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Gene Therapy Approaches to Cardiovascular
Disease

J. Mark Jones and Walter J. Koch

Summary
The potential of enhanced cardiovascular function via gene therapy has

aroused extensive interest. Both viral and nonviral vectors have shown prom-
ise in the realm of cardiovascular gene therapy. Modification of vectors or
addition of further transgenes to the expression cassette has permitted targeted
and regulated gene expression. The many potential targets of cardiovascular
gene therapy can be considered under the following headings: vascular, con-
genital heart disease, and myocardial. Cardiac gene delivery may be to either
the endothelium of either native coronary vessels or coronary artery bypass
grafts, or to the myocardium. Myocardial gene delivery is possible either via
direct myocardial injection or via the coronary vasculature.

However, alteration of any cardiac cellular signaling pathway may have car-
diotoxic effects. Thus, any genes that appear to cause enhanced cardiac func-
tion, must undergo extensive toxicity studies in animals before similar
experiments are performed in human subjects. The techniques described may
be utilized in the future to deliver various genes targeted to combat many dif-
ferent disease processes, in different animal models, and ultimately to provide
feasible gene therapy approaches to human cardiovascular disease.

Key Words: Gene transfer; viral vector; nonviral vector; transcriptional tar-
geting; translational targeting; regulatable transgene expression; intracoronary;
coronary catheterization; cardiac surgery; cardiopulmonary bypass; cardiac-
selective; adrenergic receptor; vascular; endothelial; myocardium.
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1. Introduction
The potential of enhanced cardiovascular function via gene therapy

approaches has aroused extensive interest (1–4), and in this chapter we review
some of the major areas. First, the role of both viral and nonviral vectors in the
realm of cardiovascular gene therapy is considered. Second, the methods of
targeted and regulated gene expression by modification of the vector or addi-
tion of further transgenes to the expression cassette are explored. Third, an
overview is given of some of the existing animal models whereby vector deliv-
ery can be achieved. Finally, we discuss the potential targets of cardiovascular
gene therapy.

2. Vectors Available for Cardiac Gene Therapy
Many vectors have been advocated for gene transfer. These may be classi-

fied as either viral or nonviral (5,6).

2.1. Viral Vectors

The viral genome contains the essential viral genes, genes required for repli-
cation and structural products, and a packaging domain. These regions are sur-
rounded by regulatory sequences. After cell entry, replication and associated
activity of the early genes occurs. This is followed by activity of the late genes
and packaging of new viral particles prior to release of these new virions (7).

Generation of a viral vector system involves the creation of vector DNA as
well as helper DNA (Fig. 1). Vector DNA contains the regulatory sequences
and a packaging domain, but a therapeutic expression cassette replaces the es-
sential viral genes. This vector DNA is incapable of replication without the
assistance of the helper DNA. The helper DNA contains the essential viral
genes surrounded by regulatory sequences placed in a heterologous or unrelated
DNA context. This may be a plasmid, a helper virus, or the host chromosomal
DNA of the packaging cell. The helper DNA does not contain a packaging
domain, and thus, in itself, is incapable of producing new virions (6).

2.1.1. Adenovirus

Adenoviruses have a 36-kb double-stranded DNA genome that contains five
early transcription units (E1A, E1B, E2, E3, and E4), two delayed early units
(IX and IVa2), and one late unit (major late). This late unit is processed to
generate five families of late mRNAs (L1–L5). Following cell entry, proteins
in the viral particle are efficient at endosomal lysis. This allows the virus to
escape, and subsequently the genome enters the nucleus. The E1 gene acts as a
master transcriptional regulator originating the process of viral gene expres-
sion leading to viral replication. E1 in combination with the E2 and E4 genes is
required for viral genome replication. E3 genes are dispensible for the viral life
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cycle. “Late” genes encode viral structural protein genes that are transcribed,
allowing for encapsidation of the newly replicated genomes (8).

First-generation adenoviral vectors have an E1 deletion. The E1 deleted viral
genome containing the transgene is added to a cell line that contains a stable
E1a expression cassette. This allows the added DNA to replicate and be pack-
aged into E1 deleted vectors, which, in theory, are not capable of replication.
However, even in the absence of E1 gene products, transcription occurs at a
low rate, inducing an early inflammatory cytokine response. This is followed
by an antigen-dependent immune response that includes the cell-mediated de-
struction of transduced cells (9). The E3 gene may play a role in immune sur-
veillance in infected hosts and deletion of it may offer protection against some
of the immune-mediated responses directed against the vector or vector-trans-
duced cells.

There are more than 50 different human adenoviral serotypes (8). The possi-
bility of using adenovirus as a vector was demonstrated following systemic
intravenous delivery in neonatal mice (10). This resulted in widespread β-
galactosidase (β-gal) expression that persisted for almost 1 yr (11). Adenoviral
vectors can efficiently infect nondividing cells. The DNA remains episomal,
rather than being incorporated into the host cell chromosome, although the
period of persistence of the episomal genes is unknown. Current vectors are
primarily derived from types 2 and 5, the most common serotypes to which
adults have been exposed. It may be possible to use other serotypes or nonhu-
man adenovirus to avoid potential problems related to preexisting immunity.

Fig. 1. Engineering virus into vector.
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Secondary vector delivery using a different serotyped capsid has also been
demonstrated in animal models (12). Adenoviral vectors have many favorable
characteristics suggesting their utilization as vectors for gene transfer. They
can infect a wide range of target cells including nondividing cells, and they can
be produced in high titers with relative ease. Despite initial concerns over the
possibility of germline gene insertion, it appears that adenoviruses cannot infect
oocytes and so the risk of female germline transduction is low (13). However,
limitations include the generation of an inflammatory and immune response,
which may be related to the relatively short duration of gene expression (14–
18). To avoid the immune response to the vector, it may be possible to use
newer, improved adenoviral vectors. An adenoviral vector with deletion of E2b,
in addition to E1 and E3, has diminished late adenoviral gene expression com-
pared with the conventional vector (19). This vector can also be produced with
relative ease in large quantities and so may be suitable for large animal studies.

Recent interest has focused on high-capacity, “gutted” or “gutless” adeno-
viral vectors (20,21). These vectors have two main advantages over earlier
generation adenoviral vectors. First, all viral coding sequences are deleted from
the vector genome, so that viral proteins are not expressed from the vector,
thus reducing its toxicity. Second, with the absence of viral coding sequences,
the capacity for incorporation of heterologous DNA is increased to 36 kb,
allowing the simultaneous expression of several genes, large cDNAs, and regu-
latory elements. However, transgene expression with “gutted” adenoviral vec-
tors has been shown to be lower than with earlier generation adenoviral vectors,
although this was corrected by addition of the E4 region of the adenovirus
genome (20). It has been established that additional stuffer DNA has to be
included in a “gutted” adenoviral vector genome if the gene or the expression
cassette that is incorporated is less than 27 kb in size. This stuffer DNA may
contain nuclear matrix attachment regions which can also influence gene
expression (21).

