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Ephrin-B2—-Activated Peripheral Blood Mononuclear
Cells From Diabetic Patients Restore Diabetes-Induced
Impairment of Postischemic Neovascularization

Dong Broquéres-You,'? Carole Leré-Déan,'® Tatiana Merkulova-Rainon,'® Chris S. Mantsounga,'
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We hypothesized that in vitro treatment of peripheral blood mono-
nuclear cells (PB-MNCs) from diabetic patients with ephrin-B2/Fc
(EFNB2) improves their proangiogenic therapeutic potential in di-
abetic ischemic experimental models. Diabetes was induced in
nude athymic mice by streptozotocin injections. At 9 weeks after
hyperglycemia, 10° PB-MNCs from diabetic patients, pretreated
by EFNB2, were intravenously injected in diabetic mice with
hindlimb ischemia. Two weeks later, the postischemic neovascula-
rization was evaluated. The mechanisms involved were investigated
by flow cytometry analysis and in vitro cell biological assays. Paw
skin blood flow, angiographic score, and capillary density were
significantly increased in ischemic leg of diabetic mice receiving
EFNB2-activated diabetic PB-MNCs versus those receiving non-
treated diabetic PB-MNCs. EFNB2 bound to PB-MNCs and in-
creased the adhesion and transmigration of PB-MNCs. Finally,
EFNB2-activated PB-MNCs raised the number of circulating vas-
cular progenitor cells in diabetic nude mice and increased the
ability of endogenous bone marrow MNCs to differentiate into
cells with endothelial phenotype and enhanced their proangio-
genic potential. Therefore, EFNB2 treatment of PB-MNCs abro-
gates the diabetes-induced stem/progenitor cell dysfunction and
opens a new avenue for the clinical development of an innova-
tive and accessible strategy in diabetic patients with critical
ischemic diseases. Diabetes 61:2621-2632, 2012

ower extremity peripheral arterial disease (PAD)
is a common syndrome that affects a large pro-
portion of most adult populations worldwide. PAD
is associated with significant morbidity and mor-
tality and often results in critical limb ischemia (1,2). Ap-
proximately 30% of patients are not considered for vascular
or endovascular procedures, with amputation often being
the only option (3). In addition, leg amputation due to PAD
with other cardiovascular risk factors gives rise to an acute
mortality rate of ~30% and a 5-year prognosis with survival
rates of <30% (4,5). Hence, there is a great need for the

From the 'Blood and Vessels Institute, Lariboisiere Hospital, Paris, France;
_ZINSERM U970, Paris Cardiovascular Research Center, Paris, France;
SINSERM U965, Lariboisiére Hospital, Paris, France; *Assistance Publique
Hopitaux de Paris, Department of Internal Medicine B, Lariboisiere Hospi-
tal, Paris, France; and 5Assistance Publique Hopitaux de Paris, Depart-
ment of Internal Medicine and Arterial Hypertension, Avicenne Hospital,
Bobigny, France.

Corresponding author: Bernard 1. Lévy, bernard.levy@inserm.fr.

Received 29 December 2011 and accepted 16 April 2012.

DOL: 10.2337/db11-1768

This article contains Supplementary Data online at http://diabetes
.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1768/-~/DC1.

D.B.-Y. and C.L.-D. share co-first authorship.

