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Abstract

Existing methods of cardiac gene delivery can be classified by the site of injection, interventional
approach and type of cardiac circulation at the time of transfer. General criteria to assess the
efficacy of a given delivery method include: global versus regional myocardial transduction,
technical complexity and the pathophysiological effects associated with its use, delivery-related
collateral expression and the delivery-associated inflammatory and immune response. Direct gene
delivery (intramyocardial, endocardial, epicardial) may be useful for therapeutic angiogenesis and
for focal arrhythmia therapy but with gene expression which is primarily limited to regions in
close proximity to the injection site. An often unappreciated limitation of these techniques is that
they are frequently associated with substantial systemic vector delivery. Percutaneous infusion of
vector into the coronary arteries is minimally invasive and allows for transgene delivery to the
whole myocardium. Unfortunately, efficiency of intracoronary delivery is highly variable and the
short residence time of vector within the coronary circulation and significant collateral organ
expression limit its clinical potential. Surgical techniques, including the incorporation of
cardiopulmonary bypass with isolated cardiac recirculation, represent novel delivery strategies that
may potentially overcome these limitations; yet, these techniques are complex with inherent
morbidity that must be thoroughly evaluated before safe translation into clinical practice.
Characteristics of the optimal technique for gene delivery include low morbidity, increased
myocardial transcapillary gradient, extended vector residence time in the coronary circulation and
exclusion of residual vector from the systemic circulation after delivery to minimize extracardiac
expression and to mitigate a cellular immune response. This article is part of a Special Section
entitled “Special Section; Cardiovascular Gene Therapy”.
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1. Introduction

Our knowledge of the molecular mechanisms in heart disease has increased dramatically in
recent years. Therefore, new forms of treatment designed to target the underlying molecular
processes affecting failing cardiomyocytes have significant potential. However, an important
prerequisite for introducing cardiac gene therapy into clinical practice is the development of
simple and efficient gene delivery techniques.
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During the last two decades, we have witnessed the development of several experimental
gene delivery strategies with potential therapeutic value for the transition from the
preclinical phase into clinical trials. Yet, efforts at gene transfer will require solutions to
several problems including those related to delivery of the vector to the target tissue,
improved safety and efficacy, prevention of complications, creation of new delivery devices
and techniques, and improved geographical specificity of gene delivery to areas of
therapeutic interest while simultaneously minimizing systemic spillover. Although cardiac
tissue-specific promoters may mitigate collateral organ gene expression, only truly cardiac-
specific gene delivery methods can diminish the biodistribution of vector capsids to
extracardiac organs by limiting antigen presenting cell exposure, providing another
mechanism to limit the potential for a T-cell mediated immune response to the vector capsid.
The most optimal gene-delivery system should be combined with an appropriate vector.
Recombinant AAV vectors have rapidly evolved as tools for cardiac gene therapy. For
numerous target diseases, they offer advantages over other viral vector systems. Multiple
AAV serotypes have been isolated in recent years. Among all AAV serotypes, AAV2
vectors have been successfully used in several experimental approaches such as protection
from ischemia/reperfusion injury, inotropic therapy, beneficial effects on neoangiogenesis.
From the most recent reports it appears that serotype 6 and 9 facilitate relatively stable
cardiac gene expression and are superior to others in the heart, probably due to enhanced
cellular internalization and nuclear uncoating in cardiomyocytes. Successful solutions to
these and other challenges will undoubtedly help to achieve transmural, homogeneous, high-
density cardiac gene transfer [1,2].

There are many published methods to transduce myocardium; yet, most of these approaches
have led to limited transduction efficiency and have had limited efficacy in demonstrating
adequacy for effective therapy of diseases involving the whole heart [3]. Existing methods
of gene delivery can be classified by the site of injection, interventional approach and the
physiology of the cardiac circulation (Fig. 1).

In this review, we have tried to describe both the most common and innovative gene
delivery methods and have further attempted to outline future developments in this exciting
and dynamic field of cardiac gene therapy.

2. Direct gene delivery

Direct gene delivery methods have been utilized for at least two decades and some authors
continue to reference and use them in their preclinical cardiac gene therapy studies. Many
have also successfully been translated for use in clinical trials. The most relevant of them are
usually classified as either an open technique, that is to include the surgical opening of the
chest or a closed technique, i.e., transcutaneous or minimally invasive. Less invasiveness is
desirable and can also be achieved via a subdiaphragmatic or thoracoscopic approach.

