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Abstract

According to present knowledge, blood derived endothelial
progenitor cells (EPC) might act as proangiogenic myeloid
cells, which play a fundamental role in the regulation
of angiogenesis and blood vessel reorganisation. In this
context, we have evaluated the contribution of endogenous
myeloid cells in co-cultures of blood derived outgrowth
endothelial cells (OEC) and osteogenic cells. In addition,
we investigated the role of EPC as a potential source of
myeloid cells in the formation of vascular structures in
an in vitro model consisting of mesenchymal stem cells
(MSC) and OEC. For this purpose, we added EPCs to co-
cultures of MSC and OECs. Vascular structures and the
co-localisation of myeloid cells were analysed by confocal
laser microscopy (CLSM) for endothelial and myeloid
markers and quantitative image analysis. The molecular
effects of myeloid cells were evaluated by quantitative
real time PCR, ELISA and protein arrays from cell culture
supernatants and lysates. Endogenous myeloid cells were
significantly co-localised with angiogenic structures
in co-cultures of OEC and osteogenic cells. The active
addition of EPC to co-cultures of OEC and MSC resulted
in a statistically approved increase in the formation of
prevascular structures at early stages of the co-culture
process. In addition, we observed an increase of endothelial
markers, indicating beneficial effects of EPC or myeloid
cells on endothelial cell growth. Furthermore, real time
PCR indicated high expression levels of CD68, CD11b and
CD163 in co-cultures of EPC and MSC indicating that EPC
act at least partly as macrophage like-cells.
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Introduction

The formation of new blood vessels during tissue repair
is an extremely complex process and involves many
cell types and regulatory molecules. Endothelial cells
are the major key players in the formation of new blood
vessels during angiogenesis mediated by endothelial
cell proliferation and vascular sprouting. Nevertheless,
also mesenchymal cells acting as smooth muscle cells or
pericytes (Au ef al., 2008; Covas et al., 2008; Feng et al.,
2011) play an important role in creating a functional and
stable vasculature and stabilise newly formed vascular
structures. These principles have entered the fields of
regenerative medicine and biomedical engineering as
reflected by the numerous studies in which co-culture
approaches have been used to support the formation
of functional vascular structures (Melero-Martin et al.,
2007; Scherberich et al., 2007; Rouwkema et al., 2008;
Laschke et al.,2012; Liuetal.,2012; Rivron et al., 2012).
In addition, complex cell culture models have contributed
to the understanding of blood vessel formation but still
are far away from the scenario in vivo. Formation of new
blood vessels depends on the interaction of endothelial
cells with a series of other cells types such as myeloid
cells, including bone marrow-derived macrophages or
endothelial progenitor cells (Asahara ef al., 1999; Yoder et
al., 2007). Increasing amounts of data from the literature
provide evidence that myeloid cells and endothelial
progenitor cells (EPC) share similar characteristics in
their phenotype and pro-angiogenic functions in vivo (De
Palma et al., 2007; Okuno et al., 2011; Van der Pouw
Kraan et al., 2012). Nevertheless, the pro-angiogenic
effect exerted by myeloid cells (Fantin et al., 2010) or
EPC (Yoon et al., 2005) seems to be dependent on their
interaction with mature endothelial cells by supporting
vascular anastomosis. In this context, reports also pointed
out the role of host myeloid cells recruited to sites of
neovascularisation after co-implantation of endothelial
cells and mesenchymal stem cells (Melero-Martin et
al., 2010). Thus, the active addition of myeloid cells
could offer a new option for pro-angiogenic therapies.
In our previous studies, we documented the potential
of blood-derived outgrowth endothelial cells (OEC) to
create functional blood vessels in co-culture or after co-
implantation with osteogenic cells (Fuchs et al., 2010;
Fuchs et al., 2009a; Ghanaati et al., 2011). OEC appear
as mature endothelial cells in cultures of mononuclear
cells from the peripheral blood. Besides OEC, mixed
cell populations from the peripheral blood also contain
cells named early EPC in accordance with their partly
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endothelial-like characteristics and their contribution to
neovascularisation in vivo (Gulati et al., 2003; Hur ef al.,
2004). OEC and EPC as defined by Hur or Gulati et al.
differ in their marker profile, as well as in their angiogenic
potential in vitro as described elsewhere (Timmermans
et al., 2009; Fuchs et al., 2010). In brief, OEC carry
markers of mature endothelial cells such as CD31, VE-
Cadherin, caveolin-1, and von Willebrand factor, whereas
EPC express for instance CD31 to a much lower extent.
EPC in this context have to be considered as a highly
heterogeneous population containing different cell types
which actual role in the formation of angiogenic structures
still needs to be defined.

In the present study, we investigated the role of
CD11b-positive myeloid cells in the formation of
angiogenic structures in various co-culture models. First,
we investigated the contribution of endogenous myeloid
cell populations in co-cultures of OEC and osteogenic
cells by evaluating their co-localisation with angiogenic
structures. Then, we actively added EPC in different ratios
to co-cultures of OEC and MSC and analysed the effects on
the formation of angiogenic structures in vitro by several
methods.

Materials and Methods

Isolation and expansion of human endothelial
progenitor cells (EPCs) and outgrowth endothelial
cells (OECs)

Endothelial progenitor cells and outgrowth endothelial
cells were isolated and cultured according to protocols as
described previously (Fuchs et al., 2006a; Fuchs et al.,
2006b; Fuchs et al., 2007). In brief, the mononuclear cells
were isolated from peripheral blood buffy coats by Biocoll
(Biochrom, Berlin, Germany) gradient centrifugation and
cultured in endothelial cell growth medium-2 (EGM-2)
(Lonza Walkersville, MD, USA) with full supplements
from the kit, 5 % foetal bovine serum (FBS) (PAA
Laboratories, Pasching, Austria), and 1 % penicillin/
streptomycin (Pen/Strep) (PAA Laboratories), on collagen
(BD Biosciences, Bedford, MA, USA) coated 24-well
culture plates. 5 x 10° mononuclear cells/well were seeded
on 24-well culture plates and then fed with fresh medium
every second day. The high seeding density was used due
to the fact that not all cells adhered. After 1 week of culture,
adherent cells were collected by trypsinisation and used
as EPCs or reseeded in a density of 0.5 x 10° cells/well to
collect OEC. Then, colonies of OECs with cobble-stone-
like morphology, appearing after 2-3 weeks in culture,
were trypsinised and expanded over several passages as
described before.

