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INTRODUCTION
Myocardial infarction is the most com-

mon cause of congestive heart failure. In
the U.S. alone, it affects approximately
5 million patients over the age of 65 (1).
The economic cost of medical therapy
(i.e., early reperfusion, ACE inhibitors,
β-adrenergic blockers, and nitroglycerin)
and surgical revascularization using con-
ventional methods (i.e., angioplasty, by-
pass grafting, or transmyocardial laser) is
enormous (2). Diastolic dysfunction after
infarction episode is responsible for heart
failure in more than 30% to 50% of elderly
patients and results in poor prognosis (3).
Heart transplantation is the gold stan-
dard therapeutic intervention but suffers
from the lack of donors.

The main therapeutic targets for treat-
ment of infarcted myocardium are to
compensate for the loss of cardiomy-
ocytes and to limit the process of left
ventricle remodeling. During the last
decade, various molecular- and cellular-
level approaches have been adopted to
address the root cause of the problem.

These include heart cell therapy to
achieve de novo regeneration of the in-
farcted myocardium and angiogenic
gene therapy for restitution of regional
blood flow to the ischemic myocardium.
For heart cell therapy, cells from various
sources with both nonmyogenic and in-
herent myogenic potential have been
used (Table 1). Nevertheless, only skele-
tal myoblasts and bone marrow-derived
stem cells have been used in the clinical
settings owing to their ease of availability
from autologous sources without ethical
or religious issues and their myogenic
differentiation potential (4-7). Addition-
ally, both cell types are excellent carriers
of therapeutic transgenes, a property that
has been exploited to achieve concurrent
angiogenesis and myogenesis for supe-
rior prognosis (8). Cell-based ex vivo
gene delivery for angiogenic growth fac-
tors and cytokines is being used with en-
couraging results (9,10). This cell-based
molecular delivery approach is being used
for therapeutic angiogenesis, restenosis,
bypass graft failure, myocardial repair

and regeneration, and risk-factor man-
agement.

Methods to achieve gene modification
of cells include gene replacement, gene
correction, gene inhibition, and gene over-
expression. Transplantation of genetically
modified cells in the heart provide an ex-
cellent means for localized, continuous,
and steady levels of therapeutic proteins
at the site of the cell graft without sys-
temic untoward effects (11). In addition,
cell-based delivery to the heart provides
an alternative method for gene delivery to
the cardiomyocytes, which are themselves
quite resistant to gene transfection. The
genetically modified cells serve as a reser-
voir of the therapeutic proteins of interest
as long as the transgene continues to
overexpress itself, and the length of time
of expression will be determined by the
mode of gene delivery to the cells. More
recently, with encouraging results from
stem cell transplantation, research has
been focused on using stem cells to com-
bine their differentiation potential to
adopt cardiac phenotype with their ability
to serve as carriers of transgenes.

CELL-BASED GENE DELIVERY TO THE
HEART

Two main strategies for myocardial
gene transfer are in situ or direct gene
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transfer and ex vivo or indirect gene
transfer. The direct gene transfer method
is advantageous as it is theoretically
more efficient and cost-effective (despite
its inefficiency and nontargeted delivery
in practice so far). Indirect gene delivery
involves ex vivo manipulation of stem
cells for transgene insertion before en-
graftment (12). Although the indirect
gene transfer method is more labor in-
tensive and time consuming and has
some immunological concerns due to ex
vivo handling of the cells, it gives tar-
geted transfer of the transgene into the
cells of choice (13).

Many different delivery vectors have
been used to transfer foreign DNA, either
transiently or stably, into a target cell
(Table 2). Transient transfection occurs
when the transgene expression is episomal
and is not incorporated into the genomic
DNA of the cell. Stable transfection, in
which foreign DNA is incorporated into
the genomic DNA of the cell, is considered
preferable only in some instances; in vivo
gene transfer techniques need only have
high transient transfection rates. Further-
more, with stem cells, an important con-
sideration is that gene delivery should not
interfere with the differentiation potential
of the cells after gene modification.

