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Vascular endothelial growth factor (VEGF) is an
endothelial cell-specific mitogen that is angiogenic in
vitro and in vivo. Several studies report on gene transfer
of VEGF,; to promote angiogenesis in the ischemic
myocardium of animals and patients. We hypothesized
that intramyocardial administration of naked plasmid
DNA encoding VEGF,; could improve myocardial
perfusion and function in a porcine model of myocardial
ischemia. Yorkshire swine underwent thoracotomy and
placement of an ameroid constrictor on the circumflex
coronary artery. Four weeks later, pVEGF,; plasmid
was administered into the ischemic myocardium. Four
weeks after gene transfer, SPECT imaging
demonstrated significant reduction in the ischemic area
in pVEGF,;-treated animals compared with controls.
In the pVEGF,; group, most of the animals evolved
from light ischemia to a normal perfusion. In contrast,
control animals exhibited similar or impaired ischemic
conditions. Our results indicate that intramyocardial
gene transfer of VEGF,; as naked plasmid DNA results
in significant improvement in myocardial perfusion and
function.

Coronary heart disease is a major cause of mortality and
morbidity in humans. Present treatments include
pharmacological therapy, followed by percutaneous
transluminal coronary angioplasty or coronary artery
bypass graft surgery. Although these treatments are often
helpful, restenosis of coronary vessels occurs in 30-35% of
the patients (Libby et al. 1992). On the other hand, there is
a significant group of patients who have diffuse coronary
artery disease, or have had multiple previous interventions.
In these cases, angioplasty or bypass may not be feasible
because of poor target vessels, lack of conduits, or
unacceptable  operative  risk.  Despite = maximal
pharmacological therapy, many of these patients remain
incapacitated by frequent anginal attacks. Therefore,
alternative treatments are needed.

Therapeutic angiogenesis has emerged as a potential
alternative approach for treating ischemic disorders such as
peripheral vascular and coronary artery diseases. In
therapeutic angiogenesis exogenous angiogenic growth
factors (or genes encoding these growth factors) are used to
stimulate the growth of collateral vessels to ischemic
tissues.

One of the most widely studied angiogenic growth factors
is vascular endothelial growth factor (VEGF), a
homodimeric heparin-binding glycoprotein of 34-46 kDa
(Leung et al. 1989). Administration of recombinant VEGF
has been shown to improve collateral blood flow to the
ischemic myocardium in animal models (Hariawala et al.
1996; Lopez et al. 1998), as well as in patients with

coronary artery disease (Hendel et al. 2000; Henry et al.
2001).

Genes encoding VEGF have also been successfully
delivered to ischemic tissues. Several studies report on
adenovirus-mediated gene transfer of the 121-amino acid
isoform of VEGF (VEGF;,;) to promote angiogenesis in
the ischemic myocardium of animals (Patel et al. 1999; Lee
et al. 2000) and patients (Rosengart et al. 1999a; Rosengart
et al. 1999b). However, virus administration can lead to
undesired immune responses (Epstein et al. 2001).

The wuse of naked plasmid DNA obviates these
immunological concerns and simplifies the transfection
protocol. Preclinical (Tio et al. 1999) and clinical studies
(Symes et al. 1999; Vale et al. 2000) document that gene
transfer of naked plasmid DNA encoding VEGFgs
promotes collateral vessel development in the ischemic
myocardium. The same approach has been used by our
group to deliver VEGFi,; gene to the limbs of dogs with
surgically induced hindlimb ischemia (Ojalvo et al. 2003).
In the present study, we hypothesized that intramyocardial
administration of naked plasmid DNA encoding VEGF»;
could improve myocardial perfusion and function in a
porcine model of myocardial ischemia.

MATERIALS AND METHODS
pVEGF,; plasmid DNA

pVEGF,; plasmid (Ojalvo et al. 2003) contains the DNA
sequence encoding human VEGF121 under control of the
immediate-early promoter/enhancer from the human
cytomegalovirus. Plasmid DNA was purified from cultures
of pVEGF121-transformed E. coli DH10B as previously
described (Ojalvo et al. 2003).

