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Abstract

Integrating bioartificial tissues into the host vasculature is a
prerequisite for tissue engineering applications. Endothelial
progenitor cells (EPCs) display a high angiogenic potential
and a low donor-site morbidity, making them ideal for tissue
engineering applications. In our study we used a murine EPC
cell line (T17b) and rat mesenchymal stem cells (MSCs) for
cocultivation experiments. MSCs were cocultured with in-
creasing T17b EPCamounts. Furthermore, MSCs in monocul-
ture were treated with conditioned medium (CM) from T17b
EPCs and T17b EPCs were treated with CM from MSCs. Pro-
liferation and apoptosis were quantified with a bromode-
oxyuridine ELISA and a DNA fragmentation ELISA, respec-
tively. Osteogenic differentiation was detected with an alka-
line phosphatase assay and bone morphogenetic protein-2
ELISA. The production of proangiogenic molecules was mea-
sured with a matrix metalloproteinase-3 and vascular endo-
thelial growth factor ELISA as well as nitric oxide assay. We

could show that T17b EPCs stimulated MSC proliferation but
not vice versa. On the other hand, MSCs promoted the cell
survival of EPCs. The growth-inducing and antiapoptotic ef-
fects were dependent on heterotypic cell contacts and para-
crine mediators. Moreover, proangiogenic growth factors
were found in the coculture. Collectively, our results indicate
that the coapplication of MSCs and T17b EPCs provides new
perspectives for tissue engineering applications.
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Abbreviations used in this paper

ALP alkaline phosphatase

BMP bone morphogenetic protein
BrdUrd bromodeoxyuridine

CM conditioned medium

DM differentiation medium
EPCs endothelial progenitor cells
MMP matrix metalloproteinase
MSCs mesenchymal stem cells

NO nitric oxide

PBS phosphate-buffered saline
VEGF vascular endothelial growth factor

© 2017 S. Karger AG, Basel

KARGER

E-Mail karger@karger.com
www.karger.com/cto

Dr. med. Dominik Steiner, MD

Department of Plastic and Hand Surgery

University Hospital of Erlangen, Krankenhausstrasse 12
DE-91054 Erlangen (Germany)

E-Mail dominik.steiner @ uk-erlangen.de

Downloaded by:

hliothek Erlangen-Nuernberg

141.67.228.72 - 1/8/2018 8:31:40 AM




Introduction

Despite the advantages in microsurgery, the recon-
struction of large-volume tissue defects as a result of trau-
ma or cancer still represents a therapeutic challenge for
the plastic surgeon. Autologous tissue transfer is the cur-
rent gold standard for the treatment of such defects. On
the other hand, autologous tissue transfer is limited by the
defect size and donor site morbidity. A promising ap-
proach to overcoming these problems is the emerging
field of tissue engineering. However, adequate vascular-
ization of tissue-engineered constructs is the crucial step
for clinical implementation. In the initial phase of the im-
plantation of bioartificial tissues into the host vascula-
ture, oxygen and nutrition supply depends on diffusion.
As diffusion is limited to a maximum range of 100-200
pm, various strategies have been developed to improve
vascularization [Ko et al., 2007; Rouwkema and Khadem-
hosseini, 2016]. These therapeutic approaches comprise
the delivery of angiogenic growth factors [Street et al.,
2002; Arkudas et al., 2007; Moimas et al., 2015], the im-
plementation of endothelial cells [Koob et al., 2011], or
the microsurgical improvement of the vascularization
by the use of arteriovenous loops [Horch et al., 2014;
Weigand et al., 2015]. As endothelial progenitor cells
(EPCs) display a high angiogenic and vasculogenic po-
tential as well as alow donor site morbidity they represent
an interesting cell source for the prevascularization of
bioartificial tissues [Asahara et al., 1997; Kupatt et al,,
2005b; Yoder et al., 2007; Young et al., 2007]. It is gener-
ally accepted that EPCs are recruited from the bone mar-
row to hypoxic tissues or tumor parenchyma supporting
neovascularization [Asahara et al., 1999; Ahn and Brown,
2009]. Based on these findings first efforts have been
made to use the angiogenic and vasculogenic potential of
EPCs in a therapeutic manner [Folkman, 1998; Kocher et
al., 2001; Iba et al., 2002; Kupatt et al., 2005a; Wang et al.,
2015]. For the recent study, we used the well-established
EPC cell line T17b isolated from mice embryos on day
E7.5 [Hatzopoulos et al., 1998]. Endothelial differentia-
tion of T17b EPCs can easily be induced in vitro with
retinoic acid and cAMP as previously shown by an up-
regulation of endothelial marker genes such as thrombo-
modulin, flk-1, or von Willebrand factor [Hatzopoulos et
al., 1998; Bleiziffer et al., 2009]. Moreover, T17b EPCs as-
sume the characteristic cobblestone morphology and
form tube-like structures when seeded onto Matrigel as a
proof of their endothelial character [Hatzopoulos et al.,
1998]. In a previous study we could demonstrate that
T17b EPCs proliferate, form tube-like structures, and se-
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crete vascular endothelial growth factor (VEGF) in vitro
when seeded into a fibrin matrix [Bleiziffer et al., 2009].
Furthermore, we could demonstrate that T17b EPCs dis-
play an increased proliferation rate as well as VEGEF-se-
cretion under hypoxic conditions which might be an ex-
planation for their great vasculogenic potential, especial-
ly in ischemic tissues [Asahara et al., 1999]. As a next step,
we subcutaneously implanted T17b EPCs in a fibrin ma-
trix and found that T17b EPCs support the formation of
fibrovascular tissue as indicated by an increased blood
vessel quantity and diameter [Bleizifter et al., 2011].

