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ABSTRACT

Duchenne muscular dystrophy (DMD) is characterized by necrosis and
progressive loss of muscle fibers. DMD patients have é mutation in the gene encoding
dystrophin, a large membrane-associated cytoskeletal protein on the cytoplasmic side of
the sarcolemma. Gene therapy using fully deleted adenoviral vectors shows great
potential for the eventual treatment of DMD and other genetic diseases. These vectors are
less immunogenic than their predecessors and have the capacity to carry large DNA
inserts such as the full-length dystrophin (12 kb). However, the lack of viral genes results
in a weakened and subsiding (short) transgene expression in muscle. Findings in the lung
and liver have shown the adenoviral E4 region, in particular E4 open reading frame 3
(ORF3) to contribute to the maintenance of transgene expression. We constructed an
adenovirus in which E4 ORF3 was reintroduced into a fully-deleted adenovirus along
with full-length dystrophin (AdCBDysORF3).  Dystrophin levels produced by
AdCBDysORF3 were found to be not sustained in mdx mice, dropping significantly by
day 90. However, expression levels did increase when AdCBDysORF3 was
complemented with»other viral proteins such as E1B. Likewise, increasing the expression
of the primary adenovirus receptor (CAR) in muscle also resulted in a higher initial

dystrophin expression in myofibers.



RESUME

La dystrophie musculaire de Duchenne (DMD) est caractérisée par la nécrose et la
perte progressive des fibres musculaires. La DMD est causée par une mutation dans le
gene de la dystrophiné, une protéine qui est retrouvée du cdté cytoplasmique du
sarcolemme. Avec 'utilisation de vecteurs d’adénovirus completement délétés de tous
geénes viraux, la thérapie génique démontre beaucoup de potentiel pour le traitement des
maladies géniques comme la DMD. Ces vecteurs sont moins immunogenes que leurs
prédécesseurs et ils ont la capacité de transporter de grosses insertions d’ADN tel que la
dystrophine (12 kb). Toutefois, a2 cause du manque de génes viraux, I’expression du
transgene est faible et de courte durée dans les muscles. Des études dans les poumons et
le foie ont révélé que la région adénovirale E4, en particulier E4 open reading frame 3
(ORF3) contribue au maintien d’expression du transgéne. Nous avons généré un
adénovirus dans lequel le E4 ORF3 est réintroduit avec la dystrophine (AdCBDysORF3).
Les niveaux de dystrophine obtenus avec AdCBDysORF3 n’ont pas étaient maintenus
dans les souris mdx et ont chuté considérablement a 90 jours. Cependant, les niveaux
d’expression ont augmenté avec la complémentation d’AdCBDysORF3 avec d’autres
protéines virales comme le E1B. De plus, une augmentation du nombre de récepteurs

primaires de 1’adénovirus a aussi accru I’expression initiale de la dystrophine.
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INTRODUCTION

Muscular Dystrophy

Duchenne muscular dystrophy (DMD), a muscle disorder, is characterized by the
progressive weakness and wasting of voluntary muscles that control body movement.
During the course of this disease, fatty and connective tissue replace muscle tissue (Engel
et al., 1994). DMD occurs almost exclusively in boys with an incidence rate of 1 in 3500
newbprn males (Emery, 1993).

DMD is an X-linked recessive disorder.in which a mutation exists within the large
dystrophin gene, located at position Xp21 (Hoffman et al., 1987). It is transmitted
through carrier mothers and passed on from generation to generation. However, 1/3 of
cases represent new mutations where the mother is not a carrier and only this one child is
affected (Moser, 1984; Emery, 1980; Gardner-Medwin, 1970). The clinical onset is
usually observed between the ages of two and five years old. By DNA analysis, the
disease can also be detected or ruled out in babies where there is a positive family
history. Initial symptoms of DMD include difficulty rising from the floor, climbing stairs,
falling easily, a waddling gait and pseudohypertrophy which is a characteristic
prominence of the calf muscles (Duchenne de Boulogne, 1973). The progression of the
disorder varies from child to child but it is steady with no remissions. A wheelchair is
usually necessary by late childhood or early adolescence. Breathing is also affected in the
later stages of DMD. The life span is shortened and victims usually die in their 20s from

respiratory or cardiac failure.



As mentioned previously, nearly all patients are male. Occasionally, the disease
has been observed in females due to Turner (XO) or Turner mosaic (X/XX or
X/XX/XXX) syndromes (Ferrier et al., 1965), a structurally abnormal X chromosome
(Berg & Conte, 1974), or an X—autosomal translocation (Lindenbaum et al., 1979).
Infrequently, some heterozygote females suffer from the disease due to a failure of
inactivation of the mutation-bearing X chromosome (Gomez et al., 1977).

A milder dystrophinopathy exists called Becker muscular dystrophy (BMD). It is
similar to DMD by the fact that it is X-linked, except that it progresses at a much slower
rate. BMD occurs in approximately 1 out of 30 000 male births. Symptoms usually
appear in boys at about age 12, or in some cases even later. These individuals stop
walking at an average age 25-30. Like DMD, BMD results from mutations in the
dystrophin gene. However the genetic defects are different from DMD leading to a
truncated or altered protein. The majority of patients (70%) have in-frame mutations
which produce internal deletions or duplications within the protein. As a result, people
with BMD have some dystrophin, but it is usually insufficient or of poor quality. Having
some dystrophin protects the muscles of those with Becker from degenerating as badly or

as quickly as those of people with Duchenne (summarized in Rowland, 1995).
Dystrophin
The dystrophin gene is among the largest known, with 2.4 megabases (Mb) of

DNA, representing 1% of the X chromosome. However, only 0.6% of the gene encodes

mRNA for dystrophin. The entire gene and its 12 kb mRNA transcript have been cloned



(Koenig et al., 1987). To date, five different cell type specific dystrophin transcripts have
been identified. Muscle, cortical and Purkinje cell type dystrophins have a molecular
weight of 427 kDa. Glial and Schwann cells produce dystrophin transcripts with
molecular weights of 71 and 116 kDa (Figure 1) (Ahn & Kunkel, 1993). For the duration
of this thesis, the dystrophin in question will be muscle dystrophin.

Dystrophin is a sﬁbsarcolemmal cytoskeletal protein with a molecular weight of
427 kDa. It has been found to have a highly conserved protein sequence between humans
and rodents. Dystrophin maintains the structural integrity of the plasma membrane during
contraction and the resulting structural deformation (Figure 2) (Engel et al., 1994).

Dystrophin accounts for 5% of sarcolemmal cytoskeletal protein in muscle
(Ervasti & Campbell, 1993). Dystrophin was predicted to be a rod-shaped cytoskeletal
protein after an analysis of its predicted amino acid sequence (Koenig et al., 1988). The
protein is composed of four structural domains. The amino-terminal end consists of 240
amino acids that have high homology to the actin binding protein, a-actinin (Hemmings
et al., 1992). The second and largest section of the protein consists of 25 repeats of 109
amino acids in the form of a triple helix (Matsumura et al., 1993). The third domain
contains 15 cysteines and a section of 142 amino acids that show homology to the
carboxyl terminal of a-actinin (Koenig et al., 1988). Thé final, or C-terminal domain,
containing 420 amino acids is highly conserved across species and has considerable
homology with utrophin, a dystrophin related protein (Love et al., 1989).

Dystrophin is connected with a large oligomeric complex of sarcolemmal proteins
including o and B-dystroglycan, a, B, v, and &-sarcoglycan and syntrophin (Figure 3). The

amino terminus of dystrophin attaches to cytoskeletal actin while the carboxyl terminus



Figure 1. The dystrophin gene. At least five different promoters drive independent cell-
type specific expression of dystrophin. Three promoters express full-length dystrophin,
while two promoters near the C terminus express the last domains. The C (cortical), M
(muscle), and P (Purkinjvie cell) dystrophin, the full length forms, each use their own first
exon. The S (Schwann cell) and G (general or glial) dystrophin promoters encode C-

terminal proteins of 116 and 71 kDa respectively (Ahn & Kunkel, 1993).
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Figure 2. Localization of dystrophin within a muscle. Muscles are made up of bundles of
fibers (cells). A group of independent proteins along the membrane surrounding each
fiber helps to keep muscle cells working properly. When one of these proteins,
dystrophin, is absent, the result is Duchenne muscular dystrophy; poor or inadequate
dystrophin results in Becker muscular dystrophy (Muscular Dystrophy Association

website, 2001).
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binds to B-dystroglycan. These proteins are collectively referred to as DAPs, dystrophin-
associated proteins. Therefore, dystrophin acts as linker between the actin cytoskeleton
and the extracellular matrix (Ervasti & Campbell, 1993).

The mutation in the dystrophin gene leads to the absence of the dystrophin
protein. Mutations affecting the dystrophin gene can either be large DNA rearrangements
(deletions or duplications) or small mutations (single base changes). Large deletions
account for 60-65% of DMD cases. The large mutations are distributed unevenly, with
hot spots occurring where the introns are particularly long (between the first 20 exons of
the gene) and in the extremely large intron between exons 44 and 45 (Koenig et al., 1987;
Koenig et al., 1989; Den Dunnen et al., 1989). A relationship has been found between the
site of the deletion and the clinical syndrome. Deletions in the C-terminus result in more
severe types while Becker phenotypes result from deletions within the rod domain or the
N-terminal region (Koenig et al., 1989). Furthermore, frameshifting mutations result in a
truncated dystrophin lacking a C-terminus. This leads to improper membrane attachment
of dystrophin via DAPs, dystrophin deficiency and the Duchenne phenotype.

In addition to dystrophin, DMD patients show a remarkable reduction in DAPs.
The absence of dystrophin causes the disruption of the linkage of the DAPs to the
subsarcolemmal actin cytoskeleton, which leads to an important reduction in all of the
DAPs. Sarcolemmal instability results due to the interruption between the
subsarcolemmal cytoskeleton and the extracellular matrix. This leads to muscle cell
necrosis and weakness of the overall muscle (Matsumura et al., 1993; Ohlendieck et al.,
1993) resulting in sarcolemmal (physical) breaks during contraction (Ohlendieck et al.,

1993). Thus, myofibers under great stress are the most affected (Watkins et al., 1988).



Figure 3. Schematic model of the sarcolemma depicting dystrophin and its associated

proteins (Cohn & Campbell, 2000).
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Despite intense muscle regeneration, it cannot keep up with the ongoing muscle fiber
necrosis. Furthermore, regenerating fibers do not always attain normal size (Carpenter &
Karpati, 1979). Death usually occurs at an early age from muscle weakness due to

continuous loss of muscle fibers.
Gene Therapy for Muscular Dystrophy

Necrosis and fiber loés in dystrophic muscle fibers can be avoided by establishing
dystrophin expression in affected fibers (Deconinck et al., 1996; Phelps et al., 1995; .
Acsadi et al., 1996). As well, the presence of dystrophin can benefit neighboring fibers
that did not receive the gene by reducing the overall mechanical stress (Deconinck et al.,
1996). Currently, gene therapy is the most promising mode of action to deliver a
functional dystrophin in the treatment of DMD. In gene therapy, a normal gene is
delivered to target cells to provide a functional protein in order to overturn the harmful
effects of a genetic mutation. In DMD, the most severely affected tissue is skeletal
muscle, making skeletal muscle fibers the target cells (Karpati & Acsadi, 1994). A large
and elongated cell, a muscle fiber is composed of thousands of myonuclei, each of which
in turn contains a full genome (Grounds, 1991). Due to the fact that the dystrophin
p?otein is located in close proximity to each myonucleus, a majority of myonuclei must
possess a normal allele in order for the entire muscle fiber to collectively contain
dystrophin (Karpati & Acsadi, 1993). Therefore, due to the existence of multiple nuclei
and the elongated shape of the cell, it is possibie for only a portion of a fiber to become

necrotic. Unlike most other cells, the segmental necrosis observed in muscle cells creates
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necrotic and non-necrotic portions that span continuously until a membrane produced by
a non-necrotic segment provides a division (Carpenter & Karpati, 1979). For instance, in
a female heterozygote carrier of a dystrophin gene mutation, a fiber segment under the
control of any particular nucleus may have either the wild-type or mutant X activated.
The result is a mosaic of dystrophin-positive and —negative nuclei and fiber segments
(Anderson, 2002).

