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Abstract

Peripheral Artery Disease is a severe medical condition commonly characterized by
critical or acute limb ischemia. Gradual accumulation of thrombotic plaques in peripheral
arteries of the lower limb may lead to intermittent claudication or ischemia in muscle tissue.
Ischemic muscle tissue with lesions may become infected, resulting in a non-healing wound.
Stable progression of the non-healing wound associated with severe ischemia might lead to
functional deterioration of the limb, which, depending on the severity, can result in amputation.
Immediate rescue of ischemic muscles through revascularization strategies is considered the gold
standard to treat critical limb ischemia. Growth factors offer multiple levels of protection in
revascularization of ischemic tissue. In this review, the basic mechanism through which growth
factors exert their beneficial properties to rescue the ischemic limb is extensively discussed.
Moreover, clinical trials based on growth factor and stem cell therapy to treat critical limb
ischemia are considered. The clinical utility of stem cell therapy for the treatment of limb
ischemia is explained and recent advances in nanocarrier technology for selective growth factor

and stem cell supplementation are summarized.

Keywords: critical limb, growth factors, ischemia, nanocarriers, stem cell therapy
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Introduction:
Peripheral Artery Disease (PAD) and clinical management

PAD is a severe pathological disorder that arises due to blockage of arteries by
thrombosis in the lower limbs. PAD is characterized by intermittent claudication or critical
ischemia and is objectively identified by an ankle-brachial index [ABI] < 0.9 (Jude et al. 2010).
In the United States approximately 8 million people suffer from PAD, and 12% to 20% of these
patients are aged 60 years or older (Roger et al. 2011). Numerous risk factors are associated with
PAD including, but not limited to, age, gender, race, and unhealthy lifestyle conditions such as
smoking, hypertension, diabetes mellitus, dyslipidemia, increased levels of C-reactive peptide
(CRP), hyperviscosity, chronic renal insufficiency, and hypercoagulable syndrome (Norgren et
al. 2007). PAD by itself, is a progressive disease. There is a continuous deterioration of
functional disability in patients suffering from either symptomatic or asymptomatic disease
(Roger et al. 2011). With regard to intermittent claudication, around 7% of patients require
vascular bypass surgery, and 4% will eventually require limb amputation (Weitz et al. 1996).
Lower limb amputation, in general, is associated with extensive injury and death. Only 50% of
patients can ambulate after a below-knee amputation (BKA) (Isner et al. 1995). In addition, 5%
to 10% of patients die during the perioperative period after BKA. This number rises by 15% to
20% for an above-knee amputation (AKA) (Isner et al. 1995). Approximately 40% of patients
die after undergoing the first major amputation (Isner et al. 1995). PAD is associated with
adverse cardiovascular and cerebrovascular events. About 20% of PAD patients experience a
non-fatal cardiovascular event over the course of 5 years. The estimated mortality during this 5-

year period is 30% (Weitz et al. 1996).
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Based on symptoms, PAD can be classified at an acute or chronic level occlusion
level, and occurrence of infection (Anderson et al. 2013). The practice guidelines set forth by the
American Heart Association (AHA) classify PAD according to 4 major levels: 1) an
asymptomatic stage; 2) a claudication stage; 3) a critical limb ischemia (CLI) stage; and 4) an
acute limb ischemia (ALI) stage (Anderson et al. 2013). The asymptomatic stage involves
walking impairment, with an ABI >1.30. The claudication stage involves the occurrence of pain
in the lower limb, especially in calf muscles during exercise. The CLI stage is characterized by
chronic pain along with ischemic lesions. Patients with diabetic conditions, neuropathy, and
renal failure are at high risk for CLI. At the ALI stage surgical intervention is frequently required
to reestablish vascularization in the limbs (Hardman et al. 2014). Separate from the classification
by AHA, numerous clinical trials follow Rutherford’s classification of CLI or ALI for treating
patients. Whereas, ALI has been classified at 3 levels: 1) viable; 2) threatened (marginal or
immediate); and 3) irreversible (Hardman et al. 2014), the Rutherford’s guidelines classify CLI
at 5 major levels: 1) asymptomatic, 2) mild caludication, 3) moderate claudication, 4) severe
claudication, 5) ischemic rest pain, and 6) minor or major loss of tissue. The incidence of
microbial infections in the ischemic wound may cause deterioration of functional muscle tissue.

Moreover, amputation of the deceased region is inevitable in extreme cases of ALIL.

Management of PAD mainly consists of risk factor modification,
pharmacological interventions, and surgical revascularization. Of the 3 management options,
revascularization involves surgical intervention, which can be achieved by either open surgery or
endovascular means (Ouriel 2001). However, data obtained from both treatment options have not
been encouraging. A multicenter, randomized controlled trial was conducted to treat PAD

through open and endovascular surgery. This trial known as the “Bypass vs Angioplasty in
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Severe Ischemia of the Leg” (BASIL) trial, highlighted key factors involved in limb ischemia
disease. Due to the terminal stage of the disease, 50% of enrolled patients suffering from CLI
were found to be ineligible for revascularization intervention. Additionally, in patients who
underwent the revascularization procedure, the prognosis remained poor (Adam et al. 2005). Due
to the above-mentioned complications involved in the clinical management of PAD, the
fundamental cause of the disease has been further explored by clinicians and basic scientists.
Novel treatment strategies using growth factors, cells, and nanocarriers for the treatment of PAD
have gradually evolved and are the focus of the current review. Taken together, this review
condenses, the latest improvements in CLI treatment strategies offered through basic science and

at the clinical level.

Molecular basis of atherosclerosis

Among the major vascular diseases, CLI is an end-stage PAD that, when
compared to coronary occlusive disorders, is increasingly becoming life threatening (Teraa et al.
2016). Within 6 months from diagnosis, the estimated mortality due to CLI is 20%, and it
exceeds 50% over the first 5 years (Teraa et al. 2016). One major complication during CLI is the
formation of atherosclerotic plaques in the arterial wall. Development of a matured plaque
undergoes a step-by-step growth process in the blood vessel. Arterial vessels are made up of 3
layers: the tunica adventitia (outer layer), the tunica media (middle layer), and the tunica intima
(inner layer). The inner intimal layer, consisting primarily of endothelial cells and proteoglycans,
adjusts to external stress (mechanical or chemical) by undergoing an adaptive remodeling
process called intimal thickening. During diffuse or eccentrical intimal thickening, abnormal
secretion of proteoglycans in the vascular bed is observed. Inflammatory macrophages and

dendritic cells entrapped within the proteoglycan matrix will convert into foam cells (Bentzon et
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al. 2014). After death, these foam cells may act as a source of extracellular lipids that are
deposited in the proteoglycan matrix. Prolonged accumulation of lipid matrix in combination
with plasma lipids, such as low-density lipoprotein (LDL), eventually form the core of the
atherosclerotic lesion (Bentzon et al. 2014). Progression of the lipid core occurs due to the
necrosis of foam cells derived from vascular smooth muscle cells and results in calcification of
the lesion. The formation of a fibrous cap around the lesion stabilizes the lesion in the artery

which blocks the flow of blood and causes atherosclerosis (Bentzon et al. 2014).

Signaling messengers and neovascularization

The development of blood vessels involves 2 complex regulatory processes,
namely arteriogenesis and angiogenesis. The formation of additional blood vessels from an
established vascular network is known as angiogenesis. These newly formed vessels lack smooth
muscle cells and basal substrata. In addition, arteriogenesis denotes the functional dilation of an
existing artery and its subsequent growth into collateral vessels to form a natural vascular
bypass(Heil et al. 2006). To distinguish angiogenesis from neovascularization, the molecular

signaling mechanisms involved in both are discussed below.

Angiogenesis

Hypoxia, a major in vivo pathological stimulus is considered to be the most potent
inducer of angiogenesis (Semenza 2007). The adaptive vascular responses that execute in
hypoxic conditions are primarily mediated through a heterodimeric trans-acting factor, hypoxia
inducible factor-1 (HIF-1). The transcription factor HIF-1 consists of 2 domains: a continually
expressed HIF-1a domain and a constitutively expressed p domain (Wang and Semenza 1995).