2.1. Intrapericardial injection

The rationale underlying intrapericardial gene delivery is related to the advantage of the
anatomical connection between the pericardium and the myocardium, and the accessibility
of the pericardial sac for percutaneous vector delivery [4] (Fig. 2a). Zhang et al. made a
percutaneous puncture of the pericardium at the left costoxiphoid angle of the anterior chest
with injection of Ad.CMV.lacZ. After three days, significant lacZ expression was observed
in the epicardium, myocardium and endocardium of neonatal mice. The authors concluded
that intrapericardial injection is an efficient technique to achieve transmural gene
expression. Unfortunately, these results appear to be age-specific and are far less efficient in
adult (rather than neonatal) animals. Furthermore, the group later found at two months that
expression only persisted in atrial tissue and not in ventricles, the presumed target area to
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address the majority of cardiomyopathic diseases. Additionally, this method was associated
with high levels of hepatic transduction [5].

Fromes et al. performed intrapericardial injections with a transdiaphragmatic approach,
using adenovirus encoding B-galactosidase in rats. The staining observed was exclusively
restricted to the pericardial cell layers; however, injecting a mixture of proteolytic enzymes
with the virus led to an increase of transgene expression to 40% of the myocardium at day
seven. Not surprisingly, using an adenoviral vector, the expression decreased to 0.5% at day
28. The authors also found positive p-galactosidase activity in distant organs [6]. March et
al. used a hollow, helical-tipped penetrating catheter for vector delivery in the canine
myocardium. The catheter was introduced percutaneously and advanced into the pericardial
space through the apex of the right ventricle. All the animals tolerated the procedure without
incident, demonstrating the feasibility of localized cardiac gene delivery via a catheter-based
pericardial approach [7]. The administration of Ad2.CMV.LacZ into the pericardial sac
produced extensive transfection of the visceral and parietal pericardium and doxycycline
pretreatment increased this effect [8].

2.2. Endocardial injection

The feasibility of fluoroscopy-guided, percutaneous endocardial vector injection was
demonstrated by Gwon et al. in the porcine heart [9] (Fig. 2b). Sanborn et al. used the same
approach with a coaxial catheter for endocardial delivery of adenovirus encoding VEGF in
the porcine myocardium. Regional VEGF expression was found to be significantly greater in
targeted zones as compared with non-targeted zones [10]. Several authors believe that the
electromechanical mapping-guided approach allows for better deployment of the tip of the
catheter around areas of ischemia [11-13]. However, this system and the equipment needed
to execute the procedure are quite complex and expensive.

In a porcine model, Grossman et al. compared endomyocardial and epicardial microsphere
injection, finding that endomyocardial injection performed with the Stiletto system was
associated with 43% microsphere retention, compared with 15% after epicardial injection.
Reduction of injectate volume (10 pl) resulted in significantly improved retention compared
to 100 wl injection, a typical volume used in clinical trials. These authors also found
evidence of significant viral transfection in the liver and spleen after injection of adenovirus
encoding B-galactosidase [14]. The study of Naimark et al. highlights the importance of
enhancing the biocompatibility of the catheter for endocardial and epicardial gene delivery
[15]. Despite the simplicity and safety of catheter-based endocardial and epicardial injection,
there is an increased potential for complications associated with ventricular perforation,
cardiac tamponade, endocardial thrombosis and intramyocardial hematoma, especially in
patients with chronic ischemia who have thinned and scarred myocardium [9].

Along with demonstration of the feasibility of percutaneous endocardial gene transfer and
gene expression, many questions still exist regarding this approach [10]. In patients with
ischemic cardiomyopathy, should vector/transgene administration be targeted to ischemic
areas alone or to “border zone” to stimulate collateral flow? What quantity represents the
ideal dose and how many injections are necessary, especially given that the patients have
multiple areas of ischemia?