In developing a protocol to be used for gene therapy, one must take into account
the gene of interest, the vector to transfer the gene and the promoter to drive its

expression.
Alternative Vectors for Gene Therapy

Previously, many approaches have been taken to transfer genes into muscle fibers.
They, on the most part, have been deemed unsuccessful. Plasmid expression vectors
(Acsadi et al., 1991; Davies et al., 1983; Wolff et al., 1990), microprojectiles (Yang et al.,
1990) and cationic liposomes containing the therapeutic gene (Curiel et al., 1991; Wagner
et al., 1991) are examples of methods which have failed as they did not transfer the gene
to a sufficient number of fibers. A procedure involving the transfer of myoblasts was also
ineffective (Karpati et al., 1993). In this experiment, bicep muscles of DMD patients
Wefe injected with purified normal myoblasts derived from biopsy specimens of the
fathers. The transfer efficiency was concluded to be poor based on, amongst others, the
dystrophin content of the muscle and on the lack of donor derived dystrophin DNA and

messenger RNA in the injected muscle. Viral vectors are another option in gene therapy.
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However, retroviruses require replicating target cells for efficient transduction.
Furthermore, their insert capacity of 7 kb is too small for dystrophin (Temin, 1989). The
insert capacity of adeno-associated viruses (4.7 kb) poses the same problem (Suhr &
Gage, 1993). On the other hand, the herpes virus has a large insert capacity (152 kb), but
its tropism for muscle cells is poor (Suhr & Gage, 1993). Therefore, in the treatment of
DMD, adenoviruses are currently the most promising vectors for gene transfer into

muscle fibers (Quantin et al., 1992; Ragot et al., 1993).

Adenoviral Vectors

In gene therapy, adenoviruses are attractive vectors for the delivery of genes.
Adenoviruses have a characteristic morphology (Stewart et al., 1993) with an icosahedral
capsid consisting of three major proteins, hexon (II), penton base (III) and a knobbed
fibre (IV), along with a number of other minor proteins, VI, VIII, IX, Illa and IVa2.
Adenoviruses have linear double stranded DNA genomes 30-35 kb in length with a
terminal protein (TP) attached covalently to the 5° termini (Rekosh et al., 1977). As well,
adenoviruses are flanked by inverted terminal repeats (ITRs) at both ends.

Adenoviruses infect a variety of post-mitotic cells, such as skeletal muscle, lung,
brain and heart. Adenoviruses are very attractive vectors for the expression and delivery
of therapeutic genes due to their ability to deliver their genome to the nucleus and to
replicate very efficiently. The adenovirus infectious cycle can be divided into two phases
(summarized in Russell, 2000). The first or “early” phase involves the entry of the virus

into the host cell and the passage of the virus into the nucleus. The transcription and
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translation of the early genes follow this. The early steps adjust the functions of the cell
to allow the replication of the viral DNA and the subsequent transcription and translation
| of the late genes. Next, the assembly of the structural proteins and the maturation of the
infectious virus occurs in the nucleus.
Adenovirus attachment to cells involves high affinity binding to cellular receptors
via the knob portion of the fibre (Chroboczek et al., 1995). The same protein acts as a
receptor for human adenovirus and coxsackie virus (Bergelson et al., 1997). Thus it has
been named the coxsackie / adenovirus receptor (CAR). This receptor belongs to the
immunoglobulin superfamily and has a weight of 46 kDa. It is a plasma membrane
protein containing extracellular, transmembrane and cytoplasmic domains (Bergelson et
al.,, 1997; Tomko et al.,, 1997). However, the extracellular domain is sufficient for
attachment (Wang & Bergelson, 1999). After initial interaction at the cell surface, the
virus enters the cell via clathrin-mediated endocytosis. During this process, an exposed
RGD motif on the penton base (Stewart et al., 1997) interacts with cellular av integrins
(Wickham et al., 1993). As well, a number of signaling pathways can be initiated due to
the interaction of the virus with the plasma membrane (Bruder & Kovesdi, 1997; Li et al.,
1998; Rauma et al., 1999). The virus in the endosomes progresses into the cell cytoplasm
where the virus capsid is disrupted by the proteolysis of the structural protein VI (Greber
et al.,, 1996). The adenovirus is transported to the nuclear membrane where the viral
genome enters through the nuclear pores allowing the initial transcription events to occur.
Adenovirus transcription can be separated in two stages, early and late, occurring
before and after viral DNA replication (summarized in Leppard, 1997; Russell, 2000).

There are four early regions of gene transcription termed E1, E2, E3 and E4. The El

14



region can be further subdivided into E1A and E1B. The primary function of the E1A
proteins is to adjust the cellular metabolism in order to make the cell more vulnerable to
viral replication. The E1B 19K gene product prolongs cell survival by disposing of the
apoptosis and necrosis inducing Bax proteins (Han et al., 1996). The E2 region is also
divided into A and B. The E2A region gives rise to the DNA binding protein (DBP)
while E2B produces the terminal protein (pTP) and polymerase (Pol). These proteins are
responsible for the replication of viral DNA (Hay et al., 1995). The E3 genes mitigate
host defenses but are not necessary for viral replication in tissue culture. The E4 region is
made up of six open reading frames (ORFs). The major functions of E4 gene products are
to facilitate virus messenger RNA metabolism (Goodrum & Ornelles, 1999; Weigel &
Dobbelstein, 2000) and to promote viral DNA replication while arresting synthesis of
host proteins (Halbert et al., 1985). DNA replication begins at both termini at origins of
replication located within the ITRs (Hay et al., 1995). Late transcription follows which
leads to the production of structural components and the encapsidation of the virus within
the host nucleus. A packaging signal consisting of AT-rich sequences located at the left
end of the viral DNA is responsible for the encapsidation (Hearing et al., 1987). Soon
after, the nuclear membrane permeabilizes and the virus makes its way into the cytoplasm
(Rao et al., 1996; Tollefson et al., 1996). This leads to the disintegration of the plasma
membrane and the release of the adenovirus.

Adenoviruses are popular as gene vectors for a variety of reasons: they’re easy to
manipulate, they can be grown to high titers, they are capable of infecting many different
cell types and as already mentioned, they transduce both replicating and nonreplicating

cells such as muscle fibers and neurons (Leppard, 1997).
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An adenoviral gene vector can incorporate only 2 kb of foreign DNA into its
genome without affecting its stability or infectivity. Thus the addition of longer
sequences requires the deletion of additional viral genes. Vectors can then be used to
deliver genes that lead to tumor suppression and elimination, that increase or replace
deficient genes in tissues and to withstand disease processes.

The first generation of adenoviral vectors was rendered replication deficient by
deleting the E1 region. These vectors were also deleted for their E3 region. First
generation vectors can be grown to high titers in complementing cell lines suéh as 293
cells (embryonic kidney cells) that provide the E1 functions in trans (Graham et al.,
1977). These adenoviruses have an increased capacity for larger insertions, up to 6.5 kb
of foreign DNA.

Although initial studies in vitro proved to be promising, these vectors have been
associated with a transient transgene expression and cellular toxicity. A disadvantage of
using adenoviruses is the interference of humoral and cellular immune responses with
transduction efficiency. CD8+ T cells play an important role in this process (Acsadi et al.,
1996; Dai et al., 1995; Yang et al., 1994a; Yang et al., 1994b; Yang et al., 1995a). In
addition, a considerable role in eliminating adenoviral infections in vivo is played by the
components of the innate immune response such as macrophages, complement and
natural killer cells (Worgall et al.,, 1997). This innate antiviral response appears to be
regulated, in part, by the transcription factor NF-xB due to its ability to activate the
transcription and production of proinflammatory cytokines and to control signaling
pathways (Ferreira et al., 1999). Activation of NF-kB occurs at early stages of infection,

particularly at high multiplicities of adenoviral infection (Clesham et al., 1998; Lieber et
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al., 1998). Repeated injections of first generation vectors were also found to be inefficient
because of rapidly induced antibodies against the expressed transgene and adenoviral
gene products such as viral capsid antigens which undergo low-grade synthesis (Yang et
al., 1994a; Yang et al., 1994b; Tripathy et al., 1996; Yang et al., 1996; Michou et al.,
1997). However, contrary to whenvinserted in adenoviruses, injection of naked dystrophin
DNA into dystrophic muscle did not induce an immune response. It is assumed that the
plasmid injection failed to produce a high level of expression necessary to evoke an
immune response (Acsadi et al., 1991; Acsadi et al., 1996). Furthermore, the transgene
expression can occur in many cells, including antigen presenting cells such as
macrophages and dendritic cells if the promoter is not muscle specific (Acsadi et al.,
1996; Gorman et al., 1982).

Attempts have been made to avoid the host immune response by administering
immunosuppressive agents such as IL-12, CTLA4lg and FK506 (Fang et al., 1995; Kay
et al.,, 1995; Lochmuller et al., 1995; Vilquin et al., 1995; Yang et al., 1995b). A daily
treatment of cyclosporin A, an inhibitor of activated T lymphocyte proliferation, was
ineffective in increasing long term transgene expression after adenoviral injection into
mouse diaphragm (Petrof et al., 1995). No prolonged expression was observed after IL-
12 administration, perhaps due to only selective inhibition of certain humoral responses
" (Yang et al.,, 1995b). In the case of CTLA 4Ig, efficient secondary transduction was
prevented due to low-level neutralizing antibodies despite administration of the
immunosuppressive drug (Kay et al., 1995). However, a prolonged dystrophin expression
of up to 2 months was observed in diseased muscles subjected to adenoviral-mediated

dystrophin transfer followed by a thirty day treatment of FK506 (Lochmuller et al.,
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1996). FK506 is an inhibitor in the signaling pathway from the T cell receptor to the
nucleus, therefore halting cell proliferation, differentiation and cytokine production
(Sawada et al., 1987; Schreiber & Crabtree, 1992). FK506 was also able to suppress the
host humoral response against the vector following the first viral administration
(Lochrﬁuller et al., 1996).

In addition to their immunogenicity, another disadvanfage for first-generation
adenoviruses was that they were found to infect myoblasts, myotubes and regenerating
fibers but were not highly infective for mature muscle fibers (Acsadi et al., 1994a; Acsadi
et al., 1994b). The gene uptake efficiency was two fold lower in adult mice which contain
mature muscle fibers (Acsadi et al., 1994b). The low initial efﬁcigncy can also be
attributed to the severe downregulation of CAR receptors during muscle maturation
(Nalbantoglu et al., 1999). These observations translated into a transgene expression that
declined rapidly in adult mice compared to a more sustained expression in neonates
(Acsadi et al., 1996; Ragot et al., 1993; Vincent et al., 1993).

To overcome some of the drawbacks of first-generation vectors such as limited
capacity for foreign DNA and immunogenicity, the next generation of vectors was
deleted in the E4 region in addition to E1 and E3 (Lusky et al., 1998; Moorhead et al.,
1999). These adenoviruses demonstrated a decreased toxicity and caused less
inflammation (Gao et al., 1996; Dedieu et al., 1997; Wang et al., 1997). However, the
transgene expression dramatically decreased (Kaplan et al., 1997; Armentano et al.,
1997) due possibly to the absence of E4 open reading frames 3 and 6 which increase late
viral protein production by stabilizing the late viral mRNA (Ohman et al., 1993). The

third generation of adenoviral vectors was fully deleted (also called “gutted” viruses);
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that is, all the viral genes were removed. Termed helper-dependent adenovirus
(Amalfitano et al., 1998; Hardy et al., 1997; Kumar-Singh & Chamberlain, 1996; Lieber
et al., 1999; Morsy et al., 1998; Steinwaerder et al., 1999), these viruses retained only the
ITRs and fhe packaging signal and required the aid of a helper virus in order to be
propagated. Nonetheless, there were problems with helper virus contamination during the
purification process. This problem was remedied with the development of the Cre-lox
helper dependent system (Parks et al., 1996). The helper virus is an El deleted
adenovirus in which /oxP sites flank the packaging signals. The helper virus, along with
the virus of interest are then used to infect 293 cells expressing the Cre recombinase
(293Cre). Through the interaction between Cre and the loxP sites, the packaging signal is
excised rendering the helper virus unpackageable. Thus the helper genome replicates and
provides functions for replication and packaging in trans for the fully deleted adenovirus,
without itself being packaged. As well, in the constrﬁcﬁon of these vectors, a “stuffer”
DNA is necessary to maintain a certain vector size for efficient viral DNA packaging
(Parks & Graham, 1997).

