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Objective. Recruitment of endothelial progenitor cells to the sites of ischemia has recently
been suggested as a mechanism of tissue repair. Here we address the hypothesis that the hyp-
oxia-inducible full-length endothelial-monocyte-activating polypeptide II (EMAP II) provides
a mechanism to recruit late outgrowth highly proliferating endothelial progenitor cells
(EPCs).

Materials and Methods. We tested in a transwell migration assay EMAP II for its ability to
induce migration of EPCs. Furthermore, we measured changes in cellular calcium levels in
EPC to assess the ability of EMAP II to induce intracellular signaling. Finally, we employed
neutralizing antibodies and binding competition studies in order to identify the receptor me-
diating these activities of EMAP II in EPCs.

Results. EMAP 11 elicits dose-dependent migration and intracellular calcium mobilization in
EPCs. Functional blocking and binding studies with radiolabeled interferon-y—induced pro-
tein (IP-10) indicate that EMAP II employs the CXCR3 receptor for these activities in
EPCs. Indeed, EMAP II-induced migration of EPCs can be abolished by prior treatment of
cells with anti-CXCR3 antibodies or with IP-10.

Conclusions. These data suggests a novel function for EMAP II and a hitherto undescribed
role of the CXCR3 chemokine receptor in EPC recruitment. © 2006 International Society
for Experimental Hematology. Published by Elsevier Inc.

Recently, the concept that tissue repair processes involve
the role of adult progenitor cells has attracted much atten-
tion. For instance, in cardiovascular ischemia, mesenchy-
mal, or circulating endothelial progenitor cells contribute
to repair processes within the vasculature and even within
cardiomyocytes [1-3]. Circulating endothelial progenitor
cells (EPCs) have been identified as bone marrow-derived
cells, which appear to best be characterized by the expres-
sion of CD34, the vascular endothelial growth factor
receptor (VEGFR)-2, and CD133 [2]. However, some con-
troversy about the nature of circulating endothelial progen-
itor cells emerged, which was reflected by description of
different isolation and cultivation protocols. According to
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one protocol, early outgrowth EPCs are described as cells
of low proliferative potential that also express markers for
monocytic lineages [4,5]. According to another protocol,
late outgrowth EPCs exclusively express endothelial cell
markers and demonstrate higher proliferative capacities
[5-7]. In the following, the term EPC will be used for cells
isolated and characterized according to the latter descrip-
tion of late outgrowth and highly proliferative circulating
endothelial progenitor cells, which are clearly distinguished
from peripheral blood monocytes [5-8].

Although the concept that EPCs can participate in tissue
repair is by now widely accepted, the mechanism underly-
ing the recruitment of these cells are only partially
explored. One common element is the presence of a
hypoxic stimulus. Accordingly, proteins that are directly
regulated by hypoxia-inducible factor-1 (HIF-1), such as
the vascular endothelial growth factor (VEGF) and the
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chemokine stromal cell-derived factor-1 (SDF-1), have been
implied in processes of progenitor cell mobilization and
recruitment to sites of hypoxia. VEGF and homologues
binding to either VEGFR-1 or VEGFR-2 have been demon-
strated to mobilize monocytes and EPC [9-11]. However,
a cautious note about the use of VEGR-1 binding VEGF
family members was raised based on their involvement in ar-
thritis and atherosclerosis [12]. In addition to VEGF, another
hypoxia inducible protein, SDF-1 and its receptor CXCR4,
had been identified as critical mediators for the ischemia-
specific recruitment of circulating progenitor cells [13]. Re-
cent evidence infers a contribution of smooth muscle cell
(SMC) progenitors and SDF-1 to neointima formation after
arterial injury [14]. Inhibition of plaque area and SMC con-
tent in apolipoprotein E-deficient mice repopulated with
LacZ" or CXCR4~’~ bone marrow (BM) or lentiviral trans-
fer of an antagonist reveals a crucial involvement of local
SDF-1 and its receptor CXCR4 in neointimal hyperplasia
via recruitment of BM-derived SMC progenitors. Therefore,
analysis of recruiting mechanisms for a wide range of circu-
lating progenitor cells is helpful to evaluate the range of pos-
sible therapeutic targets and to address possible side effects.

