinant adenovirus
vectors activate T-cells by direct transduction of dendritic cells and by cross-presentation
of the transgene product, while rAAV gene transfer only activates T cells by the latter
mechanism '°. In adult animals, immune responses to the transgene are often observed
if the therapeutic vehicle is injected into the circulation **'®®, because antigen presenting
cells are transduced "®°.

Other groups also showed that cell types involved in regulating immune responses can
efficiently be transduced by lentiviral vectors, e.g. macrophages, splenic lymphocytes '*°
and primary unstimulated T-cells 2?%. The lentiviral gene transfer into primary mouse
and human B-lymphocytes is pseudotype dependent . The transduction of these cells
may be deleterious as they contribute to the immune response.
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Ex vivo transduction of hepatocytes followed by transplantation may reduce the
development of immune responses %, because the transgene expression will be limited
to hepatocytes. This can also be reached by in vivo transduction with vectors that
contain hepatocyte-specific promoters. Brown et al showed that prevention of transgene
expression in antigen presenting cells indeed enables stable gene transfer in the liver 7.
Earlier publications also showed that evasion of immune responses was obtained in
hepatocyte-restricted expression of human acid a-glucosidase in glycogen storage
disease type Il in mice *. In AAV mediated expression of coagulation factor I1X by a
chimeric promoter, hepatocyte-specific gene transfer evaded the development of
antibodies "''. Although cell type specific promoters can reduce the immune response
against the transgene, constitutive promoters can induce immune tolerance as well.
Immune tolerance to coagulation factor IX was achieved with the use of the elongation
factor 1o (EF1a) promoter, because there was no decrease in transgene expression,
although antibodies against the transgene were detected.

The purity of the viral vector preparation may also have its effect on the generation of an
immune response. In animals injected with retrovirus-mediated gene transfer,
development of an immune response was lowest if viral supernatant was perfused after
complete vascular exclusion of the organ and if the viral vector preparation had been
purified on an affinity column .

In addition to all this, pre-existing immunity to viral vectors may be a future problem in
gene therapy. It has been clearly shown that administration of adenoviral vectors in a
context of pre-existing immunity can lead to vector induced-toxicity '®°.In addition,
adeno-associated virus serotype 2 delivered transgenes can be imparted by genetic
predisposition to autoimmunity %

Aim of this thesis

The aim of this thesis is the development of gene and cell-therapies for treatment of
inherited liver diseases.

In gene therapy the transduction of liver by lentiviral vectors is low. Because the majority
of the cells that are transduced in the liver are non-parenchymal cells, such as Kupffer
cells and liver sinusoidal endothelial cells (LSEC), one of our aims was to develop
methods that improve lentivirus transduction of hepatocytes, i.e. by affecting different
cell types in the liver. It was thought that the fenestrae of the LSEC, which give access to
the Space of Disse may hamper hepatocyte transduction, because of size restrictions.
We showed in chapter 2 that removal of LSEC layer did not improve hepatocyte
transduction. Another cell-type that might affect targeting of lentivirus to hepatocytes is
the Kupffer cell. In other studies with adenoviral vectors and retroviral vectors
hepatocyte transduction could be improved, which was in agreement with what we
observed. Kupffer cell depletion by treatment with gadoliniumchloride did improve
lentiviral transduction of hepatocytes (chapter 2).

Improving lentiviral hepatocyte transduction may also be achieved by changing the viral
vector itself. HIV lentiviral vectors are enveloped particles, which contain envelope
glycoproteins that bind to the cell surface of the target cell. Alteration of the glycoproteins
into one that only bind to receptors present on hepatocytes should lead to increased
transduction efficiency of the preferred cell-type and a lower required viral dose. We tried
to use the Sendai envelope protein, instead of the commonly used VSV-G envelope
protein, because the Sendai envelope protein has been described to specifically bind to
the asialoglycoprotein receptor on hepatocytes. To obtain stable lentiviral particles, part
of the Sendai envelope was fused to GP64. Lentivirus pseudotyped Sendai/GP64
particles showed a relatively higher transduction of HepG2 cells as compared to HelLa
cells. Additionally, after in vivo administration in mice less Kupffer cells were transduced
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compared to GP64 injected lentiviral particles. Unfortunately, there was no increased
transduction of hepatocytes. These results are described in chapter 3.

Crigler-Najjar patients have high serum bilirubin levels due to low or no bilirubin-UDP-
glucuronyl transferase activity. The high serum bilirubin levels may eventually lead to
kernicterus and death. Gene therapy may provide a future alternative to the current
phototherapy and liver transplantation to treat these patients completely.

In chapter 4 in utero and neonatal injection of BUGT-expressing lentiviral vectors
resulted in long-term decreased serum bilirubin levels. Administration of proteins during
early development is often considered to avoid the immune response directed against
the transgene. In chapter 4 we show that if lentiviral vectors are injected in the
peritoneum an antibody response can still be elicited to the transgene. Although an
immune response was elicited the correction was long-term in these rats. However,
these results may still have consequences for the treatment of human patients.

Another severe inherited liver disease is Progressive Familial Intrahepatic Cholestasis
type 3 (PFIC3). These patients have no expression of ABCB4 protein, which is a
phosphatidylcholine (PC) translocases. The translocation of PC in healthy patients
results in neutralization of bile salts. Because PFIC3 patients lack the expression of
ABCB4 they develop cholestasis. Gene therapy may also provide an alternative
treatment option in the future to treat these patients. We show in chapter 5 that
expression of ABCB4 leads to reduction in the production of infectious lentiviral particles.
We hypothesize that this is due to a change in lipid composition of the lentiviral particle.
This has implications for lentiviral gene therapy of PFIC3, because high dose is required
to obtain remission of clinical symptoms.

Not all primary isolated cell-types can be easily transduced by lentiviral vectors, without
increasing the number of copies per cell substantially. In chapter 6 we describe a novel
autologous selection marker for mammalian cells. This selection marker is based on
resistance of cells against a-amanitin by over-expression of a mutated largest subunit of
polymerase Il. Finally, in chapter 7 we made a clone of human fetal liver cells with over-
expression of hTERT that could be grown for more than 120 population doublings and
still maintained the ability to differentiate to hepatocytes, if transplanted in mice. HFLC
derived cell-lines such as these may therefore be used as an unlimited source for
transplantation into patients with inherited liver diseases.
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Lentiviral vectors can stably transduce dividing and nondividing cells in vivo and are best suited to
long-term correction of inherited liver diseases. Intraportal administration of lentiviral vectors
expressing green fluorescent protein (Lenti-GFP) in mice resulted in a higher transduction of
nonparenchymal cells than hepatocytes (7.32 + 3.66% vs 0.22 + 0.08%, respectively). Therefore,
various treatments were explored to increase lentiviral transduction of hepatocytes. Lenti-GFP was
injected into the common bile duct, which led to transduction of biliary epithelium and
hepatocytes at low efficiency. Transient removal of the sinusoidal endothelial cell layer by
cyclophosphamide to increase accessibility to hepatocytes did not improve hepatocyte trans-
duction (0.42 + 0.36%). Inhibition of Kupffer cell function by gadolinium chloride led to a
significant decrease in GFP-positive nonparenchymal cells (2.15 + 3.14%) and a sevenfold increase
in GFP-positive hepatocytes compared to nonpretreated mice (1.48 + 2.01%). These findings
suggest that sinusoidal endothelial cells do not significantly limit lentiviral transduction of
hepatocytes, while Kupffer cells sequester lentiviral particles thereby preventing hepatocyte
transduction. Therefore, the use of agents that inhibit Kupffer cell function may be important for
lentiviral vector treatment of liver disease.

Key Words: lentiviral vectors, gene transfer, GFP, liver, hepatocytes, Kupffer cells,
sinusoidal endothelial cells

INTRODUCTION

Lentiviral vectors are able to deliver genes into a wide
variety of both dividing and nondividing cell types in
vivo, such as muscle, retina, neurons, pancreatic, and
liver cells [1-5]. This property makes them an attractive
tool for in vivo treatment of genetic liver disorders.
Unfortunately, when lentiviral vectors are injected into
the circulation, the majority of cells that are transduced
in the liver are of nonparenchymal origin, notably
endothelial cells and Kupffer cells [6-9]. Since many
inherited liver diseases have an impaired hepatocyte
function, improved lentiviral particle delivery to
hepatocytes is a requirement.

Recently it has been shown that, in vitro, primary
hepatocytes are efficiently transduced by lentiviral
vectors [10-12]. However, in vivo transduction is much
less efficient. We therefore investigated if there is a barrier

that prevents efficient hepatocyte transduction in vivo.
Several factors may cause preferential transduction of
nonparenchymal cells.

The sinusoidal endothelium forms a barrier between
the blood and the hepatocytes and may hamper passage
of viral particles to the hepatocytes. Cyclophosphamide
is an alkylating agent that has been used in cancer
therapy [13] and also inhibits tumor growth by damag-
ing the tumor vasculature [14]. Endothelial cells are
relatively susceptible to cyclophosphamide-induced tox-
icity [15] and the drug has been shown to disrupt the
endothelial cell layer in the sinusoids of the liver
[16,17].

The liver is able to clear viruses such as vesicular
stomatitis virus [18], simian immunodeficiency virus
[19], and adenoviruses [20] efficiently from the blood-
stream. In the liver, specialized macrophages called
Kupffer cells are located inside the sinusoids and play
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an important role in the clearance of these viruses.
Vesicular stomatitis virus G-protein (VSV-G)-pseudo-
typed lentiviral vectors may also be efficiently cleared
from the circulation by Kupffer cells. It has been shown
that agents such as gadolinium chloride (GdCls) can
block phagocytosis and eliminate macrophages transi-
ently [21] and can increase adenoviral transduction [22].
Selective depletion of these cells led to a higher and
prolonged transgene expression after transduction with
adenoviral vectors [23].

In addition to the ability of Kupffer cells to scavenge
viral particles, Kupffer cells are also transduced them-
selves by VSV-G-pseudotyped lentiviral vectors [7,9].

The most common routes of administration to target
lentiviral vectors to the liver are the portal vein and tail
vein [9,24-27]. Adenoviral vector administration has
been performed via the common bile duct in rats and
resulted in efficient transgene expression in hepatocytes,
but not in biliary epithelial cells [28]. In addition, it may
be possible to administer lentiviral vectors via the
common bile duct to avoid many of the above-men-
tioned barriers in sinusoids and to target viral particles
exclusively to the liver. A drawback of this approach is
the potential toxic effect of bile on the lipid-enveloped
lentiviral particles.

The objective of this study was to improve lentiviral
transduction of hepatocytes by exploring an alternate
route of administration, by disruption of the sinusoidal
endothelial cell layer, and by depletion of Kupffer cells.
We show that by intraportal vein delivery of lentiviral
vectors the majority of transduced liver cells are of
nonparenchymal origin. Administration of lentiviral
vectors via the common bile duct led to exclusive
transduction of bile duct epithelium and some hepato-
cytes, but at low efficiency. Mild disruption of liver
sinusoidal endothelial cells did not lead to an increase
in hepatocyte transduction, while Kupffer cell depletion
led to a significant increase in the transduction effi-
ciency of hepatocytes.

REsSuLTS

Lentiviral Transduction of the Liver by Bile Duct
Administration
We infused animals with 0.5 x 10® Hela transducing
units (HTU) into the bile duct, which led to GFP-positive
epithelium throughout the biliary tract (Fig. 1A). The
total number of GFP-positive cells in these livers (Fig. 1B)
was much lower than in the animals injected intra-
portally. Only a small part of the GFP-positive cells were
hepatocytes, most of them were localized in the peri-
portal areas (Fig. 1B). No endothelial cells or Kupffer cells
were transduced. No splenocytes were GFP positive (data
not shown).

We found that incubation of bile with lentivirus
resulted in decreased transduction of HeLa cells (data

not shown). The relatively poor transduction of liver cells
in vivo may be caused by inactivation of the lipid-
enveloped lentiviral particles by the strong detergent
action of bile, although we chose conditions to minimize
the toxicity of bile, such as depletion of bile for 1 h and
dissolving the lentiviral preparations in a relatively large
volume (300 pl) to dilute residual bile in the biliary tract.

Lentiviral Transduction of Liver by Portal Vein
Injection

In mice intraportally injected with 0.5 x 10® HTU,
we observed transduction of hepatocytes and non-
parenchymal cells (Fig. 2A). The total number of
hepatocytes transduced in the liver was 3.16 +
1.11/mm? (n = 7) 1 week after injection (Table 1).
This represents about 0.22 + 0.08% of the total
hepatocyte population. The number of GFP-positive
nonparenchymal cells was more than 20 times higher
(70.27 + 35.11/mm? n = 7), which is comparable
with other studies [6]. GFP-positive splenocytes were
observed (data not shown).

Liver Sinusoidal Endothelial Cell Disruption

Animals treated with cyclophosphamide were analyzed
for damage of sinusoidal endothelial cells with electron
microscopy. Fig. 3 shows the wvariable degree of
endothelial cell disruption in a cyclophosphamide-
treated animal compared to a control animal. The
endothelial lining is not intact at some places, whereas
at other places the space of Disse (the area between the
endothelial cells and hepatocytes) is dramatically
enlarged. Other than the endothelial cell disruption,
the morphology of the liver was normal.

Effect of Cyclophosphamide on Lentiviral
Transduction in Vitro

Transduction of Hepa 1-6 mouse hepatoma cells was
not affected by cyclophosphamide in vitro (data not
shown). Cells incubated with cyclophosphamide for 24
h and subsequently incubated with lentivirus were
transduced as efficiently as untreated cells. Therefore,
cyclophosphamide did not seem to have a direct
deleterious effect on lentiviral transduction.

Lentiviral Transduction of Liver by Portal Vein
Injection after Cyclophosphamide Treatment

Upon treatment of mice with cyclophosphamide, the
number of transduced hepatocytes and nonparenchymal
cells did not change significantly (6.09 + 5.19 and 95.12 +
71.76/mm?, respectively) compared to nonpretreated
animals (Table 1). Additionally, there was no significant
difference in the percentage of GFP-positive hepatocytes
of the total number of GFP-positive cells in cyclophos-
phamide-treated animals (5.19 + 2.73%) compared to
nonpretreated animals (5.27 + 2.78%, Table 1). GFP-
positive splenocytes were observed (data not shown).
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TABLE 1: GFP-positive cells in liver sections

No pretreatment (n = 7)

3.16 £ 1.11
70.27 + 35.11

GFP-positive hepatocytes®
GFP-positive nonparenchymal cells?
Percentage GFP-positive hepatocytes®

5.27 + 2.78%

GdCls (n = 7)

21.43 + 28.85*
20.65 + 30.13*
51.01 + 16.12%**

Cyclophosphamide (n = 5)

6.09 = 5.18
95.12 + 71.76
519 + 2.73%

GFP-positive cells were counted in liver sections of animals injected intraportally with Lenti-GFP. Mean values are presented + SD.

2 GFP-positive cells per mm?.

© Ppercentage of GFP-positive hepatocytes of total number of GFP-positive cells in the liver.

* Significant difference compared to nonpretreated group: P < 0.05.
** Significant difference compared to nonpretreated group: P < 0.001.

Lentiviral Transduction of Liver by Portal Vein
Injection after Kupffer Cell Blockage of Phagocytosis
It has been shown that the majority of lentivirally
transduced cells in the liver may be Kupffer cells [7]. We
also found that most of the GFP-positive nonparenchy-
mal cells were positive for the Kupffer cell marker F4/
80 (Fig. 4). Therefore we ablated Kupffer cells before
lentiviral injection to determine the effect of this
treatment on hepatocyte transduction. We performed
transient ablation of Kupffer cells by two injections of
GdCl; (10 mg/kg) at 30 and 6 h before transduction
[21].

We assessed depletion of Kupffer cells by injection of
India ink in a parallel group of mice that was treated
identically. In control animals there was a clear accu-
mulation of black pigment in the Kupffer cells localized
in the sinusoids, while this was largely absent in GdCls-
treated mice (Fig. 5).

Analysis of liver sections revealed that Kupffer cell
depletion increased the number of GFP-positive hepa-
tocytes approximately seven times (21.43 + 28.85/mm?,
n =7, P < 0.05) compared to animals with no
pretreatment (3.16 + 1.11/mm?). Kupffer cell depletion
reduced the number of nonparenchymal cell trans-
duction by about 70% to 20.65 + 30.13/mm? (n = 7,
P < 0.05). The percentage of GFP-positive hepatocytes
of the total number GFP-positive cells significantly
increased from 5.27 + 2.78% in nonpretreated animals
to 51.01 + 16.12% in GdCls-treated mice (P < 0.001,
Table 1). We also observed GFP-positive splenocytes
(data not shown).

Quantitative PCR of Lentiviral Integrations
We analyzed the total number of viral integrations in
animals injected with lentivirus by quantitative PCR on

genomic DNA isolated from the anterior right lobe of
the liver (Table 2). The genomic integration percentage
in nonpretreated animals was 10.54 + 5.34% and there
was no significant difference from cyclophosphamide-
treated mice (6.22 + 3.71%). The number of genomic
integrations significantly decreased after GdCl; treat-
ment (2.40 £ 1.80%, P = 0.003, Table 2). These data
confirm our microscopic findings.

Alanine Aminotransferase Activity after Lentiviral
Injections

Intraportal injection of lentivirus caused modest and
transient increase in serum alanine aminotransferase
(ALT) levels (Table 3) in nonpretreated, cyclophospha-
mide-treated, and GdCls-treated animals. However, the
rise in ALT was not significant in GdCls-treated
animals. At day 7 ALT levels returned almost back to
normal.

DiscussION

The main aim of liver-directed gene therapy is to transduce
sufficient numbers of hepatocytes, because in nearly all
disorders this is the cell type that needs to be corrected.
Thus far, in most studies that made use of lentiviral
vectors, the route of administration was either the portal
vein or the tail vein [9,24-26]. In the present study we
wished to optimize hepatocyte transduction. For this
purpose we used the third-generation lentiviral vector
that we have previously described [10]. Given the fact that
the percentage of hepatocytes transduced by this and
other lentiviral vectors is low, we tested various treatments
to increase targeting to the hepatocyte. We chose to use a
dose of 0.5 x 10® HTU to demonstrate the mechanism
without saturation of the reticuloendothelial system.

FIG. 1. GFP expression in the liver after bile duct infusion of lentiviral vectors. Fluorescence microscopy of tissue sections of mice injected with 0.5 x 108 HTU
lentiviral vectors in the common bile duct. A small number of cells were transduced, consisting of bile duct epithelium (yellow arrowheads) and hepatocytes

(white arrowheads). (A) Bile duct. (B) Liver. Both at 20x original magpnification.

FIG. 2. GFP expression in the liver after portal vein injection of lentiviral vectors. Fluorescence microscopy of liver sections 1 week after intraportal injection of
0.5 x 108 HTU lentiviral vectors. Hepatocytes (white arrows) and nonparenchymal cells (yellow arrows) in the liver of mice were GFP positive. Nuclei were
stained with DAPI. (A) No pretreatment. (B) Cyclophosphamide treatment. (C) GdCl; treatment. (D) Negative control (no lentivirus). All 10x original

magnification. (E, F) No pretreatment, 40x original magnification.
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FIG. 3. Electron microscopy of livers of cyclophospha-
mide-injected animals. (A, C) Control animals. Normal
liver morphology: hepatocytes and the fenestrated
lining of the sinusoidal endothelial cells are intact.
Arrows point to the space of Disse and microvilli of
hepatocytes. (B, D) Animals treated with cyclophos-
phamide show variable degrees of disruption of the
endothelial lining. Endothelial cells are detached from
the hepatocytes, leading to a widening of the space of
Disse. Bar denotes 1 um.

To reduce Kupffer cell and endothelial cell trans-
duction, we injected virus into the common bile duct,
which led to transduction of hepatocytes and also of
biliary epithelium. However, overall transduction effi-
ciency by retrograde infusion of lentiviral vector into the
biliary tract was low.

Inactivation of lentiviral vectors by bile (data not
shown) might play a role in the low transduction
efficiency. It could also indicate that the virus did not
reach the bile canuliculi, because the majority of GFP-
positive hepatocytes were located in portal tracts.

Hence, retrograde perfusion may reduce transduction
of Kupffer cells and sinusoidal endothelial cells. In
addition, extrahepatic transduction was reduced as
well, which was determined by the disappearance of
splenocyte transduction compared to animals injected
into the portal vein (data not shown), but the efficiency
of hepatocyte transduction is too low for therapeutic
use.

Viral particles have to travel through the fenestrae
of the liver sinusoidal endothelial cells to arrive in the
space of Disse, before the particles can enter the
hepatocytes. The size of the endothelial fenestrae is
variable between 100 and 200 nm [29-32], which may
form a physical barrier for HIV-derived lentiviral

particles to pass through, because the size of HIV-1
particles has been estimated to be between 120 and
200 nm [33].

Disruption of sinusoidal endothelial cells by cyclo-
phosphamide has been shown to improve grafting of
transplanted liver cells [16]. We reasoned that it might
similarly improve lentiviral transduction of hepatocytes.
However, the effect of disruption of the sinusoidal
endothelial lining on hepatocyte transduction was
limited. The number of GFP-positive hepatocytes
increased, but this was not significant (Table 1) and
represented less than 0.5% of the total hepatocyte
population. The total number of genomic integrations
determined by quantitative PCR only decreased by
approximately 30% compared to nonpretreated ani-
mals, which confirmed the cell counting (Tables 1
and 2). Our results therefore indicate that the endothe-
lial layer is not a major obstacle to lentiviral hepatocyte
transduction.

Kupffer cells are involved in the phagocytosis of
foreign particles, such as viruses. GdCl; has been used
in many studies to block Kupffer cell-mediated phagocy-
tosis and deplete these cells transiently [20-22].

Kupffer cells may not only scavenge viruses, but are
also highly prone to viral infection [7,9]. Indeed, we
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A

observed that the majority of GFP-positive nonparenchy-
mal cells were positive for the Kupffer cell marker F4/80.

Injection of GdCls led to inactivation of the func-
tion of Kupffer cells as shown by histochemical analysis
(Fig. 5). Inactivation of Kupffer cells by GdCl; signifi-
cantly decreased the transduction percentage of non-
parenchymal cells from 7.32 + 3.66% in nonpretreated
mice to 2.15 + 3.14%, indicating that the majority of
nonparenchymal cell transduction was due to Kupffer
cell transduction. Simultaneously, the number of trans-

FIG. 4. Kupffer cells and viral transduction
after portal vein injection of lentiviral vec-
tors. Demonstration of GFP-positive Kupffer
cells by colabeling with the Kupffer cell
marker F4/80. Left (A, D, G): GFP expres-
sion. Middle (B, E): KC marker expression.
(H) Negative control F4/80 staining, secon-
dary antibody only. Right (C, F, I): merge.
All 40x original magnification. The majority
of GFP-positive cells costained for the KC
marker. GFP-positive Kupffer cells (yellow
arrowheads). GFP-negative/KC marker-
positive cells (red arrowheads).

duced hepatocytes increased significantly by a factor of
7, which represents approximately 1.48 + 2.01% of the
total hepatocyte population.

The most straightforward interpretation of these
results is that the Kupffer cells scavenge most viral
particles before they reach the hepatocytes. Elimination
of this scavenger function dramatically increases
hepatocyte transduction.

Kupffer cell depletion led to 80% decrease in the
number of viral integrations as assessed by quantitative

FIG. 5. Kupffer cell depletion by GdCl; treatment in
mice. Histochemistry of ink-injected control and
GdCls-treated mice. In animals treated with GdCls
the number of Kupffer cells is lower compared to
animals without GdCls. Kupffer cells (white arrow-
heads). (A) Nonpretreated animal injected with ink.
(B) Animal treated with GdCl; and ink. Both 40x
original magnification.
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TABLE 2: Quantitative PCR of genomic DNA

No pretreatment (n = 8)

Proviral integrations 10.54 + 5.34

Cyclophosphamide (n = 5)
6.22 + 3.71

GdCl; (n = 6)
2.40 + 1.80*

Number of proviral integrations per 100 genomes in the liver determined by quantitative PCR of genomic DNA.

* Significant difference compared to nonpretreated group: P = 0.003.

PCR (Table 2). However, the same treatment reduced the
total number of GFP-positive cells by only 40%. Hence,
in nonpretreated livers there were more viral integra-
tions than in the Kupffer cell-depleted state. This
observation is again in line with the scavenging func-
tion of the Kupffer cells. If Kupffer cells function to filter
viral particles from blood, they are expected to take up
more viral particles per cell and multiple integrations
probably occur in these cells. Depletion of the Kupffer
cells allows the viral particles to spread over the more
numerous hepatocytes.