Synthesis of the HIF-1a subunit is controlled by oxygen tension that is present in cells and their
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surrounding tissue (Wang et al. 1995). Under physiological conditions and normal oxygen levels,
HIF-1a is constitutively expressed, and is subsequently degraded by von Hippel-Lindau tumor
suppressor protein (VHL) (Salceda and Caro 1997). The binding of VHL to HIF-1a is mediated
by hydroxylation of the amino acid proline at positions 402 and 564 by prolyl hydroxylase
domain (PHD) enzymes (Selvaraju et al. 2014; Yu et al. 2001). However, during pathological
hypoxia, the binding of VHL to HIF-1a is inhibited, which leads to accumulation of HIF-1a in
hypoxia-prone ischemic tissues. Accumulated HIF-lo triggers the activation of vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factor
subunit B (PDGFB), and angiopoietin (ANGPT) 1 and 2, which are involved in the formation of
new blood vessels (Kelly et al. 2003). The PHD enzymes play a critical role in maintaining
cellular HIF-1a levels. In a previous study, we showed that homozygous disruption of the gene
encoding PHD-1 (PHD-17") increased the level of HIF-la in cardiac tissue and effectively
protected the myocardium from ischemia-reperfusion injury (Adluri et al. 2011a). Furthermore,
we showed that increased HIF-1a levels activated the anti-apoptotic machinery through Bcl-2, B-
catenin, endothelial nitric oxide synthase (eNOS), and p65 (nuclear factor [NF]-kB), resulting in
a decrease in cardiomyocyte apoptosis. In a separate study, we showed that femoral artery
ligation in the hind limbs of PHD-1""and PHD-3"" mice resulted in improved motor function and
vascular density compared with wild-type (WT) mice (Rishi et al. 2015). Moreover, PHD-1""and
PHD-3"" knockout mice showed increased VEGF, Bcl-2, and HIF-1a expression compared with
WT mice. Overall, our studies indicated that deleting PHD-1 and -3 may be a promising

therapeutic approach for the treatment of PAD.

Arteriogenesis
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In cells and tissues, the process of arteriogenesis is not triggered by hypoxic
stimuli (Heil et al. 2006). After femoral artery ligation in a rabbit model, neither an increase in
HIF-1a synthesis nor upregulation of VEGF was observed (Deindl et al. 2001). If hypoxia does
not initiate the process of arteriogenesis during pathological conditions, there must be an
alternative cause for this process to occur. The occlusion of a functional artery at one end leads
to a backward flow of blood and increased pressure. Backflow of blood in the artery causes shear
stress in the endothelial lining of the blood vessel, and rarely leads to blood vessel expansion.
Alternatively, increased blood flow and shear stress can be dissipated by flowing through pre-
existing collateral vessels. During pathological blood vessel obstruction, this phenomenon might
be considered as the initiating event for the formation of arteriogenesis. Indeed, shear stress has
been shown to stimulate the expression of endothelial cell adhesion molecules and chemokines,
such as monocyte chemoattractant protein-1 (MCP-1) (Wung et al. 1996). In several reports, it
was demonstrated that circulating monocytes in the blood adhere to collateral blood vessels, and
secrete growth factors, such as basic FGF (bFGF) and tumor necrosis factor o (TNFa), which

may contribute to the process of arteriogenesis (Arras et al. 1998).

Vasculogenesis

In addition to arteriogenesis and angiogenesis, vasculogenesis is a third process
involved in vessel formation and remodeling. Vasculogenesis originally referred to the
embryological process of new blood vessel formation, in which bone marrow progenitor cells
differentiate into endothelial cells for de novo vascular network formation (Carmeliet 2004).
Studies by Tepper et al. showed that angiogenic factors were secreted in response to local tissue
hypoxia, which attracted bone marrow (BM)-derived endothelial progenitor cells (EPCs) to the

site of ischemic injury (Tepper et al. 2005). Endothelial progenitor cells migrated to the
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surrounding interstitial tissue, and proliferated rapidly to form cell clusters. Endothelial
progenitor cell clusters reorganized to form cord-like vascular structures that effectively bridged
with the existing blood vessel network to form stable and functional microvessels within the

1schemic tissue.

Experimental therapeutic strategies for treating PAD

Secondary to the inherent limitations of existing treatment strategies, such as
angioplasty, peripheral artery bypass graft, and stents, alternative treatment strategies have been
considered for revascularization of the ischemic limb. Among the various molecules evaluated
for angiogenic properties, growth factors are molecules of interest that have shown promising
results, both in vitro and in vivo. In the 1970’s, Judah Folkman was the first to introduce the
theory of angiogenesis in tumor cells (Folkman 1974). Furthermore, his pioneering work showed
that endothelial growth factors can be isolated from chondrosarcoma cells, which have a high
affinity for the extracellular matrix molecule heparan sulfate (Shing et al. 1984). Following
Folkman’s findings, numerous studies were performed to establish the role of growth factors in
amplifying adaptive neovascularization and perfusion in ischemic tissues. This process was later

introduced as “therapeutic angiogenesis” (Isner et al. 1995).

Among the wide range of growth factors tested for angiogenesis, bFGF has shown
an increase in collateral vessel growth in a rabbit hind limb ischemia (HLI) model (Baffour et al.
1992). Following this study, growth factors, including VEGF, insulin-like growth factor (IGF),
granulocyte colony stimulating factor (G-CSF), hepatocyte growth factor (HGF), angiopoietin
(ANGPT), PDGF, placental growth factors (PIGF), stromal-derived factor-1 (SDF-1), and

transcription factors, such as HIF-1a, were used in both animal and human studies (Kalka and
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Baumgartner 2008; Losordo and Dimmeler 2004). The list above not only includes growth
factors and transcription factors but also includes antioxidant proteins such as thioredoxin, and
glutaredoxin, which are emerging as potential therapeutic candidates in the realm of
angiogenesis (Dunn et al. 2010). The growth factors and redox proteins involved in angiogenesis

and arteriogenesis are discussed below and shown in Figure 1.

Fibroblast Growth Factor (FGF)

The FGF superfamily includes 19 to 23 members (Nishimura et al. 1999) that all
contain a specific binding domain for heparin and heparan sulfate. These domains are considered
essential for executing FGF functional activities, such as binding to the extracellular matrix
(Spivak-Kroizman et al. 1994). Among all members, FGF-1 and FGF-2 are the best-described
isoforms in terms of their potent angiogenic function. Fibroblast growth factor 1 is an acidic 155
amino acid protein that lacks a signal peptide, which is required for channeling through the
canonical secretory pathway (Powers et al. 2000). Studies have shown that fibroblast growth
factor-1 possesses a nuclear localization motif, which plays a critical role in mitogenesis, and,
when absent, leads to FGF-1 dysfunction (Imamura et al. 1990). By contrast, FGF-2 (bFGF) is a
basic 18-KDa protein that shows a 55% sequence identity to FGF-1 (Powers et al. 2000).
Transcription of the FGF-2 gene can give rise to 4 different polypeptides (Florkiewicz and
Sommer 1989). Like FGF-1, the FGF-2 protein lacks a signal sequence for secretion, and
although a nuclear localization sequence is identified, the role of this sequence in FGF-2 activity

remains unknown.
At present, 4 FGF receptor tyrosine kinases (RTKs) are known, including FGFR1,

FGFR2, FGFR3, and FGFR4 (Partanen et al. 1992). It has been shown that FGFR1 is primarily
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expressed in the mesenchymal tissue, in contrast to FGFR2, which is mainly found in the
epithelium (Florkiewicz and Sommer 1989). Heparin or heparan sulfate proteoglycans are
essential for the activation of FGFR (Loo et al. 2001). Heparin is thought to interact with one of
the immunoglobulin-like loops in the extracellular domain of the FGF receptor, thereby forming
a ternary complex consisting of FGF (ligand), heparin/heparan sulfate proteoglycan, and the FGF
receptor (Kan et al. 1993). FGF is a molecule with many functions. FGF1 and FGF-2 act as
fibroblast and endothelial growth factors, respectively, and play vital roles in angiogenesis. In
addition, FGF is required for 3 phases of wound healing, namely inflammation, repair, and
regeneration. In the embryonic phase of development, FGF induces cell division and takes part in

organogenesis involving the nervous system, lungs, and limbs (Chai et al. 1998).