Animal model

Yorkshire swine with surgically induced myocardial
ischemia were used for the experiments. All protocols were
approved by the Institutional Animal Care and Use
Committee and were conducted in accordance with the
Health Guide for the Care and Use of Laboratory Animals.
Induction of chronic myocardial ischemia was performed
by placement of an ameroid constrictor around the left
circumflex coronary artery, essentially as described
(Harada et al. 1994). Nine female swine, weighing 25-30
kg, were anesthetized with intramuscular flunitrazepan (0.1
mg/kg), ketamine (1.5 mg/kg); and then with intravenous
flunitrazepan (0.2 mg/kg), ketamine (1.5 mg/kg) and
succinilcoline (1 mg). Animals were intubated and
mechanically ventilated. By sterile technique, a left
thoracotomy of 10-12 cm was performed through the fourth
intercostal space. The pericardium was opened and the
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Figure 1. SPECT images of animals before (Week 4) and after (Week 9) treatment with pVEGFi,; or saline. Non ischemic control
corresponds to the first gammagraphic study (week 0). White, pink and red colours indicate normal perfusion. Brown, yellow and green

denote defective perfusion.

circumflex coronary artery was disected free. An ameroid
constrictor (Research Instruments MFG, Corvallis, Ore.) of
1.5 mm was placed at the main trunk of the circumflex
artery, with no involvement of the marginal branches.
Then, the thoracotomy was closed. Intramuscular penicillin
(2 x 10° U/day, during 7 days) and intravenous B complex
vitamins were administered for prophylaxis.

Intramyocardial gene transfer

Four weeks after induction of ischemia, animals underwent
repeat thoracotomy and received intramyocardial injections
of either pVEGF,; plasmid (n=5) or saline (n=4), using 1
mL syringes and 26 G needles. Injections were performed
at 4 different sites in the ischemic areas (previously located
by SPECT imaging) at a 5 mm depth. Each pig received a
500 pg dose, divided in four 125 pg / 0.25 mL injections.
Saline (0.9% NaCl) was administered in the same way as
PVEGF,; (four 0.25 mL injections). Pre- and post-
operatory procedures were performed as described above

(see Animal model).
Gated-SPECT imaging

Gammagraphic studies were performed at the beginning of
the protocol (week 0), 3 weeks after induction of ischemia
(week 4), and 4 weeks after gene transfer (week 9). Gated
Myocardial Perfusion SPECT images were acquired 1 h
after intravenous infusion of 1073-1295 MBq (29-35 mCi)
of ¥™Tc-MIBI, using a gamma camera (Sophy DS-7, Sopha
Medical Systems, France), equipped with a low-energy all-
purpose parallel-hole collimator. Imaging was performed
by using a 180° circular orbit with 32 images of 50 sec
each, and a 20% window centered on the 140 keV
photopeak. Images were processed using the softwares
MyoSpect and Emory Cardiac Toolbox version 1.1 in a
workstation Power Vision (GE-SMV, Canada). The
backprojection method was employed for image
reconstruction using a Butterworth filter, order 5 and cut-
off 0.36. No attenuation correction was used. Orthogonal
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tomographic slices of trans-axial, sagittal and coronal
images were reconstructed using a 64 x 64 matrix.
Myocardial perfusion was evaluated in terms of presence,
number, extension, severity and topography of perfusion
defects. Left ventricular myocardium was divided into 17
segments for visual interpretation of results. A region
having two or more segment with deficit of perfusion (less
than 70% of the maximum *™Tc-MIBI uptake value) was
considered as a perfusion defect. Severity was graded
according to the percentage with respect to the maximum
¥MTc-MIBI uptake value as follows: light (60-69%),
moderate (50-59%) and severe (less than 50%).

Statistical analysis

For the analysis of the LVEF data, results were expressed
as mean + SD. The Kolmogorov-Smirnov and Levene’s
tests were used to analyze normal distribution and variance
homogeneity, respectively. Statistical significance of
differences between groups was evaluated using an
ANOVA. A value of P<0.05 was interpreted to denote
statistically significant differences.

RESULTS AND DISCUSSION

The present study reports on the successful gene transfer
and expression of naked plasmid DNA expressing the 121-
amino acid isoform of VEGF in a porcine model of
myocardial ischemia, with physiological evidence of
improved myocardial perfusion and function.

Nine healthy swine, having normal perfusion/function
patterns, underwent surgical induction of myocardial
ischemia. We used the ameroid constrictor technique
described by Harada and co-workers (Harada et al. 1994) to
produce gradual (2-4 weeks) occlusion of the proximal
circumflex coronary artery. This method allows for the
development of a chronically ischemic region of the left
ventricular myocardium that does not possess a pre-existing
collateral blood supply. Three weeks later, myocardial
perfusion and function were assessed by SPECT imaging.
Light or moderate ischemic areas were localized in all
animals (Table 1, Week 4). The variability observed on

Table 1. Characterization of myocardial perfusion.

topography, extension and severity of induced ischemia
could be related to the anatomic characteristics of the
collapsed artery as well as its dominance with respect to the
perfused muscular area.

Animals were treated with pVEGF;,; or saline by
intramyocardial injection through a second thoracotomy.
Four weeks after treatment, most of pVEGF,;-treated
animals evolved to a normal perfusion (Table 1). In
contrast, all control animals exhibited similar or impaired
ischemic conditions. Representative SPECT images
acquired from both pVEGF;; and control animals are
shown in Figure 1. In pVEGF,; group, an important
reduction in the ischemic area was typically observed 4
weeks after gene transfer (week 9) when compared with
baseline (week 4) (Figure 1, left). In contrast, control
SPECT images showed persistent perfusion defects at week

9 (Eigure 1, right).

