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Abstract

 

Objectives

 

: Neovascularization represents a major
challenge in tissue engineering applications since
implantation of voluminous grafts without sufficient
vascularity results in hypoxic cell death of implanted
cells. An attractive therapeutic approach to overcome
this is based on co-implantation of endothelial cells
to create vascular networks. We have investigated
the potential of human endothelial progenitor cells
(EPC) to form functional blood vessels 

 

in vivo

 

 in
direct comparison to vascular-derived endothelial
cells, represented by human umbilical vein endothelial
cells (HUVEC).

 

Materials and methods

 

: EPCs were isolated from
human peripheral blood, expanded 

 

in vitro

 

 and
analysed 

 

in vitro

 

 for phenotypical and functional
parameters. 

 

In vivo

 

 vasculogenic potential of EPCs
and HUVECs was evaluated in a xenograft model where
spheroidal endothelial aggregates were implanted
subcutaneously into immunodeficient mice.

 

Results

 

: EPCs were indistinguishable from HUVECs
in terms of expression of classical endothelial
markers CD31, von Willebrand factor, VE-cadherin
and vascular endothelial growth factor-R2, and in
their ability to endocytose acetylated low-density
lipoprotein. Moreover, EPCs and HUVECs displayed
almost identical angiogenic potential 

 

in vitro

 

, as
assessed by 

 

in vitro

 

 Matrigel sprouting assay. How-
ever 

 

in vivo

 

, a striking and unexpected difference

between EPCs and HUVECs was detected. Whereas
implanted HUVEC spheroids gave rise to formation of
a stable network of perfused microvessels, implanted
EPC spheroids showed significantly impaired ability
to form vascular structures under identical experi-
mental conditions.

 

Conclusion

 

: Our results indicate that vascular-derived
endothelial cells, such as HUVECs are superior to
EPCs in terms of promoting 

 

in vivo

 

 vascularization
of engineered tissues.

 

Introduction

 

Tissue vascularization is one of the major challenges to
be addressed for clinical success of tissue engineering
applications. Without rapid and high level of vascularization
of transplanted grafts, the majority of cells fail to survive
the early post-transplantational phase (1). Amongst thera-
peutic approaches to overcome the problem of insufficient
vascularization are use of angiogenic growth factors
embedded into appropriate scaffolds to promote ingrowth
of microvessels (2–4), and cell-based concepts to enhance
vasculogenesis (5,6). Using Bcl-2-transduced human
umbilical vein endothelial cells (HUVEC), microvascular
networks in collagen-fibronectin gels have been formed
within 4 weeks of implantation into immunodeficient mice
(5). Similar results have been reported with HUVECs
co-implanted with mesenchymal precursor cells, which
led to formation of functional, long-lasting microvessels
upon implantation into immunocompromised mice (6).
However, this effect was strictly dependent on co-seeding
of mesenchymal precursor cells having the potential to
differentiate 

 

in vivo

 

 into mural cells, suggesting that
stabilization of newly formed vessels by mural cells
represents a critical step in generating stable vasculature. We
have recently reported the development of a spheroid-based
endothelial cell transplantation technique for formation of
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durable and perfused blood vessels 

 

in vivo

 

 (7). In this
model, Matrigel/fibrin-immobilized spheroidal HUVECs
were able to form a network of stable and perfused blood
vessels in mice without the need of co-seeding mural cells.

Endothelial progenitor cells (EPC) represent a very
interesting alternative cell source for mature endothelial
cells in tissue engineering applications. EPCs can be found
in peripheral blood as well as in the bone marrow (8),
from which they can be mobilized by action of various
growth factors and cytokines (9,10). EPCs have already
been used as a cell source for enhancing angiogenesis in
the field of regenerative medicine, and have been proven
to be effective in regenerating infarcted myocardium by
supporting neovascularization (11,12).

