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Abstract: The concept of Endothelial Progenitor Cells (EPCs) therapy for adult neovascularization has continuously
received attention. They are believed to participate in endothelial repair and post natal angiogenesis due to their
abilities in differentiating into endothelial cells and producing protective cytokines and growth factors. Abundant
evidence supports the involvement of EPCs in capillary growth and in participating in the formation of collateral
vessels, which lead to improved vascular perfusion and functional recovery in target tissue. Autologous EPC now
is becoming a novel treatment option for therapeutic revascularization and vascular repair in ischemic diseases.
However, various diseases such as diabetes, heart disease and ischemic diseases are related to EPC dysfunction
and give rise to additional challenges of autologous EPC therapy. A novel strategy to enhance the number and func-
tion of EPCs is needed to be established to provide successful autologous EPCs therapy. Currently, clinical trials for
the new generation of EPC therapy in treating peripheral ischemic diseases are underway. In this review we provide
an overview and the limitations of current EPCs therapy with an introduction to the new strategies of next generation

EPC therapy for more promising vascular and tissue regeneration therapy.
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Introduction

After the discovery of bone marrow derived vas-
cular stem cells called endothelial progenitor
cells (EPCs), many investigators have exten-
sively explored the potential of cell based ther-
apeutic angiogenesis in wide range of cardio-
vascular-related ischemic diseases. EPCs were
shown to derive from the bone marrow (BM)
which has ability to promote vascular repair by
migration, homing into target tissue and incor-
porate into neovascularization [1-5]. BM-derived
EPCs (BM-EPCs) has been identified as popula-
tion of selected hematopoietic stem/progenitor
cells expressing CD34+ or CD133+ cells in hu-
man and c-Kit"/Sca-1'/Lineage negative (KSL)
cells in mouse [1, 6-9]. These population of
cells demonstrated their regenerative capacity
by their involvement in neovascularization for
functional recovery in ischemic condition [1, 2,
8, 10]. Autologous application of CD34+ and or
CD133+ enriched EPCs in early clinical trials of
ischemic limb disease have indicated the prom-
ising of EPCs therapy [6, 11, 12].

The prospect of EPC therapy is still facing diffi-
culty in clinical application for the low quantity
and quality of EPCs isolated from bone marrow
and peripheral blood of certain patient popula-
tions. Since EPC population is decreased in
numbers and functional activity related to age
and cardiovascular risk factor [13-16], isolation
and application of EPCs from patients with
these backgrounds have high chance of receiv-
ing EPCs with low therapeutic effect. To further
augment the efficacy of EPCs therapy, several
methodological approaches’ to enhance EPC
survival and longevity are currently being devel-
oped [17-21]. In this review we will focus on the
overview and the limitations of current EPC
therapy on peripheral arterial disease with our
thoughts for novel and ideal style of EPC thera-
py in the future.

Identification and characterization of EPCs

Endothelial progenitor cells (EPCs) were first ini-
tially discovered by Asahara et al., who isolated
human putative endothelial cells (CD34+ cells)
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using magnetic micro beads [1]. EPCs have
been identified through several methods, such
as colony formation assay [7, 22, 23], detection
of acetylated low-density lipoprotein uptake
and lectin binding [1, 7, 22], as well as flow
cytometry technique based on their surface
markers [20, 23]. Current concept of circulating
EPCs has been identified as two major catego-
ries, hematopoietic lineage EPCs and non-
hematopoietic EPCs. Hematopoietic EPCs are
population of cells derived from BM hematopoi-
etic stem cells (HSCs) [24-26] which are able to
migrate into peripheral blood due to stimula-
tion of vascular injured. It is believed that HSCs
and EPCs have the same origin from hemangio-
blast and therefore they have common surface
markers (CD34 and CD133) [24, 25, 27]. Cur-
rent characterization and identification of EPCs
are related to surface markers such as mem-
brane receptors like CD34, CD133, Flk-1/KDR,
CXCR4 and CD105 for human and receptors
such as c-Kit, Sca-1 and CD34 +Flk-1(VEGFR2)+
for mice [28]. The benefit of hematopoietic
EPCs is to full fill the clinical application related
to medical regulatory in terms of the feasibility
of cell isolation from blood cells by targeting
antibodies and the potential effectiveness of
primary cells through vasculogenic and angio-
genic mechanism.

