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Abstract

Ischemic limb disease (ILD) is the end
stage of peripheral vascular disease, pro-
gresses to leg amputation with associated
morbidity and morbidity. Therapeutic applica-
tion of stem cell based angiogenesis may con-
stitute a potential alternative treatment strat-
egy for such patients. Mesenchymal stem
cells (MSCs) obtained from various tissues
have shown to elicit angiogenic activity that
could potentially benefit patients with ILD
and related indications. Recently, MSC
derived from umbilical cord matrix
(UCMSCs) has been proven to be a valuable
alternate source of MSCs with good therapeu-
tic potential. In this study, besides comparing
UCMSCs and bone marrow derived MSCs
(BMMSCs) for their morphology, surface
marker expression, proliferative and differen-
tiation potentials, we looked for its ability for
angiogenesis. These cells secreted high
amounts of HGF and upon induction with
TNFa also secreted higher levels of VEGF as
compared to the BMMSCs, which are the key
factors in angiogenesis. Transplantation of
these VEGF secreting UCMSCs in a preclini-
cal model of ILD showed significant improve-
ment as compared to the MSCs from other
sources. In this study, we observed that the
UCMSCs could be a new therapeutic cell type
for clinical applications in the area of periph-
eral vascular diseases. Moving forward, it is
also worth exploring the application of these
MSCs in a clinical setting in the autologous
and allogeneic settings.

Introduction

Multipotent mesenchymal stem cells
(MSCs) have been the subject of intensive
research over the past several years because of
their potential use in regenerative medicine
and tissue engineering. The bone marrow
derived MSCs (BMMSCs) have been the best
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studied cell type so far. Although bone marrow
has been the main source for isolation of mul-
tipotent MSCs, the BM aspiration is a highly
invasive procedure. Moreover, the number of
MSCs from the bone marrow and their ability
to expand ex vivo and differentiate to cells of
various lineage declines with age and under
certain disease conditions.! As a result, alter-
native sources of MSC isolation have become a
subject of intense investigation in the recent
past. A recently reported alternative tissue as a
source for MSCs is the connective tissue of
human umbilical cord matrix.2* Umbilical cord
matrix (UCMSCs) represent a non- controver-
sial source of primitive mesenchymal progeni-
tor cells that can be harvested after birth, cryo-
genically stored, thawed, and expanded to
large numbers for therapeutic use. These cells
are of non haematopoietic origin and are phe-
notypically positive for CD73, CD105, CD44,
CD106, CD90 and HLA classl expression and
negative for haematopoietic and endothelial
cell antigen expression. These cells also do not
express HLA molecules (DP, DQ, DR) or co
stimulatory molecules CD80, CD86, CD40 that
are usually present on the antigen presenting
cells. In addition, UCMSCs have been shown to
be immunologically privileged and possess the
ability to modulate the immune response in
various ways as reported earlier by us.*

The ability of human MSCs to mobilize into
various organs after systemic administration
and their ability to differentiate into their nat-
ural derivatives has led to the importance of
these cells in repair of damaged organs In
addition, the MSCs have the potential to differ-
entiate into other types of tissue forming cells
such as hepatic, renal, cardiac and neural
cells.>8

Transplantation studies in rats showed clin-
ical improvement after undifferentiated MSCs
were transplanted into the Parkinsonian brain
and spinal cord injury sites.>!” More recently,
mesenchymal progenitor cells as well as MSCs
were shown to differentiate to an endothelial
phenotype and enhance vascularization.
Enhanced neovasculogenesis has been associ-
ated with regeneration of infracted myocardi-
um by MSCs.!! BMMSCs have also shown to
improve limb function, reduced the incidence
of auto-amputation in an ischemic limb dis-
ease (ILD) animal model.'>13

The present study brings out our findings on
the comparative functional efficacy of
BMMSCs and UCMSCs for their angiogenic
potentials both in vitro and in vivo. In order to
correlate their phenotypic profile with in vivo
functional activity of the MSCs, we used an
established preclinical disease model for vas-
cular diseases, namely the ILD model. Our
results show that transplantation of UCMSCs
was more efficacious than the BMMSCs in ILD
mouse models.
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Materials and Methods

Processing and culturing of
mesenchymal stem cells from

umbilical cord

Umbilical cords were obtained from mothers
post normal or cesarean deliveries after a due
consenting process. These umbilical cords
were washed with PBS containing antibiotics,
cut open longitudinally and blood vessels were
removed. The cord matrix was then serially cut
in a cross sectional manner and 4 to 5 explants
of the matrix ranging from 1-2 cm in size were
placed in 100 mm tissue culture dishes with 2-
3 ml culture medium. The dishes were left
undisturbed for 3-4 days after which the fresh
cell culture media (MSC proliferation media)
was added to the dishes. Adherent cells were
allowed to expand with regular media changes.
The cells were harvested at 80-90% confluence
using trypsin EDTA, characterized and used for
the further study.™

UCMSCs derived from 3 cords were exten-
sively studied for the various in vitro charac-
terization and differentiation studies.