In the present study, we investigated whether human
EPCs would have the potential to form functional blood
vessels 

 

in vivo

 

. To test this, we analysed 

 

in vivo

 

 vasculogenic
potential of EPCs in direct comparison to vascular-derived
endothelial cells (HUVECs), in a xenograft model where
human spheroidal endothelial aggregates were mixed in a
Matrigel/fibrin matrix and implanted subcutaneously into
SCID mice. Whereas implanted HUVEC spheroids gave
rise to complex and stable three-dimensional networks of
perfused human neovessels, which maturated by recruiting
mouse mural cells, implanted EPC spheroids showed
significantly impaired ability to form blood vessels 

 

in vivo

 

.
Moreover, the few vessels derived upon EPC spheroid
implantation were not able to recruit mouse perivascular
cells and were not perfused.

Although HUVECs and EPCs have almost identical
phenotypical and functional properties 

 

in vitro

 

, 

 

in vivo

 

data clearly demonstrate an important difference between
vascular-derived endothelial cells and EPCs regarding their

 

in vivo

 

 vasculogenic potential.

 

Materials and methods

 

Isolation of human EPCs and cell culture

 

Human EPCs from five different donors were isolated
and expanded as previously described (13,14). In brief,
peripheral blood mononuclear cells were isolated from
50 ml of peripheral blood from human volunteers or from
human blood-derived buffy coats, with slight modification
by density gradient centrifugation with biocoll separation
solution (Biochrom, Berlin, Germany). Cells from individual
volunteers were plated in 25-cm

 

2

 

 culture flasks coated with
rat type I collagen (50 

 

μ

 

g/ml) in EGM-2 (Lonza, Cologne,
Germany) with supplement mix (human epidermal growth
factor, vascular endothelial growth factor (VEGF), human
fibroblast growth factor-B, R3-insulin-like growth factor-1,
ascorbic acid, heparin, gentamicin/amphotericin-B) and
10% foetal calf serum (FCS), and were cultured at 37 

 

°

 

C

with 5% CO

 

2

 

, in a humidified atmosphere. After 4 days in
culture, non-adherent cells were removed by washing with
phosphate-buffered saline (PBS), new media were applied,
and cultures were maintained for another 4–5 weeks. Media
were changed every 3 days. After reaching approximately
80% confluence, cells were trypsinized then seeded into
75-cm

 

2

 

 culture flasks, coated with human fibronectin
(50 

 

μ

 

g/ml) (Sigma, Deisenhofen, Germany) for expansion.
EPCs from passages 2–5 were used for experiments.

HUVECs were purchased from Promocell (Heidelberg,
Germany) and were cultured in endothelial cell growth
medium (ECGM, Promocell) supplemented with 10% FCS
and supplement mix (epidermal growth factor, hydro-
cortisone, basic fibroblast growth factor (bFGF)) at 37 

 

°

 

C
and 5% CO

 

2

 

 in 75-cm

 

2

 

 tissue culture flasks. HUVECs
from passages 2 to 5 were used for experiments.

 

Cell staining

 

For acetylated low-density lipoprotein (acLDL) uptake
experiments, adherent cells were incubated in EGM-2
(Lonza, Cologne, Germany) supplemented with single
aliquots and 10% FCS with 20 

 

μ

 

g/ml (Dil)-labelled acLDL
(Invitrogen, Karlsruhe, Germany) for 4 h at 37 

 

°

 

C in 5%
CO

 

2

 

 in a humidified atmosphere. After washing with PBS,
cells were fixed with 2% paraformaldehyde for 10 min at
37 

 

°

 

C. After fluorescence staining, intensity was measured
using an inverted fluorescence microscope using the
rhodamine filter setting.

