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Abstract

During the last two decades the fields of molecular and cellular cardiology, and more recently
molecular cardiac surgery, have developed rapidly. The concept of delivering cDNA encoding a
therapeutic gene to cardiomyocytes using a vector system with substantial cardiac tropism,
allowing for long-term expression of a therapeutic protein, has moved from hypothesis to bench to
clinical application. However, the clinical results to date are still disappointing. The ideal gene
transfer method should be explored in clinically relevant animal models of heart disease to
evaluate the relative roles of specific molecular pathways in disease pathogenesis, helping to
validate the potential targets for therapeutic intervention. Successful clinical cardiovascular gene
therapy also requires the use of nonimmunogenic cardiotropic vectors capable of expressing the
requisite amount of therapeutic protein in vivo and in situ. Depending on the desired application
either regional or global myocardial gene delivery is required. Cardiac-specific delivery
techniques incorporating mapping technologies for regional delivery and highly efficient
methodologies for global delivery should improve the precision and specificity of gene transfer to
the areas of interest and minimize collateral organ gene expression.

“Advances in science are a matter of time and courage of the mind.”
- Voltaire

Gene transfer may become a preferred option for the treatment of many categories of heart
disease in the near future. The growth in the importance of genetic approaches is based on a
greater depth of understanding of the cellular and molecular alterations associated with
cardiovascular disease states and advances in recombinant DNA technology.

Over the past few years, a key focus in cardiac gene therapy research has been to develop
methods to enhance the efficiency of gene delivery [1-3]. Achieving success in this regard
requires the application and synergistic interaction of several essential elements. First, a
packaging system for genetic material: gene vectors. Vectors should provide transduction of
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the gene of interest to postmitotic cells such as cardiomyocytes, and ensure sufficient
cellular transduction and sufficient duration of transgene expression to achieve clinical
efficacy. For some applications such as heart failure (HF), long-term gene expression is
required whereas for coronary ischemia, short-term expression may suffice. Second, the
vector must be delivered to the myocardium via a transport system (delivery route), which
should make the most effective transition possible through biological barriers with minimal
losses into the systemic circulation. Third, the therapeutic gene must be expressed in the
target tissue. The required synergy relies on the simultaneous identification of targeted
molecular pathways of relevance to disease pathogenesis in potential target cells. The
successful utilization of all three of the above elements should ultimately result in the
transduction of the required number of targeted myocytes with the sufficient gene
expression to achieve therapeutic efficacy. The solution of these fundamental problems will
find broad application in gene therapies that are rate-limiting for implementation in clinical
practice including overcoming biological barriers to gene transfer, mitigation of host
immune response and maintenance of sustained transgene expression.

The concept of gene therapy was initially considered to be the simple introduction of a copy
of a deficient gene into cells to restore their function. The achievement of this objective is
linked with the creation of special vehicles, vectors, which attempt to solve the main
technical issues associated with the efficiency of gene delivery to the appropriate cells,
expression of the deficient gene for an extended time and the possibility of multiple re-
administrations for therapeutic purposes (Ficure 1). Box | lists the major milestones in vector
discoveries in heart gene therapy.

Viral vectors

Viruses represent a natural component of human life and therefore they are very attractive as
vectors for gene therapy. However, they have to overcome the physiological barriers and the
physiological response that protects cells from viral infection. This tissue protection is
associated with immunological, inflammatory, proliferative and neurohormonal responses
that restrict the viral binding to cell receptors, prevent mMRNA translation, and eventually
decrease the efficacy of gene transfer and expression of the transferred gene. Furthermore,
the engineering of viral genomes does not preclude cytotoxicity in infected cells and muting
the effectiveness of the therapeutic intervention [4].

Viral vectors are derived from viruses by replacing their genetic components with the
therapeutic or marker gene. Interaction between the vectors and the viral genes can result in
the generation of infectious viruses. Considering this, the basic principle used in vector
design is the removal of genes encoding viral components essential for viral replication. The
viral vectors can be divided into integrating and non-integrating [5]. The integrating vectors
can be incorporated into recipient cells and hold the promise of life-long expression. Non-
integrating vectors are maintained in an episomal location.

