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Therapeutic Angiogenesis. The Present and the Future
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Transfection of genes encoding angiogenic cyto-
kines, particularly those naturally secreted by intact
cells, may constitute an alternative treatment strategy
for patients with extensive tissue ischemiain whom
contemporary therapies (antianginal medications,
angioplasty, bypass surgery) have previously failed or
arenot feasible. Thisstrategy isdesigned to promotethe
development of supplemental collateral blood vessels
that will constitute endogenous by pass conduitsaround
occluded native arteries, astrategy termed “therapeutic
angiogenesis’ 1.

Studies have suggested that 2 angiogenic growth
factors, in particular basic fibroblast growth factor (FGF-
2) and vascular endothelial growth factor (VGEF), are
sufficiently potent to merit further investigation 2. The
specificity of VEGF for endothelial cells, compared with
the more widespread effect of other factorslike fibro-
blast growth factor (FGF), may provide abroader thera-
peutic potential 3. Four major formsof VEGF aregenera-
ted as aresult of alternative splicing of asingle gene:
VEGF 121, VEGF 165, VEGF 189, and VEGF 206. M ost
studieshave been performed usingthe VEGF 165isoform
although recently VEGF 121 has also been receiving
increasing attention.

The angiogenic effect of VEGF can be explained in
several ways: by direct stimulation of proliferation and
migration of endothelial cellsin vivo, by recruitment of
previoudly existing collateral sand by improving vasomotor
function of vesselsinischemictissue.

I nsufficient angiogenesismay lead to therapy failure
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and tissue ischemia. A rational design for angiogenic
treatment strategies mandates a better understanding of
themolecular mechanismsof angiogenesis. Theangiogenic
cytokinereceptorstransduce signalsmediating endothelial
cell proliferation, migration and organizationintofunctional
vessels and remodeling of the vessel network. In recent
years, rapid progress has been madein understanding the
receptor-ligand i nteractionsthat orchestrate the neovascu-
larization process *. A novel interaction between the
junctional protein vascular endothelial-cadherin (VE-
cadherin) and V EGF appearsessential for the endothelial
function of VEGF®. Furthermore, VEGF promotesvascul ar
protection. Vascular protection is defined asthe VEGF-
induced enhancement of endothelial functionsthat mediate
theinhibition of vascular smooth musclecell proliferation,
enhanced endothelial cell survival, suppression of throm-
bosisand antiinflammatory effects. VEGF-induced synthe-
sisof nitric oxideand prostacyclinarebothlikely to bekey
mediatorsof V EGF-dependent vascular protection ®. Inves-
tigation into vascular protection should help usgaininsight
into the underlying mechanisms of the cardiovascular ac-
tions of VEGF and should prove valuablein the devel op-
ment of novel therapeutic approachesbased onloca VEGF
geneddlivery.

The optimal preparation and delivery strategy for
therapeutic neovascul arization is the subject of ongoing
clinical investigation. Thepotential requirement tomaintain
asuitably high, local concentration over aperiod of daysto
weeks constitutes an advantage for gene transfer versus
recombinant protein therapy ’. Althoughviral vectorsmay
enhancetransfection efficiency and thusyield higher levels
of gene expression 8, thisislessrelevant for strategiesin
which gene products, such as VEGF, include a signal
sequence that permits active secretion from intact cells.
Naked DNA that encodes for a secreted protein, as
opposed to proteins that remain intracellular, canyield
meaningful biological outcomesdueto paracrineeffectsof
the secreted gene product °.
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A phase 1 clinical study to determine the safety and
bioactivity of direct myocardia genetransfer of vascular
endothelial growthfactor (VEGF) asthesoletherapy for pa-
tientswith symptomatic myocardial ischemiawasconduc-
ted. Naked plasmid DNA encodingV EGF (phV EGF165) was
injected directly intotheischemicmyocardiumviaamini | eft
anterior thoracotomy in 5 patients with angina and docu-
mented coronary artery disease. All patientshad significant
reduction in angina (nitroglycerin use=53.9+10.0/week
pretreatment versus9.8+6.9/week posttreatment, P<0.03).
Objective evidence of reduced ischemiawas documented
by using dobutamine single photon emission computed
tomography (SPECT)-sestamibi imagingin all patients.
Thissmall study suggested that direct myocardia injection
of naked plasmid DNA, viaaminimally invasivechest wall
incision, is safe and may lead to reduced symptoms and
improved myocardial perfusion in select patients with
chronic myocardial ischemia. Although safe, delivery of
therapy required thoracotomy, with all the possiblerisks
and morbidity associated with asurgical procedure, which
underscores the need for devel oping lessinvasive routes
of administration.

