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by anti-inflammatory cytokines, such as IL-4, IL-13, and IL-10,
to ameliorate type 1 inflammatory responses and control
adaptive immunity. Furthermore, their anti-inflammatory
cytokines promote and regulate type 2 immune responses,
angiogenesis, and tissue repair.*’

In this regard, monocyte/macrophages in QQMNCs mainly
adopt angiogenic and anti-inflammatory phenotypes and are
contributing to regenerative process in ischemic organs.

Among lymphocyte lineage cells, B lymphocytes, NK cells,
and cytotoxic T cells significantly decrease or fade away.
Instead, helper T cells are the last surviving lymphocyte
population in QQ cultures. The phenotype identification of
CD4" cells disclosed the significant increase in CD4"/
CD25% /Foxp3™ regulatory T lymphocytes as well as CD4"/
[L-4" Th2 lymphocytes. In recent years, the interaction
between monocytes/macrophages and T lymphocytes has
been investigated. IFN-y produced by Th1 lymphocytes induce
monocytes to become classical activated M1 macrophages,
whereas [L-4, IL-13, and IL-10 that are produced by Th2 and
regulatory T lymphocytes induce differentiation of regenera-
tive M2 macrophages. IL-12 and (-6 produced by M1
macrophages activate Th1 lymphocytes, whereas IL-10 and
TGF-B produced by M2 macrophages encourage Th2 and
regulatory T-lymphocyte functions.*'#2

Therefore, the cell-cell interactions among M2 macrophag-
es, Th2, and regulatory T cells are considered to accelerate
QQMNCs function as angiogenic and anti-inflammatory tools.

Of note, the majority of T lymphocytes in QQ cultures are
CXCR4*/CD317/CD3" cells. This population is called “angio-
genic T cells” in the vascular biology field; these T cells deliver
proangiogenic cytokines in tissues for neovascularization.*°
The finding also encourages that the phenotype of T
lymphocytes is conducible to angiogenic preference of
QOMNCs.

Therefore, QQMNCs signal regenerative switches on
PBMNCs not only by EPC expansion and differentiation, but
also through collaborative M2 macrophage polarization and
Th2 and regulatory T-cell activation in QQ culture.

Cross-Talk of Cell Populations in QOMNCs

The finding shown in Figure 1F indicates that CD34" cell-
depleted PBMNCs included some cell population to accelerate
EPC expansion and differentiation in CD34" cells through QQ
culture. As demonstrated in Figure 2C and 2D, EPCs, M2
macrophage, Th2, and regulatory T lymphocytes were mainly
activated in QQMNCs. Increasingly, researches are focused
on the interaction between macrophages and T lymphocytes
to elucidate the collaborative mechanism of inflammation and
immunity. Although we do not have any evidence to indicate
that EPCs are involved in this collaboration, the developed
culture for EPC expansion, QQ culture, regulates phenotypes

of macrophages and T lymphocytes and, consequently, exerts
EPC expansion and differentiation. Therefore, any cellular or
molecular mechanism responsible for the effects of CD34"
cell-depleted PBMNCs needs to be identified in the future for
scientific and therapeutic interests.

Factors Expressed From QQMNCs

In order to further examine the vasculogenic potential of
QQMNCs, gRT-PCR was used to determine gene expression
profiles. In QOMNCs, the expression of mMRNAs encoding anti-
inflammatory and proangiogenic factors was enhanced,
whereas that of mMRNAs encoding proinflammatory cytokines
declined (Figure 3).

Expression of mRNAs encoding proangiogenic cytokines
and growth factors (eg, IL-10,*® leptin,***® IGF-1,*® and IL-
8%) was greatly elevated. Leptin*® and IL-10*® promote the
vasculogenic and angiogenic potentials of EPCs and ECs. IGF-
1% and 1L-8°° are also related factors responsible for
angiogenic properties of EPCs. Furthermore, IGF-1 promotes
muscle fiber regeneration®®; this phenomenon may be
reflected in the findings of enhanced myogenesis after
QOMNCTx. VEGF-B and Angn-1 were up-regulated in
QOOMNCs, and they potentiate vascular survival and matura-
tion relating to arteriogenesis induced by pericyte recruit-
ment.>*%* However, expression of mRNA encoding VEGF-A,
one of the main proangiogenic growth factors, was not
elevated, but rather reduced in OQMNCs, relative to PBMNCs.
The reduction of VEGF-A expression might be explained by a
negative feedback mechanism through high dose of VEGF-A
protein in QQ culture conditioning.

In contrast, expression of mRNA encoding TGF-, one of
the potent anti-inflammatory factors, was lower in QOMNCs.
However, expression of mRNAs encoding TNF-o and [L-1p, the
important proinflammatory mediators, was similarly mitigated
between QQMNCs and PBMNCs for TNF-a while prominently
down-regulated in QQMNCs and in PBMNCs for IL-1B.

The findings indicate that QQMNCs may not, at least, bring
proinflammatory cell populations more than PBMNCs.

Moreover, the expression of mRNAs encoding MMP-2 or
-9, which, playing a critical role in neovascularization and
tissue remodeling for antifibrosis,?® were highly up-regulated.

Taken together, QQMNCTx, compared to PBMNCTX,
resulted in more favorable conditions for vascular regenera-
tion or tissue repair because of the orchestration of dynamic
expression of multiple cytokines and growth factors.

Therapeutic Potential of QQMNCs for Hindlimb
Ischemia Models

QQOMNCs have therapeutic potential because transplantation
of the cells into ischemic hindlimb tissue was associated with
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increased blood flow, limb survival, and neovascularization in
tissues (Figure 5). Moreover, histological findings indicate
that transplanted human QOMNCs contributed to new
microvessel formation composed of human cells derived from
EPCs in QOMNCs, as well as mouse microvessel formation
and arteriogenesis supported by pericytes (Figures 6 and 7).
The latter effects were presumably the result of angiogenic
paracrine effects by accelerated phenotypes of macrophages
and T lymphocytes as well as EPCs.

The other categorical finding of this transplantation
treatment was decreased fibrosis and inflammation as well
as enhanced myogenesis (Figures 8 through 10). As indicated
by cell population study and gene expression analyses,
QQMNCs included many anti-inflammatory M2 macrophages;
the cells had enhanced expression of the anti-inflammatory
cytokine, IL-10, and the anti-fibrotic proteases, MMP-2 and -9,
as well as decreased expression of the proinflammatory
cytokine, IL-1B. This anti-inflammatory effect by QQMNCs
conceivably protected against fibrosis, even in severe ische-
mic muscles. Moreover, skeletal myogenesis was also
augmented by transplantation of QOMNCs with enhanced
expression of mRNA encoding IGF-1.

Thus, we demonstrated that transplanted OOMNCs per se
provide the favorable microenvironment for injured tissue
regeneration by exerting vascularization as well as anti-
inflammatory and myogenic effects.

As recently reported,” autologous PBMNCs isolated by
apheresis and then transplanted into patients had vascular
therapeutic potential, when the largest cell dose (over
1x10"° cells of human subject) was implanted. Here, we
transplanted only 1x 10* cells (PBMNCs and/or QQMNCs) per
mouse subject; this dose corresponds to ~2.0t0 2.5 107 cells
in a human subject of 50 kg body weight. We implanted far
fewer cells than are generally used for clinical treatments.
Therefore, the effect of PBMNCs on ischemic hindlimbs was
minimal, whereas QQMNCTx had extensive therapeutic effects
on vascular regeneration and tissue repair.

On the other hand, the cell dose of 1x 10* cells per mouse
subject also corresponds to that used at transplantation of G-
CSF-mobilized CD34" cells in patients with critical limb
ischemia.””'” Of note, in the present study, QOMNCTx
exerted the experimental efficacy equal to or in part greater
than that of GmCD34Tx.

The count of transplanted QOMNCs (1x10* cells/
mouse) for therapeutic activity of tissue regeneration
corresponds to cell quantity, on average, acquired from
<100 mL of PB of human subjects. The isolation and
preparation of QQMNCs require only the MNC isolation and
a week culture in QQ culture conditions that included
recombinant factors without any manipulation. Furthermore,
the process avoids invasive procedures for isolation, such
as BM cell isolation or leukapheresis, and expensive costs

for mobilization and target cell isolation, such as G-CSF
administration or CD34"/CD133" cell isolation using mag-
netic beads.

Collectively, the QQMNC is expected to be an advanta-
geous and feasible cell source for cell-based therapy targeting
ischemic diseases.

Responsive Mechanism in Ischemic Hindlimb for
Tissue Regeneration After OOMNCTx

Histochemistry (Figures 8 through 10) and gRT-PCR assay
(Figure 11) demonstrated that QOMNCTx, as well as
GmCD34Tx, provides the preferential environment for tissue
regeneration of myogenesis, antifibrosis, and anti-inflamma-
tion in the ischemic hindlimb.

With respect to qRT-PCR assay, IL-1B, a proinflammatory
cytokine, has been reported to function as a proangiogenic
factor derived from regenerating myoblasts responding to
PBMNC implantation in the ischemic hindlimb.>' In the
present study, implantation of PBMNCs highly induced the
expression of mRNA encoding IL-1B in ischemic tissue,
similarly to that of QQMNCs, whereas it did not demonstrate
great angiogenic potential. The causes of the dissimilar
response might be presumably attributed to the distinct
animal experiments using different murine strains with various
cell doses for transplantation: immunodeficient BALB/c nu/
nu nude mice (1x 10* cells/mouse) in our study and C57BL/
6 mice (1x 10° cells/mouse) elsewhere.”’

