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Therapeutic angiogenesis represents an attempt to relieve inadequate blood flow by the directed
growth and proliferation of blood vessels. Neovascularization is a complex process involving multiple
growth factors, receptors, extracellular matrix glycoproteins, intracellular and extracellular signaling
pathways, and local and bone-marrow-derived constituent cells, all responding to a symphonic
arrangement of temporal and spatial cues. In cardiovascular disease, patients with refractory angina
and lower extremity intermittent claudication seem most amenable to early tests of therapeutic
angiogenesis. Monotherapy with the recombinant protein basic fibroblast growth factor (FGF-2) has
been tested in six human trials. These have shown provisional safety, and two have provided ‘proof of
concept’ for the strategy of therapeutic angiogenesis. One large randomized phase II trial failed to
show significant efficacy in coronary artery disease. Another showed significant efficacy in peripheral
artery disease, although the magnitude of benefit was disappointing at the dose tested. This overview
details the suitable clinical trial design and further steps toward the clinical development of FGF-2.
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Introduction

Chronic stable angina and peripheral artery disease are widely
prevalent, affecting 16.5 million and 10 million patients in the
United States, respectively (Criqui, 2001; Gibbons et al., 2003),
and are associated with significant morbidity and mortality.
Despite recent advances in medical therapy, catheter-based
intervention, and surgical revascularization, a significant
number of patients still suffer from unrelieved myocardial
and peripheral ischemia.

Spontaneous neovascularization is a normal adaptive re-
sponse to chronic myocardial or limb ischemia. This process
involves a complex cascade of trophic factors, extracellular
matrix components, cell surface receptors, and signaling path-
ways. Preclinical and clinical experience indicates that delivery
of a single angiogenic growth factor, such as basic fibroblast
growth factor (or FGF-2) or vascular endothelial growth factor
(VEGF), to ischemic regions is feasible, safe, and may enhance
or recapitulate this natural process and relieve ischemia by
enhancing the collateral blood flow around arterial occlusion.
The purpose of this review is to examine FGF-2 in the light of a
larger family of signaling peptides, and to discuss the key aspects
of study design relevant to testing therapeutic angiogenesis.

*Author for correspondence; E-mail: lederman@nih.gov

Angiogenesis and basic fibroblast growth factor

Blood vessels, vasculogenesis, angiogenesis, and
arteriogenesis

The basic constituents of blood vessels are endothelial cells,
smooth muscle cells, fibroblasts and pericytes, basement
membrane, and extracellular matrix. The relative composition
varies based on the mechanical or metabolic demands
of a specific vascular bed. The endothelium, in addition to
forming a single-cell semipermeable monolayer that lines the
entire circulatory system, is a homeostatic organ that
modulates angiogenesis, thrombosis—fibrinolysis, and inflam-
mation.

In antenatal vasculogenesis, a vascular network is assembled
from undifferentiated precursor cells or angioblasts. It is
important to note that the resulting vessels are immature and
incompletely functional. In contrast, postnatal angiogenesis
refers to new small blood vessels sprouting off the pre-existing
ones. This may require division into pillars of periendothelial
cells (intussusception), or the formation of trans-endothelial
cell bridges which subsequently split into single capillaries. The
new capillary network may then mature into blood vessels with
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a distinct muscular media, a process referred to as arteriogen-
esis. Alternatively, the new capillary network may involute if
the local milieu is no longer appropriate (Cao et al., 2003).
Postnatal angiogenesis occurs to a greater extent than
arteriogenesis (Isner & Asahara, 1999) and, in the setting of
ischemia, is often insufficient to reconstitute baseline blood
flow in response to vascular occlusion even in juveniles.

Fibroblast growth factor-2

FGF-2 belongs to the family of over 20 proteins (Ornitz &
Itoh, 2001). Recombinant FGF-2 protein tested clinically is a
16.5-kDa peptide with 144 amino acids (Okada-Ban et al.,
2000). Alternative splicing of the FGF-2 mRNA encoded by a
gene on chromosome 4 generates four variant isoforms.
Although all FGFs share ~30-70% homology in their
amino-acid sequences, FGF-1 and FGF-2 are different from
other FGF proteins in lacking a signal sequence for
extracellular transport. Both FGFs are secreted into the
extracellular space, where they exert their biologic activity.
Plasma FGF-2 is generally nearly undetectable among healthy
volunteers. Levels of 2.4 and 12.1 ug1~", respectively (Heeschen
et al., 2003), are reported in patients with stable coronary
disease and in patients with acute coronary syndromes.