Theoretically, these adenoviruses would have represented the ideal vector;
inducing the lowest immune response due to the deletion of all viral genes and enabling
the insertion of larger amounts of DNA including the full-length dystrophin (12kb).
These latest vectors proved to be promising yet it soon became clear that retention of
some of the E4 genes would be necessary for efficient transgene expression in certain
tissues such as the lung, liver and perhaps muscle. (Lusky et al., 1999; Yew et al., 1999;

Gorziglia et al., 1999).

19



Promoters

For driving expression of therapeutic genes in skeletal muscle fibers, an ideal
promoter and/or enhancer should be highly active in target cells and show specific
activity in muscle cells to minimize toxicity and immunogenicity in non-target cells
(Karpati & Acsadi, 1994).

An obvious selection would be the natural muscle promoter for dystrophin (Ahn
& Kunkel, 1993; Klamut et al., 1990). However, this promoter was found to be very
weak or even inactive (Klamut et al., 1990). The constitutive viral promoters (Rous
sarcoma virus late promoter, RSV-LTR, or the cytomegalovirus promoter/enhancer,
CMYV) were found to be very active in muscle cells (Wolff et al., 1991). However, their
activity is not restricted to the muscle (Gorman et al., 1982). Both promoters, when
placed in first-generation vectors encoding dystrophin and injected into mdx muscle
produced high expression levels after ten days in neonates (Acsadi et al., 1996). CMV, in
particular, demonstrated increased sarcolemmal and cytoplasmic dystrophin staining in
muscle fibers. Notably lower levels were observed in young adult and old mice. As well,
levels expressed by both promoters dropped considerably by day sixty in neonates
(Acsadi et al., 1996).

The muscle-specific muscle creatine kinase (MCK) promoter has also been
extensively used in DMD therapy. MCK has been placed along with dystrophin in
encapsidated adenovirus minichromosomes yielding a transient transgene expression for
3-4 weeks (Kumar-Singh & Chamberlain, 1996). Bacterial plasmids containing two fused

inverted adenovirus origins of replication based in a circular genome, the adenovirus
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packaging signals, a beta-galactosidase reporter gene and dystrophin cDNA regulated by
MCK were used to generate the minichromosomes (Kumar-Singh & Chamberlain, 1996).
MCK yields high expression levels in muscle; to the extent that it may overproduce
dystrophin, although overexpression does not appear to be harmful for mature skeletal
fibers in transgenic mice (Cox et al., 1993). Although transgene expression is high, MCK
is limited to differentiated skeletal and cardiac muscles (Urdal et al., 1983). In the case of
fully deleted viruses encoding MCK and dystrophin, dystrophin expression was noted in
a large percentage of mdx muscle fibers (Kochanek et al., 1996; Clemens et al., 1996;
Haecker et al., 1996; Chen et al., 1997). Research has also been conducted on different
portions of the MCK promoter and levels of expression varied depending on the fragment
of MCK promoter used. In our group, a 1.35 kb fragment of the MCK promoter, shown
to be efficient in first-generation vectors (Larochelle et al., 1997), was not able to
generate a high level of expression in any mdx age group at any time point when inserted
in fully deleted viruses (unpublished data).

Thus, for the purpose of this project, two constitutive viral promoters, the
cytomegalovirus (CMV) promoter/enhancer (Wolff et al., 1991) and the chicken B-actin
promoter with the CMV enhancer (CB) (Ishii et al., 1999), shown to be very active in
muscle cells, were placed in partially deleted helper-dependent adenoviruses. The CB
promoter, in particular, seemed promising for gene transduction in muscle. An adenoviral
vector, in which CB was present, was shown to efficiently transfer genes (66% of muscle
fibers expressed the lacZ gene at seven days post-injection) and maintain expression (for
up to 180 days) in mature skeletal muscle, an outcome that had only been observed in

neonates previously. Furthermore, the dose of adenovirus used was relatively low,
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suggesting the relative strength of this promoter. However, the recombinant viruses used
were first-generation, thus inducing serious immune responses (Ishii et al., 1999). It was
thought that by combining the effects of the CB promoter and a fully deleted or partially
deleted (containing portions of E4) adenovirus would be ideal for use in gene therapy for
DMD in all age groups. This would then allow for the insertion of the full-length
dystrophin gene, a lower dosage of adenovirus if desired and subsequently, a lower

immune response against the vector and improved transduction efficiency.

Animal Models

During the course of this .study, the animal model for dystrophin deficiency used
was the mdx mouse (Bulfield et al., 1984). The dystrophic phenotype arises due to a
mutation on the X chromosome in C57BL/10ScSn inbred mice. The molecular basis of
the mutation is a C to T nucleotide change at position 3185 that converts a CAA
glutamine codon 'to TAA stop codon. This results in premature termination of translation
at 27% of the length of the dystrophin polypeptide (Sicinski et al., 1989). This truncated
and unstable dystrophin is unable to attach to the sarcolemma. A marked secondary DAP
deficiency is a consequence of the absence of the sarcolemmal dystrophin (Ohlendieck &
Campbell, 1991). Mdx mice have similar‘ biochemical and histological defects compared
with DMD patients. However, unlike in humans, affected mice show little if any
disability in addition to having a normal life span. Furthermore, muscle regeneration does
not seem to be compromised which may explain the lack of muscle weakness. At birth,

few muscle fibers are affected but necrosis increases suddenly at day 20. However, the

22



intensity of the fiber necrosis decreases after day 60 and keeps occurring at low
frequencies during the life of the animal (Tanabe et al., 1986). There is excessive atrophy
with loss of normal muscle fibers. Instead of connective tissue, regenerating fibers
continuously replace the necrotic fibers. During regeneration, debris is removed by
macrophages and proliferation with the formation and fusion of myoblast proceeds. As an
indicator of previous damage, the new fibers contain central nuclei. Both of these traits
are in contrast to the observations made in humans. The mild consequences of the
dystrophin deficiency in mdx mice are still not understood. Possible reasons include a
greater replicative potential of murine satellite cells (Grounds & McGeachie, 1992) or the
small-caliber muscle fibers of the mouse uphold less mechanical stress than larger fibers
in humans.

It should also be mentioned that there are canine and feline animal models for
muscular dystrophy as well (Valentine et al., 1990; Valentine et al., 1986; Carpenter et
al., 1989). These models were not used in this study due the increased costs attributed to

the acquisition and maintenance of these animals.

Current Therapies for Muscular Dystrophies

Much work has been done on muscular dystrophy using adenoviral vectors. In
mouse models, dystrophin expression increases in muscle fibers transduced with
adenoviruses but the transgene expression is only transient due to an immune response
against the vector and transgene (Yang et al., 1998; Yuasa et al., 1998). The potency of

the immune response has also been shown in the canine model system. Increased
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dystrophin expression was observed in dogs that had been treated with cyclosporin, an
immunosuppressive drug, after viral injection (Howell et al., 1998). There are attempts to
evade this problem by using a homologue of dystrophin, utrophin, which has improved
maintenance of gene expression (Gilbert et al., 1999). Another obstacle for researchers to
overcome is the lack of viral receptors for the vectors being used (Acsadi et al., 1994b;
Huard et al., 1995; Feero et al., 1997).

Previous research conducted by our group has shown transgene expression with
fully deleted adenoviruses to be extremely low. In the case of dystrophin, expression and
signal intensity was significantly lower than first generation vectors in vitro and in vivo
(720 to 3 dystrophic fibers in neonates) (Gilbert et al., 2001). Despite this, a substantia]
increase in dystrophin expression was observed when a first generation (E1/E3 deleted)
adenovirus without dystrophin, was used in trans (when viral products produced by a
vector aid the expression from an adjoining but independent second vector) with
AdCMVDysFl, a fully deleted vector encoding dystrophin. This finding, suggesting the
importance of adenoviral gene products, was observed in vitro and in two animal models
for DMD (Gilbert et al., 2001). Furthermore, no increase in dystrophin expression from
the helper-dependent AJCMVDysF] was observed when it was co-administered with an
E1/E4 deleted adenovirus revealing the requirement of the E4 region in gene expression
(Gilbert et al., 2001). Thus, it was imperative to find the gene products within E4

responsible for these results.
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Objective

Realizing the role of E4 in toxicity and expression, researchers had already begun
testing individual and/or combinations of the seven E4 open reading frames (ORFs). The
results obtained varied between groups but one similarity seen was that E4 ORF3 played
a pivotal role. Both in combination with other ORFs or by itself, ORF3 was found at
times to enhance and most of the times to maintain transgene expression (Yew et al.,
1999; Lusky et al., 1999; Gorziglia et al., 1999).

Thus, the aim of this project was to create a fully deleted adenovirus encoding
ORF3 capable of high dystrophin expression.

In terms of therapeutic solutions for DMD, the ideal vector would combine low
toxicity with strong and stable transgene expression. Thus, an adenovirus encoding E4

ORF3 and dystrophin was constructed.
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MATERIALS & METHODS

Cell culture

Cells were grown in Dulbecco’s modified Eagle medium (DMEM, Life Technologies,
Burlington, Ontario, Canada) supplemented with 30 pg/ml gentamicin, 20mM L-
glutamine and 10% fetal bovine serum (BioWhittaker, Walkersville, MD) at 37°C under

an atmosphere of 5% CO»,

Construction of AACBDysORF3

To construct an adenovirus expressing the full-length dystrophin cDNA and E4 ORF3,
plasmids pCBDysFl and pUCA-ORF3 were first produced using regular methods of
molecular biology (Sambrook et al., 1989). pUCA-ORF3 was generated using two
plasmids pUCAI and pORF3. The construction of pUCAI has been described in detail
previously (Gilbert et al., 2001). pUCA-ORF3 was created by replacing the 3 kb
Ncol/Xbal fragment of pUCAI with the 2.9 kb Nrul/Dralll fragment of pORF3 (Ohman et
al.,, 1993). pCBDysFl was created using two previously constructed plasmids,
pCMVDysFl (Gilbert et al., 2001) and pCAGGS (Niwa et al., 1991). The CMV promoter
was removed from pCMVDysFl by partial digestion with Spel and Sall and replaced with
a Mlul site. pCBDysFl was created by extracting the 1.7 kb Sall/Apal fragment from
pCAGGS, blunting it, adding Mlul linkers and inserting it into the Mlul site of
pCMVDysFl. AACBDysORF3 was generated by ligating the 17.1 kb Xhol/HindIIl
fragment of pUCA-ORF3 with the 14.3 kb Sall/Notl fragment of pCBDysFl at 16°C

overnight. Prior to ligation, all ends except the Xhol were dephosphorylated using calf
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intestinal alkaline phosphatase (New England Biolabs Inc, Mississauga, Ontario,
Canada). After phenol/chloroform extraction and ethanol precipitation, the ligation
product was used to transfect 293Cre4 cells in a 60 mm plate using TransIT-LT1 (Mirus
Corporation, Madison, Wisconsin, U.S.A.). The following day, the cells were infected
with a helper virus (AdLC8cluc) (Parks et al., 1996) and harvested 48 hours later. As
described previously (Parks et al.,, 1996), the adenovirus was amplified by several
passages through 293Cre4 cells. After amplification, dot blot hybridization (Jani et al.,
1997) using a probe specific for lambda DNA was used to confirm the presence of
AdCBDysORF3 in the cell lysate. Two cycles of CsCl buoyant density centrifugation
(Hitt et al., 1995) were used to purify the adenoviral vector. The titer (virus particles/ml)
was determined from the optical density at 260 nm (Mittereder et al., 1996). The
infectious titer of AACBDysORF3 was confirmed by in situ hybridization (see below).
Agarose gel electrophoresis preceded by restriction analysis established the structure of
the purified viral DNA (Graham & Prevec, 1991). SYBR® Gold (Molecular Probes, Inc.
Eugene, OR) was used to stain the gel which was subsequently analyzed on a

phosphoimager (STORM, Molecular Dynamics Inc).

