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Abstract The isolation of endothelial progenitor cells (EPCs) derived from adult bone mar-
row(BM)wasanepoch-makingevent for the recognitionof “neovessel formation”occurring
as physiological and pathological responses in adults. The finding that EPCs home to sites
of neovascularization and differentiate into endothelial cells (ECs) in situ is consistent with
“vasculogenesis,” a critical paradigm well described for embryonic neovascularization, but
proposed recently in adults, in which a reservoir of stem or progenitor cells contributes to
vascular organogenesis. EPCs have also been considered as therapeutic agents to supply the
potent origin of neovascularization under pathological conditions. Considering the regen-
erative implications, gene modification of stem cells has advantages over conventional gene
therapy. Ex vivo gene transfection of stem cells may avoid administration of vectors and
vehicles into the recipient organism. Stem cells isolated from adults may exhibit age-related,
genetic, or acquired disease-related impairment of their regenerative ability. Transcriptional
or enzymatic gene modification may constitute an effective means to maintain, enhance,
or inhibit EPCs’ capacity to proliferate or differentiate. This chapter provides an update of
EPC biology as well as EPCs’ potential use for therapeutic regeneration.

Keywords Endothelial progenitor cells · Gene therapy · Therapeutic vasculogenesis ·
Vascular regeneration
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1
Introduction

Tissue regeneration by somatic stem/progenitor cells has been recognized as
a maintenance or recovery system of many organs in adults. The isolation and
investigation of these somatic stem/progenitor cells have led to descriptions
of how these cells contribute to postnatal organogenesis. On the basis of the
regenerative potency, these stem/progenitor cells are expected as a key in
strategies aimed toward therapeutic applications for damaged organs.

Recently, endothelial progenitor cells (EPCs) have been isolated from adult
peripheral blood (PB). EPCs are considered to share common stem/progenitor
cells with hematopoietic stem cells and have been shown to derive from bone
marrow (BM) and to incorporate into foci of physiological or pathological neo-
vascularization. The finding that EPCs home to sites of neovascularization and
differentiate into endothelial cells (ECs) in situ is consistent with “vasculogene-
sis,” a critical paradigm well described for embryonic neovascularization—but
recently proposed in adults—in which a reservoir of stem/progenitor cells con-
tributes to postnatal vascular organogenesis. The discovery of EPCs has there-
fore drastically changed our understanding of adult blood vessel formation.
The following issue provides the update of EPC biology as well as highlights
their potential utility for therapeutic vascular regeneration.

2
Postnatal Neovascularization

Through the discovery of EPCs in PB (Asahara et al. 1997; Shi et al. 1998),
our understanding of postnatal neovascularization has been expanded from
angiogenesis to angio/vasculogenesis. As previously described (Folkman and
Shing 1992), postnatal neovascularization was originally recognized to be con-
stituted by the mechanism of “angiogenesis,” which is neovessel formation,
operated by in situ proliferation and migration of preexisting endothelial cells.
However, the isolation of EPCs resulted in the addition of the new mechanism,
“vasculogenesis,” which is de novo vessel formation by in situ incorporation,
differentiation, migration, and/or proliferation of BM-derived EPCs (Asahara
et al. 1999a). Furthermore, tissue-specific stem/progenitor cells with the po-
tency to differentiate into myocytes or ECs were isolated in skeletal muscle
tissue of murine hindlimb, although the origin remains to be clarified (Tamaki
et al. 2002). This finding suggests that the origin of EPCs may not be limited
to BM; tissue-specific stem/progenitor cells possibly provide “in situ EPCs” as
a source of EPCs other than BM.

