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Abstract
Background: 
Blood outgrowth endothelial cells (BOEC) are good candidates for vascular (re-) 
generating cell therapy. Although cord blood (CB-) BOEC have been reported as 
more proliferative than peripheral blood (PB-) BOEC, not much is known about their 
functional properties 

Objectives: 
In this study, we studied the following determinants in BOEC expanded from CB and 
PB: endothelial phenotype, in vitro adhesion, migration, proliferation and angiogenic 
tube forming capacity.

Methods/Results: 
Endothelial phenotype of BOEC was evaluated by FACS analysis and confirmed 
the presence of endothelial markers including CD31, CD105, CD144, CD146, KDR/
VEGFR-2, Tie-2 and TNF-α-induced VCAM-1 and ICAM-1. Evaluation of cell prolife-
ration revealed a higher basal proliferation of CB-BOEC, which increased after ex-
posure to bFGF but not VEGF. The lower basal proliferation of PB-BOEC increased 
with VEGF or bFGF addition. Array analysis of angiogenic genes showed many com-
parable expressions in both BOEC, and a slightly more pronounced pro-angiogenic 
profile in CB-BOEC than PB-BOEC. Both BOEC were able to form tubular structures 
in a 3D-fibrin matrix. Tube formation in CB-BOEC was markedly induced by TNF-α 
only and inhibited by anti-urokinase antibodies. It was comparable to that induced 
by combined addition of TNF-α and VEGF or bFGF, while maximal tube formation in 
PB-BOEC required simultaneous exposure to TNF-α/VEGF or TNF-α/bFGF.
Conclusions: The endothelial phenotype and characteristics for homing, adhesion, 
migration, inflammation and angiogenic tube formation are almost equal for BOEC 
from CB and PB. A slightly more angiogenic phenotype favours CB-BOEC. However, 
addition of VEGF to PB-BOEC induces equal proliferation and tube formation. 
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Introduction
The discovery of the role of endothelial progenitor cells (EPC) in neovascularization 
of the adult human during the last decade has opened up vistas to possible angio-
genic therapy with these cells. 
Isolated from sources like bone marrow, cord blood (CB) and peripheral blood (PB)1, 

2, and after an in vitro culture-mediated expansion, we can identify 2 cell types that 
carry the name EPC3, 4. 
 After 5-7 days cultures of mononuclear blood cells, non-(or very low) proliferative at-
taching spindle-shaped cells appear, also called early EPC or ‘endothelial like cells’3, 

4. These cells take up acetylated-LDL and have a modest expression of endothelial 
markers, like eNOS and CD31. In vivo studies showed that these cells have a pro-
angiogenic effect in animal models like the ischemic hind limb model4, 5. Further in-
vestigation demonstrated that the pro-angiogenic effect of these cells is mainly due 
to paracrine factors6. In addition, both in vitro and in vivo experiments, suggest that 
the source of these cells is of myeloid origin6-8. 

A second population of EPC is obtained when mononuclear cell cultures are sustained 
for longer periods. Cobblestone-like colonies appear at day 14-21 with exceptionally 
proliferative cells. Their morphology resembles highly that of endothelial cells from 
e.g. umbilical cord veins or aorta. Moreover, these so called blood outgrowth endo-
thelial cells (BOEC), express most known endothelial markers, are able to perform 
de-novo tube formation and are pro-angiogenic in vitro and in vivo1, 8, 9. 

As both EPC-types are present in only very low numbers (0.1-0.01% of the mononu-
clear cells), ex vivo expansion will be needed to achieve sufficient cell numbers for 
therapy. BOEC have a higher proliferative potential than early EPC (spindle-shaped 
cells)10 and can be kept in long-lasting cultures. BOEC therefore are the best candi-
date for angiogenic cell therapy11, 12. BOEC can be derived from bone marrow, CB as 
well as PB, the recovery from PB being less, most likely due to the low amounts of 
progenitor cells. While PB cells can easily be obtained via leukapheresis, the disad-
vantage of bone marrow-derived BOEC is the relative large amount of bone marrow 
that is required to start cultures. The general anesthesia that is often required for this 
is a clear risk for the involved patient groups namely those with severe cardiovascu-
lar/ ischaemic disease. 

We thus compared BOEC from CB and PB for therapeutic applications, to replace/
support the host vasculature. The use of the PB-derived BOEC as autologous cell to 
circumvent an immune response would be an enormous advantage over CB-BOEC 
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as long as autologous CB-BOEC are not yet available. However, cardiovascular di-
sease might negatively influence number and functionality of BOEC (PB-BOEC) that 
are derived from such a patient.  

For all applications, the in vitro behaviour of expanded cells will be related to the 
ability of these cells to function and survive as standard mature endothelium and 
be able to perform angiogenic tube-formation. In a recent publication by Au et al. it 
was observed that CB-BOEC function better in a model for in vivo tube formation13. 
This was explained by the fact that CB-BOEC have a higher proliferation potential, 
as was also shown by others1, 13, 14. However a thorough characterization of CB- and 
PB-BOEC was not performed. 

In the present in vitro study, we compare phenotypic and endothelial characteristics 
from expanded CB- and PB-BOEC. In addition, we compare cell proliferation, the 
expression of angiogenic genes and the ability to form capillary-like tubes in vitro by 
both types of BOEC. 

Materials and Methods
Cell culture
Fresh aphaeresis buffy coats anticoagulated with 0.4% trisodium citrate (pH 7.4) 
were obtained after informed consent from healthy volunteers of the Sanquin Blood 
Bank (Amsterdam, The Netherlands) and fresh cord blood samples were collected 
within 24 hours after delivery according to the guidelines of Eurocord Nederland. 
Mononuclear cells (MNC), isolated with Ficoll paque density gradient separation, 
were cultured in a concentration of 16*106 cells per cm2 in complete EGM2 medium 
(Lonza), supplemented with an extra 8% foetal calf serum (Bodinco B.V.), on col-
lagen I (BD Biosciences) coated 6 wells plates. During the first week, medium was 
changed every day, from day 7-21; medium was changed every other day. When 
after 14 - 21 days colonies started to appear. After reaching confluency, these cells 
were trypsinized and cultured up to passage 6-9 after which experiments were con-
ducted. 
Human umbilical vein endothelial cells (HUVEC) were obtained from Lonza and 
cultured via the manufacturer’s protocol in EGM2 medium on fibronectin (Sanquin 
reagents). 

