Abstract

Although implantation of crude bone marrow cells has been applied in a small number
of patients for fracture healing, transplantation of peripheral blood CD34" cells, the
hematopoietic/ endothelial progenitor cell-enriched population, in patients with fracture
has never been reported. Here, we report the first case of tibial nonunion receiving
autologous, granulocyte colony stimulating factor mobilized CD34" cells accompanied
with autologous bone grafting. No serious adverse event occurred, and the novel therapy
performed 9 months after the primary operation resulted in bone union 3 months later

without any symptoms including pain and gait disturbance.
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Key words: tibial nonunion; peripheral blood CD34" cells; G-CSF

CT-0249 Cell Transplantation Epub: submitted 08/17/2010, provisional acceptance 10/18/2010

-119-



Introduction

Whereas most fractures typically heal, a significant proportion (5-10%) of fractures
fail to heal and result in delayed union or persistent nonunion (17,24). Nonunion of the
long bone is a common problem that can be disabling. Treatment may require multiple
operative procedures, prolonged hospitalization, and years of disability until a union is
obtained or an amputation is performed. Among several factors resulting in this failure,
severe skeletal injuries consisting of fractures with a compromised blood supply have a
high risk for leading to either delayed unions or established nonunions. An essential
requirement for healing such intractable fractures is to restore the local blood flow,
which has traditionally been accomplished through complex vascular procedures or soft
tissue transfers with adequate blood supply (8,10,21).

Recent progress in human embryonic and adult stem cell research have been
reported in various fields, and bone formation and regeneration has received much
attention as a target for regenerative medicine because of the capacity of stem cells to
self-renew and differentiate into various types of adult cells or tissues (1,22,28). Adult
human peripheral blood (PB) CD34" cells contain intensive endothelial progenitor cells
(EPCs) as well as hematopoietic stem cells (HSCs) (3). Tissue ischemia and cytokine
mobilize EPCs from BM into PB, and mobilized EPCs specifically home to sites of
nascent neovascularization and differentiate into mature endothelial cells
(vasculogenesis) (2,25). Therapeutic potential of BM-derived CD34+ cells for
neovascularization in hindlimb, myocardial and cerebral ischemia has been

demonstrated in both preclinical and clinical studies (12,16). Interestingly, recent
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reports indicate that BM-derived CD34+ cells are capable of differentiating into
osteogenic as well as hematopoietic and vasculogenic lineages (4,6,7,15,26). We and
other groups reported that fracture induces mobilization of EPCs from BM into PB and
incorporation of the circulating EPCs into the fracture site (13,14,19). We first
demonstrated that systemic infusion of human circulating CD34" cells into
immunodeficient rats with non-healing fracture contributes to morphological and
functional fracture healing by enhancing vasculogenesis and osteogenesis (18). In
addition, we attempted local transplantation of CD34+ cells with atelocollagen gel, a
bio-absorbable scaffold, in the same animal model and demonstrated the similar effect
at the lower dose compared with the systemic administration (20). Considering the
essential scarcity of EPCs in adult human, this preclinical outcome provided us with a
realistic strategy for the future clinical application.

Based on these scientific evidences, we here report the first clinical case of tibial
nonunion treated with autologous, granulocyte colony stimulating factor (G-CSF)
mobilized CD34" cells with atelocollagen scaffold immediately after the autologous

bone grafting from iliac crest.
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Case Report

A 42-year-old male presented himself at our hospital complaining of tibial delayed
union with pain at the fracture site and disability of life. He had had a closed tibial
fracture and been treated by open reduction and internal fixation with plate fixation at
another hospital 9 months before the initial presentation at our hospital. During the 9
months, fracture site failed' to heal in spite of treating with low intensity pulsed
ultrasound device (Sonic Accelerated Fracture Healing System (SAFHS), Teijin Ltd.,
Japan). At the time of presentation, he complained of moderate pain and tenderness at
the fracture site causing disability of weight bearing gait. He was clinically diagnosed as
a nonunion according to the 1988 FDA Guidance Document Definition requiring 9
months duration of the non-united fracture with no evidence of progressive healing over
the previous 3 months (27). Anteroposterior and lateral radiographs led to diagnosis of
non-infected bone defect type nonunion showing no bridging of four cortical sides. The
radiographs also revealed no apparent instability at the fracture site and absence of
radiolucency around screws. The radiological findings were supported by 3-dimensional
(3D) computed tomography (CT) (Fig. 1).

We obtained an informed consent from the patient for participating a phase I/ Ila
clinical trial regarding transplantation of G-CSF mobilized CD34" cells in patients with
nonunion. The clinical study protocol conformed to the Declaration of Helsinki and was
approved by the ethics committees of the participating hospitals, Institute of Biomedical
Research and Innovation (#08-01) and Kobe University Hospital (#735). After the
subject eligibility was confirmed, the patient was registered as the first participant in the

