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Therapeutic Angiogenesis: Recent and Future Prospects of Gene Therapy

in Peripheral Artery Disease

Michiko Tanaka®”, Kikuko Taketomi’ and Yoshikazu Yonemitsu!

'R&D Laboratory for Innovative Biotherapeutics, Graduate School of Pharmaceutical Sciences, Kyushu University,
Fukuoka, Japan; *Department of Medical Education, Hokkaido University, Graduate School of Medical Sciences, Sap-

poro, Japan

Abstract: Peripheral artery disease (PAD) is a highly prevalent disease, which still has unmet medical needs. Therapeutic
angiogenesis for PAD, achieved by gene therapy, has achieved promising results in preclinical studies and early-phase
clinical trials, yet few late-phase clinical trials have been conducted or have not shown efficacy. This article provides an
overview of the progression of angiogenesis research in gene therapy field as it applies to PAD. The focus of angiogenic
growth factors and clinical trials is introduced as a frontier of therapeutic angiogenesis. The article also includes insights

into future directions from bench to bedside.

Keywords: Angiogenesis, clinical trials, gene therapy, growth factor, peripheral artery disease, plasmid.

1. INTRODUCTION

Peripheral artery disease (PAD) encompasses a range of
conditions affecting the arteries in the limbs [1]. PAD is
caused by stenosis or occlusive atherosclerosis in a vascular
bed in the lower extremities [2]. Although the risk factors for
PAD include smoking, diabetes mellitus, and hypertension,
its prevalence increases with age, especially in people aged
>70 years, in whom it increases to 15-20% [2-4]. PAD has
become an important public health issue because it is a
highly prevalent disease that affects up to 8 million patients
in the US alone, which is 12% of the adult population [5, 6].

The clinical symptoms of PAD result from reduced blood
flow to the legs. PAD is diagnosed by reduced ankle—
brachial index (ABI), which is calculated as the ratio of the
highest blood pressure in the right or left brachial artery and
the highest blood pressure in the posterior tibial or dorsalis
pedis [7]. Some patients with abnormally low ABI report no
symptoms and 65-70% of patients with PAD are asympto-
matic [8]. PAD is often asymptomatic or observed as numb-
ness in the early stage; however, as PAD progresses, pa-
tients’ quality of life (QOL) decreases because of limited
walking ability (intermittent claudication [IC]), associated
with pain in the lower legs during walking. If untreated, IC
progresses to critical limb ischemia (CLI) in approximately
one of four patients within 5 years [3], and induces pain at
rest and ischemic ulcer/gangrene in the legs, resulting in sub-
stantial deterioration in QOL. This affects the prognosis of
patients, who are forced to remain in bed for a long time.
This issue has become a cause of medical economic pressure
associated with long-term medical care.

*Address correspondence to this author at the Laboratory for Innovative
Biotherapeutics, Graduate School of Pharmaceutical Sciences, Kyushu
University, Room 601, Station II for Collaborative Research, 3-1-1
Maidashi, Higashi-ku, Fukuoka 812-8582, Japan; Tel: +81-92-642-6310;
Fax: +81-92-642-6834; E-mail: tmiciko@med.kyushu-u.ac.jp

1566-5232/14 $58.00+.00

The prognosis of limb ischemia has greatly improved be-
cause of bypass surgery techniques, intra- and postoperative
management, artificial blood vessel materials, endovascular
treatment, and drug treatment. Based on previous studies
showing that the 5-year survival rate is ~40% for CLI and
70-80% for IC, the most important objectives for the treat-
ment of PAD are (1) avoiding amputation and (2) preventing
progression from IC to CLI [2]. However, in patients with
chronic arterial occlusion who have bypass surgery of the
popliteal artery or the lower leg, the 5-year patency rate is
~40%. This suggests that such treatment is not yet suffi-
ciently effective. In addition, there are many cases in which
bypass surgery is not indicated because of the presence of
severe peripheral lesions. Additionally, patients may not
tolerate bypass surgery owing to a poor general condition
associated with advanced arteriosclerosis in other organs.
For CLI patients, mortality is as high as 20%, and major am-
putation is required within 1 year in 40% of patients [9].
There are many cases of complications with diabetes, which
is an important risk factor of arteriosclerosis, because arte-
riosclerosis obliterans is a consequence of arteriosclerosis.
Bypass surgery or endovascular treatment may not be indi-
cated for patients with arteriosclerosis obliterans because
they often have concurrent diabetic nephropathy that requires
chronic dialysis. Additionally, they are often in poor health
because of complications derived from diabetes, accompa-
nied by diffuse vascular narrowing and advanced calcifica-
tion. There is no effective treatment option available for such
patients. Therefore, every year, tens of thousands of patients
are estimated to progress gradually to CLI, resulting in am-
putation. The prognosis for patients who have had amputa-
tion is poor. According to the inter-society consensus for the
management of PAD (TASC 1I), the mortality rate is twice
as high as that for breast cancer, and is comparable to that of
malignant tumors, such as colon cancer and Hodgkin’s tym-
phoma [2].

