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Abstract
Functional angiogenesis is a critical therapeutic goal in many pathological conditions. Logically, the use of pro-angiogenic
growth factors has been the mainstay approach despite obvious limitations and modest success. Recently, macrophages have
been identified as key regulators of the host response to implanted materials. Particularly, our understanding of dynamically
plastic macrophage phenotypes, their interactions with biomaterials, and varied roles in different stages of angiogenic processes is
evolving rapidly. In this review, we discuss changing perspectives on therapeutic angiogenesis, in relation to implantable
materials and macrophage-centric strategies therein. Harnessing the different mechanisms through which the macrophage-
driven host response is involved in angiogenesis has great potential for improving clinical outcome.
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Introduction

The field of tissue engineering and regenerative medicine has
long promised to provide transplantable materials, engineered
constructs, and other approaches to heal damaged or dysfunc-
tional tissues. Significant advancements have been made in the
areas of biomaterials, drug delivery, and cellular engineering,
enabling the development of advanced materials, cellular ther-
apies, and tissue-like constructs. However, the long-term inte-
gration of any such material or construct will logically depend
on its ability to interface with the existing vasculature, supply-
ing cells, oxygen, and nutrients to the site of implantation [1–4].

Such vascularization is of critical importance, regardless of the
strategy employed. Poor vascularization can lead to fibrotic
tissue encapsulation, cellular death, tissue necrosis, and failure
of the implant, among other complications [5–8]. Critically,
vascularization of implantable materials is thought to be limited
to several hundred micrometers [1, 9], significantly limiting the
size and shape of engineered constructs and their ability to
address significant tissue injury and disease.

Many approaches to inducing angiogenesis, the growth of
blood vessels from existing vasculature, have been proposed.
As angiogenesis is a key aspect of numerous biological pro-
cesses spanning developmental biology, wound healing,
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organ transplantation, tumorigenesis, and numerous others,
many have looked to the mechanistic studies of these pro-
cesses as a guide for the development of approaches to the
induction and maturation of blood vessels [2, 3]. Largely,
these efforts have focused upon the delivery of individual or
multiple growth factors to recruit endothelial cells or their
precursors and to direct their proliferation and differentia-
tion. Others have investigated pre-vascularization of
engineered constructs with endothelial cells to speed revas-
cularization. However, as angiogenesis is a highly regulated
process including temporal and spatial regulation of stimuli,
cellular crosstalk, and matrix remodeling—dysregulation of
which leads to abnormal or non-functional vascularization—
few current strategies can effectively control all aspects. For
this reason, while some degree of pre-clinical success has
been observed, few of these approaches have translated to
clinically effective treatments.

Further complicating the design of engineered thera-
pies, all materials and cellular constructs are subjected
to the host immune response following implantation
[10–15]. The nature of this response has been shown
to be a key determinant of long-term integration and
success [12, 13]. Recently, significant attention has been
paid to the phenotype of macrophages in the remodeling
process. Macrophages, depending upon their activating
stimuli, are now recognized to polarize into a spectrum
of phenotypes with pro-inflammatory (M1) or “alterna-
tive” (M2) functions [16–19]. The alternatively activated
M2 subset has generally been associated with improved
outcomes following the implantation of biomaterials or
engineered constructs [12, 13]. However, the segmenta-
tion of macrophages into M1 and M2 subtypes is an
oversimplification, and macrophages may express multi-
ple, highly complex phenotypes which change through-
out the response [20–22]. Thus, while the success of
tissue engineering and regenerative medicine strategies
depends critically upon the ability to orchestrate the
highly complex and temporal process of angiogenesis,
it also depends upon the ability to influence a similarly
complex host immune response. Macrophages of multi-
ple phenotypes have now been shown to be potent mod-
ulators of the angiogenic process [23–26], demonstrating
that the host response and angiogenic response are in-
extricable from one another and must be considered in
tandem to achieve improved outcomes.

The present review seeks to provide an overview of select
approaches which have been used to promote angiogenesis,
an overview of the role of macrophages in the vascularization
of implantable materials and engineered constructs, and a brief
review of clinical challenges in promoting angiogenesis. We
suggest that approaches which consider the host response as a
critical modulator of the angiogenic process have significant
potential to result in improved outcomes.

