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ABSTRACT

New therapeutic options have emerged for patients with medically intractable angina who are not
candidates for conventional revascularisation techniques, from increasing understanding of the
biology of vessel formation and how different angiogenic growth factors participate in the
process. Administration of vascular endothelial growth factor-Aies (VEGF-A165), a key regulator
of vessel growth, has been shown to augment myocardial collateral growth. The research
programme behind this thesis focuses on angiogenic gene therapy using plasmid encoding VEGF-
Aies as a vector.

In study I the bioactivity of phVEGF-A 45 after intramyocardial injection in normoxic and
hypoxic rats was examined morphologically. A dose-response correlation between the number of
VEGF-A expressing cells as well as the angiogenic effect in terms of microvessel density was
observed. Hypoxic conditions had a tendency to enhance both plasmid expression and
angiogenesis in rat myocardium.

In study II the morphological localization of gene expression following catheter-based
transendocardial injection of plasmid encoding VEGF-A165 or a reporter protein in pig hearts was
examined. After three days plasmid transfection and protein expression was macroscopically
localised only in the target areas and microscopically localised at all levels of the left ventricular
wall. VEGF-A165 and reporter protein were expressed to the same degree.

In study III the behaviour of plasmids encoding VEGF-A16s or a reporter gene injected directly
into rat hearts was explored. Transfection was localized only at the injection site, with minimally
detected systemic spread. The time kinetics of different plasmids was similar, with a rapid though
short gene expression independent of which promotor was used. Dose-response expression of
different genes was likewise similar, with an increase in protein levels detected only up to a
certain dose injected plasmid after which protein expression plateaued.

In study IV plasmid uptake and protein expression was compared after injection of the same dose
of the same reporter plasmid into skeletal and cardiac muscle in rats. Plasmid DNA levels one day
after gene transfer was approximately 3-fold higher in skeletal than in cardiac muscle, but had by
day three abruptly decreased to levels significantly lower than in cardiac muscle. Luciferase
activity in cardiac muscle was 40-fold higher than in skeletal muscle one day and 10-fold higher
three days post-transfection. The efficacy of plasmid gene transfer hence differs between tissues.

In study V seven patients with end-stage angina pectoris were included in an open phase I trial
testing the safety and efficacy of intramyocardial injection of phVEGF-A 45 via a mini-
thoracotomy as sole therapy. A transient increase in plasma VEGF-A levels was observed. Two
months after gene transfer improved perfusion in the target region was detected in four patients
and improved function in all patients. Furthermore, a significant symptomatic relief that was
retained under the twelve-month follow-up period was documented.

Conclusions: These results suggest that positive therapeutic effects can be achieved by
angiogenic myocardial gene therapy using plasmid vectors. Catheter-based intramyocardial gene
transfer is feasible to accomplish with high anatomical precision, making it possible to design
randomized, blinded clinical trials. The results also emphasize the importance of continued
research on the pharmacokinetics and pharmacodynamics of plasmid vectors as well as
improvement and refinement of plasmid constructs in order to amplify their clinical utility.

Keywords: coronary artery disease, vascular endothelial growth factor, therapeutic
angiogenesis, gene transfer, plasmid DNA, gene expression.
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INTRODUCTION

Background

Coronary artery disease (CAD) is
the leading cause of morbidity and
mortality worldwide [1]. Despite continued
advances in the prevention and treatment
of CAD there is a growing group of
patients with  substantial myocardial
ischemia, who remain inadequately treated
by anti-angina medication and are not
amenable to further revascularisation by
percutanueous coronary intervention (PCI)
or coronary artery by-pass grafting
(CABQG) [2].

It has long been known that patients
with CAD tend to develop natural by-pass
vessels, i.e. collaterals. The importance of
well  developed coronary  collateral
circulation has been documented in several
clinical studies [3-5]. Presence of
collaterals modifies the detrimental effects
of coronary artery occlusion, lowering the
incidence of myocardial infarction,
improving the clinical outcome and long-
time survival [6]. Neovascularization is the
natural response in organs subjected to
ischemia, in an attempt to minimize tissue
damage and maintain organ function. The
interindividual variation in this adaptive
response to myocardial ischemia is
however large, and up to two-thirds of
CAD patients do not have sufficient
collateralization to prevent myocardial
ischemia [7].

Increasing knowledge during the last
two decades of the biological process of
vessel growth, together with the uncovering
of the ability of vascular growth factors to
alter vessel formation as well as the
isolation and cloning of these factors, has
given rise to a new potential treatment
strategy for CAD patients. Based on initial
data, Hockel et al 1993 proposed the term
“therapeutic angiogenesis” to describe the
induction or stimulation of new vessel
growth for the treatment or prevention of
clinical disorders characterized by local
hypovascularity [8]. Delivery of vascular

growth factors to ischeamic tissue has
subsequently in several experimental
studies and a few clinical trials been
documented to enhance collateral vessel
formation [9, 10]. Vascular endothelial
growth factor-Aies (VEGF-Aues) is one of
many angiogenesis stimulating factors so
far isolated. VEGF-A1es appears to be a
key regulator of vessel growth with its
mitogenic  activity primarily directed
towards vascular endothelial cells, making
it an appealing candidate to wuse for
therapeutic angiogenesis [11].

The research programme behind this
thesis focuses on the use of plasmid DNA
as a vector for myocardial VEGF-A1es gene
therapy.

History of angiogenesis factors

In the late 1960s two reports hypo-
thesized that the angiogenesis necessary
for tumour growth was mediated by
diffusible angiogenic factors derived from
tumour cells [12, 13]. Judah Folkman in
1971 first launched the innovative idea of
developing angiogenesis inhibitors to treat
tumours [14], and the same year in a
second pivotal paper reported the finding
of a soluble factor that stimulated blood
vessel growth, tumour angiogenesis factor
(TAF) [15]. Numerous reports on the
identification of various multifunctional
growth factors and their angiogenic effect
appeared during the following years [16].
Two drew much attention: basic fibroblast
growth factor (bFGF) identified 1974 by
Gospodarowicz and acidic FGF (aFGF) in
1979 by Maciag [17, 18]. The FGFs (today
a large family) were shown to have
pleiotropic effects, with mitogenic activity
directed to a broad spectrum of cells [19,
20]. The definitive sequencing of aFGF
and bFGF was reported in 1985 [21, 22],
and cDNA cloning of both the following
year [23, 24]. Unexpectedly, it became
clear they lacked secretory signal



sequences and could not be efficiently
secreted [19]. So the search for diffusible
angiogenesis factors continued.

In 1983 Dvorak’s group studying the
physiological properties of tumour blood
vessels, identified a protein that induced
vascular leakage, vascular permeability
factor (VPF) [25]. The authors had no
reason to suspect it had mitogenic activity.
In 1989 Ferrara’s group presented a protein
showing growth-promoting activity only
towards endothelial cells, isolated and
sequenced to be distinct from FGF [26].
They hence named it vascular endothelial
growth factor (VEGF) [26]. Meanwhile,
Connolly et al in 1989 had independently
isolated and sequenced human VPF [27].
By the end of 1989 both groups
simultaneously reported cDNA cloning of
VPF and VEGF [28] [29]. These papers
revealed that VPF and VEGF were one and
the same and importantly, contained a
secretory signal sequence. The VEGF
family now, apart from the native VEGF
(VEGF-A), includes placental growth
factor [30], VEGF-B [31], VEGF-C [32,
33], VEGF-D [34] and VEGF-E [35].

Therapeutic angiogenesis

Once the ability of VEGF to induce
growth of new blood vessels in vivo was
reported [36], investigation of the potential
use of angiogenesis factors for the
treatment of ischemic organs became the
obvious next step. Taking the lead Banai et
al 1991 demonstrated that administration
of aFGF induced angiogenesis in a dog
ischemic heart model [37]. Next, intra-
coronary delivery of bFGF after
myocardial infarction 1992 [38], and
VEGF-A1s6s5 in ischemic myocardium 1994
[39] were reported to augment neo-
vascularization  and  preserve  left
ventricular function in canine models,
while intraarterial delivery and
intramuscular injection of VEGF-Aies
increased collateralization in a rabbit hind-
limb ischemia model [40] [41]. The
hypothesis that angiogenesis stimulation
had therapeutic potential was thus

confirmed. The gene therapy approach was
introduced in 1996 when intramuscular
injection of plasmid DNA encoding for
VEGF-Ai6s (phVEGF-Ai65) was reported
to improve tissue perfusion in the same
ischemia model [42]. Proof of principle in
humans was established in 1998 when
intramuscular injection of phVEGF-Ai6s in
patients with critical limb ischaemia was
shown to enhance collateral growth [43].

Many more factors involved in
vessel growth have been identified [44],
but the FGFs and VEGF-A are so far the
most extensively investigated in both
preclinical and human trials [9, 45]. The
use of VEGF-A for therapeutic
angiogenesis is appealing, as endothelial
cells, in contrast to the FGFs, are the
primary targets for its activity.

