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Objective: Bone marrow cell therapy promotes angio-
genesis, but the cellular fate of bone marrow cells
(BMCs) in the absence of immunosuppressant inter-
ventions is unclear. We created a model of severe hind
limb ischemia to address whether BMCs form new

blood
Methods and Results: After ligating the common

vessels or differentiate into other tissues.
femoral artery in ApoE knockout mice, we injected
either phosphate buffered saline (PBS) or 5 x 107 adult
unfractionated BMCs obtained from green fluorescent
protein-positive mice. Laser Doppler imaging of the
ischemic limbs revealed that intra-arterial BMCs sig-
nificantly increased blood flow recovery in ischemic
limbs beginning 21 days after surgery and peaking at
27 days (61.8% + 15% vs. 41.9% + 13.9%, respec-
tively, for BMCs and PBS, P < .05). The BMCs differ-
entiated into small blood vessels, skeletal myofibers,
and supporting membranes, and these changes were

associated with increased serum levels of vascular
endothelial growth factor (VEGF), fibroblast growth
factor 2 (FGF-2), transforming growth factor § (TGF-
B), interleukin 4 (IL-4), and tumor necrosis factor
o (TNF-a). Conclusions: Adult BMCs injected into
ischemic limbs without immunosuppressant therapy
differentiated into blood vessels and skeletal myofibers,
and this was associated with accelerated blood flow
restoration and increased serum levels of VEGF,
FGF-2, TGF-B, IL-4, and TNF-a. Skeletal muscle
formation may provide benefits beyond angiogenesis
to patients with chronic peripheral arterial disease or
to patients with low cardiac output states who also
suffer from skeletal muscle atrophy.
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atherosclerosis in the lower extremities! and
is complicated by ischemic leg pain, loss of

P eripheral arterial disease (PAD) is caused by
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muscular function, nonhealing ulcers, and infec-
tions requiring amputation of the ischemic limb.*>
Catheter-based interventions and surgical recon-
structions initially restore blood flow in ischemic
limbs but are associated with restenosis in 40% to
60% of patients 1 year after surgery.®® When PAD
progresses to distal arteries below the knee, complete
revascularization becomes increasingly difficult and
often results in the need for amputation of the
ischemic limb.”'°

Molecular strategies promoting angiogenesis
and improved blood flow in the ischemic limbs, such
as local administration of angiogenic growth factors
or their complementary DNA (cDNAs), showed early
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promise, but most of these studies were uncon-
trolled, open-labeled studies with small numbers of
patients and a relatively short follow-up period.'"'?
When patient numbers and follow-up times were
extended, most of the initial benefits were lost.'*'*
Moreover, the loss of angiogenic growth factors into
the systemic circulation raised important safety con-
cerns,' ' leading to a search for alternative
approaches for patients with PAD whose condition
is not amenable to conventional treatment modalities.

Clinical trials using adult nucleated bone marrow
cells (BMCs) have proven to be safe and effective' %Y,
however, several mechanistic issues related to the
origin, route of transplantation, and fate of the trans-
planted stem cells are unresolved.?"** In addition,
immunosuppressant manipulation, such as sublethal
gamma irradiation, drugs, or the use of immunodefi-
cient animals to promote engraftment and prevent
graft-versus-host disease,>*> used in cell transplanta-
tion studies in small animal models introduces a con-
founding biological variable absent in clinical trials
of autologous stem cell therapy for patients with PAD.

In the current study, we examined the engraft-
ment, cellular fate, and the efficacy of blood flow
restoration of unfractionated adult BMCs (from
green fluorescent protein-positive [GFP™*] mice)
injected into the femoral artery without immunosup-
pressant interventions in ApoE knockout (ApoE /")
mice with severe hind limb ischemia. We hypothe-
sized that the BMCs will form new blood vessels,
restore blood flow, and regenerate new skeletal mus-
cle fibers in the ischemic hind limbs, without the
need for immunosuppressant interventions in our
allogenic model of BMC transplantation.

Materials and Methods

Bone Marrow Cell Collection, Mouse
Hind Limb Ischemia, and Cell

Transplantation

All animals in this study were purchased, bred, and
manipulated under protocols approved by the Animal
Welfare Committee of the University of Texas Health
Science Center, Houston, Texas. C57BL/6 mice trans-
genic for an enhanced variant of the jellyfish GFP, a
generous gift from Prof M. Okabe (RIKEN, Kobe,
Japan), were used as BMC donors.>® Eight- to 12-
month-old GFP™* mice were euthanized by CO,
inhalation, and the tibia and femur were removed from

both hind limbs. A 26G needle was used to flush the
bone shafts with phosphate buffered saline (PBS) con-
taining 10% fetal bovine serum (FBS; Cambrex,
Charles City, IA) to collect the bone marrow. To
remove cell clumps, the cell suspensions were passed
through a 100-pm nylon cell strainer (BD Falcon, San
Jose, CA) and centrifuged at 1000 x rpm for 5 minutes
at 4°C. The cell pellets were resuspended in a lysing
reagent (BD Biosciences, San Jose, CA) to remove red
blood cells, washed with PBS, and passed through 40-

pum nylon cell strainer (BD Falcon).