© 2014 Bentham Science Publishers
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Table 1. Selected PAD gene therapy trials.
References Patients No. of subjects Angiogenic factor Treatment Vector Route Follow-up Primary endpoints Outcome*
(treated/controls) g

Phase |
Kim et al. [37] CLY O VEGF pUK-VEGEF 5 Plasmid Intramuscular 9 mo Safety Positive
Shyn et al. {38] L 24~ VEGF phVEGF Plasmid Intramuseular 6 mo Safety Pasitive
Rajagopalan et al. [42] e 1543 & adVEGEF Adenovirus  Intramuscular 12 mo Safety Eguivocal
Comerota et al. [4X] Ly 31~ NVIFGF Plasmid Intramuscular 6 mo Satety Positive
Yonemitsu ¢t al. {67] Ly 127~ 1SeV/df-hFF-2 Sendai virus  Intramuscular 6 mo safety and tolerability Positive
Powell etal. [77] Ll 7826 pVAXI-HGF Plasmid Intramuscular 12 mo Safety/TePO2 Positive
Morishita et al. [§2] CLI 22/ pVAXI-HGF Plasmid Intramuseular 6 mo Safety/ABL, ulcer size Positive
Gu et al. [85] CLI 214 pCK-HGF-XT Plasmid Intramuscular 3 mo Safety and tolerability Pasitive
Rajagopalan eral. [101]  CLI 3477 AAYHIF-le/VPI6  Adenovirus  Intramascular 12 mo Safety and efficacy Pasitive

Phase I1

. Diabetes e . N - § . .
Kusumoto et al. [39] with CL1 2727 VEGF phVEGF ¢ Plasmid Intramuscular 100 d Amputation Negative
Rajagopalan ¢t al. [43] 1Ic 72/33 VEGF adVEGF Adenovirus  Intramuscular 26 wk Peak walking time Negative
Makinen et al. [40] 1IC/CLL 18/17/19 VEGF adYEGF ha ;\dam?m'usf Intraarterial - 3 mo Increased vascularity Positive
phVEGF,,; plasmid

Nikel et al. [50} CLI 51756 FGF-1 NVIFGF Plasmid Inframuscular 23 wk Uleer hesling Negative
Lederman et al. {35} 1 127/63 FGF-2 rFGF2 Plasmid Intraarterial 90 d Peak walking rime Pasitive
Powell et al. [78] CLI 2l HGF YM202 Plasmid {ntramusecular 12 mo Safety/TBL VAS, ulcer  Positive
Creager et al. {102} CL1 213476 HIF-1 Ad2ZHIF-1a/VPI6  Adenovirus  Intramuscular 12 mo Peak walking time Negarive
Grossman. [106] 1C 52/53 DEL-1 VLTS-582 Plasmid Intramuscular 180 d Peak walking time Negative

Phase 111
Belch et al. 153} CLI 259266 FGF-1 NVIFGF Plasmid Intramuscular 12 mo Amputation or death Negative
Shigematsu et al. [831 CLI 3014 HGF pVAX1-HGF Plasmid Intramaseular 15 mo Rest pain, uleer size Pasitive

*Qutcomes were evaluated tor only primary endpoints, which did not include any improvement in secondary endpoints.

