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NOS Nitric oxide synthase

NPC Nuclear pore complex

PDGFR Platelet-derived growth factor receptor

SERCA2a  Sarco-endoplasmic reticulum calcium ATPase pump

SHR Spontaneously hypertensive rat

SMC Smooth muscle cell

TIMPs Tissue inhibitors of metalloproteinases
VEGF Vascular endothelial growth factor

2.1 Gene Therapy

Advancement in the understanding of molecular therapeutics has allowed the
development of novel treatments to prevent and treat many diseases. Originally
conceived for the treatment of inherited monogenic disorders, such as Duchenne’s
muscular dystrophy and hemophilia, where gene replacement should restore a
normal phenotype, gene therapy approaches can now be applied to the treatment
of more complex acquired diseases, including cardiovascular diseases (CVDs)
and cancers. Before the full potential of gene therapy can be reached, many
limitations common to all methods of gene delivery must be overcome. The
efficiency of gene transfer will determine how successful the gene therapy appli-
cation will be. To date, difficulties in achieving sustained gene expression in the
target tissue or cell have resulted in limited clinical benefits from gene therapy.
The success of gene therapy is restricted by the relative lack of suitable vectors
and will depend on the ability of researchers to address a number of still unsolved
problems. This can be approached by either the isolation of new viral serotypes
that can be developed into vectors or the creation of new vectors by the modifica-
tion of the existing ones.

2.2 Justification for Gene Therapy
for Cardiovascular Disease

CVD remain the leading cause of mortality and morbidity in the western population.
An estimated 2.6 million people have CVD in the UK, accounting for over 216,000
deaths in 2004. More than one in three people (37%) die from CVD (www.bhf.org.uk).
Despite advances and improvements in treatments, the incidence of CVD continues
to increase worldwide. Gene therapy for the treatment of CVD is currently being
developed preclinically and tested clinically. Developments in the field of gene
therapy have been rapid. Since 1990, over 1,300 clinical trials have been approved
worldwide (www.advisorybodies.doh.gov.uk). The majority of clinical trials are for
the treatment of cancers (66.5%), with the second biggest field in gene therapy
being for the treatment of CVDs (9.1%).
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2.3 Therapeutic Genes for Cardiovascular Diseases

With the identification of the genes involved in CVD and the assignment of function
to these genes, the potential to translate this information and identify candidate
therapeutic genes is enormous. The genes of interest include targets for the treatment
of heart failure, such as sarco-endoplasmic reticulum calcium ATPase pump
(SERCAZ2a), targets for treatment of hypertension, including components of the
renin—angiotensin system, and targets for the induction of therapeutic angiogenesis,
including angiogenic factors, such as the vascular endothelial growth factor
(VEGF) and the fibroblast growth factor (FGF).

VEGF production is induced in response to a number of stimuli, such as
hypoxia. Its activity can result in a revascularization process, known as therapeutic
angiogenesis,"” through the induction of EC growth or proliferation. Being an
angiogenic factor, and therefore having the ability to induce the formation of new
blood vessels from the existing vascular bed, VEGF is an ideal gene to overexpress
in the context of ischemic vascular disease. Direct muscular injection of human
VEGF cDNA into patients with ischemic limbs led to an increased blood flow to
the limbs and the subsequent healing of ulcers.** However, some experiments have
demonstrated that nonregulated overexpression of pro-inflammatory VEGF can
also lead to detrimental effects, including hypotension and arthritis, and so an element
of transcriptional control needs to be included. Adeno-associated virus (AAV) vectors
expressing the VEGF transgene under the control of hypoxia response elements
induced gene expression in ischemic mouse hearts in vivo.’

The absence of heme oxygenase (HO)-1 is implicated in the exacerbation of
atherosclerosis, demonstrated by the accelerated and more advanced atherosclerotic
lesion formation in HO-1-deficient mice.® Retroviral-mediated overexpression of
HO-1 in the spontaneously hypertensive rat (SHR) resulted in the attenuation of
hypertension,” while adenoviral-mediated HO-1 gene transfer prevented the devel-
opment of atherosclerosis in apolipoprotein E deficient mice.® Adenoviral-mediated
HO-1 overexpression has also resulted in the attenuation of remodeling responses
to experimental vascular injury.” The many advantageous effects make this gene an
important novel target in the treatment of vascular disease.

The potential of gene therapy in the treatment of hypertension has been explored,
although this strategy is unlikely to be tested clinically. Nitric oxide (NO) plays an
important role in vascular smooth muscle relaxation, and many vascular diseases are
influenced by a reduction in NO bioavailability. Gene therapy approaches aim to
increase NO bioavailability to improve vascular function. The direct injection of a
plasmid expressing human endothelial NO synthase (eNOS) fused to the CMV pro-
moter significantly reduced systemic blood pressure in the SHR, that was prolonged
for 5-6 weeks.'” In vitro, adenoviral-mediated expression of eNOS and inducible nitric
oxide synthase (iNOS) had antiproliferative and antiangiogenic effects on endothelial
and smooth muscle cells (SMCs).'!"* Nitric oxide synthase (NOS) is one of the many
genes that have beneficial effects on endothelial function and blood pressure. Other
vasodilatory promoting genes include atrial natriuretic peptide, human kallikrein, and
bradykinin, and are being investigated for their role in the treatment of CVDs.
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2.4 Requirements of a Gene Delivery Vector

A multitude of vector systems, viral and nonviral, have been assessed as tools for
gene delivery. A generic vector that is suitable for use in all circumstances is
unlikely; gene expression is required in different target tissues for varying lengths
of time for different conditions. To avoid eliciting host immune responses, a lack of
immunogenicity is desirable and would allow for vector readministration. The
induction of immune response is a limiting factor, particularly for adenovirus sero-
type 5 (AdS) vectors, which target dendritic cells and some monocytes. The
removal of virulence genes in viral vectors helps to limit host defenses.'*!> Vectors
capable of sustained transgene expression would avert the problems of vector read-
ministration; however, some gene therapy applications only require transient trans-
gene expression. Vectors must be producible on a large scale resulting in high
vector concentrations. To date, no vector possesses all these qualities, although
many steps are being made to overcome these hurdles. Each vector system has its
own advantages and disadvantages, depending on its intended use.

For cardiovascular gene delivery, vectors with the ability to transduce cells of the
vasculature or of the myocardium are being developed. To increase specificity of
cardiovascular gene delivery vectors, methods of tropism alteration and incorporation
of cell-specific promoters can be applied.'*'® Vector tropisms need to be modified
to allow efficient and selective transgene expression in vascular cells in vivo.

