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Abstract
Gene therapy holds considerable promise for the treatment of cardiovascular disease and may provide
novel therapeutic solutions for both genetic disorders and acquired pathophysiologies such as
arteriosclerosis, heart failure and arrhythmias. Recombinant DNA technology and the sequencing of
the human genome have made a plethora of candidate therapeutic genes available for cardiovascular
diseases. However, progress in the field of gene therapy for cardiovascular disease has been modest;
one of the key reasons for this limited progress is the lack of gene delivery systems for localizing
gene therapy to specific sites to optimize transgene expression and efficacy. This review summarizes
progress made toward the site-specific delivery of cardiovascular gene therapy and highlights
selected promising novel approaches.
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Introduction – The challenges facing gene therapy for cardiovascular disease
Cardiovascular disease remains the leading cause of morbidity and mortality in developed
countries. The emergence of human gene therapy in the early 1990s led to numerous attempts,
both experimental and clinical, to treat cardiovascular disease with gene therapy strategies.
However, despite these considerable efforts, progress in cardiovascular gene therapy has been
modest, mainly because of the inability to provide an adequate dose of a therapeutic transgene
at the required site of activity. The need for effective gene therapy methods for cardiovascular
diseases is further emphasized by the fact that, in March 2009, clinical trials of gene therapy
protocols for cardiovascular diseases represented the second largest group of registered human
gene therapy protocols worldwide [1].

Because cardiovascular disease is characteristically localized, the site-specific targeting of
gene therapy for the cardiovascular system is hypothesized in this review to represent an
optimal therapeutic strategy to intervene in this disease.

The suboptimal outcomes of completed human gene therapy trials have led both physicians
and scientists to reconsider the basic paradigm of this therapeutic approach. Although a
universal consensus regarding gene therapy has not been reached, the approach considered
herein is that gene transfer protocols should ideally be based in a hierarchical combination of
four distinct elements: a therapeutic transgene; a gene therapy vector; a delivery system; and,
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in some cases, pharmacological modulation of the transgene product (Figure 1). This review
briefly discusses the key aspects of all four elements, with a particular emphasis on the delivery
systems employed for site-specific gene therapy in the cardiovascular system.

Candidate transgenes for cardiovascular gene transfer
A variety of cardiovascular therapeutic gene constructs have been studied in vitro and in
vivo. These constructs can be categorized into several groups: antiproliferative (eg, the tumor-
suppressor p53 [2]), anti-migratory (eg, metalloprotease inhibitor 3 [TIMP-3] [3]), anti-fibrotic
(eg, hepatocyte growth factor [HGF] [4]) antioxidative (eg, superoxide dismutase [SOD] [5]),
antithrombotic (eg, tissue factor pathway inhibitor [TFPI] [6]), anti-inflammatory (eg,
dominant negative monocyte chemoattractant protein-1 [dnMCP-1] [7]), anti-apoptotic (eg,
the NFκB-dependent gene A20 [8]), antiarrhythmic (eg, the cardiac potassium channel
missense mutation Q9E-hMiRP1 [9]), procontractile (eg, sarcoplasmic/endoplasmic reticulum
calcium ATPase 2 [SERCA-2] [10]), angiogenic (eg, VEGF [11]) and pleiotropic (eg, inducible
nitric oxide synthase [iNOS] [12]). Because the mode of action, activity and specificity of
transgenes vary significantly, several considerations are important when selecting a therapeutic
transgene: whether the protein encoded by the transgene acts intracellularly (eg, p53 or
retinoblastoma tumor suppressor [Rb], which interfere directly with intracellular signaling) or
extracellularly by engaging autologous or neighboring cell-surface receptors (eg, PDGF,
VEGF and other growth factors); whether the sequences providing translocation to the Golgi
apparatus and effective secretion are present in the construct; whether the target for the
transgene-encoded protein is located on the outer surface of the cells; and whether the
restriction of expression to specific cell types is critical. Formerly, most experimental gene
therapy studies employed strong heterologous viral promoters (eg, respiratory syncytial virus
[RSV] or CMV promoters), which lack tissue specificity and are prone to silencing after a
relatively short period of activity [13]. The lack of tissue specificity of these promoters results
in the widespread expression of the transgene that primarily reflects the biodistribution of the
vector [13]. However, tissue-specific promoters have been increasingly used to achieve the
preferential expression of the transgene in myocardium (cardiac troponin T promoter [14]),
smooth muscle cells (SMCs; SM22α [15]), endothelial cells (vascular endothelial-cadherin
promoter [16]) and macrophages (scavenger receptor A promoter [17]). In addition to the nature
and specificity of the promoters used, the inclusion of enhancer sequences such as the
Woodchuck hepatitis virus regulatory element can increase significantly the levels of transgene
expression driven by the cell-type-specific promoters [18].

