
Introduction

The vascularization of large three-dimensional constructs is a
major challenge in tissue engineering [1–3]. Thus far, experimen-
tal modulation of angiogenic processes in tissue-engineered
three-dimensional matrices has mainly been attempted through
delivery of angiogenic growth factors as recombinant proteins or

by gene transfer [4, 5]. Endothelial progenitor cells (EPC) have
been shown to enhance vascularization in various pathological
conditions of tissue ischaemia such as myocardial infarction and
peripheral vascular disease [6–8] and may also be used to induce
blood vessel formation in tissue-engineered matrices, which could
then be used to pre-fabricate organs or tissues for regenerative
purposes [9].

Thus far, there is little knowledge on how EPC may support
vascularization of these bioartificial constructs. There appear to
be, however, several mechanisms by which EPC exert their ther-
apeutic pro-angiogenic effects in animal models or humans.
Upon vascular trauma, cytokines and growth factors such as
granulocyte monocyte-colony stimulating factor (GM-CSF) and
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vascular endothelial-derived growth factor (VEGF) are released
into the bloodstream and promote recruitment of EPC to the site
of injury from the circulation and the bone marrow [10, 11].
Similarly, intravenous infusion of exogenous EPC after
ischaemic injury results in their homing to ischaemic areas [8,
12] where they have been shown to directly contribute to blood
vessel formation and increase overall density of blood vessels.
The latter observation implies support of local angiogenesis by
EPC in a paracrine manner, i.e. via secretion of proangiogenic
factors including VEGF [12], which is known to be one of the
most potent angioinductive growth factors. Even though delivery
of VEGF both as a recombinant protein and via gene transfer has
a certain angiogenic potential [13, 14], the number of local
endothelial cells that can be stimulated by angioinductive mole-
cules such as VEGF is limited [15]. Alternatively, formation of
blood vessels can be stimulated by providing suitable cell popu-
lations such as EPC.

The T17b murine embryonal endothelial progenitor cell line
has been initially characterized by Hatzopoulos et al. and shown
to express early endothelial markers, differentiate to mature
endothelial cells and form vascular structures in vitro and in vivo
[16, 17]. Differentiation or activation of EPC was accompanied by
induction of von Willebrand Factor (vWF) and VEGF receptor 2
(VEGFR-2) among other genes [16, 18]. T17b EPC are also a
source of a multitude of secreted proteins that modulate angio-
genesis and tissue regeneration [8]. In a rabbit model of chronic
lower extremity ischaemia local retrograde intravenous infusion
of T17b EPC significantly improved perfusion, capillary density
and the number of collateral vessels. In the same study, systemic
application improved organ function in a mouse model of
myocardial infarction. Intravenously applied T17b EPC were inte-
grated into the vasculature of pre-existing tumours with a
predilection for hypoxic tumour areas where local expression of
VEGF was particularly high. This co-localization of EPC and VEGF
is particularly intriguing and may indicate that VEGF – the expres-
sion of which is up-regulated during hypoxia and tissue
ischaemia [19] – recruits EPC via chemotaxis to ischaemic areas
with high VEGF expression. In addition, EPC themselves may be
the source of increased VEGF production in states and areas of
hypoxia [12, 19]. VEGF stimulates proliferation of endothelial
cells in an autocrine and paracrine fashion and has an antiapop-
totic effect.

As previously demonstrated, T17b EPC do not express MHC I
and cannot be detected by NK cells. Due to these immunological
particularities, T17b will also be useful for xenogenic cell trans-
plantation. Others and we (data not shown) have successfully
transplanted these murine cells into rats without immune reaction
and rejection. This makes them suitable for a variety of animal
models where cell transplantation across species-barriers may be
necessary and desirable.

In the present study, we aimed to characterize T17b EPC
growth, morphology and VEGF secretion in vitro in cell culture and
a 3-D fibrin matrix culture after hypoxia or differentiation to test
their potential application in bioartificial constructs.