clinical trial. He received subcutaneous administration of G-CSF (5 pg/kg per day for 5
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days) to mobilize EPCs from BM. Leukoapheresis (AS.TEC204; Fresenius HemoCare,
Bad Homburg, Germany) was performed to harvest PB mononuclear cells (MNCs) on
day 5. The apheresis product number was 2.85x 10'° cells and the frequency of CD34"
cells in the apheresis product was 0.67% by fluorescence-activated cell sorting (FACS)
analysis using CD34-specific monoclonal antibodies (Becton, Dickinson and Company,
San Jose, CA). Thé apheresis product was kept at a concentration of =2 x10® cells/ml
in autoplasma at 4 °C overnight (<18 hours) until the magnetic separation of CD34"
cells was started. 1.30x 10® CD34" cells were isolated by the CliniMACS system
consisting of a CliniMACS Instrument, CD34 reagent, phosphate-buffered saline/EDTA
buffer, and tubing set (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of the
isolated CD34" cells was 92.5% by FACS analysis and the cell viability was 98.3%.
The sorted CD34" cells were also positive for the following endothelial lineage surface
markers; CD133, ¢-Kit, and CD31 (94.8, 87.2, and 99.3%, respectively). Immediately
after the magnetic cell sorting, a predefined dose (5 x 10° cells/ kg) of CD34" cells,
which was determined by the pre-clinical study (20), was dissolved in 5 ml of
atelocollagen gel (final concentration 1.5%) (KOKEN, Tokyo, Japan), which was used
as a bio-absorbable scaffold for retaining the cells at the transplanted site.

Cell transplantation and bone grafting was performed under general anesthesia.
Following refreshing fibrous tissue at the nonunion site and the surrounding cortical
bone and grafting autologous cancellous bone from iliac crest, CD34" cells dissolved in
atelocollagen gel were locally administered into the fracture site (bone defect site) using
an injection needle under fluoroscopic control (Fig. 2). Replacement of the original
plate was not performed because of no apparent instability at the fracture site and

absence of radiolucency around screws.
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The patient was allowed to gait with partial weight bearing at 6 weeks and with full
weight bearing at 12 weeks after the operation. Twelve weeks after the treatment, the
patient had no pain complaint with full weight bearing gait. Anteroposterior and lateral
radiograph provided diagnosis of achieved union showing the bony bridging in three of
four cortical sides. 3D-CT also supported the radiographical findings (Fig. 3). Taken
together, the patient met the criteria of radiographical and clinical union as the primary
end point in this treatment at 12 weeks. Six months after the treatment, the patient had
no symptoms relating to the fracture and the combined therapy of cell transplantation
and bone grafting. He could gait with full weight bearing. No serious adverse events
relating to G-CSF administration, leukoapheresis and cell transplantation occurred

during the observation period.
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Discussion

To the best of our knowledge, this is the first clinical report of transplantation of
autologous, G-CSF mobilized and purified CD34" cells in a patient with tibial nonunion.
The cell therapy combined with autologous iliac bone grafting successfully achieved
bone union, which was confirmed by clinical symptoms, radiograph and 3D-CT as early
as 3 months after the treatment. As for the safety evaluation in the first case, there were
no serious adverse events for which a causal relationship to the cell therapy could not be
denied. In a recent clinical trial in our institution using autologous, G-CSF mobilized
CD34" cells in 17 patients with critical limb ischemia (12), no serious adverse events
occurred although mild to moderate events relating to G-CSF and leukoapheresis were
frequent during the 12-week follow up. Safety, feasibility and efficacy of this cell-based
therapy in patients with nonunion/delayed union would be evaluated after completing

this phase I/Ila clinical trial.

Several research groups have demonstrated the usefulness of local transplantation
of total BM cells for fracture healing (5,9). Hernigou et al reported that in 88% of
patients with non-infected nonunions of the tibia, bone union was achieved by
percutaneous grafting of autologous total BM cells accompanied with the external
fixation or cast immobilization (9). Quarto et al are the first to report the clinical
effectiveness and usefulness of BM mesenchymal stem cells (MSCs) associated to a
porous ceramic for a large long-bone defects (23). Comparcd with transplantation of
purified CD34+ cells, crude BM cell or BMMSC therapy does not require the time and

cost for magnetic cell sorting. However, our group recently reported that
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intramyocardial transplantation of human G-CSF mobilized, total MNCs represents a
possible risk of severe hemorrhagic myocardial infarction through the excessive
inflammation induced by abundant infiltration of hematopoietic cells (11). Infusion of
the crude BM cells might cause similarly unfavorable event in the case of fracture.
Further preclinical/ clinical studies would be warranted to compare the feasibility,

safety and efficacy between the various modalities for bone repair.

In conclusion, harvest, isolation and transplantation of autologous, G-CSF
mobilized CD34" cells was first performed in a patient with nonunion/delayed union.
Both clinical and radiological healing of the fracture was achieved 12 weeks after the
cell therapy and bone grafting. No serious adverse events occurred during the 12 week-
follow up. These promising outcomes encourage the early completion of this phase 1/
ITa clinical trial. Efficacy of the cell therapy would be further elucidated in a
randomized controlled clinical trial with an appropriate control group receiving G-CSF

only or placebo in the future.

Acknowledgements

We would like to thank Ms. Janina Tubby for her excellent editing assistance for
preparing this manuscript. This study is partly supported by the grant of “Translation
Research Support Program (2007-2012) of MEXT (Ministry of Education, Culture,
Sports, Science and Technology) of Japan.

The authors declare no conflicts of interest.

CT-0249 Cell Transplantation Epub; submitted 08/17/2010, provisional acceptance 10/18/2010

-126-



References

10.

11.

12.

13.

14.

15.

16.

Akiyama, M.; Nakamura, M. Bone regeneration and neovascularization processes in a pellet
culture system for periosteal cells. Cell Transplant. 18:443-452; 2009.

