Biomedical Research and Therapy, 2014 (1):9-20

ISSN 2198-4093
www.bmrat.org

A comparison of umbilical cord blood-derived endothelial progeni-
tor and mononuclear cell transplantation for the treatment of acute

DOI 10.7603/s40730-014-0003-8

ORIGINAL RESEARCH a

hindlimb ischemia

Ngoc Bich Vu', Anh Nguyen-Tu Bui’,Van Ngoc-Le Trinh?, Lan Thi Phi', Ngoc Kim Phan'?, Phuc Van Pham">*

lLaboratory of Stem Cell Research and Application, University of Science, Vietnam National University, HCM City, Vietnam; 2Department of

Animal Physiology and Biotechnology, Biology Faculty, University of Science, Vietnam National University, HCM city, Vietnam.

*Corresponding author: pvphuc@hcmuns.edu.vn

Received: 23 Jannuary 2014 / Accepted: 6 February 2014 / Published online: 7 February 2014

© The Author(s) 2014. This article is published with open access by BioMedPress (BMP), Laboratory of Stem Cell Research and Application.

Abstract—Acute lower limb ischemia is a common peripheral artery disease whose treatment presents many
difficulties. Stem cell transplantation is considered a novel and promising method of treating this discase. Umbili-
cal cord blood (UCB) is rich in stem cells, including hematopoietic stem cells (HSCs), mesenchymal stem cells
(MSCs) and endothelial progenitor cells (EPCs). However, historically, banked umbilical cord blood has been
used mainly to treat blood-related diseases. Therefore, this study compared the efficacy of umbilical cord blood-
derived mononuclear cells (UCB-MNCs) with EPC transplantation for the treatment of acute hindlimb ischemia
(ALI) in mouse models. MNCs were isolated from UCB by Ficoll gradient centrifugation, after which the EPCs
were sorted based on CD34+ and CD133+ markers and cultured according to a previously published protocol.
To induce ALI, mice were immuno-suppressed using busulfan (BU) and cyclophosphamide (CY), after which the
femoral arteries were burned. Induction of ALI in the immune suppressed mice was confirmed by the grade of
tissue damage, pedal frequency in water, tissue edema, changes in histology, total white blood cell count, and
white blood cell composition. Model mice were injected with a dose of MNCs or EPCs and un-treated control
mice were injected with phosphate buffered saline. The efficiency of treatment was evaluated by comparing the
grade of tissue damage between the three groups of mice. Mice aged 6—12 months were suitable for ALI, with
100% of mice exhibiting ischemia from grade I 10%, grade IlI 50%, grade IV 40%. For all ALI mice, a gradual in-
crease in pedal frequency in water, increased tissue edema, necrosis of muscle tissue, and loss of hindlimb func-
tion were observed after 20 days. Transplanted MNCs and EPCs significantly improved hindlimb ischemia com-
pared with control treatment. Moreover, EPC transplantation significantly improved hindlimb ischemia compared
with MNC transplantation. Following EPC and MNC transplantation, 44.44% and 33.33% of the mice recovered
fully (grade 0), respectively. Specifically, all recovered mice exhibited hindlimb activities similar to those of nor-
mal mice. Transplantation of UCB-derived MNCs and EPCs are promising therapies for hindlimb ischemia.

Keywords— Hindlimb ischemia, Umbilical cord blood-derived stem cells, Mononuclear cells, Endothelial pro-
genitor cells, Neovascularization.

INTRODUCTION

Ischemia is conditionally caused by limited blood supply to
tissues, which results in a shortage of oxygen and the nutri-
ents needed for cellular activities. The main cause of ische-
mia is damage to blood vessels. Acute hindlimb ischemia
(ALI) is a medical condition caused by a sudden lack of
blood flow to hindlimbs (Walker, 2009). ALI is caused by
either an embolism or thrombosis. Thus, ALI can be caused

by peripheral vascular disease, trauma, excess fat, amniotic
fluid or a tumor (Jaffery et al.,, 2011). Prolonged ALI or de-
layed treatment can result in morbidity, amputation and/or
death. Therefore, ALI has been researched and treated for
many years.

At present, almost all therapies for treating ALI are based on
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thrombolysis. Thrombosis can be removed by various meth-
ods, including the use of streptokinase, tissue plasminogen
activator, urokinase and anistreplase (Andaz et al., 1993),
(Callum and Bradbury, 2000), (Wardlaw and Warlow, 1992).
Other methods of clot lysis use either saline jets or ultrasonic
waves. Saline jets can dislodge the clot by the Bernoulli ef-
fect, whereas ultrasonic waves can physically fragment the
thrombus (Lyden, 2010). Alternatively, a “bypass” can be
created around the clot by inserting a graft (Corfield et al.,
2013).

In recent years, stem cell therapy has been considered as
another method for treating ALI. Compared with the meth-
ods for treating ALI described above, stem cell therapy
promises many advantages. Indeed, stem cells can create
new blood vessels that supply oxygen and nutrients to the
ischemic area. Stem cells can be obtained from two main
sources, namely embryos and adult tissues. The use of em-
bryonic stem cells has limitations because of teratoma for-
mation and ethical dilemmas, whereas adult stem cells re-
quire invasive techniques for their collection.

