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Abstract

Phenylketonuria (or PKU) is a well-known and widespread genetic disease for which many countries
perform newborn screening, and life-long dietary restriction is still the ultimate and effective therapy.
However, the diet is complicated, unpalatable, and expensive. The long-term effects of diet
discontinuation in adults, except for the serious adverse effects of maternal hyperphenylalaninemia
upon the developing fetus, have not been systematically studied, but congnitive decline and
neurologic abnormalities have been anecdotally reported. Thus, alternative approaches for PKU
therapy, including gene therapy, must be further explored. Here we summarize past present nonviral
and viral gene transfer approaches, both in vitro studies and preclinical animal trials, to delivering
the PAH gene into liver or other organs as potential alternatives to life-long phenylalanine-restricted
dietary theraphy.
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Introduction

Phenylketonuria (PKU) is an autosomal recessive genetic disorder with an average incidence
of roughly 1 case in 10,000 Caucasian live births (OMIM 261600). It is caused by deficiency
of the hepatic enzyme phenylalanine hydroxylase (PAH; EC 1.14.16.1), responsible for
converting phenylalanine to tyrosine, using molecular oxygen and tetrahydrobiopterin (BH,)
asanecessary cofactor to performiits catalytic activity [1,2]. This conversion is the rate-limiting
step in phenylalanine catabolism in the liver. PAH deficiency leads to hyperphenylalaninemia
(HPA), a dramatic increase in blood phenylalanine concentration (from <120 to >1200 uM).
The inability to degrade phenylalanine present in dietary protein leads to the occurrence of
urinary phenylalanine, phenylpyruvate, and phenylacetate. Mild forms of PKU accumulate
phenylalanine in the blood at levels of 800-1200 uM. High levels of accumulated
phenylalanine in PKU patients are toxic to the human body if left untreated, and is associated
with an abnormal phenotype presenting with growth failure, microcephaly, seizures, and
mental retardation. HPA can also be caused by the absence of the BH4 cofactor due to
deficiency of cofactor biosynthesis and regeneration, but this group of neurometabolic diseases
will not be discussed here [3]. The biochemistry and genetics of PKU are well characterized
(see for instance http://www.pahdb.mcgill.ca/ [4]). The clinical phenotype is defined and
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treatment is also available. Moreover, PKU has been detected in most Western countries for
many decades by newborn screening programs [5].

Although the underlying pathologies between hyperphenylalaninemia and abnormal brain
function in PKU remain elusive, the relationship is undisputable. Children with severe PKU
can have normal cognitive development when dietary treatment is initiated in early infancy
and the blood phenylalanine level is maintained at near normal or normal levels [6]. Therefore
an efficient method to reduce the phenylalanine level in the blood will eventually improve, or
correct PKU. Woolf and Vulliamy [7] were the first to propose the use of a low phenylalanine
diet as possible therapy for PKU patients. Following their suggestion, several important studies
demonstrated that a phenylalanine-restricted diet significantly reduced the level of blood
phenylalanine and improved the mental development and behavioral performance [8,9].
Dietary restriction treatment and newborn screening for PKU in developed countries have
normalized the lives of PKU patients. However, there are still limitations to dietary treatments.
Studies have shown that the restricted diet, which is not very palatable, offensive in odor and
taste, and rigid has to be continued for a lifetime [10,11], that is, PKU patients have to modify
their life styles significantly in comparison with healthy people. Although it is recognized that
dietary treatment initiated early in life is successful in avoiding the severe mental retardation
seen in untreated patients, the long-term outcome for adults remains unclear. Discontinuation
of the restricted diet in adulthood is often accompanied by progressive loss of intellectual
functions and by emotional disturbances [12]. Dietary restriction is an absolute requirement
during pregnancy with PKU to prevent the occurrence of developmental abnormality and
mental impairment in the offspring, a syndrome called maternal PKU [13-15]. In addition to
the PKU patients themselves, the treatment inevitably also puts a heavy burden on the patients’
families.

A promising approach towards eliminating the need for dietary restriction in PKU patients, is
somatic gene therapy, in which a functional recombinant gene—in this case the PAH gene—
is targeted to the affected tissue or organ such as the liver in vivo. Therefore, development of
a safe and effective method of gene transfer for the treatment of PKU has been a top priority.
In the past two decades, different approaches have been employed to study the possibility of
somatic gene therapy in PKU animal models in vitro and in vivo (for older reviews on this
subject see [16-18]). Other approaches, such as enzyme substitution, have also been developed
as alternative treatments [19,20], but this is not the topic of this review.