Materials and methods

Cell culture

T17b murine EPC were cultured in basal medium (BM) DMEM Glutamax
(Invitrogen, Carlsbad, CA, USA) containing 20% foetal bovine serum, 100 U/ml
Penicillin, 100 µg/ml Streptomycin, 0.1 mM �-Mercaptoethanol, 1 mM non-
essential amino acids and 2 mM HEPES buffer pH 7.5 (all purchased from
Invitrogen). Cell differentiation was induced by incubation with differentiation
medium (DM) where BM was supplemented with 0.5 mM dibutyryl cyclic
AMP (cAMP) (Sigma Aldrich Chemie, Schnelldorf, Germany) and 1 µM
retinoic acid (RA) (Sigma Aldrich Chemie) for 3 consecutive days. Cell 
culture supernatant was collected and stored at �80�C until further analyis.
Cells were trypsinized and counted using the automatic CASY cell counting
system (Schärfe System, Model DT, Reutlingen, Germany).

For characterization in 2-D cultures, T17b EPC were either seeded at 
1 � 105 cells in cell culture flasks or on glass chamberslides at 2 � 104 cells
per slide. The effect of hypoxia on VEGF expression was assessed by incu-
bation under normoxic (20% O2) or hypoxic (1% O2) conditions for 48 hrs.
To investigate the effect of differentiation on T17b EPC behaviour, cells were
seeded at 5 � 105 cells and incubated with either DM or BM as a negative
control for 4 subsequent days where medium was changed on a daily basis.
In either case, T17b EPC culture supernatant was collected every 24 hrs and
VEGF secretion was quantified using a VEGF ELISA kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions.

Chamber slides seeded with T17b EPC were incubated with BM for 
48 hrs to compare the effects of hypoxia to normoxic controls. To investi-
gate the impact of differentiation, cells were incubated for 96 hrs. Chamber
slides were subsequently processed for immunohistochemical staining.

T17b EPC fibrin matrices

For the 3-D fibrin matrix studies, 1 � 105 T17b EPC were re-suspended in
300 µl fibrin gel (10 mg/ml Fibrinogen, 2 IU/ml thrombin, Baxter
Healthcare, Vienna, Austria, approved for clinical application). Cell-containing
matrices were cultured in 24-well plates and overlayed with BM or DM.
Supernatants were collected and medium was changed every other day.
Fibrin matrices were harvested and underwent further processing for either
homogenization and consecutive RNA extraction for subsequent PCR
analysis or formalin fixation for (immuno-)histochemical analysis.

PCR analysis

Fibrin matrices were harvested after 5 days, weighed and frozen at �80 C
until they were homogenized using a QIA Shredder (Qiagen, Hilden,
Germany) to allow for RNA extraction. RNA extraction was performed
using the RNeasy mini kit (Qiagen). One microgram of total RNA from each
sample underwent reverse transcriptase-polymerase chain reaction (RT-
PCR) after DNAse treatment. Reverse transcription and cDNA synthesis
was done using SuperScript™ III Reverse Transcriptase (Invitrogen) fol-
lowed by RT-PCR analysis using 10X PCR RXM buffer, 50 mM MgCl2,
Platinum TAQ DNA polymerase, dNTPs (25 mM each) according to the
supplemented protocols. The following primer pairs were used for the
amplification of murine reverse-transcribed products: vWF forward primer,
5�-gtgaagattggctgcaacac-3�; backward primer, 5�-tgtgcttcaggaccacagag-3�;
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VEGFR-2 forward primer, 5�-ggaATTCAGGCATTGTACTGAGAG-3�; back-
ward primer 5�-cggaTCCAAGTTGGTCTTTTCCTG-3�. The murine VEGFR-2
as well as GAPDH primer pairs have been published previously [18]. All
agents were purchased from Invitrogen. Ten µl of each PCR mixture were
electrophoresed in 1% agarose gel containing ethidium bromide for vWF.
RT-PCR products were photographed under a UV transilluminator.