Vascular Endothelial Growth Factor (VEGF):

The VEGF is an angiogenic growth factor that includes 5 different isoforms,
VEGF-A, B, C, D, and PLGF (Ferrara et al. 2003). VEGF-A is the prototype of this family and a
key regulator of vascular growth. The 5 well-established isoforms, VEGF 121, 145, 165, 189,
and 206 are generated from alternative exon splicing of the VEGF gene (Neufeld et al. 1999).
The VEGF isoforms are distinguished from each other by their ability to bind heparin and
heparan sulfate. These VEGF variants contain amino acids encoded by exon 6 and/or 7 of the
VEGF gene, thereby rendering them a higher affinity for heparin and heparan sulfate, and a high

affinity for binding to the extracellular matrix (Park et al. 1993).

The second group of VEGF consists of secretory forms, including VEGF 121,
145, and 165. VEGF 121 is a secreted form of VEGF that does not have heparin or heparan

sulfate binding ability (Gitay-Goren et al. 1996). Vascular endothelial growth factors 145 and
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165 can be present as either secreted or attached forms; only the secreted isoforms have
extracellular matrix binding capacity (Poltorak et al. 1997). VEGF can bind to any of the RTKs,
VEGFR-1 (Flt-1), and VEGFR-2 (KDR/FIk-1). A third group of receptors, VEGFR-3 (FIt-4), are
only expressed in lymphatic vessels and are binding sites for VEGF-C and VEGF-D (Karkkainen
et al. 2002). VEGF receptors consist of 2 functional domains: an extracellular domain with 7
immunoglobulin loops, and an intracellular domain with a split tyrosine kinase. Both VEGFR-1
and VEGFR-2 are predominantly expressed in endothelial cells. Levels of VEGF R-1 and
VEGFR-2 were found to be up-regulated in hypoxic conditions (Waltenberger et al. 1996).
Various studies have shown that, in early stages of development, inactivation of the allele related
to the VEGF gene resulted in mortality of the embryo (Ferrara et al. 1996). VEGF, supports
skeletal growth, endochondral bone formation (Gerber et al. 1999), and ovarian angiogenesis
(Ferrara et al. 1998). In addition to physiological angiogenesis, VEGF also plays a major role in
pathological angiogenesis after focal cerebral ischemia, especially in solid tumors (Kim et al.
1993), hematological malignancies (Gerber and Ferrara 2003), and brain edema (van Bruggen et

al. 1999).
Neuropilin (NRP1 and NRP2)

Soker et al. identified the distinct cell-surface binding VEGF receptor, neuropilin
(NRP) (Soker et al. 1996). NRP-1 differs from the existing VEGF receptors as it was primarily
expressed in tumors and on endothelial cells. It was also found that VEGF 121 did not bind to
the NRP-1 receptor. The main role of NRP-1 is to present VEGF 165 to VEGFR-2 and enhance
VEGFR-2-mediated signal transduction (Soker et al. 1998). Neuropilin 1 is considered a vital
receptor during embryonic development of the vascular system. Genetic knockdown of NRP

receptors in mice (NRP” mice) is lethal as NRP”" mice undergo mortality during the embryonic
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stages of development (Kawasaki et al. 1999). Apart from the vascular system, NRP receptors
are involved in coordination of the nervous system, where they mainly act as membrane
receptors for class 3 semaphorins (Gu et al. 2003). Recent studies in mice have shown that
specific knockout of NRP-1 in cardiac myocytes and smooth muscle cells of vascular origin
results in cardiomyopathy, impaired physical activity, decreased survival rates, ischemia-
induced heart failure, and disordered global metabolic profiling (Yoshihara et al. 2014). No

preclinical evaluation studies have been performed for NRP in the ischemic limb.

Thioredoxin system

The thioredoxin (Trx) system is a vital antioxidant system in mammalian cells,
including the human body (Nordberg and Arner 2001). Three different isoforms of Trx have
been identified (Arner and Holmgren 2000), including thioredoxin-1 (Trx-1), which consists of
105 amino acids and has a molecular weight of 12 kDa. Human Trx-1 contains 3 critical cysteine
residues that provide unique biological properties to Trx-1 (Yoshihara et al. 2014). Thioredoxin
1 exists both in the cytoplasm and the nucleus, and controls the redox environment of the cell by
interacting with oxidized proteins. Trx-1 is also involved in regulating the function of
transcription factors, and thereby controls gene expression (Hirota et al. 1999). In the
extracellular environment, Trx-1 acts as a chemoattractant molecule and signals inflammatory
cells, such as T-cells, monocytes, and neutrophils (Bertini et al. 1999). Mitochondrial
thioredoxin (Trx-2), a second Trx isoform, plays a key role in cell viability by neutralizing
reactive oxygen species and apoptosis signaling pathways in mitochondria (Tanaka et al. 2002).
Absence of Trx-2 leads to exencephaly, an open anterior neural tube, early embryonic lethality,

and apoptosis (Nonn et al. 2003). Another Trx isoform is found only in male gamete
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spermatozoa and is commonly referred to as SpTrx. Its oxidizing activity is critical for the

development of spermatids and spermatozoa (Miranda-Vizuete et al. 2001).

The Trx system consists of Trx, Trx reductase, and NADPH. Reduced Trx forms
cause reduction of oxidized substrate proteins and are converted into oxidized Trx. In the
presence of cofactor NADPH, oxidized Trx is reversibly converted into reduced Trx by the
action of the enzyme Trx reductase (Dunn et al. 2010; Nordberg and Arner 2001). Trx-
interacting protein (TXNIP) is a newly identified protein that is considered an endogenous
inhibitor of Trx. Trx-interacting protein effectively forms a disulfide bond with reduced Trx, and
inhibits it from undergoing reversible oxidation (Saxena et al. 2010). Recently, Chen et al.
identified TXNIP as a pro-apoptotic factor in B cells of the pancreas during hyperglycemic
conditions. The inhibition of TXNIP offers a protective effect in § cells and may protect against
diabetes mellitus (Chen et al. 2008). Thioredoxin is involved in numerous signaling pathways
that are related to angiogenesis; for example, Trx can modulate the expression of key
transcription factor protein NF-xB (Das 2001). In addition, Trx-1 can enhance the activity of
HIF-1a by regulating the redox status of the cell, followed by increased expression of VEGF and
NOS (Welsh et al. 2003). The role of Trx-1 during diabetes mellitus is well studied, and it was
shown that Trx-1 activity was highly reduced with increased expression of TXNIP protein under
hyperglycemic conditions (Li et al. 2009). Furthermore, in infarcted myocardium of diabetic rats
it was demonstrated that adenoviral-mediated overexpression of Trx-1 enhanced angiogenesis
and improved cardiac function (Adluri et al. 20115; Samuel et al. 2010) (Figure 2). Recently,
Dunn et al. studied the hyperglycemic modulation of TXNIP and Trx proteins in diabetic mice
subjected to HLI. Their results show that knockout of TXNIP reduced the deleterious effect of

hyperglycemia and improved angiogenesis (Dunn et al. 2009; Dunn et al. 2010). Furthermore, it
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was revealed that Trxl overexpressed transgenic (Trx-1"®") mice show improved
revascularization and decreased fibrosis following femoral artery ligation compared to WT mice
(Thirunavukkarasu et al. 2014). In a recent study, we found that adenoviral-mediated
overexpression of Trx-1 as well as transgenic Trx-1 overexpression enhanced blood perfusion
and angiogenic protein expression in a murine HLI model. Taken together, we demonstrated that
the Trx system is a promising system with potential to rescue the hind limb from ischemic

peripheral vascular disease.
Hepatocyte Growth Factor (HGF)