Isolation and expansion of mesenchymal stem cells
(MSCs) and primary osteoblasts

Human MSCs isolated from bone marrow of human
cancellous bone fragments of adult donors were cultured
and expanded as previously described (Kolbe ef al.,
2011). Bone fragments were washed several times with
phosphate buffered saline (PBS; PAA Laboratories) to
collect the loosely associated cell fractions. The washing
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solution containing bone marrow residues was filtered
by cell strainer (BD Falcon, Franklin Lakes, NJ, USA)
and centrifuged, and the cell pellet was resuspended in
Dulbecco’s Medium Essential Medium (DMEM)/Ham
F-12 (Biochrom) supplemented with 20 % FBS and
1 % Pen/Strep. Cells were seeded at a density of 2 x 10°
cells/cm? on collagen-coated flasks (T75). MSC-like
colonies appearing after 7-10 days were expanded using
a splitting ratio of 1:3 and were cultivated in DMEM/Ham
F12 supplemented with 20 % FBS and 1 % Pen/Strep.
Then MSC were cultivated in osteogenic differentiation
medium (ODM) in passage two for 2 weeks to induce
osteogenic differentiation before starting experiments.
ODM consists of DMEM/Ham F-12 supplemented with
0.1 uM dexamethasone (Sigma-Aldrich, St. Louis, MO,
USA), 10 mM B-glycerol phosphate (Sigma-Aldrich),
50 uM ascorbate-2-phosphate (Sigma-Aldrich), 10 % FBS,
and 1 % Pen/Strep.

From the same bone fragments, primary osteoblasts
were isolated by digestion of bone tissue with collagenase
as previously described. In brief, bone fragments were
minced and rinsed in PBS (phosphate buffered saline) for
several times followed by the digestion of the bone tissue
with collagenase (Type IV C-5138, Sigma-Aldrich) for
one hour at 37 °C. After the enzymatic digestion bone
fragments were placed into 6-well culture plates and
cultured in DMEM/Hams F12 (Gibco/Life Technologies,
Carlsbad, CA, USA) including 20 % FBS and 1 % Pen/
Strep to allow the outgrowth of the cells from the bone
fragments. Confluent cultures were passaged using acutase
(PAA) in a ratio of 1:3 and further cultured in DMEM/
Hams F12 supplemented with 10 % FBS.

Flow cytometry

For flow cytometry EPC from at least 3 different donors
were harvested on day 7 as described above. Double
labelling for CD31 as endothelial marker, in combination
with several myeloid markers, was performed on unfixed
cells using the following antibodies according to the
manufactures recommendations: CD163-PE (Biolegend,
San Diego, CA, USA), CD206-Alexa488 (R&D Systems,
Wiesbaden, Germany), CD68-PE (BD, Heidelberg,
Germany), CD11b-APC (R&D Systems), CD31-APC
(Miltenyi, Bergisch Gladbach, Germany) CD31-FITC
(Chemicon/Millipore, Billerica, MA, USA), as well as
corresponding isotypic controls to adjust background
fluorescence. Then samples were fixed using a fixation and
permeabilisation kit from eBioscience (San Diego, CA,
USA). Samples were analysed on a FACSCalibur (BD)
analysing 10,000 cells and the results were quantified by
quadrant statistics. For a more detailed facs analysis of
EPC in terms of endothelial markers please refer to Fuchs
et al. (2006a).

Labelling of EPC with Cell Tracker Green

To track the EPC in the co-cultures cells were labelled

with cell tracker green at day 7 of the culture as described

earlier (Fuchs et al., 2006a) and added to different groups

for co-cultures as described in the following sections.
For co-cultivation to induce angiogenic structures by

OEC we used the experimental set up described in earlier
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studies (Dohle et al., 2011; Kolbe et al., 2011). First MSC
or primary osteoblasts were seeded at a density 0£ 200,000
cells/ well in ODM on 24-well culture plates coated with
fibronectin or on fibronectin-coated Thermanox coverslips
(Nunc, Langenselbold, Germany) to allow evaluation of
co-cultures by immnunofluorescence. After 24 h OEC were
added at a density of 200,000 cells/ well. Co-cultures were
further cultivated in EGM-2 for the indicated time points,
which was chosen because this medium has shown the best
effects on the formation of vascular structures.

Co-culture and triple culture of MSC, OEC and EPC
To study the influence of EPC-derived myeloid cells on
angiogenesis we used co-cultures based on (1) MSC and
EPC, (2) MSC and OEC and (3) triple cultures of MSC
and OEC to which we added 5 % and 10 % EPC per total
cells. In a first step MSC were seeded onto the fibronectin
(Millipore, Temecula, CA, USA) coated 24-well culture
plates or on fibronectin-coated Thermanox coverslips at
a density of 200,000 cells/well and cultivated in ODM.
After 24 h, 200,000 OEC were added for co-cultures of
MSC/OEC, and 200,000 OEC plus 5 % or 10 % of EPC
for triple cultures. In addition 10 % EPC per well were
added to MSC for the MSC/EPC set up. Co-culture and
triple-culture were maintained in EGM-2 for 4 or 14 days.

Immunofluorescence staining

After 4 or 14 days co-cultures and triple-cultures seeded on
Thermanox coverslips as described above were prepared
for immunofluorescence staining. After fixation with
4 % paraformaldehyde, cells were washed with PBS and
permeabilised using 0.1 % Triton®X-100 (Sigma-Aldrich,
Taufkirchen, Germany). Cells were incubated with the
following primary antibodies diluted in 1 % bovine serum
albumin (BSA) in PBS for 1 h at room temperature: CD31
(Dako, Glostrup, Denmark); CD31 (Santa Cruz, Dallas,
TX, USA). CD11b (Epitomics, Burlingame, CA, USA);
CD11b (Abcam, Cambridge, UK). After washing 3 times
with phosphate-buffered saline (PBS), cells were incubated

Early endothelial progenitor cells

with the corresponding fluorescently labelled secondary
antibodies (Invitrogen-Molecular Probes, Eugene, OR,
USA) diluted 1:1000 in 1 % BSA in PBS for 1 h at room
temperature. For nuclear counterstaining, cells were treated
with 4’,6-diamidino-2-phenylindole (DAPI). Samples
were then observed using Zeiss (Oberkochen, Germany)
LSM 510 Meta confocal laser scanning microscope.