Currently, endovascular or surgical methods appear to be
the best treatment option for PAD patients. Despite advanced
techniques in surgical and endovascular treatment, a large
number of patients are not suitable for revascularization [10].
Presently, there is no drug with proven efficacy for the
treatment of CLI. Cilostazol and naftidrofuryl have been
demonstrated as effective for the treatment of IC in several
large clinical studies. Cilostazol is recommended as first-line
treatment for IC, but there is no evidence to support the ef-
fectiveness of cilostazol in preventing the progression from
IC to CLI [2]. Poor prognosis and increasing mobility and
mortality of patients with PAD have created a growth need
for new alternative therapies to induce angiogenesis, with
most emphasis being placed on gene therapy [11].

Therapeutic angiogenesis alters the ischemic tissue to
provide a proangiogenic environment through inducing for-
mation of a capillary network [11]. It is based on the use of
recombinant proteins or genes encoding angiogenic growth
factors that enhance blood flow and expand the collateral
circulation to ischemic tissue [1, 10]. Therapeutic angiogene-
sis has been proposed [9] as a novel therapy [12] and, since
the end of the 1990s, it has become a clinically attractive
potential alternative treatment option for chronic arterial
occlusion [13, 14]. To date, the techniques of therapeutic
angiogenesis using (1) recombinant protein (protein-based
therapy), (2) gene delivery (gene therapy), and (3) bone-
marrow/blood cells (cell therapy) have been clinically tested.
Various growth factors exerting proangiogenic effects have
been demonstrated to induce neovascularization in preclini-
cal studies of therapeutic angiogenesis for PAD and coronary
artery disease [15]. Proangiogenic growth factors such as
vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), hepatocyte growth factor (HGF), hy-
poxia-inducible factor (HIF)-1, and developmentally regu-
lated endothelial locus (Del)-1 have demonstrated angio-
genic effects in PAD. The important advantages of gene
therapy are the transient local expression of proangiogenic

protein without increase in systemic concentration, and the
possibility of delivering two or more therapeutic genes [15].
An initial clinical trial was conducted using naked plasmid
VEGF 45 in 1994 [16]. Since then, the proof of concept in
preclinical studies has shown hopeful results, yet few clinical
trials have been performed [17]. Gene therapy approaches
from bench to bedside are not easy. The present article pro-
vides an overview of the progression of gene therapy, includ-
ing protein-based therapy, for PAD as reported in clinical
studies, and future directions.

2. GENE THERAPY
2.1. Vascular Endothelial Growth Factor

The VEGF family comprises seven major isoforms of
VEGF-A-E and PLGF-1 and 2, and is the most widely stud-
ied endothelial growth factor [18, 19]. VEGF is a key regula-
tor of endothelial cell migration, proliferation, vascular for-
mation, and accelerated endothelial repair [20, 21]. Several
preclinical in vitro as well as in vivo studies have shown ef-
fective angiogenesis in animal ischemic hindlimb models
using VEGF, which is hypothesized as a potential therapy
for PAD [22-25]. Also, zinc finger protein (ZFP) transcrip-
tion factors are able to bind to DNA, found in the VEGF
gene, and these engineered transcription factors can regulate
gene expression in vivo [26, 27]. In particular, ZFP could
activate VEGF-A, which is a mitogen that induces new
blood vessel growth [28-30]. An engineered zinc finger, con-
taining a transcription factor plasmid designed to activate the
endogenous VEGF gene (ZFP-VEGF), was tested in a mouse
and rabbit hindlimb ischemia model, and confirmed that
ZEP-VEGF promotes angiogenesis, increases endogenous
VEGF expression in striated skeletal muscle, improves per-
fusion, and limits tissue apoptosis [31-33].

Angiogenesis was also confirmed in a rabbit ischemic
hindlimb model, which showed increased density of vessels
in muscle after 1 week treatment with adenovirus-encoding

_23_



Therapeutic Angiogenesis for Peripheral Artery Disease

VEGF 65 [34]. Adenovirus-mediated VEGF ), gene transfer
preserved tissue perfusion after induction of rabbit and rat
hindlimb ischemia models [35]. VEGF|,; and VEGF 45 have
been recognized predominantly in clinical trials [1].

