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Abstract

The limited availability of qualified endothelial progenitor cells (EPCs) is a major challenge for
regenerative medicine. In the present study, we isolated human EPCs from human umbilical vein
endothelial cells (HUVECs:) by using magnetic micro-beads coated with an antibody against human
CD34. Flow cytometric assay showed that majority of these cells expressed VEGFR2 (KDR),
CD34 and CD133, three molecular markers for early EPCs. It was also found that a bioreactor
micro-carrier cell culture system (bio-MCCS) was superior to dish culture for in vitro expansion of
EPCs. It expanded more EPCs which were in the early stage, as shown by the expression of
characteristic molecular markers and had better angiogenic potential, as shown by matrix-gel
based in vitro angiogenesis assay. These results suggest that HUVECs might be a novel promising
resource of EPCs for regenerative medicine and that a bio-MCCS cell culture system might be

broadly used for in vitro expansion of EPCs.
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Introduction

Endothelial progenitor cells (EPCs) are stem/
progenitor cells with the potential to differentiate into
mature endothelial cells [1]. In contrast with mature
endothelial cells, EPCs have a greater ability to
proliferate and to contribute to angiogenesis [2-5].
Accumulated evidence suggests an importance of
EPCs for neovascularization and vascular remodeling
[6-8]. Moreover, EPCs have been used to treat
vascular diseases [9], promoting reconstruction of
ischemic regions [10], and have the potential for
regenerative medicine therapy [11, 12]. However, the
limited availability of EPCs has been the major
restriction to their broad application for cell research
and regenerative medicine.

Early and late stage EPCs can be characterized
by surface markers and biological properties [13], but

no unique definitive marker for EPCs has been
described. However, three molecular markers, CD133,
VEGFR2 (KDR), and CD34 are widely accepted as
characteristics of early stage EPCs [13]. EPCs have
been mainly isolated from bone marrow (BM) and
peripheral blood (PB), as well as umbilical cord blood.
BM-derived EPCs express CD133, VEGFR2 (KDR),
and CD34, representing more immature progenitors
in an early stage [13, 14]. On the other hand,
PB-derived EPCs can be obtained through repetitive
collection, which is not possible with BM sources.
However, EPCs isolated from PB lose CD133 and
CD34, representing more mature EPCs in late stage
[14]. Thus, more work is required to find alternative
EPCs sources with abundant cell numbers in the early
stage. Among these alternative sources are human
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umbilical vein endothelial cells (HUVECs) which
represent an earlier stage of development, and have
also been widely used for experimental research [15].
Furthermore, it has been shown that HUVECSs can be
passaged for about 40 population doublings in vitro.
More importantly, it has been reported that
populations of HUVECs include EPCs [16]. However,
to our knowledge, until now the means for isolating
EPCs from HUVECsS has not been described.

EPCs are adhesive cells which occupy the
bottom of the culture dish. Conventionally, EPCs
cultured on dishes require repetitive passaging once
proliferating to confluence, which is time consuming
and expensive. Also, culture procedures may cause
cell differentiation and reduce angiogenic potential
[17]. Therefore, a strategy to provide a robust source
of functional EPCs would be highly advantageous.
The aim of this study was to isolate human EPCs from
HUVECSsS, to expand them in vitro on a large scale, and
to analyze their angiogenesis capacity.

Materials and Methods

Materials

Endothelial cell medium (ECM, Cat. No. 1001)
and endothelial cell growth supplement (ECGS, Cat.
No. 1052) were purchased from the ScienCell
Research Laboratories (San Diego, USA). bFGF (Cat.
No. ZG-DGFYL-7-02) was purchased from ZeGuang

Bio (Beijing, China). Collagenasell (Cat. No.

17101015) was purchased from Gibco BRL (Rockville,
USA). Human CD34 MicroBead Kit (Cat No.
130046702) was purchased from Miltenyi Biotec.
(Bergisch Gladbach, Germany). Fetal bovine serum
(FBS, Cat. No. SH30071.03) was from HyClone Inc.
(Logan, USA). Fluorescent antibodies anti-KDR-PE
(Cat. No. 560494) and anti-CD34-FITC (Cat. No.
555821) were from BD Pharmingen (San Jose, USA),
and anti-CD133-APC (Cat. No. 130090826) was
purchased from Miltenyi Biotec. (Bergisch Gladbach,
German). In vitro Angiogenesis Assay Kit (Cat. No.
ECM625) was purchased from Millipore (Billerica,
USA). Calcein-AM (Cat. No. sc-203865) was
purchased from Santa Cruz Biotechnology, Inc.
(Dallas, USA). Porcine gelatin micro-beads (Culcell
tispher-G, Cat. No0.1001296469) were purchased from
Percell Biolytica AB (Astorp, Sweden).

