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Abstract

Cardiovascular disease is the leading causteath worldwide and is often associated with
partial or full occlusion of the blood vessel network in the affected organs. Restoring blood
supply is critical for the successful treatment of cardiovascular diseases. Therapeatic angi
genesis provides a vabhie tool for treating cardiovascular diseases by stimulating the growth
of new blood vessels from prexisting vessels. In this review, we discuss strategies developed
for therapeutic angiogenesis using single or combinations of biological signalgndells
polymeric biomaterials. Compared to direct delivery of growth factors or cells alonk, po
ymeric biomaterials provide a thredimensional drugeleasing depot that is capable af f
cilitating temporally and spatially controlled release. Biomimetic sigaal also be ince
porated into polymeric scaffolds to allow environmentatigponsive or celtriggered release

of biological signals for targeted angiogenesis. Recent progress in exploiting genetically e

gineered stem cells and endogenous cell hominghasgisms for therapeutic angiogenesis is

also discussed.
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1. Clinical significance

Cardiovascular disease (CVD) represents a
global medical and economic problem with high
morbidity and mortality rates. The World Health O r-
ganization (WHO) has listed CVD as the number one
cause of death worldwide. In the United States alone,
CVD accounted for 32.8% of the approximately 2.5
million deaths in 2008 [1]. The prevalence of CVD is
similarly staggering, with an estimated 82.6 million
American adults (1 in 3) having one or more types of
CVD. Of these, 40.4 million are estimated to be older
than 60 years of age with the average annual rates of
first time CVD events increasing with age [1]. For
those that have experienced one CVD event, CVD has

been listed as one of the 15 leading conditbns that
cause functional disability, thereby affecting quality
of life and the ability to work.

Depending on the organs affected, CVD can be
classified into coronary artery disease, cerebrovasw-
lar disease, peripheral arterial disease and aortic
(thoracic or abdominal) atherosclerosis. CVD is gen-
erally characterized by narrowing or occlusion of the
blood supply of these vascular beds, and is most
commonly caused by atherosclerosis[2-3]. Treatment
options for CVD generally aim to re -establish blood
flow t hrough the affected vascular beds, and are al-
ministered based on the severity of the disease[2, 4].
For early-stage disease, management focuses on Id-
style modifications to reduce the number of modifi a-
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ble risk factors. As the disease progresses, pharmao-
logical or surgical interventions may be needed to
increase the blood flow through the affected tissue or
to reduce the energy requirements. Pharmacological
therapy acts to decrease oxygen demand by applying
drugs to decrease the heart rate; or to increasethe
blood supply by applying drugs that cause vascular
smooth muscle dilation. In cases of acute disease or
full vascular occlusion, vascular stents may be used to
expand vessels when one or a few vessels are affected,
while surgical bypass is necessary when multiple
vascular beds are occluded[4]. Despite the set of cu-
rently available treatment options for patients with
CVD, there is a subset of patients with advanced dis-
ease for whom surgical revascularization is not an
option due to the existence of various co-morbidities
that prohibit them from undergoing surgical proc e-
dures.

Driven by the clinical demands, therapeutic a n-
giogenesis aims to stimulate and augment the growth
of new blood vessels from pre-existing vessels in ar-
der to re-supply blood flow to affected ischemic tis-
sues. In this review, we discuss strategies developed
for therapeutic angiogenesis, including direct delivery
of angiogenic growth factors and the delivery of cells
to ischemic tissues. Recent progress on therapeutic
angiogenesis utilizing polymeric biomaterials, co m-
bined stem cell and gene therapy and regulation of
endogenous stem cell homing are also discussed.