Gene vectors
The vectors described in this section of the review are summarized in Table 1.

Non-viral gene vectors
Plasmid DNA—Because of their low toxicity, non-viral vectors are generally considered to
be the safest choice for therapeutic gene transfer. Unfortunately, the inherently low expression
levels achieved with plasmid DNA [19] restrict the application of these vectors to limited
clinical situations in which low and transient expression of the transgene is required. Ongoing
efforts to optimize the plasmid backbone via the inclusion of MAR (matrix attachment region)
elements [20] and tissue-specific enhancers [13,18], as well as strategies to prevent premature
silencing [21], promise to increase and stabilize the levels of transgene expression obtainable
with non-viral vectors.

Antisense and decoy RNA, decoy oligonucleotides and siRNA—Antisense decoy
oligonucleotides have been employed extensively to decrease the activation of genes
implicated in myocardial [22] and vascular [23] diseases. However, the effectiveness of these
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agents appears to be insufficient in a clinical setting [24]. More recently, an exponential
increase in the use of siRNAs, which provide increased and sustained downregulation of target
genes [25], has led to a renewed interest in ‘knockout’ gene therapy approaches for the
treatment of cardiovascular diseases [26].

Viral vectors
Retroviruses and lentiviruses—Because the disruption of the host genome caused by the
random insertion of the vector genes carries a risk of malignant transformation, the stable
integration of retroviral vectors by the host genome is both an advantage (eg, if life-long
transgene expression is required) and a serious safety concern [27]. Additionally, only tissues
with a high rate of cell proliferation can be effectively transduced with retroviral vectors
[28]. Lentivirus vectors, which are derived from a genus of retroviruses that includes HIV-1,
efficiently transduce non-dividing cells [29], and generally exhibit a higher tropism to heart
and vessels than other Retroviridae species.

Adenoviruses—Adenoviral (Ad) vectors are the most common vector type used in gene
therapy clinical trials [1]. A plethora of experimental evidence has demonstrated the successful
use of Ad vectors for both reporter and therapeutic transgene expression in the cardiovascular
system [30-31]. However, the immunogenic nature of Ad vectors, which cause both cellular
and humoral destruction of the vector and vector-transduced cells, precludes substantial
transgene expression for more than 2 to 3 weeks after transduction [32]. This major limitation
of the first-generation Ad vectors was resolved by the development of the third-generation
‘gutless’ or helper-dependent (HD)/Ad vectors, which are devoid of almost all viral genes
[33]. Proof-of-concept in vivo studies have demonstrated significant potential for HD/Ad
vectors in the transduction of vasculature [34] and myocardium [35].

Adeno-associated viruses—Vectors from adeno-associated viruses (AAVs) are
significantly less immunogenic than other viral vectors, and are naturally capable of prolonged
gene expression upon transduction, as a result of the stable integration of the vector genes into
the genome of the target cell. The main challenge associated with AAV vectors is the relatively
low transduction efficiency of these vectors, and this issue was partially solved by the
development of tyrosine mutated [36] and self-complementary [37] AAV vectors. AAV
vectors have been investigated as potential vectors for gene transfer in the cardiovascular
system and have demonstrated robust long-term expression, particularly with AAV serotypes
6 and 9 [37-40].

Vector targeting
The cells of different tissues and organs each possess a unique repertoire of cell-surface
determinants, which would theoretically enable the accurate delivery of vectors to cells of a
particular type and location. In practice, a high degree of specific targeting is rarely achieved
in vivo, as a result of the overlapping specificities between different cell types from a common
lineage. Additionally, the interaction of the vector with blood and tissue en route to the target
can effectively mask targeting ligands on the vector surface. Nevertheless, vector-targeting
strategies based on either genetic modification of vector surface proteins [41] or on direct
chemical modification of the vectors [42] have demonstrated promise in targeting transduction
to the cardiovascular tissue.