In an attempt to identify more candidate molecules, po-
tentially involved in the progenitor cell homing processes
induced by ischemia, we investigated a protein known to
be regulated by ischemia, the endothelial-monocyte-activat-
ing polypeptide II (EMAP II). The full-length EMAP II,
which is also known as p43 [15,16], has previously been re-
ported to be induced and released by apoptosis, cellular
stress, and hypoxia [17-20]. Furthermore, full-length
EMAP I, can attract and activate monocytes [16,21]. In
this article, the abbreviation EMAP II will be exclusively
used for the full-length EMAP II in order to distinguish it
from its C-terminal cleavage product, mature EMAP II
[17]. Although EMAP II is not considered to belong to
the family of chemokines, it displays sequence and struc-
tural homologies to chemokines [22-24]. In this study, we
demonstrate that the full-length EMAP II can recruit
EPCs and we provide evidence for the hypothesis that these
activities are mediated by the chemokine receptor CXCR3
as an EMAP II binding and signaling receptor.

Materials and methods

Reagents

VEGF was obtained from Sigma (St. Louis, MO, USA).
Human recombinant interferon-y—induced protein (IP-10;
cat. no. 266 IP) and monoclonal antibodies to
anti-CXCR3 (cat. no. MAB160) were obtained from R&D
Systems, Minneapolis, MN, USA).

EMAP II production
The full-length form of EMAP II coding region was cloned
into pPICZ A vector (Easy Select, Pichia Expression Kit;

Invitrogen, Carlsbad, CA, USA), which contains co-mined
His-and Myc-tags at the C terminal. Expression of EMAP
IT was carried out according to manufactorer’s instructions
and confirmed by Western blot analysis using rat polyclonal
antibodies toward EMAP II SA2846. Purification of EMAP
II was performed by affinity chromatography using a Ni
Sepharose 6 Fast Flow column (Amersham Biosciences,
Arlington Heights, IL, USA). Protein concentration was
determined using bicinchoninic acid protein assay kit
from Pierce (Rockford, IL, USA).

CD34% cell source

Human BM aspirates were obtained from normal adult vol-
unteers after receiving informed consent according to
guidelines established by the Human Investigation Com-
mittee of the Indiana University School of Medicine. Cells
were isolated as described previously [25]. Briefly, low-
density BM cells were separated over Ficoll-Hypaque
(Pharmacia, Piscataway, NJ, USA). CD34™" isolation was
performed using magnetic cell separation columns (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and antibodies
recognizing the CD34 epitope QBEND/10 according
to the manufacturer’s procedure. Purity of CD34%-
selected samples ranged from 70% to 80%.

Isolation and cultivation of endothelial progenitor cells
Highly proliferative late outgrowth EPCs clones were iso-
lated from human umbilical cord blood as described previ-
ously [7,8,26]. Briefly, mononuclear cells (MNCs) from
umbilical cords of healthy term infants were isolated using
gradient centrifugation over Ficoll. Isolated cells were cul-
tivated with endothelial growth medium-2 (EGM-2; Cam-
brex, Walkersville, MD, USA) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT, USA), 2% peni-
cillin/streptomycin (Invitrogen, Grand Island, NY, USA),
and 0.25 g/mL amphotericin B (Invitrogen) (complete
EGM-2) and highly proliferative clones were further ex-
panded. Cells were maintained in culture at EGM-2 com-
plete medium from Cambrex plus 10% FBS and used at
passage number <10.

Transwell migration assays

Migration of endothelial progenitor cells to EMAP II was
assessed as described previously with minor modifications
[21]. Briefly, EPCs were placed in 100 pL into the upper
chamber of 6.5-mm diameter, 5.0-um pore size transwell
according to the instruction of the company (Costar,
#3421, Cambridge, MA, USA). Collagen-coated filters
were employed to enhance adhesion. Because almost all
cells stay at the lower side of the membrane after migration,
quantification can be performed by simply counting these
cells. We used EMAP II or other factors of interest were
added to the lower chambers. In some cases cells were pre-
treated with either 10 ug/mL CXCR3 antibody, or 1 ug/mL:
IP-10 (agonist of CXCR3), for 20 minutes before put into
migration assay. For the CXCR3 antibody studies, equal