Notably, QOMNCTXx, similarly to GmCD34Tx, up-regulated
the gene expression of MRNAs encoding promyogenic
factors of IGF-1,°2 MyoD1, and myogenin in the ischemic
hindlimb; Tx of those cell types induced preferential
myogenesis, unlike Tx of the other cell candidates, in
histological evaluation.

This means that the effective myogenesis by cell trans-
plantation may primarily require in situ IGF-1 production,
which also signifies a myogenic biomarker in the ischemic
hindlimb. Regarding the results, skeletal muscle-restricted
expression of IGF-1 in transgenic mice has been reported to
not only accelerate muscle regeneration, but also to exert the
protective effects against inflammation and fibrosis in the
injured skeletal muscle.®® Moreover, IGF-1 has been reported
to inhibit nuclear factor kappa B activation through TNF-o®* or
proapoptotic miRNA expression®® in ischemic cardiomyo-
cytes. Therefore, IGF-1 supplied to ischemic tissue by local
OQOMNCTXx is adequately conceived to exert the protective
effect on inflammation, fibrosis, or tissue injury. Also,
QQMNCs per se exhibited enhanced expression of mRNA
encoding human IGF-1 (Figure 3A).

Likewise, OOMNCTx, as well as GmCD34Tx, up-regulated
expression of mRNA encoding TGF-B, a potent inhibitory
factor of inflammation, in transplanted tissue, although
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QQMNC in vitro exhibited lesser expression than PBMNCs.
Unlike the aspect of IGF-1, the responsive tissue expression in
situ of TGF-B after cell transplantations, might contribute to
protecting against inflammation, rather than the expression
by the transplanted cells.

Take together, expression of IGF-1 or TGF-B by injured
tissue responsive to QOMNCTx, as well as that of IGF-1 and
other tissue regeneration mediators by the transplanted cells
per se, are expected to reveal the mechanism underlying the
preferential efficacy of cell Tx.

Limitation of the Present Study

In the present study, recipients’ T-lymphocyte-deficient con-
dition in athymic BALB/c nu/nu nude mice limits the insight
into regeneration mechanism by regulatory effects on host
immune response through regulatory T cells increased in
QOMNCs. Therefore, the relevant animal model studies are
required to elucidate the essential effect of QQMNCTXx in
future experiments.

Conclusion

The QQ culture system for whole PBMNCs that we described
here may lead to an effective cell-based therapy to alleviate
the physical burdens in patients as one feasible strategy for
vascular regeneration or tissue repair.
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Introduction

XC chemokine receptor 4 (CXCR4) is an alpha chemokine

receptor specific for stromal cell-derived-factor 1 (SDF-1)" and
is endowed with potent chemotactic activity for various
Iymphocytes‘a) SDF-1/CXCR4 interaction is reported to play an
important physiological role during embryogenesis in hematopoi-
esis,®? vascular development,” cardiogenesis,®” and cerebellar
development.®® Moreover, the SDF-1/CXCR4 interaction contrib-

utes to the regulation of endothelial progenitor cell (EPC)
recruitment in ischemic tissues."® Locally delivered SDF-1 aug-
ments vasculogenesis and subsequently contributes to ischemic
neovascularization in vivo by augmenting EPC recruitment in
ischemic tissues. Falco and colleagues unraveled a function for
SDF-1 in the increase of EPC numbers and in the formation of
vascular structures by bone marrow progenitor cells.!? On the
other hand, our group has recently reported that EPCs may play an
essential role in fracture healing by promoting a favorable
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environment through neovascularization and osteogenesis in
damaged skeletal tissue'*'® However, a relationship between
the SDF-1/CXCR4 pathway and bone fracture healing is still unclear.

In the process of fracture repair, most fractures heal
appropriately in a certain period with callus formation, which
bridges the fracture gap while bone repair takes place. However, a
significant proportion (5% to 10%) of fractures fail to heal
and result in delayed union or persistent nonunion, causing
serious problems in the patient’s quality of life.%'¥ Therefore,
clarification of the process of fracture repair and establishment of
a novel therapeutic strategy for nonunion healing and delayed
union is clinically warranted in the musculoskeletal field. Among
various causes of failed bone formation and remodeling,
inappropriate neoangiogenesis is considered to be a crucial
factor.1618202) The majority of tissues require appropriate
vascularization and blood supply to support proper function.
Without it, cells suffer from hypoxia, lack of nutrients, accumula-
tion of waste products, and disruption of biomechanical signaling
pathways, affecting tissue homeostasis and preventing tissue
regeneration.?? Notably, appropriate vasculogenesis, by bone
marrow (BM) EPCs®¥ is emerging as a prerequisite for
bone development and regeneration, and we have recently
proven the pathophysiological role and benefit in contribution of
murine BM-derived Sca1 + Lineage cells, hematopoietic stem cell
(HSC)/EPC-enriched fraction for bone healing."®

Building from these backgrounds, we speculate that a
mechanism of SDF-1/CXCR4 axis in bone fracture healing by
EPC recruitment is pivotal. Thus, in the present study, we used a
bone fracture model of the Tie2-Cre®™ CXCR4 conditional
knockout mouse,** in which CXCR4 is knocked out specifically
in Tie2-expressing endothelial lineage cells. The purpose of this
study was to investigate the influence of the SDF-1/CXCR4
pathway on EPCs in the bone formation in vivo and in vitro using
CXCR4 conditional knockout mouse and to probe the develop-
ment of future bone therapy. This is the first study to our
knowledge that clarifies the relationship between the SDF-1/
CXCR4 pathway in EPC and bone fracture healing.

Materials and Methods

Experimental animals

Wild-type (WT) male C57BL6/J mice (CLEA Japan, Inc., Tokyo, Japan)
aged 6 weeks and weighing 25 g to 27 g were used as a control
group in this study. The mice were fed a standard maintenance diet
and provided water ad libitum. All animal procedures were
performed in accordance with the Japanese Physiological Society
Guidelines for the Care and Use of Laboratory Animals, and the
study protocol was approved by the ethical committee of the
RIKEN Center for Developmental Biology.

CXCR4 gene silencing

We used the Cre®/loxP system by generating the tissue-specific
CXCR4 gene knockout mice.?5?9 CXCR4""°* mice were generat-
ed as described previously.?” The CXCR4-CKO (CXCR4™%% Tie2-
Cre/+) mice crossed with CXCR4™/™* mice, resulting in
generating the homozygote CXCR4-CKO mice in Tie2-positive
cells. Tie2-Cre(+) transgenic mice (C57BL/6J background) were
kindly provided by Dr K Hozumi (Department of Immunology,
Tokai University School of Medicine, Kanagawa, Japan). To
generate the mice in which CXCR4 was inactivated in Tie2-positive
cells, the genomic DNA was extracted from mouse tails, according
to the manufacturer's instructions (PureLink Genomic DNA

Purification Kit, Invitrogen, Carlsbad, CA, USA). After checking the
genotype of CXCR4-knockout mice, we intraperitoneally adminis-
tered tamoxifen (Tm; Sigma, St. Louis, MO, USA; T5648) suspension
(75 mg/kg body weight) once per day for 5 days to transgenic mice
to activate Cre™ recombinase. We used these CXCR4 conditional
knockout (CXCR4™/~) mice and WT mice for further experiments.
Age- and sex-matched (male) mice were used for all experiments.
To confirm the CXCR4 gene silencing, we assessed peripheral
blood Tie2-positive (EPC-enriched population) cells of WT and
CXCR4™ mice by fluorescence-activated cell sorting (FACS)
analysis (Supplemental Fig. S1A). FACS analysis demonstrated that
the population of CXCR4-positive cells in peripheral blood Tie2-
positive cells was significantly diminished in CXCR4™~ mice. (WT,
17.45%; CXCR4™'™, 0.75%, respectively) (Supplemental Fig. S1B).
Before fracture creation, we performed structural assessment for
intact bone between WT mice and CXCR4™~ mice by micro-
computed tomography (uCT) and skeletal preparation. We also
assessed the influence of tamoxifen on serum estradiol (E2) levels
in WT mice and CXCR4KO mice. There was no significant difference
between two groups in all parameters (Supplemental Figs. S1Cand
S2, Supplemental Table S1). The details are given in the
Supplemental Data.

Mouse EPC culture

BM-derived mouse EPCs (mEPCs) were isolated as described
previously with some modifications.®® Briefly, bone marrow cells
collected from all bones of CXCR4™~ mice or WT mice aged
6 weeks were separated by Histopaque-1083 (Sigma) density
gradient centrifugation. Light-density mononuclear cells (MNCs)
were harvested and washed twice with Dulbecco’s phosphate-
buffered saline (PBS; no calcium or magnesium; Invitrogen)
supplemented with 2 mmol/L EDTA followed by contaminating
red blood cell hemolysis by ammonium chloride solution. MNCs
were then plated on cell culture dishes coated with rat
vitronectin (Sigma, surface concentration 0.47 ug/cm?) at a
density of 5 x 10° cells/mm? and cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum (FBS; Gibco, Life Technologies, Inc., Carlsbad, CA,
USA) and antibiotics. After 24 hours in culture, nonadherent cells
were reseeded at a density of 5 x 10° cells/mm? in 5% FBS/EBM-2
(Lonza, Basel, Switzerland) medium. After a further 3-day culture,
the attached cells were used as the EPC-rich cell population for
the following in vitro studies.

EPC colony-forming assay and proliferation and
migration assays with mouse EPCs

The EPC colony-forming assay established in our laboratory was
performed as reported previously.?*3" The number of EPC
colonies was assessed after culture of each EPC in a 6-well plate for
16 days in methyl cellulose-containing medium M3236 (Stem Cell
Technologies, Vancouver, Canada) with 20 ng/mL SCF (Kirin, Tokyo,
Japan), 50 ng/mL vascular endothelial growth factor (VEGF; R&D
Systems, Minneapolis, MN, USA), 20 ng/mL interleukin-3 (Kirin), and
50ng/mL basic fibroblast growth factor (bFGF) (Wako, Osaka,
Japan). Two different types of attaching cell colonies made of small
EPCs and large EPCs were counted separately.