Hind Limb Ischemia Model and
Intra-Arterial Transplantation of
Unfractionated BMCs

Twelve-month-old C57BL/6] ApoE ™'~ mice were
anesthetized with oxygen enriched with 2% isoflur-
ane. The hind limbs were shaved and then placed
under a dissecting microscope. A longitudinal inci-
sion was made in the midregion of the hind limb to
expose the left femoral artery. The proximal portion
of the common femoral artery was ligated 2 times
at adjacent sites by using nylon sutures (#6).

A 27G needle attached to a 1-mL syringe was used
to slowly inject 2.5 x 107 of BMCs (n = 15) or an
equivalent volume of PBS (n = 13) into the common
femoral artery immediately distal to the ligation site
in the ischemic limbs. After intra-arterial delivery of
the BMCs, the incision site was repaired, and the ani-
mal was returned to the cage. Mice were monitored
daily for surgical complications and discomfort.

Laser Doppler Flow Imaging of Hind
limb Blood Flow

A laser Doppler imaging device (Perimed AB, North
Royalton, OH) was used to measure cutaneous (body
surface) blood flow in the ischemic and contralateral
limbs of the mice immediately before surgery, 30 min-
utes postsurgery, and at 3-day intervals until the mice
were euthanized 30 days after surgery. To reduce per-
fusion variation caused by ambient temperature and
other changes, mice were placed on a heating pad at
37°C for 30 minutes before undergoing imaging. Each
hind limb was scanned 3 times to verify the reproduci-
bility of blood flow signals in the limbs, and average
blood flow values were calculated for the ischemic and
contralateral limbs. The degree of ischemia and blood
flow recovery after surgery was expressed as the ratio of
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the perfusion of the ischemic to nonischemic limb,
thereby normalizing measurements and accounting for
the differences in individual baseline flow.

Histologic Preparation of Ischemic Limbs

After BMC transplantation, mice were euthanized by
CO, asphyxiation at each time point (30 minutes and
3,7, 14, 21, and 30 days). The hind limbs were removed,
dissected free of skin, and fixed in 10% formalin solu-
tion (Sigma, St Louis, MO) for 48 hours at 4°C. The
limbs were then decalcified in 10% EDTA/PBS (pH
7.2, Sigma) at 4°C for 10 to 15 days. Decalcification was
confirmed by a Faxitron X-Ray system (Faxitron X-Ray
Corporation, Wheeling, IL). The decalcified limbs were
incubated in 10% sucrose-PBS overnight at 4°C and
then incubated in 30% sucrose-PBS for an additional
2 days. The limbs were cut transversely into 5 segments
(2 thigh, 2 lower leg, 1 proximal foot), and each section
was placed into vinyl specimen molds and covered with
cryoprotective compound (OCT, Tissue-Tek, Torrance,
CA), frozen on dry ice, wrapped in aluminum foil, and
stored at —80°C until sectioning.

Histochemical and Immunohistochemical

Analysis

Cryosections (6-10 pM each) were prepared from the
frozen limbs and air-dried after mounting on glass
slides. Each section was fixed in cold acetone for
5 minutes, dried, and washed with PBS. Green fluores-
cent protein—positive tissue cells were visualized with a
Leica DM LB fluorescent microscope (Meyer Instru-
ments, Houston, TX). To reduce detection of auto-
fluorescence, the FITC/Texas red dual filter set was
used to visualize authentic green fluorescence emis-
sion by GFP. In addition, Alexa Fluor-594-conjugated
anti-GFP antibodies (Molecular Probes, Eugene, OR)
were used to confirm GFP expression. 4',6-Diamidino-
2-phenylindole (DAPI; Chemicon, Temecula, CA) was
used to stain cell nuclei in all tissues.