Non-hematopoietic EPCs are not derived from
HSCs cells; it is derived from possibly as organ
or tissue-derived EPCs, including blood cells.
This population of cells can be obtained after
consecutive culture, which demonstrated the
ability to differentiate into endothelial cell-like
cells (ECs) [29]. This EPCs population is also
named endothelial outgrowth cells (EOCs) and
was first described by Ingram et al., and Yorder
et al., [30, 31]. In vitro EOCs represent more
distinct ECs lineage phenotype (EC-like cells)
which appears 7 days after culture as polygonal
cells in a confluent cobblestone monolayer.
This EPCs type express CD31, CD34, CD105,
CD146, VE-cadherin and VEGFR-2 but not
hematopoietic surface markers such as CD133
[28, 32]. Functionally, this EPC also enables to
develop capillary tube formation, produce nitric
oxide and enhanced neovascularization in hind
limb ischemia model [33, 34]. Although these
cells showed vasculogenic potential when
applied into animal model, the caveat of this
EPCs type is that their quality and quantity is
restricted by less proliferative activity and the
possibility of progressive senescence during
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culture in attached EPC phenotype [20]. Also
considering the culturing method involved in
isolating technique, these non-hematopoietic
EPCs are considered less applicable for cli-
nical.

Vasculogenic potential of EPCs

EPCs demonstrated to accumulate in ischemic
injured tissues and repair injured tissue follow-
ing cluster formation [1, 35], therefore colony-
forming potential of EPCs is important for
angiogenic therapy as well as the assay system
in which colony-forming potential of EPCs can
be assessed. Recently, the culture methods of
colony-forming unit- endothelial cells (CFU-ECs)
[36] or endothelial colony-forming cells (ECFCs)
were established on mononuclear cells from
peripheral blood or cord blood [30, 32, 33].
However, it was reported that CFU-ECs were not
EPCs but were myeloid cells that differentiate
into phagocytic macrophages [32]. Moreover by
this ECFCs system we could not distinguish the
different differentiation levels as well as the dif-
ferentiation capacities of immature stem cells.

A novel of EPCs colony forming assay (EPC-CFA)
system has been developed to estimate the
number of primitive progenitor cells and to
assess the differential quality of colonies [22].
Using EPCs-CFA system for progenitor- enriched
population such as CD34+ or CD133+ cells in
human or c-Kit"/Sca-1"/Lineage negative (KSL
cells) in mice; have enable us to identify two
distinct forms of cell colony type namely primi-
tive (small)-EPCs (pEPC-CFUs) colony and defin-
itive (large)-EPCs (dEPC-CFUs) colony. These
two types of cells also represent two different
EPCs populations, primitive (small) EPCs which
contained primitive cells with highly prolifera-
tive capacity; and definitive (large) EPCs con-
tained definitive form of EPCs which tend to dif-
ferentiate and promote vascular repair [7, 22,
37-39].

Further in vivo studies has demonstrated that
EPC-CFA can be used for defining EPC status in
response to pathological conditions such as
ischemia and wound healing [7, 21, 23]. Mouse
ischemia model showed to promote differentia-
tion of PB-MNCs, BM-MNCs or BM-KSL cells
into mature EPC-CFUs. Ischemia signal has
potentially induced differentiation into dEPC-
CFUs and suggested that dEPC-CFU as a more
mature EPCs which possible play important
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role in repairing ischemic tissue [7, 23]. More-
over transplantation of dEPC-CFU markedly
increased limb perfusion ad capillary density
compare to pEPC-CFUs [23]. EPC-CFA functions
as a tool to identify the vasculogenic function of
the cells such as MNC or CD34 cells used for
EPC therapy. Our experiences in clinical trials
have shown that the patients transplanted with
CD34 cells with low EPC-CFUs have lower effi-
cacy in cell therapy. Therefore we believe that
higher efficacy of EPC therapy can be obtained
by transplanting cells with higher EPC-CFUs.