Initial clinical trials in CLI patients showed promising
therapeutic results after intra-arterial and intramuscular ad-
ministration of a plasmid mammalian expression vector car-
rying human VEGF-A g5 ¢cDNA (phVEGF-A4s) [14, 16].
Further phase I trials of phVEGF-A¢s demonstrated im-
provements in ischemic peripheral neuropathy [36], ABI,
vessel formation, new collateral vessels [37], ulcer healing,
rest pain, and distal flow [38] in a group of CLI patients.
VEGF was originally identified for its ability to increase
vascular permeability [20], and leg edema was observed as
the main complication. In a double-blinded placebo-
controlled phase II study in diabetic patients with CLI, there
was no significant reduction in amputation but there was
improved ulcer healing [39]. There has only been one posi-
tive phase II trial of intra-arterial infusion of adenovirus
VEGF-A¢s, plasmid/liposome VEGF-A 45 and Ringer’s lac-
tate to evaluate vascularity in patients with CLI and athero-
sclerotic infrainguinal occlusion or stenosis, who were suit-
able for percutancous transluminal angioplasty [40]. Follow-
up angiography revealed significant improvement of vascu-
larity in the VEGF-treated patients.

An alternative for angiogenesis using a plasmid-based
approach to deliver VEGF is CI-1023, a replication-deficient
adenovirus encoding human VEGF isoform 121
(AdGVvEGFlzuo). In a phase I trial of AdgvVEGFlzmo in
CLI or IC, patients received 4x10%° to 4x10' particle units
of the vector by intramuscular injection [41]. This resulted in
increased acetylcholine and improved endothelial function
but no improvement in basal blood flow [41]. Although CI-
1023 was safe and well tolerated, no efficacy was found in a
phase I trial using AdgyVEGF 3110 in IC patients, who were
administered 4x10® to 4x10'° particle units or placebo via
intramuscular injection. Thirty-three percent of the cohort
receiving AdgyVEGF;, 1 reported edema in the extremity
that received the injection [42, 43]. The Regional Angio-
genesis with Vascular Endothelial Growth Factor (RAVE)
study was a double-blind, placebo-controlled, phase II clini-
cal study that tested the efficacy and safety of intramuscular
AdVEGF,,. Patients with IC and unilateral PAD were strati-
fied on the basis of diabetic status and randomized to pla-
cebo, low-dose (4x10° particle units), or high-dose (4x10"
particle units) of AAVEGF),; administered as 20 intramuscu-
lar injections in a single session. There was no difference in
walking function, ABI, or QOL between the placebo and
treated groups, and administration of AdVEGF-A;;; was
associated with increased peripheral edema [43].

2.2. Fibroblast Growth Factor

FGF belongs to a family of over 20 proteins. It was rec-
ognized as an angiogenic factor based on its induction of
endothelial cell proliferation, migration, and morphogenesis,
extracellular matrix degradation, and vessel maturation [44].
FGF has been extensively studied in the context of PAD. The
bulk of experimental data related to the prototypic FGF-1
and FGF-2 have been obtained in vivo to establish the poten-
tial for gene therapy trials in PAD [45, 46]. Intramuscular
administration of human naked plasmid DNA encoding
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FGF-1 (NV1FGF) to a hamster model of PAD fed a choles-
terol-rich diet promoted vascular growth in ischemic muscles
[47]. This provides a potential way to overcome perfusion
defects in patients with PAD.

NVIFGF was administered intramuscularly into the
ischemic thigh and calf for patients with unreconstructible
PAD in a phase I clinical trial. NVIFGF was well tolerated
and improved perfusion, although there was no evidence in a
dose-dependent manner [48]. Later, NV1FGF plasmid distri-
bution and transgene expression were tested to support the
concept of multiple-site injection for therapeutic use [49].
The randomized double-blind phase II TALISMAN 201 trial
was conducted to administer eight intramuscular injections
of placebo or NVIFGF in CLI patients [50]. Although there
was no difference in ulcer healing between the placebo and
NVI1FGF groups, there was a significant reduction in ampu-
tation risk at 12 months after administration of NV1FGF.
The long-term evaluation of patients with CLI treated with
NVIFGF or placebo was reported but the study was too
small to evaluate safety and efficacy [51]. In the phase III,
randomized, double-blind, placebo-controlled TAMARIS
study, 525 CLI patients were enrolled at 171 sites in 30
countries [52]. The patients received eight intramuscular
injections in the index leg of 0.2 mg/mL NVI1FGF or pla-
cebo. There was no evidence of a reduction in amputation or
death in the NV1FGF group [53].

