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Significance: Postnatal vasculogenesis mediated via endothelial progenitor
cells (EPCs) contributes to re-endothelialization and augments neovascular-
ization after ischemia and tissue injury, providing a novel therapeutic appli-
cation. However, controversy exists with respect to the origin, identification,
and contributions of the EPCs to neovascularization, necessitating further
study.
Recent Advances: Bone marrow (BM) or circulating cells expressing cd133/
vascular endothelial growth factor receptor 2 include those with endothelial
progenitor capacity. Increasing evidence suggests that there are additional
BM-derived (myeloid; mesenchymal cells) and non-BM-derived (peripheral
and cord-blood; tissue-resident) cell populations which also give rise to endo-
thelial cells (ECs) and contribute to re-endothelialization and growth factor
release after ischemia and tissue injury. Currently, EPCs are being used as
diagnostic markers for the assessment of cardiovascular and tumor risk/pro-
gression. Techniques aimed at enhancing ex vivo expansion and the thera-
peutic potential of these cells are being optimized.
Critical Issues: Mobilization and EPC-mediated neovascularization are criti-
cally regulated. Stimulatory (growth factors, statins, and exercise) or inhibi-
tory factors (obesity, diabetes, and other cardiovascular diseases) modulate
EPC numbers and function. Recruitment and incorporation of EPCs require a
coordinated sequence of signaling events, including adhesion, migration (by
integrins), and chemoattraction. Finally, EPCs differentiate into ECs and/or
secrete angiogenic growth factors. These cells are highly plastic, and de-
pending on the microenvironment and presence of other cells, EPCs trans-
differentiate and/or undergo cell fusion and become cells of a different
lineage. Therefore, in vitro culture conditions should be optimized to mimic the
in vivo milieu to fully characterize the biological function and contribution of
EPCs to postnatal vasculogenesis.
Future Directions: Advances in characterization of the EPC biology and en-
hancement of EPC functions are required. In addition, innovative tissue-
engineered carrier matrices that permit embedding of EPCs and provide
optimal conditions for EPC survival and endothelial outgrowth will further
contribute to EPC-mediated therapeutic applications in wound healing and
ischemia repair.
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Abbreviations
and Acronyms

bFGF = basic fibroblast growth
factor

BM = bone marrow

BM-MNCs = BM mononuclear
cells

CVD = cardiovascular disease

CXCR4 = CXC chemokine
receptor type 4

ECs = endothelial cells

ECFCs = endothelial colony-
forming cells

ECM = extracellular matrix

EPCs = endothelial progenitor
cells

G-CSF = granulocyte colony-
stimulating factor
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SCOPE AND SIGNIFICANCE

Wound healing is a complex but
well-orchestrated process, comprising
overlapping phases—homeostasis,
inflammation, proliferation, and
maturation—which involve interac-
tions between different tissue struc-
tures, a large number of resident and
infiltrating cell types, multiple
growth factors, cytokines, and che-
mokines.1 Neovascularization is es-
sential for the survival, repair, and
remodeling of wounded and/or ische-
mic tissue. Endothelial progenitor
cells (EPCs) are identified as bone
marrow (BM)–derived endothelial
precursor cells that contribute to
neovascularization.2–4 Since Asa-
hara et al. first identified circulating
EPCs in 1997,5 increasing evidence
suggests that BM-derived EPCs
functionally contribute to neovascu-
larization in several models of tissue
injury and remodeling, including
wound healing, myocardial ischemia,
retinopathy, stroke, peripheral vas-
cular disease, as well as tumor
growth. During the last decade, sig-
nificant research has been conducted
to elucidate the physiologic role of
EPCs in tissue repair and their defi-
ciency in several disease states.

EPCs are mainly located within
the stem cell niche in BM, along with
some circulating populations in the
peripheral blood. The process by
which EPCs contribute to new vessel
formation in adults is termed post-
natal vasculogenesis, and it occurs
via four interrelated steps. When in-
jury or tissue damage occurs, EPCs
are thought to mobilize from the BM
into the circulation and home to tis-
sue repair sites under the guidance of
signals such as hypoxia, growth fac-
tors, chemoattractant signals, and
chemokines. EPCs then invade
and migrate at the same sites, and
differentiate into mature endothelial
cells (ECs) and/or regulate pre-
existing ECs via paracrine or juxta-
crine signals. During these four

steps, EPCs interact with different
physiological compartments, name-
ly, BM, peripheral blood, blood ves-
sels, and the site of tissue injury and
remodeling. The success of each step
depends on the ability of EPCs to
interact, adapt, and respond to mul-
tiple molecular cues. However, spe-
cific molecular mechanisms have not
been fully defined. The present re-
view is an effort to summarize the
research that has been conducted to
elucidate the underlying mecha-
nisms that govern EPC biology and
function and their role in therapeutic
angiogenesis, as well as strategies
aimed at enhancing the contribution
of EPCs to tissue repair.