Application of EPCs therapy

EPC transplantation in animal limb ischemia
model

The potential of EPCs therapy in peripheral
ischemia limb disease is currently being exten-
sively studied. This is a new hope for ischemia
limb disease patients who fail to respond to
pharmacological therapy and are not suitable
for surgical procedures which lead to no option
other than amputation. Therapeutic approach-
es on EPCs-based therapy in ischemia animal
model are varies ranging from utilizing fresh
isolated cells, culture-expanded cells and com-
bination with cytokine/growth factor mobilizing-
agents. Asahara et al., has shown in vivo mobi-
lization and incorporation of autologous cells
application into site of tissue ischemia and neo-
vascularization in a rabbit hindlimb ischemia
model [3, 4]. This was first step in defining the
EPCs and confirmed that new blood vessel for-
mation in adult was through mobilization of
vascular progenitor cells from bone marrow,
distinct from the pre-existing vasculature. Since
then, accumulating studies in wide range of ani-
mal model including rat, rabbit and mice have
proved that exogenously administration of
EPCs could restore impaired neovasculariza-
tion in hind limb ischemia model [17, 40, 41].
These experiments demonstrated that in
response to ischemia the administered cells
were incorporated into capillaries and support
improvement in tissue perfusion.

Because HSCs and EPCs share common sur-
face marker which is not possible to distinguish
between them with current available method,
recently several studies have investigated the
potential of CD34+ cells as EPC-enriched frac-
tion [8, 42]. Local injection of CD34+ cells on
ischemic limbs of diabetic mice has demon-
strated to improve wound healing and promote
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vascular growth in part through increased sen-
sitivity to VEGF [8, 42]. Moreover Yang et al.,
showed higher recruitment capacity of trans-
planted fresh isolated BM-derived CD34+ into
injured area [8]. Schatteman et al., transplant-
ed freshly isolated human CD34+ cell into dia-
betic hude mice with hind limb ischemia and
demonstrated significantly blood flow recovery
in ischemic area [43].

EPC transplantation in clinical trials

The main purpose of therapeutic angiogenesis
is to robust adaptive blood vessel formation
and improves tissue perfusion in ischemic tis-
sue. The promising results from animal studies
have led to early clinical trials. Promotion of col-
lateral vessel formation and angiogenesis in
ischemia limb disease patients is an important
therapeutic strategy to minimize tissue injury
associated with severe ischemia.

Based on the cell source, recent EPCs therapy
could be divided into non-selective EPCs thera-
py using bone marrow-derived mononuclear
cells (BM-MNCs) in total which including EPCs
fraction and non-EPCs fraction; and the selec-
tive EPCs therapy using isolated and purified
EPCs from peripheral blood (PB) or BM-MNCs
[6, 8, 44]. Purified EPCs such as CD34+ cells is
performed by magnetic cell separator. To be
able to participate in neovascularization and
endothelial repair, BM-EPC must respond to
signals which lead their mobilization and home
into the site of ongoing vascular development
and differentiate into mature endothelial cells
(ECs). Because the number of EPC in circulation
is very low, G-CSF is used to mobilize BM-EPCs
to peripheral blood. Thus facilitating BM-EPCs
mobilization and homing will enhance EPCs-
mediated vasculogenesis [45, 46].

Therapeutic Angiogenesis using Cell Transpl-
antation (TACT) trial was first report on the use
of bone marrow-derived mononuclear cells to
treat peripheral arterial disease (PAD). This
study was randomized controlled trial which
demonstrated that intramuscular injection of
autologous BM mononuclear cells significantly
improved in leg pain scale, ulcer size, and pain-
free walking distance, and was maintained dur-
ing at least 2 year [47]. Furthermore, a three
years follow-up assessment showed signifi-
cantly lowered amputation rates [46]. After
TACT first publication increased general inter-
est in cell therapy for angiogenesis and lead to
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Table 1. Expansion culture methods of EPC to enhance its bioactivity.

