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Abstract Endothelial progenitor cells (EPCs) have been
recently found to exist circulating in peripheral blood of
adults, and home to sites of neovascularization in
peripheral tissues. They can also be differentiated from
peripheral blood mononuclear cells (PBMNCs). In tu-
mor tissues, EPCs are found in highly vascularized le-
sions. Few reports exist in the literature concerning the
characteristics of EPCs, especially related to their surface
antigen expressions, except for endothelial markers.
Here, we aimed to investigate the surface expression of
differentiation markers, and the functional activities of
early-outgrowth of EPCs (EO-EPCs), especially focusing
on their antigen-presenting ability. EO-EPCs were gen-
erated from PBMNCs, by culture in the presence of
angiogenic factors. These EO-EPCs had the morpho-
logical and functional features of endothelial cells and,
additionally, they shared antigen-presenting ability.
They induced the proliferation of allogeneic lymphocytes
in a mixed-lymphocyte reaction, and could generate
cytotoxic lymphocytes, with the ability to lyze tumor cells
in an antigen-specific manner. The antigen-presenting
ability of EO-EPCs, however, was weaker than that of
monocyte-derived dendritic cells, but stronger than
peripheral blood monocytes. Since EO-EPCs play an
important role in the development of tumor angiogene-
sis, targeting EPCs would be an effective anti-angiogenic
strategy. Alternatively, due to their antigen-presenting
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ability, EO-EPCs can be used as the effectors of anti-
tumor immunotherapy. Since they share endothelial
antigens, the activation of a cellular immunity against
angiogenic vessels can be expected. In conclusion, EO-
EPCs should be an interesting alternative for the devel-
opment of new therapeutic strategies to combat cancer,
either as the effectors or as the targets of cancer immu-
notherapy.
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Antigen presenting cells
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Monocyte-derived dendritic cells - HUVECs: Human
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Introduction

While vasculogenesis is defined as the creation of pri-
mordial vessels from mesodermal-derived endothelial
progenitor cells (EPCs), namely angioblasts, angiogen-
esis is the formation of new vessels by sprouting of
preexisting mature endothelial cells (ECs) [12, 24].
Angiogenesis plays a beneficial role in the healing re-
sponse to wound or tissue ischemia and infarction [12].
However, they also contribute for tumor progression
and metastasis. Recent studies have characterized EPCs,
and demonstrated that they can home to sites of



angiogenesis and differentiate into ECs in situ, in a
manner consistent with the process of vasculogenesis
[3, 4]. With the discovery of circulating EPCs in
peripheral blood, it is currently believed that, even in
adult tissues, a combination of angiogenesis and vascu-
logenesis contributes to neovascularization.

EPCs administered systemically to animals with
operatively induced hindlimb ischemia were found to
incorporate into sites of neovascularization in ischemic
parts [3, 19]. EPCs share many properties with mature
ECs, such as the expression of CD31, CD34, Flk-1 and
Tie-2 [3], and the reactivity with lectin from Ulex euro-
paeus as well as the uptake of acetylated low-density
lipoprotein [3].

Few reports exist in the literature concerning the
surface antigen expression of EPCs, except for endo-
thelial markers. In the present study, we aimed to better
characterize this population of endothelial precursor
cells, and for this purpose, we generated EO-EPCs from
human peripheral blood mono-nuclear cells (PBMNCs),
and evaluated the surface expression of differentiation
markers, and their functional activities, especially
focusing on their antigen-presenting ability.

