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Abstract: We describe progress and obstacles in the development of novel peptide-hydrogel
therapeutics for unmet medical needs in ischemia treatment, focusing on the development and
translation of therapies specifically in peripheral artery disease (PAD). Ischemia is a potentially
life-threatening complication in PAD, which affects a significant percentage of the elderly population.
While studies on inducing angiogenesis to treat PAD were started two decades ago, early results
from animal models as well as clinical trials have not yet been translated into clinical practice.
We examine some of the challenges encountered during such translation. We further note the need for
sustained angiogenic effect involving whole growth factor, gene therapy and synthetic growth factor
strategies. Finally, we discuss the need for tissue depots for de novo formation of microvasculature.
These scaffolds can act as templates for neovasculature development to improve circulation and
healing at the preferred anatomical location.
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1. Introduction

Ischemia is a serious complication of peripheral artery disease (PAD). This disease is caused
by atherosclerosis, which begins with endothelial injury leading to deposition of lipids and calcium,
and the consequent stenosis of the vessel lumen [1,2]. Atherosclerosis can occur in any blood vessel,
however, severe tissue damage from atherosclerosis is usually due to occlusion of vessels that have
few to no collaterals, or those that supply organs with high demand. For example, commonly in PAD,
stenosis of the femoral artery (or its branches) severely reduces flow to the lower limb, resulting in
symptoms ranging from mild claudication during exertion, to limb-threatening ischemia, even tissue
necrosis warranting consequent amputation [2]. Ischemia induces both local and systemic responses.
Understanding the theoretical principles governing the underlying mechanism and physiologic
self-repair has led the current and potential therapeutic applications.

The prevalence of PAD is between 3 and 10% in the general population, and up to 15-20% in
the elderly [2,3]. Pharmacologic treatments have had limited success when the disease has advanced
to critical limb ischemia (CLI). Currently, management of PAD is predominantly based on lifestyle
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modification, specifically exercise and smoking cessation [4,5]. This reduces the causative elements
that induce atherosclerosis. Pharmacologic options are limited and mainly relate to risk factor
reduction, such as lowering blood pressure and concentration of low-density lipoprotein cholesterol
(LDL-cholesterol) and glucose in blood. Anti-platelet therapy can offer some benefit reducing acute
occlusion of microvasculature [6]. Surgical approaches include endovascular angioplasty and stenting
or endarterectomy to reduce narrowing. Synthetic and vein graft procedures carry inherent risks,
especially synthetic grafts and below-knee implants [7]. Ultimately, life-saving limb amputation
may be the only option available in certain patients who do not qualify or are refractory to the
above interventions.

2. Strategies for Therapeutic Vascularization

2.1. Angiogenic Therapies

Claudication symptomatic to occlusive vessel disease can also potentially benefit from improved
microvascular perfusion. While certainly not addressing large vessel disease, microvascular disease
management can lead to improved outcome for patients with intermittent claudication, early stage limb
ischemia, and impaired wound healing. This provides a safe method of revascularization that ensures
stable, viable and durable vasculature to support limb microvasculature already damaged by PAD.
In regard to ischemia, many local and systemic responses have been studied (Table 1). Three main
angiogenic growth factors responsible for alleviating ischemia have been utilized in randomized
controlled trials, mostly compared to placebos or standard treatment: vascular endothelial growth
factors (VEGF), fibroblast growth factor (FGF) and hepatocyte growth factor (HGF). There are other
growth factors included in several trials, such as platelet-derived growth factor (PDGF) and placental
growth factor (PLGF). Our research focused primarily on VEGE, as it is one of the best-characterized
angiogenic growth factors [8-13]. Out of the various VEGF isoforms that differ by their amino acid
length, VEGF-A121 and VEGF-A165 are most widely studied in clinical trials [14].

The first case of therapeutic angiogenesis in a patient with PAD was reported in 1996 by
Isner et al. [8]. Several phase 1 studies reported promising results and enabled subsequent phase
2 studies. Mohler et al. developed CI-1023 (ADgy VEGF121.10), a recombinant adenovirus vector
belonging to the adenovirus 5 genome family [15]. They conducted a phase I trial to test the efficacy
of CI-1023 when injected intramuscularly, and study population were patients with PAD over the
age of 35 years. Patients were injected intramuscularly 20 times with 1 mL of CI-1023 to the area of
ischemia in the lower limb. At the conclusion of this study, they noted that the CI-1023 was safe to
use as an angiogenic therapy, however, due to patient drop-out and other complications, the efficacy
of their therapy could not be accessed and that larger randomized clinical trials were required to
gauge efficacy.

Other studies using FGF and HGF have shown significance such as Nikol et al.’s plasmid-based gene
delivery system, NV1FGF, based on fibroblast growth factor 1 (FGF-1) [16]. In a phase 2 trial, NV1FGF
was administered intramuscularly in a randomized, double-blind, and multinational study consisting
of 125 patients suffering from CLI. The patients involved in this study could not be considered for
revascularization as a viable option partly due to non-healing ulcers. The primary endpoint of this
study was the total healing of one ulcer by week 25 and the secondary end points included a lower
ankle-brachial index, amputation, and death. These patients were injected intramuscularly eight times
with either NV1FGF or a placebo at day 1, 15, 30, and 45. At the conclusion of this study, the ulcer
healing rates were similar for both NV1FGF (19.6%) and the placebo (14.3%). However, NV1FGF
reduced the risk of amputation two-fold compared to the placebo. Even though the primary endpoint
was not met, Nikol et al. [16] stated that they will continue to a phase 3 study with amputation as the
primary endpoint. A summary of VEGF and angiogenic peptide related studies has been presented in
Table 1. There have been approximately 20 trials with these factors. We have chosen to present the key
studies to highlight the differences.
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Table 1. Summary of recent vascular endothelial growth factors (VEGF) and angiogenic vector-
based strategies.