The main challenges facing the vector are as follows:
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M Escaping the neutralizing effects of specific antibodies and nonspecific adsorption to
other blood components;

W Overcoming the endothelial barrier and penetrating the vascular wall for diffusion
through the extracellular matrix;

MW Uptake into the cell at the level of the plasma membrane and efficient trafficking to
the nucleus;

M Synthesis by the host of the complementary DNA strand for single-stranded delivery
vectors followed by transcription and translation of the transgene [6].

No single vector system is likely to be optimal for all potential cardiac gene therapy
applications. A perfect vector should be administered by non-invasive delivery routes, target
the optimal number of cells and express a therapeutic amount of transgene product with the
desired regulation for a defined length of time [7].

Nonviral vectors

Targets

Nonviral gene transfer with plasmid DNA has been extensively used in cardiovascular
clinical trials [8-10]. Plasmids are easy to isolate, can be produced in large quantities and
generally contain no antigenic proteins. Two decades ago it was demonstrated that plasmid-
mediated myocardial gene transfer was detectable in 100% of rats up to 7 days and in 30%
up to 60 days after injection [11]. However, many limitations of the plasmid were
subsequently identified such as low levels of transduction efficiency, short biological half-
life, fast intracellular degradation, non specific binding to unintended targets, low transfer
from the cytoplasm into the nucleus, and so forth. Considering these deficiencies, scientists
began to combine plasmid delivery with various physical factors such as electroporation,
sonoporation, laser-based transfection and magnetic transfection [12-14]. In addition,
chemical carriers such as polyplexes and lipoplexes were used, which protect DNA from
degradation and facilitate DNA transfer to the cytosol and nucleus [3]. Moreover, promising
results with minicircle DNA proved the necessity to continue further studies in this direction
[15]. The characteristics of the ideal heart gene therapy vector are listed in Box 2.

A large number of potential therapeutic targets in cardiac myocytes have been identified,
including cell membrane receptors and their ligands, calcium handling proteins and their
modulators, intracellular signaling molecules, transcription factors, contractile proteins in
myocytes and their interaction, and so forth. [16,17]. It should be noted that the
identification of targets and advancements in experimental models or clinical practice are
two completely distinct phases of a single process, which sometimes do not translate from
one to another. For example, the SARKct gene was discovered in 1995 [18], and despite the
approximately 50 publications demonstrating its efficacy in models of HF it has yet to be
used in a clinical trial. Moreover new evidence obtained about the pathophysiological
mechanisms of genetic, molecular, neurohormonal and hemodynamic changes related to the
development of disparate cardiovascular diseases reveal that cardiac pathology is not an
isolated process [19]. It is a complex state simultaneously consisting of both causative and
compensatory alterations in multiple signaling pathways. Therefore, the study of potential
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targets should be conducted through applications of genomics, proteomics and
metabolomics acting on specific elements within cardiomyocytes: including myofibrils,
sarcoplasmic reticulum and mitochondria. For example, current investigations of HF targets
are carried out through the assessment of the impacts on adverse remodeling, contractility,
arrhythmias, apoptosis and oxidative stress [20]. However for specific mechanisms of HF
such as pressure or volume overload, ischemia, or genetic cardiomyopathy the appropriate
therapeutic targets of gene therapy will predictably differ. Therefore, specific molecular
targets should be found and investigated depending on the etiology of HF. In this article, the
authors discuss the current progress in identifying molecular targets most relevant to
ischemic heart disease (IHD) and in HF.