Materials and methods
EO-EPC isolation and identification

PBMNCs were isolated from blood of normal human
volunteers, using the density gradient centrifugation on
Ficoll (Ficoll-Paque, Pharmatica), according to the
manufacturer’s protocol. 6x10” PBMNCs were plated
on 100 mm-diameter dishes pre-coated with fibronectin
and were maintained in M199 medium supplemented
with 15% FCS and 2.0 ng/ml of acidic fibroblast growth
factor (aFGF) and 5 pg/ml of heparin (complete med-
ium for ECs) and incubated in a 5% CO, incubator at
37°C. After 4 days in culture, non-adherent cells were
removed and thereafter, media were changed every other
day. After 7 days of culture, adherent cells were
removed by trypsinization, and incubated with 1, 1’-di-
octadecyl-3, 3, 3’, 3’-tetramethylindocarbocyanine-la-
beled acetylated low-density lipoprotein (DiLDL, 2 pg/
ml) at 37°C for 1 h. Then, cells were fixed with 4%
paraformaldehyde at 4°C for 15 min, and stained with
fluorescein isothiocyanate (FITC)-labeled lectin from
Ulex europaeus (Sigma). After the staining, samples
were observed in a fluorescent microscope (Olympus,
Japan). DILDL and lectin double positive cells were
considered to be EO-EPCs.

Isolation of monocytes, monocytes-derived dendritic
cells (Mo-DCs), and human umbilical vein endothelial
cells

Monocytes were obtained from venous blood drawn
from normal, healthy volunteers. Briefly, monocytes
were obtained by using a magnetic cell separation system
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(MACS; Miltenyi Biotec, Bergish Glandbach,
Germany). For this purpose, PBMNCs were incubated
with microbead-coupled anti-CD14 monoclonal anti-
body, and the magnetically labeled cells were obtained by
positive selection. Mo-DCs were generated from mono-
cytes using granulocyte-macrophage colony-stimulating
factor (GM-CSF, 1,000 IU/ml; Leukomax; Novartis,
Basel, Switzerland) and interleukin-4 (IL-4, 500 IU/ml;
Cell Genix, Freiburg, Germany) for 7 days [5].

Human umbilical vein endothelial cells (HUVECS)
were isolated from the umbilical cord blood vessels, as
previously described [6]. Umbilical cords were obtained
from normal pregnants at delivery, after informed con-
sent was obtained. Briefly, the umbilical vein was
cannulated at both the edges, and 0.2% collagenase-I in
Ca’"-Mg”>"-free phosphate-buffered saline [PBS(—)]
was added to the lumen of the vessel. The umbilical cord
was incubated at 37°C for 20 min, and then the PBS(—)
containing collagen was recovered and centrifuged to
obtain the isolated cells. Cells were washed twice with
PBS(—), suspended in complete medium consisting of
M199 medium supplemented with 15% fetal calf serum
(FCS), 2.0 ng/ml of aFGF and 5 pg/ml of heparin, and
seeded in culture dished previously coated with 0.1%
gelatin.

Cells were routinely cultured in complete medium in
an atmosphere of 5% CO, at 37°C, passaged by tryps-
inization, and used up to six passages for the experi-
ments.

Characterization of EPCs

To detect the surface expression of EC, antigen pre-
senting cell, and monocyte marker proteins, EO-EPCs
were harvested by trypsinization, washed twice with
PBS(—), and incubated for 30 min in the presence of
the antibodies, as follows. CD83 was used as the DCs
marker, CDI14, as the monocytes marker, HLA-DR,
CD40, CD54, CD80, and CD86, as the antigen pre-
senting marker and VEGFR2, vWF, and CDI105, as
endothelial cell markers (all from BD PharMingen,
San Jose, CA, except VWF from Dako, Copenhagen,
Denmark and VEGFR2 from SIGMA, Saint Louis,
USA). Single and two-color flow-cytometric analyses
(FACS) were performed using the flow cytometer
(Facs Calibur, Becton-Dickinson, San Jose, CA,
USA).

Vascular-like tube formation on Matrigel

The ability of EO-EPCs to form vascular-like structures
on Matrigel (Matrigel Basement Membrane Matrix,
Becton Dickinson, Bedford, MA, USA), was assessed. A
six-well flat-bottomed plate was coated with Matrigel
(100 pl/well), and EO-EPCs were seeded at 1x10° cells/
well in complete medium. After incubation at 37°C for
24 h, the wells were observed using a phase contrast
microscope. Images were captured with a digital camera.
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Phagocytotic activity of EO-EPCs

The phagocytotic function of EO-EPCs was assessed
using fluorescent micro-beads. EO-EPCs were incubated
with DILDL for 1 h, then harvested by trypsinization
and incubated in a tube with 0.16% (w/v) 0.5 um fluo-
resbrite carboxylate latex beads (Polyscience, Warring-
ton, PA) for 2 h. After washing thrice with PBS, EO-
EPCs were observed under fluorescent microscope.