© 2012 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

diabetes.diabetesjournals.org

development of therapeutic strategies to implement novel
management procedures and therapeutic options.
Diabetes is the most significant risk factor for amputa-
tion in PAD patients (6-10). Indeed, there is considerable
evidence to suggest that microvascular abnormality is a
common hallmark in diabetes and that angiogenic response
is altered in wound healing and ulcers in diabetic patients
(6-11). In preclinical models of PAD, diabetic animals dis-
played attenuated perfusion recovery in response to ische-
mia (12-14), likely related to impaired release of endothelial
progenitor cells (EPCs) and altered activity of growth
factors (12,15-17). The concept of (stem) cell-based re-
vascularization emerged in 1997 with the description of
adult circulating EPCs by Asahara et al. (18). Animal
experiments and clinical trials then proved that cell-based
therapies increase blood perfusion in ischemic tissues (19).
Different stem/progenitor cell types have been tested, in-
cluding mesenchymal stem cells (20,21), adult bone marrow
(BM) mononuclear cells (BM-MNCs) (22), umbilical cord
blood-derived EPCs (uEPCs) (23,24), and peripheral
blood-derived circulating EPCs (25). BM-MNCs are effec-
tive proangiogenic cells and are used in clinical studies in
patients with ischemic disease (26); however, the collection
of BM-MNCs is of concern in patients with severe disease.
Indeed, in most previous trials, 500 mL BM was necessary
and collected in anesthetized patients. Thus, in patients
with critical limb ischemia, BM collection is difficult and
almost impossible to repeat (27). In a similar manner, the
uEPC-based therapy requires long and complex preparation
processes and could cause immune problems.
Alternatively, extensive studies have also unraveled the
therapeutic effectiveness of mobilized or injected periph-
eral blood (PB)-MNCs in patients with critical limb ische-
mia (28-31). It is noteworthy that PB-MNCs are easy to
obtain and prepare. They are suitable for repeated autol-
ogous administration since similar clinical manipulations,
such as blood apheresis and blood transfusion, have been
widely applied over past decades and are well accepted by
patients and clinicians. We previously reported that acti-
vation of the EphB4/ephrin-B2 (EphB4/EFNB2) system
further enhanced uEPC proangiogenic potential (23). It is
interesting that mature monocytes and lymphocytes ex-
press EFNB2 and its receptors (32,33). The in vitro stim-
ulation by EFNB2 improves the proliferation and cytotoxic
function of T cells and increases the adhesion and trans-
migration of monocytes (32,33), suggesting that an EFNB2-
dependent signaling pathway is functional in PB-MNCs
and is involved in the regulation of their activity. There-
fore, we hypothesized that EFNB2 could activate PB-MNCs
from diabetic patients and enhance their proangiogenic and
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therapeutic potential in ischemic tissues in diabetic animals.
Here we show that PB-MNCs from diabetic patients, in vitro
stimulated by EFNB2, acquire a marked proangiogenic
therapeutic potential in a diabetic mouse model of hindlimb
ischemia.

RESEARCH DESIGN AND METHODS

Cells. Blood samples from consenting nonhospitalized diabetic patients, un-
scathed of any acute disease during systematic annual visit, and healthy donors
were collected in heparinized tubes. The inclusion criteria were male sex, age
=40 years, and type 2 diabetes. The patients with diabetes received oral an-
tidiabetic drugs (gliclazide, metformin, acarbose, and sitagliptin), antihyper-
tensive treatments (ACE inhibitor, diuretic, and calcium channel blocker),
anticoagulant therapy, and/or atorvastatin. PB-MNCs were isolated by gra-
dient density centrifugation using Pancoll (PAN Biotech, Aidenbach, Germany).
Cells were then incubated with EFNB2 (R&D Systems, Minneapolis, MN) at
37°C. The uEPCs were isolated from umbilical cord blood, and human um-
bilical vein endothelial cells (HUVECs) were isolated by collagenase digestion.
The uEPCs from the 10th to 15th passages and HUVECs from the 3rd to 5th
passages were used (23).

Cellular assays

Cell adhesion assay. Human PB-MNCs were labeled with a Vybrant CFDA
SE Cell Tracer. PB-MNCs were seeded over the HUVEC monolayer and in-
cubated at 37°C for 1 h. The adhered cells were evaluated using a Victor3
spectrofluorimeter (PerkinElmer, Turku, Finland). To determine signaling path-
ways involved in cell adhesion, PB-MNCs were preincubated with LY29004
(phosphatidylinositol [PI] 3-kinase inhibitor) or PD98059 (mitogen-activated
protein kinase kinase [MEK]-1/2 inhibitor; Sigma-Aldrich, St. Louis, MO) before
the incubation with EFNB2.

Cell transmigration assay. HUVECs were preseeded onto the upper side of
the gelatin-coated FluoroBlok inserts (3 pm; BD Biosciences, Franklin Lakes,
NJ). Labeled PB-MNCs were added onto the HUVEC monolayer and incubated
for 1 h. The cells that had transmigrated through the HUVEC monolayer to the
lower surface of the filters were evaluated.

Capillary-like tube formation assay on Matrigel. HUVECs and diabetic
PB-MNCs were seeded on Matrigel (Ibidi, Martinsried, Germany). After 24 h,
capillary-like structures were quantified using HistoLab software (Microvision,
Evry, France).