TRANSLATIONAL RELEVANCE

Neovascularization is an essential
mechanism in determining tissue
repair outcomes and maintenance.
Until recently, postnatal neovascu-
larization was thought to depend
mainly on angiogenesis (a process by
which new vessels are formed by the
activation, proliferation, and migra-
tion of ECs). More recently, postnatal
vasculogenesis is becoming evident
as a major contributor to adult neo-
vascularization after injury or ische-
mia.6 During embryonic development,
vasculogenesis is defined as the pro-
cess where precursor cells termed
angioblasts and/or hemangioblasts
migrate and differentiate into ECs
that coalesce to form a primitive
vascular plexus and de novo vessels.
The existence of postnatal vasculo-
genesis, which is mediated by a pop-
ulation of progenitors to vascular
ECs during adulthood (identified in
both peripheral blood and BM), is
being extensively studied as a medi-
ator for both pro- and antiangiogenic
therapies in tissue repair and cancer
research, respectively.7 Given the
biological contribution of EPCs in
different types of vascular patholo-
gies, most studies have focused on
defining the phenotype of EPCs, the

HSCs = hematopoietic stem cells
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MCP-1 = monocyte chemotac-
tic protein 1

MMPs = matrix metallo-
proteinases

MSCs = mesenchymal stem
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NIH = National Institutes of
Health

SDF-1 = stromal cell-derived
factor 1

VCAM-I = vascular cell
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molecular mechanisms regulating EPC function,
and the quantitative determination of EPC con-
tribution to physiological and/or pathological
postnatal vasculogenesis.8 More recent studies
have focused on the clinical and therapeutic ap-
plications of this cell population, such as using
EPCs as a diagnostic marker for the assessment of
cardiovascular and tumor risk/progression and
autologous transplantation to improve neovascu-
larization and tissue repair. Further, techniques
aimed at enhancing ex vivo expansion and the
therapeutic potential of these cells such as epige-
netic and genetic modifications of these cells, as
well as growth factor therapy, are also being ex-
tensively studied.9,10

CLINICAL RELEVANCE

An important aspect of EPC-based therapeutic
approaches is the magnitude of incorporation of
transplanted or in-situ–mobilized EPCs into the
newly forming vessels. A huge variation (*1–
50%) is reported so far, which may be due to dif-
ferences in the target tissues studied, genetic
differences in the animal strains used, and lack of
standardized techniques to track and trace the
lineage of these cells. Perhaps the most important
factor is the heterogeneity of EPCs based on their
isolation and culture protocols.11 Regardless of the
lineage, it has been validated in vivo that autolo-
gous, immunologically neutral EPCs isolated from
BM aspirates, peripheral blood, and cord blood
constitute convenient sources for retransplanta-
tion for improved therapeutic outcomes.12 EPCs
are used for nonthrombogenic re-endothelializa-
tion of vascular grafts, heart valve replacements,
and intravascular/cardiac stent devices. EPCs di-
rectly injected or infused into sites of ischemic
or vessel injury incorporate into the vessels or
produce cytokines and growth factors that have
positive therapeutic effects on improving regional
flow, inhibiting cellular apoptosis, and improved
function. Additionally, EPCs have demonstrated a
broad plasticity, spontaneous cell fusion mecha-
nisms, and ability to transdifferentiate into new
lineages such as cardiomyocytes, liver cells, or
neurons depending on the microenvironment,
which may be used to enhance clinical repair
outcomes. The enhancement of EPC functions
combined with advances in tissue-engineered
carrier matrices that permit embedding of EPCs
and provide physiological, optimal conditions for
EPC survival and endothelial outgrowth can con-
tribute to therapeutic angiogenesis in wound
healing and ischemia repair.13

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
EPC biology and definition

The definition and characteristics of EPCs are a
work in progress. EPCs are believed to be differ-
entiated from hemangioblasts along with other
hematopoietic stem cells. Progenitor cells have
been distinguished from stem cells due to the lack
of self-renewing ability. However, EPCs are
characterized as lineage-committed adult stem
cells, as they have degrees of stemness, including
self-renewal, clonogenicity, and differentiation
capacity. Due to their unique characters of pro-
gressive differentiation, EPCs are usually de-
scribed by cellular origin, their isolation methods,
and their surface markers. Several cell surface
markers have been used for EPC identification,
such as vascular endothelial growth factor recep-
tor 2 (VEGFR-2), Sca-1, CD34, and CD133.14

Unfortunately, there is no specific surface marker
that definitely distinguishes EPCs. Peichev
et al.15 characterized EPCs as VEGFR-2 + /
CD133 + /CD34 + cells. Recently, Tian et al.16

employed Sca-1 as a BM cell marker and used VE-
cadherin and E-selectin as endothelial markers to
identify EPCs. However, markers such as CD31,
von Willebrand factor, and VE-cadherin may
identify cells in a more advanced stage of endo-
thelial maturation. Currently, investigators
characterize EPCs by including, at the minimum,
antigenic markers defining the stemness and he-
matopoietic lineage (humans: CD34 and CD133;
mice: CD34, c-kit, or Sca-1) in combination with
markers demonstrating endothelial commitment
(humans: KDR; mice: Flk-1) along with morpho-
logical, functional, and clonal expansion charac-
teristics. It is established that there are lineage
and functional heterogeneities within the EPC
population, and it has a dynamic phenotype in
space and time; however, the spectrum of pheno-
types has not yet been fully defined (Fig. 1).