Proliferation activity of mEPC was examined using a Cell
Counting Kit-8 (Dojindo Laboratories Inc, Kumamoto, Japan),
according to the manufacturer’s instructions. Migration activity was
evaluated with a modified Boyden’s chamber assay as described
previously.®? The details are given in the Supplemental Data.
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Bone fracture mouse model

All surgical procedures were performed under anesthesia and
normal aseptic conditions. Mice were anesthetized with ketamine
hydrochloride (60 mg/kg) and xylazine hydrochloride (10 mg/kg)
administered intraperitoneally. An animal model of femoral
fracture was applied using a modification of the method described
by Manigrasso.®® All femur fractures were unilateral fractures and
unfractured femurs were used as controls for functional analysis.
The details are given in the Supplemental Data.

Radiographic assessment for fracture healing

Twenty animals were assigned to each group for radiological
observation of the healing process. Radiographs of fractured
hind limbs were serially taken at weeks 0, 1, 2, 3, and 4 after
creation of fractures under anesthesia with the animals supine
and both limbs fully extended. Fracture union was identified by
the presence of a bridging callus on two cortices using the
criteria proposed by Hammer and colleagues.®* We applied n.CT
data together to make doubly sure of its accuracy. Radiographs in
each animal were examined by three blinded observers. As a
result, we could not find any variability in stage of union and only
small variability in sub-items such as point estimates in K values
for the Hammer union scale and for the number of cortices
bridged by callus. For quantification of callus/trabecular bone
formation, wCT imaging analysis was performed on 2, 3, and
4 weeks after fracture creation using X-ray CT system (Latheta
LCT-200; Hitachi Aloka Medical, Tokyo, Japan).®>*® parameters
used for the CT scans were as follows: tube voltage, 50 kVp; tube
current, 500 pA; integration time, 3.6 ms; axial field of view,
30 mm with an isotropic voxel size of 30 um. To evaluate the
fracture healing process, relative callus areas around fracture
sites in scanned radiographs were quantified using LaTheta
software. First, we took soft X-rays to identify the fractured site of
the femur using LaTheta software. Next, we scanned a 0.1-mm
slice focusing around the fractured site. Using axial images of
scanned CT, we marked bony cortex and its external callus area
and recognized the callus area as the region of interest (ROI).
Then, we set ROI squares on the axial image so that the software
could measure its area. We defined the total callus area as the
sum of the callus area of each axial image. Bone densities in the
callus areas were calculated with CT intensity in scanned images
by single-energy X-ray absorptiometry method and averaged
using LaTheta software (Hitachi Aloka Medical). A threshold
density of 160 mg/cm® was selected to distinguish mineralized
from unmineralized tissue. The density range was calibrated daily
with a manufacturer-supplied phantom. We also applied another
p.CT (high-resolution scanner viva CT 40, Scanco Medical AG.,
Briittisellen, Switzerland) for microarchitectural analyses. Details
are shown in the Supplemental Data.

Biomechanical analysis of fracture union

Three mice in each group were used for biomechanical
evaluation at weeks 4 after fracture. Biomechanical evaluation
was performed in Kureha Special Laboratory (KSL, Tokyo, Japan).
Fractured femurs and contralateral nonfractured femurs were
prepared and intramedullar fixation pins were removed before
the bending test. The standardized three-point bending test was
performed using the load torsion and bending tester MZ-500S
(Maruto Instruments, Co., Ltd., Tokyo, Japan). The bending force
was applied with cross-head at a speed of 2mm/min until
fracture occurred. The extrinsic stiffness (N/mm) and the ultimate

stress (N) were interpreted and calculated from the load
deflection curve. Ultimate strength was defined as the maximum
load sustained during loading, and the ultimate stiffness was
defined as the slope of the line extending to the point of
maximum sustained torque.*” The relative ratio of the fractured
(right) femur to nonfractured (left) femur was calculated in each
group and averaged.

Morphometric evaluation of capillary density and
osteoblast density by immunofluorescence staining

To evaluate capillary density and osteoblast (OB) density at the
perifracture sites of week 1, immunohistochemistry staining was
performed with fluorescent-conjugated isolectin B4 for mouse EC
marker (1:100 dilution, Vector Laboratories Inc., Burlingame, CA),
or anti-mouse goat osteocalcin (OC) (1:250 dilution, Biogenesis,
Poole, U.K), a marker for mouse OBs. The secondary antibody for
OCwas Alexa-Fluor 594-conjugated donkey anti-goat IgG (1:1000,
Invitrogen). 4’ ,6-diamino-2-phenylindole (DAPI) solution (1:5000,
Sigma-Aldrich) was applied for 5 minutes for nuclear staining. The
capillary and OB density was morphometrically evaluated as
average values in five randomly selected fields in the soft tissue of
perifracture sites under a fluorescent microscope. Capillaries were
recognized as tubular structures positive for isolectin B4. OB-like
cells were recognized as OC-positive cells on new bone surface.
All morphometric studies were performed by two examiners who
were blinded to treatment.

Physiological assessment for blood perfusion by laser
Doppler imaging

A laser Doppler perfusion imaging (LDPI) system (Moor
Instrument, Wilmington, DE, USA)®%3% was used to measure
serial blood flow in both hind limbs at 0, 1, 2, and 3 weeks
postfracture, according to the manufacturer’s instruction. The
ratio of fractured/intact contralateral blood flow was calculated
to evaluate the serial blood flow recovery after surgery. The
details are given in the Supplemental Data.

Quantitative real-time PCR analysis

Total RNA was obtained from granulation tissues and callus tissues
of perifracture site at day 7 using Tri-zol (Life Technologies),
according to the manufacturer’s instructions. For quantitative real-
time RT-PCR, after the first-strand cDNA was synthesized using a
RNA LA PCR Kit Ver. 1.1 (Takara Bio Inc,, Shiga, Japan), the converted
cDNA samples (2 L) were amplified in triplicate by real-time PCR
(ABI PRISM 7700, Applied Biosystems, Carlsbad, CA, USA) in a final
volume of 20 pL using SYBR Green Master Mix reagent (Applied
Biosystems) with gene-specific primers listed in Supplemental
Table S2). Melting curve analysis was performed with Dissociation
Curves Software (Applied Biosystems). Results were obtained using
sequence detection software (ABI PRISM 7700), and the mean cycle
threshold (Ct) values were used to calculate gene expressions with
normalization to human or rat glyceraldehydes-3-phosphate
(GAPDH). To avoid interspecies cross reactivity of primer pairs
between human and mouse genes, we designed mouse-specific
primers (CD31, VE-cadherin, VEGF, osteocalcin, collagen1A1, BMP2)
using Oligo software (Takara Bio Inc.).

In vivo EPC incorporation assay and immunofluorescent
staining

To evaluate EPC incorporation into the fracture site, 1.5 x 10° EPCs
derived from the CXCR4™'~ or WT group mice were intravenously
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injected into the WT fractured mice just after creation of bone
fracture. To detect EPC incorporation into the fracture site,
transplanted EPCs were labeled with the fluorescent carbocaynine
1,1-dioctadecyl1-1 to 3,3,3'3'-tetramethylidiocarboyanine perchlo-
rate (Dil) dye (Molecular Probes, Eugene, OR, USA). Before
transplantation, EPCs in suspension were washed with PBS and
incubated with Dil at a concentration of 2.5 g/mL PBS for 5 minutes
at 37°C and 15 minutes at 4°C. After two washing steps in PBS, the
cells were resuspended in EBM-2 (Lonza). Historical samples were
embedded in OCT compound (Sakura Finetek Japan, Tokyo,
Japan), snap-frozen in liquid nitrogen, and cut into 5-pum-thick
sections on day 7. Frozen sections of the fracture sites were stained
with isolectin B4 (Vector Laboratories) and DAP! to evaluate
homing EPCs by counting double staining randomly selected per
sample (n=15).

SDF-1 stimulation test

To evaluate gain-of-function of the SDF-1/CXCR4 axis on
therapeutic neovascularization and bone healing during fracture
repair, we set another two groups of the SDF-1 intraperitoneally
injected wild-type group (WT + SDF-1) and SDF-1 intraperitoneally
injected CXCR4™~ group (CXCR4 --SDF-1), and studied radio-
graphical and histological assessments after fracture creation
compared with the existing WT and CXCR4™~ groups (n=20
each). Immediately after femoral fracture creation described
above, one group of mice received an intraperitoneal injection
of 20 ng/kg SDF-1. Radiographs of the fractured hind limbs were
taken at weeks 0, 1, 2, 3, and 4, and immunohistochemistry staining
with fluorescent-conjugated isolectin B4 for mouse EC marker was
done at week 1 after creation of fracture as described above.

Statistical analysis

The results were statistically analyzed using a software package
(GraphPad Prism, GraphPad Software, Inc., La Jolla, CA, USA). All
values were expressed as mean = SEM. Unpaired t tests (Mann-
Whitney U test) were performed for comparison between two
groups. Multiple comparisons among groups were made using a
one-way analysis of variance (ANOVA) followed by post hoc
testing with Tukey’s procedure. The comparison of radiological
results was performed with a chi-square test. A p value <0.05 was
considered to denote statistical significance.