2. Biology of angiogenesis

There are several mechanisms by which blood
vessel formation occurs including vasculogenesis,
angiogenesis, and arteriogenesis[5-6]. Each of these
processes is interrelated and leads to the formation of
the vasculature of the body. The earliest blood vessel
formation in a developing embryo arises via vascu-
logenesis, in which endothelial progenitor cells caa-
lesce to form solid cords. These initially lumenless
cords then transform into patent vessels in the process
of tubulogenesis [6]. Unlike the de novo blood vessel
formation process associated with vasculogenesis,
angiogenesis is defined as sprouing new blood ve s-
sels from pre-existing blood vessel networks and is
important for expanding the vascular bed initially
formed via vasculogenesis. Arteriogenesis is the
maturation of arterio -arteriolar anastomoses by the
recruitment and coating of pre -formed vessels with
pericytes or vascular smooth muscle cells. Arteri o-
genesis results in completely developed, functional
arteries [7]. In the post-natal period, angiogenesis and
arteriogenesis play the major role in re-vascularizing
under-supplied tissues [5].

Under normal physiological conditions, there is

a steady state in which quiescent endothelial cells are
maintained by autocrine signaling including vascular
endothelial growth factor (VEGF), NOTCH, angi o-
poietin-1 and fibroblast growth factor (FGF) [5-6].
This steady state may become disrupted under condi-
tions of low oxygen, inflammation, wound healing, or
within a tumor. Such hypoxic conditions can be
sensed by endothelial cells and other stromal cells,
which express oxygen sensors and hypoxiainducible
factors, such as prolyl hydroxylase domain 2 (PHD2)
and hypoxia-i nduci bl e f-2A[-6lrwhénA
hypoxia is sensed, angiogenic signals are released,
such as VEGF, angiopoietin-2, and FGF[5-6]. Initially,
these signals cause pericytes to detach fronthe vessel
walls and endothelial cells to loosen their cell-cell
junctions, which enable the blood vessels to dilate.
This increases vascular permeability and allows
plasma proteins to extravasate and form a provisional
extracellular matrix (ECM) through which ECs can
migrate. Simultaneously, proteases liberate angio-
genic molecules from the ECM, which further pote n-
tiate the process. The migrating ECs differentiate to
become guiding tip cells or proliferating stalk cells.
The tip cells lead the direction of sprouting, while the
stalk cells proliferate to elongate the sprouting ves-
sels.Blood flow is initiated when two growing vessels
meet and fuse. Maturation later ensues as pericytes
are stimulated to cover endothelial cells under the
action of platelet-derived growth factor -B (PDGFB),
angiopoietin-1 (ANG-1), and transforming growth
factor-a  ( Tag[B]. It is known that bone -marrow
derived endothelial progenitor cells (EPCs) also par-
ticipate in angiogenesis and become incorporated into
the vascular wall, but their importance is not well
understood [8].

3. Therapeutic angiogenesis

Therapeutic angiogenesis aims to induce, aw-
ment and control the host angiogenic response in or-
der to re-vascularize ischemic tissues, and often n-
volves delivery of growth factor s or stem/progenitor
cells. Growth factors may be delivered in the form of
proteins or genes encoding target proteins. The
premise behind this approach is to apply well -studied
growth factors (VEGF, FGF) in ischemic tissues to
guide angiogenic cellular and tissue behavior. Cell
therapy may similarly act to induce the angiogenic
response by the release of paracrine signalsDelivered
cells may also act by becoming incorporated into the
growing vascular supply, thereby acting as building
blocks to form new blood vessels. Both mechanisms
likely occur upon delivery of cells to ischemic tissues.
Transmyocardial laser revascularization offers an-
other strategy for therapeutic angiogenesis, which is

http://wwwthno.org



Theranosti&012, 2(8)

80¢<

believed to stimulate host angiogenic response by
injuring the isch emic myocardium in specified loc a-
tions [9].

