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Intravenous Administration of Endothelial Colony-
Forming Cells Overexpressing Integrin b1 Augments
Angiogenesis in Ischemic Legs

KAZUKO GOTO,a GENZOU TAKEMURA,a,b TOMOYUKI TAKAHASHI,c HIDESHI OKADA,a,b,d
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ABSTRACT

When injecteddirectly into ischemic tissue inpatientswith peripheral artery disease, the reparative
capacity of endothelial progenitor cells (EPCs) appears to be limited by their poor survival. We,
therefore, attempted to improve the survival of transplanted EPCs through intravenous injection
and gene modification. We anticipated that overexpression of integrinb1 will enable injected EPCs
to home to ischemic tissue, which abundantly express extracellular matrix proteins, the ligands for
integrins. In addition, integrin b1 has an independent angiogenesis-stimulating function. Human
endothelial colony-forming cells (ECFCs; late-outgrowth EPCs) were transduced using a lentiviral
vector encoding integrin b1 (ITGB1) or enhanced green fluorescent protein (GFP). We then locally
or systemically injected phosphate-buffered saline or the genetically modified ECFCs (GFP-ECFCs or
ITGB1-ECFCs; 1 3 105 cells each) into NOD/Shi-scid, IL-2Rgnull mice whose right femoral arteries
had been occluded 24 hours earlier. Upregulation of extracellular matrix proteins, including fibro-
nectin,was apparent in the ischemic legs. Fourweeks later, bloodperfusionof the ischemic limbwas
significantly augmented only in the ITGB1-ECFC group. Scanning electron microscopy of vascular
casts revealed increases in the perfused blood vessels in the ischemic legs of mice in the ITGB1-
ECFC group and significant increases in the density of both capillaries and arterioles. Transplanted
ECFC-derived vessels accounted for 28%6 4.2% of the vessels in the ITGB1-ECFC group, with no cell
fusion. Intravenous administration of ECFCs engineered to home to ischemic tissue appears to ef-
ficiently mediate therapeutic angiogenesis in a mouse model of peripheral artery disease. STEM
CELLS TRANSLATIONAL MEDICINE 2016;5:218–226

SIGNIFICANCE

The intravenous administration of endothelial colony-forming cells (ECFCs) genetically modified to
overexpress integrin b1 effectively stimulated angiogenesis in ischemic mouse hindlimbs. Trans-
planted ECFCs were observed in the ischemic leg tissue, even at the chronic stage. Moreover, the
cells appeared functional, as evidenced by the improved blood flow. The cell type used (ECFCs),
the route of administration (intravenous, not directly injected into the affected area), and the use
of ligand-receptor interactions (extracellular matrix and integrins) for homing represent substantial
advantages over previously reported cell therapies for the treatment of peripheral artery disease.

INTRODUCTION

Peripheral artery disease (PAD) is most com-
monly caused by arteriosclerosis obliterans.
The incidence of PAD has been increasing in re-
cent years, in large part because of the growing
prevalence of diabetes mellitus and hyperten-
sion and the overall aging of the population [1].
The current treatments of PAD include antico-
agulant agents and antiplatelet drugs, percuta-
neous transluminal angioplasty, and bypass

surgery. However, the prognosis for PAD pa-
tients remains poor, and amputation of the
lower extremities is often required [2]. One
promising new therapeutic strategy for PAD
is enhancement of angiogenesis and collateral
arterial growth. Angiogenesis can be achieved
through the use of growth factors or the genes
encoding them. The limited clinical data avail-
able from protein and gene delivery trials sug-
gest that both approaches are generally safe,
although additional experience is needed to
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resolve remaining safety concerns about the possible potentia-
tion of pathological angiogenesis (e.g., malignancy) and the so-
called bystander effects of the delivered factors (e.g., effects
on the kidneys or atheroma) [3].