Changing Perspectives on Biomaterials
Development for Promoting Angiogenesis

Angiogenesis, or the formation of new blood vessels from pre-
existing vessels, is a tightly temporally and spatially regulated
event in vivo requiring the presence of numerous cell types
and biological signals and cues. A classical and simplistic
view of sprouting angiogenesis relies upon hypoxic environ-
ments causing oxygen-sensing mechanisms to increase pro-
duction of VEGF, leading to a chemical gradient, and induc-
ing endothelial tip cell formation and growth of the newly
sprouting vasculature towards the gradient. It follows, then,
logically, that early strategies for inducing vascularization and
promoting healing would make use of delivery of VEGF. In
the field of bone tissue engineering, for example, vasculariza-
tion is a critical component for successful regenerative out-
comes and incorporation of scaffolds and grafts. Studies in the
field have shown benefit from treatment with VEGF leading
to better vascularization [27, 28].

Over the years, however, perspectives have changed, and
we have come far in our understanding and the strategies that
are employed. While VEGF therapy may recruit endothelial
cells and drive early angiogenesis, vessel stabilization and
maturation often necessitate other factors if the end goal is a
well-vascularized scaffold. In addition, lack of control of
VEGF concentration in a therapy (i.e., too much in an area)
has been found to have detrimental effects on the well-
orchestrated tip vs stalk cell selection and subsequent prolif-
eration and movement necessary for sprouting angiogenesis
[29]. Other key players include PDGF and FGF-2, as well as
numerous other cytokines, chemokines, and ECM proteins
[30]; therefore, it is understandable that modern strategies
would attempt to incorporate or elicit other physiologically
relevant components in their vascularization strategies. In ad-
dition, the ways in which we design biomaterials to have an
angiogenic impact have changed. That is, previously
overlooked components such as surface topography and mod-
ifications, scaffold cellular pre-seeding, and materials proper-
ties, among others, have all now been shown to influence
vascularization potential.

One of these strategies, pre-vascularization of a scaffold,
can have a profound effect on downstream vascularization and
integration with existing vessels post-implantation. In general,
engineered tissue constructs exceeding a thickness past which
diffusion is not able to deliver nutrients and oxygen and re-
move wastes from all areas will benefit from a pre-
vascularization strategy before implantation. For example,
large bony defects are not always amenable to repair with an
autograft remedy, and the use of an engineered alternative
scaffold without pre-vascularization can result in issues with
graft integration and poorly functioning tissue [31, 32].
Applications such as these, among others, would certainly
benefit from a pre-vascularized scaffold.
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Unsurprisingly, pre-vascularized constructs have been
found to have a quicker time to whole construct perfusion
in vivo [33] when compared to growth factor delivery in the
absence of pre-vascularization strategies [34]. Scaffold pre-
vascularization can rely on a wide variety of biomaterials, cell
types, and seeding strategies. Commonly an endothelial cell
source is used with or without the presence of other cell types
(e.g., fibroblasts), depending on the application. Endothelial
cells are a critical component of new blood vessel formation
and have historically been a prominent target for pro-
angiogenic growth factor release strategies. Logically it would
follow that incorporating exogenous endothelial cells into a
strategy or scaffold could enhance angiogenesis, especially in
implants that are difficult to perfuse [35]. A common source
and type of endothelial cell are human umbilical vein endo-
thelial cells (HUVECs), which, as a primary cell source, have
less ethical considerations and are relatively easy to harvest
and employ [36], in addition to having standardized and well-
characterized assays and protocols for their use. However,
despite utility in pre-clinical studies involving addition of
HUVECs to scaffolds, their use may be limited by ability to
be translated to the clinic, especially with respect to “person-
alized medicine.”

Alternative sources of endothelial cells for scaffold seeding
have become available and include endothelial cells derived
from the dermal tissue [37, 38], endothelial colony forming
cells from the peripheral blood [39], and endothelial cells de-
rived from induced pluripotent stem cells (iPSCs) [40]. While
there are challenges associated with each type, endothelial
cells derived from iPSCs do have the obvious advantage of
being able to provide an autologous supply of cells [41].