2.1.2. Adeno-Associated Virus

Adeno-associated virus (AAV) is a human parvovirus that is not able to
replicate unless a helper virus, such as adenovirus or herpesvirus, is present in
the same cell. There are six known human serotypes but AAV-2 has been the
major focus of attention. AAV has not been linked to human disease and can
infect a wide range of target cells, establishing latent infection by integration
into the cell genome. The viral genome consists of two genes, the rep gene
required for viral genome replication and the cap gene, which encodes struc-
tural proteins. These two genes are flanked by viral inverted terminal repeats
(ITRs). AAV vectors can be produced by adding separate plasmids containing
the ITRs flanking the therapeutic gene cassette, the rep and cap genes, and the
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addition of a helper adenovirus or another plasmid containing the essential
adenoviral helper genes (6). AAV efficiently transduces both dividing and non-
dividing cells, through both episomal transgene expression and by random
chromosomal integration. It has given stable β-gal expression 8 wk after vec-
tor delivery by intramuscular cardiac injection to mice and 6 mo expression
after intracoronary delivery to the pig circumflex artery, with no evidence of
cardiac inflammation or myocardial necrosis (22,23). This may be owing to
the absence of viral coding sequences from the AAV vector genome. However,
the maximum transgene size is approx 5 kb, and production is currently very
labor-intensive; this may improve with recent advances. Furthermore, it is not
usually produced in as high a titer as recombinant adenovirus (24). In vivo
expression has a delayed onset with minimal expression until 1 mo (25). This
may be related to a requirement for generation of double-stranded (ds) DNA
genomes by either vector single-stranded (ss) DNA annealing, or second-strand
synthesis followed by vector genome linking. Moreover, vector genome linking
has allowed effective doubling of the limited coding capacity by splitting an
expression cassette into two vectors and administering them simultaneously (6).

2.1.3. Retrovirus

Retroviruses encode RNA-dependent DNA polymerase, reverse tran-
scriptase, which converts the viral ss RNA genome to ds DNA, which is then
inserted into the host chromosome. For this integration to occur, the infected
cell must undergo mitosis shortly after infection, thus limiting the delivery of
DNA to replicating cells. Retroviral genomes have two long terminal repeat
(LTR) sequences at their ends. These frame the gag, pol, and env genes encod-
ing the structural proteins, nucleic acid polymerases/integrases, and surface
glycoprotein, respectively. A transgene of up to 8 kb can be inserted and
expressed in place of the viral genes, which are expressed by heterologous
transcriptional signals from two separate constructs lacking most viral cis-act-
ing sequences and stably incorporated in packaging cell lines. This split con-
struct design improves vector safety by increasing the number of recombination
events required to reconstruct a replication-competent genome.

Lentiviruses have a more complex genome, which encodes two additional
regulatory genes, tat and rev, essential for expression of the genome, and a
variable set of accessory genes. Unlike retroviruses, they rely on active trans-
port of the preintegration complex into the nucleus of the target cell, which
allows integration into the host genome in the absence of replication. In addi-
tion, they do not trigger an inflammatory response. Safety concerns remain
regarding the use of these members of the human immunodeficiency virus
(HIV) family, including potential mutation into its pathogenic phenotype. New
generations of vectors that contain only the essential packaging genes may

02/Jones/13-36/F2 11/5/04, 8:49 AM19



20 Jones and Koch

increase vector biosafety. Moreover, self-inactivating transfer vectors contain
a deletion in the downstream LTR that, when transduced into target cells,
results in the transcriptional inactivation of the upstream LTR and reduces the
risk of vector recombination (6,26). A lentivirus-based vector system has been
developed that can transduce nondividing cardiac myocytes and integrate the
transgene into the genome of target cells (27). However, generation of lentiviral
vectors is also labor-intensive. Moreover, the issue of attenuation of gene ex-
pression owing to vector silencing remains unresolved. It has been suggested
that multiple integration events may need to be achieved for long-term expres-
sion, since probably only a proportion of the integrated vectors remain tran-
scriptionally active (26). Restraints are placed on the viral genome by the
obligatory RNA step in the retroviral life cycle such that the transgene expres-
sion cassette must be of limited size and without introns or internal
polyadenylation signals (6).

A summary of some characteristics of these viral vectors is shown in Table 1.

2.2. Nonviral Vectors

Cationic liposomes rely on receptor-mediated endocytosis or fusion of cell
membranes. Negatively charged DNA is contained within a positively charged
lipid vesicle. Plasmid DNA is released in the cytoplasm, but only a small pro-
portion of it enters the nucleus. There it remains separate from the host genome
and is associated with transient transgene expression. Liposomes have a favor-
able safety profile. They contain no viral sequences, and, unlike viral vectors,
they have no cDNA size constraints in vector construction. Efficiency of trans-
fection is enhanced in proliferating cells, although cell division is not required
(5,27). The role of nonviral vectors has been thought to be limited owing to
their markedly reduced efficiency of myocardial gene transfer (5,28–30). How-
ever, in a functional heterotopic rabbit heart transplant model, despite lower
efficiency of liposome-mediated gene transfer, the efficacy of liposome-medi-
ated interleukin-10 gene transfer was much higher than that mediated by aden-
ovirus. Significant negative inotropic and arrhythmogenic adverse effects on
transplanted hearts were observed owing to viral cytotoxic and immune re-
sponses, which attenuated the therapeutic efficacy of the first-generation aden-
ovirus-mediated gene therapy (31). A carrier system incorporating low-density
lipoprotein (LDL), lipids, and plasmid DNA has demonstrated enhanced myo-
cardial transfection, which may be related to LDL receptor-mediated endocy-
tosis (32).

Plasmid DNA and RNA can be directly injected into skeletal and cardiac
muscle. Antisense oligonucleotides are short DNA sequences complementary
to the RNA message of interest. These are chemically modified to resist
nuclease degradation. After direct injection, much of it is degraded in the intra-
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cellular lysosomal compartment. Only a fraction, therefore, escapes intracellu-
lar or extracellular degradation. Transfection efficiency is lower than with li-
posome complexes and adenoviral vectors (28,29). The nucleotide sequence
hybridizes to target RNA, which prevents translation of RNA. However,
antisense oligonucleotides bind to other mRNAs showing partial similarity to
the complementary target RNA, and even to various proteins, which can cause
altered functional characteristics (5,30).

3. Regulation of Gene Expression
Expression levels of an introduced gene depend mostly on the transduction

efficiency of the vector and on the strength of the transcriptional regulatory
elements. Typically, strong and ubiquitously active viral promoters such as
human cytomegalovirus (CMV) have been used to drive transgene expression
(33). A complication of protracted, unrestricted gene expression, which could
be offered by many of the newer viral vectors, is the potential for deleterious
side effects (34). Thus, it has been suggested that regulatable promoters and
vectors are required (35). Several systems for controlling exogenous transgene
expression have been used including steroid hormones such as glucocorticoids
(36). A limitation of using steroids is the interference of endogenous gene

Table 1
Properties of Different Viral Vectors for Cardiovascular Gene Therapy

Adeno-associated
Adenovirus virus (AAV) Retrovirus

Ease of production Produced in high Moderately high Low titers
titers with ease titers but labor-

intensive
Onset of expression Early Delayed Delayed
Duration of Short term Prolonged Prolonged but

expression vector silencing
may occur

Infect nondividing Yes Yes No, except
cells lentivirus

Inflammatory/immune Marked, but Relatively Relatively
response reduced with nonimmuno- nonimmuno-

“gutted” genic genic
adenovirus

Integration into host No, episomal Both episomal and Chromosomal
genome chromosomal insertion,

insertion potential for
mutagenesis
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expression. The tetracycline-controllable expression system enables tight on/
off regulation, high inducibility, fast response times, no pleitropic effect owing
to the use of the tetracycline operon derived from bacteria, and a well-charac-
terized inducer, namely, tetracycline or doxycycline (37). Two types of sys-
tem, tet-off and tet-on, have been used to regulate transgene expression. In the
tet-off system, the tetracycline-responsive transcriptional activator (tTA)
induces the transcription of a gene containing the tet-responsive element, and
transcription is turned off in the presence of tetracycline. In the tet-on system,
the reverse tetracycline-responsive transcriptional activator (rtTA), binds to
the tet-responsive element and turns on the transcription in the presence of
tetracycline. In an adenovirus-mediated tetracycline-controllable expression
system, the tet-off system was demonstrated to be functionally superior, in
terms of tightly regulatable transgene expression (38).