Phenotyping
BOEC were characterized for several endothelial and hematopoietic markers by flu-
orescence activated cell sorting (FACS) and immunofluorescence microscopy. For 
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flow cytometric analyses, cells were first trypsinized and washed with PBS contai-
ning citrate and 0.25% plasma protein, prior to a 30 minute incubation with directly 
labeled antibodies. Where indicated, BOEC were pre-treated O/N with 10 ng/ml 
TNF-α (Peprotech). After a washing step, antigen expression was measured on a 
FACSCANTO (BD Biosciences) and data analysis was performed with FACSDIVA 
software (BD Biosciences). Data is shown as positive cells (%) or as the relative 
expression, based on the mean fluorescence intensity (MFI) of the antibody and 
the MFI of the proper IgG control (expression). For immunofluorescence staining, 
cells were cultured on collagen I coated glasses. Cells were fixed with 3.7 % for-
maldehyde and subsequently permeabilized with 0.1% Triton X-100. After washing, 
cells were incubated with unconjugated antibodies (mouse-anti-VWF, CLB-RAg-35 
(kindly provided by Dr Jan J. Voorberg: Sanquin, Amsterdam); mouse-anti-VE-ca-
dherin, (Pharmingen/BD Biosciences) for 1 hour, followed by 2 washing steps and 
incubation with labelled secondary antibodies (goat-anti-mouse Alexa 568 or Alexa 
488, Molecular probes, Invitrogen, Carlsbad, CA, USA) and Phalloidin (Texas-red or 
Bodipy, Molecular probes,) for f-actin staining. Cells were examined using a Zeiss 
LSM510-Meta confocal microscopy system with an x40 oil lens (Carl Zeiss). Images 
were acquired with the manufacturer’s software.

Proliferation
Endothelial cell proliferation was determined by the incorporation of 3H-thymidine 
into DNA. Confluent cultures of BOEC were detached in a trypsin/EDTA solution 
and allowed to adhere and spread at a density of 6,000 cells/cm2 in M199 medium 
containing 10% newborn calf serum. After 18 hours, the cells were stimulated with or 
without growth factors for an incubation period of 48 hours. During the last 18 hours 
a tracer amount of 3H-thymidine (1 µCi/cm2/well) was added. Subsequently, the cells 
were washed with cold PBS, fixed with 100% methanol and [3H]-labeled DNA was 
precipitated in 5% trichloroacetic acid, and finally dissolved in 0.3 M NaOH. Samples 
were counted in a liquid scintillation counting system (Beckman Coulter).

Migration
Migration assays were performed in transwell plates (Costar, Cambridge, MA) of 
6.5 mm diameter filters with a pore size of 8 μm. The filters were coated O/N with 
collagen I. First, the BOEC were cultured for 1 hour in assay medium (IMDM, 0.25% 
BSA). After the starvation, 30.000 BOEC in 0.1 ml of assay medium were seeded in 
the upper compartment while 0.6 ml of assay medium containing either 10% FCS, 50 
ng/ml VEGF or 60 ng/ml SDF-1, was added to the lower compartment. After 4 hours 
at 37 °C, 5% CO2, the cells of the upper compartment were removed and the cells 
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attached on the lower side of the filter were fixed in 3.7% formaldehyde and nuclei 
were stained by Sytox green nucleic acid staining (Molecular probes). Filters were 
removed from the insert and imbedded in Mowiol mounting medium (Calbiochem) 
for imaging. LSM software of the Zeiss LSM510-Meta confocal microscopy system 
was used to acquire tile scans to be able to capture the whole filter for quantification. 
Images were analysed with Image Pro software (MediaCybernetics). Percentage of 
migration was calculated as follows: (number of nuclei counted/30,000) * 100%. To 
compare the separate experiments, the spontaneous migration of the BOEC (thus 
migration towards migration medium) was set at 1 for each experiment.
In vitro tube formation model
Human fibrin matrices were prepared by the addition of 0.01 U/ml thrombin to 4.8 
mg/ml fibrinogen in M199 medium (Lonza). Fibrin was allowed to polymerize for 1 
hour at room temperature, followed by 3 hours at 37ºC. Matrices were equilibrated at 
37°C, 5% CO2 air atmosphere with M199 medium containing 10% heat-inactivated 
human serum (PAA Laboratories) and 10% newborn calf serum (Invitrogen) for 24 
hours to inactivate thrombin. Confluent BOEC were detached and seeded in a con-
centration of 30,000 BOEC/cm2. After an additional 24 hours of culturing on the fibrin 
matrices, stimulation medium containing either 25 ng/ml VEGF165 (Invitrogen) or 10 
ng/ml bFGF (Peprotech) in combination with 10 ng/ml TNF-α was added to each 
well, to induce tube formation. During inhibition studies 10µg/ml blocking anti-u-PA 
antibodies15 10 µg/ml anti urokinase receptor monoclonal antibody H-2 that blocked 
the binding of u-PA to the u-PA receptor and its subsequent uptake as u-PA:PAI-1 
complex16 (kind gift of Dr U. Weidl, Pretzenburg, Germany) or  10 µg/ml marimastat 
(kind gift of Dr E.A. Bone, British Biotech, Oxford, United Kingdom) was added to 
the culture medium. The length and amount of the tube-like structures was deter-
mined using an Olympus IX50 inverted microscope equipped with a MicroPublisher 
3.3 RTV camera (Imaging) connected to a computer with Optima’s image analysis 
software version 6.0 (MediaCybernetics). Four fixed microscopic fields per well were 
analyzed and used to quantify the total pixel length of the tube like structures expres-
sed as arbitrary units (a.u.).