Mesenchymal stem cells (MSCs) have also gained much
interest in the field of regenerative medicine because of
their capability of differentiating into multiple cell types,
including adipocytes, osteoblasts, chondrocytes, and even
endothelial cells [Janeczek Portalska et al., 2012].

T17b EPCs do not express major histocompatibility
complex I molecules and therefore can be used as an in-
teresting cell source for xenogenic cell transplantation.
Prior a possible in vivo application, we performed cocul-
tures with rat MSCs and T17b EPCs and investigated
whether coculturing has supportive effects on prolifera-
tion, apoptosis, osteogenic differentiation, and angiogen-
esis in vitro. Furthermore, we tried to figure out the ideal
cell ratio of MSCs and T17b EPCs in order to improve the
generation of bioartificial tissues based on both cell types.

Materials and Methods

Cell Culture

MSC Isolation and Cultivation

The isolation of MSCs was approved by the Animal Care Com-
mittee of the University of Erlangen and the Government of Mit-
telfranken, Germany (55.2-2532.1-53/14). MSCs were isolated and
characterized by an established protocol [Rottensteiner et al., 2014;
Vielreicher et al., 2015]. Briefly, male Lewis rats were sacrificed, the
femoral bones were prepared, and the bone marrow was flushed
with phosphate-buffered saline (PBS) and fetal calf serum (Bio-
chrom, Berlin, Germany). The cell suspension was centrifuged for
10 min at 15,000 rpm and the cell pellet was resolved in DMEM
(Gibco/Life Technologies, Carlsbad, CA, USA) containing 20%
fetal bovine serum (Biochrom), 1% penicillin/streptomycin (Gib-
co Invitrogen) and 1% L-glutamine (Sigma-Aldrich, Schnelldorf,
Germany). The cells were filtered through 100-um cell strainers
(BD™, Becton Dickinson, Heidelberg, Germany) and purified by
density gradient centrifugation with Histopaque® (Sigma-Al-
drich). Thereafter, the cells were seeded in culture flasks at a den-
sity of 2.0 x 10%/cm? in a humidified atmosphere (37°C; 5% CO,).
After 48 h, the medium was changed and nonadherent cells were
washed out. The remaining cells were further cultured until they
reached a confluence of 80%. Then, cells were detached from the
cell culture dishes with Accutase solution (PromoCell, Heidelberg,
Germany) and used until passage 5.
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Fig. 1. After 72 h of incubation in DM, T17b EPCs stained positive
for Dil-ac-LDL.