In 1984, Nakamura et al. identified a 150-kD anionic protein in the serum of rats
that underwent partial hepatectomy (Nakamura et al. 1984). Addition of this protein to
hepatocytes culture induced hyperproliferation. Therefore, this protein was named HGF or
hepatotropin (HGF). HGF is a heterodimer consisting of 2 subunits, a 69-kDa alpha subunit and
a 34-kDa beta subunit (Matsumoto and Nakamura 1992). HGF acts as a ligand for a receptor
encoded by the MET proto-oncogene (p190MET), a transmembrane tyrosine kinase (Bottaro et al.
1991). In 1992, Bussolino et al. showed that HGF is a potent angiogenic factor that stimulates
endothelial cell motility and growth (Bussolino et al. 1992). Upon binding to the pl190MET
receptor expressed on endothelial cells, HGF activates RTKs. Subsequent phosphorylation of the
B-subunit of RTKs leads to intracellular signals and ligand-specific biological responses
(Bussolino et al. 1992). HGF possesses multiple roles, such as stimulation of chemotaxis and
chemokinesis of endothelial cells and expression of the enzyme urokinase for matrix
degradation, as well as endothelial cell invasion and angiogenesis (Montesano et al. 1991;
Pepper et al. 1992; Silvagno et al. 1995). HGF has also been shown to promote the proliferation

and differentiation of multipotent and erythroid progenitor cells (Galimi et al. 1994).
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Prolyl-4-Hydroxylase Domain and Hypoxia Inducible Factor Group of Proteins

Prolyl-4-hydroxylase domain proteins play a crucial role in the process of
angiogenesis by sensing cellular oxygen levels. In mammalian cells, 3 different variants of PHD
have been identified, the differences being in the organ-specific isoenzyme expression of PHD-1
(EgIN2), PHD-2 (EgIN1), and PHD-3 (EgIN3) (Selvaraju et al. 2014). The cellular actions of
PHDs are regulated by HIF, the HIF-1a subunit being the most important downstream regulator
of angiogenesis (Adluri et al. 2011a). When stabilized, the PHDa subunit translocates to the
nucleus where it dimerizes with the PB-subunit. The constituted dimer acts as an active
transcription factor, and binds to the hypoxia-response element (HRE) sequence that is present
upstream of angiogenic genes. Subsequently, transcription and translation of angiogenic proteins,
such as VEGF, eNOS, and PDGF stimulate angiogenesis (Semenza 2003). In the complex
cellular environment, PHD proteins affect a number of pro-angiogenic molecules. As discussed
above, we found that mice deficient in PHD-1 and PHD-3 show significantly improved recovery
of motor function and increased vascular density after femoral artery ligation when compared
with WT mice (Rishi et al. 2015). Thus, knockdown of PHD-1 and PHD-3 may offer potential

therapeutic benefits for patients in the terminal stage of PAD [Figure 3].

Preclinical trials with growth factor therapy to treat PAD

Numerous studies have focused on the therapeutic potential of growth factors in
various pathological diseases. In the 1990s, Baffour et al. evaluated the role of bFGF in collateral
blood vessel growth in a rabbit HLI model. Their results showed that, after 14 days of bFGF
treatment, collateral blood vessels and angiogenesis augmented the therapeutic outcome in

bFGF-treated rabbits compared with control rabbits (Baffour et al. 1992). Additionally, Pu et al.
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investigated the role of acidic FGF (aFGF) in a rabbit model of HLI (Pu et al. 1993). After 10
days of ligation of the iliac artery and complete excision of femoral arteries, intramuscular
administration of aFGF was performed. The results of the angiographic and hemodynamic
studies showed enhanced neovascularization and perfusion in a FGF-treated ischemic limb
compared with the controls. Similar experimental studies have been performed to verify the
importance of VEGF in PAD animal models. Takeshita et al. showed that, in a rabbit model of
HLI, intramuscular administration of VEGF resulted in a dose-dependent significant increase of
collateral blood vessel formation and blood perfusion (Takeshita et al. 1994). Various preclinical
studies have been subsequently performed to evaluate the in vivo efficacies of FGF, VEGF, and
other growth factors in different models of disease (Lebherz et al. 2003; Li et al. 2007; Taniyama

et al. 2001).

Clinical trials (phase I, II, and III) with growth factor therapy to treat PAD:

Fibroblast Growth Factor (phase 1 trial)

A phase I multicenter clinical trial was conducted among 51 patients with
unreconstructible end-stage PAD to evaluate the safety and tolerance of naked plasmid DNA
encoding FGF type 1 (NVI1FGF). Patients received increasing single and repeated doses of
NVIFGF into their ischemic thigh and calf muscles and recovery was observed for 6 months.
The data indicated that NVIFGF was well tolerated with no serious side effects related to
treatment. Although 2 deaths were reported among the patients who received NVIFGF
treatment, neither was considered related to the experimental study. After 8 and 12 weeks of
NVI1FGF treatment, a significant increase in the ABI was observed without any changes in the

toe brachial index (TBI). Moreover, increases in transcutaneous oxygen pressure were observed
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after 8 and 12 weeks of NVIFGF treatment. Similarly, all patients reported a decrease in mean
pain level at 8 and 24 weeks after treatment. Ulcer healing was evaluated in 9 patients who

showed decreases in aggregated ulcer size over time (Comerota et al. 2002; Henry et al. 2002).

To determine plasmid distribution and NV1FGF transgene expression, a separate
pharmacokinetic trial using NVIFGF was performed. Included in this trial were 6 patients who
suffered from CLI and were scheduled for amputation. Variable doses of NV1FGF (0.5, 2, or 4
mg) were administered intramuscularly 3 to 5 days before amputation. Muscle samples harvested
from the injected and non-injected amputation sites indicated plasmid DNA delivery and
corresponding transgenic protein expression. The results confirmed transgene expression at all
doses used with the expression of FGF receptors at the injection site. The levels of NVIFGF in
blood plasma were found to gradually decrease after injection. Furthermore, the expression of
FGF-1 was limited to the injection site, supporting the concept of multiple site injections for
therapeutic usage (Baumgartner et al. 2009). Similar results were observed in several other phase

I clinical trials using FGF (Hashimoto et al. 2009).

Vascular Endothelial Growth factor (phase 1 trial)

In 1996, Isner et al. reported the first clinical trial using VEGF gene therapy to treat CLI in
humans (Isner et al. 1996). In this trial, a 71-year-old female patient received a human plasmid
vector carrying the VEGF gene (phVEGF165) that was administered intra-arterially. Human
plasmid phVEGF 165, at a dose of 2000 ng, was loaded in a polymeric hydrogel for coating an
angioplasty balloon. Four weeks after VEGF therapy, the angiography results showed an
increase in collateral vessels in the knee, mid-tibia, and ankle. Doppler analysis showed an

increase of 82% in resting and 72% in maximum blood flow (Isner et al. 1996). This same group
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conducted a phase 1 clinical trial using naked plasmid DNA encoding VEGF 165. The goals of
this trial were to evaluate the safety and feasibility of intramuscular gene transfer and analyze the
potential therapeutic benefits in patients with peripheral vascular disease. Intramuscular
administration of phVEGF 165 (4000 pg) above and below the knee joint resulted in a temporary
increase in the VEGF level in the systemic circulation of 7 patients after 1 to 3 weeks of
treatment. Similarly, ABI and TBI were increased compared with baseline levels. The data not
only showed an increase in collateral blood vessel growth by contrast angiography, but also
qualitative evidence of distal flow through magnetic resonance angiography. Therapeutic proof
of treatment was demonstrated by a concomitant decrease in rest pain and ulcer size with salvage
of the limb in 3 patients who were initially recommended for BKA (Baumgartner et al. 1998;
Baumgartner et al. 2000). There were a number of limited complications, the most important
being increased vascular permeability secondary to VEGF treatment, with trivial adverse events
as documented by later studies. In 2001, the same group published results from a phase 1, dose-
escalating trial showing that intramuscular phVEGF 165 gene transfer improved chronic

ischemic neuropathy associated with CLI (Simovic et al. 2001).