In situ hybridization

In situ hybridization was conducted to determine the infectious titer of fully
deleted adenoviruses. The ratio of virus particles to infectious particles was found to be
100:1. The following is an abbreviated description, a more detailed version has been
published previously (Gilbert et al., 2001). Each well of an eight-well Permanox®

Chamber Slide™ (Nalge Nunc International, Naperville, IL) was coated with 0.01%
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collagen (Roche Molecular biochemicals, Laval, Quebec) and plated with 3.0 x 10* 293A
cells. The following day, the cells were infected with 100ul of various virus dilutions in
growth medium containing helper virus (AdLC8cluc) at an MOI of 3 infectious particles.
60 minutes post-infection, 200ul of growth medium was added and the Chamber Slide™
was placed at 37°C overnight. All ensuing steps involving glutaraldehyde, Triton and
proteinase K were conducted at room temperature. Cells were then treated with
prehybridization buffer for 2-4hours at 37°C. Diluted denatured probes were added
directly to the prehybridization buffer and incubated overnight at 37°C. Made from the
purified DNA fragments of dystrophin cDNA or phage lambda stuffer, the probes were
labeled with a random primer fluorescein labeling kit _(NENTM Life Science Products,
Boston, MA). The following day, cells were incubated with a biotin conjugated
monoclonal anti-FITC antibody (clone FL-D6, Sigma, St. Louis, MO) followed by
horseradish peroxidase conjugated to streptavidin (Vector Laboratories, Inc., Burlingame,
CA). By immersing the wells in AEC Turbo Reagent (DAKO Diagnostics, Mississauga,
Ontario, Canada), the peroxidase activity was verified. The infectious titer was calculated

by determining the percentage of positively labeled cells multiplied by the dilution factor.

Western blot analysis

293A cells were plated at 2 x 10° cells in 30 mm plates and infected the next day with
adenoviral vectors at a multiplicity of infection (MOI) of 100 (baséd on particle number).
The cells were incubated for 2 days, lysed and harvested in sample buffer consisting of
62mM Tris-HC1 (ph 6.8), 4% sodium dodecyl sulfate (SDS), 10% glycerol, 0.02%

bromophenol blue, 10 pM phenylmethylsulfonyl fluoride (PMSF), 2.5 U aprotinin/ml,

28



0.5 pg leupeptin/ml . The protein concentration was determined and the samples were
processed for western blot analysis, using a monoclonal antibody specific for the
carboxyl terminus of dystrophin (NCL-DYS2, Novocastra, Newcastle upon Tyne, UK)

(Gilbert et al., 1998).

Complementation experiment

Five replicates of 293A cells were plated at 2.5 x 10° cells per 30 mm plate and grown
overnight. The following day, the confluent plates were all infected with AdSYSE1(B-
gal)0E4, an EVE4 deleted adenovirus that encodes B-galactosidase, directed by the
phosphoglycerate kinase promoter (Wang et al., 1995). Subsequently, four of the plates
Were each infected by a different adenovirus: AdCMV-dys, AdMCKDysE4,
AdCMVDysFl and AdCBDysORF3. A first generation adenovirus, AdCMV-dys,
encodes the minidystrophin cDNA while the AACMVDysFl is a fully deleted adenovirus
encoding only the dystrophin gene (Jani et al., 1997; Gilbert et al., 2001). All infections
were carried out at a MOI of 100 (based on particle number). 48 hours post-infection, the
cells were harvested and lysed. Concurrently, five groups of 293A cells were plated as
described above. Each group was then infected with a specific lysate from the previous
group. 24 hours post-infection, the cells were stained with X-gal and the number of blue

cells were counted to determine blue forming units (BFU).
Intramuscular injection and histochemistry

Experiments performed on animals were carried out according to McGill University’s

guidelines for animal care. As described previously (Acsadi et al., 1996), 10 or 30 ul of
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adenoviral vectors, at a titer of 1 x 10'? virus particles’'mL were injected into the right and
left tibialis anterior muscles (TA) of neonatal (2 to 4 day old) or young adult (4 week old)
mdx mice respectively (C57BL/10ScSn-mdx/J; Jackson Laboratory, Bar harbor, ME).
The transgenic mice expressing CAR in a muscle-specific manner under the control of
the muscle-specific creétine kinase promoter have been described previously(Nalbantoglu
et al., 2001). Hemizygous CAR transgenics were crossed with homozygous mdx mice to
obtain the mdx/CAR transgenic line. Four-five month old mdx/CAR mice were injected
in the TA as described above. The animals were euthanized 10 days post-injection, the
TA muscles were removed and stored in liquid nitrogen-cooled isopentane. Cryostat
sections were stained for dystrophin by immunochemistry as described previously
(Acsadi et al.,, 1994b; Acsadi et al., 1996; Gilbert et al., 2001) using a monoclonal
antibody specific for the amino terminus of human dystrophin (NCL-DYS3, Novocastra,

Newcastle upon Tyne, UK).
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RESULTS

Before undertaking the production of a virus, the legitimacy of ORF3 needed to
be verified. An experiment was conducted in which a plasmid containing ORF3 (pORF3)
was transfected followed by a fully deleted adenovirus encoding dystrophin. The
expression was later analyzed by western blot (Figure 4). Compared to a fully deleted
adenovirus, the combination of ORF3 and fully-deleted adenovirus provided a higher
transgene expression. Taking this result into account, it was assumed that an ORF3
expression cassette inserted into a virus would be more efficiently tfansduced into the cell
than through transfection of one contained in a plasmid. We therefore attempted to create
a virus in which expression cassettes for both ORF3 and dystrophin were simultaneously
present.

As described in the Materials and Methods section, a three-step cloning protocol
was used to construct the adenoviral recombinant that contained both the E4 ORF3
sequence and the full-length human dystrophin gene (Figure 5). Briefly, a plasmid that
contained the E4 ORF3 under the control of the cytomegalovirus (CMV)
promoter/enhancer was inserted into a second plasmid that included the 3’ inverted
terminal repeat (ITR) to produce puch-ORF3. The final ligation was performed with a
third plasmid, pCBDysFl, which incorporated the second ITR and the dystrophin gene
under the control of the hybrid chicken B-actin promoter/CMV enhancer to generate the
adenoviral recombinant AACBDysORF3. Since this adenovirus is fully deleted and thus
replication deficient, its production requires the presence of a helper virus. Therefore,

AdCBDysORF3 is recognized as a helper-dependent adenovirus and is amplified by
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Figure 4. pORF3 increases dystrophin expression of AACMVDysFl. Increased transgene
expression is obtained when a helper dependent adenovirus encoding dystrophin is used
to infect HeLa cells that had previously been transfected with an expression plasmid
encoding E4 ORF3 under the control of the cytomegalovirus promoter/enhancer. Lane 1
represents a mock infection while lanes 2 and 3 were infected with AdCMVDysFl with
only lane 3 being transfected with pORF3. The low molecular weight bands result from

non-specific binding. The position of full-length dystrophin is depicted with an arrow.
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Figure 5. Construction of AJCBDysORF3 from pCBDysFl and puch-ORF3. pCBDysFl
contains dystrophin, two inverted terminal repeats (ITR), Ampicilin (Amp), an origin of
replication (Ori) and the CB promoter. In addition to an ITR, Ori and Amp, pucA-ORF3
contains lambda DNA (A DNA), the cytomegalovirus (CMV) promoter/enhancer, early
region 4 open reading frame 3 (ORF3) and the bovine growth hormone polyadenylation
site (BGH poly A). pCBDysFl was treated with Sall and Notl while Xhol and HindIII
were used to digest puch-ORF3. The resulting DNA fragments were ligated together,

transfected and amplified in 293 Cre cells to generate AACBDysORF3.
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passaging it through 293 cells expressing the Cre recombinase (293Cre) according to
already established methods (Parks et al., 1996).

After amplification, AACBDysORF3 was found to have a titer of 1.15 x 10'? virus
particles/mL. Viral DNA was isolated and the presence of both dystrophin and ORF3
genes were confirmed by restriction analysis (Figure 6). Expression of dystrophin was
verified by Western blot analysis of 293A cells infected with AACBDysORF3. As shown
in Figure 7, moderate levels of expression were observed consistently in these
experiments, demonstrating that AdCBDysORF3 transduced cells efficiently and proper
translation of dystrophin occurred.

In order to verify the functional activity of ORF3, a rescue experiment was
conducted in which five different groups of 293A cells were first infected with a AE4
virus containing LacZ, AJPGKAE4. Subsequently, four of these groups were each
infected by a virus that differed in the E4 region. The viral titer of AAPGKAE4 was then
estimated by subsequent infection of 293A cultures and counting of the number of blue
cells produced from the original AAPGKAE4 — infected cell lysates. As shown in Figure
8, AACMVDysFL (a fully gutted virus) rescued very minimally. However, in comparison
to the AE4 adenovirus, AdCBDysORF3 contributed to a five thousand-fold increase in
the number of blue cells. Remarkably, this was found to be equivalent to an adenovirus
containing the entire intact E4 region but deleted of all other viral genes

- (AdMCKDysE4). However, in comparison to a first generation adenovirus (AdCMV-
dys) that is deleted only in the E1 and E3 regions, the ability of AACBDysORF?3 to rescue

the AE4 virus was four fold lower (Figure 8).
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Figure 6. Characterization of AACBDysORF3 by restriction analysis. (A) Position of the
cleavage sites for Eco RI and Not I on the genome of AdACBDysORF3. The numbers
above the drawings correspond to the size of fragments in kilobases after digestion with
the restriction enzymes. (B) Agarose gel of digested AACBDysORF3 DNA with Eco RI

and Not I. A DNA size marker in kilobases is depicted on the right hand side.
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Figure 7. AdCBDysORF3 expresses moderate levels of dystrophin as analyzed by
western blotting. 293A cells were mock infected (lane 1) or infected with
AdCBDysORF3 (lane 2) at an MOI of 3 infectious particles per cell. At 2 days post-
infection, the cells were lysed and 30 pg of total protein were run on a 4% SDS gel.
Proteins in the gel were transferred to nitrocellulose membrane and incubated with an

anti-dystrophin antibody.
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Figure 8. The rescuing ability of ORF3 is equivalent to that of the intact E4. It was found
by means of a rescue experiment that both ACBDysORF3 and AAMCKE4 produced
approximately equivalent amounts of blue forming units (BFU), 5000 and 5350
respectively when they were used to transduce 293A cells that had previously been
infected with a AE4 virus that contained an expression cassette for the E. coli B-
galactosidase gene (AdPGKAE4). In comparison, a fully deleted vector, AACMVDysF1
produced a much lower amount of 257. As expected, a first generation adenovirus,

AdCMV-dys was able to rescue to the greatest extent, 22750 BFU.
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Since these analyses indicated that expression of both the dystrophin and ORF3
occurred at good levels, AACBDysORF3 was tested in a group of dystrophic mdx mice to
determine the extent of transduction of muscle fibers. Sixteen neonate and four adult
mice were injected in the TA muscles with 5ul or 50ul respectively of AACBDysORF3.
All adult mice were euthanized ten days post-injection while neonates were analysed at
three time points of 10, 30 and 90 days. In the neonates, quantification of the dystrophin-
stained cryostat muscle sections revealed an average of 120 positive dystrophic fibers at
ten days. The number of dystrophin—positivé fibers peaked at thirty days with 180
positive ﬁbers before decreasing to 40 fibers at ninety days (Figure 9). In adult mdx mice,
injection of AdCBDysORF3 resulted in approximately 50 dystrophin-positive fibers.
However, when the same virus was injected at the same titer in adult mdx mice transgenic
for the‘coxsackie and adenoviral receptor (CAR), the number of positive fibers rose to
150 (Figure 10), indicating that even with the gutted AdCBDysORF3 increased
internalization through CAR leads to increased transduction, as observed for first-
generation adenovirus (Nalbantoglu et al., 1999).