Human umbilical cord blood (UBC) is a rich source of stem
cells. There are at least three kinds of stem cells in UBC, in-
cluding mesenchymal stem cells, endothelial progenitor cells
and hematopoietic stem cells. UCB-derived stem cells have
been used in preclinical trials and clinical applications for
many years. To date, more than 25,000 allogeneic cord blood
transplantations have been performed worldwide since the
first cord blood transplantation in 1998 (Butler and
Menitove, 2011). More than 780,000 cord blood units are
stored in over 130 private cord blood banks worldwide, and
over 400,000 units in more than 100 quality-controlled public
cord blood banks (Butler and Menitove, 2011). Early uses of
UCB-derived stem cells included the preparation of a mon-
onuclear cell fraction by gradient centrifugation to remove
red blood cells and white blood cells (Fuss et al.,, 2009),
(Jaatinen and Laine, 2007). Recently, automated systems for
isolating UCB-derived stem cells for clinical applications
have been developed; however, they are mainly used for
mononuclear cell isolation or mononuclear cell enrichment.
Three main types of stem cells, hematopoietic stem cells
(HSCs), mesenchymal stem cells (MSCs) and endothelial
progenitor cells (EPCs), are included in the mononuclear cell
fraction. In fact, HSCs (Sousa et al., 2011), (Notta et al., 2011),
(Chularojmontri and Wattanapitayakul, 2009), (Delalat et al.,
2009), (Kent et al., 2009), MSCs (Li and Cai, 2012), and EPCs
(Lin et al., 2011), (Mead et al.,, 2008), (Duan et al., 2008),
(Song et al., 2010), (Phuc et al., 2012) have all been success-
fully isolated from the mononuclear cell fraction.

Both the MNC fraction and EPCs were used for the treat-
ment of ischemic hindlimb a decade ago (Yang et al., 2004),
(Liu et al., 2005), (Murohara et al., 2000), (Finney et al., 2006).
EPCs induced with cytokines, such as stem cell factor, FMS-
like tyrosine kinase 3 ligand, interleukin-3, and basic fibro-
blast growth factor (O et al., 2011), and transgenic EPCs ex-
pressing VEGF (Yu et al., 2009), significantly improved the
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blood flow as well as neoangiogenesis in hindlimb ischemia.
Treatment with UCB MNCs has also shown an improvement
in ischemia (Henning et al., 2012), (Pimentel-Coelho et al.,
2012). UCB MNCs injected in combination with the five
growth factors, Flt-3L, EGF, TPO, FGF and IGF-1, prevented
limb loss and augmented blood perfusion, capillary density,
vascular maturation and angiogenic cytokines in the affected
tissues (Kim et al., 2011). Cho et al. (2006) injected UCB
MNCs using a fibrin matrix in combination with delivery of
bFGEF, and found that capillaries and arterioles were signifi-
cantly increased compared with therapy alone as well as
control (Cho et al., 2006).

MNCs and EPCs present advantages and disadvantages
regarding their isolation. Currently, however, the efficacy of
hindlimb ischemia treatment with MNC or EPC transplanta-
tion has not been compared. Therefore, in this study we
compared the efficacy of MNC and EPC transplantation for
treating hindlimb ischemia in murine models, to evaluate
the suitability of allogeneic transplantation for hindlimb
ischemia treatment.

MATERIALS — METHODS

Isolation of the mononuclear cell (MNC) fraction from
human umbilical cord blood

Umbilical cord blood was collected from consenting donors
screened for HBV, HCV, and HIV at Hung Vuong hospital,
Ho Chi Minh city, Vietnam. All procedures and manipula-
tions were approved by our Institutional Ethical Committee
(Laboratory of Stem cell Research and Application, Universi-
ty of Science, Vietnam National University, Ho Chi Minh
City, Vietnam) and the Hospital Ethical Committee (Hung
Vuong Hospital, Ho Chi Minh City, Vietnam). The bloods
were transferred to the laboratory in a cool box within 3 h.
The mononuclear cell fraction was isolated by gradient den-
sity centrifugation using Ficoll-Histopaque 1.077 (GE
Healthcare) according to the manufacturer’s guidelines. Fi-
nally, the cell pellets were washed three times with PBS. Cell
viability was determined by flow cytometric analysis
(FACSCalibur, BD Bioscience; USA) of cells stained with 7-
AAD (7-amino actinomycin; BD Bioscience, USA). The pres-
ence of hematopoietic stem cells (HSCs), mesenchymal stem
cells (MSCs) and endothelial progenitor cells (EPCs) was
determined by flow cytometry.

Isolation of endothelial progenitor cells from the mononu-
clear cell fractions

A Cell Sorter FACSJazz System (BD Biosciences, Franklin
Lakes, NJ) was used to sort CD34* CD133* EPCs from the
MNC fraction. MNCs were washed twice in phosphate-
buffered saline containing 1% bovine serum albumin (Sig-
ma-Aldrich, St Louis, MO). Fc receptors were blocked by
incubation with immunoglobulin G (Santa Cruz Biotechnol-
ogy, CA) on ice for 15 minutes. MNCs were double-stained

10

Cell transplantation for the treatment of acute hindlimb ischemia



Vuetal., 2014

with anti-CD34-FITC and anti-CD133-PE monoclonal anti-
bodies (BD Pharmingen, USA) for 30 minutes in the dark.
After washing, the MNCs were analyzed and sorted into
EPCs expressing CD34* and CD133* markers using the cell
sorter.

