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Increasing evidence suggests that vascular resident endothelial progenitor cells (VR-EPCs) are present in
several organs, playing an important role in postnatal neovascularization. Here, we isolated and charac-
terizedVR-EPCs fromcardiac tissue in vitro, evaluating their regenerative potential in vivo. VR-EPCs showed
to be highly clonogenic and expressed several stem and differentiation markers. Under endothelial
differentiation conditions, cells form capillary-like structures, in contrast to osteogenic or adipogenic
differentiation conditionswhereno functional changeswere observed.After seeding in scaffolds, cellswere
distributed homogeneously and directly attached to the scaffold. Then, cell seeded scaffolds were used to
induce dermal regeneration in a nude mice full skin defect model. The presence of VR-EPCs enhanced
dermal vascularization. Histological assays showed increased vessel number (p< 0.05) and cellularization
(p < 0.05) in VR-EPCs group. In order to explore possible mechanisms of vascular regeneration, in vitro
experiments were performed. Results showed that pro-angiogenic environments increased the migration
capacity (p< 0.001) and ability to form capillary-like structures (p< 0.05) of VR-EPC. In addition, VR-EPCs
secreted several pro-angiogenic molecules including VEGF and PDGF. These results indicate that a highly
clonogenic population of VR-EPCs might be established in vitro, representing a new source for therapeutic
vascularization in tissue engineering and regeneration.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Dermal tissue regeneration is a complex process which involves
several pathophysiological steps. Bioartificial scaffolds have been
used for dermal tissue regeneration worldwide and represent the
gold standard in some clinical conditions [1]. However, sub-optimal
engraftment often leads to non-satisfying clinical results. One of
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the main reasons for this is the lack of vascularization within the
scaffold. Thus, vascularization is considered a major challenge in
tissue engineering and regeneration [1e4]. Oxygen, nutrients and
other factors which are involved in the tissue regeneration process,
can not reach to the wound area and so fail to trigger tissue
regeneration, i.e. the development of newly formed micro-vessels.
Thus, the enhancement of vascularization in vivo has been exten-
sively studied. Among others, cell-based therapy has been proven
to be promising. Evident vascularizationwas observed in a collagen
scaffold containing fibroblasts for murine full skin regeneration
after one week of implantation [5]. Further, bioengineered anterior
cruciate ligament (bACL) was seeded with skin fibroblasts and
vascularization was observed in all bACL with cells [6]. More
recently, human mesenchymal stem cells have demonstrated to
accelerate wound healing in patients with chronic non-healing
wounds [7]. Our own studies have also shown that different glan-
dular derived stem cells could also be used for enhancing dermal
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scaffold vascularization via different mechanisms [1,2]. Although
those results are promising, a current issue of debate with the use
of stem cells is the possible side effect related to the un-controlled
differentiation potential of stem cells in vivo. Thus, a possibleway to
overcome this problem is the use of endothelial progenitor cells
(EPCs) because of the limited differentiation capacity of such cells.

EPCs are considered cells that can directly contribute to in vivo
blood vessel formation. Since the discovery of adult endothelial
progenitors in 1997 [8], numerous pre-clinical or clinical studies have
been done using such cells for neovascularization. Recent studies
showed that it is possible to isolate endothelial progenitors via single
cell clonogenic assay [9e11]. In 2004, it was proven for the first time
that a hierarchy of endothelial progenitors can be identified from
umbilical cord blood [12] and adult vessel walls [13] via clonogenic
assay. More recently, isolation of endothelial progenitors from the
vascular endotheliumhas beendiscussed also in several other studies
[14,15]. In this context, cardiac tissue has proven to be a rich source of
different stem/progenitor cells [16]. Human cardiovascular progen-
itor cellswhich can differentiate into different lineageswere found to
derive from KDR positive stem cell population [17].

In the present study, we evaluated if vascular resident endo-
thelial progenitor cells (VR-EPCs) isolated from rat cardiac vascu-
lature tissue could be established based on their clonogenic and
endothelial differentiation ability in vitro, and whether these cells
could enhance dermal neovascularization in vivo.