Asahara, T.; Masuda, H.; Takahashi, T.; Kalka, C.; Pastore, C.; Silver, M.; Kearne, M.; Magner,
M.; Isner, J. M. Bone marrow origin of endothelial progenitor cells responsible for postnatal
vasculogenesis in physiological and pathological neovascularization. Circ. Res. 85:221-228;
1999,

Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.;
Schatteman, G.; Isner, J. M. Isolation of putative progenitor endothelial cells for angiogenesis.
Science 275:964-967; 1997.

Chen, J. L.; Hunt, P.; McElvain, M.; Black, T.; Kaufman, S.; Choi, E. S. Osteoblast precursor
cells are found in CD34+ cells from human bone marrow. Stem Cells 15:368-377; 1997.
Connolly, J. F.; Guse, R.; Tiedeman, J.; Dehne, R. Autologous marrow injection as a substitute
for operative grafting of tibial nonunions. Clin. Orthop. Relat. Res. 266.259-270; 1991.
Dominici, M.; Pritchard, C.; Garlits, J. E.; Hofmann, T. J.; Persons, D. A.; Horwitz, E. M.
Hematopoietic cells and osteoblasts are derived from a common marrow progenitor after bone

marrow transplantation. Proc. Natl. Acad. Sci. USA 101:11761-11766; 2004.

Ford, J. L.; Robinson, D. E.; Scammell, B. E. Endochondral ossification in fracture callus during
long bone repair: the localisation of 'cavity-lining cells' within the cartilage. J. Orthop. Res.
22:368-375; 2004.

Gerstenfeld, L. C.; Cullinane, D. M.; Barnes, G. L.; Graves, D. T.; Einhorn, T. A. Fracture
healing as a post-natal developmental process: molecular, spatial, and temporal aspects of its

regulation. J. Cell. Biochem. 88.873-884; 2003.

Hemigou, P.; Poignard, A.; Beaujean, F.; Rouard, H. Percutaneous autologous bone-marrow
grafting for nonunions. Influence of the number and concentration of progenitor cells. J. Bone
Joint Surg. Am. 87:1430-1437; 2005.

Karsenty, G.; Wagner, E. F. Reaching a genetic and molecular understanding of skeletal
development. Dev. Cell 2:389-406; 2002.

Kawamoto, A.; Iwasaki, H.; Kusano, K.; Murayama, T.; Oyamada, A.; Silver, M.; Hulbert, C.;
Gavin, M.; Hanley, A.; Ma, H.; Keamney, M.; Zak, V.; Asahara, T.; Losordo, D. W. CD34-positive
cells exhibit increased potency and safety for therapeutic neovascularization after myocardial
infarction compared with total mononuclear cells. Circulation 114.2163-2169; 2006.
Kawamoto, A.; Katayama, M.; Handa, N.; Kinoshita, M.; Takano, H.; Horii, M.; Sadamoto, K_;
Yokoyama, A.; Yamanaka, T.; Onodera, R.; Kuroda, A.; Baba, R.; Kaneko, Y.; Tsukie, T.;
Kurimoto, Y.; Okada, Y.; Kihara, Y.; Morioka, S.; Fukushima, M.; Asahara, T. Intramuscular
transplantation of G-CSF-mobilized CD34(+) cells in patients with critical limb ischemia: a
phase I/ITa, multicenter, single-blinded, dose-escalation clinical trial. Stem Cells 27:2857-2864;
2009.

Laing, A. J.; Dillon, J. P;; Condon, E. T,; Street, J. T.; Wang, J. H.; McGuinness, A. J.; Redmond,

H. P. Mobilization of endothelial precursor cells: systemic vascular response to musculoskeletal
trauma. J. Orthop. Res. 25:44-50; 2007.

Lee, D.Y.; Cho, T. J.; Lee, H. R.; Park, M. S.; Yoo, W. J.; Chung, C. Y.; Choi, I. H. Distraction
osteogenesis induces endothelial progenitor cell mobilization without inflammatory response in
man. Bone 46:673-679; 2010.

Long, M. W.; Williams, J. L.; Mann, K. G. Expression of human bone-related proteins in the

hematopoietic microenvironment. J. Clin. Invest. 86:1387-1395; 1990.

Losordo, D. W.; Schatz, R. A.; White, C. J.; Udelson, J. E.; Veereshwarayya, V.; Durgin, M.; Poh,
K. K.; Weinstein, R.; Kearney, M.; Chaudhry, M.; Burg, A.; Eaton, L.; Heyd, L.; Thorne, T.;
Shturman, L.; Hoffmeister, P.; Story, K.; Zak, V.; Dowling, D.; Traverse, J. H.; Olson, R. E.;
Flanagan, J.; Sodano, D.; Murayama, T.; Kawamoto, A.; Kusano, K. F.; Wollins, J.; Welt, F.;
Shah, P.; Soukas, P.; Asahara, T.; Henry, T. D. Intramyocardial transplantation of autologous
CD34+ stem cells for intractable angina: a phase I/IIa double-blind, randomized controlled trial.
Circulation 115:3165-3172; 2007.

CT-0249 Cell Transplantation Epub; submitted 08/17/2010. provisional acceptance 10/18/2010

-127-



17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Marsh, D. Concepts of fracture union, delayed union, and nonunion. Clin. Orthop. Relat. Res.
355(suppl)-S22-30; 1998.