Isolation of HUVECs

Human umbilical cords were collected from
healthy volunteers according to a protocol approved
by the Ethics Review Board of the Second Hospital of
Jilin University. HUVECs were obtained from human
umbilical cord veins by a chemical digestion method
as reported previously [18]. The cells were cultured in

ECM supplemented with 5% FBS, 1% ECGS and
2ng/ml bFGF. The cells were plated in 6 cm diameter
dishes, at a seeding density of 5x105 cells/dish,
incubated for 24 h with a change of culture medium,
and cultured for 7 days, with medium change every
other day on tissue culture dishes in the presence of
5% CO, and 37°C.

Separation of EPCs

The CD34-positive EPCs were separated from
primary HUVECs by using magnetic micro-beads
coated with an antibody against human CD34
following the manufacture’s guideline (Cat. No.
130046702, Miltenyi). Briefly, a single-cell suspension
was prepared and the cell density of each sample was
2x106 cells every separation. The cells were added to
100 pL of magnetic micro-beads coated with an
antibody against human CD34 and incubated for 30
minutes at 4°C. Cells were washed and resuspended
in 500 pl buffer (a solution containing PBS, pH 7.2,
0.5% FBS and 2 mM EDTA). The suspension was
placed into a column in the magnetic field of a cell
separator. CD34 negative cells (which passed through
the column) were discarded. After removing the
column from the separator, the magnetically isolated
CD34-positive cells were collected into a suitable
collection tube.

EPCs in vitro expansion in the Bio-MCCS and
dish culture

A Dbioreactor micro-carrier cell culture system
(bio-MCCS) was used to expand the EPCs in vitro.
Briefly, separated EPCs were digested with 0.25%
trypsin when they became confluent, harvested by
centrifugation, and counted. Approximately 1x10¢
cells were evenly inoculated onto 0.25 g of rehydrated
micro-beads. In vitro culture was performed in the
bioreactor using 50 ml ECM, supplemented with 5%
FBS, 1% ECGS and 2ng/ml bFGF at 37°C and 5% CO..
The Cellspin was set at 20 rpm, with a 5-min running
time/ 59-min stop intervals. One-third of the medium
was exchanged with fresh medium every 3 days for a
total of 12 days expansion culture. As a control, the
cells were plated in tissue culture dishes of 6 cm
diameter at an initial seeding density of 5x10* cells per
dish and incubated for 24 h with a change of culture
medium, every other day. The cells were passaged
every 4 days during the 12 days culture period.

Flow cytometric analysis

The surface markers of the cells were analyzed
using flow cytometry. Cells were detached with 0.25%
trypsin and incubated for 20 minutes at 4°C at
manufacturer-recommended  concentrations  with
fluorescent antibodies: anti-KDR-PE (20ul per test, a
test=1x10°¢ cells in a 100-pl experimental sample),
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anti-CD34-FITC (20pl per test), and anti-CD133-APC
(10pl per test) as EPCs markers [13]. Fluorescent
isotype-matched antibodies were used as negative
controls. Cells were analyzed with a flow cytometer
with 210, 000 events stored. The emitted green
fluorescence of anti-CD34-FITC (FL1) and red
fluorescence of anti-KDR-PE, anti-CD133-APC (FL3)
were detected at excitation wavelengths of 488 and
546 nm, respectively, and at emission wavelengths of
525 and 647 nm, respectively.

In vitro angiogenesis assay

The angiogenic potential of the cells was
evaluated by a Matrix-gel in vitro angiogenesis assay
technique. The assay was performed with a detailed
procedure as described previously [19]. For
quantification, the values for the pattern recognition,
branch point and total capillary tube length were
determined following the manufacturer’s guidelines
(ECM625; Millipore).

Statistical analysis

SPSS 19.0 software was utilized to analyze the
data. Student’s t test was used to analyze the
significance of any differences between two groups. x?
was used to analyze the qualitative data. The
statistical significance was defined as p<0.05.