For immunostaining, cells were fixed in methanol and
were incubated for 30 min with blocking solution (5% goat
serum, Sigma) followed by incubation with the respective
primary antibodies, monoclonal mouse anti-CD31 antibody
(diluted 1 : 25, Dako, Hamburg, Germany), monoclonal
mouse anti-VEGF-R2 antibody (antibody 3G2, diluted
1 : 200) (15), monoclonal mouse anti-VE-cadherin antibody
(diluted 1 : 100, Santa Cruz Biotechnology, Santa Cruz,
CA, USA), monoclonal mouse anti-CD45 antibody FITC-
conjugated (diluted 1 : 100, Becton Dickinson, Heidelberg,
Germany), monoclonal mouse anti-CD14 antibody
FITC-conjugated (diluted 1 : 100, Becton Dickinson) and
monoclonal mouse anti-von Willebrand factor antibody
(diluted 1 : 200, Dako), for 1 h at room temperature. After
washing with PBS, corresponding secondary antibodies
(ready-to-use horseradish peroxidase-conjugated goat anti-
mouse immunoglobulin; Dako) were applied and incubated
for another 30 min. Thereafter, cells were exposed to
AEC chromogen substrate (ready-to-use, Dako) and were
weakly counterstained with haematoxylin. For FITC-
fluorescence detection, cells were photographed using an
inverted fluorescence microscope.

For histochemical examination of 

 

in vivo

 

 blood vessel
formation, Matrigel/fibrin implants were removed 3 weeks
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after xenografting, fixed in buffered formalin for 24 h,
embedded in paraffin wax and sectioned at 5 

 

μ

 

m. Sections
were stained with haematoxylin and eosin (H&E) and
examined for presence of luminal structures. Immuno-
histochemical analyses were performed on deparaffinised,
rehydrated sections. Sections for immunoperoxidase
staining were treated with 3% H

 

2

 

O

 

2

 

 to inhibit activity of
endogenous peroxidase. After washing in PBS, sections
were incubated for 30 min with blocking solution (goat
serum, ready-to-use, Zymed, San Francisco, CA, USA)
followed by incubation with corresponding mouse mono-
clonal primary antibodies: anti-human CD34 (diluted 1 : 75,
Novocastra, Newcastle upon Tyne, UK) or anti-human
CD31, (diluted 1 : 25, Dako) in a humidity chamber at
room temperature for 1 h. For immunofluorescence,
sections were incubated with secondary goat anti-mouse/
Alexa 488 antibody (diluted 1 : 200, Invitrogen, Karlsruhe,
Germany) and DAPI (diluted 1 : 1000, Sigma). Afterwards,
sections were incubated for 1 h with anti-

 

α

 

 smooth muscle
actin-Cy3 (diluted 1 : 100, Sigma). For immunoperoxidase
staining sections were incubated with horseradish
peroxidase-labelled ready-to-use goat anti-mouse im-
munoglobulin antibody (diluted 1 : 200, Dako), developed
with AEC substrate (Dako) and weakly counterstained with
haematoxylin.

 

Matrigel assay

 

Matrigel® (Becton Dickinson, Heidelberg, Germany) was
thawed on ice overnight and spread evenly over each
well (30 

 

μ

 

l) of a 24-well plate. Plates were incubated for
30 min at 37 

 

°

 

C to allow the Matrigel to solidify. Thirty
thousand HUVECs or EPCs were seeded in triplicate into
each well in 500 

 

μ

 

l of ECGM (Promocell) supplemented
with 10% FCS and supplement mix. Plates were then
incubated at 37 

 

°

 

C and 5% CO

 

2

 

 in a humidified atmosphere
for 17 h. Then, cells were fixed in 4% formalin. Images were
captured at 

 

×

 

100 magnification and analysed using
freeware image analysis program Image J (http://
rsb.info.nih.gov). For quantification, representative fields
from each group (

 

n

 

 = 3) were taken and total length of
resultant tube per field was calculated, as well as number of
branch points. Results for different experimental groups
were expressed as mean ± standard deviation from three
independent experiments.

