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Introduction

It was thought that endothelial progenitor cells (EPCs) 
and vasculogenesis, which are involved in the development 
of the circulation system in the embryonic stage, do 
not exist in the adult body [1, 2]. However, due to the 
discovery of adult EPCs in 1997 [3], this dogma has been 
challenged and researchers have come to believe that EPC 
transplantation may augment vasculogenesis, which has a 
more significant therapeutic effect on ischemic disease than 
angiogenesis. Some researchers have applied the EPCs for 
this purpose and acquired beneficial results [4-10]. Since, 

according to Asahara et al. [3], EPCs have a significant 
proliferation capacity and can differentiate into mature 
endothelial cells (ECs), it is not surprising that they have 
been used as a substitute for ECs in tissue engineering 
research [11, 12]. Encouraged by these promising studies, 
more and more researchers are studying the practical 
application of EPCs.

However, recent disputes on EPCs led to the further 
investigation of their biological characteristics. CD14-
positive cells, which are typically CD34-negative, have 
also been suggested to be the source of EPCs, according to 
Harraz et al. [13]. Nakul-Aquaronne et al. [14] reported that 
CD34-positive cells, of which some are EPCs according 
to Asahara et al. [3], differentiate along the monocyte/
macrophage lineage in vitro. Therefore, the exact origin of 
EPCs is not clear, leading to the hypothesis that there may 
be two types of EPCs: one type can coexpress monocyte/
macrophage and EC markers and the other has a powerful 
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Mononuclear cells (MNCs) isolated from peripheral blood by density gradient centrifugation were plated on human 
fibronectin-coated culture plates and cultured in EGM-2 medium. Attached spindle-shaped cells, reported as endothelial 
progenitor cells (EPCs) by some investigators, had elongated from adherent round cells, but had not proliferated from 
a small number of cells as supposed previously. The growth curve of the primary EPCs showed that the cells had little 
proliferative capacity. Flow cytometry analysis showed that the cells could express some of the endothelial lineage mark-
ers, while they could also express CD14, which is considered a marker of monocyte/macrophage lineages throughout 
culture. In endothelial function assays, the cells demonstrated a lower level of expression of eNOS than mature endothelial 
cells in the reverse transcription-polymerase chain reaction and did not show an ability to develop tube-like structures 
in angiogenesis assay in vitro. In this study, we identified the monocytoid function of EPCs by the combined Dil-labeled 
acetylated low-density lipoprotein (Dil-Ac-LDL) and Indian ink uptake tests. All the cells were double positive for Dil-
Ac-LDL and Indian ink uptake at days 4, 14 and 28 of culture, which means the EPCs maintained monocytoid function 
throughout the culture. Therefore, although adult EPCs from peripheral MNCs have some endothelial lineage properties, 
they maintain typical monocytic function and have little proliferative capacity. 
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capacity for proliferation and can only express typical EC 
markers [15-17]. In this regard, the culture of preselected 
mononuclear cells (MNCs) may preclude certain types of 
EPCs due to the uncertainty of the origin.

The culture of unprocessed MNCs is another most 
commonly used method to obtain EPCs [18-20], because of 
the low expenditure and simple procedure, especially when 
the culture of cells is for practical application. Meanwhile, 
since adherence to the culture plate is an intrinsic property 
of EPCs, this method may have another advantage, namely, 
we can obtain all EPCs regardless of the subset. In this 
study, we harvested all the adherent cells and examined 
their biological characteristics, especially from a functional 
point of view, to clarify the controversy about EPCs. 

Materials and Methods

Cell culture
MNCs were isolated from 100 ml of peripheral blood antico-

agulated with heparin from healthy young volunteers (mean age 
23.05±4.16 years) by density gradient centrifugation over histopaque-
10771 (1.077 g/ml, Sigma) according to the manufacturer’s protocol. 
The residual Ficoll in the solution containing the MNCs was washed 
away with PBS, and the cells were then adjusted to a density of 1 
×106 cells/ml in medium EGM-2, i.e., basal medium containing 
vascular endothelial growth factor (VEGF), basic fibroblast growth 
factor, epidermal growth factor, insulin-like growth factor-1, hy-
drocortisone, heparin and ascorbic acid (Clonetics) supplemented 
with 5% fetal calf serum (Gibco-BRL). The cells were then plated 
on human fibronectin-coated tissue culture chambers and cultured 
at 37 °C with 5% CO2 in a humidified atmosphere. The medium was 
changed every 3 days.

All procedures followed were in accordance with institutional 
guidelines and the principles outlined in the Declaration of Hel-
sinki. 

