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Abstract

The concept of gene therapy was introduced in the 1970s after the development of recombinant 

DNA technology. Despite the initial great expectations, this field experienced early setbacks. 

Recent years have seen a revival of clinical programs of gene therapy in different fields of 

medicine. There are many promising targets for genetic therapy as an adjunct to cardiac surgery. 

The first positive long-term results were published for adenoviral administration of vascular 

endothelial growth factor with coronary artery bypass grafting. In this review we analyze the past, 

present, and future of gene therapy in cardiac surgery. The articles discussed were collected 

through PubMed and from author experience. The clinical trials referenced were found through the 

Wiley clinical trial database (http://www.wiley.com/legacy/wileychi/genmed/clinical/) as well as 

the National Institutes of Health clinical trial database (Clinicaltrials.gov).

My hour is almost come.—Hamlet, Act I.

The concept of gene therapy was introduced in the 1970s after the development of 

recombinant DNA technology. Despite great expectations, the early days of gene therapy are 

known for setbacks including the failures of initial clinical trials, reports of well-known 

complications, and safety and ethical concerns. These early issues seriously hampered the 

development of this scientific field and engendered a lot of skepticism, which to a certain 

degree persists to this day. However, gene therapy has advantages over other therapies in the 

ability to change the structure and function of the cell at the molecular level as well as the 

ability to directly target intracellular signaling pathways. Moreover, gene therapy is currently 

experiencing a revival in different medical disciplines. Recent major clinical successes in 

gene therapy include improvement in visual function in patients with Leber’s congenital 

amaurosis after subretinal delivery of recombinant adeno-associated viral (AAV) vector 

carrying the gene RPE65 [1], termination of cerebral demyelination in patients with X-

linked adrenoleukodystrophy treated with CD34 cells genetically corrected ex vivo with a 

lentiviral vector encoding the ABCD1 gene [2], complete remission in chemotherapy-

refractory B-cell lymphoma after injection of genetically modified T cells [3], the use of 

autologous genetically modified epidermal stem cells for epidermolysis bullosa, a 

devastating genetic skin disease, shown to be safe and stable long-term (6.5 years) [4], and 
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the approval by the European Medicines Agency of the first gene therapy product, Glybera 

(alipogen tiparvovec), consisting of AAV-mediated lipoprotein lipase gene for the treatment 

of lipoprotein lipase deficiency [5]. In our opinion these achievements are explained by 

progress in molecular biology and valuable lessons learned from the past.

Cardiac gene transfer received an impetus to its development in 1990 with the surgical direct 

intramyocardial injection of β-galactosidase/plasmid DNA construct into the left ventricle 

(LV) of beating rat hearts. Gene activity was demonstrated 4 weeks after delivery, direct 

evidence that the gene was taken up and expressed in myocytes [6]. In the next 15 years, 

many cardiac surgeons in the United States and abroad have made significant contributions 

to the further development of gene-based therapy. However, progress to clinical trials for 

gene therapy in cardiac surgery has been lacking. Cardiovascular applications account for 

7.8% of gene therapy clinical trials, and cardiac surgery accounts for only 6.2% of these—or 

0.48% of all gene therapy clinical trials. It is also interesting that provided an explanation of 

gene therapy, 80% of patients surveyed who underwent cardiac surgery would accept gene 

therapy as a concomitant treatment [7].

The primary existing clinical trial approaches in cardiac surgery are therapeutic angiogenesis 

for coronary artery disease as well as the pretreatment of vein grafts before coronary artery 

bypass grafting (CABG) to prevent graft failure. Promising directions include concomitant 

genetic treatment with cardiac surgery for low ejection fraction, as well as advances in 

cardiac transplantation and correction of atrial fibrillation and other types of arrhythmias.

In this review, we will (1) describe and analyze prospective or unfinished gene therapy 

clinical trials in cardiac surgery, (2) compare and contrast cardiac surgical clinical trials with 

cardiology clinical trials in their most investigated application, therapeutic angiogenesis, and 

(3) summarize the hurdles and prospects of current cardiac surgery clinical trials.

Clinical Trials in Cardiac Surgery

The vast majority of gene therapy clinical trials in cardiac surgery are devoted to the 

stimulation of angiogenesis.