‘Inclusion of ORF3 did not produce an initial high level of expression. However,
when AdCBDysORF3 was injected into neonate mdx muscle in conjunction with another
partially deleted adenovirus, AJRP1001 which contains intact E1B and E4 regions, the
number of dystrophin positive fibers rose ten-fold as compared to AACBDysORF3 alone
(Figure 11). This result suggests that the E1B region may be beneficial for increasing

initial expression levels from a gutted adenovirus.
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Figure 9. Dystophin expression after gene transfer with AdCBDysORF3 peaks at day 30.
The tibialis anterior (TA) muscles of neonatal mdx mice were injected with 10 pl of
AdCBDysORF3 at a titer of 1 x 10'? virus particle¥mL. At 10, 30 and 90 days post-
injection, the mice were sacrificed (N=8, 7 and 7 respectively) and the TA muscles were

stained for dystrophin using a dystrophin antibody specific for the amino terminus.
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Figure 10. Presence of coxsackie-adenoviral receptor (CAR) increases the amount of
dystrophin positive fibers. Cryostat sections of (A, B) mdx and (C, D) mdx-CAR muscles
injected with AACBDysORF3. Adult mdx and mdx-CAR mice were injected with 30 pl of
AJdCBDysORF3 at a titer of 1 x 10" virus particles’mL. The mice were euthanized 10
days post-injection and stained with a dystrophin antibody. Panels B & D are at a higher

magnification.
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Figure 11. E1B increases dystrophin expression of a helper-dependent adenovirus. The
tibialis antierior (TA) muscles of neonatal mdx mice were injected with AACBDysORF3
alone or a mixture of AACBDysORF3 with AARP1001. Ten days post-injection, the mice
were sacrificed and the TA muscles were stained for d.ystrophin using histochemical

procedures.
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DISCUSSION

In dealing with DMD, a viable treatment must be attained where a sufficient
amount of dystrophin is produced in order to reverse the deleterious effects of the
disease. However, as in the case of first generation adenoviruses, transgene expression is
accompanied by high levels of immunogenicity resulting in high but temporary
expression. The introduction of fully deleted adenoviruses brought about reduced
immunogenicity and in some cases a prolongation of transgene expression. In the case of
a helper dependent‘ vector versus a first generation adenovirus encoding leptin, efficient
gene delivery, higher serum leptin levels, lower liver toxicity, decreased inflammation
and cellular infiltration was observed when using the fully deleted virus (Morsy et al.,
1998). Erythropoietin has also been cloned into helper-dependent viruses. A one hundred
fold increase in expression lasting six months was observed compared to a first
generation adenovirus containing the same expression cassette (Maione et al., 2000).
Furthermore, helper-dependent adenoviruses containing the human alpha-1 antitrypsin
gene were found to demonstrate a sustained expression for up to 10 months compared to
3-5 months for first generation vectors (Morral et al., 1999).

In the case of dystrophin, expression levels in muscle were over two magnitude
lower with a fully deleted adenovirus (AdCMVDysFl) compared to the first generation
(FGAdCMV-dys). AACMVDysFl was found to be completely inefficient in muscle.
Initial expression of dystrophic positive fibers in the tibialis anterior of mdx mice were
very low (2 and 9 fibers at day 10 in neonatal and adult mice respectively). By day 90,

levels had dropped off to background levels (revertant fibers) (Gilbert et al., 2001).
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The failure of AACMVDysFl in combination with the emerging importance of the
E4 ORF3 region led us to believe that an adenovirus containing solely the E4 ORF3 and
the dystrophin gene would represent the ideal vector in treating DMD. In addition to
being credited with late RNA accumulation leading to increased late viral gene
expression and their subsequent transport to the cytoplasm (Ohman et al., 1993; Imperiale
et al., 1995), research surrounding ORF3 has demonstrated its ability to compensate for
the entire E4 region in terms of transgene expression in certain tissues other than muscle.
For instance, when ORF3 was inserted into plasmid DNA vectors, and mixed with a
chloroamphenicoltransferase (CAT) reporter plasmid, CAT expression in murine lung,
over the course of the experiment, was similar to that observed with an E4 containing
plasmid (Yew et al., 1999). Furthermore, other studies have shown that the E4 ORF3 is
absolutely required for long-term gene expression with the CMV promoter. However,
expression is dependent on the target tissue, requiring either ORF3 alone or together with
additional E4 products. For example, it has been found that in the lung, ORF3 in
combination with either ORF4 or ORF6 and ORF6/7 is necessary for the sustained
expression of the cystic fibrosis transmembrane conductance regulator (CFTR).
However, in the liver, ORF3 alone is sufficient for the initial and long-term expression of
CFTR (Lusky et al., 1999). The inconsistency observed in previous research conducted
on ORF?3 can be attributed to the variation within the factors used in the experiments. For
example, the promoters (CMV, RSV, human mucin | (MUC-]), human interleukin 8 (IL-
8), adenovirus Ela) and mouse models (BALB, SCID, C57BL/6, C3H) used, the
transgenes tested (CAT, human a-galactosidase A (HAGA), CFTR) and the tissues (lung,

liver) in which the experiments were conducted all varied. Despite these variables, the
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results suggested that in terms of transgene expression, the E4 region could be replaced
by ORF3 (Gorziglia et al., 1999). This feature is attractive for researchers for it enables a
greater deletion of adenoviral genes and thus a larger insert, such as dystrophin to be
added. As well, the almost complete removal of the E4 region aids in decreasing the
cytotoxicity attributed to it (Gorziglia et al., 1999).

Previous studies had shown that loss of persistent expression occurred only when
E4 ORF3 had been mutated within adenovirus vectors (Yew et al., 1999). ORF3 alone
has been found to be sufficient in the lung for expression (up to 20-30 days post
injection) (Yew et al., 1999). Other research involving the lung suggested that ORF3 in
combination with ORF6/7 resulted in expression enduring approximately 80 days.
However, expression in the liver lasting approximately 90 days required only ORF3
(Lusky et al., 1999).

Initially, an adenovirus containing dystrophin-and ORF3 under the control of
CMV promoters was constructed. This virus, AACMVDysORF3 generated feeble
amounts of dystrophic positive fibers in mdx mice (data not shown). As a result, the
ability of ORF3 to at least sustain transgene expression could not be verified due to the
virus’ inability to generate an initial elevated expression of dystrophin. Therefore, it was
thought that a more powerful promoter was needed for the dystrophin expression
cassette. Concurrently, a team in Japan had constructed a powerful promoter shown to be
very effective in muscle fibers (Ishii et al.,, 1999). Termed CB, it uses the B-actin
promoter with the CMV enhancer. It was hoped that the CB promoter would provide the
enhancement in gene expression that CMV lacked, thus enabling ORF3 to perform its

function in maintaining expression. Despite outperforming its predecessor,
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AdCBDysORF3 failed to live up to expectations. In an attempt to increase gene
expression, AdCBDysORF3 infected cells were transfected with a plasmid encoding the
E4 ORF6 gene. However, no difference in dystrophin expression was seen (data not
shown). The failure of AACBDysORF3 can be attributed to a few factors. The initiation
of an immune response may be partly responsible in addition to loss of viral DNA in the |
host. As well, the inefficiency of the CB and CMV promoters could also be contributing
factors.

The inability of an adenovirus containing E4 ORF3 to sustain gene expression
does not necessarily rule out any involvement of ORF3 in this process. It may simply
require the presence of an additional viral protein, such as E1B. For instance, the E1B
19K gene product is known to be involved in prolonging cell survival (Han et al., 1996)
which in turn would help maintain transgene expression. As well, the other E1B product,
55K has been found to interact with p53. This interaction appears to be essential for viral
replication (Ridgway et al., 1997) and for the transport of viral RNAs (Horridge &
Leppard, 1998). Furthermore, E1B 55K has an effect on late viral mRNA transcription
(Harada & Berk, 1999). Likewise, an increased number of CAR receptors on the surface
of muscle cells would also benefit the uptake of virions (Nalbantoglu et al., 1999).
Subsequently, a better understanding of gene expression in muscles is required. In
addition, the conditions for viral entry and gene expression still need to be optimized.
Once attained, an enhanced and sustained dystrophin expression, comparable to

therapeutic levels may be obtained.

54



REFERENCES

Acsadi, G., Dickson, G., Love, D. R., Jani, A., Walsh, F. S., Gurusinghe, A., Wolff, J. A.,
and Davies, K. E. (1991). Human dystrophin expression in mdx mice after intramuscular
injection of DNA constructs. Nature 352, 815-818.

Acsadi, G., Jani, A., Huard, J., Blaschuk, K., Massie, B., Holland, P., Lochmuller, H.,
and Karpati, G. (1994a). Cultured human myoblasts and myotubes show markedly
different transducibility by replication-defective adenovirus recombinants. Gene Ther. 1,
338-340.

Acsadi, G., Jani, A., Massie, B., Simoneau, M., Holland, P., Blaschuk, K., and Karpati,
G. (1994b). A differential efficiency of adenovirus-mediated in vivo gene transfer into
skeletal muscle cells of different maturity. Hum.Mol.Genet. 3, 579-584.

Acsadi, G., Lochmuller, H., Jani, A., Huard, J., Massie, B., Prescott, S., Simoneau, M.,
Petrof, B. J., and Karpati, G. (1996). Dystrophin expression in muscles of mdx mice after
adenovirus-mediated in vivo gene transfer. Hum. Gene Ther. 7, 129-140.

Ahn, A. H. and Kunkel, L. M. (1993). The structural and functional diversity of
dystrophin. Nat. Genet. 3, 283-291.

Amalfitano, A., Hauser, M. A., Hu, H., Serra, D., Begy, C. R., and Chamberlain, J. S.
(1998). Production and characterization of improved adenovirus vectors with the E1,
E2b, and E3 genes deleted. J. Virol. 72, 926-933.

Anderson, L. V. B. (2002). Dystrophinopathies. /» "Structural and Molecular Basis of
Skeletal Muscle Diseases" (G. Karpati, Ed.), pp. 6-23. ISN Neuropath Press, Basel.

Armentano, D., Zabner, J., Sacks, C., Sookdeo, C. C., Smith, M. P., St George, J. A.,
Wadsworth, S. C., Smith, A. E., and Gregory, R. J. (1997). Effect of the E4 region on the
persistence of transgene expression from adenovirus vectors. J.Virol. 71, 2408-2416.

Berg, G. and Conte, F. (1974). Duchenne muscular dystrophy in a female with a
structurally abnormal X-chromosome. Neurology 24, 356.

Bergelson, J. M., Cunningham, J. A., Droguett, G., Kurt-Jones, E. A., Krithivas, A.,
Hong, J. S., Horwitz, M. S., Crowell, R. L., and Finberg, R. W. (1997). Isolation of a
common receptor for Coxsackie B viruses and adenoviruses 2 and 5. Science 275, 1320-
1323.

Bruder, bJ . T. and Kovesdi, I. (1997). Adenovirus infection stimulates the RaffMAPK
signaling pathway and induces interleukin-8 expression. J.Virol. 71, 398-404.

Bulfield, G., Siller, W. G., Wight, P. A., and Moore, K. J. (1984). X chromosome-linked
muscular dystrophy (mdx) in the mouse. Proc.Natl.Acad.Sci.U.S.A 81, 1189-1192.

55



‘Carpenter, J. L., Hoffman, E. P., Romanul, F. C., Kunkel, L. M., Rosales, R. K., Ma, N.
S., Dasbach, J. J., Rae, J. F., Moore, F. M., McAfee, M. B., and . (1989). Feline muscular
dystrophy with dystrophin deficiency. Am.J. Pathol. 135, 909-919.

Carpenter, S. and Karpati, G. (1979). Duchenne muscular dystrophy: plasma membrane
loss initiates muscle cell necrosis unless it is repaired. Brain 102, 147-161.