Targets in IHD

Current gene therapy research efforts in ischemic heart disease should aim to prevent
coronary restenosis after angioplasty and graft atherosclerosis after coronary artery bypass
graft procedures, stabilize coronary plaques, stimulate angiogenesis, limit reperfusion injury,
and provide cardioprotection against apoptosis and fibrosis (Ficure 2). However, much of the
research is devoted to the study of stimulation of angiogenesis and neovascularization of
fibrous post-infarct or poorly perfused (hibernating) myocardium. Therapeutic angiogenesis
can be achieved by gene transfer of transforming growth factors such as VEGF [21], HGF
[22], FGF [23], HIF-1a [24], angiopoietin-1 [25], IGF-1 [26] and SDF-1 a [27,28]. VEGF
has five isoforms that act on tyrosine kinase receptors. This protein factor has been
demonstrated to stimulate endothelial cell proliferation, migration and vascular permeability,
and to affect fibroblast and smooth muscle growth. Pre clinical gene therapy studies with
VEGF in various large animal models of myocardial ischemia have demonstrated
stimulation of angiogenesis and improvement in fractional shortening, and also reduction of
infarct size and peri-infarct fibrosis [29]. In addition, it has been noted that there is an
appearance of apoptosis-resistant cardiomyocytes in the border zone and improvement of
myocardial viability [30].

Targets in HF

HF is not only a constellation of clinical signs and symptoms indicative of poor performance
of the heart as a pump. It is in fact a disorder of structural cellular and molecular processes
and the mediators that control them. The myocardial injury might be caused by acute or
chronic diseases including myocardial infarction, systemic hypertension, valvular disorders,
or genetic cardiomyopathies. An initial pathological insult prompts adaptive and primary
compensatory hemodynamic alterations, which in turn lead to activation of the rennin—
angiotensin—-aldosterone system and a sympathetic nervous system response. These, and
other mechanisms, contribute to increasing oxygen consumption and to a decrement in
energy efficiency. Eventually these events result in myocyte hypertrophy, fibrosis and
apoptosis. Therefore effective gene therapy in HF should impact specific signaling pathways
depending on the etiology, stage in the evolution of the process, hemodynamic and structural
changes (Fisure 3). Up to this point the main achievements have been associated with the
efforts of two labs targeting proteins involved in cardiomyocyte calcium handling during
excitation—contraction coupling and targeting the cardiac b-adrenergic receptor signaling
system. Published results have evaluated SERCAZ2a overexpression, enhancing activity of
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SERCAZ2a through modulation of phospholamban and targeting S100A1, protein
phosphatase 1 and ryanodine receptors. Moreover the importance of targeting inhibition of
GRK?2 and overexpression of p-adrenoreptors, and adenylyl cyclase overexpression has been
carefully studied [31-34]. Nonetheless, it is clear that the development and assessment of
new potential targets in HF is a very fruitful area for continued investigation.

Gene delivery

During the dawn of cardiac gene therapy research, the pivotal role of effective gene delivery
techniques was underappreciated and delivery efficacy was not quantitatively defined or
evaluated. Furthermore, investigators generally considered that only improving the vector
tropism could increase cellular transduction. More recently there has been an increased
appreciation of the importance of vector delivery. Aside from the previously tested simple
intramyocardial and antegrade intracoronary injection methods, a very large number of
delivery approaches have appeared including interventional approaches, site-specific
injection using mapping techniques, methods of isolated cardiac perfusion and devices to
enhance transfection. The authors have tried to organize the most prevalent techniques of
gene delivery here for a better understanding of the scope of the problem (Ficure 4). The
major milestones in the development of gene delivery techniques are represented in Box 3.