Isolation and expansion of
mesenchymal stem cells from
human bone marrow

Five to Ten mL of bone marrow was collect-
ed from the posterior superior iliac spines
into heparinised vacutainers after a due con-
senting process. This was approved by the
local hospital ethics committee. We included
only those volunteers between the ages of 30
to 50 years. Marrow samples were transported
to our laboratory at temperatures of 4-8°C by
maintaining a validated cold chain. All the
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processes on the sample began within 24 h of
sample collection. The marrow was diluted
with phosphate buffered saline and directly
loaded onto a percoll (Sigma, St. Louis, MO,
USA) density gradient (density 1073 g/mL).
The cells were centrifuged at 400 g for 20 min
and the mononuclear cells from the interface
were harvested, washed and plated at a densi-
ty of 1x106 to 10x106 cells/ml for isolation of
mesenchymal stem cells.'* BMMSCs derived
from two marrow aspirates were expanded,
characterized and used for the various in vitro
experiments as per our published reports.

Characterization of the
mesenchymal stem cells derived
from umbilical cord and bone

marrow after expansion

Immunophenotypic characterization of
MSCs was done using flow cytometry (BD
FACS Calibur) as per the protocol published.'®
Cells were incubated with CD45 PerCP (BD
Biosciences Pharmingen, San Jose, CA, USA),
CD73 PE (BD Biosciences Pharmingen),
CD105 PE (Caltag Laboratories, Burlingame,
CA, USA), SSEA4 PE (R&D Systems,
Minneapolis, MN, USA), HLADR PE (BD
Biosciences Pharmingen), HLAABC PE (BD
Biosciences Pharmingen), CD14 PE (BD
Biosciences Pharmingen), CD31 PE (BD
Biosciences Pharmingen), CD29 PE (BD
Biosciences Pharmingen), CD44 PE (BD
Biosciences Pharmingen), purified vWF (BD
Biosciences Pharmingen), using standard
techniques. Appropriate isotype controls from
BD Biosciences Pharmingen were used. Goat
anti mouse FITC (BD Biosciences Pharmin-
gen) was used as secondary antibody for vWF
antibody. For viability determination, cells
were stained with 7-Amino Actinomycin D
(BD Biosciences Pharmingen) and acquired
on the flow cytometer. Dead cells take up the
fluorescent stain while live cells exclude this
stain. Viability determination and surface
antigen expression profiling was done at
every passage.

In vitro differentiation potential of
mesenchymal stem cells to vascu-
lar lineage

MSCs derived from bone marrow and
umbilical cords were expanded in MSC prolif-
eration medium till 80% confluency was
achieved. These expanded cells were treated
with 50 ng/mL of TNFa (Sigma)'® made in
basal medium containing DMEM: F12 +
10%FBS for a period of 7 days to induce them
to vascular lineage. The cells were fed every 2-
3 days post TNFa treatment. Post induction,
the culture supernatant was collected and
checked for VEGF and HGF by ELISA (R&D
Systems).
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Gene expression profiling and analy-
sis of the vascular factors secreted
by the induced and the uninduced
umbilical cord and bone marrow
derived mesenchymal stem cells

The cell pellets of induced and uninduced
MSCs of both cell types UCMSCs and BMMSCs
were used for total RNA extraction. Total RNA
was isolated from 1x10° cells by using a RNeasy
kit. (Qiagen, Singapore). Five ug of RNA was
used for cDNA synthesis. The cDNA was synthe-
sized using Superscript reverse- transcriptase II
(Invitrogen, Chromos Singapo-re). Two uL of
cDNA was amplified by using PCR master mix
(ABgene, Surrey, UK) with appropriate primers.
The list of primers is as given in Table 1. Cycling
parameters are as follows: Initial denaturation
at 94°C for 2 min, denaturation at 94°C for 30 s,
annealing at 55-65°C for 30 s depending on the
primer and elongation for 1 min and the num-
ber of cycles varied between 25 and 40. Final
elongation was carried out at 72°C for 7 min.
The culture supernatant of the undifferentiated
and differentiated MSCs from umbilical cord
and bone marrow were centrifuged to remove
the particulate matter and stored at —20°C till
assayed. The concentration of the secreted fac-
tors such as VEGF, HGF and bFGF in the super-
natants was determined using Quantikine
ELISA kit (R&D Systems) as per manufacturer’s
instructions.