Authors Surface markers Methods Result Reference
Ottetal., CD34+ Blood Expansion in medium enriched with growth factors (SCF, VEGF, SCGF) Improved in LV after myocardial infarct [58]
Lipross et al., CD133+ CD34+ Medium enriched with bFGF and platelet released growth factor PRGF constitutes a highly effective supplement that [59]
boosts the growth medium expansion of cultured EPCs
Bernard UCB CD133+ CD34+ Medium enriched with growth factors (SCF, TPO, FIt3, IL-6) Increased ejection fraction after myocardial infarction [60]
Janic et al., Human UCB CD AC133+  Stemline medium enriched with FIt3 and TPO Long term invitro culture preserved EPCs characteristics [19]
Senegaglia et al., Human UCB CD133+ Medium enriched with bFGF, ILF-1, VEGF Improve LV ejection after myocardial infarct [61]
Masuda et al., UCB CD133+ Serum free medium enriched with growth factors (TPO, VEGF, SCF, FIt3-ligand, IL-6) Preserved LV function in nude rat after myocardial infarct [20]

Abreviations: SCGFp: stem cell growth factor-B; PRGF; platelet released growth factor; UCB: umbilical cord blood; TPO: Thrombopoietin.
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the use of this method for peripheral ischemia
in worldwide with the advantages in results and
without serious side effect reported. The
search of the literature yielded a total of more
than 50 early-phase clinical trials for a total of
almost 2000 enrolled patients. A recent over-
view regarding the clinical results of cell thera-
py is ischemia limb disease was well summa-
rized in Botti et al. [48].

In further, Kawamoto et al., was the first to
report the efficacy of autologous and purified
CD34+ cells transplant in patients with chronic
ischemia in the lower extremities [45]. Recently
Kawamoto et al., also reported a phase I/Il clin-
ical trial of intramuscular transplantation of
autologous and G-CSF-mobilized CD34+ cells
in patients with intractable critical limb isch-
emia (CLI). G-CSF was used to efficiently mobi-
lize BM-EPCs into the PB, and the mobilized
CD34+ cells were isolated as an EPC-enriched
fraction. Moreover, all subjects with primary
endpoint of efficacy score at week 12 were pos-
itive indicating improvement of lower limb isch-
emia after cell therapy. In addition, both subjec-
tive and objective parameters of lower limb
ischemia improved significantly after CD34+
cells transplantation [45]. However because
this study was not a controlled randomized
study, it needs evaluation in a large-scale trial
of the possibility of a placebo effect after trans-
plantation of CD34+ cells.

The current clinical study by our group demon-
strated the first clinical trial of transplantation
of autologous GCSF-mobilized PB CD34+ cells
in non-healing diabetic foot patients as pro-
spective clinical trial phase I/lla. Diabetic
patients with non-healing foot ulcer were treat-
ed with 2 x 1077 cells of G-CSF mobilized PB
CD34+ cells as EPC-enriched population. The
results showed that although minor amputa-
tion and recurrence were seen in three out of
five patients, no death, other serious adverse
events, or major amputation was seen follow-
ing transplantation [47]. Importantly the
patients who received cells with higher total
number of EPC-CFU and CD34/KDR double
positive cells were followed by higher clinical
improvement as demonstrated by accelerating
in wound healing and positive prognosis with-
out recurrence or heterotopic ulcers [47]. These
results indicate that vasculogenic potential of
EPCs and the numbers of EPCs directly affects
the efficacy of cell therapy. Therefore we believe
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that transplanting cells with higher EPC-CFU
and CD34/KDR+ cells is the key to effective
EPC therapy. Overall the clinical trials of report-
ed studies indicate safety and feasibility of cell-
based therapy in patients with CLI but with cer-
tain limitations.

The challenges in EPCs therapy application

The final success of clinical improvement of
progenitor cell-mediated vascular repair and
angiogenic therapy depends on a better under-
standing of EPC biology. The main challenges in
EPCs therapy may represent its quantity and
quality status. Due to its scarcity in circulating,
EPCs therapy enclose a quantity problem due
to less cell yielding during isolation and required
more attempt to process BM cells or more PB
to obtain sufficient number which is a burden
for the patients. In fact study by Iwasaki et al.
described that PB CD34+ cell transplantation
demonstrated dose-dependent effect to con-
current vasculogenesis for functional regenera-
tive recovery [48].