In the events of minor-scale neovessel formation, i.e., slight wounds or
burns, “in situ preexisting ECs” causing postnatal angiogenesis may replicate
and replace the existing cell population sufficiently, as ECs exhibit an ability
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at preserves their proliferative activity. Neovascularization through differenti-
ated ECs, however, is limited in terms of cellular lifespan (Hayflick limit) and
their inability to incorporate into remote target sites. In the case of large-scale
tissue repair—such as is seen with patients who experience acute vascular
insult secondary to burns, coronary artery bypass grafting (CABG), or acute
myocardial infarction (Gill et al. 2001; Shintani et al. 2001), or in physiologi-
cal cyclic organogenesis of endometrium (Asahara et al. 1999a)—BM-derived
or in situ EPC kinetics are activated under the influence of appropriate cy-
tokines, hormones, and growth factors through the autocrine, paracrine, and
endocrine systems. Thus, the contemporary view of tissue regeneration is
that neighboring differentiated ECs are relied upon for vascular regeneration
during a minor insult, whereas tissue-specific or BM-derived stem/progenitor
cells bearing EPCs/ECs are important when an emergent vascular regenerative
process is required.

3
Profiles of EPCs in Adults

3.1
The Isolation of EPCs in Adults

In the embryo, evidence suggests that hematopoietic stem cells (HSCs) and
EPCs (Pardanaud et al. 1987; Risau et al. 1988) are derived from a common
precursor (hemangioblast) (Flamme and Risau 1992; Weiss and Orkin 1996).
During embryonic development, multiple blood islands initially fuse to form
a yolk sac capillary network (Risau and Flamme 1995), which provides the
foundation for an arteriovenous vascular system that eventually forms follow-
ing the onset of blood circulation (Risau et al. 1988). The integral relationship
between the cells which circulate in the vascular system (the blood cells) and
those principally responsible for the vessels themselves (ECs) is suggested by
their spatial orientation within the blood islands; those cells destined to gen-
erate hematopoietic cells are situated in the center of the blood island (HSCs)
versus EPCs or angioblasts, which are located at the periphery of the blood is-
lands. In addition to this arrangement, HSCs and EPCs share certain common
antigens, including CD34, KDR, Tie-2, CD117, and Sca-1 (Choi et al. 1998).

The existence of HSCs in the PB and BM, and the demonstration of sus-
tained hematopoietic reconstitution with HSC transplantation, led to an idea
that a closely related cell type, namely EPCs, may also exist in adult tissues.
Recently, EPCs were successfully isolated from circulating mononuclear cells
(MNCs)usingKDR,CD34,andCD133antigenssharedbybothembryonicEPCs
and HSCs (Asahara et al. 1997; Peichev et al. 2000; Yin et al. 1997). In vitro,
these cells differentiate into endothelial lineage cells, and in animal models of
ischemia, heterologous, homologous, and autologous EPCs have been shown
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to incorporate into the foci of neovasculature, contributing to neovascular-
ization. Recently, similar studies with EPCs isolated from human cord blood
have demonstrated their analogous differentiation into ECs in vitro and in vivo
(Crisa et al. 1999; Kalka et al. 2000; Murohara et al. 2000; Nieda et al. 1997).

These findings have raised important questions regarding fundamental con-
cepts of blood vessel growth and development in adult subjects. Does the dif-
ferentiation of EPCs in situ (vasculogenesis) play an important role in adult
neovascularization, and would impairments in this process lead to clinical dis-
eases? There is now a strong body of evidence suggesting that vasculogenesis
does in fact make a significant contribution to postnatal neovascularization.
Recent studies with animal BM transplantation (BMT) models in which BM
(donor)-derived EPCs could be distinguished have shown that the contribu-
tion of EPCs to neovessel formation may range from 5% to 25% in response
to granulation tissue formation (Crosby et al. 2000) or growth factor-induced
neovascularization (Murayama et al. 2002). Also, in tumor neovascularization,
the range is approximately 35%–45% higher than the former events (Reyes
et al. 2002). The degree of EPC contribution to postnatal neovascularization is
predicted to depend on each neovascularizing event or disease.