Just as important as determination of cellular components
to include, biomaterial choice can influence the success of a
pre-vascularization strategy. Biomaterials that mimic the tis-
sues they will be implanted into or aim to replace (i.e., bioma-
terials that have appropriate mechanical, geometrical, and
functional properties) will have a more promising chance at
pre-vascularization and subsequent integration [42]. Natural
biomaterials such as collagen, fibrin, gelatin, and
decellularized extracellular matrix, among others, help to pro-
vide important biochemical and functional cues to cells during
cell seeding [43], and upon implantation; however, synthetic
materials, albeit oftentimes needing to be modified in order to
be capable of pre-vascularization [44], show utility in terms of
production consistency and lack of immunogenicity. For ex-
ample, the synthetic polyether polyethylene glycol (PEG) has
been successfully incorporated into numerous scaffold pre-
vascularization strategies [45], as well as the synthetic ester
biomaterials such as PLA, PGA, and PLGA.

In both the presence and absence of scaffold pre-
vascularization strategies, the physical architecture, including
topographical properties, of a biomaterial can influence and
induce vascularization after implantation. Porosity is

sometimes a tunable feature of a biomaterial that can be de-
signed in a way to allow the nutrient transport and penetration
of host cells necessary for a well-vascularized scaffold [46].
For example, in a study by Chiu et al., PEG hydrogel scaffolds
became more quickly vascularized in culture when hydrogel
pore sizes were increased, and gels with larger pore sizes had
deeper vascularization in vivo [47]. Similarly, Bai et al. also
showed that pores of a sufficient size were necessary for vas-
cular penetration; however, pore interconnections within the
scaffold were just as important [48].

Though delivery of a single pro-angiogenic molecule from
a scaffold may not produce the most physiologically relevant
vasculature network, there are still numerous applications and
opportunities for strategies that employ such techniques with
promising results [49, 50]. However, a new understanding,
coupled with enhanced delivery techniques (e.g., layer by lay-
er deposition for drug delivery), has paved the way for strat-
egies that aim to more closely mimic the temporal delivery of
more than one angiogenic factor. In a recent study, Bai et al.
showed an improved angiogenic response and vessel matura-
tion in vitro using human umbilical vein endothelial cells
when cells were incubated with a scaffold that quickly re-
leased VEGF and FGF-2 earlier on, followed by a slower
delayed release of PDGF vs cells that were incubated with
growth factors void of temporally specified release [51•].
Similarly, Tengood et al. showed that sequential delivery of
bFGF followed by PDGF in a modified in vivo murine
Matrigel plug assay with a hollow fiber delivery system pro-
duced better vascular integration versus non-sequential deliv-
ery of factors [52], the proposed mechanism of both being the
initiation of endothelial sprouting with bFGF followed by
vessel stabilization with PDGF at later time points.
Interestingly, it is not just one specific sequence of factors,
but many different combinations that have been tried that have
shown promise with respect to enhanced vascularization
[53–55].

As an extension to sequential delivery of pure factors
known to have angiogenic effects, recent research has also
focused on sequential delivery of cell-specific mixtures of
factors. That is, by eliciting production of desired mixtures
of angiogenic factors from appropriate cells in vivo, an on-
demand and temporally relevant supply of factors is made
possible, as opposed to delivering exogenous angiogenic fac-
tors, some possible risks of which include short half-life of
delivered agent and/or inappropriate concentration or location
of delivery [56, 57].

Macrophages in Angiogenesis: Indirect
Contributors or Key Determinants?

Along with the obvious contribution of endothelial cells and
smooth muscle cells, it is now evident that macrophages,
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fibroblasts, and pericytes play important roles in angiogenesis.
Though fibroblasts have been associated with ECM produc-
tion and scar formation, they also play an equally important
role in angiogenesis [58]. Secretion of PDGF and TGF-β by
macrophages is responsible for influx of fibroblasts to the site,
and then both macrophages and fibroblasts secrete pro-
angiogenic factors such as VEGF and bFGF leading to forma-
tion of new blood vessels [59]. Pericytes, on the other hand,
provide mechanical support for endothelial cells and play es-
sential metabolic and signaling roles in angiogenesis in a
tissue- and angiogenic-stage specific way [60]. The interac-
tion of macrophages with endothelial cells is critical during
sprouting angiogenesis [61]. Macrophages interact with endo-
thelial cells through ICAM-1 and VCAM-1 and eventually
lead to angiogenesis [62].