Model of diabetes and surgical procedure. Experiments were performed in
accordance with the animal protection legislation for animal studies in ex-
perimentation and all other applicable laws and regulations in force in France
(in accordance with the European Community guidelines for the care and use of
laboratory animals, no. 07430). Male adult athymic nude mice and C57Bl6 mice
(aged 6-7 weeks; Harlan, Indianapolis, IN) were used. For diabetes induction,
the nude mice received successive intraperitoneal injections of streptozotocin
(40 mg/kg/day; Sigma-Aldrich) during 7 days. Surgical intervention was per-
formed to create a unilateral hindlimb ischemia under sterile conditions at 9
weeks after constant hyperglycemia was observed in animals (34). In anes-
thetized mice, the femoral artery was gently dissected and separated from the
vein using a microscope. The ligature was performed just above the origin of
the circumflexa femoris lateralis. Five hours after the ligature of femoral ar-
tery, PBS, PB-MNCs, or uEPCs were injected into the tail vein. The PB-MNC
optimal stimulation conditions used for injection were determined by in vitro
cell adhesion assay.

Evaluation of postischemic revascularization

Laser Doppler flowmetry. At 14 days postligature, animals were anes-
thetized by injection of pentobarbital (10 mg/kg i.p.). Mice were next placed on
a heating platform, and their temperature was kept at 37 = 0.5°C to minimize

TABLE 1
Primers used for real-time RT-PCR

the influence of body temperature on paw blood perfusion. The evaluation was
then performed using a laser Doppler flowmetry (Moor Instruments, Devon, U.K.).
Microangiography. Vessel density was determined by high-definition
microangiography (2100; Kodak Dental Systems, Atlanta, GA). A longitudinal
laparotomy was performed and a polyethylene catheter (PE-10) was inserted
into abdominal aorta through which a contrast medium (barium sulfate, 1.67
g/mL saline) was injected. Microangiography of hindlimb was then assessed
and images were acquired by a digital X-ray transducer. Vascular density of
each hindlimb was calculated as a percentage of pixels per image in the
quantification area occupied by arteries using Primed Software (Paris, France).
Capillary density. For immunohistochemical analysis, ischemic and non-
ischemic gastrocnemius muscles were sectioned at 7-uym thickness with
cryostat at three levels separated by a distance of 300 pm. The sections were
incubated with fluorescein isothiocyanate (FITC)-conjugated isolectin B4 (10
ug/mL; Sigma-Aldrich). Using a fluorescence microscope, six images (two
images per level) were acquired for each muscle sample. HistoLab software
was used to quantify capillary density.

The results for each animal were expressed as a ratio of right (ischemic) side
versus left (nonischemic) side.
Flow cytometry analysis. EFNB2 was biotinylated using a Micro Biotinilation
Buffer and Desalting Set (Thermo Fisher Scientific, Rockford, IL). PB-MNCs
isolated from diabetic patients and healthy volunteers were incubated with 15
ug/mL biotinylated EFNB2 for 30 min at 37°C. Bound biotinylated EFNB2 was
detected by phycoethrin (PE)-streptavidin incubation. To determine the sub-
populations of PB-MNCs interacting with EFNB2, cells were coimmunolabeled
with a mixture of appropriate antibody (BD Biosciences), including V450-anti-
human CD3 antibody, PerCP-Cyb.5-anti-human CD4 antibody, FITC-anti-
human CD8 antibody, APC-anti-human CD19 antibody, APC-H7-anti-human
CD14 antibody, V500-anti-human-CD45 antibody, PE-Cy7-anti-human CD34
antibody, FITC-anti-mouse CD34 antibody, and PE-anti-mouse VEGFR2 anti-
body. The cells were then examined by BD Biosciences LSRII flow cytometry.
The percentage of positive cells was analyzed using FlowJo software
(TreeStar, Ashland, OR).
BM-MNC differentiation assay. Mouse BM was obtained by flushing tibia
and femur. Low-density MNCs were then isolated by centrifugation on a Ficoll
gradient (31). BM-MNCs (2 X 10° per mL), isolated from nondiabetic or di-
abetic nude mice, were plated on 11-mm cell culture dishes coated with gelatin
(0.1%) and rat plasma vitronectin. BM-MNCs were maintained in complete
EGM2 medium for 7 days. Adherent cells were then incubated in EGM2 con-
taining 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine-labeled acetylated
LDL (Dil-LDL; Harbor Bio-Products, Norwood, MA) at 37°C for 1 h. Cells were
fixed in 2% paraformaldehyde and incubated with FITC-labeled BS-1 lectin
(Sigma-Aldrich). Endothelial cell phenotype was revealed with double-positive
staining for both Dil-LDL and BS-1 lectin. Cell numbers were counted per well
by using epifluorescence microscopy. Results were expressed as percentages of
total adherent cell numbers (35).
RT-PCR. Total RNA was isolated using the AllPrep DNA/RNA Mini Kit
(QIAGEN, Hilden, Germany). Total RNA was reverse transcribed, and the
generated cDNA was further amplified for 35 cycles (Roche Diagnostics,
Mannheim, Germany). The primers used for PCR are listed in Table 1. The
mRNA levels were normalized to 18S ribosomal RNA.
Western blot. Cell extracts of PB-MNCs were prepared in 50 mmol/L Tris, pH
8, 100 mmol/L NaCl, 5 mmol/LL EDTA, 1% Triton X-100, 0.5% Nonidet P-40,
1 mmol/L phenylmethylsulfonyl fluoride, 1 ug/mL leupeptin, and 1 wg/mL
aprotinin. Proteins were separated by electrophoresis and transferred to ni-
trocellulose membranes. Membranes were incubated with the appropriate
primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). The signal
was revealed with the Pierce Enhanced Chemiluminescence System.
Data analysis and statistics. The results are expressed as mean = SEM. The
comparisons were performed using a Student ¢ test for two experimental