Regenerative medicine using stem or progenitor cells is a
potential alternative to growth factors or their genes for the
treatment of PAD [4, 5]. The most important issues with such
cell therapies are the choice of an “optimal” cell type and the
“best”mode of delivery [6]. For example, cells that are too imma-
ture can differentiate into unwanted cell types or become malig-
nant. Endothelial progenitor cells (EPCs) in the CD34+ stem cell
fraction of adult human peripheral blood participate in postnatal
neovascularization after mobilization from bone marrow [7, 8].
EPCs consist of diverse progenitor-like cell populations, including
early-outgrowth EPCs and late-outgrowth endothelial colony-
forming cells (ECFCs). Unlike early EPCs, ECFCs have an endothelial
morphology, express endothelial markers, are highly proliferative,
and exhibit a progenitor-like capacity for self-renewal [7–10].

Progenitor cells are frequently deliveredbydirect injection in-
to the injured tissue. However, direct delivery is probably not the
best approach for patients with PAD. It seems unlikely that cells
injected intouniformly ischemic tissue,which lacks theblood flow
necessary to deliver oxygen and nutrients, would survive long
enough for engraftment. Also, an earlier study showed that most
cells will simply die if injected directly into ischemic tissue [11]. In
that context, we hypothesized that noninvasive incorporation of
circulating progenitor cells into the ischemic tissue through a
homingmechanismwould be an effective alternative to direct in-
jection. Therefore, our aim in the present study was to develop a
therapeutic angiogenesis protocol for treating ischemic legs using
genetically engineered ECFCs that, after intravenous administra-
tion, would efficiently home to the injured tissue where they
could be noninvasively incorporated. To accomplish this, we ge-
neticallymodified ECFCs to overexpress integrinb1.We surmised
that while circulating in the blood, integrin b1-expressing cells
would naturally home to ischemic tissue, because it abundantly
expresses extracellular matrix (ECM) proteins, the ligands for
integrins [12–14]. In addition, integrin b1 has been reported to
have an independent angiogenesis stimulating function [15,
16], which we expected could also result in beneficial effects
on ischemic legs.

MATERIALS AND METHODS

Endothelial Progenitor Cell Preparation

Late-outgrowth ECFCs were purchased from Lonza Biologics
(CL00189423; Lonza Biologics, Portsmouth, NH, http://www.
lonza.com). The ECFCs were cultured on type I collagen (354236;
BD Biosciences, San Diego, CA, http://www.bdbiosciences.com)
in endothelial growth medium 2 (CC-3162; EGM2 Bullet Kit; Lonza
Biologics) containing 10% ECFCs Serum Supplement (00190284;
Lonza Biologics). The cells were passaged every 2–3 days using
trypsin/EDTA solution (CC-5012; Lonza Biologics) and were main-
tained in a humidified incubator at 37°C in a 5% CO2 atmosphere.
The medium was changed every other day.

Lentiviral Vectors

Human b1 integrin (ITGB1) vector was purchased from Addgene
(pRK5 beta1, plasmid 16042; Addgene, Cambridge, MA, https://
www.addgene.org) [17]. The lentiviral vector pLV.CMV-ITGB1

was constructed by inserting the ITGB1 gene at the BamHI
and XhoI sites of the pLenti6.3/V5-DEST plasmid (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com). Lentiviruses were
produced by transfecting pLV.CMV-ITGB1 expression vectors and
Virapower packingmix (Invitrogen) into 293FT cells, as instructed
by the manufacturer. Twenty-four hours before transfection,
sixth-passage ECFCs were seeded at 1 3 106 cells per dish onto
100-mm dishes coated with collagen I in EGM2, as described
above. At 70%–80% confluence, the ECFCs were exposed to
5 ml of virus solution in 5 ml of complete medium for 24 hours
and were harvested on day 2 after infection. Overexpression of
ITGB1 was confirmed by Western blot analysis (ITGB1-ECFCs).
pLV.CMV-enhanced green fluorescent protein (GFP) was used
as a control vector to generate control cells (GFP-ECFCs).

In Vitro Homing Experiment

As an in vitro homing experiment, we studied the ability of the
ECFCs to stick to the bottom of the dishes. GFP-ECFCs or
ITGB1-ECFCs (5 3 105 cells each) were placed on 35-mm dishes
coated with fibronectin and incubated for 15 minutes at 37°C.
The disheswere then gentlywashedwith phosphate-buffered sa-
line (PBS) three times, and the cells attaching to the bottomwere
counted.