Matsumoto, T.; Kawamoto, A.; Kuroda, R.; Ishikawa, M.; Mifune, Y.; Iwasaki, H.; Miwa, M.;
Horii, M.; Hayashi, S.; Oyamada, A.; Nishimura, H.; Murasawa, S.; Doita, M.; Kurosaka, M.;
Asahara, T. Therapeutic potential of vasculogenesis and osteogenesis promoted by peripheral
blood CD34-positive cells for functional bone healing. Am. J. Pathol. 169:1440-1457; 2006.
Matsumoto, T.; Mifune, Y.; Kawamoto, A.; Kuroda, R.; Shoji, T.; Iwasaki, H.; Suzuki, T.;
Oyamada, A.; Horii, M.; Yokoyama, A.; Nishimura, H.; Lee, S. Y.; Miwa, M.; Doita, M.;
Kurosaka, M.; Asahara, T. Fracture induced mobilization and incorporation of bone marrow-
derived endothelial progenitor cells for bone healing. J. Cell. Physiol. 215:234-242; 2008.
Mifune, Y.; Matsumoto, T.; Kawamoto, A.; Kuroda, R.; Shoji, T.; Iwasaki, H.; Kwon, S. M.;
Miwa, M.; Kurosaka, M.; Asahara, T. Local delivery of granulocyte colony stimulating factor-
mobilized CD34-positive progenitor cells using bioscaffold for modality of unhealing bone
fracture. Stem Cells 26:1395-1405; 2008,

Minami, A.; Kasashima, T.; Iwasaki, N.; Kato, H.; Kaneda, K. Vascularised fibular grafts. An
experience of 102 patients. J. Bone Joint Surg. Br. 82:1022-1025; 2000.

Ono, M.; Kubota, S.; Fujisawa, T.; Sonoyama, W.; Kawaki, H.; Akiyama, K.; Shimono, K.;
Oshima, M.; Nishida, T.; Yoshida, Y.; Suzuki, K.; Takigawa, M.; Kuboki, T. Promotion of
hydroxyapatite-associated, stem cell-based bone regeneration by CCN2. Cell Transplant. 17:231-
240; 2008.

Quarto, R.; Mastrogiacomo, M.; Cancedda, R.; Kutepov, S. M.; Mukhacheyv, V.; Lavroukov, A.;
Kon, E.; Marcacci, M. Repair of large bone defects with the use of autologous bone marrow
stromal cells. N. Engl. J. Med. 344:385-386; 2001.

Rodriguez-Merchan, E. C.; Forriol, F. Nonunion: general principles and experimental data. Clin.
Orthop. Relat. Res. 419:4-12; 2004,

Takahashi, T.; Kalka, C.; Masuda, H.; Chen, D.; Silver, M.; Kearney, M.; Magner, M_; Isner, J.
M.; Asahara, T. Ischemia- and cytokine-induced mobilization of bone marrow-derived
endothelial progenitor cells for neovascularization. Nat. Med. 5:434-438; 1999.

Tondreau, T.; Meuleman, N.; Delforge, A.; Dejeneffe, M.; Leroy, R.; Massy, M.; Mortier, C.;
Bron, D.; Lagneaux, L. Mesenchymal stem cells derived from CD133-positive cells in mobilized
peripheral blood and cord blood: proliferation, Oct4 expression, and plasticity. Stem Cells
23:1105-1112; 2005.

United States Food and Drug Administration. Guidance Document for the Preparation of
Investigational Device Exemptions and Pre-market Approval Applications for Bone Growth
Stimulator Devices. Rockville, Maryland: United States Food and Drug Administration; 1988.
Zou, X. H.; Cai, H. X.; Yin, Z.; Chen, X.; Jiang, Y. Z.; Hu, H.; Ouyang, H. W. A novel strategy
incorporated the power of mesenchymal stem cells to allografts for segmental bone tissue
engineering. Cell Transplant. 18:433-441; 2009.

CT-0249 Cell Transplantation Epub; subinitted 08/17/2010, provisional acceptance 10/18/2010

-128-



Figure legends

Fig. 1: Pre-operative radiograph and 3 dimensional (3D)-computed tomography (CT).
Anteroposterior radiograph (left panel) led to a diagnosis of noninfected defect type
nonunion showing no bridging of four cortical sides. This finding was supported by

3D-CT (right panel).

Fig. 2: Intra-operative findings
Following refreshing fibrous tissue at the nonunion site and the surrounding cortical
bone and grafting autologous iliac bone, CD34" cells dissolved in 5 ml of

atelocollagen gel were locally administered into the fracture site (bone defect site).

Fig. 3: Post-operative radiograph and 3D-CT
Twelve weeks after the treatment, anteroposterior radiograph (left panel) provided
diagnosis of achieved union showing the bony bridging in three of four cortical

sides. The radiographical diagnosis was supported by 3D-CT (right panel).
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Figure 1
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Figure 2
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Figure 3
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Abstract

Circulating endothelial progenitor cells (EPCs) are believed to home to sites of neovascularization, contributing
to vascular regeneration either directly viz incorporation into newly forming vascular structures or indirectly via
the secretion of pro-angiogenic growth factors, thereby enhancing the overall vascular and hemodynamic re-
covery of ischemic tissues. The therapeutic application of EPCs has been shown to be effective in animal models
of ischemia, and we as well as other groups involved in clinical trials have demonstrated that the use of EPCs
was safe and feasible for the treatment of critical limb ischemia and cardiovascular diseases. However, many
issues in the field of EPC biology, especially in regard to the proper and unambiguous molecular character-
ization of these cells, still remain unresolved, hampering not only basic research but also the effective therapeutic
use and widespread application of these cells. Further, recent evidence suggests that several diseases and
pathological conditions are correlated with a reduction in the number and biological activity of EPCs, making
the development of novel strategies to overcome the current limitations and shortcomings of this promising but
still limited therapeutic tool by refinement and improvement of EPC purification, expansion, and administration

techniques, a rather pressing issue. Antioxid. Redox Signal. 00, 000-000.