For immunohistochemical analysis, tissue sec-
tions were permeabilized with 0.2% Triton X-100/
PBS for 10 minutes at room temperature, followed
by treatment with a proteolytic enzyme mixture
(GeneTex, San Antonio, TX) for 20 minutes at
37°C. Image-iT FX signal enhancer (Molecular
Probes, Carlsbad, CA) was applied to each section
according to the manufacturer’s instruction. Subse-
quently, tissue sections were incubated with blocking

buffer containing 5% normal donkey serum (Abcam,
Cambridge, MA) for 1 hour at room temperature
and incubated with primary antibody against GFP
(Invitrogen, Carlsbad, CA), CD34 (Abcam), von
Willebrand factor (Abcam, Cambridge, MA), CD31
(Abcam), laminin-f2 (Chemicon, Temecula, CA),
CD105 (Abcam), or a-smooth muscle actin (Gene-
Tex) overnight at 4°C. Sections were washed in PBS
3 times for 10 minutes and incubated with Alexa
Fluor-594 donkey anti-rat immunoglobulin G (IgG),
donkey anti-goat IgG, or donkey anti-rabbit IgG for
60 minutes at room temperature. The fluorescence
signals were visualized with a Leica DM LB fluores-
cent microscope (Meyer Instruments).

Angiogenesis Antibody Array

At the time of euthanasia, mouse blood was obtained by
cardiac puncture with a 25G needle. The blood samples
were placed at 4°C overnight, and serum was obtained
by centrifugation for 20 minutes at 2000g. Serum (150
pL/mouse) samples from 3 days and 14 days post-BMC
transplantation were examined by using the TranSignal
Angiogenesis Antibody Array (Panomics, Fremont, CA)
according to the manufacturer’s instruction. The sam-
ples were incubated with capture antibodies specific
to angiogenesis activator or inhibitor proteins. A bio-
tin/streptavidin system and chemiluminescence were
used to visualize the antibody-protein complexes on the
array. Densitometry was performed with a Kodak ima-
ging system to assess protein concentrations, which
were expressed as the ratio of protein in BMC versus
PBS-injected mice (n = 3 each).

Statistical Analysis

To determine statistical differences in blood flow
between the PBS-treated and allogenic BMC-treated
animals at the different time points, ANOVA testing
was used. The Student-Newman-Keul test was used
to locate comparisons that yielded significant statis-
tical differences (P < .05).

Results

Distribution and Engraftment of
GFP*"* BMCs

To track the distribution of allogenic BMCs, we used
freshly harvested unfractionated mononuclear
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Figure 1. Distribution of green fluorescent protein-positive (GFP**) bone marrow mononuclear cells (BMCs) in the ischemic legs
of ApoE knockout mice. A, Representative transverse section (8 pm) of an ischemic leg 7 days after cell transplantation, showing
GFP** BMCs in the vasculature and between muscle fibers. B, At 21 days, GFP™* cells have formed parallel sheet-like structures
in the ischemic limb, suggestive of skeletal muscle bundles. Scale bar = 20 pmol/L.

BMCs from adult transgenic mice that expressed the
enhanced GFP variant.>® We used these cells for
intra-arterial infusions into the ischemic limbs of
recipient ApoE '~ mice, which share the C57BL/6
background with GFP™" mice. Preliminary experi-
ments showed that >90% of the nucleated BMCs
from GFP™"" mice displayed authentic green fluor-
escence when observed using epifluorescence
microscopy and a dual FITC/Texas Red band pass
filter system. This fluorescence was distinct from the
reduced auto-fluorescence of the elastic membranes
within the arterial vessel walls (data not shown). We
examined microscopic sections prepared from decal-
cified limbs harvested 30 minutes after intra-arterial
injection of GFP™* BMCs (n = 3, see Methods).
GFP™" BMCs were found in the transverse limb
sections and accumulated in cellular aggregates
(<25 cells) between skeletal muscle bundles above
and below the knee and in the proximal part of
the foot; the cells were in great abundance along
the margins of the surgical incision site (data
not shown). Seven days after transplantation,
GFP-positive cells were present in all limb segments
analyzed (thigh, lower leg, and proximal foot). Many
of the GFP-positive cells and tissues accumulated
near the vasculature (Figure 1A). We also observed
GFP-positive cells in the vascular lumen of the bone
cavity (data not shown). Green fluorescent protein—
positive cells formed tissue structures that resembled
arterioles and skeletal muscle fibers and were dis-
persed among the muscle fibers in all segments of
the ischemic limb except the foot pad (Figure 1B).

Differentiation of GFP** BMCs into
Small Arteries and Skeletal Muscle Fibers

As early as 7 days after surgery, cross-section speci-
mens from decalcified ischemic legs showed that
GFP-positive cells had formed curvilinear, cord-like
structures that stained positive for CD34 but not
for CD31 and CD105 (Figure 2A-D). At 14 days,
the number of GFP-positive curvilinear, chord-like
structures with cells positive for CD34 (but negative
for CD31 and CD105) increased (Figure 2E-H); by
21 and 28 days, these GFP-positive cells developed
into an endothelium-like cell layer, beneath which
were cells that stained positive for a-smooth muscle
cell actin. This phenomenon is consistent with the
de novo formation of arterioles between resident
(nonfluorescent) skeletal muscle fibers and subcuta-
neous tissue, characterized by the presence of
both endothelial and vascular smooth muscle cells
(Figure 3A and B). In addition to the de novo forma-
tion of small blood vessels, some GFP-positive cells
were found incorporated into the endothelial
(lumen-bound) layer of preexisting, nonfluorescent
small arteries (data not shown).