2.3. Intramyocardial injection

The majority of successful preclinical studies have involved direct administration of vector.
This technique allows for the application of a high concentration of vector directly at the
target site. Several groups have demonstrated the feasibility of delivering transgenes to the
heart via direct intramyocardial injection of plasmid DNA [16-19] (Fig. 2¢). Although these
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studies have been encouraging because plasmid DNA may be expressed for up to six months
by cardiomyocytes adjacent to the area of injection, estimates of the number of myocytes
that can be transfected 7 vivo have been as low as 60 to 100 cells per injection [16]. This
low efficiency has made it difficult to measure the physiological effects of gene expression
in myocytes, making it unlikely that clinically significant effects will result [20]. The low
transduction efficiency of plasmid DNA vectors lead to the search for improved gene
transfer efficiency with direct injection of an adenovirus vector. Hearts transfected with an
adenovirus vector containing the p-galactosidase gene showed significantly increased -
galactosidase enzymatic activity compared with hearts injected with p-galactosidase
plasmid. Unfortunately, the gene expression persisted only one week after injection and it
was noted to be coupled with an acute inflammatory response, which the authors considered
to be related to the injury produced by direct injection as well as a cellular immune response
against the adenovirus itself [20].

The studies of French et al. [21] demonstrated for the first time in a porcine model a number
of important points relevant to this technique: 1) direct intramyocardial injection of
replication-deficient adenovirus is 140,000 times more efficient than injection of an equal
number of genome copies of recombinant plasmid DNA and can program recombinant gene
expression in the cardiomyocytes of a large animal species; 2) the impact of this procedure
on cardiac function appears to be negligible; 3) the amount of recombinant protein produced
increases with the amount of virus; 4) the expression of recombinant genes following
intramyocardial injection is similar in the left and right ventricles; and 5) the percentage of
cardiomyocytes expressing p-galactosidase in the needle track adjacent to the injection site
may be quite high but rarely are lacZ positive cells detected farther than 5 mm from the
injection site [21]. In a study in dogs using adenovirus encoding chloramphenicol acetyl
transferase, peak gene expression was noted at two days and decreased by an order of
magnitude 14 days after direct single myocardial administration. In this study, there was no
significant transduction of distant organs and no documented changes in global or regional
LV function [22]. However, the feasibility of adenovirus-mediated gene transfer has been
limited by the cellular immune response which causes myocardial inflammation and results
in transient recombinant gene expression [23]. Svensson et al. showed that stable -
galactosidase expression can be achieved without evidence of myocardial inflammation or
myocyte necrosis after substituting rAAV for adenovirus vector-mediated gene transfer [24].
Further, in an interesting study, Tomiyasu et al., succeeded in augmenting cardiac function
in cardiomyopathic hamsters with heart failure by transfecting cardiac muscle with the B,-
AR gene after direct intramuscular injection. Echocardiographic examination revealed that
stroke volume and cardiac output were significantly elevated at two to four days after B,-AR
gene transfer [25].

Rengo et al. studied myocardial gene transfer to post-myocardial infarct rats with
intramyocardial direct injection. In order to stop beating of the heart (for 2.5 min), adenosine
was injected and both ascending aorta and pulmonary artery were clamped. A volume of
4x1011 total particles of rAAV6-BARKct was injected in the LV free wall. The investigators
found robust transgene expression in the LV at 12 weeks after delivery. An interesting
finding was that BARKct (gene of interest) significantly improved cardiac contractility and
reversed LV remodeling in this heart failure model [26].

In summary, the direct gene delivery approach was the first among others that helped
establish the therapeutic efficacy of cardiac gene therapy. Furthermore, the use of this
method resulted in successful therapeutic myocardial angiogenesis [27], and focal treatment
of cardiac arrhythmias through effects on cellular electrophysiology [28]; thus, making this
platform very relevant and still widely used. Finally, this approach has been successfully
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utilized in some experimental models and Phase I/11 clinical trials demonstrating its potential
therapeutic relevance [29-35] (Fig. 3).

3. Transvascular gene delivery

There are many potential therapeutic targets that are inaccessible directly /n vivoand, hence,
require the transvascular administration of gene delivery vectors. A few candidate
therapeutic applications include essential hypertension and pulmonary hypertension.
Effective therapy in these diseases will likely require a gene delivery method capable of
globally transducing the myocardium and selected other tissues and organs [36—38]. This
paradigm is particularly valid in heart failure gene therapy where most authors agree that
gene transfer should be as diffuse and homogeneous as possible [39,40].

