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abstract

Ischemic cardiovascular events are the major cause of death globally. Endothelial 
progenitor cell (EPC)-based therapies result in improvement of vascular perfusion and 
may offer clinical benefit. However, discrepancy between functional improvement and the 
paucity of long-term EPC engraftment raises controversy on their mechanism-of-action. 
We and others hypothesized that following ischemic injury, EPC induce neovascularization 
through the secretion of cytokines and growth factors which act in paracrine fashion and 
induce sprouting angiogenesis by the surrounding endothelium. In this concise review, 
we address the (patho)physiology of EPC-induced neovascularization and focus on the 
paracrine signals secreted by EPC and the effects they elicit. In future therapy, clinical 
administration of these paracrine modulators using slow-release depots may induce 
neovascularization and holds promise for vascular regenerative medicine. 

ischemic cardiovascular disease and neovascularization

Cardiovascular pathologies, such as myocardial infarction and ischemic diseases, 
are the number one cause of death globally. In 2005, an estimated 17.5 million people 
died from cardiovascular diseases, representing approximately 30% of all global deaths 
(www.who.org). Vascular occlusions, resulting in tissue ischemia, are the main cause of 
cardiovascular events such as myocardial infarction. Hence, current standard treatments 
focus on the relief of ischemia, predominantly by restoring vascular perfusion in order 
to prevent ongoing tissue damage, but fail to induce tissue regeneration. Therefore, 
the search for new therapies that induce tissue regeneration is warranted, although 
also these therapies do not abolish the underlying causes of cardiovascular disease. 

Immediately after ischemic damage, such as myocardial infarction, a local 
inflammatory response is mounted which is important for the clearance of cell debris 
and to form the scar that preserves tissue integrity [269;270]. Tissue perfusion plays 
an important role during this inflammatory reaction and scar formation [303;304]. 
Preservation of the vasculature, or even induction of vascularization in the ischemic 
region may decrease the lesion size, prevent loss of cells through apoptosis [305] and 
eventually may inhibit the development of organ failure [306]. Hence, (progenitor) cell 
therapy for the induction of neovascularization is currently assessed in clinical trials 
(Table 1).

Adult neovascularization, or the de novo formation of blood vessels, is classically 
regarded to be a consequence of angiogenesis, rather than vasculogenesis. 
Angiogenesis, the process whereby new blood vessels are formed from pre-existing 
vessels (reviewed in [307;308]). Sprouting angiogenesis encompasses an increase 
of vasopermeability, leading to extravagation of plasma proteins that function as 
temporal scaffold for migrating endothelial cells (EC). Matrix metalloproteases, 
secreted by the endothelium, break down the vascular basement membrane and 
allows migration of EC. Proliferation and subsequent migration of newly-formed EC 
results in the formation of a solid endothelial cord. Lumen formation and stabilization 
are the final processes of sprouting angiogenesis (Figure 1A). 

Vasculogenesis, the generation of new blood vessels by stem/progenitor cells 
(Figure 1B), was long-time regarded to be confined to embryogenesis. However the 
discovery of endothelial progenitor cells (EPC) in adult bone marrow and peripheral 
blood has challenged this theory [46]. Endothelial progenitor cells contribute to repair 
of vascular damage in vivo [61;309]. 

Physiological, EPC-induced neovascularization is initiated by hypoxia. In short, 
EPC-driven neovascularization starts with mobilization of EPC from the bone marrow 
to the circulation in response to stress- and/or damage signals, e.g. VEGF, SDF-1 and 
MCP-1 [310;311], migration of EPC through the blood stream and extravasation of 
EPC through the endothelium and migration towards the site of neovascularization 
where they contribute to the formation of the neovessels. Since EPC contribute to 
adult neovascularization, these progenitor cells make appropriate candidates as cell 
therapeutic for the treatment of various ischemic diseases. Herein, EPC are isolated 
from the peripheral blood and implanted into the ischemic tissue where they are 
involved in restoration of vascular perfusion (reviewed in [312]). However, controversy 
exists on the mechanism by which human EPC induce neovascularization in such a 
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regenerative medicine for they are involved in vascular homeostasis and repair [99], 
neovascularization [70;71] and in various cardiovascular diseases [313;314].