Kupffer cells are involved in the activation of the
innate immune response against adenoviruses, which
can lead to early phase hepatotoxicity [22]. The
lentiviral vector administrations in our experiments
induced mild but significant elevations of ALT in
nonpretreated animals and cyclophosphamide-treated
animals (Table 3). Our observation that lentivirus
administration to Kupffer cell-depleted mice was rela-
tively less toxic than in nonpretreated mice is in line
with the reduced liver toxicity after adenovirus admin-
istration with GdCl; treatment [22].

Our results confirm earlier observations that in vivo
administration of VSV-G-pseudotyped lentivirus can
cause a modest but transient hepatotoxicity, with high
variability between animals [34], which was also observed
in all our treatment groups.

A drawback of the use of lentiviral vectors may be
that these vectors could integrate in active cellular genes
[35] and activate potential oncogenes. Because the
proliferative activity of hepatocytes is approximately
about 0.005 to 0.05% in vivo [36], the likelihood of
tumorigenesis by a single integration is probably very
low.

In conclusion, we have shown that Kupffer cells play
an important role in limiting lentiviral hepatocyte
transduction by sequestration of viral particles. To treat

inherited liver diseases in the future, the inclusion of
agents that block Kupffer cell activity or even eliminate
these cells from the liver prior to gene transfer should be
considered.

MATERIALS AND METHODS

Lentiviral vector production. The lentiviral vector prrlcpptpgkgfppressin
containing the hepatitis B virus posttranslational regulatory element,
central polypurine tract, and phosphoglycerate kinase promoter driving
GFP expression was used as described earlier [10].

Lentiviruses were produced as described by transient transfection of
293T cells using a calcium phosphate method, concentrated by ultra-
centrifugation, and titrated on HeLa cells [5,37]. Cell lines were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, 0.5 units/ml penicillin, 0.5 mg/ml streptomycin, and
2 mM L-glutamine.

Lentiviral inactivation by bile. Lentiviral particles were incubated with
bile for 30 min at 37°C, followed by transduction of Hela cells in 2 ml
DMEM containing 10 pg/ul DEAE-dextran (Pharmacia). After 5 days, the
number of transduced cells was determined by flow cytometry.

Animals, viral injections, and processing of tissues. Wild-type male FVB
mice ages 8-12 weeks were used in all studies and fed ad libitum. All
animal experiments were performed in accordance with the Animal
Ethical Committee guidelines at the Academic Medical Center of
Amsterdam.

Mice were anesthetized with an intraperitoneal injection of FFM mix
(2.5 mg Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg
in H,O, 7 ml/kg). Under deep anesthesia, the peritoneal cavity was
opened and the mice were injected intraportally with a volume of 250 pl
containing 0.5 x 10® HTU with a 30-gauge needle at day 0. The animals
were sutured and received the analgesic Temgesic (20-30 ul, 0.03 mg/ml)
subcutaneously following recovery from FFM.

After a period of 7 days, the mice were killed by in vivo fixation. Under
deep anesthesia, the peritoneal cavity was opened, a ligature was applied
around the anterior right lobe of the liver and tightened, and the lobe was
removed and snap frozen in liquid nitrogen and stored at —80°C.
Subsequently, the animals were perfused intracardially with 20 ml of
phosphate-buffered saline (PBS) and 20 ml of 2% formaldehyde in PBS.
After perfusion, the liver and spleen were removed and the liver lobes were
fixed in a 4% formaldehyde solution in PBS for 4 h at room temperature.

TABLE 3: Analysis of liver toxicity by measurement of plasma ALT levels

Normal level
No pretreatment 41.00 £ 1.73
Cyclophosphamide 41.75 £ 7.04
GdCls 39.71 £ 8.52

ALT
Day 1 Day 7
179.86 + 260.07* 68.00 + 70.47
188.25 + 229.75* 85.25 + 75.17

149.67 + 195.72 106.71 £ 143.91

ALT levels (U/L) in mice intraportally injected with lentivirus with and without cyclophosphamide or GdCl; treatment. ALT levels were higher in nonpretreated, cyclophosphamide-treated,
and GdCls-treated animals at day 1 after viral injections. The ALT levels were lower at day 7 compared to day 1. Mean values are presented with SD (n = 4-7).

* Significant difference compared to normal levels: P < 0.05.
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The tissues were transferred to a 30% sucrose solution at 4°C overnight and
subsequently snap frozen in liquid nitrogen and stored at —80°C.

Before cryosectioning, tissue was embedded in Tissue-Tek OCT
medium (Bayer). Sections (6 pm) were laid on poly-L-lysine-coated glass
slides and enclosed in mounting medium ((20 mg 1,4-diazabicy-
clo[2.2.2]octane (DABCO, Sigma), 0.1 M Tris/HCI, pH 8.0, in glycerol)/
ml) containing 4/,6-diamidino-2-phenylindole (DAPI; Sigma).

Determination of plasma alanine aminotransferase activity. Serum ALT
levels were taken as a measure of liver toxicity induced by various
treatments [38,39]. Blood was collected by orbital puncture 3 days before
lentiviral vector injection, 1 day after injection, and 30 min before the
animals were killed at day 7. ALT was measured in plasma by routine
clinical chemistry.

Mouse bile duct cannulation and lentiviral transduction. The animals
were anesthetized as described above. After opening the peritoneal cavity,
the common bile duct was clamped downstream of the gallbladder. Two
sutures were placed around the gallbladder and an incision was made in
the tip of the gallbladder. A catheter was placed in the common bile duct
and one ligature was closed to keep the catheter in place. For 1 h bile was
depleted and subsequently 300 ul of 0.5 x 10® HTU in PBS was injected in
the catheter, which was then closed for 1 h. after viral transduction, the
bile flow was restored by removal of the clamp. The catheter was removed
and the gallbladder ligature placed at the start of the operation was closed.
finally, the abdomen was closed. After 7 days, the animals were killed and
organs were harvested.

Cell count and statistics. GFP-positive cells were counted in sections of
the left lobe and median lobe with an inverse microscope (Leica DMRA2;
Leica). An independent person randomly numbered the sections and all
counting was performed in a blinded fashion. Per animal GFP-positive
hepatocytes were counted in five sections of nonoverlapping cell layers.
Images of the sections were captured and surface areas were measured by
using Leica FW4000 software to determine the number of hepatocytes per
square millimeter. The number of hepatocytes/mm? was determined in 80
times enlarged fields. This enabled us to determine the percentage of GFP-
positive hepatocytes in the liver.

GFP-positive nonparenchymal cells were counted in a 20 times
magnification field and were adjusted to nonparenchymal cells per square
millimeter. The transduction percentage of nonparenchymal cells was
determined by the assumption that hepatocytes represent 60% of the cells
in the liver [40].

Statistical analyses were performed using SPSS10.0 software and
significant difference was considered if P < 0.05 determined by Mann-
Whitney U test.

Disruption of the sinusoidal endothelial cell layer. Disruption of sinus-
oidal endothelium was performed by injecting 200 mg/kg body weight
cyclophosphamide in H,O [16] (Endoxan, Baxter, Utrecht, The Nether-
lands) intraperitoneally 24 h before lentiviral vector injection.

Effect of cyclophosphamide on lentiviral transduction efficiency in vitro.
To determine the effect of cyclophosphamide on lentiviral transduction
efficiency Hepa 1-6 mouse hepatoma cells were transduced with
lentivirus in a volume of 2 ml medium for 4 h in the presence or absence
of cyclophosphamide. We assumed that 0.2 mg/g in vivo was equal to 0.2
mg/ml in vitro. Cells were incubated with serially diluted cyclophospha-
mide from 1 to 0 mg/ml. In addition, Hepa 1-6 mouse hepatoma cells
were also cultured with cyclophosphamide for 28 h, with subsequent
incubation of lentivirus for the last 4 h. Flow cytometry for gfp was
performed 5 days later to determine the transduction efficiency.

Kupffer cell blockage of phagocytosis. For Kupffer cell blockage of
phagocytosis and partial depletion from the liver, mice were injected
intravenously with 10 mg/kg gadolinium chloride (5.65 mg/ml gadolinium
chloride hexahydrate containing 4 mg/ml gadolinium chloride; Sigma) per
body weight at 30 and 6 h [21] prior to lentiviral vector injection.

To determine Kupffer cell phagocytotic activity and distribution of
Kupffer cells in the liver animals were injected intravenously via the tail

vein with india ink (0.08 ml per 100 g body weight; Pelikan, Germany)
[21]. Thirty minutes after injection, the animals were perfused with PBS
and 2% formaldehyde in PBS; then, the liver was removed and incubated
overnight in 4% formaldehyde in PBS and transferred to 70% ethanol.
Liver tissue was dehydrated with ethanol and embedded in Paraplast Plus
(Kendall). Sections (7 pm) were made and stained with hematoxylin and
azophloxine.

Immunostaining. In vivo formaldehyde-fixed, sucrose-incubated, and
subsequently snap-frozen material was used. Sections of 6 pm were made
and kept at —20°C before use. Sections were washed in PBS for 15 min and
blocked in PBS/Tween 20 (0.05%) with 10% mouse serum for 1 h.
Subsequently, primary antibody was incubated for 1 h at room temper-
ature. For Kupffer cell staining, sections were incubated with rat anti-
mouse F4/80 antigen (1:10; Serotec). After primary incubation, sections
were washed in PBS/Tween 0.05% for 15 min, followed by incubation
with Texas red-conjugated goat anti-rat antibody (1:500; Rockland
Immunochemicals) for another hour at room temperature. Then the
sections were washed for another 15 min in PBS and embedded in
mounting medium containing DAPI.

Electron microscopy. To determine the effect of cyclophosphamide on
sinusoidal endothelial cells, liver tissue was prepared for electron micro-
scopy as previously described [41]. In short, after treatment with cyclo-
phosphamide as described above, the animal was perfused with PBS,
followed by 2% paraformaldehyde in PBS. Small liver pieces (<1 mm?®)
were made and fixed in a mixture of 1% (wt/vol) glutaraldehyde and 4%
(wt/vol) formaldehyde in 100 mmol/L sodium cacodylate buffer (pH 7.4)
and stored at 4°C for further use.

Genomic DNA isolation and quantitative PCR. Genomic DNA was
isolated using the DNeasy tissue kit (Qiagen) according to the manufactur-
er’s protocol. Quantitative PCR was performed in a Lightcycler apparatus
(Roche) using Lightcycler Faststart DNA Master SYBR Green I (Roche) with
2 mM MGCI, according to the manufacturer’s protocol. The following
primer set was used to amplify a 274-bp product: HIV-U3 forward primer,
5-CTGGAAGGGCTAATTCACTC-3', and HIV PSI reverse primer, 5'-
GGTTTCCCTTTCGCTTTCAG-3'. The primers amplify the integrated
provirus only and not the transfer plasmid, thus reducing the risk of
contamination. For every reaction 50 ng of genomic DNA was used. Three
different PCRs were performed and averaged for every individual sample.

PCR conditions were 95°C for 10 min and then 40 cycles as follows:
95°Cfor 15, 62°C for 7 s, 72°C for 30 s, and 82°C for 1 s. Negative control
sample was PCR amplification of animals not injected with lentivirus and
amplification of PCR reagents without template. To determine the
number of integrations per genome, Hepa 1-6 mouse hepatoma cells
(ATCC, CRL-1830) were transduced at a low multiplicity of infection
(14.8% GFP positive) to have approximately one integration per trans-
duced cell. These cells were sorted to obtain a 100% GFP-positive
population. DNA was extracted and diluted with negative DNA to make
a standard curve ranging from 100 to 1% genomic integrations.
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Abstract

Background In rodents, systemic administration of lentiviral vectors results in poor gene
transfer to hepatocytes, with the nonparenchymal liver cells preferentially transduced.
Lentiviral vectors often are pseudotyped with envelope proteins capable of gene transfer
to a broad range of cell types. Restricted gene transfer to hepatocytes is essential for
improving transduction efficiency and long-term transgene expression.

Methods The GP64 protein from the baculovirus Autographa californica multiple nuclear
polyhedrosisvirus has been successfully used for the surface display of amino terminal
fusion proteins in baculovirus. To target gene transfer to hepatocytes, the F2 domain of
the hepatocyte specific Sendai Virus fusion protein (SV-F) was fused to the amino
terminus of GP64 to make a Sendai-GP64 chimeric envelope protein. Lentiviral vectors
were produced with either wild type GP64, Sendai-GP64, or both wild-type GP64 and
Sendai-GP64 and tested in vitro and in vivo for improved hepatocyte gene transfer.
Results The Sendai-GP64 pseudotyped lentiviral vectors showed specific gene transfer
to HepG2 hepatoma cells, with no detectable transduction of the Hela cervical
carcinoma cell line. Production of lentiviral vectors with both wild type GP64 and Sendai-
GP64 resulted in improved viral titers while retaining affinity for HepG2 cells. In vivo
administration of Sendai-GP64/GP64 lentiviral vectors resulted in a significant reduction
in gene transfer to nonparenchymal liver cells.

Conclusions We demonstrate that it is possible to redirect in vivo gene transfer of
lentiviral vectors in mouse livers with a chimeric envelope protein. The GP64 envelope
protein may be a potential platform for the retargeting lentiviral vectors.

Keywords: Lentiviral vectors, pseudotyping, GP64, SV-F, liver transduction
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Introduction

HIV-1 derived lentiviral vectors efficiently transfer genes for stable, long-term gene
expression in non-dividing cells "*?8, These properties make lentiviral vectors potentially
useful gene transfer vehicles for the correction of inherited disorders of metabolism in
the liver. Lentiviral vectors pseudotyped with the envelope glycoprotein from the
Vesicular Stomatitis Virus (VSVg) can efficiently transduce primary hepatocytes in vitro
1826 In contrast, in vivo lentiviral vector delivery in rodents results in poor gene transfer
to hepatocytes. The nonparenchymal liver cells comprise the major fraction of liver cells
transduced “%?°. We have previously shown that the main target of VSVg pseudotyped
lentiviral vectors are liver macrophages, the Kupffer cells ?°. Depletion of Kupffer cells
leads to a significant increase in the gene transfer to hepatocytes %°.

The viral envelope protein is the primary determinant of cell tropism for lentiviral vectors.
VSVg, which is commonly used to pseudotype lentiviral vectors, is capable of
transducing a broad range of cells both in vitro ® and in vivo ®'. Interestingly, the
envelope protein from the baculovirus Autographa californica multiple nuclear
polyhedrosisvirus, GP64, is also able to efficiently pseudotype lentiviral vectors 2. GP64
pseudotyped lentiviral vectors exhibit comparable tropism and viral titers as that of
VSVg, but with reduced cellular toxicity '2. A further comparison of in vivo gene transfer
of lentiviral vectors pseudotyped with either VSVg or GP64 showed comparable
transduction profiles in murine livers *. Even though earlier reports showed that
baculovirus vectors displayed a hepatocyte tropism *2?°, pseudotyping lentiviral vectors
with GP64 does not appear to enhance hepatocyte gene transfer in vivo.

The engineering of retroviral envelope proteins for retargeting represent a challenge as
modifications to viral envelope proteins often results in a significant reduction in viral
titers %3 In baculovirus, amino terminal fusions to the GP64 envelope protein have
been used for the surface display of GFP '®, functional single chain antibody fragments
" Plasmodium berghei circumsporozoite protein *', avidin 2!, and gp120 from HIV 2.
Recently, it was demonstrated that Decay Accelerating Factor (DAF) could be
successfully fused to the amino terminus of GP64 and incorporated into lentiviral vectors
leading to functional display of DAF °. In both baculovirus and lentiviral vectors, viral
titers were slightly reduced compared to wild type GP64, but were restored to normal
levels by co-expression of wild type GP64. This suggests that the GP64 envelope
protein may have potential as a platform for the targeting of lentiviral vectors to
hepatocytes.

The Sendai Virus Fusion (SV-F) protein utilizes a hepatocyte specific receptor for viral
entry '°. Both murine retroviral % and lentiviral vectors "' could be pseudotyped with the
SV-F protein, resulting in hepatocyte specific gene transfer, but viral particles were
unstable and viral titers were too low to proceed to in vivo studies. We constructed a
Sendai-GP64 fusion protein for the pseudotyping of lentiviral vectors to test for improved
hepatocyte directed gene transfer.

Materials and Methods:
Construction of plasmid
The Sendai Virus Fusion cDNA was kindly provided by Dr. Allen Portner (St. Jude

Children’s Research Hospital) in a mammalian expression vector'®. The GP64 cDNA
was kindly provided by Marcel Westenberg, Wageningen University, and subsequently
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subcloned into the pcDNA 3.1p mammalian expression vector. An amino terminal
truncation of GP64 was made by PCR to remove the native signal peptide (amino acids
1-21) retaining the native GP64 sequence starting at amino acid 25 using the following
primers: Clal GP64F 5-GATCATCGATGAACGCGCAAATGAAGACGGGT-3' and
GP64R 5-TGCTGGATATCTGCAGAATT-3". The resulting PCR product was cloned into
the pCR2.1 TOPO TA vector (Invitrogen), pCR2.1 AA25GP64 and verified by
sequencing. The Sendai-GP64 fusion construct was created by digestion of pCR2.1
AA25PG64 with Clal and EcoRYV to release a 1485 fragment containing the GP64 coding
sequence. This fragment was cloned into a Clal Smal digest of the pCAG SV-F vector to
create an in-frame F2-GP64 fusion cDNA. The resulting Sendai-GP64 fusion plasmid
was verified by restriction digest and sequencing.

Lentiviral vector production

Lentiviral vectors with the phosphoglycerate kinase promoter driving eGFP expression
were produced as described earlier °. Briefly, lentiviral vectors were produced by
transient transfection of 293T HEK cells using calcium phosphate precipitation.
Production of mixed ratio envelope lentiviral vectors was performed using 7ug as the
total amount of envelope plasmid used per plate. The different ratios of 2:1, 9:1, 29:1,
and 99:1 represent the relative amounts of Sendai-GP64 to GP64 used for transfection
per plate. The 29:1 ratio reflects that 6.8 ug of Sendai-GP64 plasmid and 0.2 ug of GP64
plasmid were used in the transfection mixes for lentiviral vector production. Viral
supernatants were concentrated by overnight centrifugation using a Hettich centrifuge
(1780g). Viral titers were determined by titration on both HeLa and HepG2 cells. Briefly
transductions were performed for four hours in the presence of DEAE Dextran (10

Mg/ml).

Cell lines and culturing

HEK293T, HelLa, and HepG2 cells were grown in standard DMEM media supplemented
with 10% heat inactivated fetal calf serum (FCS), 2mM glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37° C in 10% CO..

Animals, viral injections, and tissue processing

Wild-type FVB male mice ages 6-8 weeks were used in all studies and were fed ad
libitum on standard laboratory chow. All animal experiments were performed in
accordance with the Animal Ethical Committee guidelines at the Academic Medical
Center of Amsterdam.

Mice were anesthetized with an intraperitoneal injection of FFM mix (2.5 mg/ml
Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg in H,O, 7ml/kg).
Under deep anesthesia, the peritoneal cavity was opened and the mice were injected
intraportally with the equivalent of 0.5 x 108 HepG2 transducing units (250-500ul) on day
0. The peritoneal cavity was sutured and the animals received the analgesic Temgesic
(20-30 pl, 0.03 m mg/ml) subcutaneously following recovering from FFM.

On day 7, the mice were killed by in vivo fixation. Under deep anaesthesia, the
peritoneal cavity was opened and a ligature was place around the anterior right lobe of
the liver, tightened, and the lobe was excised and snap frozen in liquid nitrogen for
genomic DNA analysis. Subsequently, the animals were perfused intracardially with 20
ml of phosphate buffered saline (PBS), followed by 20 ml of 2% formaldehyde in PBS.
Following perfusion, the liver and spleen were removed and further fixed for 4 hours in
4% formaldehyde in PBS at room temperature. The fixed tissues were then transferred
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to 30% sucrose solution and incubated overnight at 4° C, snap frozen in liquid nitrogen
and stored at -80° C the following day.

Cryosections were made from both the left and medial lobes. The tissue was embedded
in Tissue-Tek OCT (Bayer) and sections (6um) were applied to poly lysine coated glass
slides and enclosed in Vectashield mounting media (Vector Laboratories).

Cell counting and statistics

GFP positive cells were counted in sections made from the left and median lobes using
an inverted microscope (Leica DMRAZ2). All sections/slides were prepared and coded
independent of the counter. Per animal, one section from the left lobe and median lobe
were counted for GFP positive hepatocytes at (200x). Three fields (200x) per section
were counted for GFP positive nonparenchymal liver cells. Images of the counted
sections were captured and the surface area of sections was calculated using Leica
FWA4000 software. The amount of total hepatocytes per mm? was estimated by counting
amount of hepatocytes present in one field at (400x). Data is reported as number of GFP
expressing cells per square millimeter.

Statistical analysis was performed using SPSS 11.0 software using the Mann-Whitney U
test. Values were determined to be significantly different with p < 0.05.

Genomic DNA isolation and PCR

Genomic DNA was isolated from snap frozen liver and spleen tissue using Dneasy
tissue kit (Qiagen) according to manufacturer’s instructions. The following primer pairs
were used to generate a 274 bp product: HIV-U3 forward primer 5'-
CTGGAAGGGCTAATTCACTC-3 and HIV PSI reverse primer 5-
GGTTTCCCTTTCGCTTTCAG-3'. This primer pair is designed to specifically amplify
integrated provirus and thus reduce contamination from amplification of the transfer
plasmid. Additionally primers directed against GAPDH were used as a template loading
control GAPDH forward primer 5-CAATCACCATCTTCCAGGAG-3° and GAPDH
reverse primer 5-TGCCCACAGCCTTGGCAGC-3'. 100ng of total DNA was used per
PCR reaction using the following conditions: 95° C for 5 minutes, followed by 33 cycles
of 95° C for 30 seconds, 55° C for 30 seconds, and 72° C for seconds with a fill in at 72°
C for 10 minutes. Negative control samples were taken from animals that had not been
injected with virus.

Results

Pseudotyping lentiviral vectors with Sendai-GP64

The Sendai Virus Fusion protein (SV-F) is expressed as an inactive precursor protein Fo,
which is cleaved by a cellular protease to a F1 and F2 chain "? (Fig. 1). A fragment
containing the F2 domain and fusion peptide was fused to the amino terminus of GP64
(Figure 1). The resulting fusion gene of SV-F and GP64, Sendai-GP64, was verified by
both restriction fragment analysis and sequencing. Lentiviral vectors expressing GFP
were produced with either the GP64 or Sendai-GP64 viral envelope proteins. Viral titers
were determined on both HelLa (a human cervical carcinoma cell) and HepG2 (a liver
hepatoma cell line) cells. Lentiviral vectors pseudotyped with GP64 can efficiently
transduce both HelLa and HepG2 cells, while Sendai-GP64 pseudotyped lentiviral
vectors were only able to transduce HepG2 cells. Viral titers determined on HepG2 cells
with Sendai-GP64 vectors were approximately 2 orders of magnitude lower than those
obtained with GP64 (Table 1).
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To investigate expression levels and incorporation into virus particles, 293T cells were
transfected with either the expression plasmid for Sendai-GP64 alone or with all the
lentiviral vector plasmids. Lysates prepared from the 293T cells transfected with Sendai-
GP64 alone and virus supernatant were both analyzed by western blotting. The
monoclonal antibody (AcV5) directed against GP64 gave the expected band for the wild
type GP64 protein, but did not react with the Sendai-GP64 recombinant protein in both
cell lysates and virus supernatant (data not shown). Our GP64 fusion protein does not
contain the native GP64 signal peptide and this may lead to differential posttranslational
modifications abrogating binding of the AcV5 GP64 antibody. Although we were unable
to detect expression of the Sendai-GP64 protein, the altered tropism of lentiviral vectors
pseudotyped with Sendai-GP64 strongly suggests that this fusion protein is expressed
and incorporated into virus particles.

The viral titers obtained with pseudotyping lentiviral vectors with the Sendai-GP64
envelope alone were too low to scale up for in vivo use. Therefore, to attempt to
increase viral titers, lentiviral vectors were produced containing both GP64 and Sendai-
GP64 envelope proteins. Several different ratios of Sendai-GP64 to GP64 plasmid were
used for production of lentiviral vectors. The resulting viral vectors were then titered on
both HeLa and HepG2 cells. A clear increase in specificity is observed as the relative
amount of Sendai-GP64 is increased, which is also accompanied by a reduction in viral
titers (Table 2). Based on the tested ratios of viral envelope proteins, 29:1 was selected
as an optimal ratio for both improved specificity and approximately 20 fold higher viral
titers as compared to Sendai-GP64 alone (Table 1).