3.1. Growth factor therapy

Various growth factors have been applied for
therapeutic angiogenesis including VEGF, bFGF,
hepatocyte growth factor (HGF), PDGF, ANG -1 and
insulin -like growth factor (IGF -1). Among these,
VEGF and bFGF are the most wellstudied and have
reached human clinical trials. VEGF is the most im-
portant regulator of physiological angiogenesis du r-
ing growth, healing and in response to hypoxia [5, 10].
VEGF is upregulated 30-fold by hypoxia -inducible
transcription factor, which is more than any other
inducible angiogenic factor. However, when admi n-
istered alone, VEGF may lead to the formation of
leaky, unstable capillaries. PDGF-B can help stabilize
nascent blood vessels by recruiting mesenchymal
progenitors, and co-delivery of VEGF and PDGF has
been shown to lead to early formation of mature ve s-
sels [11]. bFGF is among the first discovered angio-
genic factors to have both angiogenic and arteriogenic
properties, and FGF receptors are expressed on bth
endothelial cells and smooth muscle cells, which may
facilitate formation of a mature blood vessel network
[5, 10]. The HGF family induces potent angiogenic
responses by binding to the ¢MET receptor, which is
expressed on endothelial cells, vascular snooth mus-
cle cells and hematopoietic stem cells.HGF is known
to have mitogenic, angiogenic, anti-apoptotic, and
anti-fibrotic activities in various cells [10].

To date, there have been several preclinical and
clinical studies evaluating the safety and efficacy of
growth factors for inducing angiogenesis in ischemic
heart disease and peripheral arterial disease (PAD).
Early phase | and Il human clinical trials with VEGF,
bFGF and HGF were promising, but larger rando m-
ized placebo-controlled trials failed to demonstrate
significant benefits in the approved end -points. Pre-
clinical data demonstrate that the delivery of bFGF or
VEGF eventually results in unstable vessel growth
that resembles immature tumor vasculature. The lim-
ited clinical response to growth f actor therapy is likely
due to a number of factors. Growth factor delivery is
generally limited by their rapid diffusion, poor bi o-
stability and short half -lives in vivo. Furthermore, it
often requires supraphysiological doses or multiple
injections, which could lead to excessive uncontrolled
vascular formation in undesired locations.

3.2. Cell-based therapy

Cell-based therapy is the most extensively stud-
ied approach so far for therapeutic angiogenesis and

may contribute via either directly participatingi n new
vessel formation or secreting paracrine signals. Ex-
cellent reviews have been published previously with
detailed discussion on this topic [12-13]. In this re-
view, we have chosen to focus on more recently de-
veloped platforms for therapeutic angiogenesis in-
cluding biomaterials -based approach, combined stem
cells and gene therapy and exploiting stem cell hom-
ing for angiogenesis. As a therapeutic approach, cells
have the potential to act as hypoxia-responsive para-
crine release vehicles by virtue of their diverse cyto-
kine contents. As cells migrate and respond to the
environment, they may also lead to more dynamic
paracrine release. The most extensively studied cell
populations for therapeutic angiogenesis are endo-
thelial progenitor cells (EPC) and bone mar-
row-mesenchymal stem cells (BMMSCs). EPCs have
been found to mobilize in response to ischemia and
become incorporated into the growing vasculature [8,
14]. However, it should be recognized that various
studies have employed different protocols for isola t-
ing this population of cells, and this has resulted in
inconsistent expression profiles among different
studies, which consists of true EPCs and other cell
types, such as hematopoietic stem cells[12]. For this
reason, this cell population has been reported and
identified according to the method of cell isolation,

e. g., ogranul ocyte colGCshRy
mobilized peripheral bl ood
aspirate mononucl e aThesecell |

populations can differentiate into endothelial cells,
pericytes, or smooth muscle cells, thereby acting as
building blocks for angiogenesis, but may also poten-
tiate vascular growth through paracrine mechanisms.
BMMSCs also have the potential for differentiation
into vascular support cells, but they mor e likely con-
tribute to angiogenesis by the release of proangio-
genic factors. Adipose-derived stem cells (ADSC) ex-
hibit similar differentiation potential and paracrine
release characteristics as BMMSCs, and is currently
being evaluated in preclinical trials for therapeutic
angiogenesis. Compared to BMMSC, ADSCs are more
abundant and easier to isolate, yet more studies are
still needed to fully assess their potential for ther a-
peutic angiogenesis.