Beginning at 21 days, isolated skeletal muscle fibers
that had formed from GFP™"* BMCs were detected in
transverse sections from above and below the knee of
ischemic limbs (Figure 3C and D). At 28 days, skeletal
myofibers from allogenic GFP™"* BMCs were more dis-
tinct, and some de novo-formed myofibers were observed
in clusters surrounded by a basement membrane that
stained positive for laminin-fB2 (Figure 3E and F).
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Figure 2. Formation of a CD34- and green fluorescent protein-positive (GFP/") cord-like structure within ischemic hind limbs.
Cord-like structures composed of GFP** cells 7 days (A-D) and 14 days (E-H) after BMC transplantation. Leg cross-sections
received no primary antibody (A and E) or were immunostained with CD34 (B and F), CD31 (C and G), or with CD105 (D and H).
Nuclei were stained with DAPI. Scale bar = 20 pmol/L.
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Figure 3.

Differentiation of bone marrow mononuclear cells (BMCs) into blood vessels, skeletal muscle fibers, and supporting

membranes. Twenty-one days after transplantation, cells formed a-smooth muscle actin—positive arteries (A and B) and laminin-
B2—positive myofibers (C and D). At 28 days, we observed a large green fluorescent protein-positive myofiber and cluster (E and F).

Nuclei were stained with DAPI. Scale bar = 20 pmol/L.

Blood Flow Restoration in Ischemic
Limbs

Laser Doppler blood flow imaging was performed
in the ischemic and nonligated, contralateral
limbs at 3-day intervals from the time of surgery
to euthanasia at 30 days. Blood flow improved in
the ApoE '~ mice over time after hind limb ische-
mia was created and BMCs were transplanted
(expressed as percentage of the average blood flow
in the ischemic hind limb compared to the contral-
ateral nonmanipulated hind limb; Figure 4A-D).
Compared with PBS-treated control mice, mice
injected with unfractionated BMCs showed signif-
icant blood flow recovery beginning at 21 days after
surgery with further improvement by day 27

(41.9% + 13.9% and 61.8% + 15%, respectively,
PBS group [n = 13] vs. GFP™" BMCs [n = 15],
*P < .05, Figure 4E).

Systemic Blood Levels of Cytokines

Results from the mouse angiogenesis array indicated
that several key circulatory, proangiogenic factors
were upregulated in the mouse ischemic limb. In
serum collected 3 days after surgery, vascular
endothelial growth factor (VEGF), fibroblast growth
factor 2 (FGF-2), transforming growth factor o, and
B (TGF-o/B), interleukin 4 (IL-4), and tumor necro-
sis factor oo (TNF-a) were higher in mice injected
with BMCs than in PBS-treated mice. Cytokine
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Figure 4. Bone marrow mononuclear cells (BMCs) restored blood flow to ischemic hind limbs. Laser Doppler images taken before
and 1, 12, and 27 days (A-D) after transplantation. E, Percentage blood flow recovery ([perfusion of ischemic: non-ischemic limb] x
100) was significantly higher in BMC-injected mice than in control (phosphate buffered saline [PBS]) mice 21 days after

transplantation. *P < .05.

levels further increased at 14 days after surgery in
the BMC group compared to PBS group (Figure 5).

Discussion

In this study, we found that allogenic BMCs (2.5 x
107 cells) injected intra-arterially into ischemic
limbs of ApoE ™~ mice formed new blood vessels and
skeletal muscle cells, which were associated with
increased circulation levels of cytokines. At 21 days
after surgery, BMC-injected mice had significantly
better blood flow in their ischemic hind limbs than
did PBS-injected mice. In addition, immunosuppres-
sant therapy was not necessary for engraftment and
differentiation of allogenic unfractionated BMCs.
For patients with severe PAD, the use of BMCs to
regenerate the vasculature (via angiogenesis and vas-
culogenesis) has emerged as a promising therapeutic
alternative.'”*”*® Angiogenesis is the formation of
new blood vessels from existing vascular beds,
whereas vasculogenesis is the de novo formation of
blood vessels from endothelial progenitor cells or
angioblasts.*' Proangiogenic factors such as VEGF
and FGF-2 stimulate both angiogenesis and vasculo-
genesis.>>** During severe tissue ischemia, adult

BMCs may stimulate both processes, but the prevail-
ing process in our model appears to be vasculogenesis.
More specifically, we observed that the injected
BMCs and their progeny aggregated and grew into
chord-like structures that differentiated into arteriolar
wall components (ie, the endothelium and vascular
smooth muscle cells) while undergoing central lumen
formation.®' Angiogenesis (of the capillaries) was
seen less frequently; we observed only a few instances
in which GFP-positive BMC cells were incorporated
into existing blood vessels and GFP-positive BMC
cells fused with resident, nonfluorescent cells. This
finding led us to conclude that arteriolar vasculogen-
esis and direct vessel formation from bone marrow
progenitor cells are the predominant mode of cell-
based revascularization in this model.