Introduction

NDOTHELIAL PROGENITOR CELLS (EPCs) have been iso-

lated for the first time from adult peripheral blood (PB) in
1997 (7), and could be further shown to derive from bone
marrow (BM) and other tissues, representing a highly pro-
angiogenic pool of cells prone to accumulate into foci of
physiological and pathological neovascularization (6, 8) ex-
hibiting characteristics, usually associated with common
stem/progenitor cells. BM-derived EPCs can home to sites of
neovascularization and may even differentiate into endothe-
lial cells (ECs) in situ, a mechanism consistent with vasculo-
genesis, a critical paradigm well described for embryonic
vascularization, but only recently proposed for the adult or-
ganism, with a possible reservoir of stem/progenitor cells
contributing to postnatal vascular formation, vascular re-
generation, and tissue homeostasis (Fig. 1). The discovery of
EPCs has therefore radically changed our understanding of
adult blood vessel formation, specifically in ischemic tissues.
The following review will highlight the potential value of
EPCs for therapeutic vasculogenesis in ischemic diseases,

focusing particularly on one of the most pressing and still
unresolved issues in the field, the proper definition of EPCs.

Definition of EPCs

Endothelial progenitor cells, or EPCs, were originally de-
scribed as blood-bound cells with the ability to differentiate
into the endothelial lineage (97). Believed to be a progenitor
cell, EPCs were thought to be able to reside in their immature
state and upon the encounter of appropriate stimuli to mi-
grate, proliferate, or differentiate into a more mature lineage,
capable of either direct contribution to or at least support of
regenerative processes, namely, the regeneration of the in-
jured cardio-vascular system.

EPCs are currently believed to be represented by the
following hallmarks: (i) the ability for endothelial lineage
commitment, and the acquisition of an EC-specific or EC-
equivalent phenotype, (ii) initial immatureness, while
preserving the competence to differentiate, indicated by a
primitive progenitor cell phenotype and the (partial) lack of
mature EC markers, and (iii) the presence of pro-angiogenic
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and vasculogenic properties, with a strong biological activity
toward neo-vascular formation resulting in functional recov-
ery and regeneration of the injured vascular system. Besides
these general hallmarks EPCs can be distinguished and sub-
divided into various categories.

Tissue EPCs versus circulating EPCs

Based on their in vivo classification, one can distinguish
between tissue EPCs and circulating EPCs. Tissue EPCs are
characterized by their adhesive nature and the fact that they
can be isolated directly from organ tissues, representing either
EPCs in the wake of differentiation originating from the cir-
culation, the so-called homed-down circulatory EPCs, endo-
thelial outgrowth cells (EOCs) of a yet to be defined origin, or
cells of the endothelial lineage that are directly derived from
organ-based stem and progenitor cells such as cardiac stem
cells (15), neural stem cells (60), myogenic stem cells, or
mesenchymal stem cells (85) (Fig. 2). On the other hand, cir-
culating EPCs are cellular components of blood that can be
isolated from PB, umbilical cord blood (UCB), BM, and from
organs or organ blood vessels. Circulating EPCs emerge as
floating, nonadhesive cells present in and moving throughout
the circulatory system. A suspended, nonattaching blood cell
state is therefore most characteristic for circulating EPCs that
can mobilize and be recruited from preservative and educa-
tional niches in the BM into the blood stream, and home to
sites of ischemic and /or vascular distress, contributing to the
regeneration of the target tissue by transforming into adhesive
EPCs.

Hematopoietic EPCs versus nonhematopoietic EPCs

Hematopoietic EPCs. Circulating EPCs can be subdivided
into two main categories: hematopoietic lineage EPCs (h-EPCs)
and nonhematopoietic lineage EPCs (nh-EPCs) (Fig. 2). The
h-EPCs originate from BM and represent a pro-vasculogenic

enous or exogenous stimuli
(right in the figure). In con-
trast, a variety of factors re-
leased from the jeopardized
tissue or surrounding areas
affect the BM remotely and
mobilize EPCs from the BM
into circulation. EPCs recruit
(home) to the site of injury
and participate in neovascu-
larization, by differentiating,
proliferating, and migrating
into the newly forming vas-
culature, confirming the con-
cept of vasculogenesis (left in
the figure). BM, bone marrow;
EC, endothelial cell; EPC, en-
dothelial progenitor cell.

Production and
i % release of growth
“: R4 factors/cytokines

subpopulation of hematopoietic stem cells (HSCs). The h-EPCs
can enter circulation upon stimulation as cellular components of
blood, compromising a possibly heterogeneous cell population,
represented by, for example, colony forming EPCs, noncolony
forming differentiating EPCs, myeloid EPCs, or angiogenic cells.
The nh-EPCs are not HSC-derived cells, which can be isolated
from blood or tissue samples viz the help of adhesive cell culture
techniques and distinguished by their rather obvious EC (-like)
phenotype. The origin of nh-EPCs remains to be clarified, but
they are generally thought to be derived from nonhematopoietic
tissue-prone lineage stem cells or organ blood vessels.

