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Angiogenesis, or the growth of new blood vessels from the preexisting vasculature, is a visible
and important component of wound repair. When tissue damage occurs, disruption of the
vasculature structure leads to hypoxia. The restoration of normoxia is essential for appropriate
and durable tissue repair. Angiogenesis inwounds is regulated byendogenous proangiogenic
mediators, which cause rapid growth of a new vascular bed that is much denser than that of
normal tissue. Such rapid growth of the capillary bed results in capillaries that are abnormal,
and the newly formed vessels are tortuous, dilated, and immature. During wound resolution,
this substantial neocapillary bed is pruned back to normal density with attendant maturation.
Many poorly healing wounds, including nonhealing ulcers and scars, exhibit an aberrant
angiogenic response. The fine-tuning of capillary regrowth in wounds is an area of significant
therapeutic potential.

Angiogenesis, defined as the growth of new
capillaries and blood vessels from preexist-

ing vasculature, occurs during development, as
well as in pathologic situations (Eelen et al.
2020). The angiogenic response was one of the
first processes to be identified as essential to
wound repair. The concept that revasculariza-
tion of wounds is an active process, and that
the vasculature responds to the metabolic re-
quirements of injured tissue, was originally sug-
gested by John Hunter, a Scottish anatomist and
surgeon. In 1794, Hunter suggested that when
“considerable operations” occur in tissue, the
vascular system becomes enlarged (Hunter
1794). Studies of wound angiogenesis began in
earnest in the 1970s and 1980s, when Dr. Tho-
masK.Hunt began to examine the role of oxygen
in wound healing. Dr. Hunt’s studies demon-

strated that wounds are hypoxic and that
oxygen gradients regulate wound angiogenesis
(Knighton et al. 1981). These studies set the stage
for the observation that wound fluid contains
soluble proangiogenic factors (Banda et al.
1982), and that hypoxia induces the expression
of proangiogenic activity by macrophages
(Knighton et al. 1983). This latter finding helped
to explain the prior work of Leibovich and Ross
(1975), who had shown that macrophages were
essential for appropriate wound healing. Since
these early studies, the field of wound angiogen-
esis has exploded with information about the
pattern, regulation, and significance of the an-
giogenic process in healing outcomes. The com-
posite research now shows that an adequate but
not overabundant ingrowth of capillaries is re-
quired for tissue repairand that imperfect and/or
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inadequate angiogenesis is a common feature of
poorly healing wounds (Galiano et al. 2004;
DiPietro 2016; Okonkwo and DiPietro 2017).

THE PATTERN OF ANGIOGENESIS IN
HEALING WOUNDS

Angiogenesis is commonly definedas the growth
ofbloodvessels fromthe existingvasculature and
can be distinguished fromvasculogenesis, which
is the growth of nascent vasculature from angio-
blasts during development (Iruela-Arispe and
Dvorak 1997; Eming et al. 2007). Most of the
newblood vessels that are formed during normal
wound healing arise through the process of an-
giogenesis. Wound angiogenesis has been best
studied in the context of skin wounds and fol-
lows a highly regular and reproducible pattern of
growth and decline (Fig. 1; Nissen et al. 1998).
The timing and pattern of wound angiogenesis
has been best studied in mouse skin wounds,
where it has beenwidely examined histologically
(Nissen et al. 1998). More recently, angiogenesis
has been examined in mouse wounds using mi-
croCT and in live animals using optoacoustic
microscopy or two-photon imaging (Urao et al.
2016; Gurevich et al. 2018; Rebling et al. 2021).

These newer techniques provide significant ad-
vantages in terms of quantification and the abil-
ity to image in live animals.

The precise timing of the angiogenic re-
sponse depends upon the size of the wound; in
general, capillary growth begins 3–4 d after in-
jury (Hunt et al. 2000). Capillary density contin-
ues tomarkedly increase in wounds, reaching up
to 10 times the level of normal tissue arounddays
7–10 postinjury. The process is driven by solu-
ble proangiogenic factors, which are discussed
further below. The time of maximum capillary
density depends upon wound size and generally
occurswithin a fewdays after complete epithelial
closure. Then, as wound healing resolves, capil-
lary density decreases, eventually returning to
normal levels.