Replication-deficient recombinant viral
vectors have commonly been used for
gene transfer into cells because of their
high expression efficiency and ability to
transfect a wide range of cell types (14-16).
Although adenoviruses and retroviruses

have high transfection efficiency, their
clinical application is limited by possible
unwanted effects such as mutagenesis,
carcinogenesis, and induction of immune
responses (Table 3). Thus it is necessary
to develop an efficient and safe nonviral
carrier for gene transfection. Although
cationic lipids and their formulations
help to overcome some of these prob-
lems, they have low transfection effi-
ciency compared with viral vectors, are
toxic at higher concentrations, and are
unable to reach tissues beyond the vas-
culature (17). Moreover, the positive

charge harbored by cationic lipid-based
systems may also promote their nonspe-
cific binding to cells such as erythrocytes,
lymphocytes, and endothelial cells, as
well as to extracellular matrix proteins
(18). On the other hand, if the cells inter-
act with serum proteins, such as lipopro-
teins or immunoglobulins, they may be-
come coated, leading to an increase in
their clearance rate from the blood cir-
culation (19). Taken together, all these
processes limit the ability of the com-
plexes to reach target tissue. Alterna-
tively, regional in vivo application such
as direct injection of vectors into an
organ or into the surrounding tissue
may help to overcome these barriers.
However, maximum effectiveness of
such applications is still interrupted by
factors such as extracellular matrix and
immune reactions (20).

OPTIMIZATION OF GENE TRANSFER
METHODS

The most efficient way to improve
gene delivery into cells ex vivo before
engraftment involves permeabilization
with or without physical techniques to
cross cellular barriers. This includes elec-
trotransfer, ultrasound-mediated deliv-
ery, osmotic shock, laser irradiation,
magnetofection, and the use of divalent
cationic ions (21,22). Of these strategies,
electrotransfer is increasingly used to
augment gene transfer into muscle over
long periods of time and is as efficient as
adenoviral vectors (23). Under the influ-
ence of high-voltage pulses, the nega-
tively charged plasmid DNA accumu-
lates around the pores transiently created
in the cell membrane, followed by elec-
trophoretic processes that help their pas-
sage across the membrane. However,
electrotransfer results in local abnormali-
ties and edema of whole muscle, to-
gether with severe muscle necrosis and
significant polynuclear eosinophilic and
mast cell infiltration.

A safer alternative strategy is the use
of ultrasound-mediated enhancement
of gene delivery into the cells through
increased permeabilization of the cell
membrane. This allows endosomal escape

Table 1. Various cell types used for cellular
cardiomyoplasty.

Cells with myogenic potential

Fetal or neonatal cardiomyocytes
Cardiac stem cells
Skeletal myoblasts
Smooth muscle cells

Bone marrow-derived stem cells
Cell with angiogenic potential

Endothelial cells
Fibroblasts

Bone marrow-derived stem cells
Circulating blood-derived progenitor cells
Mesothelial cells

Table 2. Delivery systems used for gene
transfer into mammalian cells.

1) Naked Plasmids
2) Physical vectors

a) Microinjection
b) Particle bombardment (gene gun)
c) Electroporation
d) Sonoporation
e) Laser irradiation
f) Magnetofection
g) Hydroporation

3) Chemical vectors
a) Calcium phosphate
b) DEAE dextran
c) Cationic polyplexes

- Polylysin vector
- Polycation

d) Cationic lipoplexes
- Liposomes
- Nonliposomal

e) Cationic bioplexes
4) Biologic viral vectors

a) Retrovirus
b) Adenovirus
c) Adeno-associated virus
d) Lentivirus
e) Other virus

5) Biologic nonviral vectors
- Human artificial chromosomes

Table 3. Limitations of viral vectors as gene
delivery system.