Stimulation of Angiogenesis

Angiogenesis, the formation of new vessels from existing endothelium, has an important 

role in tissue perfusion, collateral growth, and contractile function. Angiogenesis can be 

initiated by stimulation of angiogenic growth factors through recombinant or purified 

proteins that regulate endothelial cell activation and migration, the secretion of plasminogen 

activators and proteolytic enzymes, and endothelial permeability, and that eventually affect 

myocyte survival [8]. Gene therapy has an advantage over protein delivery owing to its more 

sustained therapeutic effect [9]. Exogenous overexpression of genes coding for 

proangiogenic factors offers an attractive solution in patients for whom full revascularization 

is impossible. The first gene therapy clinical trial in cardiac surgery was performed in 1997 

through 1999 (Table 1) [10–17]. On completion of the CABG procedure, adenoviral (Ad) 

vector expressing vascular endothelial growth factor (VEGF) 121 (Ad.VEGF 121) was 

administered by direct myocardial injection into the areas of myocardium that demonstrated 

Katz et al. Page 2

Ann Thorac Surg. Author manuscript; available in PMC 2016 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reversible ischemia by perfusion scan. The injections were done in 10 sites per patient in the 

left anterior descending coronary artery and circumflex artery areas with a maximal dose of 

4 × 1010 vector genomes. All patients reported improvement in angina class after therapy, 

and gene administration was well tolerated [10]. Long-term follow-up (median, 11.8 years) 

showed improved 5- and 10-year survival relative to comparable groups with coronary artery 

disease treated with medical therapy as well as the safety of Ad.VEGF gene therapy [11]. A 

later trial reviewed the injection of plasmid vector encoding VEGF165 into ischemic 

myocardium that could not be surgically revascularized during CABG. Left ventricular 

function values improved, and the majority of patients were free from angina 6 months after 

surgery. Patients reported improved quality of life and a reduction in nitroglycerin usage. A 

reduction in the ischemic defects detected by single-photon emission computed tomography 

was also observed [12]. A multicenter, randomized, double-blind, placebo-controlled study 

was performed using a single Ad delivery of an endogenous transcription factor, termed 

hypoxia inducible factor (HIF-1α), which initiates the expression of multiple proangiogenic 

genes. Patients who could not undergo complete revascularization in all myocardial areas 

received 10 injections of Ad.HIF-1 during CABG. At 1-year follow-up, all patients had 

uncomplicated postoperative courses, and various imaging techniques revealed improved 

perfusion in the Ad.HIF-injected areas in selected patients and a trend toward improvements 

in ventricular function in the targeted areas [13]. The randomized, double-blind, placebo-

controlled Endothelial Modulation in Angiogenic Therapy trial (ClinicalTrials.gov 

NCT00134433) was performed with intramyocardial injection of VEGF-165 plasmid (10 

injections at a dose 200 μg before release of the cross clamp) and L-arginine (substrate for 

nitric oxide production) during CABG [14]. End points included 3-month changes versus 

baseline in myocardial perfusion and contractility. The authors indicated that the patients 

who received VEGF and L-arginine had improved anterior wall perfusion based on positron 

emission tomography scan and had better anterior wall contractility [14]. Moreover, we 

found two more approved trials without published results: intramyocardial injection of 

Ad.HIF during CABG and intramyocardial injection of Ad.VEGF121 during off-pump 

CABG (Wiley clinical trial identifier numbers US-0374 and US-0442, respectively). A phase 

1, dose-escalation, single-center study assessed the safety and tolerability of the plasmid 

VM202 encoding hepatocyte growth factor in subjects with ischemic heart disease as an 

adjunct therapy to CABG. VM202 contains a genomic cDNA hybrid of the human 

hepatocyte growth factor gene that can express multiple isoforms of hepatocyte growth 

factor through alternative splicing. Injection was performed in 9 patients into the right 

coronary artery territory. Authors demonstrated that intramyocardial injection of VM202 can 

be safely used in patients undergoing CABG and that improved regional myocardial 

perfusion and wall thickness were observed in the injected region at the 6-month follow-up 

(ClinicalTrials.gov NCT01422772) [15].