2. Material and methods

2.1. Cell isolation and culture

Rat cardiac vascular resident cells were isolated as described before [18,19].
Briefly, rat heart vasculature was perfused ex vivo with Krebs-Ringer buffer con-
taining 0.06% collagenase. Cells were then collected from the recirculation medium
and grown under standard cell culture conditions using Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Calf Serum (FCS) and antibiotics
(penicillin and streptomycin). Confluent monolayer was split routinely 1:4 after
washing with PBS and treatment with trypsin-EDTA. All reagents were purchased
from Invitrogen (Karlsruhe, Germany). For clonal analysis, cells were cultured until
reaching 80% confluence, detached and sorted by DAKO Cytomation MoFlo High
Speed Cell Sorter (DAKO, Denmark). Next, a single cell was placed in a 96 well plate
and cell growth was daily examined and counted. After 7 days, only the well with
more cells was selected and subcultured for further studies.

2.2. Immunocytochemical analysis

Colonized cells were transferred into 2 well chamber slides (Becton Dickinson
GmbH,Heidelberg,Germany) and cultureduntil sub-confluence. Then, cellswerefixed
for 10 min in 5% paraformaldehyde (PFA) containing 1 mg/ml 4’,6-diamidino-2-phe-
nylindole (DAPI; Roche Molecular Biochemicals, Mannheim, Germany) at room
temperature and washed 3 times in phosphate buffered saline (PBS). Next, samples
were blocked for 20min in 1.65% normal goat serum at room temperature. Specimens
were incubatedwith primary antibodies for 1 h at 37 �C in a humid chamber. Here we
used antibodies against Nestin (mouse monoclonal, 1:250, Abcam, Cambridge, UK),
Neurofilament (NF-H, rabbit polyclonal,1:500, Serotec, Kidlington, UK), Troponin I Typ
1 (mousemonoclonal,1:50, Acris, Herford, Germany), and GATA4 (mousemonoclonal,
1:100, SantaCruzBiotechnology, SantaCruz,USA).After rinsing3 timeswithPBS, slides
were incubated for 1 h at 37 �C with Cy3-labeled anti-mouse IgG (1:400) and FITC-
labeled anti-rabbit IgG (1:200) (both purchase from Dianova, Hamburg, Germany).
Then, slides were washed 3 times in PBS, covered in Vectashield mounting medium
(Axxora, Grünberg, Germany) and analyzedwith a fluorescencemicroscope (Axioskop
Zeiss, Göttingen, Germany). Imageswere capturedwith the axiovision software (Zeiss,
Göttingen, Germany) and fluorescence intensity was normalized to a black back-
ground. All immunocytochemical results showed typical morphologic features corre-
sponding to targeted cellular structures, indicating a specific staining of these
antibodies. The negative controlswere carriedoutwith the secondaryantibodies alone
and showed only unspecific faint staining (data not shown).

2.3. Real-time RT-PCR analysis

Total cellular RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany) and a robotic workstation for the purification of RNA (QIAcube, Qiagen,
Hilden, Germany). RNA concentrationwas determined bymeasuring the absorbance
at 260 nm and 0.5 mg of total RNA was reverse transcribed into cDNA using
QuantiTect reverse transcription kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The quantitative real-time PCR (qRT-PCR) was per-
formed with 1 ml cDNA in a 25 ml reaction volume using the QuantiTect SYBR Green
PCR Kit and QuantiTect Primers (a-Actin: Rn_Acta2_1_SG, amplicon length: 82 bp;
DMC1: GATA4: Rn_Gata4_1_SG, amplicon length: 70 bp; GFAP: Rn_Gfap_1_SG,
amplicon length: 131 bp; Nestin: Rn_Nes_1_SG, amplicon length: 63 bp; Neuro-
filament L: RnNefl_1_SG, amplicon length: 69 bp; Oct-4: Rn_Pou5f_1_SG, amplicon
length: 134; Troponin I Typ 1: Rn_Tnni1_1_SG, amplicon length: 137 bp: Von Wil-
lebrandt Factor: Rn_Vwf_1_SG, amplicon length: 107 bp (all Qiagen, Hilden,
Germany). The amplification cycles were performed with the Mastercycler ep
realplex (Eppendorf, Hamburg, Germany) and included a melting step (95 �C) and
a combined annealing and amplification step (60 �C). All quantifications were per-
formed in triplets. Automated gel electrophoresis was carried out with the QIAxcel
capillary gel electrophoresis system (Qiagen, Hilden, Germany).
2.4. In vitro cell differentiation assay