The main advantages of autologous stem cell
therapy relate to immunogenicity and ethical issues.
Because these cells will be transplanted back into the
same patient from which they are harvested, there
should be no immune rejection, such as that seen in
allogeneic implants. Also, since these progenitor cells
are isolated from adult tissues and are not derived
from fetal tissues, they face no major identified ethical
concerns. Furthermore, as adult stem cells, their dif-
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ferentiation potential is relatively limited with lesser
risk for aberrant tissue formation and tumorigenesis.
On the other hand, cell-based therapies still face se&-
eral limitations. Upon isolation, the cell po pulation is
often heterogeneous, which may lead to varied re-
sponses. To obtain the large cell numbers needed for
transplantation, ex vivo cell expansion is often re-
quired, which leads to regulatory concerns and in-
creased cost and time, thereby increasing the barriers
for clinical translation. Furthermore, the cell engraft-
ment efficiency is typically very low upon transpla n-
tation, and may induce inflammatory r esponses.Still,
cell-based therapies have met with success in the
clinic. In a meta-analysis of cell therapy for PAD, it
was found that autologous cell delivery (BMMSCs
and G-CSF mobilized peripheral blood cells) led to
improved indices of i schemia and subjective symp-
toms (pain-free walking) [15]. However, the study
also pointed out limitations of their analysis, such as
publication bias and the inclusion of u nblinded study
results. Further work is needed to d etermine the effi-
cacy of autologous stem cell therapy.

4. Polymeric biomaterials for therapeutic
angiogenesis

Polymeric biomaterials may serve as drug de-
livery depots for controlled release of biological si g-
nals in a temporal and spatial-controlled manner. In
the ideal situation, such systems may release growth
factor within a physiological range over the course of
several days to weeks, thereby overcoming the issues
of short protein half -lives and rapid diffusion from
the site. Polymeric biomaterials have been applied in
therapeutic angiogenesis to delay the release of single
growth factors, to release multiple biologics or to
achieve environment-responsive release of biologics
in response to changes in pH or cellmediated matrix
metalloproteinase activities.

4.1. Commonly utilized polyme rs for ther a-

peutic angiogenesis

Polymers for therapeutic angiogenesis include
synthetic-based polymers, such as
poly(lactic -co-glycolic acid) (PLGA) and
poly(ethylene glycol) (PEG), as well as natural-
ly-derived polymers, such as alginate or gelatin.
PLGA was among the first to be studied for drug r e-
lease and many initial systems for therapeutic angio-
genesis utilized PLGA as a base polymer for the can-
trolled release of VEGF [16-18]. PLGA is a favorable
polymer due to its biodegradability and ability to
control release, but when degraded it increases the
local acidity, which could cause undesirable infla m-
mation. PEG is a biocompatible polymer that is inert

by nature, with easily tunable biochemical and m e-
chanical properties [19]. PEG has been utilized to ce-
ate cell-responsive hydrogels for VEGF release [20].
Alginate and gelatin are composed of natural poly-
mers that can interact well with cells in vivo and may
also help to control drug release. However, natu-
ral-derived materials suffer from batch -to-batch var-
iance, and they are less tunable in chemical properties
compared to synthetic polymers.

4.2. Strategies for modulating growth factor
release using biomaterials

To achieve effective therapeutic angiogenesis, it
would be desirable to have a sustained releaseof bi-
ological signals over time. However, most drug d e-
l'ivery systems hawnvel
the large majority of loaded growth factors is released
in the first few hours. While the mechanisms under-
|l yi ng -roedblueasdeod
cidated, several parameters are believed to play a
critical role in regulating matrix -controlled drug r e-
lease including processing conditions, surface cha-
acteristics, and geometry [21]. Several strategies have
been developed to delay such burstrelease by modu-
lating physical interactions, ionic/biochemical affinity
interactions, and covalent binding between the loaded
biologics and the polymeric biomaterials ( Figure 1).

4.2.1. Physical interactions

Physical interactions or physical entrapment can
delay protein release based on the size of the drug
relative to the pore size of the scaffolds. Controlled
release of VEGF from PLGA scaffolds improved an-
giogenesis compared to freeVEGF administration in
a myocardial ischemia model or hindlimb ischemia
model [17-18]. These reports demonstrate the benefit
of prolonged release of VEGF over bolus growth fac-
tor injection. Biological signals can also be loaded into
composite scaffolds using both PLGA microspheres
containing alginate hydrogel, which also demo n-
strated statistically significant increases in vessel
density compared to recombinant human-VEGF
(rh-VEGF) injection alone in vivo [22].