In normal homeostatic conditions, there are a
low number of circulating EPC populations in the
peripheral blood. EPCs reside within a stem cell
niche in the BM characterized by low oxygen ten-
sion and high levels of stromal cell-derived factor-1
(SDF-1), a potent chemoattractant for EPCs. There
are also low numbers of circulating EPC popula-
tions in the peripheral blood. Peripheral tissue
hypoxia under trauma or wound-healing conditions
results in increased production of EPC-mobilizing
factors (such as granulocyte colony–stimulating
factor [G-CSF], VEGF, basic fibroblast growth
factor [bFGF], placental growth factor, erythro-
poietin, or SDF-1) to a concentration greater than
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that in the BM.17,18 These factors activate endo-
thelial nitric oxide synthase, leading to an in-
creased production of nitric oxide, which regulates
the enzymatic activity of matrix metalloprotei-
nases (MMPs).19 In particular, activated MMP-9
leads to the release of a soluble kit ligand from
EPCs in the BM niche, resulting in EPC release
and mobilization into the peripheral circulation.20

Once in circulation, EPCs respond to chemokine
signaling in the tissues undergoing active re-
modeling and home to the injury site. SDF-1 and
CXCR4 are identified as critical mediators for the
ischemia-specific recruitment of circulating pro-
genitor cells. The other major chemokines and re-
spective receptors that regulate EPC activation
and homing are interleukin 8 (IL-8) and CXCR2;
growth-regulated oncogene-a and CXCR1; CCL5
and CCR5; and C-C chemokine and chemokine
(C–C motif ) receptors 2 and 5.21 Upon interaction
with tissue-specific chemokines, EPCs become ac-
tivated and initiate integrin-mediated adhesion to
endothelial vascular cells and consequently trans-
endothelial migration into the sites of vascular and
tissue remodeling (Fig. 2). Once circulating EPCs

have crossed the endothelial monolayer, they mi-
grate through the blood vessel basement mem-
brane and through the interstitial extracellular
matrix (ECM) to exert their functions. EPC inva-
sion depends on the activity of extracellular pro-
teases mainly MMP-9 that breakdown and remodel
the ECM components at the vessel basement
membrane and also in the interstitial space. Once
at the site of tissue repair, EPCs contribute to new
vessel formation in multiple ways: direct incorpo-
ration into neovessels, differentiation into mature
ECs, and production of paracrine/juxtacrine sig-
nals. The process of differentiation of EPCs into
ECs comprises integrin-mediated adhesion of
EPCs to ECM components, in particular, fibronec-
tin, followed by growth factor-induced proliferation
and survival.22 Angiogenic growth factors, includ-
ing the VEGF family, the angiopoietin group, and
EGF, have been implicated. Further maturation
and acquisition of an endothelial phenotype are
suggested to be mediated by histone deacetylase
regulation of the transcription factor HoxA. In ad-
dition to differentiating into ECs, EPCs have been
shown to produce multiple growth factors that

Figure 1. Origin and differentiation of endothelial progenitor cells (EPCs). Several sources have been identified for progenitor cells that can differentiate into
endothelial cells. Primarily, hematopoietic stem cells (HSCs) resident in the bone marrow (BM) niche give rise to a population of cells that differentiate into
myeloid progenitor or endothelial progenitor subtypes. These subsets differentiate into their respective mature cell type. Alternative pathways (dashed lines) to
derive EPCs have been proposed, where EPCs arise directly from HSCs or via a myeloid progenitor/monocyte intermediate. Cell surface markers differentiate
cells along the proposed pathway of EPC ontogeny. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/wound
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have paracrine effects such as VEGF, SDF-1, in-
sulin-like growth factor 1, monocyte chemotactic
protein 1 (MCP-1), macrophage inflammatory
protein 1a, and platelet-derived growth factor. In
combination, these factors can act on different cell
types that lead to an overall response that pro-
motes angiogenesis and tissue regeneration.23

Role of integrins in EPC biology and function
EPCs express several integrin subunits (a1–a6,

a9, av; b1–b3, b5, b7). Interestingly, the integrin ex-
pression profile of EPCs is a dynamic process. In-
tegrins get activated and/or upregulated at specific
steps of the EPC course from BM to tissue repair
sites, directly in response to the multiple molecular
cues (tissue-specific ECM and cytokine factors),
and reflect the adaptation of these cells to different
conditions that regulate their mobilization, hom-
ing, transendothelial migration, invasion, and dif-
ferentiation (Fig. 3).24

The main integrins regulating the retention of
EPCs in the BM microenvironment are a4 and b3.
a4-Integrins have an essential role in embryogen-
esis, hematopoiesis, and adhesion to vascular cell
adhesion molecule I (VCAM-I) and promote adhe-
sive interactions between EPC and BM stromal
cells. b3-Integrins have an essential role in angio-
genesis and hemostasis. Recent studies using both
in vitro assays as well as in vivo studies (in
integrin-null or conditional knockout mice models)
demonstrate that inhibiting the availability of a4-
and b3-integrins results in enhanced mobilization
of EPCs from the BM niche into circulation.25