Mixed leukocyte reaction

The ability of EO-EPCs to stimulate allogeneic lympho-
cytes was assessed by the mixed-lymphocyte reaction
(MLR), quantified by the MTS assay (Cell Tilter 96TM
Non-Radioactive Cell Proliferation Assay, Promega
Corporation, Madison, WI, USA) method, according to
manufacturer’s recommendations. Cultured EO-EPCs
were washed with PBS and fixed with 0.025% glutaral-
dehyde-PBS for 20 min at room temperature. Fixed EO-
EPCs were washed thrice with PBS, and. then co-cultured
at different ratios (1:1, 1:10, and 1:100) with allogeneic
lymphocytes as responders in a 96-well microculture plate
for 7 days. The culture medium was the RPMI-1640
(Gibco/BRL), supplemented with 5% heat-inactivated
FCS and IL-2 (5 U/ml, Genzyme, Cambridge, MA,
USA). The ability of EO-EPCs to activate allogeneic
lymphocytes to proliferate was compared to that of
monocytes, Mo-DCs, lymphocytes, and HUVECs. All
experiments were performed in triplicate wells. After
7 days of co-culture, M TS solution was added 20 pl/well,
and after 4 h, the conversion of MTS to formazan was
measured in a microplate reader at 490 nm. As a control,
freshly isolated lymphocytes were cultured in the absence
of EO-EPCs. Proliferative activity was calculated as the
ratio of each experimental condition to the control one.

CEA derived synthetic peptide

The CEA-HLA-A24 peptide, TYACFVSNL
was provided by TAKARA (Japan).

Induction of peptide-specific cytotoxic T lympocytes

EO-EPCs from HLA-A24+ healthy donors were ob-
tained. HLA-A specificities were performed by lym-
phocytotoxicity test. EO-EPCs were pulsed with 40 pg/
ml peptide and 3 pg/ml of B2-microglobulin for 4 h at
20°C. Then peptide pulsed EO-EPCs were irradiated
(55 Gy). The autologous non-adherent PBMNCs and
peptide pulsed EO-EPCs were mixed at a ratio of 20:1
and cultured in RPMI-1640 with 10 ng/ml IL-7. The
responder cells were re-stimulated on day 3 and 5 with
peptide and B2-microglobulin. Non-specific CTL with-
out peptide induction and fleshly isolated lymphocytes
were used as control. After 7 days of culture, responder

cells were tested for cytotoxicity assay. MKN-45
(CEA +, HLA-A24+), MKN-1 (CEA—, HLA-A24+),
and KATO-III (CEA +, HLA-A2+).

Cytotoxicity assay

Target cells, MKN1, MKN45, and KATO3 were labeled
by incubation with calcein (10 pg/ml, Calcein-AM
solution, Dojindo, Kumamoto, Japan) for 30 min. After
labeling, target cells were cultured together with effecter
cells in a 96-well plate at effecter/target ratio of 10:1 in
RPMI-1640 with 0.2% bovine serum albumin. Triplicate
wells were prepared for each group. The plate was cul-
tured at 5% CO,, 37°C for 4 h, and then the fluores-
cence intensity of the target cells measured in a
fluorometer (TerascanVP, Minervateck, Tokyo, Japan).
Negative control was determined by wells of target cells
in lysis buffer (RPMI-1640 with 0.2% bovine serum
albumin and 4% Tween 80) and target cells without
effecter cells were defined as positive control.

Ratio  of lysis = 1 — (experimental  fluores-
cence — negative control fluorescence)/(positive control
fluorescence — negative control fluorescence).