Results

Morphological recovery of fractured bone in CXCR4
knockout mice

To evaluate fracture repair morphologically, radiographic and
histological examinations were performed. Fractures were
united radiographically with bridging callus formation in 55%
(11 of 20) of WT mice at week 2 and 85% (17 of 20) at week 3. In
contrast, fracture sites of the CXCR4™~ group showed only 30%
(6 of 20) fracture healing at week 2 and 60% (12 of 20) at week 3
(p < 0.05 in weeks 2 and 3). The time course of union rate in each
group is described in Fig. 1A.

Morphological and functional fracture healing in each group
was further evaluated by nCT at 2, 3 and 4 weeks after fracture
surgery. The results of wCT exhibited striking trabecular bone
formation in the WT group compared with the CXCR4™/~ group at
weeks 2 and 3 (2 weeks: WT, 85.80+9.14 versus CXCR4™~,
1208+ 1.26 mm3, p <0.001; 3 weeks: WT, 86.22 4-7.28 versus
CXCR4™/~, 39.43 4+ 3.64 mm°, p < 0.001, n=3) (Fig. 18, C). In all

animals at week 4, callus absorption was found as a general sign
of chronic stage of bone healing (4 weeks: WT, 51.78 = 5.26 versus
CXCR47/~,29.08 £ 5.11 mm?, p < 0.05, n = 3) (Fig. 10). Quality of
healed bone was also examined using .CT images of week 4 and
expressed as bone density, trabecular width, and number of
trabeculae. All parameters in the CXCR4™~ group exhibited
significantly lower values than in the WT group at week 4 (bone
density: WT, 519.60 4-37.50 versus CXCR4™ ~, 323.90430.93,
p < 0.05; width of trabecular: WT, 32.67 + 1.14 versus CXCR4™~,
21.1242.19, p < 0.05; number of trabecular: WT, 2.1 4- 0.25 versus
CXCR4™7,0.96 £ 0.19, p < 0.05, n=3) (Fig. 1D-F).

Decreased functional bone healing after fractures in
CXCR4 knockout mice

To confirm functional recovery of the fractured bones,
biomechanical evaluation by a three-point bending test was
performed at week 4 in both groups (n = 3 in each group). There
was no significant difference of the specimen length between the
WT group and CXCR4™~ group. (WT, 18.8 = 0.2 versus CXCR4™/~,
18.2 4 0.7 mm, NS). The percentage ratios of extrinsic stiffness
and ultimate stress in the fractured femur versus contralateral
intact femur were significantly superior in the WT group over the
CXCR4™'~ group (percent ultimate stress: WT, 68.3 6.3 versus
CXCR4™ T, 493422, p<0.05, n=3; percent extrinsic stiffness:
WT, 65.3 == 4.1 versus CXCR4 ™™, 47.7 £ 4.2, respectively, p < 0.05,
n=13) (Fig. 1G, H).

Serial deterioration of blood flow recovery at fracture site
in CXCR4 knockout mice

To evaluate blood flow recovery via neovascularization at fracture
sites, LDPI was serially examined after fracture generation at the
fracture site as a physiological approach (Fig. 2A). LDPI analysis
demonstrated a severe reduction of blood flow 1 hour after
fracture in both groups. There was no significant difference in the
blood flow ratio of fractured to intact hind limbs 1 hour after
fracture creation between both groups (week 0). The blood
perfusion ratios were significantly higher in the WT group than
the CXCR4™/~ group at week 1 (WT, 1.22 = 0.03 versus CXCR4™/~,
1.04 4 0.02/mm?, p < 0.05, n=7), and a similar trend continued
until 2 weeks after surgery (WT, 1.194 0.03 versus CXCR4™,
1.04 + 0.08/mm?, p < 0.05, n = 7). At week 3, the blood flow ratio
exhibited no significant difference between both groups (Fig. 2B).

Decline of intrinsic neoangiogenesis and osteogenesis in
the early phase of fracture healing in CXCR4 knockout
mice

Toluidine blue staining was performed to address the region of
interest where we examined the immunostaining (Fig. 34). An
angiogenesis and osteogenesis on the perifracture sites’ tissues
during the fracture healing were confirmed by immunostaining
for mouse-specific markers. Histochemical vascular staining with
isolectin B4 (marker for mouse EC) using tissue samples collected
1 week postfracture demonstrated reduced neovascularization
around the endochondral ossification area in the CXCR4™~
group animals (WT, 194.3 £31.6 versus CXCR4™~, 69.0+ 8.0/
mm?, p < 0.001, n=>5) (Fig. 38, D). OB staining with anti-mouse
OC on tissue samples collected 1 week postfracture revealed the
augmentation of osteogenesis in the newly formed bone area in
the WT group mice compared with the CXCR4™/~ group mice
(WT, 235.0 4+ 13.6 versus CXCR4™~, 116.0 +9.0/mm?, p < 0.001,
n=>5) (Fig. 3G, E).
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Fig. 1. Radiological and functional assessments for fracture healing. (A) Representative radiographs and pwCT axial images of fracture sites at weeks 1, 2, 3,
and 4 in each group (n =20 in each group and at each time point). (B) High-magnification and 3D reconstruction images of wCT at week 3. Arrowheads
show fracture sites in femurs. White dotted lines show bridging callus formation. Scale bar =1 mm (A, B). Quantitative wCT analysis of fracture healing.
Callus volume (C), bone density (D), width trabeculae (), and number of trabeculae (F) at week 4 were quantified in the pnCT images and averaged.
**p < 0.001 (C) and *p < 0.05 (D-F). Functional recovery after fracture is assessed by biomechanical three-point bending test at week 4. Percentage of each
parameter for ultimate stress (G) and extrinsic stiffness (H) indicates the ratio of each value in the fracture site to the contralateral intact femur (n = 3 in each

group and each parameter). *p < 0.05.
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Molecules for vasculogenesis and osteogenesis reduced
at fracture site in CXCR4™'~ mice

To explore the underlying mechanism by which intrinsic
angiogenesis and osteogenesis declined in the CXCR4™~ group
mice, we assessed mRNA expressions of pro-angiogenic and -
osteogenic cytokines in tissue RNA isolated from the perifracture
sites 1 week after surgery by real-time RT-PCR, quantifying the
expression of mouse vascular endothelial cadherin (mVE-cad),
mCD31, mouse vascular endothelial growth factor (mVEGF),
mOC, mouse collagen 1 alpha 1 (mCol1A1), and mouse bone
morphogenetic protein-2 (mBMP-2). The results demonstrated a
significantly higher expression of angiogenic markers (CD31, VE-
cad, VEGF) to GAPDH in the WT group compared with the
CXCR4™~ group (mCD31: WT, 1009.04:76.6 vs. CXCR4™~,
202.2 +38.5, p < 0.05, mVE-cad: WT, 1998.0 & 245.8 vs. CXCR4 ™,
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Fig. 3. Assessment for morphology, angiogenesis, and osteogenesis in
sites of fracture. (A) Representative toluidine blue staining at week 1.
White dotted lines mark the edge of callus formation. Arrowheads show
the sites of femur fracture. The area surrounded by yellow squares
indicates the region of interest observed by vascular staining. The area
surrounded by yellow dotted squares marks the region of interest
observed by ostaoblast staining. Scale bar =300 pwm. cb = cortical bone;
gt = granulation tissue; tb = trabecular bone. (B) Representative vascular
staining with isolectin B4 (green) and DAPI (blue) using tissue samples of
perifracture sites collected at week 1 in both groups. (C) Representative
osteoblast staining with anti-mouse osteocalcin (red) and DAPI (blue)
using tissue samples of perifracture sites collected at week 1 in both
groups. Original magnification x100; scale bar=100 pm. Left upper
panels in each image (B, () indicate high-magnification images of the
area surrounded by white dotted squares. Original magnification x200.
White dotted lines mark the edge of cortical bone. (D, E) Quantification of
capillaries and osteoblasts. Isolectin B4-positive capillaries (D) and OC-
positive osteoblasts (E) were counted in five randomly selected high-
power fields and averaged (n=5 in each group). **p < 0.001.

701.9 + 143.3, p < 0.05, mVEGF: WT, 11846.0 1 423.5vs. CXCRA™,
3641.0 3276, p < 0.05, n=>5) (Fig. 4A-C).

The relative mRNA expression of bone-related markers (mOC,
mCol1A1, and mBMP-2) to mGAPDH were significantly higher in
the WT group compared with the CXCR4™~ group (mOC: WT,

B 100 KAWAKAMI ET AL.

Journal of Bone and Mineral Research



A mCD31 B mVE-cad C mVEGF
1800+ . s
z . 2500 . > 15000
l * &
< x % - & 0004 < Z T
Z 9 1o I z0 z0 10000+
ES E 2 10l EQ
8 n LB 1060 L n
c 5 0 <3 &8 50
a (=%
g & 50 g
Wt CXCR4KO : Wt CXCREKO . W CXCRIKO
D mocC E mCol1A1 E mBMP-2
150004 1000, 4000
-*..f.. I * xI *
5 Q E
% < <% I 2L g0 l
2 S fo000- z 0 20
€9 E 240 E2
20 22 22 o0
£5 5 S 52
23 50004 T 0 T @
&8 - “3 2000
5 g &
0 T 0 - 0 ;
Wt CXCREKO wT CXCRAKO Wt CXCR4KO

Fig. 4. Angiogenic and osteogenic gene expression in sites of fracture. Total RNA was extracted from perifracture tissue 1 week after surgery and
examined the indicated mRNA expressions by quantitative real-time RT-PCR analysis (n = 5 in each group). The relative expression levels of mouse-specific
CD31 (A), VE-cad (B), VEGF (C), OC (D), Col1A1 (E), and BMP-2 (F) to mGAPDH are expressed in the graphs. *p < 0.05 and **p < 0.001.