Author Year  Vector Treatment Route Dosing
Deev et al. [17,18] 2015 Plasmid VEGF165 ™M 4-5x Day 1 and 14
Rajagopalan et al. [19] 2003 Viral VEGF121-Ad M Low dose, high dose, single session
Mohler et al. [15] 2003 Viral VEGF121 M 20x
Makinen et al. [20] 2002 Both VEGEF-Ad, VEGF PL 1A 2x following PTA
Deev et al. [17,18] 2017  Plasmid VEGF165 M 4-5 injections
Kusumanto et al. [21] 2006 Plasmid VEGF M 4x Day 0, 28
Nikol et al. [16] 2008 Plasmid NV1FGF ™M 8x Day 1, 15, 30, 45
Belch et al. [22] 2011 Plasmid NV1FGF M 4x Day 1, 15,29, 43
Powell et al. [23,24] 2010 Plasmid HGF M 8x Day 0, 14, 28
Shigematsu et al. [3] 2010 Plasmid HGF 8x day 0,28
Kibbe et al. [25,26] 2016  Plasmid HGF M Day 0, 14, 28, 42
Rajagopalan etal. [19] 2007 Viral Ad2 HIF M -

VEGTF: Vascular Endothelial Growth Factor; IM: intramuscular; IA: intra-arterial.

2.2. Challenges and Limitations

Therapeutic angiogenesis has been recognized as a promising therapy for patients with PAD [27-29].
Understanding the past efforts and data with developing angiogenesis-active entities, their formulation
and delivery; is critical for the future success of angiogenesis-focused translational programs.

2.3. Design from a Pharmacokinetic Perspective

Pharmacokinetics, often times referred to as how the body reacts to a drug, plays a crucial role in
the overall effectiveness of any drug therapy [30]. Drugs administered orally or systemically reach the
disease target (limb microvasculature in this case) through biodistribution. Typically, only a fraction
of the dose reaches the disease target, and the drug is removed from the body according to its
pharmacokinetic half-time. Frequently, studies have elected to use intramuscular injections, specifically
at sites surrounding stenoses [28], in the hopes of using the lower interstitial flow in the muscle as
a drug reservoir (compared to subcutaneous injection). Injected drugs or biologic factors at the site of
pathology may disperse rapidly away from the site, reducing its concentrations soon after the drug is
administered. Even with optimal route and site of administration, various other factors could influence
the effectiveness of angiogenic compounds. The pharmacokinetics of the preparation is critical in
determining therapeutic activity of all drugs, and in the case of synthetic VEGF, its rapid biodistribution
and a relatively short half-life in circulation leads to a rapid escape of free VEGF away from its site of
administration, resulting in poor local efficacy and possibly systemic side effects [31]. This also applies
to generating VEGF by gene transfer which, in addition of being hindered by the pharmacokinetics of
free VEGE, is further limited by low levels of gene expression, induced inflammation responses to the
formulation/carrier, and a lack of adequate control over the level and duration of expression [31].

2.4. A Dearth of Translatable Animal Models

In developing angiogenic therapeutics, a major hindrance is the inadequacy of representative
in vivo models. While larger animal models do exist, none truly recapitulate lower-limb ischemia and
microvascular damage in humans. In addition, obliteration of large feeder vessels to induce a PAD
phenotype has generally been an ineffective model. Rabbit hind limb ischemia models have been
used with injections of previously mentioned angiogenic factors. Some studies have had success in
measured outcomes such as capillary density on immunohistochemistry, calf blood pressures, and laser
Doppler measurement of blood flow [32,33]. However, other studies have not reported such optimistic
results [34,35]. Consequently, investor tepidity in the PAD space (where devices are often tested in
higher porcine, ovine, or non-human primate) have also contributed to delayed preclinical investment
and development. Further, there is an obvious disparity between the biology of animal models and
that of patients selected for trials of therapeutic angiogenesis [4]. An assessment of the currently
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available pre-clinical animal models shows major limitations resulting from variability in the surgical
procedure used to induce limb ischemia, variability in the strains of rodents used, and the absence of
standardized functional outcomes. Most current pre-clinical models are designed to produce acute
ischemia, which leads to major muscle necrosis and acute inflammation. On the other hand, patients
typically present with chronic ischemia, which has entirely different pathophysiology and associated
compensatory local and systemic responses. The effects of comorbidities on these compensatory
mechanisms are also not recapitulated well in these models. Better representative models, albeit
challenging, may be necessary for translating potential therapeutic modalities into clinical practice.
Peripheral artery disease patients are often elderly patients who have exhausted standard therapeutic
options including revascularization surgeries. It is reasonable to surmise these patients differ in
producing natural angiogenic responses and are less likely to respond to angiogenesis-based therapy.
The selection of efficacy endpoints will certainly be very different when comparing animal experiments
with testing in humans. VEGF’s function in angiogenesis is not completely understood and may cause
complications. Ozawa et al. [29] found that varying the dosage of VEGF can induce either normal
angiogenesis or aberrant vessels/hemangiomas. Further, they found that the local level of VEGF in
the tissue microenvironment and not the overall delivered dose was critical to neovascularization;
the dosage of VEGF transferred to the diseased tissue must be carefully controlled to not only provide
therapeutic benefit but also avoid off-site complications.