Creation of an ischemic limb
disease preclinical model

Animals were handled in accordance with
the Institutional Animal Ethical Committee,
Reliance Life Sciences. We used 11- to 13-week
old nude mice (immunodeficient mice) from
our breeding facility. The nude mouse is valu-
able to research because it can receive many
different types of tissue and tumor grafts, as it
mounts no rejection response. These mice
have been used for biomedical research involv-
ing tumour angiogenesis studies.!” Surgeries
were performed under general anesthesia with
intraperitoneal xylazine (25 mg/kg) and keta-
mine (150 mg/kg). Surgical intervention was
performed to create unilateral hind limb
ischemia in the mice.! A skin incision on the
medial aspect of the thigh was performed. The
right femoral artery was exposed and ligated
proximal to the caudal femoral artery, using
non resorbable material (silk, 6-0). The skin
was closed surgically with intradermal sutures
to minimize the risk of skin irritation and pre-
vent infections. All surgical procedures were
performed inside a biosafety cabinet.

Transplantation of mesenchymal
stem cells in mice with ischemic
limb disease

Dil labeled MSCs from human umbilical
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cord and bone marrow (1x106 cells/animal in
200 uL) were injected intramuscularly imme-
diately after femoral artery ligation. The label-
ing of the MSCs was performed as per the pro-
tocol published.!® These cells were injected
into multiple sites in the right adductor muscle
adjacent to and within 1 mm proximal or distal
to the ligation site using a tuberculin syringe
with 261/2 G needle (0.45 mm x 13 mm). The
Dil labeled UCMSCs (n=9) and BMMSCs
(n=9), were injected into the muscle in a cir-
cular mode with multiple injection and each
injection comprising of 25 uL per site. Control
groups were identically injected with medium
(n=4, as control for medium effect) and
human foreskin fibroblast (HFF) (n=5; as a
negative control).

Assessment of the efficacy
posttransplantation
Functional measurement

The ILD preclinical models were assessed for
their movements and the extent of necrosis pre
and post ligation and post stem cell injection.
Before and after surgery for serial measurements,
spontaneous movement of the right hindlimbs was
scored as either 0 (dragging of foot), / (no drag-
ging but no active plantar flexion), 2 (moderately
to severely reduced plantar flexion), or 3 (normal
or only mildly abnormal use). A semi-quantitative
functional assessment of the ischemic limb was
performed by a blinded observer using a modifica-
tion of a clinical score (0- toe flexion, 1-foot flexion,
2-no dragging but no plantar flexion, 3-foot drag-
ging). Ischemic damage was also scored (0-no
change, 1-mild necrosis, 2-moderate/severe necro-
sis, 3-necrosis, 4-amputation) before and after sur-
gery and post cell injection.”

Radiography

Mice were anesthetized with ketamine as
described previously. The left ventricle was
fixed proximally and canulated distally with a
26G polyethylene catheter. Warm heparinized
saline (10 U/mL, 0.4 mL total volume) was
injected into the aortic catheter. lodine was
then injected into the aortic catheter. The skin
was removed from the mouse hind limbs to
avoid imaging the dermal vasculature. Images
were acquired by using Kodak /n Vivo Fx at 35
kVp, and 0.5 s exposure. The aim of the study
was to visualize femoral artery in general.

Histological analysis

At 12 weeks after the injection, tissue from
the lower calf muscles of ischemic and healthy
limbs was harvested and then fixed with 10%
neutrally buffered formalin, and embedded in
paraffin. Serial sections were cut at 4 pm,
placed on Superfrost plus slides (Fisher
Scientific) and stored at room temperature.
One section was processed for immunohisto-
chemistry and the other for H&E staining. For
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Table 1. Primer sequences used for polymerase chain reactions.