Isolated EPCs were cultured in EBM-2 medium supplement-
ed with EGM-2 (Gibco, Invitrogen) and 1% antibiotic-
myecotic (Sigma-Aldrich, St Louis, MO, USA). This popula-
tion was considered as EPCs. The EPC population was ex-
panded for a further 18-30 days in the same flask, with the
addition of fresh medium every 3 days, before harvesting for
flow cytometric analysis. All flasks and dishes were incubat-
ed at 37°C in 5% CO..

Identification of stem cells in the mononuclear cell frac-
tions and EPCs

The presence of stem cells in the MNC fractions, including
MSCs expressing CD44* and CD90*, EPCs expressing CD34*
and CD133%, and HSCs expressing CD34* and CD45*, was
analyzed by flow cytometry on a FACSCalibur system (BD
Biosciences, Franklin Lakes, NJ). Briefly, cells were washed
twice in phosphate-buffered saline (PBS) containing 1% bo-
vine serum albumin (Sigma-Aldrich, St Louis, MO, USA). Fc
receptors were blocked by incubation with immunoglobulin
G (Santa Cruz Biotechnology, CA) on ice for 15 minutes.
Cells were double-stained with anti-CD34-FITC and anti-
CD45-APC monoclonal antibodies for HSCs, anti-CD44-PE
and anti-CD90-FITC for MSCs, or anti-CD34-FITC and anti-
CD133-PE for EPCs (all monoclonal antibodies were pur-
chased from BD Biosciences, Franklin Lakes, NJ) at 4°C for
30 minutes. After washing, the cells were analyzed by flow
cytometry using CellQuest Pro software (BD Biosciences,
Franklin Lakes, NJ), with 10,000 events collected.

Immune-suppressed mouse models

All procedures on animals were approved by the Animal
Welfare Committee of the Stem Cell Research and Applica-
tion Laboratory, University of Science, VNU-HCM, VN.
Mice were kept in individual ventilated cages with a HEPA
filter (Techniplast, Italy). To carry out the xenogenic trans-
plantation of the mononuclear cell fraction and EPCs into
mice, the mouse immune system was suppressed using
busulfan (BU) and cyclophosphamide (CY). To determine
the optimal combined dose of BU and CY, the following
three doses were used: 250 mg/kg of CY and 0 mg/kg of BU
(N1); 20 mg/kg of BU and 50 of mg/kg of CY divided into 4
continuous injections over 4 days (N2); and 40 mg/kg of BU
and 50 mg/kg of CY divided into 4 continuous injections
over 4 days (N3). Control mice were injected with PBS.
There were 9 mice in each group.

The efficiency of immune suppression was evaluated by the
percentage of viable mice (%), and decrease in total white
blood cells on day 0 (before injection), day 7, day 14 and day
21 following injection with BU and CY (or PBS in the control
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group). The optimal dose was used to determine the
maintenance dose of CY (25 mg/kg). One dose of CY (25
mg/kg) was used to maintain the immune suppression ac-
cording to three different modes, including one injection for
2 days (N2a), one injection for 3 days (N2b), and one injec-
tion for 4 days (N2c). The efficiency of maintaining immune
suppression was also evaluated by total white blood cell
counts. The optimal combined dose of BU and CY and the
optimal maintenance mode were used to immune suppress
the mice before establishing the acute ischemic hindlimb
models.

Establishment of hindlimb acute ischemia model mice

Hindlimb ischemia model mice were established according
to published protocols (Goto et al.,, 2006) using immune-
suppressed mice. All procedures on animals were approved
by the Animal Welfare Committee of the Stem Cell Research
and Application Laboratory, University of Science, VNU-
HCM, VN. In this experiment, we investigated the effects of
mouse age on the efficiency of model establishment. The
mice used to establish the ischemic hindlimb models were
aged 3-5 months or 6-12 months. Briefly, the mice were
anesthetized using 7.5mg/kg zoletil and the hair was then
removed from the hindlimb. Using fine forceps and surgical
scissors, an incision approximately 1 cm long was made in
the skin. Next, the femoral artery was dissected and separat-
ed from the femoral vein and nerve at the proximal location
near the groin. After dissection, the mice were placed onto
the electrode plate of an electronic cutting machine (ESU-X,
Geister, Germany). An electronic knife was used to burn two
sites in the femoral arteries. The first site was at the proximal
end of the femoral artery. The femoral artery was separated
from the femoral vein at the distal location close to the knee.
The second site was at close to the knee.

Ischemic mouse models and evaluation of treatment effi-
ciency

First, the degree of ischemic damage was evaluated accord-
ing to the guidelines of Goto ef al. (2006) (Goto et al., 2006).
The degree of ischemic damage was recorded and classified
as follows: grade 0, an absence of necrosis; grade I, necrosis
limited to the toes; grade II, necrosis extending to the dor-
sum pedis; grade III, necrosis extending to the crus; and
grade IV, necrosis extending to the thigh. To confirm that the
blood flow could not enter the hindlimb, 0.4% trypan blue
was injected into the portal vein.