Significant reduction in gene transfer to nonparenchymal liver cells in vivo with 29:1
Sendai-GP64/GP64 lentiviral vectors

Male FVB mice 6 to 8 weeks old were injected intraportally with equivalent HepG2 titers
of 0.5x10% TU with either GP64 (n=5) or 29:1 Sendai-GP64/GP64 (n=7) pseudotyped
lentiviral vectors. One week following viral injections the mice were sacrificed and
tissues were fixed in vivo. Liver sections were prepared from the left and medial lobes
and GFP expression was directly observed using a fluorescence microscope. In the liver
sections of mice injected with GP64 lentiviral vectors the majority of transduced liver
cells were nonparenchymal cells (Figure 2B), as previously described %*. Subsequent
staining of these sections with the F4/80 antibody directed against a Kupffer cell (liver
macrophages) marker confirmed that these cells are indeed transduced (Figures 2D-l).
Strikingly, in the liver sections from 29:1 Sendai-GP64/GP64 lentiviral vector injected
mice, the ratio of GFP expressing hepatocytes to nonparenchymal liver cells was much
higher (Figure 2C). Counting of GFP positive cells in liver sections showed a significant
reduction (p < 0.005) in the amount of transduced nonparenchymal liver cells in mice
injected with 29:1 Sendai-GP64/GP64 lentiviral vectors (Table 3). These data show that
the tropism of lentiviral vectors in liver can be altered in vivo through modifications to the
GP64 envelope protein.

To validate the counting data, PCR amplification specific for integrated lentiviral vectors
was performed on genomic DNA isolated from the liver. In the 29:1 Sendai-GP64/GP64
injected animals a weaker band is observed in liver genomic DNA, validating the results
from the counting of GFP expressing cells in liver sections (Figure 3 lanes 3 and 4
versus 5 and 6). In contrast, no difference was observed in genomic DNA from spleen,
which is in agreement with the GFP expression observed in spleen sections made from
mice in each group (data not shown). Since the 29:1 Sendai-GP64/GP64 pseudotyped
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lentiviral vectors are not exclusively targeted to hepatocytes (Table 2), it is not
unexpected to observe gene transfer to other cell types. Together these data show that
the Sendai-GP64 envelope results in an increased affinity for gene transfer to
hepatocytes in vivo.

Discussion

We report the first use of an amino terminal fusion to GP64 for the detargeting of
lentiviral vectors in the liver following in vivo administration. The F2 domain of the Sendai
virus fusion protein was fused to the amino terminus of GP64 and used to pseudotype
lentiviral vectors. Lentiviral vectors pseudotyped with the Sendai-GP64 fusion envelope
were no longer able to transduce Hela cells as compared to wild-type GP64, but were
able to transduce HepG2 cells, with approximately 100 fold lower viral titers (Table 1).
Viral titers were increased by co-production of lentiviral vectors with both wild type GP64
and Sendai-GP64 (Table 2), in agreement with previous reports of GP64 fusion proteins
both in baculoviral ? and lentiviral vectors °. The presence of wild type GP64 may
increase incorporation of Sendai-GP64 protein into viral particles through stabilization or
may restore fusion function that might be lost due to the addition of the SV-F2 domain .
The altered tropism in Sendai-GP64 pseudotyped lentiviral vectors show that the
Sendai-GP64 is expressed and incorporated into lentiviral vectors.

In a recent report Kang et al. show hepatocyte specific gene transfer using GP64
pseudotyped Feline Immunodeficient Virus (FIV) derived lentiviral vectors °. The
hepatocyte specific gene transfer was not observed in our GP64 pseudotyped HIV
derived lentiviral vectors (Figure 2B and Table 3) and in a previously published
comparison of VSVg and GP64 pseudotyped HIV lentiviral vectors . In both cases
there is significant gene transfer to nonparenchymal liver cells. Differences in lentiviral
vector systems (feline versus human derived vectors), transgene marker, and delivery
may in part explain these observed differences. In our hands, decreased
nonparenchymal liver cell gene transfer was only observed with lentiviral vectors
produced with Sendai-GP64 (Figure 2C and Table 3).

In this study we have shown that it is possible to redirect in vivo gene transfer through
manipulations to the GP64 envelope protein. Further improvements in GP64 fusion
proteins might eventually lead to hybrid envelope proteins with complete retargeting
without the need to co-express wild type GP64 envelope protein.
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Table 1: Viral titers (transducing units per ml) of GP64 and Sendai-GP64 pseudotyped lentiviral
vectors on HelLa and HepG2 cells

Virus HelLa HepG2 Specificity
GP64 4.2x10°+ 3.1x10° 2.6x10° + 1.6x10° 6.1
Sendai-GP64 ubD? 2.7x10* + 1.3x10* > 27
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2 Undetectable with detection limit of viral titers set to 1x10% TU/ml with flow cytometry. No GFP expressing
cells were observed using a fluorescent microscope. Viral titers were determined using unconcentrated
lentiviral vectors from at least three different virus preparations.

Table 2. Viral titers (transducing units per ml) of different ratios of Sendai-GP64 to wild type GP64
lentiviral vectors on HeLa or HepG2 cells

Virus HelLa HepG2 Specificity
2:1 2.2x10° + 1.7x10° 1.6x10° £ 1.2x10° 7.4
9:1 4.5x10* + 2.2x10* 7.1x10° + 2.1x10° 15.8
29:1 1.8x10% + 1.1x10* 5.1x10° + 2.7x10° 28.9

99:1 2.5.10°+ 1.5x10° 7.7x10* £ 1.6x10* 30.7

2:1, 9:1, 29:1, 99:1 refer to the relative amount of Sendai-GP64 to GP64 plasmid used for transfection
during virus production. For example for the standard 7ug of envelope plasmid used for virus production 2:1
represents 4.6ug of Sendai-GP64 and 2.4ug GP64 plasmid respectively. Viral titers were determined using
unconcentrated lentiviral vectors from at least three different virus preparations.

Table 3 GFP positive cells in liver sections
% GFP positive

Lentiviral Vector Hepatocyteslmm2 hepatocytes NPC/mm?
GP64 (n=5) 99+27 0.6+0.2 79.3+12.1
29:1 (n=7) 9.5+47 0.5+0.3 246+19.6°

0.5x10° HepG2 transducing of each virus were administered by portal vein injection. Frozen sections were
prepared from fixed liver, one section from the medial and one from the left lobe were counted per animal. %
GFP positive hepatocytes represents the percent of total liver hepatocytes transduced, NPC
(nonparenchymal liver cells), 29:1 (Sendai-GP64:GP64).

? represents a significant difference (p < 0.005) between GP64 and 29:1 Sendai-GP64/GP64 transduced
animals

F2 { F1
SV-F
sSP FP ™
!
[ [ [1 ] cP64
SP ™
F2 GP64
| oETmhE [T sendai-GP64
SP FP ™

Figure 1. Linear map of the Sendai Virus Fusion (SV-F), GP64, and the Sendai-GP64 glycoproteins with
selected domains indicated: SP: Signal Peptide, FP: Fusion peptide, TM: Transmembrane.
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Figure 2. Expression of GFP in the liver following portal vein injection of either GP64 or Sendai-GP64/GP64
(29:1) lentiviral vectors. Representative sections from the livers of (A) control (B) GP64, and (C) 29:1
Sendai-GP64/GP64 transduced mice at 100x magnification. White arrows indicate hepatocytes and yellow
arrows indicate nonparenchymal liver cells. Serial liver sections from a GP64 transduced mouse were
stained with an antibody directed against a Kupffer cell marker. (D) transduced cells expressing GFP (E)
stained with the F4/80 antibody directed against Kupffer cells (F) merge of GFP expressing cells and Kupffer
cell staining. Control staining where the primary antibody was not used (G) GFP expressing cells (H) Texas
red secondary antibody (I) merge. (D-l images are at 400x magnification).

1 2 3 4 5 6
- « Integrated LV

& = * & &% GAPDH

Figure 3. PCR specific for integrated lentiviral vectors and GAPDH performed on genomic DNA isolated
from liver. Lane 1 H2O control, 2 control liver DNA, 3 Mouse 1 (GP64), 4 Mouse 2 (GP64), 5 Mouse 4 (29:1),
6 Mouse 5 (29:1).
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Immune response to lentiviral bilirubin UDP-
glucuronosyltransferase gene transfer

in fetal and neonatal rats

J Seppen, NP van Til, R van der Rijt, JK Hiralall, C Kunne and RPJ Oude Elferink

AMC Liver Center, Amsterdam, The Netherlands

Gene therapy for inherited disorders might cause an immune
response to the therapeutic protein. A solution would be to
introduce the gene in the fetal or neonatal period, which should
lead to tolerization. Lentiviral vectors mediate long-term gene
expression, and are well suited for gene therapy early in
development. A model for fetal or neonatal gene therapy is
the inherited disorder of bilirubin metabolism, Crigler—Najjar
disease (CN). The absence of bilirubin UDP-glucoronyltrans-
ferase (UGT1A1) activity in CN patients causes high serum
levels of unconjugated bilirubin and brain damage in infancy.
CN is attractive for the development of gene therapy because
the mutant Gunn rat closely mimics the human disease.

Injection of UGT1AT1 lentiviral vectors corrected the hyperbilir-
ubinemia for more than a year in rats injected as fetuses and
for up to 18 weeks in rats injected the day of birth. UGT1A1
gene ftransfer was confirmed by the presence of bilirubin
glucuronides in bile. All animals injected with UGT1A1
lentiviral vectors developed antibodies to UGT1A1. Animals
injected with green fluorescent protein (GFP) lentiviral vectors
did not develop antibodies to GFP. Our results indicate that
fetal and neonatal gene therapy with immunogenic proteins
such as UGT1A1 does not necessarily lead to tolerization.
Gene Therapy (2006) 13, 672—677. doi:10.1038/sj.gt.3302681;
published online 3 November 2005

Keywords: in utero; Crigler—Najjar; lentiviral vectors; bilirubin; Gunn rat

Introduction

A fundamental problem with gene therapy for inherited
deficiencies is the potential of an immune response
against the novel therapeutic gene product. Correction of
deficiency could be short lived because the therapeutic
transgene is seen as a foreign antigen by the immune
system. This may cause the primed immune system to
subsequently eliminate the corrected cells. An immune
response to therapeutic transgenes has indeed been
observed in a number of gene therapy studies.'” A
potential solution to this problem would be to exploit the
tolerization that occurs to antigens that are introduced in
the fetal and early neonatal period. Tolerization early in
development has been well established, the first evidence
of this phenomenon was provided by the landmark
experiments performed by Billingham et al.> These
studies showed that mice that were injected with
heterologous cells shortly after birth, subsequently
accepted skin grafts from the donor of the cells. Many
experiments since have firmly established the induction
of tolerance in the neonatal period.* These considerations
have led to the development of gene therapy in fetal and
neonatal animal models.>” Several studies have estab-
lished that fetal gene transfer can tolerize mice to foreign
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therapeutic proteins. Adenoviral and lentiviral clotting
factor IX expression vectors were administered to fetal
mice. When these mice were challenged with factor IX
as adults, the immune response was absent or strongly
reduced as compared to untreated mice.?®

Our aim is to develop gene therapy for the severe
inherited unconjugated hyperbilirubinemia in patients
with Crigler—Najjar disease. Bilirubin is the breakdown
product of the heme group of hemoglobin and other
heme utilizing enzymes such as cytochrome P450s. As
bilirubin is hydrophobic, it needs to be glucuronidated
by the hepatic enzyme bilirubin UDP glucuronyltrans-
ferase (UGT1A1) before it can be excreted into bile.'*"
Patients with Crigler—Najjar type 1 (CN) have no
detectable UGT1A1l activity and therefore have high
serum levels of unconjugated bilirubin directly after
birth."”> Unconjugated bilirubin is highly neurotoxic,
UGT1A1 deficiency leads to brain damage and death if
not treated.> The only permanent treatment option for
patients with CN is liver transplantation. The Gunn rat is
a natural mutant that has no UGT1A1 activity and is
therefore a good model for CN'* and the development
of fetal gene therapy for this disease. Tolerization to
UGT1AL is especially important because earlier studies
have shown that UGT1A1l gene transfer in adult Gunn
rats induces a strong humoral and cellular response to
UGT1AL."

Gene therapy for inherited disorders requires long-
term expression of the therapeutic transgene. Lentiviral
vectors are retroviral vectors based on HIV and are well
suited for the development of gene therapy for these
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disorders because they can efficiently transduce a wide
variety of cell types in vivo and mediate long-term
expression.'®'8

We have previously injected fetal Gunn rats with
UGT1A1 lentiviral vectors and showed correction of
hyperbilirubinemia.’ When we injected similar doses
of lentiviral vectors in neonatal Gunn rats, we observed a
correction of hyperbilirubinemia that slowly decreased
over time. This decrease in therapeutic effect was
accompanied by the appearance of antibodies against
human UGT1Al. When sera from in utero injected
animals were tested retrospectively, we also found high
titers of UGT1A1 antibodies.

Surprisingly, injection of GFP lentiviral vectors into
fetal and neonatal animals did not lead to the formation
of antibodies to GFP.

Our results therefore indicate that induction of
tolerance is not necessarily the outcome of fetal or
neonatal gene therapy. Furthermore, our results also
suggest that UGT1A1 is a highly immunogenic protein
which might explain the presence of UGT1A1 autoanti-
bodies in autoimmune hepatitis.

Results

Correction of hyperbilirubinemia

We have previously demonstrated that administration of
UGT1AL1 lentiviral vectors to fetal Gunn rats corrected
their deficiency. We now report that the difference in
serum bilirubin between control and injected animals
gradually disappears with loss of significance after 60
weeks (Figure 1a). Injection of UGT1A1 lentiviral vectors
in neonatal Gunn rats (Figure 1b) led to a similar
correction of hyperbilirubinemia that disappeared more
rapidly with loss of significance at 18 weeks.

Demonstration of gene transfer

Bile analysis confirms that neonatal injection of UGT1A1
lentiviral vectors leads to functional expression of
UGT1A1 (Figure 2). However, as we have previously
shown in fetally injected rats, the overall transduction
efficiency was low. Qualitative PCR on chromosomal
DNA confirmed the presence of viral integrations in
liver, pancreas, spleen and intestine (not shown). All
organs contained less than 1% of viral integrations,
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which precluded quantitative determination by real-time
PCR.

Periferal blood mononuclear cells of animals injected
with GFP lentiviral vectors contain a low percentage of
GFP positive cells (not shown). Cryosections from
animals injected neonatally with GFP lentiviral vectors
shows that GFP expression in liver and pancreas persist
for more than 5 months (Figure 3). Clusters of GFP
positive cells were seen in pancreas and liver. Counting
of at least three microscopic fields revealed that the total
number of positive cells was below 1%, confirming our
PCR data. Interestingly, only GFP positive hepatocytes
were seen. This is in contrast to the preferential
transduction of Kupffer cells by lentiviral vectors
injected in the portal vein of adult mice.*

Antibodies to UGT1A1

High titers of antibodies to UGT1A1 were detected by
ELISA in sera from rats injected in the fetal and neonatal
period (Figure 4). The antibodies were present at the first
time point sampled, 4 weeks at the time of weaning.
Titers increased and reached a plateau that was

BMG

Injected

Absorption 450 nm

mih
10.0 11.0 12.0 13.0 140 150 16.0 17.0 180 19.0
Elution time

59 70 80 90

Figure 2 Bile analysis. HPLC chromatograms of bile samples from
a normal rat, a Gunn rat injected with UGT1A1 lentiviral vector at
the day of birth and an untreated control Gunn rat. BDG, bilirubin
di glucuronides. BMG, bilirubin mono glucuronides. UCB, un-
conjugated bilirubin. Gunn rats have only unconjugated bilirubin
and all bilirubin in Wistar rats is conjugated. Injected Gunn rats
have an intermediate pattern of bilirubin glucuronidation which
confirms functional expression of UGT1A1.
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Figure 1 (a, b) Correction of serum bilirubin levels. (a) Injection of lentiviral UGT1A1 vectors at embryonic day 19 (ED19) corrected
hyperbilirubinemia significantly for up to 60 weeks (N =6). (b) Injection at the day of birth (D1) led to a correction for up to 18 weeks (N =9)

(*P <0.05 by Student’s t-test).
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Figure 3 GFP expression in liver and pancreas 5 months after injection of virus. Cryosections from animals injected neonatally with GFP
lentiviral vectors show clusters of positive cells in pancreas (right) and liver (left) 5 months after injection. Clusters of GFP positive cells were

not more abundant than 1%, confirming our PCR data.
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Figure 4 Detection of UGT1A1 antibodies by ELISA. Antibodies to
UGT1AL1 in rats injected on embryonic day 17 (ED17), 19 (ED19) and
the day of birth (D1). No UGT1A1 antibodies were seen in control
rats (c). Values are averages of two rats.

maintained for up to 2 years in the in utero injected
animals. A similar response was seen in animals injected
at embryonic day 17 and 19. Control animals injected
with GFP lentiviral vectors in the fetal and neonatal
period did not develop antibodies to GFP as measured
by ELISA.

The specificity of the UGT1A1 antibodies was con-
firmed by Western blotting (Figure 5). A band of 55 kDa
was only seen when blots of cell lysates containing
UGT1A1 were probed with serum from Gunn rats
previously injected with UGT1A1 lentiviral vectors. The
sera from UGT1A1 vector injected rats did not react with
cell lysates containing GFP. Sera from Gunn rats injected
with GFP lentiviral vectors did not contain antibodies
reactive with GFP on Western blot, confirming the
negative ELISA results.

Discussion

The strong immune response to lentivirally delivered
UGT1A1l in fetal and neonatal rats contrasts with

Gene Therapy

numerous observations,” including studies in Gunn
rats,>' that gene transfer in fetal and neonatal animals
leads to tolerization to the transgene. An immune
response to GFP has been observed in adult mice,*
rats® and baboons,* which suggests that GFP is an
immunogenic protein. We did not observe antibodies to
GFP in animals injected in utero, or at the day of birth,
with GFP vectors. Expression of GFP in liver and
pancreas was sustained for more than 5 months in these
animals, excluding a cellular immune response to GFP as
well. This result was expected since a number of studies
have shown that neonatal rats will only mount an
immune response to exogenously administered antigens
when they are at least 8 days old.>>>*

A small number of studies have described immune
responses in fetuses: fetal baboons could be immunized
to hepatitis B virus by injection of an HBV vaccine,” an
immune response to CMV was observed in prenatal
children infected with this virus*® and low titers of
antibodies to beta galactosidase were observed after
in utero injection of AAV or adenoviral beta galactosidase
vectors in mice.*

As fetal and neonatal rats do not mount an immune
response to GFP but do respond to UGT1A1l, a likely
explanation of our results is that UGT1Al is a highly
immunogenic protein. Autoimmune hepatitis type 2
(AIH) is a disease of unknown origin which is
characterized by the presence of liver kidney microsomal
(LKM) antibodies. In 10% of AIH patients, these
antibodies are directed against UDP glucuronosyltran-
ferase 1 (UGT1).*° Little is known about the role of these
antibodies and whether they are the primary cause for
AIH. The highly immunogenic nature of UGT1A1 could
explain why UGT1 autoantibodies are present in patients
with autoimmune hepatitis.

In this study the human UGT1A1 gene was used. As
the Gunn rat does not express rat UGT1A1 protein,® the
human and rat isoforms are both foreign to the rat
immune system. However, it remains possible that the
xenogenic human UGT1A1 protein elicits a stronger
immune response than endogenous rat UGT1A1.

The mechanism behind the slow decline in therapeutic
efficiency of lentiviral UGT1A1 gene transfer is unclear.
We investigated whether the immune response to
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Figure 5 Western blotting shows specificity of UGT1A1 antibodies. Lysates containing UGT1A1 or GFP were probed with serum from rats
injected with UGT1A1 or GFP lentiviral vectors. Middle lanes are the molecular mass markers. Sera from UGT1A1 vector injected rats react
with UGT1AL1 containing lysates only. An antibody to UGT1A1 was included as positive control. GFP antibodies were not detected in sera

from rats injected with GFP lentiviral vectors.

UGT1AL1 contributed to this decline but were not able to
show infiltrating cytotoxic, CD8 positive, T cells in liver
and pancreas of animals injected with UGT1A1 vectors
in the neonatal period (not shown). However, these
results should be considered with some caution. As the
transduction efficiency of these organs was low, the
amount of infiltrating T cells would likely also be low
and may have precluded their detection. UGT1Al is a
resident endoplasmic reticulum membrane protein. A
humoral response is not likely to affect expression of
such an intracellular protein. However, a small amount
of UGT1A1 might be exposed on the plasma mem-
brane.** This exposed UGT could be recognized by the
circulating antibodies, which would lead to immune
elimination of the opsonized cells. This study extends
earlier reports that lentiviral gene transfer can be highly
immunogenic,®® possibly because antigen-presenting
cells are readily transduced by these vectors.** A solution
to this problem would be to use tissue-specific promoters
and thus prevent expression in antigen-presenting
cells.”® Indeed, a recent paper documents that liver-
specific lentiviral UGT1A1l gene transfer in neonatal
Gunn rats does not elicit a cytotoxic immune response®
and mediates long-term correction of UGT1A1l defi-
ciency. However, the presence of UGT1Al antibodies
was not investigated in this study.

Because we do now show that lentiviral UGT1A1 gene
transfer is very immunogenic, it is necessary to rigor-
ously test the absence of an immune response to
UGT1A1 in animal studies before lentiviral vectors can
be used in gene therapy trials for Crigler-Najjar disease.

Materials and methods

Construction and production of lentiviral vectors
An improved third generation self-inactivating lentiviral
vector system was the basis of our lentiviral vector
constructs and was used as described.’ To generate
PGKUGT1A1, the human UGT1A1 ¢cDNA was cloned as
a Spel fragment into the Xbal site of the lentiviral transfer
vector PGKGFP replacing the GFP gene of this vector.
In these vectors, the phosphoglycerate kinase (PGK)
promoter is driving expression of the transgene.

Lentiviral vectors were generated by cotransfection of
293T cells and concentrated as described.'®

Lentiviral vectors were titrated by transducing 10°
HeLa cells with dilutions of vector stock and determin-
ing the percentage of positive cells by flow cytometry.
Intracellular flow cytometric detection of UGT1A1 was
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performed as follows. Transduced Hela cells were
trypsinized and fixed for 30° at 4°C with 0.25%
formaldehyde and permeabilized with 0.2% Tween for
15" at 37°C. The cells were incubated with a monoclonal
antibody WP1% that reacts with UGT1Al, and the
monoclonal antibody was subsequently detected with
FITC conjugated goat anti mouse immunoglobulins
(Jackson ImmunoResearch). Cells were washed and
fixed with 2% formaldehyde and analyzed on a
FACScalibur flow cytometer (Becton Dickinson).

Animal experiments

All animal experiments were approved by the AMC
animal ethical committee. Timed pregnancies in Gunn
rats were initiated and the day after the copulation was
considered embryonic day 1.

Injection of virus in fetal Gunn rats were performed by
anesthesis of pregnant Gunn rats by intramuscular
injection of KAR mix: 4 ml ketamine (100 mg/ml), 2 ml
Rompun (xylazine 20 mg/ml), 1 ml atropine (1 mg/ml),
dose: 0.1ml/100g bodyweight. The abdomen was
opened by an incision of approximately 5cm and the
uterine horns were exposed. The virus was injected, in a
volume of 75 ul, with a 27 gauge needle. Injections were
aimed at the liver, visible as a large dark spot, and
peritoneal cavity. The animals were closed by suturing
the abdominal wall and skin and the pregnancy was
carried to term in a normal manner. Injection of virus in
neonatal Gunn rats was performed within half a day
after birth of the pups, injections were aimed at the liver.

Blood was collected by tail vein puncture under gas
anesthesia in pediatric heparin tubes. Peripheral blood
mononuclear cells were isolated for flow cytometry by
lysing the whole blood using FACS lysing solution
(Becton Dickinson) and washing twice with PBS. For
bile collection rats were anesthesized by intraperitoneal
injection of KAR mix as described above and bile was
collected by canulation of the bile duct as described.*®

ELISA for rat antibodies to UGT1A1 and GFP

UGT1A1 and GFP were expressed in 293T cells by
calcium phosphate coprecipitation. Expression of
UGT1A1 was confirmed by Western blotting and
expression of GFP was confirmed by fluorescence
microscopy and Western blotting. ELISA plates (Nunc)
were coated overnight with 5 ug cellular lysate per well
in 50 mM carbonate buffer pH 9.6. The wells were
blocked with 1% gelatin in phosphate-buffered saline,
washed and incubated with serial dilutions of Gunn
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rat plasma. After washing, rat immunoglobins were
detected with anti-rat IgG peroxidase (Nordic) and
o-phenylenediamine tablets (Sigma).

