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An effective isolation protocol for outgrowth endothelial cells (OEC) resulting in higher cell numbers and a
reduced expansion time would facilitate the therapeutical application. In this study a standard protocol based on
the isolation of mononuclear cells from adult peripheral blood was modified by adding a passaging step 7 days
after the isolation. OEC colonies gained by both protocols were evaluated after 28 days and resulted in different
frequencies of OEC colonies depending on the donor and culture protocol. Accordingly, we defined two groups,
namely, high colony-forming cultures (HCC) and low colony-forming cultures (LCC) for further analysis. LCC
revealed no increase in OEC colonies by the modified protocol, whereas in HCC the frequency of OEC colonies
was significantly improved by the passaging step. Quantitative real-time polymerase chain reaction, flow cy-
tometry, and immunofluorescence for endothelial markers indicated an enrichment of OEC by protocol modifi-
cation in HCC. In addition, HCC revealed higher expression of CD34 and CD133 compared to LCC and resulted in
higher numbers of OEC gained per donor, which was further improved by the modified protocol. We conclude
that the modified protocol supports the selection of OEC from adult peripheral blood with a high clonogenic
potential and results in a better efficacy in OEC isolation.

Introduction

Endothelial progenitor cells (EPC) from adult pe-
ripheral blood or cord blood have raised significant

interest as a potential cell source for proangiogenic cell ther-
apies. Nevertheless, the definition of the therapeutically most
promising cell population is still a matter of debate. One
subpopulation occurring within EPC cultures isolated from
the peripheral blood mononuclear fraction is characterized by
a series of endothelial markers or functions and therefore
often designated as outgrowth endothelial cells (OEC) or en-
dothelial colony-forming cells.1–3 OEC appear as individual
colonies with cobblestone-like morphology after 3 to 4 weeks
in culture and can be expanded in vitro without loosing their
endothelial phenotype. Several groups have shown that OEC
are able to contribute to the neovascularization process in vivo
by forming functional vessels anastomosed to the host’s vas-
culature.4,5 Nevertheless, the therapeutical success critically
depends on the experimental settings such as coimplantation
strategies4–6 with stabilizing cells or carrier-based delivery
approaches allowing a site-directed therapy.6,7

In laboratory practice the expansion procedure for OEC is
time consuming and thus incompatible with acute cell therapy
of ischemic tissues. Different isolation protocols aiming at the

specific isolation of OEC from heterogeneous EPC cultures
have been described using surface markers such as CD348 or
CD146,9 although the origin and potentially the marker pro-
file of cells appearing as colonies in heterogeneous EPC cul-
tures might differ. Nevertheless, also in isolation procedures
based on surface markers isolated cells have to be expanded
in vitro to achieve adequate cell numbers for therapeutic ap-
plications. Despite the fact that the phenotype of OEC seems
to be stable during the in vitro expansion phase, the angiogenic
potential of OEC in vivo appears to decrease with passage
number or to be reduced in cells from adult blood compared
to cord-blood-derived OEC.5 In addition, long-term in vitro
expansion of OEC might be associated with genetic instability
and chromosomal aberrations.10 Thus, there is a need for al-
ternative culture protocols ensuring both a reduction of in vitro
expansion time and the optimization of OEC numbers gained
from one individual donor. In this study we propose a simple
modification of a standard protocol for the isolation of OEC
from peripheral blood by including a passaging step in the
early phase of EPC culture. For several donors we directly
compared the effect of this modified protocol on the number
of OEC colonies, the total number of OEC gained per donor,
and the enrichment of OEC from heterogeneous endothelial
progenitor cultures. Further, we compared potential effects on
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the cellular phenotype of OEC selected by the individual
isolation protocols. Two groups of donors were observed that
differed in the abundance of OEC colonies and permitted a
classification of the cultures as high colony-forming cultures
and low colony-forming cultures (HCC and LCC, respec-
tively). Significantly, the protocol modification had a marked
positive selection effect on the former (HCC), but not on the
latter (LCC). These two groups of donors were compared in
terms of EPC-relevant markers such as CD34 and CD133 by
quantitative real-time polymerase chain reaction (PCR) and
flow cytometry in dependence on the culture protocol.