Statistical analysis of the data

For the statistical analysis of the data, the Student’s ¢
test was used, and P <0.05 was considered statistically
significant.

Results
EO-EPCs characterization

PBMNCs cultured for 7 days in complete medium,
formed spindle-shaped cells and clusters resembling
blood island cells (Fig. 1). The majority of the spindle-
shaped cells incorporated DILDL and bound lectin,
similar to ECs (Fig. 2a—). These are the characteristics
of EPCs described in some articles [19, 30]. In contrast,
Mo-DCs are able to incorporate DiLDL (Fig. 2d), but
not to bind lectin (Fig. 2e).

Cell surface markers of EO-EPCs

Flow-cytometric analysis revealed the cell surface
expression of the antigen presenting marker proteins,
namely HLA-DR, CD40, CD54, CDS80, and CD86, and
the expression pattern was comparable with that of DCs
(Fig. 3). EO-EPCs not only expressed the DCs marker,
CD83, but also a weak expression of CD14, the marker
for monocytes was observed. In addition, the endothelial
cell markers were also present.



Fig. 1 In vitro differentiation of
EO-EPCs from PBMNCs in
culture. PBMNC:s isolated and
cultured for 7 days formed
spindle-shaped cells and clusters
resembling blood island cell

Phagocytotic activity of EO-EPCs

Fluorescence microscopy revealed that most of the EO-
EPCs that had incorporated DiLDL, also had the ability
to phagocytose micro-beads. This result indicated that
most EO-EPCs had the phagocytotic activity (Fig. 4).

Vascular-like tube formation on Matrigel

EO-EPCs, similar to the ECs, had the ability to form
vascular-like tube formation on Matrigel, in the pres-
ence of complete medium of ECs. Phase contrast
micrographs were taken after removal of non-adherent
cells (Fig. 5a). On the other hand, monocytes (Fig. 5b),
Mo-DCs (Fig. 5¢) and the other peripheral blood cells
did not form vascular-like tube structures on Matrigel.

Mixed-leukocyte reaction

Allogeneic lymphocytes showed proliferative responses
when cultured in the presence of EPCs, and the prolif-
erative response rate correlated with the EO-EPCs/
lymphocytes ratio. This ability to induce lymphocytes
reaction was stronger than that of lymphocytes and
monocytes, but weaker than that of DCs (Fig. 6a).

Cytotoxicity assay

CTL lines elicited with or without CEA/HLA-24 bind-
ing peptide were tested for their capacity to kill the
targets. CTL line pulsed by EO-EPCs with peptide had
cytolytic activity against CEA +, HLA-A24 allogeneic
cell line. However, they did not show cytolytic activity
against CEA+, HLA-A2 cell and CEA—, HLA-A24
cell. On the other hand, CTL without peptide did not
lyse any cell lines (Fig. 6b).
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The cytolytic activity of CTL cultured with EO-EPC
was weaker than DCs (Fig. 6¢).

Discussion

Angiogenesis, the formation of new microvessels, is
fundamental for tumor growth of solid tumors, by
supplying nutrients to cancer cells [11, 12]. Until re-
cently, in-growth from preexisting vessels surrounding
the tumor was considered to be the principal source of
this vascular supply, but recent evidence suggests that
EPCs migrating from the bone marrow to the tumor site
and differentiating into endothelium in the tumor bed,
provide an important component of the neovasculature
[2, 31].

EPCs have been shown to exist circulating in
peripheral blood, but can also be obtained by culture
of CD34-positive peripheral blood cells in the presence
of angiogenic factors, such as bovine brain extract [3].

Here, we investigated on the characteristics of
PBMNCs derived EO-EPCs, cultured in complete
medium of ECs for 7 days. Analysis of the markers
revealed that EO-EPCs express various levels of endo-
thelial cell markers, such as VEGER2, von Willebrand
factor, CD105. EO-EPCs also incorporated DiLDL and
bound UEA-I, which are endothelial features, and
additionally, they formed vascular-like structures on
Matrigel. The peripheral blood monocytes, Mo-DCs,
and the other peripheral blood cells were unable to form
vascular-like structures when seeded on Matrigel.
From these evidences, we confirmed their endothelial
nature.