The acetylation state of histones is correlated with gene expression, in that
deacetylated histones are associated with repressed gene expression. A single
vector system that contained a chimeric tetracycline repressor, which interacts
with histone deacetylases, and a tetracycline-sensitive promoter was created.
In vitro experiments showed tight control of gene expression in a doxycycline
dose- and time-dependent fashion (39). Tetracycline regulation has been com-
bined with glucocorticoid regulation in chimeric promoters (40). Tetracycline-
dependent lentiviral vectors have also been developed, resulting in efficient
regulation of transgene expression (41). A hypoxia-regulatory element, which
is activated by transactivating hypoxia-inducible factor (HIF)-1 in response to
a reduction in oxygen has been combined with a cardiac-specific promoter in
an AAV vector. This “vigilant vector” has been tested to give proof of prin-
ciple that therapeutic genes could be switched on in the heart during times of
ischemic stress (42).

4. Transductional and Transcriptional Targeting
Gene expression following systemic adenoviral vector delivery is affected

by the natural tropism of the virus for the coxsackie/adenoviral receptor (CAR).
CAR is expressed to high levels in the liver, which consequently has a high
capacity for nonspecific vector uptake. Transductional targeting alters the natu-
ral infection pathway and can be performed by pseudotyping, whereby modu-
lation of the viral envelope allows manipulation of viral vector cell targeting
specificity. This has been performed in a range of vectors including adenovi-
rus, AAV, and lentivirus (43). It has been possible to perform transductional
targeting to, for example, the pulmonary endothelium (44).

Transcriptional targeting via tissue-specific promoters has also been inves-
tigated. A suitable cardiac-specific promoter is the myosin light chain (42,45).
An additional benefit of tissue-specific promoters is the reduction of gene
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expression in antigen-presenting cells, thus reducing the host immune response
(46). However, a limiting factor in the use of tissue-specific promoters is the
lower level of expression compared with their viral counterparts, such as the
CMV promoter. This can be overcome by constructing synthetic promoter li-
braries or by exploiting endogenous genomic sequences that enhance tissue-
specific expression (47). A further problem with such tissue-specific promoters
is that the selectivity of some promoters is altered or lost when they are placed
in the context of an adenoviral genome. It has been demonstrated that enhancer
elements or transcription start sites within the adenoviral sequences surround-
ing the transgene expression cassette interact with the promoter elements,
which can activate transcription in nontarget cells (48,49).

5. Animal Models
Cardiac gene delivery can be performed with targeting of genes to the

endothelium of either native coronary vessels or coronary artery bypass grafts,
or to the myocardium. Myocardial gene delivery can be performed either via
direct myocardial injection or via the coronary vasculature. Direct myocardial
injection requires multiple injections causing high levels of gene expression
within a 1.5-cm radius of the site of injection (50–52).

Intracoronary delivery of vector in a Langendorff perfused heart model has
shown that prolonged contact time with the virus improves gene transfer (53).
Adenoviral-mediated gene transfer has been achieved during transplantation
of rat and rabbit hearts, but this technique is limited to viral exposure of the
donor heart prior to transplantation (54–56). Intracoronary delivery in rats and
rabbits has been performed during thoracotomy, with the aorta cross-clamped
and the virus introduced by injection into the left ventricle (LV) cavity (57–
60). Owing to the occluded aorta, LV ejection forces the virus down the coro-
nary arteries. However, the acute pressure overload of the LV limits the period
of cross-clamping to a matter of seconds. A more clinically applicable method
of gene delivery is direct catheterization of the right or left coronary artery.
Here too, exposure of the heart to the virus is limited. Present systems require
high infusion pressure to inject the virus, which could result in endothelial or
myocardial injury (61,62). Following these methods of gene delivery, the
adenovirus was also distributed systemically, and noncardiac tissues have
shown evidence of transgene expression (57,58,63). We have therefore developed
a cardiac-selective method of vector delivery in which the vector is delivered to the
cardioplegic arrested heart following application of an aortic cross-clamp during
standard cardiopulmonary bypass (CPB) (64,65; see Chapter 4).

Continuous circulation of an adenoviral vector solution through the heart
has been suggested as another potential method of gene delivery during CPB,
although this requires the use of two separate circuits and oxygenators, unlike
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the standard approach (66). Gene transfer has been documented using retro-
grade delivery of vector through the coronary sinus in a porcine beating heart
model (67). This is another method that could also be utilized for vector deliv-
ery during cardiac surgery. Additional work in the Langendorff perfused rabbit
heart suggested that agents that increase endothelial permeability can greatly
enhance the efficiency of gene transfer (68). Further experiments have demon-
strated that vascular endothelial growth factor (VEGF), which is known to pro-
duce a transient increase in microvascular permeability within the coronary
circulation, can also enhance escape of virus particles from the vasculature
(69,70). Increased myocardial transcapillary gradient and high-pressure infu-
sion of adenoviral vectors are some of the physical methods that have been
demonstrated to optimize myocardial gene transfer (69,71). Utilization of these
principles has been used to deliver a deficient structural protein, δ-sarcoglycan,
to cardiomyopathic hamsters, resulting in a slowing of the progression of LV
dysfunction compared with controls. The method of vector delivery involved
deep hypothermia to 18–25°C, followed by the delivery of cold crystalloid
cardioplegia containing histamine. This allowed homogenous transgene
expression in more than 75% of LV myocytes (72).

Of particular pertinence in this setting is the fact that cardioplegia has detri-
mental effects on endothelial structure and function (73,74). Contact with car-
dioplegia and the associated relative ischemia may increase endothelial
permeability, thus overcoming one of the barriers to adenoviral infection of
cardiac myocytes. It is interesting to note that in a transplant heart model aden-
ovirus-mediated gene transfer was enhanced when the vector had a prolonged
dwell time during warm ischemia (75). Furthermore, if delivery of a gene that
could enhance postoperative cardiac function was possible during CPB, as we
have shown with adenoviral-mediated gene transfer of the human β2-adrener-
gic receptor (β2AR), this might be especially desirable toward the end of a
prolonged cross-clamp period when impaired cardiac function may be more
likely (76–76b).

6. Targets for Cardiac Gene Transfer
6.1. Vascular

A range of targets for vascular gene therapy exists (5). Therapeutic angio-
genesis in ischemic myocardium has been attempted in canine and porcine
models using VEGF (51,77). In a pacing model of congestive heart failure,
adenovirus-mediated VEGF gene transfer improved cardiac function (78).
Moreover, a preliminary placebo-controlled, double-blind trial of naked plas-
mid-mediated VEGF gene transfer in patients with chronic myocardial
ischemia demonstrated a statistically significant reduction in anginal class and
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a trend towards improved exercise duration (79). Fibroblast growth factor
(FGF) also stimulates many cell types including endothelial cells (80).