Materials and Methods

The use of the human cells was approved by the local ethics
committees and included also the consent of the individual
donors. In this study we compared two different proto-
cols for the isolation and culture of OEC from mononuclear
cells (MNC) isolated from human peripheral blood buffy
coats. Human peripheral blood MNC were isolated by Ficoll
(Sigma-Aldrich, Steinbach, Germany) density centrifugation
from buffy coats as previously published.11 After this com-
mon step for both protocols, half of MNC from each indi-
vidual donor was cultured according to a standard protocol
or according to a modified protocol as described in the fol-
lowing sections. A schematic overview of the process is de-
picted in Figure 1.

Isolation and culture of MNC according
to the standard protocol

MNC were seeded on 24-well culture plates coated with
collagen type-I (BD Biosciences, Heidelberg, Germany) at a
density of 5�106=well. Cells were cultivated in endothelial
cell growth medium-2 BulletKit (CC-3162; Lonza, Verviers,
Belgium) supplemented with growth factors provided by the
manufacturer, with 5% fetal calf serum (Gibco Life Techno-
logies, Karlsruhe, Germany) and 1% penicillin=streptomycin
liquid (Gibco Life Technologies) in a humidified atmosphere
(378C, 5% CO2). Medium was changed three times a week.
After 3 to 4 weeks single colonies of OEC with cobblestone-
like morphology and endothelial characteristics appeared.
These cells were designated as stOEC (OEC derived from
standard protocol) in the following sections. After reaching con-
fluency OEC were trypsinized and expanded on fibronectin-

coated 24-well plates over several passages using a splitting
ratio of 1:2.

Isolation and culture of MNC according
to the modified protocol

In this protocol MNC from peripheral blood isolated ac-
cording to the standard protocol as described above and
seeded in a density of 5�106 cells=well were trypsinized after
7 days of culture and seeded on fibronectin-coated (Millipore,
Schwalbach, Germany) 24-well culture plates in a seeding
density of 0.5�106 cells=well. At the time point of cell pas-
saging the cultures were characterized by a mixed popula-
tion of cells as described in a previous publication.11 After
the passaging step cells were maintained under the same
culture conditions as described for the culture for the MNC
in the standard protocol. In these cultures, colonies with
cobblestone-like morphology similar to stOEC developed.
These cells derived from this modified protocol were defined
in the following sections as mOEC (OEC derived from the
modified protocol).

OEC colony formation and comparison
of total cell numbers

OEC colonies characterized by cobblestone-like morphol-
ogy were identified by light microscopy. The number of col-
onies obtained from the standard protocol or from the
modified protocol was compared for each individual donor 28
days after the isolation and standardized to a reference value
for the number of seeded MNCs (mean value for the number
of MNC=2) to exclude influences by different numbers of
MNC gained per isolation. In addition, the total number of
OEC per donor harvested from the individual protocols was
monitored over the entire culture period.

Immunofluorescence of cell fraction isolated
from peripheral blood

Twenty-eight days after the isolation of MNC, whether
isolated according to the standard or the modified protocol,
cells were investigated by immunofluorescence for the en-
dothelial markers von Willebrand factor (vWF) and CD31. In
brief, cells were fixed with 3.7% paraformaldehyde (Merck,
Darmstadt, Germany) and permeabilized using 0.1% Triton�

X-100 (Sigma-Aldrich). For staining the anti-human vWF

FIG. 1. Schematic diagram of the standard and modified protocol for the isolation of OEC from MNC. OEC, outgrowth
endothelial cells; MNC, mononuclear cells.
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(A0082; Dako, Hamburg, Germany) antibody was diluted
1:8000 and CD31 (M0823; Dako) was diluted 1:50 in 1% bo-
vine serum albumin (Sigma-Aldrich) in phosphate-buffered
saline (PBS). Cells from the different isolation protocols were
incubated with both primary antibodies for 1 h at room
temperature. After washing with PBS, cells were labeled with
the corresponding secondary antibody, Alexa 488 anti-
mouse (A-11029; MoBiTec, Göttingen, Germany) and Alexa
546 anti-rabbit (A-11010; MoBiTec) diluted 1:1000 in 1% bo-
vine serum albumin in PBS for 1 h at room temperature. After
incubation, cells were washed and cell nuclei were counter-
stained with Hoechst, diluted 1:1000 (Sigma-Aldrich). Sam-
ples were mounted with Gelmount (M01; Biomeda, Foster
City, CA) and analyzed using confocal microscopy (Leica
TCS-NT; Wetzlar, Germany) and fluorescence microscopy
(Delta Vision and softWoRx; Applied Precision).