Comments—On the basis of reviewed completed and pending clinical trials, the following 

may be concluded: (1) all trials indicate that gene therapy is safe, feasible, and potentially 

efficacious; (2) growth factor gene therapy demonstrated evidence of improved myocardial 

perfusion in treated versus control groups; (3) plasmid DNA may not transfect or express as 

efficiently as viral vectors; (4) single intracoronary or intravenous administration may not 

deliver sufficient amounts of the vector to the target tissue; and (5) despite several 
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encouraging clinical trials, especially the first, further trials have slowed down. In our view 

this is because of concerns about side effects of angiogenesis, controversial results after 

cardiology trials, difficulties in obtaining US Food and Drug Administration permission, and 

finding the funds for testing.

COMPARATIVE EVALUATION OF THERAPEUTIC ANGIOGENESIS CLINICAL 
TRIALS IN CARDIOLOGY AND CARDIAC SURGERY: Despite the focus of this 

review on cardiac surgery, a comparative assessment with cardiology trials is provided 

because of overlap in therapeutic agents, vector of administration, therapeutic targets, end 

points, and outcome, as well as the additive value of the results of the two fields. Moreover, 

many clinical trials in cardiology have used surgical methods of gene transfer, an ongoing 

trial in the United Kingdom used surgical patients with LV assist devices, and some 

cardiology trials were performed by surgeons and cardiologists together; thus it is 

impossible to fully cover cardiac surgery trials without discussing cardiology trials.

Route of Delivery—The first clinical trial using gene therapy for therapeutic angiogenesis 

in cardiology was started almost at the same time as in cardiac surgery, using surgically 

assisted minithoracotomy to inject naked plasmid DNA encoding VEGF165 directly into 

ischemic myocardium not amenable to revascularization [18]. Minithoracotomy with 

intramyocardial (transepicardial) gene delivery was used several more times in clinical trials 

in patients who were not candidates for future direct revascularization because of diffuse 

disease with poor runoff vessels, lack of available conduits, or high operative risks [19–23]. 

The next step was intramyocardial (transendocardial) injections performed percutaneously in 

conjunction with the catheter-based LV electromechanical three-dimensional mapping 

system NOGA [24–27] or a Myostar mapping injection catheter [28]. Catheter-based 

antegrade intracoronary gene administration allows the possibility of repeated procedures 

delivering homogeneously to the whole myocardium, representing an advantage compared 

with intramyocardial transfer. Several phase 1 and 2 clinical trials have been carried out 

using intracoronary infusion [29–33].

Vectors—The efficacy and duration of gene expression are to a large extent determined by 

vector type. Despite the diversity of available vectors, all clinical trials were performed with 

either plasmid DNA [18, 24–27] or replication-deficient adenovirus [22, 29–32]. Viral 

vectors, in particular adenovirus, have much higher transduction efficiencies than plasmid 

DNA owing to the ability of a virus to deliver DNA to the nucleus [34]. However, plasmids 

are easy to isolate, can be produced in large quantities, and have no toxicity or 

immunogenicity [35].

Therapeutic Agent—Clinical trials for angiogenesis in cardiology included VEGF-A165, 

VEGF-121, VEGF-C, and fibroblast growth factor. In cardiac surgery, VEGF-A165, 

αVEGF-121, Ad.HIF-1, and hepatocyte growth factor were investigated. The role of VEGF 

in the regulation of angiogenesis has been the object of intense investigation. Five members 

of the VEGF family have been identified (A through D and placental growth factor). The 

predominant isoform is VEGF-165, and it has been used most frequently in clinical trials 

[36].
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Therapeutic Outcome—The assessment of therapeutic outcome after gene therapy 

clinical trials usually includes exercise stress testing to estimate functional capacity, 

echocardiography, nuclear scanning, computed tomography, magnetic resonance imaging, 

and cardiac catheterization [22, 28, 29, 31, 37]. Significant improvement in angina 

symptoms and exercise tolerance tests were found in many trials [10, 11, 21, 25, 32, 37, 38]. 

Improvement of regional wall motion was also noted [26, 39]. Administration of 

Ad.VEGF121 by direct intramyocardial injections resulted in objective improvement in 

exercise-induced ischemia in patients with refractory ischemic heart disease [22]. However, 

a multicenter phase 3 AGENT-4 (Angiogenic Gene Therapy) found no effect on exercise 

tolerance at 12 weeks in 116 patients [32]. In the Euroinject One Study, no differences were 

found regarding angina class or size of the perfusion defect after gene transfer [26]. The 

phase 2 Genetic Angiogenic Stimulation Investigational Study (GENASIS) Trial was 

stopped because of a lack of positive impact on the primary end point.