 

Generation of endothelial spheroids

 

HUVEC and EPC spheroids (500 cells/spheroid) were
generated as previously described (16). Cells were suspended
in culture medium containing 0.25% (w/v) methylcellulose
and were seeded on plastic dishes as hanging drops to allow
overnight spheroid aggregation. Under these conditions,

all suspended cells contributed to formation of a single
spheroid per drop, of defined size and cell number.

 

Implantation of spheroids into SCID mice

 

Four- to 6-week-old SCID mice (C.B.-17-SCID, Harlan
Winkelmann, Borchen, Germany) served as recipients of
cell-seeded matrices. German regulations for care and
use of laboratory animals were observed at all times. All
experiments were approved by the animal care committee
of the University of Freiburg. Animals were housed in the
veterinary care facility of the University of Freiburg
Medical Centre. Implantation of spheroids was performed
as previously described (7). In brief, spheroids were harvested,
washed in endothelial cell basal medium (Promocell),
centrifuged and mixed in 500 

 

μ

 

l Matrigel (growth factor
reduced; BD Biosciences, Heidelberg, Germany) and
fibrinogen (final concentration 2 mg/ml; Merck, Darmstadt,
Germany) containing angiogenic growth factors VEGF
and bFGF (500 ng each; R&D Systems, Wiesbaden,
Germany). Thrombin (0.4 U, Merck) was added to the
mixture before subcutaneous injection on each side, lateral
to the abdominal midline of SCID mice. One thousand
spheroids were used per implant. EPC and HUVEC spheroids
were either implanted individually in different animals or
in the same animal on opposite sides lateral to the abdominal
midline. In total, nine mice were used for the implantation
studies. Twenty-one days after implantation, mice were
killed and implants were retrieved.

 

Quantification of blood vessels

 

Each explant was entirely sectioned and three samples
were taken from the front, the middle and the back of the
scaffold. The selected sections were stained for human
CD31 (Dako). Microscopic pictures were taken at 

 

×

 

100
magnification of three randomized areas per section.
CD31-positive structures were manually counted in the
matrix area and calculated as vessel number per square
millimetre.

 

Results

 

Immunological and functional characterization of EPCs

 

Human EPCs were isolated from the mononuclear cell
fraction of peripheral blood samples and cultured on
collagen type I-coated culture dishes. After 2–4 weeks,
so-called late EPC-, also referred to by other authors as
outgrowth endothelial cell colonies (17), were visible with
typical cobblestone morphology (Fig. 1a). Cells were
expanded from few in number to a monolayer, and
showed multiple population doublings without senescence.
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Endothelial phenotype of expanded EPCs was confirmed
by immunohistochemistry, demonstrating expression of
endothelial markers CD31, von Willebrand factor, VE-
cadherin and VEGF-R2 (Fig. 1a), whereas expression of
haematopoietic-specific surface antigen CD45 and mono-
cyte/macrophage cell surface antigen CD14 were not
detectable (data not shown). These results are in agreement
with previous studies where EPCs have been analysed for
these endothelial markers, by means of flow cytometry,
reverse transcription–polymerase chain reaction and
immunofluorescence (13). Moreover, expanded EPCs
were also able to incorporate acLDL, which is also a hall-
mark of endothelial lineage cells (Fig. 1b). Of importance,
EPCs were indistinguishable from HUVECs in terms of
cell morphology, endothelial marker expression or acLDL
uptake, demonstrating that cells isolated and expanded
from adult peripheral blood were, indeed endothelial cells
(Fig. 1). In addition to phenotypical characterization, we
tested 

 

in vitro

 

 angiogenic potential of EPCs, in direct

comparison to HUVECs, in the Matrigel sprouting assay
(Fig. 2). Tube formation was quantified by measuring two
parameters: total tube lengths (Fig. 2a) and number of
branch points (Fig. 2b). No significant difference could be
detected between EPCs and HUVECs in their ability to
form capillary-like sprouts 

 

in vitro

 

.