Although there is controversy on the phenotype of EPC and EPC subtypes (reviewed 
in [312] and [170]), in general, two types of EPC can be discriminated based on their 
surface antigen expression, proliferation potential and time of emergence in cell 
culture [62]. Commonly, these EPC emerge from peripheral blood MNC, typically adhere 
to gelatin and fibronectin, take up acetylated LDL, bind lectins from Ulex europaeus, 
and express marker proteins of the EC lineage, e.g. CD31, CD144 (VE-Cadherin) von 
Willebrand Factor (vWF) and endothelial cell Nitric Oxide Synthase (eNOS), after cell 
culture [315;316].

‘Early outgrowth EPC’ [62], also known as ‘colony forming unit-EC’ [63], ‘endothelial-like 
cell’ [101] or ‘CD14+ EPC’ [113], are derived from the monocytic (CD14+) cell lineage (Figure 
2A) and form clusters from which cells with a spindle-shaped morphology originate as 
early as 7 days of culture. CD14+ EPC possess transient proliferative potential in vitro 
[101;113], cannot be passaged and display overlap between endothelial- and monocyte/
macrophage cell markers and functions, i.e. phagocytosis [63;196], antithrombogenic 
activity [113;197], and the production of vasoactive substances [113;317].

‘Late outgrowth EPC’, also known as ‘endothelial colony forming cells’ [47;63] or 
‘CD34+ EPC’ [100;268], are thought to originate from the CD34+ hematopoietic stem 
cell (Figure 2B) [47;63] and exclusively expresses markers of the endothelial cell 
lineage after cell culture. CD34+ EPC emerge after 14-28 days in culture as colonies 

therapeutic setting. Hence, this concise review further focuses on the mechanisms of 
human EPC-induced neovascularization; in particular their pro-angiogenic effects, and 
offers new therapeutic approaches to induce neovascularization therapeutically.

endothelial progenitor cells, cell therapies and current (clinical) 
outcome

Adult EPC were first described by Asahara et al. [46]. In their landmark paper, the 
differentiation of cells bearing EC markers from peripheral blood mononuclear cells 
(MNC) enriched for expression of glycoprotein CD34 or vascular endothelial growth 
factor receptor-2 (VEGFR-2) was described. These EPC contributed to revascularization 
and the salvage of ischemic hind limbs [46]. Ever since, EPC are at the center of 
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Figure 1. Mechanisms of angiogenesis (A) and vasculogenesis (B). Sprouting angiogenesis encompasses the 
secretion of matrix metalloproteases that break down the vascular basement (A2) membrane and allows 
migration of EC (A3). Proliferation and subsequent migration of newly-formed EC results in the formation of a 
solid endothelial cord (A4). Lumen formation and stabilization are the final processes of sprouting angiogenesis 
(A5). Vasculogenesisbegins with the formation of a primary vascular plexus by EPC (B2). Matrix deposition (B3) 
and lumen formation (B4) by EPC result in the formation of immature capillaries.
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Figure 2. Origin and fate of endothelial progenitor cells. CD14+ EPC originate from the myeloid cell lineage and 
coexpress marker proteins from the myeloid- and endothelial cell lineage. CD34+ progenitor cells originate 
directly from the hemotopoietic stem cell and exclusively express markers from the endothelial cell lineage.
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proteins, such as VEGF [329;330], SDF-1 [331;332], MCP-1) [333], angiopoietins [334] 
and erythropoietin [335], amongst others, which actively recruit both CD14+ EPC and 
CD34+ EPC from the bone marrow into the circulation, towards the site of hypoxia 
(Figure 3A).

vascular permeability, extravasation and tunneling by cd14+ epc. 

Vascular permeability increases as a response to hypoxia-induced factors, especially 
VEGF and MCP-1 (reviewed in [336]). Increased VEGF signaling, through its receptor 

of cobblestone-appearance that resemble microvascular EC and display an almost 
indefinite proliferation potential [47;318]. In contrast to CD14+ EPC, CD34+ EPC do not 
exhibit functional overlap with cells of other lineages.

Although CD14+- and CD34+ EPC come from distinct origins and behave 
functionally different in vitro, both CD14+ EPC and CD34+ EPC contribute to in vivo 
neovascularization in several disease models [319-321], albeit their mechanism-of-
action remains controversial. 