Clinical Trial Design—Several small nonrandomized trials dedicated to safety and 

tolerance were performed both in cardiology and cardiac surgery [18, 19, 24, 33, 38]. These 

trials provide limited evidence about the efficacy, durability, and stability of the therapeutic 

effect. It is clear that it is necessary to conduct more randomized, double-blinded, placebo-

controlled trials. The phase 2 Kuopio Angiogenesis Trial study (n = 103) was randomized 

with a placebo-treatment group [29]. Euroinject ONE was a randomized, double-blind, 

placebo-controlled trial with VEGF-165 plasmid [26]. Other randomized, double-blind, 

placebo-controlled studies include VEGF-C [25], AGENT-3 and AGENT-4 [32], and the 

REVASC (Randomized Evaluation of VEGF for Angiogenesis) study [22].

Comments—In general, it should be noted that results of trials in cardiac surgery have 

been better than those in cardiology. From our point of view this is attributable to three main 

factors. First, the patient population: most of the clinical trials in cardiology involve patients 

with severe end-stage disease and no other treatment options, limiting the efficacy of gene 

transfer. In cardiac surgery trials patients undergoing CABG without severe LV dysfunction 

are most commonly enrolled. Second, the cardiology trials using intracoronary 

administration have proved less effective than the epicardial route used in cardiac surgery 

trials [40]. Third, the intramyocardial injection route of delivery during cardiac surgery 

provides much more control than a catheter-based navigation system that has been shown to 

risk injection in the wrong locations, partial injections, intrapericardial delivery, and so forth 

[27, 39].

Prevention of Vein Graft Failure

The success of CABG depends on the continued patency of the grafts. Given that more than 

60% of vein grafts are occluded or damaged 10 years after CABG, the clinical significance 

of this problem continues to grow [41]. Gene therapy is attractive as an ex vivo method to 

genetically manipulate the conduit before grafting. Smooth muscle cell proliferation is a key 

feature of neointimal hyperplasia leading to vein graft failure. It was theorized that genetic 

inhibition of the transcription factor E2F could prevent smooth muscle cell proliferation 

[42]. Two basic gene therapy strategies are currently used in cardiac disease. The first 

strategy is exogenous overexpression through the introduction of DNA encoding a 
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biologically active transgene into cells. The second strategy is the inactivation or silencing of 

target genes through transfection of short chains of nucleic acids known as 

oligodeoxynucleotides. Oligodeoxynucleotides bind to specific target mRNA transcripts and 

serve as a competitive inhibitor to E2F, preventing gene translation. Vein grafts treated with 

the E2F decoy demonstrated mitigation of intimal hyperplasia and resistance to graft 

atherosclerosis in the animal model [43]. Phase 1 and 2 studies (PREVENT II) conducted in 

coronary artery bypass settings showed that oligodeoxynucleotides edifoligide, decoy for 

E2F treatment of the vein grafts, was safe and feasible. 75 treated patients received a total of 

309 grafts. The E2F decoy was associated with a 30% relative reduction in a composite 

index of vein graft failure [16]. A phase 3 multicenter randomized, double-blind, placebo-

controlled trial of 3,014 patients (PREVENT IV) was designed to test the efficacy of 

edifoligide in preventing angiographic vein graft failure and the occurrence of major adverse 

cardiac events after CABG surgery. However, edifoligide was found to be no more effective 

than placebo in these events after CABG (ClinicalTrials.gov NCT00042081) [17].

A growing body of evidence indicates that the c-Myc signaling network is involved in 

pathogenesis of vein intimal hyperplasia [44]. Downregulation of c-Myc by antisense 

technology may protect the integrity of the venous wall. It was suggested that pretreatment 

of venous grafts before CABG with the oligodeoxynucleotide AVI-5126 may block the 

genes responsible for vein stenosis and occlusion. A randomized, double-blind, placebo-

controlled study was initiated in patients undergoing CABG. However this study was 

terminated and the clinical trial was stopped (ClinicalTrials.gov NCT00451256).