Although we cannot exclude the possibility that
allogenic BMCs have paracrine effects on resident
myovascular progenitor cells,>*>¢ our 4-week tracking
studies of injected GFP-positive BMCs suggest that
myovascular regeneration is the result of the differen-
tiation of allogenic BMCs directly into new skeletal
muscle fibers and blood vessels. This premise is also
supported, we speculate, by an increase in proangio-
genic cytokines. In only 1 case did we observe fusion
of GFP-positive BMCs with resident endothelial
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Summary of Mouse Angiogenesis Antibody Array
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Figure 5.

Results of antibody array of blood from mice with ischemic hind limbs injected with bone marrow mononuclear cells

(GFP™*, BMCs) or control (phosphate buffered saline [PBS]). Vascular endothelial growth factor (VEGF), fibroblast growth factor
2 (FGF2), transforming growth factor o and B (TGF-o/), interleukin 4 (IL-4), and tumor necrosis factor oo (TNF-a) were upregulated
in mice receiving cells at 3 and 14 days compared with control mice.

(progenitor) cells; therefore, we believe that this pro-
cess is unlikely to play an important role in this model
of BMC-based myovascular regeneration in severely
ischemic limbs.

In our study, we used adult mice with the same
C57BL/6 background, but different genetic modifica-
tions as donors and recipients of unfractionated BMC
progenitor cells. Despite the absence of immunosup-
pression in the recipient mice, allogenic BMCs
engrafted and differentiated into myovascular tissues,
and this process was associated with accelerated blood
flow recovery. In most studies of transplanted allogenic
bone marrow, immunosuppressant treatments or
severe combined immunodeficiency (SCID) mice are
used to ensure engraftment of the cells.>”*® Although
the number of GFP-positive tissue cells appeared to
have decreased at 28 days after surgery compared with
3 and 7 days after surgery (data not shown), blood flow
was restored at 28 days, confirming that immunosup-
pression was unnecessary in our study.

One potential explanation for the lack of need for
immunosuppression, in addition to the relatively
inbred nature of the mouse colonies with common
C57BL/6 background used in this study, is that the
(GFP™*) BMCs that contributed to the formation
of smooth and skeletal muscle may be of mesenchy-
mal (stromal) lineage. The early promesenchymal
(or mesodermal) CD341* cells may have contributed
to the regeneration of the endothelial cells (Liu Qi
et al, Unpublished Data 2008). Mesenchymal cells

are able to prevent costimulation of T cells in the
presence of antigen-presenting cells.**™*' Although
mesenchymal cells express both major and minor
histocompatibility complex surface molecules,** their
presence can modulate T-cell activity in vivo to
facilitate allogenic bone marrow engraftment.** Our
hypothesis that myovascular regeneration originates
from early promesenchymal (mesodermal-like) bone
marrow progenitor cells is supported by the observa-
tion that GFP™" BMCs contributed to cord-like
structures both 7 and 14 days after cell transplanta-
tion. This structure displayed the CD34™" surface
marker characteristic of endothelial progenitor
cells*** but also exhibited characteristics of the
stromal (mesenchymal) phenotype including differen-
tiation into vascular and skeletal muscle cells.

Our finding of increased plasma levels of VEGF,
TGF-a/B, TNF-a, and IL-4 after treatment of mice
with BMCs does not allow us to draw conclusions
about the contribution of these cytokines in regulat-
ing angiogenesis, vascular smooth muscle cell forma-
tion, or myogenesis. In contrast to the proangiogenic
role of VEGF,??? the role of IL-4 during angiogen-
esis is still unclear. Some reports have stressed the role
of IL-4 in the suppression of immune-inflammatory
angiogenesis (a feature of complement-dependent
inflammation complicating xenotransplantation) and
tumor-related angiogenesis, but others have reported
that IL-4 may exert protective effects on the arterial
endothelium.**** Transforming growth factor B, in
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contrast, is a key regulatory molecule in the differentia-
tion of early progenitor cells to vascular smooth muscle
but suppresses formation of endothelial and skeletal
muscle cells.**° The survey of circulating cytokine
levels after injection of BMCs in our study should be
used only as guide for further investigation into the
functional (supportive or inhibitory) role of these
growth factors during myovascular regeneration by
injection of BMCs.

