Update on Therapeutic Myocardial Angiogenesis
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TSE and LAU: Update on Therapeutic Myocardial Angiogenesis. Recent advances in the understanding of the
mechanisms of neovascularization and the identification of potent angiogenic growth factors have led to the
development of therapeutic angiogenesis for treatment of severe ischemic heart disease. Current clinical studies on
therapeutic myocardial angiogenesis generally involved the delivery of recombinant protein or gene of the angiogenic
growth factors using various different approaches. Although the initial clinical results are encouraging, the potential
side effects of these potent angiogenic growth factors remain a major concern. Large-scale, randomized and placebo
control studies will be required to demonstrate the clinical benefit of this novel therapeutic treatment of ischemic
heart disease. (J HK Coll Cardiol 2002;10:81-87)
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I ntroduction

Ischemic heart disease (IHD) remains the leading
cause of deathin the developed countries. In United States,
up twelve million American dive today have a history of
myocardia infarction, angina pectoris, or both.! In Hong
Kong, arecent survey has demonstrated that up 14.3% of
ambulant elderly with age >65 years suffer from IHD.2
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Current therapeutic approaches aim to relieve symptoms
and cardiovascular events by reducing myocardial
oxygen demand with medical therapy, to prevent further
progression by modifying risk factors, or to restore blood
flow by coronary angioplasty (PTCA) or bypass surgery
(CABG). However, up to 20-37% of patients with
severely symptomatic IHD are unsuitable or received
incomplete revascul arization with these conventional
revascularization procedures.®> Many of these patients
have residual symptoms or myocardial ischemiadespite
maximal medical therapy. Therefore, such patients
require an alternative revascularization strategy to
relieve angina and to combat myocardial ischemia.
Collateral vessesdevelop at theinterface between
normal and ischemictissuein responseto coronary artery
stenosis or occlusion. Blood flow through coronary
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collaterals may be sufficient to preserve wall motion
and prevent ischemia at rest and during stress. It is
therefore potentially attractive to emulate and enhance
neovascularization for treatment of IHD. This article
summarizesthe current status of therapeutic myocardia
angiogenesis.

Pr ocesses of Neovascularization

Three different processes contribute to the growth
of new blood vessels (Figure 1): vasculogenesis,
arteriogenesis, and angiogenesis.*

Vasculogenesis

Vasculogenesis refersto formation of new vessels
from pluripotent stem cells during the course of
embryonic development. Under theinfluence of multiple
factors that include vascular endothelial growth factor

(VEGF), fibroblast growth factor (FGF), the
angiopoietins, and other many factors, these cells
undergo differentiation into an endothelial cell network
forming a primitive blood vessel plexus. Although
preliminary evidence suggests that vasculogenesis may
play arolein new-vessel formation in mature tissues,
the significance and frequency of this event has not been
well defined.

Angiogenesis

Angiogenesis occurs in mature tissues and is
responsible for formation of new vessels lacking
developed tunica media from post-capillary venules.
Thisis the main postnatal mechanism responsible for
new capillary formation. Angiogenesis encompasses
sprouting of preexisting capillaries to form a new
capillary network, a processtightly regulated by alarge
number of angiogenic factors, including VEGF, FGF,
and placental growth factor. The changes induced by
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Figure 1. Mechanisms of neovascularization: Vasculogenesis, Angiogenesis, and Arteriogenesis.
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these growth factors and cytokines include an initial
process of degradation of the basement membrane,
remodeling of the perivascular matrix, endothelial cell
migration and proliferation, and endothelial cell tube
formation, resulting ultimately in a new capillary
network.