Assay of urokinase-type plasminogen activator (u-PA) antigen 
u-PA antigen was determined in 48 hour conditioned medium using an enzyme im-
munoassay (u-PA EIA Taurus, Leiden, The Netherlands) as previously indicated15. 
The monoclonal antibodies used in this assay recognized single-chain u-PA, two-
chain u-PA, and the u-PA/PAI-1 complex with comparable efficiency. 
U-PA antigen was also assayed in the conditioned medium of parallel cell cultures 
that were incubated in the simultaneous presence of the monoclonal antibody H-2 
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that blocked the binding of u-PA to the u-PA receptor and its subsequent uptake as 
u-PA:PAI-1 complex16.

Statistics
The data are expressed as the mean ± SEM, unless otherwise mentioned. Data 
were analyzed with an unpaired two-tailed Student’s t-test or analysis of variance 
(ANOVA) coupled with a Bonferroni post-test. Probability values of P < 0.05 were 
considered statistically significant. 

Results
BOEC express a clear endothelial morphology and phenotype
BOEC from both CB and PB show typical endothelial cobblestone morphology (Fig. 
1A,B). They express endothelial markers including CD31, CD105, CD144, CD146, 
KDR (VEGFR-2) and Tie-2, comparable to HUVEC. As expected, no expression of 
the hematopoietic marker CD45 was found (Table I, Supplemental figure 1A). Mar-
ker expression was quite similar between CB- and PB-BOEC, but CB-BOEC show a 
significantly lower percentage of CD34+ cells. For both types of BOEC, the percen-
tages of CD34+ cells were lower than HUVEC (Table I). In addition, the percentage 
of Tie-2 expressing cells was significantly lower in PB-BOEC than in CB-BOEC and 
HUVEC.
By immunofluorescence, the expression of the endothelial-specific junctional protein 
VE-cadherin and von Willebrand factor was studied. No difference in expression of 

Table 1 Endothelial markers on blood outgrowth endothelial cells (BOEC) and human umbilical 
vein endothelial cells (HUVEC). 
Data are given as percentage positive cells of live cells, corrected for the proper IgG control. *P < 0.05. 
CB, cord blood; PB, peripheral blood.

CB BOEC % PB BOEC % HUVEC %

CD31 97.5±0.93 98.8±0.4 93.2±4.4
CD34 15.5±4.3* 69.1±9.8* 89.43±8.3
CD45 0.9±0.4 2.2±1.0 1.1±1.0
CD105 95.5±1.5 98.5±0.5 94.9±1.9
CD146 91.5±3.2 94.1±3.3 98.6±3.0
CD166 90.9±5.19 90.2±5.0 99.5±3.9
KDR/VEGFR2 70.1±12.3 94.6±1.31 98.5±0.4
Tie-2 86.5±2.43 60.9±9.9* 91.0±3.7
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< Fig 1. Phenotyping of BOEC from CB and PB
BOEC were isolated from PB and CB and cultured as described in the Materials and Methods section. 
Phase contrast pictures were taken from confluent monolayers of CB- (A) and PB-BOEC (B). A clear 
endothelial morphology is observed by phase contrast microscopy; Magnification 200x. C-F: Endothe-
lial phenotype of CB-BOEC (C,E) and PB-BOEC (D,F) was confirmed by immunofluorescence staining 
(green) for VWF (C,D) and VE-cadherin (E,F); cell morphology was visualized by f-actin staining (white). 
Magnification 400x. C,D: Arrows indicate the typical vWF structures. E,F: Arrow indicate the VE-cadherin 
staining at the intercellular cell junctions. G: Induction of proliferation by VEGF and bFGF (in ng/mL) 
was estimated from 3H-thymidine incorporation. CB-BOEC (closed bars) proliferate more than PB-BOEC 
(open bars) in control medium. However, PB-BOEC respond to VEGF with an increase in proliferation, 
which is not observed for CB-BOEC. bFGF is an inducer for proliferation for both cell types.
 *: p<0.05 CB-BOEC vs. PB-BOEC; #, ̂  : p<0.05 as compared to CB-BOEC control and PB-BOEC control 
respectively.

these endothelial proteins was observed between CB- and PB-BOEC (Fig. 1C-F). 
VWF staining is present in granular organelles (Fig. 1C,D, green, white arrows), li-
kely Weibel-Palade Bodies17, while VE-cadherin is localized at the cell-cell junctions 
(green, white arrows, Fig. 1E,F)

BOEC express adhesion molecules comparable to HUVEC
The expression of a number of adhesion molecules was determined. As can be 
observed from table IIa, both types of BOEC do express a number of adhesion 
molecules that can be used for adhesion to both matrix and counteracting adhesion 
molecules on endothelial cells, like CD29, CD31, CD44, CD49d, and CD49e. Ex-
pression of the adhesion molecules on both types of BOEC was comparable to that 
on HUVEC. Adhesion experiments show that BOEC are able to adhere to endothe-
lial cells and endothelial matrix. Furthermore, BOEC are able to incorporate into an 
existing HUVEC monolayer, thereby forming VE-cadherin positive cell-cell junctions 
(Supplemental figure 2C). 
To test the inflammatory response of leukocyte binding adhesion molecule expres-
sion in BOEC, we stimulated these cells overnight with TNF-α. Both the percentage 
of cells positive for the adhesion molecules VCAM-1 and ICAM-1 and their expres-
sion levels on the cells were increased in TNF-α-stimulated CB- and PB-BOEC (sup-
plemental figure 1B, Table IIb), comparable to HUVEC. These results indicate that 
leukocytes can use their counteracting molecules to adhere to BOEC in an inflam-
matory environment. 
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Proliferation
Proliferation of peripheral- and cord blood-derived BOEC was studied by assaying 
3H-thymidine incorporation. As shown in figure 1E, both types of BOEC displayed 
the highest proliferation when exposed to increasing concentrations of bFGF, rea-
ching a plateau at 3 ng/ml bFGF (CB: 98,412±21,747 vs. PB: 93,815±3,499 CPM). 
In agreement with other studies, PB-BOEC were less proliferative than CB-BOEC 
in control medium containing 10% newborn calf serum (CB: 32,040±11,064 vs. PB: 
10,274±4,809; p<0.05). Increasing the VEGF concentration did overcome the dif-
ference in proliferation between both BOEC sources. It should also be noted that 
CB-BOEC did not respond to any of the VEGF concentrations that were able to 
increase the proliferation of PB-BOEC. As VEGF production by both CB- and PB-
BOEC remained below detection level (<0.36 ng/ml in 48 h), it is unlikely that VEGF 
synthesis by CB-BOEC themselves caused the increased basal proliferation and the 
lack of response of CB-BOEC to VEGF.