3.2
Diverse Identifications of Human EPCs and Their Precursors

Since the initial EPC report (Asahara et al. 1997; Shi et al. 1998), a number
of groups have set out to better define this cell population. Because EPCs and
HSCs share many surface markers, and no simple definition of EPCs exists,
various methods of EPC isolation have been reported (Asahara et al. 1997;
Boyer et al. 2000; Fernandez Pujol et al. 2000; Gehling et al. 2000; Gunsilius
et al. 2000; Harraz et al. 2001; Kalka et al. 2000; Kang et al. 2001; Lin et al. 2000;
Murohara et al. 2000; Nieda et al. 1997; Peichev et al. 2000; Quirici et al. 2001;
Schatteman et al. 2000; Shi et al. 1998). The term EPC may therefore encompass
a group of cells that exists in a variety of stages ranging from hemangioblasts
to fully differentiated ECs. Although the true differentiation lineage of EPCs
and their putative precursors remains to be determined, there is overwhelming
evidence that a population of human EPCs exists in vivo.

Lin et al. cultivated peripheral MNCs from patients receiving gender-mis-
matched BMT and studied their growth in vitro. In this study they identified
a population of BM (donor)-derived ECs with high proliferative potential (late
outgrowth); theseBMcells likely representEPCs (Linet al. 2000).Gunsilius et al.
investigated a chronic myelogenous leukemia model and disclosed that BM-
derived EPCs contribute to postnatal neovascularization in human (Gunsilius
et al. 2000). Interestingly, in the report, BM-derived EPCs could be detected
even in the wall of quiescent vessels without neovascularization events. The
finding suggests that BM-derived EPCs may be related even to the turnover of
ECs consisting of quiescent vessels.
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Reyes et al. have isolated multipotent adult progenitor cells (MAPCs) from
BM MNCs, differentiated them into EPCs, and proposed MAPCs as an origin of
EPCs (Reyes et al. 2002). These studies therefore provide evidence to support
the presence of BM-derived EPCs that take part in neovascularization. Also,
as described above, the existence of namely “in situ EPCs” as derived from
tissue-specific stem/progenitor cells in murine skeletal muscle remains to be
investigated even in the other tissues (Tamaki et al. 2002).

4
Cell Therapy Using EPCs

4.1
The Potent of EPC Transplantation

The regenerative potential of stem/progenitor cells is currently under intense
investigation. In vitro, stem/progenitor cells possess the capabi ity of self-
renewal and differentiation into organ-specific cell types. When placed in
vivo, these cells are then provided with the proper milieu that allows them
to reconstitute organ systems. The novel strategy of EPC transplantation (cell
therapy) may therefore supplement the classic paradigm of angiogenesis de-
veloped by Folkman and colleagues. Our studies indicated that cell therapy
with culture-expanded EPCs can successfully promote neovascularization of
ischemic tissues, even when administered as “sole therapy,” i.e., in the ab-
sence of angiogenic growth factors. Such a “supply-side” version of thera-
peutic neovascularization in which the substrate (EPCs/ECs) rather than lig-
and (growth factor) comprises the therapeutic agent, was first demonstrated
by intravenously transplanting human EPCs to immunodeficient mice with
hindlimb ischemia (Kalka et al. 2000). These findings provided novel evidence
that exogenously administered EPCs rescue impaired neovascularization in
an animal model of critical limb ischemia. Not only did the heterologous cell
transplantation improve neovascularization and blood flow recovery, but also
led to important biological outcomes—notably, the reduction of limb necrosis
and auto-amputation by 50% in comparison with controls. A similar strategy
applied to a model of myocardial ischemia in the nude rat demonstrated that
transplanted human EPCs localize to areas of myocardial neovascularization,
differentiate into mature ECs, and enhance neovascularization. These findings
were associated with preserved left ventricular (LV) function and diminished
myocardial fibrosis (Kawamoto et al. 2001). Murohara et al. reported similar
findings in which human cord blood-derived EPCs also augmented neovas-
cularization in hindlimb ischemic model of nude rats, followed by in situ
transplantation (Murohara et al. 2000).