Whencompared tonormal capillarybeds, the
newly generated capillaries in wounds are poorly
formed. As opposed to normal tissue, these new
capillaries inwounds exhibit increased tortuosity,
increased permeability, decreased pericyte cover-
age, and altered flow dynamics (Nagy et al. 2008;
Erba et al. 2011; Urao et al. 2016; Chong et al.
2017). This abnormal architecture is similar to
that found in solid tumors, supporting the idea
that tumors are wounds that do not heal (Dvorak
1986, 2015). In wounds, an important study by
Bluff et al. demonstrated that onlya fraction of the
newly formed capillaries are perfused (Bluff et al.
2006).Thepercentperfusionwas found tovaryby
wound location and was as low as 30%–50% in
much of the early wound healing response. Over
time, perfusion rates returned to normal, nearly
90%, as healing resolved. Therefore, although the
healingwound isfilledwith anenormousnumber
of vessels, these new vessels provide relatively
poor perfusion and oxygenation compared to
the fewer butmore physiologically normal vessels
in healed or normal tissue.

THE REGULATION OF WOUND
ANGIOGENESIS

The Proangiogenic Phase of Wound Healing

In adult wounds, the process of angiogenesis is
initiated when cellular oxygen sensing mecha-
nisms detect hypoxia, activating a pathway that
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Figure 1. Time course and pattern of wound angio-
genesis. Over time, capillaries grow in the wound bed,
reaching a density that is 3–10 times that of normal
tissue. During the resolution phase, most of these
vessels are removed. Studies in multiple systems, in-
cluding mouse, human, and pig, have identified the
major proangiogenic factors (green) and regression/
maturation signals (red) in excisional wounds.
Dashed line (blue) represents vascular density in nor-
mal unwounded tissue (Nissen et al. 1996, 1998; Ar-
tuc et al. 1999; Swift et al. 1999; Wietecha et al. 2011,
2015).
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results in the production of proangiogenic mol-
ecules. The most prominent proangiogenic me-
diator in wounds is vascular endothelial growth
factor A (VEGF-A), which accounts for∼50%of
the proangiogenic stimulus in healing skin. The
synthesis of VEGF-A lies downstreamof thewell
described HIF-1α (hypoxia-inducible factor 1α)
oxygen-sensing pathway (Hong et al. 2014).
HIF-1 is a dimer that includes one α (HIF-1α)
and one β ([HIF-1β] also known as the aryl
hydrocarbon receptor nuclear translocator
[ARNT]) subunit. With both subunits bound,
HIF-1 can regulate many genes that control the
response to hypoxia. In normoxic conditions,
the HIF-1β subunit is constitutively expressed,
whileHIF-1α is rapidly degraded. Under hypox-
ic conditions, however, HIF-1α is stabilized,
binds to HIF-1β, and the resulting HIF-1 mole-
cule activates the hypoxic response (including
the production of VEGF-A).

Many different cells are known to produce
VEGF-A in wounds, with macrophages and ep-
ithelial cells described as prominent sources
(Brown et al. 1992; Nissen et al. 1998; Spiller
et al. 2014). As the gradient of VEGF-A is
formed, VEGF-A acts on cells via two related
receptor protein tyrosine kinases, VEGF recep-
tor 1 (VEGFR1, encoded by the fms-related re-
ceptor tyrosine kinase 1, or FLT1 gene) and
VEGF receptor 2 ([VEGFR2] encoded by the
kinase insert domain receptor [KDR]), as well
as via two coreceptor nontyrosine kinase trans-
membrane proteins, neuropilin-1 (NRP1) and
neuropilin-2 (NRP2). This ligand-receptor
binding activates downstream signaling and ini-
tiates the angiogenic process. Most of the proan-
giogenic activity in wounds is mediated via
VEGFR2 as the primary receptor on endothelial
cells (ECs). Interestingly, though, VEGF recep-
tors are also present on wound epithelial cells
and fibroblasts. Several studies suggest that
VEGF-A, in addition to its proangiogenic effect
in wounds, also modulates other cell types and
functions in skin wounds, including epithelial
cell repair, macrophage activity, and fibroblast
function (Wilgus et al. 2005; Brem et al. 2009;
Johnson and Wilgus 2014).