T17b EPC Cultivation and Differentiation

Cell culture flasks (Greiner Bio-One, Frickenhausen, Germa-
ny) were coated with bovine skin gelatin type B (Sigma-Aldrich,
Schnelldorf, Germany) prior to seeding with T17b EPCs. Cell cul-
tivation was performed using a basal medium (BM) containing
high glucose DMEM GlutaMAX® (Gibco/Life Technologies), 20%
fetal calf serum (Biochrom), 100 U/mL penicillin (Biochrom), 100
pg/mL streptomycin (Biochrom), 1 mM nonessential amino acids
(Gibco), 2 mM HEPES buffer pH 7.5 (Gibco), and 0.1 mM 2-mer-
captoethanol (Gibco). Endothelial differentiation was induced by
supplementing 1 uM all-trans retinoic acid (Sigma-Aldrich) and
0.5 mM dibutyryl cyclic AMP (Sigma-Aldrich) for 72 h, as de-
scribed by Hatzopoulos et al. [1998]. Endothelial differentiation
was confirmed by positive Dil-ac-LDL staining as previously de-
scribed (Fig. 1) [Brandl et al., 2014].

Experimental Design

In order to differentiate between the effects due to heterotypic
cell contacts or paracrinely acting mediators, 2 dimensional cocul-
tures of MSCs and T17b EPCs and monocultures of MSCs or T17b
EPCs were performed. To determine the optimal T17b EPC/MSC
cell ratio, MSCs were cocultured with 25, 50, and 75% T17b EPCs.
Monocultures of MSCs received differentiation medium (DM) or
conditioned medium (CM) from T17b EPCs. Vice versa, mono-
cultures of T17b EPCs received DM or CM gained from MSCs.
DM was used for mono- and cocultivation experiments. CM was
gained from supernatants of T17b EPC or MSC monocultures af-
ter 48 h, and supplemented with fresh DM in a 1:1 ratio. We used
1.3 x 10* cells/cm? except in the bromodeoxyuridine (BrdUrd)
ELISA (5 x 10%/cm?).

BrdUrd ELISA

The effect of T17b EPCs on MSC cell proliferation was investi-
gated using a BrdUrd cell proliferation ELISA. According to man-
ufacturer’s instructions (Roche Diagnostics, Mannheim, Germa-
ny), cell culture dishes were washed with PBS after each time point
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(24, 72, 120 h) and BrdUrd labeling solution was added for 24 h.
Briefly, an anti-BrdUrd antibody labeled with peroxidase was add-
ed and subsequently substrate solution was added. Thereafter, ab-
sorbance was analyzed at 450 nm and a reference wavelength of
690 nm with an ELISA reader.

DNA Fragmentation ELISA

To quantify the rate of apoptotic cells a cell death detection
ELISA (Roche Diagnostics, Mannheim, Germany) was carried out.
Briefly, cells were detached from cell culture dishes after 72 h.
Firstly, the cells were centrifuged at 12,000 rpm for 5 min includ-
ing the supernatants. Thereafter, cell lysis was performed. The re-
sulting supernatants containing the fragmented DNA were trans-
ferred onto a microtiter plate coated with an antihistone antibody.
Afterwards, a second anti-DNA antibody labeled with peroxidase
and the ABTS (2,20-Azino-di[3-ethylbenzthiazolin-sulfonat])
substrate solution were added. Photometric analysis was per-
formed with an ELISA reader at 405 nm and a reference wave-
length of 490 nm.

VEGF ELISA

VEGEF production was measured using a mouse VEGF Quan-
tikine® ELISA kit (R&D Systems, Wiesbaden, Germany). Briefly,
the supernatants of 3 samples per group were collected after 72 h
and transferred to an anti-VEGF-coated microplate. VEGF was
quantified by measuring the absorbance at 450 nm and reference
wavelength of 540 nm with an ELISA reader.

Matrix Metalloproteinase-3 ELISA

Corresponding to manufacturer’s instructions (R&D Systems,
Wiesbaden, Germany), a Quantikine® ELISA was carried out to
quantify the production of matrix metalloproteinase (MMP)-3.
Briefly, supernatants of 3 samples per group were gathered after
72 h and transferred to an anti-MMP-3-coated microplate. There-
after, a second antibody specific for MMP-3 conjugated to horse-
radish peroxidase and the substrate solution were added. Absor-
bance was measured at 450 nm and a reference wavelength of 540
nm with an ELISA reader.