Intramyocardial delivery

There is still no consensus on which method of gene transfer is better: intramyocardial or
intra-coronary. Each of these methods has its positive and negative aspects. In our view,
both of them will be used in future, though perhaps for differing applications.
Intramyocardial transfer was first used in 1990. Histochemical ana lysis of rats’ heart
sections injected with a f-galactosidase/plasmid DNA construct demonstrated marker gene
activity 3—4 weeks after delivery in vivo [35]. Use of adenovirus-mediated gene transfer in
swine resulted in a 140,000-fold increase in the ratio of recombinant protein produced to the
number of genomes injected compared with plasmid DNA, and it was also demonstrated
that the amount of recombinant protein increases with the amount of virus [36]. The next
important step was the finding that the percutaneous endomyocardial injection is feasible
and associated with almost three-times greater microsphere retention than epicardial
injection [37]. Later studies illustrated the significance of fluoroscopic guidance [38], and
especially electroanatomical mapping with the Noga® system to provide gene transfer at the
specific and mapped myocardial site [39]. Furthermore, the utilization of this method
induced therapeutic angiogenesis [40], modulated cardiac pacemaking activity [41],
improved contractility and reversed left ventricular (LV) remodeling [34].

Transvascular delivery

Most heart diseases have diffuse cardiac tissue involvement. Therefore, gene therapy will
likely require global transduction of the myocardium that can only be achieved with
intravascular transfer. However, simple intravenous gene injection is ineffective probably
because of the first-pass pulmonary uptake, and intracavitary (left atrium) delivery provides
worse results than intracoronary delivery due to systemic spillage [42]. So the main efforts
of scientists have focused on intracoronary transfer. Today it is impossible to imagine the
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development of modern cardiology without coronary catheterization procedures, performed
millions of times per year in the USA. Unfortunately, simple antegrade intracoronary
delivery resulted in limited transfection with variable efficacy across animal species and
humans. This inefficiency is largely explained by the dilution of gene construct
concentration in blood circulation with systemic leakage leading to collateral organ uptake.
In an effort to achieve increased efficiency, investigators began to use transient coronary
occlusion [43], concomitant coronary venous blockade [44] and cardiac arrest with
obstruction of venous return [45]. Although these methods have contributed to improving
gene expression in animal models, they will probably achieve limited application in the
clinic. Use of retrograde intracoronary transfer through the coronary sinus is undoubtedly a
step forward compared with a simple selective intracoronary technique. First, it can be easily
applied to clinical practice, particularly in patients with severe coronary artery disease.
Second, it allows for prolonged adhesion time of the vector to the cardiac endothelium [46],
and overcomes the resistance of precapillary sphincters proximally located on the arterial
side of the capillary bed [47]. Finally, it can reduce myocardial reperfusion injury [48].

Gene-eluting stents represent a promising new platform for localized treatment of chronic
atherosclerotic occlusion of coronary arteries, restenosis after percutaneous transluminal
coronary angioplasty, vein graft disease after coronary artery bypass graft, and so forth. In
recent years efforts have been made to increase the incorporation of viral and nonviral
vectors in the coating matrix of stents, increase the elution of the target gene from the stent,
and enhance transfer to the coronary endothelium [49]. Further research studies are required
to assess the feasibility of this technique in clinical trials.

More than one million cardiac procedures with extracorporeal circulation are carried out in
the world annually. The successful use of cardio-pulmonary bypass for gene transfer was
demonstrated in a preclinical large animal model. The proposed technique allows multiple-
pass recirculation of vector through the heart and wash out of the system after gene transfer,
which limits extracardiac gene expression and minimizes the potential for an immune
response against the vector capsid [50].

Cell-based gene delivery

Cell-based gene delivery provides an alternative method of gene transfer to viral vectors and
nonviral vectors. Combining cell transplantation with cardiac gene delivery can improve cell
survival, reduce apoptosis, promote angiogenesis and improve LV contractile function. The
genetically modified human skeletal myoblasts have been transplanted into a rat heart model
of acute myocardial infarction. The study demonstrates that although gene transfection
efficiency using liposome-mediated VEGF(165) gene transfer with human skeletal
myoblasts was low; hVEGF(165) gene expression efficiency was sufficient to induce
neovascularization, improve blood flow and improve heart function [51]. Cell-based
transgenic overexpression of netrin-1 attenuated infarct size expansion and promoted
angiogenesis in the infarcted heart with concomitant preservation of heart function indices
[52]. It was also reported that the transplantation of VEGF-expressing skeletal myoblasts by
HVJ-liposome-mediated gene transfection results in transient, high-level VEGF expression
within rat myocardium suffering from acute infarction. This expression leads to successful
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angiogenesis, which is associated with a reduction in infarct size and an improvement in
cardiac function without tumor formation [53]. The ideal gene delivery technique model is
outlined in Box 4.