Vessel growth

Postnatal vessel growth is, except in
the female reproductive system and in
wound healing, normally a rare event. It
is, however, a defining feature of several
pathological conditions [46]. Adult neo-
vascularization  predominantly  occurs
through angiogenesis and arteriogenesis
[47]. It has recently been discovered that
adult neovascularization also involves
vasculogenesis [48]. An array of angio-
genic and anti-angiogenic factors and their
receptors have been identified to interact
with each other and with multiple cells in
the process of vessel growth (Figure 1)
[47].

Angiogenesis

Angiogenesis is a complex multistep
process by which new capillaries sprout
and differentiate from pre-existing post-
capillary networks [47]. The first step is
thought to be activation of endothelial cells
and vasodilatation of the parent vessel,
followed by increased vascular permea-
bility, largely mediated by nitric oxide and
VEGF-A [49, 50]. Plasma protein leakage
degrades the basement membrane and
extracellular ~matrix (ECM), which
liberates sequestered growth factors and
provides a temporary support for migrating
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Figure 1. Adult vessel growth may occur via: a) vasculogenesis, i.e. mobilisation and in situ differentiation of
endothelial precursor cells, b) angiogenesis, i.e. capillary sprouting, c) arteriogenesis, i.e. remodelling of pre-
existing vessels. SMC=smooth muscle cells. (Adapted from ref 46.)

endothelial cells [50]. Activated endo-
thelial cells then migrate to the site where
angiogenesis is needed, proliferate,
assemble into solid cords forming
anastomotic connections with each other
and acquire a lumen [51]. Next, pericytes
are recruited to subsequently surround the
new vessels in variable layers, and a new
basement membrane is formed [51].
Finally a re-modeling of the vascular
network occurs, with maturation and
stabilization of the vessels and re-
differentiation of endothelial cells into a
quiescent phenotype [52]. Once the final
step is completed, new vessels can survive
for several years [52].

Hypoxia or ischemia after arterial
occlusion is the natural stimulus for
angiogenesis in adults. The angiogenic
response to acute hypoxia is at least in part
mediated by enhancement of VEGF-A
expression by the binding of the
transcription factor hypoxia inducible

factor-1 (HIF-1) to the hypoxia response
element in the promotor region of the
VEGF-A gene [53]. Hypoxia also
stabilises VEGF-A mRNA [54].

Arteriogenesis

Arteriogenesis is a further functional
modification of already formed conduit
arterial vessels, in order to adapt to the
demand of different tissues. Post-natal
arteriogenesis, in contrast to angiogenesis,
seems to be independent of hypoxia and
instead related to shear-stress induced up-
regulation of angiogenic and inflammatory
factors [55]. After occlusion of a supply
artery in the myocardium, pre-existing
conduit arterioles can increase 20-fold in
size and calibre. In response to the increase
in blood flow and consequent increase in
shear stress in the lumen, activated
endothelial cells by expressing chemokines
recruit monocytes that infiltrate and
proteolytically remodel the vessel wall
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[55]. Smooth muscle cells, recruited by
PDGF-BB and VEGF-A, migrate along
and cover the pre-existing vessels with a
thick muscular layer, subsequently
providing  them  visco-elastic  and
vasomotor properties [56]. This process
finally results in the formation of
functional arteries [55, 56].

Vasculogenesis

Vasculogenesis was  previously
thought to be restricted only to embryonic
vessel development. Recent studies have
however identified endothelial precursor
cells (EPC) in bone marrow and circulating
in peripheral blood in adults [57, 58], and
demonstrated that they are recruited for in
situ vessel growth [58-60]. VEGF-A and
granulocyte-monocyte colony-stimulating
factor (GM-CSF) have been identified to
stimulate EPC  differentiation  and
mobilisation to sites of neovascularization
[59, 61].

VEGF-A

Structural and biochemical features

The VEGF-A gene is organized as
eight exons separated by seven introns [62,

63]. Originally four VEGF-A isoforms of
121, 165, 189 and 206 amino acids
(VEGF-A121, VEGF-Aies, VEGF-Aiso,
VEGF-A206) were identified to be derived
from the single gene by alternative splicing
[62, 63] (Figure 2). Later the less frequent
VEGF-A145 and VEGF-A1s3 isoforms were
found [64]. VEGF-Au1ss is the predominant
isoform produced by a variety of cells,
VEGF-A121 and VEGF-Ais9 are detected in
most cells expressing the VEGF gene,
while VEGF-A206 is extremely rare [11,
64].

All VEGF-A isoforms have a
secretory signal sequence permitting active
secretion from intact cells. Differing
binding ability to heparin and heparan-
sulfate on the cell surface and in the
extracellular matrix distinguishes the
different VEGF-A isoforms [65]. VEGF-
Ai121 does not bind to heparin and is freely
diffusible, VEGF-A1ss is diffusible though
a significant fraction remains bound to the
cell surface and the ECM, while VEGF-
Aig9 is almost completely sequestered in
the ECM [65]. The ECM-bound isoforms
can be released by proteolytic cleavage
into a soluble active fragment of 110
amino acids, though with a substantial loss
of mitogenic activity [66].

Exon 1-5 8
VEGF-A121 | |
7 8
VEGF-A165 | |
6 7 8
VEGF-A189 | .
VEGF-A206 | |
115 aa 24aa 17aa 44aa 6aa

Figure 2. Comparison of the structures of the VEGF-A isoforms
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VEGF-A receptors

There are two known related receptor
tyrosine kinases with high binding affinity
to VEGF-A, VEGFR-1 (flt-1) and
VEGFR-2 (KDR/Flk-1) [11]. Both
VEGFR-1 and VEGFR-2 have seven
immuno- globulin-like loops in the
extracellular domain, a single
transmembrane region and intracellular
ligand-stimulatable tyrosine kinase
domains [11] (Figure 3). The VEGFR-1
and VEGFR-2 receptors are expressed
almost exclusively on vascular
endothelium cell, but also occur on bone
marrow-derived cells [11]. An alternatively
spliced, soluble form of VEGFR-1 is an
inhibitor of VEGF-A activity [67].

Soluble
VEGFR-1

{2
0

4
0

Cell

1 1 i membrane
= = Neuropilin-1

VEGFR-1 VEGFR-2

Figure 3. VEGF-A receptors

VEGFR-1 but not VEGFR-2 expression is
upregulated by hypoxia [67]. The role of
VEGFR-1 is disputed, but its main
function appears to be induction of
monocyte migration and maybe
recruitment of EPC [67]. VEGFR-2 is the
major mediator of the mitogenic,
angiogenic and permeability enhancing
effects of VEGF-A [67].

Neuropilin-1 (NP-1) is a VEGF-A1s6s
specific endothelial cell receptor [68]. NP-
1 functions as a co-receptor to VEGFR-2,
enhancing VEGF-Au1ss binding to VEGFR-

2 and VEGF-Ai6s mediated chemotaxis
[68].

Biological properties of VEGF-A
and its receptors

VEGF-A, unlike other known
angiogenic growth factors, has a unique
combination of qualities. Its secreted
isoforms exert a highly specific effect on
endothelial cells via the receptors VEGFR-
1 and VEGFR-2 [11]. VEGF-Aiss
expression is upregulated by hypoxia, with
promotion of angiogenesis in ischaemic
tissue [53, 54, 69]. VEGF-A induces a
pleiotropic response, increasing vascular
permeability, stimulating endothelial cells
to proliferate, migrate and assemble into
tubes [11, 50]. It has a paracrine effect
[11]. It is a survival factor for endothelial
cells [70-73]. It promotes monocyte
chemotaxis [74] and induces colony
formation by granulocyte-macrophage
progenitor cells [75].

VEGF-A is a key factor in the
development and differentiation of the
vascular system. Mice lacking only one of
the VEGF-A alleles died before birth due
to defects in the development of the
cardiovascular system [76, 77].
Inactivation of the VEGFR-2 gene in mice
led to deficient development of
hematopoietic and  endothelial  cell
lineages, while inactivation of the VEGFR-
1 gene resulted in severe abnormalities in
blood vessel formation, both resulting in
embryonic death [78, 79].

Therapeutic myocardial
angiogenesis

Rationale for therapeutic angiogenesis
in CAD patients

The natural response to acute
ischaemia caused by arterial occlusion
includes upregulation of angiogenic
growth factors, such as VEGF-A. This
response is sometimes not robust enough
to mediate sufficient new vessel growth.
Angiogenesis in response to ischemia has
been shown to be impaired by old age [80],
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diabetes [81, 82] and hypercholesterolemia
[83, 84]. All these factors are associated
with endothelial dysfunction that at least in
part is due to reduced VEGF-A expression.
Interindividual differences in response to
ischemia may constitute another reason for
impaired neovascularisation. Schultz et al
for example reported that patients with
angiographically visible collaterals had
greater monocyte VEGF production in
response to hypoxia compared to those
with reduced collaterals [85].

Inadequate production of angiogenic
growth factors or an attenuated response to
them might explain why some CAD
patients have insufficient collateralization.
They often are older, have diabetes and
hypercholesterolemia. ~ Treatment  with
VEGF-A gene transfer partially corrected
the angiogenic response to ischemia in
animal models of diabetes and

hypercholesterolemia [81, 83, 86]. CAD
patients may similarly benefit from
administration of exogenous angiogenic
growth factors, as even marginally
increased levels might be sufficient to
generate a biological response, alleviating
and improving

ischemic  symptoms
myocardial function.