Nitric Oxide Assay

Nitric oxide (NO) assay was performed using the improved
Griess method. Briefly, cells were detached from cell culture dish-
es and sonicated. After centrifugation (10,000 rpm), the superna-
tants were treated with ZnSO4 for deproteination. Colorimetric
determination was performed following manufacturer specifica-
tion (Antibodies-Online Inc., Atlanta, GA, USA). Absorbance was
measured at 540 nm with an ELISA reader.

Alkaline Phosphatase Assay

The enzyme activity of the osteogenic differentiation marker
alkaline phosphatase (ALP) was measured as described previously
[Hager et al., 2009]. Briefly, cells were washed with PBS after 48 h
of cell culturing. A lysis buffer was added containing 25 mM of
Tris-HCI (pH 8.5) and 0.5% Triton X-100, and cell lysis was con-
ducted by 3 freeze-thaw cycles. Thereafter, CSPD substrate (Ap-
plied Biosystems, Forster City, CA, USA) was added to the samples
and the luminescence was measured.
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Fig. 2. Proliferation of T17b EPCs and MSCs under mono- and
coculture conditions. a Proliferation was measured via BrdUrd in-
corporation and depicted as the relative increase compared to the
BrdUrd amount 24 h after cell seeding. The subfigures (b, c) depict
the absolute proliferation rate (shown as absorbance) 24 and
120 h after cell seeding. MSCs and T17b EPCs were grown under

Bone Morphogenetic Protein-2 ELISA

According to the manufacturer’s instructions, an immunoas-
say kit (R&D Systems, Wiesbaden, Germany) was used to quantify
the bone morphogenetic protein (BMP)-2 production. Briefly, the
supernatants were collected after 72 h of cell culturing and trans-
ferred onto a microplate coated with a BMP-2 antibody. Absor-
bance was measured at 450 nm and a reference wavelength of 540
nm with an ELISA reader.

Statistical Analysis

We first tested for a Gaussian distribution. If the data were nor-
mally distributed, a 1-way ANOVA and Bonferroni correction for
multiple testing were performed. Otherwise, a nonparametric
analysis was performed with the Kruskal-Wallis test and Dunn
multiple comparisons test. p values <0.05 were considered statisti-
cally significant. Data are either shown as mean arbitrary units +

Antiapoptotic and Proangiogenic Effects
of Cocultivation of MSCs and EPCs

monoculture conditions with DM and served as the control groups.
MSCs were treated with CM from T17b EPCs and T17b EPCs were
treated with CM from MSCs. Cocultures were performed with an
increasing T17b EPC cell ratio, beginning with 25% up to 75% (Co
25:75, Co 50:50, Co75:25). Statistically significant differences are
indicated as * p < 0.05, ** p < 0.01, and **** p < 0.0001.

SD or box plots from triplicate determinations. GraphPad Prism
7.00 (GraphPad Software, San Diego, CA, USA) was used for the
statistical analysis.

Results

Effects of Coculturing T17b EPCs and MSCs on

Proliferation

In order to analyze the influence of coculturing T17b
EPCs and MSCs on cell proliferation, a BrdUrd ELISA
was performed. In general, the BrdUrd incorporation had
increased in all groups in relation to the BrdUrd amount
at 24 h after cell seeding (Fig. 2a). At that time point
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Fig. 3. Apoptosis of T17b EPCs and MSCs quantified by DNA frag-
mentation ELISA 72 h after cell seeding. MSCs and T17b EPCs
were grown under monoculture conditions with DM and served
as the control groups. MSCs (MSC CM) were treated with CM
from T17b EPCs. T17b EPCs (T17b EPC CM) were treated with
CM from MSCs. Cocultures were performed with an increasing
T17b EPC cell ratio, beginning with 25% up to 75% (Co 25:75, Co
50:50, Co75:25). Statistically significant differences are indicated
as * p < 0.05 and **** p < 0.0001.