GAPDH 5 TGAAGGTCGGAGTCAACGGATTTGG ¥’

3’ CATGTGGGCCATGAGGTCCACCAC 5’ 66°C 890 bp
Vascular endothelial growth factor (VEGF) 5’ CTACCTCCACCATGCCAAG 3

3’ CACATCTGCAAGTACCTTCG &’ 55°C 513 bp
Hepatocyte growth factor (HGF) 5’ TGGGAACCAGATGCAAGTAA 3’

3’ GTGCATCCATAATTAGGTAA 5’ 56°C 550 bp
Fibroblast growth factor (FGF) 5 TTCTTCCTGCGCATCCAC 3’

3’ CAGCTCTTAGCAGACATTGG 5’ 55°C 354 bp
Transforming growth factor 31 (TGFp1) 5’ ATCCACCTGCAAGACTATCGAC 3

3’ TGCTGTGTGTACTCTGCTTGAAC 5’ 55°C 302 bp

immunohistochemical analysis, the sections
were deparaffinized followed by antigen
retrieval. The tissue sections were stained
with human specific antibodies to check for
the presence of transplanted MSCs expressing
VEGF as per the published protocol.!

Tumourgenecity assessment of the
mesenchymal stem cells

SCID mice (n=15) were used for testing the
safety of the MSCs. BMMSCs (n=5) and
UCMSCs (n=5) were injected intramuscularly
into the hindlimbs of the SCID mice using a
tuberculin syringe with 261/2 G needle. As a
positive control, human carcinoma cell line
NTera 2D cells were also injected into the SCID
mice (n=5). All mice were observed for 12
weeks for the development of tumor if any.

Results

Expansion and characterization of
mesenchymal stem cells

UCMSCs were isolated and expanded from
the cord explants. From the explant stage (P0)
to passage P10, the UCMSCs showed an 11 fold
expansion. Over 90% of these cells exhibited
an MSC phenotype of CD73+/CD105+/
SSEA4+/CD45-. The mesodermal lineage dif-
ferentiation of these cells was confirmed by
their ability to differentiate into osteocytes and
chondrocytes. The osteogenic differentiation
capability of the UCMSCs was also confirmed
by immunofluorescence staining for
Osteopontin, Osteonectin and Osteocalcin. We
proved chondrogenic differentiation by alcian
blue staining of proteoglycans. The ectodermal
lineage differentiation of UCMSCs induced to
differentiate along the neuronal lineage was
confirmed by immunoflourescence analysis
(14). Over 90% of the BMMSCs expressed the
phenotype CD73+/CD105+/CD29+/CD44+/
SSEA4+/HLA-ABC+/HLA-DR-/CD45-/CD14-
/CD31-~WWF-.The phenotypic characteristics
exhibited by all the 3 cell lines of UCMSCs
studied were very similar to those shown by
the BMMSCs, excepting that we observed a
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Table 2. Culture supernatant of the HFF cells did not show presence of any secreted

growth factors.

UCMSCs (UN) 0.67 3838
UCMSCs (IN) 2061 12771
BMMSCs (UN) 1647 1342
BMMSCs (IN) 2291 624
HFF ND ND

Table 3. Showing the details of stem cell injection and the status of the ischemic limb dis-

ease mice, 3 months post transplantation.

UCMSCs 1.5 million
BMMSCs 1.5 million
HFF2 cell line 1.5 million

[Control group]

9 nos None 2 deaths
9 nos None None
9 nos 9 nos None

ILD, ischemic limb disease; UCMSCs, umbilical cord derived mesenchymal stem cells; BMMSCs, bone marrow derived mesenchymal stem cells.

98% expression of SSEA4 by UCMSCs as com-
pared to a low 27% expression of this marker
by the BMMSCs (Figure 1). This observation
was true upto passages 4 with UCMSCs while
BMMSCs were studied only up to passage 3.

Gene profiling and soluble factor
estimation of the mesenchymal
stem cells involved in angiogenesis

and wound healing

The uninduced UCMSCs cell lines and
BMMSCs showed a positive expression of
VEGF, HGF, bFGF and TGFp, the main angio-
geneic genes (Table 1). Dermal fibroblasts
which were used as a positive control also
expressed all these genes as expected (Figure
2A). ELISA analysis of the supernatant of the
UCMSCs showed that these cells secreted very
high levels of HGF and bFGF in their unin-
duced stage. It was observed that although the
genes were present, surprisingly, expanded
UCMSCs did not show any secretion of VEGF in
the undifferentiated stage, until it was stimu-
lated. In response to activation by TNFa,
UCMSCs released VEGF which was significant-
ly higher as compared to the pre activated
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stage (Figure 2B). A point worth noting was
that in case of BMMSCs, the VEGF was only
marginally increased, and in sharp contrast,
HGF secretion in fact reduced after the TNFa
stimulation, in comparison to the unstimulat-
ed stage (Figure 2C) (Table 2).