Phase I and II clinical trials have aimed to restore blood flow to the ischemic 
areas using various subsets of EPC (Table 1). Placebo-controlled trials studying acute 
myocardial infarction and chronic ischemic heart disease represent the majority of 
current clinical trials (Table 1; reviewed in [312] and [322]) Although controversy exists 
on the recovery of ventricular function [323], implantation of any given EPC-type was 
reported to increase ventricular ejection fraction, reduce the infarct size, and improve 
myocardial perfusion in the majority of trials. Of particular interest, patients receiving 
EPC implantation concomitantly showed a reduction of cardiovascular symptoms and 
increased exercise capacity [324;325].

Although a clear beneficial effect of EPC implantation is observed is clinical trials, 
recent results in animal studies raise controversy on their mechanism of action [65] 
(Table 1). The original hypothesis that EPC would differentiate into EC that subsequently 
build up the neovasculature [200;296], is challenged by recent observations that 
implanted EPC can be traced only shortly after implantation and do not associate 
with the neovasculature [262;274]. Accordingly, we and others hypothesized that EPC 
induce therapeutic neovascularization though paracrine signaling, i.e. the secretion of 
pro-angiogenic factors [100;274]. Therefore, the next part of this review will focus on 
the physiological role of EPC after ischemic injury and the paracrine signals they exert 
during neovascularization in vivo.

physiological neovascularization by endothelial progenitor cells 

relies on paracrine signaling events

endothelial progenitor cells and response to injury. 

Obstruction of peripheral or coronary arteries, either acutely or chronically, reduces 
blood blow and as a consequence the delivery of oxygen and nutrients. The natural 
response of the tissue in states of hypoxia is to increase production and secretion of 
factors that stimulate inflammation and neovascularization in order to alleviate the 
hypoxia [326].

Of particular interest herein is the family of hypoxia-inducible transcription factors 
(HIF) and its primary member HIF-1. HIF-1 is a heterodimeric transcription factor 
composed of two subunits HIF-1α and HIF-1β that are constitutively expressed in 
most cell types [327]. In a normoxic environment, HIF-1α protein levels decay rapidly 
through ubiquitin-proteasome degradation [328]. However, in a hypoxic environment 
HIF-1α protein is stabilized and induces the transcription of multiple pro-angiogenic 

Table 1. Clinical trials and animal models for EPC-based therapy during cardiovascular disease

Disease (Model) Cell Source Delivery Site Outcome
EPC engraftment 

in vasculature?

Myocardial Infarction
Ahmadi et al. [374]

BOOST trials [375;376]
HEBE [377;378]

REPAIR-AMI [379;380]
TOPCARE-AMI [298;381]

Intractable Angina
Losordo et al. [297]

Critical Limb Ischemia
Tateishi-Yuyama et al. [382]

Van Huyen et al. [383]

Zhang et al. [384]

Animal models for human 
disease
Myocardial Infarction
Botta et al. [200]

Jackson et al. [266]

Ma et al. [267]

Ott et al. [385]

Sondergaard et al. [386]
Urbrich et al. [368]

Critical Limb Ischemia
Asahara et al. [46]
Koponen et al. [387]

Ziegelhoeffer et al. [274]