The h-EPCs can be further subdivided into three distinct
classes. The first class is represented by EPCs that can be
classified as direct descendant of HSCs, which can form im-
mature hematopoietic-like EPC colonies and commit into
circulating EC-like cells. The second class is represented by
myeloid cells derived from myeloid progenitors, already
committed to the myeloid lineage, but still capable to differ- -
entiate into EC-like cells, mimicking an EC phenotype. The
third type is represented by cells, loosely termed circulating
angiogenic cells, which can give rise to EC-like cells and
contribute to neovascularization mainly by the secretion of
pro-angiogenic growth factors. The characterization and
identification of HSC-derived EPCs are tightly linked to and
associated with the methods and markers already applied in
the hematopoietic field. EPCs and HSCs can both be isolated
using antibodies against various cell surface markers, in-
cluding membrane receptors like CD34, CD133, Flk-1/KDR,
CXCR4, and CD105 (Endoglin) for human samples (7, 24, 34,
38, 46, 119, 123) and receptors like c-Kit (117), Sca-1 (45, 68),
and CD34 (48, 117) in combination with Flk-1 (vascular en-
dothelial growth factor [VEGF]R2) in case of mouse samples.
Nevertheless, the identification of a unique combination of
receptors specific and selective for primary EPCs, enabling an
unambiguous distinction between EPCs and HSCs, is still
missing. The introduction of a definitive assay system capable
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FIG. 2. Kinetics of circulating EPCs and tissue EPCs. The relationship among EPCs in the BM, blood, and organ tissues,
and their differentiation cascade is represented in the figure. ECFC, endothelial colony forming cell; HPP, high proliferative;

LPP, low proliferative.

of clearly distinguishing between EPCs and HSCs, thus en-
abling the identification of the long sought precise primary
EPC phenotype, is highly anticipated but still missing.

To achieve and establish such an assay system, numerous
groups have focused on the in-culture emergence and
generation of either adhesive cells (24, 72, 109) and/or
colonies (51) using mononuclear cells (MNCs) isolated from
PB, BM, or UCB, leading to the development of the classical
conventional EPC culture methods, relying on the exposure
of the used primary cell sources to endothelial differentia-
tion supporting/inducing growth factors, and cytokines.
Assay systems, based on conventional EPC culture proto-
cols, despite being convenient and allowing to speculate on
the vasculogenic properties of EPCs and EPC-enriched
fractions, are more and more starting to be criticized, es-
pecially with respect to the quality and quantity of EPCs
they are able to detect and isolate from primary cell sour-
ces. These assay systems further group and unify the rather
heterogeneous family of EPCs into just one qualitative
category: adhesive cultured EPCs without any hierarchical
discrimination of the present progenitor cells, failing also to
discriminate and highlight possible contaminating cell
populations, consisting for the most part of nonangiogenic
hematopoietic cells, possibly undesirable in the context of
vascular regeneration and therapy (56, 126, 127). An assay
system that could undoubtedly identify and distinguish all
present cell populations, being pro-vasculogenic or not,
could therefore overcome several of the current pitfalls and
shortcomings associated with EPC-based cell therapies, as it
could increase the efficacy of such therapeutic approaches
by not only allowing the targeted introduction and efficient
use of selectively pro-angio/vasculogenic cell populations,

but also reduce any possible side effects likely to arise from
and attributed to contaminating cell populations.

Nonhematopoietic EPCs. The main member of this
group of EPCs, which shall be discussed here briefly, is the so-
called EOC. EOCs are the product of an endothelial colony
formation assay system developed and reported by Ingram
DA and Yoder MC et al. Although the primary phenotype of
these proliferative endothelial lineage cells identified by the

"above-mentioned assay system remains to be elucidated,
EOCs can be used to characterize circulating EPCs isolated
from peripheral or UCB (65, 91). It was also shown that
clonogenic EOCs can be isolated from tissue blood vessel-
derived ECs (64). As the primary origin and character of EOCs
is still under debate, these cells can not be easily placed into
the existing, though still incomplete map of EPC biology, with
EOCs as likely derivatives of organ blood vessel and EC lin-
eage cells possibly belonging to both EPC categories, tissue
EPCs, and circulating EPCs (Figs. 2—4).

EOCs can be isolated after long-term culture (7-30 days) of
adhesive cells (65, 81, 91), and being very proliferative cells,
which can form monolayer colonies, show very similar gene/
protein expression profiles and biological properties to differ-
entiated ECs (Fig. 4). They are convenient for basic research
applications in the field of EPC biology due to their stable
profiles and easily achievable high cell numbers, allowing ra-
ther reproducible findings when compared with classical EPCs
characterized by original methods. In regard to the concept of a
progenitor cell and an immature precursor cell committing/
differentiating into a specific lineage cell, EOCs represent a
fairly differentiated cell stage, lacking immature stem/pro-
genitor cell-associated transcripts and showing no signs of a
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transition phase from an immature stem to a mature somatic
cell phenotype in culture. The origin of EOCs and the definition
of its primary cell(s), including presence or absence of an EOC
progenitor, are all aspects awaiting further clarification.