Image quantification and co-localisation studies
Microscope images of immunofluorescence-stained co-
cultures and triple-cultures at different time points were
analysed using ImageJ 1.43 (Rasband, 1997-2012) as
introduced previously (Schmidt et al., 2012).

In brief, the tube-like structures were extracted from the
immunofluorescent images stained for CD31 (Fuchs et al.,
2009b) and analysed for the area, length, branching points
and endpoints. According to these results, three regions
of interest were established, the total area of tube-like
structures and circular regions (r = 50 pixel) around the
branching- and end-points. Finally, the immunofluorescent
images stained for CD11b were analysed for co-localisation
of positive cells by determination of the integrated density
of CD11b fluorescence at the regions of interest. The
relative intensity (relative intensity = integrated density
per area) for each region was calculated and the relative
intensity of the whole image was used as a reference. The
results of image analysis experiments are given as means
+s.d., and significant differences between means were
calculated with Microsoft-Excel. According to the results
of a variance ratio analysis (F-test, p < 0.05) an unpaired
t-test for either homoscedastic or heteroscedastic variances
was performed (*p < 0.05 and ** p <0.01).

Gene expression analysis

To assess the expression of endothelial and myeloid
markers, as well as the expression of angiogenic factors,
semi-quantitative real-time polymerase chain reaction (RT-
PCR) was performed for CD146, von Willebrand factor
(VWF), CD31 (Eurofins, www.eurofins.com), sm-actin,

Table 1. Primer assays used for real time PCR.

Gene name Primer assay name Catalogue number
vWF Hs VWF 1 SG QuantiTect Primer Assay QTO00051975
CD146 Hs_ MCAM_1_SG QuantiTect Primer Assay QT00079842
sm-Actin Hs ACTA 1 SG QuantiTect Primer Assay QT00088102
CD11b Hs ITGAM 1 SG QuantiTect Primer Assay QTO00031500
1L-8 Hs IL8 1 SG QuantiTect Primer Assay QT00000322
CD68 Hs CD68 1 SG QuantiTect Primer Assay QT00037184
CD163 Hs CD163_1_SG QuantiTect Primer Assay QT00074641
CD206 Hs MRCI1 1 SG QuantiTect Primer Assay QT00012810
Integrin a5 Hs ITGAS 1 SG QuantiTect Primer Assay QTO00080871
GAPDH Hs GAPDH 1 SG QuantiTect Primer Assay QT00079247
Gene name Sequence Annealing temperature
for 5’- CCGGATCTATGACTCAGGGACCAT-3’
CD 31 55°C
rev 5’-GGATGGCCTCTTTCTTGTCCAG-3’
for 5’-AAATGTGACAAGCCAAGGCGG-3’
VEGF 55°C
rev 5’-AAAGTGCTCCTCGAAGAGTCTCC-3’
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CDl11b, IL-8, vascular endothelial growth factor (VEGF)
(Eurofins), and Glycerin-Aldehyde-3-phosphate (GAPDH)
as internal control. If not stated otherwise primers were
ordered from Qiagen (Qiagen, Hilden, Germany). For
detailed information of used primers please refer to Table 1.
For gene expression analysis, total RNA was extracted from
different culture set-ups using RNeasy Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. A total
amount of 1 pg RNA was transcribed into cDNA using
High capacity RNA-to cDNA Kit (Applied Biosystems,
Carlsbad, CA, USA). Quantitative real-time PCR was
performed using iCycler iQ Real-Time Detection System
(Bio-Rad, Hercules, CA, USA). 12.5 uL of QuantiTect™
SYBR® Green PCR Master Mix (Qiagen), 2.5 uL of
QuantiTect™ SYBR® Green primer assay (Qiagen), 6 pL
of RNase free water (Qiagen), and 4 puL. of cDNA were
used for one reaction. For amplification, the following
thermocycler program was performed. 1 cycle: 2 min at
50°C; 1 cycle: 8 min at 95 °C; 40 cycles: 30 sat 95 °C,30s
at 55 °C, 30 s at 72 °C; 80 cycles: 30 s at 55 °C; 1 cycle:
hold at 20 °C. GAPDH was used as internal control and
relative gene expression was determined using the AACt
method. Gene expression was compared setting control
cultures to 1 (reference value) as indicated in the relevant
figures.

Quantification of different growth factors using
enzyme-linked immunosorbent assay (ELISA)

The concentration of different growth factors in cell culture
supernatants from different culture set ups of MSC, OEC
and EPC in EGM-2 collected after 4 and 14 days were
measured using ELISA DuoSet® for IL-8 and VEGF (R&D
Systems, Wiesbaden, Germany). In addition, ELISA for
MCP-1 was performed using cell culture supernatants
after 4 days of culture and the ELISA DuoSet from
R&D Systems, Wiesbaden, Germany. All ELISAs were
performed according to the manufacturer’s instructions.
A streptavidin-HRP (horseradish-peroxidase) colorimetric
reaction was used to determine protein concentrations.
The optical density of each well was measured using an
automatic plate reader (Apollo, Berthold Technologies, Bad
Wildbad, Germany) capable of measuring absorbance at
450 nm. After background subtraction concentrations were
determined according to a standard calibration curve. In
co-cultures and triple cultures ELISA data were normalised
to the DNA content of each sample to compensate for the
different cell numbers in the set up. The DNA content of
co-cultures and triple cultures was determined by Quant-iT
Pico Green dsDNA Assay Kit (Invitrogen) according to the
manufacturer’s protocol and analysed with a fluorescence
microplate reader (Tecan, Crailsheim, Germany) at an
excitation/emission wavelength of 485/535 nm.