(Fig. 2b), T17b EPCs treated with DM or CM, displayed
higher proliferation rates compared to the corresponding
MSC cultures (MSC DM and MSC CM). Furthermore,
there was a statistically significant difference between
T17b EPCs treated with CM gained from MSCs and
MSC:s cultured in DM (p < 0.01). In the coculture groups,
we could detect higher absolute proliferation rates with
an increasing MSC cell ratio after 24 h, although this
trend was not statistically significant (Fig. 2b). Interest-
ingly, MSCs displayed a statistically significant lower ab-
solute proliferation rate under monoculture conditions
compared to the other groups after 120 h (p < 0.0001).
Moreover, CM from T17b EPCs seemed to have a strong
influence on MSC proliferation but not vice versa (p <
0.0001; Fig. 2¢).

Effects of T17b EPC and MSC Coculture on Cell

Survival

A DNA-fragmentation ELISA was carried out to in-
vestigate whether MSCs have an effect on T17b EPC cell
survival. For this reason, T17b EPCs and MSCs were
treated with CM or grown under coculture conditions for
72 h. As shown in Figure 3, cocultures of MSCs and T17b
EPCs displayed a lower apoptosis rate compared to the
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Fig. 4. Measurement of angiogenic factors produced by T17b EPCs
and MSCs. Experiments were performed 72 h after cell seeding.
MSCs and T17b EPCs were either grown under monoculture con-
ditions with DM or treated with CM. Cocultures were performed
with an increasing T17b EPC cell ratio, beginning with 25% up to
75% (Co 25:75, Co 50:50, C075:25). The concentration of VEGF
(a) and MMP-3 (b) are indicated as pg/mL. ¢ The NO concentra-
tion was measured using the Griess method and is indicated as uM.
Statistically significant differences are indicated as * p < 0.05 and
%k < 0.0001.
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Fig. 5. Quantification of osteogenic differentiation markers of ALP
in relative luminescence units (RLU) and BMP-2 (pg/mL). a For
the ALP assay, MSCs were either grown in monoculture (MSC
DM) or in coculture with T17b EPCs (Co 50:50) for 48 h. b For
BMP-2 ELISA, MSCs were either grown under monoculture con-
ditions (MSC DM) or cocultured with T17b EPCs with an increas-
ing T17b EPC cell ratio, beginning with 25% up to 75% (Co 25:75,
Co 50:50, Co 75:25). The BMP-2 ELISA was performed after 72 h.
Statistically significant differences are indicated as * p < 0.05 and
*p < 0.01.

T17b EPC cultures (T17b EPC DM/CM). Interestingly,
this effect was even more pronounced with an increasing
MSC cell number in the coculture groups. By using CM
from MSCs, the apoptosis rate could be significantly re-
duced in the T17b EPC monoculture group, whereas the
apoptosis rate of MSCs treated with CM from T17b EPCs
was unaffected, indicating that MSCs reduced the apop-
tosis of T17b EPCs through direct cell-cell contacts as well
as paracrine-acting soluble mediators.

Antiapoptotic and Proangiogenic Effects
of Cocultivation of MSCs and EPCs

T17b EPCs and MSCs Produce and Secret

Proangiogenic Molecules

As a next step, we investigated the production of fac-
tors involved in angiogenesis, namely VEGF, MMP-3,
and NO. Under monoculture conditions, the amount of
VEGF in MSCs was higher compared to T17b EPCs
(Fig. 4a). The treatment with CM from T17b EPCs did
not affect the VEGF production in MSCs. On the con-
trary, T17b EPCs treated with CM from MSCs displayed
a higher VEGF amount compared to T17b EPCs treated
with DM (p < 0.0001). Furthermore, we could detect a
cell-dependent increase of VEGF in the coculture groups.
It is well known that angiogenesis also involves the deg-
radation of the extracellular matrix. By performing an
MMP-3 ELISA, we could measure the highest MMP-3
amount in the coculture group containing 75% MSCs
(Fig. 4b). Interestingly, we detected lower amounts of
MMP-3 in the T17b EPC group treated with CM from
MSCs compared to the untreated T17b EPCs. By using a
NO assay, we could prove that all groups produced NO
with no relevant differences between each treatment
group (Fig. 4c).