2.5. RNA Based Techniques

Bonauer et al. utilized microRNAs (miR), which are a class of noncoding RNA that serve a key
function in the regulation of gene expression, to study their effects on enhancing blood vessel growth
in a murine ischemia model [36]. microRNAs bind to specific messenger RNA (mRNA) to induce
mRNA degradation, enabling researchers to adjust physiologic actions. Bonauer et al. [36] conducted
a miR profiling study and found that the miR-17~92 cluster is expressed in human endothelial cells.
Overexpression in one subset of this cluster, miR-92a, inhibited sprout formation in spheroids of
human endothelial cells and the hemoglobin count reduced considerably in an in vivo matrigel plug
study in mice. Their group then tested whether the inhibition of miR-92a could potentially promote
neovascularization. They designed antagomir-92a to prevent the binding of miR-92a. They first
determined whether the expression levels of miR-92a increased due to ischemic injury in a mouse hind
limb ischemia model; they found levels were considerably higher, especially within the first 3 days
post injury. Injection of antagomir-92a induced a significant reduction in toe necrosis compared to the
phosphate-buffered saline (PBS) and antagomir controls. In addition, blood flow recovery and the
amount of smooth muscle actin-positive arterioles and capillaries were enhanced in the antagomir-92a
treated mice. This experiment demonstrated that antagomir-92a facilitated perfusion to the ischemic
limbs in those mice. However, the inhibition of miR-92a in their mice ischemia model required five
injections over a 9-day period. A therapeutic option that offers a consistent long-term release may be
more convenient.

2.6. Mimicking Nature’s Angiogenic Scaffolds

A number of strategies have been investigated for the presentation of VEGF signaling in scaffolds;
self-assembling peptide hydrogels presenting high density of epitopes mimicking VEGF and other
growth factors have been developed [37-61]. Using mimics of VEGF, large macromolecules can be
functionalized. These mimics have been designed for inducing angiogenesis and treating poor blood
flow in ischemic muscles. The peptide backbone self-assembles and forms hydrogel in situ upon
injection of peptide solution into tissue. An example of a self-assembling peptide bearing VEGF
mimetic sequences that forms such a hydrogel is the drug SLanc. This material consists of a novel
multi-domain peptide sequence of 31 amino acids, with each of the domains serving a specific
purpose [62,63]. The peptide is easily produced by solid-phase peptide synthesis, and its shelf life
at room temperature is longer than a year in a standard laboratory environment. An important
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feature of the peptide design is that SLanc self-assembles into a nano-fibrous matrix that is compatible
with the natural extracellular matrix. This peptide matrix provides a durable and protective courier
for delivering peptides, which even when sheared can readily reform due to the nature of the
hydrophobic interactions and hydrogen bonds between individual peptide molecules. Domains of the
SLanc peptide have been designed to enable peptide-controlled degradation, cell adhesion, and local
stimulation of angiogenesis. Given these favorable material properties, SLanc and other synthetic
growth factors remain at the site of injection for three weeks and imparts a sustained therapeutic
effect. This stable hydrogel provides a scaffold for the VEGF receptors and resists rapid dispersion.
Enzymatic breakdown is also reduced with the help of the hydrogel extracellular matrix [40,45].
These matrices circumvent many of the challenges expressed earlier by maintaining and presenting
VEGEF at a fixed pre-determined anatomical location long enough to ensure development of new
functional microvasculature [37,62]. This attracts cells that are crucial for the de novo formation of
microvasculature to the treated anatomical location. These properties of such hydrogels address major
limitations with current plasmid and viral delivery mechanisms, which we believe are fundamental to
improving flow to ischemic areas [64].

2.7. Safety Prior to Clinical Evaluation

Safety considerations are of utmost importance especially when translating technologies towards
humans [65]. There are potential dangers of pathological angiogenesis in non-target tissues from
diffusion of non-depot confined angiogenic factors. This has led to resistance (and often exclusion
criteria in clinical trials) of the implications of VEGEF in the pathogenesis of ocular conditions such as
proliferative diabetic retinopathy, ischemic central retinal vein occlusion, retinopathy of prematurity,
and oxidative, age-related macular degeneration. Concerns about the possible harm of pro-angiogenic
factors on atherosclerosis and malignancies were not confirmed by human in vivo data. However, it is
relevant to note that patients with a history of cancer or active malignancy are uniquely excluded from
most PAD trials (www.clinicaltrials.gov).

2.8. Localizing a Signal

Conventional drug-delivery depots developed for local administration of small molecules may
release free VEGEF into the bloodstream and affect distant organs. Self-assembling peptide scaffolds
designed as drug-delivery systems can present a chemically immobilized functional mimic of a growth
factor on a hydrogel base, such as SLanc above, that can attract key cells responsible for angiogenesis.
This signaling is essential for cell survival and biological function [66]. This unique approach to treating
ischemia is based on molecular mimicry of the body’s natural mechanism for blood-vessel generation.
The process is mediated by the engagement of the VEGF to its cognate receptors. Self-assembling
peptides have shown efficacy in preclinical hind limb ischemia models [40], with improvement of
blood flow in limbs in 8-month and 13-month old mice seen in just seven days. In phase 2 clinical trials
for PAD, improvement in Doppler imaged perfusion and treadmill endurance is measured. [40].

2.9. Influence of Stakeholder Understanding on Drug Development

The process of translating research results into development of new therapeutic products is
fraught with many obstacles. Some stem from the fact that the process of discovery in academia is
focused on innovation and is not concerned with data validation and practicality of newly created
ideas. Another major hindrance is the difficulty of securing the necessary resources to embark on
a product development. It is of paramount importance for a research-based innovative start-ups to fully
understand what has been done in the selected indication to date, especially which failures occurred
and why, establish a clear case for how progress could be made in future, and find ways of explaining
this to the business community in terms it understands. A thorough consideration of scientific and
market risks involved and systematic step-wise removal of these risks during preclinical development
through generation, formulation, and testing of underlying hypotheses should be emphasized. With so
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much promise and therapeutic benefit at stake, it is crucial to bridge the gap between the scientific and
business community to translate academic research into bedside therapies.