Other researchers have more recently explored the therapeutic potential of
freshly isolated human CD34+ cells (EPC-enriched fraction). Schatteman et al.
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Fig. 1 Roadmap of EPC research. EPC biology research starts from the identification of
endothelial progenitor cells in peripheral blood published by Asahara et al., inspired by
evolving knowledge in developmental biology, hematology, and vascular biology. The de-
velopment of this field is contributing to medicine through plentiful translational research
throughout the world

conducted local injection of freshly isolated human CD34+ cells into diabetic
nude mice with hindlimb ischemia, and showed an increase in the restora-
tion of limb flow (Schatteman et al. 2000). Similarly Kocher et al. attempted
intravenous infusion of freshly isolated human CD34+ cells into nude rats
with myocardial ischemia, and found preservation of LV function associated
with inhibition of cardiomyocyte apoptosis (Kocher et al. 2001). Thus, two
approaches of EPC preparation (i.e., both cultured and freshly isolated human
EPCs) may provide therapeutic benefit in vascular diseases, but as described
in Sect. 5.2, will likely require further optimization techniques to acquire the
ideal quality and quantity of EPCs for EPC therapy.

Very recently, Iwasaki et al. have demonstrated a CD34+ cell dose-dependent
contribution to recovery of LV function and neovascularization in ischemia
tissues in models of myocardial ischemia (Iwasaki et al. 2006; Fig. 1). Further-
more, CD34+ cells in higher dose groups differentiated into not only vasculo-
genic (endothelial and mural) lineage but also myocardial lineage cells. Clinical
trials using mobilized CD34+ may be effective in terms of vasculogenesis and
myocardiogenesis.

4.2
Future Strategy of EPC Therapy

Ex vivo expansion of EPCs cultured from PB-MNCs of healthy human volun-
teers typically yields 5.0×106 cells per 100 ml of blood on day 7. Our animal
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studies (Kalka et al. 2000) suggest that heterologous transplantation requires
systemic injection of 0.5×104 to approximately 2.0×104 human EPCs/g body
weightof the recipient animal to achieve satisfactory reperfusionof an ischemic
hindlimb. Rough extrapolation of these data to humans suggests that a blood
volume of as much as 12 l may be necessary to obtain adequate numbers of
EPCs to treat critical limb ischemia in patients. Therefore, the fundamental
scarcity of EPCs in the circulation, combined with their possible functional
impairment associated with a variety of phenotypes in clinical patients, such
as aging, diabetes, hypercholesterolemia, and homocyst(e)inemia (vide infra),
constitute major limitations of primary EPC transplantation.

Considering autologous EPC therapy, certain technical improvements may
help to overcome the primary scarcity of a viable and functional EPC popu-
lation. These should include: (1) local delivery of EPCs; (2) adjunctive strate-
gies (e.g., growth factor supplements) to promote BM-derived EPC mobi-
lization (Takahashi et al. 1999; Asahara et al. 1999b); (3) enrichment pro-
cedures, i.e., leukapheresis or BM aspiration, or (4) enhancement of EPC
function by gene transduction (gene modified EPC therapy, vide infra); and
(5) culture-expansion of EPCs from self-renewable primitive stem cells in
BM or other tissues. Alternatively, unless the quality and quantity of autol-
ogous EPCs to satisfy the effectiveness of EPC therapy may be acquired by
the technical improvements above, allogenic EPCs derived from umbilical
cord blood or culture-expanded from human embryonic stem cells (Murohara
et al. 2000; Levenberg et al. 2002) may be available as the sources supplying
EPCs.

5
Gene-Modified EPC Therapy

5.1
Gene Modification of Stem/Progenitor Cells

Considering stem cells’ regenerative ability, the gene modification of stem/pro-
genitor cells exerts several advantages over conventional gene therapy. Ex vivo
gene transduction of stem/progenitor cells may avoid the direct administra-
tion of vectors and vehicles into the recipient organism. Here are possible tar-
get mechanisms of gene-modified stem/progenitor cells for medicine demon-
strated in Fig. 2.