Y. Hou et al./ Experimental Hematology 34 (2006) 1125-1132 1127

amount of antibodies were also added to the lower wells.
The assays were conducted over a 4-hour incubation period
at 37°C in a CO, (7.5%) equilibrated incubator. After mi-
gration, nonmigrating cells were removed by cotton-tipped
applicators from the upper side of the transwells and mem-
branes of transwell filters were fixed and stained by Hema 3
STAT PACK protocol (Fisher Scientific, no. 123-869,
Hampton, NH, USA). Cells adhered at the lower side of
the membranes were counted under the microscopy in
five to six high-power fields/well and the average/standard
error of the average was determined. For assessing migra-
tion of CD34" bone marrow-derived cells, cells were har-
vested from the bottom of a transwell and quantified by
flow cytometry as described previously [25]. Briefly, 0.8—
1.0 x 10° cells were allowed to migrate for 3 to 4 hours
across transwells to bottom chambers containing EMAP
II in the absence or presence of neutralizing antibodies or
100 ng/mL SDF-1 as a positive control or media only. Mi-
grated cells were collected and stained with anti-CD34-PE-
Cy5. Migration of CD34™" cells was quantified by adding
a fixed number of carboxy-fluorescin diacetate, succinimi-
dyl ester (CFSE)-labeled cells to migrated cells and com-
paring to a standard curve prepared with known amounts
of unlabeled cells and CFSE-labeled cells. CFSE-labeled
cells were added just prior to acquisition to avoid CFSE
contamination of migrated cells.

Intracellular calcium flux measurements

Endothelial progenitor cells were seeded into 96-well plate
(black, clear bottom; NUNC, Rochester, NY, USA) at
40,000/well the day before the assay to form monolayer.
Cells were loaded with FLPR Calcium 3 Assay kit accord-
ing to manufacturer’s instruction. After 40 minutes to 1
hour at 37°C incubation cells were put into assay plate
chamber of FlexStation II (FLPR Calcium 3 Assay kit; Mo-
lecular Devices, Sunnyvale, CA USA) and compounds of
interest were added into assay plate by automatic transfer.
Calcium flux shown as relative fluorescence units in 5- to
20-second intervals was recorded up to 200 seconds after
addition of compounds and quantified using the software
provided by Molecular Devices (SoftMax Pro4.6).

Binding competition assays

Binding assays were performed as described previously
[27]. In brief, cells were plated in 24-well culture plates
and incubated overnight in standard medium. For the bind-
ing assay, cells were washed twice with washing buffer (0.5
M NaCl, 50 mM Hepes, 1 mM CaCl,, 5 mM MgCl,, and
1% bovine serum albumin, pH 7.2), once with binding
buffer (washing buffer without NaCl), and then incubated
in duplicates with a constant concentration (18 pM) of
125]_labeled IP-10 (Amersham Biosciences) in the presence
of increasing concentrations of unlabeled EMAP II. Incuba-
tions took place in 200 pL binding buffer. After incubation
at room temperature for 2 hours, binding buffer was aspi-

rated and cells were washed once in PBS, lysed in 0.5
mL 1 N NaOH and radioactivity was determined using
a gamma counter.

Statistical analysis

A paired r-test was utilized to establish statistically signifi-
cant differences between treatment groups. Where applica-
ble, mean + SEM of multiple measurements is reported, as
indicated.

Results

EMAP II induces migration of EPCs

In order to test the potential ability of EMAP II to recruit
late outgrowth EPCs, we tested the ability of EPCs to mi-
grate in response to increasing EMAP II concentrations.
As shown in Figure 1A, endothelial progenitor cells migrate
toward EMAP II. The response to EMAP II to EPC was
found to be concentration-dependent with maximal activi-
ties between 1000 and 5000 ng/mL and to decline at
10,000 ng/mL (Fig. 1A). In addition, we tested EMAP II
to recruit human bone marrow-derived CD34" stem/pro-
genitor cells purified from human donors. Testing bone
marrow derived CD34% cells, we observed a small but sta-
tistical significant increase in migration at an EMAP II
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Figure 1. Endothelial-monocyte-activating polypeptide II (EMAP II)
elicits migration of progenitor cells. (A) Dose response of EMAP II with
endothelial progenitor cells (EPCs). Migration of EPCs was expressed as
fold change increase over spontaneous medium control (arbitrarily set as
1) by counting migrated cells adherent to undersurface of transwell mem-
brane stained by hematoxylin. All values are significantly increased over
control (p < 0.001). Shown are mean + SEM of one representative
experiment out of two.
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concentration of 100 ng/mL over spontaneous (0.9-2.0%,
n = 3-5, p < 0.05). Together, these data demonstrate
that EMAP II can recruit circulating endothelial progenitor
cells. In addition, we found some preliminary evidence for
the hypothesis that EMAP II can also induce migration of
bone marrow-derived CD34 " progenitor cells.