Whereas VEGF-A is clearly the dominant
proangiogenic factor in wounds (Nissen et al.

1998), a large number of other proangiogenic
factors have been shown to play a role in wound
healing and contribute to the overall proangio-
genic environment. Factors that have been
shown to supplement the proangiogenic activity
ofVEGF-A inwounds include FGF-2 (fibroblast
growth factor 2), TGF-β (transforming growth
factorβ),CARP (cardiac ankyrin repeat protein),
IGF-1 (insulin-like growth factor 1), severalCXC
motif chemokines (such as CXCL8), and many
others (Roberts et al. 1986; Brown et al. 1992;
Franzen et al. 1995; Nissen et al. 1996, 1998;
Devalaraja et al. 2000; Li et al. 2003; Shi et al.
2005; Balaji et al. 2014). In addition to soluble
factors, nitric oxide, synthesized following the
induction of inducible nitric oxide synthetase,
also promotes wound healing andwound angio-
genesis (Most et al. 2002; Chin et al. 2011). Nitric
oxide stimulates angiogenesis but also modu-
lates other aspects of repair, including collagen
production andcellular proliferation (Witte et al.
2000). Therefore, as discussed above for VEGF,
an important caveat to the cataloging of proan-
giogenic factors in wounds is that most factors
have additional effects beyond the simple stim-
ulation of capillary growth. This multiplicity of
activity often makes it difficult to decipher the
most significant functionality of any one com-
ponent. As another example, nitric oxide has
many effects beyond angiogenesis and can
influence inflammation, cell proliferation, extra-
cellular matrix (ECM) production, and ECM
remodeling (Rizk et al. 2004). Whereas the pri-
mary functions of each mediator are not always
clear, what is certain is that this very large num-
ber of proangiogenic factors, many of which ex-
ert additional effects onothercell types, supports
complexity and redundancy in wound healing.
In particular, the redundancy of proangiogenic
factors ensures that the critical process of angio-
genesis proceeds in wounds, even if production
or activity of some factors is impaired.

Capillary Pruning and Maturation in Wounds

Following robust wound angiogenesis, the new
capillary bed undergoes remodeling and matu-
ration. In skin wounds, this process involves
both the pruning of excess vessels and the
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maturation of the remaining capillaries (Fig. 2).
Our previous studies have shown that pruning
occurs following a switch to an antiangiogenic
environment in wounds (Gosain et al. 2006).
The mechanism of the switch is not known,
but the environment generally changes once ep-
ithelial repair is complete (Wietecha et al. 2015).
The factors that dictate vascular regression are
complex, and several potently antiangiogenic
factors are produced in resolving wounds. Pig-
ment epithelium-derived factor (PEDF) and
Sprouty2, both known antiangiogenic mole-
cules, appear to be largely responsible for prun-
ing of capillaries and contribute to capillarymat-
uration in wounds (Wietecha et al. 2011, 2015;
Michalczyk et al. 2018). PEDF is produced dur-
ing vascular regression, induces endothelial cell
apoptosis, and down-regulates proangiogenic
factors, such as VEGF (Craword et al. 2013).
Sprouty2, which is one of four members of the
Sprouty family of homologous proteins, is an
intracellular protein. When growth factors
(GFs) bind to their cognate receptor tyrosine
kinase (RTK) and activate the associated signal-
ing pathway, Sprouty2 translocates to the inner
plasmamembrane, where it is activated (Impag-
natiello et al. 2001; Cabrita andChristofori 2003;
Edwin et al. 2009). Once activated, Sprouty2 in-
teracts with various MAPK signaling pathway-
associated proteins in a GF-specific manner.
Functionally, then, Sprouty2 can inhibit endo-
thelial cell proliferation and differentiation
(Wietecha et al. 2011). Othermodulating factors
are also at play, including thrombospondins and
the chemokine CXCL10 (DiPietro et al. 1996;
Agah et al. 2002; Bodnar et al. 2009). CXCL10
and CXCL11, interacting with the chemokine
receptor CXCR3, have been shown to contribute
to the resolution of healing (Bodnar et al. 2006,
2009; Yates et al. 2009). CXCL10 and CXCL11
interact with CXCR3 on endothelial cells and
keratinocytes, leading to a reduction in endothe-
lial motility and increased keratinocyte move-
ment (Satish et al. 2005; Bodnar et al. 2006).
The inhibition of endothelial cell movement
drives the wound toward resolution and remod-
eling. Recent studies suggest that macrophages
may play a direct role in modulating both the
pro- and antiangiogenic environment in