3.1. Selective coronary catheterization with antegrade intracoronary delivery

To date, one of the most attractive and most common of gene delivery methods involves
catheter-based, percutaneous infusion of vector into the coronary arteries (Fig. 4a). The
benefits of this technique include its minimal invasiveness, the possibility of transgene
delivery to all four myocardial chambers and the delivery of vector genomes using
endovascular coronary catheterization—a procedure for which there is established clinical
experience. Early reports using simple antegrade intracoronary delivery achieved very
limited myocardial transduction efficiency [22,39,41,42]. The variability in transduction was
due to a number of factors that include differences between animal species, biocompatibility
of catheter and vector, different pharmacological agents used to permeabilize the
vasculature, and vector-related variables such as vector serotype and titer [4]. Using
intracoronary perfusion in explanted hearts, Donahue et al. reported highly effective gene
transfer to the heart and identified critical parameters influencing the efficiency of
intracoronary gene transfer. These included exposure time, high coronary flow rate and
perfusion pressure, the use of crystalloid solution as opposed to whole blood, virus
concentration, and temperature [37]. Several authors believe that aside from these factors, a
major deficiency in intracoronary gene transfer is the short residence time of vector within
the coronary circulation [39,43,44]. Attempts to resolve this shortcoming have resulted in a
number of strategies. Logeart et al. showed that brief interruption of coronary flow is
required to obtain significant myocyte transduction during single-pass delivery in the
isolated rat heart model [42]. In other experiments, this laboratory obtained similar results /n
vivo, when adenoviruses were delivered downstream of an occluded artery and when
occlusion was maintained for 30 s following adenovirus injection [42]. This procedure raises
questions as to the potential role of ischemia in enhancing gene transfer by increasing
microvascular permeability. The authors also demonstrated that selective catheterization of
the coronary venous sinus, which was transiently occluded and retroperfused with saline
during their procedures, increased the pressure inside post-capillary venules, which in turn
improved gene transfer by increasing vector residence time in coronary vessels [39].

Hayase et al. used the technique of antegrade intracoronary gene delivery with concomitant
coronary venous blockade. The myocardium was preconditioned with 1 min of occlusion of
the left anterior descending and circumflex arteries. Quantitative B-galactosidase analysis
showed that gene expression was improved after selective coronary venous blockade [40].
Donahue et al. found that decreasing perfusate Ca2* concentration or pre-treating with
serotonin or bradykinin significantly decreased the exposure time necessary to achieve
widespread transfection [45]. To prolong viral exposure time, Ding et al. pharmacologically
induced transient cardiac arrest, simultaneously, as they occluded the aorta and obstructed
venous return to the heart. Cardiac arrest of 2 min allowed for transfection of 18% of cells,
whereas an extended time to 5 min resulted in a cardiac transfection of about 43% of cells
[43].
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Increasing perfusion pressure and flow augments myocardial expression perhaps by
increasing the fenestration width between capillary endothelial cells, permitting better viral
transendothelial transfer and enhancing virus—myocyte interaction [46,47]. Emani et al. used
an apparatus consisting of a constant flow infusion pump with pressure transducer and
examined the effects of altering intracoronary flow rate, while obtaining a seal between the
catheter and the coronary lumen. The results indicate that efficient cardiac transgene
expression is dependent upon the infusion flow rate and requires an intraluminal seal.
Excessive flow rate is associated with myocardial injury [48].

3.2. Nonselective (indirect) intracoronary delivery

Hajjar et al. observed that adenovirus infusion into the left ventricle during brief aortic
clamping results in efficient adenoviral gene transfer, perhaps due to the resulting high
perfusion pressure inside the coronary vessels (Fig. 4b). Later, to achieve diffuse cardiac
gene transfer in vivo, the authors developed a catheter-based technique in rodents. In this
approach, a catheter was inserted in the LV apex and advanced beyond the aortic valve. A
high concentration of an adenoviral preparation was then injected through the catheter while
the aorta and pulmonary artery were cross-clamped, distal to the catheter tip for a period of
10 to 40 s. This method achieves grossly homogeneous transduction of cardiac myocytes
throughout the left and right ventricles. By cross-clamping both the pulmonary artery and
the aorta, the left ventricular end-diastolic pressure does not increase because blood return to
the left ventricle is minimal. This method relies on the creation of a transcoronary
myocardial perfusion gradient for vector delivery. This allows perfusion of the virus at
relatively low downstream pressure, and the endocardium can be efficiently transfected. It is
noteworthy, according to the authors, that aortic occlusion during aortic valvuloplasty is
well tolerated in generally ill patients for periods of time comparable to those required for
gene transfer in animal models [36,49]. Maurice et al. used a similar technique in the
leporine model, whereby a catheter was placed into the LV chamber through the apex of the
heart. The adenovirus solution was injected while the aorta was cross-clamped for 40 s.
After six days, the authors found global myocardial B-galactosidase expression in both
ventricles. However, three weeks later, po-AR over-expression was minimal [50]. This
method shunts the virus down the coronary arteries, and global transgene expression is
possible; yet, there is a risk of systemic ischemia and acute LV overload during the aortic
cross-clamping, and time must be limited [51]. This data was supported by Parsa et al., who
showed in a rabbit model with cross-clamping of aorta, a significant decrease in dP/dty,y
which they explained, indicates a negative effect on cardiac contractility after aortic
occlusion with elevation of afterload [46]. Kaspar et al. also used aortic and pulmonary
artery cross-clamping for indirect coronary delivery of AAV encoding GFP. Gene
expression was evaluated at four time points up to one year after vector delivery, revealing
20-32% transmural gene expression in the left ventricle [52]. Eckhart et al. showed that /n
vivo myocardial gene delivery in rabbits using this LV/cross-clamp delivery method of
either the BoAR transgene or a gene encoding BARKGct can enhance cardiac function in
normal hearts as well as failing hearts [53]. Variations of this method may include clamping
of the aorta without pulmonary artery occlusion, occluding the distal rather than ascending
aorta, and the use of hypothermia to prolong cross-clamp times [4].