Recently, Kim et al (Kim et al. 2004) studied the safety of naked plasmid DNA
encoding VEGF gene therapy. This was an open-label, dose-escalating, single-center trial that
included 9 male patients. Three escalating doses of 2, 4, and 8 mg plasmid DNA containing
human VEGF 165 (pCK-VEGF) were used. During 9 months of follow-up, no significant side
effects related to gene transfer were detected. In addition, plasma levels of VEGF were not
elevated, and rest pain, ischemic ulcers, and ABI were improved. Subsequent angiography

analysis revealed the growth of collaterals throughout the injection site. No correlation was
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observed between the dose given and effect seen. Similar phase 1 studies using VEGF have been

performed by different groups with encouraging results (Mohler et al. 2003; Shyu et al. 2003).

HGF and HIF-1a (phase I trial)

In previous studies, the therapeutic benefits of naked HGF plasmid DNA in
ischemic hind limb disorders were investigated. To date, 3 trials have documented growth factors
other than VEGF and FGF. In 2004, Morishita et al. (Morishita et al. 2004) investigated the
safety of HGF in the treatment of PAD in an open-label, phase I/early phase Ila clinical trial.
During the 12-week follow-up period, complications were reported in 6 patients with CLI that
were related to gene transfer. No changes in serum HGF levels were detected, and unlike clinical
trials involving VEGF, no increased peripheral edema was reported. Furthermore, patients
reported a decrease in pain scale with improvements in ABI and ulcer size. Similarly, a study in
CLI patients by Rajagopalan et al. in 2006 (the results of a phase I, dose-escalating, multicenter
clinical trial) showed the safety and clinical response of transcription factor HIF-1o (Ad2/HIF-
la) in these patients (Rajagopalan et al. 2007). In 2011, Henry et al. reported the results of a
phase I study, which involved the intramuscular injection of a non-viral plasmid DNA expressing
2 isoforms of human HGF (VM202). The injection was shown to be safe and associated with a

favorable clinical outcome (Henry et al. 2011).

FGF (phase II trial) - Therapeutic Angiogenesis with FGF-2 for Intermittent Claudication

(TRAFFIC) study:

In 2002, a phase II, randomized, double-blind, placebo-controlled study (the
TRAFFIC study) was performed using recombinant fibroblast growth factor-2 (rFGF-2) therapy

for intermittent claudication. This trial investigated whether single or double intra-arterial doses
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of rFGF-2 are essential for improved exercise capacity in 174 patients suffering from moderate-
to-severe levels of intermittent claudication. The results indicated that a single intra-arterial
rFGF-2 injection at a dose of 30 pg/kg significantly increases peak walking time (PWT) at 90
days with no further improvement in response with a repeated dose at day 30. A secondary

objective of increased ABI at days 90 and 180 was not achieved (Lederman et al. 2002).

FGF (phase II trial) - Therapeutic Angiogenesis Leg Ischemia Study for Management of

Arteriopathy and Non-healing ulcer (TALISMAN 201) study:

In a double-blind, randomized, placebo-controlled multinational study
(TALISMAN 201), the efficacy and safety of NVIFGF were evaluated. The results of this study
were published in 2008 (Nikol et al. 2008a, b). A total of 125 patients who presented with
irreversible ischemia with non-healing ulcers were evaluated. Patients were randomized into
groups and received 8 intramuscular injections of either placebo or 16 mg of NVIFGF at days 1,
15, 30, and 45. Three notable results were observed in this study. First, the use of NVIFGF
significantly decreased the risk level of amputations. Second, a trend was observed for reduced
mortality due to NVIFGF treatment. Third, the trial failed to show any significant improvement
in healing of ulcers, which could have been due to non-standardized wound care and variation in

the severity of skin ulcers among patients (Nikol et al. 20085).

VEGF (phase II trial)

In 2002, Makinen et al. published the results of a randomized, placebo-controlled,
double-blind, phase II study with VEGF gene therapy in patients with chronic lower limb
ischemia (Makinen et al. 2002). Gene therapy was carried out during angioplasty. AAVEGF was
administered to 18 patients, plasmid VEGF was given to 17 patients, and 19 control subjects
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received ringer’s lactate. In patients who received VEGF treatment, the levels of anti-adenoviral
antibodies increased. In addition, no major effects were detected that were related to gene
transfer. After a 90-day period, digital subtraction angiography (DSA) demonstrated increased
vasculature in VEGF-treated patients. This increase in vasculature was located in the region of
clinically severe ischemia in the AAVEGF group, thus reaching the primary endpoints (DSA
analysis of vascularity). The secondary endpoint (restenosis) showed increases in ABI and
Rutherford class at 3 months however these effects were seen in all groups. In this trial,
angioplasty was performed at the same time as the intra-arterial gene transfer, which may have

acted as a confounding variable (Kalka and Baumgartner 2008; Makinen et al. 2002).

The Regional Angiogenesis with VEGF (RAVE) study was a randomized,
double-blind, placebo-controlled, multicenter phase II study published by Rajagopalan et al. in
2003 (Rajagopalan et al. 20035). This study focused on the efficacy and safety of replication-
deficient adenovirus encoding VEGF 121 (AdVEGF 121) given intramuscularly in a cohort of
105 subjects with unilateral PAD. Patients were stratified based on their diabetic status and were
randomized into groups to receive either a low dose (4 x 10° AdVEGF), a high dose (4 x 10"
AdVEGF), or placebo control in the index limb. Gene therapy was confined to a single session.
Unfortunately, the study did not achieve its primary objective, i.e. a change in PWT at 12 weeks,
or secondary objectives, i.e. a change in PWT at 26 weeks, as well as changes in ABI,
claudication onset time, and quality of life (Rajagopalan et al. 2003a). Investigators of the RAVE
study presented 2 possible explanations for the negative results of their study. First, they
deliberately selected patients with unilateral PAD symptoms, which could include those with
unilateral disease. This was intended because the drug was being delivered unilaterally, and

differed from previous trials in which patients with the bilateral disease were included. Secondly,
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the efficacy of AAVEGF'?' administered in a single session was questionable, as studies have
shown that premature cessation of VEGF stimulus for 2 weeks leads to regression of acquired
blood vessels. In addition, at least 4 weeks of continued stimulation are required for blood
vessels to become refractory to VEGF stimulation. Negative results obtained from the RAVE
study were followed by 2 additional trials. One trial focused on the role of VLTS-589 (plasmid
encoding the angiomatrix protein Del-1) in the treatment of patients with intermittent
claudication (Rajagopalan et al. 2004) the other study focused on the role of phVEGF165 in
diabetic patients with CLI (Kusumanto et al. 2006). Neither of the trials showed promising

results.

HGF (phase II trial)

In 2008, a double-blind, randomized, placebo-controlled phase II clinical trial was
completed in which researchers investigated the safety and efficacy of plasmid encoding HGF to
improve limb perfusion in patients suffering from CLI (HGF-STAT trial) (Powell et al. 2008).
Three dose regimens were tested: 1) 0.4 mg at 0, 14, and 28 days (low dose); 2) 4.0 mg at 0 and
28 days (middle dose); or 3) 4 mg at 0, 14, and 28 days (high dose). Serious side effects observed
were all related to the primary disease and not to the treatment. At the end of 6 months of follow
up, the transcutaneous partial pressure of oxygen (TcPO,) was found to be significantly higher in
the high-dose group compared with the other groups. The trial failed to reach its secondary
objectives, including improved ABI, TBI, pain relief, major amputation, or wound healing
(Powell et al. 2004). The same group continued their study, and published the results of a
randomized, placebo-controlled multicenter trial (HGF-0205 trial) in 2010. The HGF plasmid
injection site was individualized for each patient using angiography, magnetic resonance
angiography (MRA), or computed tomographic angiography (CTA) to define the vascular
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anatomy and ensure that the injection was given at the site of most severe disease. At the end of
6 months of follow up, the HGF-treated group showed significant increases in TBI and visual
analog score (VAS) compared with the placebo group. At 12 months, no significant changes
were found in complete ulcer healing, major amputation, or mortality (Powell et al. 2010). A
study conducted by Shigematsu et al. showed similar results with the use of HGF in patients with

CLI (Shigematsu et al. 2010).