Second, the pedal response of normal and grade I-IV mice
in water was evaluated by counting the pedal frequency of
the hindlimbs over a 10-s period.

Third, tissue edema was evaluated one week after transplan-
tation for grade II, III, IV and normal mice, and 72 h after
ischemia induction for untreated mice. The ischemic muscle
(distal thigh and calf muscle) was isolated and the tissue
samples were weighed and then placed in a drying oven at
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55°C until a constant weight was observed (usually 36—48 h).
The degree of muscle edema was quantitated using the wet-
to-dry weight ratio (W/D). The W/D was compared between
normal mice and experimental groups.

Finally, the histology of limb tissues was analyzed after 4
weeks. Grade I (untreated) mice were evaluated individually
three times, including after 72 and 120 h, because of leg loss
after 120 h. Muscles were dissected out, rinsed in PBS for 1 h
and then dehydrated. Samples were cut at cross sections of 2
um thicknesses and then stained with hematoxylin-eosin (H-
E). Stained slides were examined by microscopy at 20x mag-
nification (Carl-Zeiss, Germany).
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Stem cell transplantation

Acute immune suppressed hindlimb ischemic mice were
divided into three groups, with 30 mice in the un-treated
group, 30 mice in the umbilical cord blood-derived mono-
nuclear cell transplantation (MNC) group, and 18 mice in
the endothelial progenitor cell transplantation (EPC) group.
In the un-treated group, the mice were injected with PBS
and used as negative controls. In the second group (MNC),
the mice were injected with a dose of 10° UCB-MNCs into
the ischemic region. In the third group (EPC), the mice were
injected with a dose of 10° UCB-EPCs. All mice were fol-
lowed up for 20 days to evaluate the effects of the grafted
stem cells.
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Figure 1. Cultured EPCs exhibited the particular shape. (A) Sorted EPCs were cultured for 48 h (A), formed colonies after 1 week (B), and reached
confluency after 2 weeks (C). Cultured EPCs highly expressed CD34 and CD133 markers (D-G).
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Figure 2. BU and CY induce immune suppression in mice. (A) Immune suppression of mice in the N2 group was more efficient than in the N1
group. The level of WBCs remained low compared with the control group (NO). (B) The WBC level was stably maintained in CY N2b mice injected

with a maintenance dose of CY at 2 day intervals.

After burning the femoral arteries of the immune-
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suppressed mice for 3—4 hours, all model mice were trans-
planted with MNCs, EPCs or PBS. The cells were directly
injected into the muscle at the burn sites. Treatment efficien-
cy was evaluated by the recovery of ischemic tissue damage
in the ischemic hindlimbs. To evaluate the functions of the
recovered ischemic hindlimbs, the grade 0 mice in the three
groups of normal, MNC and EPC mice were evaluated for
tissue edema, pedal frequency and histology on day 21.

Statistical analysis

Data are presented as the mean + standard error of the
mean. Comparisons were made using ANOVA and Student’s
t-test. A value of P < 0.05 was considered significant.

RESULTS
Isolation of MNCs and EPCs

Ten UCB samples were used in this research. MNCs were
successfully isolated from all samples (10/10; 100%) by Ficoll
gradient centrifugation. Analysis of all MNC samples
showed that HSCs, EPCs and MSCs accounted for 0.13 +
0.03%, 1.27 + 0.11% and 4.73 + 0.27% of MNCs, respectively
(P < 0.05). Five MNC samples were subsequently used for
xenotransplantation in murine models, and five samples
were used for EPC isolation.

Sorted EPCs were expanded for 2-3 passages. They exhibit-
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ed the particular shape, similar to our previous published
study (Phuc et al., 2012) and the expression of surface mark-
ers was confirmed before transplantation. It was found that
90.32 + 0.33% of the cells exhibited the CD34*CD133* pheno-

type (Figure 1).
Suppression of the immune system

We first evaluated the viability of the mice in the three
groups (N1, N2 and N3). In the N3 group, 60% of the mice
died 7 days after injection while 100% of the mice remained
alive in groups N1 and N2. Therefore, we evaluated the mice
in groups N1 and N2 only.

Figure 2 shows that the WBCs gradually decreased from day
0 to day 7 in the N1 and N2 groups, with the lowest WBC
level observed on day 7. However, the WBCs gradually in-
creased from day 7 to day 20 (Figure 2A). The decreasing
and increasing levels of WBCs in the N1 and N2 groups
were significantly different. On day 7, the percentage of
WBCs in the blood of N2 mice was lower than in N1 mice
(21.10% vs. 34.98%, respectively). The recovery rate of WBCs
in N1 mice was more rapid than in N2 mice. In fact, after
day 20, the level of WBCs in N1 mice reached 91.12%, which
was similar to normal mice (106.08%). In contrast, the level
of WBCs in N2 mice reached 51.33% only. Therefore, 20
mg/kg of BU in combination with 50 mg/kg of CY divided
into 4 continuous injections over 4 days efficiently sup-

pressed the murine immune system.