3. Conclusions

Ischemia consequent to PAD or CLI is primarily caused by atherosclerotic plaques that cause
inflammation in the walls of blood vessels. Large vessel disease is managed well with angioplasty, stenting,
endarterectomy, or bypass grafting. Microvascular disease deep in tissue beds is only symptomatically
managed pharmacologically. Peripheral ischemic vasculopathy requires neovascularization strategies
to decrease ischemic burden. Although pharmaceutical and academic researchers have worked on
development of pro-angiogenic treatments, none have been brought successfully to the market. Growth
factors such as VEGF, FGF, and HGF are the most commonly utilized angiogenic growth factors in
angiogenic therapy trials. A number of gene therapy and RNA therapies have also been investigated.
Due to diffusion from the target site, only a small fraction of the therapeutic dose reaches the target site
if systemically administered, while drugs injected at the site may have adverse systemic side effects
due to rapid diffusion from tissue depots.

With respect to clinical translation of technologies, a lack of consistent results in vector-based
angiogenic treatments of large animal disease models that cannot accurately demonstrate clinical
manifestations of chronic ischemia (and co-related co-morbidities) has made it challenging to garner
resources. Self-assembling hydrogels present an injectable multi-functional platform consisting of
a self-assembling backbone and VEGF mimic domains. Localization of in situ boluses of activated
hydrogel therapies may reduce frequency of injections and prevent rapid dispersion from area of
treatment. On a final note, efforts at industry, private capital and research institutions must be
integrated for the success of angiogenic, and more generally, any biotherapeutic strategies.

Author Contributions: The conceptualization, methodology, and formal analysis, was performed by K.P., KK K.,
B.S., V.A K. Writing, review and editing the manuscript was performed by K.P,, R.V,,S.S,, Z.S., KK K., B.S. and
V.A K. Funding for this work was provided by NJIT start-up funds to V.A.K.

Funding: This research received no external funding.

Conflicts of Interest: The authors K.P. and V.A.K. have an equity interest in NangioTx, Inc., USA. A company
commercializing technologies described in this manuscript.

References

1.  Sigvant, B.; Wiberg-Hedman, K.; Bergqvist, D.; Rolandsson, O.; Andersson, B.; Persson, E.; Wahlberg, E.
A population-based study of peripheral arterial disease prevalence with special focus on critical limb
ischemia and sex differences. J. Vasc. Surg. 2007, 45, 1185-1191. [CrossRef]

2. Cooke, J.P,; Chen, Z. A compendium on peripheral arterial disease. Circ. Res. 2015, 116, 1505-1508. [CrossRef]

3.  Shigematsu, H.; Yasuda, K.; Iwai, T.; Sasajima, T.; Ishimaru, S.; Ohashi, Y.; Yamaguchi, T.; Ogihara, T.;
Morishita, R. Randomized, double-blind, placebo-controlled clinical trial of hepatocyte growth factor
plasmid for critical limb ischemia. Gene Ther. 2010, 17, 1152-1161. [CrossRef]

4. Lane, R; Ellis, B.; Watson, L.; Leng, G.C. Exercise for intermittent claudication. Cochrane Database Syst. Rev.
2014. [CrossRef]

5. Antithrombotic Trialists Collaboration. Collaborative meta-analysis of randomised trials of antiplatelet
therapy for prevention of death, myocardial infarction, and stroke in high risk patients. BM] 2002, 324, 71-86.

6. Fallah, A.; Sadeghinia, A.; Kahroba, H.; Samadi, A.; Heidari, H.R.; Bradaran, B.; Zeinali, S.;
Molavi, O. Therapeutic targeting of angiogenesis molecular pathways in angiogenesis-dependent diseases.
Biomed. Pharmacother. 2019, 110, 775-785. [CrossRef]

7.  Taimeh, Z.; Loughran, J.; Birks, E.J.; Bolli, R. Vascular endothelial growth factor in heart failure. Nat. Rev.
Cardiol. 2013, 10, 519-530. [CrossRef]

8.  Isner, ] M.; Walsh, K.; Symes, J.; Pieczek, A.; Takeshita, S.; Lowry, J.; Rosenfield, K.; Weir, L.; Brogi, E.;
Jurayj, D. Arterial gene transfer for therapeutic angiogenesis in patients with peripheral artery disease.
Hum. Gene Ther. 1996, 7, 959-988. [CrossRef]


http://dx.doi.org/10.1016/j.jvs.2007.02.004
http://dx.doi.org/10.1161/CIRCRESAHA.115.306403
http://dx.doi.org/10.1038/gt.2010.51
http://dx.doi.org/10.1002/14651858.CD000990.pub3
http://dx.doi.org/10.1016/j.biopha.2018.12.022
http://dx.doi.org/10.1038/nrcardio.2013.94
http://dx.doi.org/10.1089/hum.1996.7.8-959

Molecules 2019, 24, 1219 7 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Massena, S.; Christoffersson, G.; Vagesjo, E.; Seignez, C.; Gustafsson, K.; Binet, F.; Herrera Hidalgo, C.;
Giraud, A.; Lomei, J.; Westrom, S.; et al. Identification and characterization of VEGF-A-responsive
neutrophils expressing CD49d, VEGFR1, and CXCR4 in mice and humans. Blood 2015, 126, 2016-2026.
[CrossRef]

Finetti, F.; Basile, A.; Capasso, D.; Di Gaetano, S.; Di Stasi, R.; Pascale, M.; Turco, C.M.; Ziche, M.;
Morbidelli, L.; D’Andrea, L.D. Functional and pharmacological characterization of a VEGF mimetic peptide
on reparative angiogenesis. Biochem. Pharmacol. 2012, 84, 303-311. [CrossRef]

Ribatti, D. The crucial role of vascular permeability factor/vascular endothelial growth factor in angiogenesis:
A historical review. Br. . Haematol. 2005, 128, 303-309. [CrossRef]

Carmeliet, P. VEGF gene therapy: Stimulating angiogenesis or angioma-genesis? Nat. Med. 2000, 6, 1102-1103.
[CrossRef]

Krishna, S.M.; Omer, S.M.; Golledge, J. Evaluation of the clinical relevance and limitations of current
pre-clinical models of peripheral artery disease. Clin. Sci. 2016, 130, 127-150. [CrossRef]