Flow cytometry analysis

The percentage of CD146- and CD34-positive cells resulting
from MNC isolated and cultured according to the standard or
the modified protocol was compared by flow cytometry 28 days
after the isolation of MNC from the peripheral blood. Briefly,
cells from same donor obtained by the individual protocols
were incubated with anti CD146-Phycoerythrin (PE) (550315;
BD Biosciences), CD34–fluorescein isothiocyanate (130-081-001;
Miltenyi, Bergisch-Gladbach, Germany), or isotypic control anti
immunoglobulin G1-PE (555749; BD Biosciences) or anti im-
munoglobulin G–fluorescein isothiocyanate (BD Biosciences)
according to the manufacturer’s protocol (20 min at 48C). Ana-
lysis was performed for at least three individual donors using
FACSCalibur (BD Biosciences) and CellQuestPro software (BD
Biosciences). Results depicted in the histogram plots are repre-
sentative for cells gained from several donors.

Gene expression analysis

Twenty-eight days after isolation cells from individual
donors isolated and cultured according to the standard or the
modified protocol were characterized by quantitative real-
time PCR. Real-time PCR was performed for the endothelial
markers vWF, CD146, Kinase insert domain–containing re-
ceptor (KDR), CD31, and caveolin-1; for the endothelial
precursor markers CD34 and CD133; and for the hemato-
poietic marker CD45. For gene expression analysis total RNA
was extracted from cells, isolated by the standard protocol or

by the modified protocol using RNeasy Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. RNA
was transcribed into cDNA using Omniscript RT kit (Qiagen).
Quantitative real-time PCR was performed using Applied
Biosystems 7300 Real-Time PCR System (Applera Deutsch-
land, Darmstadt, Germany). About 12.5mL of QuantiTect�
SYBR� Green PCR Master Mix, 2.5 mL of QuantiTect SYBR
Green primer assay, 6mL of RNase-free water, all provided
by Qiagen, and 4mL of cDNA (1 ng=mL) were used for one
reaction. Primer information is summarized in Table 1.
Amplification was performed with the following thermo-
cycler program—stage 1: 958C, 15 min; stage 2: 948C, 15 s;
558C, 30 s; 728C, 35 s (stage 2 was repeated for 40 cycles);
stage 3: dissociation step. Glyceraldehyde 3-phosphate de-
hydrogenase was used as internal control and each gene was
processed in triplicate. Relative quantification of gene expres-
sion was performed using Applied Biosystems Sequence
Detection software v.1.2.2.

The gene expression levels in cells cultured under standard
or modified conditions or from LCC or HCC was compared
(reference value expression in LCC cultured under stan-
dard conditions set to 1) as indicated in the individual
graphs, and the difference was considered to be significant
if p-values obtained from the paired Student’s t-test and
analysis of variance were less than 0.05 or 0.03, respectively.

Proliferation curves of stOEC and mOEC

When cells of the same donors from the standard and the
modified protocol reached confluence, cells were trypsinized
and expanded over several passages using a splitting ratio of
1:2. Cell numbers of stOEC and mOEC were determined
using a counting chamber and light microscopy. Growth
curves of stOEC and mOEC were calculated.