3.3. Selective coronary sinus or coronary venous catheterization with retrograde delivery

The feasibility and efficacy of percutaneous retrograde gene delivery by selective pressure-
regulated retroinfusion of the coronary veins has been demonstrated by Boekstegers et al.
Using their constructed apparatus, consisting of a pump unit, extracorporeal circuit,
retroinfusion catheter and suction device, the authors demonstrated advantages of retrograde
delivery compared to ante-grade and confirmed the results from several groups that blocking
the venous outflow and coronary ischemia can significantly increase viral transfection of the
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myocardium [44,54]. These authors believe that selective coronary retroinfusion prolongs
adhesion time of the vector and increases endothelial permeability. This finding has led to an
important advance in this field of delivery, although this method does not reduce
transduction of extracardiac organs like liver and lung [55]. Also, Hou et al. showed that a
single retrograde coronary venous administration resulted in efficient regional myocyte
transfection of human Del-1 and GFP. The authors believe that the coronary venous
approach offers minimal washout and allows for controlled dwell times for longer exposure
[56]. Kaye at al. developed the V-Focus delivery system for a minimally invasive
percutaneous procedure, which was designed to isolate the coronary circulation from the
systemic. This system includes percutaneous intervention catheters, extracorporeal
pumpoxygenator circuit, infusion pump and monitors. According to the authors, this system
achieves superior myocardial gene expression in contrast to intracoronary delivery and is
associated with lower systemic expression [57,58]. Although the authors represent this
method as a “closed-loop” recirculation, careful analysis of the authors’ reported
quantitative PCR results indicates that the vector genome concentration was 26 times higher
in the liver than in the heart and thus isolation of the heart was not achieved as claimed [59].

In summary transvascular gene delivery provides the ability to obtain homogenous [60] and
efficient cardiac gene expression accomplished with rapid dilution of vector in circulating
blood with significant extracardiac expression [61-62]. Surgical manipulations included
temporary aortic/pulmonary clamping or coronary arterial/venous occlusion but both have
significant clinical limitations and would require more translational research, preferably in
large animals, prior to considering clinical application (Fig. 5).

4. Ex vivo gene delivery

Even though there is a shortage of donor organs, over 2000 heart transplants are performed
annually in the United States. Ex vivo, myocardial gene delivery to the donor heart before
reimplantation is an active area of investigation [63] (Fig. 6). Such an approach is clinically
relevant in the setting of clinical heart transplantation and in surgical treatment of heart
failure. Strategies to improve cardiac allograft function could potentially increase the
longevity of current allografts, modulate the host immune response for prevention of
allograft rejection, treat ischemia—reperfusion injury and make available additional marginal
organs for transplantation that are currently not utilized [64]. Multiple studies have
demonstrated the ability to transfect cardiac allografts with intracoronary, intramuscular and
transported delivery of vectors prior to transplantation [60,65-67]. Because gene delivery is
carried out in the donor heart, total body virus exposure is limited in the recipient, thus
making it clinically attractive [68]. Using intracoronary perfusion in explanted hearts,
Donahue et al. reported highly effective gene transfer to the heart [37].