H&E histology and immunohistochemistry 
for vWF and Ki-67

Detection of von Willebrand Factor (vWF) was performed on chamber
slides and Ki-67 immunostaining was done on sections derived from fibrin
matrices. Matrices were fixed in 4% buffered formaldehyde, dehydrated
and embedded in paraffin. Blocks were then cross-sectioned using a Leica
microtome (Leica Microsystems, Bensheim, Germany) and stained with
haematoxylin eosin. Images were generated using a Leica Microscope and
digital camera under 100� or 400� magnifications.

Slides were rehydrated with TBS followed by antigen retrieval and two
washes in TBS. Slides were then incubated overnight at 4�C with the pri-
mary antibody (Rabbit polyclonal to vWF, dilution 1:1000 Abcam,
Cambridge, UK # 6994; Rat Anti Mouse Ki67, dilution 1:50 Dako
Cytomacion #M 7249). The secondary antibody (vWF; Goat anti-Rabbit
IgG, biotinylated, Dako #E 0432, Ki-67: Polyclonal Rabbit Anti Rat IgG,
biotinylated, Dako Cytomacion #E 0468) and the Streptavidin/AP detection
antibody (Dako Cytomation #D 0396, Glostrup, Denmark) were each
diluted in normal goat serum and cycled three times for 30 min. Between
incubation periods, sections were washed twice in TBS. All incubation
steps took place in a humidified environment. Detection was performed by
incubation with Liquid Permanent Red (Dako Cytomacion #K0640) accord-
ing to the manufacturer’s instructions and Hematoxilin Gill-III (Merck,
Darmstadt, Germany) for counterstaining.

For semi-quantitative assessment of cell proliferation in the fibrin
matrix, five regions of interest (ROI) per slide and study group were ran-
domly selected and visualized under a 100-fold magnification. Cells as well
as numbers of clusters (defined as more than five cells adjacent to each
other) were counted by an independent blinded observer. Quantification of
Ki-67 positive cells was carried out in an analogous fashion.

Statistical analysis

Results are given as mean � standard deviation. Statistical analysis was
performed using GraphPad prism software (GraphPad Software, San Diego,
CA, USA). Two-tailed unpaired Student’s t-test was applied for statistical
analysis. The critical level of statistic significance chosen was P 	 0.05.

Results

Hypoxia stimulates secretion of both VEGF 
and vWF from T17b EPC in 2-D cultures

Since hypoxia and ischaemia have been shown to induce VEGF
expression, the capability of EPC to up-regulate VEGF secretion

was investigated. Therefore, we submitted T17b EPC to a 48-hrs
period of hypoxia at a concentration of 1% O2. VEGF secretion from
hypoxic EPC was significantly stimulated compared to normoxic
controls (Fig. 1A, left panel). Although the 48-hr production of
VEGF reached 27.56 � 0.75 pg/106 cells under normoxia, growth
factor secretion from hypoxic T17b EPC was more than twice as
high, reaching 59.57 � 7.51 pg/106 cells. Cell morphology and cell
proliferation were not changed by hypoxia (3.41 � 0.52 � 105 cells
versus 3.11 � 0.41 � 105 cells, Fig. 1A, right panel). A 48-hr hypoxic
incubation period induced vWF secretion from T17b EPC, as evi-
denced by a high percentage of positive staining (Fig. 1B), whereas
staining was negative for cells incubated in normoxia (Fig. 1C).

Differentiation with dibutyryl-cAMP and RA 
stimulates vWF and VEGF secretion in 2-D culture

Differentiation of T17b EPC in the presence of dibutyryl cAMP and
RA resulted in morphologic changes as previously observed [16],
yielding a phenotype characteristic of mature endothelial cells
(data not shown). The levels of VEGF protein secretion were quan-
tified in cell culture supernatants harvested at day 4 after initiation
of differentiation by ELISA. VEGF secretion from differentiated
T17b cells between day 3 and 4 was 11-fold higher compared to
undifferentiated controls (95.31 � 2.03 pg/106 cells versus 8.65
� 0.49 pg/106 cells (Fig. 2A, left panel). Differentiation induced a
proliferation arrest in 2-D cultures compared to ongoing prolifer-
ation in undifferentiated EPC (0.43 � 0.06 � 106 cells versus
4.9 � 0.6 � 106 cells, Fig. 2A, right panel).