Population doubling level (PDL) and population doubling
time (PDT) were calculated using the following equations:

PDL¼ ½log ðcell number of passageÞ
� log ðcell number seededÞ�=log 2

PDTðhÞ¼ tðhÞ=PDL:

Statistical analysis

Significant differences were determined using the paired
Student’s t-test or analysis of variance. Statistical analysis

Table 1. Primer Information for Primers Used in Real-Time Polymerase Chain Reaction

Gene name Primer assay name Catalog number

vWF Hs_VWF_1_SG QuantiTect Primer Assay (200) QT00051975
CD146 Hs_MCAM_1_SG QuantiTect Primer Assay (200) QT00079842
KDR Hs_KDR_1_SG QuantiTect Primer Assay (200) QT00069818
CD34 Hs_CD34_1_SG QuantiTect Primer Assay (200) QT00056497
CD133 Hs_PROM1_1_SG QuantiTect Primer Assay (200) QT00075586
CD45 Hs_PTPRC_1_SG QuantiTect Primer Assay (200) QT00028791
GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay (200) QT00079247

Gene name Sequence Annealing temperature

CD31 Forward 50- CCGGATCTATGACTCAGGGACCAT-30

Reverse 30-GGATGGCCTCTTTCTTGTCCAG-50
558C

vWF, von Willebrand factor; KDR, Kinase insert domain–containing receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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was performed with Excel (Microsoft, München, Germany).
Statistical significance was assessed when the p-value was
less than 0.05 or 0.03, respectively.

Results

Evaluation of OEC colony formation
by protocol modification

The isolation of OEC according to our previously published
protocols usually results in OEC colony formation in 68% of the
isolations of MNC from adult peripheral blood. In this study
we modified the protocol as described above by including a
passaging step after 7 days of culture of MNC. The effect on the
number of OEC colonies formed in response to the protocol
modification using an overall evaluation of 23 donors 28 days
after the isolation of MNC from peripheral blood buffy coats is
depicted in Figure 2. We observed two groups of cultures re-
vealing different effects on the number of OEC colonies by the
protocol modification. One group of cultures was characterized
by an abundant appearance of OEC colonies, whereas in other
cultures the number of OEC colonies was significantly lower.
According to these characteristics the cultures were grouped
for further analysis as described in detail in Table 2 into (1) LCC
and (2) HCC. In the group of HCC the formation of OEC col-
onies (n¼ 9 donors) was significantly increased by the modi-
fied protocol (Fig. 2). Compared to this, there was no significant
effect by the modified protocol in the group of LCC (n¼ 14).
Nevertheless, the difference in the frequency of colonies in LCC
and HCC was also observed when cells were isolated accord-
ing to the standard protocol. HCC appear at a frequency of 39%
in all tested donors from peripheral blood with the donor
distribution according to age and sex as indicated in Table 2.
Similar effects were observed using collagen as substrate, re-
vealing the same beneficial effect of the protocol modification
on the colony formation in HCC (data not shown).

Morphological appearance and immunofluorescent study
of cultures after 28 days

Using immunofluorescence for the endothelial markers
CD31 and vWF (Fig. 3), we assessed the morphological ap-
pearance of cultures derived from the standard or the modi-

fied protocol or from LCC and HCC, respectively. In the
cultures from the standard protocol (Fig. 3A, B, E, F) mainly
single cells revealing no mature cobblestone-like morphology
were observed. These cells revealed some fluorescent labeling
for endothelial markers, although the immunofluorescent
pattern typical of mature endothelial cells was not observed.
In these heterogeneous cultures from the standard protocol
only single-cell colonies with the morphological characteris-
tics of mature endothelial cells typical of OEC were observed
(data not shown), reflecting also the low frequency of OEC
colonies as indicated in Figure 2. On the other hand, the pro-
tocol modification resulted in cultures that contained cells of a
morematureendothelialphenotypeindicatedbylargerpatches
of endothelial cells expressing the endothelial marker CD31
along the intercellular contacts (white arrows in Fig. 3C, G)
and vWF in typical dotted pattern in the perinuclear region
(Fig. 3D, H). The morphological appearance of the OEC col-
onies obtained by HCC (Fig. 3G, H) and LCC (Fig. 3C, D) or
from the standard or modified protocol (data not shown)
seemed to be uneffected.