4.22. lonic/biochemical interactions

Proteins can form hydrogen or ionic bonds with
macromolecules such as hepaan sulfate. Such inter-
actions can be utilized to slow down the protein r e-
lease by incorporating heparin, heparan sulfate or
hyaluronic acid into the drug -releasing scaffolds
[23-27]. bFGF specifically binds to heparin and hepa-
ran sulfate, and loading bFGF into heparin conjugated
PLGA nanospheres led to linear release up to 15 days
[23]. This release can be further prolonged by enca-
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sulating these PLGA nanospheres into fibrin hydr o-
gels [23]. Sustained release of -GF resulted in sig-
nificant improvements in capillary density and cell
proliferation in a murine hindlimb ischemia model,
[23]. Enhanced angiogenesis was also observed using
heparin-containing chitosan hydrogels or fibrous m a-
trices to release bFGF in vivo, and release can be
tuned by varying heparin concentration in the scaf-
fold [24, 27] Heparin binding alginate hydrogels have
also been developed for prolonged release of HGF,
which resulted in significant increases in blood flow
and capillary density compared to bolus HGF deliv-
ery [26]. These studies show that release of growth
factor may be prolonged by exploiting hep a-
rin-binding interactions and this has potential for
improving growth factor approaches for therapeutic
angiogenesis.

4.2.3. Covalent linking

Lastly, some biologics can be covalently bound
to the polymeric matrix via a hydrolytically degrad a-
ble or MMP -degradable linker [20, 2829]. It has been
demonstrated that matrices incorporating covalently
attached VEGF via a MMP-degradable linker can lead
to the formation of a more controlled and stable vas-
culature [20, 29] However, covalent linkage requires
chemical modification of the biologic which can affect
its biological activity. Also, the chemistry of the linker
must be carefully designed to prevent unwanted
immune responses[19].

4.3. Co-delivery of multiple biologics

Angiogenesis is a dynamic process that is regqu-
lated by complex biological signals. Polymeric bio-
materials offer the potential to simult a-

mation of larger and more mature ve ssels and im-
proved blood flow, thereby suggesting the pote ntial
benefits of co-delivering synergistic growth fa ctors
(Figure 2) [11, 30]. Biodegradable hydrogels such as
hyaluronan (HA) has also been eamined to achieve
sequential delivery of VEGF and keratinocyte growth
factor (KGF) [33]. When transplanted into the ear
pinna of a mouse they found significant increases in
microvascular density in the dual-delivery group
from the H A hydrogel compared to dual growth fa c-
tor bolus injections, or single growth factor delivery
from HA h ydrogels [33]. Gelatin-based hydrogel has
also been shown as a promising depot for co-delivery
of bFGF and G-CSF to enhance theapeutic angio-
genesis[31]. bFGF is a mitogen and chemoattractant
of both fibr oblasts and endothelial cells, while G-CSF
acts as a potent mobilizer of hematopoietic stem cells
and bone marrow stromal cells. Dual release of bFGF
and G-CSF from a gelatin hydrogel enabled increased
reperfusion and capillary density by 2 weeks, which
was sustained up to 8 weeks. In contrast, bFGF alone
led to a reduction in these parameters by 8 weeks[31].
Bolus delivery of these factors led to improvements in
capillary density, but no effects on blood reperfusion,
which further supports the benefit of controlled r e-
lease [31]. Dextran-based hydrogels capable of re-
leasing multiple angiogenic factors (VEGF, SDF1,
IGF, Ang I) has been recently developed [35]. Signifi-
cant increases in vessel number and sie were ob-
served when all four growth factors were delivered in
a subcutaneous model compared to single or dual
growth factor delivery, again suggesting the potential
synergistic benefit of delivering multiple biological
signals for therapeutic angiogenesis|[35].

neously or sequentially deliver multiple

biologics better mimicking the com-
plexity of angiogenesis [11, 30:35]. For
example, VEGF is a potent angiogenic
factor, but when delivered alone is not
sufficient for developing a m ature and
stable vascular network. Dual delivery
of VEGF and PDGF using PLGA or al-
ginate hydrogel resulted in the for-

Figure 1. Methods for incorporating biological
signals into scaffolds for controlled release. /
Biologics encapsulated directly via physiaal €
trapment. B) Biologics covalently tethered tc
polymer chains. C) Bioldgs loaded into mias-
spheres and then encapsulated into hydrog
scaffolds. Reproduced with permission from re
[19].