Proliferative capacity assay

Growth curve  MNCs were seeded in 24-well plates (1×106 MNCs/
well). From day 3 of culture, namely, the day of the first media 
change, 10 fields (×100) were chosen randomly under an inverted 
microscope and pictures were taken. To avoid counting errors, the 
pictures were opened with Photoshop software, in which the cells that 
are counted can be marked. The mean number of cells was calculated 
and expressed as means± S.D. and was used for the description of the 
growth curve. The above-mentioned procedure was repeated every 
3 days for 3 weeks. Four blood samples from different individuals 
were included in this assay. 

BrdU incorporation assay  Sterilized slides were put into culture 
wells and MNCs were then seeded onto the slide in the well. After 
7 and 21 days of culture, 10 µl of BrdU solution (BrdU, 50 mg; 
dimethylsulfoxide, 0.8 ml; water, 1.2 ml) was added to the well and 
incubated with the cells for 24 h. Then, the cells on the slide were 
fixed with 4% polyformaldehyde and endogenous peroxidase was 
blocked using 3% H2O2 for 10 min at 37 oC and 2 N of HCl for 30 
min at 20 oC. After two washes in PBS, the cells were permeabilized 

with 0.2% Triton X-100 in PBS for 10 min. After rinsing with PBS 
three times and blocking with goat serum for 15 min, the slides with 
cells were then incubated with mouse antibodies against BrdU for 
2 h at 37 oC. Negative controls were incubated in PBS (without the 
primary antibodies) under the same conditions. The slides were rinsed 
with PBS three times and then incubated with peroxidase-conjugated 
goat anti-mouse antibody at 37 oC for 45 min. Finally, the slides were 
immersed in AEC staining solution (Sigma) for 30 s. After washing 
with PBS, the cells were photographed under the microscope. To 
calculate the percentage of BrdU-positive cells, 10 fields (×400) 
were chosen randomly and the percentage of BrdU-positive cells 
was calculated and expressed as means ± S.D.

Flow cytometry analysis  
To identify the quantity of CD34-positive cells among freshly 

isolated MNCs and to evaluate the development of surface markers on 
the cultured cells, flow cytometry analysis was performed on freshly 
isolated MNCs and on the cells cultured for 4, 14 and 28 days.

Briefly, the freshly isolated MNCs were washed twice with PBS, 
resuspended with PBS and then incubated at 4 oC for 30 min with 
directly conjugated primary murine monoclonal antibodies to CD34-
FITC (Becton-Dickinson). Fluorescent isotype-matched antibodies 
(Becton-Dickinson) were used as negative controls. The cells were 
then washed twice with PBS and resuspended in PBS. Quantitative 
fluorescence analysis was performed with a FACS-Calibur instrument 
and Cellquest Software (Becton-Dickinson).

The cells cultured for 4, 14 and 28 days were detached with 2 
mM EDTA in PBS, treated with human IgG polyclonal antibody 
and washed with PBS. They were then incubated, as described 
above, with primary monoclonal antibodies to KDR,VE-cadherin, 
E-selectin (Santa Cruz) and vWF (Dako) as endothelial markers, 
and antibodies to CD14 (Becton-Dickinson) as monocytic markers. 
Isotype-matched antibodies were used as negative controls. For the 
detection of vWF and KDR, the cells were permeabilized with 0.1% 
Triton X-100 before incubation with the antibody. Fluorescent-con-
jugated secondary antibody (Becton-Dickinson) was added and the 
cells were incubated for 30 min at 4 oC. After two washes in PBS, the 
cells were resuspended in PBS. Quantitative fluorescence analysis 
was then performed.

Three samples from different individuals were used in this test. 
The results are presented as means±S.D.