In the study of Griscelli et al., recombinant adenoviruses encoding -galactosidase were
injected into the coronary vessels of the harvested non-beating hearts of piglets at a dose
1010-1011 pfu. The hearts were maintained in contact with the vector-containing solution for
1 h at 4 °C and the coronary vascular bed was then washed out by injecting 100 ml of
cardioplegia solution and the last virus titer in the coronary sinus effluent was three logs
below that of the infused viral solution. Gene transfer to allografts was evaluated four days
after heterotopic reimplantation. In four out of 11 animals transgene expression was detected
in all cardiac areas, PCR analysis revealed minimal collateral organ transfection [60], and
gene expression was not enhanced by the exclusion of blood [47]. Shah et al. performed ex
vivo perfusion of cardiac allografts with adenovirus encoding transgenes that enhance p-AR
signaling [69]. The group demonstrated that five days after heterotopic transplantation, left
ventricular systolic and diastolic performance was significantly increased in transfected
grafts compared with controls. Further, Svensson et al. showed that 15 min of perfusion with
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AAV.CMV .lacZ was sufficient to result in transduction of 40% of cardiomyocytes after four
weeks [24].

5. CPB and cardioplegic arrest

Another possible application of gene therapy is its use during operations with extracorporeal
circulation or cardiopulmonary bypass (CPB), which has become a routine cardiac
procedure. In fact, in 2009 more than one million cardiac procedures that depend upon CPB
were performed worldwide. Potentially widespread clinical application would involve
intracoronary (antegrade or retrograde) gene transfer in the setting of CPB and cardioplegic
arrest. The ability to augment myocardial performance with gene transfer could potentially
reduce the need for long-term inotropic or mechanical support in the post-bypass setting,
avoiding the complications associated with these interventions [64]. High-risk patients
undergoing revascularization or valve replacement with coexisting severely reduced
ventricular function and inherited forms of cardiomyopathy might particularly benefit from
concomitant gene therapy. Bridges et al. and Davidson et al. first hypothesized that
cardiopulmonary bypass may facilitate cardiac-selective gene transfer using recombinant
replication-deficient adenovirus [70,71]. The absence of a significant influence of cold
temperatures on transgene expression in an /7 vivo model with CPB was described by Jones
etal. [72]. They also demonstrated that, the presence of crystalloid cardioplegia compared
with blood cardioplegia within the coronary circulation had no effect on transgene
expression and hypothesized that endothelial contact with cardioplegia and the associated
relative ischemia likely increased endothelial permeability [73]. Ikeda et al. evaluated the
feasibility of restoring 8-sarcoglycan deficiency in cardiomyopathic hamsters after injection
of a cardioplegia solution containing an adenoviral vector encoding &-sarcoglycan into the
aortic root [74]. At one and three weeks after transfection, immunostaining showed
extensive restoration of deficient membrane proteins with significantly less progression of
LV dysfunction compared with controls. Davidson et al. demonstrated the feasibility of
myocardial gene delivery during CPB with cold, hyperkalemic cardioplegic arrest in the
porcine model [71] (Fig. 7a). Unlike previous studies that utilized a single-pass perfusion
technique, Bridges et al. were the first to create an isolated “closed-loop” recirculating
model of vector-mediated cardiac gene delivery in the large animal heart using
cardiopulmonary bypass with an antegrade delivery approach, allowing for vector
recirculation for 20 min [70]. Later, they used CPB with high-pressure retrograde coronary
sinus infusion with multiple-pass recirculation of vector through the heart and washed out of
the cardiac circuit prior to weaning from CPB, which limited extracardiac gene expression
(Fig. 7b). They were able to show an increase of several orders of magnitude in cardiac
marker gene activities compared with controls. Furthermore, there was minimal gene
expression in the liver and other collateral organs [75]. These results validate this surgical
technique as a potentially clinically translatable approach for cardiac gene therapy in
carefully selected patients.