Host immune and inflammatory reactions
Difficulty of large-scale production
Size limits of exogenous DNA
Random integration into the host genome
Risk of inducing tumorigenic mutations
Generation of active viral particles 

through recombination
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of the DNA/lipo- or polyplex complexes
in the absence of toxicity (24). More re-
cently, it was found that ultrasound-
mediated microbubble destruction may
enable myocardial HGF or VEGF gene
transfer with systemic administration of
naked plasmid (25-27). The delivery of
these therapeutic genes gave enhanced
angiogenesis and reduced infarction size
and left ventricular remodeling after
myocardial infarction. Divalent cations
including Ca2+, Mn2+, Cd2+, and Zn2+ in-
duce membrane fusion with resultant
increase in the presence of polyamines
(28,29). Zn2+ and Ca2+ have been found to
enhance polycation-mediated gene trans-
fer (21,30). Zn2+ induces efficient fusion
of liposomes in the presence of peptides
containing several histidines. By selec-

tively binding with nitrogen atom of the
imidazole group of histidyl residues,
Zn2+ doubled the zeta potential of his-
tidylated polyplexes. ZnCl2 increases the
fusogenic features of histidine-rich mole-
cules and the intracellular trafficking of
polyplexes or lipoplexes (31). However, the
underlying mechanism of zinc-mediated
optimization of transfection efficiency
remains unclear. As of now, two families
of Zn2+ transporters are known: the ZIP
family (Zrt, Irt-like proteins) that im-

ports zinc (Zn2+ influx) and the ZnT fam-
ily (Zn2+ transporter) that functions in
sequestration of zinc internally (trans-
porting Zn2+ in the direction opposite to
that of the ZIP proteins), which controls
free zinc buildup in the cells (32).

NONVIRAL VECTORS FOR GENE
THERAPY

Naked plasmid DNA shows a low
gene-transfer efficiency, which warrants
the need for a carrier molecule to assist
and increase transgene transfer into the
cell. Transfer of transgene into the target
cells or tissue is influenced by various
factors, some of which are associated
with the physical characteristics of the
vectors itself together with multiple
factors related to the biological system
(Table 4). An ideal vector for gene deliv-
ery would have characteristics to ensure
high efficiency transfection without cyto-
toxic effects (Table 5).

From among the nonviral gene trans-
fer systems, poly- or lipoplexes are the
most widely used vectors for gene trans-
fer (Table 6). Liposomes or polymer com-
plexes improve delivery of plasmid DNA
to cytoplasm. Only a small fraction of
plasmid DNA enters the nucleus, where

Table 4. Factors affecting transfection efficiency with nonviral vectors.

Nonviral vector formulation
Size of the lipid particle or liposome
Type of the lipid (saturated or unsaturated, branched or unbranched carbon chain, etc.)
Residual charge or zeta potential on the lipid/DNA complex
Size of the lipid/DNA complex
Ratio between lipid and DNA
Protective effect of lipid formulation against nuclease degradation
Stability under different storage conditions
Incubation time and temperature

Biological
Type of cell
Degree of cell confluence at the time of transfection
Presence or absence of serum
Nature of target tissue
Route of administration
Nucleocytoplasmic trafficking of DNA

Table 6. Commercially available nonviral vector preparations.

Cationic polyplex vectors
Polylysine vectors: poly-L-lysine, polylysine-molossin peptide, glycolysated polylysines,

histidylated polylysine
Polycation vectors: linear and branched polyethyleneimines (PEI, 70 Da to 800 kDa, 

ExGen500, JetPEI), poly(N-ethy-4-vinyl pyridinium bromide), polyamidoamine 
dendrimer (Superfect), poly(propylenimine) dendrimer (Astramol), Pluronic P123 
(P123-g-PEI, 2k)

Cationic lipoplex vectors
Cationic liposomal lipids: DOPE, DC-, DAC-, DCQ-, Sp-chol, BGTC, DOTMA, DOPE, 

DOSPA, DOTAP DMRIE, DOGS, DOSGA, DOSPER, DOCSPER, lipofectin (DOTMA + 
DOPE), lipofectamin, Lipofectamine2000, Superfect, Effectene, Tfx-50