The safety and efficacy of intra-arterial injections of
FGF-2 was tested in patients with mild IC, which revealed
that FGF-2 was safe, well tolerated, and improved lower
extremity blood flow [54]. Recombinant (r)FGF-2 was in-
fused intra-arterially in the phase II, randomized, double-
blind, placebo-controlled TRAFFIC study of 190 patients
with moderate to severe IC caused by infrainguinal athero-
sclerosis. This resulted in a significant increase in peak walk-
ing time at 90 days [55]. However, the TRAFFIC study was
not powered to detect differences at 180 days with type 11
errors [56]. The limited clinical outcome and moderate ad-
verse events owing to the systemic leakage of FGF-2 caused
the TRAFFIC study to be terminated.

Various synergistic effects have been reported with FGF-
2 [21, 57-59]. The optimum carrier for FGF-2 to induce pro-
nounced angiogenesis has also been studied [60-62], but
using recombinant Sendai virus (SeV) seems efficient [63-
65]. Intramuscular injection of SeV strongly boosted FGF-2,
with the levels being as much as 300-fold higher than at
baseline [66]. A phase I/Ila, open-label, four-dose-escalation
clinical trial was conducted to administer a new gene transfer
vector based on a nontransmissible rSeV expressing the hu-
man FGF-2 gene (rSeV/df-hFGF-2) intramuscularly in 12
patients with CLIL. rSeV/df-hFGF-2 was administered at 30
sites with varying ischemic conditions, up to 5x10° CIU/60
kg, to one limb per patient. The vector was safe, well-
tolerated, and significantly improved walking function [67].
Consequently, a phase IIb, randomized, double-blinded
clinical trial is planned to start this year with IC patients
[68].

2.3. Hepatocyte Growth Factor

HGF is a multifunctional cytokine that is a powerful mi-
togen and motility factor in various cell types, acting through
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the receptor tyrosine kinase encoded by the c-Mer proto-
oncogene [69, 70]. HGF stimulates the growth of endothelial
cells, morphogenesis, and angiogenesis [71, 72]. HGF ad-
ministered as a recombinant protein or naked plasmid, and
its synergistic effects with other proteins induce therapeutic
angiogenesis in animal ischemic hindlimb models [73-76].

Several clinical trials have been performed to assess the
safety and potential efficacy of HGF in patients with PAD.
In the phase /Il HGF-STAT trial, HGF-plasmid (AMGO001)
was evaluated by in a double-blind, randomized, placebo-
controlled study in 104 patients with CLI. Eight intramuscu-
lar injections of placebo or AMGO001 was administered at 0.4
mg on days 0, 14, and 28 (low dose); 4.0 mg on days 0 and
28 (middle dose); and 4.0 mg on days 0, 14, and 28 (high
dose). Injections were administered at two anterior and two
posterior locations above the knee joint and four posterior
locations below the knee. The plasmid was safe and well
tolerated. However, there was no indication of effectiveness
in ABI, toe brachial index (TBI), pain relief, ulcer healing, or
amputation in either group, but there was a significant im-
provement in transcutaneous partial pressure of oxygen
(TcPO,) in the high-dose AMGO0O01 group at 6 months [77].
The same research group conducted the HGF-0205 trial to
evaluate duplex-ultrasound-guided injections of AMGO001 in
27 patients with CLI. Limb perfusion was maintained and
rest pain decreased, although there was no difference in ma-
jor amputation of the treated limb or mortality at 12 months
in the placebo group [78]. A phase III clinical trial is now in
progress with 560 patients with CLI [79].

Another phase I/ITa, open-label clinical trial using naked
plasmid DNA encoding HGF was conducted in CLI patients.
HGF inserted into a 3.0-kb plasmid vector (pVAX1) was
injected intramuscularly, either at 2 mg at four sites or 4 mg
at eight sites, twice, into the calf or distal thigh of the
ischemic limb under echosonographic guidance. The study
demonstrated the safety and feasibility of HGF gene therapy,
and improvements in ABI, pain relief, and ulcer size at 6
months [80, 81]. Despite the short duration of gene expres-
sion, the long-term efficacy of HGF gene therapy was re-
ported, showing functional improvement in blood flow up to
2 years after administration [82]. A phase III, randomized,
double-blind, placebo-controlled clinical trial was conducted
in CLI patients in Japan. There was significant improvement
of ischemic ulcers but no improvement in ABI and pain re-
lief at 12 weeks in patients receiving plasmid HGF. No seri-
ous adverse events were noted [83]. HGF gene transfer did
not induce limb edema as VEGF therapy did.