wounds. Multiple studies demonstrate that the
specific depletion of macrophages in wounds
significantly perturbs the angiogenic process
(Goren et al. 2009; Mirza et al. 2009; Lucas
et al. 2010). Importantly, macrophages also in-
fluence blood vessel regression via intimate con-
tact with the vasculature (Gurevich et al. 2018).
Together, these studies of the resolution phase of
repair have firmly established that the environ-
ment in the resolving wound is dominantly anti-
angiogenic and induces vascular regression.
Moreover, vascular regression inwounds cannot
be prevented by the administration of proangio-
genic stimuli (Gosain et al. 2006).

As capillary pruning occurs, capillaries in
wounds must undergo maturation to become
fully functional (Ribatti et al. 2011; Dulmovits
and Herman 2012). During maturation, vessel
pericyte coverage increases, and endothelial cells
produce a basementmembrane. Studies in other
systems have revealed that maturation is a com-
plex process that relies not only on pericytes and
endothelial cells but also on their interaction
with the ECM. In vitro and in vivo studies sug-
gest that the molecular mechanisms that guide
pericyte recruitment and capillary maturation
involve multiple pathways of endothelial cell–
pericyte cross talk (Arboleda-Velasquez et al.
2015; Warmke et al. 2016). In addition to stabi-
lizing capillaries, pericytes have been shown to
reduce endothelial cell proliferation (Kutcher
et al. 2007), suggesting that these cells may be
important in the down-regulation of the angio-
genic process. During pericyte recruitment and
the development of EC–pericyte communica-
tion, PDGF/PDGFRβ (platelet-derived GF/
platelet-derived GF receptor β) plays an impor-
tant role in attracting pericytes. Numerous path-
ways are involved in the maturation of vessels,
including TGF-β signaling pathways and Ang1/
Tie2 (angiopoietin 1/tyrosine kinase with im-
munoglobulin-like and epidermal growth factor
[EGF]-like domains-2) interactions (Gaengel
et al. 2009; Kutcher and Herman 2009). Togeth-
er, these signals and others support pericyte
recruitment and proliferation, as well as the
establishment of a stable basement membrane.
Importantly, proangiogenic factors in wound
healing, such as VEGF, cannot induce capillary
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maturation. Therefore, the final capillary func-
tionality in wounds derives from the induction
of capillary growth, the removal of most of the
new capillaries, and capillary maturation. In
short, adequate tissue perfusion, accomplished
by the creation of a stable, well-perfused vascular
bed, requiresproangiogenic, antiangiogenic, and
pericyte recruitment and maturation signals.
Without satisfactory perfusion and oxygenation,
wounds fail to develop amature dermis, a feature
that makes them susceptible to future break-
down and wound recurrence (Falanga 2005).