Protein arrays for angiogenesis- and haematopoiesis-
related proteins

In a first step MSC were seeded onto the fibronectin
(Millipore, Temecula, CA, USA) coated 6-culture well
plates at a density of 2.14 x 105 cells/cm? for MSC
monocultures and 1.07 x10° cells/cm? for MSC/OEC
co-cultures and triple-cultures (OEC/MSC/10 % EPC)
and cultivated in ODM. After 24 h, OEC in a density
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of 1.07 x10° cells/cm? were added for MSC/OEC co-
cultures and for triple-cultures (OEC/MSC/10 % EPC).
10 % per total cells of EPC were added to triple cultures.
After 4 days, cells were lysed in buffers according to
the recommendations for the protein arrays. In addition,
proteins were harvested from the corresponding cell
culture supernatants after centrifugation. The total protein
concentration in individual samples was determined by
the Bradford assay and measured at 562 nm using an
automatic plate reader (Apollo, Berthold Technologies,
Bad Wildbad, Germany). Protein-extracts derived from 3
different donors were subsequently pooled group wise at
equal ratios to assess an average protein profile for each
sample group. Proteome Profiler™ Human Angiogenesis
Array and Proteome Profiler™ Human Haematopoietic
Array were performed according to the manufacturer’s
protocol. Proteins were detected by chemiluminescence
and analysed quantitatively using FUSION imaging system
(PEQLAB, Erlangen, Germany) equipped with fusion
software (Vilber Lourmat, Torcy, France).

Statistical analyses

Data are presented as mean values + standard deviation of
the mean. Statistical significance was assessed using the
unpaired students ¢-test and one-way ANOVA (p-value
*p < 0.05 and **p < 0.01) as indicated in the individual
experiments. Statistical analysis was performed with
Excel and GraphPad (LaJolla, CA, USA) Prism. Statistical
significance was demonstrated when the p-values were
less than 0.05.

Results

Co-localisation of endogenous CD11b-positive cells in
co-cultures of OEC and osteogenic cells
Immunofluorescent labelling of CD11b-positive cells was
performed in co-cultures of OEC with MSC (Fig. 1A)
or pOB (data not shown), respectively, at different time
points of the co-culture process and analysed by confocal
laser scanning microscopy (CLSM). In addition, vascular
structures which have been visualised by staining for
the endothelial marker CD31 were quantified and the
co-localisation of CD11b-positive cells was evaluated by
assessing a correlation of CD11b-positive cells with the
area, the nodes or the ends of vascular structures as depicted
in Fig. 1B and Fig. 1C. An example of what was considered
as an angiogenic structure for the quantification process
is depicted in Fig. 1B. In co-cultures of OEC with MSC
we found a significant co-localisation of CD11b-positive
cells with the area of vascular structures at day 21 (Fig.
1B) for all tested donors. For the co-culture of OEC with
pOB we observed the same trend but the data could not
be approved in a statistical consistent manner due to low
sample size (data not shown) (n < 3).

Characterisation of endothelial progenitor cells for
myeloid markers

Detailed characterisation of EPC in terms of their
endothelial characteristics has been reported elsewhere
(Fuchs et al., 2006a). Here we investigated EPC as a
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Fig. 1. Co-localisation of myeloid cells with angiogenic structures in co-cultures of OEC with mesenchymal stem cells.
(A) Co-cultures and angiogenic structures at different time points. Co-cultures are stained for CD31 (green) and CD11b
(red). Scale bar 75 um. (B) Example of angiogenic structure used for the quantification process. The skeleton of the
vascular structure is depicted as white lines. Scale bar 150 um. Samples were stained according to the description in
(A). (C) Quantification of angiogenic structures over time (left graph) and evaluation of co-localisation of CD11b with
vascular structures (right graph) in co-cultures of OEC and MSC. The relative intensity of CD11b stained images was
determined for the whole image (image), the angiogenic area (area) and circular regions around the endpoints (ends)
and branching points (nodes). Evaluation is depicted for three independent experiments (Donor A1, A2, A3, n =3 or 4
samples). The relative intensity of the whole image was used as reference for the calculation of significant differences
(* p <0.05, ** p <0.01; t-test).
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Table 2. Summary of flow cytometric evaluation of
endothelial progenitor cells in terms of CD31 and myeloid
markers depicted in % of positive cells and the standard
variation in the individual regions.

Small cells Large cells

Ratio in % 74.9 [+14.1] 7.23 [+3.3]

Marker in % of cells in the individual region
CD163 0.1 % [£0.1] 0.8 % [+1.2]
CD31/CD163 0.0 % [£0.1] 0.9 % [+1.4]
CD11b 1.7 % [+1.2] 61.5 % [£22.5]
CD11b/CD31 0.6 % [£0.5] 12.8 % [£8.3]
CD206 0.3 % [£0.2] 66.0 % [£26.6]
CD206/CD31 0.3 % [£0.2] 65.7 % [£26.0]
CD68 6.0 % [+7.3] 83.3 % [+12.3]
CD68/CD31 6.1 % [+7.2] 84.2 % [+11.4]
CD146 2.57 % [£1.77] 1.5 % [+1.66]

(n = 3 different donors).

MSC+10%EPC

MSCHOEC

Early endothelial progenitor cells

potential source of myeloid cells by double staining for
CD31 in combination with several markers described for
myeloid cells or macrophages on the single level by flow
cytometry. In flow cytometry two main populations were
identified which were named in accordance with the scatter
profile as small and as large populations. Accordingly,
those cells were gated and analysed separately. The results
analysed from 3 donors of EPC are depicted in Table 2 for
small and large cells in percentage of total. Large cells in
EPC cultures were characterised by a series of myeloid
markers or macrophage associated markers such as
CD11b, CD206 and CD68. In double labelling experiments
relatively high proportions of double positive cells for
CD31/CD68 and CD31/CD206 were also observed in
myeloid cells contained within the populations of the larger
cells. In smaller cells, those markers were found to a much
lower extent. In order to support these results we also
performed real time PCR for these markers that allowed us
to gain insight in to the average expression of the markers