2.5 Ex Vivo and In Vivo Gene Delivery for CVD

Gene delivery approaches are based on two major concepts: ex vivo and in vivo
delivery. In ex vivo cell-based gene therapy, autologous cells or tissue are harvested
from a patient, incubated with the vector carrying the desired therapeutic gene, and
then reintroduced into the patient. Genetically modified cells will express the trans-
gene, usually at high levels. Owing to the lack of effective pharmacological interven-
tions, this method is being developed for gene therapy of vein graft failure during
coronary artery bypass graft (CABG) surgery. CABG surgery is performed on
patients with significant atherosclerotic narrowing and blockages of the arteries.
CABG allows for the incubation of the graft vessel with a gene therapy vector prior
to coronary grafting. Late vein graft failure is a common clinical problem'*** and
occurs due to thrombosis or neointima formation and accelerated atherosclerosis, a
process in which a role for matrix-degrading matrix metalloproteinases (MMPs) and
neuronal nitric oxide synthase (nNOS), amongst others, has been implicated. Tissue
inhibitor of metalloproteinase-3 (TIMP-3) has been shown to inhibit MMP activity
and promote apoptosis, thus inhibiting the progression of neointima formation asso-
ciated with late vein graft failure in human and pig model systems.”! Adenovirus-
mediated overexpression of nNOS-induced beneficial effects on vein graft remodeling
and improved endothelial function,”> demonstrating the potential of this technique.
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Transgene expression in nontarget tissue is limited by this ex vivo method by the
removal of excess virus prior to engraftment.

Ex vivo gene delivery has also been utilized in the treatment of familial hyperc-
holesterolemia (FH), in which patients have a deficiency of low-density lipoprotein
receptors (LDLRs). For this approach, autologous hepatocytes are harvested, trans-
duced with recombinant retroviruses expressing LDLR, and then transplanted back
into the patient. This technique has been validated in rabbit models of FH* and in
patients,” both showing persistent and significantly reduced levels of low-density
lipoprotein (LDL) cholesterol. However, ex vivo approaches are limited to largely
invasive surgical procedures and to tissues and cells that can easily be removed
from the body and then reimplanted. Thus, its clinical applications are severely
limited. In vivo gene delivery may be able to help overcome this limitation,
although faces many challenges of its own.

For in vivo gene delivery, the vector is either administered directly into diseased
tissue within a patient, or is systemically delivered and targeted to the site of action
by the vector. Local delivery will ensure relatively efficient transduction of target
cells unattainable by systemic administration and avoids the need for the delivery
vector to cross endothelial barriers, thus resulting in high vector levels in the target
tissue.” The route of administration has a major influence on the ability of the vector
to transduce various cells and tissues. Delivery methods encompass direct injection
into the tissue of interest, catheter-mediated gene transfer techniques,” or perfu-
sion.”’ Intramyocardial injection of rAAV2 vectors was used to achieve beneficial
therapeutic effects in rat ischemia/reperfusion models and demonstrated highly
selective transduction of myocardial tissue.”® Infusion-perfusion catheters have
been used in the context of restenosis prevention. In this case, either adenovirus
expressing human vascular endothelial growth factor 165 (WWEGF ) or plasmid—
liposome complexes containing the hVEGF, ; gene were delivered directly into the
artery. However, in both groups there was no significant change in the lumen diameter
or clinical restenosis rate when compared with the control group.”” A surgical
technique to improve gene delivery efficiency involves treating the heart with per-
meability agents in vivo. Simultaneous clamping of all vessels to/from the heart is
followed by continuous retrograde perfusion of the heart through a catheter positioned
in the aortic root.** This technique eliminates excess virus, which ultimately
reduces peripheral tissue infection. Local delivery can however result in leakage of
transgene expression into nontarget tissues.?'*

Systemic delivery is the ultimate goal of gene therapy as it is, in concept, a
simple and noninvasive route of delivery. However, the challenge with this approach
is that the body has evolved many highly specific systems to remove foreign par-
ticles and pathogens from the bloodstream. Many vectors for systemic gene transfer
remain ineffective at delivering genes to the vasculature and myocardium, as a result
of liver sequestering after vector administration. There is a trend for viral vectors
to display tropism for nonvascular tissues. Liver sequestration is a major limitation
of Ad vectors, which are mainly based on serotype 5.**** This hepatic tropism
limits the use of systemic delivery to gene therapy for liver disorders. Advances in
vector technology and development are helping to overcome this major barrier.
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Some AAV serotypes have been recently shown to efficiently cross the blood vessel
barrier and as such can be intravenously injected.**® The major limitation of these
vectors is that other noncardiac organs may also be targeted. Transductional and
transcriptional targeting strategies can be used to improve transgene expression and
cell specificity.

2.6 Nonviral Vectors

Nonviral vectors account for approximately 25% of the clinical trials currently in
operation (www.wiley.co.uk/genmed/clinical). The simplest form of the vector is
naked plasmid DNA encoding for the gene of interest and can be directly injected
into the target tissue. Nonviral vector gene delivery is highly inefficient with levels
of transduction being significantly less than those achieved by viral vector gene
delivery. Nonviral vectors have no specific mechanism with which to cross cell
membranes or traffic the injected DNA into the host cell nucleus.’”* Strategies to
improve vector delivery can be categorized into two general groups: (1) the associa-
tion of the DNA with other molecules, and (2) the application of physical energy to
aid cell entry through the cell membrane (Table 2.1). The major problems of nonvi-
ral vector delivery include the interactions of the vector—DNA complex with blood
plasma proteins and nontarget cells, and entrapment within endosomes from which

Table 2.1 Characteristics of nonviral gene delivery techniques

Method of gene transfer Advantages Disadvantages

Physical Hydrodynamic  Potent gene transfer to liver ~ Restricted to the liver
injection
Bioballistic High transfection efficiency Shallow penetration of DNA
(gene gun) into the tissue
Short duration of gene transfer
Dependent on cell line used
Ultrasound Low invasiveness Relatively short duration of
Nontoxic gene expression
Chemical Liposomes Large capacity for DNA Low transfer efficiency in
(>20 kb) comparison to viral vectors
Lack of immunogenicity Poor efficiency in transduction
Broad tropism of nondividing cells
Polycation DNA  Safe in vivo Instability
complexes High transduction efficiency  Cjeared rapidly from blood
in vitro stream
Nonspecific interactions with
other proteins
Peptide DNA Low toxicity Conjugation reactions may
complexes Low immunogenicity reduce biological activities

of the proteins and peptides
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the vector must escape. Once inside the target cell, the challenge of resisting nonspecific
cytoplasmic degradation and passage through the physical barrier of the nuclear
envelope must be faced.” Additionally, plasmid DNA that reaches the nucleus
remains extrachromosomal and is usually lost during breakdown of the nuclear
envelope at mitosis.* Recent studies have thus focused on the development of spe-
cially designed vectors with reduced affinity for intracellular proteins and cellular
surfaces*™*! and on mimicking viral properties that will allow the nonviral vector to
be maintained and replicate in the target cells. As plasmids contain no proteins to inter-
act with cellular receptors, physical methods of gene delivery can be applied to bring
the vector into closer proximity with the cell membrane or to temporarily disrupt the
cell membrane, making it permeable to the DNA. Potentially, the use of nonviral
vectors offers several advantages over the use of viral vectors including ease and
thrift of mass-production, lessened immunogenicity, and a lower risk of unwanted
transgene expression in nontarget tissues. However, clinical applications of nonviral
vectors remain impeded by the low efficiency of transfection and transient transgene
expression. Producing sustained gene expression and potentiating the efficiency of
delivery remains a goal of nonviral gene therapy applications.