TYPES OF ANGIOGENESIS IN WOUNDS

Whereas the pattern and chronology of capillary
growth and refinement in wounds is well appre-
ciated, the vessel architecture during angiogen-
esis has been less well studied. Angiogenesis
occurs in two basic forms—sprouting angiogen-
esis and intussusceptive angiogenesis (Fig. 3;
Carmeliet and Collen 2000). Of the two, sprout-
ing angiogenesis has been better studied andwas

the first form to be identified. Sprouting angio-
genesis, as the name implies, involves the forma-
tion of new sprouts from existing vessels that
grow toward an angiogenic stimulus. In con-
trast, intussusceptive angiogenesis involves the
splitting of existing vessels to form new loops.
Both types occur in healing wounds, although in
most systems, including wounds, sprouting an-
giogenesis is better described. Interestingly,
most wound healing studies do not distinguish
between sprouting and intussusceptive forms of
angiogenesis, and, frequently, the onlymeasure-
ment made in wound healing studies is that of
vessel density. Indeed, in the study of wound
repair, vessel architecture is often ignored. In
addition to angiogenesis, a contribution from
vasculogenesis has also been demonstrated in
excisional wounds and ischemic skin flaps, but
the importance of this vasculogenic component
is also not yet well understood (Asahara et al.
1999; Tepper et al. 2005).

Sprouting angiogenesis is a complex pro-
cess, and many intricate details have now
been described (for review, see Eelen et al.
2020). In brief, the process begins with degra-
dation of the capillary basement membrane,
followed by endothelial cell proliferation and
migration of ECs toward the proangiogenic gra-
dient. The migrating cells then form tubes, and
the newly formed vessels fuse to provide a
branching structure.

An endothelial tip cell leads the growth of the
capillary sprout toward the proangiogenic stim-
ulus. Endothelial tip cells have high levels of
VEGF-A receptors and therefore align with the
VEGF gradient (Apte et al. 2019). Behind this
developing tip, stalk cells proliferate and push
the sprout forward. Eventually, tip cells converge
and fuse, creating a new loop through which
blood can flow. Delta–Notch signaling is critical
to sprout formation, as the Delta-like-4 ligand
interacts with the Notch receptor on neighbor-
ing cells (Zarkada et al. 2015). The result is a
dense network of new capillaries, which, as de-
scribed above, are poorly formed in most
wounds. Following this proliferative process,
the wound capillary bed undergoes a period of
pruning in which vessels are removed via apo-
ptosis. Pruning occurs alongside the stabiliza-

Tip cells
Stalk cells

Sprouting angiogenesis

Intussusceptive angiogenesis

Figure 3. The formation of new vasculature in
wounds. Most of the new vasculature in wounds is
created by sprouting angiogenesis, which involves
budding from the existing vessel, with migration of
the tip and stalk cells. A smaller component of wound
angiogenesis is attributable to intussusceptive vessel
formation, a situation in which the existing vessel
splits to form additional tubular structure. Vasculo-
genesis (not shown) has been described to contribute
to revascularization of skin tissue grafts. (Graphics
created with Servier Medical Art images at smart
.servier.com.)
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tion of the remaining new vessels, during which
arriving pericytes wrap around the new tubes.

The mechanisms of sprouting angiogenesis
have been described in detail, yet little is known
about the regulation of in vivo intussusceptive
angiogenesis in healingwounds. Intussusceptive
angiogenesis has been shown to account for
about 15%–25% of the newly formed vessels in
a full-thickness excisional skin wound model in
rats (Kiliçaslan et al. 2013). Treatment of these
wounds with EGF increases the proportion of
intussusceptive angiogenesis to more than 50%
in this model. Studies that evaluate intussuscep-
tive versus sprouting angiogenesis are not trivial
undertakings, as they require detailed histologic
and transmission electron microscopy (TEM)
analysis. For this reason, nearly all analyses of
wound angiogenesis exclude this parameter. As
technology improves, the determination of the
relative contributions of intussusceptive versus
sprouting angiogenesis in both normal and im-
paired healing may be a promising area for
further study. This type of information could
significantly enhance our understanding of the
angiogenic deficits in situations of impaired
healing (see below).