Chen, H. H., Mack, L. M., Kelly, R., Ontell, M., Kochanek, S., and Clemens, P. R.
(1997). Persistence in muscle of an adenoviral vector that lacks all viral genes.
Proc.Natl.Acad.Sci.U.S.A 94, 1645-1650.

Chroboczek, J., Ruigrok, R. W., and Cusack, S. (1995). Adenovirus fiber.
Curr.Top.Microbiol Immunol. 199 ( Pt 1), 163-200.

Clemens, P. R., Kochanek, S., Sunada, Y., Chan, S., Chen, H. H., Campbell, K. P., and
Caskey, C. T. (1996). In vivo muscle gene transfer of full-length dystrophin with an
adenoviral vector that lacks all viral genes. Gene Ther. 3, 965-972.

Clesham, G. J., Adam, P. J., Proudfoot, D., Flynn, P. D., Efstathiou, S., and Weissberg, P.
L. (1998). High adenoviral loads stimulate NF kappaB-dependent gene expression in
human vascular smooth muscle cells. Gene Ther. 5, 174-180.

Cohn, R. D. and Campbell, K. P. (2000). Molecular basis of muscular dystrophies.
Muscle Nerve 23, 1456-1471.

Cox, G. A., Cole, N. M., Matsumura, K., Phelps, S. F., Hauschka, S. D., Campbell, K. P.,
Faulkner, J. A., and Chamberlain, J. S. (1993). Overexpression of dystrophin in
transgenic mdx mice eliminates dystrophic symptoms without toxicity. Nature 364, 725-
729.

Curiel, D. T., Agarwal, S., Wagner, E., and Cotten, M. (1991). Adenovirus enhancement
of transferrin-polylysine-mediated gene delivery. Proc.Natl.Acad.Sci.U.S.A4 88, 8850-
8854.

Dai, Y., Schwarz, E. M., Gu, D., Zhang, W. W., Sarvetnick, N., and Verma, 1. M. (1995).
Cellular and humoral immune responses to adenoviral vectors containing factor IX gene:

tolerization of factor IX and vector antigens allows for long-term expression.
Proc.Natl.Acad.Sci.U.S.A 92, 1401-1405.

Davies, K. E., Pearson, P. L., Harper, P. S., Murray, J. M., O'Brien, T., Sarfarazi, M., and
Williamson, R. (1983). Linkage analysis of two cloned DNA sequences flanking the
Duchenne muscular dystrophy locus on the short arm of the human X chromosome.
Nucleic Acids Res. 11, 2303-2312.

Deconinck, N., Ragot, T., Marechal, G., Perricaudet, M., and Gillis, J. M. (1996).
Functional protection of dystrophic mouse (mdx) muscles after adenovirus-mediated
transfer of a dystrophin minigene. Proc.Natl.Acad.Sci.U.S.A 93, 3570-3574.

56



Dedieu, J. F., Vigne, E., Torrent, C., Jullien, C., Mahfouz, I., Caillaud, J. M., Aubailly,
N., Orsini, C., Guillaume, J. M., Opolon, P., Delaere, P., Perricaudet, M., and Yeh, P.
(1997). Long-term gene delivery into the livers of immunocompetent mice with E1/E4-
defective adenoviruses. J. Virol. 71, 4626-4637.

Den Dunnen, J. T., Grootscholten, P. M., Bakker, E., Blonden, L. A., Ginjaar, H. B.,
Wapenaar, M. C., van Paassen, H. M., van Broeckhoven, C., Pearson, P. L., and van
Ommen, G. J. (1989). Topography of the Duchenne muscular dystrophy (DMD) gene:
FIGE and cDNA analysis of 194 cases reveals 115 deletions and 13 duplications.
Am.J. Hum.Genet. 45, 835-847.

Duchenne de Boulogne, G. B. A. (1973). Recherches sur la paralysie musculaire pseudo-
hypertrophique, ou paralysie myo-sclérosique. /n "Neurological Classics" (R. H. Wilkins
and I. A. Brody, Eds.), pp. 59-67. Johnson Reprint, New York.

Emery, A. E. (1980). Duchenne muscular dystrophy. Genetic aspects, carrier detection
and antenatal diagnosis. Br.Med.Bull. 36, 117-122.

Emery, A. E. H. (1993). "Duchenne Muscular Dystrophy." Oxford University Press, New
York. . -

Engel, A. G., Yamamoto, M., and Fischbeck, K. G. (1994). Muscular Dystrophies, chap
41: Dystrophinopathies. /n pp. 1130-1187.

Ervasti, J. M. and Campbell, K. P. (1993). A role for the dystrophin-glycoprotein
complex as a transmembrane linker between laminin and actin. J.Cell Biol. 122, 809-823.

Fang, B., Eisensmith, R. C., Wang, H., Kay, M. A., Cross, R. E., Landen, C. N., Gordon,
G., Bellinger, D. A., Read, M. S, Hu, P. C., and . (1995). Gene therapy for hemophilia B:
host immunosuppression prolongs the therapeutic effect of adenovirus-mediated factor
IX expression. Hum.Gene Ther. 6, 1039-1044,

Feero, W. G., Rosenblatt, J. D., Huard, J., Watkins, S. C., Epperly, M., Clemens, P. R.,
Kochanek, S., Glorioso, J. C., Partridge, T. A., and Hoffman, E. P. (1997). Viral gene
delivery to skeletal muscle: insights on maturation- dependent loss of fiber infectivity for
adenovirus and herpes simplex type 1 viral vectors. Hum.Gene Ther. 8, 371-380.

Ferreira, V., Sidenius, N., Tarantino, N., Hubert, P., Chatenoud, L., Blasi, F., and Korner,
M. (1999). In vivo inhibition of NF-kappa B in T-lineage cells leads to a dramatic
decrease in cell proliferation and cytokine production and to increased cell apoptosis in

response to mitogenic stimuli, but not to abnormal thymopoiesis. J Immunol. 162, 6442-
6450.

Ferrier, P., Bamatter, F., and Klein, D. (1965). Muscular dystrophy (Duchenne) in a girl
with Turner's syndrome. J.Med.Genet. 2, 38.

Gao, G. P., Yang, Y., and Wilson, J. M. (1996). Biology of adenovirus vectors with E1
and E4 deletions for liver- directed gene therapy. J. Virol. 70, 8934-8943.

57



Gardner-Medwin, D. (1970). Mutation rate in Duchenne type of muscular dystrophy.
J Med.Genet. 7, 334-337.

Gilbert, R., Nalbanoglu, J., Tinsley, J. M., Massie, B., Davies, K. E., and Karpati, G.
(1998). Efficient utrophin expression following adenovirus gene transfer in dystrophic
muscle. Biochem.Biophys.Res. Commun. 242, 244-247.

Gilbert, R., Nalbantoglu, J., Howell, J. M., Davies, L., Fletcher, S., Amalfitano, A.,
Petrof, B. J., Kamen, A., Massie, B., and Karpati, G. (2001). Dystrophin expression in
muscle following gene transfer with a fully deleted ("gutted") adenovirus is markedly
improved by trans-acting adenoviral gene products. Hum.Gene Ther. 12, 1741-1755.

Gilbert, R., Nalbantoglu, J., Petrof, B. J., Ebihara, S., Guibinga, G. H., Tinsley, J. M.,
Kamen, A., Massie, B., Davies, K. E., and Karpati, G. (1999). Adenovirus-mediated

utrophin gene transfer mitigates the dystrophic phenotype of mdx mouse muscles.
Hum.Gene Ther. 10, 1299-1310.

Gomez, M. R., Engel, A. G., Dewald, G., and Peterson, H. A. (1977). Failure of
inactivation of Duchenne dystrophy X-chromosome in one of female identical twins.
Neurology 27, 537-541.

Goodrum, F. D. and Ornelles, D. A. (1999). Roles for the E4 orf6, orf3, and E1B 55-
kilodalton proteins in cell cycle-independent adenovirus replication. J.Virol. 73, 7474-
7488.

Gorman, C. M., Merlino, G. T., Willingham, M. C., Pastan, 1., and Howard, B. H. (1982).
The Rous sarcoma virus long terminal repeat is a strong promoter when introduced into a
variety of eukaryotic cells by DNA-mediated transfection. Proc.Natl. Acad.Sci.U.S.A 79,
6777-6781.

Gorziglia, M. L, Lapcevich, C., Roy, S., Kang, Q., Kadan, M., Wu, V., Pechan, P., and
Kaleko, M. (1999). Generation of an adenovirus vector lacking E1, e2a, E3, and all of E4
except open reading frame 3. J. Virol. 73, 6048-6055.

Graham, F. L. and Prevec, L. (1991). Manipulation of adenovirus vector. /n "Gene
Transfer and Expression Protocols" (E. Murray, Ed.), pp. 109-114. The Humana Press
Inc., Clifton, NJ.

Graham, F. L., Smiley, J., Russell, W. C., and Nairn, R. (1977). Characteristics of a
human cell line transformed by DNA from human adenovirus type 5. J. Gen.Virol. 36, 59-
74.

Greber, U. F., Webster, P., Weber, J., and Helenius, A. (1996). The role of the adenovirus
protease on virus entry into cells. EMBO J. 15, 1766-1777.

Grounds, M. D. (1991). Towards understanding skeletal muscle regeneration.
Pathol Res.Pract. 187, 1-22.

58



Grounds, M. D. and McGeachie, J. K. (1992). Skeletal muscle regenération after crush
injury in dystrophic mdx mice: an autoradiographic study. Muscle Nerve 15, 580-586.

Haecker, S. E., Stedman, H. H., Balice-Gordon, R. J., Smith, D. B., Greelish, J. P.,
Mitchell, M. A., Wells, A., Sweeney, H. L., and Wilson, J. M. (1996). In vivo expression
of full-length human dystrophin from adenoviral vectors deleted of all viral genes.
Hum.Gene Ther. 7, 1907-1914.

Halbert, D. N., Cutt, J. R., and Shenk, T. (1985). Adenovirus early region 4 encodes
functions required for efficient DNA replication, late gene expression, and host cell
shutoff. J. Virol. 56,250-257.

Han, J., Sabbatini, P., Perez, D., Rao, L., Modha, D., and White, E. (1996). The E1B 19K
protein blocks apoptosis by interacting with and inhibiting the p53-inducible and death-
promoting Bax protein. Genes Dev. 10, 461-477.

Harada, J. N. and Berk, A. J. (1999). p53-Independent and -dependent requirements for
E1B-55K in adenovirus type 5 replication. J. Virol. 73, 5333-5344.

Hardy, S., Kitamura, M., Harris-Stansil, T., Dai, Y., and Phipps, M. L. (1997).
Construction of adenovirus vectors through Cre-lox recombination. J. Virol. 71, 1842-
1849.

Hay, R. T., Freeman, A., Leith, I., Monaghan, A., and Webster, A. (1995). Molecular
interactions during adenovirus DNA replication. Curr. Top.Microbiol Immunol. 199 ( Pt
2), 31-48.

Hearing, P., Samulski, R. J., Wishart, W. L., and Shenk, T. (1987). Identification of a
repeated sequence element required for efficient encapsidation of the adenovirus type 5
chromosome. J. Virol. 61, 2555-2558.

Hemmings, L., Kuhlman, P. A., and Critchley, D. R. (1992). Analysis of the actin-
binding domain of alpha-actinin by mutagenesis and demonstration that dystrophin
contains a functionally homologous domain. J.Cell Biol. 116, 1369-1380.

Hitt, M., Bett, A. J., Addison, C. L., Prevec, L., and Graham, F. L. (1995). Techniques for
human adenovirus vector construction and characterization. In "Methods in Molecular
Genetics" (K. W. Adolph, Ed.), pp. 13-30. Academic Press Inc., San Diego.

Hoffman, E. P., Brown, R. H., Jr., and Kunkel, L. M. (1987). Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell 51, 919-928.

Horridge, J. J. and Leppard, K. N. (1998). RNA-binding activity of the E1B 55-kilodalton
protein from human adenovirus type 5. J.Virol. 72, 9374-9379.