After being mobilized from the BM into circula-
tion, EPCs recognize the signals present at the site
of vessel injury and remodeling. They then home to
the repair site by a direct interaction between
molecular targets expressed in homing tissues and
the integrins expressed by EPCs. One of the major
integrin subunits regulating EPC homing to active
angiogenic sites is the b2-integrin.26 b2-Integrins
mediate the adhesion of peripheral blood-derived
EPCs to activated ECs, and are also essential in
recognizing multiple members of the intercellular
adhesion molecule family, fibrinogen, and poly-
saccharides. Several studies have also shown the
importance of b2-integrin activation in the neo-
vascularization capacity of these cells in vivo.
Additionally, studies using pharmacological
activation of this integrin conformation demon-
strate increased EPC adhesion, migration, and
neovascularization-promoting capacity of intrave-
nously injected EPCs. Interestingly, inhibition of
b2-integrins leads only to a partial inhibition of
EPC homing, suggesting that other integrins may
also regulate this essential step of EPC biology. b1-
Integrins are the other major integrin family
identified in regulating EPC homing to angiogenic
sites and their adherence to activated ECs, VCAM-
I, and cellular fibronectin. In addition to recogniz-
ing molecular homing signals expressed by
activated ECs, EPCs can recognize and adhere di-
rectly to the exposed ECM components. This is of
particular interest in ischemia and wound healing,
where vessel obstruction and reduced oxygen sup-
ply result in death and detachment of the ECs

Figure 2. EPCs mobilize in response to hypoxia induced by trauma or vascular injury. In normal homeostatic conditions, EPCs reside within a stem cell niche
in the BM. Peripheral tissue hypoxia under trauma or wound healing or vascular injury conditions results in increased production of EPC-mobilizing chemokines
and growth factors to a concentration greater than that in the BM, resulting in EPC release and mobilization into the peripheral circulation. Once in circulation,
EPCs respond to chemokine signaling in the tissues undergoing active remodeling and home to the injury site. Concomitantly, circulating progenitor cells,
tissue-resident, and adipose-derived stem cells respond to the chemokine signaling and home to the active tissue-remodeling site. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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lining the vessel walls, exposing the underlying
basement membrane components. Several of the
members of the b1-integrin family facilitate direct
homing of EPCs to denuded vessels. a5b1 is also
highly expressed in EPCs, which facilitates the
binding of these cells to the exposed fibronectin on
vessels. a6b1 is another b1-integrin that promotes
EPC homing to the sites of ischemia and vascular
remodeling and has been shown to be essential for
skin homeostasis and regulates endothelial tube
formation.27 It is a laminin-binding integrin and is
regulated by factors such as VEGF and bFGF,
which are the major growth factors that regulate

wound healing.28,29 EPC adhesion to denuded
vessels is also mediated by integrins avb3 and avb5.
Once EPCs adhere at specific homing sites, they
need to migrate through the endothelial monolayer
and invade through the underlying blood vessel
basement membrane and the interstitial ECM to
arrive at tissue repair sites, where they can exert
their functions. It has been demonstrated that the
transendothelial migration is mediated mainly by
the b2-integrins and the molecular signaling of MCP-
1 and VEGF. It is well recognized that both integrins
and extracellular proteases are essential to modulate
EPC invasion and migration along the ECM.

Figure 3. BM-derived EPC stages during adult vasculogenesis—hypoxia/cytokine-driven EPC mobilization from BM to EPC homing and contribution to neo-
vascularization. Circulating EPC count in peripheral blood is very low under normal homeostatic conditions. Hypoxia induced by tissues undergoing active
remodeling after injury or ischemia increases the EPC-mobilizing factors, resulting in increase of peripheral blood EPCs. The life cycle of BM-derived EPCs is a
complex cascade, which begins with the EPC-mobilizing signals, including angiogenic growth factors, cytokines, hormones, drugs, or exercise, releasing the EPCs
from BM. This is mediated via increased matrix metalloproteinase-9 (MMP-9) activity in the quiescent zone of the BM niche, which cleaves the membrane-bound
stem cell cytokine mKitL expressed by stromal cells to liberate soluble sKitL. sKitL recruits EPCs and then stimulates them to migrate to the vascular zone of the
BM, which is more permissive for proliferation and priming of EPCs for subsequent mobilization into peripheral blood. Additionally, nitric oxide produced by stromal
cells is crucial for EPC translocation. Homing and recruitment of EPCs into the active remodeling sites require a coordinated multistep process, including
chemoattraction, adhesion, transendothelial migration, and tissue invasion. Locally enhanced levels of cytokines and growth factors provide a chemotaxic trigger
for EPCs to home to the sites of remodeling. Recruited EPCs adhere to the endothelium and start transendothelial migration and invasion into the extravascular
tissue, where they exert their effects by integration into neovasculature, re-endothelialization, in situ differentiation, and and/or cytokine production. A non-
exhaustive list of various cytokines, growth factors, and integrins implicated in each stage of the EPC cycle is illustrated. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/wound
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The two interdependent processes, EPC differ-
entiation and direct incorporation of EPCs into
neovessels/production of cytokines, comprise the
functional activity of EPCs. The integrin expres-
sion profile in EPCs is variable throughout endo-
thelial differentiation. Some integrins are
expressed only in undifferentiated EPCs, while
some integrins are expressed only during differ-
entiation. Integrin subunits a4, a5, and av, which
are fibronectin-binding integrins, are expressed
throughout EPC differentiation, suggesting that
direct interaction of EPCs with fibronectin is es-
sential for EPC differentiation.25 In fact, fibronec-
tin has been shown to be essential for embryonic
vasculogenesis, and several studies have demon-
strated a synergy between fibronectin and VEGF in
regulating EPC differentiation via binding to a5b1.
The integrin–ECM interactions not only mediate
different aspects of the endothelial differentiation
process but also influence EPC paracrine factor
production. Several studies have shown that over-
expression of b5-integrins results in increased
growth factor production by EPCs. Interestingly,
EPCs plated on different matrices express different
levels of multiple cytokines, further suggesting
that paracrine factor production by EPCs is gov-
erned by integrin interactions with ECM.

