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Abstract
Critical limb ischemia (CLI) is an advanced form of peripheral artery disease which is responsible
for approximately 100,000 amputations per year in the US. Trials to date have reported clinical
improvement and reduced need for amputation in CLI patients receiving autologous bone marrow
or mobilized peripheral blood stem cells for stimulation of angiogenesis. While such treatments are
currently entering Phase III trials, practical and scientific pitfalls will limit widespread
implementation if efficacy is proven. Hurdles to be overcome include: a) reduced angiogenic
potential of autologous cells in aged patients with cardiovascular risk factors; b) invasiveness/
adverse effects of bone marrow extraction and G-CSF mobilization, respectively; and c) need for
on-site cellular manipulation. The Endometrial Regenerative Cell (ERC) is a mesenchymal-like stem
cell derived from the menstrual blood that is believed to be associated with endometrial
angiogenesis. We discuss the possibility of using allogeneic ERCs as an "off the shelf" treatment for
CLI based on the following properties: a) High levels of growth factors and matrix metalloprotease
production; b) Ability to inhibits inflammatory responses and lack of immunogenicity; and c)
Expandability to great quantities without loss of differentiation ability or karyotypic abnormalities.

Critical limb ischemia
Critical limb ischemia (CLI) is classically defined as
chronic ischemic rest pain, ulcers, or gangrene due to
proven occlusive disease [1]. It is diagnosed based on
symptomology such as burning rest pain in the distal foot
or lack of foot pulses, as well as using objective measure-

ments including low ankle pressure (< 50–70 mm Hg),
reduced toe pressure (< 30–50 mm Hg), reduced transcutaneous oxygen (TPCO2 (< 30–50 mm Hg) and ankle brachial index (ABI) of < 0.6. Occlusion is demonstrated by
angiography or duplex ultrasound scanning. CLI is caused
by arterial occlusion affecting the limbs, usually caused by
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atherosclerosis or in a smaller number of patients by
thromboangiitis obliterans (Buerger's Disease), or arteritis.
This condition is a major cause of morbidity and mortality: Approximately 20–45% of patients require amputation, and 1-year mortality is estimated to be as high as
45% in patients who have undergone amputation [2]. The
quality of life of CLI patients has been compared by some
authors to that of terminal cancer patients [3]. Current
treatment options for this group of patients are limited.
According to the Inter-Society Consensus for the Management of Peripheral Arterial Disease (TASC II) treatment
for CLI should be focused on revasularization using surgical or percutanous means [1]. Unfortunately less than half
of the patients are eligible for these procedures, and efficacy is limited. Additionally, many patients require additional procedures due to high levels of restenosis. Nonsurgical options for CLI are limited to medical therapy,
which offers limited or no benefit. The dismal state of
options for this patient population was best surmised by
Schainfeld and Isner in the statement "Critical limb
ischemia: nothing to give at the doctors office" [4]. Given
the poor prognosis associated with CLI, numerous interventions have been attempted, primarily based on stimulation of angiogenesis in order to allow formation of
collateral blood vessels.