Name (accession number)

Forward primer

Reverse primer

EphB1 (183603932)
EphB2 (111118977)
EphB3 (33598961)

EphB4 (55774978)

EphB6 (194097331)
EphA4 (45439363)

EFNB2 (33359689)
18S (225637497)

5'-CTGAACACCATCCGCACCTACC-3’
5'-GGAAGAGGTGAGTGGCTACGAT-3'
5'-CTTCCCAAGATCTCCCTTCC-3'
5'-TATTCGGACAAACACGGACA-3’
5'-TGCTGGTGAATAGCCACTTG-3’
5'-CATTCTGACAGGGTGTGTGG-3’
5'-GGAAGAGGTGAGTGGCTACGAT-3’
5'-AAACGGCTACCACATCCAAG-3’

5'-CCCCGTTGCAGTAGAGTTTGAT-3’
5'-TACATCCACCTCTTCCGCATTG-3’
5"-ATGGGTTCTTGGGGTAGTCC-3'
5'-TCTTGATTGCCACACAGCTC-3'
5'-CGGAACTCCTGCTCTATTGC-3’
5'-TTGGCCTCCTACCCTTACCT-3'
5'-TACATCCACCTCTTCCGCATTG-3’
5'-CCTCCAATGGATCCTCGTTA-3'
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groups and a one-way ANOVA followed by post hoc Bonferroni complemen-
tary analysis for more than two experimental groups. P < 0.05 was considered
significant.

RESULTS

EphB2 and EphB4 are expressed in PB-MNCs. RT-PCR
analysis demonstrated that as in cultured HUVECs and in
vitro expanded uEPCs (positive controls), PB-MNCs of
both healthy volunteers and diabetic patients expressed
mRNAs encoding for all Eph receptors known to interact
with EFNB2 (32,33). However, EphB4 mRNA levels were
~100-fold higher, and those of EphB1, EphB2, and EphA4
were ~10-fold higher in HUVECs and uEPCs compared
with PB-MNCs. In contrast, mRNA encodings for EphB3
and EphB6 were more abundantly expressed in PB-MNCs
than in HUVECs and uEPCs. The expression of EFNB2

mRNA was barely detectable in PB-MNCs, whereas it was
strongly expressed in both HUVECs and uEPCs (Fig. 1A4).
Western blot analysis evidenced expression of EphB2 and
EphB4 proteins only in human PB-MNCs from diabetic
patients and healthy volunteers (Fig. 1B-D).