T17b differentiation on chamber slide cultures with dibutyryl-
cAMP and RA lead to an abundant presence of vWF (Fig. 2B).

Differentiation induces VEGF secretion 
from T17b EPC suspended in a fibrin matrix

To investigate their applicability in matrices used for tissue engi-
neering, T17b EPC were suspended in a 3-D fibrin matrix
approved for clinical application. Cells retained their vitality for an
observation period of at least 8 days and displayed functionality,
which was manifested by secretion of substantial amounts of
VEGF into the supernatant medium of the fibrin matrix. In order to
normalize secreted VEGF to the cell number in the matrix, total
RNA was extracted and the relative amounts of VEGF secreted per
µg of total RNA was determined. In consistence with the results
observed in the 2-D cell culture, differentiated EPC secreted 37%
higher VEGF levels per µg RNA compared to undifferentiated con-
trols (1451 � 102 pg/µg RNA versus 1062 � 20.57 pg/µg RNA, 
P 	 0.05, Fig. 3A). No VEGF expression was detected in cell-free
matrices, which served as negative controls (Fig. 3A, right panel).
RNA yield generated from BM matrices, on the other hand, was 
4 times higher compared to DM matrices (0.444 � 0.028 µg 
versus 0.112 µg � 0.012, P 	 0.05, Fig. 3B), indicating the num-
ber of cells present in DM matrices was significantly higher.



J. Cell. Mol. Med. Vol 13, No 5, 2009

929© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

T17b morphology in 3-D fibrin matrix cultures

In the fibrin matrix, morphology and growth properties of T17 EPC
were observed and their proliferation was quantified by immunohis-
tochemical analysis of Ki-67. Upon differentiation with dibutyryl-
cAMP and RA, EPC proliferation appeared to be inhibited with low
cell numbers and little cluster formation. These findings were con-
firmed by the lack of Ki-67 positive T17b cells (Fig. 4A–C). In con-
trary, after incubation with BM, morphologic observation showed
cell proliferation and growth in clusters, some of them forming
lumen-like structures. Morphologic observations were endorsed by
the presence of Ki-67-positive cells, indicating cell proliferation up
to the end of the observation period on day 8 (Fig. 4D–F).

For semi-quantitative assessment of growth patterns, cells
and cell clusters were counted in 5 randomly selected areas per
slide per study group. DM leads to a reduction in cell number
and cell clusters (Fig. 5A) from day 3 to day 8 (60 cells/ROI
versus 46 cells/ROI, P 	 0.05). On the other hand, BM incuba-
tion resulted in higher numbers of cells and cell clusters at
both times and an increase of cell numbers and number of cell
clusters (131 cell/ROI versus 166 cell/ROI, P 	 0.05). The dif-
ference in cell numbers on day 8 between BM and DM groups
was considered statistically significant (Fig. 5A). Similar differ-
ences were noticed when the number of cell clusters was
counted, again reaching statistically significant differences on
day 8 (Fig. 5B).