Macrophage Activation State and Angiogenesis

It is not unreasonable to draw an association between macro-
phages and biomaterials-induced angiogenesis, given their crit-
ical role in developmental angiogenesis [63]. In fact, it is in-
creasingly evident that macrophages are not simply host im-
mune responders to foreign biomaterials; rather macrophages
adopt a range of responses leading to healing and regeneration
by enhancing angiogenesis. The pro-angiogenic potential of
macrophages blurs the boundaries of their traditionally defined
M1 pro-inflammatory and M2 anti-inflammatory activation
phenotypes. Since M2 macrophages are pro-regenerative and
sharemany characteristics with tumor-associatedmacrophages,
they have been traditionally associated with enhanced vascu-
larization. A comparative study showed that M2, but not M1,
macrophages promoted angiogenesis when transplanted into a
subcutaneous pocket in vivo [64]. Moreover, studies using bio-
materials loaded with macrophages polarized to the M2 phe-
notype showed increased angiogenesis over those with M1
macrophages [65]. On the contrary, M1 macrophages are
known to secrete pro-angiogenic factors such as VEGF,
bFGF, and IL-8, and some studies have attributed higher an-
giogenesis toM1macrophages. These contrasting results speak
to the overlapping and multiphasic nature of macrophage po-
larization in wound healing. The distinct aspects of angiogen-
esis affected by M1 or M2 macrophages have yet to be fully
understood, and the results depend largely on the temporal
timing of macrophage polarization. In fact, a study has shown
that coordinated contributions from both M1 and M2 macro-
phages are required for angiogenesis and scaffold vasculariza-
tion [25]. The authors showed distinct secretory profiles, espe-
cially pro- and anti-angiogenic factors based on the macro-
phage phenotype and complementary roles of different macro-
phage subsets, particularly in relation to implant angiogenesis
[25]. Another study demonstrated, through extensive in vitro
characterization of macrophage secretome and the use of an
endothelial cell sprouting assay, that the presence of M1

macrophages induced cell migration, while the presence of
M2 macrophages enhanced endothelial cell sprouting and in-
duced endothelial network formation [66]. The relative impor-
tance of each macrophage phenotype may also depend on the
type of wound and/or underlying disease. For example, chron-
ic, particularly diabetic, wounds are characterized by chronic
inflammation with overproduction of nitric oxide by macro-
phages and insufficient or non-functional angiogenesis.
Therefore, a number of promising strategies have sought to
elicit a tunable balance of arginine metabolism via nitric oxide
synthase and its competitive pathway arginase by M1 and M2
macrophages, respectively.

Mechanisms of Macrophage-Induced Vascularization
of Biomaterials

The pro-angiogenic and vascularization function ofmacrophages
is executed through several mechanisms, summarized in Fig. 1.
The main mechanism is thought to be via secretion of growth
factors [67] and has been shown to be particularly relevant to
macrophages associated with biomaterial implants [68].
However, other potential mechanisms such as their role as endo-
thelial cell chaperones and/or transdifferentiation into support
cells, as well as acting as key regulators of vessel sprouting, are
equally important [69–71]. Direct or indirect facilitation of vessel
anastomosis is another mechanism by which M2 macrophages
have been suggested to enhance angiogenesis [69].

Another important mechanism by which macrophages may
influence angiogenesis is via ECM remodeling. For example,
macrophages not only secrete MMPs but also inhibitors of pro-
teases and thus help to dictate controlled ECM degradation,
paving the way for migrating cells [72]. Moreover, degradation
of some ECM molecules such as hyaluronic acid or fibrin ren-
ders the molecules pro-angiogenic. In addition, enzymatic deg-
radation of ECM components by macrophages leads to the
release of several growth factors like bFGF, TGF-b, and GM-
CSF, which can then act on endothelial cells. ECM remodeling
by macrophages alters the physical forces acting on ECs and
thus influences their responsiveness to pro-angiogenic growth
factors. Thus, ECM-based biomaterials can be tuned to take
advantage of these mechanisms and enhance to the angiogenic
response of these biomaterials. Another potential way macro-
phages influence angiogenesis is through transdifferentiation
and vascular mimicry. It has been suggested that macrophages
can start to express markers such as PECAM-1 and VE-
Cadherin which are endothelial cell markers [73].