VEGF can act as a chemoattractant for BOEC
While VEGF-induced proliferation requires VEGFR-2, growth factor directed cell mi-
gration involves also the VEGFR-118. The responses to chemo attractants VEGF 
and SDF- were tested in transwell migration experiments. FCS was taken along as 
a positive control (CB-BOEC: 1.8±0.4 times higher extent of migration; PB-BOEC: 
1.8±0.6-fold increase). As shown in figure 2, no significant difference in chemokine-
sis was observed between CB-BOEC and PB-BOEC. Both BOEC showed a respon-
se to VEGF, although this did not reach significance (CB: 1.5-fold increase, p=0.48, 
PB: 1.7-fold increase, P=0.09). Both cell types did not show any migratory response 
towards SDF-1, which might be explained by receptor desensitization due to previ-
ous exposure to serum. 
No significant differences in the expressions of the SDF-1 receptor CXCR4 and 
VEGFR-1 and VEGFR-2/KDR between CB- and PB-BOEC were observed (data not 
shown). 

BOEC perform angiogenic tube formation in a fibrin matrix 
In the supplemental table I and supplemental figure 3 it is shown that CB- and PB-
BOEC express many genes involved in angiogenesis. To investigate if these cells 
are actually able to form capillary-like tubes in vitro, BOEC were cultured on three-
dimensional fibrin matrices in the continuous presence of bFGF, TNF-α, VEGF, or 
combinations of these mediators known to induce capillary-like tubule formation by 
human microvascular endothelial cells15. After four days of culture, capillary-like tu-
bular structures formed by BOEC in the three-dimensional fibrin matrix were ana-
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lyzed by phase contrast microscopy (Compare Fig. 3B and supplemental figure 5).
In general, no significant difference was observed between the generation of tubules 
by BOEC from both sources. In non-stimulated conditions (control medium only), 
confluent BOEC monolayers remained on top of the fibrin matrix for two days, and 
no invading cells or tubular structures were observed (data not shown). After 4 days, 
these non-stimulated BOEC became detached without any induction of tube for-
mation. In the growth factor-stimulated cultures, the formation of tubular structures 
started already after one day, and was quantified after four days. Simultaneous ad-
dition of TNF-α and bFGF or TNF-α and VEGF induced a comparable extent of tube 
formation in both sources of BOEC (Fig. 3A). 
Interestingly, the sole addition of TNF-α was sufficient to increase tube formation by 
CB-BOEC markedly, in contrast to PB-BOEC (Fig. 3A) and human microvascular 
endothelial cells, which need TNF-α simultaneously with either VEGF or bFGF for 
maximal tube formation (data not shown: see Koolwijk et al.15). Furthermore, addition 
of VEGF contributed little to tube formation by CB-BOEC, both in the absence and 

Table 2 (a) Adhesion molecules on blood outgrowth endothelial cells (BOEC) and human umbilical vein 
endothelial cells (HUVEC). (b) Upregulation of adhesion molecules after TNF stimulation. * Data are given 
as percentage positive cells of live cells, corrected for the proper IgG control (%) and as fold expression 
of the positive cells compared to the proper IgG control (Expression). ¥ Data are given as percentage 
positive cells, corrected for the proper IgG control (%) with (TNF) and without TNF (Control).

(a)* Cord blood Peripheral blood HUVEC

% Expression % Expression % Expression

CD11b 4.0±1.3 - 4.5±1.4 - 34.3±24.6 7.0±3.2
CD18 1.5±1.2 - 0.9±0.7 - 1.7±0.6 -
CD29 77.3±10.81 18.4±26.9 87.7±3.8 6.28±2.2 97.5±1.0 7.9±3.0

CD31 97.7±2.8 162±31.0 98.8±1.0 131.1±72.1 93.2±4.4 291.2±78.6
CD44 86.8±4.3 54.6±24.9 79.3±7.1 27.5±28.8 32.83±6.2 31.6±27.1
CD49d 21.0±9.1 12.3±16.3 7.1±3.5 7.6±3.2 8.0±3.7 9.2±6.0
CD49e 97.9±0.6 105.7±99.1 88.3±9.1 53.9±11.5 85.3±13.6 26.5±10.2