Finally, we show that an intraluminal route of
administration of BMCs into the vascular bed distal
to the site of obstruction is effective in cell-based
revascularization. Compared with multiple intra-
muscular BMC injections, the intraluminal route
may be more convenient to use during catheter-
based interventions in the lower limb and may result
in a more generalized distribution of bone marrow
progenitor cells in the ischemic limb.

Conclusions

Intra-arterial injection of adult BMCs into ischemic
hind limbs restored blood flow and regenerated new
blood vessels and skeletal muscle fibers both above
and below the knee and did not require immunosup-
pressant treatment to achieve a therapeutic effect.
Our future studies will focus on understanding the
specific BMC subfractions involved in myovascular
regeneration. We will also study the potential stimu-
latory role of selected cytokines in treating PAD.

Acknowledgments

The authors would like to thank Dr Harry Segall for
technical support, Prof M. Okabe (RIKEN, Kobe,
Japan) for the generous gift of homozygous mice
transgenic for eGFP, and Hilary D. Marks, PhD, and
Rebecca Bartow, PhD, of the Texas Heart Institute
Department of Scientific Publications, for editorial
assistance.

References

1. Hirsch AT, Criqui MH, Treat-Jacobson D, et al. Periph-
eral arterial disease detection, awareness, and treatment
in primary care. JAMA. 2001;286(11):1317-1324.

10.

1.

12.

441

. Selvin E, Erlinger TP. Prevalence of and risk factors for

peripheral arterial disease in the United States: results
from the National Health and Nutrition Examination
Survey, 1999-2000. Circulation. 2004;110(6):738-743.

. Marso SP, Hiatt WR. Peripheral arterial disease in

patients with diabetes. ] Am Coll Cardiol. 2006;47(5):
921-929.

. McDermott MM, Liu K, Greenland P, et al. Functional

decline in peripheral arterial disease: associations with
the ankle brachial index and leg symptoms. JAMA.
2004;292(4):453-461.

. Hirsch AT, Haskal Z], Hertzer NR, et al. ACC/AHA 2005

Practice Guidelines for the management of patients with
peripheral arterial disease (lower extremity, renal,
mesenteric, and abdominal aortic): A collaborative
report from the American Association for Vascular
Surgery/Society for Vascular Surgery, Society for
Cardiovascular Angiography and Interventions, Society
for Vascular Medicine and Biology, Society of Interven-
tional Radiology, and the ACC/AHA Task Force on
Practice Guidelines (writing committee to develop
guidelines for the management of patients with
peripheral arterial disease): Endorsed by the American
Association of Cardiovascular and Pulmonary Rehabili-
tation; National Heart, Lung, and Blood Institute; Soci-
ety for Vascular Nursing; Transatlantic Inter-Society
Consensus; and Vascular Disease Foundation. Circulation.
2006;113(11):e463-654.

. Gray BH, Sullivan TM, Childs MB, Young JR, Olin JW.

High incidence of restenosis/reocclusion of stents in the
percutaneous treatment of long-segment superficial
femoral artery disease after suboptimal angioplasty.
J Vasc Surg. 1997;25(1):74-83.

. Minar E, Pokrajac B, Maca T, et al. Endovascular bra-

chytherapy for prophylaxis of restenosis after femoropo-
pliteal angioplasty: results of a prospective randomized
study. Circulation. 2000;102(22):2694-2699.

. Schillinger M, Sabeti S, Loewe C, et al. Balloon angio-

plasty versus implantation of nitinol stents in the super-
ficial femoral artery. N Engl ] Med. 2006;354(18):
1879-1888.

. Adler Al, Boyko E]J, Ahroni JH, Smith DG. Lower-extre-

mity amputation in diabetes. The independent effects of
peripheral vascular disease, sensory neuropathy, and
foot ulcers. Diabetes Care. 1999;22(7):1029-1035.
Jude EB, Oyibo SO, Chalmers N, Boulton A]J. Peripheral
arterial disease in diabetic and nondiabetic patients: a
comparison of severity and outcome. Diabetes Care.
2001;24(8):1433-1437.

Morishita R. Perspective in progress of cardiovascular
gene therapy. | Pharmacol Sci. 2004;95(1):1-8.

Gaffney MM, Hynes SO, Barry F, O’'Brien T. Cardiovas-
cular gene therapy: current status and therapeutic
potential. Br | Pharmacol. 2007;152(2):175-188.