Biomaterials That Harness Macrophages to Drive
Angiogenesis

Early biomaterials research focused on shielding or “hiding”
the material from the body and immune system, but our un-
derstanding has changed. Recent efforts to engage the
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immune system have shown promise, especially with respect
to a greater understanding of the diversity and plasticity of
macrophages. It is clear that macrophages play a critical role
in implant integration, in part, by driving various aspects of
angiogenesis. Therefore, the choice of biomaterial implants,
surface modifications, and inclusion of biomolecules to attract
macrophages to the site of implantation are among the strate-
gies being used in the field to effectively harness the angio-
genic potential of macrophages. A recent study demonstrated
that simply altering the choice of synthetic biomaterial had a
significant effect upon secretion of angiogenic molecules and
macrophage phenotypes [74]. Another tissue engineering and
regenerative medicine strategy in harnessing macrophages for
angiogenesis is cell retention. Biomaterial encapsulation has
been used as a strategy to effectively retain the cells at the site
and has been shown to positively affect the angiogenic poten-
tial of macrophages in critical limb ischemia [75]. In bone
regeneration, it has been demonstrated that macrophages pos-
itively influence the co-culture of endothelial cells and osteo-
blasts to form new microvessel-like structures [76].

Various aspects of biomaterial design such as chemical
composition, size, shape, and mechanical properties can be
tailored to modulate host immune response, and thereby, an-
giogenesis and downstream remodeling. Recent studies with
peptide biomaterials demonstrated that the early immune re-
sponse is determined by biomaterial design which can, in turn,

determine the downstream processes which elicit an angio-
genic response [77•, 78]. Keeping the chemical composition
but modifying the micro-architecture can also impart the bio-
material with certain properties conducive to a pro-angiogenic
macrophage response. In fact, a recent study has shown that
by engineering micro-channeled scaffolds, the macrophage
response can be altered towards a more M2-like phenotype
which drives an angiogenic response [79]. Another example
of a biomaterial utilizing M2 macrophage polarization to en-
hance angiogenesis and tissue repair is the use of chitosan
hydrogels for prolonged release of prostaglandin E2 [80].

Macrophage M2 phenotypic transformation is particularly
desirable in diabetic wounds. One such approach utilized L-
nitroarginine-based polyester amide co-polymers to skew the
balance towardsM2macrophages, leading to enhanced angio-
genesis and healing [81]. In recent years, biomaterials in the
form of nanoparticles are being used to induce healing. One
report has shown promise by triggering the nanoclustering of
mannose receptors on macrophages by modified nanoparti-
cles, thereby inducing an anti-inflammatory response [82].
The same group further studied this mechanism with difficult
to heal diabetic wounds and demonstrated that the differenti-
ation of macrophages to the M2-like phenotype was associat-
ed with angiogenesis and eventually improved healing [83].

However, as discussed earlier, both M1 and M2 macro-
phages are essential for angiogenesis to progress properly

Fig. 1 Mechanisms through which macrophages are involved in
promoting angiogenesis. A number of pro-angiogenic markers have
been associated macrophages. In addition to production of pro-
angiogenic growth factors, ECM remodeling enzymes, and chemokine
signaling, macrophages are known to drive angiogenesis through many
other mechanisms. Transdifferentiation to endothelial cells or vascular

mimicry has been reported through expression of endothelial markers.
Phagocytosis and regulation of vessel sprouting have also been
reported. Vessel anastomosis is an important aspect of functional
angiogenic response, and macrophages have been shown to act as cell
chaperones to facilitate the process. The schematic depicts macrophages
in green, wrapping around the vessel during anastomosis
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for successful biomaterial integration. In this light, the bioma-
terial systems capable of modulating macrophage phenotype
sequentially are deemed particularly rewarding for implant
integration. The strategies and examples of sequential delivery
systems for macrophage modulation have been reviewed re-
cently [24]. This clearly demonstrates that materials which
seek to avoid the host immune response may elicit poorer than
desired remodeling outcomes due to poor vascularization.