Endothelial function assay

eNOS mRNA expression  The expression of eNOS in EPCs cul-
tured for 4, 14 and 28 days was determined by reverse transcrip-
tion-polymerase chain reaction (RT-PCR). The cells were rinsed 
twice in 1×PBS and total RNA was extracted using Trizol reagent 
(Invitrogen) according to the manufacturer’s instructions. The 
cDNA was generated from 2 µg of total RNA using MMLV reverse 
transcriptase (Promega) and oligo-d(T)18 during a 2-h incubation 
at 42 oC. PCR was performed with 2 µl of cDNA using Taq DNA 
polymerase (Promega). Preliminary experiments were carried out 
to select the optimal number of cycles to enable the amplifica-
tion reaction to proceed in a linear range. PCR of a constitutively 
expressed gene, GAPDH, was used as an internal control for the 
amount of input RNA. Initial cDNA denaturation was performed 
at 94 oC for 5 min, followed by 35 cycles of denaturation at 94 oC 
for 30 s, annealing at 58 oC for 30 s, extension at 72 oC for 45 s and 
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final extension at 72 oC for 5 min. Human eNOS primers, 5′-GGC 
TCC CTC CTT CCG GCT-3′ G upstream and 5′-TCC CGC AGC 
ACG CCG AT-3′ downstream, generated a 468 bp product [21]. 
PCR assays were performed in triplicate. Control reactions were 
carried out using the GAPDH primers and the same templates. The 
PCR products were separated by electrophoresis on a 2% agarose 
gel with 1×TAE buffer, stained with EtBr and photographed under 
ultraviolet light.

In vitro angiogenesis assay  An in vitro angiogenesis assay kit 
(Chemicon) was used to examine the ability of the cells to undergo 
angiogenesis. ECMatrixTM solution and the diluent buffer were 
thawed on ice or in a 4 oC refrigerator overnight. A mixture of 100 
µl of 10×diluent buffer and 900 µl of ECMatrixTM solution in a 
sterile microcentrifuge tube was prepared and kept on ice to avoid 
solidification. Fifty microliter of the mixture was transferred into a 
pre-cooled 96-well tissue culture plate. The plate was pre-incubated 
at 37 oC for at least 1 h to allow the matrix solution to solidify. A 
total of 5×104 cells in 150 µl of EGM-2 medium were added into 
the wells and human umbilical vein-derived endothelial cells (HU-
VECs) were placed in other wells as control. Using a phase-control 
microscope from 5 to 24 h, the adherent cells cultured for 4, 14 and 
28 days were assayed.

Monocyte/macrophage function assay–Dil-Ac-LDL and In-
dian ink double-uptake test

The cells were cultured in the medium supplemented with 10 
µg/ml of Dil labeled acetylated low-density lipoprotein (Dil-Ac-
LDL) for 4 h. The medium with Dil-Ac-LDL was washed away 
with PBS and medium with Indian ink (10 µl/ml) was added to the 
culture plate, which was then incubated for another 4 h. The cells 
were observed with the phase-control fluorescent microscope. The 
cells cultured for 4, 14 and 28 days were tested.

Results

Morphology of adult EPCs 
Most of the MNCs seeded onto the plates were washed 

away by medium changes and only few of the small round 
cells were slightly attached to the bottom of the plates. 
After 2 to 3 days of culture, some of the attached cells 

elongated and became spindle-shaped. Around day 10 of 
culture, most of the attached cells had become spindle-
shaped, and at about day 20, the spindle-shaped cells started 
to become disc-shaped. These disc-like cells have been 
called mature ECs by many researchers (Figure 1). These 
cells rarely formed clusters and the proliferative capacity 
of the clusters did not last long. During continuous fol-
low-up, the number of cells in the cluster did not increase 
significantly (Figure 2). Although the cells were similar to 
ECs morphologically, they were isolated and never reached 
complete confluence.

A

C D

B

Figure 1  Evolution of the morphology of EPCs (×200). (A) The 
MNCs plated on a culture dish. (B) The attached cells after the first 
medium change on day 3. (C) Most of the attached cells became 
spindle-shaped on day 10 of culture. (D) The spindle-shaped EPCs 
had become large disc-like cells by day 20 of culture.

CBA

Figure 2  Continuous follow-up of a cell colony. The shadow in this view is a marker the author made to identify the same field 
(A: day 21; B: day 22; C: day 23) (×100). The panel demonstrates that the cell colony showed no significant change in cell number 
during three consecutive days.
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Proliferative capacity assay: growth curve
Since the cells never reached complete confluence, the 

growth curve of the primary cells reflected their prolifera-
tive capacity. At the early stage of culture, some of the 
slightly attached cells were washed away with the medium. 
Therefore, although the spindle-shaped cells showed some 
proliferative capacity, the total number of attached cells did 
not show a significant increase. At the late stage of culture, 
the decrease in cell number could be mainly attributed to 
cell death. Therefore, the growth curve of the cells showed 
a general downward trend (Figure 3).

Proliferative capacity assay: BrdU incorporation assay
We found that approximately 6.1% ±2.4% of the cells 

were positive for BrdU incorporation at day 7, and most of 
the positive cells appeared at the center of the cells clusters 
(Figure 4A). At day 21, all the cells were negative for BrdU 
incorporation (Figure 4B), which indicates that the cells at 
the early stage had only a weak ability to proliferate, but 
the cells at the late stage stopped proliferating.