O Native therapeutics
#” Cleavable tether

Proteases (enzymatic degradation)
or waler (hydrolytic degradation)

y Therapeutics-loaded microparticle
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combined with PLGA microspheres containing PBEB-(VEGF/PDGF).{B) Reproduced with permission from r§t1] (E) Reproduced

with permission from ref30].

4.4, Temporal controlled release

Angiogenic response to growth factors is
time-dependent and the ability to control the te m-
poral release of growth factors is highly desirable to
achieve maximal benefits. In support of this concept,
Silva and colleagues demonstrated that a gradual re-
duction in VEGF concentration led to increases in
vessel sprouts in an in vitro sprout assay compared to
consistently high VEGF concentration or increasing
VEGF concentration over time (Figure 3) [36]. Ten-
good and colleagues developed a cellulose hollow
fiber capable of sequential release of VEGF followed
by sphingosine-1-phosphate (S1P)[34]. VEGF initiates
angiogenesis by increasing vascular permeability and
recruits endothelial cells, while S1P acts to stablize
intracellular junctions and decrease the permeability
of endothelial cells but simultaneously inhibits end o-
thelial cells migration [34]. If delivered together, these
two signals may inhibit each other. Their results
showed that a significant increase in angiogenic re-
sponse was only observedwhen VEGF and S1P were
delivered sequentially. In contrast, low angiogenic
response was observed when the two factors were

delivered simultaneously or if S1P was delivered first.
These results demonstrate that growth factors can act
in temporal manner depending on the stage of angi-
ogenesis.

4.5. Environmental -responsive hy drogels for
releasing biologics

To aid releasing angiogenic growth factors spe-
cifically in ischemic tissues, pH and temperature r e-
sponsive  hydrogels have been developed.
pH -responsive heparin functionalized chi-
t os an/ lothmic(add) nanoparticles have been
developed to gel and enable sustained release of bFGF
under low pH, and then disintegrate and release
heparin under normal physiological pH (Figure 4)
[37]. This design aimed to utilize bFGF to induce an-
giogenesis, while releasing heparin as an a-
ti-coagulant [37]. The efficacy of such a system for in
vivo therapeutic angiogenesis remains unknown and
requires further testing. Another study re ported the
development of a pH and temperature sensitive hy-
drogel capable of gelation at pH of 6.8 and at 37°C
[38]. When transplanted in a rat model of myocardial
ischemia, it led to statistically significant improv e-
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ments in blood flow, capillary density and arteriole  sults demonstrate the feasibility and promise of ap-
density compared to bolus injection and polymer only plying environmental -responsive polymers to achieve
controls, and these parameters correlated with im-  better control over growth factor release.

provements in myocardial functions [38]. These fe-
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soluble VEGF treatment rafted in diffusive and uncontrolled angiogenesis. Reproduced with permission fr@@0Jef

4.6. Biomimetic pol ymers to modulate cell
response

Biomimetic scaffolds containing cell -responsive
domains can promote therapeutic angiogenesis. For
example, matrices can be designed to interact with
cells via integrin binding sites to facilitate cell migr a-
tion and cell-cell interactions. Injecting RGD-modified
alginate hydrogels into a chronic rat myocardial i n-
farction model led to significant improvements in
cardiac function 70 days post-infarction, with co m-
mensurate increases in arteriole density compared to
non-RGD containing gel control [39]. In another
study, an MMP -sensitive PEG hydrogel containing
RGD and covalently linked VEG F was evaluated for
therapeutic angiogenesis in vivo (Figure 5) [20]. The
cell-responsive hydrogel led to angiogenesis specif-
cally within the hydrogel, while soluble VEGF release
led to increased vascular density in the surrounding
tissue [20]. These sysems demonstrate the importance
of cell-matrix interactions and potential of exploring
biomimetic polymers to modulate cell responses for
therapeutic angiogenesis.