PKU animal models

To experimentally explore new treatments for PKU, an appropriate animal model is required.
An initial attempt was to generate a rat PKU model by administrating phenylalanine analogs
as PAH inhibitors to suppress the enzyme activity. However, the results were complicated by
the side effects of the inhibitors [21]. More successful was the chemical mutagenesis of a
BTBR-mouse strain using the alkylating agent N-ethyl-N-nitrososurea (ENU), resulting in the
isolation of a hyperphenylalaninemic mouse with a mutation called Pah®"V2 [22]. The
Pahenu2 allele was genetically mapped to the Pah locus, and sequence analysis revealed a miss-
sense mutation at exon 7, a region that encodes the active site of the PAH enzyme, which is
by far the most frequent mutation site for PKU in human [23]. Besides hyperphenylalaninemia,
this mouse displays many symptoms found in human PKU patients, including slow growth,
small head, hypopigmentation, behavior disturbances, and maternal PKU [22,24], and
numerous studies from genetics and biochemistry have demonstrated the reliability of this
animal model for human PKU [25]. Thus most PKU-animal studies, if not all, in somatic gene
therapy and enzyme substitution have been carried out in this Pah®"2 mouse model and
provided invaluable information on the biology and pathology of PKU. Nevertheless, and as
will be mentioned below, recent unexpected results from gene therapy experiments with this
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Pahe"2 mouse demand an alternative and better defined model, presumably by targeting the
mouse gene for Pah via homologous recombination in embryonic stem cells. Furthermore, the
BTBR-mouse strain seems to have limited fertility, suggesting breeding the Pah€"2 allele in
another inbred mouse strain such as, for instance, C57BL/6 (BT and CH, personal observation).

Gene transfer vehicles

There are generally two approaches to carry transgenes into cells or tissues, using either viral
or non-viral vectors. Both approaches have been employed to test the efficiency of gene
delivery and transgene expression in vivo and in vitro [26,27]. Two different strategies have
been explored to deliver the vectors to the target tissue, one is ex vivo, the other in vivo. In the
ex vivo approach, cells were isolated and permanently transduced with a PAH-cDNA, followed
by re-implantation of the transduced cells into the donor. In the in vivo approaches, recombinant
vectors were infused directly into the portal vein or systemic circulation via the tail vein of the
PKU mouse model.

Gene transfer with non-viral vectors

The transfer of foreign genes into tissues or organs by direct injection of naked plasmid-DNA
has been demonstrated, leading to transgene expression and physiological or therapeutic
responses [28]. To achieve better transfection of cells, naked DNA is often coated with cationic
lipid to facilitate transport into nucleus. This kind of delivery system has advantages over other
viral delivery systems, such as no size limitation of the DNA insert, and no cytopathic side-
effects. The limited efficacy, however, is due to the very low gene transfer rate and the transient
transgene expression [29].

In an earlier approach, the PAH gene was successfully delivered in vitro into hepatocytes by
covalently attaching the DNA to the asialoglycoprotein, which is bound and internalized by
the specific asialoglycoprotein receptor presented on the surface of the target cells. The
transduction of cells by such DNA/protein complexes in vitro was greatly increased by the co-
administration of a replication-defective adenovirus and reached an efficiency of 100% [30].
Although the low levels of PAH activity were reconstituted to nearly normal ranges, this
method has produced very small portions of transduced hepatocytes in vivo [31].

A more recent approach was to inject naked plasmid DNA either via the portal vein or using
the hydrodynamic technique through the tail vain into Pah®"u2 mice (C.O.H., unpublished
observations). The CMV-driven expression caused transient Pah expression that was not
sustained beyond 24 h, and a mild decrease in serum phenylalanine levels. Furthermore, no
effect was found if liver-specific promoters such as human albumin or nuclear elongation factor
la was used.

Since PKU is probably a candidate for gene therapy in vivo, a significant improvement of the
delivery system and persistent gene expression will be required before clinical application can
be considered.

Liver gene transfer with viral vectors

Several types of viral vectors, including retroviral, adenoviral, and adeno-associated viral gene
transfer vectors, have been examined for their hepatic correction potential in the PKU mouse
model or its hepatocytes. So far only either short-term or sex (male)-specific treatment effects
were observed in the PKU mouse.
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Recombinant adenoviral vector