Downloaded from ves.sagepub.com at PENNSYLVANIA STATE UNIV on September 16, 2016


http://ves.sagepub.com/

442  Vascular and Endovascular Surgery / Vol. 43, No. 5, October/November 2009

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rajagopalan S, Mohler ER 3rd, Lederman R], et al.
Regional angiogenesis with vascular endothelial growth
factor in peripheral arterial disease: a phase II
randomized, double-blind, controlled study of adenoviral
delivery of vascular endothelial growth factor 121 in
patients with disabling intermittent claudication.
Circulation. 2003;108(16):1933-1938.

Kusumanto YH, van Weel V, Mulder NH, et al. Treat-
ment with intramuscular vascular endothelial growth
factor gene compared with placebo for patients with dia-
betes mellitus and critical limb ischemia: a double-blind
randomized trial. Hum Gene Ther. 2006;17(6):683-691.
Rissanen TT, Vajanto I, Yla-Herttuala S. Gene therapy
for therapeutic angiogenesis in critically ischaemic lower
limb—on the way to the clinic. Eur J Clin Invest.
2001;31(8):651-666.

Bobek V, Taltynov O, Pinterova D, Kolostova K. Gene
therapy of the ischemic lower limb—therapeutic
angiogenesis. Vascul Pharmacol. 2006;44(6):395-405.
Rafii S, Lyden D. Therapeutic stem and progenitor cell
transplantation for organ vascularization and regenera-
tion. Nat Med. 2003;9(6):702-712.

Higashi Y, Kimura M, Hara K, et al. Autologous bone-
marrow mononuclear cell implantation improves
endothelium-dependent vasodilation in patients with
limb ischemia. Circulation. 2004;109(10):1215-1218.
Bartsch T, Brehm M, Zeus T, Kogler G, Wernet P,
Strauer BE. Transplantation of autologous mononuclear
bone marrow stem cells in patients with peripheral arter-
ial disease (the TAM-PAD study). Clin Res Cardiol.
2007;96(12):891-899.

Van Tongeren RB, Hamming JF, Fibbe WE, Van Weel V,
Frerichs SJ, Stiggelbout AM, Van Bockel JH, Lindeman
JH. Intramuscular or combined intramuscular/intra-
arterial administration of bone marrow mononuclear
cells: a clinical trial in patients with advanced limb ische-
mia. J Cardiovasc Surg (Torino). 2008 Feb; 49(1) :51-8.
Weissman IL, Anderson D], Gage F. Stem and progeni-
tor cells: Origins, phenotypes, lineage commitments,
and transdifferentiations. Annu Rev Cell Dev Biol.
2001;17:387-403.

Kondo M, Wagers AJ, Manz MG, et al. Biology of hema-
topoietic stem cells and progenitors: implications for clin-
ical application. Annu Rev Immunol. 2003;21:759-806.
Foster RD, Pham S, Li S, Aitouche A. Long-term accep-
tance of composite tissue allografts through mixed
chimerism and ¢d28 blockade. Transplantation. 2003;
76(6):988-994.

Gorantla VS, Prabhune KA, Perez-Abadia G, et al. Com-
posite tissue allotransplantation in chimeric hosts: Part i.
Prevention of graft-versus-host disease. Transplantation.
2003;75(7):922-932.

Finney MR, Greco NJ, Haynesworth SE, et al. Direct
comparison of umbilical cord blood versus bone mar-
row-derived endothelial precursor cells in mediating

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

neovascularization in response to vascular ischemia. Biol
Blood Marrow Transplant. 2006;12(5):585-593.

Okabe M, Ikawa M, Kominami K, Nakanishi T,
Nishimune Y. ‘Green mice’ as a source of ubiquitous
green cells. FEBS Lett. 1997;407(3):313-319.

Heil M, Eitenmuller I, Schmitz-Rixen T, Schaper W.
Arteriogenesis versus angiogenesis: similarities and
differences. ] Cell Mol Med. 2006;10(1):45-55.

Napoli C, Maione C, Schiano C, Fiorito C, Ignarro L]J.
Bone marrow cell-mediated cardiovascular repair:
Potential of combined therapies. Trends Mol Med.
2007;13(7):278-286.

Losordo DW, Dimmeler S. Therapeutic angiogenesis
and vasculogenesis for ischemic disease: Part II: Cell-
based therapies. Circulation. 2004;109(22):2692-2697.
Koike N, Fukumura D, Gralla O, Au P, Schechner ]S,
Jain RK. Tissue engineering: creation of long-lasting
blood vessels. Nature. 2004;428(6979):138-139.
Adams RH, Alitalo K. Molecular regulation of angiogen-
esis and lymphangiogenesis. Nat Rev Mol Cell Biol.
2007;8(6):464-478.