Optimal conditions for PB-MINC pretreatment. We next
sought to determine the optimal concentration and duration
of stimulation of human PB-MNCs with EFNB2 by using an
in vitro cell adhesion assay. The nonstimulated PB-MNCs
derived from diabetic patients showed less adhesion ability
than those from healthy donors (P < 0.05) (Fig. 24). EFNB2
pretreatment significantly increased the adhesion of human
diabetic PB-MNCs in a dose-dependent manner, with a max-
imal effect observed at 15 pg/mL (Fig. 2B). Moreover, the
EFNB2 pretreatment modified the adhesion ability of
diabetic PB-MNCs in a time-dependent manner. It is
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FIG. 2. Dose- and time-dependent effects of EFNB2 treatment on PB-MNC adhesion. A: In vitro adhesion ability of nonstimulated PB-MNCs from
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noteworthy that the treatment for 30 min led to the highest
adhesion of human diabetic PB-MNCs (Fig. 2C). We also
showed that EFNB2 pretreatment exerted a similar effect on
the adhesion ability of control PB-MNCs (Supplementary
Fig. 1A and B). The pretreatment of diabetic PB-MNCs with
isolated IgG1/Fc fragment, representing the COOH-terminal
half of EFNB2 chimera, did not change the adhesion
ability of diabetic PB-MNCs to the HUVEC layer (Fig.
2D). Therefore, in all the following experiments, PB-
MNCs were stimulated with EFNB2 at 15 pg/mL for
30 min.

Optimal cell number for PB-MNC-based therapy. We
next investigated the effects of EFNB2-pretreated human
diabetic PB-MNCs on postischemic revascularization. In-
travenous injection of EFNB2-stimulated diabetic PB-
MNCs markedly improved the neovascularization in a cell
number—-dependent manner when compared with PBS.
The maximal effect was observed after treatment of 10°
EFNB2-stimulated diabetic PB-MNCs: foot skin blood
flow, angiographic score, and capillary density were sig-
nificantly increased by 63 = 8, 89 = 17, and 74 *= 14%
in mice ischemic limb (P < 0.001) (Fig. 3A and B). At
this dose, the nonstimulated diabetic PB-MNCs did not
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modify these parameters in ischemic limb (Fig. 3C).
Moreover, stimulation of diabetic PB-MNCs with isolated
IgG1/Fc fragment did not affect the proangiogenic po-
tential of diabetic PB-MNCs (Fig. 3C). Subsequently, 10°
pretreated PB-MNCs were used in all our in vivo experi-
ments.

EFNB2 binding to subpopulations of PB-MNCs. We
next assessed the EFNB2 ability to bind to PB-MNCs by
flow cytometry analysis. EFNB2 interacted with 11.6 *+
3.2% of human diabetic PB-MNCs (n = 13) and 13.8 = 2.6%
of human control PB-MNCs (n = 7) (Fig. 4A and B). Among
these EFNB2-interacted diabetic cells, 69.3 * 2.5% were
monocytes (CD14™), 17.3 + 1.8% were T cells (CD3"),
5.5 * 1.9% were B cells (CD19"), and 6.0 = 2.08% were
hematopoietic stem/progenitor cells (CD34"/CD45") (Fig.
4C-@G). The percentage of EFNB2 interacting with B cells
was significantly increased compared with that of diabetic
B cells (P < 0.001) (Fig. 4C). In contrast, the number of
CD3" T cells in the diabetic group was significantly in-
creased compared with that of the control group (P < 0.05)
(Fig. 4C). This increase seems to be the result of an upre-
gulation in CD3*/CD4"* lymphocytes since their percentage
was enhanced, albeit not significantly (5.8 = 0.9 vs.
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11.8 £ 2.6% for control and diabetic groups, respectively,
P =0.06) (Fig. 4C). No additional differences were observed
for the other subpopulations of PB-MNCs (Fig. 4C).
Finally, EFNB2 pretreatment did not change the activity
of platelets, as determined by flow cytometry analysis of
CD62P levels (data not shown).
Signaling pathways involved in EFNB2-induced PB-MNC
activation. To study the pathways involved in EFNB2-
mediated signaling, we preincubated human diabetic PB-MNCs
with specific inhibitors of PI 3-kinase (LLY29004) or MEK-1/2
(PD98059) for 30 min before the EFNB2 stimulation. LY29004
and PD98059 did not significantly modify the adhesion of
nonstimulated diabetic PB-MNCs. Preincubation of diabetic
PB-MNCs with LY29004 but not PD98059 dose-dependently
abolished the increase of diabetic PB-MNC adhesion

diabetes.diabetesjournals.org

induced by EFNB2 (P < 0.001) (Fig. bA and B). These
results suggest that the PI 3-kinase—-dependent pathway is
involved in EFNB2-mediated effects on human diabetic PB-
MNCs.