In vivo

 

 vasculogenic potential of EPCs and HUVECs 
implanted subcutaneously into SCID mice

 

We have previously shown that upon implantation, HUVEC
spheroids are able to form a network of stable and perfused
blood vessels in immunodeficient mice without the need
of co-seeding supporting mural cells (7).

In order to investigate whether EPCs would be able to
form functional blood vessels 

 

in vivo

 

, we implanted EPC
spheroids in a Matrigel/fibrin matrix, containing angiogenic
growth factors VEGF and bFGF, on one side lateral to the
dorsal midline region of SCID mice. On the opposite side,

Figure 1. Morphology and immunohistochemical characterization of endothelial progenitor cells (EPC) in comparison to human umbilical
vein endothelial cells (HUVEC). (a) Phase contrast images and immunohistochemical analysis of late EPCs and HUVECs for CD31,
von Willebrand factor, VE-cadherin and VEGF-R2 (magnification ×200, scale bar 100 μm). (b) Uptake of Dil-acLDL (red fluorescence) by late EPCs
and HUVECs (magnification ×100).
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HUVEC spheroids were implanted. This experimental
design allows direct comparison of vasculogenic potential
of EPCs and HUVECs in the same animal. Implants were
dissected after 3 weeks and analysed for formation of
human endothelial cell-derived vasculature. H&E staining
revealed presence of vascular structures in high density in
HUVEC implants, whereas very few microvessels were
detectable in EPC implants (Fig. 3a).

Sections of implants were also immunohistochemically
stained using human-specific anti-CD31 antibody, to visualize
transplanted endothelial cells. This staining revealed dense
networks of human CD31-positive neovessels in HUVEC
implants, whereas upon implantation of EPC spheroids,
very few CD31-positive microvessels could be detected
(Fig. 3a). Similar results were obtained with EPC preparations
from four different donors. Quantification of hCD31-
positive vessel structures revealed vascular densities of
101.5 ± 39.5 microvessels/mm

 

2

 

 for HUVEC implants and
15.9 ± 3.2 microvessels/mm

 

2

 

 in EPC spheroids (Fig. 3b).
Of importance, vessel densities were significantly lower
in EPC implants in comparison to HUVEC implants. The
immunohistochemical experiments, carried out with human-

specific anti-CD31 antibody, clearly revealed that newly
formed vasculature in the implants was of human origin
and not formed by angiogenic ingrowth of mouse blood
vessels, from surrounding mouse tissue. Human vasculature
that emerged from implanted HUVEC spheroids formed
anastomoses with mouse vasculature and perfused blood
vessels, as evidenced by presence of intraluminal mouse
erythrocytes, could be detected at higher magnification
(Fig. 4). In contrast, no intraluminal mouse erythrocytes
were detectable in EPC-derived vessels.

We also performed double staining for human CD34
and 

 

α

 

-smooth muscle actin (

 

α

 

SMA) on sections of implants
seeded with HUVEC or EPC spheroids, in order to investigate
maturation of newly formed vessels. As shown in Fig. 4,
newly formed HUVEC-derived blood vessels were covered

Figure 2. Quantification of in vitro tube formation by endothelial
progenitor cells (EPC) and human umbilical vein endothelial cells
(HUVEC) in Matrigel assay. Total tube length (a) and number of
branch points (b) of EPCs and HUVECs grown on Matrigel for 17 h.
Images used for quantification were captured at ×100 magnification.
Mean values ± standard deviation from three experiments are shown.

Figure 3. In vivo vasculogenic potential of endothelial progenitor
cell (EPC) spheroids in direct comparison to human umbilical vein
endothelial cell (HUVEC) spheroids. Matrigel/fibrin constructs
containing EPC or HUVEC spheroids were implanted subcutaneously
into SCID mice and retrieved after 3 weeks. (a) Haematoxylin and
eosin (H&E) and hCD31 staining of cross-sections (magnification ×100,
scale bar 500 μm). (b) Microvessel density in implants was quantified
by counting hCD31-positive vessel structures. Values are expressed as
number of vessels per square millimetre. Means + standard deviations
form three different constructs per experimental group are shown.
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with 

 

α

 

-smooth muscle actin-positive cells, indicating that
vessels were stabilized by murine pericytes or smooth
muscle cells, recruited from surrounding mouse tissue. In
contrast, no covering of EPC-derived neovessels by mouse
perivascular cells could be detected.