Figure 3. Degrees of hindlimb damage. The femory artery before (A) and after (B) were burned by electronic knife. Hindlimbs of normal mice
exhibited a pink-red color (C), and could be stained by injection with 0.4% trypan blue (D). Burned femoral artery hindlimbs became livid and were
not stained with trypan blue (E). The burned femoral artery hindlimbs became necrotic (F).
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Figure 4. Effects of femoral artery burning on necrosis, pedal frequency, tissue edema, and histology in both groups of experimental mice
(group 1 (G1) and group 2 (G2)). A significant difference in ischemic damage of hindlimbs was observed between groups 1 and 2 (A), while no
significant differences in pedal frequency (B), tissue edema (C) or histology (D-F) were observed for any grade of ischemic damage between the
groups. The grade of damage is shown from 0-IV, with 0 representing normal mice.

Although the level of WBCs remained rather stable in N2
mice, we next attempted to stabilize the level of WBCs with
a maintenance dose of CY. Three treatment modes, N2a, N2b
and N2c, were assessed. The results presented in Figure 2B
show that the N2b mode optimally maintained a stable level
of WBCs from day 7 to day 20.

Immune suppressed mouse models of hindlimb ischemia

To create a suitable mouse model of hindlimb ischemia, we
first evaluated the effect of mouse age on the efficiency of
immune suppression. Mice aged 3-5 months (group 1; 15
mice) and 6-12 months (group 2; 15 mice) were evaluated.
The results showed significant differences in the degree of
ischemic damage, pedal frequency, tissue edema, and histol-
ogy of ischemic tissue between the two age groups.

In both groups, the blood flow could not go through the
hindlimbs after burning the femoral arteries. After 1-2 h, the
hind limbs of mice in both groups became livid and were
not stained following injection with trypan blue, while
hindlimb staining was observed in the normal mice (Figure
3). Therefore, femoral artery burning blocked the blood flow
to the hindlimbs in both groups of experimental mice.

However, after 10 days, the degree of ischemic damage was
different between the two groups. In the group 1 (3-5
months), 70% of the mice exhibited hindlimb ischemia that
could be classified as: grade I, 20%; grade II, 10%; grade III,
10%; and grade IV, 30%. Thirty percent of the mice exhibited
auto-recovery without hindlimb ischemia symptoms. In
group 2 (6-12 months), 100% of the mice exhibited symp-
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Figure 5. Grades of tissue damage in treated mice compared with
untreated mice. (A) MNC and EPC transplantation improved the
tissue damage in MNC- and EPC-transplanted mice compared with
untreated mice. Mice transplanted with MNCs (D) and EPCs (E)
recovered hindlimb function similar to that in normal mice (B),
while hindlimb loss was observed in the untreated mice group (C).

toms of hindlimb ischemia classified as: grade I, 10%; grade
III, 50%; and grade 1V, 40% (Figure 4A). According to these
data, we used the 70% of mice with hindlimb ischemia in
group 1 and all mice in the group 2 for further assays.

For the second assay, we evaluated the pedal frequency in
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water over a 10-s period for mice in group 1, group 2 and the
control group. The natural response of mice placed in water
is a pedal response. The pedal frequency for the control
group was 40.67 + 2.52 times/10s (Figure 4B). The pedal fre-
quency in groups 1 and 2 was zero because of their hindlimb
loss.

Normal Un-treated EPC

Groups

Wet/Dry Ratio

6
5
4
3
2
1
0
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The damaged tissue was first evaluated to assess ischemic
hindlimb healing. Figure 5 shows that MNC or EPC trans-
plantation helped to improve the tissue damage toward
normal (grade 0). In fact, in the untreated mice, 0% of grade
0 mice were observed after 20 days, while 33.33% (10/30)
and 44.44% (8/18) of mice recovered toward grade 0. Moreo-

B

Normal Un-treated

Groups

Figure 6. Recovery of pedal frequency and tissue edema in mouse models transplanted with MNCs or EPCs. Mice with grade 0 tissue damage
transplanted with MNCs or EPCs were used to evaluate the pedal frequency (A) and tissue edema recovery (B) compared with un-treated and
normal mice. No significant difference was observed between treated mice and normal mice, but a significant difference was apparent between

treated mice and untreated mice.

Three days after burning the arteries, the ratio of wet tissue
to dry tissue was evaluated to record the tissue edema.
These ratios in normal mice, group 1 mice and group 2 mice
were 3.45 + 0.09, 4.30 = 0.09, and 4.59 + 0.18, respectively
(Figure 4C). Therefore, in the experimental groups (groups 1
and 2), tissue edema was significantly increased compared
with normal mice. However, there was no statistically signif-
icant difference between the group 1 and 2 mice (Figure 4C).

Finally, histology was evaluated. Limb tissues were analyzed
histologically after 4 weeks. After 72 h, muscles were dis-
sected out, rinsed in PBS for 1 h, and then dehydrated. Sam-
ples were cut at cross sections 2 um in thickness and then
stained with H-E. Compared with normal mice, significant
histological differences were observed in muscles stained
with H-E. In the group 1 and group 2 mice, the muscle cells
became swollen after 72 h and then necrotic, as indicated by
the destruction of nuclei, cytosol and cell membranes. In
some mice at grade IV and V (in both groups 1 and 2), nuclei
moved away from cell membrane into the cytosol, while in
normal muscle cells the nuclei are found close to the mem-
brane. In these mice, the muscle tissue also changed signifi-
cantly, the associations between muscle cells were lost, and
most cells were disconnected with huge spaces between
them (Figure 4D-F). From these results, we chose mice 6-12
months in age for establishing the hindlimb ischemia mod-
els.