Quantitative real-time PCR for the evaluation
of gene expression in culture after 28 days

To obtain quantitative data about which cell types are po-
tentially enriched by the protocol modification or how cells
from HCC and LCC differ in their gene expression, cultures
were analyzed by quantitative real-time PCR 28 days after
isolation. For the analysis we used several markers for mature
endothelial cells, such as CD31, vWF, CD146, KDR, and ca-
veolin-1 also used in our previous studies for OEC,11 as well
as markers associated with progenitor cell function, such as
CD34,12–14 CD133,12,14 and CD4515–17(Fig. 4). In HCC we ob-
served significantly higher expression of markers for mature
endothelial cells, such as vWF, CD31, CD146, and KDR, as
well as upregulated expression of progenitor markers CD34
and CD133 compared to LCC. In HCC the relative expression
rates of these markers could be further increased by protocol
modification although these findings were only significant for
vWF, CD31, KDR, and CD34. On the other hand, markers
such as the hematopoietic marker CD45 and caveolin-1 were
significantly reduced in HCC compared to LCC.

FIG. 2. Quantification of OEC colonies.
Number of observed OEC colonies (28
days after isolation) per 2.5�108 seeded
MNC cultured according to the standard
protocol or the modified protocol. Donors
were grouped as LCC and HCC. *Stu-
dent’s t-test was performed and consid-
ered significant if p� 0.05. LCC, low
colony-forming cultures; HCC, high
colony-forming cultures.
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Flow cytometry for single cell evaluation
of cultures

The frequency of cells carrying the mature endothelial
marker CD146 or the endothelial progenitor marker CD34 in
HCC and LCC derived from the standard or modified pro-
tocol was further investigated at the single cell level by flow
cytometry after 28 days of culture. Histograms representative
of several donors and quantitative data in percentage of total
(mean value n¼ 3 donors) for individual markers are depicted
in Figure 5. In HCC significantly more CD146-positive cells
were observed, representing 5.3� 1.7% of total cells, com-
pared to 0.5� 0.3% of total cells in LCC. Similar findings were
observed for CD34, resulting in a significantly higher fre-
quency of CD34-positive cells in HCC (7.5� 4.2%) compared
to cultures derived from LCC (2.0� 2.1%). The protocol
modification including the passaging step resulted in a sig-
nificant enrichment of CD146-positive cells in HCC from
5.3� 1.7% to 45.3� 14.9% (Fig. 5B). In addition, the number of
CD34-positive cells was also increased in cultures from the
modified protocol from 7.5� 4.2% to 41.3� 20.6% (Fig. 5D).
Flow cytometry was also used to assess the purity of the HCC
and LCC after longer periods of expansion in vitro (64 days
after the isolation). In LCC 99.4� 0.04% of the cells for the
standard and 91.3� 5.3% for the modified protocol were
positive for CD31. In HCC the purity with regard to CD31 was
99.0� 0.5% for the standard protocol and 98.8� 0.6% for the
modified protocol.

Cell proliferation and cell numbers obtained
per donor

Cell proliferation of stOEC or mOEC or from HCC or LCC,
respectively, was monitored over the culture period. Growth
curves based on cell counting are depicted in Figure 6A as
mean values for at least three donors per group. Growth curves
depicted were limited to 70 days of culture because of the
differences in the expansion time for the individual OEC do-
nors (compare Table 3). After 70 days some of the donors
entered a senescent state, whereas others proliferated over a
much longer culture time. Therefore, the total cell numbers
obtained per donor during the overall culture time are indi-
vidually listed in Table 3. Isolations from HCC cultured ac-
cording to the modified protocol resulted in the highest
numbers of OEC. Comparing the total amount of cells received
during in vitro expansion the protocol modification in HCC
resulted in OEC numbers as twice as high as in the standard
protocol (Table 3). The differences regarding the OEC cell
numbers in HCC and LCC were already observed in the earlier
phases of the cultures (Fig. 6A). This was also reflected by the
effect of the modified protocol on the number of colonies. On
the other hand, the number of OEC received from LCC was
significantly lower and was not affected by the modified pro-
tocol. According to the growth curves (Fig. 6A) the proliferation
of OEC slowed down with progressing culture time with a
slightly higher effect on the cells derived from the modified
protocol. This was also demonstrated by comparing the PDTs