Comments—There are several considerations that need to be addressed about clinical 

trials studying the prevention of vein graft failure. First, the lack of a direct measure of graft 

intimal hyperplasia and problems with the use of complicated pressurized devices for gene 

delivery make trial assessment difficult. Second, there is a significant difference between 

results in animal models and clinical trials. Third, vein graft failure has a number of 

underlying mechanisms and genetic intervention in one pathway probably is not enough to 

prevent disease progression. Identification of new molecular targets involved in smooth 

muscle cell proliferation as well as the use of new vectors that provide transgene 

overexpression increase the potential of vein graft gene therapy. Up to now, most of the gene 

therapy clinical trials in cardiac surgery and cardiology are focused on therapeutic 

angiogenesis and an antirestenosis strategy. However, it should be noted that during the last 

decade significant progress in animal models of ischemic heart disease has been achieved 

concerning the identification of genetic molecular targets in the field of ischemia-reperfusion 

injury and vascular endothelial dysfunction (Fig 1).

Prospective Clinical Trials in Cardiac Surgery

Heart Failure Treatment

Findings from cardiology trials led to recommendations supporting the use of gene therapy 

in patients with LV dysfunction and heart failure (Table 2) [45–49]. Common targets for 

gene therapy in patients with heart failure include improvement of excitation-contraction 

coupling to increase myocyte contractility through calcium-cycling proteins and β-
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adrenergic receptor signaling, inhibition of postinfarction apoptosis and fibrosis, 

cytoprotective effect, and endogenous stem cell repair (Fig 2). The first clinical trial of gene 

therapy on patients with heart failure (CUPID) was launched in 2007 to 2008 [45]. The 

CUPID trial was a multicenter trial designed to evaluate the effects of gene transfer of the 

SERCA2a cDNA by delivering a single intracoronary infusion of AAV1. Twelve-month 

follow-up demonstrated improved symptoms, LV function, and biomarkers and reduced 

cardiovascular events in several patients (ClinicalTrials.gov NCT00454818). The CUPID2 

trial is a phase 2b multicenter study enrolling up to 250 patients with moderate-to-severe 

heart failure and New York Heart Association functional class II to IV despite optimal 

treatment. The primary end point is time to recurrent event (heart failure–related 

hospitalization in the presence of terminal events; ClinicalTrials.gov NCT0164330) [46]. 

The official results of this trial have not been published yet.

Heart Transplantation

Genetic modification of the heart is an attractive approach to modulating the immune 

response in cases of acute or chronic rejection after allogeneic transplantation because 

therapeutic gene can be administered into the donor graft under ex vivo conditions [47]. 

Transplant immunology has made great advances in the past years. Most notably, transfer of 

immunosuppressing cytokine genes, such as transforming growth factor-beta and interleukin 

10, prolonged allograft survival and delivery of suicide gene therapy to manipulate donor T-

cell immunity and enforced the graft-versus-tumor and the graft-versus-infection effects. 

However, it should be noted that the greatest progress in this field has been made in 

hematology and ophthalmology. A promising phase 1 clinical trial was initiated in the 

United Kingdom recently on potential heart transplant patients. Twenty-four cardiac surgical 

patients undergoing LV assist device insertion as a destination therapy or a bridge to heart 

transplantation received intracoronary infusion with AAV1/SERCA2a 1 month after LV 

assist device placement (ClinicalTrials.gov NCT00534703).

Comments—Patients with LV dysfunction caused by coronary artery disease represent 

approximately 25% of patients in coronary surgery and invasive cardiology units today [50]. 

It was demonstrated that surgical revascularization is accompanied by a higher survival rate 

than other treatments. However, only a small number of these patients demonstrated 

improvement of LV function and LV ejection fraction [51]. The potential molecular targets 

that have proven to be effective in preclinical gene therapy studies and advanced to clinical 

trials include calcium cycling proteins (SERCA2a [46], ClinicalTrials.gov NCT 01643330), 

βAR (Beta Adrenergic Receptors) signaling (AC6 [52], ClinicalTrials.gov NCT00787059), 

and stromal cell-derived factor 1 (ClinicalTrials.gov NCT01643590).

Despite the clinical opportunity, there are no clinical trials in heart transplantation. 