In vivo limb perfusion, functional
improvement, and assessment of
ischemic damage reduction, after
cell transplantation

Table 3 brings out the fact that animals
receiving MSCs from both the sources benefit-
ed as evident by prevention of limb loss from
ischemic damage. However, the death of two
mice in the UCMSCs group was perhaps due to
the age of the mice. The animals died only at
the end of the three months of the study, with
the salvaged limb that was intact.

Functional assessment of the ischemic limb
showed that the majority of the UCMSC trans-
planted animals had a score of 3. Ischemic dam-
age assessment also showed a score of 0 to 1 in
the UCMSC transplanted ILD mice (Figure 3).
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F - Limb function assessment score

A semi-quantitative functional assessment
of the ischemic limb was performed by a blind-
ed observer using a modification of a clinical
score such as; 4- toe flexion, 3 -foot flexion, 2-
no dragging but no plantar flexion, 1-foot drag-
ging, 0 no movement.

I - Ischemic damage score

I - Ischemic damage score is 0- as compared
to the normal, 1-mild diffuse or generalized
necrosis, 2-moderate/severe necrosis, 3-necro-
sis, 4-amputation. The transition from 1 to 0
indicates that the degeneration has been
arrested. The regeneration process has started
earlier in UCMSC injected animals as com-
pared to BMMSCs. The functional assessment
showed highest function at the control stage
(normal mice) which later reduced to a score
of 0 when the model (ILD mice) was dragging
his feet and was total functionless (Table 4).

Histological analysis of the umbili-
cal cord derived mesenchymal stem
cells transplanted ischemic limb
disease mice

Sections from various parts of the muscles from
both treated and untreated mice were checked for
muscle architecture and histological changes.
Sections from the MSC transplanted animals
showed retention of good muscular architecture.
Gross examination of the dead muscles in untreat-
ed mice were brown, necrotic and shrunken,
under microscopic examination, confirmed a total
loss of the muscle fibers (Figure 4). H and E sec-
tions showed uneven extensive areas of tissue
loss and hyaline changes. The nuclei of the fasci-
cles showed degeneration to varying degrees. The
entire muscle section visualized was necrotic, its
smooth muscle fibers having lost their close
approximation and appearing as individual units
whereas, the calf muscle sections of the UCMSC
treated mice, showed regenerative fascicular clus-
ters with new blood vessel sprouts in the form of
small endothelial channels, with lesser fibrosis as
compared to the controls. Similarly, BMMSCs also
showed similar findings, albeit improvement not
as much as in the UCMSC groups (Figure 4D and
4F). Immunohistochemical staining of the sec-
tions showed the Dil labeled MSCs dispersed at
different locations of the muscle bundles, trace-
able from the point of injection. There was evi-
dence of migration all through out the muscle sec-
tions, but there was no remarkable pattern of
movement and homing in. Human specific VEGF
was also detected uniformly over the muscle sec-
tion (Figure 4E and 4G).

Umbilical cord derived
mesenchymal stem cells was non
tumorogenic in SCID mice

In vivo tumorogenic potential was deter-
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Figure 1. Differentiation potential of the umbilical cord derived mesenchymal stem cells
(UCMSCs) to various lineages: A) UCMSCs were differentiated to the mesodermal line-
age such as the osteocytes and chondrocytes and the differentiated cells were character-
ized by immunoflourescence and alcian blue staining respectively. The osteocytes derived
from the UCMSCs were positive for the markers such as the Osteopontin, Osteonectin
and Osteocalcin as shown by immunofluorescence (a, b, ¢). The chondrocytes derived
from the UCMSC:s stained blue due to the presence of proteoglycans by alcian blue stain-
ing (d). The ectodermal lineage differentiation was demonstrated by immunofluorescence
by using the antibody specific for Neurofilament (e¢). Comparative phenotypic character-
ization of mesenchymal stem cells (MSCs) by flowcytometry: Immunophenotype of
UCMSC:s have been studied and over 90% of these cells exhibited a MSC phenotype of
CD73+/CD105+/CD29+/CD44+/SSEA4+/HLA-ABC+/HLA-DR-/CD45-/CD14-
/CD31-/vWE-. The figure shows the representative mesenchymal and stem cell markers
studied for the MSCs derived from human umbilical cord B) and bone marrow C) by flow
CD45-/CD73+/CD105+/SSEA4+.
Phenotypically UCMSCs were similar to the bone marrow derived MSCs (BMMSCs).
SSEA4 which is a pluripotent stem cell marker was found to be highly expressed by the

cytometry. The expanded UCMSCs

UCMSCs as compared to the BMMSCs.