These data clearly demonstrate that integrins
play a crucial role in modulating several aspects of
EPC biology and function. Taking into consider-
ation the contributions of structural and morpho-
genic signals to EPC biology, several groups have
proposed targeted manipulations of the EPC
integrin–ECM interactions.30 This can potentially
be accomplished by tissue engineering approaches
of ECM modification or manipulations of the in-
tegrin presentation on EPCs, which can further
promote EPC function and associated clinical tis-
sue repair outcomes.

In vitro culture, selection, and enhancement
of cultured EPCs

Optimizing the in vitro culture of EPCs is a
growing field of research interest. Most assays use
circulating EPCs obtained from peripheral blood in
in vitro culture assays for identification of EPCs as
biomarkers for cardiovascular diseases (CVDs), for
analysis of EPC intracellular signaling pathways,
or for enriching EPCs for therapeutic angiogenesis
applications. These studies suggest that there are
at least two different types of EPCs: early- and late-
outgrowth EPCs. While both populations demon-
strate the capacity to improve neovascularization
in preclinical models, they differ with respect to
their capacity to differentiate into ECs and to

physically form new blood vessels. Early EPCs are
cells with myeloid/hematopoietic characteristics
and share features with immune cells, particularly
monocytes/macrophages. These cells are obtained
from short-term cultures of 4–7 days in vitro pri-
marily generated by culturing peripheral blood
mononuclear cells on fibronectin in a VEGF-
containing medium. These cells are usually
referred to as the circulating angiogenic cell pop-
ulation. Most studies suggest that these short-term
cultures (early EPCs) predominantly enhance
vessel formation by providing a potent mixture of
growth factors that support angiogenesis. Late
EPCs are often called out growth EPCs and have a
more mature EC phenotype. These cells lack he-
matopoietic and myeloid markers and have lower
cytokine release and different growth patterns,
and are usually obtained from long-term cultures
of at least 2–4 weeks in vitro.31 Yoder et al.32

showed that when culturing peripheral blood
mononuclear cells on collagen for > 14 days, ma-
ture ECs with a high proliferative capacity are
obtained. These cells have the ability to form colo-
nies and are named endothelial colony-forming
cells (ECFCs). The late EPCs may generate ECs
and thereby physically contribute to formation of
new capillaries.33 Several studies have shown that
the colony-forming ability is dependent on age and
presence of CVDs. Because of these properties, the
late EPC cultures are being used as biomarkers for
prevalence of CVD, and significant research is be-
ing conducted to further refine the protocols to
culture ECFCs, and develop humanized larger-
scale culture assays to use these cells (Fig. 4).

Another typical feature of long-term outgrowing
cells is that they form vascular structures in vitro
in the absence of coculture, whereas the short-term
cultured cells require the interaction with ECs and
particularly promote vascular network formation
of mature ECs in vitro. Although early versus late
EPCs are well-accepted phenotypes, the possibility
that late EPCs originate from a rare population of
cells within the early EPCs has to be acknowl-
edged, and some cultured cells may have both ac-
tivities. Additionally, the environment may
influence the cell fate and therapeutic benefit, and
the specific culture conditions may promote endo-
thelial differentiation of myeloid cells. Moreover,
the in vivo environment may influence cell fate
and function. For instance, hypoxic stress or
pharmacological modulators of epigenetic enzymes
were shown to change the epigenetic signature of
endothelial marker genes in cultured EPCs. This is
of particular interest, because recent studies have
shown that although fully mature ECs formed
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vessels in Matrigel, under in vivo ischemic condi-
tions, they failed to improve neovascularization.