1. Phenotype modification of stem/progenitor cell. Stem/progenitor cell target

Stem/progenitor cells isolated from adults may exhibit a variety of im-
pairments in regenerative ability, these being related to aging and genetic
or acquired diseases. Certain properties of stem/progenitor cells can be
functionally recovered by gene modifications. Transcriptional or enzymatic
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Fig. 2 The strategies of stem/progenitor cell gene modification

gene modification may constitute an effective means to maintain, enhance,
or inhibit stem/progenitor cell bioactivities to proliferate or differentiate.

2. Phenotype modification of organ. Progeny target

Genes introduced into stem cells are inherited by their progeny through
differentiation cascades. Specifically, expression of the inserted gene may
persist through the life of the organ system that is reconstructed by the gene-
modified stem cells. Genetically disordered organs, especially in the case of
hematopoietic pathology, could be replaced by this strategy following bone
marrow transplantation (Cowan et al. 1999; Dunbar et al. 1998; Karlsson
1991; Reisner and Segall 1995; Wong-Staal et al. 1998).

3. Acceleration of regeneration process. Process target

Regeneration of injured tissues is in part or primarily achieved via stem
cell expansion and differentiation. Examples include endothelial progenitor
cells for neovascularization, neural stem cells for neurogenesis, and HSCs
and mesenchymal stem cells (MSCs) for bone marrow reconstruction. Nat-
ural reparatory processes are often too impaired from unexpectedly severe
injury, basic diseases, or aging to accomplish regeneration. Gene modifica-
tion of stem cells to supplement mitogens (Iwaguro et al. 2002) or to deliver
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inhibitory factors for negative control might accelerate retarded regener-
ative processes following stem cell proliferation, incorporation, and gene
expression in situ.

4. Therapeutic organization. Systemic target

Tosupply targetmolecules for therapeuticuse, transplantationofgenetically
modified stem cells might generate expressional tissues or pseudo-organs.
The established tissues or organs will continuously express a certain num-
ber of molecules locally or generally for the short- or long-term by means of
vector selection and conditioning. This strategy could represent an alterna-
tive approach for therapeutic delivery in lieu of standard drug distribution
and uptake.

5.2
Gene Modification of EPCs

EPC transplantation constitutes a novel therapeutic strategy that could pro-
vide a robust source of viable ECs to supplement the contribution of ECs
resident in the adult vasculature that migrate, proliferate, and remodel in
response to angiogenic cues, according to the classic paradigm of angiogen-
esis developed by Folkman and Shing (1992). Just as classical angiogenesis
may be impaired in certain pathologic phenotypes, however, aging, diabetes,
hypercholesterolemia, and hyperhomocysteinemia may likewise impair EPC
function, including mobilization from the bone marrow and incorporation
into neovascular foci. Gene transfer of EPCs during ex vivo expansion consti-
tutes a potential means of addressing such putative liabilities in EPC function.
Moreover, phenotypic modulation of EPCs ex vivo may also reduce the num-
ber of EPCs required for optimal transplantation post-ex vivo expansion, and
thus serve to address a practical limitation of EPC transplantation, namely the
volume of blood required to extract an optimal number of EPCs for autologous
transplantation.

Iwaguro et al. have determined the impact of vascular endothelial growth
factor (VEGF) gene transfer on certain properties of EPCs in vitro and the con-
sequences of VEGF EPC transfer on neovascularization in vivo (Iwaguro et al.
2002; Fig. 3). In vitro, VEGF-gene transfer can be augmented by adenovirus
vector for EPC-proliferative activity and enhanced incorporation of EPCs into
endothelial cell monolayers. In vivo, transplantation of VEGF gene-transduced
EPCs improved neovascularization and reduced limb necrosis by 63.7%. VEGF
EPC gene transfer permitted a dose reduction of transplanted EPCs that was
30 times less than that required in previous experiments to achieve similar
rates of limb salvage. These findings present one option to address the limited
number of EPCs that can be isolated from peripheral blood prior to ex vivo
expansion and subsequent autologous readministration for augmentation of
neovascularization.
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Fig. 3 Enhanced neovascularization by EPCs modified by the VEGF gene. The delivery of
VEGF gene-transduced EPCs presents stimulated proliferation, migration, differentiation,
and incorporation capability to the ischemic area for vasculogenesis