MSCH+OECH5%EPC MSCHOECH10%EPC

|

Fig. 2. Immunofluorescent staining of co-cultures (MSC+10 %EPC, MSC+OEC) or triple-cultures (MSC+OEC+5 %EPC
or MSCH+OEC+10 %EPC). Co-cultures and triple-cultures as indicated in the individual columns were analysed for the
endothelial marker CD31 depicted in green (A, C) and myeloid marker CD11b depicted in red (A,B,C,D) after 4 days

(A, B) and 14 days (C, D). nuclei (blue), bar = 100pm.
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Fig. 3. Quantitative assessment of vascular structures influenced by the addition of EPC. Co-cultures (MSC, OEC
and MSC, EPC) and triple-cultures (MSC+OEC+5 %EPC, MSC+OEC+10 %EPC) were stained for the endothelial
marker CD31 after 4 days (A) and 14 days (B). The area (C) and the total skeleton length (D) of vascular structures
formed by co-cultures and triple-cultures after 4 days and 14 days were assessed quantitatively. Statistical significance
was defined as a p-value of less than 0.05 (*p < 0.05 and **p < 0.01; ¢-test) n = 9 samples. Bar: 100 pm.

in the whole cell population (data not shown). In these
experiments, we also used OEC and MSC, which revealed
low expression rates for myeloid markers. These results
further confirmed EPC as the main source of myeloid cells
revealing a very high expression of CD11b, CD68, CD206
when compared to OEC or MSC, respectively. In contrast
to the flow cytometry data, CD163 was also detected in
EPC by real time PCR.

Effects of myeloid cells on angiogenic structures
determined by confocal microscopy and quantitative
picture analysis

To further define the role of the CD11b-positive or myeloid
cells during angiogenesis and to see whether EPC, as

ey
&h‘lﬂ.iE’li.ﬂ.l_'i

a source of CD11b-positive or myeloid cells, actively
contribute to the formation of vascular structures, we added
early EPC to the co-culture system of OEC and MSC and
evaluated angiogenesis.

The formation of angiogenic structures and the
associated myeloid cells after 4 (Fig. 2A, B) and 14 days
(Fig. 2C, D) were investigated by immunofluorescent
staining for endothelial markers such as CD31 (A, C; in
green). In addition, CD11b (depicted in red, Fig. 2A-D) was
used as a marker for myeloid cells. During the time course
of the co-cultures, OEC formed angiogenic structures
characterised by elongated endothelial morphology. The
addition of early EPC to the co-cultures of MSC and OEC
seemed to increase the number of vascular structures
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co-cultures and triple-cultures was
investigated by quantitative real-
time PCR after 4 days and 14 days.
GAPDH was used as an endogenous
standard to normalise the data and
control co-cultures were set to 1
(*p < 0.05 and **p < 0.01, t-test)
n=3.

present in the co-cultures, whereas in additional controls
of MSC/EPC co-cultures no vascular structures were
detected at the investigated time points. Myeloid cells
were characterised by a more rounded morphology and
CDl11b expression depicted in red. In addition, rounded
CD11b-positive cells partly expressed also the endothelial
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marker CD31. CD11b-positive myeloid cells were closely
associated with the angiogenic structures, indicating an
active role in the formation of vascular structures to be
further defined. A potential integration of myeloid cells
into vascular structures might occur but could not be
proven at the present stage of investigation. Cell tracking
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Fig. 4B. Expression of endothelial and myeloid markers. Myeloid or macrophage-associated markers (B) in co-cultures
and triple-cultures was investigated by quantitative real-time PCR after 4 days and 14 days. GAPDH was used as an
endogenous standard to normalise the data and control co-cultures were set to 1 (*p <0.05 and **p <0.01, ¢-test) n = 3.

experiments (data not shown) indicated the association cell
tracker green-labelled endothelial progenitor cells of EPC
with angiogenic structures at the tip or around vascular
structures, as well as expression of CD31 in rounded
EPC but no real integration into endothelial tubes or
interconnected cell layers. Similar patterns were observed

ey
&lu‘lﬂﬁq‘i.ﬁl_‘i

before in the co-stainings for endothelial and myeloid
markers suggesting that EPC act as accessory cells in the
formation of vascular structures.

The effect of the addition of EPC on angiogenesis
was quantified by image analysis in cultures from at least
three different donors as depicted in Fig. 3. Representative
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triple-cultures after 4 days and 14 days was measured using an enzyme-linked-immunosorbent-assay. Results were
normalised to the DNA content of each sample to compensate for the different cell numbers in the set up. Statistical
analysis was performed using ANOVA (*p < 0.05 and **p <0.01) n =3.

overview pictures underlying the quantification process are
depicted for day 4 (Fig. 3A) and for day 14 (Fig. 3B). In
comparison to the control group, represented by the co-
culture of MSC and OEC, EPC added in a ratio of 10 % per
total cells to the co-culture resulted in a significant increase
in the area of vascular structures at both investigated time
points and with regard to the skeleton of the vascular
structures after 14 days of the culture process.

Effects of myeloid cells on endothelial, myeloid and
vessel-stabilising markers and genes

To assess the effects exerted by myeloid cells added to
the culture system in more detail, we further evaluated
endothelial markers such as vVWF, CD31, CD146, as well
as smooth muscle actin involved in vascular stabilisation
and integrin-a5 by quantitative real time PCR (Fig. 4A).
Compared to the co-cultures of OEC and MSC used as
reference group, the expression of endothelial markers at
day 4 was significantly higher in OEC/MSC co-cultures
when EPC were added (Fig. 4A), although the effects
comparing 5 % and 10 % of EPC were not consistent.
The same trend was observed for smooth muscle actin
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associated with the vascular stabilisation by pericytes
and integrin o-5 associated with angiogenic activation of
endothelial cells.

In addition, real time PCR was performed to analyse
myeloid or macrophage-related markers expressed by EPC
or macrophage-like cells in the co-cultures. In these real
time PCR experiments the highest expression of CD11b as
a marker of myeloid cells was observed in the MSC/10 %
EPC co-cultures compared to the other groups, which
further confirms that EPC are the main source of myeloid
cells in our co-culture scenarios (Fig. 4B). Similar findings
were observed for CD68 and CD163 used as macrophage
markers for which we found significantly higher expression
rates in MSC/EPC co-cultures than in the OEC/MSC co-
cultures.