Lederman, R.J.; Mendelsohn, FO.; Anderson, R.D.; Saucedo, J.F; Tenaglia, A.N.; Hermiller, ].B.;
Hillegass, W.B.; Rocha-Singh, K.; Moon, T.E.; Whitehouse, M.].; et al. Therapeutic angiogenesis with
recombinant fibroblast growth factor-2 for intermittent claudication (the TRAFFIC study): A randomised
trial. Lancet 2002, 359, 2053-2058. [CrossRef]

Mohler, E.R., 3rd; Rajagopalan, S.; Olin, J.W.; Trachtenberg, J.D.; Rasmussen, H.; Pak, R.; Crystal, R.G.
Adenoviral-mediated gene transfer of vascular endothelial growth factor in critical limb ischemia: Safety
results from a phase I trial. Vasc. Med. 2003, 8, 9-13. [CrossRef]

Nikol, S.; Baumgartner, I.; Van Belle, E.; Diehm, C.; Visona, A.; Capogrossi, M.C.; Ferreira-Maldent, N.;
Gallino, A.; Wyatt, M.G.; Wijesinghe, L.D.; et al. Therapeutic angiogenesis with intramuscular NV1FGF
improves amputation-free survival in patients with critical limb ischemia. Mol. Ther. 2008, 16, 972-978.
[CrossRef]

Deev, R.V.; Bozo, LY.; Mzhavanadze, N.D.; Voronov, D.A.; Gavrilenko, A.V.; Chervyakov, Y.V,; Staroverov, LN.;
Kalinin, R.E.; Shvalb, P.G.; Isaev, A.A. pCMV-VEGF165 Intramuscular Gene Transfer is an Effective Method
of Treatment for Patients With Chronic Lower Limb Ischemia. J. Cardiovasc. Pharmacol. Ther. 2015, 20, 473-482.
[CrossRef]

Deev, R.; Plaksa, I.; Bozo, I; Isaev, A. Results of an International Postmarketing Surveillance Study of
pl-VEGF165 Safety and Efficacy in 210 Patients with Peripheral Arterial Disease. Am. |. Cardiovasc. Drugs
2017, 17, 235-242. [CrossRef] [PubMed]

Rajagopalan, S.; Mohler, E.R., 3rd; Lederman, R.J.; Mendelsohn, F.O.; Saucedo, J.E; Goldman, C.K.; Blebea, J.;
Macko, J.; Kessler, P.D.; Rasmussen, H.S.; et al. Regional angiogenesis with vascular endothelial growth factor
in peripheral arterial disease: A phase II randomized, double-blind, controlled study of adenoviral delivery
of vascular endothelial growth factor 121 in patients with disabling intermittent claudication. Circulation
2003, 108, 1933-1938. [CrossRef] [PubMed]

Makinen, K.; Manninen, H.; Hedman, M.; Matsi, P.; Mussalo, H.; Alhava, E.; Yla-Herttuala, S. Increased
vascularity detected by digital subtraction angiography after VEGF gene transfer to human lower limb artery:
A randomized, placebo-controlled, double-blinded phase II study. Mol. Ther. 2002, 6, 127-133. [CrossRef]
[PubMed]

Kusumanto, Y.H.; van Weel, V.; Mulder, N.H.; Smit, A.J.; van den Dungen, J.J.; Hooymans, ].M.; Sluiter, W.J.;
Tio, R.A.; Quax, PH.; Gans, R.O; et al. Treatment with intramuscular vascular endothelial growth factor
gene compared with placebo for patients with diabetes mellitus and critical limb ischemia: A double-blind
randomized trial. Hum. Gene Ther. 2006, 17, 683—-691. [CrossRef] [PubMed]

Belch, J.; Hiatt, W.R.; Baumgartner, I.; Driver, I.V.; Nikol, S.; Norgren, L.; Van Belle, E.; TAMARIS Committees
and Investigators. Effect of fibroblast growth factor NVIFGF on amputation and death: A randomised
placebo-controlled trial of gene therapy in critical limb ischaemia. Lancet 2011, 377, 1929-1937. [CrossRef]
Powell, R.J.; Simons, M.; Mendelsohn, F.O.; Daniel, G.; Henry, T.D.; Koga, M.; Morishita, R.; Annex, B.H.
Results of a double-blind, placebo-controlled study to assess the safety of intramuscular injection of
hepatocyte growth factor plasmid to improve limb perfusion in patients with critical limb ischemia.
Circulation 2008, 118, 58-65. [CrossRef]


http://dx.doi.org/10.1182/blood-2015-03-631572
http://dx.doi.org/10.1016/j.bcp.2012.04.011
http://dx.doi.org/10.1111/j.1365-2141.2004.05291.x
http://dx.doi.org/10.1038/80430
http://dx.doi.org/10.1042/CS20150435
http://dx.doi.org/10.1016/S0140-6736(02)08937-7
http://dx.doi.org/10.1191/1358863x03vm460oa
http://dx.doi.org/10.1038/mt.2008.33
http://dx.doi.org/10.1177/1074248415574336
http://dx.doi.org/10.1007/s40256-016-0210-3
http://www.ncbi.nlm.nih.gov/pubmed/28050885
http://dx.doi.org/10.1161/01.CIR.0000093398.16124.29
http://www.ncbi.nlm.nih.gov/pubmed/14504183
http://dx.doi.org/10.1006/mthe.2002.0638
http://www.ncbi.nlm.nih.gov/pubmed/12095313
http://dx.doi.org/10.1089/hum.2006.17.683
http://www.ncbi.nlm.nih.gov/pubmed/16776576
http://dx.doi.org/10.1016/S0140-6736(11)60394-2
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.727347

Molecules 2019, 24, 1219 8 of 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Powell, R].; Goodney, P; Mendelsohn, FEO.; Moen, EK.; Annex, B.H.; Investigators, H.G.ET. Safety
and efficacy of patient specific intramuscular injection of HGF plasmid gene therapy on limb perfusion
and wound healing in patients with ischemic lower extremity ulceration: Results of the HGF-0205 trial.
J. Vasc. Surg. 2010, 52, 1525-1530. [CrossRef] [PubMed]