CD133+ EPC

Unselected BMC
Unselected BMC

CD14+ EPC & CD34+ 
EPC

CD14+ EPC

CD34+ EPC

Unselected BMC

Unselected  BMC

Unselected BMC

CD34+ EPC

CD34lowcKIT+Sca1+ EPC

Unselected UCBC

Cultured CD34+ EPC

CD34+ EPC
CD14+ EPC

CD34+ EPC
CD34+ EPC

Unselected BMC

Intramyocardial

Intracoronary
Intracoronary

Intracoronary
Intracoronary

Intramyocardial

Intramuscular

Intramuscular
I

ntramuscular

Intramyocardial

Intravenous

Intravenous

Intramyocardial

Intramyocardial
Intramuscular

Intramuscular
Intramuscular

Bone marrow 
trasplant

Effective: ↓ WMSI, ↑ myocardial 
viability, ↑ myocardial perfusion 

 at 6 months
Ineffective at 18 months

Effective: ↑ LVEF, ↓ Infarct size at 4 
months

Effective: ↑ LVEF, ↑ CBF at 12 months
Effective: ↑ LVEF, ↓ LEV at 12 months

Inconclusive

Effective: ↑ Exercise ability, ↑ ABI,  
↓ rest pain at 6 months

Effective: ↑ tissue perfusion  
at 6 months

Effective: ↑ tissue perfusion, ↑ 
capillary density, ↑ ABI, ↓ rest pain, 

↑ exercise ability at 1 month

Effecrive: ↑ LVEF, ↓ infarct size,  
↑ myocardial perfusion

Effective: ↑ myocardial viability,  
↑ myocardial perfusion

Effective: ↓ infarct size, ↑ myocardial 
perfusion

Effecrive: ↑ LVEF, ↓ infarct size,  
↑ myocardial perfusion

Ineffective
Unknown

Effecrive: ↑ Limb perfusion
Effecrive: ↑ Limb perfusion,  

↓ necrotic area
Effective: ↑ Limb perfusion

Unknown

Unknown
Unknown

Unknown
Unknown

Unknown

Unknown

Inconclusive

Unknown

Unknown

3.3%

Yes, limited

Yes, high

None
Yes, limited

Yes, high
None

None

ABI = Ankle-brachial index; AMI = Acute myocardial infarction; BMC = bone marrow cells; CBF = coronary blood flow; CHD 
= Coronary heart disease; LVEF = Left ventricular ejection fraction; LEV = Late enhancement volume; WMSI = Wall motion 
score index;
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VEGFR-2, increases vascular permeability by destroying the endothelial adherens 
junctions. Herein, VEGF/VEGFR-2-dependent phosphorylation of VE-Cadherin results 
in its internalization [337], thus decreasing the endothelial cell-cell contacts. MCP-1 
signaling through its receptor CCR2, amplifies this VEGF-dependent increase in 
permeability. MCP-1/CCR2 signaling in EC results in downstream phosphorylation 
and degradation of claudins and occludins, the major constituents of tight junctions 
[338;339]. Hence, the vascular permeability is further increased, facilitating progenitor 
cell extravasation (Figure 3B).

Extravasation of progenitor cells is orchestrated by cell-cell adhesion between 
the progenitor cells, chemotactic gradients, and vascular permeability. In response to 
pro-inflammatory stimuli, released from hypoxic tissues (e.g. IL-1β, IL-8 and MCP-1), EC 
increase expression of cell-cell adhesion molecules, such as E-selectin, ICAM-1, VCAM-
1 and the β1-integrins [340]. Circulating CD14+ EPC initiate weak cell-cell interactions 
with the endothelium, which induces an increase in expression these similar adhesion 
molecules by the CD14+ EPC [341;342]. Increased expression of adhesion molecules 
facilitates the formation of firm cell-cell adhesions between CD14+ EPC and the 
endothelium, hence initiating the multi-step process of adhesion and transendothelial 
migration (Figure 3B). 

After transendothelial migration, progenitor cells encounter the endothelial 
basement membrane and the extracellular matrix (ECM). CD14+ EPC secrete matrix 
metalloproteinases (MMP) and matrix metalloelastases (MME), which locally degrade 
the endothelial basement membrane and ECM [281]. Of particular interest, matrix 
degradation and migration of CD14+ EPC towards sites of hypoxia puts down a network 
of tunnels that may act as template for capillary formation (Figure 3C). Using transgenic 
mice that express β-galactosidase under the control of the endothelium-specific 
Tie-2 promoter, Moldovan and coworkers showed that CD14+ EPC drilled tunnels in 
the ischemic myocardium in a MCP-1-dependent manner [271;281]. Furthermore, the 
authors showed that tunneling by CD14+ EPC was achieved through asymmetrical 
degradation of the ECM following secretion of MMP-12 or MME [281]. The branched 
tunnels contained erythrocytes, indicating functional coupling to the vasculature, but 
were devoid of the commonly used endothelial marker Tie-2. However, the absence 
of clotting suggests that the CD14+ EPC lining the capillary-like tunnels did assume 
the morphological appearance of the endothelium and endothelial functionalities 
such as antithrombogenicity. These characteristics are in line with the (early) CD14+ 
EPC phenotype, which is reported by us and others to exert antithrombogenic 
behavior, but does not express all common EC markers [62;113;197]. In a later phase of 
neovascularization, these CD14+ EPC are replaced by either CD34+ EPC or mature EC, as 
is described below. The CD14+ EPC however act as ‘architects of vessel development’ 
assisting in neovascularization of ischemic tissues. Corroboratory, depletion of CD14+ 
cells from the peripheral blood did decreases neovascularization in a mouse model for 
myocardial infarction [270].

recruitment of cd34+ epc. 