Recently, two isoforms of HGF (pCK-HGF-X7) were
tested in phase I clinical trials for safety, tolerability, and
preliminary efficacy in CLI patients. pCK-HGF-X7 is a
7377-base pair nonviral plasmid DNA expressing two iso-
forms of HGF consisting of the mammalian expression vec-
tor, pCK, and a genomic cDNA hybrid of human HGF gene,
HGF-X7 [84, 85]. In preclinical studies, two human HGF
isoforms, HGF7,3 and HGF 3, were effective for myoblast
cell migration and stimulated umbilical vein endothelial
cells. pCK-HGF-X7 also improved anterior wall thickness
and capillary density and inhibited myocardial fibrosis an in
vivo ischemic heart disease model [86, 87]. Both phase I
clinical trials were open-label, dose-escalation studies in
which 2-16 mg pCK-HGF-X7 was injected intramuscularly
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into the calf and/or thigh on days 1 and 15. Both trials dem-
onstrated improved pain relief, TcPO,, and ulcer healing
without any serious adverse events, which supported con-
ducting phase II clinical trials [84, 85]. A phase II clinical
trial was designed as a double-blind, randomized, placebo-
controlled study to administer pCK-HGF-X7, 16 injections
four times, to CLI patients. This study will have been com-
pleted by now but no reports of the results are available at
present [88].

2.4. Hypoxia Inducible Factor-1a

HIF-1a is a regulator of cellular response to hypoxia.
HIF-1a plays a key role in the initiation of rapid gene ex-
pression in response to low oxygen levels [89-95]. In a pre-
clinical study in a limb ischemic model, an adenovirus en-
coding a constitutively active form of HIF-1a (AdCAS) im-
proved tissue perfusion and enhanced neovascularization
[96-99]. A naked DNA encoding HIF-1a/VP16 hybrid tran-
scription factor was constructed by truncating HIF-la at
amino acid 390 joining the transactivation domain of herpes
simplex virus VP-16 protein. This naked DNA enhanced
arteriogenesis and angiogenesis responses by improving calf
blood pressure ratio, angiographic score, regional blood
flow, and capillary density in a rabbit model of hindlimb
ischemia [100]. In a phase I, dose-escalation clinical trial, a
constitutively active HIF-la with adenovirus (Ad2/HIF-
10/VP16) was injected into the lower extremity of 34 no-
option patients with CLI. Ad2/HIF-10/VP16 is a recombi-
nant, replication-deficient adenovirus type 2 with an insert
containing the DNA-binding and dimerization domains from
the HIF-1a subunit and VP16 transactivation domain to fa-
cilitate constitutive activation. A single treatment of 10 in-
tramuscular injections of Ad2/HIF-1a/VP16 (100 uL for a
total dose of 0.1 mL) in a single limb was demonstrated to be
safe and improved ulcer healing and rest pain in some pa-
tients, thus supporting further trials [101]. In the phase II,
randomized, double-blind, placebo-controlled WALK study,
289 patients with IC were treated intramuscularly with
Ad2/HIF-1a/VP16 [102]. Ad2/HIF-1a/VP16 (2x10°, 1x10'°,
or 2x10"! viral particles) or placebo was administered by 20
injections to each leg. However, Ad2/HIF-10/VP16 did not
improve peak walking time, claudication onset time, ABI, or
perceived walking distance. They concluded that gene ther-
apy with HIF-1a is not effective for patients with IC secon-
dary to PAD.