Restenosis following coronary angioplasty is a significant clinical problem.
Gene transfer of an inhibitor of β-adrenergic receptor kinase (βARKct) can
alter vascular smooth muscle proliferation via G protein-coupled signal trans-
duction and so reduce the severity of restenosis (81). Following peripheral ar-
terial grafting and coronary artery bypass grafting (CABG), venous graft
occlusion is linked to neointimal hyperplasia (82). Ex vivo gene transfer of
EGF decoy oligonucleotides to saphenous vein grafts has been performed with
encouraging results (83). Similar treatment of venous grafts during CABG
could be performed (83a). Alternatively, the present model of gene transfer
could be utilized during CABG, thus allowing treatment of disease in tissues
downstream to the location of the graft, via overexpression of a secreted thera-
peutic protein from the transduced graft (84).

The etiology of atherosclerosis is multifactorial, and thus many potential
targets exist. It may be possible to have cardiac-selective delivery of genes
encoding compounds, such as the LDL, very low-density lipoproteins, high-
density lipoproteins, or apolipoprotein E, which may alter the progress of ath-
erosclerosis (24,85).

6.2. Congenital Heart Disease

In many congenital cardiac disorders the development of cardiac chambers
is abnormal. For example, the arterial switch operation performed for transpo-
sition of the great arteries requires that the morphological LV be able to take
on the workload of the systemic ventricle postoperatively (86). The βAR sys-
tem is known to influence myocardial remodeling (87). Delivery of such genes
during congenital cardiac surgery may permit “genetic remodeling” and so
allow surgery to be performed in infants with a suboptimally prepared LV.

6.3. Myocardial Targets

In vitro gene transfer of the human β2AR or βARKct to cardiomyocytes
isolated from various animal models has confirmed enhanced contraction at
the cellular level (58–60,88). Another protein whose expression is altered in
heart failure is SERCA2a, which is involved in mobilization of intracellular
calcium stores (89). Improved survival and cardiac metabolism after adenovi-
ral-mediated gene transfer of SERCA2a has been shown in a rat model of heart
failure (90). Infection of cardiomyocytes, isolated from failing human LV at
the time of transplantation, with adenoviral vector containing the SERCA2a
gene has documented improved myocyte contraction compared with infection
with empty vector (91). Similar experiments have also confirmed that adenovi-
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ral gene transfer of antisense phospholamban likewise improves contractile
function in failing human cardiomyocytes (92). Proof of benefit of β2AR and
βARKct gene transfer in human tissue has been obtained (92a). Although such
in vitro studies have limitations, it will be of interest to document the effects of
transfer of the β2AR and βARKct transgenes in these models prior to undertak-
ing in vivo human clinical studies of gene transfer.

Cardiac-specific overexpression of β2AR and βARKct is associated with
enhanced LV function in transgenic murine models. Moreover, cross-breeding
transgenic heart failure models with a βARKct-overexpressing strain has con-
firmed rescue of the failure phenotype (93–95). These beneficial effects have
been confirmed in an adenoviral-mediated gene transfer model to rabbits with
chronic heart failure subsequent to myocardial infarction (60). Evidence sug-
gests that βARK1 inhibition is beneficial in many models of heart failure, per-
haps by dampening sympathetic overdrive (96). Moreover, the combination of
βARKct expression and chronic βAR antagonism by metoprolol has been
shown to increase survival and improve cardiac function in the calsequestrin-
overexpressing mouse model of heart failure (95). In a neonatal porcine model
we have confirmed that cardioplegic arrest and CPB induces downregulation
of the βAR system, with associated impairment of LV function, which can,
however, be ameliorated with β2AR gene transfer (76b). A Langendorff per-
fused rabbit heart model demonstrated elevation of βARK1 following
cardioplegic arrest. Interestingly, pretreatment with an adenoviral vector en-
coding the βARKct transgene restored LV function to normal (97). It would be
of further interest to develop an adult porcine model of heart failure and assess
whether gene transfer of β2AR or βARKct has beneficial effects. A suitable
model may be rapid pacing, which has already been documented to induce
heart failure in pigs (78,98).

β2AR gene transfer is associated with acute enhancement of cardiac func-
tion in a rabbit heterotopic heart transplant model (99). This raises the possibil-
ity of using genetic manipulation of β2AR signaling as an adjunct to mechanical
assist devices to facilitate functional myocardial recovery. Polymorphisms of
the human β2AR exist (100–102). In addition, a reengineered β2AR that re-
sponds to synthetic agonists has been described (103). Such targets for gene
transfer may allow treatment to be tailored for individuals with particular ge-
netic abnormalities. Alternatively, genes could be overexpressed, but manipu-
lation of the desired effect could be achieved by administration of synthetic
pharmacological agents.

A novel cell signaling mechanism has been induced in cardiomyocytes in
which a vector encoding the V2 vasopressin receptor was delivered to the heart
(104). Cardiomyocytes do not normally express this receptor, but it did couple
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satisfactorily to the cellular second messenger systems, resulting in enhanced
LV function.

Other targets for myocardial gene transfer abound. Myocardial apoptosis in-
volves complex regulated cell suicide machinery, in which two main signaling
pathways lead to activation of the caspase family of cysteine proteases. These path-
ways involve, first, death receptor signaling, via substances such as tumor necrosis
factor or Fas, and second, release of cytochrome c from mitochondria and subse-
quent trans-activation of procaspase 9 by apoptosis protease-activating factor. In
vitro studies showed that caspase 3 induced sarcomeric disruption and reduced
myocyte contractility, whereas adenovirus-mediated gene delivery of a caspase 3
inhibitor enhanced LV function in a rapid pacing model of cardiac failure (105).

Ischemia and oxidative stress are major mechanisms of tissue injury.
According to the duration and severity, myocardial ischemia and reperfusion
may lead to cell injury and death. Superoxide dismutase (SOD) catalyzes the
dismutation of superoxide anion to oxygen and hydrogen peroxide. Ischemic
preconditioning is associated with an increase in the activity of manganese SOD,
an isoform found in the mitochondrial matrix. In a rat model of ischemia–
reperfusion, adenoviral-mediated transfer of manganese SOD reduced infarct
size (106). The catalytic byproducts of hemoxygenase (HO-1) exert wide-rang-
ing antioxidant and cytoprotective effects. AAV-mediated transfer of the HO-1
gene before myocardial injury conferred long-term myocardial protection from
ischemia-reperfusion injury, which may be beneficial as preventive therapy for
patients with or at risk of developing coronary ischemic events (107).

7. Perspectives
An exciting prospect for translating much work from animal models to

human studies has been opened up by the recent demonstration of quantitative
imaging of transgene expression in living animals (108). The development of
micro-positron emission tomography has allowed improved resolution to
approx 2 mm3. Such technology has been utilized to correlate expression of
therapeutic and reporter genes in a time-dependent fashion using inducible pro-
moters (109). However, it must be remembered that alteration of any cardiac
cellular signaling pathway may ultimately turn out to have cardiotoxic effects,
including arrhythmias. Thus, any genes that appear to cause enhanced cardiac
function must undergo extensive toxicity studies in animals prior to similar
experiments being performed in human subjects (1,2,34,110). Although many
issues still remain unresolved, the techniques described in this chapter may be
utilized in the future to deliver various genes, targeted to combat many differ-
ent disease processes, in different animal models, and ultimately to provide
feasible gene therapy approaches to human cardiovascular disease.