Animal Experimental Protocols

Our institutional animal research committee approved the pre-
sent study, which conformed to the U.S. NIH Guide for the Care
and Use of Laboratory Animals (NIH publication no. 85–23, re-
vised1996).Male9-week-oldNOD/Shi-scid, IL-2Rgnullmicewere
purchased from CLEA Japan Inc. (Tokyo, Japan, http://www.clea-
japan.com). This strain is an excellent recipient mouse model for
the engraftment of human cells; when human CD34+ cells from
umbilical cord blood were transplanted into this strain, the en-
graftment rate in the peripheral circulation, spleen, and bone
marrowwas significantly higher than that in other established im-
munodeficiency strains [18].Under sufficient anesthesiawith ket-
amine HCl (100 mg/kg) and xylazine HCl (10 mg/kg), the local fur
was removed using depilatory cream. Hindlimb ischemia was
then induced by complete ligation of the right femoral artery at
a point just below the inguinal ligament, as described previously
[19]. In the sham-operated mice, the suture was passed through
but not tied.We first assessed the expression of several ECMpro-
teins, including fibronectin, laminin, collagen type I, and collagen
type IV, in the hindlimb muscles of untreated mice at 1, 3, 7, 14,
and 28 days after surgery (n = 3 each).

In the experiment, themicewere randomly assigned to a con-
trol group that received a PBS injection, a second control group
that received GFP-transfected ECFCs (GFP-ECFCs), a third control
group that received local treatment of integrin b1-transfected
ECFCs (ITGB1-ECFCs) by intramuscular injection, or a group that
received a systemic treatment of ITGB1-ECFCs by intravenous in-
jection. PBS (500ml) or ECFCs (13 105 cells dissolved in 500ml of
PBS) were administered via the tail vein 24 hours after ligation of
the femoral artery. In the local treatment group, 100ml of ITGB1-
ECFCs was injected intramuscularly into five points of the ische-
mic hindlimb. At the times indicated, the hindlimb tissues were
harvested for histological examination, immunohistochemistry,
and Western blotting. In addition, three mice from each group
were used for observation of blood vascular casts.
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Laser Doppler Imaging

Under anesthesia, the hair was removed from both legs using a
depilatory cream, after which the mice were placed on a heat-
ing plate at 37°C for 10 minutes to minimize temperature var-
iations. The ischemic limb (right)-to-nonischemic limb (left)
blood flow ratio was measured using a laser Doppler perfusion
imager (Moor Instruments, Wilmington, DE, http://www.us.
moor.co.uk), which provides noninvasive measurement of
the blood flow by determining the Doppler frequency shift
for light reflected off the moving red blood cells. These data
were acquired using a method similar to that described by
Rivard et al. [20]. In brief, the sedated mice were secured
on a monochromatic surface, and an area of 11 3 11 cm
was scanned from the lower abdomen to the end of the
toes. Color images were obtained, and the hindlimb perfusion
ratios were determined by comparing the perfusion of the
hindlimbs before surgery and 1, 3, 7, 14, and 28 days after sur-
gery. Ischemic Doppler ratios were determined for all the
groups and compared.

Histological Examination and Immunohistochemistry

The expression of CD34 and integrin b1 in ECFCs was assessed
immunohistochemically using anti-human CD34 (14486-1; Pro-
teintech Group, Inc., Chicago, IL, http://www.ptglab.com) and
anti-integrin b1 antibodies (MAB1965; EMD Millipore, Billerica,
MA, http://www.emdmillipore.com) as the primary antibodies
and Alexa Fluor 568 anti-mouse IgG and Alexa Fluor 488 anti-
rabbit IgG antibody (Invitrogen) as the respective secondary an-
tibodies. The nuclei were stained with Hoechst 33354. The cells
were observed under a laser scanning confocal microscope (C2;
Nikon, Tokyo, Japan, http://www.nikon.com).