Cationic non-liposomal lipids: FuGene6
Combined lipopolyplex vectors

lipofectamine + polylysine-molossin/DNA conjugates
branched 25- or 50-kDa PEI + DC-Chol/DOPE liposomes

DOTMA, N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammonium; DOPE, dioleolyl phosphatidyl
ethanolamine; DOSPA, 2,3-dioleoyloxy-N-(2-spermine carboxamide)ethyl-N,N-dimethyl-
1-propanammonium trifluoroacetate; DOTAP, 1,2-bis(oleoyloxy)-3-(trimethylammonio)propane;
DMRIE, N-(1-(2,3-dimyristyloxy)propyl)-N,N-dimethyl-N-(2-hydroxyethyl)ammonium bromide;
DC-Chol, 3b-(N, N′,N′-dim-ethylaminoethane)carbamoyl)cholesterol; DOGS, transfectam
(dioctadecyl aminoglyceryl spermine); DOSPER, 1,3-dioleoyloxy-2-(6-carboxy-spermyl)-
propylamide.

Table 5. Characteristics of an ideal vector
system for gene delivery.

Is of small size
Ensures protection of DNA
Ensures high level of transgene 

transfection and expression
Prevents nonspecific interactions with 

blood components
Exhibits specific targeting
Has table and regulatable expression
Achieves high levels of transgene 

transfection and expression
Is nontoxic and nonimmunogenic
Is cost-effective and easily generated in 

large scale
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it remains extrachromosomal and directs
a transient transgene expression. On the
other hand, polylysine complexes com-
bined with plasmid DNA (pDNA/
cationic polymer complexes) offer a
chemical method of gene transfer that is
potentially useful for gene therapy. DNA
condensation with cationic polymers re-
duces the size of a plasmid from several
thousand base pairs into particles of 50
to 100 nm (termed polyplexes). This
protects the nucleic acids from nuclease
degradation and increases the uptake of
pDNA by cells (33). Inside the cell, the
delivered plasmid reaches to the cytosol
and then to the nucleus for gene expres-
sion. However, the low amount of plas-
mid DNA copies delivered to the cytosol
is a major limiting factor responsible for
the low efficiency of polyplexes to trans-
fect cells. Glycosylated (lactosylated)
polylysines and histidylated polylysine
complexes have been designed to com-
bine with plasmid DNA and develop
polymer-based gene delivery systems
(34). Transfection using glycosylated
polylysines requires chloroquine or fuso-
genic peptides, whereas transfection
using histidylated polylysine requires
membrane destabilization features in en-
docytic vesicles even in the absence of
chloroquine or fusogenic peptides. Gly-
cosyl residues bound to polylysine
were used as cell recognition signals for
cellular targeting via sugar receptors
(membrane lectins as mannosylated
and lactosylated glycoconjugates) pres-
ent at the surface of cells (35). Despite
the membrane destabilization features,
the plasmid transfer into the cytosol
upon polyplex endocytosis is still only
weakly efficient.

Polycation (polyplexes) transfection of
DNA complexes have been evaluated for
their effectiveness, toxicity, and cell-type
dependence in a variety of in vivo mod-
els. The panel of polycations includes
linear and branched polyethylenimines
(PEIs) of various molecular weights (70
Da to 800 kDa), poly(N-ethy-4-vinyl pyri-
dinium bromide), polyamidoamine den-
drimer (Superfect), poly(propylenimine)
dendrimer (Astramol), and a conjugate

of Pluronic P123 and polyethylenimine
(P123-g-PEI, 2k) (Table 6). The weak base
polycations promote transfection by pre-
venting degradation of DNA by lysoso-
mal enzymes and by enhancing the re-
lease of DNA from the endocytic vesicles.
This is related to the buffering capacity
of weak base polycations and has be-
come known as the “proton sponge hy-
pothesis” (36). The electrostatic interac-
tions of polycations with the negatively
charged phosphate groups of DNA re-
sults in DNA condensation, which is a
function of the cation-to-anion ratio, i.e.,
the ratio of PEI nitrogen to DNA phos-
phate (N/P). Condensation protects the
DNA from degradation by nucleases,
and the compact particles can be taken
up by cells via natural processes such as
adsorptive endocytosis, pinocytosis,
and phagocytosis. After the polyplexes
have been taken up by the cell, they are
released from the endosomes into the
cytosol. Their transport from the cytosol
into the nucleus remains a major limita-
tion for efficient gene transfer by nonvi-
ral vectors.