For adipogenic or osteogenic differentiation, cells were cultured in differentia-
tion medium containing adipogenic supplements (hMSC Differentiation Bullet-
Kit�eAdipogenic, Lonza, Cologne, Germany) or osteogenic supplements (hMSC
Differentiation BulletKit�eOsteogenic, Lonza, Cologne, Germany) according to
manufacture’s instructions. Tube formation assay was performed as described
before [1]. After differentiation, Oil red O staining (Invitrogen, Oregon, USA) and Von
Kossa staining (Polysciences Europe GmbH, Eppelheim, Germany) were performed.
Mouse pancreatic stem cells (PSC) were used as positive controls.
2.5. Scaffold for dermal regeneration and cell seeding

Integra matrix (IM) is a scaffold-based on bovine tendon collagen fibers cross
linked with glycosaminoglycans which forms a porous biodegradable structure. On
top, the collagen structure is covered with a removable silicon layer, which acts as
a temporary epidermis. Pieces of IM (12mmdiameter) were dried with sterile gauze
andplaced in a 24well plate, and then 300 ml ofmedium containing 1�106 cellswere
dropped over the scaffold being quickly absorbed for it. After 30 min of incubation,
1 ml of DMEM þ 10% FCS was added into each well. Cell seeding efficiency was
evaluated by removing the scaffold from the well and counting cells adhered to the
culture dish. IM was kindly provided by Integra LifeScience Corporation, NJ, USA.
2.6. Cell visualization in the scaffold

After seeding for 14 days, Integra matrix containing cells was fixed in 3.7%
paraformaldehyde (PFA, SigmaeAldrich, Taufkirchen, Germany) for 30 min at room
temperature (RT). Scaffolds were then permeabilized with 0.2% Triton for 30 min
and stained for 1 h with TRITC-conjugated phalloidin (SigmaeAldrich) at RT. Finally,
samples were mounted in prolong anti-fade containing DAPI (Invitrogen, Oregon,
USA) and analyzed by an FV10i confocal microscope (Olympus, Hamburg, Germany).
For 3-dimensional view of the scaffold, slices from Z-axis were reconstructed by
Amira 4.0 software (Visage Imaging GmbH, Berlin, Germany).
2.7. Quantification of metabolic activity in the scaffold

Cells (1 � 106) were seeded into each scaffold (12 mm of diameter) in 1 ml
DMEM þ 10% FCS. At days 1, 7 and 14 after seeding, medium was removed and
scaffolds were incubated for 1 h in fresh medium containing 5 ng/ml MTT (Sigma-
eAldrich, Taufkirchen, Germany). After incubation, medium was replaced by 500 ml
dimethyl sulfoxide (DMSO; SigmaeAldrich). In order to quantify metabolic activity,
absorbance at 570 nmwasmeasured in the DMSO containing soluble formazan blue.
Scaffolds without cells were used as negative control.
2.8. Scaffold-based dermal regeneration model