FGF receptors and signaling The biologic activity of FGF-
2 is mediated by four related high-affinity (107" M) transmem-
brane tyrosine kinase receptors: FGFR-1, -2, -3, and -4, a
syndecan-4 core protein, and perhaps other transmembrane
receptors (Powers et al., 2000; Khurana & Simons, 2003).
FGFRs belong to a family of immunoglobulin (Ig)-like
receptors, which also include platelet-derived growth factor-
o, -3, and interleukin-1 receptors. Multiple splice variants of
multiple genes generate a wide diversity of FGFRs. The
structure of FGFRs consists of three extracellular Ig-like
domains, an acidic region between Igl and Igll, a transmem-
brane domain, and an intracellular tyrosine kinase domain.
The IgIIl domain is responsible for three additional splice
variants designated Igllla, Iglllb, and Iglllc for FGFR-1, -2,
and -3. In contrast, FGFR-4 expresses only one variant of the
IglIl domain. The IgIIl domain is an important mechanism
for specificity of FGF binding.

The diversity in FGFs and FGFRs results in a great deal of
apparent redundancy within the FGF/FGFR family. Except
for disruption of the gene encoding for FGFR-1 or -2 (Deng
et al., 1994; Xu et al., 1998), which results in embryo death
before gastrulation, modification of a single gene encoding for
any FGF or FGFR results only in minor phenotypic alteration
(Cross & Claesson-Welsh, 2001). For example, disruption of
the genes for FGF-1 or -2, two angiogens with therapeutic
potential, resulted in only minor phenotypic alterations and
decreased vascular tone/low blood pressure in mice, respec-
tively (Dono et al.,, 1998; Miller et al., 2000), and intact
neovascular response to hindlimb ischemia (Sullivan et al.,
2002).

FGFR binding results in receptor dimerization and autop-
hosphorylation. Tyrosine kinase then contributes to endothe-
lial cell proliferation via activation of the Ras/Raf-MAPK
pathway by enabling adaptor proteins Grb2, shc, and Nck
(Klein et al., 1997; Chin et al., 1999). After entering the
nucleus, FGF-2 and -1 are also able to promote endothelial
cell proliferation through other pathways. FGF-1 supports

transition of the G1 stage to the S stage of the cell cycle, and
FGF-2 is associated with phosphorylation of nucleolin,
resulting in increased transcription of rDNA (Bouche et al.,
1994). FGF-2 has also been shown to promote endothelial cell
proliferation and angiogenesis in vivo via an a,f;-dependent
pathway (Friedlander et al., 1995).

FGF-2 and the extracellular matrix All FGFs bind
heparin, despite numerous structural differences. FGF-2 binds
with high affinity to heparan sulfate proteoglycans (HSPGs)
by two heparin-binding domains (Powers et al., 2000; Cross &
Claesson-Welsh, 2001). HSPGs are associated with most cell
surface receptors in the extracellular matrix. The functional
importance of the FGF-2—HSPG interaction is manifold. The
HSPG-FGF-2 complex serves as a reservoir for FGF-2, thus
modulating FGF-2 availability in vivo, and it protects FGF-2
from enzymatic or acidic degradation. Hypoxia increases
heparin sulfate-binding sites and facilitates FGF-2—endothe-
lial cell interaction. FGF-2 is released from the FGF-HSPG
complex by enzymatic cleavage (i.e. heparanase or protease
activity), or by binding to a carrier protein (Li ez al., 2002).
Even circulating heparin alters the pharmacokinetics of FGF-2
in patients, by reducing the clearance of FGF-2—heparin
complexes (Bush et al., 2001).

FGF-2 regulation Hypoxia is a potent stimulus known to
mediate increases in angiogenic factor expression. The precise
signaling mechanism that leads to upregulation of FGF
receptors and an increment in FGF-2 expression is not clear.
Endothelial cell responsiveness to FGF-2 is enhanced by a
HIF-1a-dependent process involving the upregulation of
heparan sulfate FGF-2-binding sites. However, the increase
of FGF-2 expression in response to hypoxia seems to be
mediated by JNK-1 signaling, and not by HIF (Le & Corry,
1999; Fang et al., 2001; Khurana & Simons, 2003).

FGF-2 and apoptosis Angiogenesis involves both growth
and involution of blood vessels. FGF-2 seems to promote
angiogenesis not only by stimulating the growth of new blood
vessels, but also by abrogating their apoptotic potential. In
fact, when considering the low-grade proliferative (two- to
three-fold) effect of endothelial cells promoted by angiogenic
factors (e.g., VEGF), increasing cell survival by inhibiting
apoptosis may be particularly important during ischemia and
hypoxia (Dimmeler & Zeiher, 2000). Activation of PI3/Akt by
FGF-2 and VEGF confers both angiogenic factors antiapop-
totic properties on endothelial cells (Gerber et al., 1998; Ong
et al., 2001). The PI3/Akt pathway seems to enhance
expression of the antiapoptotic protein survivin (Ong et al.,
2001), and activation of NO synthase by Akt (which results in
increased NO production) promotes endothelial cell survival
by inhibition of the caspases’ cysteine protease activity
(Dimmeler et al., 1997).