Expression and secretion of IL-8 and VEGF

To assess the mechanisms responsible for the positive
angiogenic effect by the EPCs or myeloid cell populations,
we analysed the expression of IL-8 and VEGF by real time
PCR, as well as the corresponding concentrations of IL-8
and VEGF in cell cultures supernatants by ELISA (Fig. 5).
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sample (*p < 0.05 and **p < 0.01, ¢-test), n = 3.

To cope with the different cell numbers in the co-culture
set up, VEGF and IL-8 concentrations were normalised
to the DNA content. The highest levels of free IL-8 and
VEGF were found in the MSC/ 10 %EPC group (Fig. 5B,
D), whereas in the co-cultures where mature endothelial
cells were present, the concentration of free IL-8 and
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VEGF were lower and showed no differences between
the groups at day 4 of the culture. The expression rates
of VEGF and IL-8 after 14 days of cultures were slightly
higher in the MSC/OEC cultures to which we added the
EPC. These results might indicate that EPC or myeloid
cells produce IL-8 and trigger the release of VEGF that
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is usually found in high concentrations in osteogenic cell
culture supernatants in accordance with our previous
reports (Dohle ef al., 2010;Kolbe et al., 2011).

Protein arrays for angiogenesis- and haematopoiesis-
related proteins

To assess the production of factors guiding angiogenesis
in individual cell types and the effects of the co-cultures
on these molecules, we performed protein arrays for
angiogenesis- and haematopoiesis-related factors. Protein
extracts were harvested from cell culture supernatants and
cell lysates to analyse soluble and membrane- or matrix-
bound fractions of the proteins. For this purpose, proteins
from the different fractions and culture approaches were
pooled in equal ratios from three independent experiments
and thus are depicted as mean values not allowing a
statistical approval at this stage but indicating the tentative
trend for the individual molecules in the investigated
groups. In Fig. 6A and Fig. 6B results are depicted for
VEGEF, IL-8 and MCP-1 in cell culture supernatants (A) and
cell lysates (B). Amongst the groups we assessed, MSC as
monocultures are suggested as the main producer of VEGF.
In the co-cultures the levels of free VEGF seem to be
reduced in comparison to MSC monocultures. Moreover,
the addition of EPC to the co-cultures of MSC and OEC
further reduced the levels of free VEGF, whereas the cell-
bound fraction of VEGF in the triple culture of MSC, OEC
and EPC, was slightly higher. The highest IL-8 values in the
supernatant were found in those of the co-cultures of OEC
and MSC, whereas the highest levels for IL-8 in the cell
lysates were found in OEC monocultures. In addition, in
OEC lysates MCP-1 (monocyte-chemoattractant protein-1)
was enriched, thus favouring the idea that they are the main
producer of MCP-1 within the investigated cell types. In
comparison, analysis of MCP-1 in the lysates suggested
that the addition of EPC or myeloid cells reduces the levels
of free MCP-1. Thus, ELISA for MCP-1 were performed
for 3 individual donors comparing the amount of MCP-1
found in the cell culture supernatant of the individual co-
culture groups a (Fig. 6E). These experiments confirmed
that the addition of EPC to co-cultures of OEC and MSC
lowered the amount of free MCP-1 significantly.

By the protein arrays from cell lysates (Fig. 6 C,D)
we identified several molecules which were tentatively
upregulated in co- and triple-cultures containing angiogenic
structures, compared to MSC or OEC monocultures, in
which no angiogenic structures were observed. These
molecules include coagulation factor III (also known
as tissue factor), endoglin, pentraxin 3, PD-ECGF and
integrin-a 5. Furthermore, protein lysates of OEC showed
high levels of macrophage mannose receptor (MMR) also
known as CD206.

Discussion

The interaction of resident endothelial cells, bone-forming
cells and circulating endothelial progenitor cells is crucial
for bone tissue repair and the formation of new and
functional microvessels (Melero-Martin ef al., 2010). In
this context, the present study shows that endogenous
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myeloid cells in co-cultures of OEC with osteogenic
cells are co-localised with angiogenic structures, thus
implicating an important role during vascularisation. Those
myeloid cells seem to derive from EPC. Flow cytometry
and real time PCR have shown that EPC act as myeloid
cells and include fractions of cells that carry the endothelial
marker CD31 but also express myeloid markers such as
CD68, CD206, and CD11b. Those cells with myeloid
characteristics mainly reside in the larger cells as indicated
by flow cytometry. Consequently, early endothelial
progenitor cells added to the co-cultures of MSC and blood-
derived endothelial cells (OEC) significantly improved the
formation of prevascular structures. The addition of EPC
supports the angiogenic process in different ways. This
includes a beneficial effect on endothelial cell growth, as
indicated by a significant increase in endothelial markers
in real time PCR. In addition, EPC or myeloid cells
produce angiogenic factors such as IL-8. The recruitment
of myeloid cells seems to be mediated by MCP-1 expressed
by OEC. Further results indicate that these myeloid cells
act as M2 macrophages in co-cultures with MSC and OEC.
Thus, the addition of myeloid cells or EPC to complex
tissue constructs might help to support the tissue repair
and neovascularisation in the bone mediated by their
macrophage-like properties.