For histological examination of the ischemic and nonischemic
tissue samples, the lower calf muscles were fixed with 4% para-
formaldehyde, embedded in OCT compound (Miles Scientific,
Jacksonville, FL) and snap-frozen in liquid nitrogen or embedded
in paraffin. The tissue sections (10mmthick in frozen sections and
4 mm thick in paraffin-embedded sections) were incubated with
primary antibodies against fibronectin (ab23750) andFlk-1, cross-
reacting with human but not mouse endothelial cells (ab38464;
both fromAbcam); CD31, cross-reactingwith bothmouse andhu-
man endothelial cells (sc-1506; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, http://www.scbt.com); CD31, cross-reacting with
mouse but not human endothelial cells (DIA310; Dianova, Ham-
burg, Germany, http://www.dianova.com); and a-smooth mus-
cle actin (a-SMA; M0851; Dako, Glostrup, Denmark, http://
www.dako.com). An ABC kit (Vector Laboratories, Burlingame,
CA, http://www.vectorlabs.com) was then used for immunos-
taining, with diaminobenzidine HCl serving as the chromogen.
The nuclei were counterstained with hematoxylin. For immuno-
fluorescence, the secondary antibodies used were Alexa Fluor
488 and 568, and the nuclei were stained with Hoechst 33342.
Texas Red Lycopersicon esculentum lectin (TL-1176; Vector Labo-
ratories) was used to stain both human and mouse endothelial
cells [21].Quantitative assessments, including thenumberor area
of immunopositive cells, weremade in 20 randomly chosen high-
power fields (HPFs;3400) using a multipurpose color image pro-
cessor (Win ROOF, Mitani Corporation, Tokyo, Japan, http://
www.mitani-corp.co.jp). Other main organs, including the heart,
lungs, liver, and spleen, were excised and examined histologically
and immunohistochemically.

Scanning Electron Microscopy of Blood Vascular Casts

The three-dimensional vascular structure of the ischemic hin-
dlimbs was visualized using scanning electron microscopy
of the blood vascular casts [22, 23]. In brief, the abdominal
aorta was cannulated with a 24-gauge intravenous catheter
(SURFLO; Terumo Medical Products, Tokyo, Japan, http://
www.terumomedical.com), after which the limbs were ante-
gradely irrigated with saline. Mercox II Resin (Ladd Research
Industries,Willington,VT,http://www.laddresearch.com),aplastic
resin supplemented with the catalyst, was then injected through
the aortaundermoderatepressure (10ml/min) until the hindlimbs
were filled with the injected resin, approximately 5 minutes. The
hindlimbs were thenmacerated completely using 20% sodium hy-
droxide in an ultrasonic generator, washed in water, and dried.
Once dry, the casts were conventionally prepared for scanning
electron microscopy (Hitachi S-450; Hitachi, Tokyo, Japan, http://
www.hitachi.com).

Western Blot Analysis

Lysates from the ECFCs collected 3 days after gene transfection
and from homogenates of hindlimb muscle tissue collected 1,
3, 7, 14, or 28 days after surgery were used forWestern blot anal-
ysis. Proteins (10 mg) were separated and transferred to mem-
branes using standard protocols, after which they were probed
with antibodies against integrin a5 (AB1928; EMD Millipore),
integrin b1 (MAB1965; EMD Millipore), fibronectin (ab23750;
Abcam), laminin (ab11575; Abcam), collagen type I (ab21286;
Abcam), andcollagen type IV (ab6586;Abcam). Three to five spec-
imens from eachmuscle sample from the ischemic and nonische-
michindlimbswere subjected toWesternblotting. Theblotswere
visualized using chemiluminescence (AmershamBiosciences, Pis-
cataway, NJ, http://www.amersham.com), and the signals were
quantified by densitometry. Glyceraldehyde-3-phosphate dehy-
drogenase (sc32233; Santa Cruz Biotechnology) served as the
loading control.

Statistical Analysis

Values are shown as themean6 SEM. The significance of the dif-
ferences between groups was evaluated using one-way analysis
of variance (ANOVA), followed by the Newman-Keuls multiple
comparison test. For statistical analysis of the blood flow ratios,
we used repeated-measures ANOVA. Values of p, .05 were con-
sidered significant.