EFNB2 pretreatment increases PB-MNC transmigration
capacity. We next investigated whether EFNB2 pretreatment
could affect PB-MNC transmigration capacity. We ob-
served that EFNB2 stimulation increased the migration
rate of human diabetic PB-MNCs by 40 = 18% (P < 0.001)
(Fig. 5C). In addition, transcriptome analysis demonstrated
that EFNB2 pretreatment rapidly (1 h and 4 h after pre-
treatment) increased the expression of proinflammatory/
proangiogenic factors, such as interleukin (IL)-1, IL-6,
and monocyte chemotactic protein-1 in human diabetic
PB-MNCs (n = b; data not shown).
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EFNB2-pretreated PB-MNCs stimulate in vitro capillary-
like tube formation. The effect of EFNB2 pretreatment on
the ability of PB-MNCs to form capillary-like structures was
also assessed in an in vitro three-dimensional Matrigel as-
say. Nonstimulated diabetic PB-MNCs had no effect on
HUVEC capillary-like tube formation (data not shown).
EFNB2-stimulated diabetic PB-MNCs markedly increased
capillary-like tube formation compared with nonstimulated
diabetic PB-MNCs (Fig. 5D). Tube intersection number, tube
network length, and tube network surface were increased
by 77 £ 13, 13 = 5, and 20 £ 7%, respectively, in cocultures
of HUVECs and EFNB2-stimulated diabetic PB-MNCs (P <
0.001, P = 0.06, and P < 0.05, respectively) (Fig. 5F). In ad-
dition, we showed that EFNB2-stimulated diabetic PB-MNCs
could incorporate into the capillary-like network formed by
HUVECs (Fig. bE).

Moreover, 14 days after transplantation of human di-
abetic PB-MNCs in nude mice, human DNA was detected
in 83% of ischemic tibias muscles. In contrast, the human
DNA was not found in liver, spleen, heart, and lung tis-
sues of mice (Supplementary Fig. 2). These results sug-
gest that EFNB2 pretreatment enhances the angiogenic
property of human diabetic PB-MNCs, at least partly,
through their ability to incorporate vascular structure.
PB-MNC-based cell therapy in limb ischemia associated
with diabetes. Indexes of postischemic neovascularization
in diabetic nude athymic mice decreased by 37 = 6 (foot skin
blood flow), 34 * 6 (angiographic score), and 26 *= 4%
(capillary density) when compared with nondiabetic animals
(P < 0.01) (Fig. 6A). As a positive control, we showed that
10° uEPCs significantly restored vascular network formation
and perfusion in the ischemic limb of diabetic mice (113 =
17, 118 £ 24, and 156 = 8% vs. nondiabetic nude mice for
foot skin blood flow, angiographic score, and capillary den-
sity, respectively, P < 0.001) (Fig. 6B-D). At 14 days after the
onset of ischemia, untreated 10° PB-MNCs from diabetic
patients or from healthy donors had no effect on the neo-
vascularization process in diabetic nude mice. It is interesting
that the EFNB2-pretreated diabetic PB-MNCs increased the
foot skin blood flow, angiographic score, and capillary den-
sity in the ischemic hindlimb of diabetic animals compared
with PBS or nonstimulated PB-MNCs (122 = 10, 139 *= 14,
and 145 = 7% vs. nondiabetic nude group, respectively, P <
0.001) (Fig. 6B-D). In a similar manner, the EFNB2-stimulated
PB-MNCs extracted from healthy donors significantly
enhanced the postischemic neovascularization in ischemic
lower extremity of diabetic animals (112 = 7, 131 = 13, and
146 *= 11% vs. nondiabetic nude group for foot skin blood
flow, angiographic score, and capillary density, respectively,
P < 0.001) (Fig. 6B-D).