ELISA’s were always performed in duplicate with the
same samples applied on UGT1Al and GFP coated
plates. Titers of antibodies were set as the dilution were
the absorption of the well was twice the absorption of
control wells without rat serum. For the determination
of UGT1A1 antibody titers, the titer of the same sample
on the GFP coated plate was subtracted to correct for
aspecific binding.

Western blotting

Western blots were incubated with rat serum that had
been diluted 500 times. The UGT1Al antibody WP1
served as a positive control.*” Antibodies were detected
with anti mouse peroxidase (Biorad) or anti-rat per-
oxidase (Nordic) and ECL chemiluminescence reagent
(Amersham-Pharmacia). Images were recorded using a
lumi imager (Roche).

Analysis of genomic DNA

DNA of organs was isolated and used for PCR as
described.” To reduce the risk of contamination, a
forward primer in the U3 region (ctggaagggctaattcactc)
and a reverse primer in the packaging region
(ggtttccctttegetttcag) were selected for amplification. This
primer pair only amplifies the integrated provirus and
not the transfer vector.

Quantitative PCR was performed on a lightcycler
using FastStart DNA master SYBR Green I hot start
reaction mix (Roche Applied Science). Primers specific
for human UGT1A1 that did not amplify rat UGT1A1
were used. Forward: TTCAGAGGACGTGCAGACAG,
reverse: CAAGGTGGCACCTATGAAGC. For calibra-
tion, dilutions of human genomic DNA were made in
rat genomic DNA. After amplification, samples were
retrieved from the light-cycler capilaries and electro-
phoresed on an agarose gel. Quantification was per-
formed using software provided by the manufacturer.
The detection limit of this method was 1%: samples that
had a single amplification product on gel and amplifica-
tion slopes and melting curves identical to the standards
always contained more than 1% of human UGT1A1.
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Chapter 5

ABCB4 P-glycoprotein reduces infectivity of lentiviral particles by
increasing their phosphatidylcholine content.
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Abstract

Human Immunodeficiency Virus-1 (HIV-1) particles are assembled and released from
membrane microdomains (lipid rafts). The membrane composition of the viral particle,
which is important for viral integrity and infectivity, is therefore determined by the raft
lipid composition.

ATP binding cassette (ABC) transporters are transmembrane proteins, which require
ATP to transport a broad array of compounds through membranes. The ABC transporter
ABCB4 (MDR3 P-glycoprotein) is a phospholipid floppase that translocates
phosphatidylcholine (PC) from the inner leaflet to the outer leaflet of the cellular
membrane. ABCB4 is located in the apical membrane of hepatocytes; translocation of
PC by ABCB4 promotes PC release into bile, which neutralizes the toxic effect of bile
salts.

In a third generation lentiviral vector system based on HIV-1, we observed that the co-
expression of ABCB4 during virus production inhibited viral infectivity, with no observed
reduction in viral particles. Co-expression of an inactive ABCB4 mutant did not reduce
viral infectivity. In addition, the ratio of phosphatidylcholine to cholesterol of lentiviral
particles increased significantly from 0.4 in producer cells expressing no ABCB4 or a
mutant ABCB4 to 1.3 if the wildtype ABCB4 protein was co-expressed.

We therefore conclude that the specific translocase activity of ABCB4 can affect viral
infectivity negatively by changing the lipid membrane composition of the viral particles.
Understanding of this mechanism may lead to novel treatment strategies of HIV patients.

Introduction

Lentiviral vectors based on human inmmunodeficiency virus 1 (HIV-1) hold great
promise for the treatment of inherited diseases. These vectors can integrate in the host
genome and give rise to long-term expression of the transgene in dividing and non-
dividing cells %' Lentiviral particles are lipid-enveloped, they assemble and bud off in
rafts, which are specific plasma membrane microdomains with distinct lipid and protein
composition 8. Entry into cells requires binding of the envelope proteins to receptors and
co-receptors in lipid raft domains as well ®. HIV-1 budding and entry requires cholesterol
%8 and loss of virion-associated cholesterol reduces infectivity °.

ATP-binding cassette (ABC) transporters belong to a large family of transmembrane
proteins, which can actively transport compounds, such as lipids, bile salts, toxic
compounds, and peptides for antigen presentation, through membranes by hydrolysis of
ATP >'23_ ABC transporters are characterized by ATP-binding cassettes, also called
Nucleotide Binding Domains (NBD). These regions contain consensus motifs, such as
the Walker-A domain. Single point mutations in the Walker-A motif at a key lysine
residue have shown to reduce or abrogate the ATP hydrolysis activity and in some
cases impair nucleotide binding 303640,

The ABC transporter, multidrug resistance P-glycoprotein (P-gp) 3 (ABCB4) primarily
mediates the translocation of phosphatidylcholine (PC) across the canalicular membrane
of the hepatocyte, a process that is called flopping as opposed to the reverse
translocation from the outer to the inner leaflet which is called flipping °. In the liver, the
translocation of PC is necessary to neutralize the toxic detergent action of bile salts.
Lack of ABCB4 expression leads to the severe liver disease Progressive Familial
Intrahepatic Cholestasis type 3 (PFIC3).

Another ABC transporter, ABCC1 (Multidrugresistance related protein 1, MRP1), is an
efflux pump that extrudes mostly anionic drugs, toxins, waste products and their
conjugates, such as bilirubin glucuronides and glutathione S-conjugates 24264,

Our attempts to develop a lentiviral vector expressing ABCB4 for the treatment of PFIC3
were unsuccessful. Because in this lentiviral vector the transgene product ABCB4 is also
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expressed during lentiviral vector production, we hypothesized that the PC floppase
activity of ABCB4 might have affected lentiviral vector production negatively. We co-
expressed ABCB4 during lentiviral particle production and found a reduction in the
number of infectious particles, but not the lentiviral particle production, as measured by
p24 gag-antigen content. The expression of ABCB4 protein caused changes in
phospholipid composition of the viral particles, indicating this may be the underlying
process that was responsible for the reduced transduction efficiency. This was more
strongly illustrated by the observation that ABCC1 and an inactive ABCB4 mutant did not
affect viral vector production and infectivity.

Materials and methods

Construction of mammalian expression plasmids

The mammalian expression plasmid pcDNA3.1+ (Invitrogen) was used to express the
ABC transporters ABCB4, mutant ABCB4 and ABCC1. For the preparation of
pcDNA3.1+-ABCB4, human wildtype ABCB4 cDNA *? was cloned as an Agel and Xbal
fragment into the mammalian expression plasmid pcDNA3.1+.

The human ABCC1 cDNA “** was cloned as a BamHI and Notl fragment into pcDNA3.1+.

Development of ABCB4 mutant expression plasmid

To obtain the required ABCB4 mutant protein, a PCR was performed with the following
oligonucleotide bearing a mismatch base CT CGA GCT AAC GTC AAG ATC TTG AAG
GGC CTC AAC CTG AAG GTG CAG AGT GGG CAG ACG GTG GCC CTG GTT GGA
AGT AGT GGC TGT GGG ATG AGC ACA ACG G and CAC GTC CAATGG CGA TCC
TC, to substitute nucleotide 1303 from adenine to thymine in the conserved Walker A
domain, leading to an amino acid change at position 435 of a lysine into a methionine
(mutation is underlined). This mutation was shown to completely inactivate the
homologous transporter, ABCB1, as has been described previously **°. The PCR
product was cloned into pcR-TOPO2.1 (Invitrogen) and the correct substitution was
confirmed by sequence analysis using conventional M13 forward and reverse primers. A
2271 bp fragment was removed from pcDNA3.1+-ABCB4 by Apal digestion and cloned
into the pcR-TOPO2.1 vector that contained the mutated PCR fragment. From this
plasmid a 2640 bp fragment was taken out by Xhol and Xbal restriction enzymes and
ligated in place in the pcDNA3.1+-ABCB4 plasmid resulting in the mutated ABCB4
(ABCB4mut).

Lentiviral vector production

Third generation lentiviral particles pseudotyped with Vesicular Stomatitis Virus G-
glycoprotein (VSV-G), were produced by using transient transfection of HEK 293T
(human epithelial kidney cell line) by calcium phosphate precipitation, and were titrated
on Hela cells to determine the transducing units (TU) per ml as described before®. The
transfer vector pRRLcpptpgkGFPpreSsin containing phosphoglycerate kinase promoter
driving GFP expression, the hepatitis B virus posttranslational regulatory element, and
central polypurine tract was used in all experiments, in addition to the packaging
plasmids, pMDL-g/p, pVSV-g and pRSV-Rev *. Additionally, transfer vectors
pRRLcpptcmvGFPpreSsin  and  pRRLcpptcmvdsREDpreSsin,  containing  the
cytomegalovirus promoter driving expression of dsRED in the latter construct.

The cell lines were grown in Dulbecco’'s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine (L-glu), 100
units/ml penicillin and 100 ug/ml streptomycin (P/S).

HEK 293T cells were seeded in ¥15cm dishes on day one, followed by transfection on
day two. In addition to the lentiviral vector plasmids, 20ug of either pcDNA3.1+-ABCB4,

15,47
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pcDNA3.1+-ABCB4mut, pcDNA3.1+-ABCC1 or pcDNA3.1+ (empty vector) were added
to the transfection mixture.

On the third day, cells were washed with phosphate buffered saline (PBS), and replaced
by serum-free medium (Optimem, Cambrex) with L-glu, P/S and 25mM HEPES, pH 7.5.
One day later, supernatant was harvested and centrifuged at 300g for 10 minutes to
remove cell debris, followed by filtration through 0.45um filters (Millipore).

For Western blot analysis and lipid assays only, an additional centrifugation (Rotor
SW28, Optima L90K Ultracentrifuge, Beckman Coulter) step of 2 hours at 20,000 r.p.m.
at 4°C was performed. The supernatant was removed after concentration, the inside of
the tubes were thoroughly cleaned and the viral pellet was resuspended in 50uL PBS.
Another 50uL of 2% sodium dodecyl! sulphate (SDS) was added for inactivation of the
viral pellet. Samples were stored and aliquoted at -80°C until further use.

Determination of lentiviral particles

The HIV-1 p24 Elisa kit (Perkin Elmer) was used to determine the amount of p24 in the
viral supernatants. Samples were diluted in Optimem medium. The p24-content was
used to calculate the number of HelLa transducing units per p24-gag-antigen for each
sample.

Western blots

Transfected cells were harvested in 2% SDS, and an equal volume of lysis buffer (20mM
KCI, 3mM MgCl»-6H,0, 20mM Tris/HCI, pH 7.4) with protease inhibitor mix (Roche) was
added to the cell lysates. After sonication, protein content was determined by
bicinchoninic acid protein assay kit (Sigma). For cell lysates, equal amounts of protein
were loaded on a 10% polyacrylamide gel, which was confirmed by immunoreactivity for
B-actin. For viral pellets, an equal amount of p24-gag antigen for each sample was
loaded.

The gel was blotted on nitrocellulose membranes and subsequently blocked with PBS
with 4% milkpowder and 0.05% Tween-20 for 1 hour.

The blots were washed with PBS and incubated with primary antibodies. The following
antibodies were used: mouse anti-ABCB4 (P3,26', 1:1000), rat anti-human ABCC1
(R1", 1:1000), rabbit anti-VSV-G (Sigma, 1:2500) and mouse anti-B-actin (AB-5, 1:1000,
Neomarkers). The blots were washed three times for 5 minutes with PBS-0.05% Tween-
20, followed by another incubation with secondary antibodies: goat anti-mouse IgG
horseradish peroxidase (HRP) conjugate (GAMPO, 1:1000, Biorad) or goat anti-rat IgG
HRP conjugate (1:1000, Calbiochem). The blots were washed with PBS-Tween-20 and
immune complexes were revealed by chemiluminescence substrate (Lumi-light, Roche).

Immunofluorescence staining of transfected cells

HEK 293T cells were seeded 1x10° in 6-well plates on rat-tail collagen coated glass
slides. The cells were calcium phosphate transfected with 4ug of pcDNA3.1+-ABCB4,
pcDNA3.1+-ABCB4mut, pcDNA3.1+-ABCC1 or empty plasmid. Three days later, cells
were methanol/acetone (ratio 4:1) fixed and frozen at —20°C until further use. The fixed
cells were thawed followed by washing with PBS-0.05% Tween20 for 10 minutes and
subsequent incubation of P3,26-antibody (1:200) or R1-antibody (1:100) for ABCB4 and
ABCCH1 respectively in PBS-0.05% Tween20/10% FBS for 1 hour.

Glass slides were washed and incubated with goat anti-mouse IgG antibody Alexa fluor
594 conjugate (Molecular Probes) or goat anti-rat IgG antibody Texas-Red conjugate
(Rockland) respectively. The cells were washed with PBS and embedded in mounting
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medium containing DAPI (Vector Laboratories). Pictures were taken with an inverse
microscope (Leica DMRA2, Leica).

Generation of phosphatidylcholine vesicles and lentiviral transduction

To obtain PC vesicles, 100mg/ml L-a-phosphatidylcholine solution in chloroform (Sigma)
was dried at 40°C in a glass tube under a nitrogen stream and then resuspended by
vortexing in 5ml of Hank’s Balanced Salt Solution (HBSS, Biowhittaker). The 500 uM
solution was sonicated (amplitude 60, 50-60 Hz, Vibra Cell Sonicator, Sonics & Materials
Inc) on ice for 10 minutes, filtered through a 0.45 um filter and was then used
immediately. The vesicle solution was added to the wells resulting in final concentrations
of 1 and 10uM. Lentiviral supernatants were then added with a multiplicity of infection of
0.2. These mixtures were replaced by fresh medium 24 hours later. The transduction
efficiency was determined after four days by flow cytometry.

Co-transduction of lentiviral vector produced with ABCB4 wildtype and mutant
Lentiviral vector (pRRLcpptcmvdsREDpreSsin) was produced during ABCB4 or
ABCB4mut. In parallel, pRRLcpptcmvGFPpreSsin vector was produced. Subsequently,
equal volumes were mixed and HelLa cells were incubated to determine transduction
efficiency four days later.

Phosphatidylcholine and cholesterol measurement

The amount of phosphatidylcholine in lentiviral vector pellets was determined by
measuring choline by enzymatic assay with phospholipase D and choline oxidase **.
Cholesterol was determined using homovanillic acid and cholesterol oxidase as
described before '. Both enzymatic reactions were measured with a Novostar analyzer
(BMG Labtech).

Statistical analysis
Statistical analysis were performed using SPSS 10.0 software and significant difference
were considered if P < 0.05 determined by One-Way ANOVA.

Results

ABCB4 protein expression decreases lentiviral vector titer

For the treatment of the inherited liver disease PFIC3, we constructed a lentiviral vector
containing a cassette with PGK promoter driving ABCB4 expression. We were unable to
produce infectious virus, as measured by immunofluorescence staining of several cell
lines that had been incubated with this viral supernatant.

To test the hypothesis that function of ABCB4 may reduce lentiviral production and
infectivity, VSV-G pseudotyped lentiviral particles were produced with co-expression of
ABCB4, a mutant ABCB4 and another ABC transporter as control, ABCC1. ABC
transporters have the highly conserved Walker-domains required for ATPase activity **.
In the ABCB4 protein, we replaced the amino acid lysine435 to methionine. Previously, a
this mutation has been shown to abolish ATPase activity in Multidrug Resistance P-
glycoprotein 1 (ABCB1)>%® resulting in complete abrogation of the ability of ABCB1 to
confer multidrug resistance.

In addition to the co-expression of the ATP transporter proteins during GFP lentivirus
production, within separate transfection experiment, viral particles were also produced
with co-transfection of empty plasmid. Titers obtained under these conditions were set
as an arbitrary value of 100% and used to correct for variability between transfection
experiments. The co-transfection of empty vector with the lentiviral plasmids led to an
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average titer of 1.3 + 1.1 x 10° transducing units per ml (TU/ml) of GFP lentivirus. As
shown in table 1, ABCB4mut or ABCC1 co-expression during lentiviral vector production
resulted in similar titers. In contrast, co-expression of ABCB4 during lentiviral particle
production decreased titers by more than 81% compared to co-expression of
ABCB4mut, ABCC1 (p<0.01, Table 1).

However, the amount of p24 per ml was similar when ABCB4, ABCB4mut and ABCCA1
were co-expressed during lentiviral vector production (Table 1).

The ratio of TU/pg p24 corresponds with the lentiviral particle quality. If lentiviral vectors
were produced without the co-expression of transmembrane proteins the TU/pg p24
ratio was on average 9.9 TU/pg p24. This ratio was similar to an earlier published report
about VSV-G pseudotyped third generation lentiviral vectors '°. A significant reduction
(p<0.001) of the TU/pg p24 was observed if ABCB4 was co-expressed during lentiviral
vector production, which was more than 70% lower than ABCB4mut, ABCC1 or empty
vector co-expression.

Presence of ABC transporter protein in transfected cells and in lentiviral vector
preparations

Immunofluorescence staining was performed in 293T cells to display cellular localization
of the expressed proteins. Immunofluorescence staining confirmed ABCB4, ABCB4mut
and ABCC1 expression in transfected 293T cells (Figure 1). All proteins displayed a
similar localisation, confirming expression of ABCB4mut in cellular membranes and
subcellular location in intracellular vesicles. The similar localisation of ABCB4mut to
ABCB4 was as expected, because similar mutations introduced in the ABC transporter
ABCB1 did not affect targeting of the mutant proteins to the cellular membrane
compartment >.

To determine whether expression levels of ABCB4 and ABCB4mut were comparable,
Western blots were performed. The upper panel of figure 2 shows Western blot analysis
of 293T cells that produced lentiviral vector particles and were co-transfected with empty
vector, ABCB4, ABCB4mut or ABCC1. ABCB4 protein was undetectable in the 293T cell
line. The bands representing ABCB4 and ABCB4mut protein in polyacrylamide
SDS/PAGE co-migrated (Figure 2A, sample 1,2). Liver lysate of ABCB4 transgenic mice
(A63+ mouse strain *) was used as a positive control (data not shown). Bands
representing ABCB4 and ABCB4mut protein were similar in intensity and mobility. In the
transfectants, two bands were detected, possibly corresponding to different glycosylation
patterns of ABCB4 protein.

As expected ABCC1 protein had a lower mobility than ABCB4 protein. No ABCC1
protein expression was detected in the untransfected cells.

Detection of protein in lentiviral preparations may result from incorporation in viral
particles. Therefore, immunoreactivity of the expressed membrane proteins was
measured in purified viral fractions. The lower panel of figure 2 shows the protein
analysis of lentiviral vector preparations. When ABCB4 protein was expressed during
lentiviral vector production, ABCB4 protein was also detected in lentiviral preparations.
Although ABCB4 protein expression was similar to ABCB4mut protein expression in
lentivirus producing cells, the amount of ABCB4mut protein in concentrated lentiviral
vector preparations was undetectable. As mentioned above, only ABCB4 expression
decreased the ratio of TU/p24 in viral supernatant. The presence of ABCB4 protein in
the lentivirus particles per se cannot explain the reduction of infectious particles,
because ABCC1 protein was also detected in lentivirus fractions, without affecting viral
infectivity negatively. The fact that both ABCB4 and ABCC1 appear in concentrated virus
preparations points in the direction that ABCB4 function, rather then its presence in viral
particles, inhibits the production of infectious particles.
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ABCB4 expression alters phosphatidylcholine and cholesterol composition of
viral preparations

We also measured phosphatidylcholine and cholesterol content of lentiviral vector
preparations. As mentioned above, ABCB4 co-expression and not ABCB4mut co-
expression inhibited infectivity of lentiviral particles. One explanation for the decrease in
the number of infectious lentiviral particles is that ABCB4 function affects the lipid
composition of the lentiviral particle. Because ABCB4 is a specific phosphatidylcholine
floppase ¥, more of this lipid species might be incorporated in the lentiviral particles.

To investigate this, phosphatidylcholine and cholesterol concentration were determined
in lentiviral vector preparations and corrected for the amount of p24-gag antigen (Table
2). Co-transfection of ABCB4mut plasmid or empty vector plasmid resulted in similar
PC/p24-gag antigen and cholesterol/p24-gag antigen ratios. As expected, the ratio of
PC/cholesterol was relatively high .

If ABCB4 was expressed during viral vector production, there was a significant increase
in the content of PC per p24-gag antigen (51 + 26 nmol/ug p24, p<0.01) compared to
ABCB4mut co-expression or addition of empty vector. A concomitant increase was also
observed in the presence of cholesterol per p24-gag antigen (40 = 19 nmol/ug p24,
p<0.01). The relative increase of PC content in lentiviral fractions obtained from ABCB4
positive 293T cells was larger than that of the cholesterol content compared to ABCB4
mutant co-expression (approximately 13-fold and 4-fold, respectively). The
PC/cholesterol ratio in lentivirus produced by 293T cells increased from 0.4 co-
expressing ABCB4mut to 1.3 in cells expressing wild type ABCB4. Hence, the specific
floppase activity of ABCB4 may directly relate to an increase of phosphatidylcholine in
the lentiviral particles.

No decrease of VSV-G incorporation in the lentiviral vector by ABCB4 expression.
A decrease in the incorporation of VSV-G in the lentiviral vector particles may reduce the
infectivity. In figure 3, we show that equal amounts of p24 gag-antigen of lentiviral vector
preps produced with ABCB4 or ABCB4mut did not alter the VSV-G content, suggesting
that VSV-G is efficiently incorporated in the lentiviral vector particles. However, if equal
numbers of transducing units were loaded, we observed a markedly increase in the
VSV-G content if ABCB4 was expressed, which confirms that more particles were
loaded, which were less infectious.

No significant inhibition by PC vesicles, presence of PC in the medium, or other
components produced during co-expression of ABCB4 during lentiviral vector
expression.

The increase of PC and cholesterol in viral preparations from cells expressing ABCB4
could also be caused by the generation of vesicles or membrane fragments by these
cells. ABCB4 has been suggested to directly cause budding of phospholipid vesicles
from the plasma membrane ''. Such vesicles could indirectly cause the inhibition of
lentiviral vector infectivity. To test this possibility, lentiviral vector transduction was
performed in the presence of PC vesicles. The highest amount of PC that we measured
in a viral preparation produced during ABCB4 co-expression was 514uM. Because the
virus pellet was concentrated 350-fold, the concentration of PC vesicles in the
unconcentrated supernatant would have been approximately 1.5uM. We produced PC
liposomes and added these to lentiviral supernatants. Addition of PC did not significantly
affect transduction of HelLa cells. Even a 7-fold higher concentration of PC than we
observed in the viral preparation derived from ABCB4-expressing cells did not
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significantly reduce transduction efficiency (Table 3a). Therefore, we conclude that
presence of PC in viral supernatant cannot explain the reduced infectivity.

A second set of experiments was done to exclude that other factors in the medium
produced by cells co-expressing ABCB4 had reduced viral infectivity. Supernatant was
removed from 293T cells that where transfected to express ABCB4 and ABCB4mut
protein and mixed with lentiviral supernatant. Subsequently, the mixture was used to
transduce Hela cells (Table 3b). There was no significant difference in transduction
efficiency if supernatant of ABCB4 or ABCB4mut transfected cells was mixed with
lentiviral vectors.

To exclude that the combination of the lentiviral vector production with ABCB4 had a
significant effect on the infectivity we performed a co-transduction of lentiviral vector
produced with ABCB4 wildtype and mutant. Lentiviral vector
(pPRRLcpptcmvdsREDpreSsin) was produced during ABCB4 or ABCB4mut. In parallel,
pRRLcpptcmvGFPpreSsin vector was produced. Subsequently, equal volumes of
CMVdsRED/ABCB4 or CMVdsRED/ABCB4mut were mixed with CMVGFP LV vector
and Hela cells were incubated and transduction efficiency was determined four days
later.

As shown in table 3c, the percentage of GFP positive cells measured was similar if
transduction was performed with CMVdsRED/ABCB4 or CMVdsRED/ABCB4mut
supernatant. The three experiments described above make it very unlikely that PC
vesicles or other factors produced by ABCB4 expressing cells inhibited infectivity of
lentiviral particles. We therefore conclude that the lower transduction efficiency of
lentiviral vectors co-produced with ABCB4 is due to increased PC content of the lentiviral
particle.