Howell, J. M., Lochmuller, H., O'Hara, A., Fletcher, S., Kakulas, B. A., Massie, B.,
Nalbantoglu, J., and Karpatti, G. (1998). High-level dystrophin expression after

59



adenovirus-mediated dystrophin minigene transfer to skeletal muscle of dystrophic dogs:
prolongation of expression with immunosuppression. Hum.Gene Ther. 9, 629-634.

Huard, J., Lochmuller, H., Acsadi, G., Jani, A., Holland, P., Guerin, C., Massie, B., and
Karpati, G. (1995). Differential short-term transduction efficiency of adult versus
newborn mouse tissues by adenoviral recombinants. Exp.Mol.Pathol. 62, 131-143.

Imperiale, M. J., Akusjnarvi, G., and Leppard, K. N. (1995). Post-transcriptional control
of adenovirus gene expression. Curr. Top.Microbiol. Immunol. 199 ( Pt 2), 139-171.

Ishii, A., Hagiwara, Y., Saito, Y., Yamamoto, K., Yuasa, K., Sato, Y., Arahata, K., Shoji,
S., Nonaka, 1., Saito, 1., Nabeshima, Y., and Takeda, S. (1999). Effective adenovirus-
mediated gene expression in adult murine skeletal muscle. Muscle Nerve 22, 592-599.

Jani, A., Lochmuller, H., Acsadi, G., Simoneau, M., Huard, J., Garnier, A., Karpati, G.,
and Massie, B. (1997). Generation, validation, and large scale production of adenoviral

recombinants with large size inserts such as a 6.3 kb human dystrophin cDNA.
J Virol. Methods 64, 111-124.

Kaplan, J. M., Armentano, D., Sparer, T. E., Wynn, S. G., Peterson, P. A., Wadsworth, S.
C., Couture, K. K., Pennington, S. E., St George, J. A., Gooding, L. R., and Smith, A. E.
(1997). Characterization of factors involved in modulating persistence of transgene
expression from recombinant adenovirus in the mouse lung. Hum.Gene Ther. 8, 45-56.

Karpati, G. and Acsadi, G. (1993). The potential for gene therapy in Duchenne muscular
dystrophy and other genetic muscle diseases. Muscle Nerve 16, 1141-1153.

Karpati, G. and Acsadi, G. (1994). The principles of gene therapy in Duchenne muscular
dystrophy. Clin.Invest Med. 17, 499-509.

Karpati, G., Ajdukovic, D., Arnold, D.,‘ Gledhill, R. B., Guttmann, R., Holland, P., Koch,
P. A., Shoubridge, E., Spence, D., Vanasse, M., and . (1993). Myoblast transfer in
Duchenne muscular dystrophy. Ann.Neurol. 34, 8-17.

Kay, M. A., Holterman, A. X., Meuse, L., Gown, A., Ochs, H. D., Linsley, P. S., and
Wilson, C. B. (1995). Long-term hepatic adenovirus-mediated gene expression in mice
following CTLA4Ig administration. Nat.Genet. 11, 191-197.

Klamut, H. J., Gangopadhyay, S. B., Worton, R. G., and Ray, P. N. (1990). Molecular
and functional analysis of the muscle-specific promoter region of the Duchenne muscular
dystrophy gene. Mol.Cell Biol. 10, 193-205.

Kochanek, S., Clemens, P. R., Mitani, K., Chen, H. H., Chan, S., and Caskey, C. T.
(1996). A new adenoviral vector: Replacement of all viral coding sequences with 28 kb
of DNA independently expressing both full-length dystrophin and beta-galactosidase.
Proc.Natl.Acad.Sci.U.S.4 93, 5731-5736.

60



Koenig, M., Beggs, A. H., Moyer, M., Scherpf, S., Heindrich, K., Bettecken, T., Meng,
G., Muller, C. R., Lindlof, M., Kaariainen, H., and . (1989). The molecular basis for
Duchenne versus Becker muscular dystrophy: correlation of severity with type of
deletion. Am.J. Hum.Genet. 45, 498-506.

Koenig, M., Hoffman, E. P., Bertelson, C. J., Monaco, A. P., Feener, C., and Kunkel, L.
M. (1987). Complete cloning of the Duchenne muscular dystrophy (DMD) ¢cDNA and
preliminary genomic organization of the DMD gene in normal and affected individuals.
Cell 50 , 509-517.

Koenig, M., Monaco, A. P., and Kunkel, L. M. (1988). The complete sequence of
dystrophin predicts a rod-shaped cytoskeletal protein. Cell 53, 219-226.

Kumar-Singh, R. and Chamberlain, J. S. (1996). Encapsidated adenovirus
minichromosomes allow delivery and expression of a 14 kb dystrophin cDNA to muscle
cells. Hum.Mol.Genet. 5, 913-921.

Larochelle, N., Lochmuller, H., Zhao, J., Jani, A., Hallauer, P., Hastings, K. E., Massie,
B., Prescott, S., Petrof, B. J., Karpati, G., and Nalbantoglu, J. (1997). Efficient muscle-
specific transgene expression after adenovirus- mediated gene transfer in mice using a
1.35 kb muscle creatine kinase promoter/enhancer. Gene Ther. 4, 465-472.

Larochelle, N., Oualikene, W., Dunant, P., Massie, B., Karpati, G., Nalbantoglu, J., and
Lochmuller, H. The short MCK1350 promoter/enhancer allows for sufficient dystrophin
expression in skeletal muscles of mdx mice. 2001.

Ref Type: Personal Communication

Leppard, K. N. (1997). E4 gene function in adenovirus, adenovirus vector and adeno-
associated virus infections. J. Gen.Virol. 78 (Pt9), 2131-2138.

Li, E., Stupack, D., Bokoch, G. M., and Nemerow, G. R. (1998). Adenovirus endocytosis
requires actin cytoskeleton reorganization mediated by Rho family GTPases. J.Virol. 72,
8806-8812.

Lieber, A., He, C. Y., Meuse, L., Himeda, C., Wilson, C., and Kay, M. A. (1998).
Inhibition of NF-kappaB activation in combination with bcl-2 expression allows for
persistence of first-generation adenovirus vectors in the mouse liver. J.Virol. 72, 9267-
9277.

Lieber, A., Steinwaerder, D. S., Carlson, C. A., and Kay, M. A. (1999). Integrating
adenovirus-adeno-associated virus hybrid vectors devoid of all viral genes. J. Virol. 73,
9314-9324.

Lindenbaum, R. H., Clarke, G., Patel, C., Moncrieff, M., and Hughes, J. T. (1979).
Muscular dystrophy in an X; 1 translocation female suggests that Duchenne locus is on X
chromosome short arm. J. Med. Genet. 16, 389-392,

61



Lochmuller, H., Petrof, B. J., Allen, C., Prescott, S., Massie, B., and Karpati, G. (1995).
Immunosuppression by FK506 markedly prolongs expression of adenovirus- delivered
transgene in skeletal muscles of adult dystrophic [mdx] mice.
Biochem.Biophys.Res.Commun. 213, 569-574.

Lochmuller, H., Petrof, B. J., Pari, G., Larochelle, N., Dodelet, V., Wang, Q., Allen, C.,
Prescott, S., Massie, B., Nalbantoglu, J., and Karpati, G. (1996). Transient
immunosuppression by FK506 permits a sustained high-level dystrophin expression after

adenovirus-mediated dystrophin minigene transfer to skeletal muscles of adult dystrophic
(mdx) mice. Gene Ther. 3, 706-716.

Love, D. R., Hill, D. F., Dickson, G., Spurr, N. K., Byth, B. C., Marsden, R. F., Walsh, F.
S., Edwards, Y. H., and Davies, K. E. (1989). An autosomal transcript in skeletal muscle
with homology to dystrophin. Nature 339, 55-58.

Lusky, M., Christ, M., Rittner, K., Dieterle, A., Dreyer, D., Mourot, B., Schultz, H.,
Stoeckel, F., Pavirani, A., and Mehtali, M. (1998). In vitro and in vivo biology of
recombinant adenovirus vectors with E1, E1/E2A, or E1/E4 deleted. J. Virol. 72, 2022-
2032.

Lusky, M., Grave, L., Dieterle, A., Dreyer, D., Christ, M., Ziller, C., Furstenberger, P.,
Kintz, J., Hadji, D. A., Pavirani, A., and Mehtali, M. (1999). Regulation of adenovirus-
mediated transgene expression by the viral E4 gene products: requirement for E4 ORF3.
J.Virol. 73, 8308-8319.

Maione, D., Wiznerowicz, M., Delmastro, P., Cortese, R., Ciliberto, G., La Monica, N.,
and Savino, R. (2000). Prolonged expression and effective readministration of
erythropoietin delivered with a fully deleted adenoviral vector. Hum.Gene Ther. 11, 859-
868. 4

Matsumura, K., Tome, F. M., lonasescu, V., Ervasti, J. M., Anderson, R. D., Romero, N.
B., Simon, D., Recan, D., Kaplan, J. C., Fardeau, M., and . (1993). Deficiency of
dystrophin-associated proteins in Duchenne muscular dystrophy patients lacking COOH-
terminal domains of dystrophin. J.Clin.Invest 92, 866-871.

Michou, A. 1., Santoro, L., Christ, M., Julliard, V., Pavirani, A., and Mehtali, M. (1997).
Adenovirus-mediated gene transfer: influence of transgene, mouse strain and type of
immune response on persistence of transgene expression. Gene Ther. 4, 473-482.

Mittereder, N., March, K. L., and Trapnell, B. C. (1996). Evaluation of the concentration
and bioactivity of adenovirus vectors for gene therapy. J. Virol. 70, 7498-7509.

Moorhead, J. W., Clayton, G. H., Smith, R. L., and Schaack, J. (1999). A replication-
incompetent adenovirus vector with the preterminal protein gene deleted efficiently
transduces mouse ears. J.Virol. 73, 1046-1053,

Morral, N., O'Neal, W, Rice, K., Leland, M., Kaplan, J., Piedra, P. A., Zhou, H., Parks,
R.J.,, Velji, R., Aguilar-Cordova, E., Wadsworth, S., Graham, F. L., Kochanek, S., Carey,

62



K. D, and Beaudet, A. L. (1999). Administration of helper-dependent adenoviral vectors
and sequential delivery of different vector serotype for long-term liver-directed gene
transfer in baboons. Proc.Natl. Acad.Sci.U.S.4 96, 12816-12821.

Morsy, M. A., Gu, M., Motzel, S., Zhao, J., Lin, J., Su, Q., Allen, H., Franlin, L., Parks,
R. J., Graham, F. L., Kochanek, S., Bett, A. J., and Caskey, C. T. (1998). An adenoviral
vector deleted for all viral coding sequences results in enhanced safety and extended
expression of a leptin transgene. Proc.Natl.Acad.Sci.U.S.A4 95, 7866-7871.

Moser, H. (1984). Duchenne muscular dystrophy: pathogenetic aspects and genetic
prevention. Hum.Genet. 66, 17-40.

Muscular Dystrophy Association website. Localization of dystrophin within a muscle.
2001.
Ref Type: Art Work

Nalbantoglu, J., Larochelle, N., Wolf, E., Karpati, G., Lochmuller, H., and Holland, P. C.
(2001). Muscle-specific overexpression of the adenovirus primary receptor CAR

overcomes low efficiency of gene transfer to mature skeletal muscle. J.Virol. 75, 4276-
4282.

Nalbantoglu, J., Pari, G., Karpati, G., and Holland, P. C. (1999). Expression of the
primary coxsackie and adenovirus receptor is downregulated during skeletal muscle

maturation and limits the efficacy of adenovirus-mediated gene delivery to muscle cells.
Hum.Gene Ther. 10, 1009-1019.

Niwa, H., Yamamura, K., and Miyazaki, J. (1991). Efficient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108, 193-199.

Ohlendieck, K. and Campbell, K. P. (1991). Dystrophin-associated proteins are greatly
reduced in skeletal muscle from mdx mice. J. Cell Biol. 115, 1685-1694,

Ohlendieck, K., Matsumura, K., Ionasescu, V. V., Towbin, J. A., Bosch, E. P., Weinstein,
S. L., Sernett, S. W., and Campbell, K. P. (1993). Duchenne muscular dystrophy:
deficiency of dystrophin-associated proteins in the sarcolemma. Neurology 43, 795-800.