02/Jones/13-36/F2 11/5/04, 8:49 AM27



28 Jones and Koch

References
1. Barry, W. H. (1999) Molecular inotropy: A future approach to the treatment of

heart failure. Circulation 100, 2303, 2304.
2. Hajjar, R. J., del Monte, F., Matsui, T., Rosenzweig, A. (2000) Prospects for

gene therapy for heart failure. Circ. Res. 86, 616–621.
3. Lefkowitz, R. J., Rockman, H. A., and Koch, W. J. (2000) Catecholamines, car-

diac β-adrenergic receptors, and heart failure. Circulation 101, 1634–1637.
4. Liggett, S. B. (2001) β-adrenergic receptors in the failing heart: the good, the

bad, and the unknown. J. Clin. Invest. 107, 947, 948.
5. Ylä-Herttuala, S., and Martin, J. F. (2000) Cardiovascular gene therapy. Lancet

355, 213–222.
6. Kay, M. A., Glorioso, J. C., and Naldini, L. (2001) Viral vectors for gene therapy:

the art of turning infectious agents into vehicles of therapeutics. Nature Med. 7,
33–40.

7. Roizman, B. and Palese, P. (1996) Multiplication of viruses: an overview. In:
Fields Virology (Fields, B. N., Knipe, D. M., Howley, P. M., and Chanock, R.
M., eds.), Lippincott-Raven, Philadelphia, PA, pp. 101–111.

8. Shenk, T. (1996) Adenoviridae: the viruses and their replication. In: Fields Vi-
rology (Fields, B. N., Knipe, D. M., Howley, P. M., and Chanock, R. M., eds.),
Lippincott-Raven, Philadelphia, PA, pp. 2149–2171.

9. Searle, P. F. and Mautner, V. (1998) Adenoviral vectors: not to be sneezed at.
Gene Ther. 5, 725–727.

10. Stratford-Perricaudet, L. D., Levrero, M., Chasse, J. F., Perricaudet, M., and
Briand, P. (1990) Evaluation of the transfer and expression in mice of an en-
zyme-encoding gene using a human adenovirus vector. Hum. Gene Ther. 1, 241–
256.

11. Stratford-Perricaudet, L. D., Makeh, I., Perricaudet, M., and Briand, P. (1992)
Widespread long-term gene transfer to mouse skeletal muscles and heart. J. Clin.
Invest. 90, 626–630.

12. Kass-Eisler, A., Leinwand, L. A., Gall, J., Bloom, B., and Falck-Pederson, E.
(1996) Circumventing the immune response to adenovirus-mediated gene
therapy. Gene Ther. 3, 154–162.

13. Gordon, J. W. (2001) Direct exposure of mouse ovaries and oocytes to high doses
of an adenovirus gene therapy vector fails to lead to germ cell transduction. Mol.
Ther. 3, 557–564.

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

15. Yang, Y., Jooss, K. U., Su, Q., Ertl, H. C. J., and Wilson, J. M. (1996) Immune
response to viral antigens versus transgene product in the elimination of recom-
binant adenovirus-infected hepatocytes in vivo. Gene Ther. 3, 137–144.

16. Muruve, D. A., Barnes, M. J., Stillman, I. E., Libermann, T. A. (1999) Adenovi-
ral gene therapy leads to rapid induction of multiple chemokines and acute neu-
trophil-dependent hepatic injury in vivo. Hum. Gene Ther. 10, 965–976.

02/Jones/13-36/F2 11/5/04, 8:49 AM28



Cardiovascular Gene Therapy 29

17. Nunes, F. A., Furth, E. E., Wilson, J. M., and Raper, S. E. (1999) Gene transfer
into the liver of nonhuman primates with E1-deleted recombinant adenoviral vec-
tor: safety of readministration. Hum. Gene Ther. 10, 2515, 2526.

18. Thomas, C. E., Birkett, D., Anozie, I., Castro, M. G., Lowenstein, P. R. (2001)
Acute direct adenoviral vector cytotoxicity and chronic, but not acute, inflam-
matory responses correlate with decreased vector-mediated transgene expression
in the brain. Mol. Ther. 3, 36–46.

19. 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.

20. Gilbert, R., Nalbantoglu, J., Howell, J. M., et al. (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.

21. Schiedner, G., Hertel, S., Johnston, M., Biermann, V., Dries, V., and Kochanek,
S. (2002) Variables affecting in vivo performance of high-capacity adenovirus
vectors. J. Virol. 76, 1600–1609.

22. Kaplitt, M. G., Xiao, X., Samulski, R. J., et al. (1996) Long-term gene transfer in
porcine myocardium after coronary infusion of an adeno-associated virus vector.
Ann. Thorac. Surg. 62, 1669–1676.

23. Svensson, E. C., Marshall, D. J., Woodard, K., Lin, H., Jiang, F., Chu, L., and
Leiden, J. M. (1999) Efficient and stable transduction of cardiomyocytes after
intramyocardial injection or intracoronary perfusion with recombinant adeno-
associated virus vectors. Circulation 99, 201–205.

24. Kozarsky, K. F. (2001) Gene therapy for cardiovascular disease. Curr. Opin.
Pharmacol. 1, 197–202.

25. Chu, D., Sullivan, C. C., Weitzman, M. D., Du, L., Wolf, P. L., Jamieson, S. W.,
and Thistlethwaite, P. A. (2003) Direct comparison of efficiency and stability of
gene transfer into the mammalian heart using adeno-associated virus versus ad-
enovirus vectors. J. Thorac. Cardiovasc. Surg. 126, 671–679.

26. Lever, A. M. L. (2000) Lentiviral vectors: progress and potential. Curr. Opin.
Mol. Ther. 2, 488–496.

27. Sakoda, T., Kasahara, N., Hamamori, Y., and Kedes, L. (1999) A high-titer
lentiviral production system mediates efficient transduction of differentiated cells
including beating cardiac myocytes. J. Mol. Cell. Cardiol. 31, 2037–2047.

28. Guzman, R. J., Lemarchand, P., Crystal, R. G., Epstein, S. E., and Finkel, T.
(1993) Efficient gene transfer into myocardium by direct injection of adenovirus
vectors. Circ. Res. 73, 1202–1207.

29. Kass-Eisler, A., Falck-Pederson, E., Alvira, M., et al. (1993) Quantitative deter-
mination of adenovirus-mediated gene delivery to rat cardiac myocytes in vitro
and in vivo. Proc. Natl. Acad. Sci. USA 90, 11,498–11,502.

30. Duckers, H. J. and Nabel, E. G. (2000) Prospects for genetic therapy of cardio-
vascular disease. Med. Clin. N. Am. 84, 199–213.

31. Sen, L., Hong, Y. S., Luo, H., Cui, G., and Laks, H. (2001) Efficiency, efficacy,
and adverse effects of adenovirus vs. liposome-mediated gene therapy in cardiac
allografts. Am. J. Physiol. 281, H1433–1441.