Discussion

We show that expression of the membrane protein ABCB4 during lentiviral vector
production reduces titers. We also show that this inhibition of infectivity is caused by
ABCB4 function, i.e. PC translocation, rather than by the presence of the protein:
ABCB4 mutant protein in which the ATP-binding module has been mutated did not
reduce viral titers, although it was expressed at the same level and with an identical
localisation as the wild type protein. In contrast to the loss of infectivity, ABCB4
expression did not reduce the production of viral particles (as measured by p24-antigen
values in viral vector supernatant). Whichever protein was expressed during virus
production (ABCB4, ABCB4mut or ABCC1 plasmid or empty vector), the amount of viral
particles produced was the similar.

A reduction of infectivity by the expression of ABC transporters has been shown
previously in experiments with replicative HIV-1 %% In these experiments, ABCB1, an
efflux pump that extrudes diverse hydrophobic drugs and peptides from cells, was
overexpressed which led to a reduction in the production of HIV-1 %, In the studies of
Lee et al 2, functional ABCB1 was not necessary for the decrease in HIV-1 production,
because a mutant without ATPase activity also decreased reverse transcriptase activity
in supernatant. Lee et al speculated that presence of protein in viral particles was
responsible for the reduction in production and infectivity. However, we show that
ABCCH1 in lentiviral particle preparations did not reduce infectivity and furthermore that
ABCB4mut had no negative effect on infectivity at all. Although the exact mechanism
has not been elucidated some studies have indicated that ABCB1 can mediate flux of
cholesterol from the cytosolic leaflet to the exoplasmic leaflet '° and may expel analogs
of phospholipids as well **, including phosphatidylcholine, and has been shown to
transport endogenous lipids '2%.
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HIV infection of ABCC1 overexpressing cells increased HIV-1 protein and virus
production 50-fold compared to control cells *. In our studies, ABCC1 co-expression
had no effect on viral titers. For both studies, the use of replicating virus may have
contributed to the dissimilarity with our observations, and more insight in the underlying
mechanisms is required to understand the precise process that takes place.

It has been described that many host cell-derived membrane proteins, such as major
histocompatibility complex (MHC-I) and adhesion molecules can be HIV virion-
associated '*#'_ However, it has not been shown that these membrane-associated
proteins inhibit infectivity in vitro. In our study, we could detect ABCB4 and ABCC1
protein, but not ABCB4mut protein in the virus preparations. Thus, only functional
ABCB4 protein may be incorporated into the virion and thereby reducing viral infectivity.
Because ABCC1 was also detected in the viral preparations the incorporation of proteins
in the viral particle itself does not seem to cause the reduced infectivity of lentiviral
particles.

Additionally, the co-expression of ABCB4 may have an effect on the incorporation of
VSV-g into the lentiviral particle, which may result in a lower infectivity. As shown by
Western blot analysis (figure 3) equal amounts of p24 gag-antigen did not reduce the
incorporation of VSV-g in the viral preparation, which excludes the possibility that less
VSV-g per particle is responsible for the reduced infectivity.

It has been well described that the plasma membrane rafts play an important role in HIV-
1 assembly and release *. These microdomains contain a high content of cholesterol
and sphingomyelin 2. Additionally, it has been shown that the cholesterol in the lentiviral
particle is critical for HIV-1 integrity and infectivity 2?2, In a recent paper the unusual
composition of HIV-1 particles was shown with a marked decrease of PC in virions
compared to cellular membranes of an infected T-cell line ”.

The ATP transporter ABCB4 is a phospholipid floppase and specifically translocates PC
from the inner to the outer membrane in the apical membrane of the hepatocyte *.
Because lipid composition of the viral particle is important for viral infectivity, ABCB4
may very well change lipid composition of the viral particles if present during viral vector
production. The clear increase of the PC/cholesterol ratio in viral preparations that we
observed strongly indicates that this process takes place.

Additionally, ABCC1 has been documented to be associated with lipid rafts %', although
this protein also has been reported not to be in glycolipid-enriched microdomains **.
ABCB1 also appears to be associated with rafts and even retains function when
reconstituted into sphingolipid- and cholesterol-rich environment 2°. ABCB4 is expressed
at the apical membrane of hepatocytes, which contains relatively high levels of
cholesterol and sphingolipid (rafts). ABCC1 and ABCB4 may have been incorporated in
viral particles in our studies, because of their localisation in lipid rafts.

As has been shown previously, vesicles derived from cell membranes can be a major
contaminant in gradient-enriched HIV-1 preparations **°. Therefore, another explanation
may be that ABCB4 increases PC vesicle formation and release in vitro, as has been
shown to occur in vivo ', which may indirectly interfere with viral transduction efficiency.
Incubation of target cells with phosphatidylserine (PS) liposomes increased viral entry,
but treatment of cells with PC did not increase viral entry '°. In another study, HIV-1
replication was significantly inhibited with vesicles consisting of PS, but not PC . To
exclude that nonviral PC vesicles present in the preparation inhibited viral infectivity in
our experiments, we generated PC vesicles, which were added before viral transduction.
As shown in table 3a and in line with the literature cited above ®'°, there was no
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significant decrease in viral transduction if we increased PC concentration 7-fold (10uM)
compared to the average concentration of PC in culture medium harvested from cells co-
expressing ABCB4 during lentivirus production (1.5uM).

In addition, to exclude that other factors in culture medium had influenced viral infectivity,
harvested culture medium of ABCB4 or ABCB4mut expressing cells was mixed with
lentiviral vector supernatant and incubated on Hela cells. No reduction of lentiviral
transduction efficiency was observed.

The additional production of lentiviral particles to ABCB4 expression may have reduced
the infectivity. Lentiviral vector preparation (CMVdsRED) produced with co-expression of
ABCB4 led to a reduced number of transducing units. A mix of CMVGFP with the
CMVdsRED/ABCB4 preparation did not affect the transduction efficiency of the
CMVGFP viral vector preparation.

These experiments above rule out that other factors in the culture medium had
influenced viral infectivity negatively.

In conclusion, ABCB4 function decreases lentiviral vector infectivity, without any
apparent effect on lentiviral vector production. Active ABC transport proteins and
especially those that have the ability to influence the phospholipid cell membrane
composition may alter the lipid composition of lentivirus resulting in impaired infectivity.
More insight in the relation between lentiviral phospholipid composition and infectivity
might lead to novel ways to combat HIV infection.
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.
Figure 1. Cellular localisation of ABC transporter protein expression.
Immunofluorescence staining of transfected 293T cells using specific antibodies for ABCB4 and ABCC1
protein. Upper panel represent: (A) ABCB4 protein, and (B) ABCB4mut protein. Lower panel represent: (C)
ABCC1 protein, and (D) 293T cell line (negative control). Nuclei were stained with DAPI. Strong

immunoreactive staining was observed in cells expressing ABCB4, ABCB4mut and ABCC1. All three
proteins displayed similar subcellular localization.
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Figure 2. Western blot of ABC transporter proteins in cells and viral particles

(A) Lysates of lentiviral vector producing 293T cells with or without co-transfection of transmembrane
proteins. Lanes represent: (1) ABCB4 and lentiGFP, (2) ABCB4mut and lentiGFP, (3) lentiGFP, and (4)
ABCC1 and lentiGFP.

293T cells did not express ABCB4 or ABCC1 protein. ABCB4 immunoreactive protein of apparent molecular
mass of 140 kDa was detected and ABCB4mut co-migrated with ABCB4 protein. ABCC1 protein migrated
slower than ABCB4 protein in agreement with the higher molecular weight (170kD). The two apparent bands
in both ABCB4 and ABCC1 lanes most likely correspond with glycosylated (upper) and non-glycosylated
(lower) form. Similar amounts of protein were loaded as shown by B-actin immunoreactive signal.

(B) Lysates of lentiviral vector particle preparations are presented in similar order as panel A. Only in
lentiviral particles produced during co-expression of ABCB4 or ABCC1 a band for the respective ABC
transporter protein could be detected. No immunoreactivity was detected if ABCB4mut protein was
expressed.

Equal p24 Equal TU

ABCB4 mut. .

VSVg

ABCB4
ABCB4
ABCB4 mut.

Figure 3. Western blot of VSVg content in viral vector preparations after ABCB4 co-expression.
Lentiviral vector preparations were produced with co-expression of ABCB4 or ABCB4mut protein. In the
panel on the left hand side equal amount of p24 gag-antigen were loaded. On the right hand side equal
numbers of transducing units were loaded. The amount of p24 gag-antigen, presenting the number of
particles was not different between ABCB4 or ABCB4mut co-expression.
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Figures and tables:

Table 1: Effect of co-expression of ABC transporters ABCB4 and ABCC1 on infectivity.

TU/ml® p24/ml® TU/pg p24
Empty vector 100 % 100 % 9.9+ 2.8" (n=6)
ABCB4 (n=8) 17.0+ 9.0 % 90.5+55.3 % 23+0.7
ABCB4 mutant (n=8) | 88.9+ 39.8 %* | 104.6 +30.3 % 8.9 +2.8*
ABCC1 (n=7) 106.1 + 48.4 %** | 119.3+66.9 % 7.8+1.1™

*The data for TU/ml and p24/ml are presented as a percentage, with the co-transfection of empty vector
during the production of lentiviral vectors given an arbitrary value of 100%. Significant difference p<0.01 or
p<0.001** compared to ABCB4 co-expression. Mean values are presented + SD.

Table 2: Phosphatidylcholine and cholesterol content of viral fractions.

Transfer vector Protein nmol PC/ug p24 nmol cholesterol/ng n
p24

LentiGFP ABCB4 51+26 40+19 6

LentiGFP ABCB4mutant 4+ 3* 9+2* 6

LentiGFP None 6 +4* 8+1* 3

Table representing the PC and cholesterol content of lentiviral vector preparations produced with co-
expression of ABCB4, ABCB4mut or no co-expression. The values were adjusted for the amount of p24-gag
antigen per sample. *Significant difference p<0.01 compared to ABCB4 co-expression. Mean values are
presented + SD.

Table 3a: Effect of PC vesicles on transduction efficiency.

Phosphatidylcholine 0 1 10
(M)
Transduction percentage 100 93.8+4.7 | 85.1+104

Table represents transduction efficiencies of lentiviral particles with or without addition of PC vesicles. The
transduction efficiency without addition of PC vesicles was given an arbitrary value of 100%. °PC
concentration in transduction medium. Mean values are presented + SD (n=3).

Table 3b: No inhibition of transduction by medium of ABCB4 expressing 293T cells.

Supernatant Empty medium ABCB4 ABCB4 mutant
Transduction 100 119+3 98 +13
percentage

Supernatants harvested from ABCB4 or ABCB4mut expressing 293T cells were mixed with concentrated
lentiviral vectors and transduction efficiencies were determined. The transduction efficiency of empty
medium was given an arbitrary value of 100%. Mean values are presented + SD (n=3).

Table 3c: No inhibition of transduction by LV-CMVdsRED/ABCB4 viral vector prep on CMVGFP
lentiviral transduction.

Supernatant CMVdsRED/ABCB4 CMVdsRED/ABCB4 mutant

Transduction percentage CMVGFP 100 104

Transduction at MOI 1with CMVdsRED/ABCB4 viral vector and CMVGFP viral vector were mixed and
incubated with Hela cells. The effect of CMVdsRED/ABCB4 lentivirus on CMVGFP transduction efficiency
was determined by flow cytometry. The transduction efficiency of CMVdsRED/ABCB4 mix was given an
arbitrary value of 100%. Samples were tested in duplo and mean values are presented + SD (n=2).
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Abstract

Background Lentiviral vectors can transduce non-dividing cells for ex vivo gene
therapy. To avoid rejection of transduced cells after transplantation, a non-immunogenic
selection marker is necessary. RNA polymerase Il is required for transcription of
messenger RNA in all mammalian cells and can be selectively inhibited by the
mushroom toxin a-amanitin at low concentrations leading to subsequent cell death. We
investigated whether a mutated RNA polymerase Il largest subunit (hRPII"), which has
been described to confer resistance to a-amanitin, could be used as a selection marker
in a lentiviral vector system.

Methods The cDNA of this mutant was cloned into a lentiviral vector (lenti-hRPII") and
was used to transduce Hela cells, rat hepatoma cells and human fibroblasts to
determine a-amanitin resistance.

Results The hRPII" protein could be visualized by Western blot analysis 4 days after
transduction. Transduced HelLa and h35 cells could be grown at 5uM a-amanitin, while
more than 99% of non-transduced cells were killed after 4-day incubation. Titers of lenti-
hRPII" were 1.8 x 10° HelLa transducing units per ml. Both dividing and confluent human
fibroblasts were resistant against a-amanitin after transduction with lenti-hRPII".
Conclusions We have shown that mutant RNA polymerase Il can be used as a
selection marker in a variety of mammalian cell-types. The toxin acts on the RNA
polymerase I, which is a protein that is required in all mammalian cells. Over-expression
of RNA polymerase is therefore not likely to be detrimental. Furthermore, because hRPII
is an endogenous protein, an immune response is unlikely once ex vivo selected cells
are transplanted.
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Introduction

Lentiviral vectors can transduce non-dividing cells for ex vivo gene therapy '®'. The
optimal transplantation procedure is transduction at a low multiplicity of infection (MOI) to
minimize the risk of insertional mutagenesis. It has been shown that random insertion of
murine retroviral vectors, multiple integrations and a bias for integration into
transcriptionally active genes, may lead to leukemia in ex vivo gene therapy settings
3914 Although Human Immunodeficiency Virus and murine leukemia viruses have a
different integration pattern °, insertional mutagenesis may also be mediated by lentiviral
vectors, because Human Immunodeficiency Virus-1 integrates preferentially near or in
active genes %°.

Unfortunately, some cell types such as hepatocytes and cells of hematopoietic origin are
not transduced with 100% efficiency at low MOI and selection of transduced cells is
necessary. The majority of the conventional selection markers have the potential to elicit
an immune response. These selection markers include enzymes that inactivate toxic
levels of neomycin, hygromycin or puromycin. Reporter genes such as Green
Fluorescent Protein (GFP) can be used to select transduced cells by flow cytometry, but
this is not a mammalian protein and will induce an immune response as well. In
conclusion, the ideal selection marker should be non-immunogenic, should normally be
expressed in mammalian cells and act in both dividing and non-dividing cells. Therefore
it is important to expand the availability of selectable markers for ex vivo gene therapy.
The mushroom Amanita phalloides produces two families of toxic peptides, of which one
are the amatoxins . A member of the amatoxins, a-amanitin, inhibits the RNA
polymerase Il in mammalian species '#'>2". It has been described that resistant clones
of BALB/c 3T3 cells could be selected by low concentrations of a-amanitin. This mutant
had a point mutation in RNA polymerase |l gene resulting in an asparagine (residue
793)-to-aspartate change that was 500 times more resistant to a-amanitin than the
wildtype form 2. A similar mutation in human RNA polymerase Il resulted in a protein that
could not bind a-amanitin and therefore conferred resistance to this potent cytotoxin 8.
We investigated the use of this human mutant RNA polymerase Il in a lentiviral vector
system as an endogenous selection marker for gene therapy.

Materials and Methods

Plasmids

The plasmid pRRLcpptpgkGFPpreSsin containing the hepatitis B virus posttransiational
regulatory element, central polypurine tract and the phosphoglycerate kinase promoter
driving the expression of GFP (lenti-GFP) was used in our experiments as a negative
control. This vector has been described before .

The plasmid pAT7h1aAm'’, kindly provided by Marc Vigneron '8, contained the cDNA
corresponding to the coding sequences of a mutant RNA polymerase largest subunit
(hRPII") in frame with six histidines (his-tag) that confers resistance to a-amanitin. The
cDNA was excised by partial Nhel (Roche) digestion and by Xbal (Pharmacia) digestion.
This fragment was inserted into the Xbal site of the lentiviral transfer vector
pRRLcpptpgkMCSpreSsin, which contains a multiple cloning site in place of the GFP
gene, to obtain the pRRLcpptpgkhRPII-his-tagpreSsin vector (lenti-hRPII").

Lentiviral Vector production

Lentivirus vectors were produced as described % by transient transfection of 293T cells
by calcium-phosphate precipitation, pseudotyped with Vesicular Stomatitis Virus-G
envelope protein. Virus was titrated on HelLa cells and H35 rat hepatoma cells. The
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number of single viable cells was counted to determine the transducing units (TU) per
ml.

Cell culture

Human Epithelial Kidney 293T, HelLa cells (human cervical carcinoma), h35 rat
hepatoma and F00-129 human fibroblast cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 100 units/ml
of penicillin, 100 ng/ml streptomycin and 2 mM L-glutamine. HeLa and h35 cells were
transduced by incubation of lentivirus for 4 hours with 10 pg/uL DEAE-Dextran
(Pharmacia). F00-129 fibroblasts were prior to transduction grown to confluent
monolayer and maintained for three days to ensure that all cells had stopped dividing or
were seeded at low density. After transduction, cells were washed and selection of
resistant cells was started 4 days later by incubation with a-amanitin (Sigma).

Colony stains

After 4 days incubation with a-amanitin, the medium was refreshed and one day later,
the cells were fixed and stained in 50% methanol/10% glacial acetic acid/ H,O
containing 0.1% Coomassie Brilliant Blue® G250 and counted as described before .

Western blots

Selected cells were washed with phosphate buffered saline (PBS), dislodged in 5mM
EDTA/PBS, and sonicated. Protein was determined by bicinchoninic acid solution
(Sigma)/0.08% CuSO, solution (Merck). A total of 15ug protein was diluted in sample
buffer containing 20mM dithiothreitol (DTT). Samples were boiled for 3 minutes, chilled
on ice and loaded on an 8% polyacrylamide gel.

After one hour, the gels were blotted on nitrocellulose membrane and subsequently
washed in 0.05% Tween 20/ 4% milkpowder in PBS for 1 hour. The membrane was
washed three times with 0.05% Tween 20 in PBS and subsequently incubated with
rabbit polyclonal anti-his-tag antibody (1:200, Santa Cruz) in 0.05% Tween/1%
milkpowder in PBS.

The blot was washed three times with 0.05% Tween/1% milkpowder in PBS, followed by
incubation with goat-anti-rabbit-alkaline phosphatase (AP, 1:3000) in 0.05% Tween/1%
milkpowder in PBS. The blot was washed with 0.05% Tween in PBS for three times,
followed by a wash in AP-buffer (100mM Tris, pH 9.5/100mM NaCl/50mM MgCl,) and
incubated with NBT/BCIP solution (Roche).

Quantification of proliferation and cell viability

Cell proliferation assay WST-1 (Roche) was used according to the manufacturer’s
protocol to determine proliferation and cell viability.
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Results

H35 rat hepatoma cells were transduced with lentiviral hRPII" expression vector.
Western blot confirmed hRPII" protein expression by detection of his-tag (Figure 1).

After 4 days, medium was refreshed and the cells were incubated with different
concentrations of a-amanitin. Four days later the cells were fixed and stained (Figure 2).
All lenti-GFP transduced negative control cells were killed at 10uM a-amanitin. At 5uM
a-amanitin residual non-proliferating cells were observed. After withdrawal of a-amanitin,
these cells resumed proliferation. To determine the lentiviral vector titers, we counted the
number of viable cells after transduction with serially diluted viral supernatant, and
selection with 10uM a-amanitin. (Table 1). This resulted in titers in h35 hepatoma cells
and Hela cells of 0.9 x 10° TU/ml and 1.8 x 10° TU/ml respectively. Some resistant cells
formed colonies within 4 days of a-amanitin incubation.

To test viability, a WST-assay was performed in non-transduced h35 cells and a-
amanitin selected cells (Figure 3A). Viable cells could not be detected with this assay at
concentrations of 10uM a-amanitin and higher. At 5uM, less than 1% of WST signal was
detected, corresponding with residual viable cells. In hRPII" transduced h35 cells, more
than 50% of cells survived at 5uM. Remarkably, even at a concentration of 160uM hRPII"
transduced h35 cells survived. Time course of a-amanitin induced cell death is shown in
figure 3B, h35 cell viability decreased after an incubation of 2 days with 10uM a-
amanitin, and all cells were killed after a 4 days.

Dividing and quiescent human fibroblasts were transduced with hRPII" lentiviral vector
(Table 2). Both dividing and non-dividing cells were resistant following transduction with
hRPII" lentiviral vector. The percentage of dividing resistant cells was slightly higher than
non-dividing resistant cells. Control transduced cells were all killed after a-amanitin
treatment (Table 2).
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Discussion

It is important to generate selection markers for ex vivo gene therapy to be able to
transduce cells with a low multiplicity of infection and still obtain a population of 100%
transduced cells. The selection marker should act in a broad range of cell types and the
cells should not have a natural resistance to the selection drug. Additionally, the
selection marker should be endogenous to reduce immunogenicity and reduce the
chance that the expression of the protein is detrimental to the cells.

We show that the recombinant hRPII" can be used in a lentiviral vector system to select
different mammalian cell-types. It is a highly selective procedure, relatively quick and
efficient compared to conventional selection markers, such as the antibiotic resistance
marker neomycin. Additionally, it acts on both dividing and non-dividing cells.

Lentiviral expression of foreign proteins can induce a rapid induction of an immune
response #1317 The use of hRPII" may prevent an immunologic response, because it
is an endogenous protein. An endogenous protein with point mutations that affects a
single amino acid is unlikely to trigger an immune response. This has been shown in
gene therapy for missense mutations in p-glucuronidase deficient dogs '°. In another
hemophilia B model, hemophilic dogs have a missense mutations in the catalytic domain
of factor IX (FIX) that changes Gly379 to a Glu residue ®. These dogs rarely develop
inhibitory antibodies to infused canine factor IX. On the other hand, all these animals
developed inhibitory antihuman FIX antibodies, if these animals were infused with
human FIX *. As a result of this, in a clinical trial to treat adult patients with severe
hemophilia B by adeno-associated virus vectors, only patients with a missense mutation
in FIX were included '°. Since this selectable marker also features a missense mutation
it is most likely that this protein is recognized as self, which makes it feasible for an ex
vivo gene therapy approach. In addition, hRPII" lentiviral vectors can vyield sufficient
titers.

Many primary cell types do not divide in vitro, or only if stimulated with growth factors.
Therefore, we tested if human fibroblasts, grown to 100% confluence could be
transduced and selected. The lentiviral vector rendered both dividing and non-dividing
human fibroblasts resistant to o-amanitin. This endogenous protein may therefore
provide an alternative for use in ex vivo gene therapy to select transduced cells of
various origins.
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Table 1. Titration of lenti-hRPII" virus.

H35 TU/ml Hela TU/mI

Lenti-hRPII" 0.9x10° 1.8 x 10°

H35 and Hela cells were cultured in 10uM a-amanitin for 4 days to determine the transducing units per ml
(TU/ml). HeLa TU/ml of lenti-hRPII" viral vector preparations were approximately 10 times lower than control
lenti-GFP viral vectors (2 x 10° TU/ml).

Table 2. Transduction and selection of human fibroblasts.

Lentivirus Lentivirus + a-amanitin | No lentivirus + a-amanitin

Dividing 100% 74% 0%

Non-dividing 100% 70% 0%

F00-129 human fibroblasts were transduced with hRPII" lentiviral vectors, incubated with or without 10uM a-
amanitin for 4 days. Subsequently, surviving fibroblasts were counted. The percentage of selected cells was
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normalized to the number of cells cultured without a-amanitin. If cells were dividing, slightly more cells
survived a-amanitin treatment. All non-transduced cells were killed.

N T
hRPIIr- == _505kDa

-120kDa

Figure 1. Western blot analysis for hRPII" protein.

H35 rat hepatoma cells were transduced with lenti-hRPII" viral vectors expressing the his-tagged hRPII" (T).
Negative control cells were transduced with lenti-GFP (N). Equal amounts of protein were loaded on the gel.
In lenti-hRPII" —transduced cells, bands were observed that migrated in the range of 240kDa
(multiphosphorylated) and 214kDa (unphosphorylated) form '®.

. Control :
oOuM  13uM 2.5uM 5uM 10 uM 20 uM

Figure 2. Lenti-hRPII' confers resistance to a-amanitin.

In h35 hepatoma cells incubated with different concentrations of a-amanitin for 4 days all cells were killed at
a concentration of 10uM. At 5uM only very few cells were left (lower panel). A proportion of cells transduced
with lenti-hRPII" viral vectors survived 20uM o-amanitin concentration for 4 days.
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Figure 3. Cell proliferation and viability assay of hRPII'-transduced h35 hepatoma cells.