Ohman, K., Nordgvist, K., and Akusjarvi, G. (1993). Two adenovirus proteins with
redundant activities in virus growth facilitates tripartite leader mRNA accumulation.
Virology 194, 50-58.

Parks, R. J., Chen, L., Anton, M., Sankar, U., Rudnicki, M. A., and Graham, F. L. (1996).
A helper-dependent adenovirus vector system: removal of helper virus by Cre-mediated
excision of the viral packaging signal. Proc.Natl.Acad.Sci.U.S.A 93, 13565-13570.

Parks, R. J. and Graham, F. L. (1997). A helper-dependent system for adenovirus vector

production helps define a lower limit for efficient DNA packaging. J.Virol. 71, 3293-
3298.

63



Petrof, B. J., Acsadi, G., Jani, A., Massie, B., Bourdon, J., Matusiewicz, N., Yang, L.,
Lochmuller, H., and Karpati, G. (1995). Efficiency and functional consequences of
adenovirus-mediated in vivo gene transfer to normal and dystrophic (mdx) mouse
diaphragm. Am.J. Respir.Cell Mol Biol. 13, 508-517.

Phelps, S. F., Hauser, M. A., Cole, N. M,, Rafael, J. A., Hinkle, R. T., Faulkner, J. A.,
and Chamberlain, J. S. (1995). Expression of full-length and truncated dystrophin mini-
genes in transgenic mdx mice. Hum.Mol.Genet. 4, 1251-1258.

Quantin, B., Perricaudet, L. D., Tajbakhsh, S., and Mandel, J. L. (1992). Adenovirus as
an expression vector in muscle cells in vivo. Proc.Natl. Acad.Sci.U.S.A 89, 2581-2584.

Ragot, T., Vincent, N., Chafey, P., Vigne, E., Gilgenkrantz, H., Couton, D., Cartaud, J.,
Briand, P., Kaplan, J. C., Perricaudet, M., and . (1993). Efficient adenovirus-mediated
transfer of a human minidystrophin gene to skeletal muscle of mdx mice. Nature 361,
647-650.

Rao, L., Perez, D., and White, E. (1996). Lamin proteolysis facilitates nuclear events
during apoptosis. J.Cell Biol. 135, 1441-1455.

Rauma, T., Tuukkanen, J., Bergelson, J. M., Denning, G., and Hautala, T. (1999). rab5
GTPase regulates adenovirus endocytosis. J. Virol. 73, 9664-9668.

Rekosh, D. M., Russell, W. C., Bellet, A. J., and Robinson, A. J. (1977). Identification of
a protein linked to the ends of adenovirus DNA. Cell 11, 283-295.

Ridgway, P. J., Hall, A. R., Myers, C. J., and Braithwaite, A. W. (1997). p53/E1b58kDa
complex regulates adenovirus replication. Virology 237, 404-413.

Rowland, L. P. (1995). "Merritt's textbook of neurology." New York.

Russell, W. C. (2000). Update on adenovirus and its vectors. J.Gen. Virol. 81 Pt 11, 2573-
2604.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). "Molecular Cloning: a Laboratory
Manual." Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Sawada, S., Suzuki, G., Kawase, Y., and Takaku, F. (1987). Novel immunosuppressive
agent, FK506. In vitro effects on the cloned T cell activation. J.Immunol. 139, 1797-
1803.

Schreiber, S. L. and Crabtree, G. R. (1992). The mechanism of action of cyclosporin A
and FK506. Immunol. Today 13, 136-142.

Sicinski, P., Geng, Y., Ryder-Cook, A. S., Barnard, E. A., Darlison, M. G., and Barnard,
P. J. (1989). The molecular basis of muscular dystrophy in the mdx mouse: a point
mutation. Science 244, 1578-1580.

64



Steinwaerder, D. S., Carlson, C. A., and Lieber, A. (1999). Generation of adenovirus

vectors devoid of all viral genes by recombination between inverted repeats. J. Virol. 73,
9303-9313.

Stewart, P. L., Chiu, C. Y., Huang, S., Muir, T., Zhao, Y., Chait, B., Mathias, P., and
Nemerow, G. R. (1997). Cryo-EM visualization of an exposed RGD epitope on
adenovirus that escapes antibody neutralization. EMBO J. 16, 1189-1198.

Stewart, P. L., Fuller, S. D., and Burnett, R. M. (1993). Difference imaging of
adenovirus: bridging the resolution gap between X- ray crystallography and electron
microscopy. EMBO J. 12, 2589-2599.

Suhr, S. T. and Gage, F. H. (1993). Gene therapy for neurologic disease. Arch.Neurol. 50,
1252-1268.

Tanabe, Y., Esaki, K., and Nomura, T. (1986). Skeletal muscle pathology in X
chromosome-linked muscular dystrophy (mdx) mouse. Acta Neuropathol.(Berl) 69, 91-
95.

Temin, H. M. (1989). Retrovirus vectors: promise and reality. Science 246, 983.

Tollefson, A. E., Ryerse, J. S., Scaria, A., Hermiston, T. W., and Wold, W. S. (1996).
The E3-11.6-kDa adenovirus death protein (ADP) is required for efficient cell death:
characterization of cells infected with adp mutants. Virology 220, 152-162.

Tomko, R. P., Xu, R., and Philipson, L. (1997). HCAR and MCAR: the human and
mouse cellular receptors for subgroup C adenoviruses and group B coxsackieviruses.
Proc.Natl. Acad.Sci.U.S.A 94, 3352-3356.

Tripathy, S. K., Black, H. B., Goldwasser, E., and Leiden, J. M. (1996). Immune
responses to transgene-encoded proteins limit the stability of gene expression after
injection of replication-defective adenovirus vectors. Nat.Med. 2, 545-550.

Urdal, P., Urdal, K., and Stromme, J. H. (1983). Cytoplasmic creatine kinase isoenzymes
quantitated in tissue specimens obtained at surgery. Clin.Chem. 29, 310-313.

Valentine, B. A., Cooper, B. J., Cummings, J. F., and de Lahunta, A. (1990). Canine X-
linked muscular dystrophy: morphologic lesions. J.Neurol.Sci. 97, 1-23.

Valentine, B. A., Cooper, B. J., Cummings, J. F., and deLahunta, A. (1986). Progressive
muscular dystrophy in a golden retriever dog: light microscope and ultrastructural
features at 4 and 8 months. Acta Neuropathol.(Berl) 71, 301-310.

Vilquin, J. T., Guerette, B., Kinoshita, 1., Roy, B., Goulet, M., Gravel, C., Roy, R., and
Tremblay, J. P. (1995). FK506 immunosuppression to control the immune reactions
triggered by first-generation adenovirus-mediated gene transfer. Hum.Gene Ther. 6,
1391-1401.

65



Vincent, N., Ragot, T., Gilgenkrantz, H., Couton, D., Chafey, P., Gregoire, A., Briand, P.,
Kaplan, J. C., Kahn, A., and Perricaudet, M. (1993). Long-term correction of mouse

dystrophic degeneration by adenovirus- mediated transfer of a minidystrophin gene.
Nat.Genet. 5, 130-134.

Wagner, E., Cotten, M., Foisner, R., and Birnstiel, M. L. (1991). Transferrin-polycatidn-
DNA complexes: the effect of polycations on the structure of the complex and DNA
delivery to cells. Proc.Natl. Acad.Sci.U.S.A 88, 4255-4259.

Wang, Q., Greenburg, G., Bunch, D., Farson, D., and Finer, M. H. (1997). Persistent
transgene expression in mouse liver following in vivo gene transfer with a delta E1/delta
E4 adenovirus vector. Gene Ther. 4, 393-400.

Wang, Q., Jia, X. C., and Finer, M. H. (1995). A packaging cell line for propagation of
recombinant adenovirus vectors containing two lethal gene-region deletions. Gene Ther.
2,775-783.

Wang, X. and Bergelson, J. M. (1999). Coxsackievirus and adenovirus receptor
cytoplasmic and transmembrane domains are not essential for coxsackievirus and
adenovirus infection. J. Virol. 73, 2559-2562.

Watkins, S. C., Hoffman, E. P., Slayter, H. S., and Kunkel, L. M. (1988).
Immunoelectron microscopic localization of dystrophin in myofibres. Nature 333, 863-
866.

Weigel, S. and Dobbelstein, M. (2000). The nuclear export signal within the E4orf6
protein of adenovirus type 5 supports virus replication and cytoplasmic accumulation of
viral mRNA. J.Virol. 74, 764-772.

Wickham, T. J., Mathias, P., Cheresh, D. A., and Nemerow, G. R. (1993). Integrins alpha
v beta 3 and alpha v beta 5 promote adenovirus internalization but not virus attachment.
Cell 73, 309-319.

Wolff, J. A., Malone, R. W., Williams, P., Chong, W., Acsadi, G., Jani, A., and Felgner,
P. L. (1990). Direct gene transfer into mouse muscle in vivo. Science 247, 1465-1468.

Wolff, J. A., Williams, P., Acsadi, G., Jiao, S., Jani, A., and Chong, W. (1991).
Conditions affecting direct gene transfer into rodent muscle in vivo. Biotechniques 11,
474-485.

Worgall, S., Wolff, G., Falck-Pedersen, E., and Crystal, R. G. (1997). Innate immune
mechanisms dominate elimination of adenoviral vectors following in vivo administration.
Hum.Gene Ther. 8, 37-44.

Yang, L., Lochmuller, H., Luo, J., Massie, B., Nalbantoglu, J., Karpati, G., and Petrof, B.
J. (1998). Adenovirus-mediated dystrophin minigene transfer improves muscle strength
in adult dystrophic (MDX) mice. Gene Ther. 5, 369-379.

66



Yang, N. S., Burkholder, J., Roberts, B., Martinell, B., and McCabe, D. (1990). In vivo
and in vitro gene transfer to mammalian somatic cells by particle bombardment.
Proc.Natl. Acad.Sci.U.S.A 87, 9568-9572.

- Yang, Y., Haecker, S. E., Su, Q., and Wilson, J. M. (1996). Immunology of gene therapy
with adenoviral vectors in mouse skeletal muscle. Hum Mol.Genet. 5, 1703-1712.

Yang, Y., Li, Q., Ertl, H. C., and Wilson, J. M. (1995). Cellular and humoral immune
responses to viral antigens create barriers to lung-directed gene therapy with recombinant
adenoviruses. J. Virol. 69, 2004-2015.

Yang, Y., Nunes, F. A., Berencsi, K., Furth, E. E., Gonczol, E., and Wilson, J. M.
(1994a). Cellular immunity to viral antigens limits E1-deleted adenoviruses for gene
therapy. Proc.Natl.Acad.Sci.U.S.A 91, 4407-4411.

Yang, Y., Nunes, F. A., Berencsi, K., Gonczol, E., Engelhardt, J. F., and Wilson, J. M.
(1994b). Inactivation of E2a in recombinant adenoviruses improves the prospect for gene
therapy in cystic fibrosis. Nat. Genet. 7, 362-369.

Yang, Y., Trinchieri, G., and Wilson, J. M. (1995). Recombinant IL-12 prevents
formation of blocking IgA antibodies to recombinant adenovirus and allows repeated
gene therapy to mouse lung. Nat.Med. 1, 890-893.

Yew, N. S., Marshall, J., Przybylska, M., Wysokenski, D. M., Ziegler, R. J., Rafter, P.
W., Li, C., Armentano, D., and Cheng, S. H. (1999). Increased duration of transgene
expression in the lung with plasmid DNA vectors harboring adenovirus E4 open reading
frame 3. Hum.Gene Ther. 10, 1833-1843.

Yuasa, K., Miyagoe, Y., Yamamoto, K., Nabeshima, Y., Dickson, G., and Takeda, S.
(1998). Effective restoration of dystrophin-associated proteins in vivo by adenovirus-
mediated transfer of truncated dystrophin cDNAs. FEBS Lett. 425, 329-336.

67