RESULTS

Integrin Expression in Genetically Modified ECFCs

Confocal microscopic observation revealed that human ECFCs
transfected with mouse integrin b1-harboring lentivirus
(ITGB1-ECFCs) express both human CD34 and mouse integrin
b1 (Fig. 1A).Western blotting revealed a significantly stronger ex-
pression of integrin b1 with molecular weights of 88 and 140 kDa
in ITGB1-ECFCs than in ECFCs transfected with GFP (GFP-ECFCs;
Fig. 1B). Such multiple molecular weights might reflect either
splicing variants or sugar remodeling (sialylation) of integrin b1

[24]. We also noted an increase of 250-kDa integrin b1 on the
blots. The expression of integrin a5 with 114 kDa was also more
increased in the integrin b1 transfectants than in the GFP trans-
fectants. The simultaneous upregulation of integrin a5 and
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integrin b1 in ITGB1-ECFCs suggests increased expression of in-
tegrin a5b1, a fibronectin receptor. Consistent with that idea,
the molecular weights for integrin b1 (140 kDa) and integrin a5

(114 kDa) in our Western blots suggest the possible formation
of an integrin a5b1 dimer (250 kDa).

We cultured the ECFCs on fibronectin-coated dishes for
15 minutes to examine the homing capacity of the ECFCs in the in
vitro setting. The number of ITGB1-ECFCs attaching to the bottom
of the dishes was significantly greater than that of the GFP-ECFCs
(GFP, 2.36 0.073 105 cells per dish vs. ITGB1, 3.36 0.243 105

cells per dish; p, .05; Fig. 1C).

Expression of ECM Proteins in the Ischemic Legs

We examined the expression of four ECM proteins (fibronec-
tin, laminin, collagen type I, and collagen type IV) in mouse

hindlimbs after occlusion of the femoral artery. Western blot-
ting showed augmented expression of all four proteins in the
ischemic legs after surgery (Fig. 2A), and the enhanced expres-
sion of fibronectin and collagen type I persisted for the entire
28-day observation period. Confocal microscopy revealed
strong fibronectin immunofluorescence in the interstitium
of the ischemic tissue 28 days after surgery (Fig. 2B).

Blood Flow in the Ischemic Legs

Laser Doppler imaging showed that blood flow in the ischemic
hindlimbs was reduced equally in all groups immediately after
femoral artery ligation. Although blood perfusion of the ischemic
limb progressively increased after ligation in all four groups, the
perfusion was significantly greater in the group administered

Figure 1. Geneticallymodified human ECFCs. (A): Confocalmicrographs showing CD34 (red) and integrinb1 (green) immunostaining in human
ECFCs transfected with integrin b1. Integrin b1 localized strongly at the cell surface. Scale bar = 50 mm. (B):Western blotting for integrins. In
addition to integrin b1 (88 and 140 kDa), integrin a5 (114 kDa) was more strongly coexpressed in ITGB1-ECFCs than in GFP-ECFCs. The band at
approximately 250 kDa suggests possible dimer formation between integrins b1 and a5 to form integrin a5b1, a fibronectin receptor. Graphs
show densitometry for integrin b1 and integrin a5 (n = 3 each). (C): In vitro homing experiment for ECFCs. A significantly greater number of
the cells from the ITGB1-ECFC group attached to the bottomof fibronectin-coated dishes comparedwith those from the GFP-ECFC group. Scale
bars = 50 mm; p, p , .05 versus the GFP-ECFC group. Abbreviations: ECFCs, endothelial colony-forming cells; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; GFP, green fluorescent protein; ITGB1, lentiviral vector encoding integrin b1.
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ITGB1-ECFCs (ischemic-to-nonischemic limb flow ratio, 0.97 6
0.09) than in any of the three control groups (Fig. 3).

Vasculature in the Ischemic Legs

Casts of the hindlimb vascular beds in the sham-operated mice
revealed an elaborate vascular plexus containing arteries, arteri-
oles, capillaries, veins, and venules (Fig. 4A). Twenty-eight days
after surgery, examination of the ischemic hindlimb revealed that
occlusion of the femoral artery had greatly diminished the vascu-
lar beds in themice treated with PBS (Fig. 4B) or GFP-ECFCs (data
not shown). In contrast, in the mice administered ITGB1-ECFCs,
the vascular beds of all types were substantially restored 28 days
after surgery (Fig. 4C).