Efficiency of hindlimb ischemia treatment

Degree of ischemic damage in the different groups

ver, the percentage of treated mice of grades II, III and IV
also decreased (16.67% (5/30) vs. 10% (3/30) and 11.11%
(2/18) at grade II; 40% (12/30) vs. 16.67% (5/30) and 16.67%
(2/18) at grade III; 40% (12/30) vs. 13.33% (4/30) and 11.11%
(2/18) at grade IV, respectively, for the untreated mice, MNC
transplanted mice and EPC transplanted mice). Therefore,
MNC or EPC transplantation significantly improved the
tissue damage in ischemic hindlimbs. However, MNC and
EPC transplantation also killed 13.34% (4/30) and 5.56%
(1/18) of mice, respectively, compared with 0% for untreated
mice.

We also recognized differences in the treatment efficiency of
MNC and EPC transplantation. There was a significant in-
crease in grade 0 mice following EPC transplantation com-
pared with MNC transplantation (44.44% vs. 33.33%, respec-
tively). EPC transplantation also decreased the percentage of
dead mice from 13.34% in MNC transplanted mice to 5.56%
in EPC transplanted mice. After 20 days of treatment, the
percentages of mice at grade L, II, Il and IV were the same (P
<0.05).

Pedal frequency and tissue edema

The functional recovery of the hindlimb is an important pa-

rameter for demonstrating full healing of ischemic
hindlimbs. In this research, hindlimb function was evaluated
by pedal frequency and tissue edema. The pedal frequency
per 10s compared between MNC- and EPC-
transplanted mice whose tissue damage recovered to grade
0 with normal and un-treated mice. Ischemic hindlimb func-

tion was completely recovered in treated mice with tissue

was
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Figure 7. Histological analysis and new blood vessel formation in
treated mice of grade 0. Mice whose tissue damage recovered to
grade 0 were used for analysis of histology and neovascularization.
Cross-section and transverse section of muscle tissue showing full
muscle tissue recovery (A-B), and blood vessels in cross section (C).
Stereo-microscopic analysis revealed the formation of many new
blood vessels (E-F) that linked the burned blood vessels compared
with control mice (D).

damage of grade 0. Regarding pedal frequency, all treated
mice could stamp from 39.21 + 1.54 times or 39.43 + 1.89
times, respectively, following MNC- and EPC transplanta-
tion, compared with 40.55 + 1.24 times in normal mice. These
differences were not statistically significant (Figure 6A).
Therefore, the pedal frequencies of MNC- and EPC-
transplanted mice were similar to normal mice.

Tissue edema in treated mice of grade 0 strongly decreased
to normal levels (3.35 + 0.45), from 4.72 + 0.19 in un-treated
mice to 3.43 + 0.32 in MNC-transplanted mice and 3.4 + 0.26
in EPC-transplanted mice (Figure 6B).

Histology and neovascularization

Treated mice of grade 0 were used for histological
analysis, and the results are presented in Figure 7A-B. Mus-
cle histology recovered fully, with healthy muscle bundles
being observed. The muscle cells contained clear nuclei ly-
ing close to the cell membrane and homogeneous cytosol.
The tissue bundles were linked together closely.

Moreover, 20 days after transplantation, many new blood
vessels formed in both MNC- and EPC-transplanted mice.
The new vessels connected the two sites of the femoral arter-
ies that had been blocked by burning. Most of these blood
vessels were newly formed by neovascularization (angio-
genesis or vasculogenesis), because they were not detected
in untreated mice (Figure 7).

Di1SCUSSION

Ischemia, particularly lower limb ischemia, has become

Biomed Res Ther, 2014 (1):9-20

common in recent years. Some therapies have been devel-
oped to treat this disease; however, their efficacy is limited.
Stem cell therapy offers a new strategy for treating this dis-
ease. Unlike previous therapies, stem cell therapy leads to
the regeneration or creation of new blood vessels to bypass
the ischemic area. Therefore, such therapy is considered as
the most efficacious for the treatment of ischemia.

In this research, we first isolated MNCs and EPCs from
UCB. MNCs were isolated by gradient centrifugation, while
EPCs were isolated from MNCs by sorting cells with CD133*
CD34* marker expression. The composition of stem cells in
MNCs was also analyzed by flow cytometry. We found that
all MNC samples contained three kinds of stem cells, includ-
ing MSCs, HSCs and EPCs. Sorted EPCs with CD133+* CD34*
marker expression were also expanded before transplanta-
tion. All samples of MNCs and EPCs were assessed for qual-
ity before transplantation based on the expression of stem
cell markers.