Contemporary pharmacologic agents have failed to prevent allograft vasculopathy and 

chronic rejection. As well, drug-based immunosuppression is associated with major side 

effects including renal failure, hypertension, leukopenia, a high incidence of infectious 

complications, and skin cancer. In addition it should be noted that gene administration into 

the donor organ may be carried out ex vivo under the best conditions for gene transfer with 

graft protection and no systemic side effects.
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Limitations of the Trials and Problems Facing the Implementation of the 

Gene Therapy in Cardiac Surgery

Transient Gene Expression

One of the main factors limiting the positive effect of gene therapy is transient therapeutic 

gene expression [48]. This problem is multifaceted. First, many clinical trials were carried 

out with nonviral or short-term efficacy viral vectors, and the protocols used a single-dose 

method of delivery. However, new serotypes of AAV vectors have much stronger cardiac 

tropism, leading to significantly higher and longer-term cardiac transgene expression [49]. 

Second, techniques of gene delivery applied in clinical trials have been relatively simple, 

without attempts to limit collateral expression in other organs, extend vector residence time 

in myocytes, enhance transfer across the endothelial barrier, or use retrograde transcoronary 

transfer. New techniques including a closed-loop recirculatory system with decreased 

immune response could offer a solution for clinical therapy [53, 54]. Importantly, evaluation 

of gene expression was commonly performed on the basis of functional cardiac factors, not 

sensitive biopsy techniques with reverse transcriptase real-time polymerase chain reaction—

in most cases it is unknown what proportion of cells were actually transfected. And finally, 

many authors believe that a strong placebo effect in several clinical trials complicates the 

true assessment of gene therapy. Collectively, these concerns underscore the need to conduct 

randomized, blinded, placebo-controlled studies in large-scale trials.

Correct Selection of Patients and Clinical End Points

All cardiac surgery clinical trials performed to date have lacked the number of patients 

needed to quantify the potential benefit of gene therapy. A group of selected patients should 

be standardized. In particular this applies to the stage of disease, pharmacologic treatment, 

angiographic treatment, and comorbidities. Additionally, many trials have used variable and 

often subjective factors for end points 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, change of coronary luminal 

diameter, or diameter stenosis after VEGF therapy [29]. Moreover, changes in variables such 

as LV wall motion and ejection fraction may be mediated by confounding factors other than 

gene therapy. It is best practice to apply techniques such as cardiac magnetic resonance 

perfusion imaging and positron emission tomography that are much more sensitive and 

precise in determining variables such as LV systolic and diastolic volumes, infarct size, and 

perfusion.

Dose Effect

All conducted clinical trials clearly found that biologic effects depend on the dose. The 

optimal dose of gene therapy should be standardized. A maximal tolerated dose that does not 

cause side effects still has not been identified. The proportion of target cardiomyocytes 

transfected at different doses is still relatively unknown; moreover, the proportion needed to 

be transfected to achieve a positive effect is not known.
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Lack of Appropriate Clinical Trials Design

Cardiac surgery with gene therapy clinical trials brought many positive hints that gene 

transfer may eventually be effective. However, it is a best practices tenet to conduct clinical 

trials under double-blinded, placebo-controlled, randomized conditions with a sufficient 

number of patients [48]. This is the only way to answer the question of how efficacious gene 

therapy is during cardiac surgery.

Safety and Tolerability

All clinical trials in cardiac surgery and cardiology have shown short- and long-term safety. 

Researchers have learned some important lessons from the early clinical trials. 

Unfortunately, certain properties of Ad vectors administered through the vascular system in 

large doses make them hazardous. On the other hand, questionable results in some 

angiogenic trials may indicate that an effective dose was not achieved. In any case, analysis 

of the safety of gene therapy must take into account off-target transfection and collateral 

organ issues, the possibility for neoplastic growth, the inflammatory response caused by the 

viral vector, and the risk for an increase in atherogenesis with plaque destabilization.