Recombinant adenoviral vectors are derived from the various serotypes of human
adenoviruses. These viruses first cross the cell membrane via receptor-mediated endocytosis,
and then shuttle into the endosomes. After lysing the endosomes, the viruses enter the nucleus,
where they replicate episomally. Due to several advantages of adenovirus, including broad host
cell ranges, extremely high efficiency of transduction, and the ability to transduce non-dividing
cell types [26], a series of experiments had been conducted to explore the potential of
recombinant adenoviruses as vectors for in vivo delivery of PAH-cDNA into liver. Fang et al.
[32] described a recombinant adenoviral vector containing the human PAH-cDNA under
control of the Rous sarcoma virus long-terminal repeat (RSV-LTR). The recombinant virus
was infused into the liver through the portal vein of the PKU mouse. A significant increase of
PAH activity was observed, leading to complete normalization of the serum phenylalanine
levels in these PKU mice within one week of treatment. Unfortunately, the therapeutic effect
of the adenoviral vector delivery did not persist beyond a few weeks, and repeated
administration did not generate the original results due to the neutralizing antibodies against
adenoviral vectors [33]. Furthermore, this study did not reveal other phenotypic changes such
as for instance hypopigmentation. However, an important finding from this study is that 10—
20% of normal PAH enzymatic activity is sufficient to restore normal serum phenylalanine
levels. In another study, a recombinant adenoviral vector containing the strong CAG-hybrid
promoter was constructed to drive expression of the human PAH gene in the PKU mouse to
potentially enhance treatment efficacy [34]. Besides, suppression of the host immune response
by administration of the immunosuppressant FK506 allowed repeated gene delivery, resulting
in moderately prolonged PAH gene expression and reversal of hypopigmentation. Overall, both
studies demonstrated the feasibility of gene therapy for PKU, but the adenoviral vector must
be modified to reduce or eliminate expression of the adenoviral genes responsible for evoking
immune responses. Improvement with second- and third-generation vectors was achieved but
is still not yet satisfactory [26]. A more general problem to be solved is a sustained and
prolonged trans-gene expression in vivo upon adenoviral gene transfer.

Recombinant retroviral vector

Recombinant retroviral vectors (from oncoretroviruses) are derived from the Moloney murine
leukemia retrovirus by replacing all of the retroviral genes with therapeutic DNA. An early
approach was the transduction via recombinant retroviral vectors of the PAH-cDNA into
hepatocytes isolated from the PKU mouse [35,36]. The PAH gene was efficiently transferred
and expressed at high levels in these primary hepatocytes. However, so far there is no report
onsuccessful in vivo or ex vivo retrovirus-mediated gene transfer in PKU mice. With the recent
observation that retrovirus vectors induce leukemia-like disorders [26], it is unlikely that
clinical trials for PKU with oncoretroviral vectors will have a future before this problem is
solved.

Recombinant adeno-associated virus vector

The recombinant adeno-associated virus (rAAV) has recently emerged as an attractive vector
for gene therapy, as it is non-pathogenic, can establish long-term transgene expression in a
wide variety of tissues, is capable of transducing non-dividing cells, and elicits minimal
immune responses as no viral genes are present in the vectors [26,37]. Hence, comparing with
other viral vectors, rAAV vectors appear to be safer and more efficient, and the existence of
different AAV serotypes expands the usefulness of the rAAV vectors, and leads to more
specific and strong transgene expression with capsid pseudotypes from alternative serotypes
in different organs and tissues [38]. These high promises are somewhat flawed by a recent
report indicating that rAAV (type 2) vectors, despite low integration efficiency, may integrate
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in murine hepatocytes, i.e., quiescent cells, preferentially into actively transcribed genes, and
cause small genomic deletions, hence having the potential for dangerous side effects [39,40].

Regarding PKU gene therapy, Laipis et al. [41] recently published a preliminary
communication on a rAAV containing the mouse Pah-cDNA, which was used for delivery to
the liver of the PKU mouse by portal vein injection. Their results demonstrated the possibility
of using a rAAV vector to correct PKU in the PKU-mouse model. Unexpectedly, only males
responded by lowering phenylalanine to therapeutic levels, whereas females were unresponsive
unless they were ovariectomized and treated with testosterone. As it cannot be excluded that
this is a non-HPA specific effect as a result of the chemical mutagenesis it will be important
to generate a new PKU mouse model by targeted deletion of the Pah gene and to repeat these
rAAV gene therapy experiments. Nonetheless, the experiments demonstrate the high potential
of gene therapy using rAAV, as it has already been shown for other monogenic diseases in
human trials (including for instance haemophilia B or coagulation factor 1X deficiency and
cystic fibrosis [26]).

Heterologous, non-liver gene therapy for PKU

Some inherited metabolic disorders, for which the accumulated intermediate metabolite(s) is
toxic at high concentration, can potentially be corrected by heterologous gene expression, i.e.,
enzymatic degradation in another tissue or organ than what is predicted from nature. As the
pathology of PKU is largely caused by the high concentration of circulating phenylalanine and
not by a local effect of PAH deficiency, such a strategy should also work for PKU. Several
targeting tissues have been examined for heterologous expression of the PAH gene and
potential efficacy for clearing the phenylalanine in the blood stream. Yet, due to the absence
of the BH,4 cofactor for PAH in some tissues or organs, cofactor supply was a new obstacle in
the heterologous PAH-gene expression. The de novo synthesis of the BH,4 cofactor starts from
GTP and involves sequentially the enzymes GTP cyclohydrolase | (GTPCH), 6-pyruvoyl-
tetrahydropterin synthase, and sepiapterin reductase. BH4 can also be regenerated by two
additional enzymes, pterin-4a-carbinolamine dehydratase and dihydropteridine reductase
[42]. It turns out that only GTPCH and 6-pyruvoyltetrahydropterin synthase are highly
regulated and/or not expressed constitutively in all tissues, whereas the other enzymes for
BH,4 metabolism seem to be ubiquitously present [42—-45].