(b)¥ Cord blood Peripheral blood HUVEC

% Control % TNF % Control % TNF % Control % TNF

CD54 49.33±10.11 93.4±5.03 41.0±11.5 93.0±2.6 45.35±8.5 93.5±3.5

CD106 2.5±1.04 72.0±11.52 7.8±4.9 54.3±11.1 11.5±7.2 85.9±9.1
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presence of TNF-α, while it stimulated in PB-BOEC.
As proteases, in particular u-PA/plasmin and/or matrix metalloproteinases, are re-
quired for tube formation by endothelial cells19, we studied their role in BOEC tube 
formation. The presence of u-PA activity inhibiting anti-u-PA antibodies (10 µg/ml) 
reduced tube formation in by 88±4% and 78±11%, respectively (3 experiments with 
cells from 2 donors) (Fig. 3B). The general metalloproteinase inhibitor marimastat 
had less effect (32±32% inhibition). Blockade of the uPAR by antibody H-2 (10µg/
ml) reduced tube formation by 65±10 in TNF-α-stimulated CB-BOEC, but appeared 
less effective in their TNF-α/bFGF-stimulated counterparts (22-24%). In TNF-α- and 
TNF-α/bFGF-stimulated PB-BOEC the anti-u-PA antibodies also inhibited tube for-
mation (by 84-93%), while marimastat gave variable results (28% stimulation – 40% 
reduction), probably related to the complex proteolytic action of MMP20. 
Subsequently, we evaluated whether differences in the production of u-PA accoun-
ted for the observed differences in tube formation between CB-BOEC and PB-
BOEC. CB- and PB-BOEC displayed a significant u-PA production after incubation 
with TNF-α, both in the absence and presence of bFGF or VEGF, but not by the sole 
addition of bFGF or VEGF (Fig. 3C). In all conditions, the overall production of u-PA 
was comparable between both types of BOEC. This was confirmed in parallel experi-
ments, in which interaction of u-PA with the u-PA receptor and its internalization was 
prevented by the blocking antibody H-2 (supplemental figure 4). Thus, although the 
induction of u-PA by TNF-α can in part explain the contribution of TNF-α to tube for-
mation, differences in extent of tube formation by CB- and PB-BOEC were unrelated 
to the overall u-PA production.

Discussion
This study evaluates, in addition to endothelial characteristics, functional angioge-
nesis-reflecting parameters in BOEC from CB and PB. Three marked differences 
were observed. CB-BOEC showed a higher basal proliferation, which increased 
after exposure to bFGF but not VEGF. The lower basal proliferation of PB-BOEC 
was rescued to CB-BOEC levels by addition of VEGF and/or bFGF. Similarly, tube 
formation in CB-BOEC was induced to a considerable extent by TNF-α and not en-
hanced by VEGF, while maximal tube formation in PB-BOEC required simultaneous 
presence of TNF-α and VEGF. Both BOEC responded similar to bFGF/TNF-α. Fi-
nally, although the expression of angiogenesis-associated transcripts was in general 
comparable between CB- and PB-BOEC, several pro-angiogenic transcripts were 
expressed two-fold higher in CB-BOEC. Together these data suggest that CB-BOEC 
have a somewhat higher angiogenic potential than PB-BOEC. 
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Fig 2. Lateral and transwell migration of BOEC in a transwell system
BOEC of both CB (closed bars) and PB (open bars) were seeded in transwell inserts with collagen I coa-
ted filters. For 4 hours, BOEC were able to migrate towards either, migration medium (basal migration, 
set at 1), 50 ng/ml VEGF, or 60 ng/ml SDF-1. BOEC show migration towards VEGF, while SDF-1 did not 
induce an increased migration. No difference was observed between CB- and PB-BOEC.

The BOEC we cultured in this study comprised all characteristics of endothelial 
outgrowth cells described in earlier studies, like the typical endothelial morphology, 
expression of endothelial markers and the ability to perform a high number of popu-
lation doublings2, 10, 14. Between CB- and PB-BOEC few differences were found in the 
expression of endothelial markers, although CD34 expression was higher and that of 
Tie-2 lower on PB-BOEC than on CB-BOEC. The exact consequences of these dif-
ferences are unclear. Furthermore, stimulation with the inflammatory cytokine TNF-α 
induced in both types of BOEC an up-regulation of the leukocyte adhesion molecu-
les ICAM-1, and VCAM-1, comparable to previous observations on HUVEC21 and 
CB-BOEC14. 

In addition to surface markers, BOEC showed a clear endothelial phenotype by their 
pro-angiogenic gene expression pattern. Although only minor differences were ob-
served overall, CB-BOEC displayed this pro-angiogenic phenotype even stronger 
than their PB counterparts by a significantly higher expression of pro-angiogenic 
genes AKT-1 and VEGF-C and less expression of anti-angiogenic genes TIMP-1 
and SerpinF1. 

Two aspects of angiogenesis were evaluated at the functional level in vitro, namely 
cell proliferation and matrix invasion as tubular structures. In concordance with stu-
dies by Ingram et al. and Au et al.1, 13, we found under non-stimulated conditions a 
proliferation advantage for CB-BOEC compared to PB-BOEC. We extend this ob-
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servation by showing that the lower proliferation rate of PB-BOEC could be rescued 
by the addition of VEGF to the cultures. Unexpectedly and in contrast to previous 
observations on EPC by Melero-Martin et al.14, under our experimental conditions 
CB-BOEC proliferation did not benefit from increasing concentrations of (the same 
amounts of) VEGF. This could not be explained by differences in the endogenous 
production of VEGF-A by CB-BOEC, as this production remained below detection le-
vel. It remains to be clarified whether the increased number of population doublings14, 
by a CB-BOEC-produced growth factor, or an otherwise induced desensitization of 
the proliferation response to VEGF-A underlies this lack of VEGF sensitivity.  

CB- and PB-BOEC can be stimulated to form tubes in a 3D fibrin matrix. Earlier 
studies have shown that PB- and CB-BOEC are able to form angiogenic structures 
in 2D and 3D models of angiogenesis under angiogenic conditions, either directly22 
or in co-culture with mesenchymal cells23. Comparable to human microvascular en-
dothelial cells (hMVEC), in which VEGF or bFGF plus TNF-α-induced u-PA were 
essential for tube formation15, 16,  PB-BOEC required both TNF-α and an angioge-
nic growth factor for optimal tube formation. Interestingly, we found that CB-BOEC 
developed into tubular structures in a 3D fibrin matrix under the influence of TNF-α 
only. The production of u-PA ran parallel to the ability to form capillary-like tubular 
structures and was required for this process. As TNF-α-induced u-PA is not sufficient 
for tube formation in PB-BOEC and hMVEC15, one might anticipate that CB-BOEC 
produce an endogenous yet unknown growth factor that act in concert with TNF-α.