With regard to vasculogenic property of EPCs,
certain circumstances including advanced age,
diabetes, and classic risk factors of cardiovas-
cular disease demonstrates impair in EPCs
function [13, 49, 50]. Increasing age is associ-
ated with decreased number [13] and impaired
function [51] of EPCs leads to increased risk of
cardiovascular events [15, 52]. Aging also relat-
ed with endogenous alteration of vessel wall
with notion that endothelial turnover and regen-
eration is involved in the dysfunction of endo-
thelial. Scheubel et al. described that preopera-
tive number of circulating EPCs in patients with
stable coronary artery disease (CAD) is reduced
with increasing age followed by decreased in
plasma VEGF levels. In line with age, there is
association and correlation between reduced
EPCs and cardiovascular risk factors. Multi-
variate analysis revealed that reduced EPCs
levels were significant and independent predic-
tor of poor prognosis for cardiovascular events
[15, 52] and that correction for the risk factors
are able to restore circulating EPCs towards
normal level [49].

Diabetes is associated with EPCs impairment
lead to wide range of vascular complication.
Lack in endothelial regeneration and impaired
in vasculogenesis were the underlying cause of
micro and macro-vascular complication in dia-
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Serum-free expansion culture

Pre-QQc

(fresh BM-KSL)

* Enhance therapeutic
potential of EPC:

* Quality: enhance
EPC differentiation

* Quantity: increase
cell number

Post-QQc

Figure 1. Serum-free quality and quantity control culture (QQc) system. Ex-vivo expansion method enriched with
optimized growth factors and cytokines to enhance EPC bioactivity.

betes. Moreover the endogenous microenviron-
ment in diabetic is demonstrated having over-
production of reactive oxygen species (ROS)
caused by increased activation of NADPH oxi-
dase which involved in the initiation and pro-
gression of diabetic vascular complications by
decreasing the bioavailability of NO. Blockade
of NADPH oxidase restores the functional activ-
ity of human CD34+ including its migration and
homing capacity into target tissue [53].

Therefore in the setting where there is impair-
ment of endogenous EPCs regarding both
quantity and functional, autologous EPCs ther-
apy is thought to be challenged and less effec-
tive compare to healthy subjects. These cir-
cumstances were described by some studies
including autologous transplantation of PB
CD34+ cells for diabetic foot ulcer that demon-
strated less effective compare to control [10],
decreased EPCs mobilization in older patients
due to less responsive of the EPCs [13] and
that ischemic vascular damage can be repaired
by healthy human CD34+ cells, but not diabetic
one [54]. To overcome this issue the EPCs ther-
apy should be equipped with cellular and
molecular tools to increase their survival and
enhance proliferation of the cells. Their migra-
tion to the site of repair and the ability of hom-
ing, differentiating, and engrafting into tissue
target should be optimal.
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Furthermore the long step procedure needed
to collect and isolate the cells could become a
physical burden for the patients [55]. The addi-
tional step to obtain adequate numbers before
cell transplantation such as ex vivo progenitor
cells propagation or pre-treatment to facilitate
cell mobilization also means that there is a
delay in treatment. Taken together, although
clinical trials demonstrated the safety and effi-
cacy in autologous EPCs therapy, there are still
some limitations to overcome such as: 1) isola-
tion technique and procedures, 2) cell dysfunc-
tion and 3) cell number.

Expansion methods to augment EPCs therapy

Specific approach that will recover potential
EPCs dysfunction and improve its bioactivity for
the optimal treatment of ischemic disorders
should be considered, particularly in regard of
the current findings indicating that there is
impairment of the EPCs function in certain dis-
eases. In order to further enhance the efficacy
of EPC therapy, several groups have developed
ex vivo expansion system which enriched with
cytokines and growth factors pre-administered
of EPCs. These accumulating studies demon-
strated improvement results in neovasculariza-
tion compare to pre-expansion EPCs (Table 1).

However the crucial limitation of these expan-
sion methods was hampered by the lack of
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Vascular
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Figure 2. Development of EPC-based therapy. The methodology of EPC-based therapy has been developed to in-
crease the number and bioactivity function for vascular regeneration.

qualitative and quantitative measures of regen-
erative EPCs. Despite of those limitations,
recently our group has reported newly estab-
lished expansion method of EPCs to develop
the culture system in order to enhance the
number and function of EPCs for vascular repair
by optimized growth factor and cytokine combi-
nations [20]. Using our quality and quantity cul-
ture (QQc) system (Figure 1) enable to optimize
EPCs therapy by augment both qualitative and
quantitative vasculogenic properties of EPCs
and also provide measureable regenerative
capacity as represent by both types of primitive
and definitive EPCs colony.