In previous studies we have shown that outgrowth
endothelial cells from the peripheral blood can support the
formation of vascular structures in vitro and in vivo (Fuchs
et al., 2009a; Kolbe et al., 2011) and might support or
accelerate blood perfusion during bone repair and in bone
tissue engineered constructs. Nevertheless, it has also been
shown that myeloid cells from the host, which are recruited
to the sites of tissue repair or to implanted tissue constructs,
are also essential for the neovascularisation process
(Melero-Martin et al., 2010). This is in accordance with
a series of reports identifying myeloid cells as important
mediators of neovascularisation (De Palma et al., 2007;
Laurent et al., 2011; Van der Pouw Kraan ef al., 2012). In
co-cultures of OEC with osteogenic cells, staining for the
myeloid marker CD11b also indicated a significant co-
localisation of myeloid cells with angiogenic structures.
Myeloid cells were characterised by their rounded
morphology and also partially exhibited the expression of
endothelial markers such as CD31. These characteristics
are also attributes of endothelial progenitor cells. Myeloid
cells are tentatively found at the tips or the nodes of the
angiogenic network, which is in accordance with previous
reports in the literature about the role of myeloid cells or
macrophages-like cells in angiogenesis (Bourghardt Peebo
et al., 2011; Fantin et al., 2010; Schmidt and Carmeliet,
2010). These findings prompted us to investigate the role
of myeloid cells in the vascularisation process and to refine
their role in the context of bone vascularisation. In addition,
we wanted to identify the origin of myeloid cells in our
co-culture system and to see whether we can use EPC as
a pro-angiogenic myeloid cell source.

Analysis of myeloid markers by flow cytometry and real
time PCR identified EPC as the major source of myeloid
cells in our set up. In this context, the active addition of
EPC or myeloid cells, respectively, improved the formation
of vascular structures significantly. In order to specify the
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effects of myeloid cells in the cultures we compared the
expression of endothelial markers such as vVWF, CD31 and
CD146, as well smooth muscle actin as an indicator for
vessel stabilisation by smooth muscle cells and integrin-a.5
for angiogenic activation in quantitative real time PCR.
The increase in these markers in the groups to which we
have added EPC was consistent through the evaluated
endothelial markers and was statistically significant at day
4. In the group of MSC with 10 % EPC the expression of
endothelial markers was much lower in accordance with
no obvious presence of mature endothelial cells at the
investigated time point.

The mechanisms by which the EPC exert beneficial
effects on endothelial cell growth could be multifactorial
and might include the transdifferentiation of subpopulations
of EPC into mature endothelial cells (Bellik ef al., 2008).
Transdifferentiation of EPC to OEC might also occur in
our experimental settings, but could not be proven at the
present state. On the other hand, beneficial effects of EPC
or myeloid cells on mature endothelial cells might be
mediated by paracrine effects.

Some groups have suggested VEGF as a factor that is
responsible for the proangiogenic effects of EPC or myeloid
cells (Rehman et al., 2003). In addition, VEGF has been
reported to recruit CD11b/Gr-1 and CXCR4 neutrophils
supporting angiogenesis in mouse models (Christoffersson
et al., 2012). In accordance with our previous results and
many reports from the literature, MSC were confirmed as
the main producer of VEGF in the present study (Wang et
al.,2010; Kolbe et al.,2011). By comparing ELISA data, as
well as VEGEF levels by protein arrays, lower VEGF levels
in supernatants and higher levels in cell lysates, reflecting
the membrane- or matrix-bound fraction, characterised the
triple culture of OEC, MSC and EPC. This is in accordance
with previous results investigating the ratios of VEGF
in co-culture approaches. These previous studies also
indicated low levels of VEGF in the supernatant but higher
fractions of membrane- or cell-bound levels of VEGF in
cultures with high angiogenic activity (Dohle et al., 2010;
Dohle et al.,2011). ELISA data and data from the protein
array gave slightly different results but might be associated
with differences in the protein harvesting procedure for the
arrays or with the normalisation of ELISA data to the cell
number.

Another factor that has been proposed to mediate
positive effects of myeloid cells on angiogenesis is I1L-8
(Medina et al., 2011), triggering endothelial proliferation
and angiogenesis (Heidemann et al., 2003; Li et al.,
2003). In our studies, IL-8 appears to be derived from the
early EPC or from mature endothelial cells. Angiogenic
activation in the co-culture of OEC and MSC leads to
high levels of IL-8 in the supernatant, which, in turn, are
lowered by the addition of EPC to the system and a further
improvement of angiogenesis. We therefore assume that
this is associated with the role of IL-8 to recruit myeloid
cells or endothelial progenitor cells to sites of vascular
reorganisation. In addition, another molecule involved in
the recruitment is MCP-1 produced by the OEC, which
show the highest rates of MCP-1 in the cell lysates. The
addition of EPC leads to lower amounts of MCP-1 in
the supernatants compared to the co-culture of OEC and
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MSC. This seems to be in accordance with a monocyte- or
macrophage-like phenotype of EPC and the role MCP-1
produced by late outgrowth endothelial cells (Zhang et al.,
2009) as an important regulator of angiogenesis. MCP is
closely associated with N-Cadherin (Nalla et al.,2011) and
induced by angiopoietin-1, leading to the recruitment of
mural cells and the stabilisation of angiogenic structures
(Aplin et al., 2010). Therefore, the addition of EPC
and the resulting lower MCP-1 values could favour a
proangiogenic state of the endothelial cells.

In addition, we observed tentative effects on several
molecules involved in vascular control by protein arrays.
Some of these molecules were much more abundant in cell
lysates of co-cultures in which angiogenic structures were
present than in the corresponding monocultures which are
free of angiogenic structures. Moreover, these molecules
seem to be affected by the addition of early EPC or myeloid
cells. These factors include coagulation factor III also
known as tissue factor, endoglin, pentraxin 3, PD-ECGF
and integrin-o 5. The latest was also investigated in real
time as described before. Tissue factor is also involved
in the formation of complex and stable microvessels
characterised by the stabilisation of vascular structures
through mesenchymal cells (Carmeliet et al., 1996), which
is mediated by the regulation of MCP-1 as described before
in the literature (Arderiu et al., 2011) and in accordance
with our observations for MCP-1, as described above.
Pentraxin-3 is a negative regulator of angiogenesis due to
its binding to the proangiogenic molecule fibroblast growth
factor-2 (Basile et al., 2013), which is an important factor
in the cellular cross talk of endothelial cells, pericytes
and stromal cells. Endoglin plays a multifaceted role in
vascular biology and is expressed in endothelial cells in
inflamed tissues. As recently shown, endoglin is involved
in leucocyte adhesion and transmigration in the vascular
system via the integrin o581 receptor of leukocytes (Basile
et al., 2013). Potential effects on these molecules by the
addition of EPC will have to be investigated in more detail.