Gene delivery systems
Generally, gene delivery systems were not thoroughly investigated in previous gene therapy
trials. However, an appropriate delivery mode for gene therapeutics is crucial. The main
purpose of the gene delivery system is to provide the method of transport to deliver the
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formulation containing the gene vector to the intended site of action. Minimizing the contact
between the gene vector and bodily fluids prior to arrival at the intended location is of particular
importance; reducing this contact decreases the dilution of the vector and protects the surface
of the vector from non-specific interactions that are typically detrimental to its activity.
Furthermore, a successful delivery system must enable physical persistence of the vector in
the transfection-competent state at the target site, thereby increasing the probability of
delivering the transgene to the cells. Delivery systems can be designed to incorporate elements
that facilitate gene transfer to the target cell population by enabling modification of the local
extracellular matrix or by rendering target cells more susceptible to transduction with foreign
DNA [43]. Finally, the gene delivery system can be coformulated with conventional
pharmaceutical agents to optimize the therapeutic activity of the transgene.

Several controlled-release strategies have been successfully investigated for use with gene
therapy. For example, biocompatible polymer systems incorporating either plasmid DNA
[11] or viral vectors [3] have been included as sustained-release coatings in the design of
vascular stents (balloon catheter-deployed metallic devices that are used to relieve vascular
obstruction) on the basis that such coatings may provide localized gene therapy to treat the
diseased blood vessel. The targeting of gene vectors to specific tissues or cells has also been
possible through the incorporation of vectors into polymeric nanoparticles and liposomes with
modified surfaces that include targeting ligands, such as antibodies or high-affinity
recombinant proteins [44]. Additionally, viral vectors incorporated into nanoparticles are
protected from attack by neutralizing antibodies and can exhibit enhanced cell entry, as these
encapsulated vectors may bypass receptor-mediated uptake [44], which can be limiting in many
cell types. Nevertheless, it should be emphasized that, in general, experience with gene delivery
systems is limited, and thus safety and efficacy factors need to be more fully determined.

Myocardial delivery systems
Needle injections—The most straightforward approach to myocardial gene delivery is the
direct needle injection of the vector. However, in addition to being technically challenging,
this approach has low efficiency; transduced cells are typically observed only along the needle
track [45]. Moreover, transgene expression is usually low because of the rapid removal of the
vector, which is intensified by the local inflammatory reaction initiated by needle-related tissue
damage [46].

Pericardial delivery—The pericardial sac is a natural closed reservoir that can restrain the
rapid elimination of the gene vectors. The proximity of the pericardium to the heart muscle
was exploited to achieve myocardium transduction [47]. However, the limited permeability of
the dense pericardial tissue for Ad required that collagenase and hyaluronidase be
coadministered with the vector to achieve detectable levels of myocardial gene transfer [47].

Catheter delivery methods
Coronary delivery: The selective catheterization of coronary vasculature provides an
opportunity to target myocardium via the regional circulation. However, the intact endothelium
of coronary arteries provides a significant barrier to vector penetration into myocardium;
therefore, the transduction results are typically suboptimal unless additional steps are
undertaken to increase the permeability of the endothelium with VEGF [48], histamine [48]
or a low calcium/serotonin perfusion [49]. Another strategy to augment the effectiveness of
coronary gene delivery is to increase delivery pressure, which can be achieved via the brief
occlusion of blood outflow from the heart distal to the origin of the coronaries [50]. The
coronary venous circulation also was exploited with a retroinfusion technique that
demonstrated significant transduction of myocardium with reporter Ad vectors in a porcine
model [51]. The highest reported myocardial gene transfer (78% of cardiomyocytes) was
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achieved with the concurrent delivery of Ad vectors via both the left anterior descending artery
and the great cardiac vein [52].

Endocardial delivery: Several types of intracardial catheter devices that enables the injection
of 10- to 100-μl volumes of vector formulation have been used for myocardial gene transfer
in large animal models. These systems typically have demonstrated improved retention of the
vector at the delivery site compared with transepicardial needle injections [53]. The
introduction of the electrophysiological mapping system NOGA [54] and the magnetic catheter
navigation system Niobe [55] may facilitate further advancements in the localization of
myocardial gene delivery.