In summary, despite the attractiveness of ex vivo and CPB-mediated gene delivery
approaches, it should be noted that one cannot exclude possible attendant morbidity.
Morbidity may be related to technique-associated complications as well as the additional
CPB time required. Finally, these methods have not been translated to clinical trials, and the
only evidence we have that they are effective is founded on the basis of data derived from
experimental studies. Therefore, it is difficult to judge objectively about the likely clinical
efficacy of these gene delivery platforms (Fig. 8).
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6. Cardiac gene delivery in clinical trials

A significant proportion of patients with myocardial ischemia and congestive heart failure
remain refractory to pharmacological therapies and unsuitable for percutaneous or surgical
interventions [76]. Trials involving gene therapy in patients with ischemic heart disease have
been undertaken to stimulate angiogenesis. Rosengart et al. reported a Phase | clinical trial
involving 21 patients with clinically significant coronary artery disease that utilized
adenovirus encoding human VEGF 121 cDNA with a goal to induce therapeutic
angiogenesis. The vector construct was administered by direct myocardial injection into an
area of reversible ischemia either as an adjunct to coronary artery bypass grafting or as sole
therapy via a minithoracotomy. In both groups, coronary angiography and stress sestamibi
scans suggested improvement in angina class patients after therapy [33,77]. Percutaneous
catheter-based myocardial gene transfer of naked plasmid DNA encoding phVEGF-2 was
tested in human subjects by Vale et al. [78]. After the completion of electromechanical
mapping, the injection catheter was introduced percutaneously via a femoral arteriotomy
across the aortic valve into the LV and the needle was advanced 4 to 6 mm intramuscular to
administer six injections of plasmid DNA into the ischemic myocardium. All patients
experienced reduced angina, reduced nitroglycerin usage and improved myocardial
perfusion by SPECT-sestamibi scanning. Also, results of single intracoronary administration
of Ad5-FGF4 show evidence of favorable anti-ischemic effects in patients with stable
angina pectoris [79]. In this study the transgene was infused over a period of 90 s through
subselective catheters into all major patent coronary arteries that could be engaged.
Nevertheless, it should be noted that these Phase | studies have not measured the amount of
recombinant protein produced; hence, it has not been possible to make accurate, quantitative
determinations of the relative efficiency of gene transfer, and a placebo-induced therapeutic
effect cannot be excluded.

Hajjar et al. and Jaski et al. performed the first-in-human Phase I/11 clinical trial with single
intracoronary infusion of AAV1.SERCAZ2a in advanced heart failure. Standard percutaneous
catheter engagement technique with the coronary arteries was performed. This usually
involves delivering two-thirds of the dose to the anterolateral and one-third to the
posterolateral myocardium, based on the coronary anatomy. Of the nine patients, several
demonstrated symptomatic, functional and biomarker improvements from baseline to month
six. The Phase Il results of this trial are not yet available [80,81].

7. Future directions

Although this review has outlined progressive improvement in efficiency and safety of
delivery systems, many hurdles still have to be overcome. Direct delivery approaches
should: (1) lead to homogeneous delivery to the target tissue and appropriate regional
distribution of the vector; (2) be accompanied by techniques such as electromechanical
mapping to determine areas of ischemic, border and viable myocardium; (3) be used in
additional research studies and clinical trials confirming evidence of enhanced collateral
flow after myocardial injections of angiogenic factors and demonstrating appropriate atrio-
ventricular node genetic modification. Future developments in systemic delivery approaches
have to improve safety by minimizing the possibility of extracardiac expression and its
potentially toxic effects. Additionally, the known catheter-based platforms need further
modification to create more reliable “closed-loop” coronary recirculation systems. Gene
transfer using CPB should be less complex, ideally through the development of minimally
invasive approaches that achieve equivalent, highly efficient and cardiac-specific delivery
results.
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8. Conclusions

On the basis of the reviewed methods, characteristics of optimal technique for cardiac gene

de

livery must be safe, clinically translatable and (ideally) incorporate the following: (1)

route of delivery: retrograde transvenous through the coronary sinus/coronary veins or

an
to
en

tegrade intracoronary through coronary arteries; (2) washout of vector after gene transfer
minimize collateral expression; (3) increased myocardial transcapillary gradient and/or
hanced transendothelial transport of viral particles from the vasculature into the

interstitium, using physical or pharmacological methods; (4) creation of a “closed-loop” for
extended transgene residence time in the coronary circulation; and (5) myocardial
preconditioning with temporary local ischemia or concomitant coronary venous blockade.
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Current Cardiac Gene Delivery Techniques

|

[ Interventional Approach ]

o Beating Heart o Percutancous
¢ Ex Vivo Perfusion Catheter Based
Pre-Transplantation ¢ Thoracotomy
¢ Cardiopulmonary o Sternotomy
Bypass o Subdiaphragmatic
4
Direct: Transvascular:
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¢ Coronary Arteries