Protein therapy versus gene therapy

Two strategies can be used to
achieve an over-expression of angiogenic
growth factors to induce angiogenesis:
delivery of recombinant proteins or
delivery of genes encoding the angiogenic
protein, systemically or locally to the
targeted tissue. The advantage with protein
therapy is that it probably obtains a more
precise dose-effect relationship than gene
therapy. The disadvantage is that the short
half-life of angiogenic proteins makes it
unlikely that their delivery in doses
avoiding toxic side effects will result in
sufficient myocardial uptake or residence
time to achieve biological effects [87, 88].

The theoretical advantage of gene
therapy over protein therapy is that
delivery of vectors encoding the
angiogenic protein results in sustained
expression of the therapeutic agent in the
target tissue after a single administration.
Thus, gene therapy potentially achieves a
greater local therapeutic effect while
minimizing adverse systemic by-effects.

Figure 4. With the purpose to enhance new vessel growth angiogenic growth factors can be delivered
to the heart by a 1) transepicardial, 2) transendocardial or 3) intracoronary approach.
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Delivery routes to the heart

Various routes, such as intravenous,
intracoronary, intramyocardial and intra-
pericardial administration, can deliver
angiogenic growth factors to the myo-
cardium [89] (Figure 4). Administration
routes that localise the effect of angiogenic
agents to the myocardium, as well as
deliver a sufficient quantity of a
therapeutic agent locally for a sufficient
duration, are ideal. Intravenous delivery of
recombinant proteins is associated with
several  limitations, including low
bioavailability, in vivo instability, high
hepatic and renal clearance rates and
systemic toxicity [87, 90-92]. Intra-
coronary delivery is an alternative. 3-5% of
the injected protein dose was recovered
from the myocardium after intracoronary
compared to 0.5% after intravenous
delivery [88] while much higher first-pass
myocardial up-take was reported with an
Ad vector [93]. Intrapericardial delivery
resulted in a substantially higher uptake of
delivered protein than intravenous or
intracoronary injection [94], it is however
doubtful if such a delivery route will be
applicable in clinical practice. There is a
paucity of reports on plasmid up-take after
endo-vascular delivery. Recently
retrograde coronary venous delivery of
plasmid DNA reportedly achieved efficient
myocardial transfection [95].

The low protein uptake in the
myocardium after endovascular delivery as
well as the fact that a significant amount of
the gene delivered intracoronarally will not
be taken up during the first pass, entails the
risk of stimulating promiscuous angio-
genesis in remote sites. Injection of
angiogenic growth factors directly into the
target tissue could thus be preferable.
Successful intramyocardial delivery of
both protein and genes by transepicardial
injection via thoracotomy and by catheter-
based transendocardial injection has been
reported [96-100]. In this case different
techniques, such as sustained-release
polymers, are needed to increase the
localized efficacy of protein therapy in the
target tissue [96, 97]. Gene vectors, on the

other hand in themselves provide sustained
protein expression.

Gene therapy

Gene therapy can simply be defined
as a method for providing somatic cells
with the genetic material required for over-
expression of specific proteins, in order to
correct or modulate a  disease.
Recombinant genes, cDNA, contain only
the protein coding sequences, exons,
lacking self-expressing ability and capacity
to invade cells. cDNA is therefore linked
to transport vehicles, viral or non-viral
vectors, with the ability to transfect and
express cDNA in host cells [101]. The
vector transfers the cDNA into targeted
cells, ~which then produce the
corresponding gene product. Currently,
only plasmid DNA and adenoviral vectors
have been used in clinical trials of
myocardial gene therapy [45].

Plasmid DNA

Plasmids occur naturally in bacteria
and yeast as small, extrachromosomal
circular molecules of double-stranded
DNA, replicating independently as the host
cells proliferate. Non-viral gene therapy is
based on DNA plasmids propagated in
Escherichia coli [102]. They are easily
separated from the host cell, purified, cut
with a restriction enzyme, and annealed to
cohesive human DNA fragments, resulting
in recombinant DNA vectors (Figure 5). In
addition to the therapeutic gene, DNA
transfer plasmids may contain introns,
polyadenylation sequences and transcript
stabilisers to control protein stability and
secretion from the host cell [103]. Strong
promoters are necessary to drive cDNA
expression  efficiently. The  human
cytomegalovirus (CMV) early promotor is
most commonly used [103]. To ensure
replication and maintenance of the plasmid
during growth and division of the bacterial
host cell a replication origin and a
antibiotic-resistance gene is needed [102].
By reinserting the plasmids and culturing
the host cells in media containing
antibiotic, only cells carrying plasmids will
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survive and large cell populations, clones,
with concomitant plasmid replication
producing several cDNA copies are
obtained [102]. As some plasmids anneal
without the cDNA insert (Figure 4),
radioactive nucleic acid probes with a
sequence complementary to the desired
DNA sequence and gel electrophoresis is
used to identify clones containing the
recombinant DNA [102]. Collection of
plasmids from host cells involves cell lysis
and purification from macromolecular
contaminants (i.e. genomic DNA, RNA,
protein and endotoxin) [102].

Plasmid vector

Plasmid origin of

DNA replication _> Drug-resistance gene
0

Restriction endonucleas
cleavage

4

The limitation with plasmid gene
transfer is low transfection -efficiency.
After delivery, much is rapidly degraded in
the ECM and only a small amount by yet
unknown mechanisms passes into the cell
[104, 105]. A substantial amount of pDNA
is sequestered in the cytoplasm, also there
prone to significant degradation, and only a
fraction of the plasmid vectors finally enter
the nucleus. There they remain extra-
chromosomal and direct a transient
transgene expression (Figure 6 ) [105,
106].
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Figure 5. Construction of hybrid plasmid DNA vectors
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Figure 6. Plasmid and viral vector gene transfer

Viral vectors

Viral vectors enter target cells via
specific receptors, escape endosomal
degradation by a viral mechanism, and
generally via nuclear targeting peptide
signals migrate into the nuclei (Figure 5).

In Table 1 the differing properties of

in  myocardial gene therapy. First
generation Ad vectors, created by deleting
El and E3 genes that rendered the virus
replication-incompetent and provided room
for the cDNA insert, evoked strong host
immune response [101]. Newer second-
and third-generation Ad vectors have

some viral vectors are briefly summarized. demonstrated significant improvements
Ad vectors are by far the most often used [101]
Duration of
Vectors Advantages Disadvantages expression
Retrovirus Long-term expression. Transduces only replicating Months
cells.
Integrates into host genome.
Risk of insertional mutagenesis.
Lentivirus Long-term expression. Integrates into host genome. Months
Transduces dividing and non- Inefficient large-scale
dividing cells. production.
Human immunodeficiency virus
origin.
Adenovirus Transduces dividing and non- Strong immune response. Few days-2
dividing cells. Widespread tropism. weeks
Relatively high transfection High pre-existing immunity.
efficiency.
Remains extrachromosomal.
Easy to generate high-titre virus
stocks.
Adeno- Transduces dividing and non- Inefficient large-scale Months
associated virus  dividing cells. production.
Relatively high transfection Low packaging capacity.
efficiency. Integrates into host genome.
Long-term expression. Risk of insertional mutagenesis.

Table 1. A schematic comparison of viral vectors frequently used in gene therapy.
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Clinical trials on therapeutic
myocardial angiogenesis

Phase I/II clinical trials

As a local administration of
angiogenic proteins to the target region
probably is ideal, clinical trials on
myocardial angiogenic gene therapy have
focused on intracoronary or intra-
myocardial delivery routes. The initial
trials reported in the late 1990°s were all
small, open studies primarily designed to
provide information regarding the safety
and feasibility of using gene transfer for
treatment of CAD.

Dose-escalating intramyocardial
injection of plasmid DNA encoding the
VEGF-A165 gene via a mini-thoracotomy
in 20 patients with refractory angina
pectoris  unsuitable for conventional
revascularization, resulted in marked
symptomatic improvement and improved
perfusion detected with SPECT and
coronary angiography [98].
Intramyocardial injection of adenoviral
vector carrying the VEGF-Ai21 gene in 15
patients undergoing CABG and as sole
therapy in 6 patients via a mini-
thoracotomy resulted in symptomatic
improvement in both groups [99].
Perfusion images, however, remained
unchanged in the group receiving only
AdVEGF-A121. Intramyocardial ~ im-
plantation of two doses polymer-released
bFGF or placebo in double-blind
randomized trial on 24 patients undergoing
CABG, resulted in significantly improved
perfusion and symptoms in the high-dose
bFGF group [96]. Dose-escalating
catheter-mediated intramyocardial
injection of plasmid DNA encoding the
VEGF-C gene in a double-blind
randomized trial in 19 patients with
inoperable coronary artery disease, resulted
in improved CCS class in the VEGF-C
group [107]. Increase in exercise duration
versus placebo was not significant but a
trend favouring the VEGF-C group has
resulted in an on-going larger randomized
trial.