FGF-2 and other factors in angiogenesis In addition to
activating signaling pathways that result in endothelial cell
activation, proliferation, increased survival, migration, and
differentiation, fibroblast growth factors also activate other
cell lines, such as smooth muscle cells and fibroblasts, which
participate in arteriogenesis. FGF receptor-1 is expressed
robustly on the surface of endothelial progenitor cells (Burger
et al., 2002), suggesting that FGF-2 may be involved in the
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recruitment or homing of bone-marrow-derived cells into
expanding neoarteries. In this way, it is possible that FGF-2
induces the growth not only of capillaries, but also of more
mature arterioles. Moreover, variable local expression of the
receptors for FGF receptors may modulate the action of
paracrine FGF-2 in arteriogenesis (Deindl e? al., 2003).

Other molecules also contribute to the formation, remodel-
ing, and maturation of new blood vessels in response to injury
or ischemia. The list of factors with important angiogenic
activity includes the hypoxia-inducible factors, TFG-o, -f,
G-CSF, epidermal growth factor, hepatocyte growth factor,
placental growth factor, monocyte chemoattractant protein-1,
angiopoietin-1, interleukin-1, -8, platelet-activating factor, etc.
(Carmeliet, 2003).

Moreover, the temporal and spatial coordination of angio-
gen exposure probably impacts their biologic activity. Tran-
sient monotherapy may not be adequate to induce sustained
neovascularization. For example, platelet-derived growth
factor-BB (PDGF-BB) and FGF-2 act synergistically and
durably to improve animal lower extremity blood flow and
neovascularization. Transient treatment with only one agent
leads to transient improvement followed by neovessel regres-
sion (Cao et al., 2003). Similarly, Ang-1 appears to stabilize
neocapillary endothelial cells after their formation is mobilized
by VEGF or FGF. In vitro and in vivo experiments have also
demonstrated that FGF-2 and VEGF act synergistically to
promote angiogenesis (Asahara et al., 1995; Pepper et al.,
1998).

Testing clinical therapeutic angiogenesis with
FGF-2

Target syndromes

‘Biological revascularization’ has long been sought to exagge-
rate the spontaneous formation of collateral arteries in
response to chronic myocardial or lower extremity ischemia.
Clinical targets for therapeutic angiogenesis include the
cardiac and skeletal muscles.

Myocardial ischemia

Chronic myocardial ischemia, usually related to atherosclerotic
coronary artery disease (CAD), may manifest as angina
pectoris, or exertional chest discomfort that is relieved by rest.
More severe myocardial ischemia may manifest as angina with
minimal exercise or even at rest. Other manifestations of
myocardial ischemia may be life-threatening ischemic dys-
rhythmia and chronic ischemic myocardial dysfunction. The
latter includes a metabolic adaptation called myocardial
hibernation, which may be reversible, or which may progress
to irreversible ‘ischemic cardiomyopathy’ (Wijns et al., 1998).
Chronic myocardial ischemia is usually attributed to large-
vessel (epicardial coronary) atherosclerotic obstruction, but
comparable syndromes may derive from small-vessel or
microvascular dysfunction. While improved blood flow would
be expected to attenuate the impact of acute myocardial
infarction, the biological time scale for angiogenesis probably
exceeds the time required to salvage the infarcting myocardium.

Conventional treatment of chronic myocardial ischemia is
not successful in all patients with chronic myocardial ischemia.

Pharmacologic agents to relieve the angina, including nitro-
vasodilators, beta-adrenergic antagonists, and calcium-chan-
nel antagonists, are limited by cumulative blood-pressure
lowering or other side effects that may be intolerable.
Catheter-based therapeutic options (angioplasty or stenting)
may be limited in patients who have diffuse coronary artery
obstruction or chronic total occlusions. This remains true even
in the emerging era of drug-eluting stents to reduce stent
restenosis. Surgical options may be unattractive, especially in
patients with advanced age, extensive comorbidity, severe left
ventricular dysfunction, or after multiple prior revasculariza-
tion procedures. An estimated 12% or more of patients with
refractory myocardial ischemia may be ill suited for conven-
tional revascularization and, thereby, as candidates for
therapeutic angiogenesis (Mukherjee et al., 2001).

Skeletal muscle ischemia

Just as coronary artery obstruction induces myocardial
ischemia, peripheral artery (usually atherosclerotic) obstruc-
tion is associated with inducible or constant skeletal muscle
ischemia. An estimated 15% of North American adults over
the age of 55 have detectable hemodynamic impairments
attributed to such peripheral artery disease (PAD) (Criqui,
2001). While only a third are thought to have classic symptoms
of lower extremity ischemia, an unknown but significant
remainder are thought to have atypical symptoms. Many
patients with PAD do not even report the symptoms unless
specifically queried, attributing them instead to the many
‘indignities of aging.’