2.5. Developmentally Regulated Endothelial Locus

Del-1 is an extracellular matrix protein expressed in
ischemic tissue, which stimulates angiogenesis in the ab-
sence of exogenous growth factors, and is considered to be a
novel therapeutic agent for patients with PAD [103, 104]. In
a preclinical study, a plasmid encoding human Del-1 protein
formulated with poloxamer 188 promoted new blood vessel
formation and restored muscle function in mice and rabbits
[105]. The phase IIa DELTA trial compared the plasmid
encoding the angiomatrix protein Del-1 in conjunction with
poloxamer 188 (VLTS-589) with poloxamer 188 alone as a
control. A total of 105 IC patients received 21 intramuscular
injections (2 mL each) into each leg, which amounted to 42
mg VLTS-589 or the control agent. Both VLTS-589 and the
control agent significantly improved peak walking time,
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claudication onset time, ABI, and QOL, but there was no
difference in outcome measures associated with Del-1 plas-
mid [106]. A major placebo effect was observed in this
study, which underlines the importance of having a placebo
group [12]. A subsequent phase IIb clinical trial was nega-
tive [18].

3. FUTURE DIRECTIONS

In the past two decades, experimental studies and clinical
trials have established that gene therapy can be regarded as
an alternative method of treatment for PAD [15]. A meta-
analysis from six randomized controlled trials has shown a
significant clinical improvement compared with placebo in
patients with PAD (odds ratio = 1.427; 95% confidence in-
terval = 1.03-2.0; P = 0.033), and no differences were found
in mortality from any cause [107, 108]. However, the
marked efficacy of angiogenic gene therapy in preclinical
studies was not demonstrated in clinical trials. There are
many boundaries in gene therapy approaches such as safety,
trial design, type of vector, duration of treatment, administra-
tion route, and dose [109].

3.1. Study Design

Although recombinant protein approaches may also
achieve the desired response, several phase I-III clinical tri-
als showed superior results by using gene constructs rather
than protein [10]. Pharmacokinetics and pharmacodynamics
of various types of gene therapy, however, are not all sophis-
ticated. Moreover, many clinical trials have not been ade-
quately powered to evaluate clinical efficacy. A large ran-
domized controlled study is needed to overcome this and to
reduce placebo effects.

Selection of PAD patients for gene therapy has been
complicated because the optimal treatment of patients with
PAD, IC and CLI differs considerably [12]. CLI patients
have limited life expectancy with severe comorbidity, and
thus a high percentage may experience adverse events in-
cluding vascular events. Therefore, gene therapy within this
population may be biased toward failure [78]. Clinical trials
of patients with CLI have often enrolled “no-option” patients
with wounds that vary from extensive gangrene to mild skin
erosions, which requires a large number of this heterogene-
ous group of patients to establish efficacy. TASC II recom-
mends that amputation-free survival remains the gold stan-
dard endpoint for trials in patients with CLI [2].

Furthermore, biomarkers for the endpoints are difficult
to establish in PAD. X-ray angiography has a spatial resolu-
tion of 200 um, whereas the caliber of new arterioles and
small arteries may be in the range of 20-200 pwm [56]. There-
fore, blood flow is tested by limb functional tests such as the
treadmill, ABI and TBI, and TcO, tension for CLI or near-
infrared spectroscopy for IC. Those parameters are used in a
variety of assessment methods that are of uneven quality.
The optimized walking function test in the setting of multi-
center clinical trials remains uncertain [110].

3.2. Gene Delivery Vectors

Appropriate vector selection is one of the most critical
factors in successful gene therapy. Gene delivery vectors can
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be classified as nonviral and viral. Nonviral methods use
naked plasmid DNA to transfer the gene encoding the tar-
geted angiogenic protein to the tissue [10]. Plasmids are usu-
ally expressed in the target cells for 1-2 weeks [111]. Plas-
mid-mediated gene therapy of human tissues has low effi-
ciency if compare using viral vectors, which tend to be effi-
cient tools for induction of angiogenesis [112], although no
trials have been conducted to compare directly the efficacy
of plasmids versus viruses [1]. Viral vectors are well adapted
to escape the host immune system and carry transgenes into
the genome [1]. The major advantages of using adenoviral,
retroviral, lentiviral, and Sendai-viral vectors have been re-
vealed in most preclinical and clinical studies of gene ther-
apy for PAD and cardiovascular disease [113]. With regard
to therapy of angiogenesis, the important factors are local
concentration and duration of expression of angiogenic fac-
tors, and thus cell targeting is not a critical factor. However,
successful clinical studies have not been conducted; there-
fore, optimal expression level should be determined. Al-
though viral vectors are efficient, there are limiting factors
for their clinical use. Their immunogenicity limits the dila-
tion of gene expression as well as repeat administration, par-
ticularly in the case of adeno-associated virus (AAV). Long-
term gene expression can be achieved by AAV or lentivirus;
however, that is controversy issue of inefficient gene transfer
such as case of forming malignancies due to long lasting
expression of angiogenic factors.