Kibbe, M.R.; Hirsch, A.T.; Mendelsohn, F.O.; Davies, M.G.; Pham, H.; Saucedo, ].; Marston, W.; Pyun, W.B.;
Min, S.K.; Peterson, B.G.; et al. Safety and efficacy of plasmid DNA expressing two isoforms of hepatocyte
growth factor in patients with critical limb ischemia. Gene Ther. 2016, 23, 306-312. [CrossRef]

Kibbe, M.R.; Yadav, A.; Parakh, R.; Mendelsohn, F.O.; Alexander, J.Q.; McShannic, J.R.; Pastore, ].M.;
Fitzgerald, M.L.; Aras, R.; Penn, M.S. A Phase Ila Randomized Double-Blind, Placebo Controlled Study to
Evaluate Plasmid Stromal Cell-Derived Factor-1 for Treatment of Critical Limb Ischemia—The STOP-CLI
Trial. Circulation 2014, 130.

Anghel, A ; Taranu, G.; Seclaman, E.; Rata, A.; Tamas, L.; Moldovan, H.; Ursoniu, S.; Samoila, C.; Ionac, M.;
Popa-Wagner, A. Safety of vascular endothelial and hepatocyte growth factor gene therapy in patients with
critical limb ischemia. Curr. Neurovasc. Res. 2011, 8, 183-189. [CrossRef] [PubMed]

Shanks, N.; Greek, R.; Greek, J. Are animal models predictive for humans? Philos. Ethics Humanit. Med. 2009,
4, 2. [CrossRef]

Ozawa, C.R.; Banfi, A.; Glazer, N.L.; Thurston, G.; Springer, M.L.; Kraft, P.E.; McDonald, D.M.; Blau, H-M.
Microenvironmental VEGF concentration, not total dose, determines a threshold between normal and
aberrant angiogenesis. J. Clin. Investig. 2004, 113, 516-527. [CrossRef] [PubMed]

Aimone, L.D.; de Lannoy, I.A. Overview of pharmacokinetics. Curr. Protoc. Pharmacol. 2014, 66, 1-31.
[CrossRef]

Finley, S.D.; Engel-Stefanini, M.O.; Imoukhuede, PI.; Popel, A.S. Pharmacokinetics and pharmacodynamics
of VEGF-neutralizing antibodies. BMIC Syst. Biol. 2011, 5, 193. [CrossRef]

Wafai, R.; Tudor, EM.; Angus, ]J.A.; Wright, C.E. Vascular effects of FGF-2 and VEGF-B in rabbits with
bilateral hind limb ischemia. J. Vasc. Res. 2009, 46, 45-54. [CrossRef]

Ferraro, B.; Cruz, Y.L.; Baldwin, M.; Coppola, D.; Heller, R. Increased perfusion and angiogenesis in
a hindlimb ischemia model with plasmid FGF-2 delivered by noninvasive electroporation. Gene Ther. 2010,
17,763-769. [CrossRef]

Wright, C.E. Effects of vascular endothelial growth factor (VEGF)A and VEGFB gene transfer on vascular
reserve in a conscious rabbit hindlimb ischaemia model. Clin. Exp. Pharmacol. Physiol. 2002, 29, 1035-1039.
[CrossRef]

Hershey, ].C.; Baskin, E.P,; Corcoran, H.A; Bett, A.; Dougherty, N.M.; Gilberto, D.B.; Mao, X.; Thomas, K.A;
Cook, J.J. Vascular endothelial growth factor stimulates angiogenesis without improving collateral blood
flow following hindlimb ischemia in rabbits. Heart Vessels 2003, 18, 142-149. [CrossRef]

Bonauer, A.; Carmona, G.; Iwasaki, M.; Mione, M.; Koyanagi, M.; Fischer, A.; Burchfield, J.; Fox, H.;
Doebele, C.; Ohtani, K.; et al. MicroRNA-92a controls angiogenesis and functional recovery of ischemic
tissues in mice. Science 2009, 324, 1710-1713. [CrossRef]

Sarkar, B.; Nguyen, PK.; Gao, W.; Dondapati, A.; Siddiqui, Z.; Kumar, V.A. Angiogenic Self-Assembling
Peptide Scaffolds for Functional Tissue Regeneration. Biomacromolecules 2018, 19, 3597-3611. [CrossRef]
Nguyen, PK; Gao, W,; Patel, S.D.; Siddiqui, Z.; Weiner, S.; Shimizu, E.; Sarkar, B.; Kumar, V.A. Self-Assembly
of a Dentinogenic Peptide Hydrogel. ACS Omega 2018, 3, 5980-5987. [CrossRef]

Shi, S.; Nguyen, PK.; Cabral, H.J.; Diez-Barroso, R.; Derry, PJ.; Kanahara, S.M.; Kumar, V.A. Development of
peptide inhibitors of HIV transmission. Bioact. Mater. 2016, 1, 109-121. [CrossRef]

Kumar, V.A; Liu, Q.; Wickremasinghe, N.C.; Shi, S.; Cornwright, T.T.; Deng, Y.; Azares, A.; Moore, A.N.;
Acevedo-Jake, AM.; Agudo, N.R,; et al. Treatment of hind limb ischemia using angiogenic peptide nanofibers.
Biomaterials 2016, 98, 113-119. [CrossRef]

Kumar, V.A.; Wang, B.K.; Kanahara, S.M. Rational design of fiber forming supramolecular structures.
Exp. Biol. Med. 2016, 241, 899-908. [CrossRef] [PubMed]

Kumar, V.A.; Wickremasinghe, N.C.; Shi, S.; Hartgerink, ].D. Nanofibrous Snake Venom Hemostat.
ACS Biomater. Sci. Eng. 2015, 1, 1300-1305. [CrossRef] [PubMed]