Intermittent claudication (IC), muscular leg discomfort
provoked by exercise and promptly relieved by rest, is the
most common manifestation of PAD. Both ‘atypical’ leg
discomfort and marked functional impairment without clau-
dication are common in patients even with otherwise
‘subclinical’ intermittent claudication (McDermott et al.,
2001). Patients with IC are limited in walking distance, speed,
functional status, and other measures of life quality. The
annual incidence of progression to critical limb ischemia is low
in nonsmokers and nondiabetics. While the site of vascular
obstruction may be anywhere from the aorta, iliac, femoro-
popliteal, or tibial artery levels, the symptoms are typically
first experienced in the antigravity muscles of the calf. When
the vascular obstruction is more proximal, the symptoms may
occur at a lower exercise threshold, or may extend to more
proximal (thigh, buttock) muscles with progressively greater
effort. There is enormous variability in the severity of clinical
symptoms associated with a given lesion, probably related to
baseline functional status, skeletal muscle metabolic ‘econo-
my,” adaptive collateral artery formation, etc. IC is an
attractive clinical target for the study of therapeutic angiogen-
esis, because the functional impairment (walking) is directly
attributable to the pathophysiology (impaired lower extremity
blood flow) and can easily be measured in the majority of
patients. Moreover, the affected organ is available for direct
observation and measurement. In contrast, functional mea-
sures of myocardial ischemia are potentially confounded by
nonmyocardial phenomena including pulmonary and skeletal
muscle abnormalities.

Critical limb ischemia (CLI) is a less common but more
profound manifestation of PAD. It includes a constellation of
syndromes: intermittent or unremitting metatarsalgia even at
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rest (probably representing ischemic neuritis), ulcers that fail
to heal, or frank gangrene. CLI represents blood flow
impairment, so profound that limb loss is likely without
revascularization. Patients with CLI tend to be older with
significantly more comorbidity, significantly more diffuse
obstructive atherosclerosis, and a significantly higher incidence
of age-related malignancy that may preclude participation in
early clinical trials of growth factors. In the course of a clinical
trial, patients with CLI are substantially more likely to suffer
from major adverse cardiovascular events or death. Therapy
aims to improve blood flow, if only transiently, to permit
wound healing. There is a significant incidence of transient or
even durable improvement after conservative measures, a fact
that complicates uncontrolled trials in CLI treatment.
Conventional PAD treatment includes risk-factor reduction
(especially smoking cessation), pharmacotherapy of the under-
lying atherosclerosis (with antiplatelet, lipid-lowering, angio-
tensin-cascade antagonists and other antihypertensives), and
nonpharmacologic therapy including limb hygiene and struc-
tured exercise therapy. Therapeutic strategies designed to
improve perfusion, the primary pathophysiologic process in
PAD, are not available. Pentoxifylline has little or no clinical
benefit. Cilostazol, a phosphodiesterase inhibitor, confers a
small but significant improvement in symptoms and function,
and this drug remains contraindicated in the setting of heart
failure. Medical treatments are instead directed at reducing the
mortality and morbidity from systemic atherosclerosis, pri-
marily with antiplatelet, angiotensin-converting enzyme, and
HMG-coA-reductase inhibitors. Mechanical revascularization
(angioplasty or bypass surgery) can be gratifying to patients
with focal or ‘single-segment’ atherosclerotic obstruction
confined to aorto-iliac or femoropopliteal levels. Unfortu-
nately, most patients with debilitating symptoms have multi-
level disease, and more profoundly affected patients have more
diffuse and difficult-to-revascularize target anatomy. The
latter may be amenable to surgical revascularization, but the
risk—benefit ratio of lower extremity bypass may not justify
the perioperative morbidity and mortality, loss of conduit, and
graft attrition that make this option less desirable except in
cases of limb-threatening ischemia. Overall, surgical bypass
using autologous or prosthetic conduits is generally offered to
patients with CLI or most severe IC. Transcatheter treatment
is feasible in most patients with PAD; however, intermediate-
term (6—12 months) recurrent obstruction is common,
especially in the large proportion of patients with diffuse or
distal disease. For these reasons, and because of poor
understanding of diagnosis and treatment by the majority of
general medical practitioners, revascularization is currently not
offered to most patients even with symptomatic PAD. Thus, a
far greater proportion of patients with symptomatic PAD is
probably eligible for putative therapeutic angiogenesis.

Route of administration and drug formulation Angio-
genic protein formulations such as FGF-2 can be administered
systemically or locally. Systemic administration is attractive
because of ease of access (i.e. intravenous bolus or infusion),
but unattractive because of the greater risk of nonspecific or
toxic responses to a pluripotent biological agent. Local
administration has the potential to enhance target exposure
to FGF-2 while reducing nonspecific exposure. Obvious
options for local delivery include direct intra-arterial (Lazar-
ous et al., 1997) or intramuscular (Unger et al., 1994) injection.

More elaborate schemes include intrapericardial instillation
(Baek et al., 2002; Laham et al., 2003) to create an epicardial
depot in patients with intact pericardium, perivascular depot
(Lopez et al., 1997; Arras et al, 1998) by surgical or
transcatheter implantation, and retrograde venous infusion
to overcome arterial inflow obstruction (Herity et al., 2000).