Vascular delivery systems
Catheters for intralumenal delivery—A double balloon local delivery catheter has two
inflatable balloons that are used to isolate a segment of artery [56]. A suspension of the gene
vector is instilled via a separate lumen into the hermetically sealed segments of artery. The use
of this catheter type requires interruption of the circulation for several minutes, making this
strategy unsuitable for coronary delivery. This limitation has been addressed with the Dispatch
catheter, which has a spiral coil that allows blood flow through the central lumen to occur
simultaneously with the pressure-driven delivery of vector via a side chamber aligned with the
arterial wall [57]. Additional catheter technologies include the porous balloon catheter, which
employs high-pressure jet streams of the vector suspension [58], and the hydrogel balloon
catheter, which is manufactured with a polymer gel coating that is passively loaded with a gene
vector immediately prior to use [59]. Upon inflation of the hydrogel balloon catheter, the vector
on the interface between the hydrogel and the vessel wall migrates laterally toward the artery.
Typically, only the remnant endothelium and the innermost media of the artery are transduced
effectively with hydrogel balloons. The infiltrator catheter uses an array of microneedles that
can be deployed after balloon inflation to penetrate the surrounding arterial layers [60]. The
suspension of gene vector is then injected via the needles into the vessel wall. The infiltrator
is the only type of vascular delivery catheter capable of signficant transduction of adventitia
and outer media of the artery [61].

Perivascular delivery systems—The vascular adventitia plays an important role in
atherosclerosis, restenosis and other vasculoproliferative diseases via several key mechanisms
[62]. Perivascular gene delivery presents the simplest strategy to affect pathological processes
in the adventitia. Thus, several delivery systems for gene therapeutics have been developed to
enable the effective delivery of such therapies to the perivascular region.

Pluronic F-127 gel: Aqueous solutions of the poloxamer polymer Pluronic F-127 undergo
reversible gelation at temperatures exceeding 20°C. This property of pluronic gel has been
exploited extensively for the creation of a perivascular depot consisting of gene vectors
entrapped in the pluronic gel [63]. The release of the vector from the gel is relatively rapid, as
a result of the dissolution of the gel in tissue fluid in vivo. However, the gel persists at the
delivery site for several hours, which is usually sufficient for effective transduction [64]. An
admixture of methylcellulose in the gel further protracted the release rate of the vector [64].
Interestingly, in addition to being capable of sustaining the release of gene vectors, poloxamer
polymers of a similar structure increased arterial transduction with Ad vectors [65].

Fibrin glue: A matrix formulated from human fibrinogen, fibronectin and thrombin that is
commercially available as Tissucol has been used for the site-specific delivery of non-viral
and Ad gene vectors. Only a limited number of studies have examined the potential of this
system for perivascular gene transfer [66-67]. The results of these investigations appear
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promising because, in addition to vector immobilization, the fibrin matrix may affect the
transfection competency of the target cells directly via integrin interactions [68].

Collagen wraps: Collagen sheets soaked with Ad vectors and wrapped around balloon-injured
pig carotid arteries were used as a perivascular delivery system; a significant increase in
reporter gene transduction was observed in arteries treated with this strategy compared with a
non-wrapped control [69].

All of the methods for perivascular site-specific gene transfer are highly invasive; thus, their
clinical utility with respect to safety and efficacy has not been established. However, these
techniques have enabled reliable gene transfer in preclinical models.

Stents
The use of stents for the treatment of cardiovascular disease has resulted in a paradigm shift
in the standard of care during the past decade [70]. During the past 5 years, drug-eluting stents
(ie, polymer-coated stents with controlled release of potent antiproliferative agents) have also
had a significant impact on cardiovascular therapy, and have improved the efficacy of stenting
for many patients by reducing the risk of reobstruction of the stented blood vessel, a disease
process known as in-stent restenosis (ISR) [71]. However, drug-eluting stents do not address
the underlying vascular disease at the stented site and, for many patients, the use of drug-eluting
stents poses a risk of delayed stent thrombosis [72], which can result in myocardial infarction
or death.