Kumar, V.A,; Shi, S.; Wang, B.K.; Li, L.C,; Jalan, A.A.; Sarkar, B.; Wickremasinghe, N.C.; Hartgerink, J.D.
Drug-triggered and cross-linked self-assembling nanofibrous hydrogels. . Am. Chem. Soc. 2015, 137, 4823-4830.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jvs.2010.07.044
http://www.ncbi.nlm.nih.gov/pubmed/21146749
http://dx.doi.org/10.1038/gt.2015.110
http://dx.doi.org/10.2174/156720211796558050
http://www.ncbi.nlm.nih.gov/pubmed/21675956
http://dx.doi.org/10.1186/1747-5341-4-2
http://dx.doi.org/10.1172/JCI18420
http://www.ncbi.nlm.nih.gov/pubmed/14966561
http://dx.doi.org/10.1002/0471141755.ph0701s66
http://dx.doi.org/10.1186/1752-0509-5-193
http://dx.doi.org/10.1159/000139132
http://dx.doi.org/10.1038/gt.2010.43
http://dx.doi.org/10.1046/j.1440-1681.2002.03773.x
http://dx.doi.org/10.1007/s00380-003-0694-z
http://dx.doi.org/10.1126/science.1174381
http://dx.doi.org/10.1021/acs.biomac.8b01137
http://dx.doi.org/10.1021/acsomega.8b00347
http://dx.doi.org/10.1016/j.bioactmat.2016.09.004
http://dx.doi.org/10.1016/j.biomaterials.2016.04.032
http://dx.doi.org/10.1177/1535370216640941
http://www.ncbi.nlm.nih.gov/pubmed/27022140
http://dx.doi.org/10.1021/acsbiomaterials.5b00356
http://www.ncbi.nlm.nih.gov/pubmed/26753175
http://dx.doi.org/10.1021/jacs.5b01549
http://www.ncbi.nlm.nih.gov/pubmed/25831137

Molecules 2019, 24, 1219 90f 10

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kumar, V.A ; Taylor, N.L.; Shi, S.; Wickremasinghe, N.C.; D’Souza, R.N.; Hartgerink, J.D. Self-assembling
multidomain peptides tailor biological responses through biphasic release. Biomaterials 2015, 52, 71-78.
[CrossRef] [PubMed]

Kumar, V.A,; Taylor, N.L.; Shi, S.; Wang, B.K,; Jalan, A.A.; Kang, M.K.; Wickremasinghe, N.C.; Hartgerink, ].D.
Highly angiogenic peptide nanofibers. ACS Nano 2015, 9, 860-868. [CrossRef] [PubMed]

Wickremasinghe, N.C.; Kumar, V.A,; Shi, S.; Hartgerink, ].D. Controlled Angiogenesis in Peptide Nanofiber
Composite Hydrogels. ACS Biomater. Sci. Eng. 2015, 1, 845-854. [CrossRef]

Kumar, V.A; Taylor, N.L.; Jalan, A.A.; Hwang, L.K.; Wang, B.K.; Hartgerink, ].D. A nanostructured synthetic
collagen mimic for hemostasis. Biomacromolecules 2014, 15, 1484-1490. [CrossRef] [PubMed]

Kumar, V.A.; Martinez, A.W.; Caves, ].M.; Naik, N.; Haller, C.A.; Chaikof, E.L. Microablation of
collagen-based substrates for soft tissue engineering. Biomed. Mater. 2014, 9, 011002. [CrossRef]
Wickremasinghe, N.C.; Kumar, V.A.; Hartgerink, J.D. Two-step self-assembly of liposome-multidomain
peptide nanofiber hydrogel for time-controlled release. Biomacromolecules 2014, 15, 3587-3595. [CrossRef]
[PubMed]

Kumar, V.A,; Caves, ].M.; Haller, C.A.; Dai, E.; Liu, L.; Grainger, S.; Chaikof, E.L. Acellular vascular grafts
generated from collagen and elastin analogs. Acta Biomater. 2013, 9, 8067-8074. [CrossRef]

Qu, Z.; Muthukrishnan, S.; Urlam, M.K.; Haller, C.A.; Jordan, S.W.; Kumar, V.A.; Marzec, U.M.; Elkasabi, Y.;
Lahann, J.; Hanson, S.R.; et al. A biologically active surface enzyme assembly that attenuates thrombus
formation. Adv. Funct. Mater. 2011, 21, 4736-4743. [CrossRef]

Naik, N.; Kumar, V.; Chaikof, E.L.; Allen, M.G. MEMS-assisted spatially homogeneous endothelialization
of a high length-to-depth aspect ratio microvascular network. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2011,
2011, 290-293. [CrossRef] [PubMed]

Kumar, V.A.; Brewster, L.P,; Caves, ].M.; Chaikof, E.L. Tissue Engineering of Blood Vessels: Functional
Requirements, Progress, and Future Challenges. Cardiovasc. Eng. Technol. 2011, 2, 137-148. [CrossRef]
[PubMed]

Caves, ].M,; Cui, W.; Wen, J.; Kumar, V.A.; Haller, C.A.; Chaikof, E.L. Elastin-like protein matrix reinforced
with collagen microfibers for soft tissue repair. Biomaterials 2011, 32, 5371-5379. [CrossRef]

Wilson, J.T.; Cui, W.; Kozlovskaya, V.; Kharlampieva, E.; Pan, D.; Qu, Z.; Krishnamurthy, V.R.; Mets, J.;
Kumar, V.; Wen, |.; et al. Cell surface engineering with polyelectrolyte multilayer thin films. J. Am. Chem. Soc.
2011, 133, 7054-7064. [CrossRef]

Caves, ].M.; Kumar, V.A.; Xu, W.; Naik, N.; Allen, M.G.; Chaikof, E.L. Microcrimped collagen fiber-elastin
composites. Adv. Mater. 2010, 22, 2041-2044. [CrossRef]