Phase II/III clinical trials

During the last years, five relatively
large, double-blind randomized placebo-
controlled trials with predefined end-points
have been reported (Table 2). In the FIRST
trial 337 patients with chronic angina were
randomized to receive three doses of
intracoronary bFGF protein or placebo
[108]. There was no difference in exercise
time, nuclear perfusion or quality of life
between the groups after 90 days. The
VIVA trial randomized 178 patients with
reversible nuclear perfusion defects to
receive a single dose intracoronary
followed by three doses intravenous
hVEGF-Aies protein or placebo [109].
There was no difference in exercise
tolerance or angina class between the
groups, interestingly both groups instead
improved equally. The therapeutic agents
were well tolerated in both the FIRST and
the VIVA trial. Although negative these
studies are important as they put into
perspective the reliability of uncontrolled
clinical trials (Laham et al 2000, Henry et
al 2001) [110, 111].

In the AGENT trial 79 patients with
stable angina pectoris were randomized to
receive  dose-escalating  intracoronary
injection of an Ad vector carrying the
FGF-4 gene (Ad5-FGF-4) or placebo
[112]. There was no significant difference
in exercise treadmill testing (ETT) between
the groups, but a protocol-specified
analysis showed a significant improvement
in Ad5-FGF-4 treated patients with ETT <
10 minutes. Building on theses results 52
patients with stable angina CCS II-IV were
in the AGENT 2 trial randomized to
receive intracoronary injection of the
highest dose Ad5-FGF-4 or placebo [113].
The reversible perfusion defect size
assessed with adenosine SPECT decreased
significantly in the AdS5-FGF-4 group
compared to the placebo group after
excluding one patient from the placebo
group. The REVASC trial randomized 79
patients with advanced angina and no
option for conventional revascularization
to receive either 30 intramyocardial
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injections of Ad vector carrying the
VEGF-Ain21 gene (AdVEGF-Ai21) via a
mini-thoracotomy, or continued maximal
medical treatment [114]. This study was
obviously not possible to blind. The
objective measurement of myocardial
ischemia was ETT to additional 1 mm ST-
segment depression. The AdVEGF-Ai21
treated group had significant improvement
in ETT compared to the control group. In

disease and CCS class II- III were random-
ized to receive plasmid/liposome-VEGF-
Aies, Ad-VEGF-Aies or placebo via an
infusion/perfusion catheter after PCI [115].
There was no difference between groups in
the primary end-point of minimal lumen
diameter. In the Ad group myocardial
perfusion significantly improved from
baseline values after 6 months, but not
compared to the plasmid or control group.

the KAT trial 103 patients with 1-2 vessel

Trial Therapeutic agent n Endpoint Results
FIRST [108]  FGF-2 protein ic 337 ETTat90d Negative
VIVA [109]  VEGF-Aises protein ictiv 178 ETT at60d Negative
AGENT Ad5-FGF-4 ic 79  ETT at 4 weeks Negative
[112] (One sub-group
positive)
AGENT 2 Ad5-FGF-4 ic 52 Reversible perfusion Negative
[113] defect size assessed  (Positive when 1
with SPECT at patient was excluded
from placebo group)
REVASC Ad-VEGF-Ai121 im 67 Timeto 1 mm ST Positive
[114] segment depression
(Open trial) on ETT at 26 weeks
KAT [115] Ad-VEGF-Aies ic 103 Re-stenosis after Negative
Plasmid/ PCI (Improved perfusion

liposome-VEGF-Ai6s

at 6 months in the Ad
group)

Table 2. Completed phase II/11 clinical trials on myocardial angiogenesis. ETT=exercise treadmill test,

ic=intracoronary delivery, im=intramyocardial delivery.
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AIMS OF THE STUDY

The general aim of this thesis was to explore the use of plasmid DNA as a vector for
myocardial VEGF-A1es gene therapy. Specific aims were:

= To compare protein expression efficiency and angiogenic effect in normoxic with hypoxic
myocardium after intramyocardial injection of plasmid encoding VEGF-Auss.

= To examine the localization of plasmid gene transfer after catheter-based transendocardial
injection.

= To examine time kinetics, dose-response in protein expression and promotor dependence
after direct intramyocardial injection of plasmids encoding VEGF-A16s or a reporter gene.

= To compare plasmid DNA uptake and gene expression after direct injection into the
myocardium with direct injection into skeletal muscle.

= To test the safety and bioactivity of plasmid encoding VEGF-A1e6s after intramyocardial
injection in CAD patients without options for further revascularization.



MATERIALS and METHODS

A detailed description of the materials and methods used in this thesis are found in the

individual papers I-V.

Paper I-1V

Animals

Male Sprauge-Dawley rats, body-
weight ranging between 380-420 g, were
housed four in a cage under conditions of
12-hour light/dark periods (paper I, III,
IV). Water and chow was provided ad
libitum. The rats were sacrificed with
carbon dioxide inhalation and tissues of
interest were immediately extracted.

Pigs, bodyweight 32-56 kg, were
housed and treated in accordance with the
institutional  guidelines for care of
laboratory animals (paper II). They were
sacrificed by an overdose of pentobarbital
and the hearts were immediately extracted.

Plasmids

The plasmid phVEGF-Ajes is a
eukaryotic expression vector of encoding
the 165 amino acid isoform of human
cytomegalovirus immediate early (HCMV
IE) promoter/enhancer (paper I-11I, V). The
plasmid pEGFPLuc is a commercial
reporter plasmid where the CMV
promoter/enhancer drives the expression of
a fusion protein of enhanced green
fluorescent protein (EGFP) and luciferase
(paper III). The plasmids pNGL-CMV
driven by a virus promoter, pNGL-EFla
by a human promoter and pNGL-SRa by a
hybrid between SV40 early and human T-
lymphotropic virus type 1 promotors, are
all reporter plasmids encoding for
luciferase and with the same vector
backbone (paper III). pGTCS500 is an
expression vector with the luciferase gene,
flanked by intron A and IgG2 intron,
driven by a CMV promoter/enhancer
(paper IV). (Figure 7).
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Intramyocardial gene delivery (paper I,
IIL, IV)

Anaesthetised rats were placed in a stable
position on their backs, and the posterior
left  ventricular wall was  echo-
cardiographically located utilising a 10
MHz probe. With a subthoracic approach,
the plasmid solution was there-after under
echocardiographic ~ guidance  injected
directly into the posterior wall. An area of
increased echogenicity visible at the needle
tip after the plasmid solution was injected
was considered an indication of successful
intramyocardial gene delivery (Figure 8).

Catheter-based transendocardial gene
delivery (paper II)

The NOGA system (Cordis-
Webster) was utilized for intramyocardial
injection plasmids in anaesthetised pigs.
The mapping catheter was positioned in
the left wventricle under fluoroscopic
control. The first three points of the
subsequent three-dimensional map of the
left ventricular inner surface (apex,
lef+right angles of the base) were located
with  fluoroscopic guidance. Mapping
precision was evaluated in a twelve-
segment bulls-eye view. At least three
points in each segment and a total of at

least 60 points were required precision
criteria. After switching to the injection
catheter, which basically is a 7 French
mapping catheter integrated with a re-
tractable = 27-gauge needle (Cordis-
Webster), plasmid solution was injected at
ten spots into a predefined region of the
left ventricular wall. Ventricular extra-
systoles were regarded as evidence of
appropriate needle protrusion into the left
ventricular wall, while transient
ST-elevation recorded from the catheter
was regarded as evidence of successful
injectate delivery.

Histologic analysis of VEGF-Auies, -
galactosidase and EGFP expression

For detection of VEGF-Aiss ex-
pression serial Sum cryo cross-sections of
whole (paper I) or pieces of hearts (paper
IT) were stained with monoclonal mouse
anti-hVEGF-A antibody (Sigma),
streptavidin-biotin-horseradish peroxidase
complex (Dako) and 3,3’-diamino-
benzidine tetra hydrochloride (DAB)
(Sigma). VEGF-A expressing cells were
counted under a light-microscope with a 10
x objective. Five sections per heart with
the highest detected expression efficiency
were selected for microvessel analysis in
paper 1.

Figure 8. Intramyocardial injection of plasmid solution in rats. A. Micromanometer.
B. Needle visible in the left ventricular wall. C. Visible plasmid injectate.
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Expression of [-galactosidase was
macroscopically detected by staining of
every second whole slice of the pig heart
with Xgal colour substrate (paper II). Five
um sections of adjacent areas were stained
with  X-gal colour substrate and
counterstained with hematoxylin-eosin.
Cells expressing [-galactosidase were
counted under a light-microscope with a 10 x
objective.

For detection of EGFP expression, 5
um cryo-cross-sections of the heart were
directly = examined by  fluorescence
microscopy (paper III).

Analysis of microvessel density (paper I)

Sections adjacent to the ones
previously selected were stained with
Griffonia Bandeiraea Simplicifolia
Isolectin B4 (paper I). Of these, two
sections with the highest transfection
efficiency were selected from each heart
for evaluation of microvessel density. Ten
fields of 0,58 mm? each in the transfected
area were examined under a light-
microscope with a 10 x objective. A Micro
Image analysis program (Omega) was
utilised for quantification of the
microvessel density in the examined fields.

Analysis of VEGF-A protein expression

The hearts were homogenised in 1.2
ml lysis buffer consisting of 20 mM
HEPES pH 7.4, 1.5 mM EDTA, 0.5 mM
PMSF, 0.5 mM benzamidine and 10 pg/ml
trypsin inhibitor (paper III). Protein
expression was measured with a VEGF
enzyme-linked  immunosorbent  assay
(ELISA) Assay Kit (R&D Systems).
Hundred pl supernatant was added to 100
ul assay diluent. Standard curves were
prepared according to the directions of the
manufacturer.