The primary advantage of CB-BOEC in angiogenic tube formation under the influ-
ence of sole TNF-α is comparable to the findings of Au et a13. These authors repor-

< Fig 3. Capillary-like tube formation by CB- and PB-BOEC
Monolayers of confluent CB-BOEC and PB-BOEC on a 3D-fibrin matrix were stimulated with TNF-α, 
bFGF, VEGF, or combinations, during a 4-day period. A. Quantification of tubular structures of CB-BOEC 
(closed bars, N=4 independent donors) and PB-BOEC (open bars, N=3 independent donors) as descri-
bed under Materials and Methods. Addition of angiogenic growth factors VEGF or bFGF had little effect 
on endothelial tube formation, while VEGF+TNF-α and bFGF+TNF-α potently stimulated tube formation. 
A strong response to TNF-α was observed in CB-BOEC, while it had a limited effect on PB-BOEC. B. 
Representative phase contrast microscopical pictures of CB-BOEC stimulated with TNF-α. Upper-left: 
without addition of blocking antibodies; upper-right: addition of 10 μg/ml anti-u-PA blocking antibodies; 
lower-left: addition of 25 μg/ml u-PAR blocking antibody H-2; lower-right: enlargement of the upper-left 
panel. All panels had the same magnification (2.5X), except the enlargement. C. ELISA measurements 
of u-PA antigen in conditioned medium of CB-BOEC (closed bars) and PB-BOEC (open bars) showed 
induction of u-PA by TNF-α in all conditions.
*: p<0.05 CB-BOEC vs. PB-BOEC; #, ^: p<0.05 as compared to CB-BOEC control and PB-BOEC control 
respectively.
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ted from an in vivo angiogenesis co-culture model with murine stromal cells, that 
CB-BOEC are superior to PB-BOEC.  We show in a human in vitro model that the 
angiogenic tube formation by PB-BOEC could be rescued to CB-BOEC levels by the 
addition of VEGF. These results are comparable to the studies by Melero-Martin et 
al., which showed a comparable vasculogenic activity for CB- and PB-BOEC in in 
vivo experiments that include support by human mesenchymal progenitor cells14, 23. 

Although we and others found that the proliferation rate of PB-BOEC is lower than 
that of CB-BOEC, the cell numbers obtained after 6 to 9 passages as used in this 
study will be sufficient for both systemic therapy as well as for seeding of tissue engi-
neered vascular grafts. Au et al. showed that PB-BOEC were not capable to support 
de novo formation of long-lasting vessel like structures in an in vivo neovasculariza-
tion model13 that used the presence of mesenchymal stem cells (MSC). However, 
the often paracrine MSC influence in the latter experiments is hard to appreciate. 
Furthermore a major disadvantage for CB-BOEC is the fact that autologous CB so 
far is almost never available for the often aged cardiovascular patients. Until banking 
of autologous CB-BOEC has come into effect, our results suggest that PB-BOEC 
might be equally applicable as CB-BOEC, since equal proliferation and tube forma-
tion could be reached with the addition of VEGF. Furthermore, a possible disadvan-
tage of the use of autologous PB-BOEC might be the fact that EPC from patient with 
a high risk for cardiovascular disease, like diabetes patients, have lower numbers of 
EPC with often a diminished quality24, 25. This may similarly hamper the ability to cul-
ture and expand PB-BOEC. Modulation of PB-BOEC from CVD patients by statins 
and SDF-1, similar as reported for EPC26, 27, may improve the pro-angiogenic effect 
of BOEC28. 

In conclusion, the results from this in vitro study show that CB-BOEC have better 
pro-angiogenic properties than PB-BOEC, but that both types of BOEC have sui-
table properties to be regarded as a candidates for neovascularization therapy. 
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Supplementary Data

Materials and Methods
Adhesion
To determine the capacity to adhere to wounded endothelium, HUVEC were cultured 
till confluency on fibronectin-coated glasses in a 24 well plate. A wound was applied 
by scratch with a sterile pipette tip. After scratching, medium was replaced by 500 µl of 
culture medium with 5000 calceine (Molecular probes) labeled BOEC. After 4 hours, 
the cell surface was fixed, permeabilized and stained for f-actin and the adherence 
junction protein VE-cadherin{Vestweber, 2008 #1844}. The relative adhesion was 
calculated by counting the number of cells on both the wounded matrix and the 
monolayer and expressed as ratio adhesion to matrix: adhesion to monolayer.

Quantitative PCR array for Angiogenesis
A RT2 Profiler PCR Array from SuperArray Biosciences (Tebu-bio) was performed 
to check for expression of genes involved in facets of angiogenesis, like vascular 
remodeling and growth factor production. Per experiment, a set of 5 house keeping 
genes (HKG) was included. The relative gene expression of the genes was calculated 
as follows: Δ Ct sample = (Ct sample GENE) – (Ct sample HKG). Then, the relative 
gene expression =2 (Δ Ct sample1 - Δ Ct Sample2){Beillard, 2003 #1845}. 

Results
BOEC preferentially adhere to endothelial matrix 
To test the functionally, static adhesion experiments to wounded endothelium were 
performed. Adhesion of BOEC to the scratched HUVEC monolayer was imaged after 
staining with actin to visualize the cells and with VE-cadherin. Figure S1A shows 
that the ratio of adhesion to the endothelial cell layer vs. endothelial cell matrix is 
approximately 1:3, indicating that BOEC have a preference for binding to matrix/
wounded endothelium. No difference was observed between BOEC from both 
sources (CB vs. PB: 2.8±2.2 vs. 3.7±0.3). In addition, BOEC are able to incorporate 
in the migrating HUVEC monolayer. Thereby a clear adherence junction is formed by 
the BOEC with the HUVEC in the monolayer (fig S2B). 