Evidence for a relation

of EMAP II to the family of chemokines

The chemotactic activity, which was demonstrated by
checkerboard analysis for monocytes in a previous report
[22] and in this study for EPCs (data not shown) suggests
that EMAP II may be related to the family of chemokines.
This preposition is supported by the 50% sequence homol-
ogy of EMAP II to interleukin (IL)-8, which occurs within
a 10 amino acid long region occurs right at the definition
site for chemokines (underlined amino acids in the one let-
ter code, Fig. 2A). In addition, there is also a considerable
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Figure 2. Evidence for endothelial-monocyte-activating polypeptide II
(EMAP 1I) as a chemokine-related polypeptide. (A) Homology stretch of
the EMAP II protein sequence within a chemokine-defining sequence
with interleukin-8 (IL-8) and platelet factor 4 (PF4). (B) Endothelial pro-
genitor cells (EPCs) migration toward EMAP II is pertussis toxin (PTX)-
sensitive. Endothelial progenitor cells were pretreated with 100 ng/mL
PTX for 20 minutes before being subjected to 1 pg/mL EMAP II in lower
chamber of transwell. PTX-pretreated cells showed reduced migration
close to the level of medium control. Shown are mean £+ SEM of one
experiment.

40% overlap with platelet factor 4 (PF4) in this region
(amino acids in bold, Fig. 2A), which defines CXC-chemo-
kines and carries an ELR (IL-8)/DLQ (PF4) motif involved
both in myeloid progenitor proliferation and angiogenesis
control [28,29]. Based on the hypothesis that EMAP II is
related to chemokines, we tested the possibility that it binds
to and signals through a chemokine receptor. This hypoth-
esis is supported by the finding that EMAP Il-induced mi-
gratory activity to EPCs can be abolished by pertussis
toxin, which blocks a G protein coupled signal transduction
pathway as a common characteristic feature for the chemo-
kine family of receptors (Fig. 2B).

ldentification of a signaling receptor for EMAP Il

Having shown that EMAP II is dependent on G protein cou-
pled signal transduction (Fig. 2B), we assessed the ability
of EMAP 1I to elicit intracellular calcium signaling in
EPCs, which is another hallmark in chemokine activation
and a generally employed tool for testing chemokine recep-
tor signaling. As shown in Figure 3A, EMAP II causes
biphasic dose response in intracellular calcium fluxes in
EPCs.

Based on the known antiangiogenic activities of EMAP
II, we decided to test for CXCR3 chemokine receptor,
which has been described in endothelial cells to mediate
the anti-angiogenic activity of PF-4, IP-10, and ITAC
[30]. Therefore, we tested a neutralizing anti-CXCR3 anti-
body for its ability to reduce EMAP II activity on calcium
signal induction (Fig. 3B). In these experiments, EPCs were
preincubated with 10 pg/mL anti-CXCR3 antibodies during
the loading time and then subjected to stimulation with 0.05
pg/mL EMAP II or 50 nM thrombin. Complete inhibition
of calcium flux was observed in EMAP II but not in throm-
bin-stimulated EPCs (Fig. 3B and C). These data demon-
strate that CXCR3 antibodies inhibit EMAP II-induced
signal transduction based on intracellular calcium
mobilization.