13452.0 4 241.9 versus CXCR4™~, 8049.0 + 658.8, p < 0.05; mCol1-
Al: WT, 750.6 41089 versus CXCRA ™", 2446542, p < 0.05;
mBMP2: WT, 5942.0 4+ 14180 versus CXCRA™", 1624.0+ 1058,
p < 005, n=5) (Fig. 4D-F).

CXCR4™/~ EPC incorporation into sites of fracture
reduced

To determine the effect of SDF-1/CXCR4 axis on the homing
capacity of putative EPCs' incorporation into bone fracture sites,
we intravenously infused Dil-labeled EPCs into WT mice
immediately after creation of bone fracture. The expression of
SDF-1 is upregulated at the fractured site and ischemic site.
Staining for EPCs revealed significantly abundant incorporation
of labeled EPCs, which derived from WT mice into fracture sites.
In contrast, very few EPCs that were derived from CXCR4™/~ mice
were incorporated into the fractured site (WT, 18.8 & 1.5 versus
CXCR4™'~, 2.2+ 0.9 cells/view field, p < 0.001, n=15) (Fig. 5A, B).

CXCR4~'~ EPCs exhibited low capacity of colony
formation and impairment of migration ability in vitro

To evaluate the function as EPCs in vitro, cells were analyzed by
EPC colony-forming assay. After 16 days in culture with a
methylcellulose-based medium, the average number of small EPC
colonies per dish of the CXCR4™/~ group was significantly smaller
than that of the WT group (small colony: CXCR4™~, 19.4+0.5
versus WT, 28.0 1.8, p < 0.05; large colony: CXCR4™~, 22404
versus WT, 3.0+ 0.3, p=NS, n=15) (Fig. 5C, D). Each EPC colony-
formation unit showed a differentiation hierarchy from small EPC
to large EPC colonies, indicating a primitive EPC stage with high
proliferative activity and a definitive EPC stage with vasculogenic
properties, respectively.

The proliferation activities of CXCR4™/~ mice- and WT mice-
derived mEPC were expressed as a mean optical density value at
a wavelength of 490 nm. CXCR4 ' ~mice-derived mEPCs showed
depression of proliferation activities compared with WT-derived
mEPCs (CXCR4™/~, 0.68 £ 0.05 versus WT, 0.84 % 0.03, p < 0.05,
n = 8) (Fig. 5E). The migration activities of mEPCs were evaluated
using a Transwell culture plate, and mEPCs migrated toward SDF-
1a containing medium were evaluated as the activity. CXCR4 ™/~
mice—derived mEPCs demonstrated significant weakening in
migration activities of mEPCs (CXCR4™/~, 166.40 & 8.52 versus
WT, 56.63 +9.08, p < 0.001, n=8) (Fig. 5F).

SDF-1 treatment failed to improve functional recovery
after fracture in CXCR4™'~ mice

To investigate role of SDF-1 in CXCR4-deficient mice, the gain-of-
function test of SDF-1 on bone fracture healing processes was
confirmed by radiograph and histological examination. In
radiographical study, fractures were united with bridging callus
formation in 70% (14 of 20) of the WT + SDF1 group mice at
week 2 and 95% (19 of 20) at week 3. In contrast, fracture sites of
the CXCR4™'~ + SDF1 group showed only 40% (8 of 20) fracture
healing at week 2 and 65% (13 of 20) at week 3. The acceleration
of fracture healing was found in between WT and WT + SDF1
groups (p < 0.05 in weeks 2 and 3). In contrast, there was no
significant difference between the CXCR4™~ and CXCR4™/~
+ SDF1 groups. The time course of union rate in each group is
described in Fig. 6A.

The results of wCT exhibited striking trabecular bone formation
in the WT + SDF1 group compared with the WT group at weeks 2
and 3. Moreover, relative callus area at week 2 was significantly
greater in the SDF-1-administered WT group than in other
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Fig. 5. EPC functions and EPC recruitment to fracture site. (A) In vivo EPC recruitment assay. Representative microscopic photographs of double
fluorescence in perifracture sites at day 7. Transplanted Dil-labeled EPCs were identified by red fluorescence in histological sections retrieved from
perifracture capillaries. Host mouse capillaries were identified by isolectin B4 (green fluorescence). DAPI (blue) was used for nuclear staining. Arrows
indicate recruited Dil-positive transplanted EPCs. Scale bar = 100 pm. (B) Quantitative analysis for the recruited EPCs was performed and expressed as a
density of Dil-labeled EPCs (red fluorescence) in tissue sections retrieved from perifracture sites. **p < 0.001. (C, D) Colony-forming assay of EPCs in vitro. (C)
Representative images of a small colony and a large colony. Scale bar = 100 um. (D) Average numbers of large EPC colonies and small EPC colonies per dish
were expressed as colony-forming activity. **p < 0.001. (E, F) Proliferation and migration activities of EPCs. (F) The proliferation activity is expressed as
optical density (490 nm). (F) The migration activity is expressed as the number of migrated cells to SDF-1. *p < 0.05 and **p < 0.001.

groups. On the other hand, SDF1 injection was effective only at
week 2 in the CXCR4™~ group, and there was no significant
difference between the CXCR4™~ group and the CXCR4™/~
+ SDF1 group at any other time points. (2 weeks: WT + SDF1,
117.945.7 versus WT, 858+9.1, p<0.05; CXCR4™~ +SDF1,
23.8+4.9 versus CXCR4™™, 12.1+ 1.3 mm®, p=NS; 3 weeks:
WT + SDF1, 125.2 4 4.4 versus WT, 86.2 + 7.3, p < 0.05, CXCR4 ™/~
+SDF1, 26.1+5.0 versus CXCR4™~, 394436 mm®, p=NS,
n=3) (Fig. 6B). In all animals at week 4, callus absorption was
found as a general sign of chronic stage of bone healing.

In histological analysis, serial vascular staining with isolectin B4
at week 1 demonstrated enhanced neovascularization around
the endochondral ossification area in the WT 4 SDF1 group. In

contrast, there was no significant difference between the
CXCR4™'~ group and the CXCR4™~ + SDF1 group (WT + SDF1,
272.04£424; WT, 19431+ 31.6; CXCR4™/~ +SDF1, 668+ 17.7;
CXCR4™'~,69.0 4 16.1; WT ++ SDF1 versus WT, p < 0.05, CXCR4 ™/~
versus CXCR4™~ + SDF1, p=NS, n=5) (Fig. 6C, D).

Discussion

In the present study, we demonstrated that fracture healing
delayed and formed callus diminished in CXCR4-deficient mice
compared with wild-type mice. An attenuation of angiogenesis
and osteogenesis at fracture site in CXCR4-deficient mice could
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be considered a cause of this impair in fracture repair. First, we
showed the effect of CXCR4 knockout in vivo. Normally,
mice lacking the CXCR4 gene die perinatally because of the
abnormality in their hematopoietic system.® In our study,
we made an adult conditional CXCR4™'~ murine model using
the Cre/loxP system. The result of both quantitative histochemical
analysis for capillary density and LDPI test indicates that a lack of
CXCR4 led to reduced blood flow in the CXCR4™~ group mice
during fracture repair. Quantitative RT-PCR analysis also revealed
the reasonable decrease of angiogenesis-related markers in
CXCR4™~ mice at the molecular level. Moreover, EPC incorpo-
ration study demonstrated that EPCs derived from CXCR4™/~
mice could not accumulate to the fractured site properly because
of their impairment of the migration ability to SDF-1. Our in vitro
data also indicate that EPCs derived from CXCR4™/~ mice lose
their migration ability to SDF-1 and their colony formation
abilities are weakened. These results support the hypothesis that

the SDF-1/CXCR4 axis including mobilization and incorporation of
EPCs is an important mechanism for bone fracture healing.#%4"

Although the physiological role of EPCs in fracture healing
remains to be clarified, we have begun to characterize the role of
mobilized BM-derived EPCs on fracture healing. We have found that
neovascularization is the process of fracture healing during the early
phase of endochondral ossification. In the fracture site, there is a
significant increase in cell population derived from infiltrating EPC
cells. We previously reported that EPCs mobilize into a fracture site
before healing by mapping this migration after the systemic
administration of peripheral blood (PB) EPCs green fluorescent
protein (GFP)+ cells into an animal. These findings indicate that
fracture may induce the mobilization of EPCs from the BM to fracture
site, by way of transport through the PB as a way to augment
neovascularization and ultimately bone healing. As supportive data,
systemic delivery of EPCs developed a favorable environment for
fracture healing by enhancing angiogenesis and osteogensis.”' 3443
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We speculate that the mechanism of EPCs homing to the
fracture site deeply relayed to the SDF-1/CXCR4 axis. It is a known
fact that the SDF-1 is upregulated at the fracture site and
ischemic site.'%*" Therefore, EPCs expressing CXCR4 receptor
homing to the SDF-1-stimulated fracture site is a reasonable
hypothesis. SDF-1/CXCR4 axis contributes to the regulation of
EPC recruitment in ischemic tissues."® In the present study, we
demonstrated that EPCs derived from CXCR4 ™~ mice could not
accumulate to the fractured site properly because of the
impairment in their migration ability to SDF-1 in the EPC
incorporation study. This data also supported our hypothesis that
the SDF-1/CXCR4 axis plays an important role in fracture healing.
These findings provide a possible explanation for reduced
vasculogenesis/angiogenesis and osteogenesis in CXCR4™/~
mice, leading to the delay of fracture healing partly owing to
scanty EPC homing to the fracture site. Another group reported
SDF-1/CXCR4 axis is also critical for recruitment of mesenchymal
stem cells (MSCs) to the fracture site during skeletal repair. Kitaori
and colleagues mentioned that SDF-1 is induced in the
periosteum of injured bone and promotes endochondral bone
repair by recruiting mesenchymal stem cells to the site of
injury.“? Our SDF-1 stimulation test demonstrated that the
fracture in the SDF-1-injected WT group healed faster with
enough bridging callus and significant abundant new blood
vessel formation than the WT group. Previous study also
indicates that SDF-1 injection improves the local blood perfusion
in a WT mouse hind limb ischemia model.’® However, there was
a limited SDF-1 effect in the CXCR4™'~ group. These results
indicate that the SDF-1 stimulation effect is more striking in WT
mice than CXCR4™~ mice because SDF-1 stimulates all CXCR4-
expressing cells in WT mice, whereas SDF-1 does not stimulate
Tie2-positive cells in CXCR4™~ mice.