Scaffolds obtained from 9 athymic nude mice (6e8 weeks old; Taconic,
Copenhagen, Denmark) were analyzed. Animals were distributed in 2 groups: 4
controls (8 empty scaffolds, 2 scaffolds per animal) and 5 animals containing VR-
EPCs (10 cell seeded scaffolds). Before transplantation, animals were anesthetized
with ketamine (10 mg/kg) and xylazin (2.4 mg/kg) via intraperitoneal injection.
Under general anesthesia, a bilateral full skin defect was created (10 mm diameter)
in the back of the animals and the skin was replaced by control (empty) or cell
seeded scaffolds (Fig. 4). In order to minimize possible artifacts during tissue har-
vesting, a titanized mesh (TIMESH, GfE Medizintechnik GmbH, Germany) was
placed between the wound bed and scaffolds. Scaffolds were fixed to the wound by
using non-absorbable sutures, and wounds were bandaged with sterile gauze. Two
weeks after transplantation, animals were sacrificed by overdose of ketamine/
xylazin and the scaffolds were removed for further analyses. All procedures in vivo
were approved by the corresponding local ethical committees.



Fig. 1. Cell characterization. When cultured in DMEM supplemented with 10% FCS, VR-EPCs were strongly adherent to polycarbonate, showing a cobblestone like morphology (left)
and high proliferation capacity (right). Scale bar represents 200 mm.
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2.9. Scaffold vessel visualization and quantification

In order to quantify vascularization levels, tissue transillumination and digital
segmentationwere performed. After 2 weeks, skin from the back of the animals was
removed and quickly placed over a transilluminator (Hama, LP 5000 K, Germany),
digital pictures were obtained in TIF format (Olympus camera, C-5060, 5.1 Mega-
pixels) and then processed for digital segmentation. Results were expressed as
percentage of vascularization (vessel area and vessel length) compared to normal
skin as described before [20]. The vessel analysis software used here can be
downloaded at: http://www.isip.uni-luebeck.de/index.php?id¼610.

2.10. Histological analysis

In order to analyze the density and distribution of cells and vessels in the
implanted scaffolds, histological analyses were performed with hematoxylin and
eosin (HE) and DAPI staining. Two weeks after implantation scaffolds were har-
vested, fixed with 3.7% PFA for 1 h, dehydrated, and embedded in paraffin. 10 mm
Fig. 2. Differentiation potential. At protein levels (A), VR-EPCs expressed stem (Nestin) and
addition, RT-PCR analysis (B) shows that VR-EPCs express the stem cells markers Nestin and
(Glial Fibrilary Acidic Protein (GFAP) and NF), Mesoderm (Alpha Smooth Muscle Actin (a-SMA
was evaluated by seeding VR-EPCs under differentiation conditions (C). In contrast to pancr
after seeding VR-EPCs in adipogenic or osteogenic differentiation medium. However, well d
and VR-EPCs. Scale bar represents 100 mm in A, 50 mm in C upper panel and 200 mm in C m
thick paraffin sections were obtained from the center of the scaffold, deparaffinized
and stained with standard HE and DAPI staining protocols. Functional blood vessels
were identified by morphology and the presence of erythrocytes inside the vessel
wall. Vessel number was obtained by counting on at least 3 different sections which
were located at least 100 mm far of each other. Cellularization was evaluated in the
border zone, defined by counting the cell number in 3 different areas (20� pictures)
of each section in the cell infiltration zone which was defined by 0e240 mm (white
dot line in Fig. 6B) above the border (red dot line in Fig. 6B) between the scaffold and
the wound bed. All histological results were obtained by 2 independent researchers.

2.11. In vitro tube formation assay

VR-EPCs were cultured on polystyrene surface or Matrigel� (BD Biosciences,
USA) coated surfaces in DMEM þ 10% FCS or in Endothelial Cell Growth Medium 2
(EGM) with supplement mix (PromoCell, Heidelberg, Germany). Matrigel was added
into 48 well culture plates and allowed jellifying at 37 �C for 30 min. Next, 5 � 103