In summary, our experiments showed that although
EPCs and HUVECs display similar phenotypical and
functional characteristics 

 

in vitro

 

, they clearly differ in

 

in vivo

 

 vasculogenic potential, with EPCs displaying
dramatically lower ability to form stable and perfused
vascular networks. These results suggest that vascular-
derived endothelial cells, such as HUVECs, are superior
to EPCs in terms of promoting 

 

in vivo

 

 vascularization of
engineered tissues.

 

Discussion

 

For applications in tissue engineering, construction of
stable and perfusable blood vessels is crucial for graft
survival after transplantation. Without generation of a
functional vascular network, implanted cells undergo cell
death due to limitation in oxygen and nutrient supply. It is
known from the literature that tissue vascularization can
be promoted by cell-based approaches using vascular-
derived endothelial cells (5,6,18). HUVECs seeded into
collagen/fibronectin gels have been shown to be able to
form functional blood vessels after implantation into
immunodeficient mice (5). However, this process was only
effective when cells were transduced with caspase-resistant

Bcl-2, which leads to delay in apoptosis and to recruitment
of perivascular 

 

α

 

-smooth muscle actin-expressing mouse
cells, and hence, to stabilization of the newly formed
vessels. Recent work from other groups suggests that
stable blood vessels can only be formed 

 

in vivo

 

 when
HUVECs are co-implanted with other cell types having
potential to stabilize the neovessels. This has been shown
in co-implantation studies of HUVECs with mesenchymal
precursor cells (6) or embryonic fibroblasts (18). In both
cases, co-implanted cells differentiated 

 

in vivo

 

 into
supporting mural cells and contributed to maturation and
stabilization of the engineered blood vessels. These results
suggest that durable blood vessels, in a tissue engineering
setting, can only be formed when implanted endothelial
cells undergo the complete angiogenic cascade, consisting of
vessel assembly, maturation and stabilization (19–21). We
have recently reported an implantation technique based
on HUVECs grown in three-dimensional spheroidal
configuration (7); this model was originally developed as
an 

 

in vitro

 

 assay for studying endothelial cell differentiation
and maturation (16,22). The finding that spheroid aggregation
stabilized endothelial cells and rendered them responsive
to survival factors, led to the assumption that endothelial cell
spheroids could be used as focal starting points for
sprouting of capillaries 

 

in vivo

 

. Indeed, upon subcutaneous
implantation of HUVEC spheroids immobilized in a
Matrigel/fibrin matrix supplemented with angiogenic
growth factors VEGF and bFGF into SCID mice, develop-
ment of a complex network of perfused human neovessels
could be observed (7). Of importance, 

 

in vivo

 

 vascularization
emerging from implanted HUVEC spheroids was evident
in the absence of co-implanted supporting perivascular
cells.

We therefore intended to investigate whether EPCs
isolated from peripheral blood and implanted in spheroidal
conformation would have similar vasculogenic 

 

in vivo

 

potential as HUVECs. In this context, we used the HUVECs
as a kind of positive control in our xenotransplantation
assay. However, whereas implanted HUVEC spheroids
gave rise to formation of stable and dense networks of
perfused microvessels, implanted EPC spheroids showed
a significantly lower ability to form vascular sprouts 

 

in vivo

 

.
Moreover, the few vascular structures emerging from
implanted EPC spheroids were neither perfused with
erythrocytes, nor covered by mouse mural cells.