EMAP II competes with the

CXCR3 receptor ligand IP-10 in binding studies

To further address the hypothesis that EMAP II-induced
signaling involves the CXCR3 receptor, we performed
binding competition studies with the cognate CXCR3
ligand, IP-10. As shown in Figure 4, EMAP II is able to
competitively displace '*°I labeled IP-10 on endothelial
progenitor cells (triangles). To test the possibility that
EMAP 1II binds to a splice variant of CXCR3, as it was de-
scribed for PF4 binding to CXCR3B we used an epithelial
cell line transfected with CXCR3 (CXCR3A) and CXCR3B
[27]. Whereas unspecific binding of 1251 Jabeled IP-10 to
mock transfected epithelial cells was not competed at all
concentrations of EMAP II being used (mock, open cir-
cles), EMAP II competed for IP-10 binding to CXCR3
(CXCR3, diamonds) and CXCR3B (CXCR3B, squares)
transfected epithelial cells at similar concentrations as



Y. Hou et al./ Experimental Hematology 34 (2006) 1125-1132 1129

>

500
400 -
300
200 -
100

p <0.01 *

RFU X 104

-100 - Oug/ml Tug/ml 2.5ug/ml 5ug/ml
Concentration of EMAP I
**$<0.001

B .. *p<0.01

1.4 4 T
1.2 1

14

0.8 1 ==

RFU X 10

0.6 1

0.4

0.2 4

0
0.05ug/ml EMAPII - + +
10ug/ml Anti-CXCR3 - - +

C .. #p>0.05
' *p<0.04

1.5 1

RFU X 10

0.5

0
50nM Thrombin - + +
10ug/ml Anti-CXCR3 - - +

Figure 3. Endothelial-monocyte-activating polypeptide II (EMAP II) in-
duces intracellular calcium changes in endothelial progenitor cells
(EPCs). Shown are intracellular calcium changes in FURA-2 loaded
EPCs and online measurement using FLPR technology. Concentration de-
pendence of calcium mobilization in response to EMAP II (A). Neutraliz-
ing anti-CXCR3 antibodies (10 pg/mL) significantly blocked intracellular
calcium signals induced by EMAP-II (B) but not induced by thrombin (C).
Shown are mean = SEM of one representative experiment out two (B,C)
or three (A), respectively.

observed with EPCs (EPCs, triangles). These data indicate
that EMAP II is able to bind to CXCR3 and its splice var-
iant CXCR3B.

Involvement of the CXCR3

receptor in EMAP Il-induced migration of EPCs

To further extend our finding that CXCR3 inhibition results
in blockade of EMAP Il-induced intracellular signaling, we
tested whether EMAP II-induced migration was reduced by
using neutralizing anti-CXCR3 antibodies (10 pg/mL). As
shown in Figure 5A, migration of EPCs in response to
EMAP 1II was blocked by anti-CXCR3 antibodies. In addi-
tion, pretreatment of EPCs with an agonist of CXCR3,
IP-10, abolishes EMAP II-mediated recruitment of EPCs
to levels comparable to spontaneous migration (Fig. 5B).
Taken together, we conclude that endothelial progenitor
cells use CXCR3 as the receptor to respond to EMAP II.

Discussion

Our study demonstrates for the first time that EMAP II can
attract endothelial progenitor cells. This suggests that
EMAP can be involved in the regulators of angiogenesis
and tissue repair in ischemic disease. Because monocytes
have been demonstrated to be involved in these activities
and previous reports have shown that EMAP II is a chemo-
attractant for monocytes [5-7,16,17,21,31], we have pur-
posely chosen a protocol leading to EPCs, which are
defined as late outgrowth cells and do not express mono-
cytic markers [5-8]. In addition, we have observed that
EMAP 1I can also induce the migration of a very small
proportion of bone marrow-derived CD34" cells, and
subsequent fluorescein-activated cell sorting analysis of
migrated cells showed enrichment of CD133™ cells (data
not shown). Of note, CD133 is a plasma membrane marker
for early progenitor cells, including hematopoietic and
endothelial progenitor cells [2,32].