cells, in 0.5 ml medium, were added on top of the matrigel coated surface. After 1
differentiation markers (Neurofilament (NF); Troponin I type 1 (TNNI 1) and GATA4. In
Oct-4, and differentiation markers derived from the 3 different germ layers: Ectoderm
) and TNNI 1) and Endoderm (vonWillebrandt factor (vWF) and GATA4). Cell plasticity
eatic stem cells (PSC), no formations of fat vacuoles or calcium precipitate were found
efined capillary-like structures on matrigel coated surface were observed in both, PSC
iddle and lower panel.
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Fig. 3. Cell seeding in the scaffold. Distribution (DAPI/blue) and attachment (Phalloidin/red) of seeded cells to the scaffold (Autofluorescence/green) were evaluated (A). Left and
right panels show a representative cross section and a 3-dimentional reconstruction of the scaffold containing cells respectively. After seeding, cell viability was evaluated by MTT
assays (B). Left panel shows metabolically active cells (dark blue dots) in the scaffolds. Quantification of formazan blue formation showed a significant increase in metabolic activity
on day 14 after seeding. (***p < 0.001) when compared to day 1 and day 7. Scale bar represents 20 mm in A left panel and, 100 mm in A right panel and in B. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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day, cells were fixed with 3.7% PFA and stained with TRITC-conjuncted Phalloidin
(SigmaeAldrich, Munich, Germany) and DAPI (Invitrogen, Oregon, USA). Quantifi-
cation was evaluated by counting the number of tubes per field in 3 different
random areas of each well.

2.12. In vitro cell migration assay

VR-EPCs (1�104) were seeded in a Culture-Insert (Ibidi, Martinsried, Germany) in
100mlDMEMþ10%FCS.Once thecells reachedconfluence, the insertwas removedand
mediumwas replaced by freshDMEMþ 10% FCS or Endothelial Cell GrowthMedium2
(EGM; PromoCell, Germany). After 10 h, pictures were taken and cell migration in the
openwound area (no cell covered area labeled in grey) was compared and quantified
using TScratch as described before [21]. Results were obtained from 3 representative
pictures of each well in 3 independent experiments and were expressed as the
percentage of the openwound area at 10 h compared to time zero (0 h).

2.13. In vitro cytokine antibody profiling

VR-EPCs (5�106 cells) were seeded in 75 cm2 culture flasks in DMEMþ 10% FCS.
After overnight incubation, medium was replaced for DMEM þ 2% FCS and main-
tained in culture for another 72 h. Next, mediumwas collected and cytokine release
was evaluated with a RayBio� Rat Cytokine Antibody Array 2 (RayBiotech, Georgia,
USA) used according to manufacturer’s instructions.
2.14. Statistical analysis

All analyses were performed in at least 3 independent experiments. Data are
shown as mean � SEM. Statistical comparisons between 2 groups were performed
with two-tailed Student’s t-test. Multiple comparisons between groups were
applied when necessary with one way ANOVA followed by post hoc analysis.
Differences among means were considered significant when p < 0.05.
3. Results

3.1. Cell characterization and differentiation

By selection for clonogenic cells,wewere able to isolate a cell line
which can be cultured formore than 100 passages.When seeded on
polystyrene surfaces cells were adherent, showing a cobblestone
like morphology (Fig. 1 left) and a high proliferation capacity, with
a doubling time of about 18 h (Fig. 1 right). The expression of stem
and differentiation markers was evaluated by immunocytochem-
istry and RT-PCR. Immunocytochemical analyses showed the
expression of the stem cell marker nestin and differentiation