Arteriogenesis

Arteriogenesis is responsible for the formation
of arteries possessing fully devel oped tunicamedia. This
postnatal mechanism of resistance and conductance
blood vessel growth involves remodeling of preexisting
small arteriolesinto larger vessels. Following narrowing
or occlusion of the main artery, the pressure gradient
across the in-parallel arterioles increases, establishing
flow and thereby increasing shear stress. Endothelial
shear-stress responsive elements mediate increased
expression of many genes, including macrophage
chemoattractant protein-1 (MCP-1), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and
intercellular adhesion molecule (ICAM-1). These
cytokines recruit monocytes into the subintimal space
of the vessel wall and differentiate into macrophages.
The macrophages produce abundant angiogenic growth
factors that lead to endothelial and smooth-muscle cell
proliferation, migration, vessel remodeling, and
synthesis of extracellular matrix. Angiographically
visible collaterals in patients with advanced obstructive
coronary or peripheral vascular disease are examples of
arteriogenesis.

Therapeutic Angiogenesis

Protein Versus Gene Therapy

A number of growth factors have been evaluated
for their angiogenic potential. These include FGF,
VEGFs, hepatocyte growth (HGF), chemokines
e.g. MCP-1, growth factors involved in maturation of
the vascular tree, e.g. angiopoietins and platel et-derived
growth factor (PDGF) and transcription factors, e.g HIF,
that stimulate expression of angiogenic cytokines and
their receptors. Two approaches have been used to
achieve therapeutic angiogenesis. gene transfer and
protein therapy. Their advantages and disadvantages are
summarized in Table 1. Experience with protein-based
(growth factor) therapy has been more extensive than
with gene transfer, asit is easier to administrate and
avoid the potential severe and long-term side effects of
genetherapy. However, the efficacy of the protein-based
therapy may be lower due to the short half time of their
effects. Furthermore, some angiogenic agents cannot be
delivered as proteins and thus may necessitate gene
transfer, such as HIF-1a. However, for FGFs and
VEGFs, protein therapy may supersede gene transfer,
especialy given the limitations of current vectors.

Methods of Delivery

The methods available for delivery of growth
factors, either using gene therapy or protein, is
summarized in Figure 2. Intravenous and intracoronary
injections are appealing because of their practicality,

Table 1. Comparisons between gene and protein therapy

Genetherapy Protein therapy
Tissue exposure Sustained Temporary
Dose response Unpredictable Finite tissue half-life
Administration Single May need multiple
Slow release Yes Need special formulation
Foreign material Yes No
Inflammatory reaction Yes No
Systemic effect Unpredictable Short duration
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Figure 2. Methods of delivery of angiogenic growth factors.

low cost, treatment can be repeated easily, avoidance of
open heart surgery and applicability to broad groups of
patients. However, the percentage of tissue retention of
growth factorsis low (<1%), and exposes the patients
to the potential systemic side effects of these growth
factors. Intrapericardial delivery can achieve up to
5-8% of tissue retention but necessitates entry to the
pericardial space and a normal pericardium. It cannot
be used in patients with prior open-heart surgery.
Perivascular and epicardial delivery during open-heart
surgery are effective method for administrating the
growth factors. However, they are associated with the
mortality and morbidity of open heart surgery.
Percutaneous intramyocardial injection may provide a
simpler and safer alternative to the surgical methods,
and is associated with less systematic exposure of the
angiogenic growth factors. The drawbacks areitsinvasive
nature, a requirement for highly specialized equipment,
and the need for ahigh skill level of the operator.

Summary of Clinical Trials
Table 2 summarized the results of clinical trials
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on therapeutic angiogenesis for IHD in human.>” The
majority of this studies are Phase | trial that included a
small number of patients and aimed to show the safety
and feasibility of the procedure. In general, these Phase
| trials using either FGF or VEGF showed improvement
if patients symptoms and myocardial perfusion on
radionuclide SPECT scan. Although these Phase |
studies reported initial encouraging results,>°14 these
findings were not confirmed by subsequent Phase |1
studies.’®1516 The conflicting results reported in the
literature reflecting the uncertainties surrounding the
field. The optimal growth factors, forms of growth
factor, method of delivery and dosage for therapeutic
angiogenesis remain unclear.