Angiogenic gene expression
BOEC from 2 CB donors and 2 PB donors were analyzed by the PCR array for 
angiogenesis. Table V shows the average delta Ct values ± sd of the 84 genes 
that are quantified in this array. Overall: low expression was observed from anti-
angiogenic genes, such as PF4 (platelet factor 4){Griffioen, 2000 #1846}, CXCL9 
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(MIG){Strieter, 1995 #1847} and CXCL10 (IP10){Strieter, 1995 #1847}{Strieter, 1995 
#1847}, high expression of angiogenic genes, like the genes for VEGF, PlGF and its 
receptors (Flt-1 and KDR){Ferrara, 2003 #1826}, bFGF{Klagsbrun, 1989 #1848} and 
proteinases MMP-2 and PLAU(plasminogen activator/urokinase){van Hinsbergh, 
2006 #285} was observed. The angiogenic gene expression of HUVEC was almost 
completely comparable to that of CB- and PB-BOEC. HUVEC have a clearly higher 
expression of the anti angiogenic genes BAI1 (Brain specific angiogenesis inhibitor)
{Fukushima, 1998 #1849} and a lower expression of NOTCH4, that is also anti-
angiogenic. In addition, the pro-angiogenic genes CCL11, CCL2, CDH5 and PROK2 
(endocrine-gland-derived vascular endothelial growth factor){LeCouter, 2002 #1850} 
are higher expressed in HUVEC. These differences with HUVEC are similar for both 
CB- and PB-BOEC. Supplemental figure 2 depicts the differential expression (2 
power delta delta Ct) of the genes in CB- and PB-BOEC. The genes are sorted for 
their expression level, as can be observed from this figure; the highest differences 
in expression were found among the genes of which the CTs were above 35, so 
drawing a specific conclusion is not possible. 
Although there is some differential expression seen in almost all genes, genes that 
significantly differ between both cell types are Akt-1 and VEGF-C (pro-angiogenic 
factors{Ferrara, 2003 #1826}{O’Neill, 2005 #1851}, higher expressed in PB-BOEC), 
and TIMP-1 and Serpin-F1 (anti-angiogenic{Yoon, 2003 #1852}{Hayasaka, 1998 
#1853}, higher expressed in CB-BOEC). 

Tube formation by PB-BOEC and CB-BOEC
BOEC were cultured on three-dimensional fibrin matrices in the continuous presence 
of bFGF, TNF-α, VEGF, or combinations of these mediators known to induce capillary-
like tubule formation by human microvascular endothelial cells{Koolwijk, 1996 
#107}. After four days of culture, capillary-like tubular structures formed by BOEC 
in the three-dimensional fibrin matrix were analyzed by phase contrast microscopy. 
Representative pictures are shown of both CB- and PB-BOEC on fibrin matrices, in 
the presence of bFGF, TNF-α, or a combination of both.
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Supplementary Table 

> Table S1: Angiogenic gene expression of CB‐BOEC, PB‐BOEC and HUVEC
A RQ-PCR array for 84 angiogenic genes was performed on cDNA of 3 donors of CB-BOEC, PB-BOEC 
and HUVEC. The mean Ct of the HKG were resp. 18.3, 17.9 and 18.0. Genes in bold/italic differ signifi-
cantly between CB-BOEC and PB-BOEC (fig 4). *p<0.05 HUVEC vs BOEC (CB and PB). #: undetectable.
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Gene CB PB HUVEC Gene CB PB HUVEC