Caves, ].M.; Kumar, V.A.; Wen, J.; Cui, W.; Martinez, A.; Apkarian, R.; Coats, ].E.; Berland, K.; Chaikof, E.L.
Fibrillogenesis in continuously spun synthetic collagen fiber. J. Biomed. Mater. Res. B Appl. Biomater. 2010,
93, 24-38. [CrossRef]

Naik, N.; Caves, J.; Kumar, V,; Chaikof, E.; Allen, M.G. A Template-Based Fabrication Technique for
Spatially-Designed Polymer Micro/Nanofiber Composites. Dig. Tech. Pap. 2009, 2009, 1869-1872. [CrossRef]
Vissapragada, R.; Contreras, M.A.; da Silva, C.G.; Kumar, V.A.; Ochoa, A.; Vasudevan, A.; Selim, M.H.;
Ferran, C.; Thomas, A.]. Bidirectional crosstalk between periventricular endothelial cells and neural
progenitor cells promotes the formation of a neurovascular unit. Brain Res. 2014, 1565, 8-17. [CrossRef]
[PubMed]

Nguyen, PK.; Sarkar, B.; Siddiqui, Z.; McGowan, M.; Iglesias-Montoro, P.; Rachapudi, S.; Kim, S.; Gao, W.;
Lee, EJ.; Kumar, V.A. Self-Assembly of an Antiangiogenic Nanofibrous Peptide Hydrogel. ACS Appl.
Biol. Mater. 2018, 1, 865-870. [CrossRef]

Hitscherich, P; Nguyen, PK,; Kannan, A.; Chirayath, A.; Anur, S.; Sarkar, B.; Lee, E.J.; Kumar, V. Injectable
Self-Assembling Peptide Hydrogels for Tissue Writing and Embryonic Stem Cell Culture. J. Biomed. Nanotechnol.
2018, 14, 802-807. [CrossRef]

Hori, Y.; Ito, K.; Hamamichi, S.; Ozawa, Y.; Matsui, J.; Umeda, I.O.; Fujii, H. Functional Characterization of
VEGF- and FGF-induced Tumor Blood Vessel Models in Human Cancer Xenografts. Anticancer Res. 2017,
37, 6629-6638. [CrossRef] [PubMed]

El Alaoui-Lasmaili, K.; Djermoune, E.H.; Tylcz, ].B.; Meng, D.; Plenat, F.; Thomas, N.; Faivre, B. A new
algorithm for a better characterization and timing of the anti-VEGF vascular effect named “normalization”.
Angiogenesis 2017, 20, 149-162. [CrossRef]


http://dx.doi.org/10.1016/j.biomaterials.2015.01.079
http://www.ncbi.nlm.nih.gov/pubmed/25818414
http://dx.doi.org/10.1021/nn506544b
http://www.ncbi.nlm.nih.gov/pubmed/25584521
http://dx.doi.org/10.1021/acsbiomaterials.5b00210
http://dx.doi.org/10.1021/bm500091e
http://www.ncbi.nlm.nih.gov/pubmed/24694012
http://dx.doi.org/10.1088/1748-6041/9/1/011002
http://dx.doi.org/10.1021/bm500856c
http://www.ncbi.nlm.nih.gov/pubmed/25308335
http://dx.doi.org/10.1016/j.actbio.2013.05.024
http://dx.doi.org/10.1002/adfm.201101687
http://dx.doi.org/10.1109/IEMBS.2011.6090076
http://www.ncbi.nlm.nih.gov/pubmed/22254306
http://dx.doi.org/10.1007/s13239-011-0049-3
http://www.ncbi.nlm.nih.gov/pubmed/23181145
http://dx.doi.org/10.1016/j.biomaterials.2011.04.009
http://dx.doi.org/10.1021/ja110926s
http://dx.doi.org/10.1002/adma.200903612
http://dx.doi.org/10.1002/jbm.b.31555
http://dx.doi.org/10.1109/SENSOR.2009.5285711
http://dx.doi.org/10.1016/j.brainres.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24675025
http://dx.doi.org/10.1021/acsabm.8b00283
http://dx.doi.org/10.1166/jbn.2018.2583
http://dx.doi.org/10.21873/anticanres.12120
http://www.ncbi.nlm.nih.gov/pubmed/29187438
http://dx.doi.org/10.1007/s10456-016-9536-3

Molecules 2019, 24, 1219 10 of 10

64. Moore, A.N.; Hartgerink, J.D. Self-Assembling Multidomain Peptide Nanofibers for Delivery of Bioactive
Molecules and Tissue Regeneration. Acc. Chem. Res. 2017, 50, 714-722. [CrossRef]

65. Henry, T.D. Therapeutic angiogenesis. BM] 1999, 318, 1536-1539. [CrossRef]

66. Gille, H.; Hulsmeyer, M.; Trentmann, S.; Matschiner, G.; Christian, H.J.; Meyer, T.; Amirkhosravi, A.;
Audoly, L.P.;; Hohlbaum, A.M.; Skerra, A. Functional characterization of a VEGF-A-targeting Anticalin,
prototype of a novel therapeutic human protein class. Angiogenesis 2016, 19, 79-94. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1021/acs.accounts.6b00553
http://dx.doi.org/10.1136/bmj.318.7197.1536
http://dx.doi.org/10.1007/s10456-015-9490-5
http://www.ncbi.nlm.nih.gov/pubmed/26650228
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Strategies for Therapeutic Vascularization 
	Angiogenic Therapies 
	Challenges and Limitations 
	Design from a Pharmacokinetic Perspective 
	A Dearth of Translatable Animal Models 
	RNA Based Techniques 
	Mimicking Nature’s Angiogenic Scaffolds 
	Safety Prior to Clinical Evaluation 
	Localizing a Signal 
	Influence of Stakeholder Understanding on Drug Development 

	Conclusions 
	References