FGF (phase III trial)

A phase III, randomized, double-blind, placebo-controlled, multinational clinical
trial was conducted by Belch et al, to study the therapeutic effect of NVI1FGF in patients who
underwent amputation or died due to CLI. Patients were given 8 intramuscular injections of 0.5
mg NVIFGF or matching placebo control in the index limb on days 1, 15, 29, and 43. Neither
the primary endpoint (time to major amputation of treated leg or death from any cause at 1 year),
nor the main secondary endpoints (major amputation or death from any cause within 12 months,
analyzed separately) were reached. These results contrasted with those of a phase II study on
FGF (TALISMAN), which showed significant benefits in secondary endpoints (major
amputation), and combined endpoints (major amputation or death, whichever came first). These
differences are surprising given that the study design, treatment dosing, and inclusion and
exclusion criteria were similar to both studies. More diabetic patients and those with end-stage
renal disease were included in the TAMARIS study; however, elimination of these subgroups did

not alter the results. (Belch et al. 2011).

HGEF (phase III trial)
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Following the promising results of phase II clinical trials reported by Powell et
al., a phase III trial was initiated in 2014 to assess the efficacy of HGF in patients with CLI. This
pivotal study is ongoing and will be analyzed at a later date to confirm the efficacy of HGF

treatment.

Cell therapy

A discussion on therapeutic revascularization in CLI would not be complete
without considering cell therapy. Cell-based therapy has been considered a potential therapeutic
modality for revascularization since 2002, when the Therapeutic Angiogenesis using Cell
Transplantation (TACT) trial became the first randomized controlled trial to evaluate the effects
of stem cell therapy in PAD (Tateishi-Yuyama et al. 2002). To obtain a global understanding of
cell therapy in the treatment of PAD, it is important to differentiate among the various types of

stem/progenitor cells.

Unfractionated bone marrow

Unfractionated bone marrow cells (BMC), also referred to as bone marrow-
derived mononuclear cells (BM-MNC) to be differentiated from mononuclear cells of peripheral
blood, were the first cells to be studied for their role in revascularization. Endothelial progenitor
cells, which differentiate into vascular endothelial cells and thereby release angiogenic

cytokines, originate from stem cells within the BM.

Pre-clinical: The question of whether BM transplantation could be used to
produce functional endothelial cells was first addressed by Shintani et al. in 2001 by studying
BM transplants in rabbits after surgically-induced HLI (Shintani et al. 2001). The research group
concluded that at the pre-clinical level functional endothelial cells develop from BM-MNCs and
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autologous transplantation of BM-MNCs augments collateral vessel formation in response to

1schemic insult.

Clinical: A year later, in 2002, Tateishi-Yuyama et al. (Tateishi-Yuyama et al.
2002) conducted the first randomized controlled trial (TACT trial) to evaluate the effect of stem
cells in PAD. They demonstrated clinical improvements, such as statistically significant
improvements in ABI, pain-free walking time, and rest pain, with BM-MNC treatment. Another
important clinical trial to study BM-derived therapeutic revascularization was performed in 2011
with a randomized, placebo-controlled intra-arterial Progenitor Cell Transplantation of BM-
MNC for Induction of Neovascularization in Patients With Peripheral Arterial Occlusive Disease
(PROVASA trial) (Walter et al. 2011). Following administration of intra-arterial BM-MNCs to
patients suffering from CLI, significant decreases in ulcer size and pain score were observed
compared with the placebo group. In 2015, the Rejuvenating Endothelial Progenitor Cells via
Transcutaneous Intra-arterial Supplementation (JUVENTAS) trial, a randomized, double-blind,
placebo-controlled study did not show promising results (Teraa et al. 2015). Compared with the
placebo group, repetitive infusion of autologous BM-MNCs through the common femoral artery
did not reduce amputation rates in CLI patients. A limitation of studies of BM-derived therapy
lies in the invasive nature of the BM harvest; autologous peripheral blood mononuclear cells

(PB-MNC) offer a less invasive option.

Peripheral blood mononuclear cells

In 1997, a group of scientists at Tufts University successfully isolated EPCs from

peripheral blood (Asahara et al. 1997). Using magnetic beads, endothelial cell progenitors were
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successfully isolated from human peripheral blood. This discovery in the field of stem cell-based

therapeutic angiogenesis would have tremendous clinical implications.

Pre-clinical: Given their exciting discovery, the same group initiated pre-clinical
trials utilizing peripheral blood mononuclear stem cells and found that endothelial progenitor
cells isolated from peripheral blood improved blood flow in HLI-induced animals (Asahara et al.
1999). This model was further investigated by Kalka et al. (Kalka et al. 2000) who
intramyocardially injected peripheral blood derived mononuclear stem cells 1 day after HLI
induction in mice (Kalka et al. 2000). Although the sample size was relatively small (including
less than 20 animals), the study demonstrated in the treatment group a profound improvement of
perfusion (analyzed by laser Doppler imaging) and neovascularization (analyzed by

immunohistochemistry). Based on this and similar studies, clinical pilot studies were designed.

Clinical: In 2005, Huang et al. (Huang et al. 2005) conducted a landmark trial in
the study of peripheral mononuclear cells in angiogenesis, and provided evidence of clinical
improvement after autologous transplantation of PB-MNCs in CLI patients. In diabetic CLI
patients, the randomized controlled trial showed improvements in perfusion, ABI, limb pain, and
amputations over the course of 3 months after stem cell transplantation. In 2012, similar results
were obtained by Ozturk et al. (Ozturk et al. 2012) in diabetic CLI patients who were treated
with autologous peripheral blood mononuclear cell transplantation. Granulocyte colony
stimulating factor was used to mobilize PB-MNCs from peripheral blood. Granulocyte-colony
stimulating factor (G-CSF) was used to mobilize PB-MNCs from peripheral blood (Ozturk et al.
2012). Similarly, angiogenesis was investigated in G-CSF-mobilized CD34" cells. (Kawamoto et
al. 2009) and Kinoshita et al. (Kinoshita et al. 2012) the short- and long-term effects of

intramuscular treatment of G-CSF in CLI patients (Kawamoto et al. 2009; Kinoshita et al. 2012).
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The phase I and II trials demonstrated favorable clinical outcomes supporting the benefit of G-
CSF-mobilized CD34" cell transplantation in CLI patients. Phase III trials by the same group of
researchers are currently in progress. Similarly, Losordo et al. (Losordo et al. 2012) showed that,
in CLI patients who underwent G-CSF treatment, mobilization of CD34" cells resulted in a
decreased number of amputations. In conclusion, the use of G-CSF—mobilized PB-MNCs or

CD34+ cells may be a promising approach to treat patients with CLI.
Bone marrow-derived mesenchymal stem cells

Unlike the BM-MNCs and PB-MNCs discussed earlier, BM-derived
mesenchymal stem cells (BM-MSC) are pluripotent stromal cells with the ability to differentiate
into various cell types. While BM-MNCs can only differentiate into EPCs, BM-MSCs can

differentiate into osteoblasts, chondrocytes, myocytes, or adipocytes.

Pre-clinical: The role of BM-MSC:s in therapeutic angiogenesis was evaluated in
a rat model of HLI by Iwase et al. (Iwase et al. 2005). In this study, BM-MNC therapy, BM-
MSC therapy, and a control group were compared. BM-MSC therapy demonstrated improved
perfusion (although not as much as BM-MNC therapy) and capillary density with decreased

apoptosis.

Clinical: BM-MSC therapy was shown to be effective on a clinical level by Lu et
al. (Lu et al. 2011) and Gupta et al. (Gupta et al. 2013) in double-blind, randomized, placebo-
controlled phase I and II trials. Lu and colleagues compared BM-MNC therapy, BM-MSC
therapy, and placebo therapy in diabetic CLI patients. The ABI and MRA showed clinical
improvements induced by BM-MSC transplantation, which were more significant than those

observed with transplantation using BM-MNCs. Gupta et al. (Gupta et al. 2013) verified the
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safety of BM-MSC administration and evidenced improvements in ABI with BM-MSC therapy
compared with the placebo group. Pre-clinical and early clinical data have suggested that MSC
therapy is a promising approach in the field of therapeutic angiogenesis. A recent clinical report
by Liu et al (Liu et al. 2015) showed that infusion of BM-derived MNCs and MSCs for the
treatment of CLI in a group of 275 patients significantly improved ABI and ulcer healing until 6
months after therapy. The improved healing response in patients could have been due attributed
to a small population of EPCs present in the injected stem cell pool that facilitated the process of

angiogenesis.