Aninitia seriesof invivo experiments'tusedintrave-
nousadministration of VEGF, with or without heparin, tore-
sult in both anatomic and physiol ogic evidence of enhan-
ced collateral vessel formationinananima model. At that ti-
me, single-bolussystemic administration of VEGF wasfelt
to beafeasibletherapeutic strategy. Systemic effectshave
been observed. Transient hypotension, dueto VEGF-in-
duced releaseof nitric oxide, and peripheral edemaassocia-
ted with anincrease in vascular permeability are not un-
common systemic side effects.

Most strategiesfor transcatheter delivery of angio-
genic factors have used an intracoronary route, which
may havelimitations because of impreciselocalization of
genes or proteins and systemic delivery to noncardiac
tissue 2. Catheter-based endocardial injection of angio-
genic factors may provide an equivalent benefit without
the need for surgery. A new guidance system for in-
tramyocardial therapy utilizes magnetic fields and ca-
theter-tip sensorsto locate a position in space and re-
construct 3-dimensional | eft ventricul ar el ectromechanical
maps without using fluoroscopy. Thislessinvasive
catheter-based system offers similar gene delivery
efficiency and, thus, may haveclear advantagescompared
with the surgically based transepicardial injection via
thoracotomy 3,

Intrapericardial delivery of angiogenic factors may
offer atheoretical advantage of prolonged exposure of
either coronary or myocardial tissue to the administered
drug astheresult of areservoir function of the pericardium
without major systemic effects’®. A singleintrapericardial
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injection of fibroblast growth factor (FGF)-2 in aporcine
model of chronic myocardial ischemiaresultedinfunctio-
nally significant myocardial angiogenesis, without any
adverseoutcomes. Thismode of FGF-2 admini stration may
prove to be a useful therapeutic strategy for treating pa-
tientswith ischemic heart disease®.

Angiogenesis, however, isatwo-sided coinwith detri-
mental conseguencesin nontarget tissues. Inparticular, the
theoretic risk of plagque angiogenesismust not beignored.
In particular VEGF-mediated enhancement of permeability
may facilitate plaque expansion and rupture because
intraplagque vesselstend to be quite permeableevenin the
absence of VEGF. Furthermore, one might imagine that
growthfactors, particularly FGF, whichlacksspecificity for
endothelial cells, may accel erate progression of coronary
disease by stimulating growth of fibroblasts and medial
smoothmusclecdlls.

Pathologic angiogenesisis also involved in the
pathogenesis of arthritis, diabetic retinopathy, and tumor
growth and metastasis. Diabetic retinopathy isassociated
with the presence of growth factorsin the vitreous humor,
and administration of VEGF-neutralizing antibodiesarrests
the process. Administration of FGF in high dosesis asso-
ciated with anemia, thrombocytopenia and membranous
nephropathy 6.

Angiogenesis and the devel opment of metastasisare
intrinsically connected. Experimental data suggest that
establishment and growth of metastasis areinfluenced by
soluble factors secreted from the originating solid tumor.
Solid tumors require a constant vascular supply. Tumor-
associated neovascularization allows the tumor cellsto
expresstheir critical growth advantage. Variousangiogenic
growth factorsand cytokinesinduce neovascularizationin
tumors, namely membersof thevascular endothelia growth
factor (VEGF) and angiopoietin (Ang) genefamilies’. A
strong correlation has been found between VEGF expres-
sionandincreased tumor microvascul atureand metastasis,
mainly inbreast cancer. Itisfeasiblethat atransentincrease
inVEGF levelscould lead to rapid growth of quiescent me-
tastasis. To date, dueto concern about promoting metasta-
sisgrowth, all studies using angiogenic growth factors
mandated exclusion of patients with any history of prior
malignancies, with the exception of cutaneous basal cell
carcinoma.

Despite all the theoretical concerns with the use of
growthfactors, based on experimental and clinical data, every
reason existsto believe that a short-term increasein cir-
culatingVEGFissafe. Clearly, if further clinical trial sconfirm
theinitia results of the preliminary human data, this new
concept of improvingintramyocardial blood flow withgene
therapy islikely to be expanded to benefit avast cohort of
patientswithclinically important coronary artery disease.
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