The method of lipofection involving
mixing cationic lipids with plasmid DNA
and RNA has gained popularity for
transfection of cells. During lipofection,
lipids already complexed with the plas-
mid of interest either fuse with the
plasma membrane of the cell or enter the
cell via endocytosis, thereby facilitating
the passage of plasmid into the target
cells. Cationic liposomes are perhaps bet-
ter termed “cationic amphiphiles” owing
to their tendency to coat DNA with a
cationic layer of lipid micelles (37,38).
This is contrary to the previously held
concept in which liposomes were im-
plied to encapsulate DNA and provide
protection of DNA from serum DNAse
degradation. The use of liposome formu-
lations for gene delivery generally pro-
duces high transfection efficiency with
low toxicity to the target cells (39,40). In
some cases, however, complexation be-
tween DNA and liposomes may enhance
cytotoxicity of the cationic lipids (41).
The cationic lipids encircle the anionic
foreign DNA of interest to form a stable

complex with a residual net positive
charge, which facilitates its interaction
with the negatively charged surface of
the cell. During lipid-DNA complex in-
teraction with the cell membrane, the
foreign DNA gets delivered into the
cells. Traversing across the cytoplasm,
the DNA enters the nucleus, where it re-
mains extrachromosomal and is tran-
siently expressed for 7 to 10 days. The
nucleocytoplasmic trafficking of exoge-
nous DNA is influenced by the size of
DNA, nuclear importation, stability of
DNA, and cell-cycle status of the target
cells (42). The predominant choice of
lipid in liposome formulation is a choles-
terol moiety, which offers rigidity to the
lipid bilayer. There are two main exam-
ples of cationic lipids containing choles-
terol as their lipid: DC-Chol and the
more recent bis-guanidinium-tren-choles-
terol (BGTC) (43).

Alternatively, cationic lipids with
shorter hydrocarbon chains as their
lipid component can be included. In the
case of phosphonolipids, shorter hydro-
carbon chains allow better transfection
in vitro, whereas the longer hydrocar-
bon chains allow superior transfection in
vivo. Similarly, circulation half-life after
intravenous injection of cationic lipids
shows rapid elimination from the blood-
stream (44). Transfection efficiency of
cells using a nonviral vector is affected
by multiple factors (summarized in
Table 4) related to the physiochemical
characteristic of the vector formulation
and biological factors related to the
host. Various commercially available
cationic lipid-based formulations, lipo-
somal as well as nonliposomal (Fu-
Gene6), are available for routine trans-
fection procedures (Table 6). These
formulations have been compared in
terms of their size and zeta potential, in
vitro transfection activity, resistance to
the presence of serum, effect of lipid/
DNA charge (+/-) or volume/weight
(vol/wt) ratio, protective effect against
nuclease degradation, and stability
under different storage conditions, incu-
bation times, and degrees of cell conflu-
ence before transfection (21,45).
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The use of Bioplex is a new approach
achieved by using a peptide nucleic acid
(PNA). PNAs serve as anchors for a
peptide nuclear localization signal (NLS)
to plasmids or oligonucleotides (46).
Nucleofection technology also provides
a much better rate of gene transfer with-
out visible toxic effects (47,48). During
the past decade, it has become evident
that intracellular barriers compromise
the transfection efficiency of nonviral
vectors, whereas nuclear membrane is
the major intracellular barrier for DNA
entry into the nucleus (Table 4).