Fig. 4. Full skin dermal regeneration mouse model. A 10 mm diameter bilateral defect was created in the back of the animal (A). In order to minimize possible artifacts during the
tissue harvesting, a titanized mesh was placed between the wound bed and the scaffold (B). Finally, the wound was covered with a scaffold for dermal regeneration (C). Scale bar
represents 1 cm in the upper row and 0.5 cm in the lower.
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markers from cells derived from the 3 different germal layers
including: Neurofilament (ectodermal); Troponin I type 1 (meso-
dermal) andGATA4 (endodermal) (Fig. 2A). RNAexpression analyses
showed the stem cell markers (Nestin and Oct-4) and markers for
multilineage differentiation including: Glial fibrilary acidic protein
(GFAP); Neurofilament (NF); Troponin I type 1(TNNI 1); a-Smooth
muscle actin (a-SMA); Von Willebrand factor (vWF) and GATA4
(Fig. 2B). After,wedecided to evaluate thebehaviorof VR-EPCswhen
cultured under differentiation conditions [22]. First we evaluated
the capacity of the cells for differentiating into adipocytes and
osteoblasts after seeding under standard differentiation conditions.
In contrast to pancreatic stem cells (PSC), the formation of fat
vacuoles and thepresence of calciumprecipitateswerenotobserved
in VR-EPC. However both cell types, PSC and VR-EPCs, formed
capillary-like structures on matrigel coated surfaces (Fig. 2C).

3.2. Cell seeding in the scaffold

Next, cells were seeded in a collagen scaffold and 2 weeks later
confocal microscopic analysis was performed. A 3-dimensional
reconstruction of the seeded scaffold showed that cells were distrib-
uted homogeneously, as observed by the presence of DNA staining
(DAPI) in the whole structure (Fig. 3A upper panel). Additional
staining for actin filaments (phalloidin) showed a direct interaction
between the cells and the scaffold (Fig. 3A lower panel). In order to
evaluate biocompatibility of the cells with scaffold, we performed
MTT metabolic assays. Results showed that metabolically active cells
were observed in the scaffold from day 1 (Fig. 3B left panel) being
metabolicallyactive for at least2weeks inculture (Fig. 3B rightpanel).
A significant increase inmetabolic activitywasobservedafter2weeks
in culture (***p< 0.001), suggesting cell proliferation in the scaffold.

3.3. Tissue vascularization in vivo

In order to evaluate the capacity of the cells to increase vascu-
larization in vivo, cell seeded or control (empty) scaffolds were
engrafted in a bilateral full skin defect model (Fig. 4). The whole
procedure was well tolerated for the animals. After 2 weeks, scaf-
folds were removed and analyzed by tissue transillumination and
digital segmentation as described before [20]. We found that the
presence of VR-EPCs significantly improved vascular regeneration.
Quantification of vascularization showed improvements for both
vessel area and length in the seeded scaffolds (Fig. 5; ***p < 0.001,
**p < 0.01). Afterward, vessel distribution and cellularization were
evaluated by histological analyses. Results showed the presence of
functional vessels in both, wound bed and scaffolds. Consistently
with the results obtained by digital segmentation, a 6-fold increase
in the vessel number was observed in cell seeded scaffolds (Fig. 6A;
*p < 0.05). After, cellularization of the scaffold at the border zone
was analyzed. Results showed a significant increase in cell number
at the area directly over the wound bed (Fig. 6B; *p < 0.05).

3.4. Cell behavior under pro-angiogenic conditions

In order to determine the possible mechanisms involved in the
vascular regeneration in vivo by VR-EPCs, here we analyzed cell



Fig. 5. Vascularization of the scaffold in vivo. Neovascularization of the scaffold was analyzed 2 weeks after transplantation. A representative scaffold of each group is shown by
transillumination and digital segmentation (vessel area and vessel length). Quantification of the digital segmentation showed that seeded scaffolds (VR-EPCs; n ¼ 10) were
significantly more vascularized than controls (empty scaffolds; n ¼ 8) in both, vessel area (***p < 0.001) and vessel length (**p < 0.01). Scale bar represents 3 mm.
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behaviour under pro-angiogenic environments. After seeding cells
on polystyrene surface, the presence of endothelial growthmedium
(EGM) induced the formation of capillary-like structures (Fig. 7A).
The number of such structures was also found to be increasedwhen
cells were cultured on matrigel coated surfaces (Fig. 7B; *p < 0.05).
In addition, cells responded to EGM by increasing their migration
capacity evaluated by a scratch assay (Fig. 2D; ***p < 0.001). Inter-
estingly, MTTassays showed that the presence of angiogenic factors
decreased the metabolic activity of the cells (Fig. 7C; *p < 0.05).
3.5. Paracrine profile of VR-EPCs