Phenotype of the MNCs and the cultured cells
We found that 0.39% of the MNCs from peripheral 

blood were positive for CD34 (Figure 5A), which means 
that freshly isolated MNCs contain the cells from which 
the EPCs originated. During in vitro culture, these cells 
demonstrated expression of the endothelial markers 
KDR, VE-cadherin and E-selectin. The percentage of 
the cells positive for KDR, VE-cadherin and E-selectin 
significantly increased in the earlier culture (from days 
4 to 14) and remained stable at the late stage from days 
14 to 28), However, the percentage of cells positive for 
vWF was very small and did not increase during the in 
vitro culture. Meanwhile, the cultured cells exhibited a 

high level of expression for the monocyte-specific marker, 
CD14, which remained stable throughout the culture 
(Figure 5B).

Endothelial function assay
To test the endothelial function of EPCs, RT-PCR 

analysis for the expression of eNOS and an in vitro an-
giogenesis assay were carried out. The expression level 
of eNOS in these cells was significantly lower than that of 
mature ECs derived from human umbilical vein as posi-
tive control (Figure 6). The cells cultured for 4, 14 and 
28 days were also subjected to an in vitro angiogenesis 
assay. The results showed that the EPCs presented no 
sign of tube-like structure formation regardless of culture 
time, in contrast to the mature ECs from human umbilical 
vein (Figure 7).

Monocyte/macrophage function assay for EPCs
We performed the Dil-Ac-LDL and Indian ink double-

uptake test on days 4, 14 and 28 of culture. All the cells that 
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Figure 3 Growth curve of primary EPCs (A, B, C and D represent 
EPCs from different individuals) shows that the cells had no 
significant proliferative capacity.

negative cell
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Figure 4  BrdU incorporation assay. (A) BrdU was incorporated 
into the nucleus of the cells cultured for 7 days. However, only 
6.1% ± 2.4% of the cells were positive for BrdU incorporation and 
most of them appeared in the center of the cell clusters. (B) At day 
21, all the cells became negative for BrdU incorporation (×400).
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Figure 6  The expression of eNOS in EPCs. The expression level 
of eNOS in EPCs was much lower compared with that of mature 
endothelial cells from human umbilical vein. M: DNA marker, 
DL2000 (Takara); EC: human umbilical vein-derived endothelial 
cell; EPC4: EPCs cultured for 4 days; EPC14: EPCs cultured for 
14 days; EPC28: EPCs cultured for 28 days; F: fibrocyte; eNOS: 
e-type NO synthesizer; GAPDH: glyceraldehyde-3-phosphate-
dehydrogenase.

were positive for Dil-Ac-LDL uptake were also positive 
for uptake of Indian ink, indicating that they maintained 
their monocyte/macrophage function throughout the in 

Figure 7  Comparison of the ability to form tube-like structure 
between HUVECs and EPCs by in vitro angiogenesis assay. (A) 
Tube-like structure formation in HUVECs as positive control (×
100). (B) No tube-like structure formation occurred in adult EPCs 
(×100).

A B

Figure 5  Flow cytometry analysis for phenotype of the MNCs and the cultured cells. (A) About 0.39% of the MNCs obtained 
by density gradient centrifugation were positive for CD34. (B) Expression of endothelial and monocyte markers on cultured cells 
(days 4, 14 and 28) were assessed. Similar results were obtained in three separate experiments. Numbers shown in the figure are 
the mean percent of the cells for the three results. Corresponding negative isotype controls are shown in green.
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vitro culture (Figure 8).

Discussion

In our study, we obtained attached spindle-shaped cells 
that have been regarded as EPCs by some researchers [3]. 
However, these cells rarely developed clusters, and the 
proliferative capacity of the clusters did not last for a long 
time. The cells in the clusters never crowded together like 
ECs, regardless of how many MNCs were seeded onto the 
culture dishes. The adherent cells never reached complete 
confluence as described by Nakul-Aquaronne et al. [14].