Table 2. Definition and Occurrence of High and Low Colony-Forming Cultures Depending

on Donor’s Sex and Age

Low colony-forming culture High colony-forming culture

Definition (n¼ 23) <10 OEC colonies=2.5�108

seeded MNC in cultures from modified protocol
>10 OEC colonies=2.5�108 seeded

MNC in cultures from modified protocol

Percentage of total (n¼ 23) 61 39

Sex Male (n¼ 11) Female (n¼ 3) Male (n¼ 7) Female (n¼ 2)

Percentage of male=female 61 40 39 60

Age of donor 33.1� 9.9 39.5� 12.5 39.3� 10.1 44.7� 10.1

OEC, outgrowth endothelial cells; MNC, mononuclear cells.

FIG. 3. Immunofluorescence staining
for endothelial markers. Morphology
and immunofluorescence pattern is
depicted for cells obtained from the
standard protocol (A, B, E, F) or from
the modified protocol (C, D, G, H)
28 days after isolation. Representative
images of low colony-forming cells
(upper row) and high colony-forming
cells (lower row) in dependence of the
culture protocol are presented for CD31
(B, C, F, G) and vWF (A). (A, D, E, H)
staining. Scale bars (A–H): 75mm. vWF,
von Willebrand factor. Endothelial
contacts are highlighted by arrows.
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depicted in Figure 6B. PDTs seemed to increase with progress-
ing culture time, with a slightly higher effect in cells derived
from the modified protocols, irrespective of whether they
derived from HCC or LCC. In addition, we observed no dif-
ference in the life span of cells derived from HCC or LCC
(Table 3).

Discussion

The concept of cellular therapies to improve vasculariza-
tion of tissue-engineered constructs or in tissues undergoing a
regeneration process has been critically discussed over the last
years. Despite several studies showing that this concept can
lead to actively perfused vessels after implantation, the se-
lection of therapeutically relevant EPC, their expansion in vitro,
and the protocols for their application still need to be further
improved. A reduction of the expansion time, as well as a
higher number of OEC obtained per individual donor will be
essential steps toward a clinical application. In this study we
propose a modified protocol for the isolation of OEC, result-
ing in higher colony frequencies and cell numbers in HCC. In
addition, HCC seem to be enriched in cells with characteristics
reported for EPC, as indicated by data from real-time PCR
and flow cytometry.

According to the current knowledge EPC are contained in
very low numbers in peripheral blood and represent only
0.01% to 0.0001% of MNC.18 This low frequency, together
with the lack of commonly accepted markers, complicates
their accurate detection or directed isolation. Many of the
cells termed EPC might support the neovascularization

process more by paracrine or indirect and synergistic effects
than by differentiation into mature and functional endo-
thelial cells.19,20 In contrast to this, OEC are a distinct pop-
ulation with a promising angiogenic potential.21–23 Among
the heterogeneous cell types obtained from peripheral blood
MNC, OEC appear as endothelial colonies in the later stages
of the culture. In this study 68% of cultures from different
donors were able to generate OEC colonies. Twenty-eight
days after standard isolation about two to six OEC colonies
per 2.5�108 seeded MNC appeared, representing 0.0008% to
0.0025% of MNC. Because of considerable differences in the
number of OEC colonies depending on the donor, cultures
were classified into LCC (61% of total donors) and HCC
(39% of total donors). The number of OEC colonies in HCC
was significantly higher than in LCC independent of the
culture protocol, although the protocol modification further
improved the colony formation. Many factors associated
with individual donors such as trauma, cardiovascular dis-
ease, or tumorigenesis might influence the number of EPC
or endothelial colony-forming cells as reviewed in Ref.,24

which was not the scope of the present study. In our study
the blood was obtained from healthy donors undergoing
blood donations according to the standard control mecha-
nisms. The present study was performed without additional
information regarding the health conditions for individual
donors. Sixty percentage of isolated cultures from female
donors and only 39% of male donors could be assigned to
HCC, whereas the age of the donor was irrelevant. These
results are consistent with those of Hoetzer et al., who
demonstrate that EPC isolated from middle-aged women