Gene-eluting stents—Stents represent an advantageous platform for local vascular gene
therapy for several reasons. For example, an increased local arterial concentration of gene
vectors can be achieved with immobilized gene-eluting stents compared with the
concentrations obtained with non-immobilized vectors following the administration of a
smaller input dose. Vector immobilization on the stent also minimizes the distal spread of gene
vectors, limiting the inadvertent inoculation of non-target tissues. Additionally, because cell
activation and proliferation in the setting of ISR are almost exclusively observed in the vicinity
of stent struts [73], the tethering of gene vectors to those stent wires localizes vectors to the
anticipated site of action. Thus, the use of gene delivery stents for atherosclerotic vascular
disease may enable the advantageous possibility of site-specific gene delivery with long lasting
and controllable transgene expression that could not only prevent ISR, but could also provide
therapy for the underlying vascular disease.

Initial investigations into gene delivery stents involved the use of polymer coatings on the
surface of metallic stents in a strategy that is comparable to that used for drug-eluting stents
[3,11,43]. However, polymer coatings are inflammatory [74]; therefore, unless potent drugs,
such as the anticancer agents used commonly in drug-eluting stents, are employed, the
inflammatory response to the polymer coating negates the therapeutic effect of gene delivery.
Two approaches to minimizing the inflammatory response to stent coatings have been
investigated: the use of a hydrophilic coating incorporating phosphorylcholine; and the delivery
of gene vectors from the metal surfaces of stents that have been modified with
polybisphosphonates (Figure 2). Phosphorylcholine-coated stents were used in several studies
of gene delivery stents that demonstrated efficacy in the transduction of therapeutic genes [3,
11]. The disadvantage of the phosphorylcholine-based approach relates to the passive-elution
mechanism involved in the loading and release of the vector from the coating; an aqueous
suspension of the vector is simply absorbed prior to stent deployment [3,11], and presumably
is eluted rapidly from the coating during both transit and deployment.

Bare metal stent gene delivery using polybisphosphonates involves the initial formation of the
coordination layer on the metal surface of the stent, which is achieved by immersing the stent
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in an aqueous solution of polybisphosphonate. The molecular monolayer of
polybisphosphonate that is permanently appended to the steel can then be modified covalently
in order to permit the attachment of vector-binding agents (Figure 2). High-affinity proteins
such as antibodies or recombinant receptor fragments can be used to bind either plasmid DNA
or viral vectors to the stent surfaces [75]. Synthetic biodegradable linkers that can be used to
attach viral vectors to metal stents have been reported (Figure 2) [12]. These novel linkers are
particularly promising because they can be synthesized to exhibit a broad variation of
hydrolysis durations; therefore, the rate of vector release from the surface of the stent can be
programmed to reflect the desired formulation parameters. Additionally, these hydrolyzable
linkers also can be used in conjunction with a thiol-amplifying agent to control the magnitude
of the dose of vector that is loaded onto the stent (Figure 2). The effective site-specific
transduction of arterial substrate with reporter Ad vectors immobilized on the surface of bare
metal stents with the poly-bisphosphonate/hydrolyzable linker tethers was demonstrated [12].
Additionally, the immobilization of Ad vectors encoding iNOS resulted in a 40% reduction of
neointimal formation in a rat carotid stenting model [12].

Magnetic nanoparticles for targeted delivery to deployed stents—Magnetic
nanoparticles (MNPs), which are submicron-sized synthetic biodegradable particles with
magnetic responsiveness imparted by nanocrystalline iron oxide and which have the capacity
to carry therapeutic content either in the bulk of the particle or attached to the MNP surface
[76,77], have been investigated for cardiovascular gene delivery. The magnetizing effect of a
strong uniform field, such as that achievable within an MRI scanner environment, on both
MNPs and steel stents, enables guided delivery of MNPs to the stented arterial segment and
may provide the basis for a novel approach to targeted treatment for in-stent restenosis by
addressing the potential need for both an initial delivery and the subsequent readministration
of gene vectors that may occur in many clinical circumstances. The feasibility of this targeted
gene delivery approach was recently demonstrated using MNPs impregnated with Ad [78].
The superior capacity of MNPs formulated with a reporter Ad to transduce vascular endothelial
cells and SMCs in vitro in the presence of a high gradient magnetic field in comparison with
non-incorporated Ad was not affected by an Ad-neutralizing antibody, suggesting a Coxsackie-
Ad receptor (CAR)-independent mechanism of MNP uptake. This characteristic of the MNP-
Ad complexes cell uptake is particularly important in the context of vascular gene transfer
because vascular cells are relatively deficient in CAR [44]. Thus, because of the combination
of magnetic guidance and a kinetically more favorable cell internalization pathway, this
targeted strategy of transgene delivery to stented arteries may both enable a significant
reduction in the necessary vector dose and prevent the dissipation of the vector to non-target
tissues [79], which could provide the safer delivery and increased efficiency of antirestenotic
gene therapy.