Cytokine mediated angiogenesis for CLI
Angiogenesis therapy has been described as a "biological
bypass", the idea being that through administration of
agents capable of inducing collateralization, a more natural type of "bypass" can be achieved. Indeed it has been
observed that ischemic muscles secrete angiogenic factors
in response to hypoxia and that to some extent natural
angiogenesis does occur in animal models of CLI and in
humans [5,6]. One of the angiogenic factors noted in
many ischemic conditions, including cardiac ischemia,
stroke, and CLI is vascular endothelial growth factor
(VEGF) [7-9]. In 1994, Isner's group sought to enhance
ischemia-associated angiogenesis using single bolus intraarterial administration of VEGF-165 in a rabbit model of
CLI. Rabbits with resected femoral arteries demonstrated
augmentation of perfusion, increased capillary density,
and overall better function as compared to control rabbits
[10]. Subsequent experiments sought to optimize therapeutic effect using different dosing schedules. Daily VEGF165 administration for 10 days subsequent to ligation and
resection of the external iliac artery and femoral artery,
respectively was performed [11]. Not only was dosedependent increase in collateralization observed, but rabbits receiving the highest dose of VEGF-165 (1 mg) had no
incidence of calf muscle atrophy and distal limb necrosis,
whereas this was present in 85.7% of control rabbits. A
similar study in the rabbit model of CLI demonstrated
superior benefit in terms of limb function in animals
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receiving VEGF by osmotic pump for 28-days in comparison to nitroglycerin or saline treatment [12]. A variety of
studies have been performed with VEGF protein which
confirmed the proangiogenic, as well as angiogenesisindependent muscle reparative properties in the limb
ischemia model [13-15]. These positive preclinical data
unfortunately were not successfully reproduced in the
clinic. Trials using VEGF protein [16], or DNA, did not
show significant benefit at reducing leg amputations in a
double blind setting [15,17]. One of the concerns with
VEGF therapy is its vasodilatory effects, as well as induction of blood vessels that are relatively immature and
"leaky".
Another approach involved use of the cytokine fibroblast
growth factor-1 (FGF-1). Given that FGF-1 is considered
"upstream" of VEGF, it is believed to stimulate numerous
angiogenic processes so as to result in creation of more
mature vessels [18]. Indeed, it is believed that one of the
differences between tumor neo-vasculature, which is characteristically leaky, and neo-vasculature associated with
physiological angiogenesis, is the ratio of VEGF to FGF
[19]. Specifically, it was demonstrated both in animal
models [20] and in clinical trials [21] that muscular
ischemia is associated with up-regulation of FGF gene
transcription, suggesting that this is part of the endogenous pro-angiogenic response to ischemia. The critical
role of FGF in endogenous angiogenesis was conclusively
demonstrated in FGF knockout mice, which displayed
inhibited ability to heal post-wounding [22]. Although
FGF-1 gene therapy has clinically been used in CLI
patients with some improvement in ABI and perfusion,
statistically powered randomized clinical trials have not
been conducted to date [23].
It is known that additive and/or synergistic effects are
observed in terms of neoangiogenesis when several angiogenic factors are combined. For example, Cao et al demonstrated synergy between administration of PDGF-BB
and FGF-2 in terms of increasing blood vessel formation
and function in the femoral artery ligation model in rats
and rabbits [24]. Similarly, in cancer angiogenesis, it is
known that several tumor-derived angiogenic factors synergize for acceleration of neovascularization [25]. Accordingly, investigators have attempted to activate upstream
mediators of several angiogenic signals through transfection of genes encoding transcription factors such as HIF-1
alpha [26]. In fact, this approach has been demonstrated
to be superior to VEGF gene administration in terms of
new capillary sprouting. In a Phase I dose-escalating trial,
transfection of HIF-1 alpha into CLI patients demonstrated tolerability with some indication of efficacy [27].
In conclusion, while administration of angiogenic factors
to patients with CLI does induce some benefit in early trials, data from randomized trials to date do not support
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widespread use. The transfection of upstream transcription factors such as HIF-1 alpha is a promising approach
since it mimics natural angiogenesis in that a plurality of
growth factors are induced following transfection [26,28].
However clinical results are too premature to draw firm
conclusions. Additionally, the transfection of foreign
genes may possess unintended consequences in the long
run due to the uncontrolled nature of the transfected gene
insert.

branch. Angiogenesis was demonstrated by histology and
presence of endothelial cells possessing donor-specific
marker [33]. Cumulatively, animal studies demonstrated
that stem cells of a wide variety of sources are capable of
both generating angiogenic cytokines that promote
endogenous stem cells and reparative processes, and
directly promote angiogenesis via EPCs. The next question
was whether this could be translated into clinical applications.

Animal studies using stem cell therapy for CLI

Clinical use of stem cell therapy for CLI

Cellular therapy for CLI is based on the rationale that
delivery of endothelial progenitor cells into areas of
ischemia may result not only in differentiation of the cells
into endothelium and thus contribute to angiogenesis,
but also produce various growth factors capable of stimulating angiogenesis through paracrine interactions with
adjacent cells. One of the first observations that bone marrow contains high numbers of endothelial progenitor
cells was by Ashara et al using infusion of bone marrow
cells in which the beta-galactosidase marker was expressed
under control of endothelial cell-specific promoters such
as Flk-1 and Tie-2. EPC derived from the genetically
marked bone marrow were shown to promote physiological (corpus luteal and wound healing), and pathogenic
(cancer) angiogenesis. The same study demonstrated that
administration of bone marrow cells into muscles of mice
with induced hindlimb ischemia led to neoangiogenesis
mediated in part by the transferred cells [29].

Bone marrow transplantation has been clinically used for
hematopoietic reconstitution for more than 40 years, thus
procedures for bone marrow extraction and manipulation
are routine. In 2002 Tateishi-Yuyama et al [34] used the
technique of bone marrow extraction and mononuclear
cell preparation to generate an autologous source of stem
cells for CLI treatment. In total 45 patients were injected
with mononuclear cells at concentrations ranging
between 0.7–2.8 × 109 cells in the gastrocnemius muscle
of the ischemic leg using approximately 40 injections in a
volumes of 0.75 ml. Statistically significant increases in
ankle brachial index, trancutaneous oxygen pressure, pain
free walking time, and amelioration of rest pain were
detected at 4 and 24-week follow-up. The investigators
also demonstrated production of proangiogenic cytokines
by the injected cells. Other groups also reported similar
therapeutic results: Nizankowski et al treated 10 CLI
patients with condensed bone marrow stem cells and
observed improvement using laser doppler flux and percutaneous oxygen partial pressure, as well as decrease in
pain severity. Interestingly no correlation was found
between cell number injected and effect [35]. Durdu et al
performed intramuscular injection of autologous bone
marrow mononuclear cells to 28 CLI patients who were
nonresponders to conservative therapy and ineligible for
revascularization. Of the 28 patients, only 1 needed
amputation. Statistically significant increases in rest pain
scores, peak walking time, and quality of life were noted.
Angiography evidence of collateral vessel formation was
observed in 22 of the patients at 6 months [36]. Numerous other studies have demonstrated safety and efficacy of
autologous bone marrow stem cell therapy [37,38], as
well as for autologous mobilized stem cells [39-41]. A
review of the total 18 clinical studies published in the English language using autologous stem cell therapy for CLI
overviews the above mentioned studies in detail [42].