Fig. 1 Hypoxia stimulates VEGF and vWF secretion from T17b EPC in 2-D cultures (A) 5 � 105 T17b EPC were seeded in triplicates and cultured in BM
and incubated either under normoxia or hypoxia (1% O2) for a total of 48 hrs without medium changes. VEGF secretion was quantified in cell culture
supernatants. VEGF secretion was 59.57 pg/106 cells under hypoxia compared to 27.56 pg/106 cells compared to normoxic controls. *P 	 0.05 ver-
sus normoxia. (B) T17b EPC were seeded in triplicates on glass chamber slides at 2 � 104 T17b cells per slide. A 48-hr hypoxic incubation period
induced vWF secretion from T17b EPC, as evidenced by a high percentage of cells staining red positive for vWF. Also note the higher number of cells
compared to normoxic controls in Panel C. (C) No vWF was seen in normoxic cells incubated in normoxia.
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Fig. 2 Differentiation with dibutyryl-
cAMP and retinoic acid stimulates vWF
expression and VEGF secretion in 2-D
culture (A) 1 � 105 T17b EPC were
seeded in triplicates and cultured either
in basal culture medium (BM) or differ-
entiation medium (DM), which was
changed on a daily basis for a total of 4
days. VEGF concentrations were quanti-
fied in cell culture supernatants har-
vested at day 4 after initiation of differen-
tiation. VEGF secretion between day 3
and day 4 after induction of differentia-
tion was 95.31 pg/106 cells compared to
8.65/106 cells compared to undifferenti-
ated controls, which constitutes an 11-
fold increase in growth factor expres-
sion. * P 	 0.05 versus undifferentiated
cells. (B) T17b EPC were seeded on glass
chamber slides at 2 � 104 T17b cells per
slide. Successful differentiation of T17b
EPC was induced by DM for 4 consecu-
tive days, resulting in a high rate of vWF-
secreting cells as demonstrated by abun-
dant positive red staining. No specific
staining indicating absence of vWF was
noted in BM overlayed T17b (Panel 1.C).

Fig. 3 (A) 1 � 105 T17b EPC were sus-
pended in a fibrin matrix and overlayed
either with BM or DM. Medium was
changed every 48 hrs. After 8 days,
supernatant medium was collected for
quantification of VEGF secretion by
ELISA. RNA was extracted from fibrin
clots and its concentration measured.
Results are from triplicate samples and
presented as picograms of VEGF
expressed per microgram of T17b RNA
present in the fibrin clots. VEGF expres-
sion was 37% higher in overlay medium
from DM clots compared to BM clots
(1.062 � 20.57 ng versus 1.451 �

102.85 ng). * P 	 0.05 versus undiffer-
entiated cells (B) RNA yield generated
from BM clots was 4 times higher com-
pared to DM clots (0.444 � 0.028 µg
versus 0.112 µg � 0.012, P 	 0.05, 
Fig. 3.B), indicating the number of cells
present in DM clots was much higher. 
* P 	 0.05 versus undifferentiated cells.
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Fig. 4 Morphology of T17b EPC suspended in fibrin matrices under BM or DM incubation. 1 � 105 cells were suspended in a fibrin matrix and over-
layed with either BM or DM, which was changed every 48 hrs. Cell-containing matrices were harvested 8 days later and submitted to H&E standard his-
tology for morphological analysis. Results are based on triplicate samples per group. (A–C) DM incubation in 100� (A) and 400� (B) magnification
and Ki-67 expression (C). Upon differentiation with dibutyryl-cAMP and retinoic acid, EPC proliferation appeared to be inhibited with low cell numbers
and little cluster formation. These findings were confirmed by the lack of Ki-67 positive T17b cells. (D–F) BM incubation in 100� (A) and 400� (B)
magnification and Ki-67 expression (C). In contrary, after incubation with basal medium, morphologic observation showed cell proliferation and growth
in clusters, some of them forming lumen-like structures. Morphologic observations were endorsed by the presence of Ki-67-positive cells, indicating
cell proliferation up to the end of the observation period on day 8.
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T17b PCR in 3-D cultures

In order to investigate differentiation of T17b EPC in fibrin matri-
ces, expression of the differentiation markers vWF and VEGFR-2
was analysed with PCR. In conformance with previously published
results for 2-D cell cultures [16], we detected increased expres-
sion of vWF as well as VEGFR-2 after differentiation compared to
undifferentiated controls (Fig. 6).

Discussion

EPC have been shown to play a key role in blood vessels for-
mation in ischaemic conditions. By comparison, only few
studies have investigated their behaviour in bioartificial matri-
ces and their potential role in vascularization of these con-
structs, which remains one of the main challenges in tissue
engineering.