were

[Stem Cell Studies 2011; 1:e16]
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mined by injecting UCMSCs into SCID mice,
and no tumors were detected in any of these
animals even at 3 months. Similarly, BMMSCs
also did not produce tumors in these immuno-
compromised animals. However, tumor forma-
tion was observed when Ntera-2D tumor cells
were injected into SCID mice (data not
shown).

Discussion

ILD is an intractable condition associated
with high levels of amputation, leading to low
quality of life and increased morbidity and
mortality. It is often not treatable by standard
therapeutic modalities. Neoangiogenesis has
been proposed as an alternate therapeutic
strategy. VEGF and cytokine FGF-1 has been
shown to elicit neoangiogenesis. Early evi-
dence has shown good therapeutic benefit
with the administration of recombinant basic
FGE. A variety of studies have confirmed the
pro-angiogenic as well as independent muscle
reparative properties of VEGF in ILD.? Cao et
al.® demonstrated synergy between adminis-
tration of PDGF-BB and FGF-2 in terms of
increasing blood vessel formation and func-
tional improvement in the femoral artery liga-
tion model in rats and rabbits. Angiogenesis
thus achieved has been described as a biologi-
cal bypass, the idea being that through admin-
istration of agents capable of inducing collater-
ization, a more natural type of bypass can be
achieved.

Cellular therapy for ILD is based on the
rationale that delivery of endothelial progeni-
tor cells into the areas of ischemia may result
not only in differentiation of the cells into
endothelium and thus contribute to angiogen-
esis through paracrine interactions with adja-
cent cells. Studies have shown MSC transplan-
tation enhances neovascularization by supply-
ing EPCs and angiogenic factors. To examine
the potential role of MSCs in paracrine mecha-
nisms in augmenting collateral remodeling we
demonstrated the secretion of large amounts
of angiogenic factors by the MSCs in vitro.

Asahara et al.*! and Prockop et al.?> showed
that MSCs secrete many angiogenic cytokines,
while Iba et al.® reported significant collateral
vessel formation in the animal models with
limb ischemia following injection of peripheral
blood mononuclear cells. The favourable effect
of autologous marrow stromal cells on neovas-
cularization and blood flow in rat models was
reported by Al-Khaldi et al?* A clinical trial
report in four patients with limb ischemia
using endothelial progenitor cells was reported
by Yamamoto et al.% Tateishi et al.?6 compared
the efficacy of bone marrow MNCs with the
peripheral MNCs and demonstrated that stem
cell injection for limb ischemia has shown sig-
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Figure 2. In vitro angiogenic characteristics of mesenchymal stem cells (MSCs): RT- PCR
analysis of the genes involved in angiogenesis and wound healing. A) Three different lines
of umbilical cord derived mesenchymal stem cells (UCMSCs) (Lanes 1,2,3) and two bone
marrow derived MSCs (BMMSCs) (Lanes 4,5) derived from different donors along with
the dermal fibroblasts (Lane 6) and HFF (Lane 7) were analyzed for genes such as
VEGEHGE, TGFX1 and bFGE. UCMSCs showed a good expression of all the genes which
were analyzed. BMMSCs and dermal fibroblasts also were found to be positive for all the
above genes. Analysis of VEGF and HGF secretion by the MSCs post induction with
TNFo: UCMSCs and BMMSCs were induced with TNFX and secretion of VEGF and
HGF were checked by ELISA. The growth factors secreted by the uninduced (UN) and
induced (IN) MSCs were compared. B) The UN UCMSCs did not show any secretion of
VEGF but upon induction a significant amount of VEGF was secreted which was almost
equivalent to the BMMSCs. HGF secretion in the UCMSCs was also elevated post induc-
tion. (C) The IN BMMSC:s did not show any significant difference in the secretion of both
these factors as compared to the UN cells.