Endogenous circulating stem/progenitor cell number
in host animals receiving human PB-MNCs. We next
attempted to determine the cellular and molecular mech-
anisms involved in EFNB2-treated PB-MNC-related effects.
At 14 days postischemia, we first determined the number of
circulating vascular stem/progenitor cell numbers in nude
mice treated with human PB-MNCs. The number of CD34"*/
VEGFR2"—circulating cells was significantly decreased by
56% in diabetic nude mice when compared with nondiabetic
animals (CD34"/VEGFR2": 0.0096 = 0.0007% of total cells
examined for nondiabetic animals, P < 0.001) (Fig. 7A).
Administration of untreated human control and diabetic PB-
MNCs, as well as human uEPCs, did not significantly affect
the number of circulating vascular stem/progenitor cell in
diabetic nude mice. In contrast, the number of CD34"/
VEGFR2*—circulating MNCs almost returned to control
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levels in diabetic nude mice receiving EFNB2-stimulated
PB-MNCs from healthy donors (92 = 4%, P < 0.001) and
from diabetic patients (86 £ 5%, P < 0.001) (Fig. 7A).
Differentiation capacity of BM-MNCs derived from
host animals transplanted with human PB-MNCs. We
then studied the effect of human PB-MNCs on the in vitro
capacity of endogenous BM-MNCs derived from nude mice
to differentiate into cells with endothelial phenotype. This
differentiation potential was altered in diabetic mice
(94 = 1.1vs. 20.2 £ 0.7% in nondiabetic nude, P < 0.001).
The differentiation capacity of BM-MNCs of diabetic nude
mice receiving nonstimulated control or diabetic PB-MNCs
was similar to that of BM-MNCs isolated from PBS-receiving
mice. Conversely, administration of EFNB2-stimulated PB-
MNCs from healthy donors to diabetic animals significantly
increased the differentiation capacity of endogenous BM-
MNCs (P < 0.001) (Fig. 7B).

In vivo proangiogenic potential of BM-MNCs extracted
from host animals treated with human PB-MNCs. To
evaluate the effects of transplanted human PB-MNCs on the
in vivo proangiogenic potential of BM-MNCs from host
animals, BM-MNCs were isolated from treated animals and
intravenously injected into C57Bl6 mice with a hindlimb
ischemia. BM-MNCs of nondiabetic mice significantly en-
hanced the postischemic neovascularization compared with
PBS (133 = 9, 149 =+ 5, and 227 = 11% vs. PBS group for
foot skin blood flow, angiographic score, and capillary
density, respectively, P < 0.001) (Fig. 7C). However, BM-
MNCs isolated from diabetic mice treated with PBS or with
nonstimulated control or diabetic human PB-MNCs did not
significantly promote revascularization. It is interesting that
the foot skin blood flow, angiographic score, and capillary
density were increased by 25 + 8 52 * 6, and 127 = 11%,
respectively, in C57Bl6 mice injected with BM-MNCs iso-
lated from diabetic mice transplanted with EFNB2-treated
human diabetic PB-MNCs (P < 0.001) (Fig. 7C). In a similar
manner, UEPCs and EFNB2-treated human control PB-
MNCs totally restored the in vivo proangiogenic potential of
BM-MNCs isolated from diabetic animals (P < 0.001).

DISCUSSION

Our major finding is that acute EFNB2 treatment of human
diabetic PB-MNCs potentiates their in vitro and in vivo
proangiogenic capacity. Incubation with EFNB2 increases
adhesion, transmigration, paracrine activity, and proan-
giogenic properties of human diabetic PB-MNCs. After
administration, activated human diabetic PB-MNCs also
enhance the endogenous BM-MNC differentiation ability
and mobilization/homing of vascular stem/progenitor cells
in diabetic host animals.

An accessible and safe source of stem/progenitor cells is
a prerequisite for the future development of efficient cell-
based therapeutic strategies able to limit the important
burden of the disease. A significant advantage of PB-MNCs
over BM-MNCs and uEPCs is the relative ease of isolation
and preparation procedures. Therefore, we aimed to de-
velop a procedure enabling enhancement of the proangio-
genic potential of human PB-MNCs from diabetic patients.
In accordance with previous studies (32,33), the expression
of EphB2 and EphB4 in human diabetic PB-MNCs suggests
that EFNB2 could interact with human diabetic PB-MNCs.
In this line, we demonstrated that EFNB2 binds to monocytes,
lymphocytes, and hematopoietic stem/progenitor cells
within the PB-MNC subpopulation. It has been reported that
EFNB2 activates inflammatory cells, including monocytes
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and lymphocytes (32,33), which play a crucial role in the
modulation of postischemic revascularization (36,37). Thus,
EFNB2 could activate the human diabetic PB-MNCs and
subsequently modulate the postischemic vascular neogenesis.