It has been proven that stem/progenitor cells might contribute
to neovascularization by releasing different soluble growth factors
[23]. In order to determine whether VR-EPC can also contribute in
this manner, we performed a cytokine antibody array. Herewe have
found that conditioned media contains chemoattractant (CXCL-1,
MCP-1) and angiogenic (VEGF and PDGF-AA) molecules. Moreover,
proteins related to tissue remodeling (TIMP-1, Activin-A and Agrin)
were also detected (Fig. 8).
4. Discussion

The present study has demonstrated that highly clonogenic
vascular resident endothelial progenitor cells (VR-EPCs) could be
used to induce postnatal neovascularization in tissue engineering
and regeneration. VR-EPCs showed several stem/progenitor cells
features (Fig. 2) in vitro and might contribute in direct (Fig. 7) and/
or paracrine manners (Fig. 8) to vascularization in vivo in a scaffold-
based nude mice full skin defect model (Figs. 4e6).

Nowadays, there is a broad consensus that for most tissues and
organs, vascularization is the key process for regeneration. Thus,
autologous endothelial progenitor cells represent an attractive
target cell source for therapeutic neovascularization. Since the
discovery of endothelial progenitors in 1997, the definition and
exact location of such cells have been under debate [11]. The



Fig. 6. Histological analysis. Sections of the scaffold showed that functional blood vessels were distributed in both, wound bed and scaffold, which are observed under and over the
red dot line (A). Quantification of the number of blood vessels per section shows that the presence of VR-EPCs increased the vascularization levels (*p < 0.05). Cellularization of the
scaffolds was quantified by counting the number of cells present at the border zone (between the red and white dot line). Results showed that in seeded scaffolds the number of
cells was increased when compared to controls (B; *p < 0.05). Scale bar represents 200 mm in A (left panel) and B and, 50 mm in central and right panels in A.

Fig. 7. Behavior of VR-EPCs in pro-angiogenic environments. Cells were cultured in control (DMEM þ 10% FCS) or pro-angiogenic environments (Endothelial Growth Medium/EGM)
and their behavior was compared. A dramatic change in morphology was observed when cultured in EGM (A). Moreover, EGM enhanced the ability of the cells to form capillary-like
structures on matrigel coated surfaces (B), decrease metabolic activity (C) and, increased cell migration rate in a scratch assay (D). Scale bar represents 100 mm in A and, 200 mm in B
and D. (*p < 0.05; ***p < 0.001).
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Fig. 8. Paracrine profile of VR-EPCs. The release of bioactive molecules from VR-EPCs was evaluated by cytokine protein array. After 3 days in culture, several bioactive molecules
were found in the conditioned medium including: Agrin, Activin-A, CXCL-1, PDGF-AA, MCP-1, TIMP-1 and VEGF. Relative secretion was evaluated as pixel intensity related to the
positive control.
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current study presented 3 lines of evidences showing that our cells
might represent a new type of EPCs. First, VR-EPCs obtained from
a single cell clone have showed a highly clonogenic ability with
a doubling time of approximately 18 h (Fig. 1). Although VR-EPCs
were isolated from a single cell clone, they showed differentiation
markers expressed in cells derived from all 3 different germ layers
(Fig. 2A and B). Moreover, we also found nestin positive stem cell
clones from the late outgrowth population (Fig. 2A). Second,
compared to cells cultured under control condition (DMEM þ 10%
FCS), VR-EPCs cultured in endothelial cell growth medium showed
a different phenotype (Fig. 7) including the formation of capillary-
like structures on polystyrene and matrigel surface and the
enhancement of cell migration ability. Furthermore, when seeded
in scaffolds for in vivo dermal regeneration, VR-EPCs showed
significant neovascularization ability compare to control in vivo
(Figs. 5 and 6). Recently, several studies have suggested that the key
elements for characterization of EPCs are the ability to form
vascular structures in pro-angiogenic surfaces in vitro and the
capacity to contribute to the postnatal neovascularization process
in vivo [9,11,15,24,25]. According to this definition, the cells pre-
sented here correspond to EPCs. In addition, it is noteworthy that
our cells share some similarities to late outgrowth endothelial cells
(OECs) and endothelial colony forming cells (ECFCs). All these 3
groups of cells (OECs, ECFCs and VR-EPCs) exhibit cobblestone like
morphology, own highly proliferative potential and form capillary-
like structures on matrigel [10,11,15]. Indeed, here we have found
that VR-EPCs form capillary-like structures even on uncoated
polystyrene surface (Fig. 7A). Traditionally, EPCs can only form tube
like structures on matrigel coated surface [26]. This new feature of
the VR-EPCs may indicate an increased potential to develop micro-
vessels compared to previously described EPCs.