ANGIOGENESIS AND HEALING FAILURES

Impaired Angiogenesis in Diabetic Wounds

Deficits in wound angiogenesis have been iden-
tified in many types of poorly healing wounds,
including those due to aging, diabetes, and vas-
cular disease (Cheng and Fu 2018). Among
these wounds, the angiogenic deficit in diabetic
ulcers is perhaps the best studied.

Described deficits in diabetic wounds
include delayed wound closure, impaired in-
flammatory responses, modified ECM reconsti-
tution, altered genomic responses/regulation,
and compromised angiogenesis. More than 100
studies have examined angiogenesis in diabetic
wound healing. These studies have shown that
reduced angiogenesis is a critical element that
underlies insufficient diabetic healing (Pham
et al. 1998; Hadi and Suwaidi 2007; Avogaro
et al. 2011). Deficits in angiogenic factors and
receptors, and in the number and function of

endothelial progenitors, have all been suggested
to contribute to the impaired angiogenic re-
sponse observed in diabetic wounds (Galiano
et al. 2004; Hocking 2012; Warren et al. 2014).
Prominent macrophage dysfunction in diabetes
also contributes to the angiogenic deficit
(Khanna et al. 2010; Barman and Koh 2020).
Macrophages are an important source of proan-
giogenic factors in wounds, a function that is
thwarted under the condition of diabetes. At a
molecular level, a diabetes-associated dysregula-
tion of specific miRNAs (microRNAs or miRs)
that control wound angiogenesis has been dem-
onstrated (Chan et al. 2012). This includes
miRNAs that promote angiogenesis, such as
miR-148b, and others that inhibit angiogenesis,
such as miR-135a-3p (Miscianinov et al. 2018;
Icli et al. 2019).Most interestingly,miR-200b, an
miRNA that inhibits angiogenesis, has been
shown to be down-regulated by wound hypoxia,
thus providing a molecular switch that turns on
wound angiogenesis (Chan et al. 2012). More-
over, the promoter of miR-200b is epigenetically
modified in the condition of diabetes, resulting
in the loss of this proangiogenic switch (Singh
et al. 2017). Not surprisingly, research interest in
the role of noncoding RNAs in the regulation of
angiogenesis and in the modulation of noncod-
ing RNAs to improve healing has grown tremen-
dously in recent years (Luan et al. 2018;Ozdemir
and Feinberg 2019).

Asmentioned, both the density of capillaries
and the level of angiogenic stimulus are de-
creased in diabetic wounds. In addition, the cap-
illary architecture in diabetic wounds differs
from normal wounds. MicroCT analysis shows
that vessel surface area, branch junctionnumber,
total vessel length, and total branchnumberwere
significantly decreased in wounds of diabetic
mice as compared to wild-type (WT) mice
(Okonkwo et al. 2020). An examination of the
capillary maturation phase demonstrated that
just as capillary growth is delayed in diabetic
wounds, capillary maturation is also impaired
in diabetic wound healing (Okonkwo et al.
2020). Diabetic wounds show significant pertur-
bations in factors known to be important to
capillary maturation, including PEDF, LRP6
([low-density lipoprotein (LDL) receptor-relat-
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ed protein 6] a PEDF receptor), Sprouty2,
CXCL10, CXCR3, and TSP1 (thrombospondin
1) (Okonkwo et al. 2020). In addition, diabetic
mouse wounds exhibit significantly increased
capillary permeability and decreased pericyte
coverage. Of note, capillary dysfunction, includ-
ing limited pericyte coverage, has been described
inuninjured tissues of diabetic subjects (Kutcher
andHerman 2009). This suggests that bothmat-
uration deficits at baseline and during capillary
refinement may contribute to impaired healing
in diabetes.