AKT1 5,2±0,2 5.9±0.1 5.0±1.1 IL1B 14,2±1,1 15.6±2.3 13.4±1.0

ANGPT1 17,8±5,1 19.9±7.5 14.4±1.8 IL6 7,5±1,7 8.7±0.8 8.5±0.9

ANGPT2 10,2±4,8 7.0±0.8 6.8±0.6 IL8 5,1±2,4 6.5±2.3 5.2±1.1

ANGPTL3 12,9±0,5 13.6±1.5 13.2±1.6 ITGAV 3,9±1,0 5.0±1.8 2.9±0.2

ANGPTL4 9,5±1,0 11.5±0.8 10.4±2.3 ITGB3 7,8±1,5 7.2±0.4 7.5±0.5

ANPEP 3,3±0,2 4.3±1.2 4.1±1.1 JAG1 7,3±0,4 7.9±0.8 7.3±0.5

BAI1 20,6±3,0 17.4±0.9* 12.7±1.3 KDR 6,0±0,8 4.8±1.7 5.3±1.1

CCL11 16,8±1,2 15.9±0.2* 14.2±0.5 LAMA5 6,5±0,2 7.4±1.0 7.8±0.9

CCL2 6,8±1,4 6.2±0.9* 4.1±1.0 LECT1 21,0±3,1 21.4±6.5 16.0±1.6

CDH5 2,3±0,3 2.6±0.8* 1.3±0.3 LEP 21,5±3,5 21.4±7.4 14.4±0.3

COL18A1 5,4±0,8 5.4±0.7 4.6±1.7 MDK 5,7±1,7 5.3±1.0 5.9±1.0

COL4A3 27,4±1,0 # 30.5±1.2 MMP2 2,2±1,1 3.6±1.5 1.1±0.5

CXCL1 6,0±0,6 6.5±1.1 7.6±0.9 MMP9 # 24.3±5.1 16.2±5.6

CXCL10 19,8±5,5 16.6±0.2 14.3±0.8 NOTCH4 9,2±0,4 8.7±0.9 10.2±1.0*

CXCL3 18,0±9,0 15.1±0.3 16.2±1.6 NRP1 5,7±0,5 5.7±1.2 6.2±1.0

CXCL5 14,0±1,3 13.4±0.7 12.4±0.7 NRP2 6,0±1,5 4.0±0.9 4.5±0.6

CXCL6 12,1±1,4 12.0±3.3 13.2±1.4 PDGFA 8,1±0,6 8.8±0.1 7.4±1.1

CXCL9 # 22.7±6.7 15.1±2.2 PECAM1 2,6±0,6 2.0±0.6 2.5±0.4

ECGF1 11,2±1,9 8.8±1.6 10.1±1.1 PF4 18,2±0,8 19.0±2.2 23.1±3.4

EDG1 4,9±0,5 4.9±1.0 4.1±0.8 PGF 7,1±0,4 6.9±0.8 5.2±1.6

EFNA1 5,5±0,8 5.8±1.0 4.8±0.7 PLAU 6,8±0,9 8.1±1.1 7.9±0.9

EFNA3 10,3±0,7 10.6±0.2 9.8±1.0 PLG 19,2±2,9 20.1±5.9 13.8±1.3

EFNB2 5,5±1,2 6.5±1.7 5.1±0.5 PLXDC1 17,9±1,8 19.6±3.1 14.7±1.6

EGF 15,0±3,5 15.2±0.7 15.5±0.8 PROK2 24,0±4,7 23.4±1.2 15.6±0.7*

ENG 1,2±0,5 1.8±0.7 1.1±0.5 PTGS1 5,8±0,3 6.4±1.0 5.4±0.6

EPHB4  6,8±0,5 6.4±0.4 6.0±1.2 SERPINF1 13,2±0,8 11.7±0.4 11.7±0.4

EREG 14,2±1,7 17.5±3.9 15.5±2.4 SPHK1 6,7±0,4 7.1±0.4 6.7±1.0

FGF1 16,6±1,8 24.5±6.1 15.7±4.9 STAB1 4,0±0,7 4.3±0.7 4.0±0.2

FGF2 6,2±0,4 7.2±1.5 7.7±0.4 TEK 7,2±0,6 7.5±1.2 7.0±1.1

FGFR3 12,5±1,3 14.1±0.5 11.1±1.3 TGFA 16,4±5,1 14.4±1.3 9.8±1.2

FIGF 13,6±1,6 12.5±2.2 12.3±1.2 TGFB1 2,9±0,4 3.8±0.8 2.9±0.3

FLT1 9,2±1,4 9.7±1.7 7.8±0.9 TGFB2 6,1±1,3 8.9±0.9 4.9±0.4

HAND2 21,5±5,9 # 13.3±1.8 TGFBR1 7,6±1,2 8.7±1.3 7.2±0.6

HGF 13,8±0,7 14.4±2.2 17.2±2.0 THBS1 -0,6±0,7 -0.2±1.2 -1.0±0.3

HIF1A 5,5±0,3 5.4±1.3 4.5±0.7 THBS2 15,7±1,4 17.8±1.1 15.2±3.5

HPSE 7,6±1,0 9.1±1.2 10.1±0.9 TIMP1 4,8±0,1 4.1±0.2 4.0±0.4

ID1 4,0±0,7 5.1±0.7 4.5±1.8 TIMP2 3,5±0,9 3.7±0.4 2.6±0.1

ID3 15,2±1,3 16.0±0.9 16.9±2.7 TIMP3 # # 15.7±1.5

IFNA1 16,5±0,7 17.3±2.1 14.7±0.9 TNF 18,3±2,4 18.3±2.3 14.2±2.0

IFNB1 16,9±1,5 19.4±5.0 14.7±1.0 TNFAIP2 7,7±1,3 7.1±0.7 7.7±0.3

IFNG # # 28.2±0.3 VEGF 8,5±0,8 9.2±0.8 9.4±0.3

IGF1 19,6±4,2 20.1±3.9 13.2±1.3 VEGFC 6,1±0,1 7.2±0.8 8.1±0.9
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Supplementary Figures

> Fig S1. Phenotyping of BOEC and upregulation of ICAM-1 and VCAM-1 after 18h TNF-α stimu-
lation 
A: FACS analysis of CB-BOEC, PB-BOEC and HUVEC. B: were incubated overnight with 10ng/nl TNF-α. 
To study the inflammatory response, the upregulation of ICAM-1 and VCAM-1 was measured by flow 
cytometry. Both CB- and PB-BOEC show a similar upregulation of ICAM-1 and VCAM-1 like HUVEC after 
TNF-α stimulation.
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Fig S2. Adhesion of BOEC on wounded HUVEC
Static adhesion experiments were performed with BOEC on a scratched HUVEC monolayer. A: The 
fold adhesion to matrix vs. HUVEC monolayer was calculated from the cell/surface ratio from images as 
shown in A. BOEC prefer binding to endothelial matrix and no difference was observed between CB- and 
PB-BOEC (B). C: Monolayers of HUVEC, incubated with calcein labeled BOEC, were stained with Phal-
loidin (blue) to visualize the actin cytoskeleton of the cells. VE-cadherin staining (red) shows adherence 
junctions between BOEC (white) and HUVEC (C, white arrows). 

> Fig S3. Angiogenic gene expression of CB- and PB-BOEC as determined by an angiogenesis 
PCR array
Expression of genes by CB-BOEC was set at 1. The grey rectangle indicates the genes with a Ct above 
35. Genes expressed below 0.5 were expressed higher in PB-BOEC, genes expressed higher than 2 
were expressed higher in CB-BOEC. *p<0.05. 
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Fig S4. Production of u-PA antigen
Production of u-PA antigen in the 48h conditioned medium of CB-BOEC (closed bars) and PB-BOEC 
(open bars) was determined after incubation without (upper panel) or with 25 μg/ml uPAR blocking mo-
noclonal antibody H-2 (lower panel). TNF-α (10 ng/ml) markedly stimulated the overall production of u-PA 
antigen, of which only a small part was bound to or taken up by the uPAR as revealed from the compari-
son of the production with and without antibody H-2. Mean ± range are given of CB- and PB-BOEC of two 
independent blood donors each.
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Fig S5. Tube formation on fibrin matrices by CB- and PB-BOEC
Representative phase contrast microscopic pictures (2.5X magnification). 