2.7 Viral Vectors

Viruses have evolved highly specialized mechanisms to enable them to insert their
genomes into target cells, making them an ideal candidate to deliver therapeutic
genes. In a direct comparison of gene transfer vectors for myocardial gene transfer,
recombinant (E1-/E3-) adenovirus, recombinant AAV, and recombinant (ICP27-)
HSYV all exhibited robust transgene expression, while uncomplexed and complexed
naked DNA displayed very limited expression.”” The efficiency of viral vectors can
be attributed to the viral proteins that interact selectively with cell surface receptors
and potentially in the trafficking of the virus to the nucleus.**** However, low-level
expression of viral genes often evokes an adaptive immune response, and as such
the host would destroy the vector-transduced cell.* Ad vectors in particular evoke
strong immune responses and on administration, can activate an innate immune
response mediated by the viral particle itself.* This type of immune response is not
specific and is aimed at clearing the body of foreign particles, being the first line of
defense. Rapid clearance of the vector by cellular elements of the innate immune
response involves Kupffer cells,*® activation of the classical arm of the complement
pathway,”” and an inflammatory response. Adaptive cellular responses are subse-
quently induced, which activates cytotoxic T-lymphocytes (CTLs).* B-cells are
activated during the humoral response, which can result in the production of neu-
tralizing antibodies, thereby eliminating the option of vector readministration. By
removing genes necessary for viral replication to provide space in which to insert
foreign genes, viruses can be manipulated to express foreign genes in any cells that
the virus transduces. This also minimizes host immune responses through removal
of the adaptive arm of the immune response. Recombinant vectors are thus replication
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Table 2.2 Characteristics of viral vectors for use in gene therapy

Immune
Ability to  Transgene response
Vector integrate  capacity  Tropism activation ~ Reference
Retrovirus Yes 9 kb Dividing cells only Minimal 51
Lentivirus Yes 7-9 kb Dividing and Minimal 57,76
nondividing cells.
Ideal for endothelial cells
Herpes No 152 kb Dividing and nondividing Minimal 83
simplex cells. Natural tropism for
virus-1 neuronal cells
Adenovirus No 36 kb Dividing and nondividing Strong 45
cells
Adeno- Yes 4.6 kb Dividing and nondividing Minimal 145,178
associated cells
virus

deficient, and to produce them, the replication genes must be provided in trans,
either integrated into the genome of the packaging cell line or on a plasmid.

In principle, any virus can be used as a vector. There are five main classes of
clinically applicable viral vectors being studied for cardiovascular applications;
retroviruses, lentiviruses, HSV, adenoviruses (Ad), and AAV, a summary of which
can be seen in Table 2.2. These five vector classes can be further subcategorized
according to whether the vector genome integrates into the host chromosome or
exists extra-chromosomally.*’ Integrating vectors are associated with an increased
risk of insertional mutagenesis,” although careful engineering may be applied to
minimize these risks. For example, the engineering of vectors that integrate into
predetermined sites could allow long-term transgene expression while preventing
the detrimental effects through inappropriate integration.”' Since each vector system
has its own unique set of properties, one vector may be preferential above another
in a particular setting and will determine its range of uses in gene therapy.

2.7.1 Retrovirus

Retroviruses were the first viral vectors to be used in human gene therapy>> and
approximately 25% of the world’s gene therapy clinical trials use retroviruses as
their platform vector (www.wiley.co.uk/genmed/clinical). Retroviruses can be further
subdivided into oncoretroviruses, lentiviruses, and spumaviruses, all of which are
being developed for gene therapy applications to varying extents. Retroviruses are
small enveloped RNA viruses, which replicate via an integrated DNA intermediate
by the actions of the enzyme reverse transcriptase. The viral genome is approximately
10 kb, comprising at least three genes: gag (group-specific antigens), pol (reverse
transcriptase), and env (the viral envelope protein). These viral genes are flanked by
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long terminal repeats (LTRs), which are required for integration into the host genome
and control viral gene expression. The genome also contains a packaging sequence
that allows it to be distinguished from the host-cell RNA.>

Retroviral vectors have all their viral genes removed and replaced with the transgene
of interest, thus rendering them replication-incompetent.’* Despite their wide use as
gene delivery vectors, the small genome of retroviruses allows for only 9 kb of
foreign sequence to be inserted. Production of high-titer preparations required for
gene therapy applications is problematic. Retroviruses are associated with low-
efficiency gene transfer owing to their inability to deliver genes to nondividing
cells.™ Thus, their utility as gene delivery vectors for vascular applications is
severely limited as they are not able to infect nondividing vascular cells. These
inefficiencies have led to the development of lentiviral vectors, which are capable
of infecting both dividing and nondividing quiescent cells.***

The genome of retroviruses integrates into the host’s genome leading to the
potential for long-term transgene expression. However, integration is not site-specific
and subsequently this vector has many safety concerns associated with it. Random
insertion of an LTR sequence adjacent to a cellular proto-oncogene can lead to
inappropriate expression of a protein involved in cellular regulation. Random inser-
tional mutagenesis could also disrupt tumor suppressor genes, potentially leading
to dysregulation and a malignancy. In 2000, a clinical trial carried out in France to
treat children with severe combined immunodeficiency-X1, illustrated the oncogenic
potential of retroviral vectors.” This study was based on ex vivo transfer of the yc
gene into CD34+ cells using a defective gamma Moloney retrovirus-derived vector.
After 10 months, the therapy was found to provide sustained full correction of dis-
ease phenotype demonstrating the unique potential of gene therapy. However, by
2003, two patients had developed a serious adverse complication consisting of
uncontrolled leukemia-like clonal lymphocyte proliferation,’® with a third case of
leukemia-like illness being reported in 2005.%° Two of the three patients were found
to have retrovirus integration within or in close proximity to the LMO2 proto-
oncogene promoter, which is associated with childhood leukemia. This integration
resulted in the inappropriate upregulation of the proto-oncogene and proved fatal in
one of the patients.®’ However, the beneficial outcomes in the remaining patients
are not to be overlooked. To date, 17 out of 20 patients in both the Paris and London
clinical trials have had their immune system restored and has remained functional
for over 7 years.”” One adverse effect has recently been reported in the UK-based
clinical trial (www.news.bbc.co.uk/1/hi/health).