Figure 3. Transplantation of the mesenchymal stem cells into the hind limbs of the ischemic
limb disease (ILD) mice model and contrast imaging of the transplanted limb. A) HFF
injected ILD mice showing necrosis of the ligated limb. The degenerated limb was then shed
off within a week of transplantation of the HFF cells. B) Umbilical cord derived mesenchy-
mal stem cells (UCMSCs) were injected into the ligated limb of the ILD mice showed
improvement of the limb within 48 hrs. The necrosis seen due to the ligation of the femoral
artery was improved by the UCMSC injection. C) Bone marrow derived MSCs (BMMSCs)
treated ILD mice also improvement of the ligated limb post transplantation of the cells with-
in a week. Skiagram of the hind Limbs of the Nude Mice after the injection of Iodine
Contrast Agent (Urographin™) viewed in Kodak In-Vivo Image Analyzer (35kVp). ILD
Model- Control (D) Control animal is showing degeneration of the femoral artery. The leg
from the stifle joint has sloughed off due to stoppage of blood circulation (E) UCMSC
injected into the ILD animal model is showing regeneration of the collateral blood circula-
tion 12 weeks after MSC injection in which the femoral artery was permanently ligated.
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nificant improvement in patients treated with
bone marrow MNC.

The use of autologous stem cells for treat-
ment of patients has several advantages; how-
ever, it involves issues such as collection,
patients age, isolation, preparation, and the
consequent variations in quality and quantity.
To overcome these inconsistencies, several
groups including ours have investigated the
use of an alternative source for deriving MSCs
that overcomes all the above shortcomings and
offer superior qualities to qualify its use in the
allogeneic mode.! Mesenchymal stem cells
derived from the umbilical cord has distinct
advantages because of its good growth kinet-
ics, differentiation potentials, banking ability,
naivety and immunomodulatory functions, as
compared to most other adult stem cell types.
UCMSC being a unique cell type with its
advantages, its transplantation may thus be a
new therapeutic strategy for the treatment of
peripheral vascular diseases.

In the present study, we demonstrate that
MSCs secrete several important arteriogenic
cytokines where they orchestrate processes
that ultimately lead to collateral vessel
growth. This is a comparative study between
MSC derived from umbilical cord and bone
marrow for their role in the treatment of
peripheral vascular diseases. A higher
expression of mesenchymal as well as
pluripotent stem cell marker such as SSEA4
was seen in the UCMSCs demonstrating its
naivety and primitiveness in comparison to
the BMMSCs. In addition, these cells also
expressed mRNAs that encode for the genes
related to endothelial cell lineages. In vitro
functional studies also showed UCMSCs
secreting elevated levels of angiogeneic fac-
tors such as vascular endothelial growth fac-
tor (VEGF) and hepatocyte growth factor
(HGF). VEGF is a positive regulator and plays
a crucial role in angiogenesis.?” HGF secreted
by the mesenchymal cells acts as a multi-
functional cytokine and plays a central role in
angiogenesis and tissue regeneration? A
marked difference was observed in the
cytokine expression pattern between the two
types of MSCs. In the uninduced state, the
UCMSCs did not express any VEGF but
showed higher levels of HGF while BMMSCs
secreted both VEGF and HGF in the uninduced
state. UCMSCs upon stimulation with TNFa,
the expression of VEGF increased significant-
ly along with the HGF levels whereas reduced
level of the cytokines was observed in the
BMMSCs post stimulation. Many cytokines
are elevated during conditions of ischemia or
endotoxemia and stimulating stem cells with
TNF or LPS creates a harsh condition in the in
vitro conditions.” This suggests that the
UCMSCs being from a neonatal source plays a
significant role in mobilizing cytokines and
stimulating angiogenesis during ischemia
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Efficacy studies with both the types of MSCs
were performed by injecting equal numbers
into the abductor muscles of the ischemic hind
limb. MSCs significantly enhanced perfusion
of ischemic tissue and collateral remodeling,
lessened tissue damage and improved limb
function. Our results with the present study
using multiple injections of MSCs around the
ligated hind legs of nude mice is the first com-
prehensive comparative study ever done to
prove the degree of efficacy of the two MSC
types under consideration. The UCMSC trans-
plantation induced angiogenesis and limb sal-
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vage in a mouse model with hind limb
ischemia. The extent of improvement in the
ischemic limb and the prevention of limb loss
were significantly greater than the BMMSCs.
Even though equal number of BMMSCs and
UCMSCs were injected into the ischemic hind
limb, it was observed that the therapeutic
angiogenesis was significant in the UCMSCs
injected animals. The functional grading of the
ischemic limb showed a higher functional
score than that of the animals treated with
UCMSCs. Animals in the BMMSCs treated
group showed a slight necrosis at the tip of lig-