Clinical trials

IHD

The number of cardiovascular gene therapy clinical trialswas 144 by 2011, accounting for
8.5% of total trials and becoming the second most investigated application after cancer
diseases [54,55]. The vast majority of cardiac trials have addressed therapeutic angiogenesis.

However, the lack of available cardiotropic vectors, the absence of knowledge about basic
principles of gene transfer techniques and the difficulty in finding effective potential cellular
targets for intervention has hampered the development of effective genetic treatments for
heart diseases. On the other hand, in spite of the fact that cardiovascular disease remains the
leading cause of mortality, morbidity and health-care expenditure around the world, and in
spite of the evidence of the benefits and feasibility of cardiac gene therapy in preclinical
models, the number of oncological human trials is 7.6-times higher than cardiovascular. No
doubt the insufficient number of trials is a major reason for the lack of answers to such
questions as: which category of patients will benefit from gene therapy; how do we improve
myocyte transduction and gene transfer efficiency; and what are the primary targets for HF
patients? Only the identification of clear indications for gene therapy combined with the
optimization of delivery routes and targets are expected to generate new genetic treatments
for ischemic heart disease and HF.

Based on the promising results of experiments on small and large animals, several clinical
trials were carried out using specific isoforms of VEGF mainly in patients with no other
therapeutic options [56]. Although there have been some improvements in angina class and
stress sestamibi scans, none of the randomized controlled Phase 1I/111 trials have
demonstrated clinically relevant positive effects [56,57]. The most likely reason for this
apparent discrepancy may be related to the placebo effect, patient selection and ineffective
gene expression [57]. The efficacy of FGF to promote angiogenesis has been well
established in an animal model of coronary ischemia. Intracoronary delivery of adenovirus
vector encoding FGF4 in pigs with myocardial ischemia increased regional perfusion. In
addition to angiogenesis, FGF5 overexpression can stimulate adaptive hypertrophy and
improve wall thickening in hibernating myocardium [58].

The AGENT (angiogenic gene therapy) 3 and AGENT 4 trials using a low and high dose of
adenoviral-mediated intracoronary administration of FGF4 were initiated and enrolled 532
patients. The authors of the work found a beneficial effect on total exercise treadmill test,
time to ST-segment depression and angina [59]. Perhaps the most important indicator of the
more than 15-year history of clinical trials in IHD is the fact that no adverse safety events
have been detected. Long-term follow-up times up to 10 years in the Kuopio Angiogenesis
Trial in 103 patients did not demonstrate increases in the incidence of cancer, diabetes,
arrhythmias or any other disease compared with the control group [60]. This promising
safety profile certainly encourages the development of further clinical trials.
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Specifically in HF, there are currently a number of ongoing trials targeting various pathways
for rescuing the failing myocardium. The first clinical trial of gene therapy in patients with
HF (CUPID) was launched in 2008 [31]. The goal of this trial was to evaluate the safety
profile and effect of SERCA2a cDNA by delivering a recombinant adeno-associated virus
type 1. Participants in this trial were administered a single intracoronary infusion of adeno-
associated virus type 1/SERCAZ2a. A 12-month follow-up demonstrated an acceptable safety
profile. Improvement was detected in several patients. Phase 11 of the CUPID trial enrolled
39 patients to receive one of three escalating doses of intra-coronary delivery of SERCA2a
versus placebo. At 6 months, patients reported improvement or stabilization of clinical
symptoms and functional tests as well as LV function (ejection fraction and LV end-systolic
volume). Currently the effects of SERCAZ2a are being investigated in two other clinical trials
in the UK and France. In a separate clinical study, adenovirus-5 encoding human adenylyl
cyclase type 6 is being delivered through intracoronary injection to patients with HF. The
trial is currently enrolling patients.