Compound Effect of Coronary Artery Bypass Grafting Procedure

The role of CABG in the treatment of patients with coronary artery disease and LV 

dysfunction is still not clearly established [55]. Extensive experience accumulated with 

CABG showed that LV dysfunction in patients with ischemic heart disease is not always an 

irreversible process. So far there is not a strong explanation for why CABG can improve LV 

function only in some patients [52]. We trust that the delivery of gene therapy may benefit in 

combination with CABG surgery. For example, angiogenic therapy seeks to enlarge cardiac 

capillary beds, and targeting of gene-mediated Ca2+ handling proteins or β-adrenergic 

system proteins seeks to enhance contractility in failing myocytes. Both of these therapies 

may be enhanced with CABG. We cannot ignore that the benefits of CABG and those of 

gene therapy are hard to distinguish. Therefore we strongly believe that there is a great need 

for large double-blind, placebo-controlled, randomized clinical trials combining cardiac 

surgery and gene therapy in ischemic heart disease and heart failure.

Summary

During the past several years, substantial progress has been made in cardiac gene therapy 

research. First, many studies have used adeno-associated virus, which is much more 

effective than plasmid DNA and yields much less immune-inflammatory response than 

adenovirus. The AAV serotypes, especially 6 and 9 but also 1, were shown to have strong 

heart tissue tropism and high transduction efficacy in cardiomyocytes and coronary smooth 

muscle cells. Taken with the lack of human disease, AAV was licensed as the first clinically 

available gene therapy product, Glybera.

Second, the main requirements for cardiac gene delivery systems have been identified. The 

ideal method of gene transfer (direct intramyocardial or transvascular) must be safe and 

translatable, allow for extended vector residence time in the heart, and minimize collateral 

organ expression. Several groups of researchers have already created acceptable gene 
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delivery technologies including a catheter-based one and a cardiopulmonary bypass–based 

methodology [53, 54].

Third, new molecular therapeutic targets have been identified in failing cardiac myocytes 

during ischemia. In addition to stimulation of angiogenesis, promising molecular targets 

include calcium cycling proteins, the β-adrenergic system, stem cell localization signals, and 

myocardial apoptosis signaling.

Fourth, the long-term results of cardiac surgery clinical trials have shown a good safety 

record. Moreover, they have generally demonstrated equal or superior clinical benefits and 

success compared with those observed in cardiology trials.

Cardiac gene therapy, like every field in medicine, has many unsolved issues: identification 

of therapeutic genes specific for heart disease and progression, optimal transgene 

overexpression necessary for an effect, and delivery of gene product to the target tissue 

without collateral expression, among others. It is impossible to know how long it will take to 

answer these questions. However, the fact that only 0.5% of all gene therapy clinical trials 

involve cardiac surgery does not add any optimism. On the other hand, given that more than 

30% of patients with multivessel disease cannot undergo optimal revascularization, each 

patient and surgeon must ask whether it would be better to use adjunctive gene therapy or to 

leave areas of ischemic myocardium untreated.
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Fig 1. 
Genetic molecular targets in ischemic heart disease. (c-Myc = proto-oncogene protein; 

DEL-1 = developmental endothelial locus 1; eNOS = endothelial nitric oxide synthase; E2F 

= transcription factor; FGF = fibroblast growth factor; HGF = hepatocyte growth factor; 

HIF-1α = hypoxia inducible factor 1α; MAPK = mitogen-activated protein kinase; MMP = 

matrix metalloproteinases; NFAT = nuclear factor of activated T cells; NO = nitric oxide; 

Oral 1/3 = ORAI calcium release-activated calcium modulator 1/3; SERCA2a = 

sarcoplasmic reticulum adenosine triphosphatase isoform 2a; SMC = smooth muscle cells; 

STIM-1 = stromal interaction molecule-1; TIMP = tissue inhibitor metalloproteinases; 

VEGF = vascular endothelial growth factor.)
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Fig 2. 
Genetic molecular targets in heart failure. (Akt = serine/threonine kinase; βARKct = βAR 

kinase carboxy terminus; Bcl-2 = B-cell lymphoma; GRK = G-protein-coupled receptor 

kinase; HO-1 = heme oxygenase enzyme-1; HSP = heat shock protein; P13 = 

phosphoinositide 3-kinase; ROS = reactive oxidative species; S100A1 = S100 calcium-

binding protein A1; SDF-1 = stromal-derived factor 1; SERCA2a = sarcoplasmic reticulum 

adenosine triphosphatase isoform 2a; TGF-β = transforming growth factor; TNF = tumor 

necrosis factor.)
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