Results

Isolation of EPCs from human umbilical vein

We obtained HUVECs from human umbilical
veins using a conventional chemical digestion

Day 1

method. Fig. 1 shows representative microscopic
appearances. Freshly isolated cells attached to the
bottom of the culture dish and appeared as spindle or
elliptical shapes. Endothelial cell islands remained
compact after culture for 1 day. Subsequently, they
expanded and a monolayer of the endothelial lineage
occupied the plastic surface by day 7. This had a
characteristic cobblestone-like morphology (Fig. 1).
These results are consistent with traits of endothelial
lineage cells [14, 20], indicating that the isolated cells
are HUVECs.

VEGFR2 (KDR), CD34 and CD133 expression in
isolated HUVECs were analyzed with flow cytometry
and these data appear in Fig. 2. Most HUVECs
expressed VEGFR2 (KDR) and CD133 with lesser
expression of CD34 (Fig.2, HUVECs). Based on the
accepted standard, that early stage EPCs express
VEGFR2 (KDR), CD133, and CD34 as molecular
markers [13, 14]. These results indicate that these
cultures contained early EPCs, although these were
not the majority of cells in HUVECs cell cultures. To
isolate the EPCs in an early stage, magnetic
micro-beads coated with an antibody against human
CD34 were applied. As expected, the proportion of
CD34 positive cells separated this way was
significantly increased from about 8% before
(HUVECs in Fig. 2) to 79% after separation (EPCs in
Fig. 2). The majority of the EPCs expressed VEGFR2
(KDR), CD34 and CD133, as shown in Fig. 2. Thus,
human EPCs were successfully isolated from
HUVECs and majority of them belong to the early
stage.

Day 7

Figure 1. Microscopic appearance of isolated HUVECs in primary culture. HUVECs were isolated from human umbilical vein by classic collagenase

digestion method. Phase-contrast microscopic appearance are shown.
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Figure 2. Expression of KDR, CD34 and CD133 in HUVECs and EPCs. The CD34+ cells were separated from CD34- cells by using magnetic micro-beads
coated with an antibody against human CD34. The expression of molecular markers was analyzed by flow cytometry. Representative data are shown in A and

statistical data are shown in B. N=3, *p < 0.01 versus HUVECs.

EPCs expansion in vitro

To obtain abundant and high quality human
EPCs, we expanded the cells in vitro using a
bio-MCCS culture. The conventional dish culture was
used as a control to compare the efficiency of the two
expansion methods. Fig. 3A shows that EPCs cultured
with bio-MCCS could attach to and proliferate on
micro-beads. Growth curves for each method were

plotted (Fig. 3B). EPCs cultured with bio-MCCS
generated more cells without passaging for 12 days of
culture. Whereas EPCs cultured on dishes were not as
abundant by day 12 and these had been passaged 3
times. One expanded culture with MCCS is
equivalent to fourteen dishes with dish culture
(11.7x10¢ from one bottle versus 0.8x10° from one
dish). Thus, the bio-MCCS method is superior to
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conventional dish culture in the total harvest cell
numbers and expansion efficiency.

We next measured early EPC marker expression
after expansion by using flow cytometry. Fig. 4A
shows representative data and Fig. 4B shows the
statistical results. The percentage of cells expressing
VEGFR2 (KDR), CD34 and CD133 in EPCs expanded
with the bio-MCCS (MCCS in Fig.4) was significantly
higher than that expanded with dish culture (Dish in
Fig.4). The results indicated that the bio-MCCS
culture technique had great advantage over dish
culture in maintaining the cells in the early stage
when they were used to expand EPCs. This
percentage also decreased after expansion with both
methods, when compared with freshly isolated EPCs,
as shown in Fig.2.

An in vitro angiogenesis assay was used to
evaluate the angiogenic potential of expanded EPCs,

A Day 1

based on their ability to form tubular networks [21,
22]. Fig. 5A shows representative microscopic
appearances. Statistical data are shown in B, C and D.
Closed polygons and/ or complex mesh-like
structures formed in both cell types (Fig. 5B),
indicating that both methods offered cells with
angiogenic traits. However, EPCs expanded with
bio-MCCS formed more branch points (p<0.01, Fig.
5C) and had longer tubes (p<0.01, Fig. 5D) compared
with EPCs harvested in dish culture. These data
indicate that the bio-MCCS technique preserves
potent angiogenesis compared with dish culture.
Taken together, these results indicate that a bio-MCCS
culture was superior to the dish culture for in vitro
expansion of EPCs, by its efficiency, maintaining the
cells in early stage and supporting more angiogenesis
of the cells, suggesting its importance in the in vitro
expansion of the cells.