FIG. 4. Gene expression analysis by quan-
titative real-time polymerase chain reaction.
(A) Relative quantification of endothelial
markers vWF, CD146, KDR, and CD31; (B)
relative quantification of the hematopoietic
marker CD45 and Cav-1; and (C) relative
quantification of the endothelial precursor
cell markers CD34 and CD133 depicted for
LCC and HCC and their respective culture
protocols. Gene expression was analyzed 28
days after the isolation and statistically eval-
uated by Student’s t-test with *p� 0.05 and
**p� 0.03.
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have a higher colony-forming capacity than those from men
of similar age.25 Further details on the potential reasons for
the difference in HCC and LCC and the consequences for the
protocol modification will have to be determined in future
studies.

According to our study the modified protocol, which in-
cludes a passaging step 7 days after the isolation of MNC,
leads to the enrichment of OEC in HCC from peripheral blood
cultures. This was indicated by increased levels of markers for
mature endothelial cells and endothelial cell colony-forming
cells1,2 in real-time PCR (vWF, CD146, CD31) and by flow cy-
tometry (CD146). On the other hand, the protocol modification
showed no effect on LCC. Besides this difference for mature
endothelial markers in HCC and LCC, we also observed dif-
ferences in gene expression of markers associated with an EPC
type, such as CD133 and CD34.12,14,26 This was accompanied
by lower expression rates of caveolin-1 and CD45 expression in

the real-time PCR and in higher rates of CD34-positive cells in
the flow cytometry study in HCC. Although we have not di-
rectly shown that OEC colonies derive from CD34-positive
cells, our study suggests a positive correlation of CD34 ex-
pression in HCC with the number of OEC colonies. This is in
accordance with reports from the literature, providing in-
creasing evidence that OEC derive from CD34þ=CD45� cells in
the blood.8,27 Nevertheless, CD34 is also expressed on hema-
topoietic cells as well as on mature endothelial cells but often
lost during in vitro cultivation. Further, we also observed in-
creased expression of CD133 in real-time PCR in HCC, which is
also used by several groups as a marker for EPC. Nevertheless,
Timmermans et al.8 showed that OEC do not derive from
CD133þ=CD45� cells, this being in accordance with a study by
Case et al.,27 who showed that endothelial colony-forming cells
occur in CD34þ CD45� cultures, but are absent in cell cultures
selected for CD34þ CD133þ VEGFR-3þ cells.

FIG. 5. Flow cytometry. Representative histogram plots for the endothelial markers CD146 (A) and CD34 (C) are depicted
on the left side showing the specific staining (continuous line) and the isotypic controls (broken line). Histograms are depicted
for HCC and LCC derived from the standard or modified protocol as indicated in the graph. Bar charts depict mean values of
CD146-positive (B) and CD34-positive (D) cells for the individual groups determined as mean values of at least n¼ 3 donors.
**p� 0.03.
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Another marker differentially expressed in HCC and
LCC is caveolin-1, which is highly expressed in mature
endothelial cells,28 including OEC, but absent in cells often
defined as early EPC.1,11 In addition, the upregulation of
caveolin-1 correlates in many types with cellular senes-
cence.29,30 In HCC cultures we observed significantly lower
expression of caveolin-1 compared to LCC. According to these
differences in the marker expression with regard to EPC
markers and caveolin-1, one might suppose that HCC are
potentially less differentiated than LCC or might derive from
more stem-cell-like precursors. Nevertheless, whether these
differences in marker expression in our study might indicate
different origins of OEC is currently unclear and needs further
investigation.