DELIVERY STRATEGIES FOR
MYOCARDIAL GENE TRANSFER IN
PRECLINICAL STUDIES

Nonviral myocardial gene delivery re-
mains a challenge because of the resistant
nature of cardiomyocytes to transfection.
Preliminary methods for myocardial gene
delivery in experimental models have as-
sessed various routes of administration.
Besides local injection into the target
tissue/organ, systemic administration
(intravenous, intramuscular, subcuta-
neous, intraperitoneal, intrapleural, and
intrapericardial) has been tried for opti-
mum results. Recently, catheter-based
strategies for cardiac gene delivery, in-
cluding antegrade injection (AI) via coro-
nary arteries, retrograde injection (RI)
via coronary veins, and direct myocar-
dial injection (DI) via the coronary sinus
(49), have been assessed in animal mod-
els. A comparison of these approaches
showed that both RI and DI were supe-
rior to the AI approach.

Ex vivo delivery of transgenes to the
heart using stem cells genetically manip-

ulated to overexpress a gene of interest
has shown significant promise (50). In
most preclinical studies, skeletal my-
oblasts and bone marrow-derived cells
have been assessed for their ability to
serve as carriers of exogenous genes. In
addition to serving as carriers of thera-
peutic genes, they also undergo myo-
genic differentiation and participate in
repair of the infracted myocardium. Cell-
mediated delivery of therapeutic genes
has been used extensively with encour-
aging results (Table 7). We have shown
that cell-mediated delivery is superior to
direct introduction of gene delivery vec-
tor encoding for the gene of interest (13).
Transplantation of human skeletal my-
oblasts transduced to overexpress VEGF
or angiopoietin-1 resulted in enhance
blood vessel density in both small and
large animal heart models of myocardial

infarction (51). Yau et al. used a combina-
tion of skeletal myoblasts and heart cells
transfected with plasmid VEGF165 using
lipid base (52). There was four- to five-
fold greater expression of VEGF in the
scar area at 1 week after cell transplanta-
tion. Askari et al. combined SDF-1α de-
livery by transplantation of cardiac fi-
broblasts transfected using commercially
available cationic lipid formulation Fu-
Gene (Roche Indianapolis USA) (53). The
transfected cardiac fibroblasts stably ex-
pressed SDF-1α in the myocardium after
engraftment. The more interesting aspect
of the study was that they simultane-
ously mobilized bone marrow cells by
intraperitoneal administration of filgras-
tim. The combined cell-mediated SDF-1α
gene delivery with cytokine-induced
bone marrow cell mobilization caused in-
creased homing of the bone marrow

Table 7. Preclinical studies for nonvirally transfected cell-mediated gene delivery to the heart.

Vector Type of cell Target gene Model Species Reference

Nonliposomal cationic (FuGene6) Smooth muscle cells Reporter gene (SEAP) MI Rat 56
Lipid base SkM and heart cells VEGF165 MI Rat 52
Nonliposomal cationic (FuGene6) Cardiac fibroblasts SDF-1α MI Rat 53
Polyethylenimine Transferinfection MSC Heme oxygenase-1 MI Rat 69
Lipofectamin Plus reperfusion Smooth muscle cells VEGF Ischemia Dog 70
Polyethylenimine SkM VEGF MI Pig 71

Ang-1, angiopoietin-1; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; HIF, hypoxia inducible factor; PDGF, platelet-derived
growth factor; SEAP, secreted alkaline phosphatase; VEGF, vascular endothelial growth factor.

Figure 1. (A) Immunostaining of rat heart tissue sections for skeletal myosin heavy chain
(fas isoform) showing extensive neomyogenesis at 4 weeks after transplantaion of skeletal
myoblasts overexpressing SDF-1α. (B) Control group animal heart tissue injected with
basal medium without cells. The cells were transfected with human SDF-1α plasmid using
FuGene6 (Roche) in the presence of 125 µM ZnCl2.
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cells into infracted myocardium. In a
later study, the same group has also
shown that the delivered SDF-1α pro-
vides excellent trophic support to the
cardiac myocytes during infarction (54).