Expression of human PAH in T lymphocytes was first investigated [46]. These authors found
that T cells contain only small amounts of oxidized biopterin but significant dihydropteridine
reductase activity. In vitro experiments showed that the intracellular biopterin content could
be increased by exogenous BH4 supplementation, and retrovirally transduced primary T cells
from PKU patients produced high levels of human PAH activity. Unfortunately, no in vivo
data of T lymphocytes or haematopoietic stem cell gene therapy of PKU in mice are available.

Pah expression in erythrogenic bone marrow has also been explored as potential therapy for
PKU [47]. Inthis experiment, transgenic mice with bone marrow PAH activity expressed under
the transcriptional control of the human B globin locus control region (LCR) were bred to
Pahe2 mice. The resulting progeny were homozygous for the Pah€"2 mutation and therefore
lacked liver PAH activity but did express Pah in erythrogenic bone marrow under the control
of the transgene. The progeny remained hyperphenylalaninemic despite the presence of PAH
activity and sufficient BH,4 supply in bone marrow. The efficacy of bone marrow as a platform
for phenylalanine hydroxylation in this model was likely limited by other fundamental
physiologic properties such as insufficient flux of plasma through the Pah-expressing bone
marrow compartment or insufficient phenylalanine transport into Pah-expressing cells.

The skin as another potential target tissue for PKU gene therapy is also under investigation.
Primary human keratinocytes or skin fibroblasts, which both do not produce BH4
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endogenously, were engineered by transducing two independent retroviral vectors expressing
PAH and GTPCH separately. GTPCH is the rate-limiting enzyme in de novo BH4 biosynthesis
in these cells, and co-transduction of human keratinocytes or fibroblasts with retroviral vectors
carrying the PAH and the GTPCH genes resulted in phenylalanine clearance in vitro without
additional BH,4 supplementation [48,49]. For skin-based gene therapy, keratinocytes (or
fibroblasts) permanently expressing PAH and GTPCH cDNAs would be used for epidermal
grafting. However, current limitations of such a ‘metabolic sink’ for phenylalanine by skin
grafting are the limiting metabolic rate of clearance and the low rate of phenylalanine flux from
the circulation into the skin graft.

Another attractive heterologous expression target tissue is the skeletal muscle, which comprises
approximately 40% of total body weight in an adult human, is well vascularized, and more
easily accessible through percutaneous techniques than the liver. To assess whether
heterologous expression of Pah in muscle would lead to degradation of phenylalanine, the
Pah gene was put under control of the muscle creatine kinase promoter, and was constitutively
expressed in skeletal and cardiac muscle of transgenic mice generated by classical
microinjection of eggs [50]. Breeding such mice to the Pah®"2 strain for homozygosity resulted
in offspring lacking PAH activity in the liver but expressing Pah in the skeletal muscle. These
animals had significantly elevated serum phenylalanine levels, which decreased only when
BH, was supplemented by intraperitoneal injections, as the skeletal muscle lacks cofactor
biosynthesis. Thus, PAH gene therapy in muscle might become a feasible approach provided
that enough BH, cofactor is supplied. The latter problem can be overcome by co-expression
of BH4 biosynthesis genes, like GTPCH, together with the gene for PAH.

Summary and future perspectives

In a first phase of approaches, liver PAH gene transfer in vitro or in vivo was the dominating
experimental philosophy, which failed due to poor efficiency of gene delivery into the liver
and lack of sustained gene expression. In a second phase of studies, autologous non-hepatic
gene targeting became attractive, yet with the additional challenge of overcoming the essential
but limiting BH,4 cofactor supply. So far no studies were carried out employing lentiviruses,
only oncoretroviruses were applied. Furthermore, besides gene replacement, targeted in situ
gene repair that does not use viruses as delivery vehicles might also be envisaged to correct
the errant PAH gene [51,52]. From all of the above, despite the different non-viral and viral
gene transfer approaches that have been examined, none of them seem to hold great promise
for future clinical trials until an appropriate gene transfer vector is designed. In addition to the
problem of combining PAH with BH4-cofactor gene expression in heterologous tissues, the
delivery system and sustained expression are the main challenges to be overcome for PKU as
for other gene therapies.
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