The deficits in the proangiogenic phase of
healing that occur in diabetes have been success-
fully reversed in multiple animal studies (for re-
view, see Barakat et al. 2021). In such studies,
improved angiogenesis generally occurs in tan-
dem with improved wound closure in diabetic
animals. For example, the addition of exogenous
proangiogenic factors, such as VEGF, has been
shown to restore angiogenesis and improve
wound closure in diabetic mice in short-term
experiments (Galiano et al. 2004). Beyond
VEGF, a very large numberof single therapeutics
have been shown to be effective in improving
diabetic wound healing in mouse models (Bara-
kat et al. 2021). In human diabetic foot ulcers
(DFUs), however, single-factor treatments have
shownminimal efficacy. More specifically, there
is no clear evidence that VEGF treatment alone
improves healing of human DFUs (Marti-Car-
vajal et al. 2015). Studies in mice suggest that
treatment with multiple factors, such as VEGF,
PDGF, andHB-EGF (heparin-binding EGF-like
GF), especially when engineered to bind to the
ECM, may be much more effective than single
factor approaches (Barakat et al. 2021; White
et al. 2021), and thismaywell translate to human
efficacy. Concerning proangiogenic therapeu-
tics, one important yet often overlooked concept
is that proangiogenic factors are generally not
endothelial cell–specific. Instead, each these fac-
tors exhibit additional functionality andmay in-
fluence inflammatory cells, fibroblasts, epithelial
cells, and/or other stromal cells in the wound.
For this reason, studies that show improvement
of healing with single-factor application should
consider the multifaceted effects of the GF.
Whereas angiogenesis may be increased, the

mechanism of enhanced healing is probably
much more complex in nearly all scenarios.

Angiogenesis and Scar Formation

In contrast to the angiogenic deficit that under-
liesmanypoorly healingwounds,mostnormally
healing wounds exhibit excessive capillary
growth. Intuitively, robust angiogenesis would
seem to be required to fulfill the cellular and
metabolic needs of wounds. Yet, many studies
suggest that in uncompromised skin wounds,
wound closure proceeds normally when angio-
genesis is reduced. In rodent studies, the reduc-
tion ofwound angiogenesis by the neutralization
of VEGF, the application of antiangiogenic
agents, or the blockade of integrin signaling
have each been shown to reduce wound angio-
genesis without affecting wound closure rates
(Jang et al. 1999; Klein et al. 1999; Berger et al.
2000; Bloch et al. 2000; Lange-Asschenfeldt et al.
2001; Roman et al. 2002;Wilgus et al. 2008;Wie-
techa et al. 2015).

The explanation for the finding that wounds
can heal well with fewer capillaries probably re-
lates to capillary architecture and performance
(Dvorak 2015). As discussed above, many of the
capillaries found in early healing skin wounds
are not highly functional or well perfused (Bluff
et al. 2006; Erba et al. 2011). The early wound
capillary bed is highly permeable and tortuous,
with many loops and blind-ended vessels (Nagy
et al. 2008; Erba et al. 2011). An experimental
reduction in wound angiogenesis seems likely to
create a more effectively perfused and well-ar-
borized capillary bed at an earlier time point,
thus providing excellent oxygenation and nutri-
ent support. Indeed, treatment of wounds with
the endogenous antiangiogenic factor PEDF
leads to reduced capillary content, decreased
vascular leakage, decreased scar formation,
and more rapid capillary maturation (Fig. 4;
Wietecha et al. 2015).

The idea that wound healing can proceed
without the typical excess capillary ingrowth is
supported by studies of wounds that heal excep-
tionally well. Wounds placed on the fetus, if
produced prior to the end of the second trimes-
ter, heal scarlessly (Longaker et al. 1990; Leung
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et al. 2012). The scar-free healing wound of the
fetus also exhibits a refined and reduced angio-
genic response (Wilgus et al. 2008). Similarly,
wounds of the oral mucosa, a tissue that heals
quickly and with little scar formation, also pre-
sent with a diminished angiogenic response yet
exhibit less hypoxia than skin wounds (Szpader-
ska et al. 2003, 2005; Chen et al. 2012). Overall,
rapidly healing, non-scar-forming wounds do
so with reduced capillary growth and a more
rapidly maturing capillary network. In contrast,
the pattern of skin wound angiogenesis in scar-
formingwounds is crowded, poorly formed cap-
illaries that do not effectively transport oxygen
and nutrients.