2.7.2 Lentivirus

Lentiviruses are a subclass of retroviruses that are increasing being used in gene
therapy. In particular, they are being developed for the treatment of neurodegenera-
tive disorders, because of their ability to efficiently transduce cells of the nervous
system.®** The lentiviruses used are usually derived from human immunodeficiency
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virus-1 (HIV-1) and so raise many potential clinical safety concerns. The vector
integrated into the genome randomly. To improve the biosafety of these vectors, sig-
nificant modification to the HIV-1 genome can be made.® Deletion of accessory
genes tat, vif, vpr, vpu, and nef produces minimal vectors that contain only genes
necessary for replication and packaging, thus minimizing deleterious effects.®
Development of nonhuman lentiviral-based systems, including simian,* feline,®"¢
and bovine immunodeficiency viruses,” " has also been given attention to increase
the safety profile of these vectors.

Lentiviruses have a relatively large packaging capacity of up to 8 kb and an ability
to infect a wide range of cells. They are also minimally immunogenic having
been shown to sustain gene expression for several months” without detectable
pathology.””’ Gene transfer through lentiviruses is relatively stable, as the trans-
gene integrates into the host genome and is copied along with the host genome
every time the cell divides. One of the most appealing features of these vectors is
that unlike other retroviruses, lentiviruses can infect nondividing cells, being able
to enter the nucleus without mitosis.”’® This ability makes these vectors ideal
for targeting the endothelium, which is largely composed of nondividing cells.
Lentivirus transduction of both primary human saphenous vein endothelial cells (EC)
and SMC was shown to be efficient and without toxicity,”” but there are relatively
few studies to date. Lentivirus-based vectors have been also shown to be successful
at transducing adult cardiomyocytes of a transplanted heart,”” and the hearts of SHR
in a study of cardiac physiology.”

Recently, a new generation of lentiviral vectors has been produced with enormous
potential. These are in the form of nonintegrating lentiviral vectors. By introducing
mutations into highly conserved acidic residues in the viral integrase gene, catalytic
site or chromosome binding site, vectors can be rendered integration defective without
interrupting viral DNA synthesis or accumulation in the nucleus.””®! Efficient sus-
tained transgene expression in vivo is attainable with nonintegrating lentiviral vectors
as has been demonstrated in muscle®' and in rat ocular and brain tissue at levels
high enough to improve retinal degeneration in an appropriate disease model.*?

2.7.3 Herpes Simplex Virus (HSV)

HSV type 1 is an enveloped double-stranded DNA virus containing an icosahedral-
shaped capsid surrounded by a layer of proteins referred to as tegument. It has a
relatively large genome of 150 kb, which facilitates large foreign DNA inserts of up
to 3040 kb.** HSV is able to infect a broad range of cell types including nondividing
cells. Natural viral infection can take the form of a cycle of lytic replication or can
enter a latent state in which the viral genome persists without the expression of any
viral proteins, possibly for the life of the host. Latently infected neurons function
normally and do not illicit an immune response.** HSV-1 has many key features
making it a highly desirable vector for gene delivery. First, it has a large transgene
capacity, which is provided by the deletion of genes superfluous for viral replication.
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However, because its genome does not integrate, HSV vectors are unlikely to be
suitable for the treatment of conditions requiring long-term gene expression.
Because of its natural tropism for neuronal cells, it has become a promising vector for
the treatment of neurological disorders such as Parkinson’s disease.* HSV vectors
have also emerged as promising vectors in cancer therapies in the form of replication-
selective oncolytic vectors.***® These vectors fail to replicate efficiently in healthy
cells and will replicate in cancer cells only, destroying them through oncolysis.

2.7.4 Adenovirus

Adenoviruses are nonenveloped dsDNA viruses with an icosahedral capsid consisting
of three main structural proteins, hexon, fiber, and penton base, and several minor
capsid proteins. Their genomes range in size from 26 to 45 kb. Adenoviruses were
first isolated from tonsils and adenoid tissue® and are infectious human viruses,
which often cause mild infection of the gastrointestinal, upper respiratory tract and
eye. Most adenoviral infections are self-limiting being efficiently counteracted by
the host’s immune system. Deletion of the virulent genes during vector production
may help in reducing the pathogenesis of these viruses.

Adenoviral vectors, most commonly Ad5 and adenovirus serotype 2 (Ad2), are
a popular choice in gene therapy and such a status has led to much information
about them becoming widely available. As such, adenovirus is well characterized
and can be easily genetically altered and grown to high titers. They have a high
capacity for the insertion of foreign DNA allowing up to 36 kb (helper-dependent
Ads) to be accommodated. They were initially deemed promising vectors for car-
diovascular gene therapy applications as they were shown to transduce human
vascular cells in vitro” and in vivo.””> Adenoviral vectors exhibit a tropism for
many human cells and can infect quiescent as well as dividing cells,” an important
characteristic for the transduction of vascular EC and SMC, which have low mitotic
rates, even in diseased states.” Adenovirus replicates episomally, thus reducing the
risk of random integration into the host genome. However, because Ad vectors are
nonintegrating, it means that their genomes are lost in proliferating cells, and so
transgene expression will be transient, although this may be advantageous in certain
clinical applications. Transient gene expression coupled with hepatic tropism is a
major limiting factor for adenoviral vectors and has led to their use in niche areas
such as vein grafting, where gene transfer can be carried out ex vivo.*':

The major inadequacy of adenoviral vectors is their high immunogenicity. Many
individuals produce neutralizing antibodies and memory T cells directed at Ad
proteins after exposure to the vectors. This is a result of the expression of viral
genes, which trigger a cascade of humoral and innate immune responses.*® This is
a significant problem, as gene expression is consequently short-lived®® and vector
readministration is less effective.”” In view of this, current studies focus on strate-
gies to eliminate host immune responses,'*** and also on engineering vectors with
increased transduction of cardiovascular cells. This can be achieved in several



36 R. Masson et al.

ways, one of which involves the abolition of the natural tropism of the virus and
subsequently endowing it with a new tropism for the target cell type.”*'!