Potential toxicity

Preclinical studies suggest an important potential clinical
toxicity (Mazue et al., 1991; Ornitz & Itoh, 2001; Post et al.,
2001). These include nontarget organ neoangiogenesis, accel-
eration of atherosclerosis, and spread of malignancy. Non-
target organ neoangiogenesis may be relevant in the retina, in
the potential acceleration of macular degeneration or of
diabetic proliferative retinopathy. Neoangiogenesis may con-
tribute to diabetic or other nephropathy. FGF and other
angiogens may promote favorable or deleterious neointimal
formation after therapeutic vascular injury (angioplasty and
stenting), or may accelerate the underlying atherosclerosis
progression (Moulton et al., 1999). Angiogens were first
characterized by their ability to promote tumor blood supply,
and growth or metastasis of subclinical malignancy or
angioma is a theoretical concern. Drug-related toxicities have
included proteinuria, presumably caused by a membranous
nephropathy, and transient nitric-oxide-mediated hypotension
(Okada-Ban et al., 2000; Ornitz & Itoh, 2001; Post et al., 2001).
However, six human trials of FGF-2 have not demonstrated
any evidence of nontarget organ neoangiogenesis, and only
low rates of proteinuria and spontaneously resolving episodes
of hypotension.

End points for clinical investigation

Clinical and surrogate end points Regulatory approval of
FGF-2 for therapeutic angiogenesis requires evidence of
efficacy and an acceptable safety profile in concordant well-
designed clinical experiments. The demonstration of efficacy
may be more difficult than it appears at first, because
angiogenesis per se is not readily measurable nor necessarily
clinically meaningful.

Ideal clinical end points include reduction in mortality or in
demonstrable events such as myocardial infarction. Unfortu-
nately, such ‘hard’ end points may require clinical studies that
are inaccessibly prolonged and expensive. Moreover, the
general mechanism of benefit (i.e. reduction in ischemia) may
provide other meaningful benefits without necessarily reducing
death or other hard end points. Early-phase clinical studies,
intended to test safety and feasibility, should include clinical
surrogates to corroborate the proposed mechanisms of
biological action. Meaningful surrogate end points for
therapeutic angiogenesis include measurements of arterial size
and extent, measures of blood flow, and biomarkers of
ischemia.

Since leg pain induced by exertion is the chief manifestation
of PAD, appropriate clinical end points for IC might include
validated pain or disease-specific quality of life questionnaires
(e.g. Walking Impairment Questionnaire) (Hiatt et al., 1995).
The functional measurements include walking impairment
(peak walking time or claudication onset time on a standar-
dized treadmill exam). Among patients with CLI, appropriate
measurements might include not only pain or analgesic
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medication use, but when appropriate, ulcer size, ulcer healing,
and frank tissue loss. The same concepts apply to CAD.
Relevant measurements of pain perception include the angina
class (i.e. CCS angina class), nitrovasodilator pill count, and
self-reported angina (i.e. the Seattle Angina Questionnaire).
Treadmill exercise testing is a less straightforward clinical end
point for patients with coronary atherosclerosis, simply
because exercise performance tests pulmonary, skeletal, and
vascular function in addition to myocardial function, in
contrast to patients with PAD. Imperfect as it is, treadmill
exercise testing, with or without direct measurement of oxygen
consumption, may be the best available clinical end point.

Measuring angiogenesis

No clinical study of therapeutic angiogenesis to date has
measured de novo vessel formation. The most direct technique
would be biopsy for histologic examination of target tissue
before and after treatment. Unfortunately, suitable biopsy
specimens of myocardium are difficult to obtain. Biopsy
specimens in CLI may exacerbate impaired wound healing and
should not be obtained. Even with tissue in hand, microscopic
vascularity may be subject to sampling error.

Invasive or noninvasive angiography is not well suited for
angiogenesis assessment. Conventional radiocontrast (X-ray)
angiography has a spatial resolution of approximately 200 um,
whereas the caliber of useful new arterioles and small arteries
may be in the range of 20-200um. Moreover, technical
variables render radiocontrast angiography ill suited for serial
comparative examinations. Acquired images may vary in
contrast volume, injection rate, selected phase of imaging
sequence (early or late after contrast arrival or microvascular
tissue ‘blush’), and baseline vascular tone. Even assuming
reproducible image acquisition, variables in image segmenta-
tion render these complex data sets difficult to compare. An
example in Figure 1 demonstrates four different segmented
renditions of the same angiographic image. X-ray computed

Figure 1

Four different renditions of the same angiographic view.
The images are segmented for analysis using different gray-scale
thresholds for vessel edge detection. This is a good example of the
difficulty in quantitative analysis of complex angiographic trees in
the measurement of therapeutic angiogenesis. Courtesy of Richard
B. Thompson.

tomography and available clinical magnetic resonance angio-
graphy may provide three-dimensional data sets, but the
spatial resolution is slightly to dramatically worse than for
projection radiocontrast angiography. Satisfactory spatial
resolution may be achievable with synchrotron radiation
microangiography, which is unfortunately not available for
clinical applications.