Figure 4. Histological analysis of the muscle section of the ischemic limb disease (ILD)
mice. A) Dil labeled HFF injected into the limb of ILD mice. The mice injected with the
cells lost the limb in a week. The muscles show total disintegration of the muscle bundles.
B) Dil labeled umbilical cord derived mesenchymal stem cells (UCMSCs) injected into
the ILD mice restored the limb of the ILD mice which was ligated. Muscle section of the
UCMSC:s injected limb shows good muscle integration which was similar to the normal
muscle. C) Dil labeled bone marrow derived MSCs (BMMSCs) injected into the ILD
mice also restored the limb of the ILD mice. The muscle section of the BMMSCs inject-
ed limb shows integrity of the muscle bundles. D) H&E section of the muscle injected
with UCMSCs shows moderate atrophy of the fascicles, mild Zenker’s degeneration with
mild new blood vessel sprouts. Moderate to mild regenerative fascicular clusters was also
observed in the UCMSCs. E) Muscle section injected with UCMSCs showing the trans-
planted cells expressing VEGE. F) H&E section of the muscle injected with BMMSCs
shows regenerative fascicular clusters fascicular necrosis and mild new vessel sprouts. G)
Muscle section injected with BMMSCs showing the transplanted cells expressing VEGE.

Table 4. Functional and ischemic assessment of transplanted limb.

Control F0/14 F0/14 F0/14 F0/14
BMMSCs F2/12 Fa/ll Fa/ll F2/11
UCMSCs F2/11 F2/10 F2/10 F2/10

BMMSCs, bone marrow derived mesenchymal stem cells; UCMSCs, umbilical cord derived mesenchymal stem cells.
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ated limb, and a bit higher ischemic score and
a lower functional score. The improvement in
the functional score was further supported by
the contrast radiography which showed blood
vessels of the ligated limb similar to the nor-
mal limb. Three months follow up showed no
reversal of symptoms or any evidence of new
fresh ischemia, and necrosis.

Histopathological analysis of the muscle
sections was very encouraging showing well
maintained muscle architecture, new blood
vessel sprouts and regenerative fascicular
clusters observed in both the groups of ani-
mals. The fascicular necrosis in the UCMSCs
category was mild to moderate as compared to
the BMMSCs injected animals. The detection
of the Dil labeled cells expressing VEGF at the
injected site post 3 months indicated the hom-
ing in and functionality of the MSCs which was
similar to the observations made by Kim et a/.3
using umbilical cord blood derived MSCs. Wu
et al.* based on its angiogenic capabilities and
its ability to prevent limb in ischemic mice;
however our study emphasises on both the in
vitro and in vivo angiogenic potential using
UCMSCs in comparison to the BMMSCs.

Based on our results, We can thus conclude
i) UCMSCs produce a wide array of arterio-
genic cytokines, ii) direct injection of UCMSCs
into ischemic area promotes blood vessel for-
mation, collaterals improves perfusion and
remodeling, lessens tissue damage, and
enhance limb function as observed in the
mouse model of hind limb ischemia. The
extent of improvement in the ischemic limb
and the therapeutic angiogenesis was signifi-
cant in the UCMSCs injected animals. This can
be attributed to the increased secretion of
VEGF and HGF post induction by the UCMSC as
compared to the BMMSCs.

To the best of our knowledge, this is the first
time, a comprehensive comparative study
between MSC derived from umbilical cord and
bone marrow in preclinical models of ILD is
being reported.We chose to adhere to one dose
and one volume in the animals, there could be
scope for trying intra arterial route along with
this, or extend up this to accelerate revascular-
ization which will need, further set of experi-
ments.

Based on our results and published data on
use of other cell types, UCMSCs seems to be a
more attractive source to plan clinical experi-
ments. These could be extended to use as a
vehicle for gene therapy, and for other unmet
medical needs for such degenerative and life
style disorders. However, we need to continue
to conduct preclinical experiments with long
term follow up. Thus, considering the immuno-
logical implications in terms of long term effi-
cacy studies we need to arrive at the most opti-
mum clinical protocol to initiate clinical trials.
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