Prior to transplantation of MNCs and EPCs, we established
a model of hindlimb ischemia by immune suppression.
Athymic nude mice or NOD/SCID mice were not used in
this study because the aim was to establish an allogeneic
model relevant to allogeneic grafts in humans. To induce
acute hindlimb ischemia in mice, we suppressed the im-
mune system before burning the femoral arteries. We suc-
cessfully suppressed the immune system with BU and CY
followed by a maintenance dose of CY. With this strategy,
approximately 80% of white blood cells were reduced com-
pared with before injection of BU and CY. Moreover, the low
level of WBCs was maintained for 20 days, which was suffi-
cient to carry out stem cell transplantation. Although BU
and CY have long been used to establish immune-
suppressed mouse models, we carefully evaluated and es-
tablished a new protocol to efficiently suppress the immune
system for stem cell transplantation and subsequent studies
on ischemic hindlimb recovery. Next, we induced hindlimb
ischemia in the immune-suppressed mice. Previously, we
demonstrated two methods of blocking the blood flow in the
femoral arteries, including burning the femoral arteries with
electric equipment and femoral ligation. However, the suc-
cess rate of femoral artery burning was higher than femoral
ligation (data not shown). Hence, we used femoral artery
burning in this research to establish hindlimb ischemia mu-
rine models. We successfully established hindlimb ischemia
in 100% of mice when using mice 6—12 months in age.

MNC and EPC transplantation clearly improved ischemia in
the model mice. Compared with untreated mice (injected
with PBS), significant differences in all physiological charac-
teristics and histology were observed. One of the indicators
we were able to record easily to show recovery from ische-
mia was the degree of ischemic damage. In all MNC and
EPC transplantation groups, the degree of ischemic damage
was decreased. In almost all cases, ischemic tissue recovered,
particularly after EPC transplantation, which enabled
44.44% of mice to escape tissue damage. This improvement
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was confirmed by the pedal frequency in water. After 20
days, all untreated mice lost limbs, whereas limbs were re-
tained in all mice in the MNC and EPC transplantation
groups. Leg movements in water demonstrated that muscle
tissue was alive and functional. In other experiments, we
recorded and compared tissue function in untreated and
treated mice.

We found an improvement in tissue edema following trans-
plantation. Mice treated with MNCs or EPCs showed signif-
icantly decreased tissue edema, and achieved the normal
level of grade 0. This decrease showed that the blood vessels
were smooth. Blood can enter ischemic tissue to enable cell
recovery. Histological analysis supported these results. All
muscle cells in untreated mice were killed by necrosis,
whereas MNC and EPC transplantation improved cell sur-
vival. The pedal response in water confirmed this conclu-
sion.

MNCs as well as EPCs may perform some roles in such re-
generation. Analysis prior to injection showed that MNCs
contained at least two kinds of stem cells, including MSCs
and EPCs that play important roles in neovascularization
and angiogenesis. Vasculogenesis is the process that forms
vascular structures from circulating or tissue-resident endo-
thelial stem cells (angioblasts) that proliferate into de novo
endothelial cells. Angiogenesis describes the formation of
thin-walled endothelial cell-lined structures with a smooth
muscle wall and pericytes. These processes play vital roles
during adult life as mechanisms to repair damaged tissues.

Many previous studies also confirmed that transplanted
UCB-MSCs and EPCs exhibit angiogenic potential. Some
studies demonstrated improvement of ischemic disease by
transplanted UCB-MSCs (Kim et al., 2006), (Bhang et al.,
2012), (Zhang et al., 2012). Transplantation of hUCB-MSCs as
spheroids significantly increased the number of mi-
crovessels and smooth muscle a-actin-positive vessels in the
ischemic limbs of mice, and attenuated limb loss and necro-
sis (Bhang et al., 2012). EPCs were also used to treat ische-
mia induced by diabetic injury with high benefits (Shen et
al., 2013). EPC gene therapy for hindlimb ischemia has also
been studied. Yu et al. (2009) isolated EPCs from peripheral
blood, transfected them with VEGF and transplanted them
into ischemic hindlimbs with stromal derived factor 1 alpha
(SDF-1 alpha) in a murine model. The results showed that
the combination of SDF-1 alpha and VEGF greatly increased
EPC-mediated angiogenesis (Yu et al., 2009). UCB-derived
EPCs cultured in medium supplemented with stem cell fac-
tor, FMS-like tyrosine kinase 3 ligand, interleukin-3 and
basic fibroblast growth factor promoted the recovery of
blood flow and neovascularization in ischemic hindlimb in
vivo (O et al.,, 2011). UCB-derived progenitor cells selected by
culture on nano-fiber-based serum also exhibited neovascu-
larization (Das et al., 2009). UCB ALDH(hi) cells significant-
ly enhanced the recovery from perfusion in ischemic limbs
in femoral artery ligation mouse models (Putman et al,
2012).

Biomed Res Ther, 2014 (1):9-20

Both MSCs and EPCs contribute to new blood vessel for-
mation, including neovascularization and angiogenesis, by
two mechanisms. The first mechanism involves the differen-
tiation of MSCs or EPCs into endothelial cells that partici-
pate in de novo vasculogenesis. UCB-MSCs can differentiate
into functional endothelial cells and promote revasculariza-
tion (Xu et al., 2010). UCB EPCs transplanted via the tail vein
into nude mice incorporated into capillary networks in is-
chemic hindlimbs, augmented neovascularization, and im-
proved ischemic limb salvage. In addition, in ischemic tis-
sue, expression of VEGF and SDF-1 alpha was observed,
both of which displayed chemotactic effects on EPCs (Yang
et al., 2004).