Preclinical studies indicate that adult stem cells induce tissue repair by activating
endogenous stem cells through SDF-1 [61]. A first-inhuman dose-escalation study with 12
months of follow-up in 17 subjects with ischemic cardiomyopathy was performed with
endocardial delivery of DNA plasmid encoding human SDF-1. Therapeutic efficacy was
evaluated by cardiac perfusion via computed tomography imaging, New York Heart
Association classification, 6-min walk distance, and quality of life after 4 and 12 months.
The clinical data suggest that re-establishment of SDF-1 expression is safe. Data from
middle- and high-dose groups report statistically significant improvements in quality of life,
and New York Heart Association classification [62]. The major milestones in cardiac gene
therapy clinical trials are outlined in Box 5.

Main obstacles delaying progress in effective clinical translation of cardiac gene therapy

It is well known that the process of moving to human clinical trials requires establishing
proof of principle in vitro, then in transgenic, murine and/or rodent models, and eventually
in large animal preclinical models. The experience obtained from animal models
demonstrates that distinct cardiac diseases require specific genetic treatment; namely
ischemic, valvular or hypertensive pathological conditions need to employ different gene
therapy strategies and targets [33]. Moreover, even the large animals used in preclinical
studies differ considerably from the human patients in terms of age, physiology and
concomitant diseases that are difficult to replicate in animals. Therefore, not surprisingly,
animal experiments with recombinant growth factors for angiogenesis were very reassuring
but the clinical studies demonstrated limited benefits [60]. Moreover most of the clinical
trials in IHD involve the use of gene therapy for ‘no-option’ patients with multiple
comorbidi-ties that limit the efficacy of gene transfer. In these conditions a single dose of
therapy may not cause measurable improvement. Thus, it is very important to choose the
correct group of cardiac patients for gene therapy. It is understandable that a group of
selected patients should be standardized. In particular this applies to the stage of disease,
pharmacological treatment, angiographic findings and comorbidities.
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In addition, many trials have used variable and often subjective parameters for endpoints of
therapy such as duration of exercise before angina, ejection fraction determined by
echocardiogram, perfusion measured by single-photon emission computed tomography,
exercise treadmill time, and so forth. It is necessary to apply techniques such as cardiac
magnetic resonance perfusion imaging and positron emission tomography that are much
more sensitive and precise in determining parameters such as LV systolic and diastolic
volume, infarct size, and perfusion in different ischemic areas. Moreover, the optimal dose
and timing of gene therapy should be standardized.

One of the main factors limiting the positive effect of gene therapy is transient therapeutic
gene expression. This problem is multifaceted. First, many clinical trials were carried out
with nonviral or short-term efficacy virus vectors, and the protocols used a single-dose
method of delivery [57]. Second, techniques of gene delivery applied in clinical trials were
simple without attempts to limit collateral expression or to extend vector residence time,
overcome the endothelial barrier or to utilize retrograde transcoronary transfer [3].
Evaluation of gene expression was commonly performed on the basis of functional cardiac
parameters and not on sensitive techniques such as reverse transcriptase real-time PCR.
Finally, many authors believe that a strong placebo effect with reported clinical
improvement in several clinical trials complicates the true assessment of gene therapy
advantages. Collectively, these concerns underscore the need to conduct randomized,
blinded, placebo-controlled studies in large-scale trials [57,60,63]. Also, identification of
ischemic areas via electromechanical mapping systems, single-photon emission computed
tomography or MRI is needed for more effective use of direct intramyocardial gene
injections. Gene therapy should also be tested as an adjunctive treatment to conventional
therapy.