Despite the promising initial results indicating that EPC SDF-1/
CXCR4 axis plays an important role in bone fracture healing,
there is a certain issue that needs to be resolved before we move
to clinical application. Our radiographical assessment disclosed
that the callus was developed and fracture healed at week 4 in
spite of CXCR4 gene absence. This fact indicates that bone
fracture healing is regulated by not only the SDF-1/CXCR4 axis
but also other multiple mechanisms.“>*® Indeed, there might be
several other regulatory pathways that are responsible for the
bone fracture healing. In the current study, we could find the
difference between the CXCR4™/~ and CXCR4™/~ -+ SDF groups
in radiographical assessments at week 2. Zhu and colleagues
reported co-requirement of the SDF1/CXCR4 axis in BMP2-
induced osteogenic differentiation of mesenchymal C2C12 and
ST2 cells,*” and Otsuru and colleagues reported the possibility
of endogenous circulating marrow-derived osteoblast progeni-
tor cells (MOPCs) contributing to ectopic bone formation® and
circulating bone marrow-derived osteoblast progenitor cells
recruited in bone formation via a SDF-1/CXCR4 axis.*? In
addition to it, Tie2-positive cells including not only EPCs but also
other types of cells (subsets of hematopoietic stem cells and
monocytes/macrophages)®® have also been involved in the
fracture healing process. However, the relationship between the
SDF-1/CXCR4 axis and bone fracture healing is still unclear.
Nevertheless, our data shown in this study clearly indicate that
the SDF1/CXCR4 axis also regulates EPC incorporation into the
fracture site and that the reduced vasculogenesis that led to a
delay in fracture healing is partly owing to less EPC homing
capacity to the fracture site in CXCR4 ™~ mice.

In conclusion, this is the first report to our knowledge in which
EPC SDF-1/CXCR4 axis has been shown to be an important factor

for fracture repair using CXCR4 conditional knockout mice.
Moreover, the promotion of EPC SDF-1/CXCR4 axis leads to the
acceleration of bone fracture healing and might be served as a
novel therapeutic application for genetic bone diseases and
bone injuries.
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Introduction

Abstract

Endothelial prOgenit0r cells (EPCé) ‘have been demonstrated to be effective for
the treatment of cardiovascular diseases However, the differentiation process
from c1rculat10n to adhesmn has not been clarified because circulating' EPCs
rarely attached to dishes in EPC cultures previously. Here we investigated
whether immature circulating EPCs differentiate into mature adhesive EPCs in
response to dextran. When ﬂoatmg-arculatmg EPCs derived from ex vivo
expanded human cord blood were cultured with 5% and 10% dextran, they
attached to fibronectin- coated dishes and grew exponentially. The bioactivities of
adhe sion, prohferatlon, migration, tube ‘formation, and differentiated type of
EPC colony forma’aon increased in _EPCs exposed to dextran, The surface protein
expression rate of the endothehal markers vascular endothelial growth factor
(VEGF)-R1/2, VE- cadherm, T1e2 ICAMl VCAML], and integrin av/B3 increased
in EPCs exposed to dextran. The mRNA levels of VEGF-R1/2, VE-cadherin, Tie2,
endothehal nitric ox1de synthase, MMP9, and VEGF increased in EPCs treated
with dextran Those of endothelium- related transcription factors ID1/2, FOXMI1,

“HEYI, SMADI FOSLl NFkBl NRFZ HIFlA EPASI increased in dextran-trea-

ted EPCs; however, those of hematop01et1c and antlanglogemc—related transcrip-
tion factors TAL1, RUNX1, c-MYB, GATA1/2 'ERG, FOXH1, HHEX, SMAD2/3
decreased in dextran- exposed EPCs. Inhibitor analysis showed that PI3K/Akt,

ERK1/2, INK and p38 signal transduction pathways are involved in the differen-
tiation in response to dextran. In conclusion; dextran induces differentiation of
circulating EPCs in terms 'of’adhesioﬁ, migration, proliferation, and vasculogene-

sis. The differentiation mechanism in response to dextran is regulated by multiple

signal transductions including PI3K/Akt, ERK1/2, JNK, and p38. These findings
indicate that dextran is an effective treatment for EPCs in regenerative medicines.

regeneration (Asahara et al. 1997). EPCs are mobilized
from bone marrow to peripheral blood, attach to existing

Endothelial cells have ability of cell division and migra-
tion not only in embryo but also in adult life. When a
part of endothelium is injured and detached, neighboring
endothelial cells proliferate, migrate, and cover the
exposed surface. Furthermore, endothelial cells always
regenerate and new blood vessels are made in hypoxic
lesions. Endothelial progenitor cells (EPCs) are also dem-
onstrated to play an important role for the vascular
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endothelial cells nearby hypoxic lesions, transmigrate into
tissues, proliferate, differentiate, secret angiogenic factors,
and induce neovascularization (Jujo et al. 2008; Kirton
and Xu 2010).

Since the discovery of EPCs, various methods to identify
and isolate EPCs have been used (Fadini et al. 2008; Yoder
2009; Pearson 2010), this is because EPCs are thought to
exist in the broad process of differentiation between
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hemangioblasts and mature endothelial cells. Recently
immature EPCs are defined as circulating blood cells
which form EPC colonies (Masuda et al. 2011). These col-
ony-forming EPCs are derived from hematopoietic stem
cells (HSCs) population and express surface antigens such
as CD34, CD133, vascular endothelial growth factor recep-
tor 2 (VEGF-R2, also called Flk1 or KDR), ¢-Kit, and pro-
tein receptor tyrosine kinase, epithelial-specific Tie2
(Asahara et al. 2011). Along with differential processes,
colony-forming EPCs lose immature markers and acquire
other endothelial or monocyte markers, such as vascular
endothelial cadherin (VE-cadherin), E-selectin, integrin
av/B3, and CD14. Then EPCs move onto a non-colony-
forming EPC stage. These differentiating EPCs transform
from circulating phenotype in suspended manner into tis-
sue phenotype in attached manner after homing to ische-
mic or regenerative organs. However, the differentiation
process from circulation to adhesion has not been clarified
because floating-circulating EPCs rarely attached to dishes
in EPC cultures previously. The development of adhesion
assay by a new technology is needed and would provide
deeper insight into the molecular and physiological mech-
anisms at successive stages of EPC differentiation.

Dextran is a high molecular weight polymer of D-glu-
cose and it is produced by enzymes on the cell surface of
certain lactic acid bacteria. It is used commonly to
decrease vascular thrombosis. Dextran reduces the activity
of factor VIII antigen (von Willebrand factor) and
impairs the platelet adhesiveness (Aberg and Rausing
1978; Batlle et al. 1985; Robless et al. 2002). Dextran also
increases the plasminogen activity, decreases the o2 anti-
plasmin activity, and inhibits the fibrin stabilization,
thereby it increases the lysis of plasma clots (Carlin and
Saldeen 1980; Wieslander et al. 1986a,b). Moreover, dex-
tran is used to reduce blood viscosity and expand blood
volume in bleeding. A basic research reported that dex-
tran regulates bioactivities of endothelial cells. Dextran
increased endothelial cell viability and decreased leukocyte
adhesion to endothelial cells (Rouleau et al. 2010). In
addition, dextran increased both protein and mRNA
expression levels of intercellular adhesion molecule 1
(ICAM1) and vascular cell adhesion molecule 1 (VCAM1)
and caused the nuclear translocation of nuclear factor
kappa B (NF«B). These results indicate that dextran
influences various molecules and cells, however, the effect
of dextran on EPCs remains unknown.

In this regard, we speculate that the exposure of dextran
may regulate the biology of not only mature endothelial
cells but also immature EPCs derived from bone marrow
microenvironments in vivo. Here, we investigated whether
dextran influences biological circulating EPCs in a suspen-
sion culture. Moreover, we investigated the signal trans-
duction pathways in response to dextran in these EPCs.
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Materials and Methods

Materials

Dextran (MW 100,000-200,000; Sigma-Aldrich, D4876)
was weighed, dissolved in M199 medium, and filtered
through a polyvinylidene difluoride membrane with a
pore size of 0.45 pm (Whatman). The viscosity of dextran
was measured with a rotating-cone-plate-type viscometer,
BIORHEOLIZER (Tokimec) at a constant temperature of
37°C. Measurements were taken over a range of shear
rates to verify the Newtonian behavior of the solutions.
The viscosity of 0, 5, and 10% dextran in M199 medium
were 0.0108, 0.0350, and 0.0794 Poise, respectively. The
osmotic pressure of dextran was measured with a cryo-
scopic osmometer, OSMOMAT 030 (Gonotec). The
osmotic pressure of 0, 5, and 10% dextran in M199 med-
ium were 272, 277, and 284 mOsmol/kg, respectively.