The nonoptimal delivery method of proangiogenic genes
into tissue is also one of the disappointing results of clinical
trials of therapeutic angiogenesis [114]. Delivery methods
for bioactive endothelial proteins and genes encoding growth
factors have several barriers, including: (1) complex process;
(2) host immune system that neutralizes virus-based gene
delivery, degrades naked plasmid DNA, and ability of the
host to integrate and express the cloned gene; (3) lack of
standardized dosage of growth factors and genes; (4) short
half-life of growth factors; and (5) technical difficulties to
deliver growth factors and genes to target sites noninvasively
[18].

3.3. Delivery Route, Dose, and Duration of Therapy

Genes are commonly administered by intra-arterial or in-
tramuscular injections of a plasmid or viral vector. Angio-
genic factors administered by intra-arterial injection have
short half-lives and less focal delivery to the target site, but
may be more relevant for treating ischemic tissue in skin
rather than muscle [1]. Intramuscular injections, however,
have the advantages of prolonged therapeutic effects and
repeated administration [10]. Optimization of the delivery
route depends on the characteristics of the angiogenic factor,
but stimulating angiogenesis is required for improvement of
muscle perfusion as well [111]. In addition, a major chal-
lenge for therapeutic angiogenesis is to determine a suffi-
cient amount of angiogenic factor at the ischemic site to
promote actively neovascularization [10]. At present, no
evidence is available for the optimal dose of angiogenic gene
therapy. Investigators seem to decide the dose from basic
preclinical data as well as consideration of safety issues,
which tends to reduce the dose administered in clinical trials.
Moreover, how to determine the injection sites is also a vital
consideration in gene delivery. To optimize proangiogenic
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effects of genes at the most needed sites, detection of the
presence of donor arteries is essential.

3.4. Safety

Particular theoretical concerns related to angiogenesis are
hemorrhage from new vessels, tumor growth, retinal neovas-
cularization, and enhanced hypertension, inflammatory re-
sponses, and atherogenesis [111]. At this point, there is no
evidence of adverse effects in target and non-targeted organs,
which is clearly related to angiogenic gene therapy. Long-
term follow-up of 2 years was reported in a phase I/Ila clini-
cal trial using naked plasmid DNA-encoding HGF, and there
were no severe complications and adverse effects caused by
gene transfer [82]. However, one patient who died from ade-
noviral infection has heightened awareness of the potential
danger [115]. Overall, in several clinical trials with angio-
genic gene therapy, adverse effects, such as death or amputa-
tion, have generally been consistent with the baseline rate in
the population of patients studied and no differences were
found in the placebo groups. However, safety monitoring is
still required until long-term safety data from large trials are
available [116]. All gene therapy for PAD seems to be safe
and well tolerated, although peripheral edema is a frequent
side effect in treatment using recombinant VEGF.

CONCLUSION

Despite noticeable success of proangiogenic gene therapy
in numerous preclinical studies and early-phase clinical tri-
als, clinical benefits still do not fulfill expectations. There are
still many limitations in gene therapy approaches and tech-
niques. To overcome failure from bench to bedside, gene
therapy is still waiting for large, randomized, placebo-
controlled, double-blind, phase III clinical trials and long-
term safety evaluation. The efficacy of cell therapies at the
preclinical level has not yet reached that of gene therapy to
promote angiogenesis; therefore, combination of gene and
cell therapies could have potential for angiogenic therapy.
New angiogenic mechanisms, the effects of administering
multiple angiogenic growth factors, and combinations of
factors, such as bionanotechnology and cell therapy, may
enhance synergistic effects. With further studies providing
insight into the angiogenesis factors, we hope to gain a bene-
fit and limit the suffering for PAD patients.
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