Adipose-derived stem cells

Adipose tissue (fat) contains, like BM and peripheral blood, pluripotent stem
cells. The ability to harvest autologous stem cells for therapeutic purposes from fat tissue holds

great potential as adipose tissue is readily available and very abundant.

Pre-clinical: A pre-clinical study by Miranville et al. (Miranville et al. 2004)
demonstrated improvement of neovascularization secondary to adipose tissue-derived stem cell
therapy. In a HLI mouse model, which simulated CLI, intravascular administration of human
adipose tissue-derived stem cells augmented the capillary density and blood flow in the ischemic
leg. Five years later, another pre-clinical trial demonstrated similar results. Kondo et al. (Kondo
et al. 2009) showed that the injection of adipose-derived stem cells improved angiogenesis in the
ischemic zone. In this study, the mouse HLI model showed improved perfusion and capillary

density in the cell therapy group.

Clinical: One notable clinical trial was conducted in 2013 by Marino et al.

(Marino et al. 2013). Twenty patients with CLI and secondary chronic lower extremity ulcers
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were evaluated over a period of 90 days. Patients treated with adipose-derived regenerative cell
therapy showed reduced ulcer size and pain compared with the untreated group. In 60% of the
adipose-derived regenerative cell therapy-treated patients in this trial, the ulcers healed
completely. However, the small sample size and lack of a placebo control place limits on the
interpretation of and confidence in these staggering results. Another important clinical trial was
the 2014 phase I Adipose CELL Derived Regenerative Endothelial Angiogenic Medicine
(ACellDREAM) trial, which demonstrated the safety and feasibility of autologous adipose-
derived stem cell transplantation in patients with nonrevascularizable CLI. The outcomes of this
trial included improved wound healing with therapy (Bura et al. 2014). Although adipose is an
accessible and available source of stem cells, its role in therapeutic angiogenesis requires

additional clarification.

Induced pluripotent stem cells

Pluripotent stem cells can be induced into mesenchymal stem cells and
endothelial cells and the nuclear re-programmed cells can be used as cell therapy. Skin cells have
been identified as an excellent source of inducible pluripotent stem cells. Although skin
fibroblasts remain the main cells of interest, new sources of inducible pluripotent stem cells are
continuously being investigated. For example, dental pulp has been identified as a potential
source of stem cells due to its revascularization potential (Yoo et al. 2013). Therefore, like
adipose tissue, inducible pluripotent stem cells offer a promising, less invasive, alternative
source of stem cells. Although this area needs further investigation on a clinical level, pre-

clinical studies have demonstrated promising potential.
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Pre-clinical: Human skin fibroblasts can be induced to differentiate into
mesenchymal stem cells and, ultimately, endothelial cells. In 2010, Lian et al.(Lian et al. 2010)
successfully transformed human inducible pluripotent cells into mesenchymal stem cells, which
were subsequently administered to mice with HLI. Both improved perfusion and blood vessel
formation were found after treatment with induced pluripotent stem cells. Moreover, in
pluripotent stem cell-treated limb ischemic mice, the degree of improved perfusion and blood
vessel formation was greater when compared with BM-MSC—treated limb ischemic mice. In
2011, Rufaihah et al. (Rufaihah et al. 2011) conducted a pre-clinical study to demonstrate that
induced pluripotent stem cells from a human source differentiated into vascular endothelial cells.
When applied therapeutically, the differentiated endothelial cells improved blood perfusion in

the ischemic zone of the hind limb.

Clinical: Clinical studies utilizing inducible pluripotent stem cells for therapeutic
angiogenesis have yet to be published. However, pre-clinical trials have laid the groundwork for

this work.

The 4 main sources of autologous stem cells that are studied for their role in therapeutic
angiogenesis in the ischemic limb model are: 1) BM (unfractionated or not), 2) peripheral blood,
3) adipose tissue and 4) skin cells. Each of these subsets of stem cells has demonstrated strong
evidence of therapeutic angiogenic properties at the pre-clinical level, thereby providing a solid

basis for clinical research in the field.

Clinically, unfractionated BM, the first to be studied for its therapeutic angiogenic
abilities, has been investigated in double-blind, placebo-controlled, randomized studies.

Unfortunately, only 2 out of the 3 studies conducted demonstrated promising results. The most
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recent study the 2015 JUVENTAS trial, showed no improvement in ischemia when compared
with the placebo control (Teraa et al. 2015). Regardless of these results, BM harvest is an
invasive procedure, which is not only difficult to study but also difficult to use clinically.
Peripheral blood provides an excellent source of EPCs that are similar to the cells that arise from
the BM. Phase I and II clinical trials have shown promising therapeutic effects in patients with
CLI, secondary to peripheral blood derived mononuclear stem cell therapy. Phase III trials are
underway, and there are high hopes for additional positive effects. Adipose tissue, like peripheral
blood, is both abundant and easily accessible and phase I clinical trials show promising results.
However, few randomized control trials have been conducted in which adipose stem cell therapy
is used to treat peripheral vascular disease. Although adipose tissue is an accessible and available

source of stem cells, its role in therapeutic angiogenesis requires further investigation.

Bone marrow, peripheral blood, and adipose tissue are the primary sources of
stem cells evaluated for their angiogenic potential. Other sources of stem cells, such as skin and
dental pulp that give rise to inducible pluripotent stem cells have yet to be explored on a clinical
level. The future of cell therapy research is bright and vast. Using cell-surface markers, specific
cell lines can be identified and isolated. Although not specifically included in this review, such
marker-selected cell lines may represent small subsets of cells that hold great potential. The full
potential of stem cell-based therapy for peripheral vascular disease is yet to be uncovered;

however, cell-based therapy remains at the forefront of therapeutic angiogenesis.

Nanocarriers in HLI

Recent advances in nanotechnology have revolutionized the field of therapeutic

drug delivery through advanced nanocarrier systems. The use of nanocarriers allows the delivery
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of drugs to be controlled at multiple levels. Nanoformulations that are tested for HLI include
proangiogenic molecules, encapsulated nanoparticles, proangiogenic gene/plasmid-loaded
liposomal formulations, and proangiogenic peptide-mimicking nanofibers. The major advantage
of nanocarriers is their capability to deliver drugs at a specific site of tissue requirement, thereby
reducing drug toxicity to healthy cells. The following section briefly describes recently
employed nanocarrier systems used for the treatment of HLI at the pre-clinical level. The
carboxyl quantum dot nanoparticles surface conjugated with cationic polyethyleneimine (PEI)
forms ionic complexation with the negatively charged VEGF 165 plasmid vector. The obtained
VEGF-decorated polyplex nanocarriers effectively transfects human umbilical cord blood-
derived EPCs in vitro and induces angiogenesis in vivo. The nanoformulation consisting of
VEGF-transfected EPCs and quantum dots (QD) has shown increased in vivo imaging signals
and stimulated blood perfusion in ischemic limbs by secreting angiogenic factors (Yang et al.

2012).