In addition to the endothelial cell markers, EO-EPCs
expressed high levels of HLA-DR, CD80 and CDS6,
molecules essential for antigen presentation. Thus, we
evaluated the potential antigen-presenting ability of EO-
EPCs. Firstly, we investigated on the phagocytic activity
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Fig. 2 EO-EPCs obtained by 7-
day culture of PBMNCs in the
presence of angiogenic factors.
EO-EPCs were spindle-shaped,
morphologically similar to ECs
(a). EO-EPCs were tested for
their ability to uptake DiLDL
(red fluorescence, b) and bind
lectin (green fluorescence, c).

a shows the double-stained EO-
EPCs. On the other hand, Mo-
DCs are able to incorporate
DiLDL, but not to bind lectin
(d, e)

of EO-EPCs, which is essential for antigen presentation.
Previous works have suggested that the phagocytic
ability is restricted to relatively immature DCs, mono-
cytes, and macrophages [l1, 18], but here we could
demonstrate that EO-EPCs also bear phagocytic ability.
Next, to evaluate the antigen-presenting function of
EO-EPCs, their ability to stimulate proliferation of
allogeneic lymphocytes, and additionally, to induce
antigen-specific CTLs were investigated. Mo-DCs
strongly stimulated the proliferation of allogeneic
lymphocytes. Moreover, Mo-DCs from HLA-A24

x200

x400

x200

individuals pulsed with the HLA-A24-restricted CEA
peptide, efficiently induced CEA-specific CTL, which
was able to specifically lyze CEA(+) HLA-A24 gastric
cancer cells. Neither CEA(—) cells nor HLA-A24(—)
cells could be lyzed by this CTL. The antigen-presenting
ability of EO-EPCs was weaker than that of DCs, but
stronger than that of monocytes and macrophages. Al-
though previous reports [3, 8, [9, 17] have demonstrated
the expression of antigen-presenting molecules on
monocytes-derived endothelial-like cells, their antigen
presenting ability remained to be confirmed.



Flow-cytometry

HLA-DR CD80 CD86 CD54 CD40
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Fig. 3 Expression of antigen-presenting molecules on EO-EPCs.
Flow-cytometric analysis revealed the expression of HLA-DR,
CD40, CD54, CD80, and CD86 on EO-EPCs, which are the
molecules expressed on Mo-DCs. The DC marker, CD83, was also
present on EO-DCs. CD14 is highly expressed on peripheral blood
monocytes, and weakly on Mo-DCs, but EO-EPCs could be
divided into the CDI14(+) and (—) subpopulations. Although
weaker than HUVECs, EO-EPCs expressed endothelial cell
markers (VEGRF2, vWF, and CD105)

Fig. 4 Phagocytotic ability of
EO-EPCs evaluated by the
fluorescent microscope.
DiLDL-positive cells (red
fluorescence) had the ability to
phagocytose latex microbeads
(green fluorescence)
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Antigen-presenting cells (APC) capture antigens,
process them into peptides and then present antigens to
the T lymphocytes [7, 20], to stimulate antigen-specific
CTLs. Among the known APCs, DCs are considered the
most potent [27], and have been extensively investigated
for their ability to induce anti-tumor immunity. Several
clinical trials of DCs immunotherapy have been per-
formed for lymphoma, melanoma, prostate, and renal
cell cancer, with good clinical and immunological re-
sponses [15, 16, 21, 25]. Although not as potent as DCs,
here we could clearly demonstrate that EO-EPCs also
bear antigen-presenting abilities, stimulating antigen-
specific and HLA-restricted immune responses.