2.74.1 Ad Vector Development

To reduce the immunogenicity of Ad vectors and create additional space for the
insertion of new genetic material, Ad has been altered in several ways to remove
unnecessary parts of the genome (Fig. 2.1). Expression of adenovirus proteins
occurs in phases — early and late. The adenovirus genome contains five early tran-
scription units (E1A, E1B, E2, E3, E4), two early delayed (intermediate) transcrip-
tion units, and five late units (L1-L5), and encodes over 70 gene products.'”> The
genome is flanked by inverted terminal repeats (ITRs) of 100-140 bp in size that
serve as replication origins. Early genes (EIA and E1B) are involved in gene
expression regulation and their activation leads to the expression of viral late genes
(involved in the expression of structural proteins) and the production of infectious
viral particles. The foreign gene can be inserted into the region occupied by either
El or E3 genes with one or both being deleted in the vector construct. In the first
generation Ad vector, the E1 (E1A and E1B) gene is replaced by the gene of inter-
est and the resultant defective virus is propagated in cell lines, such as 293 cells,'”
which provide the early gene products in trans. The progeny virus cannot replicate
in normal cells and on introduction into the host, it will infect cells and express the
foreign gene, but no progeny virus will be produced. As the E3 region of the
genome is dispensable in viral replication, many first-generation vectors will also
have all or part of the E3 region deleted. Despite these deletions, first-generation
vectors still express wild-type late viral genes at low levels and trigger a CTL
immune response,'™ resulting in a short duration of transgene expression.

E1 LM 12 13 4 E3 5
Ad5 genome  [rm————
ITR E2B T EoA E4
1%t generation A AE3
Transgene
ons generaﬁonl AEA AE2 AE3 AE4 ‘
Transgene
Helper | ——— S |
Dependent Transgene

Fig. 2.1 Adenovirus serotype 5 (Ad5) vector development. Adenovirus 5 genome and maps of
first-, second-, and third-generation adenoviral vectors showing regions of the genome deleted to
facilitate transgene insertion. Adapted from ref.'*®
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Second-generation Ad vectors have the E2 and/or E4 regions deleted from their
genomes in addition to the E1+E3 deletion. However, second-generation vectors
were not found to reduce inflammation of humoral immune response to adenovirus
in rabbit models in comparison with first-generation vectors, and most disappoint-
ingly did not increase longevity of transgene expression.”

Helper virus-dependent or gutless vectors have essential regions of the viral
genome (L1, L2, VA, and TP) deleted and rely on the provision of essential viral
functions from a helper virus. The gutless adenovirus only keeps the two I'TRs and
the packaging signal from the wild-type adenovirus required for DNA replication
and packaging.'”"'% By deleting most of the viral genomes, it is possible to accom-
modate up to 37 kb of insert DNA into defective vectors. In vivo studies have
shown substantially longer transgene expression with helper-dependent vectors'**
sustained up to a year in baboons. However, an innate immune response is still
activated against the vectors.” Recently, however, Barcia et al demonstrated that
helper-dependent Ad vectors mediated sustained transgene expression for up to
1 year in the brains of mice preimmunized against adenovirus.'” This highlights the
potential of these vectors in the treatment of chronic diseases, as the immune sys-
tem was unable to inhibit transgene expression.

2.74.2 Vector Capsid Engineering

There are more than 50 different serotypes of adenovirus, classified into six groups
(A-F) based on biochemical and immunological properties. These viruses infect
different cell types through the utilization of different primary cellular receptors
and thus have a wide tissue tropism range. Most adenoviruses, except subgroup B
and the short fiber of subgroup F, use the coxsackie virus and adenovirus receptor
(CAR).'"!1° The two-step mechanism of Ad5 infection is well characterized, mak-
ing it possible to reengineer it to alter its tropism. AdS virus interacts in vitro with
CAR by means of the knob domain of the capsid fiber, bringing the capsid into
close proximity with integrins. After attachment, the RGD motif in the penton base
at the N-terminus of the fiber interacts with coreceptors o /o B, integrins.'"
Adenovirus is then internalized by receptor-mediated endocytosis and released by
endosomal acidification in fiber-free form to the cytosol, before trafficking to the
nucleus. CAR is relatively ubiquitous, resulting in the infection of undesirable
tissues as well as target tissues. Ad5 can transduce EC,” coronary arteries,’” the
heart''” and at lower efficiency vascular SMC.'" This is reflective of the distribution
of CAR expression, with high CAR expression leading to high transduction effi-
ciency. Indeed, after systemic injection in the rat and mouse models, AdS virions
preferentially accumulated in the liver and spleen.*>''* This highlights the need to
substantially alter AdS tropism to retarget it to alternative sites, for example the
brain, kidney, and heart vasculature.

Genetic strategies to alter adenovirus tropism can either focus on pseudo-
typing the Ad5 fiber with that of another serotype, or on modification of the
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existing receptor binding mechanisms. Native hepatic tropism can be altered by
mutating the virus in areas integral to cellular receptor binding. The identification
and mutation of the residues in the knob involved in CAR binding''® has allowed
the production of modified Ad5."'

2.7.4.3 Adenoviral Retargeting by Pseudotyping

The adenovirus fiber protein mediates primary binding of adenovirus to its receptor.
Vector retargeting may be achieved through the use of chimeric vectors that incor-
porate the entire fiber or part of the fiber from a different serotype in place of its
own. This could potentially ablate the virus’s natural tropism by removal of both
the CAR- and heparan sulfate proteoglycan (HSPG)-binding sites and bestow a new
tropism upon the vector. Several adenovirus serotypes have shown increased trans-
duction of specific tissues. Proof of the concept of chimeric vectors was first shown
in 1996 with the production of functional adenoviral vectors in which the fiber was
composed of the tail and shaft domains of Ad5 and the knob domain of serotype 3.'"”
Alterations in adenoviral tropism were achieved through primary binding via the
Ad3 receptor with subsequent internalization steps achieved via domains of the
penton base of AdS.