Analysis of Luciferase activity

Tissues were homogenised in
luciferase lysis buffer and chemi-
luminescent  luciferase  activity  was
measured using a Promega Luciferase
Assay Kit (paper III, 1V). Twenty ul
supernatant was added to 100 pl of
luciferase substrate and the relative light

units (RLU) were measured over 10
seconds in a single well luminometer.
Standard curves were prepared by serial
dilutions of purified luciferase in control
tissue homogenate.

In vitro gene transfer and analysis of
VEGF-A expression (paper III)

Plasmids were transfected into COS-
7 cells by polyethyleneimine (PEI)
transfection. Twenty-four hours prior to
transfection 50,000 cells were seeded in a
6-well plate (Corning Costar). For each
well 2.5 pg of plasmid was mixed with PEI
in a total volume of 20 ul. After incubation
at room temperature for 30 minutes the
PEIL:plasmid complex was added to the
cells. Gene expression was measured by
analysing the amount of VEGF-A in the
supernatant with ELISA at different time
points after transfection.

DNA extraction from tissues (paper IV)

Tissues were directly after removal
weighed, cut into small pieces on dry ice
and stored in —70°C until DNA extraction.
Total DNA from tissue samples was
extracted using QIAGEN DNeasy Kit,
essentially according to the manufacturer’s
specifications (QIAGEN Inc.). Two 19 ml
samples of each homogenate (=2x400 mg
tissue) were aliquoted into QIAGEN
anion-exchange resin tubes and genomic
DNA was isolated separately.

Plasmid DNA quantification (paper 1V)

Real time quantitative PCR was
used for measurement of pGTCS500 in
tissues (ABI-PRISMA 7700 Sequence
Detector, Perkin-Elmer Applied
Biosystems Inc, Foster City, CA, USA).
Oligonucleotide primers and TaqMan
probes were designed for the plasmid
specific sequence ColEl wusing Primer
Express version 1.5 (Perkin-Elmer Applied
Biosystems Inc.). All reactions were
performed in 96-well MicroAmp Optical
plates. Amplification mixes (25 ul)
contained the diluted sample DNA, 2 X
TagqMan Universal PCR  Mastermix,
forward and reverse primers and probe for
the specific plasmid sequences.
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Quantification of plasmid values into pg
per extracted tissue was carried out by
calibration against a standard curve
generated by serial dilution of pGTC500.
Samples of the precipitated genomic DNA
were analysed for specific plasmid levels
in duplicate. Dilution curves of transfected
heart muscle homogenates were also
performed to ensure that endogenous DNA
did not inhibit the quantification of the
injected plasmid.

Clinical methods (Paper V)

Patients

Patients with multivessel occlusive
coronary artery disease, Canadian
Cardiovascular Society (CCS) class III-1V
and no possibility of  further
revascularisation were included in the
study. Further inclusion criteria were:
perfusion defects extending over > 10% of
the anterolateral left ventricle wall,
detectable with adenosine single photon
emission computerised ~ tomography
(SPECT), at least 1 patent vessel visible
with coronary angiography and ejection
fraction > 30%. Exclusion criteria were
unstable angina pectoris during the last 6
months, cancer, chronic inflammatory
disease or diabetic retinopathy. Screening
for occult tumours was performed before
inclusion with chest x-ray, mammography
and blood tests for chorioembryonic
antigen (CEA) and prostate-specific
antigen (PSA).

Study design

Via a left mini-thoracotomy under
general anaesthesia, a total of 0.25-1 mg
phVEGF-Ai6s was injected directly into
the myocardium at four sites in the
anterolateral region of the left ventricular
wall. The patients were postoperatively
observed in the intensive care unit for 48
hours and then in a routine ward until
discharge.

Physical examinations, ECG,
standard laboratory tests including CEA
and PSA tests and exercise tolerance tests

were performed prior to, and 2 weeks, 1, 3,
6 and 12 months after the operation. The
patients were monitored for signs of
congestive heart failure and their angina
episodes as well as weekly nitroglycerine
consumption were documented.
Myocardial function was evaluated prior to
and 2 months after gene transfer with
adenosine SPECT and tissue velocity
imaging (TVI) during dobutamine stress
echocardiography and the presence of
collaterals with coronary angiography.
SPECT scans and angiograms were
evaluated by 3 blinded independent
observers.

RESULTS

Paper 1

Aims

The aim of this study was to
morphologically examine the dose-
response effect on transfection efficiency
and angiogenesis of phVEGF-A¢s after
intramyocardial injection in normoxic and
hypoxic rats.

Results

Injection of plasmid solution or
saline alone produced a macroscopically
detectable scar after 5 days, a finding that
was utilised to locate the transfected area
in the myocardium. VEGF-A expressing
cells were located around the distal part of
the injection tract. No VEGF-A expressing
cells were detected in the control hearts
injected with saline or subjected to hypoxia
alone, confirming an absence of cross-
reactivity with endogenous rat VEGF with
the staining method used. Very few, or no
inflammatory cells were detected in the
gene transfer region. No angiomas were
observed.

The number of VEGF-A expressing
cells detected per cross-section in the
normoxic  hearts  increased  dose-
dependently (p<0.05) (Figure 9). A
tendency of a higher number of VEGF-A
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expressing cells was observed in the
hypoxic hearts when compared with
normoxic hearts injected with the same
dose phVEGF-A 45 (Figure 9).
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Figure 9. Dose-response in number of
transfected cells in normoxic and hypoxic
hearts. A significant increase was detected
between 2 and 100 ug phVEGD-A165 in
normoxic rats (*p<0.05).

In the rats exposed to hypoxia alone,
an increase in microvessel density was
detected after 5 days, peaking day 7 with a
20% (p<0.05) increase in microvessel
density when compared with normal
myocardium. No further increase in
microvessel density was detected day 10.
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Figure 10. Microvessel density measured in normoxic
and hypoxic hearts after phVEGF-A165 injection.

0 phVEGF-A165 = control hearts injected with saline
solution. * = p<0.05 increase between 0 and 10 ug
PhVEGF-A165 in normoxic hearts. *) = p<0.05
diference between normoxic and hypoxic hearts
receiving the same treatment.

In the normoxic rats intramyocardial
injection of phVEGF-A¢s resulted in a
dose-dependent increase in microvessel
density up to 10 pg plasmid, at which dose
an approximately 10% increase (p<0.05)
was detected compared to control
normoxic rats (Figure 10). A further
increase (p<0.05) in microvessel density
was detected in hypoxic rats treated with
10 png phVEGF-Aj¢s compared to
normoxic rats treated with the same dose
(Figure 9).

Conclusion

Intramyocardial injection of
phVEGF-A¢s resulted in a dose-dependent
increase in the number of transfected cells
as well as in an angiogenic effect. Hypoxic
conditions tended to enhance both
transfection efficiency and angiogenic
effect. Acute hypoxia alone stimulated
angiogenesis without treatment.

Paper 11

Aims

The aim of this study was to
characterize macroscopic and microscopic
localisation of gene transfection after
catheter-based transendocardial injection
of plasmid DNA in pigs utilizing the
NOGA mapping and injection system.

Results

All animals survived the study. One
pig had developed myocardial infarction at
harvest, although there were no signs of
myocardial  infarction = during  the
procedure. As there was no vessel
occlusion, catheter-mediated trauma was
interpreted as the probable cause of this
complication.

Ten gene-expressing spots were
obtained from ten injections in the first
analysed heart, but in addition, there were
granulations and subendocardial superficial
hemorrhages in the target area.
Consequently, less catheter pressure was
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applied in the remaining animals. The
following hearts had fewer gene-
expressing spots, but also less myocardial
trauma. Totally, approximately 60% of the
injections made resulted in detectable gene
transfer. The criterions for appropriate
needle penetration into the myocardium
(ventricular extrasystoles) as well as
myocardial injectate deposition (transient
ST-elevation) were fulfilled in 70-80% of
the injections made.

All identified gene-expressing spots
were located where expected, i.e. in the
target area between the papillary muscles,
with a 5x5x5 mm distribution around the
distal end of the needle track (Figure 11).
The macroscopic -galactosidase identified
spots were located subendocardially
(n=12), in the middle of the left ventricle
wall (n=15) and subepicardially (n=9).

B-galactosidase and VEGF-Aies
expression was detected microscopically in
sections corresponding to the areas
identified macroscopically. Fort-two % of
transfected cells expressed both f-
galactosidase and VEGF-Aie¢s, where as
32% only P-galactosidase and 26% only
VEGF-Auiss.

Conclusion

Catheter-based intramyocardial gene
delivery is feasible to accomplish with a
high degree of local precision in the left
ventricular wall.

Paper 111

Aims

The aim of this study was to explore
the dose-response relationship of protein
expression of plasmids encoding a
therapeutic or a reporter gene, the time
kinetics including a comparison between
different promotor/enhancers after direct
intramyocardial injection in rats. Target
tissue distribution and systemic spread to
the liver was also examined.

B.