Another interesting postulation by Anghelina et al. is that the CD14+ EPC-derived 
tunnels are subsequently colocalized by Tie-2+ bone marrow-derived progenitor 
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Figure 3. Mechanisms of physiological neovascularization. (A) Hypoxia induces the secretion of pro-angiogenic 
factors that mobilization of EPC in the bone marrow and recruits them to the site of hypoxia. (B) Recruited EPC 
adhere to the endothelium and start transendothelial migration. (C) Degradation of the endothelial basement 
membrane and tunneling of CD14+ EPC creates a (temporal) capillary-like scaffold for the neovasculature. (D) 
Paracrine signaling by CD14+ EPC and CD34+ EPC results in the production of an angiogenic microenvironment 
that stimulates the nearby endothelium to proliferate and cover the capillary-like tunnel walls. Subsequent 
sprouting angiogenesis efficiently transforms the capillary-like tunnels into functional and mature capillaries.
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Taken together, physiologic neovascularization results from interplay between the 
mature endothelium and EPC. Herein, two distinct EPC-types can be distinguished, 
the CD34+ EPC and the CD14+ EPC, with distinct and overlapping functions. The CD14+ 
EPC tunnels towards the site of hypoxia, generating a template for capillary formation. 
Furthermore, through the secretion of pro-angiogenic factors, these CD14+- and CD34+ 
EPC generate a pro-angiogenic environment. The preexisting endothelium reacts 
by sprouting angiogenesis and ensures the conversion of capillary-like tunnels into 
mature capillaries using the capillary-like tunnels as a neovascularization template 
(Figure 3).

Although both EPC and the preexisting endothelium add to neovascularization, 
controversy remains on their relative contribution to neovascularization in various 
disease states. This issue has to be elucidated prior to large-scale application of EPC-
based cardiovascular therapies.

towards clinical application

The biology of EPC is complex and currently deserves further dissection. However, 
considering that EPC were discovered only a mere decade ago, huge progress has 
been made in understanding the significance of phenotypic variations in progenitor 
cell types (reviewed in [312] and [170]) and to use them to our advantage for vascular 
regenerative medicine (reviewed in [346]). Popa et al., among others, described that 
the engraftment of bone marrow-derived EPC in neovascularization is determined by 
the local microenvironment [169]. Hence, incorporation of EPC into the neovasculature 
can be found in one setting, while in other cases no such contribution is found 
[63;343]. However, the EPC may interpret these molecular clues and is able to change 
that same microenvironment for the better. For one, the secretion of pro-angiogenic 
factors by EPC can induce sprouting angiogenesis and thus improve tissue perfusion 
after ischemic injury. Also, EPC literally pave the way for vessel development by drilling 
tunnels in damaged tissues which later develop into the neovasculature. 

As in most biological processes, EPC are influenced by a plethora of systemic and 
local factors, which influence experimental outcome. Understanding these processes 
therefore opens new possibilities for therapeutic intervention and will continue to 
be the focus of future research. Current insight in the mechanism of EPC-induced 
neovascularization, for instance its dependence on VEGF, has led to the use of VEGF 
gene therapy in clinical trials [347] and the development of protein-release systems 
for the delivery of growth factors [348]. Similarly, in cancer therapies, insights in the 
process of neovascularization have led to the development and use of neutralizing 
antibodies to the paracrine mediators of neovascularization [349]. 

Obviously, mimicking the natural release of pro-angiogenic molecules by EPC is 
difficult to achieve using conventional drug-delivery systems, which generally show 
burst-release. In contrast to burst-release, dosing and timing of pro-angiogenic 
factors is of major importance during neovascularization. Therefore, a huge research 
effort has been undertaken in order to mimic these release patterns in vascular 
regenerative medicine. It is likely that the optimal treatment will involve multiple 
agents as neovascularization is a complex process involving a large variety of factors. 