(A) H35 rat hepatoma cells were incubated with increasing concentrations of a-amanitin with or without lenti-
hRPII" pre-treatment. At a concentration of 5uM less than 1 percent of cells in non-pretreated cells were
viable. In hRPII-transduced cells, even at 160 uM cells were still viable.
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(B) A significant reduction of cell survival was observed after a two-day incubation with 10uM a-amanitin. All
h35 cells were killed after 4 days of 10uM a-amanitin incubation.
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Abstract

Mature human hepatocytes are the preferred cells for in vitro applications that depend
on hepatic function, such as pharmacological or toxicological assays and bioartificial
liver systems. However, mature human hepatocytes are unsuitable for large-scale
applications because of their limited availability. Therefore, a cell line that combines both
in vitro hepatic function and proliferation capacity is desirable. In this study we
investigated whether an immortalized human fetal liver cell derived line could be used as
an alternative cell source for in vitro hepatocyte applications.

Cell clones were derived from human fetal liver cells and immortalized by over-
expression of telomerase reverse transcriptase. One of the resulting cell lines, cBAL111,
showed evidence of albumin and urea production, mRNA levels of hepatocyte-specific
genes similar to the parental cells prior to immortalization, but did not show any evidence
of growth in soft agar. Cell line cBAL111 expressed both cytokeratin 18 and 19 and
showed high glutathione S transferase pi mMRNA levels. In contrast to hepatic cell lines
NKNT-3 and HepG2, all hepatic functions and markers were expressed in cBAL111,
although there was considerable variation in their levels compared with primary mature
hepatocytes. When transplanted in the spleen of immunodeficient mice, cBAL111
engrafted into the liver and differentiated into hepatocytes showing expression of
carbamoyl phosphate synthetase without any signs of cell fusion.

We conclude that this novel immortalized fetal liver cell line has the potential to
differentiate into mature hepatocytes to be used for in vitro hepatocyte applications.
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Introduction

Most pharmacological or toxicological assays and bioartificial liver support systems
require fully differentiated hepatocytes. The availability of mature human hepatocytes is
variable and the numbers low, because they are usually isolated from donor livers not
suitable for transplantation. In addition these cells hardly proliferate in vitro °. Since
mature human hepatocytes cannot be used for large-scale applications, there is a
pressing need for a cell line that combines highly differentiated hepatic functions while
maintaining adequate proliferation capacity.

Several cell lines derived from human liver tumours, such as the hepatoma cell line
HepG2 7 as well as in vitro immortalized cell lines, like the NKNT-3 cell line, have been
investigated ®'°. In general, these cell lines proliferate adequately, but the levels of
hepatocyte-specific functions (e.g. urea production from ammonia and cytochrome p450
detoxification activity) remain disappointedly low.

In tumour-derived cell lines, the mutations leading to immortalization are largely
unknown. In an attempt to control the immortalization process and therefore prevent at
least part of the dedifferentiation process, several immortalized cell lines have been
developed. However, although certain genetic modifications in immortalized cell lines are
known, spontaneous mutations contributing to the immortalization cannot be excluded.
For successful in vitro immortalization, overexpression of cell cycle stimulating genes is
generally required. Due to the low proliferation capacity of mature hepatocytes, strong
stimulation of cell cycle progression is necessary for immortalization. In the majority of in
vitro immortalizations of primary human liver cells, the gene encoding Simian Virus 40
Large T antigen (SV40T), an inhibitor of the cell cycle inhibitors p53 and the
Retinoblastoma protein, has been used '*'?"°. In addition, overexpression of Cyclin D1,
which stimulates cell cycle progression, and dominant negative mutants of p53 have
also led to successful immortalization #. In some immortalized cell lines, proliferation
was combined with stabilisation of the telomeres . Critically short telomeres induce a
terminal state of growth arrest called crisis °. Overexpression of the catalytic subunit of
telomerase, hTERT, stabilizes telomere length, thereby avoiding cellular crisis. As a
general principle immortalization by overexpression of hTERT only, minimises the
reduction in functionality ’.

In contrast to mature human hepatocytes, fetal human hepatocytes have the ability to
proliferate in vitro nar thereby can be immortalized without cell cycle stimulation; in
addition telomere stabilisation can immortalize these cells ?’. Wege et al. ?’ showed that
the immortalization of fetal human hepatocytes did not affect their differentiation
potential, however, the functionality of the immortalized cells was not compared with
mature human hepatocytes. Such comparison is essential to establish the suitability of
these cells for hepatocyte applications in vitro. In our previous report we demonstrated
that primary human fetal liver cells (HFLCs) in culture exhibit albumin production rates
and hepatocyte specific mMRNA levels comparable to those of primary mature human
hepatocytes in vitro °. However, after eight population doublings most of these functions
were decreased to less than 1% of the corresponding function of primary human
hepatocytes in vitro. This functional loss can be, at least partly, attributed to the
presence of non-parenchymal cells in the cell preparation, which eventually outnumber
the functional hepatocytes. Therefore, selection of functional cells is necessary if HFLCs
are extensively expanded in vitro.

In a previous study we already isolated HFLCs and selected specific clones based on
their morphology and growth potential °. In this study, the telomerase based
immortalization technique and the selection of functional human fetal liver cells were
combined to obtain new hepatic cell lines. In addition, the hTERT gene was introduced
in these cells by lentiviral transduction to restore telomerase activity. The resulting
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immortalized cell line was tested for in vitro hepatic functions and compared with other
well-known hepatic cell lines, more specifically the conditionally immortalized NKNT-3 *°
and the tumour derived HepG2 cells . Furthermore to test whether the resulted novel
immortalized cell line had the ability to differentiate into functional hepatocytes; the cell
line was transplanted into the spleen of immunodeficient mice.

Materials and Methods

Cell isolation and culture

Human fetal livers were obtained from elective abortions. Gestational age was
determined by ultrasonic measurement of the diameter of the skull and ranged from 14
to 18 weeks. The use of this tissue was approved by the Medical Ethical Committee of
the Academic Medical Center, Amsterdam, the Netherlands, subject to informed patient
consent. We isolated HFLCs on three independent occasions; in each case four fetal
livers were pooled. Cells were isolated as described previously °. HFLCs were seeded in
DMEM culture medium (Dulbecco’s modified Eagle’s medium, BioWhittaker) containing
10% heat-inactivated fetal bovine serum (HI-FBS, BioWhittaker), 2 mM L-glutamine
(BioWhittaker), 1 yM dexamethason (Sigma), 10 pyg/mL insulin, 5.5 yg/mL transferrin,
6.7 ng/mL selenium-X (ITS mix, Life Technology), 100 U/mL penicillin, 100 pg/mL
streptomycin (penicillin/streptomycin mix, BioWhittaker) at a density of approximately
3*10° cells/cm? in Primaria 6-well plates (BD Falcon). Clonal derivatives were obtained
by limiting dilution. The selection procedure used and the functionality of the clonal
derivatives are described elsewhere °. Near-confluent cultures were detached by 5 min
incubation with 0.25 % trypsin/0.03% EDTA (BioWhittaker) and split at 1:4 ratios. The
number of population doublings (PD) was calculated as PD = log (N¢#N;) / log 2, in which
Nt is the final number of cells harvested and N; is the number of cells initially seeded. No
corrections were made for cells that did not re-attach after passaging, since their
proportion was negligible. The period in which PD number progressed linear with culture
time was used to calculate the PD time (Tpp).

Mature primary human hepatocytes were isolated from seven patients undergoing partial
hepatectomy, because of metastatic carcinoma. The tumour free liver tissue used in
each case for the hepatocyte isolation ranged between 2 to 10 grams. The procedure
was approved by the Medical Ethical Committee of the Academic Medical Center subject
to informed patient consent. The hepatocyte isolation method was adapted from the
protocol described by Seglen # as previously described ° *.

NKNT-3 cells were kindly donated by Prof. |. Fox, University of Nebraska, USA. The
NKNT-3 cells were cultured on Primaria 6-well culture plates (BD Falcon) and in 75 cm?
culture flasks using CS-C complete serum free medium (Cell Systems Corporation) with
0.2mg/ml hygromycin B (Invitrogen) and 1 U/ml penicillin/streptomycin (BioWhittaker).
Cultures were passaged with a split ratio of 1:5 according to instructions for CS-C
medium. Cre-mediated recombination to revert immortalization of NKNT-3 cells "° was
carried out by transduction of the adenoviral vector AXCANCre (Riken DNA Bank
(Tsukuba Life Science Center, Japan) as described previously 8. We analysed both
reverted, hence transduced with AXCANCre and selected with G418, and unreverted i.e.
untreated cells. HepG2 cells were obtained from ATCC (HB-8065) and cultured in
Primaria tissue culture flasks in DMEM culture medium as described above for HFLCs.
All cultures were maintained at 37°C in a humidified atmosphere (95% air, 5% CO,) and
the medium was changed every 2-3 days.

Introduction of hTERT and Green Fluorescent Protein genes

The cDNA of the human telomerase reverse transcriptase (hTERT) gene, kindly
provided by R.L. Beijersbergen, Netherlands Cancer Institute, the Netherlands, was
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introduced in the cells by lentiviral transduction. The lentiviral vector backbone was
described as LTRCMVR2 by Markusic et al. ' and was produced as previously
described ?°. In brief, HEK 293T cells were transiently transfected by calcium phosphate
precipitation with a third generation lentiviral vector system. Virus containing supernatant
was collected at 24 and 48 hours following transfection, filtered through 0.45 pm
Millipore filters, concentrated by centrifugation and added to the culture medium of the
HFLCs. The lentiviral vector contained a cytomegalovirus promoter controlling the
expression of a reverse tetracycline (Tet) responsive transcriptional activator and a Tet
responsive element controlling the expression of the hTERT gene. In this system hTERT
transcription was increased by adding 1 ug/mL doxycyclin to the medium. The hTERT
cDNA was introduced in three independent HFLC cultures and in five clonal derivatives,
i.e. cBALO8, cBAL09, cBAL20, cBAL21 and cBAL29. Cells were passaged twice before
integration of the lentiviral vector was confirmed by PCR using genomic DNA of
transduced cells as template.

In the transplantation experiment cBAL111 cells were marked with Green Fluorescent
Protein (GFP) by transduction using lentiviral construct pRRLcpptPGKGFPpreSsin %
carrying the GFP gene under control of a phosphoglycerate kinase promoter. By
fluorescence-activated cell sorting it was demonstrated that > 95% of the transduced
cells were GFP positive. There were at least five passages between transduction with
GFP and transplantation of the cells.

Hepatocyte function tests

Hepatocyte function tests were performed at confluence in 6-well plates. After washing
the cells twice with phosphate buffered saline (PBS, NBPI International) culture medium
was replaced by 2.5 mL of test medium (William’s E medium with 4% HI-FBS, 2 mM L-
glutamine, 1 yM dexamethason, 20 mU/mL insulin (Novo Nordisk), 2 mM ornithine
(Sigma-Aldrich), 100 U/mL penicillin, 100 ug/mL streptomycin, 0.5 mM NH,4CI). Medium
samples were taken after 0 and 72 hours of incubation. The cells were then washed
twice with PBS and stored at -20°C for protein determination. All experiments were
performed in triplicate.

Biochemical assays

Urea concentrations were determined using the blood urea nitrogen test (Sigma
Chemical Co). Albumin concentrations were determined via enzyme linked
immunosorbent assays using cross-absorbed goat-anti-human albumin antibodies
(Bethyl). Total protein/well was quantified by spectrometry using Coomassie blue (Bio-
Rad). Production rates were established by calculating the changes in concentration
during time and corrected for protein content.

RT-PCR

RNA was isolated from the cell lines by using TRIzol (Boehringer Mannheim). As a
reference, human liver samples were included in the analyses. First strand cDNA was
generated from 500 ng of total RNA using 20 pmol of gene-specific RT primers specific
for the mRNA of Albumin, a-1-Antitrypsin (AAT), Transferrin, Alpha-fetoprotein (AFP), 1
class Glutathione S transferase (GST 1) and hTERT in combination with 5 pmol of RT
primer for 18S ribosomal RNA and 134 units Superscript Il (Invitrogen). Real-time
reverse transcription PCR (RT-PCR) using SYBR green | (Roche) was performed as
described previously ’. The sequences of the RT and PCR primers and PCR conditions
are given in Table 1.

Starting levels of mRNA, except for hTERT, were calculated by analyzing linear
regression on the Log (fluorescence) per cycle number data using LinRegPCR software
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21 Starting levels of hTERT mRNA were calculated by standard curve analysis, using
serial dilutions of hTERT containing plasmid ranging from 10% to 10° copies/reaction and
LightCycler software (Roche). The mRNA starting levels of Albumin, AAT, Transferrin,
AFP, GST 1, and hTERT were normalised for the starting levels of 18S ribosomal RNA.
Normalised mRNA levels, except for hTERT mRNA levels, are expressed as a
percentage of the mean mRNA starting levels of the two liver samples normalised for
18S ribosomal RNA starting levels.

Immunocytochemistry

For the detection of glutamine synthetase (GS), cBAL111 cells were cultured on 8-wells
culture-slides (BD Falcon) for two days. Then the cells were washed twice with PBS and
fixed by a 10-minutes incubation with ice-cold methanol-acetone-water mixture (2:2:1).
Cells were incubated with 70% ethanol for 5 minutes, washed with PBS and
subsequently incubated overnight with monoclonal GS antibody (Transduction
Laboratories, Lexington, KY, G45020) diluted 1:1000. Antibody binding was visualized
with the indirect unlabelled antibody peroxidase anti-peroxidase (PAP) method .

For the detection of cytokeratin (CK) 18 and 19, cBAL111 cells were seeded on
Immunoslides (ICN, Aurora, Ohio, USA) and cultured for 3 days. Cells were washed
once in PBS with 0.1% Tween-20 and fixated in 4% paraformaldehyde in PBS for 15
minutes at room temperature. Cells were washed as before and incubated with a
blocking buffer (3% BSA, 0.2% Fishgelatin (Sigma), 2%FCS) for one hour at room
temperature. After a further washing step, the cells were incubated with the primary
antibody for one hour at room temperature. As primary antibodies we used mouse-anti-
human CK18 (sc-6259, Santa Cruz) and mouse-anti-human CK19 (Santa Cruz) for
detection of CK 18 and 19, respectively. Cells were washed again as before and
incubated with 28 pg/mL Cy2 conjugated goat-anti-mouse IgG and 1 pg/mL
tetramethylrhodamine isothiocyanate (TRITC) conjugated phalloidin for 1 hour in a
humidified chamber at room temperature. Forty minutes before the end of this incubation
period, 20 ng/mL Diamidinophenylindoldiacetate (DAPI) was added. Cells were washed
again as before and embedded in Polymount (Polyscience, Washington, USA) and
covered with a coverslip. Slides were analysed using an Axiovert 200 fluorescence
microscope.

Soft Agar assay

Cells were added to 0.35% low-melting-temperature agarose (Seaplaque) containing
DMEM culture medium as described above and transferred at a density of 5000
cells/well to 6-well plates previously lined with 0.5% agar DMEM culture medium. After
15 days, the colonies were stained with 0.005% Crystal violet and counted.

Transplantation

The cBAL111 cells overexpressing GFP were transplanted into 6 week old Rag2”yc™
mice ?®. The mice were anesthetized with an intraperitoneal injection of FFM mixture (2.5
mg Fluanisone/0.105 mg Fentanyl citrate/0.625 mg Midazolam HCIl/kg in H,O, 7 mL/kg).
One million GFP-marked cBAL111 cells suspended in 100 uL HBSS were injected into
the inferior tip of the spleen as described ?°. Nine or 34 days after transplantation, liver
and spleen were harvested after in vivo fixation. For in vivo fixation, mice were
anesthetized as described above and 25 mL PBS was flushed trough the circulation,
followed by 25 mL 2% paraformaldehyde (PFA) in PBS. Subsequently, liver and spleen
were harvested and cut into pieces of approximately 0.2 cm®. The tissue pieces were
incubated in 4% PFA in PBS for four hours, followed by an overnight incubation in 30%
sucrose solution. Tissues were snap frozen in liquid nitrogen and stored at —-80°C.
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Immunohistochemistry

Cryosections were 6 pym thick and were mounted on poly-L-lysine coated slides.
Sections were incubated in Teng-T (10 mM Tris, 5 mM EDTA, 0.15 M NaCl, 0.25%
gelatin and 0.05% Tween-20, pH 8.0) for 30 minutes before incubation with primary
antibodies. Human mitochondria were visualized with a mouse-anti-human mitochondria
antibody (Chemicon International) in a 150-fold dilution; vimentin was visualized with a
mouse-anti vimentin antibody, clone 9 (Boehringer Mannheim) in a 1000-fold dilution;
carbamoylphosphate synthetase (CPS) was visualized with rabbit-anti-CPS antibody in a
1500-fold dilution and glutamine synthetase (GS) was visualized with monoclonal GS
antibody (Transduction Laboratories) in a 500-fold dilution. As a secondary antibody
Alexa594 conjugated goat-anti mouse IgG (Molecular Probes) was used in a 1000-fold
dilution for the detection of vimentin and human mitochondria and in a 250-fold dilution
for detection of GS. CPS antibodies were detected with Alexa594 conjugated goat-anti
rabbit IgG (Molecular Probes) in a 250-fold dilution. Slides were mounted in Vectashield
containing 1 pg/mL 4,6-diaminidino-2-phenylindole (DAPI) to counterstain DNA.

FISH analysis

FISH analysis was performed on 6 um sections of paraffin embedded liver tissue as
described before *°. Briefly, sections were treated to remove paraffin and the sections
were denatured in 70% formamide for 2.5 minutes. 150 ng Biotin 11-dUTP labeled
human genomic DNA, 200ng digoxigenin 11-dUTP labeled murine genomic DNA and 5
Mg salmon sperm DNA were denatured together and hybridized overnight at 37 °C with
the sections. After washing the slides, human DNA was visualized with FITC anti-avidin
followed by biotinylated anti-avidin antibodies (Vector laboratories), whilst mouse
genomic DNA was visualized with sheep rhodamine anti-digoxigenin followed by Texas
red anti-sheep antibodies (Vector laboratories). Slides were mounted in Vectashield
(Vector laboratories) containing 1 ug/mL DAPI to counterstain DNA.

Results

Human TERT introduction in HFLCs and clonal derivatives

The maximum number of PDs between the HFLC preparations and clonal derivatives
were different. Expression of hTERT was detected in some of the clonal derivatives
analysed, however, all HFLCs and clonal derivatives eventually entered a state of
terminal growth arrest (Table 2).

After lentiviral introduction of the hTERT gene, the presence of the hTERT cDNA was
confirmed in HFLCs and clonal derivatives by PCR on genomic DNA (results not
shown). However, the HFLC cultures did not overcome the terminal growth arrest after
the introduction of the hTERT gene; only one of the HFLC cultures’ lifespan was
extended by 30%. In addition, only one of the clonal derivatives was able to overcome
the terminal growth arrest after the introduction of hTERT. This clone, cBALOS,
previously showed the longest life span of 61 PDs and a relatively high endogenous
hTERT expression (Table 2). Because the transduced cell line was capable of more than
120 PDs, which is twice the life span of the parental cell line cBALO8, and still did not
show any sign of growth arrest, we considered this cell line to be immortalized and
named it cBAL111. The hTERT mRNA levels of cBAL111 were 1x10°-fold higher as
compared to its parental cell line cBALO8 (Table 2).

Characterisation of cBAL111 in vitro

The in vitro functionality of cBAL0O8 and cBAL111 was compared after reaching
confluence. No significant difference was detected between cBALO8 and cBAL111 for
urea production. Furthermore the mRNA levels of Albumin, AAT, Transferrin, GST1r and
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AFP differed less than 2.5-fold (Table 3). So, the immortalization of cBALO8 maintained
most of the investigated hepatic functions.

When cBAL111 cells were cultured for 2-3 days, all cells stained positive for the
hepatocyte markers GS and CK 18, and the cholangiocyte marker CK 19 (Fig. 1). The
CK18 staining was predominantly around the nucleus reaching into the cytoplasm, which
is similar to the CK18 staining of primary human hepatocytes that are dedifferentiating in
vitro . These data suggest that under these conditions the cBAL111 cells were not fully
differentiated into hepatocytes, but rather expressed progenitor cell characteristics.

To investigate the putative tumorigenicity of cBAL111, the cells were seeded in soft
agar. The cBAL111 cells were not able to form colonies in soft agar, where HepG2 as
positive control, formed 61 + 21 colonies from 5000 cells. So, cBAL111 cells could not
grow in an anchorage independent way suggesting that the cBAL111 cells are not
tumorigenic.

Comparison of cBAL111 with other hepatic cell lines and mature hepatocytes

The novel in vitro immortalized fetal hepatocyte cell line cBAL111 was subsequently
compared with the hepatoblastoma derived cell line HepG2, the conditionally
immortalized hepatocyte cell line NKNT-3 and primary (mature) human hepatocytes two
days after seeding. HepG2, cBAL111 and NKNT-3 cells, both un-reverted and reverted
for immortalization, synthesized urea, at a level 11-32 fold lower than mature
hepatocytes. The HepG2 cells and to a lesser extent the cBAL111 cells produced
albumin in contrast to NKNT-3 cells. In cBAL111 and NKNT-3 cells, the mRNA levels of
albumin, AAT and transferrin, (markers of hepatocyte differentiation) were less than 1%
of the corresponding levels in mature hepatocytes in vivo. HepG2 cells showed mRNA
levels for albumin, AAT and transferrin that were comparable to mature hepatocytes in
vivo. As markers associated with immature hepatocytes, AFP mRNA levels of cBAL111
and NKNT-3 cells were comparable to the level of mature hepatocytes in vivo, while the
GST m™ mRNA levels were 10-55 times higher. In HepG2 cells, mRNA levels for AFP
were 1000-fold higher than in mature hepatocytes in vivo and GST 1 levels were
undetectable.

In summary cBAL111 was positive for all tested hepatocyte parameters, whereas
HepG2 and the NKNT-3 cells in all but one.

cBAL111 cells differentiate into functional hepatocytes in murine liver

To determine whether cBAL111 cells have the potential for hepatic differentiation, the
cells were marked with GFP by lentiviral transduction and transplanted in the spleen of 4
immunodeficient mice. Nine and 34 days after transplantation, GFP expressing cells
were detected in the murine spleen (results not shown) and liver (Fig. 2). The majority of
these cells exhibited an elongated morphology, however a small number of cells (~1%)
had the morphological characteristics of hepatocytes, given their cuboid appearance. No
differences were observed between the livers harvested at nine and 34 days after
transplantation. The GFP positive cells were confirmed to be from human origin by
immunohistochemistry using a human specific antibody binding to mitochondria (Fig. 2).
Immunohistochemistry using an antibody against vimentin, a marker for dedifferentiated
and mesenchymal cells ', indicated a high expression in cBAL111 in vitro (data not
shown) and in the elongated cBAL111 cells found in the mouse liver, whereas the
cBAL111 cells with cuboid appearance did not or hardly expressed vimentin (Fig. 2).
Furthermore these GFP positive hepatocyte-looking cells with cuboid morphology were
indistinguishable from the surrounding mice hepatocytes with regards to CPS
expression, which is expressed periportally ®. In contrast, elongated cBAL111 cells did
not express CPS. In vitro GS expression (Fig. 1), was absent in the transplanted cells in
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the periportal areas. No GFP positive hepatocytes were detected in pericentral areas,
the site of GS expression in normal liver. A possible explanation for this is that the cells
may have entered the liver via the portal vein and engrafted before reaching the
pericentral area.

We then tested whether the GFP positive hepatocytes were the result of fusion between
human cBAL111 cells and murine hepatocytes %, by using FISH analysis. The results
showed that nuclei reacting to the human probe (Fig. 3 A and D) were negative for the
murine probe (Fig. 3 C and F). From the shape of the nuclei and the localization of cells,
we concluded that these were cBAL111 derived hepatocytes.

Discussion

In this study we have shown that the immortalized human fetal liver cell line cBAL111
displays hepatocyte-specific functions, but is not fully differentiated in vitro. However, the
cBAL111 cell line has the potential to fully differentiate into hepatocytes when
transplanted into immunodeficient mice. We therefore conclude that our novel
immortalized fetal liver cell line cBAL 111 has the potential to differentiate to mature
hepatocytes, but that current culture conditions do not sufficiently support full hepatic
differentiation for in vitro hepatocyte applications.

In contrast to Wege et al. we could not immortalise unselected HFLC preparations %/,
although we were able to extend the life span of the cells by about 30%. In our study we
selected cells with cuboid morphology from the initial cell preparation and of these
selected cells only the cell line with the highest proliferation capacity, cBAL08, became
immortal by overexpression of hTERT. The reduced ability of immortalization in the
present study may be the result of differences in transduction levels observed in the two
studies. Wege et al. used a constitutively active Moloney murine leukemia promoter to
drive hTERT expression ?; we used a tetracycline inducible expression system,
stimulated with 1 yM doxycyclin, to drive hTERT expression. Because Moloney murine
leukaemia vectors are prone to transduce rapidly dividing cells, this might have resulted
in the selection of cells prone to immortalization.