Figure 11. A VEGF-A165 expressing spots and B d-galactosidase expressing spots in pig hearts after catheter-

based intramyocardial injection of plasmids.
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Results

EGFP gene expression  was
restricted to cardiomyocytes in a focal area
surrounding the distal part of the needle
track. The pEGFPLuc plasmid expression
was low and unevenly distributed over 2-4
mm in the longitudinal plane of the left
ventricular wall (Figure 12). This area was
found to correspond to the area of
increased echogenicity surrounding the
distal part of the needle visualised after the
injection of plasmid solution (Figure 12).
The luciferase activity detected in the liver
was very low. The highest levels, detected
day one, corresponded to less than 1 % of
the luciferase activity detected in the heart
(p<0.01). By day four, there was no
detectable luciferase activity in the liver.

Figure 12. EGFP expressing cells in rat myocardium.

In rat hearts the luciferase
expression level obtained with 30 pg
pEGFPLuc was three-fold higher than the
levels obtained with 3 pg (p=0.0002), and
also significantly higher than levels
obtained with 150 pg (p<0.03) and 300 ug
(p<0.01). There was no significant
difference in luciferase activity between
150 and 300 pg (figure 11). Similarly, the
VEGF-A protein level obtained with 30 pg
injected phVEGF¢5 was five—fold higher
than the levels obtained with 3 pg (p<0.02)
and three-fold higher than with 300 pg
(p<0.01). It was, however, not significantly
higher than the level obtained with 150 ug
(Figure 13).
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Figure 13. Dose-response in pEGFPLuc and
phVEGF-A165 protein expression.

The expression of both the luciferase
and the VEGF-Aies protein had similar
time kinetics (Figure 14). Both proteins
were detected 8 hours after injection,
reaching a peak level by day 1 with a
three-fold increase in luciferase expression
(p<0.0001) and five—fold increase in
VEGF-Ai6s expression (p<0.001). A
plateau level was retained until day 2-3,
subsequently rapidly declining to very low
VEGF-Aiss levels by day 3 (p<0.0005) and
luciferase levels by day 4 (p<0.0001).
phVEGF-A¢s expression followed similar
kinetics in vitro as in vivo. VEGF-A levels
in COS-7 cultures were highest day 3,
followed by a distinct rapid decline day 5.
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Figure 14. Time kinetics of pEGFPLuc and
PhVEGF-A165 protein expression.
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In order to test if the short time
course could be attributed to promotor
attenuation three different promotor types
were compared. The luciferase activity
after injection of 30 pg pNGL-CMV, 10 1 *
pNGL-EFla or pNGL-SRa followed =
similar kinetics as pEGFPLuc. The highest g
levels were detected day 1, with a rapid X2
decline by day 4. On day 1 pNGL-CMV
yielded higher (p<0.05) luciferase activity
than pNGL-EF1a, whereas no significant 'y
difference was observed when compared l
with pNGL-SRa. There was no significant O - dne] Sr A —
difference between the plasmids day 4 and * 2 = "
8.

Figure 15. Measured plasmid levels depicted in
mean ug pGTC500/tissue from skeletal (SM) and
Plasmid DNA transfection was cardiac muscle (CM) one and three days after

localised to the injection site with minimal direct injection. (n=6 at each time point.)
detected systemic spread to the liver. The
time course of the reporter and the
therapeutic gene expression was similar
and promotor independent. The dose-
response in protein expression was
likewise similar for both genes.

Conclusion

A marked difference in transgene
expression was observed between cardiac
and skeletal muscle. Luciferase activity in
cardiac muscle was 40-fold higher than in
skeletal muscle day one (p<0.004) and 10-
fold higher (p<0.03) day three post-
transfection (Figure 16).

Paper IV

Aims 20 - *

The aim of this study was to detect s s
differences in plasmid uptake efficiency 100
after direct injection of the same dose
plasmid DNA encoding luciferase into the
myocardium and into skeletal muscle in
rats.

20

G0

Results

pDNA levels were approximately 3- 20 1
fold higher in skeletal than in cardiac
muscle one day after gene transfer B
(p<0.03). Three days after gene transfer the
pDNA levels in skeletal muscle however (SM) and cardiac (CM) muscle one and three
had abruptly decreased, and were now days after intramuscular and intramyocardial
significantly lower than in cardiac muscle injection of 30 ug pGTC500 (n=>5 each time
(p<0.02) (Figure 15). point).

luolbramaoiuty RL UM e

Figure 16. Luciferase activity detected in skeletal
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A comparison of pGTC500 levels
and luciferase activity in skeletal and
cardiac muscle are depicted in Figure 17.
As seen, the behaviour of the same plasmid
differed completely in the different tissues.

Conclusion

Transgene expression efficiency is
not equivalent to plasmid uptake efficiency
after direct pDNA injection in skeletal and
cardiac muscles in rats. This finding
questions the relevance of indirectly testing
plasmid DNA uptake by monitoring
transgene expression.

Paper V

Aims

The aim of this study was to test the
safety and bioactivity of intramyocardial
injection of phVEGF-A 45 as sole therapy
for patients with end-stage angina pectoris
and without any option of further
conventional revascularisation procedures.
We also wanted to ascertain if the
previously reported positive results of a
similar trial could be independently
reiterated.

Results

The demographics and clinical
history of the patients included in this
study are described in Table 3.
Intramyocardial gene  transfer  was
successful in all patients. There were no
perioperative deaths. Release of
myocardial markers and new ECG changes
were detected in 2 patients. Mean plasma
VEGF-A levels increased 2- to 3-fold
peaking day 6 after gene transfer and
returning to baseline levels by day 30.

Two months after gene transfer,
reduced reversible ischaemia in the gene
transfer region was detected in 4 of the
patients by adenosine SPECT, indicating
improved myocardial perfusion (Figure
18).
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Figure 17. pDNA levels and luciferase activity are
jointly depicted to better visualize the behavior of
pGTC500 one and three days after intramyocardial
and intramuscular injection. Above: Luciferase
activity/skeletal muscle (SM) and cardiac muscle
(CM) in relation to ug pGTC500/SM and CM.
Below: Luciferase activity/ug pGTC500 detected in
SM and CM respectively

Improved collateral filling was
detected in four patients with coronary
angiography. Improved myocardial
function in the gene transfer region was
detected in all patients, with a significant
increase (p<0.016) in mean TVI value
during dobutamine stress echo-
cardiography. A tendency of improved
exercise tolerance and a later onset of ST-
depression were observed. Two patients
reported an absence of chest pain during all
exercise tests after gene transfer, while the
others remained unchanged.
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Parametrar n
Female 2
Male 5
Age, years mean 68 (56-76)
Prior smokers 3
Diabetes 0
Hypertension 3
Intermittent claudication 2
Prior myocardial infarction 2
Beta blocker 7
Calcium chanel blocker 7
Lipid lowering agent 7
ASA 6
Warfarin 1
Slow release nitroglycerine 7
CABG 7
PCI 4
Ejection fraction, % mean 49 (40-55)
Collateral source: LIMA-LAD 5

Vein graft — marginal 1

Table 3. Characteristics of patients included in the trial.

Figure 18. Polar maps of SPECT scans showing reversible ischaemia before (left) and 2 months
after (right) gene transfer in patient six. A marked reduction of reversible ischaemia was detected
in the left anterior wall after treatment (upper right quadrants indicated by lines).
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No signs of congestive heart failure or new
ECG changes were detected during the 12-
month follow-up period. One late death
due to a myocardial infarction occurring 7
months after the operation was deemed as
unrelated to the gene transfer. A significant
subjective improvement was reported after
gene transfer. The CCS class had
decreased after 2 months (p<0.01) and this
improvement was retained at 12 months
(Figure 19). Intake of nitroglycerine tablets
had markedly lessened after 2 months
(p<0.001) and approached zero at 12
months (Figure 19).

Conclusions

Intramyocardial injection of
phVEGF¢s in patients with refractory
angina pectoris is safe and resulted in
improved myocardial perfusion and
function as well as a long-term
symptomatic relief.
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Figure 19. CCS class (above) and
nitroglycerine intake (below) during
the 12-month follow up period.
Values are mean + SEM.

GENERAL DISCUSSION

The challenge of gene therapy is to
I) determine which gene is best to use, then
to II) deliver the genetic material into the
target tissue in III) sufficient quantities for
the synthesis of an adequate amount of
gene product to VI) elicit the desired
therapeutic effect while V) limiting
adverse side effects.

Choice of VEGF-A165 as therapeutic
agent

As described previously (ppll1-13)
neovascularisation is an  extremely
complicated process, involving a multitude
of angiogenic and anti-angiogenic factors
interacting with each other and numerous
cell types. That VEGF-Aies is a key
regulator of vessel growth is undisputed.
VEGF-A1ss is a highly specific mitogen for
vascular endothelial cells, which represent
the critical cellular element responsible for
new  vessel formation [11].  This
characteristic  makes =~ VEGF-Ai6s  an
appealing candidate for use in therapeutic
angiogenesis. However, is the delivery of a
single factor, as VEGF-Aies, capable of
inducing all the complementary activities
essential for the development of fully
functional vascular network? Dor et al
designed a transgenic mouse system with a
genetic on-off switch allowing reversible
induction of high levels of VEGF-A in the
heart and liver in adult mice [116]. VEGF-
A if expressed during a sufficient period
induced the formation of vessels durable
for months after withdrawal of the
angiogenic stimulus, providing evidence
that VEGF-A alone indeed can promote
the entire angiogenic cascade [116].