In a previous study, we aimed to ex-
plore the use of synthetic vectors (3
cationic lipid vectors, Lipofectamine 2000,
FuGene6, and Polyethylenimine-JetPEI,
with the addition of ZnCl2 for optimal
transfection of hSDF-1α into skeletal my-
oblasts (55). We observed significantly en-
hanced efficiency of hSDF-1α transfection
into otherwise transfection-resistant
skeletal myoblasts. We observed that
hSDF-1α transfection and expression was
consistently increased with FuGene6 in
the presence of ZnCl2. Our results depict
successful and efficient nonviral vector
transfection of SkM with hSDF-1α using
FuGene6 in the presence of ZnCl2. The
transfected cells were later engrafted into
an infarcted rat heart, where they sur-
vived and underwent myogenic differen-
tiation (Figure 1). Increased angiogenic
response was also observed in the infarct
and peri-infarct regions, showing that
transplantation of transfected SkM in
vivo is a useful procedure in indirect
gene therapy after myocardial infarction.

We have also investigated the feasibil-
ity of transplantation of three different
types of cells (smooth muscle cells, fi-
broblasts, and mesothelial cells) as carri-
ers of transgene into a rodent heart
model (21,56). The cells were transfected
with a reporter gene encoding for human
secreted alkaline phosphatase (pDNA-
SEAP) using a commercially available
cationic lipid-based vector (FuGene6).
The transfection conditions were opti-
mized for maximum transfection effi-

ciency by including ZnCl2 in the trans-
fection complex. Intramyocardial deliv-
ery in healthy rats led to a 35-fold in-
crease of SEAP activity, and direct
injection into the scar area of the in-
farcted heart led to a 15-fold overexpres-
sion for up to 10 days compared with the
untransfected cells.

Various strategies have been adopted
to overcome the problem of low transfec-
tion efficiency of liposomal vectors. Inclu-
sion of hemagglutinin virus of Japan
(HVJ) during DNA complexation with
cationic liposome gives high-efficiency
transfection of cells (57). Furthermore,
HVJ-liposome-DNA complex has low cell
toxicity and immunogenicity, allowing
repetitive transfections without compro-
mising the survival and in vivo behavior
of the transfected cells. This strategy has
been extensively used in ex vivo cell-
based delivery of therapeutic gene deliv-
ery to the heart (58). Using a liposome
preparation of phosphatidylserine,
dimethylaminoethane-carbamoyl choles-
terol, and cholesterol for complexation of
VEGF encoding DNA in the presence of
HVJ, more than 95% transfection effi-
ciency of skeletal myoblasts was
achieved. The cells were later trans-
planted in an experimental rat heart
model, which resulted in increased an-
giomyogenic response. An important fea-
ture of the HVJ-liposome-DNA complex
was the use of inactivated HVJ, which

minimized the general safety concerns re-
lated with viral gene therapy protocols
such as viral replication, aberrant expres-
sion of viral genes, and alterations of host
genomic structure.

Put together, these studies endorse a
clear advantage in using nonvirally modi-
fied cells as better and safer alternatives of
naked DNA delivery or virally transduced
cells. In addition to their angiogenic po-
tential, cells may be effective after ex vivo
transfection with angiogenic growth factor
genes or with the genes encoding for myo-
genic and contractile function such as
SERCA2a (59), parvalbumin (60), MyoD
(61,62), or S100A1 (63) (Table 8).

CLINICAL STUDIES AND EX VIVO GENE
DELIVERY

Angiogenic gene therapy has emerged
as an alternative potential therapeutic
strategy in no-option heart patients to
achieve biological bypass surgery. How-
ever, during most of the reported clinical
studies, the approach has been adopted
as an adjunct to the routinely employed
revascularization procedures (64,65).
Multicenter clinical studies have been
performed in Europe and the U.S. for the
treatment of coronary artery disease in
small number of patients. Most of these
studies have used vascular endothelial
growth factor (VEGF) and fibroblast
growth factor-2 (FGF-2) in the form of
protein or gene delivered either intramy-

Table 8. Potential therapeutic genes targeted to the heart.