Absence of perivascular mural cell coverage of EPC-
derived neovessels was of particular interest. It is well
established that endothelial cells produce factors, such as
PDGF-BB (23,24), hepatocyte growth factor (25) and
transforming growth factor-beta (19), which play important
roles in recruitment of pericytes or smooth muscle cells
during vascular maturation. It may be interesting in future
experiments to investigate whether absence of mural cell

Figure 4. In vivo analysis of vessel maturation and perfusion.
Sections from human umbilical vein endothelial cell (HUVEC) and
endothelial progenitor cell (EPC) implants were stained for hCD31 and
analysed for the presence of mouse red blood cells, at high magnification
(magnification ×630, scale bar 50 μm). Coverage of human blood vessels
by mouse perivascular cells was analysed by immunofluorescence
staining with antibodies against hCD34 (human-specific, green) and
α-smooth muscle actin (αSMA, red). Nuclei stained with DAPI
(blue) (magnification ×400, scale bar 50 μm). Note α-smooth muscle
actin-positive mouse cells (red) recruited to the HUVEC-derived blood
vessels (green) but not to EPC-derived vessels.
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coverage of implanted EPCs may be related to reduced
expression of these chemoattractant molecules.

Our result on the impaired ability of implanted EPCs
to form functional vessels is in agreement with recent
reports from other groups, where peripheral blood- or cord
blood-derived EPCs were tested for their in vivo vasculogenic
potential. Au et al. (26) implanted EPCs in collagen/
fibronectin gel onto the pial surface in cranial windows of
SCID mice and saw that implantation of EPCs alone was
not effective in forming stable vasculature. Similarly, cord-
derived EPCs dispersed in Matrigel matrix and implanted
subcutaneously into immunodeficient mice, failed to develop
microvessels (27). However, the same authors have shown
that upon co-implantation of 10T1/2 cells (26) or human
saphenous vein smooth muscle cells (27) EPCs were able
to develop stable vascular networks in vivo. These results
indicate that, as previously demonstrated for HUVECs
implanted in single cell configuration, in vivo formation of
durable vessels from implanted EPCs is strongly dependent
on co-seeding of supporting perivascular cells.

In our study, we observed impaired vasculogenic
potential of EPCs after 3 weeks of in vivo growth. This
raises the question of whether the lower ability of EPCs
to form vascular structures is the result of impaired vessel
assembly or of enhanced disintegration of neovessels.
Results from Au et al. strongly support the hypothesis that
low vessel density in EPC implants is the consequence of
reduced vessel-forming potential of EPCs (26).

The observed difference in in vivo vasculogenic potential
between spheroidal HUVECs and EPCs reported here
emphasizes an important difference of in vivo function
between vascular-derived endothelial cells and EPCs.
However, it should be noted that our experiments were
performed in a xenogenic transplantation model and
cannot be completely transferred to an autologous setting.
Therefore, it is difficult to predict usefulness of this
approach for direct human application. This also raises
questions concerning physiological function of EPCs in
neovascularization of ischaemic tissues. It is still a matter
of debate to what extent EPCs contribute to new vessel
formation in the adult. Several studies have shown a
significant contribution of bone marrow-derived EPC to
human tumour endothelium (9,28), while others were not
able to define a critical role of EPCs in tumour neovascu-
larization (29,30). Therefore in the human setting, inte-
gration of EPCs into neovessels of ischaemic tissues has
not been convincingly shown. On the other hand, EPCs
clearly show therapeutic potential to improve angiogenesis
in patients with cardiovascular disease (31). This effect
might be attributed to secretion of high amounts of
angiogenic growth factors by transplanted EPCs, thereby
promoting angiogenesis in previously ischaemic tissues
(32,33).

In summary, our experiments support the hypothesis that
EPCs are not very effective in forming stable vasculature
in vivo. Although EPCs and vascular-derived endothelial
cells, represented by HUVECs, display similar phenotypical
and functional characteristics in vitro, EPCs clearly
show less ability to form vascular networks in vivo upon
implantation into immunodeficient mice.
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