Although the cells showed expression of some EC 
markers, such as KDR, VE-cadherin and E-selectin, only 
an extremely small percentage of the cells were positive 
for vWF. Also, the cells expressed CD14, which is the 
common antigen of monocytes. Therefore, cells obtained by 
this method can coexpress both endothelial and monocyte 
markers, similar to the properties of the CD34-positive 
cells described by Nakul-Aquaronne et al. [14]. In fact, 
before the discovery of EPCs, it had been reported that 
spindle-shaped cells derived from human peripheral MNCs 

can coexpress endothelial surface markers and monocytic 
markers in vitro [22]. Baroni et al. [23] and Buckley et al. 
[24] demonstrated that there is a special subset of monocyte/
macrophages that can express endothelial-related antigen 
in human lymphoid tissue. Therefore, we believe that the 
so-called EPCs obtained by in vitro culture of MNCs are 
monocytes derived from CD34-positive hematopoietic 
cells, which can express some endothelial characteristics. 
However, due to the effects of various growth factors, the 
expression of surface markers becomes uncertain, which 
may serve as an explanation why different groups have 
reported different surface marker profiles of EPCs [25]. 
Although the surface marker expression assay is the most 
frequently used method for the identification of cell type, 
determining the phenotype of cells by functional tests 
should be more persuasive. 

To test the EC function possessed by EPCs, we examined 
the expression of eNOS, which has been reported to reflect 
the angiogenesis-promoting function of EPCs [3, 13, 17]. In 
our study, although the cells showed expression of eNOS, 
the expression level was much lower than that in HUVECs, 
which suggests that the cells obtained by this way are 
different from mature ECs. The in vitro angiogenesis assay, 
another commonly used test for EC function analysis, may 
reflect the capacity of ECs to participate in vasculogenesis. 
Endothelial cells from human umbilical vein (HUVECs) 
formed tube-like structures, in contrast to EPCs that failed 
to produce any structure. This may serve as further evidence 
that EPCs are functionally different from mature ECs 
in vitro. Several groups have reported that EPC-derived 
cells cannot function as mature ECs. Paunescu et al. [26] 
documented that EPCs from human umbilical cord blood 
differed functionally from HUVECs, as the former show 
a different reaction to TNF compared with mature ECs. 
Another study demonstrated that bone marrow-derived 
cells may not be incorporated into the vessel wall in vivo 
but only promote angiogenesis by excretion of certain 
factors, such as FGF-2, VEGF and MCP-1 [27]. In the 
present study, the functional test not only proved that the 
cells obtained by culture of MNCs could not function as 
mature ECs but also gave strong evidence that the cells 
maintained monocyte function.

In our study, for the first time, we performed a 
phagocytosis function test and followed up the evolution 
of this function. It is well known that Indian ink uptake is 
a test used to evaluate phagocytic function of leukocytes/
monocytes [28] and LDL uptake is a method used to test 
the function of both monocytes and ECs. Therefore, the 
combination of the Indian ink uptake and LDL uptake 
tests does not only show phagocytic function of the cells 
but can also be used to demonstrate the existence of “true 
EPCs” [29] without monocyte/macrophage characteristics. 

Figure 8  Dil-Ac-LDL and Indian ink double-uptake test. The cells 
positive for Dil-Ac-LDL uptake were also positive for Indian ink 
uptake. Afterwards, the cells maintained this function throughout 
the culture. (A, C (×100) and E (×200)) show the uptake of Dil-Ac-
LDL. (B, D (×100) and F (×200)) show the uptake of Indian ink. A 
and B, C and D, and E and F show the cells from the same field, on 
days 4, 14 and 28 of culture, respectively. 

A B

C D

E F
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Our results showed that cells that are positive for LDL 
uptake can also take up Indian ink. It is suggested that 
the EPCs obtained in this manner maintain monocyte/
macrophage function throughout in vitro culture. Hur et 
al. [17] reported a subpopulation of EPCs designated as 
“late EPCs”, which present typical ECs characteristics and 
a strong proliferative capacity in peripheral blood, which 
may serve as evidence for the existence of “true EPCs”. 
However, in the present study, we did not find any EPCs 
with significant proliferative capacity. As ECs can slough 
off from the vessel wall and some of the ECs from the aorta 
have a stronger proliferative capacity than was supposed 
[30], it is difficult to preclude that the “late EPCs” are 
the ECs sloughed off from the blood vessel wall, which 
show strong proliferation under EC growth-promoting 
conditions. Identification of “true EPCs” among bone 
marrow cells with more EPCs and less contamination of 
peripheral blood should be more persuasive in confirming 
the existence of “true EPCs”.

In conclusion, although several subsets of EPCs in 
human have been reported [29], in this study, by culture 
of MNCs from human peripheral blood, only one subset of 
“EPCs” with both endothelial and monocyte characteristics 
was obtained. However, these cells maintained phagocytic 
function throughout in vitro culture, and showed no strong 
proliferative capacity. We failed to identify “true EPCs” and 
further studies are necessary to prove their existence.
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