Side Effects

The biologic activity of most of the angiogenic
agents currently being tested clinically is very potent,
and it is likely that the same activities that lead to a
therapeutic effect could also cause potential deleterious
effects.’” The potential side effects are summarized in
Table 3. If this concept istrue, then the critical question
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Table 2. Clinical trial on therapeutic angiogensisfor IHD

Author Number of | Growth Formulation Route of Randomized Results
patients factors administration

FGF studies

Schumacher et al® 20 aFGF Protein Intramuscular; Yes Improved
thorocotomy

Sellke et al® 8 bFGF Protein Perivascular; No Improved
thorocotomy

Laham et a” 24 bFGF Protein Intracoronary Yes Improved

Unger et al® 25 bFGF Protein Intracoronary Yes Safe

Laham et al® 52 bFGF Protein Intracoronary No Improved

Simons et al'° 337 bFGF Protein Intracoronary Yes No effect

Grineset a 79 FGF-4 Gene-Adeno Intracoronary Yes Improved

VEGF studies

Rosengart et al*? 21 VEGFi2; Gene-Adeno Intramuscular; No Improved
thorocotomy

Losordo et al*® 5 VEGF6s Gene-plasmid | Intramuscular; No Improved
thorocotomy

Gibson et a4 28 VEGFi65 Protein Intravenous No Improved

Henry et a®® 15 VEGFi65 Protein Intracoronary No Improved

Henry et al’ 178 VEGFi65 Protein Intracoronary+ Yes No effect
intravenous

wewill haveto addressinlargeclinical trialsiswhether
the incidence of these risks is sufficiently low so that
the riskswill be outweighed by the therapeutic benefits.

New Per spective

The mechanisms of atherosclerotic disease in
human are extraordinarily complex; enhancing collateral
function with therapeutic angiogenesis is more difficult
to achieve than in experimental animals. The complexity
of the natural process of collateral formation raises the
guestion of what "multiple factor" strategies can be
employed. One approach might be to utilize genes that
express products that activate or lead to the expression
of multiple factors involved in angiogenesis, such as
hypoxiarinducible factors. Another multifactor approach
isto attract or deliver multipotent progenitor cells to
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ischemic tissue that can differentiate into endothelial
cells and express multiple angiogenic factors for
therapeutic vasculogenesis (Figure 3). Recent studies
have demonstrated that injection of bone marrow cells

Table 3. Side effects of angiogenesis ther apy

Aberrant vascular proliferation in nontarget tissues
Increased vascular permeability

Induction of the development of functionally abnormal blood
vessels

Triggering growth of neoplasms

Increase in atherosclerotic plague mass and instability
Vasodilatation and hypotension

Hazards associated with viral vectors

Hazards associated with direct myocardial delivery
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Figure 3. Potential mechanisms of heovascularization by using bone marrow cells.

into the ischemic myocardium can induce collateral
formation, repair damage myocardium and improve
myocardial function.’®20 Furthermore, the use of a
combined strategy of cell transplantation with
angiogenic gene therapy may further enhances
neovascul arization of ischemic myocardium.

Conclusions

The rapid development of therapeutic
angiogenesis for patients with advanced IHD over the
last 5 years offers hope of anew treatment strategy based
on generation of new blood supply in ischemic
myocardium. There are still alot of unresolved issues
on the clinical application of therapeutic angiogenesis.
Further carefully controlled randomized clinical trial in
large number of patientswill be required to demonstrate
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the long term safety, feasibility and efficacy of this new
therapy for patients with IHD. Finally, the advent of
cell therapy using progenitor cells for angiogenesis
promises the beginning of an exciting paradigm for
treatment of cardiovascular diseases.

References

1. EagleKA, Guyton RA, Davidoff R, et al. ACC/AHA Guidelines
for Coronary Artery Bypass Graft Surgery: a Report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines (Committee to Revise the
1991 Guidelines for Coronary Artery Bypass Graft Surgery).
American College of Cardiology/American Heart Association.
JAm Coll Cardiol 1999;34:1262-347.

2. Lok NS, Lau CP. Prevaence of palpitations, cardiac arrhythmias
and their associated risk factorsin ambulant elderly. Int J Cardiol
1996;54:231-6.

3. Laham RJ, Simons M, Sellke F. Gene transfer for angiogenesis

April 2002 86



10.

11.

12.