In a different study, human umbilical vein endothelial cells (HUVECs) and MSCs
were organized into 3D cell spheroids using methylcellulose hydrogel. When cell-encapsulated
hydrogels were injected into the critical limb ischemic zone of a mouse model, blood perfusion
was improved, and blood vessel sprouting and expansion in all directions aided in vasculogenesis
(Chen et al. 2013). In HLI studies, fluorescently-labeled gelatin nanoparticles were prepared and
characterized as a diagnostic tool for fluorescent non-invasive imaging (Zhang et al. 2015).
Poly(lactic-co-glycolic acid) nanoparticles capped with cationic PEI were used to load the
angiogenic peptide apelin. The net positive charge of the nanoparticles forms an ionic complex
with negatively-charged plasmid DNA encoding VEGF. The angiogenic nanoparticles efficiently

transfected human mesenchymal stem cells. Moreover, when injected intramuscularly into the
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HLI area, the apelin-loaded nanoparticle formulation along with plasmid VEGF showed
improved blood perfusion and blood vessel formation compared with the non-VEGF formulation
(Park et al. 2016). When novel self-assembling nanofibrous peptide hydrogels (SLanc: K-
(SL)3(RG)(SL)3-K-G-KLTWQELYQLKYKGI) synthesized by Kumar et al. (Kumar et al.
2016), were injected into animals with HLI, high blood perfusion and skeletal muscle formation
was observed. In addition, injection of human adipose stem cells cultured in 3D spheroids into
the ischemic limb showed enhanced differentiation into endothelial and smooth muscle cells.
Moreover, improved angiogenesis and skeletal muscle formation after 21 days post treatment
were found (Park et al. 2014). The self-assembling peptide RADA 16, modified by covalent
immobilization of P substance, resulted in the recruitment of MSCs in the HLI region, followed
by neovascularization (Kim et al. 2013). When loaded into a low-molecular-weight heparin-
protamine complex, adipose-derived stem cells exhibited significant cell-cell interaction and
improved cell viability, which may help to effectively rescue the limb from ischemia (Kishimoto

et al. 2016).

The supplementation of growth factors along with cells is a conventional
approach that aids in rapid tissue repair. Fibroblast growth factor—loaded gelatin hydrogel
administered with adipose stem cells has shown mature blood vessel formation in the ischemic
region of the hind limb. Transforming growth factor (TGF) B1 was found to be upregulated in
FGF-treated adipose stem cells, which indicated a therapeutic effect in HLI (Horikoshi-Ishihara
et al. 2016). Injectable elastin-like polypeptide systems loaded with therapeutic plasmids for
eNOS and interleukin (IL)-10 showed controlled dual gene delivery in the HLI region. The
effective angiogenic response in combination with anti-inflammatory action was explored

through CD31 (blood vessel marker) and CD68 (macrophage marker) immunostaining (Dash et

34

https://mc06.manuscriptcentral.com/cjpp-pubs

Page 34 of 57



Page 35 of 57

Canadian Journal of Physiology and Pharmacology

al. 2015). Recently, Kwon et al. developed free radical-scavenging polymeric nanocarriers using
H,0O;-responsive polymer PVAX (polyoxalate containing vanillyl alcohol) (Kwon et al. 2016).
The vanillyl alcohol released from the system effectively scavenges free radicals and imparts
anti-inflammatory action. The binding affinity of heparin binding proteins towards alginate
sulfate drives the formation of a self-assembled nanoparticle system. A combination of
angiogenic growth factors, namely VEGF, TGFB1, and PDGF-BB was favorably encapsulated
within the nanoparticles due to the affinity binding nanoparticles with growth factors. The final
formulation, when injected in an ischemic limb, improved angiogenesis and perfusion compared
with a pristine alginate hydrogel (Ruvinov et al. 2016). The overall success of nanocarriers in the
treatment of HLI has been well established at a pre-clinical level. Therefore, sufficient scope

exists for the use of nanocarriers in clinical trials.

The global picture of various agents in the treatment of limb ischemia

The concept of angiogenesis was first described by Folkman (Folkman 1974) in
1974. Since then, therapeutic angiogenesis has been an area of active research. Numerous studies
have been performed in this field, all of which have indicated a potential role for gene therapy in
the management of cardiovascular disease. Despite the success of pre-clinical studies,
researchers have been unsuccessful in replicating these results in humans. The reason for this
failure is most likely multifactorial, including but not limited to the type of growth factors used

in the study, improper study design, and selection of the patient population.

Numerous factors have been evaluated in both animal and human studies as potential
treatment options for peripheral vascular disease [Figure 4]. Common growth factors include

FGF, VEGF, HGF, IGF, transcription factors like HIF-1a (Baffour et al. 1992; Shing et al.
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1984). There are several limitations to the above-mentioned studies. First, when used as a single
factor, angiogenic growth factors show beneficial effects in animal trials. However, similar
results have not been achieved in human studies. It is possible that single-agent gene therapy can
improve local angiogenesis and arteriogenesis but is not sufficient to bring about a change in
amputation rate and mortality, which are common endpoints in most phase II studies and beyond.
One explanation for this may be that angiogenesis and arteriogenesis are multifactorial biological
responses and many growth factors are involved in these complex processes from beginning to
end. (Epstein et al. 2001) pointed out that at a therapeutic level, multiple factors or a combination
of factors may be required to induce angiogenesis and arteriogenesis. For the combination of
VEGF and Ang-1, VEGF induces the proliferation of endothelial cells and vascular tube
formation whereas Ang-1 stimulates vascular budding and recruitment of periendothelial support
cells for blood vessels stabilization. The absence of either VEGF or Ang-1 or their haphazard
expression will not produce functional vessels. Similarly, Asahara et al. (Asahara et al. 1995)
showed that the synergistic effects of the combination of VEGF and FGF are greater and more
rapid than that of either VEGF or FGF alone. Thus, it is possible that a mixture of growth factors
might be the solution to successful gene therapy in animal studies as well as human clinical

trials.

Most clinical trials that have been performed to date have employed VEGF and FGF;
however, the results from these trials were not as expected. Other factors, such as HGF and HIF-
la, have shown promising results in animal studies and early clinical trials (Asahara et al. 1999;
Lebherz et al. 2003; Yu et al. 2001). Indeed, HGF has shown beneficial effects in phase II
clinical trials, whereas FGF and VEGF have failed to show efficacy (Bura et al. 2014; Marino et

al. 2013). Is it possible that VEGF and FGF are merely non-specific components of the
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angiogenesis and arteriogenesis pathways and the primary controlling factors are either non-

specific or unknown? Further research is needed to answer this question.

The designs of clinical trials are based upon pre-clinical animal models. All
animal models of HLI are based upon the ligation of external iliac and femoral arteries. After
ligation, gene therapy is performed, and biological responses are monitored. Most animals have
ischemia for a short duration of time before treatment is started. This scenario contrasts with
actual clinical situations wherein the disease is often present for months or years before the
patient seeks treatment. Can the results of animal studies with acute/semi-acute ischemia be
extrapolated to human subjects who suffer from the chronic disease? Is it possible that chronic
illness is associated with irreversible changes in the vasculature that are beyond the scope of
“therapeutic angiogenesis”? Furthermore, PAD is an indicator of atherosclerosis, which itself is a
clinical entity affecting almost all body systems. Most PAD patients have an unfavorable genetic
background and negative influences from multiple co-morbidities, such as aging, smoking,
alcohol, drugs, hyperlipidemia, hypertension, diabetes, obesity, acute coronary syndrome, and
chronic kidney disease. Can a model of isolated HLI in a young healthy animal replicate the
vascular environment of an aging, obese patient with all the above-mentioned morbidities? These
are questions that need to be answered. Our current level of knowledge about angiogenesis and

arteriogenesis suggests intriguing therapeutic possibilities, but it is still incomplete.
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Figure Legends

Figure 1: Schematic illustration showing trimodal therapeutic strategies using growth factors,

cells, and nanocarriers to rescue the hind limb from the ischemic disorder.

Figure 2: A signaling cascade demonstrating the Thioredoxin-1 mediated effective rescue of

angiogenesis during pathological conditions.

Figure 3: Comparison of laser Doppler perfusion images (LDPIs) of wild type (WT), prolyl
hydroxylase domain (PHle/ ), and PHD3 " mice after right femoral artery ligation with
representative LDIs from different groups. Laser Doppler imaging was used to take baseline
preoperative and post-operative images on days 0, 3, 7, 14, 21 and 28. Red indicates maximum
perfusion, whereas black indicates minimum perfusion. PHD1~ and PHD3" mice showed
significantly increased perfusion ratios as compared with WT mice over the course of a 28-day

post-operative period. Figure and legend adapted from (Rishi et al. 2015).

Figure 4: Schematic representation of a list of growth factors, their corresponding receptors, and

redox active intracellular proteins involved in endothelial cell fate determination.
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