The magnetically enhanced transfer of therapeutically relevant genes was demonstrated using
MNPs formulated with Ad encoding iNOS [78]. In the magnetic field, the treatment of
endothelial cells with Ad-loaded MNPs resulted in a significant, MNP dose-dependent
production of nitric oxide (NO). Additional in vitro studies demonstrated that these levels of
NO synthesis were therapeutically adequate to inhibit the proliferation of vascular SMCs
cocultured with the MNP-treated endothelial cells [80]. The translation of promising in vitro
results to the in vivo setting has been accomplished using the previously discussed magnetic
targeting approach. This novel targeting scheme was developed as an alternative to the
permanent magnet-based guidance strategy, whose utility for therapeutic applications is limited
because of the rapid decay and inefficient tissue penetration of the non-uniform fields generated
by permanent magnets [81]. Therefore, the use of high gradients induced in a controllable
manner on a steel stent by exposure to a strong uniform field (uniform field-induced
magnetization effect) has the advantage of providing the direct guidance of MNPs to the stented
arterial region under clinically reproducible conditions. The efficiency of in vivo magnetically
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targeted gene delivery to 304 stainless steel stents was demonstrated in reporter studies in the
rat carotid stenting model [78]. Notably, Ad-impregnated MNPs enabled a combination of
efficient genetic modification with magnetic cell loading, which is particularly important in
the context of cell therapeutic strategies, wherein ex vivo modified cells targeted to
magnetizable stents can be used as a platform for site-specific, vascular gene therapy [82].

Pharmacological modulation of gene therapy
The complexity of the signaling pathways impacted by some therapeutic transgenes may result
in a requirement for additional therapeutic agents to obtain the desired physiological response.
This modulation of gene therapy with conventional pharmaceutical agents is both possible and
essential in the case of the induced overexpression of NOS in the cardiovascular system. The
pleiotropic nature of the beneficial effects of NO in the vasculature makes the augmentation
of NO synthesis via NOS gene transfer a plausible strategy for the prevention of atherosclerosis
and ISR [83]. However, the free-radical NO is unstable in physiological conditions; in the
presence of reactive oxidative species (ROS), NO is converted rapidly into peroxynitrite.
Peroxynitrite exerts direct cytotoxic effects in the vasculature [83,84]. NOS enzymes can be a
source of ROS production if the enzyme substrate, arginine, and a principal cofactor,
tetrahydrobiopterin (BH4), are deficient [83]. This consideration is particularly relevant to
NOS gene therapy, if the augmented production of NOS is not complemented by a similar
increase in levels of arginine and BH4. Therefore, the pharmacological supplementation of
arginine and BH4 is an essential component of the NOS gene transfer strategy (Figure 1).

Clinical considerations
The choice of the strategy used to implement gene therapy in a clinical setting is dictated by
the specific situation. Although gene therapy has been investigated for the treatment of acute
medical syndromes, a period of several days between transgene delivery and the maximal
therapeutic effect is inevitable with most vector systems. Therefore, gene therapy may be more
appropriate for the treatment of conditions with more incipient pathogenesis. Two prominent
exceptions to this consideration are the use of gene therapy for the treatment of acute
myocardial infarction and for the prevention of ISR. In both of these cases, the pathological
processes relating to cellular dynamics and matrix turnover evolve on a weeks-to-months time
scale, and thus are amenable to gene therapy. Notably, the acute injuries present in both acute
myocardial infarction and ISR render the tissue environment more receptive to lateral vector
migration from the delivery site, as a result of tissue edema. Conversely, the low oxygen
concentration, low pH and innate immune mediators of the inflammatory environment
compromise both the viability and the transduction capacity of the gene vectors. Additionally,
the aggressive microenvironment of the acutely injured tissue decreases the survival of
transduced cells. For these reasons, therapeutic transgenes with anti-apoptotic effects are of
particular interest in the setting of acute myocardial infarction [85]. The acute-phase
inflammatory reactions that are detrimental to therapeutic gene transfer are absent in the setting
of chronic ischemic and non-ischemic cardiomyopathies. However, with these pathological
conditions, the presence of dense connective tissue may limit the local biodistribution of the
vector through the myocardium, as was demonstrated for the lateral migration of Ad vectors
in tumors [86]. The limited clinical experience with cardiovascular gene therapy in humans
does not allow any definite conclusions regarding the advantages and disadvantages of different
vectors and delivery systems that have been adapted to specific clinical scenarios.