Fig. 1.
Cardiac gene delivery techniques.
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Fig. 2.
Direct methods of gene delivery. a. Epicardial. b. Endocardial. c. Intramyocardial.
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Direct Gene Delivery Approach

)

e B

Possible to genetically alter the entire organ or
system [21,22,25]

Readily applicable to therapeutic angiogenesis or to
focal arrhythmia therapy [2,27,28]

Feasibility, safety, and potential efficacy have been
established in Phase I/Il Clinical Trials [29-33]

Results in a pattern of mild or moderate but
multifocal transgene expression [16]

Is sufficient to affect global phenotypic changes such
as improved ventricular contractility and alteration of
ECG intervals [2,25,26]

Allows for targeted, relative myocardial specific
delivery and higher local concentration of transgene
[9,21,35]

Is simple and reproducible [9,20]

Transgene expression is limited to injection site
[5,6,21]

Does not preclude systemic vector spread [5,6,14]
Does not achieve homogeneous expression in
myocardium [5,6,8,21]

Acute inflammatory response secondary to myocardial
injury [19,20]

Advantages and limitations of direct gene delivery approach.
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Right
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Fig. 4.
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b)

Left
coronary
artery

Left
Right ventricle
coronary

artery

Transvascular gene delivery. a. Selective coronary catheterization with antegrade delivery.

b. Nonselective intracoronary delivery.
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Fig. 5.

Transvascular Gene Delivery Approach

e e

Provides the ability to obtain a more homogenous cardiac
gene expression [36-40,60]

Demonstrates efficient gene transfer [37,49,50]

Presents the possibility to deliver vector to the whole
myocardium [39,44]

Is based on extensive clinical experience in coronary
catheterization procedures and is minimally invasive
[36,39]

Dilutes vector concentration in the circulating blood
(60

Disseminates genes to collateral organs [50,55,61,62]
Allows for short lived contact between vector and
cardiomyocytes [39,43,44,60]

Consistent levels of transgene expression in the heart
are difficult to obtain [35,44]

Additional surgical manipulation such as aortic and
pulmonary artery clamping may not be clinically
feasible [43,49,50,51,52]

Includes single pass intracoronary delivery, which leads
to rapid washout of vector [42]

Risk of potential coronary artery dissection and plaque
ruptures [35]

Potential difficulties with gene biodistribution in
atherosclerotic vessels [35]

Surgical systems for percutaneous pressure regulated
retrograde infusion and V-focus are complicated and
expensive [54,57,58]

Advantages and limitations of transvascular gene delivery approach.

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 June 17.

Page 19



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Katz et al.

Heat
Exchanger

Fig. 6.
Ex vivo gene delivery.
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a) Cardiopulmonary Bypass - mediated gene delivery

Membrane
Oxygenator

Gene
Delivery

b) Cardiopulmonary Bypass (MCARD) - mediated retrograde gene delivery
with cardiac isolation

1' 4 Membrane
Pump o ’ %% Oxygenator

Coronary

Gene Sinus

Exchange
Reservoir

Fig. 7.

Cardiopulmonary bypass-mediated gene delivery. a. Gene delivery via conventional
cardiopulmonary bypass. b. Gene transfer via cardiopulmonary bypass with complete

cardiac isolation and recirculating delivery (MCARD).
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[

Ex Vivo and CPB Mediated Gene Delivery Approach

)

e

Provides better conditions for gene delivery because
vector is injected in non-beating heart [60,64]
Extends vector residence time in the coronary
circulation [39,48,75]

Increases the myocardial transcapillary gradient and
decreases the resistance to filtration using physical
methods like perfusion pressure and flow rate [46-48]
CPB allows for isolation of the cardiac circulation from
the systemic, which augments coronary vector
concentration [70,75]

Allows for washout of vector post gene delivery to
minimize collateral gene expression [60, 75]

Can remove blood components [72,73]

Creates a closed loop for multiple pass coronary
circulation and control of temperature and ionic
composition of the perfusate [70,72,73,75]

Has attendant morbidity and intrusiveness associated
with CPB [70-72]

Increased CPB and cross clamp time [71,73,75]
Absence of clinical trials to evaluate results
Technically difficult to execute consistently [70-73]

Fig. 8.
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Advantages and limitations of ex vivo and cardiopulmonary bypass-mediated gene delivery

approach.
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