Ad5 vectors pseudotyped with serotype 37 and 19p fibers have demonstrated a
lack of native tropism for mouse, rat, and human hepatocytes in vitro and demon-
strated greatly reduced transduction of liver after systemic injection into rats.''®
Further genetic modifications can allow the development of targeted and thus more
efficient vectors. Isolated targeting peptides can be genetically incorporated into the
HI loop of the fiber of Ad19p between amino acids 331 and 332. Kidney targeting
peptides HTTHREP and HITSLLS, which were identified through in vivo phage
display, were incorporated into Ad19p-pseudotyped vectors. These peptide-modified
vectors were shown in vitro and in vivo, after systemic administration, to display a
significant increase in selective renal targeting with higher levels of transduction
than the unmodified Ad19p vectors.'"®

2.7.4.4 Nongenetic Targeting

A simple way of altering vector tropism without genetic modification is the coating
of the viral particle with a bispecific antibody. One domain of the bispecific mole-
cule binds to the virus capsid, while the other domain binds to a novel receptor thus
acting as a molecular bridge. This concept has been used in vitro to enhance
Ad-mediated transduction of human umbilical vascular EC,'* and in vivo to redi-
rect Ad vectors to a new cellular receptor after systemic delivery.'?"'>> Although the
addition of a protein adapter enhances the affinity of Ad vectors for their targets, it
also increases the difficulty of crossing the barrier from laboratory to clinic as there
are more components to be considered and reproduced without batch variation.
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2.7.4.5 Retargeting Detargeted Vectors by Ligand Insertion

The insertion of targeting peptides into the fiber gene of Ad5 can provide new
tropism to detargeted vectors. The exposed HI loop has been identified as a
preferred insertion site for peptides'?*'** without detriment to virion assembly or
fiber trimerization. As the fiber is present at a frequency of 36 copies per virion, the
vector can display the targeting peptide a maximum of 36 times. Foreign peptides
have also been successfully incorporated in the hypervariable region 5 surface loop
of the hexon of Ad vectors.'” In this region, peptides can be displayed at a copy
number of 720. However, in a direct comparison of peptide-modified fiber and hexon
vectors, hexon-mediated targeting failed to change the tropism of the vectors.'*

Recent work has shown the application of the phage display technology to identify
sequences with desired biological properties, and subsequently introduced these
sequences in the retargeting site of the vector."””'* One disadvantage of these small
targeting peptides is their often weak binding affinity for their targets. The concept of
phage display of exogenous peptides was first conceived in 1985, and is simply the
display of peptides or proteins on the surface of bacteriophage.'*® The technology of
phage display has since been developed and is now used in a wide range of applica-
tions, including the rapid isolation of novel peptides with the ability to bind to defined
target molecules in vitro or in vivo."*! For use in cardiovascular applications, phage
display could potentially identify ligands, which are specific for the vasculature.
Highly efficient and selective peptides can be isolated through the process known as
biopanning, which can be carried out in vitro and in vivo. Successive rounds of bio-
panning enrich the pool of phage with clones that specifically bind the target.

The distinct disadvantage of using in vitro biopanning is that the question
remains as to whether the ligands isolated in vitro will display the same specificity
in vivo. Phage libraries can be directly introduced into live animals, to select for
targeting peptide sequences. However, targeting peptides identified in animal models
may not always be applicable and achieve the same level of targeting in humans.
In 2002, the first in vivo screening of a peptide library in a patient was carried
out.'” Isolated motifs from tissue biopsies showed high similarity to ligands for
cell-surface proteins of the human vasculature. This method has since been used in
stage IV cancer patients to identify tumor-targeting ligands.'** This study displays
how this method can be directly applicable in a clinical setting.

2.7.5 Adeno-Associated Virus (AAV)

AAV vectors have developed rapidly over the past decade and have become prom-
ising vectors for several genres of gene therapy. RAAV2 vectors have been exten-
sively researched and are the most characterized and predominantly used of the AAV
vectors. The potential of these vectors in cardiovascular gene delivery was first
shown through rAAV-mediated expression of the cytoprotective gene HO-1 in rat
myocardium.”® The safety and efficiency of these vectors was further proven through
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rAAV-mediated myocardial gene transfer in mice. Transgene expression was
observed 1 year postinfusion with no significant inflammatory response or adverse
affects on LV systolic function.”** In a study by Xiao et al,'* the introduction of
rAAV vectors expressing the lacZ gene into the muscles of immunocompetent mice
resulted in persistent gene expression for more than 1.5 years.'*> AAV vectors are
thus minimally pathogenic and possess the ability to mediate long-term transgene
expression, and so could prove useful in clinical situations where prolonged
transgene expression is desirable. Stable transgene expression is a prerequisite for
vectors to treat inherited disorders and would be desirable in the treatment of many
acquired CVDs, which progressively worsen over time. However, the progress of
AAV vectors has been hampered by their poor transduction of many target tissues.

RAAV vectors evoke little innate immune response, with only transient infiltration
of neutrophils and chemokines.'** Immune response against the virus appears to be
restricted to the generation of antibodies specific for the viral capsid protein."*” AAV
vectors are inefficient transducers of antigen presenting cells such as macrophages
and dendritic cells, which are believed to be necessary in the production of cellular
immune responses.'** However, recently the duration of transgene expression in the
liver mediated by rAAV?2 vectors was found to be limited to 8 weeks.'** Upon further
investigation, it was suggested that transduced hepatocytes were destroyed by the
activation of T-cells against the capsid of rAAV2."*!* Direct comparison of T-cell
responses activated against the capsids of rAAV serotypes 2, 7, and 8 revealed little
evidence of T-cell activation against rAAV7 and 8 and postulated a potential role
for heparin binding in directing immune response against the capsid proteins.'*
Thus, utilization of alternative serotypes that do not use HSPG as their receptor for
cell entry may help to avoid this limitation.

In AAV vectors, the viral DNA, except the ITRs, has been eliminated to allow for
foreign DNA insertion. This adds a safety feature that will reduce host immune
responses directed at viral gene expression and eliminate the possibility of the generation
of replication competent pseudo-wild-type AAV. One important safety concern with
AAV vectors is the potential for germ-line transmission. Intramyocardial injection
of AAV vectors expressing lacZ into Sprague—Dawley rats resulted in the detection of
lacZ expression and [-galactosidase activity in the testes at 6 months postinfusion.'*!
In a similar study, Arruda et al found that while vector DNA could be detected in the
gonad of rat, mouse, rabbit, and dog, no AAV vector sequences could be detected in
the semen.'*> Another major safety concern lies among reports of high incidences of
hepatic carcinomas after rAAV vector infusion into mice."* Carcinomas that devel-
oped in these mice were subsequently found to contain AAV vector proviruses at a
specific chromosomal locus,'** implicating insertional mutagenesis by AAV vectors
as a causative factor. These findings raise questions of rAAV vector safety.