Future directions
Recent interest in the targeted delivery of stem and progenitor cell populations has encouraged
the concept of the synergetic use of gene and cell therapy for the treatment of cardiovascular
disease. The central challenge relating to cell delivery in the heart and vasculature is the poor
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retention and survival of implanted cells in the hostile environment of ischemic tissue [87].
Therefore, the delivery of cells transfected or transduced ex vivo with genes that enhance
resistance to apoptosis [88], or provide protection from the stressing microenvironment [89],
could improve the function of engrafted cells and consecutive therapeutic outcome.
Furthermore, the transduction of the delivered cells with genes capable of modulating the
interaction of the cells with the extracellular matrix could potentially increase the retention of
delivered cells [88]. Additional progress in the gene therapy field may result, in part, from the
merging of gene delivery methods with tissue engineering. The latter technique offers the
possibility of using biomaterial scaffolds to guide the ordered repopulation of an implanted
material with autologous cells that can be transduced in situ with the scaffold-immobilized
gene vectors [90].

Conclusion
Therapeutic gene transfer in the cardiovascular system is of considerable scientific interest
both as a strategy to dissect the mechanisms governing the development of common
cardiovascular diseases [91] and as a potential treatment modality for patients in whom
conventional therapeutic approaches have failed [92]. However, the translation of gene
therapies into routine medical practice will require the development and thorough optimization
of novel delivery systems capable of the spatial and temporal control of gene vector
biodistribution and activity. Delivery systems employing immobilized gene vectors and using
induced magnetic fields to target magnetizable implants (such as endovascular steel stents) are
examples of delivery approaches that may be capable of reducing the gap between the bench
and the bedside.
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Figure 1. The principal elements of the gene therapy paradigm
(A) The rational design of a gene therapy strategy requires hierarchical combinations of a
regulatable transgene, a targeted gene vector, an appropriate delivery system and, potentially,
pharmacological control of the affected metabolic or signaling pathway. Representations of:
(B) a transgene and (C) an adenovirus particle, as an example of a gene vector are illustrated.
(D) A scanning electron microscopy image of stent-immobilized adenovirus-based vectors
(original magnification 75,000-fold) is provided as an example of a delivery system; the arrows
point to the individual adenoviruses. (E) The pharmacological regulation of inducible nitric
oxide synthase (iNOS) enzymatic function is shown. NO Nitric oxide
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Figure 2. Schematic illustration of adenovirus vector immobilization on the metal surface of stents
Serotype 5 adenovirus (Ad) vectors were modified by reacting the lysine residues of the viral
capsid proteins with a reactive bifunctional amine/thiol hydrolyzable crosslinker (HL) that
possessed a hydrolyzable ester bond separating fragments Z1 and Z2. Stainless steel stents
were consecutively exposed to a solution of polyallylamine bisphosphonate comprising latent
thiol groups (PABT) and the reducing agent tris(2-carboxyethyl)phosphine (TCEP) to activate
thiol groups on the PABT-coated surface. To expand the quantity of available thiol functional
groups, the stent was also treated with polyethyleneimine modified with pyridyldithio-groups
(PEI(PDT)) and dithiothreitol (DTT). Finally, HL-modified Ad vectors were reacted with the
thiolated metal surfaces, leading to the covalent tethering of Ad on the stent surface. The release
of the covalently immobilized Ad was dependent on the rate of hydrolysis of the ester bond in
the HL backbone.
(Adapted from the American Heart Association Inc and Fishbein I, Alferiev I, Bakay M,
Stachelek SJ, Sobolewski P, Lai M, Choi H, Chen IW, Levy RJ: Local delivery of gene vectors
from bare-metal stents by use of a biodegradable synthetic complex inhibits in-stent
restenosis in rat carotid arteries. Circulation (2008) 117(16):2096-2103 © 2008 American
Heart Association Inc)
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