Fig. 5 T17b cell proliferation (A) and
cluster formation (B) in fibrin matrices.
Five regions of interest (ROI) per slide
and study group were randomly
selected and visualized under a 100-fold
magnification. Cells as well as numbers
of clusters (defined as more than five
cells adjacent to each other) were
counted. Mean values and S.D. are
shown. # P 	 0.05 versus differentiated
cells on day 3. * P 	 0.05 versus differ-
entiated cells on day 8.
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In the present study, the murine embryonal endothelial pro-
genitor cell line T17b was used because it offers significant
experimental advantages compared to EPC of human origin.
These cells are easy to grow, have been valuable in investigation
of mediators, signalling pathways, and altered cellular properties
that play a role in early vascular development and demonstrated
angiogenic potential in a multitude of in vitro and in vivo studies
[8, 12, 16–18]. A  significant advantage over human EPC can be
attributed to the fact that they can be transplanted xenogenically
into immunocompetent recipients such as rats and rabbits [8],
whereas the use of human EPC in vivo is restricted to immun-
odeficient animals such as nude mice. Due to size limitation of
the animal, many surgical in vivo models of angiogenesis
including the arteriovenous (AV) loop model in the rat for tissue
engineering [27] are not applicable to a murine model, thus
restricting attempts to generate larger units of vascularized
bioartificial tissue in vivo.

In the present study, we investigated T17b murine embryonal
EPC in terms of morphology, proliferative potential and VEGF
secretion in response to hypoxia and differentiation in vitro in cell
culture and a clinically approved fibrin matrix culture.

Hypoxia can stimulate VEGF secretion 
as well as vWF expression and cell 
proliferation in 2-D culture

VEGF is an important angiogenic factor in blood vessel formation
and plays a key role in the angiogenic function of EPC [20]. Since
previous studies showed co-localization of T17b EPC and VEGF
expression preferentially in areas of tissue hypoxia [12], we
examined the influence of hypoxia on VEGF secretion and cell
proliferation. Indeed, hypoxia increased VEGF secretion from EPC
by more than 100% compared to normoxic controls. This result
is consistent with recent findings by Diez et al. who measured
increased VEGF mRNA levels in hypoxic T17b EPC [21]. Although
hypoxia did not induce changes in cell morphology consistent
with differentiation, it was associated with an increased prolifera-
tion rate under certain conditions. Our results show that T17b cell
proliferation was enhanced in chamberslide cultures but not in
cell culture dishes, which may indicate that hypoxia could indeed
stimulate EPC proliferation in association with certain in vitro
 surface properties or when cells are seeded at certain densities.
A particularly interesting finding was that vWF expression was
increased compared to normoxic controls. Indeed, vWF has been
identified as one of the main differentiation markers in this
embryonal endothelial progenitor cell line [16]. Hence, hypoxia
has diverse effects on T17b EPC as it induces up-regulation of 
a gene indicating differentiation although the morphologic
changes typical for differentiation are absent, and even appears to
stimulate cell proliferation compared to normoxic EPC under
 certain conditions.

Differentiation by RA and dibutyryl-cAMP increases
VEGF secretion as well as vWF expression and
inhibits cell proliferation in 2-D culture

After induction of differentiation with cAMP and dibutyryl-cAMP,
up-regulation of VEGF secretion was even more pronounced, with
11-fold higher growth factor levels in supernatant medium.
Previous studies did not detect increased VEGF gene expression
after differentiation [16, 18]. A possible explanation of our finding
may be that even though differentiation does not significantly alter
VEGF gene expression itself, it may stabilize VEGF mRNA and lead
to increased VEGF expression and secretion on the protein level.

In contrary to hypoxia experiments where morphologic
changes in T17b EPC were not observed, differentiation lead to
morphological transformation consistent with a mature endothe-
lial cell phenotype as previously published [16]. Addition of dibu-
tyryl-cAMP and RA resulted in a profound increase of vWF expres-
sion, as evidenced by positive immunohistochemical staining for
the majority of cells, without any increase in cellular proliferation.