2.7.5.1 AAV Biology

AAVs are small 4.7-kb linear single-stranded DNA nonenveloped viruses. Their
genomes are organized in similar ways, being extremely simple in composition and
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containing only two large open reading frames (ORFs) flanked by ITRs of approximately
145 bp, which are required for viral genome replication and packaging (Fig. 2.2).
The two ORFs encode two genes, rep (replication) and cap (capsid), which are,
respectively, involved in gene expression regulation and structure. Four multifunc-
tional rep isoforms with molecular masses of 78, 68, 52, and 40 kDa are encoded
by the 5" ORF and are transcribed from two different promoters. The rep proteins are
involved in specific DNA-binding, helicase, and site-specific endonuclease and
modulation of transcription of viral genome promoters. The 3’ ORF encodes three
capsid proteins (VP1, VP2, and VP3) through alternate splicing of the cap gene. All
three proteins use the same stop codon, and so VP2 and VP3 are successive amino-
terminal truncated forms of VP1. The three proteins interact together to form a
capsid with icosahedral symmetry. When used as gene delivery vectors, the rep &
cap genes, which make up 96% of the genome, are replaced by the transgene.
Recombinant vectors are produced by supplying these deleted genes in trans. The
resultant vectors are less likely to evoke a host immune response. The small size of
the AAV virion is responsible for the limited DNA packaging capacity and is a
major disadvantage of AAV vectors. Transgenes can be packaged as long as they
are not significantly larger (119% maximum capacity) or smaller than the wild-type
genome.'* Without these limits, the resultant vectors are severely defective with
regard to producing infectious virions. One method to overcome this limitation is
the trans-splicing of larger genes between two independent AAV vectors that will be
coadministered.'*® This technique utilizes the ability of AAV genomes to combine,
although results in lower transgene expression as a result of the complexity of the
system. However, further development may increase the utility of AAV vectors
allowing them to appeal to a wide range of applications.

p5 p19 p40
(I [ ) Poly A
| rep
Rep 72 — :
Rep 68 — —
Rep 52
Rep40 ——s— —3

' — VP1
VP2
— VP3

Fig. 2.2 Genome organization of adeno-associated virus (AAV). The AAV genome is a 4.7 kb
single-stranded linear DNA genome and is made up of 2 genes, rep and cap, with two flanking
inverted terminal repeats (ITRs). Three different promoters drive transcription: P5, P19, and P40.
Four transcripts encode nonstructural genes (Rep72, 68, 52, and 40) and three transcripts encode
structural proteins (VP1, 2, and 3)
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2.7.5.2 AAV Replication

AAVs are helper-dependent viruses with a bi-phasic life cycle. They cannot replicate
autonomously, instead requiring coinfection with an unrelated virus, such as Ad or
HSV, to complete its life cycle. In the absence of coinfection, AAV can undergo
latent infection as an episome or may integrate its viral DNA into the host genome'*’
in human chromosome 19 by site-specific recombination directed by the viral rep
function.'*® AAV genomes can be excised from the host genome in the presence of
helper factors and can lead to a productive infection cycle.'* It is important to note
that rAAV vectors lack the integration function as their viral genes have been
removed. Advances in AAV vector production have eliminated the need for helper
adenovirus infection."”® Instead, to be packaged into functional vectors, genomes
must be provided with all rep, cap, and helper functions in trans on exogenous
plasmids. 51!

There are several common stages for replication of all AAV vectors that must be
carried out for successful transgene expression. The first step in infection is the
attachment of the vector to the cell surface receptor, and in the case of AAV vectors
will require the use of coreceptors to assist in internalization. The virus must then be
internalized into the cell by the process of receptor-mediated endocytosis. The vector
is subsequently trafficked from early endosomes to late endosomal compartments.'>
It must then escape the endosome to be released into the cytosol and undergo nuclear
translocation. Endosomal processing is thought to be an essential step for AAVs,
exemplified by the fact that AAV?2 directly injected into the cytosol fails to reach the
nucleus.* After endosomal release, which may occur through weak acidification of
the vesicle, AAV rapidly traffics to the nucleus and accumulates in the perinuclear
region.'>* Nuclear translocation was initially thought to occur through the virus slowly
penetrating the nuclear pore complex (NPC) into the nucleus, with the majority of
the virus remaining in perinuclear compartments.'>* However, entry into the nucleus
has since been shown to occur independently of the NPC through the use of agents
that block NPC function.”™ It is unknown whether viral uncoating to release the
genome occurs within or outside the nucleus. However, capsid proteins'> and the
necessary machinery for virion uncoating'** have been identified within the nucleus,
suggesting that nuclear virion uncoating may be a reality, although direct evidence
is lacking. The single-stranded DNA genome is converted to double-stranded DNA
within the nucleus and is then the transcription template. After entry into the host
cell nucleus, the virus can either establish a lytic or lysogenic life cycle, which is
determined by the presence or absence of helper virus. The efficiency of all these
replication steps will determine the overall efficiency of the vector.

2.7.5.3 AAV Serotypes and Receptors

To date, over 100 AAV genetic variants have been isolated.””® Twelve known
serotypes of AAV have been identified, all displaying a variety of tissue tropisms
and receptor-binding characteristics (Table 2.3). The sequence identities among the
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Table 2.3 Adeno-associated virus (AAV) serotypes and their varying tropisms and receptors

Serotype Tropism

Receptor

AAV1 Skeletal muscle'” cardiac tissue''?

AAV2 Broad tropism — muscle, brain,
retina, liver, lung.

AAV3 Cochlear inner hair cells'®"

AAV4 Ependymal cells'®!

AAV5 Neurons'®?, dendritic cells'®?

AAV6 Skeletal muscle, cardiac tissue®

AAV7 Skeletal muscle'®*

AAVS Liver'®

AAV9 Liver, skeletal muscle, cardiac
tissue®

AAV10 Liver, heart, skeletal muscle, lung,
kidney, uterus'®

AAVI11  Muscle, kidney, spleen, lung, heart,

a2-3 linked or a2—6 linked sialic acid

HSPG, aVf5 integrin, fibroblast or hepatocyte
growth factor receptors, 37/67-kDa laminin
receptor

heparin, heparan sulfate, and FGFR-1, 37/67-
kDa laminin receptor

2-3 O-linked sialic acid

PDGFR, a2-3 N-linked sialic acid

a2-3 linked or a2—6 linked sialic acid

Unknown

37/67-kDa laminin receptor

37/67-kDa laminin receptor

Unknown

Unknown

stomach'®

different serotypes are high with a general homology in nucleotide sequence of
approximately 80%. The greatest divergence in sequence can be observed in the
capsid proteins, especially in regions thought to lie on the utmost exterior of the
virion."”” This may account for the differing natural tropisms of these viruses.
The pattern of transgene expression has been demonstrated to be affected by the
serotype of AAV,'*® which may be due, in part, to viral receptor distribution, as
receptor binding is the primary step in viral infection. The discrepancies in tissue
tropisms between serotypes are likely as a result of different mechanisms of uptake
into a target cell. To comprehend the differences in transduction efficiencies of the
different serotypes, it is important to understand the full mechanism of the initial
AAV binding and internalization steps.