02/Jones/13-36/F2 11/5/04, 8:49 AM29



30 Jones and Koch

32. Affleck, D. G., Yu, L., Bull, D. A., Bailey, S. H., and Kim, S. W. (2001) Aug-
mentation of myocardial transfection using TerplexDNA: a novel gene delivery
system. Gene Ther. 8, 349–353.

33. Xu, Z. L., Mizuguchi, H., Ishii-Watabe, A., Uchida, E., Mayumi, T., and
Hayakawa, T. (2001) Optimization of transcriptional regulatory elements for con-
structing plasmid vectors. Gene 272, 149–156.

34. Isner, J. M. (2002) Myocardial gene therapy. Nature 415, 234–239.
35. Blau, H. M. and Banfi, A. (2001) The well-tempered vessel. Nature Med. 7, 532–534.
36. Inazawa, T., Tanabe, T., Yamada, H., et al. (2001) Glucocorticoid-regulated expres-

sion of exogenous human growth hormone gene in rats. Mol. Ther. 4, 267–272.
37. Gould, D. J., Berenstein, M., Dreja, H., Ledda, F., Podhajcer, O. L., and

Chernajovsky, Y. (2000) A novel doxycycline inducible autoregulatory plasmid
which displays “on”/“off” regulation suited to gene therapy applications. Gene
Ther. 7, 2061–2070.

38. Mizuguchi, H. and Hayakawa, T. (2001) Characteristics of adenovirus-mediated
teracycline-controllable expression system. Biochim. Biophys. Acta. 1568, 21–29.

39. Jiang, W., Zhou, L., Breyer, B., et al. (2001) Tetracycline-regulated gene expres-
sion mediated by a novel chimeric repressor that recruits histone deacetylases in
mammalian cells. J. Biol. Chem. 276, 45,168–45,174.

40. Bohner, S. and Gatz, C. (2001) Characterisation of novel target promoters for the
dexamethasone-inducible/tetracycline-repressible regulator TGV using lu-
ciferase and isopentenyl transferase as sensitive reporter genes. Mol. Gen. Genet.
264, 860–870.

41. Vigna, E., Cavalieri, S., Ailles, L., Geuna, M., Loew, R., Bujard, H., and Naldini,
L. (2002) Robust and efficient regulation of transgene expression in vivo by im-
proved tetracycline-dependent lentiviral vectors. Mol. Ther. 5, 252–261.

42. Phillips, M. I., Tang, Y., Schmidt-Ott, K., Qian, K., and Kagiyama, S. (2002)
Vigilant vector: heart-specific promoter in an adeno-associated virus vector for
cardioprotection. Hypertension 39, 651–655.

43. Auricchio, A., Kobinger, G., Anand, V., et al. (2001) Exchange of surface pro-
teins impacts on viral vector cellular specificity and transduction characteristics:
the retina as a model. Hum. Mol. Genet. 10, 3075–3081.

44. Reynolds, P. N., Nicklin, S. A., Kaliberova, L., et al. (2001) Combined transduc-
tional and transcriptional targeting improves the specificity of transgene expres-
sion in vivo. Nat. Biotechnol. 19, 838–842.

45. Franz, W. M., Rothman, T., Frey, N., and Katus, H. A. (1997) Analysis of tissue-
specific gene delivery by recombinant adenoviruses containing cardiac-specific
promoters. Cardiovasc. Res. 35, 560–566.

46. Weeratna, R. D., Wu, T., Efler, S. M., Zhang, L., and Davis, H. L. (2001) De-
signing gene therapy vectors: avoiding immune responses by using tissue-spe-
cific promoters. Gene Ther. 8, 1872–1878.

47. Ribault, S., Neuville, P., Mechine-Neuville, A., et al. (2001) Chimeric smooth
muscle-specific enhancer/promoters: valuable tools for adenovirus-mediated car-
diovascular gene therapy. Circ. Res. 88, 468–475.

02/Jones/13-36/F2 11/5/04, 8:49 AM30



Cardiovascular Gene Therapy 31

48. Rubinchik, S., Lowe, S., Jia, Z., Norris, J., and Dong, J. (2001) Creation of a new
transgene cloning site near the right ITR of Ad5 results in reduced enhancer inter-
ference with tissue-specific and regulatable promoters. Gene Ther. 8, 247–253.

49. Buvoli, M., Langer, S. J., Bialik, S., and Leinwand, L. A. (2002) Potential limi-
tations of transcription terminators used as transgene insulators in adenoviral
vectors. Gene Ther. 9, 227–231.

50. French, B. A., Mazur, W., Geske, R. S., and Bolli, R. (1994) Direct in vivo gene
transfer into porcine myocardium using replication deficient adenoviral vectors.
Circulation 90, 2414–2424.

51. Magovern, C. J., Mack, C. A., Zhang, J., et al. (1996) Direct in vivo gene transfer
to canine myocardium using a replication-deficient adenovirus vector. Ann.
Thorac. Surg. 62, 425–434.

52. Mühlhauser, J., Jones, M., Yamada, I., et al. (1996) Safety and efficacy of in vivo
gene transfer into the porcine heart with replication-deficient, recombinant aden-
ovirus vectors. Gene Ther. 3, 145–153.

53. Donahue, J. K., Kikkawa, K., Johns, D. C., Marban, E., and Lawrence, J. H.
(1997) Ultrarapid, highly efficient viral gene transfer to the heart. Proc. Natl.
Acad. Sci. USA 94, 4664–4668.

54. Kypson, A. P., Peppel, K., Akhter, S. A., Lilly, R. E., Glower, D. D., Lefkowitz,
R. J., and Koch, W. J. (1998) Ex vivo adenovirus-mediated gene transfer to the
adult rat heart. J. Thorac. Cardiovasc. Surg. 115, 623–630.

55. Kypson, A. P., Hendrickson, S. C., Akhter, S. A., et al. (1999) Adenoviral-medi-
ated gene transfer of the β2-adrenergic receptor to donor hearts enhances cardiac
function. Gene Ther. 6, 1298–1304.

56. Shah, A. S., White, D. C., Tai, O., et al. (2000) Adenovirus-mediated genetic
manipulation of the myocardial β-adrenergic signalling system in transplanted
hearts. J. Thorac. Cardiovasc. Surg. 120, 581–588.

57. Hajjar, R. J., Schmidt, U., Matsui, T., et al. (1998) Modulation of ventricular func-
tion through gene transfer in vivo. Proc. Natl. Acad. Sci. USA 95, 5251–5256.

58. Maurice, J. P., Hata, J. A., Shah, A. S., et al. (1999) Enhancement of cardiac
function after adenoviral-mediated in vivo intracoronary β2-adrenergic receptor
gene delivery. J. Clin. Invest. 104, 21–29.

59. White, D. C., Hata, J. A., Shah, A. S., Glower, D. D., Lefkowitz, R. J., and Koch,
W. J. (2000) Preservation of myocardial of β-adrenergic receptor signalling de-
lays the development of heart failure after myocardial infarction. Proc. Natl.
Acad. Sci. USA 97, 5428–5433.

60. Shah, A. S., White, D. C., Emani, S., et al. (2001) In vivo ventricular gene deliv-
ery of a β-adrenergic receptor kinase inhibitor to the failing heart reverses car-
diac dysfunction. Circulation 103, 1311–1316.

61. Shah, A. S., Lilly, E., Kypson, A. P., et al. (2000) Intracoronary adenovirus-
mediated delivery and overexpression of the β2-adrenergic receptor in the heart:
prospects for molecular ventricular assistance. Circulation 101, 408–414.