The advantages of QQc culture system to en-
hance EPCs therapy

Serum free ex vivo expansion culture has been
intensively studied in the field of hematology for
hematopoietic stem cells (such as CD133+
cells or CD34+ cells in cord blood) in order to
reconstitute hematopoiesis following bone
marrow ablation by chemotherapy for malig-
nancies [19, 56, 57]. Based on this ex vivo
hematopoietic expansion cultures, the develop-
ment of EPC expansion culture (Figure 2) has
also been at interest recently. The reason is
that EPC share common surface markers with
hematopoietic stem cells and the fact that the
successful clinical application of cell based
therapy is limited by low quantities of EPC that
can be generated from a patient. Hence the in
vitro method to amplify numbers of autologous
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EPC while preserving its angiogenic potential is
crucial for developing EPC based therapies.

Recently Masuda et al has developed newly
serum free expansion method enriched with
optimal cytokine and growth factors (stem cell
factor (SCF), thrombopoietin (TPO), vascular
endothelial growth factor (VEGF), interleukin-6
(IL-6) and flt-3 ligand) to enhance therapeutic
potential of EPC in both qualitative and quanti-
tative aspects, namely quality and quantity cul-
ture system (QQc) [20]. Seven days after cul-
tured in QQc the post-QQc cells showed aug-
ment differentiation of EPC into endothelial cell
lineage as represented by increase in definitive
EPC-CFU and enhanced endothelial expres-
sions of VEGFR-2, CD146 and vVWF compare to
pre-QQc EPC (fresh EPC). Post-QQc cells also
enhanced the capacity of tube-like formation
and production of pro-angiogenic growth fac-
tors such as VEGF and HGF compare to pre-
QQc cells [20]. Moreover this system also en-
hanced the sprouting capability and predomi-
nant potential in cell proliferation [20]. One
week of QQc culture also significantly increased
number of murine diabetic EPCs and its vascu-
logenic potential with significant enhancement
in wound closure [21]. Therefore this QQc meth-
od has positively augment in almost all aspects
of vasculogenic potential of EPCs.

Tanaka et al demonstrated the efficacy of QQc
in mice diabetic wound healing model. QQc sys-
tem significantly increased the number of bone
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marrow-derived EPCs (c-Kit*/Sca-1"/Lin- (KSL)
cells) in both diabetic and control groups fol-
lowed by increased in vasculogenic potential of
diabetic KSL above the fresh control KSL level.
Moreover post-QQc diabetic EPC form tube-like
formation greater than fresh control KSL cells.
Importantly adoptive transplantation of post-
QQc diabetic KSL cells significantly enhances
wound closure compared with fresh diabetic
KSL cells and comparable to post-QQc control
KSL cells [21].

This system may facilitate cell-based therapies
for diabetic patients since it rapidly expands
the number of diabetic EPCs. Our QQc system
has also demonstrated that post-QQc cells
were exhibited the potential to augment and
restore diabetic EPCs dysfunction through
increased the capability to form and to incorpo-
rate in tube-like formation and also increased
the proliferation capacity. Moreover it also up
regulated the autocrine and paracrine actions
of pro-angiogenic factors which enhance vas-
culogenic potential of EPCs in further [20, 21].
Therefore, with regard of safety, suspended
stem cells in serum-free conditions may be
readily applicable for clinical application.
Furthermore the post-QQc EPCs population
which has rapid expanded property could be
stored in cryopreserved until it be used.

Future perspective

Despite the wide range outcomes, research
and development in stem cell applications
worldwide is moving rapidly towards clinical
application. Both experimental and clinical
results indicate a therapeutic potential for
EPCs in the treatment of the ischemic limb dis-
ease. Although new strategies are developing
to enhance survival and longevity of EPCs prior
to deliver, the technique that is minimal inva-
sive but effective therapy is demanded by the
patients. Since our QQc can generate large
amount of functional cells from small number
of cells after one week of serum free culture,
the development of our QQc culture system
may offer promising method with qualitative
and quantitative advantages for all ischemic
diseases. Our future goal in EPC therapy is to
collect enough number of functional cells from
small volume of peripheral blood for autologous
application of EPCs for effective therapeutic
vasculogenesis and tissue regeneration. We
are now modifying our QQc method so that in
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the future outpatient EPC therapy may become
possible with just a small amount of blood
draw.
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