Influence of Coculturing T17b EPCs and MSCs on

Osteogenic Differentiation

In order to investigate the osteogenic differentiation,
we performed an ALP assay as well asa BMP-2 ELISA. As
shown in Figure 5, we could not prove a stimulation of
the osteogenic differentiation by coculturing MSCs and
T17b EPCs. Moreover, we could detect a statistically sig-
nificant decrease of ALP activity in the coculture group
(p < 0.05; Fig. 5a). By measuring the production of BMP-
2, we could also detect a decrease of this osteoinductive
factor in all coculture groups, indicating that T17b EPCs
do not stimulate the osteogenic differentiation of MSCs
(Fig. 5b).

Discussion

The present study aimed at investigating the interplay
between the murine EPC cell line T17b and rat MSCs
concerning proliferation, apoptosis, osteogenic differen-
tiation, and angiogenesis. A BrdUrd ELISA was per-
formed to investigate the effect of coculturing MSCs and
T17b EPCs on cell proliferation. Our results display a
strong effect of T17b EPCs on MSCs proliferation, which
is coherent with previous studies demonstrating that en-
dothelial cells as well as EPCs have an impact on MSC
proliferation [Steiner et al., 2012; Wen et al., 2016]. This
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effect seems to be stimulated by heterotypic cell-cell con-
tacts as well as paracrine-acting mediators if CM was
used. We could prove that the proliferation rate of MSCs
was highly stimulated by paracrine-acting soluble media-
tors secreted from T17b EPCs. These results conform
with other studies demonstrating that CM from endothe-
lial cells or EPCs enhanced the proliferation of MSCs
[Villars et al., 2000; Wen et al., 2016]. Conversely, CM
from MSCs had no effect on T17b EPC proliferation. All
coculture groups displayed higher proliferation rates
compared to the MSCs in the monoculture after 72 h, but
we could not detect any differences between the coculture
groups and the T17b EPCs. It is alluring to speculate that
the growth-supporting effect of the T17b EPCs in the co-
culture system might be unidirectional and restricted to
the MSCs.

Next, we investigated whether MSCs might have an ef-
fect on T17b EPC survival. Our data revealed that cocul-
turing MSCs and T17b EPCs has an antiapoptotic effect
in the 2-dimensional cell culture. This effect was even
more pronounced with an increasing MSC amount in the
coculture groups. In this context, gap junctions might
play a role in intercellular signaling concerning cell sur-
vival in the direct cocultures [Villars et al., 2002; Hager et
al., 2009]. Using CM from MSCs, we could prove that
MSCs also promote cell survival of T17b EPCs in a para-
crine manner. Moreover, we could demonstrate that co-
cultures of MSCs and T17b EPCs displayed a lower apop-
tosis rate compared to T17b EPCs cultured in DM (T17b
EPCDM). As the apoptosis rate decreases with increasing
MSC amounts in the cocultures, MSCs might increase the
survival of T17b EPCs.

On the other hand, cell survival of MSCs seemed to be
unaffected if CM from T17b EPCs was used. Interesting-
ly, we could prove a relatively high apoptosis rate in the
T17b EPC groups. Considering the results of a previous
study using MSCs and HUVECs (human umbilical vein
endothelial cells), it seems to be a normal phenomenon
that endothelial cells display higher apoptosis rates com-
pared to MSCs [Steiner et al., 2012]. Considering the fact
that MSCs produced VEGF under mono- or coculture
conditions, these antiapoptotic effects might be explained.
In our experiments, we have observed an inverse correla-
tion between increasing VEGF amounts and decreasing
apoptosis in the coculture groups and the T17b EPCs
treated with CM, indicating a strong effect of VEGF on
T17b EPC cell survival. Our results are consistent with the
pertinent literature, reporting that VEGF is an important
survival factor for endothelial cells [Gerber et al., 1998a,
b]. These authors demonstrated that the addition of
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VEGF induced the expression of the antiapoptotic signal
molecules Bcl-2 and Al in HUVECs. Other cell types,
such as osteoblasts, also secrete VEGF, thereby regulating
the apoptosis by increased BCL-2 gene expression [Street
and Lenehan, 2009]. In accordance with the work of
Thébaud et al. [2012], we could observe a significant de-
cline of VEGF in the coculture groups containing <50%
MSCs compared to the MSC monoculture. On the other
hand, if 75% MSCs were used in the cocultures with T17b
EPCs, we could detect an equal amount of VEGF com-
pared to the MSC monoculture. Previous studies demon-
strated that endothelial cells stimulate the gene expres-
sion of VEGF in cocultured human osteoprogenitor cells
[Grellier et al., 2009; Kolbe et al., 2011]. In our own study,
we could not prove that coculturing MSCs and T17b
EPCs stimulated the VEGF protein secretion compared
to the MSC monoculture, which is in accordance with the
results of Kolbe et al. [2011]. However, it is important to
bear in mind that the relative gene expression does not
necessarily correlate with the level of protein expression.
On the other hand, the VEGF production in the MSC
monoculture could also be dependent on the selected cell
culture medium [Kolbe et al., 2011]. Taken together, our
experiments reveal that proliferation and apoptosis seem
to be regulated via direct cell-cell interactions as well as
paracrine mediators.