62. Emani, S. M., Shah, A. S., Bowman, M. K., Emani, S., Wilson, K., Glower, D.
D., and Koch, W. J. (2003) Catheter-based intracoronary myocardial adenoviral

02/Jones/13-36/F2 11/5/04, 8:49 AM31



32 Jones and Koch

gene delivery: importance of intraluminal seal and infusion flow rate. Mol. Ther.
8, 306–313.

63. Barr, E., Carroll, J., Kalynych, A. M., Tripathy, S. K., Kozarsky, K., Wilson, J.
M., and Leiden, J. M. (1994) Efficient catheter-mediated gene transfer into the
heart using replication-defective adenovirus. Gene Ther. 1, 51–58.

64. Davidson, M. J., Jones, J. M., Emani, S., Wilson, K. H., Jaggers, J., Koch, W. J.,
and Milano, C. A. (2001) Cardiac gene delivery with cardiopulmonary bypass.
Circulation 104, 131–133.

65. Jones, J. M., Wilson, K. H., Koch, W. J., and Milano, C. A. (2002) Adenoviral
gene transfer to the heart during cardiopulmonary bypass: effect of myocardial
protection technique on transgene expression. Eur. J. Cardiothorac. Surg. 21,
847–852.

66. Bridges, C. R., Burkman, J. M., Malekan, R., et al. (2002) Global cardiac-spe-
cific transgene expression using of cardiopulmonary bypass with cardiac isola-
tion. Ann. Thorac. Surg. 73, 1939–1946.

67. Boekstegers, P., von Degenfeld, G., Giehrl, W., et al. (2000) Myocardial gene
transfer by selective pressure-regulated retroinfusion of coronary veins. Gene
Ther. 7, 232–240.

68. Donahue, J. K., Kikkawa, K., Thomas, A. D., Marban, E., and Lawrence, J. H.
(1998) Acceleration of widespread adenoviral gene transfer to intact rabbit hearts
by coronary perfusion with low calcium and serotonin. Gene Ther. 5, 630–634.

69. Logeart, D., Hatem, S. N., Heimburger, M., Le Roux, A., Michel, J. B.,
Mercadier, J. J. (2001) How to optimize in vivo gene transfer to cardiac
myocytes: mechanical or pharmacological procedures? Hum. Gene Ther. 12,
1601–1610.

70. Nagata, K., Marban, E., Lawrence, J. H., and Donahue, J. K. (2001) Phosphodi-
esterase inhibitor-mediated potentiation of adenovirus delivery to myocardium.
J. Mol. Cell. Cardiol. 33, 575–580.

71. Wright, M. J., Wightman, L. M., Latchman, D. S., and Marber, M. S. (2001) In
vivo myocardial gene transfer: optimization and evaluation of intracoronary gene
delivery in vivo. Gene Ther. 8, 1833–1839.

72. Ikeda, Y., Gu, Y., Iwanaga, Y., et al. (2002) Restoration of deficient membrane
proteins in the cardiomyopathic hamster by in vivo cardiac gene transfer. Circu-
lation 105, 502–508.

73. He, G.-W. (1999) Myocardial protection during cardiac surgery from the viewpoint
of coronary endothelial function. Clin. Exp. Pharmacol. Physiol. 26, 810–814.

74. Sellke, F. W. (1999) Vascular changes after cardiopulmonary bypass and is-
chemic cardiac arrest: roles of nitric oxide synthase and cyclooxygenase. Braz.
J. Med. Biol. Res. 32, 1345–1352.

75. Yap, J., Pellegrini, C., O’Brien, T., Tazelaar, H. D., and McGregor, C. G. (2001)
Conditions of vector delivery improve efficiency of adenoviral-mediated gene
transfer to the transplanted heart. Eur. J. Cardiothorac. Surg. 19, 702–707.

76. Jones, J. M., O’Kane, H., Gladstone, D. J., et al. (2001) Repeat heart valve sur-
gery: risk factors for operative mortality. J. Thorac. Cardiovasc. Surg. 122, 913–918.

02/Jones/13-36/F2 11/5/04, 8:50 AM32



Cardiovascular Gene Therapy 33

76a. Jones, J. M., Wilson, K. H., Steenbergen, C., Koch, W. J., and Milano, C. A.
Dose dependent effects of cardiac β2 adrenoceptor gene therapy. J. Surg. Res., in
press.

76b. Jones, J. M., Petrofski, J. A., Wilson, K. H., Steenbergen, C., Koch, W. J., and
Milano, C. A. β2 adrenoreceptor gene therapy ameliorates left ventricular dys-
function following cardiac surgery. Eur. J. Cardiothorac. Surg., in press.

77. Mack, C. A., Patel, S. R., Schwarz, E. A., et al. (1998) Biologic bypass with the
use of adenovirus-mediated gene transfer of the complementary deoxyribonucleic
acid for vascular endothelial growth factor 121 improves myocardial perfusion
and function in the ischemic porcine heart. J. Thorac. Cardiovasc. Surg. 115,
168–177.

78. Leotta, E., Patejunas, G., Murphy, G., et al. (2002) Gene therapy with adenovi-
rus-mediated myocardial transfer of vascular endothelial growth factor 121 im-
proves cardiac performance in a pacing model of congestive heart failure. J.
Thorac. Cardiovasc. Surg. 123, 1101–1113.

79. Losordo, D. W., Vale, P. R., Hendel, R. C., et al. (2002) Phase 1/2 placebo-
controlled, double-blind, dose-escalating trial of myocardial vascular endothe-
lial growth factor 2 gene transfer by catheter delivery in patients with chronic
myocardial ischemia. Circulation 105, 2012–2018.

80. Giordano, F. J., Ping, P., McKirnan, M. D., et al. (1996) Intracoronary gene trans-
fer of fibroblast growth factor-5 increases blood flow and contractile function in
an ischemic region of the heart. Nature Med. 2, 534–539.

81. Iaccarino, G., Smithwick, L. A., Lefkowitz, R. J., and Koch, W. J. (1999)
Targetting Gβγ signalling in arterial vascular smooth muscle proliferation: a novel
strategy to limit restenosis. Proc. Natl. Acad. Sci. USA 96, 3945–3950.

82. Akowuah, E. F., Sheridan, P. J., Cooper, G. J., and Newman, C. (2003) Prevent-
ing saphenous vein graft failure: does gene therapy have a role? Ann. Thorac.
Surg. 76, 959–966.

83. Mann, M. J., Whittemore, A. D., Donaldson, M. C., et al. (1999) Ex-vivo gene
therapy of human vascular bypass grafts with E2F decoy: the PREVENT single-
centre, randomised, controlled trial. Lancet 354, 1493–1498.

83a. Petrofski, J. A., Hata, J. A., Gehrig, T. R., et al. (2004) Gene delivery to
aortocoronary saphenous vein grafts in a large animal model of intimal hyperpla-
sia. J. Thorac. Cardiovasc. Surg. 127, 27–33.

84. Dzau, V. J., Mann, M. J., Ehsan, A., and Griese, D. P. (2001) Gene therapy and
genomic strategies for cardiovascular surgery: The emerging field of surgiomics.
J. Thorac. Cardiovasc. Surg. 121, 206–216.