5. Combined stem cell and gene-based
therapy

The therapeutic potential of stem cells can be
further enhanced by combining with gene therapy. In
this approach, stem cells can be genetically modified
prior to transplantation in such a way that particular
cellular processes are strategically exploited (Figure

6). In particular, researchers have focused on ad-
dressing the challenges associated with applying cells
alone, such as insufficient paracrine release, poor cell
survival upon engraftment, and lack of cell homing.
Gene delivery can be used to overexpress desired
therapeutic factors to induce a biological response. In
contrast to growth factor delivery, gene delivery may
also be utilized to up-regulate expression of intracel-
lular transcription factors or cell surface receptors.
These strategies offer the advantage of controlling cell
behavior at the intracellular signaling level.

5.1. Viral vs. nonviral

Both viral and non -viral vectors have been em-
ployed for gene delivery for therapeutic angiogenesis,
with most studies utilizing a viral -based approach
due to its high efficiency [40-50]. However, clinical
translation of viral -based gene delivery is limited due
to safety concerns such as immunogenicity and inse-
tional mutagenesis. Non-viral methods provide a p o-
tentially safer alternative, and rely on physical
methods such as electroporation and nucleofection, or
using cationic lipids or polymers [51]. However, most
non-viral based gene delivery methods suffer from
low transfection efficiency and often high cytoxicity,
and few studies for therapeutic angiogenesis have
applied such methods [52-54]. All of the following
genetic approaches described here utilized a V-
rallkapproach, except
approacheso6 section.
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Figure 6. Combined stem cell and gene therapy approach for therapeutic angiogenesis (A). Transplantation of genetically modified stem

cells into ischemic tissues led to enhanced paracrine secretion and angiogersésiReproduced with permission from r¢s1] (B).

VEGFoverexpressing MSCs using biodegradable polymeric nanoparticles led to enhanced angiogenesis and limb salvage in a murine

hindlimb ischemia model (C). Reproduced with permission froni54¥.

5.2. Stem cells overexp ressing growth factors

The efficacy of stem celtbased therapy may be
augmented by overexpressing desirable paracrine
signals that promote angiogenesis. Overexpressing
VEGF reduced the number of EPCs needed by 36fold
to achieve a similar therapeutic effect as unmodified
EPCs alone in promoting angiogenesis and limb sa-
vage [42]. By enhancing paracrine effects, fewer cells
would be necessary to achieve therapeutic effects.
Similarly, virally transduced BMMSCs overexpres s-
ing VEGF or ANG | led to significant ly enhanced an-
giogenesis and improved cardiac function in a rat
myocardial  infarction model compared to
non-transfected controls [43-44]. HGF and bFGF are
known to stimulate both endothelial cells and smooth
muscle cells, and may stimulate both the initiation
and maturation of angiogenesis. Virally transduced
MSCs or ADSCs overexpressing HGF resulted in im-
provement in cardiac performance and increasing

number of capillaries [41, 50] The improvement in
cardiac function can be detected as early as day 7 and
continued over time, supporting the benefits of HGF
overexpression on both early and late stages of ang-
ogenesis. EPC overexpressing FGF1 also led to g-
nificant increases in mature vessel density by
A-smooth muscle actin staining in vivo [40]. Overall,
these studies demonstrate the potential of stem cells
overexpressing angiogenic factors for accelerating
blood vessel growth and tissue functions.

5.3. Genetic modification to enhance cell su r-
vival

To enhance cell survival post-transplantion, ex
vivo genetic modification of stem cells with cell su r-
vival factors has been studied [55-56]. Akt is a serine
threonine kinase that is known to be involved in se v-
eral cellular processes, such as glucose metabolism
and cell migration. Foremost, among these processes
is that it is a cell survival factor. Based on these effects,
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