87

UPDATE ON THERAPEUTIC MYOCARDIAL ANGIOGENESIS

in coronary artery disease. Annu Rev Med 2001;52:485-502.
Carmeliet P. Mechanisms of angiogenesis and arteriogenesis.
Nat Med 2000;6:389-95.

Schumacher B, Pecher P, von Specht BU, et al. Induction of
neoangiogenesis in ischemic myocardium by human growth
factors: first clinical results of anew treatment of coronary heart
disease. Circulation 1998;97:645-50.

Sellke FW, Laham RJ, Edelman ER, et al. Therapeutic
angiogenesis with basic fibroblast growth factor: technique and
early results. Ann Thorac Surg 1998;65:1540-4.

Laham RJ, Sellke FW, Edelman ER, et a. Local perivascular
delivery of basic fibrablast growth factor in patients undergoing
coronary bypass surgery: results of aphase | randomized, double-
blind, placebo-controlled trial. Circulation 1999;100:1865-71.
Unger EF, Goncalves L, Epstein SE, et a. Effects of asingle
intracoronary injection of basic fibroblast growth factor in stable
angina pectoris. Am J Cardiol 2000;85:1414-9.

Laham RJ, Leimbach M, Chronos NA, et al. Intracoronary
administration of recombinant fibroblast growth factor-2 in
patients with severe coronary artery disease. Results of Phase |
(Abstract). JAm Coll Cardiol 1999;33:383A.

Simons, et a. Angiogenesis therapy with recombinant bFGF
(personal communication). Presented at the Late Breaking
Clinical Trials Session at the Annual meeting of the Am Coll of
Cardiol, March 2000.

Grines CL, Watkins MW, Helmer G, et al. Angiogenic gene
therapy (AGENT) trial in patients with stable angina pectoris.
Presented at the Late Breaking Clinical Trials Session at the
Annual meeting of the Am Coll of Cardiol, March 2001.
Rosengart TK, Lee LY, Patel SR, et al. Angiogenesis gene
therapy: phase | assessment of direct intramyocardial
administration of an adenovirus vector expressing VEGF121

13.

14.

15.

16.

17.

18.

19.

20.

April 2002

cDNA to individuals with clinically significant severe coronary
artery disease. Circulation 1999;100:468-74.

Losordo DW, Vale PR, Symes JF, et a. Gene therapy for
myocardial angiogenesis: initial clinical results with direct
myocardial injection of phVEGF165 as sole therapy for
myocardial ischemia. Circulation 1998;98: 2800-4.

Gibson CM, Laham RJ, Giordano FJ, et al. Magnitude and
location of new angiographically apparent coronary callaterals
following intravenous VEGF administration (Abstract). JAm
Coll Cardiol 1999;33;384A.

Henry TD, Rocha-Singh K, Isner JM, et al. Results of
intracoronary recombinant human vascular endothelial growth
factor (rhVEGF) administration trial (Abstract). JAm Coll
Cardiol 1998;31:65A.

Henry TD, Annex BH, Azrin MA, et a. Double blind, placebo
controlled trial of recombinant human vascular endothelial
growth factor —the VIVA trial (Abstract). JAm Coll Cardiol
1999;33:384A.

Epstein SE, Kornowski R, Fuchs S, et al. Angiogenesis therapy:
amidst the hype, the neglected potential for serious side effects.
Circulation 2001;104:115-9.

Fuchs S, Baffour R, Zhou YF, et al. Transendocardial delivery
of autologous bone marrow enhances collateral perfusion and
regional function in pigs with chronic experimental myocardial
ischemia. J Am Coll Cardiol 2001;37:1726-32.

Kocher AA, Schuster MD, SzabolcsMJ, et al. Neovascularization
of ischemic myocardium by human bone-marrow-derived
angioblasts prevents cardiomyocyte apoptosis, reduces
remodeling and improves cardiac function. Nat Med 2001;7:
430-6.

Orlic D, Kajstura J, Chimenti S, et al. Bone marrow cells
regenerate infarcted myocardium. Nature 2001;410:701-5.

JHK Caoll Cardiol, Vol 10