Future perspective

Over the last two decades genetic approaches have undergone substantial changes, mainly
due to the emergence of new data contributing to the understanding of normal

cardiovascular function and the pathophysiologic basis of cardiovascular diseases at the
molecular level. Gene therapy holds promise for correcting key molecular defects. Currently
being researched using different forms of gene manipulation include gene overexpression,
gene augmentation designed to overexpress a protein, gene replacement and correction of a
missing of defective or nonactive gene, gene knockdown-inhibition of host cell gene
expression, and miRNA upregulation with the potential to affect large numbers of
interrelated MRNAs. For gene therapy to be successful, the requisite amount of a therapeutic
gene must be delivered into the target tissue to alter the cellular pattern of gene expression to
produce a therapeutic effect. Still, there are many questions that need to be answered. One of
them is: what is the threshold for phenotypic correction in myocytes? For example, creation
of a biological pacemaker requires the focal genetic modification of only a modest number
of cells. By contrast, restoring myocardial contractility in HF has a higher threshold and may
require successful gene transfer to a majority of the cells. Future gene therapy approaches
will likely use a combined approach that targets diverse mechanisms of the disease and their
relevant signaling pathways. For these goals researchers may use a multigene approach. For
example, supportive interaction between angiopoietin-1 and Akt during mesenchymal stem
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cell transplantation enhanced cell survival, improved angiomyogenesis and restored global
cardiac function [64]; and simultaneous transgenic overexpression of different growth
factors activates diverse signaling pathways for improving cellular repair of the infarcted
heart [65]. Another promising approach is the induction of miRNAs with gene or cell
therapy that act as intracellular and intercellular mediators in many cardiac diseases and HF.
Using miRNA has been considered as a potential novel therapeutic strategy that can provide
functional recovery of the ischemic heart [66,67]. Moreover, gene targeting of cellular
organelles that have their own genome, such as mitochondria, can simulate the effects of
preconditioning for improved donor stem cell survival in the infarcted heart and provide an
alternative therapeutic option for acute myocar-dial infarction [68]. Finally, gene therapy
may be an adjunct to conventional therapies including percutaneous coronary intervention
and standard or minimally invasive cardiac surgical procedures.
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Executive summary
Vectorsfor cardiac genetransfer

W Adeno-associated viruses are nonpathogenic, have a long-term expression profile,
have low immunogenicity, and serotypes 6 and 9 have significant cardiac tropism.
However, they have a small insert capacity, are complex to produce and low titers
limit their use.

W Adenoviruses are readily produced in high titers and have high transduction
performance without integration into the host genome. They induce inflammation
and a potent immune response, and have short-term expression and nonspecific
cellular tropism.

W Lentiviruses have high transduction efficiency, good long-term expression and
induce a low immune response. They provide the ability to integrate into the host
cells’ genomes, but they increase the risk of oncogenesis and demonstrate limited
cardiac tropism.

W Naked plasmid DNA is constructed based on simple methodology, has a large
DNA insert capacity and minimal safety risks. Low transduction efficiency and a
transient expression profile are the main limitations.

Genetargetsin ischemic heart disease

M Creation of gene therapy targets in ischemic heart disease should be directed to
prevent coronary restenosis after angioplasty and graft atherosclerosis after coronary
artery bypass procedures, stabilize arterial plaques, stimulate angiogenesis, limit
reperfusion injury, and provide cardioprotection. Currently, much of the research is
devoted to the study of stimulation of angiogenesis and neovascularization of the
myocardium. Therapeutic angiogenesis can be achieved by gene transfer of
transforming growth factors such as VEGF, HGF, FGF and HIF-1a.

Genetargetsin heart failure

W Effective gene therapy in heart failure should impact different signaling pathways
depending on the etiology and stage of the process, as well as hemodynamic and
structural changes. Currently, primary targets in heart failure include increasing
contractility and reducing adverse remodeling by affecting calcium cycling proteins
and b-adrenergic receptor signaling. Other promising goals are inhibition of
apoptosis, fibrosis, myocardial hypertrophy and oxidant stress depression.