Choice of plasmid as a gene transfer
vector

The use of plasmid DNA for gene
transfer has many benefits in comparison
with Ad vectors. They are proportionately
simpler and cheaper to produce, they are
able to transfer genes with less restriction
by cDNA size and, most importantly, they
do not to the same degree evoke an
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immune response [117]. Ad infections are
endemic virtually worldwide and specific
Ad-antibodies with differing ability to
neutralize Ad-vector transduction are
detectable in 97% of individuals [118].
This might hamper the clinical use of Ad
vectors, especially if repeat administration
is considered. The single death so far
associated with human gene therapy trials
was due to an acute inflammatory response
to Ad vectors, albeit in this case given in
an exceptionally high dose [119, 120].

Although plasmid DNA transfection
efficiency is not as high as Ad vectors, this
may be less relevant in strategies where the
gene product has a secretory signal
sequence, as VEGF-Aies, and a paracrine
effect on vessel growth [121]. More
explicitly, this means that transfer of genes
that encode secreted proteins can achieve a
biological effect by transfecting a limited
amount of cells, if the transfected cells
secrete a substantial amount of the gene
product. The paracrine effect of the
secreted protein might then modulate the
bioactivity of a large number of target
cells, in this case endothelial cells.

Very few clinical trials have directly
compared the therapeutic effect of plasmid
DNA and Ad encoding the same gene.
Local intraarterial  plasmid/liposome-
VEGF-Ai6s or Ad-VEGF-Aies gene
transfer in a double-blind randomised trial
including 45 patients with lower limb
ischemia resulted in increased vascularity
in both groups compared to placebo, with
no difference between plasmid and Ad
groups [122]. On the other hand, after
intracoronary  infusion of  plasmid/
liposome-VEGF-Ai6s or Ad-VEGF-Aies
only the Ad group showed improved
myocardial perfusion [115]. The last
mentioned results can however be
interpreted as showing that different
delivery routes suite different vectors in
different organs.

Gene delivery route

Selection of delivery route suited to
the vector used is a key issue for
efficacious targeted gene transfer. While
intravascular delivery of Ad vectors is

possible, circulating DNases rapidly
degrade  plasmid DNA.  Although
incorporation of pDNA in liposome
complex is protective, its passage through
the vessel wall to the myocardium is
limited and transgene expression is mainly
located in endothelial cells [123]. Ad and
plasmid vectors did not differ in efficacy
when the target tissue was the coronary
artery (i.e. re-stenosis rate) [115]. If the
myocardium is the target tissue for gene
transfer, direct injection is more
appropriate when using plasmid vectors.
The large size of pDNA restricts its
diffusion within the tissue after direct
injection, enabling transfection only of
cells surrounding the injection site, which
in turn makes this delivery route tissue
specific [124, 125]. In accordance,
transgene expression was after direct
injection of pDNA into the myocardium
only detected at the delivery site in paper I-
III. The very low level of luciferase
activity detected in the liver in paper III
indicates that systemic spread after
intramyocardial pDNA injection is
negligible.

Gene delivery site

It is currently unknown if optimal
effect of therapeutic angiogenesis will be
achieved by delivering angiogenic
cytokines to regions of hypovascularized
ischeamic myocardium or to regions of
non-ischaemic myocardium from which
collaterals will originate. The general
opinion has been that nonischaemic tissues
may be unresponsive to angiogenic stimuli,
while acute ischaemia enhances VEGF-A
and VEGFR-2 expression [69, 126] as well
as gene transfer efficiency [127]. In paper
I, phVEGF-A s transfection efficiency
increased in correspondence with a
moderately increased angiogenic effect in
hypoxic  compared with  normoxic
myocardium. Microvessel density however
increased to the same degree in rat hearts
exposed to acute hypoxia alone.

Acute ischaemia even in severe
CAD is not constant but instead provoked
by exertion. The myocardial response to
chronically reduced blood flow is
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hibernation, a transitory adaptive state
where oxygen consumption and contractile
function is down-regulated at rest in order
to preserve high-energy metabolism [128].
Transgenic mice lacking VEGF-A164 and 188
isoforms developed myocardial ischemia
with signs of hibernation that progressed to
cardiac failure, thus providing evidence
that insufficient availability of angiogenic
growth  factors can aggravate the
consequence of CAD [129]. The finding
that phVEGF-A¢s transfer evoked an
angiogenic  response in  normoxic
myocardium is relevant as it supports the
feasibility = of rescuing  hibernating
myocardium by delivery of exogenous
angiogenic growth factors during stable
CAD conditions, when endogenous
angiogenic growth factors are not
upregulated [130-132].

In a recent report, pVEGF-Aies
injected into the ischemic region of the
myocardium in a pig model of chronic
ischemia did not result in improved
myocardial blood flow in the target area
[133]. Instead, myocardial blood flow
increased in regions adjacent to the
pVEGF-Aiss delivery zone, a spatial
delivery-efficacy mismatch [133]. As most
angiogenic activity occurred in the
ischemic border zone, this may be the
optimal delivery site. Such regions are
impossible to localize during
intramyocardial injection via a mini-
thoracotomy. They are however fully
feasible to localize with the NOGA system,
with  which regions of hibernating
myocardium can be identified and serially
evaluated before and after gene transfer
[134].

We achieved a high degree of local
precision in the left ventricular wall with
catheter-based  transendocardial  gene
delivery in paper II. That the success rate
of identified transgene expressing spots
was not 100% can be due to different
factors. The study design entailed
macroscopic  assessment  of  gene
expression only in parts of the left
ventricle. Hence, it is possible that more
gene expressing spots existed than
detected. Secondly, although the gene

delivery procedure in it self is successful a
substantial amount of the injectate can be
lost by direct leakage [135]. Thirdly, since
the myocardium is highly vascular [136-
138], some of the injected pDNA may be
lost via venous and lymphatic drainage
before transfection.

It is important to test if previously
reported amazingly positive effects of a
therapeutic agent are possible to reproduce
in independent trials. In paper V we
therefore used a similar study design as in
the trial reported by Symes et al [98].
Intramyocardial gene transfer in humans
was at the initiation of our clinical trial
(paper V) only possible via a mini-
thoracotomy, which limited the delivery
site to the anterolateral region of the left
ventricle. Although VEGF-Aies is a
secreted protein, a considerable amount
remains sequestered on the cell surface and
in the ECM [65]. The highest VEGF-A1¢s
levels in the target tissue are consequently
likely in the region surrounding the
injection site. Acting on this assumption
we, in contrast to the previous study [98],
only included patients with reversible
ischaemia detected in the anterior region.
We furthermore deemed it compulsory that
the delivery region was consistent in all
patients, to minimize variables influencing
the evaluation of phVEGF-A s biological
effects.

Plasmid dosage

Determining the optimal gene vector
dosage is another key issue for achieving
successful ~ gene  therapy.  Robust
differences in biological response have to
date not been documented, despite several
dose-escalating studies performed on both
animal models and in clinical trials. A
significant ~ dose-response  correlation
between VEGF-A expressing cells and
increase in microvessel density was
observed between 2 and 10 pg phVEGF-
Ajes in both normoxic and hypoxic hearts
in paper I, but not with the higher doses
phVEGF-A¢s. One limitation with plasmid
gene transfer is the high interindividual
variation in gene expression. We in paper
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[T therefore increased the space between
delivered plasmid doses. A significant
dose-response increase in luciferase and
VEGF-Aj¢s protein  expression  was
obtained between 15 pg and 30 pg injected
plasmid. The higher plasmid doses did
however not result in a continued rise.
Instead, protein levels after 150 pg were
the same as obtained with 30 pg, while
they decreased after delivery of 300 pg.
Our results indicate that a saturable
mechanism, independent of  which
transgene the plasmid is carrying, is
involved in plasmid uptake and/or gene
expression. Similar speculations were
presented  previously  [139, 140].
Evaluation of dose efficacy was not an aim
in our clinical trial (paper V), but due to a
misinterpretation of the original study
protocol [98] the first 2 patients received
1.0 mg instead of the pre-intended 0.25 mg
phVEGF-A¢s. Interestingly, no divergence
in plasma VEGF-A levels was detected
between patients.

Taken together our results in paper
[+III implicate the existence of a
therapeutic window for the
pharmacological use of plasmid vectors.
Several questions arise if this is proven
true in further studies. One such important
question being if the plasmid doses within
that therapeutic window are sufficient for
promoting functional angiogenesis with
one administration or if repeated
administration might be necessary to
obtain optimal angiogenic effect.