Day 12
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Figure 3. In vitro expansion of EPCs with bio-MCCS and dish culture. The bio-MCCS and dish culture methods were used for EPCs expansion.
Representative microscopic appearance of bio-MCCS culture are shown in A. Cell growth curves for two methods are shown in B. Data are presented as the mean

+ SD. N=3.
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Figure 4. Expression of KDR, CD34 and CD133 of expanded EPCs. EPCs were expanded for 12 days and flow cytometry was used to quantify marker
expression. Representative data are shown in A and statistical data are shown in B. N=3, **p < 0.01 versus dish cultured cells.

Discussion

Here, we obtained HUVECs from human
umbilical veins, and these cells had growth features,
morphology and surface markers characteristic of
endothelial lineage cells. Most of these freshly isolated
HUVECs expressed VEGFR2 (KDR), consistent with
previous reports that HUVECs expressed VEGFR2
(KDR), as a molecular marker for endothelial cells [23,
24]. Interestingly, these cells also expressed CD133, a
molecular marker for early stem/ progenitor cells. It
has been reported that established HUVECs cell lines

do not express CD133 [23, 24] and this result was also
noted in our previous study (unpublished data). Until
now, no report on CD133 expression in primary
cultured HUVECs has been reported. Our results
indicate that CD133 is expressed in freshly isolated
HUVECs, but that this molecular marker is lost in
established cell lines, suggesting that freshly isolated
HUVECs have some characteristics of stem/
progenitor cells, but that these are gradually lost
during passage in culture.
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Figure 5. In vitro angiogenesis of expanded EPCs. EPCs were expanded for 12 days and angiogenesis was measured by a Matrix-gel based in vitro angiogenesis
assay. The cell staining and the values quantification for the pattern recognition, branch point and total capillary tube length are described in the Methods section. Data
are expressed relative to dish cultured cells. Representative microscopic appearances are shown in A. Statistical results are shown in B, C and D, respectively. N =

5, *p < 0.01 versus dish cultured cells.

By using magnetic micro-beads coated with an
antibody against human CD34, we successfully
isolated human EPCs. The majority of them expressed
three molecular markers, VEGFR2 (KDR), CD34 and
CD133, indicates that they belong to the early stage of
EPCs. To our knowledge, this study is the first report
on isolating human EPCs from primary cultures of
HUVECs, suggesting that HUVECs might be a novel
promising resource of EPCs for regenerative
medicine.

Our results show that the bio-MCCS culture was
superior to the dish culture for in vitro expansion.
First, the expansion was more efficient. Secondly,
more of the expanded cells were maintained in the
early stage. Finally, the «cells expanded with
bio-MCCS technique were more capable of in vitro
angiogenesis. The results indicated that the bio-MCCS

culture technique had great advantage over dish
culture in maintaining the cells in the early stage
when they were used to expand EPCs. The percentage
of cells expressing VEGFR2 (KDR), CD34 and CD133
was also less after expansion with the bio-MCCS
culture, compared with freshly isolated EPCs,
indicating further studies still required to optimize
the culture condition, for example, supplementing the
media with specific growth factors or cytokines, and
coating the micro-beads with extracellular matrix.
Even with this weak point, in the expanded EPCs
described here, the percentages of cells positively
expressing VEGFR2 (KDR), CD133 and CD34 is
comparable to those of freshly isolated bone marrow
[25], umbilical cord blood [23], and peripheral blood
[26] derived human EPCs. These expanded EPCs
described here formed complex tube-like structures in
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6 hours in a Matrix-gel based in vitro angiogenesis
assay. It has been reported that 12 hours are required
to form capillary-like structures for the EPCs derived
from umbilical cord blood in the same assay system
and in 6 hours only the cells line up with each other
could be seen [27]. EPCs from BM [28] could adhere to
and incorporate into the tube-like structures. In
addition, EPCs from PB could attach to protrusions of
endothelial cells around the tube-like structures [29].

Conclusions

We successfully isolated human EPCs from
HUVECs, which belong to the early stage of the cells,
by the expression of VEGFR2 (KDR), CD133 and
CD34. The results suggest that EPCs from HUVECs
might be a novel resource of cells for regenerative
medicine. We also found that a bio-MCCS culture was
superior to the dish culture for in vitro expansion of
EPCs, by producing more cells, maintaining the early
stage and supporting more angiogenesis of the cells.
The result suggests that a bio-MCCS culture system
described here might be broadly used for in vitro
expansion of EPCs, or other cells of attached growth.
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