85. Hasty, A. H., Linton, M. F., Brandt, S. J., Babaev, V. R., Gleaves, L. A., and
Fazio, S. (1999) Retroviral gene therapy in ApoE-deficient mice: ApoE expres-
sion in the artery wall reduces early foam cell lesion formation. Circulation 99,
2571–2576.

86. Di Donato, R. M. and Castaneda, A. R. (1995) Anatomic correction of transpo-
sition of the great arteries at the arterial level. In: Surgery of the Chest
(Sabistion, D. C. and Spencer, F. C., eds.), WB Saunders, Philadelphia, PA,
pp. 1592–1602.

02/Jones/13-36/F2 11/5/04, 8:50 AM33



34 Jones and Koch

87. Dzimiri, N. (1999) Regulation of β-adrenoceptor signalling in cardiac function
and disease. Pharmacological Reviews 51, 465–501.

88. Drazner, M. H., Peppel, K. C., Dyer, S., Grant, A. O., Koch, W. J., and Lefkowitz,
R. J. (1997) Potentiation of β-adrenergic signalling by adenoviral-mediated gene
transfer in adult rabbit ventricular myocytes. J. Clin. Invest. 99, 288–296.

89. Houser, S. R., Piacentino, V. III, and Weisser, J. (2000) Abnormalities of cal-
cium cycling in the hypertrophied and failing heart. J. Mol. Cell. Cardiol. 32,
1595–1607.

90. del Monte, F., Williams, E., Lebeche, D., et al. (2001) Improvement in survival
and cardiac metabolism after gene transfer of sarcoplasmic reticulum Ca2+-AT-
Pase in a rat model of heart failure. Circulation 104, 1424–1429.

91. del Monte, F., Harding, S. E., Schmidt, U., et al. (1999) Restoration of contrac-
tile function in isolated cardiomyocytes from failing human hearts by gene trans-
fer of SERCA2a. Circulation 100, 2308–2311.

92. del Monte, F., Harding, S. E., Dec, G. W., Gwathmey, J. K., and Hajjar, R. J.
(2002) Targeting phospholamban by gene transfer in human heart failure. Circu-
lation 105, 904–907.

92a. Williams, M. L., Hata, J. A., Schroder, J., et al. (2004) Targeted β-adrenergic
receptor kinase (βARK1) inhibition by gene transfer in failing human hearts.
Circulation 109, 1590–1593.

93. Rockman, H. A., Chien, K. R., Choi, D.-J., et al. (1998) Expression of a β-adren-
ergic receptor kinase 1 inhibitor prevents the development of myocardial failure
in gene-targeted mice. Proc. Natl. Acad. Sci. USA 95, 7000–7005.

94. Freeman, K., Lerman, I., Kranias, E. G., et al. (2001) Alterations in cardiac adr-
energic signalling and calcium cycling differentially affect the progression of
cardiomyopathy. J. Clin. Invest. 107, 967–974.

95. Harding, V. B., Jones, L. R., Lefkowitz, R. J., Koch, W. J., and Rockman, H. A.
(2001) Cardiac βARK1 inhibition prolongs survival and augments β blocker
therapy in a mouse model of severe heart failure. Proc Natl Acad Sci USA 98,
5809–5814.

96. Rockman, H. A., Koch, W. J., and Lefkowitz, R. J. (2002) Seven-transmem-
brane-spanning receptors and heart function. Nature 415, 206–212.

97. Tevaearai, H. T., Eckhart, A. D., Shotwell, K. F., Wilson, K. H., and Koch, W. J.
(2001) Ventricular dysfunction after cardioplegic arrest is improved after myo-
cardial gene transfer of a β-adrenergic receptor kinase inhibitor. Circulation 104,
2069–2074.

98. Helmer, G. A., McKirnan, M. D., Shabetai, R., Boss, G. R., Ross, J., and
Hammond, H. K. (1996) Regional deficits of myocardial blood flow and func-
tion in left ventricular pacing–induced heart failure. Circulation 94, 2260–2267.

99. Tevaearai, H. T., Eckhart, A. D., Walton, G. B., Keys, J. R., Wilson, K., and
Koch, W. J. (2002) Myocardial gene transfer and overexpression of β2-adrener-
gic receptors potentiates the functional recovery of unloaded failing hearts. Cir-
culation 106, 124–129.

02/Jones/13-36/F2 11/5/04, 8:50 AM34



Cardiovascular Gene Therapy 35

100. Green, S. A., Cole, G., Jacinto, M., Innis, M., and Liggett, S. B. (1993) A poly-
morphism of the human β2-adrenergic receptor within the fourth transmembrane
domain alters ligand binding and functional properties of the receptor. J. Biol.
Chem. 268, 23,116–23,121.

101. Turki, J., Lorenz, J. N., Green, S. A., Donnelly, E. T., Jacinto, M., and Liggett, S.
B. (1996) Myocardial signalling defects and impaired cardiac function of a hu-
man β2-adrenergic receptor polymorphism expressed in transgenic mice. Proc.
Natl. Acad. Sci. USA 93, 10,483–10,488.

102. Liggett, S. B., Wagoner, L. E., Craft, L. L., Hornung, R. W., Hoit, B. D., McIn-
tosh, T. C., and Walsh, R. A. (1998) The Ile164 β2-adrenergic receptor polymor-
phism adversely affects the outcome of congestive heart failure. J. Clin. Invest.
102, 534–539.

103. Small, K. M., Brown, K. M., Forbes, S. L., and Liggett, S. B. (2001) Modifica-
tion of the β2-adrenergic receptor to engineer a receptor-effector complex for
gene therapy. J. Biol. Chem. 276, 31,596–31,601.

104. Weig, H.-J., Laugwitz, K.-L., Moretti, A., et al. (2000) Enhanced cardiac con-
tractility after gene transfer of V2 vasopressin receptors in vivo by ultrasound-
guided injection or transcoronary injection. Circulation 101, 1578–1585.

105. Laugwitz, K.-L., Moretti, A., Weig, H.-J., et al. (2001) Blocking caspase-acti-
vated apoptosis improves contractility in failing myocardium. Hum. Gene Ther.
12, 2051–2063.

106. Abunasra, H. J., Smolenski, R. T., Morrison, K., et al. (2001) Efficacy of aden-
oviral gene transfer with manganese superoxide dismutase and endothelial nitric
oxide synthase in reducing ischemia and reperfusion injury. Eur. J. Cardiothorac.
Surg. 20, 153–158.

107. Melo, L. G., Agrawal, R., Zhang, L., et al. (2002) Gene therapy strategy for long-
term myocardial protection using adeno-associated virus-mediated delivery of
heme oxygenase gene. Circulation 105, 602-607.

108. Wu, J. C., Inubushi, M., Sundaresan, G., Schelbert, H. R., and Gambhir, S. S.
(2002) Positron emission tomograpgy imaging of cardiac reporter gene expres-
sion in living rats. Circulation 106, 180–183.

109. Sun, X., Annala, A. J., Yaghoubi, S. S., et al. (2001) Quantitative imaging of
gene induction in living animals. Gene Ther. 8, 1572–1579.

110. Marban, E. (2000) Gene therapy for common acquired diseases of the heart: the
Sirens’ song. Circulation 101, 1498–1500.

02/Jones/13-36/F2 11/5/04, 8:50 AM35



36 Jones and Koch

02/Jones/13-36/F2 11/5/04, 8:50 AM36



http://www.springer.com/978-1-58829-363-3