Pressure, perfusion, and related measurements Perfusion
and hemodynamics measures reflect the function of native and
neoarterial circulation. In limbs, the most accessible measure-
ment is the normalized ankle systolic blood pressure, called the
ankle-brachial index (ABI). It is simple, objective, and
reproducible, and can be combined with provocative measures
such as exercise to extend its sensitivity or to produce a
measure of ischemic burden (Feinberg et al., 1992). The
disadvantage of ABI is that it is not especially sensitive, and is
not useful in ‘noncompressible’ arteries, affecting approxi-
mately 10-25% of elderly and diabetic adults. Moreover,
concurrent alterations in blood flow and vascular resistance
can confound ABI findings.

Spectrophotometric and related techniques can measure
superficial (skin or subcutaneous) perfusion noninvasively.
These measures, such as transcutaneous pulse oximetry
(TCPO,), near-infrared spectroscopy, and laser-Doppler flow,
are simple, precise, and have a wide dynamic range. Skin
perfusion impacts wound healing, with established prognostic
utility in patients with CLI. Disadvantages include a nonlinear
relation to perfusion, and a high biological and regional
variability within patients. Resting perfusion and skin perfu-
sion are usually normal in patients with IC, for which such
measures are probably not useful.

Venous occlusion plethysmography is the classic ‘direct’
measure of limb perfusion. It works by detecting changes in
limb volume (usually using a strain gauge) immediately after
blocking the exit of venous blood using low-pressure occlusive
cuffs. It is inexpensive and noninvasive. However, limbs
consist of bone and fat in addition to skeletal muscle, so the
denominator of the Avolume/volume measure is misleading,
and calf swelling is affected by tissue capacitance and
compliance. Moreover, the technique is highly operator-
dependent and ill suited for large multicenter trials.

Radionuclide scintigraphy is widely available, noninvasive,
and fairly sensitive (Ritchie ez al., 1995). Single-photon nuclear
perfusion techniques (SPECT) measure tracer uptake, activity
over the region of interest, rest and stress ratios to estimate
flow reserve, and first-pass tracer arrival time. It is a
noninvasive technique with a linear relation between tracer
activity and blood flow, and the appropriate tracers can
overcome temporal resolution limitations. Spatial resolution is
limited, however, especially in the assessment of subendocar-
dial defects of the myocardium. Unfortunately, measurements
of ‘input function,” which relate measured signal to absolute
blood flow, are difficult, rendering most techniques difficult,
nonquantitative, and ill suited to serial studies. With this in
mind, ‘ischemia’ represents a relative defect compared with
surrounding structures. The most common comparator, the
adjacent myocardium or contralateral limb, is also often
affected by the underlying atherosclerosis, thereby confound-
ing interpretation. Dual-photon positron-emission tomo-
graphy (PET) perfusion measures the tracer content of muscle
in time and space with high precision but poor resolution. PET
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is quantitative and can be applied to myocardium or skeletal
muscle, but capital and radiopharmaceutical costs are high.
Importantly, there is a linear correlation between tracer
activity and blood flow, and the extraction fraction can be
calculated using two isotopes. There is limited experience with
scintigraphy in PAD.

Myocardial function can be tested as a marker of
myocardial blood flow, using echocardiography (Christian,
1999). Resting wall motion abnormalities may reflect reduced
blood flow at rest, but they also may represent ischemic
‘stunning’ in response to a transient flow alteration, adaptive
‘hibernation’ in response to chronic flow impairment, or
permanent myocardial necrosis. Provoked ischemia or shunt-
ing with catecholamines or vasodilators may be useful to
distinguish among the latter. Endocardial border detection
may be difficult unless sonographic contrast agents are added.
Overall, as for the other tests described above, paired
comparative ultrasound assessment of resting or provoked
wall motion can be difficult to implement in a multicenter trial
of angiogenesis.

Magnetic resonance imaging (MRI) may prove useful for
myocardial and skeletal muscle perfusion measurement. MRI
is especially good at distinguishing necrosis from hibernation
or stunning (Kim et al., 2000). Qualitative techniques (such as
contrast arrival time or upslope) are widely available, but
quantitative techniques suitable for paired follow-up analysis
remain investigational.

Half-life, formulation, dosing, and delivery strategies
For all putative angiogenic agents, the biological half-life
should probably exceed the pharmacokinetic half-life. The
target tissue should be exposed to the therapeutic agent long
enough to have a biological effect, yet short enough to
preclude toxic effects (such as hemangioma or other tumor
growth). Endogenous peptide growth factors or other small
molecules tend to have a short-circulating half-life, so they
may require modification or repeat or prolonged administra-
tion for efficacy (Isner & Asahara, 1999). Gene transfer is
attractive, particularly because it permits prolonged tissue
exposure to the angiogenic growth factor by recruiting the
patient’s tissues for the manufacture and delivery of the
desired agent. Different gene transfer formulations (i.e.,
adenoviral, naked DNA) or tropisms (i.e., endothelial-specific)
may be attractive because of longer but self-limited gene
expression. Cellular agents (i.e., embryonic, umbilical, bone-
marrow-derived progenitor or stem cells) with or without
genetic modification may also achieve therapeutic angiogenesis
(Isner & Asahara, 1999).