The consequences of the overly exuberant
angiogenic response in wounds are not yet
completely understood. Some studies have
linked increased vascular content to hypertro-
phic scar formation (Amadeu et al. 2003; van
der Veer et al. 2011), and increased angiogenesis
has been noted in keloids, a particularly vigorous
type of skin scarring (Gira et al. 2004).Moreover,
robust angiogenesis plays a role in fibrotic out-
comes in tissues other than skin, including liver
and lung (Farkas et al. 2011; Elpek 2015). Pre-
clinical studies have shown that antiangiogenic
approaches may be a possible therapy to reduce
scar formation in skin wounds. For example, in a
rabbit model of hypertrophic scar formation,
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administration of either endostatin or PEDF,
both potent endogenous antiangiogenic agents,
reduces scar formation (Ren et al. 2013; Ma et al.
2020). Thinking ahead to human therapeutics, a
major obstacle to any antiangiogenic approach
in wounds will be fine-tuning the response. An
effective therapeutic would need to reduce cap-
illary growthyet permit vessels to grow tonormal
density and with rapid maturation.

The linkage of robust angiogenesis to scar
formation suggests that excess ECs may influ-
ence fibroblast phenotype in wounds and may
somehow promote fibrosis. In particular, the
pruning of the vasculature results in a large num-
ber of apoptotic endothelial cells (apoECs). In
many systems, apoptotic cells seem to positively
influence fibrosis (Laplante et al. 2010; Johnson
and DiPietro 2013; Wang et al. 2016). In addi-
tion, recent studies suggest that the clearance of
apoECs, by either immune cells or nonprofes-
sional phagocytes, may promote a fibrotic re-
sponse in wounds (Fig. 2).

As might be expected, macrophages can
clear apoECs, and this capability can be
demonstrated both in vitro and in vivo. Inter-
estingly, the engulfment of apoECs causes mac-
rophages to adopt a unique phenotype that has
both M1 and M2 macrophage characteristics
(Xu et al. 2021). More studies are needed to
determine whether this type of macrophage
phenotypic shift affects other aspects of wound
resolution, such as collagen content and scar
formation.

Macrophages are professional phagocytes,
thus their ability to clear apoECs in wounds is
easy to appreciate. Interestingly, recent studies
have provided novel findings demonstrating that
fibroblasts are also phagocytic in healing skin
wounds, and that these nonprofessional phago-
cytes likely help to clear apoECs (Romana-
Souza et al. 2021). Remarkably, after apoEC
engulfment, fibroblasts develop a fibrotic phe-
notype with enhanced migration, α-smooth
muscle actin (α-SMA) and TGF-β1 expression,
and collagen deposition. This pathway—the
phagocytosis of apoECs by fibroblasts—suggests
a new mechanism by which the apoptotic load
that develops in wounds during capillary prun-
ing can influence fibrotic scar formation.

CONCLUDING REMARKS

The basic mechanisms that guide capillary
growth and regression in wounds are now well
understood. Following injury, the hypoxic envi-
ronment stimulates the production of proangio-
genic factors, and a dense capillary bed is created
in the wound. During resolution, an actively
antiangiogenic environment supports the re-
finement and maturation of the capillary bed.
Many studies have demonstrated that the angio-
genic process is impaired in poorly healing
wounds, such as diabetic ulcers, and this is an
area that is ripe for further investigation. Recent-
ly, communication between endothelial cells
and fibroblasts in the wound bed has been clear-
ly demonstrated. There is little doubt that future
studies will provide new information about the
importance of such cross talk in wounds. Most
importantly, ongoing studies of wound angio-
genesis will support the development of thera-
peutics to modulate the angiogenic process.
These new therapeutics will guide optimal an-
giogenesis and, thus, optimal wound repair, ful-
filling an important clinical need.
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