In order to obtain further insights into the underlying
mechanism leading to migration of cells, we tested signal-
ing events and signaling inhibitors. Our finding that EPC
migration induced by EMAP II was abolished by treating
cells with pertussis toxin B indicates that EMAP II employs
a G-protein coupled receptor as it is characteristic for che-
mokines. This is in line with a selective EMAP II sequence
homologies to IL-8 and PF4 within a chemokine consensus
sequence (Fig. 2). In addition, EMAP II induces intracellu-
lar calcium in EPC, which is another hallmark in chemo-
kine receptor activation [33]. Neutralizing antibodies
against CXCR3 blocked both EMAP-induced intracellular
calcium increase (Fig. 3B) and migration of endothelial
progenitors (Fig. 5A). Furthermore, the CXCR3 ligand,
which cannot cause EPC migration by itself, was able to
block EPCs to respond to EMAP II (Fig. 4). This can be
explained either by receptor desensitization in favor for the
hypothesis that EMAP II and IP-10 share the same receptor
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Figure 4. Competition studies of cold endothelial-monocyte-activating
polypeptide II (EMAP II) with 125-iodine-labeled interferon-y induced
protein (IP-10) for CXCR3 binding. Endothelial progenitor cells (EPCs)
were incubated for 2 hours with 18 pM 125-iodine—labeled IP-10 in the
presence of increasing concentrations of unlabelled pro EMAP II as de-
scribed in Materials and Methods. Of note, IP-10 binding in EPCs
(EPC) is weaker in comparison to CXCR3 and CXCR3B transfected im-
mortalized cells but still significant higher than in mock transfected control
cells. Shown is one representative experiment out of two.

although a general inhibitory effect of IP-10 on motility as
shown for VEGF-induced migration cannot be excluded
[34]. Finally, EMAP II was able to compete with IP-10
for binding to EPCs as well as to CXCR3 transfected
cell lines. Although binding competition studies revealed
less affine binding to CXCR3 as it was reported for other
CXCR3 ligands such as Mig, PF-4 or ITAC [35] migra-
tion induction by EMAP II also occurs at higher concen-
tration as reported previously for these and other
chemokines.

Although CXCR3 has been best explored for its role in
lymphocytes such as activated T cells, recently, several re-
ports indicated CXCR3 expression in endothelial cells
[27,34,35]. Of note, in endothelial cells, a splice variant
of CXCR3, CXCR3B, was demonstrated to mediate the
inhibitory effect on endothelial proliferation of antiangio-
genic chemokines such as PF4 and IP-10 [27]. In this
context, EMAP II had been also described to display anti-
angiogenic activity in growing endothelium [36], which
may be related to restriction of CXCR3 expression to pro-
liferating endothelium [30]. Alternatively, the interaction of
EMAP II with its extracellular binding protein, a-adenosine
triphosphate (ATP) synthase, in serum-starved endothelial
cells was demonstrated to provide an antiproliferative stim-
ulus [37]. Importantly, in an in vivo angiogenesis assay, the
chicken choreoallantois membrane assay, EMAP II dis-
played a biphasic dose response: at lower concentrations
it displayed proangiogenic and at higher concentrations
antiangiogenic properties [38]. Although angiogenic effects
of EMAP II are not the focus of our study, it could be hy-
pothesized that at low concentrations EMAP II application
favors recruitment of EPCs to the angiogenic vessels, whereas
at higher concentrations blockade of o-ATP synthase
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Figure 5. Inhibition of endothelial-monocyte-activating polypeptide II
(EMAP II)-induced endothelial progenitor cells (EPCs) migration. Cells
were pretreated with either antibodies or interferon-y—induced protein
(IP-10) and added to the upper wells of the migration chamber (A).
Pretreatment of EPC with neutralizing anti-CXCR3 antibodies (10 pg/mL)
inhibits EMAP II (1 pg/mL)-induced migration. (B) Pretreatment of EPCs
with IP-10 (1 pg/mL) abolishes EMAP II-induced migration. Shown are
mean = SEM. of one representative experiment out of three.

becomes important resulting in inhibition of endothelial
cell proliferation.

In conclusion, our finding that the hypoxia-inducible
EMAP II can attract EPCs suggests that it may be involved
in homing of EPCs and thus in angiogenesis and tissue
repair. A receptor shared by many angiostatic chemokines,
CXCR3, possibly its splice variant CXCR3B, is utilized by
EMAP II to elicit its signal cascade, including free calcium
increase and migration in endothelial progenitor cells.
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Additional studies addressing this EMAP II CXCR3 inter-
action in vivo will further address the biomedical impor-
tance of our in vitro study.
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