A strategy that may alleviate potential EPC dysfunction in ischemic dis-
orders is considered reasonable, given the findings that EPC function and
mobilization may be impaired in certain disease states.

The regulatory molecule for cell lifespan, telomerase was modified by hu-
man telomerase reverse transcriptase (hTERT) gene transfer to investigate its
effect on the regenerative properties of endothelial progenitor cells (EPCs) in
neovascularization (Murasawa et al. 2002). Along with high telomerase ac-
tivity in hTERT-transduced EPCs, mitogenic capacity exceeded that of the
control group. VEGF-induced cell migration in EPCs was also markedly en-
hanced by hTERT overexpression. hTERT overexpression has rescued EPCs
from starvation-induced cell apoptosis, an outcome that was further enhanced
in response to VEGF. The colony appearance of totally differentiated EC was de-
tected prior to day 30 only by hTERT overexpression, whereas no EC colonies
could be detected in the control group. In vivo transplantation of heterolo-
gous EPCs demonstrated that hTERT-expressing EPCs dramatically improved
postnatal neovascularization in terms of limb salvage by fourfold in compar-
ison with the control group’s limb perfusion as measured by laser Doppler
and capillary density. These findings provide the novel evidence that telom-
erase activity contributes to EPC angiogenic properties; mitogenic activity,
migratory activity, and cell survival. This enhanced regenerative activity of
EPC by hTERT transfer will provide a novel therapeutic strategy for postnatal
neovascularization in severe ischemic disease patients.



Cell Therapy and Gene Therapy Using Endothelial Progenitor Cells 191

6
Other Potential of EPCs

EPCs have recently been applied to the field of tissue engineering as a means of
improving biocompatibility of vascular grafts. Artificial grafts first seeded with
autologous CD34+ cells from canine BM and then implanted into the aortae
were found to have increased surface endothelialization and vascularization
compared with controls (Bhattacharya et al. 2000). Similarly, when cultured
autologous ovine EPCs were seeded onto carotid interposition grafts, the EPC-
seeded grafts achieved physiological motility and remained patent for 130 days
vs 15 days in nonseeded grafts (Kaushal et al. 2001). Alternatively, as previously
reported, the cell sheets of cultured cardiomyocytes may be effective for the
improvement of cardiac function in the damaged hearts, i.e., ischemic heart
disease or cardiomyopathy (Shimizu et al. 2002a, b). The cell sheets consisting
of cardiomyocytes with EPCs expectedly inducing neovessels may be attrac-
tive, as blood supply is essential to maintain the homeostasis of implanted
cardiomyocytes in such cell sheets.

7
Conclusion

As the concept of BM-derived EPCs in adults and postnatal vasculogenesis
are further established, clinical applications of EPCs in regenerative medicine
are likely to follow. To acquire the more optimized quality and quantity of
EPCs, several issues remain to be addressed, such as the development of more
efficientmethodsofEPCpurificationandexpansion, alongwith themethodsof
administration and senescence in EPCs. Alternatively, in case of the impossible
utility of autologous BM-derived EPCs in patients with impaired BM function,
appreciable EPCs isolated from umbilical cord blood or differentiated from
tissue-specific stem/progenitor or embryonic stem cells need to be optimized
for EPC therapy. However, the unlimited potential of EPCs along with the
emerging concepts of autologous cell therapy with gene modification suggests
that these treatments may soon reach clinical fruition.
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