cells [282], which phenotypically represent the CD34+ EPC. We therefore postulate 
that these bone marrow-derived Tie-2+ progenitors are CD34+ EPC. The capillary-like 
tunnels, formed by CD14+ EPC, undergo a process of complex cellular organization 
that comprises robust vasculogenesis [271;282]. CD34+ EPC are actively recruited to 
the capillary-like tunnels and these immature EC replaced the CD14+ EPC cells lining 
the lumen. Although Anghelina et al. provided firm evidence for colonization of the 
capillary-like tunnels by EPC [271;282], the underlying mechanisms remain to be 
elucidated. Secretion of chemokines by CD14+ EPC, such as IL-8, GM-CSF, HGF, SDF-1 
or SCF, may be an important determinant for CD34+ EPC recruitment and has been 
described previously [64;73]. Furthermore, the conversion of capillary-like tunnels 
formed by CD14+ EPC into capillaries lined by CD34+ EPC explains the transient 
existence of CD14+ EPC-derived capillaries and may account for the wide-spread idea 
that solely CD34+ EPC engraft into the neovasculature [62;63;343].

production of a pro-angiogenic niche and induction of endothelialization and sprouting  
angiogenesis. 

CD14+ EPC and CD34+ EPC secrete high amounts of proangiogenic cytokines under 
hypoxic conditions. Of note, several research groups have described the secretion 
of proangiogenic factors HGF, IGF-1, bFGF and VEGF by both EPC-types [64;276;344]. 
Moreover, interaction between CD34+ EPC and CD14+ EPC has been described to 
differentially and synergistically increase the secretion of these proangiogenic 
mediators by several research groups [64;113;202]. We therefore contemplated that, 
during neovascularization, interaction between the CD14+ EPC and the CD34+ EPC 
in the capillary-like tunnels results in the formation of a proangiogenic niche which 
favors the conversion the capillary-like tunnels into mature and functional capillaries.

Sprouting angiogenesis can be initiated by EPC and is currently believed to be the 
major contributor to the neovasculature [65;274]. In response to the proangiogenic 
stimuli secreted by either CD34+ EPC or CD14+ EPC, the surrounding endothelium 
starts to proliferate and invade the capillary-like tunnels (Figure 3D). In corroboration, 
conditioned media from EPC cultures was shown to induce proliferation and migration 
of EC both in vitro as well as in vivo [330;345].

As previously mentioned, the differentiation of EPC into mature and functional 
EC may also contribute to the conversion of the capillary-like tunnels into functional 
capillaries. We have recently shown that endothelial cell differentiation by CD14+ EPC 
increased after exposure to HGF produced by CD34+ EPC [113]. Furthermore, Yoon and 
coworkers and Awad and coworkers reported increased endothelial differentiation 
and increased neovascularization after combined administration of CD34+ and CD14+ 
EPC into ischemic hind limbs [64;202]. Although synergism between CD34+ EPC and 
CD14+ EPC increases endothelial cell differentiation in vitro and neovascularization 
in vivo, the number of chimeric EPC/host-vessels remains low (Krenning & Harmsen, 
unpublished data) [64;202], suggestive of a major contribution from the surrounding 
endothelium through sprouting angiogenesis.
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Another potential difficulty is the status of the affected endothelium in the ischemic 
region. Compromised endothelium will not migrate nor proliferate as well as healthy 
endothelium, therefore potentially limiting the extent of neovascularization induced 
by such therapies. These impairments pose new challenges for vascular regenerative 
medicine and strategies to overcome these impairments need to be addressed in 
future research.

Lastly, the ischemic microenvironments may differ between tissues and organs. 
Therefore, standardized protein-based therapy for the induction of neovascularization 
may not be the most promising option, and future research will have to elucidate the 
molecular microenvironment of each ischemic disease in order to achieve the most 
suitable treatment. Even more so, it is most likely that each individual patient will 
behave differently to ischemic damage and minor adjustments to the protein-based 
therapies will have to be made in order to achieve the highest clinical benefit. This 
form of personalized medicine, although in future perspective, will in our opinion 
ensure the best regenerative therapy.

concluding remarks

Neovascularization by EPC is a complex process that is initiated by local hypoxia, 
modulated by EPC, and results in the de novo formation of blood vessels. In this concise 
review we have shown that administration of EPC, either systemically or locally into 
ischemic tissues, results in increased vascular perfusion and clinical benefit (Table 1) 
not by incorporation into the neovasculature, but by drilling capillary-like tunnels and 
stimulating sprouting angiogenesis through paracrine signals (Figure 3). First, EPC are 
actively recruited to sites of neovascularization where they form capillary-like tunnels 
mimicking robust vasculogenesis. Second, the frequency of chimeric human/mouse 
blood vessels is too low to explain the significant increase in vascular perfusion. 
Third, human EPC secrete a plethora of factors which act as chemoattractants and 
mitogens on surrounding endothelial cells. Four, sprouting angiogenesis by the host 
endothelium is always observed after EPC-induced neovascularization in animal 
models of ischemic disease.