Immunohistochemical detection of CD31 (mouse and hu-
man), an endothelial cell marker, and of a-SMA, an arteriole
marker, showed that both the overall vessel (mainly capillary)
density and the density of the arterioles were greater in the
ischemic legs of mice treated with ITGB1-ECFCs than in those
treated otherwise. As shown in Figure 5, vessel formation was
enhanced to a greater degree in the systemic ITGB1-ECFC
group (58 6 6.8 vessels per HPF) than in the control groups
(PBS group, 29 6 4.9 vessels per HPF; GFP-ECFC group, 28 6
5.8 vessels per HPF; and local ITGB1-ECFC group, 316 6.5 ves-
sels per HPF; p , .05). The systemic ITGB1-ECFC group also
exhibited a greater density of a-SMA-positive arterioles
(6.0 6 0.9 arterioles per HPF) than any of the control groups
(PBS group, 3.1 6 0.6 arterioles per HPF; GFP-ECFC group,
3.0 6 0.6 arterioles per HPF; and local ITGB1-ECFC group,

3.3 6 0.3 arterioles per HPF; p , .05). It is noteworthy that
not only the capillary density, but also the density of
a-SMA-positive arterioles, were increased by the systemic
treatment with ECFCs overexpressing integrin b1. Perhaps
the ECFC-derived capillaries were able to mature into arteri-
oles. In the nonischemic legs, no significant difference was
seen in the overall vessel or arteriole densities among the
three groups and those densities were all similar to the vas-
cular density in the sham-operated group, indicating no effect
of treatment on the vessels in the nonischemic legs.

Using immunohistochemistry with an anti-human Flk-1 anti-
body, we next studied the origin of vessels in the ischemic hin-
dlimb tissue. This antibody does not react with mouse Flk-1.
As shown in Figure 6A, human Flk-1-positive, and thus ECFC-
derived, vessels were frequently found in the ischemic hindlimbs
of mice systemically administered ITGB1-ECFCs, accounting for
28% 6 4.2% of the total vessels. In contrast, human Flk-1-
positive vessels were never found in any of the control groups
(0%6 0%; p, .05 vs. the systemic ITGB1-ECFC group). No endo-
thelial cells immunopositive for thehumanFlk-1wereobserved in
the other main organs (i.e., heart, lungs, liver, and spleen) of any
groups.

To determine whether fusion had occurred between the
transplanted ECFCs and the host endothelial cells, we double
immunostained for human and murine endothelial cells using

Figure 2. Expression of extracellular matrix proteins in hindlimb
tissues after ligation of the femoral artery. (A): Western blotting for
fibronectin, laminin, collagen types I and IV, and GAPDH (control) in
the nonischemic and ischemic legs of mice before surgery and 1, 3, 7,
14 and 28 days after surgery. (B): Immunofluorescence showing
strong expression of fibronectin (red) in the ischemic hindlimbs at the
chronic stage after femoral artery ligation (28 days after surgery). Scale
bars = 50 mm. Abbreviations: GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; I, ischemic; NI, nonischemic; Pre, preoperatively.

Figure 3. Blood flow in the ischemic hindlimbs. (A): Laser Doppler
blood perfusion images. (B): Blood perfusion in ischemic hindlimbs
wasmeasured before and 1, 3, 7, 14, and 28 days after right femoral
artery ligation (n = 6 in each group). Results are expressed as the
ratio of the right (ischemic) to the left (nonischemic) limb perfusion.
p, p, .05 versus the PBS, GFP-ECFC, and local ITGB1-ECFC groups.
Abbreviations: ECFC, endothelial colony-forming cell; GFP, green
fluorescent protein; ITGB1, lentiviral vector encoding integrin b1;
L, local; PBS, phosphate-buffered saline; Pre, preoperatively;
S, systemic.
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anti-human Flk-1 and anti-mouse CD31 antibodies. We found no
endothelial cells thatwere positive for both antibodies, indicating
no cell fusion (Fig. 6B).