Colony forming EPCs versus noncolony forming EPCs

Colony forming EPCs. A novel, recently developed EPC
colony forming assay (EPC-CFA) system, capable to address
and overcome most of the above-mentioned limitations of the
classical assay systems, is challenging several of the pre-
dominant classical opinions about EPCs, and enabling an
until now missing differential hierarchic view on EPCs. We
recently reported one of the first examples of such an assay
system, initially designed to work with mouse samples. c-
Kit™ /Sca-1" /Lineage-negative cells were used as a putative
murine hematopoietic EPC-enriched cell population, allow-

ing the identification of two clearly distinguishable types of
colonies (small and large colonies) that in turn correspond to
two distinct EPC populations, primitive (small) and definitive
(large) EPCs, respectively (73, 86, 151) (Fig. 3). The concept of
an EPC-CFA was recently introduced and further developed
for analysis of human EPC samples (Masuda et al., unpub-
lished data). The EPC-CFA enables hereby not only the EPC-
colony formation analysis of single and/or bulk cells from
EPC-enriched arbitrary fractions or nonselected cell popula-
tions, but also the cell fate analysis of primary and/or sus-
pension culture cultivated single and/or bulk cells. It can
further be easily combined with a classical HPC colony assay
system, thus allowing a direct and comprehensive elucidation
of the differences and similarities between EPCs and HPCs via
the clarification of the cell fate of each cell type. The use of
such an EPC-CFA not only allows the elucidation of a possible
but so far elusive differentiation hierarchy of EPCs, but can be
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further used to identify and characterize the parameters as-
sociated with proliferation, commitment, and differentiation
of EPCs in vitro and in vivo.

Indeed, application of EPC-CFA on human CD34+ or
CD133+ stem/progenitor cells enabled the identification of
small and large distinct colony types each derived from a
single-cell small EPCs and large EPCs, respectively (Fig. 5).
Small EPCs showed a higher rate of proliferative activity
with a higher number of cells being in the S-phase, when
compared to large EPCs. Interestingly, large EPCs showed a
significantly higher rate of vasculogenic activity with
overall increased potential for cell adhesion and tube-like
structure formation in vitro as well as a high in vivo de novo
blood vessel forming activity after transplantation of these
cells into a murine ischemic hindlimb model, as compared
to small EPCs. In contrast to small EPCs, large EPCs did
not form secondary colonies but gave rise to isolated EC-
like cells when reseeded. Due to the observed in vitro (by
fluorescence-activated cell sorter analysis) and in vivo
characteristics of these colony types, small EPCs were fur-
ther characterized and believed to represent primitive EPCs,
a highly immature and proliferative population of cells,
compared to large EPCs, which are believed to represent
definitive EPCs, cells prone to differentiate and promote
vasculogenesis.

Noncolony forming EPCs. The widely used classical EPC
culture assay systems are characterized by the appearance of
adhesive endothelial lineage (-like) cells upon conditioning of
PB- or BM-derived MNCs with endothelial growth factor-
supplemented media (21, 149, 159). These overall reproduc-
ible and standardized assay systems were used for the
characterization of a wide range of EPCs, ranging from cul-
tured EPCs (21, 72, 109, 136, 159), EC-like cells (155), early
EPCs (44, 56, 136) to the so-called circulating angiogenic cells
(124, 137), which generally do not form colonies under con-
ventional endothelial differentiation conditions.

Bright field Isolectin B4

Small colony

Larger colony

5

Cultured EPCs are often called EC-like cells due to the ex-
pression of certain endothelial features, such as (i) the ex-
pression of certain endothelial lineage marker genes/
proteins, like CD31, Flk-1/KDR, Flt-1, VE-cadherin, and Tie-
2, vWF; (ii) an EC-like bioactivity, characterized by their
capacity to migrate toward an angiogenic growth factor gra-
dient or to support the formation of or incorporate into tube-
like structures; and (iii) their direct/indirect contribution to
the formation of new blood vessels in ischemic tissues after
in vivo transplantation. Other characteristics of these cells
cover also nonendothelial features like (i) hematopoietic cell
marker expression, for example, CD45 or CD14 up to 2 weeks
in culture, (ii) loss of EC monolayer formation, and (iii) re-
duction of their proliferative activity in culture similar to
cultured human ECs, for example, human umbilical vein en-
dothelial cell (21, 72, 136). The obvious discrepancies between
differentiating EPCs and differentiated ECs characterized by a
lack of certain endothelial-specific markers and properties of
EC-like cells and the obvious diminished EPC differentiation
capacity into totally differentiated EC phenotype in vitro have
been discussed for years and still remain to be clarified.

Role of EPCs in Postnatal Neovascularization
Direct EPC contribution to neovascularization

Neovascularization in the adult organism was longtime
believed to be solely based on the mechanism of angiogenesis, a
term used to circumscribe the process of new vessel formation,
via in situ proliferation, and migration of pre-existing ECs (32).
The identification of EPCs leads to a paradigm shift, intro-
ducing the previously only with embryonic development-
associated process of vasculogenesis as a novel mechanism for
vessel formation and vascular regeneration into the adult set-
ting. In the context of EPC biology, vasculogenesis covers the de
novo formation of blood vessel via in situ migration, prolifera-
tion, differentiation, and / or incorporation of BM-derived EPCs
into regenerating vasculature (6) (Fig. 1). The incorporation of