The second mechanism involves de novo angiogenesis in-
duced by factors secreted from MSCs or EPCs. Indeed, UCB-
derived progenitor cells selected from culture on nano-fiber-
based serum also exhibited neovascularization. These cells
expressed high levels of stem cell homing receptor, CXCR4,
adhesion molecules and LFA-1. When grafted in a mouse
hindlimb vascular injury model, they helped to restore
blood flow (Das et al., 2009). In another study, Shen et al.
(2013) showed that EPCs improved diabetic hindlimb is-
chemia by overexpression of HIF-1 alpha/IL-8 (Shen et al,,
2013). In a recent study, Ratajczak et al. (2013) observed that
CD133* cells express mRNAs for several antiapoptotic and
proangiopoietic factors, including kit ligand, insulin growth
factor-1, vascular endothelial growth factor, basic fibroblast
growth factor, and interleukin-8. These factors were also
detected in CD133* cell-derived conditioned medium (CM)
(Ratajczak et al., 2013). MSC CM and EPC CM promoted
both endothelial cell adhesion and proliferation by simulta-
neously inducing the secretion of factors by MSCs or EPCs
(Burlacu et al., 2013). These factors also activated the surviv-
al protein, Akt, in cardiac myocytes and endothelial cells,
which limits apoptosis and necrosis during hypoxia
(Henning et al., 2012).

In this study, we found that EPC transplantation was clearly
more effective than MNC transplantation for ischemic
hindlimb treatment. EPC transplantation significantly in-
creased the percentage of fully recovered mice and de-
creased the percentage of dead mice. We propose two rea-
sons for these results. First, although the MNCs contained
some stem cell populations, they also contain many mature
mononuclear cells. The existence of mature mononuclear
cells can be harmful to the body, particularly the acute im-
mune response to xenogenic cell antigens. Indeed, in both
MNC- and EPC-transplanted mice, some mice died after
transplantation while 100% of untreated mice remained
alive. Importantly, following MNC transplantation, the per-
centage of dead mice was significantly higher than following
EPC transplantation. Furthermore, the existence of mature
mononuclear cells in MNCs would decrease the stem cell
composition. Therefore, at the same dose of injected cells,
the number of stem cells transplanted in EPCs will always
be higher than in MNCs. Because of their pivotal role, a
larger number of EPCs should demonstrate a better effect
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than the smaller stem cell population in the MNC fraction.

Second, there are two kinds of EPCs in UCB, which are re-
ferred to as circulating angiogenic cells (CACs) and high
proliferative potential endothelial progenitor cells (HPP-
EPCs). Both types of cells express CD31, VE-cadherin, KDR
and von Willebrand factor. CACs express CD14 but not
CD133, while HPP-EPCs express CD133 but not CD14. HPP-
EPCs display stronger proliferation and clonogenic potential
in vitro and show stronger ability to promote vascular
growth in the hindlimb model of ischemia in mice in vivo
than CACs (Duan et al., 2006). In this study, we only used
HPP-EPCs isolated by CD34* CD133* based sorting, which
may have contributed to the transplantation efficiency and
raised the percentage of fully-recovered mice.

Our results are also supported by some other studies. In
2010, Finney et al. compared the vasculogenic functionality
between UCB EPCs (CD133*) and bone marrow-derived
mononuclear cells. They showed that UCB CD133* cells ex-
hibit more robust vasculogenic functionality compared with
BM-MNCs in response to ischemia (Finney et al., 2010).
However, cultured EPCs from UCB and BM exhibited
equivalent neovascularization in vivo (Finney et al., 2006).
Previously, to investigate the roles of bone marrow-derived
MSCs (BM-MSCs) and bone marrow-derived mononuclear
cells (BM-MNCs), Iwase et al. (2005) showed that BM-MSC
transplantation caused a significantly greater improvement
in hindlimb ischemia than BM-MNC transplantation. Com-
pared with BM-MNCs, BM-MSCs survived well in the is-
chemic environment and differentiated into not only endo-
thelial cells but also vascular smooth muscle cells (Iwase et
al., 2005).

Conclusion

UCB is a rich source of stem cells. The MNC fraction or
EPCs derived from this source of blood can improve
hindlimb ischemia in murine models. Transplantation of
both MNCs and EPCs clearly reduces ischemia in hindlimb
ischemic mouse models, with a significant percentage of
mice fully recovering with regard to both tissue damage and
hindlimb function. MNCs and EPCs promote angiogenesis
and vasculogenesis, in which many new blood vessels are
formed to supply nutrients to muscle cells and other kinds
of cells in the hindlimb. Such recovery involves not only the
survival of muscle cells but also their physiological activi-
ties, particularly their motility. However, transplantation of
purified EPCs was more effective than MNC transplanta-
tion, as shown by a higher percentage of fully recovered
mice and a reduced percentage of dead mice following for-
eign cell transplantation. Taken together with their other
advantages, UCB-EPCs are suitable candidates for treating
ischemia by both autogenic and allogeneic transplantation.
The results of this study promise new applications for
banked UCB.

Biomed Res Ther, 2014 (1):9-20
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