In most clinical settings, the natural adaptive responses
to a compromised perfusion are insufficient to block the
progression of ischemic diseases since certain cardiovas-
cular risk factors, including diabetes, adversely affect post-
natal vasculogenesis and revascularization (12,35,38,39). Our
present results confirm that diabetes alters the process of
postischemic angiogenesis in nude mice (12,40). More in-
teresting, we demonstrated that EFNB2-stimulated PB-
MNCs from diabetic patients could also restore vascular
network formation in ischemic hindlimb of diabetic ani-
mals. This proangiogenic effect is comparable with that
of human uEPCs, suggesting that EFNB2 treatment of
diabetic PB-MNCs could be an effective proangiogenic
therapeutic strategy in the treatment of ischemic disease
associated with diabetes. We previously reported that the
activation of the EphB4/EFNB2 system further enhanced
uEPC proangiogenic potential in nondiabetic nude mice.
Indeed, EphB4 activation enhanced P selectin glycopro-
tein ligand-1 expression and improved adhesion and in-
corporation of uEPCs (23). In the current study, we extended
these previous findings and revealed that the EFNB2 pre-
treatment dose-dependently raised adhesion of diabetic PB-
MNCs to the HUVEC monolayer through the PI 3-kinase
signaling pathways. In addition, the transmigration of di-
abetic PB-MNCs was markedly enhanced by EFNB2. These
results are also in agreement with previous studies showing
the preferential adhesion of monocytes to endothelial cells
overexpressing EFNB2 and the involvement of EFNB2 in
monocyte transmigration through interaction of EFNB2
with EphB4 (32,33). Because EphB2 and EphB4 are
expressed in diabetic PB-MNCs, EFNB2 may likely ac-
tivate PB-MNCs through these two receptors. Further
experiments are needed to confirm this hypothesis.

We next found that acute EFNB2 pretreatment signifi-
cantly raised the gene expression of proinflammatory/
proangiogenic factors, including IL-1, IL-6, and monocyte
chemotactic protein-1 in human diabetic PB-MNCs (20,34,41).
In addition, EFNB2 pretreatment increased the ability of
PB-MNCs to incorporate into HUVEC-formed capillary-
like tubes. It is interesting that cell adhesion, cell trans-
migration, proinflammatory/proangiogenic factor secretion,
endothelial tube formation, and activation of PI 3-kinase—
dependent signaling are essential for postischemic vas-
cular neogenesis (42). We also showed that at 14 days
postischemia, human DNA could be detected in >80% of
ischemic muscle samples of animals receiving EFNB2-
stimulated human diabetic PB-MNCs, suggesting that ac-
tivated diabetic PB-MNCs could infiltrate into the ischemic
tissues.

Finally, a previous study indicates that after human uEPC
transplantation, BM-derived stem or progenitor cells were
increased in the peripheral circulation and incorporated
into the site of neovascularization and myocardial repair
(41), indicating that exogenous stem/progenitor cell ad-
ministration induces humoral effects, which are sustained
by host tissues and play a crucial role in repairing tissue
injury. Therefore, we assessed endogenous BM-MNC dif-
ferentiation capacity and the numbers of circulating vas-
cular stem/progenitor cells in host animals treated with
EFNB2-PB-MNC. The differentiation capacity of BM-MNCs
into cells with endothelial phenotype was significantly im-
paired, and the number of circulating CD34" and VEGFR2"
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cells were hampered in patients with diabetes (15,16). Of
note, EFNB2-treated human diabetic PB-MNC and human
uEPC administration restored the differentiation potential
of BM-MNCs from diabetic mice into cells with endothelial
phenotype. In addition, EFNB2-activated human diabetic
PB-MNCs raised the circulating levels of CD34"/VEGFR2*
MNCs. Moreover, BM-MNCs isolated from nude diabetic
mice receiving stimulated human diabetic PB-MNCs or
uEPCs had a more pronounced in vivo effect on post-
ischemic revascularization than that of BM-MNCs iso-
lated from animals treated with nonstimulated diabetic
PB-MNCs or PBS. Therefore, part of the beneficial effects
of EFNB2-pretreated diabetic PB-MNCs can be attributed
primarily to host cells. Indeed, transplantation of stimu-
lated PB-MNCs further mobilizes endogenous BM-derived
stem and progenitor cells into peripheral circulation, recruit-
ing them into the ischemic limb and thereby providing an
additional favorable milieu for neovascularization and
repair or regeneration of ischemic tissues.

Taken together, our results suggest that EFNB2 treat-
ment counteracts diabetes-induced stem/progenitor cell
dysfunctions and opens the way for the clinical development
of an innovative and very accessible strategy based on the
intravenous autologous transplantation of PB-MNCs in
patients with critical limb ischemia.
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