In line with the conclusion of Wege et al. that telomerase-induced immortalization of
HFLCs does not affect their differentiation potential 27 immortalization of cBALO8 did not
change the urea production rate and the hepatocyte specific mMRNA levels of the cells.
Furthermore, cBAL111 was not able to form colonies in soft agar and no tumours were
found in immunodeficient mice 34 days after transplantation, suggesting that cBAL111 is
not tumorigenic. We conclude that telomerase reconstitution can immortalize fetal
human hepatocytes without loss of function and without resulting into tumorigenicity.

To our knowledge this is the first hTERT-immortalized human fetal liver cell line. The
clonal origin of the cell line is most important for preservation of the phenotype during
long-term culturing. The stability in phenotype was previously shown for cBALOS8 °. This
is in contrast to cultures of hepatocyte isolates from mature or fetal origin, either
immortalized or not.

In addition to the description of cBAL111, we compared its functionality with that of
mature human hepatocytes kept under the same culture conditions. It is rather surprising
that such comparison is rarely seen in similar studies describing hepatic cell lines.
Mature hepatocytes are currently the only cells that meet the criteria for in vitro
applications, and therefore are the gold standard when evaluating alternative hepatic cell
lines. The performance of our novel hepatocyte line cBAL111 was also compared with
two well-known and widely used hepatic cell lines, NKNT-3 '° and HepG2 "’. Admittedly
all three cell lines, performed considerably less well compared with primary mature
human hepatocytes in all the liver parameters tested in this study. The levels of
hepatocyte specific functions exhibited by the cBAL111 cell were superior compared
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with the other two lines (NKNT-3, HepG2), although still insufficient for most in vitro
applications.

In concordance with the low level of hepatic differentiation, relatively high mRNA levels
of AFP and particularly GST 1 were observed in cBAL111. Moreover the cBAL111 cells
expressed CK19, a marker for cholangiocytes, and in addition CK18, a marker for
hepatocytes, in a pattern characteristic of de-differentiated human hepatocytes.
Therefore it can be concluded that cBAL111 cells are not fully differentiated in vitro into
mature hepatocytes, but rather should be regarded as a progenitor liver cell line that has
the full potential to differentiate into hepatocytes.

The liver provides an optimal environment for hepatic differentiation of cBAL111. When
cBAL111 cells were labelled with GFP and transplanted into the spleen of
immunodeficient mice the cells migrated to the liver. This was already shown with
human fetal hepatocytes, both immortalized and freshly isolated '*?’. However, in this
study we showed that following engraftment a number of these cells went to become
hepatocytes morphologically indistinguishable from murine hepatocytes. These cells had
very low or no expression of vimentin, a marker for mesenchymal cells and for the
undifferentiated cBAL111 cells. In addition, the cuboid cells adapted the zonal
expression pattern of CPS and GS characteristic for the surrounding cells . With FISH
analysis, we excluded the possibility that these GFP positive hepatocytes were the result
of fusion between GFP labelled cBAL111 cells and murine hepatocytes. Fusion between
host liver cells and transplanted stem cells, specifically haematopoietic stem cells, has
been widely reported to account for high rates of transdifferentiation 2. Our
experiments confirm that the cBAL111 line is able to differentiate into hepatocytes when
the right differentiation stimuli are present.

However, the fact that a significant number of the transplanted cells did not adapt the
hepatocyte morphology and expressed high levels of vimentin suggests that either not
all cBAL111 cells were equally sensitive to differentiation stimuli or that not all cells were
exposed to the same levels of differentiation stimuli due to micro-environmental
variations. This requires further investigation.

In conclusion the development of a cell line that combines both in vitro hepatic function
and proliferation capacity is important for large-scale applications that depend on in vitro
hepatic functionality. In this study we present evidence of a novel cell line cBAL111,
which is a telomerase immortalized fetal human hepatocyte cell line capable to
differentiate into mature hepatocytes in vivo.

The potential of this novel cell line merits further investigation. The challenge is to define
the best possible experimental conditions in vitro to mimic as closely as possible the
differentiation stimuli present in vivo aiming to achieve a high degree of differentiation
into mature hepatocytes in vitro.
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Figure 1. Immunostainings of cBAL111 cells in vitro.

The cells were stained using antibodies against GS (A) (blue, 40x magnification), CK18 (B) or CK19 (C)
(both green, 200x magnification). In the CK18 and CK19 staining, cells were further visualized by phalloidin,
binding to actin (red), and DAPI, binding to the nuclei (blue).

A B

Figure 2. Immunofluorescensce of mouse livers.

(40x magnification), harvested 9 days after transplantation of GFP marked cBAL111 cells (green). All nuclei
were visualized by DAPI staining (blue). The majority of cells exhibited an elongated morphology (arrows); a
small number of cells adapted hepatocyte morphology (arrowheads, A and B). With hepatic differentiation,
the cells lost the expression of vimentin, a marker of undifferentiated mesenchymal cells (red) (C). Human
origin of the cells was confirmed using an antibody against human mitochondria (red) (D). Hepatocytes
originating from cBAL111 are undistinguishable from the surrounding murine hepatocytes in CPS expression
(red) (E). No cells originating from cBAL111 were found in pericentral regions; cBAL111 in vivo did not
express GS (F). In figure E and F the portal vein is indicated with P, the central vein with C.
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Figure 3. FISH analysis of mouse livers after transplantation of GFP marked
cBAL111 cells.
(40x magnification) The probe hybridizing with human DNA was visualized using a FITC labeled antibody
(green, A, B, D and E), the probe hybridizing with murine DNA was visualized using a Texas Red labeled
antibody (red, B, C, E and F). All nuclei were counterstained using DAPI (blue A, C, D and F). Picture sets

A-C and D-F both show a human cell that is negative for the murine DNA.

Table 1: Primers and conditions used in RT-PCR analysis

Gene Sense primer 5°=> 3’ Antisense primer 5’ 3’ Application | Size PCR conditions
amplicon | Dilution Annealing
(bp) template temp. ("C)
18S rRNA CGAACCTCCGACTTTCGTTT RT
AAT GGGGGATAGACATGGGTATGG RT
AFP CGTTTTGTCTTCTCTTCCCC RT
Albumin ACTTCCAGAGCTGAAAAGCATGGTC RT Not applicable
GSTr AGCAGGTCCAGCAGGTTG RT
hTERT CAGAGCAGCGTGGAGAGGATG RT
Transferrin CCAGACCACACTTGCCCGCTATG RT
18S rRNA TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTTCGTTT PCR 151 1000x 68263
AAT ACAGAAGGTCTGCCAGCTTC GATGGTCAGCACAGCCTTAT PCR 181 - 68263
AFP TKCCAACAGGAGGCYATGC CCCAAAGCAKCACGAGTTTT PCR 306 - 62->55
Albumin TGAGCAGCTTGGAGAGTACA | GTTCAGGACCACGGATAGAT PCR 189 - 68263
GSTx GCCAGAGCTGGAAGGAGG TTCTGGGACAGCAGGGTC PCR 333 10x 70->63
hTERT CGTACTGCGTGCGTCGGTAT GGTGGCACATGAAGCGTAGG PCR 233 - 68263
Transferrin_ | GAAGGACCTGCTGTTTAAGG CTCCATCCAAGCTCATGGC PCR 310 - 6863

Sequences of the primers used in Reverse Transcriptase (RT) reaction or during real-time PCR reaction
(PCR) and the conditions used in the real-time PCR reactions.
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Table 2. The life span and the hTERT mRNA levels of three different HFLC isolates, clonal derivatives and

cBAL111
Cell source Maximal PDs hTERT mRNA copies / 18S rRNA copies
HFLCs, 16 weeks 57.6+10.2 Undetectable (n=4)
cBALOS 61 2.7 *10* (n=1)
cBAL09 30 Not determined
cBAL20 38 Undetectable (n=1)
cBAL21 31 Undetectable (n=1)
cBAL29 42 2.4 *10°+ 1.9 *10° (n=3)
cBALI111 Immortal 2.6 ¥10°+ 3.2 *10° (n=4)

The life span and the hTERT mRNA levels of three different HFLC isolates, clonal derivatives and cBAL111.
Life span is indicated as the maximum number of population doublings (PDs).

Table.3: Hepatic functions of different hepatic cell lines and primary mature human

hepatocytes.
Function Hepatic function mRNA levels mRNA levels

Mature hepatic marker Immature hepatic marker

Cell Albumin production Urea production Albumin Transferrin AAT GSTn AFP

(ng/h/mg protein) (nmol/h/mg protein)

Mat Hep 37.7+7.7 91.5+33.7 130 245 121 535 ND

cBALO8 03+04 40+1.6 0.02 £0.01 0.20+£0.14 0.32+0.14 1000 £ 565 78 £ 61

cBAL111 0.7+£0.8 8.0+£6.6 0.02+0.01 0.18+0.16 0.13£0.13 1944 £ 1010 89+72

HepG2 28+0.3 47+0.2 63+6 896 + 110 199 + 56 Undetectable 93353 +

13228

NKNT-3 Undetectable 49+94 0.24 £0.22 0.16£0.12 0.92+1.52 952+ 1164 117 £ 166

reverted

NKNT-3 Undetectable 29+52 0.42 £ 0.66 0.20£0.13 0.26 +£0.34 4427 + 5366 65+79

unreverted

Hepatic functions of different hepatic cell lines and primary mature human hepatocytes (Mat Hep).
Messenger RNA levels are expressed as a percentage of the mean mRNA levels of the two liver samples.
ND = not determined.
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Gene therapy may provide an alternative treatment for patients with inherited liver
diseases. We investigated whether lentiviral gene therapy could be used to efficiently
transduce the liver in vivo and explored ex vivo lentiviral gene therapy strategies. The
results of the individual chapters are discussed below.

Lentiviral vector barriers for efficient hepatocyte transduction (Chapter 2)

There are several routes of administration of lentiviral vectors to the liver, with different
limitations for efficiently transducing hepatocytes. Direct injection into the parenchyma is
not really an option, because the area of transduction will be local and damage of the
site of injection can be considerable *. Intraperitoneal injection of lentiviral vectors can
lead to hepatocyte transduction *, as has been shown by both in utero and neonatal
administration %7, but other organs residing in the peritoneal cavity are likely to be
transduced as well, such as pancreas and spleen.

Another common route of lentiviral vector administration in mice is through tail vein
injection 2%, but the viral vectors first have to pass through the lungs and the heart
before they can enter the liver. A more direct route to target the liver is to inject viral
vectors into the portal vein %7 or the hepatic artery *°. In our experiments we chose the
portal vein, because in mice it is easily accessible and larger than the hepatic artery. The
liver will be the primary organ of passage with the highest chance of transducing liver
cells first before extrahepatic transduction takes place. In chapter 2 we show that Kupffer
cells form a major barrier with respect to hepatocyte transduction. In contrast, the liver
sinusoidal endothelium did not affect hepatocyte transduction. A recently published
report showed that enlargement of the size of LSEC fenestrae increased adenoviral
gene transfer to hepatocytes in rabbits *?, which was as expected, because in these
rabbits the fenestrae were shown to be smaller than the size of the adenoviral vector
particles.

On the other hand, because the size of LSEC fenestrae are estimated to be
similar of size (100-200 nm) as compared to the size of HIV particles (120-200 nm)'°, the
lentiviral particles should not be limited in their passage to hepatocytes. Indeed, we
show in chapter 2 that LSEC did not form a barrier for lentiviral vectors to pass to the
Space of Disse and transduce hepatocytes. The presence of Kupffer cells, however, was
shown to be a major factor that reduced hepatocyte transduction in the liver. The Kupffer
cells themselves could be easily transduced and sequestration of viral vector probably
caused the reduction of hepatocyte transduction. This is in agreement with studies using
other viral vectors, i.e. adenoviral vectors 474,

8,9,73,82

We also explored the ability of lentiviral vectors to transduce hepatocytes by injection
into the bile duct system, as was previously performed with adenoviral vectors " or
retroviral vector in regenerating liver '®. We show that both bile duct cells and
hepatocytes could be transduced. The number of transduced hepatocytes was low,
possibly due to the inactivation of the lentiviral particles by bile acids and because the
bile canaliculi are the dead end of the biliary tree ®°, so perfusion is not possible.

The experiments described in chapter 2 indicate that agents that transiently deplete or
inactivate the liver of Kupffer cells may be helpful for liver directed lentiviral gene
therapy.

Alteration of lentiviral vector tropism to increase hepatocyte transduction
(Chapter 3)

Another alternative to direct viral particles to the liver is to change the properties of the
therapeutic vehicle. Wildtype HIV-1 can infect T-lymphocytes and macrophages,
because its envelope protein gp160 binds to the cellular receptor CD4, which is present
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on both these cell-types 2. Combining properties of different viruses, such as the

alteration of the lentiviral vectors by pseudotyping with exogenous envelope proteins
may lead to delivery to the site of interest. One of these envelope proteins, VSV-G is
often used to replace the gp160 envelope protein to broaden the tropism of the lentiviral
particle, and also provides stability to the particle so that concentration of the viral vector
by ultracentrifugation is possible. For in vivo gene therapy, the broad tropism of VSV-G
is unwanted, because expression of the therapeutic gene should be confined to
hepatocytes. If viral particles can be targeted to the hepatocyte, the loss of transgene
expression in hepatocytes by transduction and activation of antigen-presenting cells
(APC’s) against cells expressing the transgene product can also be reduced. Because it
has been shown that APC’s can be easily transduced by VSV-G pseudotyped lentiviral
vectors ®; hence preventing gene expression in these APCs will allow long-term gene
expression in vivo "'. Thus, an optimal viral vector should only transduce liver cells and
must be stable enough to allow concentration to the high titers necessary for in vivo
applications.

Besides replacing the HIV-1 envelope protein with exogenous envelope proteins,
another option to create hepatocyte specific tropism is to combine properties of different
envelope proteins to make a stable and liver-specific envelope protein. One strategy is
to fuse a stable envelope protein with an external domain that recognizes a specific
receptor on the target cell. To target hepatocytes, the external domain should be from an
envelope protein that favors hepatocyte transduction. A member of the family
Paramyxoviridae, the Sendai virus contains an envelope protein that binds to the
asialoglycoprotein receptor, which is present on hepatocytes *®. This envelope protein
has been shown to pseudotype both retroviral "? and lentiviral vectors * resulting in
hepatocyte specific gene transfer. The use of the Sendai envelope protein has been
hampered by its inability to be concentrated to high vector titer. To circumvent this
problem, we fused the external Sendai envelope protein part to the envelope
glycoprotein GP64, the baculovirus envelope protein of Autographa californica
nucleopolyhedrovirus. We chose this strategy, because GP64 is a stable envelope
protein, producing a viral vector that can be concentrated to high titers. It has been
previously used to co-display the complement-regulatory, decay accelerating factor
(DAF, CD55) in HIV-based lentiviral vectors %°.

In our experiments, the use of GP64/Sendai fusion protein to pseudotype lentiviral
vectors resulted in low titers, but with specificity towards HepG2 hepatoma cells. Co-
expression of the wildtype GP64 glycoprotein during viral vector production increased
the titers while retaining specificity. When these GP64/Sendai vectors were injected in
mice, there was no increase in hepatocyte transduction, but solely a decrease in Kupffer
cell transduction when compared to wildtype GP64.

Our results show that incorporation of the wildtype GP64 glycoprotein into the lentiviral
particles in combination with the GP64/Sendai fusion protein does not target to the
hepatocyte, but detargets Kupffer cell transduction. Because the GP64/Sendai fusion
protein had the highest specificity for HepG2 cells, further modifications may provide a
potentially usable vector for the clinic with in vivo hepatocyte specificity.

In the future, other viral envelope proteins or chimeric proteins may be generated for
liver-directed gene therapy. Possible candidates for chimeric envelope proteins for liver
directed lentiviral vectors are proteins displayed on the surface of Plasmodium protozoa
during malaria liver infection, or combinations of viral envelope proteins derived from
hepatitis B "' or C 8!, because these proteins already have a liver tropism.

In order to specifically develop envelope proteins that may be suitable for hepatocyte
gene therapy, systems that select for the evolution of envelope proteins can be used.
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Powell et al described a technique in which they used DNA shuffling of envelope genes
of ecotropic murine leukemia virus, of which particles are sensitive to stress forces
during purification and concentration. Subsequently, this DNA shuffled genes are ligated
back in replication-competent retroviral backbones to obtain a retroviral library.
Amplification of these clones and repetitive ultracentrifugation resulted in stable clones
2. The envelope protein, which renders stable viral particles, can be cloned for use in
viral vectors.

Problems relating the immune response to viral vector and non-self therapeutic
protein (Chapter 4).

The use of viral vectors for gene therapy may have several problems that could
influence its efficacy. First of all, because the viral vectors are derived from pathogens,
there may be immunity against the viral vector components itself. This may hold for
adenoviral vectors and lead to adverse effects for use in the clinic as has been shown in
patient trials ®%. In fact, adenovirus vectors are the most immunogenic of all the viral
vector groups and this property is the largest hurdle for gene therapists using adenovirus
vectors to overcome. Adenovirus vectors induce multiple components of the immune
response: cytotoxic T-lymphocyte (CTL) responses can be elicited against ‘foreign’
transgene products that are produced by transduced cells, and the capsid itself (in the
absence of viral gene expression) induces virus-neutralizing antibody responses.
Incoming adenovirus capsid components can also enter the major histocompatibility
complex (MHC) class | processing pathway and target transduced cells for recognition
by pre-existing CTLs *¢7°.

In the adenovirus vector field, progress has been made in reducing T-cell responses
against viral gene products. These immune associated problems resulted in the
development of ‘gutted’ or ‘helper-dependent’ (HD) vectors that are stripped of all viral
genes °'. Although these vectors have reduced vector-mediated cytokine responses
after systemic administration ''°, these highly disabled vectors still retained the
potential to induce a capsid-mediated inflammatory response in rat brain ’°.
Immune-mediated response to components of AAV-vectors has also been described. In
a patient trial for the treatment of hemophilia by AAV-factor I1X, an immune response was
directed to the components of the AAV-2 serotype leading to destruction of the
transduced hepatocytes with disappearance of the therapeutic effect “°. But in general,
AAV vectors and also lentiviral vectors are less inflammatory and immunogenic than
adenovirus vectors. Immunogenicity to viral vectors may depend and be influenced by
serotype differences for AAV and on the pseudotype for lentiviral vectors. Pre-exposure
to the wildtype virus is almost certainly detrimental for successful treatment. The use of
envelope proteins for in vivo lentiviral-mediated gene therapy, such as VSV-G may
therefore be risky, because people, such as farmers, could have been pre-exposed to
this \Qorgf and indeed been infected, although VSV’s primary hosts are horses, cattle and
pigs "7,

Another major problem is the immune response to the transgene product that has been
observed in many animal model studies. However, both cell-mediated response and
humoral response to the delivered gene depend on a number of variables; including the
nature of the transgene, the promoter used, the route and site of administration, vector
dose and host factors.

The immune response is most often observed with high viral dose in combination with a
ubiquitous promoter controlling transgene expression. If such viral vectors can transduce
antigen presenting cells, such as dendritic cells, generation of an immune response to
the transgene can occur as has been shown with lentiviral vectors .
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Viral vector systems based on adenovirus or AAV are less likely to transduce antigen-
presenting cells, but earlier exposure in life to adenovirus or AAV may generate an
immune response to viral particles ***¢**. If HIV-based lentiviral vectors are used for
clinical application in patients with hepatic disorders, these patients most likely have not
been exposed to wildtype HIV. Hence, generation of an immune response to the
lentiviral vector will not be an issue.

The immune response to viral structural components or the transgene % can be limited
by the use of immunosuppressants, but this is associated with a higher morbidity for the
patient, who is more likely to develop infections. The need for immunosuppressants is
not easy to solve, but depends on the antigenicity of the therapeutic protein. The
immunogenicity of a protein can vary however, as has been observed by the
development of neutralizing antibodies in 10-40% of hemophilia A patients to factor VIII
and only about 5% of hemophilia B patients to factor IX °. For patients with a missense
mutation that results in wrong protein folding affecting function, the addition of the
functional protein may not lead to an immunological reaction, because the protein is still
expressed in these patients, albeit in its mutated form. These patients seem therefore
well suited for first enrolment into clinical trials.

The use of a tissue-specific promoter has been shown to reduce immunogenicity and
may lead to immune tolerance. One clear example has been the injection of a liver
specific promoter containing AAV-vector expressing factor IX in mice *°. These mice did
not develop an immune response to the new protein. In an earlier mentioned study in a
clinical trial *®, no immune response was developed against the transgene with the use
of a liver specific chimeric promoter. Other studies show similar results. Long-term
expression of BUGT was observed by intravenous injection of albumin promoter
containing lentiviral vectors into juvenile Gunn rats as a model for Crigler-Najjar disease
8 Intravenous injection of lentiviral vectors in newborn Gunn rats *° or in neonatal
hemophilia B mice 3, with the appropriate gene (UGT1A1 and factor IX, respectively)
driven by hepatocyte-specific promoters resulted in long-term correction of the disease.
The investigation of treatment of neonatal animals is of great importance, because of
ethical reasons, i.e. early intervention to correct the genetic disorder to increase quality
of life, but also because of practical reasons. In some diseases, the disease
development cannot be reversed anymore after achieving a certain disease state. In
liver diseases, development of cirrhosis may preclude gene therapy treatment and then
the only remaining curative option may be OLT.

We tried to develop gene therapy for the treatment of Crigler Najjar. Crigler Najjar
patients have high bilirubin levels, because of a defect in bilirubin UDP-
glucuronosyltransferase (BUGT) expression, leading to kernicterus. Phototherapy and
liver transplantation are the main treatment options at present, but other treatment
modalities are required "3*.

As described above, the use of liver specific promoters can induce immune tolerance to
the transgene. Start of treatment at early time in development may also circumvent an
immune response, because the immune system has not been completely matured yet.
We therefore investigated whether treatment of in utero or neonatal injection into the
peritoneum may lead to partial or complete correction of bilirubin levels in Gunn rats.
Treatment was successful, because serum bilirubin levels were stably decreased to
about 50% of diseased Gunn rats levels ®®’°. But as elaborated in chapter 3, even
though initiation of treatment was started at the embryonic or neonatal stage, antibodies
were generated against the therapeutic protein.
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This can be due to the route of administration, which largely determines the cell-types
that are transduced and, of course, another cause could have been our choice to use a
ubiquitous promoter in our experimental setup.

The recently published papers of van der Wegen et al " and Nguyen et al >> show that
early intervention in Gunn rats can lead to complete and permanent correction of
hyperbilirubinemia with lentiviral vectors. In these studies they did not test whether
antibodies were generated against BUGT1. In a comparable study using recombinant
retroviral vectors the investigators did check for anti-BUGT1 antibodies, but these were
not detected during follow-up of treated animals °. Similar results were found in neonatal
gene transfer of retroviral vectors expressing human factor IX, which resulted in
tolerance to the new protein ®.

The antigen presenting cells (APCs) are the major contributors to induction of an
immune response following gene transfer. Although the strategy of tissue-specific
promoters to target gene expression to hepatocytes reduces the incidence and extent of
the transgene-specific immune response, neutralizing antibodies against the transgene
product and immune-mediated vector clearance can still be observed.

Lentiviral vectors integrate at random, but with a preference to actively transcribed
genomic regions, because these regions are accessible for integration. It has been
shown that promoter-enhancer trapping at insertions near active regions of transcription
can lead to nonspecific activity. The inclusion of a liver-specific promoter in a lentiviral
vector to limit transgene expression to hepatocytes may therefore still lead to transgene
expression in APCs depending on the dose used. Brown et al demonstrated that specific
regulation of microRNAs (miRNAs) to repress translation of cellular transcripts in APCs
enabled stable gene transfer in immunocompetent mice *".

These recently published findings point out the importance of viral vector design and the
clinical trial set-up for successful treatment of Crigler Najjar patients.

I78 I55

Future treatment modalities for PFIC3 patients (Chapter 5).