Duration of plasmid gene expression

It is essential that the time course of
transgene expression is appropriate for the
disease to be treated. Seminal papers by
Wolff et al in the early 1990’s reported
slow gene expression elevation but
persistence for weeks or months after
direct injection of pDNA into the
myocardium or skeletal muscle [141-143],
while later studies report differing gene
expression duration. In paper III, we
obtained rapid but considerably shorter
pDNA expression with an abrupt decline
four days after intramyocardial injection in

rats, independent of which gene the
plasmid encoded. The decline was on the
other hand not to zero levels and gene
expression could maybe have been
detected for as long time as in the earliest
reports. The relevance of such very low
levels is debatable, as they are unlikely to
have any biological effect. More important
is how to detain stable high-level gene
expression after pPDNA delivery. Promotor
inactivation is a factor determining the
duration of gene expression and strong
viral promoters, such as the CMV
promotor, can be easily attenuated [144,
145]. We however detected no difference
in time kinetics between the strong viral
CMYV promotor, the human EFla and the
hybrid SRo promoters. Vector backbone
fragility can also affect the duration. While
the vector construct was identical when
comparing promoters, the CMV promotor
was in total utilized in three vectors with
differing backbones in this study. pDNA is
prone to be entrapped and rapidly degraded
in the cytoplasm, with an apparent half-life
reported to be 50-90 minutes [146]. Thus,
the most likely explanation to the short
gene expression duration in paper III was
loss of pDNA from transfected cells.

The short transient transgene
expression derived from plasmids or Ad
vectors has previously been considered
advantageous, as indefinite angiogenic
growth factor expression is neither
required or desirable for treatment of CAD
[147]. However, in a recent report
prolonged VEGF-A expression (4 weeks)
was obligatory to produce durable vessels
[116]. Interestingly, although VEGF-A
expression for two weeks alone produced
nondurable vessels, two periods of two
weeks VEGF-A expression separated by
five weeks produced vessels persisting for
months [116]. This implies that repeat
administration of plasmids encoding
VEGF-Ai6s can achieve  persistent
therapeutic effect.

Behaviour of plasmid in different tissues

Despite the fact that intense gene
therapy research is currently ongoing, the
pharmacokinetics and pharmacodynamics
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of gene transfer vectors are largely
unknown [148]. For example it is not
known why bFGF protein was ineffective
in treating CAD (FIRST trial [108]), but
effective in treating peripheral artery
disease (TRAFFIC trial [149])).
Paradoxically, Ad-VEGF121 was effective
in the myocardium (REVASC trial [150])
but instead ineffective in treating
peripheral artery disease (RAVE trial
[45]).

In previous preclinical reports,
intramyocardial  injection of pDNA
resulted in higher gene expression than
when the same pDNA was injected into
skeletal muscle [151, 152]. In accordance
with a common supposition that gene
expression reflects vector uptake we
hypothesized that this discrepancy in gene
expression most likely was due to lower
pDNA uptake in skeletal than in cardiac
muscle. To examine the uptake of plasmids
in different tissues more closely we
therefore in paper IV quantitatively
evaluated pDNA levels with RT-PCR after
direct injection into respective muscle.
Detecting substantially higher luciferase
activity in cardiac than in skeletal muscle
was anticipated. Finding approximately 3-
fold higher pDNA levels in skeletal than in
cardiac muscle one day after gene transfer
was on the other hand completely
unexpected. Preclinical studies on gene
transfer have so far only indirectly tested
pDNA uptake efficiency by monitoring
transgene expression. Our finding that high
transgene expression is not concurrent with
presence of high gene vector levels
question the relevance of using this method
for evaluating pDNA uptake. Instead, it
emphasizes the need to scrutinize different
components of gene transfer and transgene
expression by utilizing techniques that are
more advanced.

The biotransformation of the
delivered gene into the final therapeutic
transgene product is a complex process
where uptake of the transfer vectors, their
ability to utilize intracellular transport
mechanisms and innate transcriptional and
translational machinery present within the
host cell all are important components. It is

pertinent to increase our understanding of
biotransformation processes to achieve
clinically successful gene therapy. Finding
that pDNA behaves differently in different
tissues in paper IV may contribute to
clarify the contradictory results in clinical
trials described above.

Measuring therapeutic effect in clinical
trials

The goal of therapeutic angiogenesis
in CAD patients is both relief of symptoms
and improvement of cardiac function by
increasing perfusion to the ischemic
regions. There is yet no consensus on the
best way to evaluate the effect of
therapeutic angiogenesis.

Hard end-points such as death,
myocardial  infarction, or recurrent
ischemia necessitating intervention are
difficult to use on patients with advanced
coronary artery disease as their degree of
morbidity and mortality already is high.
Two patients referred to our clinical trial
dying before inclusion illustrates this point
(paper V). The morbidity of concomitant
surgery and the inability to enrol patients
in a placebo arm limits evaluation of
therapeutic effect in studies involving a
mini-thoracotomy for intramyocardial gene
delivery.

Quality of life measurements and
exercise tolerance testing are often used
clinical end-points. Significantly improved
CCS class with a marked decrease in
nitroglycerine intake as well as a tendency
of increased exercise tolerance in our trial,
match the positive results in other open
trails. These measures are however subject
to a strong placebo impact, as seen in the
VIVA and FIRST trials [108, 109].
Objective end-points are therefore a
necessity.

Angiography has long been the
golden standard for objectively
determining collateral vessel growth, but
its use for assessment of neo-
vascularization after gene transfer has
lately been questioned [147]. Most
collateral vessels formed after therapeutic
angiogenesis have a diameter less than 200
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um [153, 154], a size beyond the
resolution of current angiography [154,
155]. Perfusion imaging with SPECT
provides an objective evaluation method,
where improved reversible ischaemia after
gene transfer is inferential evidence of
angiogenesis. The spatial resolution in
SPECT however cannot differentiate
transmural gradients in blood flow and
flow reserve [155]. Hence, the ability to
detect subtle flow changes in the left
ventricular ~ wall with SPECT s
suboptimal. The insensitivity of SPECT
may explain why only four of seven
patients in paper V had improved perfusion
in the target region seen with SPECT,
while all patients had improved TVI values
in the target region [156]. Rapid
development of other non-invasive
methods for quantifying the collateral
circulation, such as magnetic resonance

imaging [157] and contrast
echocardiography [158] provide new
means for evaluating the effect of

therapeutic angiogenesis.

Safety aspects of VEGF-A165 gene
therapy

The primary apprehension with the
pharmacological use of phVEGF-Aiss for
therapeutic myocardial angiogenesis has
been the risk of enhancing unwanted
angiogenesis at remote sites, such as
stimulating occult tumour growth. We
therefore repeatedly screened CEA and
PSA values in our clinical trial, with solely
negative results during the 12-month
follow-up period. Negative side effects as
hypotension or congestive heart failure
were not noted.

The safety profile of completed
therapeutic angiogenesis trials has overall
been encouraging and the misgivings of
negative side effects have yet not been
justified. The incidence of cancer has so
far been same as or lower than that in the

general population of the same age [45,
159]. Likewise, other anticipated risks as
worsening of retinopathy or atherosclerosis
has not been detected in the clinical trials
[45, 159, 160].
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CONCLUSIONS

e The expression efficiency of plasmids encoding for h WVEGF-A¢s and the angiogenic effect
with increased microvessel density after intramyocardial injection in rats is dose-
correlated and tends to be enhanced in hypoxic conditions. Acute hypoxia in itself without
treatment enhanced microvessel density.

e Transgene expression was, after catheter-based intramyocardial plasmid delivery in pigs,
macroscopically localized only in the target region of the myocardium and microscopically at
all levels of the left ventricular wall. Plasmids encoding hVEGF-A16s or a reporter gene were
expressed to the same degree.

e Intramyocardial injection of plasmid DNA in rats resulted in localised transfection with
minimal systemic spread. Transgene expression was transient and independent of which
promotor was used. Plasmid protein expression was dose-related, with a possible saturable
mechanism limiting the amount of plasmid DNA that can be transfected.

e Plasmid levels were markedly higher in skeletal muscle than in the myocardium one day
after intramuscular and intramyocardial injection, but were after three days instead
significantly lower than in the myocardium. Reporter gene expression was markedly
higher in the myocardium than in skeletal muscle both one and three days after gene
delivery, indicating that plasmid gene transfer efficacy differs between tissues.

e Intramyocardial injection of phVEGF-A 65 via a mini-thoracotomy in patients with end-
stage angina pectoris was performed without occurrence of transgene related adverse
effects, and resulted in objective signs of improved myocardial perfusion and function as
well as long-time subjective improvement.

Future perspectives: The results of the studies behind this thesis suggest that positive
therapeutic effects can be achieved in the future with intramyocardial injection of plasmids
encoding VEGF-A1ss for treatment of coronary artery disease. It is feasible to with a catheter-
based approach accomplish intramyocardial gene delivery with a high degree of anatomical
precision, avoiding the potential risks associated with surgery, thus making it possible to
design randomised double-blind studies for a more objective assessment of the therapeutic
effect of angiogenic gene therapy. Although later controlled clinical trials on angiogenic gene
therapy so far have only partially lived up to the great expectations evoked by the earlier open
trials, gene transfer holds great promise for the treatment of cardiovascular diseases. To
realize the goal of enhancing neovascularisation with angiogenic gene therapy it is however
pertinent to increase our understanding of biotransformation processes involved in gene
transfer. The results reported in this thesis emphasize the importance of continued research on
the pharmacokinetics and pharmacodynamics of plasmid vectors, as well as improvement and
refinement of plasmid constructs in order to amplify their clinical utility.
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