The signal transduction inhibitors used were as follows,
10 pmol/L LY294002 (Cell Signaling), 10 pmol/L PD98059
(Calbiocem, La Jolla, CA), 10 pmol/L JNK inhibitor II
(Calbiocem), and 10 pmol/L $B203580 (Calbiocem).

Isolation and preparation of human CD132-
positive cells

The protocol used in this study was approved by the Tokai
University research ethics committee, Japan, and written
informed consent was obtained from all participants.
Human CD133-positive cells were prepared from freshly
obtained human umbilical cord blood after normal delivery
as follows. Umbilical cord blood mononuclear cells were
isolated by density gradient centrifugation of buffy coats
using histopaquel077 (Sigma-Aldrich, St. Louis, MO).
CD133-positive cells were purified from the mononuclear
cells using anti-CD133 monoclonal antibody-conjugated
microbeads (Miltenyi Biotec) and a magnetically activated
cell sorter (auto-MACS; Miltenyi Biotec, Bergisch Glad-
bach, Germany) following the manufacturer’s protocol. To
confirm the purity of CD133-positive cells, the enriched
CD133-positive cells were used in cytometric analyses using
a FACS Calibur flow cytometer (BD Biosciences, San Jose,
CA). The isolated cells contained approximately 99% pure
CD133-positive cells. The isolated CD133-positive cells
were resuspended with freezing medium (CELLBANKER;
Zenoaq) and were cryopreserved until use.

Ex vivo suspension culture of EPCs

Freshly isolated EPCs were expanded as follows. 3x10°
CD133-positive cells were cultured at 37°C under 5%
CO, atmosphere in Stem Span media (StemCell Tech-
nologies) with 50 ng/mL vascular endothelial growth
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factor (VEGF; R&D Systems, Minneapolis, MN), 20 ng/
mL interleukin-6 (R&D Systems), 100 ng/mL stem cell
factor (Kirin), 20 ng/mL thrombopoietin (Wako),
100 ng/mL fms-related tyrosine kinase 3 ligand (Wako),
and 1% Penicillin/Streptomycin (Invitrogen, Carlsbad,
CA) in suspended manner for 7 days. The surface pro-
tein expression rates of ex vivo expanded EPCs were
analyzed by flow cytometry. The expression rates of
CD133, CD34, c-Kit, and CD31 were 40.0 = 10.4%,
50.2 + 12.5%, 46.9 + 19.6%, and 88.8 + 8.6%, respec-
tively. To confirm the EPC activity, they were incubated
with  1,1'-dioctadecyl-3,3,3’,3'-tetramethylindo-carbocya-
nine perchlorate-labeled acetylated LDL (Dil-acLDL;
1 ug/ml; Biomedical Technologies, Stoughton, MA) at
37°C for 6 h. All cells showed positive staining for Dil-
acLDL. This indicates that ex vivo expanded EPCs keep
approximately half of the characteristics of freshly iso-
lated EPCs and have an endothelial phenotype. 3 x 10%
cm® ex vivo expanded EPCs were applied on culture
dishes coated with 100 pg/mL solution of human fibro-
nectin (GIBCO, Grand island, NY), and cultured in
M199 medium (GIBCO) with 5% fetal bovine serum
(FBS; JRH), and EGM2 (VEGF, fibroblast growth fac-
tor-2, epidermal growth factor, insulin-like growth fac-
tor-1, and ascorbic acid; Clonetics) at 37°C under 5%
CO, atmosphere for 7 days.

Adhesion assay

2 x 10* EPCs under a dextran-free condition and
exposed to 5% and 10% dextran for 24 h were seeded
onto a human fibronectin-coated 96-well culture dish in
M199 medium with 1% FBS. After incubation in a 5%
CO, incubator for 5 h, non-adherent cells were removed
by gently washing twice with phosphate buffered saline
(PBS). The adhesive cells were examined under a phase
contrast microscope (ECLIPSE TE300, Nikon, Yurakucho,
Japan) equipped with a digital camera DSL1 (Nikon), the
images (x10) were imported as JPEG files into National
Institutes of Health (NIH) Image software. The number
of adhesion cells was measured per each image.

Migration assay

A modified Boyden chamber assay was performed. Using
a 24 well-transwell plate with 5 um pore size polycarbon-
ate membranes (Corning Costar, Acton, MA), M199
medium was in the bottom chamber, and 5 x 10* EPCs
under a dextran-free condition and exposed to 10% dex-
tran for 24 h were seeded in the upper chamber coated
with fibronectin. The migrated cells through the upper
chamber were fixated with VECTASHIELD including 4/,
6-diamino-2-phenylindole (DAPI; Vector) and were
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counted under a fluorescence microscope (x4) (IX70,
Olympus, Shibuya, Japan).

Proliferation assay

The cleavage amount of tetrazolium salt to formazan by
cellular mitochondrial dehydrogenase was measured.
1 x 10° EPCs under a dextran-free condition and
exposed to 5% and 10% dextran for 24 h were seeded to
each well of fibronectin-coated 96-well plates and cul-
tured in M199 medium with 5% FBS for 24 h. Thereafter,
the cell proliferation assay reagent WST-1 (Roche Applied
Science, Mannheim, Germany) was added and incubated
for 5 h. Absorbance at 450 nm was measured using Spec-
traMax 250 microplate reader (Molecular Devices, Sunny-
vale, CA) and Softmax Pro (Molecular Devices).

Tube formation

2 x 10° EPCs under a dextran-free condition and
exposed to 10% dextran for 24 h and 1.5 x 10* human
umbilical vein endothelial cells (HUVECs) were applied
in EBM-2 medium (Lonza, Basel, Switzerland) with 2%
FBS, added to an equivalent amount of Matrigel (BD
Falcon) in a 96 well-plate. After incubation at 37°C in an
atmosphere of 5% CO, gels were observed by using a
phase contrast microscope (x4). The number of circles
per tube structure was counted in each image.

EPC colony-forming assay

5 x 10* EPCs under a dextran-free and exposed to 10%
dextran for 24 h were applied in methylcellulose-contain-
ing M3236 medium (StemCell Technologies, Vancouver,
Canada) with 20 ng/mL stem cell factor (Kirin), 50 ng/
mL VEGF (R&D Systems), 20 ng/mL interleukin-3
(Kirin), 50 ng/mL basic fibroblast growth factor (Wako),
50 ng/mL epidermal growth factor (Wako), 50 ng/mL
insulin-like growth factor-1 (Wako), and 2 U/mL heparin
(Ajinomoto) in a 3 cm-dish. After 15 days in culture, the
number of small or large type EPC colonies in a dish was
counted under a phase contrast microscope.

Real-time PCR analysis

Total RNA samples were prepared from cells with RNeasy
Mini Kit (Qiagen, Valencia, CA), and first-strand ¢cDNAs
were generated using a PrimeScript RT reagent Kit
(Takara, Ohtsu, Japan). After reverse transcription of the
RNA into ¢DNA, real-time polymerase chain reaction
(PCR) was used to monitor gene expression with a 7500
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA) and a SDS 7900 (Applied Biosystems) according
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to standard procedures. PCR was performed with a
TagMan Fast Universal PCR Master Mix or SYBR Green
PCR Master Mix (Applied Biosystems), and primer pairs
and TagMan probes for VEGF, purchased from Applied
Biosystems, vascular endothelial growth factor receptor 1
(VEGF-R1, also called Fltl), VEGF-R2, VE-cadherin,
Tie2, endothelial nitric oxide synthase (eNOS), matrix
metalloproteinase 9 (MMP9), inhibitor of DNA binding 1
(ID1), ID2, forkhead box ml (FOXM1), FOXH]I, hairy/
enhancer of split related with yrpw motif 1 (HEY1),
mothers against decapentaplegic, drosophila, homolog of,
1 (SMADI1), SMAD2, SMAD3, fos-like antigen 1
(FOSL1), NFkB1, nuclear factor erythroid 2-related factor
2 (NRF2), hypoxia-inducible factor 1, alpha subunit
(HIF1A), endothelial pas domain protein 1 (EPASI), t-
cell acute lymphocytic leukemia 1 (TAL1), runt-related
transcription factor 1 (RUNX1), GATA-binding protein 1
(GATAL), GATA2, v-ets avian erythroblastosis virus e26
oncogene homolog (ERG), hematopoietically expressed
homeobox (HHEX), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), respectively (Table 1). Other

S. Obi et al.

analyzed genes were listed as below; v-ets avian erythro-
blastosis virus €26 oncogene homolog 1 (ETS1), ETS2, ets
variant gene 2 (ETV2), ETV6, friend leukemia virus inte-
gration 1 (FLIL), elk3, ets-domain protein (ELK3), e74-
like factor 1 (ELF1), ELF2, ELF3, FOXCl, FOXC2,
FOXO1, FOX03, FOXO04, FOXF1, sry-box 7 (SOX7),
SOX17, SOX18, mads box transcription enhancer factor
2, polypeptide a (MEF2A), MEF2C, GATA3, GATAA4,
ID3, vasculae endothelial zinc finger 1 (VEZF1), kriippel-
like ¢2/h2 zinc-finger transcription factor 2 (KLF2), KLF4,
KLF5, lim domain only 2 (LMO?2), heart-and neural crest
derivatives-expressed 2 (HAND2), HEY2, hairy/enhancer
of split, drosophila, homolog of 1 (HES1), homeobox a9
(HOXA9), HOXB3, HOXD3, HOXD10, peroxisome pro-
liferator-activated receptor gamma (PPARG), aryl hydro-
carbon receptor nuclear translocator (ARNT), nuclear
receptor subfamily 2, group f, member 2 (NR2E2), gli-
oma-associated oncogene homolog (GLI1), gli-kruppel
family member 2 (GLI2), GLI3, transcription factor 4
(TCF4), lymphoid enhancer-binding factor 1 (LEF1),
SMAD4, SMADS, early growth response 1 (EGR1), speci-

Table 1. Oligonucleotide primers and probes used for gene expression analysis by real-time PCR.