As previously demonstrated by Brandl et al. [2014], we
could confirm endothelial differentiation of T17b EPCs
by Dil-ac-LDL uptake. In order to prove that coculturing
MSCs and T17b EPCs stimulate the production of proan-
giogenic molecules, we additionally performed an MMP-
3 ELISA as well as an NO assay. It is well known that an-
giogenesis is a well-orchestrated process involving a mul-
titude of sequentially coordinated events. One important
step is the degradation of the extracellular matrix in order
to promote endothelial cell invasion. In this context, the
MMPs play an important role through degrading the ex-
tracellular matrix [Chang and Werb, 2001; Chen et al,,
2013]. As MMP-3 is discussed in the literature as an im-
portant protease in angiogenesis [Sage et al., 2003; Jin et
al., 2006], we measured the production of MMP-3 in the
2-dimensional cell culture. In this context, we could de-
tect the highest amount of MMP-3 in the coculture group
containing 75% MSCs. Interestingly, CM from MSCs re-
duced the amount of MMP-3 in T17b EPCs (T17b EPC
CM), suggesting that the stimulation of MMP-3 produc-
tion is dependent on heterotypic cell contacts between
MSCs and T17b EPCs, and not paracrine-acting media-
tors. It has been shown that NO is an important signal
molecule regulating angiogenesis as well as vascular to-
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nicity and thereby the tissue perfusion [Fukumura et al.,
2006; Isenberg et al., 2009]. In our experiments, we could
detect a constant NO production in all groups without
any differences. These results, especially regarding the
generation of bioartificial tissues based on T17b EPCs
and MSCs, are very promising. Although still speculative,
the coimplantation of both cell types could support vas-
cularization through the secretion of VEGEF, facilitated
sprouting, as well as endothelial cell invasion by MMP-3
release and enhanced perfusion of the surrounding tissue
by NO.

Knowing that endothelial cells and EPCs can induce
the osteogenic differentiation of MSCs [Thébaud et al.,
2012; Fu et al., 2015], we measured the early osteogenic
differentiation marker ALP as well as the concentration
of the osteogenic growth factor BMP-2. In the pertinent
literature, ALP is described as an early osteogenic differ-
entiation marker. In this regard, Hager et al. [2009] could
demonstrate that the osteogenic differentiation of osteo-
blasts was stimulated by coculturing with endothelial
cells 48 h after cell seeding. Interestingly, we could detect
a statistically significant downregulation of ALP activity
in the coculture group. BMP-2 is a well-known osteogen-
ic growth factor that supports osteogenic differentiation
as well as bone formation [Betz et al. 2010; Hosogane et
al., 2010]. However, concordantly with the results from
the ALP assay, the BMP-2 levels have been reduced in the
coculture groups suggesting that T17b EPCs inhibit the
osteogenic differentiation of MSCs. These results are sur-
prising given the fact that the coimplantation of MSCs
and EPCs leads to enhanced vascularization and bone
formation in vivo [Usami et al., 2009; Zigdon-Giladi et al.,
2015]. Taking into consideration that we chose an EPC
cell line, these results might be partially explained. Al-
though described in the literature, the 48- and 72-h time
points might be too early for measuring the osteogenic
differentiation in our coculture system [Hager et al.,

References

2009]. Furthermore, it could be possible that T17b EPCs
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displayed a robust proliferation rate, the highest VEGF
and MMP-3 secretion, as well as the lowest apoptosis rate.
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