Angiogenic growth factors may be delivered systemically
(i.e. orally or via a peripheral intravenous line), topically (e.g.,
topical becaplermin/platelet-derived growth factor for neuro-
pathic ulcers), or locally by intra-arterial infusion, elution from
an implanted prosthesis, or even via cell-mediated gene
transfer of ex vivo transfected autologous cellular agents.
Local residence after local intra-arterial administration is
difficult, and may require first-pass extraction, local over-
expression of conjugate receptors induced by ischemia, or
extravasation. In any case, only a small fraction of radi-
olabeled but otherwise unmodified FGF-2 remains in the
myocardium after systemic, intracoronary, or intramyocardial
delivery (Laham et al., 1999a; Post et al., 2001).

Bilateral PAD usually underlies even predominantly uni-
lateral symptoms of intermittent claudication or critical limb
ischemia. Unilateral therapy can therefore be perilous in
investigational trials for PAD: functional end points such as
treadmill testing may show no improvement even after
successful therapy when the contralateral limb remains
untreated. For this reason, in the TRAFFIC study, all patients
were treated in both limbs irrespective of clinical or
angiographic pattern of obstruction (Lederman et al., 2001).

Clinical trials testing the safety and efficacy of FGF-2
(Table 1) The first human studies of parenteral FGF-2
were conducted at the US National Institutes of Health
(Lazarous et al., 2000; Unger et al., 2000). Both used intra-
arterial administration, and both used randomized concurrent
controls. Unger et al. (2000) treated patients with mild baseline
angina and observed sustained hypotension bolus therapy of
30 or 100 ugkg™', yet no clinical signs of efficacy as determined
by exercise tolerance or electrocardiographic indices of
ischemia. Lazarous er al. (2000) treated patients with mild
IC, and found no important toxicity, and found plethysmo-
graphic evidence of improved lower extremity blood flow. To
avoid infusional hypotension, this study used 30 ugkg™" on
two consecutive days as the highest dose. Subsequent studies
prevented hypotension with slower drug infusion and attention
to prehydration.

Laham et al. (2000) performed a dose-escalating, open-
labeled, uncontrolled, phase I trial of FGF-2. They studied 52
patients with CAD not amenable to revascularization therapy
after intracoronary administration of FGF-2 between 0.33 and
48 ugkg~'ideal body weight. While safety was the primary end
point, an open-label efficacy substudy incorporated additional
patients treated with intravenous FGF-2, and used myocardial
scintigraphy for endpoint assessment. They found improved
segmental perfusion in patients treated with FGF-2 having
baseline resting perfusion abnormalities.

The FIRST trial Based on these findings, a larger
randomized, double-blind, placebo-controlled, dose-ranging
study was conducted, the FGF-Initiating RevaScularization
Trial (FIRST) (Simons et al., 2002). The population consisted
of 337 patients with CAD not candidates for revascularization,
most of whom had curiously few symptoms or exercise
impairment. FGF-2 was administered via 10 min intracoronary
infusions, and patients were randomly assigned ina 1:1:1:1
ratio to placebo, 0.3, 3, and 30 ugkg™!. The primary efficacy
end point was change in exercise treadmill test (ETT) time
from baseline to 90 days, and secondary end points included
change in ETT time from baseline to 180 days, changes in the
magnitude of ischemic segments using SPECT imaging, change
in CCS angina class, and SAQ or SF-36 scorers from baseline
to 90 and 180 days. There was no significant difference in
exercise treadmill time or scintigraphy findings in patients
treated with FGF-2 compared with placebo (Figure 2). A post
hoc analysis compared all treated groups with placebo at 90
days, and suggested that symptomatic patients (SAQ score
<40 or CCS angina class II/IIT) treated with FGF-2 had fewer
episodes of angina.

It is important to consider why this trial failed to show
efficacy. Unfortunately, patients in FIRST were not very
symptomatic, which limits any achievable treatment effect.
Indeed, almost half the patients stopped their treadmill tests
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Table 1 Summary of clinical trials of basic fibroblast growth factor*
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FGF-2 in 190 patients with moderate-to-severe intermittent
claudication with an ABI <0.8. Patients were randomly

British Journal of Pharmacology vol 140 (4)