Kajstura J, Leri A, Bolli R, Anversa P. Endothelial pro-
genitor cells: neovascularization or more? | Mol Cell
Cardiol. 2006;40(1):1-8.

Mayer H, Bertram H, Lindenmaier W, Korff T,
Weber H, Weich H. Vascular endothelial growth factor
(VEGF-A) expression in human mesenchymal stem
cells: autocrine and paracrine role on osteoblastic and
endothelial differentiation. | Cell Biochem. 2005;95(4):
827-839.

Sugimoto Y, Koji T, Miyoshi S. Modification of
expression of stem cell factor by various cytokines. | Cell
Physiol. 1999;181(2):285-294, 1999.

Kinnaird T, Stabile E, Burnett MS, et al. Local delivery
of marrow-derived stromal cells augments collateral
perfusion through paracrine mechanisms. Circulation.
2004;109(12):1543-1549.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic
mediators. | Cell Biochem. 2006;98(5):1076-1084.

Kim SW, Han H, Chae GT, et al. Successful stem
cell therapy using umbilical cord blood-derived multipo-
tent stem cells for Buerger's disease and ischemic
limb disease animal model. Stem Cells. 2006;24(6):
1620-1626.

Aranguren XL, McCue ]JD, Hendrickx B, et al. Multipo-
tent adult progenitor cells sustain function of ischemic
limbs in mice. J Clin Invest. 2008;118(2):505-514.
Chamberlain G, Fox J, Ashton B, Middleton J. Concise
review: mesenchymal stem cells: their phenotype, differ-
entiation capacity, immunological features, and poten-
tial for homing. Stem Cells. 2007;25(11):2739-2749.
Di Nicola M, Carlo-Stella C, Magni M, et al. Human
bone marrow stromal cells suppress T-lymphocyte prolif-
eration induced by cellular or nonspecific mitogenic
stimuli. Blood. 2002;99(10):3838-3843.

Downloaded from ves.sagepub.com at PENNSYLVANIA STATE UNIV on September 16, 2016


http://ves.sagepub.com/

41.

42.

43.

44,

45.

46.

Intra-Arterial Transplantation of Adult Bone Marrow Cells / Liu et al

Aggarwal S, Pittenger MF. Human mesenchymal stem
cells modulate allogeneic immune cell responses. Blood.
2005;105(4):1815-1822.

Chan JL, Tang KC, Patel AP, et al. Antigen-presenting
property of mesenchymal stem cells occurs during a
narrow window at low levels of interferon-gamma. Blood.
2006;107(12):4817-4824.
Jones BJ, McTaggart SJ.
mesenchymal stromal cells: from culture to clinic. Exp
Hematol. 2008;36(6):733-741.

Kolvenbach R, Kreissig C, Ludwig E, Cagiannos C.
Stem cell use in critical limb ischemia. | Cardiovasc Surg
(Torino). 2007;48(1):39-44.

Peichev M, Naiyer AJ, Pereira D, et al. Expression of
VEGFR-2 and AC133 by circulating human CD34(+)
cells identifies a population of functional endothelial
precursors. Blood. 2000;95(3):952-958.

Black SM, Grehan JF, Rivard AL, et al. Porcine endothe-
lial cells and iliac arteries transduced with adeno-IL-4
are intrinsically protected, through Akt activation,

Immunosuppression by

47.

48.

49.

50.

443

against immediate injury caused by human complement.
J Immunol. 2006;177(10):7355-7363.

Niola F, Evangelisti C, Campagnolo L, et al. A plasmid-
encoded VEGF siRNA reduces glioblastoma angiogen-
esis and its combination with interleukin-4 blocks tumor
growth in a xenograft mouse model. Cancer Biol Ther.
2006;5(2):174-179.

Huang H, Lavoie-Lamoureux A, Moran K, Lavoie JP.
IL-4 stimulates the expression of CXCL-8, E-selectin,
VEGF, and inducible nitric oxide synthase mRNA by
equine pulmonary artery endothelial cells. Am J Physiol
Lung Cell Mol Physiol. 2007;292(5):L1147-1154.
Sainz ], Al Haj Zen A, Caligiuri G, et al. Isolation of “Side
population” Progenitor cells from healthy arteries of adult
mice. Arterioscler Thromb Vasc Biol. 2006;26(2):281-286.
Zhu S, Goldschmidt-Clermont PJ, Dong C. Transform-
ing growth factor-B-induced inhibition of myogenesis is
mediated through Smad pathway and is modulated by
microtubule dynamic stability. Circ Res. 2004;94(5):
617-625.

For reprints and permissions queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.

Downloaded from ves.sagepub.com at PENNSYLVANIA STATE UNIV on September 16, 2016


http://ves.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