Before gene transfer (week 4), mean values of *"Tc-MIBI
uptake index were similar in both groups (pVEGF,; = 54.7
+ 6.6%, control = 53.7 + 7.4%; P = NS) and lower than
basal *"Tc-MIBI uptake index (> 80% in both groups).
However, at week 9, pVEGF,;-treated animals exhibited
significantly higher *"Tc-MIBI uptake index compared
with the control group (pVEGF,;=71.9 + 6.8% versus
control = 53.2 + 11.5%, P<0.05) (Figure 2). These results
provide evidence about a 35% improvement in myocardial
function. These findings were more relevant in those pigs
having bigger perfusion defects. No side effects could be
associated to the administration of pVEGF,; plasmid.

pVEGF,; plasmid has been previously evaluated by our
group in a dog model of hindlimb ischemia (Ojalvo et al.
2003), providing evidence of increased collateral vessel
development, and improvement in hemodynamic and
physiological deficits induced by ischemia. Our present
results correspond to and complement this previous study.
Our findings are also in agreement with a previous work
which reported the successful intramyocardial delivery of
naked plasmid DNA encoding VEGF¢s in a similar model
of myocardial ischemia (Tio et al. 1999). The promising
results of this preclinical study have been further confirmed

Treatment Animal No. Week 0 Week 4 Week 9
02 Normal Light antero-apical ischemia Normal
05 Normal . Light apical ischemia . Normal

DVEGF o1 Light |nfer0.-|ate.ral.|schen”|.|a I .
09 Normal Moderate inferior ischemia Very light inferior ischemia
11 Normal Light infero-lateral ischemia Normal
17 Normal Light infero-lateral ischemia Normal
08 Normal Moderate infero-lateral ischemia Moderate infero-lateral ischemia

Control 16 Normal Moderate inferior ischemia Moderate inferior ischemia

20 Normal Light infero-lateral ischemia Light infero-lateral ischemia
21 Normal Light infero-lateral ischemia Severe infero-lateral ischemia
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by clinical trials (Symes et al. 1999; Vale et al. 2000).
However, VEGFss gene transfer has failed to improve
neovascularization or regional myocardial blood flow in a
rat myocardial infarction model (Kloner et al. 2000;
Schwarz et al. 2000).

Adenovirus-mediated gene transfer of VEGF;,; has been
used to promote angiogenesis in the ischemic myocardium
of animals (Patel et al. 1999; Lee et al. 2000), and patients
(Rosengart et al. 1999a; Rosengart et al. 1999b).
Adenoviral vectors are 10% to 10* fold more efficient in
vivo (per transgene) at transfecting target cells than plasmid
systems (Crystal, 1995). However, the administration of
large amounts of virus can lead to massive immune
responses that could cause serious, even fatal,
immunopathology. The anti-adenoviral vector response in
humans is strikingly dependent on the pre-existing anti-
adenovirus neutralizing antibody titer (Harvey et al. 1999),
likely due to prior exposure to wild-type adenovirus of a
similar serotype. Neutralizing anti-adenovirus antibodies
may significantly reduce the efficiency of gene transfer.
Therefore, repeated administration of the recombinant
adenovirus is typically ineffective. This anti-adenoviral
vector response could also mediate destruction of
transfected cells, liver and myocardial inflammation
(Epstein et al. 2001). In fact, numerous gene therapy
clinical trials have been interrupted by the Food and Drug
Administration in the wake of the death of an 18-year-old
subject enrolled in a study of ornithine transcarbamylase
deficiency involving adenoviral gene therapy (Lehrman,
1999).

100 o remmmm ol
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Figure 2. Effect of intramyocardial VEGF,; gene transfer on
myocardial function, as assessed by 99mTc-MIBI uptake
index in the ischemic area.
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In contrast, no evidence of an immune response has been
recognized in animal experiments using naked plasmid
DNA (Nabel et al. 1993). DNA is subsequently denatured
and is likely to be removed by the reticuloendothelial
system. The limiting factor associated with the use of naked
DNA for intramyocardial gene transfer has been its low
transfection efficiency. However, features of the gene,
protein, and target tissue may all contribute to phenotypic
modulation of the host despite a low transfection efficiency.
Fist, VEGF contains at its amino terminus the signal
sequence which permits it to be actively secreted by intact
cells, and to exert paracrine effects. It has been previously
shown that genes encoding proteins that are naturally
secreted, such as VEGF, can achieve meaningful biological
outcomes despite low transfection efficiency (Losordo et al.
1994).