Additionally, cultured cells are a derivative of
the circulating cells and may be a useful product to
engineer blood vessels in vitro. However, it is un-
clear whether the cells obtained after in vitro cul-
tures are indeed the same cells that are circulating
in the body. The EPC phenotype is dynamic, lend-
ing them to be able to reprogrammed in vitro by the
artificial environment. The existence of in vivo
counterparts of cell types defined by colony assays
has still to be elucidated. The functional assess-
ment of ECFCs is more in its early stages than the
study of short-term cultured EPCs, which have
undergone a thorough critique and re-evaluation.
Several groups have recently suggested that us-
ing CD34 + or CD133 + hematopoietic cells in-
stead of peripheral blood mononuclear cells as
the starting material will result in better clonal
selectivity.

Interestingly, recent studies demonstrate the ex-
istence of intercellular communication among EPCs
and their environment. These occur either by di-
rect cell-to-cell contact or cell-contact–independent
mechanisms. These can mediate the transfer of the
epigenetic material, including proteins and nucleic
acids to EPCs. This governs the phenotypic regula-
tion of the cell-fate decisions, including their com-
mitment and differentiation. For example, Badorff
et al.34 reported that a small percentage of human
peripheral blood EPCs differentiated toward a car-
diomyocyte cell fate when cocultured with rat cardi-
omyocytes, suggesting transdifferentiation potential
that is influenced by the local cellular environment.
Other studies have indicated that transplanted BM-
derived cells transdifferentiate into new cell types
such as liver cells, cardiomyocytes, or neurons
in vivo. This information suggests mechanisms that
modulate EPC biology and their function by perhaps
altering the transcriptional profile.

Figure 4. In vitro culture of EPCs: early-versus-late EPCs. Autologous EPCs for transplantation applications are grown from whole peripheral blood
mononuclear cells. In vitro culture of these EPCs constitutes two distinct cell populations: early- and late-outgrowth EPCs. The majority of endothelial-like cells
interpreted to be EPCs appear to originate from monocytic, CD14-positive cells (early EPCs). There are little data to support their endothelial stem or progenitor
status. Alternately, a small population of the early EPCs when cultured for > 14 days retains the true progenitor status. These cells are CD14-negative and
demonstrate an increased capacity to proliferate and assemble into capillary tubes (late-outgrowth EPCs). Both populations demonstrate an ability to
differentiate into endothelial cells and promote neovascularization in vivo, possibly through different mechanisms, that is, supply of angiogenic versus physical
integration into newly forming vessels. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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Clinical interest in therapeutic angiogenesis and
advances in stem and progenitor cell biology has led
to proposals to combine autologous cell therapy with
ex vivo genetic and epigenetic manipulations of
these cells. This added selection and expansion of
populations with desirable attributes have the po-
tential to enhance clinical efficacy in vivo.35 Lastly,
the logical extrapolation of this concept to clinical
use in the future is the utilization of high-through-
put technology to clonally expand a patient’s EPCs,
optimize them, and potentially derive a lifetime
supply of these cells when required by the patient.

Vascular insufficiency in chronic wounds
Several studies have demonstrated that the

number of EPCs (both in circulation and in BM), as
well as their function, is associated with CVDs and/
or cardiovascular risk factors, including diabetes,
hypertension, abnormal lipid metabolism, hyper-
cholesterolemia, atherosclerosis, rheumatic dis-
eases, smoking, and obesity.11 In addition, the
number of circulating EPCs can be a risk bio-
marker for cardiovascular events, and, in combi-
nation with their functional ability, can be used as
a marker to determine the severity of vascular se-
quelae in chronic conditions such as diabetes and
atherosclerosis. Age and exercise also have a sig-
nificant impact on the level of EPCs.

One of the functions of EPCs is to be incorporated
into neovessels, contributing to neovascularization.
Animal models have estimated that EPCs contribute
anywhere between 2 and 25% of ECs in newly formed
vessels. Transplantation of EPCs has the potential to
be a promising approach in the therapy of diseases
associated with deficit in angiogenesis, such as is-
chemic and chronic wounds and wounds associated
with peripheral vascular diseases.36 The most prev-
alent forms of chronic wounds are leg ulcers caused
by vascular insufficiency and foot ulcerations asso-
ciated with diabetic complications. The role of EPCs
in diabetic tissue repair has been an active area of
investigation.37 Reduced levels and impaired func-
tion of EPCs, including impairments in mobilization,
proliferation, integrin profile, adhesion to matrix
molecules, incorporation into blood vessels, and dif-
ferentiation, have been described in both type 1 and
type 2 diabetic patients.38,39 Diabetic EPCs demon-
strate impaired angiogenic paracrine secretory abil-
ity and impaired response to activating stimuli
contributing to impaired EPC recruitment for re-en-
dothelialization after vascular injury in diabetes.40

Several studies suggest that EPC numbers in dia-
betes may decrease because of increased apoptosis.
The impairment in BM-derived EPCs in diabetes
likely contributes to the pathogenesis of vascular

complications as well as wound-healing mecha-
nisms in both the BM and within the peripheral
wound. Diabetic hyperglycemic conditions are as-
sociated with oxidative stress due to increased
generation of reactive oxygen species, advanced
glycation endproducts on the basement membrane,
and reduced expression of growth factors such as
VEGF, HIF-1, SDF-1, and nitric oxide signaling,
which contributes to EPC dysfunction. Although
systemic delivery of cytokines such as G-CSF and
VEGF-A can induce the release of progenitor cells
from the BM, the nonspecific effects on release of
other white cells and platelets or the leaky-capil-
lary effect make these factors unsuitable to treat
diabetic patients with nonhealing chronic wounds.
Additionally, single-factor therapy may not pro-
mote all phases of EPC biology for wound healing
purposes, which may in part explain why clinical
data as of yet have been discouraging.