Clinical Strategies and Applications

While there are many advanced cellular, growth factor, and
biomaterials-based approaches to promoting angiogenesis and
improved wound healing, few have yet to translate into clin-
ical benefit. This is due to the often complex and/or expensive
strategies employed in many of the above described pre-clin-
ical approaches. It is also important to note that, while the
present review has focused primarily upon pro-angiogenic
strategies, primarily for wound healing, there are also a num-
ber of clinical conditions in which angiogenesis is pathogenic
and undesirable. Currently, there are both pro- and anti-
angiogenic trials occurring in both pre-clinical and clinical
settings. Some of the clinical trials focus on manipulating
VEGF or its delivery to improve angiogenesis, while others
use other resources such as hyperbaric oxygen treatments to
stimulate angiogenesis. There are also anti-angiogenic clinical
trials which focus on inhibiting ocular neovascularization.

Peripheral Vascular Diseases

The large majority of the angiogenic clinical trials being done
currently are focused on finding a way to revascularize a dis-
eased, ischemic heart. The FDA has recently approved two
new laser treatments that are believed to help promote angio-
genesis in this model. These lasers are being used as either a
direct myocardial revascularization (DMR) or as a trans-
myocardial revascularization (TMR), with the overarching goal
to promote new blood vessel formation in the heart [84, 85].

While laser treatments have been shown to provide an im-
portant angiogenic improvement, traditional treatments of di-
rect administration of VEGF and FGF-2 have not shown the
same improvements in patients. The VIVA clinical trial re-
cently completed a phase I clinical trial where its goal was to
deliver VEGF directly to the diseased heart tissue and to look
for improved cardiac function [84, 86]. This clinical trial fo-
cused on looking at a low and high dose of recombinant–VEGF
(rhVEGF) administered in an intracoronary and intravenous
way. Pre-clinical studies showed that the low dose of rhVEGF
showed no statistical difference between the treatment and the
placebo groups by day sixty. The higher dose groups were able
to show an improvement in angina by the 120-day mark [86].
While these results were promising, they were shown to be only

effective in the pre-clinical animal models and were not translat-
able to patients with progressive ischemia [84, 86]. While the
VIVA trials did not have a significant clinical impact, they did
draw attention to the issues with delivering the VEGF-A protein.
Direct delivery of VEGF-A intravenously was found to fail due
to its short half-life. The protein degraded well before it was able
to integrate into the ischemic tissue [86]. As most patients with
ischemic heart conditions are not candidates for
revascularization/CABG treatments, finding a way to deliver
VEGF is important.

In the early 2000s, a new clinical trial, the GENESIS I trial,
attempted to deliver naked plasmid DNA of VEGF directly
into the myocardium using a NOGA catheter [87]. The results
of this study were, however, not conclusive due to a signifi-
cant observed placebo effect. A similar study was completed
in Denmark that used proper blinded controls, but there were
no significant differences between the treatment groups and
the placebo groups [87].

A promising pre-clinical trial used an acellular tissue graft
coated with small intestine submucosa, heparin, and VEGF
that was able to capture blood monocytes, which ultimately
resulted in recruitment of both endothelial cells and macro-
phages [88]. This study provides a hopeful new look at how,
with the right coating, an acellular graft implanted in the artery
of an ischemic animal model can engage circulating blood
monocytes to vascularize the graft. If this model continues
to show promise, it can be applied to various peripheral vas-
cular diseases that currently use an allogenic or xenogeneic
donor.

Another approach to further the utilization of macrophages
in a pre-clinical angiogenic approach examined a Tie2-
expressing macrophage that could promote an angiogenic
phenotype in endothelial cells [75]. The Tie-2 receptor is an
angiopoietin receptor that, when activated by angiopoietins,
can stimulate the formation of blood vessels. A recent study
published by Ludwinski showed that by encapsulating murine
bone marrow-derived macrophages expressing the Tie-2 re-
ceptor and then seeding the cells with an alginate solution, an
angiogenic profile was elicited in the cell population. By
harnessing the angiogenic capabilities of the macrophages,
angiogenesis was induced. As these pre-clinical trials move
into the clinical phases, a more macrophage-focused approach
may help to improve the clinical outcomes in peripheral vas-
cular diseases.