Differences in endothelial colony-forming cells from the
peripheral blood or cord blood were reported by several

groups mainly in terms of their proliferative capacity, which
was associated with their origin from the vessel wall or from
bone-marrow-derived stem cells. Studies by Lin et al.3 with
sex-mismatched bone-marrow-transplanted patients showed
that endothelial colony-forming cells or OEC originate from
two different sources such as circulating angioblasts derived
from the bone marrow donor or from circulating cells from the
recipient. The proliferation capacity of OEC derived from
angioblasts was markedly higher than the proliferation ca-
pacity derived from circulating cells including also mature
cells shed from the vessel wall. Nevertheless, clonogenic
analysis of colony-forming endothelial cells in other studies
also suggests that endothelial cell colony-forming cells exhibit
a hierarchy with differences in proliferation capacity and
clonogenic potential.31 Moreover, in endothelial cells from the
vessel wall proliferation capacity and clonogenic potential can

FIG. 6. Cell proliferation. Growth curves
of xOEC from HCC and LCC obtained by the
standard or the modified protocol are de-
picted in (A) as indicated in the graph using a
logarithmic scale. Panel (B) depicts the PDT
for LCC and HCC depending on culture
protocol and culture time. PDT, population
doubling time.

Table 3. Evaluation of Total Cell Numbers Gained Per Individual Donors Depending on Culture Time

Standard protocol Modified protocol

Donor

Number of
OEC colonies
28 days after

isolation
Total cell
number Day

Number of
OEC colonies
28 days after

isolation
Total cell
number Day

Low colony-forming culture 1 3 2.0�105 64 4 3.2�106 64
2 2 2.6�106 85 2 2.6�106 85
3 2 2.4�107 78 3 6.3�106 78

Mean value 8.9�106 4.0�106

High colony-forming culture 1 2 6.8�105 69 28 4.8�107 69
2 4 1.5�108 104 23 5.2�108 104
3 9 4.7�106 43 56 2.6�107 36
4 7 2.2�108 71 24 2.7�108 65

Mean value 9.4�107 2.2�108
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range from cells with a limited replicating capacity to cells
with a high proliferation capacity.32 Nevertheless, differences
in the marker profile between progenitor-derived and vessel-
wall-derived cells, or high and low proliferating cells, re-
spectively, were not reported in these studies.

In our study the proliferation curves of OEC from LCC
and HCC monitored over the culture time were similar and
independent of the culture protocol, but nevertheless dif-
fered in the numbers of OEC contained in the early stages of
cultures investigated after 28 days. The effect of the protocol
modification on HCC including a passaging step might be
associated with the higher clonogenic potential of HCC
compared to LCC, as previously reported.31,32 Thus, pas-
saging of cells at an earlier stage might support the selection
of cells with a higher clonogenic potential, also resulting in
higher numbers of OEC obtained per individual donor.

For a therapeutical application the identification of OEC in
earlier phases of the culture, as well as a detailed analysis
of their origin from specific cell types, would be desirable.
Nevertheless, problems of identification are partly due to
technical difficulties in detecting OEC or their progenitors
appearing in very low frequencies in heterogeneous cell
populations from the peripheral blood. We combined real-
time PCR and flow cytometry to characterize OEC from HCC
and LCC. Steurer et al. recently compared these two methods
to detect circulating endothelial cells and EPC.33 In the so-
called spiking experiments, using defined numbers of circu-
lating endothelial cells added to heterogeneous blood MNCs,
detection limits were found to be in the range of 0.001% for
quantitative real-time PCR or 0.01% for flow cytometry. Al-
though the real-time PCR was 10 times more sensitive than
flow cytometry, the specifity of the real-time PCR was lower
due to the methological problems associated with this tech-
nology. This includes the lack of markers exclusively ex-
pressed on the relevant cell types, such as expression of CD34
on hematopoietic cells. In addition, real-time PCR lacks the
ability to identify specific cellular subpopulations by simul-
taneous analysis of multiple markers at the single-cell level.
Using both methods was therefore essential to investigate the
effect of the protocol modification in the present study.

In conclusion, an enrichment of relevant cell types by
protocol modification as suggested in the present study
might be valuable in further improving the detection of en-
dothelial cell colony-forming cells or their progenitors. This
method might serve as an alternative or as an additional step
for currently used protocols for EPC isolations. Moreover,
the protocol modification resulted in higher numbers of OEC
gained per donor in HCC and is potentially associated with
their higher clonogenic potential. Last but not least, initial
findings concerning the differences in gene expression in
HCC and LCC further support the current understanding of
endothelial cell hierarchy in adult blood-derived endothelial
cell colony-forming cells.
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