Therapeutic target Treatment genes for myocardial infarction

Angiogenesis VEGF-A, -B, -C, -D, -E, FGF-1, -2, -4, -5, Angiopoietin-1, -2, HGF, 
SDF-1α, HIF-1, MCP-1, PDGF, eNOS, iNOS, Heme oxygenase-1, 
TGF-1β

Myogenesis SERCA2α, MyoD, Parvalbumin, S100A1

Table 9. Selected clinical studies of gene therapy using nonviral vectors in patients with ischemic diseases.

Disease Patient no. Phase Mode of delivery Gene Vector Reference

CAD, restenosis 10 I Catheter-based infusion after angiography VEGF-A Plasmid/liposome 72
CAD, in-stent stenosis 103 II/III Catheter-based infusion after angiography VEGF-A Plasmid/liposome 73
CAD, in-stent stenosis 85 II Catheter based infusion after angioplasty c-myc Oligonucleotide 74

and stenting antisense
CAD 20 I IM injection via minithorocotomy VEGF-A Naked plasmid 75
CAD 39 I IM injection via minithorocotomy VEGF-A Naked plasmid 76

CAD, coronary artery disease; IM, intramyocardial; VEGF-A, vascular endothelial growth factor-A.



R E V I E W  A R T I C L E

M O L  M E D  1 2 ( 1 - 2 ) 7 9 - 8 6 ,  J A N U A R Y - F E B R U A R Y  2 0 0 8  |  H A I D E R  E T  A L .  |  8 5

ocardially during bypass surgery or by
intracoronary injection (66). The advan-
tages of local delivery of angiogenic fac-
tors are to minimize unwanted systemic
effects such as hypotension, tumor
growth, retinopathy, and atherosclerotic
plaque development and to permit pre-
cise and targeted angiogenic response.

Genetic therapy necessarily has a lag
time between gene delivery and gene ex-
pression, making it less attractive as an
acute-phase therapy for cardioprotection.
Nonetheless, early delivery of gene prod-
ucts mitigates the ongoing molecular cas-
cade responsible for cell death that occurs
over a period of several days during my-
ocardial ischemia. The necrotic my-
ocardium is resistant to direct gene trans-
fer (62). Therefore, donor cells with
inherent ability to express angiogenic
growth factors seem a logical choice for
engraftment to achieve reperfusion of the
infarcted myocardium (67). Patients with
perfusion defects during acute phase of
infarction may be the best candidates for
this strategy. However, in patients with
end-stage heart failure where improve-
ment of left ventricular contractile func-
tion together with restoration of blood
flow to the ischemic myocardium are the
required clinical goals, cells with myo-
genic potential are a logical choice. Their
ex vivo genetic manipulation for angio-
genic growth factor expression before en-
graftment will help to achieve both an-
giogenesis and myogenesis. Theoretically,
heart cells are the most ideal contractile
cells, but a major barrier for clinical ap-
plication is difficulty in availability. Skele-
tal myoblasts and bone marrow stem
cells have been extensively assessed for
their ability to serve as carriers of thera-
peutic transgenes (8,10,54,68). Multiple
clinical studies achieved successful non-
viral delivery of angiogenic growth factor
genes to the heart to result in myocardial
angiogenesis (Table 9). However, none of
these studies have been combined with
cell transplantation. Future clinical stud-
ies are therefore required to test this com-
binatorial approach for the best outcome.

In conclusion, combined gene and cell
therapy have progressed toward large

animal tests, and further human applica-
tions are predicted. The future of cell and
gene therapy lies in the potential combi-
nation of gene therapy with cell therapy
and tissue engineering and recently de-
veloped techniques for targeting genes to
the myocardium, coupled with the use of
powerful noninvasive assessment.
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