Although here we show that endothelial environments increase
both capillary-like structure formation and migration, yet the
metabolic activity of the cells was significantly decreased when
cultured in endothelial environment (Fig. 7C). This finding is in
agreement with previous reports, showing that under differentia-
tion conditions, proliferation was suppressed [27,28]. We also
found nestin positive stem cells among the VR-EPCs. Although
nestin is originally recognized as neural stem cell marker, several
recent studies have shown the existence of nestin positive stem
cells in rat cardiac tissue [29e31]. Furthermore, nestin positive
stem cells have been described as a population that could
contribute to the de novo vessel formation during myocardial
infarction [31].

Although VR-EPCs might differentiate into different lineages
in vivo since they have showed multilineage differentiation
markers (Fig. 2), cells only responded to endothelial environment in
vitro and we did not observe any side effects after the administra-
tion of our cells in vivo. This might be due to the fact that VR-EPCs
preferentially differentiate into endothelial cells. However, further
studies have to be performed to evaluate the differentiation
potential of VR-EPCs in vivo. In addition to the possibility of direct
contributions to the vessel formation, paracrine effects are also
another possible explanation for the increase in vascularization
observed in vivo. Stem/progenitor cells could induce vascularization
also by secreting pro-angiogenic factors. It was demonstrated that
EPCs released several pro-angiogenic factors which supported the
ischemic tissue regeneration [23]. Bone marrow mononuclear cells
improved cardiac function via both paracrine effects and direct
differentiation [32]. In our study, we observed that VR-EPCs
released cytokines related to angiogenesis and cytotaxis during
in vitro culture (Fig. 8), VEGF and PDGF which are growth factors
strongly related to angiogenesis are of special relevance. Previous
studies have shown that hypoxia and PDGF increased VEGF
expression in several cell types [33]. Since dermal scaffolds provide
a hypoxic environment in vitro and in vivo, increased levels of
angiogenic factors are expected to be released during the dermal
regeneration process in vivo. The chemokines secreted by our cells
(CXCL-1 and MCP-1) may be a possible mechanism for the better
in vivo cellularization (Fig. 6B). However, the proliferation of our
seeded cells inside the scaffold (Fig. 3) may also contribute to this.
Additionally, MCP-1which is a chemokinemainly involved in tissue
injury and inflammation can directly induce angiogenesis via MCP-
1-induced protein (MCPIP) [34] and also involved in arteriogenesis,
which is a key process during tissue neovascularization [35].
5. Conclusions

The true nature of endothelial progenitor cells is still a matter of
ongoing research. We report here that isolated vascular resident
endothelial progenitor cells from rat cardiac tissue owning all three
features that define newly discovered EPCs: 1) Highly clonogenic
potential; 2) Tube formation ability; 3) Enhancing vascularization
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in vivo. Our results indicate that VR-EPCs could be an alternative cell
source to induce therapeutic neovascularization.
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