VEGF protein levels and mRNA expression 
of vWF and VEGFR-2 are enhanced by RA 
and dibutyryl-cAMP

A detailed analysis on how differentiation of T17b EPC altered
expression of genes crucial in angiogenesis and vasculogenesis
has been carried out previously, showing up-regulation of vWF
and VEGFR-2 [9]. Here, we demonstrated that VEGF protein levels
are increased in supernatant after EPC activation with dibutyryl-
cAMP and RA. To determine whether EPC suspended in a fibrin
matrix retain the potential to react to the differentiation stimulus
and express vWF and VEGFR-2, RNA was extracted from homog-
enized fibrin clots followed by PCR analysis of the cDNA products.
We found a substantial increase in both vWF and VEGFR-2 gene

Fig. 6 vWF and VEGFR-2 detection in PCR from Fibrin-matrix suspended
T17b EPC. Fibrin clots were harvested and RNA extracted followed by
reverse transcription and PCR analysis for vWF and VEGFR-2 expression
from EPC suspended in the fibrin matrix. GAPDH served as a control in
both instances. vWF as well as VEGFR-2 are detectable in fibrin-
suspended cells overlayed with BM, but both markers were strongly 
up-regulated after differentiation with dibutyryl-cAMP and RA. Results
are representative of experiments executed in triplicates.
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expression. A possible explanation for the latter finding may be the
increased VEGF levels we found in the matrix supernatants after
differentiation, given that it has been shown that VEGF up-
regulates its own receptor VEGFR-2 [22, 23].

Although previous work found undifferentiated T17b EPC to
express only trace quantities of vWF mRNA and no detectable
VEGFR-2 mRNA [16], a higher vWF mRNA signal along with
detectable VEGFR-2 mRNA levels were present in EPC suspended
in the fibrin matrix. This may indicate that the fibrin matrix by itself
may have a certain differentiation-inducing effect.

EPC growth properties after 
suspension in a fibrin matrix

Analysis of T17b EPC behaviour in a fibrin matrix under selected
conditions was performed for the first time to simulate their puta-
tive actions in the three-dimensional space in vivo. The fibrin matrix
used in this study is FDA approved and has been used clinically, pro-
viding a particular clinical relevance to the present study. We have
previously used this matrix in in vivo experiments alone and with
growth factors [13, 24, 25]. Previous growth in matrigel culture
showed a gradual phenotypic change towards the mature endothe-
lial cell type over an observation period of 8 days with concomitant
re-orientation of cells and formation of tubule-like structures [16].
However, use of Matrigel will never be approved in the clinical situ-
ation and therefore, use of a clinically approved fibrin matrix
appears more relevant to potential therapeutic applications in the
future. Here, we demonstrated survival of T17b cells for at least 8
days in a 3-dimensional fibrin matrix in vitro. After incubation with
DM, cell proliferation was inhibited as seen by the absence of
increase in cell numbers and number of clusters between days 3
and 8 in the follow-up period. In contrast, BM resulted in significant
T17b cell proliferation, with an increase in cell numbers and cluster
numbers from day 3 to day 8. The semi-quantitative cell count was
confirmed by immunohistochemical for the proliferation marker Ki-
67, staining positive with cells undergoing mitosis. These cells do

not only form multicellular clusters, but also show circular arrange-
ment of the cells with lumen-like structures in the centre.

Summary

In summary, we were able to show that T17b EPC can survive in
a fibrin matrix and exhibit proliferation in this matrix over a period
of 8 days. Differentiation can be induced by addition of DM, as
demonstrated by reduced cell proliferation rate as well as by 
up-regulation of the differentiation markers vWF and VEGFR-2.
Moreover, cell culture analysis demonstrated increased VEGF
secretion upon differentiation as well as under hypoxic conditions.
Taken together, these data indicate that EPC may be a promising
tool that could be combined with other therapeutic strategies such
as gene transfer [26] to enhance vascularization in several differ-
ent (pre-)clinical settings where vascularization is desirable.

EPC-based therapy may be a valuable tool to induce formation
of blood vessels in bioartificial matrices conducive towards tissue
engineering. Their role in modulation of in vivo angiogenesis is
currently under investigation in our laboratory. The use of EPC
transplantation to enhance vascularization of bioartificial matrices
embedded in an arteriovenous loop in a rat separation chamber
model [27] may be a promising approach to enhance the angio-
genic potential in this setting.
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