Cell surface expression of HLA-DR and CD86 alone
or together with CD&80, are typical features of APCs,
including DCs [14], and EO-EPCs, as shown here.
Recently, however, microvascular ECs were also found
to express CD86 and HLA-DR [22, 29], and their acti-
vation resulted in the additional expression of CD80 [13].
Moreover, IFN-gamma-treated allogeneic HUVECs and
microvascular ECs were found to be capable of inducing
the proliferative response of T cells [26]. These findings
together indicated that ECs bear antigen-presenting
properties. Inconsistent with those reports, however, we
could not detect either HLA-DR, CD80 or CD86 on
HUVECs, which, consistently, were unable to stimulate
the proliferative activity of allogeneic lymphocytes. This
discrepancy may be dependent on the differences of the
activation status, since we used unstimulated HUVECs,
as well as the different origins of the endothelial cell
tested. EO-EPCs, independent of the activation status,
expressed high levels of these molecules.

Rehman et al. [23] reported that the majority of cells
that were characterized by DiLDL uptake and lectin
binding were derived from the monocytes lineage. Urb-
ich et al. [28] demonstrated that the origin of EPCs
isolated from peripheral blood was not restricted to
CD14-positive cells. Peripheral mononuclear cells and
CD14-positive and -negative cells differentiated into
EPCs and were incorporated into vascular structure of

x200
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Fig. 5 In vitro capillary-like
tube formation on Matrigel.
EO-EPCs were seeded on
Matrigel, and after 24-h
incubation at 37°C, their ability
to form capillary-like structures
was evaluated. Representative
picture (100x magnification)
was obtained in a light
microscope. EO-EPCs were
spindle-shaped and formed
clear vascular-like structures,
confirming their endothelial
nature (a). Monocytes (b) and
Mo-DCs (c¢) did not form
vascular-like tube structures on
Matrigel

ischemic hind limb of nude mice. In the present study,
EPCs included both CD14(+) and (—) populations. In a
recent report [10], CD14-positive Mo-DCs were shown
to differentiate into endothelial-like cells when cultured
in the presence of angiogenic factors. Since Mo-DCs are
CD14-weak positive cells, there is the possibility that
EO-EPCs differentiate through at least two different
pathways, i.e, the CD14(—) subpopulation through the
DCs pathway, and the CD14(+) subpopulation directly
from monocytes. Mo-DCs and EO-EPCs are quite
similar cells, sharing many surface receptors, such as
CDS80, CD83, CD86, HLA-DR, and CD40. Addition-
ally, DCs and monocytes, similar to EO-EPCs and
HUVECs, are able to incorporate DiLDL, but they
neither bind lectin nor form vascular-like structures on
Matrigel.
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The present results strongly suggest that EO-EPCs
bear, in addition to endothelial functions, antigen-pre-
senting abilities. Due to their endothelial functions, EO-
EPCs can home and incorporate into sites of neovas-
cularization, and in tumor tissues, they can encourage
tumor growth and progression. On the other hand, by
their antigen-presenting ability, EO-EPCs can activate
the immune system of the tumor-bearing host, especially
against tumor angiogenesis.

To the best of our knowledge, this is the first report
on the ability of PBMNCs-derived EO-EPCs to activate
the proliferation of allogeneic T-cells and induce pep-
tide-specific, HLA-restricted CTL activity against cancer
cells.

The selective targeting of EO-EPCs would be a
promising strategy to combat cancer, since it will interrupt



Fig. 6 a The effect of EO-EPCs
to stimulate the proliferation of
allogeneic lymphocytes. EO-
EPCs effectively stimulated the
proliferation of allogeneic

a Mixed
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leukocyte reaction
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lymphocytes, but compared to
DCs, the effect was weaker. b
EO-EPCs were tested for their
ability to stimulate HLA-
restricted, CEA-specific
autologous CTLs, and their
ability to lyze tumor cells in
vitro. CTL generated by co-
culture with CEA peptide-
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the oxygen and nutrients supply to tumor cells, but EO-
EPCs would also serve as the APC for the induction of
specific anti-angiogenic immunity by presenting self-
antigens. Identification of EO-EPCs-specific antigens
would help to develop new therapeutic strategies based on

effector/ target
ratio

20

EO-EPCs either as the effectors or the targets of immu-
notherapy.
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