DISCUSSION

The utility of stem cells derives in part from their pluripo-
tency, which enables them to differentiate into a variety
of cell types. However, this feature can also be problematical
in cell therapies, because a risk exists that stem cells will dif-
ferentiate into unwanted cell types or even become malig-
nant. ECFCs, however, are well-characterized progenitor
cells that contribute to postnatal neovascularization after
mobilization from the bone marrow [5, 6]. The CD34+ stem
cell fraction of adult human peripheral blood has already

Figure 4. Scanning electron photomicrographs of vascular casts of
the hindlimbs 28 days after femoral artery ligation. (A):Vascular casts
from a sham-operated mouse showing normal vascular profiles. (B):
Vascular casts showing the less dense vasculature in the ischemic leg
of a phosphate-buffered saline-treated mouse. (C): Vascular casts
from the ischemic hindlimb of a mouse systemically treated with
endothelial colony-forming cells overexpressing integrin b1. Note
that the vasculature was substantially restored in this mouse.
Scale bars = 10 mm.

Figure 5. Vascular immunohistochemistry. (A): Photomicro-
graphs showing immunohistochemical staining of CD31- and
a-SMA-positive lumens revealing total vessels (mainly capillar-
ies) (left) and small arteries (right) in ischemic hindlimb tissues
28 days after surgery (n = 6 in each group), respectively. Scale
bars = 50mm. (B):Graphs showing densities of total vessels (left)
and small arteries (right) in each group (n = 6 in each group).
p, p , .05 versus the PBS, GFP-ECFC, and local ITGB1-ECFC groups.
Abbreviations: a-SMA, a-smooth muscle actin; ECFC, endothe-
lial colony-forming cell; GFP, green fluorescent protein; HPF,
high-power fields; l, local; ITGB1, lentiviral vector encoding
integrin b1; s, systemic.
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been used in two preclinical trials of therapeutic angiogenesis
for PAD. One trial showed significant improvements in the ef-
ficacy scores (toe-brachial pressure index, pain scale, and to-
tal walking distance); however, the other study showed no
effect on amputation rates [25, 26]. Neither trial reported
any treatment-associated adverse events; thus, the safety
and feasibility of ECFC-based therapy can be considered
established.

In both of these trials, the ECFCs were delivered through
intramuscular injection into the ischemic legs. We suggest
this delivery method would not allow the injected cells to re-
ceive sufficient oxygen and nutrients for engraftment. In the
present study, however, the ECFCs were intravenously ad-
ministered and were expected to reach the injured tissue
through the circulation. In addition, the cells were geneti-
cally modified to overexpress integrin b1. Integrins serve
as receptors for various ECM proteins (e.g., fibronectin, lam-
inin, and collagen, among others) [12–14]. Integrin b1 was
chosen for use in the present study in an effort to facilitate
homing of the ECFCs to the ischemic tissue, which would
be expected to abundantly express ECM. Although ECFCs
have been genetically modified in a number of earlier stud-
ies, most of those involved overexpression of angiogenic
factors (e.g., vascular endothelial growth factor, hypoxia in-
ducible factor-1a, hepatocyte growth factor, or endothelial
nitric oxide synthase) in an effort to strengthen or accelerate
the angiogenic function of ECFCs, not to facilitate homing
[27–32]. Our approach might be unique in that context.
We found that integrin a5 was also overexpressed in ECFCs
transfected with integrin b1. Furthermore, our results sug-
gest that integrins a5 and b1 dimerized to form integrin
a5b1, a ligand for fibronectin. This result is not unprece-
dented. Coinduction of endogenous integrin monomers is

known to occur with integrin transfection, although the pre-
cise mechanism remains unclear [12, 13].

Stromal cell-derived factor (SDF)-1 is an important che-
moattractant for circulating CXCR4-positive cells, including
CD34-positive EPCs, which is expressed mainly by vascular
endothelial and smooth muscle cells within damaged tissues
[33]. For example, SDF-1 appears to play a critical role in the
mobilization of CXCR4+ cells into myocardial tissues after in-
farction [33–35]. However, in animal models of myocardial
infarction, SDF-1 expression in the infarcted myocardium
was enhanced on day 3 after infarction, but the upregulation
had disappeared by day 7 [33, 36, 37]. This relatively short in-
terval of SDF-1 expression in ischemic tissue suggests the
SDF-1/CXCR4 axis would not be suitable for use as a homing
mechanism under conditions of chronic ischemia. In con-
trast, ECM proteins such as fibronectin and collagens are
persistently expressed, even in scar tissue. In addition, mes-
enchymal stem cells reportedly use integrin b1, not CXCR4,
for migration and engraftment into myocardial tissue [38].
Taken together, these data suggest integrin b1 would be an
appropriate homing molecule for use in cases of chronic is-
chemia such as PAD.