Similar to the studies being done for ischemic heart, a
phase I clinical trial is attempting to deliver naked plasmid
DNA in a thromboangiitis obliterans (TAO) or Buerger’s dis-
ease model. Plasmid DNA that encodes for VEGF
(phVEGF165) was injected into the ischemic limbs of patients
with Buerger’s disease, with results consisting of both gene
expression in blood samples and observations of unhealed
ulcers before and after injection [89]. The outcomes of the
study showed that patients who are treated with the plasmid
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before the onset of forefoot gangrene can have pain reduction,
ulcer reduction, and increased distal blood flow. However,
this study was not effective for any patient who had already
developed forefoot gangrene [89, 90].

Another important clinical application of angiogenesis oc-
curs in wound healing. Unlike the clinical trials for ischemic
vascular disorders and Buerger’s disease, most diabetic foot
wound clinical trials are focused on utilizing hyperbaric oxy-
gen treatments. Hyperbaric oxygen treatments (HBOTs) have
been shown to promote angiogenic responses during wound
healing [91, 92]. A systematic review released by Cochrane
Database Systems showed that HBOT was able to significant-
ly improve the healing of a diabetic foot after a year of treat-
ment while also decreasing the need for amputation [92].
HBOTs have been shown to not only improve wound healing
but have also shown an increase in function of key immune
cells such as leukocytes and macrophages [91, 92], further
suggesting that improvements in leukocyte and macrophage
function may be beneficial in regard to a regenerative medi-
cine approach for an affected limb.

Ocular Diseases

As a contrast to ischemic disease, angiogenesis in the eye can
be detrimental, potentially leading to a disease state that could
ultimately leave the patient blind. Such disease states include
age-related macular degeneration, proliferative diabetic reti-
nopathy, diabetic macular edema, and corneal neovasculariza-
tion [93]. Anti-angiogenic trials have an important role in
ocular therapies and treatments. The latest clinical application
to combat ocular neovascularization uses a Fab fragment
targeted against VEGF to help decrease neovascularization
[84, 93]. Additionally, treatments such as photodynamic ther-
apies, ocular surface restoration, steroids, and VEGF inhibi-
tors have been shown to successfully restore vascularity to
normal levels. However, anti-angiogenic treatments are not
just used for ocular applications but are also used widely in
the treatment of cancer, theoretically depriving tumors of their
ability to recruit blood vessels to supply nutrients, though to
varying levels of success and generally in combination with
chemotherapy or other treatments.

Angiogenesis as a Diagnostic Tool

Since abnormal angiogenesis can promote tumorigenesis and
other abnormalities, there has been a shift in focus to use
angiogenesis as a diagnostic tool. By understanding angiogen-
esis and measuring the microvessel density within a tissue
biopsy, it is possible to determine if a patient has a predispo-
sition for a specific cancer [94]. Additionally, urine tests eval-
uating the levels of bFGF in patient samples can be used as a
biomarker for cancer predispositions. Understanding the

mechanisms of angiogenesis has provided an important path-
way for clinical testing to help prevent disease states [84, 85].

Conclusion

Angiogenesis is a critical factor in the host response to im-
plantable materials, engineered constructs, and key to the
treatment of many diseases and injuries. Current strategies
for enhancing angiogenesis have been limited by challenges
in translating approaches including growth factor delivery,
advanced biomaterial design, and pre-vascularization. While
increasing understanding of the angiogenic process and devel-
opments in materials science and cellular engineering contin-
ue to advance the ability to deliver successful angiogenic out-
comes, any implantable material will be subject to a host in-
flammatory response. As macrophages are now recognized as
key mediators of the angiogenic response, it is logical that
tissue engineering and regenerative medicine approaches
which consider angiogenesis and the host response in tandem
may have improved outcomes in areas of significant clinical
need.
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