Dil-acLDL

Merged

Original magnification: 50X

FIG. 5. Representative morphology and phenotype of small and large EPC colonies. Small EPC colonies consist of
clusters of both small and round-shaped cells, indicating colonies of primitive EPCs (upper panels), whereas large EPC
colonies demonstrate clusters of relatively large and spindle-shaped cells, representing colonies of definitive EPCs (lower
panels). Both small and large EPC clusters were capable of up-taking ac-LDL (red) and strongly positive for the endothelial

surface marker Isolectin B4 (green).
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BM-derived EPCs into foci of physiological and pathological
neovascularization has been demonstrated in various animal
models, though remaining a still controversial topic in the field
of EPC biology with several contradicting reports being pub-
lished so far. Nevertheless, one well-established model, al-
lowing the detection of BM-derived EPCs, utilizes
transplantation of BM cells from transgenic mice in which LacZ
is expressed under the regulation of an EC lineage-specific
promoter, such as Flk-1 or Tie-2 (Flk-1/LacZ/BMT, Tie-2/
LacZ/BMT) into wild-type control mice, followed by their use
as a base for several different ischemic injury models. Utilizing
such a model, it has been shown that BM-derived Flk-1-and /or
Tie-2-expressing endothelial lineage cells can localize to vas-
cular structures during tumor growth (6, 101), wound healing
(14), skeletal (6) and cardiac ischemia (59, 69), corneal neo-
vascularization (108), and endometrial remodeling after hor-
mone-induced ovulation (6, 101). On the other hand, tissue-
specific stem /progenitor cells with the potency to differentiate
into myocytes or ECs were also isolated from skeletal muscle
tissue in murine hindlimb, although the origin of the cells re-
mains to be clarified (150). This finding suggests that the origin
of EPCs may not be limited to BM; for example, tissue-specific
stem/progenitor cells may possibly provide in situ EPCs as
already discussed above. Regardless of the origin of EPCs, they
undoubtedly play a significant role contributing to neovascu-
larization via vasculogenesis in ischemic tissues.

Indirect EPC contribution to neovascularization

Although the well-established model of EPC action during
neovascularization, that is, the direct participation /integration
into the forming neovasculature of ischemic organs via vascu-
logenesis, EPCs migrating to distressed tissues and organs
urgently requiring vascular regeneration do not always par-
ticipate in the formation of the neovasculature but rather stay
out residing in the interstitial tissue. These tissue-bound resting
EPCs produce a variety of pro-angiogenic cytokines and
growth factors, promoting proliferation and migration of pre-
existing ECs, activating angiogenesis, and contributing indi-
rectly to vascular regeneration and the re-establishment of
tissue homeostasis (Figs. 1 and 2). EPCs thus do not only work
vig the activation and support of vasculogenesis, but may also
be major players involved in the activation and mediation of
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angiogenesis, the process of new vessel formation, via in situ
proliferation and migration of pre-existing ECs (32). This
paracrine aspect of EPC activity reflecting their indirect con-
tribution to neovascularization was confirmed by us and other
groups, demonstrating the presence of various cytokines and
other secreted pro-angiogenic factors in EPCs such as VEGF,
hepatocyte growth factor, angiopoietin-1 (Ang-1), stromal cell-
derived factor-1a, insulin-like growth factor-1, and endothelial
nitric oxide synthase (eNOS)/inducible NOS (59, 107). Growth
factors like VEGF and hepatocyte growth factor can promote
EC proliferation inducing/ propagating angiogenesis, whereas,
for example, Ang-1 can stabilize and help the maturation of
immature new vessels forming in ischemic tissue when EPCs
are transplanted. Nitric oxide (NO) synthases, eNOS and in-
ducible NOS, contribute as vasodilators to the maintenance of
microcirculatory activity and blood flow in ischemic tissues,
thus also influencing overall tissue/organ regeneration and
recovery. Stromal cell-derived factor-la, a potent chemoat-
tractant, is released from recruited EPCs, which leads to further
recruitment of additional EPCs triggering a self-sustained and
self-supporting mechanism promoting vascular regeneration.
Insulin-like growth factor-1, a potent anti-apoptotic factor,
which is another example for a growth factor that can be re-
leased by EPCs, is, for instance, cardioprotective preventing
cardiac cell apoptosis affected by an ischemic insult via the
activation of the AKT signaling pathway. In summary, EPCs
can mediate tissue-protective effects and contribute to neo-
vascularization in ischemic tissues via production of indirect
working supportive factors (Figs. 1 and 6).

EPC-Based Therapeutic Angiogenesis

Since EPCs were first described more than a decade ago, we
and other groups focused especially on the regenerative po-
tential of these progenitor cells trying to unravel and under-
stand their unique properties and characteristics with the
ultimate goal to translate this knowledge and to improve the
clinical applicability /efficacy of these cells in the fight against
cardiovascular diseases. The transplantation of blood /BM-
derived vasculogenic progenitor cells, of EPCs, believed to act
like classical progenitor cells, capable of in vitro expansion and
differentiation, as well as in vivo migration, proliferation,
differentiation, and functional contribution to the newly

FIG. 6. Therapeutic angio-
genesis/vasculogenesis via
EPC transplantation. In clin-
ical trials, both freshly iso-
lated CD34+ cells from G-
CSF-mobilized mononuclear
cells in PB of patients with
chronic ischemic myocardial
ischemia and cultured EPCs
from BM or PB in patients
with acute myocardial in-
farction have been wused.
EPCs lead to favorable out-
comes regardless of the type
of EPCs used. PB, peripheral
blood.

Neovascularization
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