We confirmed in vitro the homing capacity of the ITGB1-
ECFCs to fibronectin and the in vivo homing and differenti-
ation into endothelial cells by immunohistochemistry. We
furthermore confirmed the absence of the cell fusion phe-
nomenon between the ECFC-derived human and recipient
mouse endothelial cells. However, this does not deny the
possibility that human ECFC-derived vasculature connect
to constitute the branches of mice vasculature to improve
blood flow. However, integrin b1 has been reported to have
an independent angiogenesis-stimulating function, and one
of the principle downstream effector molecules for integrin
b1 is vascular endothelial growth factor (VEGF) [15, 16, 39,
40]. The excreted VEGF from exogenous ECFCs could stimu-
late new blood vessel formation, not only from exogenous
human ECFCs, but also from endogenous mouse ECFCs.
Therefore, the improved therapeutic effect observed in
the present study might not be entirely concluded as a re-
sponse to integrin b1-overexpressing exogenous ECFCs only.
It remains to be determined which of the functions of ITGB1-
ECFCs, homing or angiogenesis, is more important for the
benefits, although both would be desirable in clinical
situations.

The protocol used in the present study had several limi-
tations. First, it entailed simultaneous cell and gene therapy,
and no consensus has yet been reached on the safety of virus-
mediated gene therapy. Second, the treatment was started 1
day after the onset of ischemia in our protocol. Clinically,
however, patients typically do not consult a physician until
the chronic stage, after they have experienced ischemia for
a considerable period. We have confirmed that at least two
ECM proteins, including fibronectin, are strongly expressed
during the chronic stage, but we have not yet confirmed
the effectiveness of our treatment when it is started during
the chronic stage. Nevertheless, we believe that the present
protocol provides an important hint to a less-invasive and
more effective cell therapy for PAD than previously reported.
Particularly important is the intravenous route of adminis-
tration. Our systemic treatment with ITGB1-ECFCs resulted
in a significantly better therapeutic advantage compared

Figure 6. Vascular immunofluorescence of the ischemic hin-
dlimb of a mouse systemically treated with ECFCs overexpress-
ing integrin b1. (A): Origin of the detected endothelial cells.
Detection of total vessels using Lycopersicon esculentum lectin
and human vessels (arrows) using anti-human Flk-1 antibody.
Scale bars = 50 mm. (B): Testing for cell fusion by double immu-
nostaining for human- and mouse-derived endothelial cells us-
ing anti-human Flk-1 (cross-reacting with human but not with
mouse endothelial cells) and anti-mouse CD31 (cross-reacting
with mouse but not with human endothelial cells) antibodies.
No detected endothelial cells were positive for both antibodies,
indicating no cell fusion. Scale bar = 50 mm.
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with local treatment. The former might have homed the pro-
genitor cells to the injured tissue where they could have been
noninvasively incorporated without being exposed to lethal is-
chemia. In leukemia patients, bone marrow cell transplantation
is performed intravenously through drip infusion,which enables
the cells to be effectively conveyed to the patients’ bone mar-
row. Mimicking that approach, intravenous administration of
integrin-expressing ECFCs could prove to be an effective thera-
peutic strategy for the future treatment of PAD.

CONCLUSION

Themajor conclusion of the present study is that intravenous
administration of ECFCs genetically modified to overexpress
integrin b1 effectively stimulated angiogenesis in ischemic
mouse hindlimbs. Transplanted ECFCs were observed in
the ischemic leg tissue, even at the chronic stage; moreover,
the cells appeared functional, as evidenced by the improved
blood flow. We suggest that the cell type used (ECFCs), the
route of administration (intravenous, not directly injected
into the affected area), and our use of ligand-receptor inter-
actions (ECM and integrins) for homing represent substantial
advantages over previously reported cell therapies for the
treatment of PAD.
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