The demonstration that human EPC secrete paracrine signals that induce 
neovascularization offers great therapeutic potential. For one, protein-based therapies 
may be more easily translated into a clinical setting. In this respect, knowledge on 
EPC-mediated neovascularization has led to the development of biologicals which 
influence or mimic the soluble mediators of neovascularization (e.g. VEGFa and bFGF), 
and clinical administration of such pro-angiogenic factors has shown promising results. 
However, the beneficial paracrine signals secreted by EPC remain partly unidentified. 

The development of ‘on-demand release’ depots, containing multiple pro-
angiogenic factors that are secreted in temporal distinct or cell-dependent patterns 
will mimic paracrine signaling events during neovascularization more closely, however 
the development of such release depots is still in its early days and the clinical efficacy 
of such protein-based therapies need to be elucidated in clinical trials. However, if 
these hurdles can be overcome, protein-based therapy will hold great promise for 
vascular regenerative medicine.

Administration of a single factor may therefore be insufficient. Current investigations 
on growth factor delivery platforms focus on the sequential delivery of multiple pro-
angiogenic factors, mimicking the in vivo behavior of EPC. For example, Hao et al. have 
described the sequential release of VEGF and PDGF-BB in a mouse model of myocardial 
infarction and described increased vascularization and improved vessel maturation 
compared to either factor alone [350]. Likewise, we have recently supplemented 
Matrigel implants with not just a duplet, but a pentet of growth factors and cytokines 
(Krenning & Harmsen, unpublished data). This pentet of factors, containing the 
chemokines MCP-1, IL-8 and growth factors HGF, bFGF and VEGF, was able to induce 
neovascularization at a level comparable to neovascularization induced by EPC.

Since therapeutic neovascularization can be induced by the administration of a 
multiplex of growth factors and cytokines, this protein-based therapy offers a great 
potential for therapeutic application. New classes of biomaterials with slow-release 
capability may be created to house these pro-angiogenic factors. Hence, such materials 
will offer an ‘off-the-shelf’ therapeutic for the induction of neovascularization by the 
recruitment of EPC or by inducing sprouting angiogenesis from the endothelium 
nearby.

However, these materials would have to incorporate some form of biological 
responsiveness to their environment, since previous attempts to induce 
neovascularization through burst release of growth factors or gene therapy also 
caused serious complications as blood vessel overgrowth, i.e. hemagiomas [58]. 

A highly interesting development is the generation of ‘release-on-demand’ 
platforms that use the principles of enzyme-mediated growth factor release. 
Physiologically, growth factors are stored in the extracellular matrix from which they 
are released by degrading enzymes secreted from invading or growing cells [351]. This 
enzyme-mediated release guarantees a time and location restricted action of these 
growth factors. For therapeutic neovascularization, it was shown that only the proper 
and timely delivery of vessel-inducing factors (i.e. VEGF and bFGF) and blood vessel 
maturating factors (i.e. PDGF and TGF-β) were able to form functionally mature vessels 
of EC and smooth muscle cells in vivo [352]. Obviously, mimicking such complicated 
series of events is challenging, but several release systems have been successfully 
established [258;259;353]. 

A potential difficulty in the clinical success of growth factor-delivery systems is the 
availability and functionality of the EPC. In this review we have illustrated the function 
of EPC in orchestrating neovascularization and the potential of growth factor-delivery 
for vascular regenerative medicine. However, the numbers and function of these EPC 
may be affected as a result of the disease. We and others have described functional 
impairment of EPC in various diseases, including inflammatory diseases [108], 
renal diseases [354] and cardiovascular diseases [261]. Corroboratory, Kränkel and 
coworkers recently described decreased migratory activity of EPC from patients with 
cardiovascular disease [355]. However, in their experiments the cells that did migrate 
showed no reduction in their angiogenic capacity. These data suggest that although 
there is a numerical dysfunction of EPC in patients with cardiovascular diseases, there 
are remaining EPC with proper angiogenic function. Hence, mobilization of these 
EPC by statin treatment may overcome current limitation observed in EPC-mediated 
therapy. However, this remains to be elucidated in future research.
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