Second, VEGF is endothelial cell specific because its
receptors Flt-1 and FIk-1/KDR are restricted to endothelial
cells (Neufeld et al. 1999). Therefore, all the VEGF activity
is focused on the critical cellular element responsible for
new vessel formation. Moreover, the ischemic environment
of the transfected muscle induces VEGF expression in
endothelial cells and upregulates VEGF receptors on the
cell surface (Brogi et al. 1996). Thus, endothelial cell
proliferation in the ischemic territory creates additional
potential sites of VEGF synthesis and secretion, amplifying
the effects of even a small amount of exogenous VEGF.

Third, myocardium has been shown to take up DNA more
efficiently than other tissue types. It has been reported that
gene injection into the rat heart results in gene expression
levels up to 50-fold higher than similar experiments in
skeletal muscle (Buttrick et al. 1992). In addition, hypoxic
muscle has been shown to exhibit a more than five-fold
increased uptake and expression of exogenous plasmid
DNA compared with normal muscle (Takeshita et al.
1996a).

Finally, VEGF inhibits apoptosis (Asahara et al. 1996), and
mediates an increase in circulating endothelial progenitor
cells after VEGF gene transfer (Kalka et al. 2000). Such
effects would be expected to complement the mitogenic
action of VEGF, resulting in a further net increase in
endothelial cell viability.

When considering safety of VEGF gene transfer and
expression, pathological angiogenesis is the main concern.
Pathological angiogenesis is thought to play a part in
several diseases, including tumour growth, diabetic
proliferative retinopathy, macular degeneration, rheumatoid
pannus formation, and progression of atherosclerosis
(Henry, 1999). In this regard, a localized and transient gene
expression assures that the recipient is not indefinitely
exposed to increased levels of VEGF. Transient expression
of VEGF gene in transfected myocardium, as well as focal
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angiogenic response have been documented (Lee et al.
2000). In our previous work, no modifications were found
in an important set of hematological variables as a result of
VEGF,; gene transfer (Ojalvo et al. 2003). No side effects
could be associated to the administration of pVEGF;y
plasmid in both the former and the present studies.

The surgical procedure required for intramyocardial gene
transfer is another important concern when considering
clinical application. The feasibility, safety, and efficacy of
catheter-based transendocardial delivery of VEGF genes to
the human heart has recently been shown (Vale et al. 2001;
Losordo et al. 2002), demonstrating that direct myocardial
gene transfer can be accomplished without the need of
thoracotomy.

The VEGEF transcript is normally spliced into five different
isoforms having 121, 145, 165, 189, and 206 amino acids,
respectively (Neufeld et al. 1999). The 121, 165, and 189
isoforms are the predominant forms in most VEGF-
producing cell types. The heparin binding ability and the
secretion pattern of the five isoforms differ markedly.
VEGF,; is a weakly acidic polypeptide that does not bind
to heparin, and is freely soluble in the conditioned medium
of transfected cells. The heparin-binding capabilities of the
remaining isoforms are progressively augmented as a result
of a step-wise enrichment in basic residues. Thus, VEGFgs
is a basic heparin-binding glycoprotein; while secreted, a
significant portion remains bound to the cell surface or the
extracellular matrix. VEGFg is not secreted into the
cellular medium; it is sequestered on heparan-sulfate
proteoglycans of cell surfaces and in the extracellular
matrix. Proteases such as plasmin can cleave VEGF ¢ and
VEGFg and release active soluble proteolytic fragments
having a size similar to or smaller than the intact 121
isoform (Houck et al. 1992; Plouet et al. 1997). It has been
speculated that these VEGF,;-like molecules are the final
common mediators of angiogenesis. This has been
supported by the demonstration of biologic equivalence
among 121, 165, and 189 VEGF isoforms for in vivo
angiogenesis in a rabbit model of hindlimb ischemia
(Takeshita et al. 1996b).

Previous works on VEGF gene transfer to the ischemic
heart have used the 121- and 165-amino acid isoforms.
VEGF,; gene transfer has been performed by means of
adenoviral vectors (Patel et al. 1999; Rosengart et al.
1999a; Rosengart et al. 1999b; Lee et al. 2000). In contrast,
naked plasmid DNA approach has been used for delivering
VEGF 45 gene (Symes et al. 1999; Tio et al. 1999; Vale et
al. 2000). This is the first study reporting on
intramyocardial gene transfer of the 121-amino acid
isoform of VEGF as naked plasmid DNA in a porcine
model of myocardial ischemia.

The present study demonstrates that intramyocardial

injection of pVEGF,; plasmid DNA results in sufficient
VEGF,; expression to significantly improve myocardial
perfusion and function in a porcine model of myocardial
ischemia. Such a strategy may be feasible in patients with
ischemic heart disease who are not candidate to
conventional revascularization procedures.
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