Progressive Familial Intrahepatic Cholestasis type 3 (PFIC3) is caused by mutations in
the ABCB4 gene '". PFIC3 can be treated with ursodeoxycholic acid (UDCA), but this
treatment does not lead to an improved liver function in all patients ®*' and end-stage
PFIC3 can only be treated with liver transplantation. For treatment of PFIC3 several
future perspectives and treatment modalities are under development. One such option is
the transplantation of hepatocytes or cells that may differentiate to functional
hepatocytes. In diseases, such as PFIC3, corrected cells can repopulate the diseased
liver, because the transplanted cells have a protective advantage against toxic bile salts.
In a mouse model for PFIC3, the Abcb4 knockout mouse model, transplantation of 2x10°
healthy MDR3 expressing hepatocytes could achieve a repopulation level of about 30%
of total hepatocytes '®, which mitigated the effect of toxic bile salts.

Other repopulation models, such as in the Fah knockout mouse model, transplantation
of as few as a 1000 ex vivo retrovirally transduced hepatocytes showed more than 90%
of hepatocytes containing Fah protein after repopulation, and function was restored to
normal 8. Unfortunately, the FAH knockout mice develop tumors over time, which are
derived from the remaining endogenous hepatocytes and not the transplanted ones.
Tumorigenesis also occurs in the PFIC3 mouse model, although the number of tumors
that develop after hepatocyte transplantation is lower '®. The stop of repopulation in the
PFIC 3 mouse model may be due to a certain threshold at which sufficient neutralization
of toxic bile salt occurs in the bile duct system and surrounding hepatocytes.

In the development of viral vectors for PFIC3, adenoviral vectors were not considered
suitable, because they do not integrate into the host genome and may also elicit an
immune response to the viral components. The use of AAV vectors to treat PFIC3 is
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hampered by their small size, which cannot include all DNA-elements required for
ABCB4 protein production, i.e. the cis-acting elements, such as promoter and trans-
acting elements.

As shown in chapter 5, the production of infectious lentiviral vectors is reduced by the
co-expression of ABCB4 in the 293T producer cell line. We concluded that this was due
to the flippase activity of ABCB4, because we observed an increase of
phosphatidylcholine in the lentiviral vector preparations. It is well known that viral
membrane composition is critical for maintenance of HIV-1 structure and infectivity, and
this has been clearly demonstrated by removal of one such component, i.e. cholesterol
of the HIV-1 envelope "%,

The first observation of reduced infectivity by expression of ABCB4 was in a lentiviral
vector containing the ABCB4 cDNA driven by a phosphoglycerate kinase promoter. The
293T producer cells expressed ABCB4 protein after transfection, both confirmed by
Western blot and immunofluorescence staining (data not shown), but ABCB4 protein
could not be detected by these detection methods in transduced target cells, such as
Hela or polarized cells (MDCKII) (data not shown), suggesting that either no viral vector
was produced or that the viral vector was not infectious. The ABCB4 cDNA was also
cloned into other lentiviral vector constructs, i.e. with CMV (cytomegalovirus) promoter
with IRES (internal ribosome entry site) driving GFP expression and in a lentiviral vector
with the liver specific albumin promoter (Figure 1). In the first mentioned lentiviral
construct both ABCB4 and GFP were expressed in 293T cells after transfection.
However, no infective virus was produced, because after transduction of MDCKII cells,
no ABCB4 or GFP expression could be detected. Therefore we designed a construct
containing the albumin promoter to reduce expression of ABCB4 protein in the producer
cells, and also to achieve hepatocyte specific expression after in vivo administration.
Protein expression during lentiviral vector production also comes from the genomic viral
transcript, because the albumin promoter and transgene are in the same orientation as
the RSV (Rous sarcoma virus) promoter, driving production of full-length genomic
lentiviral vector messenger with subsequent ABCB4 protein expression. Additionally,
protein expression will also come from integrated viral genomic DNA caused by co-
transduction during production. Indeed, with the albumin promoter also no ABCB4
lentiviral vector titer was measured.

We conclude that the presence of active ABCB4 during virus production generates viral
particles with very poor infectivity. Apparently, proper virus production requires a very
strict phospholipid composition of the plasma membrane.

Other phospholipid translocase deficiencies (e.g. PFIC type 1 in which the flippase
ATP8B1 is lacking) may give similar problems with respect to the production of lentiviral
vectors for gene therapy, because they might interfere with phospholipid composition of
the cellular membrane, from which the lentiviral particles bud off. Future modifications in
lentiviral vector design may lead to an adequate production of therapeutic vehicle for
treatment of PFIC3 patients.

In figure 2, an alternative plasmid design is depicted that may lead to higher vector titer.
As shown in the upper part, transfection of the plasmid containing the transfer vector in
293T cells produce the viral RNA strand under control of the RSV promoter containing
the cDNA of ABCB4. Because HIV is a positive strand RNA, transcription can directly
take place. Additionally, the ABCB4 cDNA being under the control of the internal
promoter (e.g. PGK) is also transcribed from the plasmid itself. These processes lead
both to high expression of ABCB4 protein influencing the viral vector production
negatively.
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As shown in the lower part, an improved viral vector can be made by first changing the
orientation of the internal cassette in a reverse orientation to stop all translation of
ABCB4 protein from the viral transcript. This is commonly used in B-globin lentiviral
vectors, in which the regulatory elements, such as introns and exons are necessary for
optimal regulation of the therapeutic protein expression °®. Because the gene contains
exons, they are not spliced out of the genomic lentiviral transcript. The HIV Rev/RRE
element has to reduce this process as well. These B-globin lentiviral vectors can give
high titers to treat thallassemias in animal models '. In another lentiviral vector system,
containing the mifepristone-inducible system, the trans-activator expression cassette
performed optimally when cloned in a reverse-orientation . The reverse orientation
should therefore allow efficient production of the lentiviral vector system for in vivo
applications.

Secondly, it is required to replace the ubiquitous promoter with a liver specific promoter,
such as the albumin promoter, to reduce the expression of the transgene (e.g. ABCB4)
in 293T cells. The expression of this promoter is expected to be lower than a constitutive
promoter, such as PGK, because tissue-specific promoters are generally weaker and the
albumin promoter is not supposed to be active in 293T cells. This will also reduce the
expression from lentiviral vectors by transduction during production, which can affect
viral vector production especially on later harvest days.

Thirdly, to reduce the expression of ABCB4 even more, an RNAI cassette can be
included into the transfer plasmid, directed against the residual ABCB4 transcript. This
strategy can only lead to a productive titer if the therapeutic cassette is in the reverse
orientation, otherwise the RNA sequences will bind to the viral transcript, which may
results in degradation of the viral transcript and low titers.

In the final lentiviral vector other adjustments may be necessary to optimize regulatory
expression of ABCB4, because its expression is tightly regulated in the healthy liver and
its expression has to move within a narrow window °’.

27,28,59

Another option to increase viral titers of ABCB4 lentivirus is to use a different producer
cell line. We found that the above described ABCB4 lentiviral vector with cassettes
containing PGK, albumin promoter or CMV promoter could lead to detectable titers if
transfection was performed in C33A (human cervical carcinoma, kindly provided by
Georgios Pollakis, Laboratory of Experimental Virology, AMC) instead of 293T cells.
Unfortunately, we observed that titers of PGK-GFP lentivirus were in general 10-fold
lower if produced in C33A cells compared to production in 293T cells. It is therefore
likely that this C33A cell line cannot be used to obtain the high titers as with 293T cells.
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Figure 1. The ABCB4 lentiviral vectors. The backbone (A) of the vectors is the same in all three viral vector
constructs. Vector 1 contains the constitutive PGK promoter, vector 2 contains the liver-specific albumin
promoter and vector 3 contains the constitutive viral CMV promoter driving both ABCB4 expression and
GFP linked by IRES.
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Figure 2. Modifications in ABCB4 lentiviral vector design for efficient titer production. (A) The basic lentiviral
vector plasmid containing the viral transfer vector LTR sequences necessary for integration. The therapeutic
cassette contains the ubiquitous and constitutive promoter PGK driving ABCB4 expression. The PRE
element increases the expression of the viral vector transcript and the ABCB4 transcript. The 3’ LTR
contains a poly A signal terminating transcription. The RSV promoter activates expression of the complete
viral transcript. From both the viral transcript and the ABCB4 transcript translation of ABCB4 protein takes
place leading to a reduced number of transducing units.

(B) Modifications in the vector design include a tissue specific promoter, e.g. albumin promoter, which
should be inactive in 293T cells. The therapeutic cassette has to be cloned in the reverse orientation. In this
setting only background/leakiness of the tissue specific promoter may lead to residual ABCB4 protein
expression from the plasmid, but not anymore from the viral transcript. RNAi cassettes can be used to
reduce the remaining ABCB4 transcripts. As a consequence of the therapeutic cassette being in the reverse
orientation, the RNAI loops will not target the viral transcript. This should lead to higher ABCB4 lentiviral
vector titer.
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A repopulation model based on an endogenous selection marker (Chapter 6)

In some metabolic liver diseases, transplantation of corrected hepatocytes may give
these cells an intrinsic survival advantage over the host hepatocytes, which may lead to
an increase in number of the transplanted cells in the liver. However, in the majority of
the inherited liver disorders this will not happen, because the defect affects the patient,
but not the liver itself. An artificial repopulation system may provide a therapeutic
solution for the low grafting efficiency of hepatocytes after administration to the liver. The
repopulation system should have its effect at the liver only, with an advantage for the
transplanted cells; no other organs should be affected. We were interested in the
expression of an endogenous protein that is non-immunogenic with a mutation leading to
resistance in hepatocytes.

One such option was the use of the mutated human oa-amanitin resistant RNA
polymerase Il largest subunit (hRPB1") *°, which was based on a earlier described
mutation in RNA polymerase Il that leads to resistance of mouse cells to a-amanitin 2.
RNA polymerase |l is expressed in all cells and is mandatory for the production of
messenger RNA. All cells require RNA polymerase Il, so it is most likely not detrimental
if this protein is overexpressed temporarily or long-term. We tested the toxicity of a-
amanitin in mice to make sure that the selection system based on hRPB1" could be
applied in an in vivo setting. Liver and kidney toxicity by a-amanitin has been described
in mice before 2247 We observed a-amanitin toxicity in FVB mice, which led to the
death of these mice within 5 days after administration (data not shown). This was
probably also due to the earlier reported development of liver and kidney damage in
mice. The intake of the mushroom Amanita phalloides, which is often mistaken as an
edible mushroom, can also lead to liver and kidney damage in man, but because this
mushroom contains a cocktail of toxins (amatoxins and phalloidin) *?, the action of a-
amanitin in humans, and its liver specificity, are not 100% clear. It is likely though, that
the kidneys in man are also affected by a-amanitin. To still be able to use a system of
repopulation by hRPB1" overexpressing cells and to target a-amanitin to the liver only, it
may be conjugated to bile acids to direct the uptake of the toxin into hepatocytes with a
concomitant decrease in extrahepatic toxicity.

Because the repopulation system could not easily be applied in vivo, an ex vivo gene
therapy approach to use the selection marker was investigated. We showed in chapter
6, that human fibroblasts and hepatoma cells expressing hRPB1" could be selected at
low concentrations of a-amanitin. For several primary cell types that are difficult to
transduce with lentiviral vectors, this selection marker may be useful to select for
corrected cells, before these cells are transplanted in the patient.

The use of this system may especially be advantageous to transduce hematopoietic
cells at low MOI, because ex vivo transduction of retroviral vectors can lead to
tumorigenesis by activation of oncogenes *. This reduces the risk to develop
uncontrolled cell-cycling by insertional mutagenesis.

Transplantation of liver cell lines to correct inherited liver disorders (Chapter 7)

Besides the conventional OLT to treat patients with inherited liver diseases, hepatocyte
transplantation has been used to ameliorate the symptoms ?*?%%2. Unfortunately, there
remains a shortage of liver donors to use hepatocytes in these patients. Alternatives are
therefore necessary. One such alternative is the generation of an unlimited source of
cells suitable for transplantation into the liver, e.g. a hepatocyte cell-line. One drawback
of using fully differentiated cells, such as hepatocytes, is that these cells quickly
dedifferentiate and divide at the most only a couple of times in vitro. Because fetal liver
cells have the potential to differentiate into hepatocytes and also divide, these cells
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might be suitable for the generation of a cell line for transplantation purposes. In chapter
7, we showed that a cell line could be generated from human fetal liver cells (HFLC) by
introduction of telomerase reverse transcriptase. Clones of the immortalized HFLCs
were selected on their in vitro hepatocyte function. One clone with a relatively good in
vitro function was called cBAL111 and was selected for testing its in vivo differentiation
potential. Transplantation of this clone into the spleen of immunodeficient mice showed
that this cell line still exhibited the potential to fully differentiate into hepatocytes in vivo.
The low number of cells that differentiated into hepatocytes in our experiments may be
due to the fact that the majority of the transplanted cells resided in the portal vein areas
and did not migrate into the liver parenchyma. Removal of liver sinusoidal endothelium
by cyclophosphamide has been shown to increase hepatocyte engraftment in rats *° and
may also promote differentiation of transplanted cBAL111 cells. One of the main
advantages of the use of cells instead of viral vectors to correct a genetic disorder is the
advantage that the gene can be regulated in a normal fashion, compared to addition of a
viral vector with a constitutive promoter.

Other concerns with gene therapy vectors.

A lot of research for treatment of inherited diseases has been focused on cures for a
certain defect through addition of a gene. In fact, all viral vectors act by supplementing
additional therapeutic genes to the diseased cell. For lentiviral vectors these include the
long terminal repeats that are required for integration, the Rev Responsive Element
(RRE), central polypurine tract (cppt), posttranslational regulatory element (PRE). All
these sequences are required for optimal viral vector production and high transgene
expression, but our goal is to get normal regulation of the corrected gene. Furthermore,
by using viral vectors, there will always be a risk to develop tumors by insertional
mutagenesis, as long as we cannot regulate the integration pattern of the viral vectors
34 Themis et al "° have shown that even retroviral vector gene therapy may result in
oncogenesis in the liver. In this study, nonprimate lentiviral vectors derived from equine
infectious anemia virus (EIAV) were injected in fetal and neonatal mice in which
hepatocytes still rapidly divide. In the adult liver, however, the risk of integration in a
tumor-suppressor gene or the activation of a proto-oncogene is reduced, because the
majority of the hepatocytes are in quiescent state. Notably, in the study of Themis et al
HIV-1 derived vectors did not lead to tumorigenesis. A recent paper shows data of low
genotoxicity of lentiviral vectors in a tumor-prone mouse model *°. Integration in more
than one gene involved in cell-cycling is generally considered to be crucial for
oncogenesis; therefore, usage of low MOI of viral vector is preferred. Therefore, the
consequences of viral vector integration is largely determined by the gene transfer
vector, the number of copies per cell, the cell-type and number of treated cells and the
rate of proliferation in a given, potentially disease-specific environment.

Another concern for the use of lentiviral vectors in the clinic has been specific safety and
ethical issues. Concerns include the possible generation of replication competent
lentiviruses during vector production or mobilization of the vector by endogenous
retroviruses in the genomes of patients. No replication competent lentiviruses have been
detected using third generation lentiviral vectors during production in human cells or
after administration in animals. Unfortunately, it has been shown by Logan et al ** that
these vectors may still be able to produce full-length vector transcripts after integration in
the target cell. To reduce the risk of wildtype reconstitution even more, other vectors
have been constructed for Rev-independent production.
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Ethical concerns include the possibility of germline transmission of viral vectors and may
raise questions whether in vivo gene therapy should be applied. MMLV-based vector for
in utero-transduced rams led to 6 out of 19 PCR positive for provirus in purified sperm,
although in very low numbers °'. Lentiviral vectors were also able to transduce Sertoli
cells, but not germ cells in other experiments ****. AAV vectors have not been shown to
transduce semen in a human clinical trial *. In another study, AAV vectors were
detected in gonads and persisted for more than a year, but neither in isolated sperm nor
in their offspring were vector sequences detectable *°.

In the near future, therapeutic vehicles that add a certain therapeutic gene most likely
will be used to treat inherited diseases, but the preferred treatment is correction of the
defective gene itself. Correct expression of the endogenous defect gene will not solve
any problems associated with the immune system to the foreign gene product, but is
important to correct regulation of the therapeutic gene. For optimal regulation of gene
expression splicing of exons and introns and other regulatory elements are often
required, which may be too large to be incorporated into lentiviral vector particles.
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Summary

Gene therapy may be used in the near future to treat patients with inherited liver
diseases. Many researchers are exploring the possibility to use vectors based on
viruses, because viruses have evolved to efficiently infect mammalian cells. These
viruses should therefore contain the required properties to insert foreign DNA into cells.
We used lentiviral vectors, because these vectors can stably integrate into non-dividing
cells in vivo and ex vivo, which is a major advantage compared to many other viral
vector systems, such as commonly used adenoviral vectors.

Chapter 1 gives an overview of the current developments of viral vector systems for
treatment of inherited liver diseases. It also gives an overview of the animal models for
liver repopulation and other cell-based strategies to correct for a defective gene.

In chapter 2 we show that liver sinusoidal endothelial cells do not form a major barrier
for in vivo lentiviral gene therapy of hepatocytes, but the Kupffer cells do. In addition,
hepatocytes can be transduced by injection of a lentiviral vector dose into the common
bile duct.

In chapter 3 detargeting of lentiviral vectors was acquired by pseudotyping the viral
particles with a fusion envelope protein between GP64 and Sendai envelope proteins
(GP64/Sendai fusion). Because Sendai envelope protein binds to asialoglycoprotein,
which is present on hepatocytes, the expectation was that hepatocyte specific
transduction would take place. Pseudotyping lentiviral particles with GP64/Sendai fusion
envelope led to stable particles and a lower Kupffer cell transduction after administration
in vivo.

In utero and neonatal lentiviral gene therapy was performed in the Gunn rat, a model for
Crigler Najjar syndrome. In chapter 4, we show that at this early age, we markedly
reduced the plasma bilirubin levels long-term. However, injection of lentiviral vectors via
the peritoneum led to generation of antibodies against the transgene.

In another inherited liver disease, Progressive Familial Intrahepatic Cholestasis type 3,
we show in chapter 5 that lentiviral vector design is crucial to generate infectious
lentiviral particles for possible PFIC3 gene therapy. Our lentiviral vectors expressed
ABCB4 during viral vector production, which affected infectivity by interfering with the
lipid membrane composition of the viral vector particle. There was a decrease of the
cholesterol content, which has been shown to be crucial for viral infectivity and integrity.
In chapter 6, we show that the use of a lentiviral vector containing a cassette that
expresses a-amanitin resistant RNA polymerase Il largest subunit could be used as a
selection marker in cell-lines and in dividing and quiescent human fibroblasts. This
strategy may be used to select primary cells ex vivo that poorly transduce, such as
hepatocytes.

In chapter 7, a cloned cell-line was made from fetal liver cells that could differentiate in
the liver into hepatocytes after administration in the spleen. The development of such
cell lines may also be used in the future as an unlimited source for transplantation into
patients with inherited liver diseases.

The general discussion in chapter 8 summarizes our findings and provides possibilities
to further develop lentiviral gene therapy of inherited liver diseases.
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Samenvatting

Gentherapie zou in de nabije toekomst gebruikt kunnen gaan worden in de kliniek voor
de behandeling van patiénten met erfelijke leverziekten. Veel onderzoekers willen
hiervoor gebruik maken van virale vectoren, die gebaseerd zijn op virussen. Omdat
virussen tijdens evolutie gespecialiseerd zijn in het overbrengen van hun genetisch
materiaal van cel tot cel, kan er gebruik gemaakt worden van deze eigenschappen voor
gentherapie. Wij hebben gebruik gemaakt van lentivirale vectoren, omdat deze vectoren
stabiel kunnen integreren in niet-delende cellen in vivo en ex vivo. Vele andere virale
vectoren, zoals adenovirale vectoren, bezitten deze eigenschappen niet.

In hoofdstuk 1 wordt een overzicht gegeven van de ontwikkelingen van virale vectoren
voor de behandeling van erfelijke leverziekten. Ook wordt er een overzicht gegeven van
de diermodellen van lever repopulatie en andere cel-gebaseerde strategieén om een
defect gen te kunnen corrigeren.

In hoofdstuk 2 laten we zien dat lever sinusoidaal endotheel niet de efficiéntie van
hepatocyt transductie in vivo beinvioedt, maar dat Kupffer cellen weldegelijk invioed
uitoefenen op de transductie efficiéntie door het mogelik wegvangen van virale
vectoren, en doordat deze cellen beter getransduceerd worden dan hepatocyten. Daarbij
laten we zien dat hepatocyten ook getransduceerd kunnen worden door injectie van
lentivirale vectoren in de galgang.

In hoofdstuk 3 worden lentivirale vectoren gepseudotypeerd met een fusie envelop
eiwit, dat gedeeltelijk bestaat uit cellulair deel van GP64 envelop eiwit en een extern
deel van het Sendai envelop eiwit. Omdat het Sendai virus bindt aan de
asialoglycoprotein receptor, dat op hepatocyten aanwezig is, zou de virale vector
gestuurd kunnen worden naar deze cellen. Echter, wij zagen geen toename van de
hepatocyt transductie, maar wel een afname in de Kupffer cel transductie.

In utero en neonatale gentherapie kan toegepast worden in Gunn ratten, een model voor
het syndroom van Crigler Najjar. In hoofdstuk 4 beschrijven we dat injectie van
lentivirale vectoren die bilirubine UDP glucuronyl transferase (UGT1A1) tot expressie
brengen leidt tot een reductie in plasma bilirubine waarden, maar dat deze injectie route
via het peritoneum als gevolg heeft dat er antilichamen tegen UGT1A1 gegenereerd
worden.

In een andere erfelijke leverziekte, Progressieve Familiaire Intrahepatische Cholestase
type 3, laten we zien in hoofdstuk 5 dat de expressie van ABCB4 eiwit een negatief
effect heeft op het verkrijgen van infectieuze virale vector deeltjes. ABCB4 komt tot
expressie tijdens de virale vector produktie en beinvloedt de lipiden samenstelling van
de lentivirale vector door afname in de cholesterol fractie, waarvan bekend is dat het
cruciaal is voor de integriteit en infectiviteit van HIV deeltjes. Aanpassingen zijn nodig
voor het genereren van een bruikbare lentivirale vector dosis voor PFIC3 behandeling.

In hoofdstuk 6 beschrijven we een lentivirale vector met a-amanitine resistente RNA
polymerase |l als een selectiemarker die effectief is in zowel delende als niet-delende
humane fibroblasten. Deze strategie zou eventueel gebruikt kunnen worden voor
selectie van primaire cellen die ex vivo slecht te transduceren zijn, zoals hepatocyten.

In hoofdstuk 7 wordt een gekloneerde cellijn beschreven, afkomstig van geisoleerde
humane foetale cellen. Deze cellen konden differentiéren naar hepatocyten in de lever
na toediening via de milt. De ontwikkeling van deze cellijnen zou in de toekomst tot
ongelimiteerde bronnen kunnen leiden voor cel transplantaties in pati€nten met erfelijke
leverziekten.

In hoofdstuk 8 worden alle hoofdstukken nog eens tegen het licht gehouden, wat betreft
de gevonden resultaten en ingegaan op mogelijkheden voor het verder ontwikkelen van
lentivirale gentherapie voor de behandeling van erfelijke leverziekten.
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Abbreviations

AAV
AAT
ABC
AFP
ATCC
BAL
BUGT
CK
CMV
CPS
CTL
CD
DAPI
DMEM
EDTA

SV40T

TRITC
VSV-G

Adeno-associated vector
a-1-antitrypsin

ATP binding cassette

a-fetoprotein

American Type Culture Collection
Bio Atrtificial Liver

bilirubin UDP-glucuronosyltransferase
cytokeratin

cytomegalovirus
carbamoylphosphate synthetase
cytotoxic T-lymphocyte

cluster of differentiation
diamidinophenylindoldiacetate
Dulbecco’s Modified Eagle’s Medium
ethylene diamine tetra-acetic acid
elongation factor 1a

erythropoietin

fumaryl acetoacetate dehydrolase
fluorescent In-Situ Hybridisation
fluorisceine isothiocyanate

green fluorescent protein

glutamin synthetase

gluthathion S transferase 1 subunit
helper dependent

human fetal liver cell

heat inactivated-fetal bovine serum
human immunodeficiency virus
human telomerase reverse transcriptase
internal ribosome entry site

liver sinusoidal endothelial cells
Madin-Darby canine kidney

major histocompatibility complex
multiplicity of infection

phosphate buffered saline
polymerase chain reaction
population doubling
paraformaldehyde

progressive familial intrahepatic cholestasis
phosphoglycerate kinase

RNA interference

Ross river virus

Rous sarcoma virus

reverse transcriptase
self-inactivating vectors

urokinase plasminogen activator
Simian virus 40 large T antigen
population Doubling Time
Tetramethylrhodamine isothiocyanate
Vesicular stomatitis virus G protein
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