AAV?2 has a wide host range and utilizes HSPG as an attachment receptor,'”” and
at least three different coreceptors including a V5 integrin,'® and the fibroblast or
hepatocyte growth factor receptors.'®’ AAV3 has been shown to bind to heparin,
heparan sulfate, and fibroblast growth factor receptor-1 (FGFR-1), making its array
of receptors similar to those of AAV2.'> Competition assays identified that closely
related serotypes AAV1 and AAV6 use either a2-3 linked or a2—6 linked sialic
acid as primary receptors when transducing numerous cell types.'* Platelet-derived
growth factor receptor (PDGFR) has been identified as a coreceptor for AAVS5, with
the in vivo tropism of AAVS5 correlating with the distribution of PDGFR.'** AAV5
also requires a2-3 sialic acid for binding and transduction.'®> AAV4 shares the
requirement of AAVS for sialic acid; however, the difference between these two
vectors lies in linkage specificity; AAV4 requires O-linked sialic acid, whereas
AAVS5 requires N-linked sialic acid, offering an explanation for tropism differences.'*
A 2-yeast hybrid screen with subsequent functional studies revealed the 37/67-kDa
laminin receptor (LamR) as important in binding and transduction of AAVS.'®’

159
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It was also shown to be important in the binding of AAV2, -3, and -9. AAV10 and
-11 have not yet been fully characterized.

AAV?2 vectors have been quite disappointing in the area of cardiovascular gene
therapy due to inefficiencies in transduction of both myocardial cells and EC.
Direct comparison of Ad5 and AAV?2 for transduction of vascular cells has revealed
the poor tropism of AAV2 for EC.%” Transduction of vascular EC has been shown
to be inefficient with AAV2 vectors resulting in virion degradation by the protea-
some during the trafficking process.'®® Although no AAV serotype appears substan-
tially more efficient than AAV?2 in transduction of the vascular endothelium, other
EC have been transduced by alternate serotypes. AAV6-based vectors demonstrate
a higher transduction efficiency of airway epithelia than AAV2,'® illustrating the
potential of exploiting naturally occurring serotypes. Thus, alternate serotypes with
naturally occurring tropism differences can be exploited as potential gene therapy
vectors to see if they offer an enhanced tropism for cardiovascular tissues. AAV
serotypes 1 and 6 have shown preferential transduction of the musculature.

2.7.5.4 AAV Transcapsidation

RAAV vectors are based on the AAV2 genome and onto which the capsid proteins
from a different serotype have been pseudotyped. Capsid proteins from most sero-
types have been successfully cross-packaged with ITRs from AAV2. Several studies
have been carried out to compare the transduction efficiencies of the ever increasing
array of alternate serotype AAV vectors. In a study by Du et al,'”° the capacity of
AAV serotypes 1-5 for in vitro myocardial transduction was tested.'”” This study
demonstrated the differing capacities of the alternative serotypes, and identified
AAV1 as having the highest enhanced ability to transduce adult human cardiomyo-
cytes. In another study that compared the efficiency of recombinant vectors of eight
different serotypes in transducing rat myocardium in vivo, AAV1, 6, and 8 demon-
strated the highest efficiency in transducing rat hearts in vivo.'? It is difficult to
compare between AAV serotype studies as no standard for titering AAV has been
set up, and different routes of administration and different aged animals have been
used. However, general trends can be observed, demonstrating that AAV serotypes
1, 6, 8, and 9 show high levels of cardiac transduction.

2.7.5.5 Retargeting AAV Vectors

Although several serotypes of AAV have been identified, several cell types remain
nonpermissive to AAV infection. Retargeting vectors may encompass these nonper-
missive cells into AAVs vast repertoire, and may improve the efficiency of transduction
of cells already permissive to infection. Retargeting of AAV vectors has mainly been
applied to AAV2 vectors, and has been achieved in vitro through two main strategies.
These are (1) the use of bi-functional antibodies'”" and (2) the genetic modification
of the capsid through the insertion of targeting peptides.'’? Vector binding is enhanced
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by the use of bi-specific antibodies. During this process, one arm of the antibody binds
to the surface of the cell of interest, and the other arm to the AAV capsid structure.
Bartlett et al'”! achieved AAV2-mediated transduction of nonpermissive human mega-
karyocytic cells through the interaction of a bispecific F (ab), antibody with both the
cell surface receptor o, 33, and the viral capsid. This facilitated the binding and inter-
nalization of the vector via an alternative receptor and represents the potential to
improve the binding and transduction profile of AAV2. This technique has been used
to redirect AAV binding by insertion of an immunoglobulin binding domain to
couple it to various antibodies to mediate altered receptor binding.'”* However, this
relies on a very stable interaction between the antibody and the vector.

The AAV capsid protein is important in the initial stages of viral infection and
primarily interacts with the cell surface receptor. The capsid protein determines the
tissue tropisms of the virus through its selective interactions. Short peptide
sequences can be cloned into the capsid gene to change or expand the vector tro-
pism and can even be used to disrupt the native tropism. Targeting peptides may be
derived from phage-display techniques previously described. To be successful, the
peptide insertion should have minimal effects on subsequent vector assembly,
packaging, and infectivity. Several suitable sites for insertion of targeting peptides
into the AAV?2 capsid have been identified and evaluated for tolerance to insertions
and mutations; peptides may be inserted at the optimal position of 587 in the AAV2
capsid to be displayed on the surface of the virion.'”>'* Genetic incorporation of
peptides into the AAV capsid has been used to enhance transduction of human
EC'® and to alter tropism toward cells expressing the CD13 receptor'?® and human
luteinizing receptor (LH-R).'”

A variant of this technique is the use of AAV libraries, which are similar in
concept to phage libraries. A random peptide is inserted into the AAV2 capsid
sequence in a position that allows it to be displayed on the surface of the virion,
while at the same time ablating HSPG binding. Chimeric capsid AAV libraries are
screened to identify vectors that exclusively transduce a particular target cell or
tissue type. This technique was first developed by Miiller et al,'” who used the
AAV library to identify vectors that could transduce human coronary artery EC
more readily than nonendothelial control cells. Others have used this approach to
identify AAV vectors that efficiently transduce acute myeloid leukemia cell lines,'”’
a cell type that no other vectors have been found to efficiently transduce. AAV
libraries allow the selection of vectors with targeting peptides that have been identi-
fied while already in the AAV?2 capsid. This eliminates the possibility of the targeting
peptide losing its specificity when incorporated into the vector.
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