Clinical management of diabetic wound healing
and complications relies mainly on wound man-
agement with dressings and pharmacological
therapies that can improve endothelial repair and
regeneration. However, very little to modest in-
fluence of these treatments on wound healing and
end-organ function demonstrates a need for ther-
apeutic interventions aimed to accelerate neo-
vascularization and tissue formation. Using
various in vitro and in vivo models, including
transgenic and knockout animals, there is a clear
demonstration that it is possible to modulate the
wound healing progress with EPC treatment. EPC-
based therapy with synergized augmentation of all
the EPC functions in diabetic wounds may provide
therapeutic benefit.41 EPCs can be used in differ-
ent ways to improve therapeutic angiogenesis, by
localized wound implantation, systemic trans-
plantation, and/or use in tissue-engineered wound
dressings. While direct injection of EPCs into cir-
culation or into the injury site is a therapeutic op-
tion that is shown to be safe in animal models and
clinical trials, the rate of incorporation, survival,
and therapeutic efficacy were shown to be poor in
various CVD settings. Concomitantly, local gene
therapy to deliver vulnerary or pro-wound healing
cytokines and growth factors has emerged as an
alternative tool to ameliorate wound pathology and
significantly enhance neovascularization and im-
prove the wound healing outcome in chronic
wounds as well as in myocardial ischemic re-
modeling. While both EPCs and gene therapy are
powerful tools, neither treatments achieved the
anticipated level of success in the clinical settings
when administered by themselves. In this context,
several groups hypothesized that combining the
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two approaches, where EPCs can be harvested
from the patient, genetically modified ex vivo, and
the corrected autologous cells can be reintroduced
into the patient, might overcome the limitations of
each individual treatment, to promote neovascu-
larization and wound healing. Availability of these
newer and novel techniques demonstrates a great
future potential for therapeutic angiogenesis and
regenerative medicine applications (Fig. 5).

Clinical trials
Bench-to-bedside translational work has led to a

number of phase I and II clinical trials involving
EPC therapy for a variety of diseases.42 About 35%
of registered clinical trials involving EPCs are
performed in the United States (more information
can be obtained at ClinicalTrials.gov). Several of
these studies aimed to evaluate the effects of in-
trinsic disease states (including cardiomyopathy,
hypertension, coronary artery disease, ischemia,
stroke, liver cirrhosis, diabetes, oxidative stress,
and obesity) and extrinsic factors such as food,
exercise, and aging on EPC mobilization and
function. The role of growth hormones, pharmaco-

logical drugs, including statins, ACE inhibitors,
and cancer drugs on EPC mobilization and function
is also being studied. There is a growing interest in
using EPCs in wound repair, evidenced by an in-
creasing number of trials recruiting patients for
EPC transplantation in ischemia, stroke, and
wound healing. In fact, a significant lab-to-clinic
ascent of cell-based therapeutics has been aided by
the establishment of consortiums consisting of
thought leaders from academia, industry, the Na-
tional Institutes of Health (NIH), and the U.S. Food
and Drug Administration. However, there remain
unanswered questions before realization of large-
scale application of cell transplantation in patients.
Multiple technical issues such as lack of randomi-
zation of the sample population, multivariates in
the treatment, including dose, route, and timing of
cell transplantation, and variable severity of clini-
cal scenarios make it difficult to determine the role
of EPCs as biomarkers for risk stratification, or the
extent to which drugs and/or EPC therapy is effi-
cacious. Nonetheless, EPC-based strategies will
likely have great importance in the future thera-
peutic angiogenesis.

Figure 5. A proposed pathway for EPC contribution to ischemic and cutaneous wound healing and therapeutic angiogenesis. Therapeutic angiogenesis using
EPCs can be harnessed by isolating these cells for patients, expanding them in vitro to an appropriate number, and enhancing their therapeutic potential using
ex vivo genetic manipulations (gene, liposome, or growth factor therapy) and administering them back to the patient by systemic or local infusion at ischemic
(A, B) or wound site (C). Alternately, EPCs can be embedded along with other cells or vulnerary growth factors in innovative tissue-engineered carrier
matrices (scaffolds or dressings) that provide physiological, optimal conditions for EPC survival and endothelial outgrowth. Direct application of these EPC-
infused scaffolds may further contribute to therapeutic angiogenesis for applications in wound healing and ischemia repair. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/wound
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Therapeutic perspectives: novel
strategies to enhance EPC numbers
and function

Many of the recently described strate-
gies to improve EPC function have fo-
cused on use of angiogenic growths
factors and cytokines. It is now acknowl-
edged that the hostile wound environ-
ment in settings, such as chronic wound
healing and ischemic myocardial infarc-
tion characterized by hypoxia, increased
inflammation, and increased free radi-
cals, has an adverse effect on survival and
function of mobilized/transplanted EPCs,
thereby compromising their full therapeu-
tic benefit.7 Modulation of wound inflam-
mation by either systemic or local delivery
of anti-inflammatory factors can confer
improved stem cell survival and function,
and improved clinical efficacy of EPCs.