Surprisingly high levels of macrophage mannose
receptor (MMR or CD206) were found in the cell
lysates of OEC. Although there are also reports from the
literature that this marker is associated with endothelial
cells (Groger et al., 2000; Martens et al., 2006), MMR is
widely accepted as a M2 macrophage marker (Adutler-
Lieber et al., 2013; Ambarus et al., 2012; Medina et al.,
2011). Further experiments are currently underway to
evaluate these findings by additional methods. Real time
PCR experiments and flow cytometry indicated that EPC
contain macrophage-like cells expressing CD11b, CD68
and CD206.

In co-culture with MSC they might differentiate
towards cells with characteristics of M2 macrophages, as
indicated by the expression of CD163 in the MSC/EPC
cultures. Recently, emerging evidence has been provided
that M1 macrophages in co-culture with endothelial cells
(He et al., 2012) or mesenchymal stem cells (Adutler-
Lieber et al., 2013; Eggenhofer et al., 2012; Zhang et al.,
2010) assume a M2-like phenotype which is responsible
for anti-inflammatory and proangiogenic effects in tissue
repair. In this context, the role of EPC or myeloid cells in
neovascularisation might be explained by their function
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as macrophage-like cells. Nevertheless, EPC as well as
myeloid cells are heterogeneous populations differing in
cell size and their marker profile. Therefore, the selection
for a specific marker would facilitate their characterisation
in terms of therapeutical application later on. On the other
hand the crosstalk of different populations is a physiological
process also known to influence the behaviour of CD34
positive endothelial progenitor cells, for instance by CD11b
positive myeloid cells (Lee e al., 2013). Initial studies were
performed to enrich CD11b positive myeloid cells from
the EPC (data not shown), resulting in cell populations that
still revealed a large heterogeneity. Thus, other selection
methods have to be considered in the future considering a
more complex marker profile.

In summary, the present study gives an insight into
the pro-angiogenic action of myeloid cells or endothelial
progenitor cells and their molecular action in the bone
vascularisation niche made up by endothelial cells, bone
forming cells and myeloid or endothelial progenitor cells,
respectively. Furthermore, our data provide evidence
that mixed application of mature endothelial cells,
MSCs and endothelial progenitor cells can support the
prevascularisation process.
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Discussion with Reviewers
M. Herrman: Which part of the EPCs does actually have

an effect on the visualisation process? Is the increase of
endothelial marker and increased formation of vascular
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structures mediated by differentiating EPCs or by myeloid
cells (requires either sorting/enrichment of distinct
population and/or tracking experiments and/or controls
using pure myeloid cells)?

Authors: In terms of the question which subpopulation
of the EPC is driving the angiogenesis forward, we fully
agree that it is a very important scientific question to
differentiate between paracrine and transdifferentiation
effects by EPC. Nevertheless, the impact of these cells
on the angiogenesis of the co-culture model just became
clear during the time course of this present study. Of
course, we would like to solve this issue but we would
like to point out again the clear line of evidence provided
by our results that the majority of EPC act as accessory
or helper cells and that this might be explained by their
function as proangiogenic macrophage/myeloid like cells.
Nevertheless, we cannot exclude a transdifferentiation
process by some EPC subpopulations as stated already
in the text, but this mechanism might contribute to the
proangiogenic effect of EPC/myeloid cells in our system
to a much lower extent.

If the proangiogenic process would be mainly based on
a transdifferentiation process of EPC or myeloid cells, one
would expect that we would have to add a higher ratio of
EPC to observe such an effect. In comparison, OEC which
have grown out from EPC cultures are observed in low
frequencies in these cultures (reference values 0.05-0.2
an OEC/mL blood; or represent only 0.01 % to 0.0001 %
of MNC, compare also Kolbe et al., 2010, text reference)
also reflected by the low expression of endothelial markers
in EPC in real time PCR. Nevertheless, the impact of
these EPC or the myeloid cells on angiogenesis increases
drastically when mature cell are present which are
resembled by the OEC in our system.

Interestingly, a recent paper investigated effects of
CDI11b positive cells on CD34 positive cells from the
peripheral blood in an indirect co-culture system. In this
study CD11b positive cells stimulated the colony formation
of CD34 positive cells indicating a supporting role of
myeloid cells on CD34 positive EPC or OEC by paracrine
mechanisms (Lee ef al., 2013, additional reference). Our
data seem to be in accordance with the observations of this
recently published paper although this study did not use
EPC cultures for the isolation of CD11b positive cells.

M. Alini: What is the source of myeloid cells within the
EPC population? (The authors did indeed provide a double
staining of CD31 and several myeloid marker, but as
CD31 is not specific to endothelial cells but also present
on myeloid cells (e.g., Woolfin et al., 2007, additional
reference) a double staining with a different, more specific
endothelial marker would be required.

Authors: We already did flow cytometric evaluation of
other surface markers related to a mature endothelial
phenotype in EPC as published previously (Fuchs et al.,
2006, text reference) indicating that EPC are negative for
CD146 for instance. We accordingly added data for flow
cytometry for CD146 into the present manuscript (Table
2) to document again that EPC do not express CD146. In
addition, we would like to refer again to the real time PCR
data for EPC or EPC in Co-culture with MSC where we
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also show the absence of other endothelial markers such as
VWEF, caveolin-1 etc. in EPC. These results again underline
that the EPC do not express the full marker profile of
mature endothelial cells but they might contain progenitors
or mature endothelial cells in a very low frequency.

M. Alini: Concerning the possible mechanism of myeloid
cells the authors added some interesting data on MCP-1
(Fig. 6E). The ELISA data suggests that OEC produce high
level of MCP-1, which is reduced by the addition of EPC.
Here, it is not clear and not explained where the high levels
of MCP-1 in MSC/EPC co-culture derive from.

Authors: ELISA data are normalised to the cell number
using the DNA content. This normalisation is responsible
for the high appearance of MCP-1 in the supernatants of
the MSC/EPC group if we take out the normalisation the
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levels are close to that of the triple cultures. Our intention
is to show that the addition of EPC to co-culture of OEC
and MSC significantly reduces the level of free MCP-1 in
the supernatant.
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