644 R.J. Aviles et al

Clinical angiogenesis using FGF-2

assigned to receive a bilateral intra-arterial infusion of placebo,
single bolus, or double bolus (1:1:1) of 30 ugkg™" of FGF-2
on days 1 and 30. The primary end point in TRAFFIC was 90-
day change in peak walking time, and secondary end points
included safety, ABI, claudication onset time at 90 and 180
days, and quality of life measures. In an intention-to-treat
analysis, patients in the placebo, single bolus, and double bolus
groups had 0.60, 1.77, and 1.54 min increases in peak walking
time (P=0.034), as shown in Figure 3. An alternative
treadmill test (time to onset of claudication) and measures of
quality of life did not show important improvement with
treatment. ABI findings, however, were intriguing (Figure 4).
While there was virtually no change in ABI among patients in
the placebo group, there was a significant improvement in this
objective measure in both treatment groups at both time
points. This finding corroborates the proposed mechanism of
benefit, improvement in the lower extremity blood flow.
Overall, TRAFFIC showed that a single infusion of FGF-2
30 ugkg™' improved treadmill performance, but a second
infusion after 30 days did not provide incremental benefit.
Several aspects of the findings in TRAFFIC are noteworthy.
The study adhered to a prespecified statistical analysis plan
that was perhaps too specific for a phase Il or proof-of-
concept trial. The prespecified ANOVA (which did not capture
patients not evaluable because of adverse events, surgical
treatment, or loss to follow-up) did not achieve statistical

P<0.026
L —] .
2.50- P<0.45

2.00 T T

1,50

1.00

~ 050
0.00

Minutes)

| 0.60 | 1.77 1.54

Mean Change in PWT

SINGLE
Treatment Group

Placebo DOUBLE

Figure 3 Mean change in peak walking time among the three
different treatment groups in the TRAFFIC study of peripheral
artery disease (Lederman et al., 2002): placebo, single bolus of FGF-
2 (30 ugkg™"), or double bolus of FGF-2 (30 ugkg™"). By intention-
to-treat analysis (nonparametric analysis), the difference in PWT
was different between all groups (P<0.034). When compared with
placebo, patients treated with a single bolus of FGF-2 had higher
PWT (pairwise comparison).

0.12
0.10 T

0.08 T
F

0.06

0.04
0.02 a
0.00
SINGLE

Placebo

Mean Change in ABI

DOUBLE
Treatment Groups
| OChange 90 mChange 180|

Figure 4 Mean change in ABI between 90 and 180 days in the
TRAFFIC study of peripheral artery disease (Lederman et al.,
2002). There was a small increase in ABI at 90 days among treated
patients (*P<0.05).

significance. Statistical significance was only found using a
secondary intention-to-treat nonparametric analysis that
captured all subjects. More important, the observed placebo
effect at 90 days was relatively low when compared with the
180-day finding. In other words, it is possible that the effect at
90 days was the result of a spuriously low placebo effect. The
study, however, was powered to detect a treatment effect,
assuming not only that single FGF-2 treatment was effica-
cious, but also that double FGF-2 treatment was superior. In
this light, it was remarkable to detect any treatment effect.
Similarly, TRAFFIC was not powered to detect differences at
180 days, and, therefore, findings at 180 days may reflect type
IT error. Indeed, analysis of ‘responder rates,” in this case
meaning the proportion of patients enjoying a 2-min overall
improvement in treadmill performance, showed continued
benefit in both treatment arms compared with placebo at both
90 and 180 days (unpublished observation). Another interest-
ing observation was a relative maldistribution of current
smokers, with significantly more smokers in the placebo group
than in the treatment groups. A positive ‘trial effect,” including
lifestyle improvements such as smoking cessation, might
therefore have been enhanced in the placebo group. If true,
this would have made it even more difficult to detect benefit
from FGF-2. Unfortunately, the study did not capture
smoking cessation rates. The ABI finding demonstrates the
importance of corroborative hemodynamic testing in clinical
studies of therapeutic angiogenesis.

Future steps Establishing stable and functional vascular
networks is a complex process involving a number of growth
factors and signaling peptides/pathways, and the notion that
single angiogenic factor therapy can replicate the complexity of
what occurs under physiologic conditions in response to
ischemic and hypoxic stimuli is simplistic. /n vitro and in vivo
studies have demonstrated the synergistic angiogenic effect of
combination therapy with VEGF and FGF-2 (Goto et al.,
1993; Asahara et al., 1995; Pepper et al., 1998). As mentioned
above, Cao et al. (2003) used rat and rabbit hind limb models
of ischemia to demonstrate that FGF-2 and platelet-derived
growth factor-BB synergistically promote the formation of
new blood vessel networks, which remain stable for over a year
of follow-up. Animal studies have also suggested that various
stem or progenitor cell formulations, naive or genetically
modified (Nabel, 2002), can be delivered into, or perhaps can
even home directly into, ischemic regions to promote new
vessel formation.

If duration of treatment proves important, alternative
formulation of FGF-2 may be useful to pursue in develop-
ment, including sustained release or direct gene transfer
formulations. Transfer of genetically modified autologous or
allogeneic cell preparations also may facilitate adequate
temporo-spatial delivery of the therapeutic agent.

Conclusion

Clearly, neovascularization requires almost a symphonic
arrangement of temporal and spatial cues and responses,
which is challenging to recapitulate therapeutically. The
monotherapy of ischemic myocardial or peripheral artery
disease may still be possible using FGF-2 after optimization of
formulation and dosing strategies. Successful permutations
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may involve more ‘upstream’ regulatory factors, cellular
agents, or suitable combinations. Careful consideration of
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