In this context, several studies have
demonstrated that administration of IL-10,
a potent anti-inflammatory cytokine, sig-
nificantly blunts inflammation and en-
hances tissue repair and remodeling after
cutaneous wound healing and myocardial
infarction.43–45 There is also growing evi-
dence that IL-10 plays a role not only in
immunoregulation and inhibition of proin-
flammatory cytokine synthesis but in di-
rectly regulating the growth and survival of
noninflammatory cells as well. Several
studies have demonstrated that BM mono-
nuclear cells (BM-MNCs) as well as mes-
enchymal stem cells (MSCs) have the
ability to immunoregulate and improve tissue re-
pair through IL-10 secretion.46–48 BM-MNCs trans-
planted in the infarcted mouse hearts secreted
significant amounts of IL-10, and the cardiac protec-
tion was associated with decreased T-lymphocyte
accumulation, reactive hypertrophy, and myocardial
collagen deposition.49 MSCs have demonstrated the
ability to immunoregulate through multiple inde-
pendent pathways, including inducing IL-10 secretion
by macrophages.

Recent studies by Krishnamurthy et al. further
demonstrate that IL-10 has a direct effect on EPC
biology, function, and their angiogenic potential.50

They demonstrated that IL-10–deficient EPCs
have diminished protection against inflammatory
stimuli and hypoxia-induced cell death. Using IL-
10 loss-of-function and gain-of-function studies in
transgenic and BM transplant animal models,
they demonstrated that IL-10 has a role on EPC
mobilization from BM after myocardial injury,

which appears to be mediated through the SDF-1/
CXCR4 and STAT-3/VEGF signaling mechanisms.
IL-10–deficient EPCs have reduced functional
expression of CXCR4 and are associated with re-
duced SDF-1-induced EPC migration in vitro. To
demonstrate the role that IL-10 can play in im-
proving EPC function and associated tissue repair
outcome, coadministration of IL-10 enhances the
retention and survival of the intramyocardially
transplanted EPCs associated with improved
neovascularization and left ventricular function,
as opposed to transplantation of EPCs alone after
myocardial infarction. It is suggested that by
protecting the EPCs in a harsh microenviron-
ment, IL-10 increases the retention and numeric
availability of these cells to participate in wound
healing. Together, these data suggest a novel
angiogenic role for IL-10, a well-known immuno-
regulator, in improving EPC-mediated therapeu-
tic angiogenesis in wound healing.

TAKE-HOME MESSAGES
Basic science advances
� Postnatal vasculogenesis is mediated by EPCs, progenitors to vascular

ECs that exist in adult life.

� EPCs normally reside in the vascular niche of the BM, with a very low
percentage (few thousand cells/mL blood) in circulation in healthy subjects.

� Under the guidance of hypoxia, growth factors, and chemoattractant
signaling, EPCs mobilize from the BM into the circulation and home to
the tissue repair sites to contribute to neovascularization and healing,
mediated by their surface integrins.

Clinical science advances
� Clinical trials utilizing EPCs for ischemic and wound treatment have been

favorable. Because these trials are primarily therapeutic innovations,
they do not provide mechanistic information of how EPCs promote wound
healing.

� There is a need to develop in vitro culture methods and readouts to
positively predict the effects of EPCs in vivo.

Relevance to clinical care
Major advantages of EPC-based cellular therapy are as follows:

� These cells can be isolated from a patient and amenable to autologous
transplantation or developing tissue-engineered matrices to cover the
wounds, without the risk of infection associated with the introduction of
foreign bodies or rejection of allografted cells.

� Using a high-throughput technology, a single isolation can be a lifetime
repository of cells for the patient.

� These cells can also be genetically modified to overexpress vulnerary
transgenes that can potentially augment the wound milieu and redirect
chronic wound toward a regenerative wound-healing progression.

There are diverse possibilities for future research, including development of
sophisticated delivery systems for EPC therapy and growth factors.
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CONCLUSIONS AND FUTURE
DEVELOPMENTS OF INTEREST

Research into angiogenesis was revolutionized
by the discovery of circulating EPCs, and the
potential of this newly identified cell population
in wound healing, regenerative medicine and
cancer therapy soon became apparent. After
many years of preclinical research, the first
clinical studies have been initiated to assess the
potential of these cells to repair tissues after is-
chemic injury, wound healing, and cancer. The
future research challenge is to identify and
evaluate the methods that increase EPC homing
and incorporation. This will enable the targeted
delivery of EPCs to the site of interest. Continued
characterization of EPCs both in vitro and in vivo
combined with recent advances in nanotechnol-
ogy and tissue engineering51 for local delivery of
cells, growth factors, or DNA that encodes vul-
nerary growth factors will enable the clinical use
of EPCs for therapeutic angiogenesis and wound
healing.
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