* Primer Sequences, 5'-3'

Gene Forward Reverse Probe (5-FAM, 3/-BHQ)
VEGF-R1 GCATGATGGGAATAGGGAGACA CCAAGGCCCACTTGATCTTTAG AGGAAAGGGCGCCTACTCTTICAGG
VEGF-RZ  AATGCGGGAGGTTCAATGTG GGGAAGAACAAAAGGGTAAAATCC  AGCTGTGTGTGGTGTCAAAGTTTCAGG
VE-cadherin - GAGCCGAGCCATGTGTCTTT GGTGTGCCTGAGGGTCAGTT - None

Tie2 CTGTATACCCTCTGTTTCCCTTTCA TTGGCAGAGGGCATGTTTTCTC None :

eNOS CAGCAACGCTACCACGAAGA TGEGTATGCGGCTTGTCA ATTTTCGGGCTCACGCTGCG

MMP9 CCCGGAGTGAGTTGAACCA AGGGCACTGCAGGATGTCA TGGACCAAGTGGGCTACGTGACCT
ID1 AGAACCGCAAGGTGAGCAA CCAACTGAAGGTCCCTGATGTAG TGGAGATTCTCCAGCACGTCATCG
D2 GGGAGCGAAAACGTTAAAATCA ATTCACGCTCCACCTTTGAAA TTGCCCAATCTAAGCAGACTTTGCCTT
FOXM1 GTACCTGGATCTTGGGTTCTTCA CAAAAAGGACTCTGGCAAGCA TGCAGGGACCCAGACAAGTGGA
FOXH1 AGGGCTGAGCCTGGAATAGC ACGGCTGGTGACTGATGGAT - TTCCTAGTCCCCTCTTCTCAGCCCA
HEY1 TGGTGGCCCTGAATCCAT GGCTCTCTCCTAACTAAATCAGAACTG -~ TGACCAGCTGCTGGTATCTGCCA
SMAD1 GTTCTGCAGCTGGTTAATTCATGT CAAGCACTCCATATAACTGGTATTG  CTGTGAGAGCAAATGAATAATTCCTGC
SMAD2 GAGGAAATACATGGCCTTTGATG CTGGCTTCTCGAGCAGAACAG TCTGGCGTCTACTGCATTTCCCAG
SMAD3 GTGGCTTTTTGGCTCAGCAT ACACGCGGCCACTTGTTT CAGAAACACCAAACCAGGCTGGC
FOSL1 CCACACTCTCCATCACCCTCTT TGGGTAAAGTGGCACCTTCTG TGTGATCCACCCAACCCTATCTCCTG
NFkB1 TIGTCCCTCTGCTACGTTCCTATT TGCTGTGGTCAGAAGGAATGC TCATTAAAGGTATCACGGTCGCCACC

NRF2 CTCAGCACCTTATATCTCGAAGTTTTC

TGCAGGGAGTATTCACTAGGAGAA

CATGCTACGTGATGAAGATGGAAAACCT

HIF1A TTGTGGAAGTTTATGCTAATATTGTGTAAC  TCTTGTTTACAGTCTGCTCAAAATATCTT  TAAACCTAAATGTTCTGCCTACCCTGTTGG
EPAST GTGACATGTAGGTAGGAAGCACTGA CCAGAGGTGTCGTCCCTCTTAC AATAGTGTTCCCAGAGCACTTTGCAACTC
TALT CAACTCTTTCGGCCTTTTGG GTCTTCAGCAGAGGGTCACGTA TGGGTCTGGCCGTACTTGTGATTTC
RUNX1 CCCCCACCTAGGGTCTATTTG ACGCACGAATTTTCAGGATGT TGGCAGTTATIGGGTTTGGTCACAA
-MYB GCCAGTCACTGCCTTAAGAACA GCAGTAAGTACACCGTCATATCTCAAA  TTGATGCAAGATGGCCAGCACTG
GATA1 GGAAGGATGGTATTCAGACTCGAA GACTGGAGCCCCGTTTCTTT CGCAAGGCATCTGGAAAAGGGA
GATA2 CGTGTCCCGAGCTTAGATTCTG ~ GCCCATATTGCACTTGGTCACT CCCAGGAGGAGGATTGTGCTGATG

ERG - CACTGCTTCTCCTAAGCCTTCTG TCTGCTGCACCTGCTGTCA ACAGATGTGGCACCTGCAACCC

HHEX CCACTTAATGGAAAGGCAAAGG AAATACTCCAAGGCTGCCTGAA TACCCCAAATCCAGAGGTGCCTACA
GAPDH GGTGGTCTCCTCTGACTTCAACA GTGGTCGTTGAGGGCAATG ACACCCACTCCTCCACCTTTGACG

eNOS, endothelial nitric oxide synthase; VEGF, vascular endothelial 'growth factor.
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ficity protein 1 (SP1), v-jun avian sarcoma virus 17 onco-
gene homolog (JUN), and v-myc avian myelocytomatosis
viral oncogene homolog (MYC). The temperature profile
consisted of initial denaturation for 20 sec at 95°C, fol-
lowed by 40 cycles of denaturation at 95°C for 3 sec,
annealing and elongation at 62°C for 30 sec, and fluores-
cence monitoring at 60°C. The specificity of the amplifi-
cation reaction was determined by performing a standard
curve analysis and a melting curve analysis. Relative signal
quantification was achieved by normalizing the signal of
each gene to that of the GAPDH gene.

Flow cytometry

Endothelial progenitor cells were washed with cold PBS
and were resuspended in PBS with FcR blocking reagent
(MACS), 0.2% FBS, and 2 mmol/L. EDTA at 4°C for
30 min. They were stained with monoclonal antibodies
specific for the following surface antigens: CD34 (Becton
Dickinson, San Jose, CA), CD51/61 (integrin owv/p3;
Becton Dickinson), CD54 (ICAMI1; Becton Dickinson),
CD106 (VCAMI; Becton Dickinson), CD117 (c-Kit;
MACS), CD133 (MACS), CD144 (VE-cadherin; Beckman
Coulter, Brea, CA), CD202b (Tie2; R&D), CD309 (VEGE-
R2; R&D), and VEGF-R1 (R&D). After incubation at 4°C
for 30 min they were washed twice and were analyzed
using two-color flow cytometry.

Statistical analysis

All results are expressed as means & SD. Statistical signif-
icance was evaluated by ANOVA and a Bonferonni
adjustment applied to the results of a ¢ test performed
with SPSS software. P-values of <0.05 were regarded as
statistically significant.

Results

Culture of circulating EPCs in dextran

Floating EPCs were cultured to investigate whether dex-
tran affects the morphological phenotype of EPCs. EPCs
without dextran rarely attached to fibronectin-coated
dishes (Fig. 1A). On the other hand, EPCs with 5% dex-
tran began to attach and became elongated at 4 days after
seeding. Then, the adhesive EPCs increased at 7 days.
Furthermore, adhesive EPCs with 10% dextran increased
more exponentially than those with 5% dextran.

Dextran increases bioactivities of adhesion
and proliteration

An adhesion assay was performed to investigate whether
dextran affects the adhesion of floating EPCs. The
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exposure of dextran to floating EPCs for 24 h increased
the adhesion number dextran-dose-dependently (Fig. 1B
and C).

A proliferation assay was performed to investigate
whether dextran affects the proliferation of EPCs. The
exposure of 5% and 10% dextran to floating EPCs for
24 h significantly increased the proliferation activity than
those not treated with dextran (Fig. 1D).

Dextran Increases migration, tube
formation, and differentiated EPC colony
formation

A migration assay was performed to study whether dex-
tran affects the migration of EPCs. By using a modified
Boyden chamber nuclei of migrated cells were observed
(Fig. 2A). The exposure of 10% dextran to EPCs for 24 h
increased the migrated number (Fig. 2B).

To investigate whether dextran affects the ability of
EPCs to form capillary-like tubes, a tube formation
assay was examined microscopically (Fig. 2C). A quanti-
tative analysis showed that EPCs exposed to 10% dex-
tran for 24 h increased the sum of the tube structure
(Fig. 2D).

We have reported that primitive or definitive types
of EPC colonies allow us to predict the potential of
EPC differentiation (Masuda et al. 2011). The primitive,
small cell sized EPC colony has a higher proliferation
potential and is composed of immature EPCs mean-
while the definitive, large cell sized EPC colony has
more vasculogenic properties and is composed of differ-
entiating EPCs (Fig. 2E). An EPC colony-forming assay
was performed to determine whether dextran affects the
endothelial differentiation. The exposure of 10% dextran
to EPCs for 24 h decreased the number of primitive
EPC colonies, but on the other hand increased that of
definitive EPC colonies (Fig. 2F). It indicates that dex-
tran induces endothelial differentiation of circulating
EPCs.

Dextran increases the protein and gene
expressions of endothelial markers

Floating EPCs were exposed to 5% and 10% dextran for
24 and 48 h, and changes in the surface protein expres-
sion rate of the endothelial markers VEGF-R1, VEGF-R2,
VE-cadherin, and Tie2, and the activated endothelial
markers ICAM1, VCAMI, and integrin ov/B3 were ana-
lyzed by flow cytometry. The protein expression level of
VCAMI increased in 24 h-10% dextran EPCs, but others
did not change in 24 h-EPCs (Fig. 3A). Every protein
level of 48 h-EPCs significantly increased in response to
5% and/or 10% dextran.
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