I ntramyocardial cardiac gene delivery methods

M This technigue can be performed using catheter-based and minimally invasive
surgical approaches. It allows a high local vector concentration in cardiac tissue and
is good for focal treatment of regional ischemia and conduction abnormalities. A big
advantage is the lack of a need to traverse the endothelial barrier. Shortcomings
include the transgene expression being limited to the injection site, no prevention of
systemic viral escape and non-homogeneous distribution, which is not desirable for
many diseases.
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Transvascular cardiac gene delivery methods

M This route usually demonstrates efficient gene transfer and allows for the vector's
delivery to the whole myocardium. Additionally, it offers the ability to perform
repeat administrations and create ‘closed loop’ recirculation systems for enhanced
transfer and minimized collateral exposure. The disadvantages include dilution of the
vector in systemic blood, which leads to rapid washout from the heart, poor
performance in atherosclerotic vessels, high incidence of cell-mediated immune
response and exposure of the vector to neutralizing antibodies.

Reasons delaying progress in effective clinical translation of cardiac gene therapy

M Insufficient therapeutic gene expression limits the positive effect of gene therapy
in clinical trials. This is due to:

M Single-dose methods of delivery with nonviral or non-integrating virus vectors;

M The use of simple techniques of gene transfer without methods limiting collateral
expression and extending vector residence time;

M A strong placebo effect complicates the real assessment of gene therapy
advantages;

M The lack of standardized dose and timing of transfer, correct selection of patients,
and evaluations of molecular and clinical criteria.
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Vector systems for cardiac gene transfer

— Plasmid DNA
— Liposome based
— Polymer based

— Oligonucleotides

— Virosomes

— Retrovirus — Adenovirus
— Adeno-associated  — Engineered

virus Semliki Forest virus
— Lentivirus

Figure 1.
Vector systems for cardiac gene transfer.
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Genetic targets in ischemic heart disease

function
— Antithrombotic
strategy

Inhibition of
SMC migration

— VEGF family — Decreasing — Tumor suppressors  — TIMP overexpression

- HGF infarct size — Cyclin-dependent — Targeting MMP

— FGF family — Decrease kinase inhibitors — Increasing SERCA2a
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Figure 2. Genetargetsin ischemic heart disease

— Enhancing endothelial
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— Hypercholesterolemia
— Diabetes

— Hypertension

— Smoking

DEL-1: Developmental endothelial locus-1; eNOS: Endothelial nitric oxide synthase; SMC:

Smooth muscle cells.
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Genetic targets in heart failure

— SERCA2a — Inhibition of GRK — Bcl-2 overexpression — TGF-B system
overexpression with BARKct — PI3K overexpression 4 . o = 5 — Angiotensin Il

— Phospholamban — Adenyl-cyclase — Akt overexpression — Endothelin 1
inhibition expression activation  — HSP delivery — Matrix fibroblast

— S100A1 — TNF activiation _Transfer of SOD interaction
overexpression = LiF S Tranafor of

— Inhibition of protein -
phosphatase |

Figure 3. Genetic targetsin heart failure
BARKct: B-ARK carboxyl-terminus; Bcl-2: B-cell lymphoma 2; HSP: Heat shock proteins;

ROS: Reactive oxygen species.
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Cardiac gene delivery techniques

Beating heart in vivo k Minimally invasive Other
Before transplantaion: Percutaneous Catheter-based

ex vivo perfusion Systemic Needle injection Thoracoscopy (with/without pump)
Arrested heart during intravenous (epi- or endo-cardial) Subdiaphragmatic Cardiopulmonary
cardiac surgery Intracardiac Intrapericardial bypass-based
chamber infusion Regular Needle injection
Coronary sinus Thoracotomy Needleless jet
or veins (retrograde) Sternotomy injection
Intracoronary

Figure4.
Cardiac gene delivery techniques.
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