A more extensive investigation of bone marrow administration of treatment of a model of CLI utilized the rat femoral ligation model and assessed not only perfusion but
also the functional endpoint of treadmill running.
Administration of syngeneic bone marrow in six locations
proximal to the area of ligation caused a significant
increase in perfusion, as well as treadmill performance in
the treated rats [30]. A study using a similar model demonstrated not only improved perfusion subsequent to
bone marrow administration but also enhanced production of the angiogenic cytokines IL-1 and FGF-2 [31].
Since diabetes is associated with CLI, one question
addressed in animal experiments is whether the diabetic
state influences angiogenic ability of autologous bone
marrow cells. Using the femoral artery ligation model, it
was demonstrated that cellular therapy was able to successfully induce angiogenesis in streptozoicin treated diabetic rats [32]. Subsequent to these experiments,
numerous variations on a theme have been performed, all
illustrating the ability of bone marrow and other cellular
populations to induce therapeutic angiogenesis in animal
models. For example, implantation of whole bone marrow was effective at inducing formation of collateralization in a model of CLI involving double ligation of the left
femoral artery just distal to the profunda femoral artery

Thus, autologous bone marrow therapy for CLI appears to
be a promising solution to the current lack of treatments
in patients ineligible for endovascular/surgical interventions. However, this is limited by the need for anesthesia
during the bone marrow extraction procedure, which is
dangerous in the CLI population since numerous co-morbidities exist [43]. Mobilization using G-CSF alleviates the
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need for bone marrow puncture, however use of this
cytokine is feared by some to predispose CLI patients to
thrombosis due to the potent leukocyte mobilization that
occurs subsequent to its administration [44].
Additionally, there are suggestions in the literature that
endothelial progenitors from bone marrow of patients
with peripheral artery disease may be suboptimal in comparison to other progenitor sources [45,46]. Specifically,
these findings suggest firstly that an age-associated decline
in angiogenic potential of bone marrow cells occurs, and
secondly, patients with peripheral artery disease have a
significantly inhibited angiogenic potential as compared
with age-matched controls. One explanation for this is
that stem cell depletion occurs due to increased demand
for new progenitor cells in the damaged vasculature [47].
An "off the shelf" product that is collected from young
volunteers and selected for potent angiogenic activity may
overcome this drawback.

Endometrial regenerative cells
Dr Taylor's group demonstrated that various endometrial
cells are actually derived from bone marrow. Through
studying endometrial stromal cells isolated from female
recipients of male bone marrow, they reported positive
staining for the Y-chromosome in a substantial number of
cells [48]. Reports of adherent, STRO-1 positive cells that
can be isolated from the endometrium have been made by
Dr. Taylor and other groups as well [49-51]. Given the
high rate of angiogenesis associated with build up of the
uterine lining, it is known that various proangiogenic cells
and possibility EPC are found. We have reported a unique
population of cells derived from the menstrual blood,
which after cloning we termed Endometrial Regenerative
Cells (ERC) [52]. We believe the ERC represents a unique
population of cells in contrast to endometrial stromal
cells based on: a) different rate of proliferation (ERC proliferate approximately once every 19 hours, whereas stromal cells every 24–36 hours); b) ability to differentiate
into a wide number of tissues, stromal cells have only
been shown to differentiate into bone, fat, and cartilage;
c) ERC lack expression of STRO-1, whereas other stromal
derived cells express this marker.
Cells resembling some phenotypic characteristics of ERC
appear to be similar to the menstrual blood derived mesenchymals described by Miyoshi's group [53]. These cells
express CD29, CD105 and are negative for CD34 and
CD45. The investigators demonstrated cardiogenic potential of these cells both in vitro and in vivo, without observation of carcinogenic changes. Patel's group reported a
"multipotent menstrual blood stromal stem cell" [54],
which had an expression profile of Oct-4, c-kit and SSEA4 positive and negative for expression of hematopoietic
markers. Given that menstrual blood contains numerous
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types of cellular populations, it is possible that each of
these two other groups have cells that are unique, however
express certain commonalities. Regardless of differences,
all three groups have demonstrated safety in terms of lack
of teratogenic potential, some degree of pluripotency, and
ability to be rapidly expanded in tissue culture.

Angiogenic potential of ERC
The endometrium undergoes rapid angiogenesis in a controlled manner monthly. Upregulated production of angiogenic factors including PDGF, EGF, and VEGF have been
described both in the mouse and human endometrium
[55,56]. Some degree of similarity exists between ERC and
bone marrow derived mesenchymal stem cells, for example, expression of CD90, CD105 and lack of CD45 and
CD34 [57]. Bone marrow derived mesenchymal stem cells
are potently angiogenic [58]. Therefore we performed a
series of preliminary experiments assessing proof of concept of angiogenic activity. Given that conditioned media
from pro-angiogenic cells has previously been demonstrated to stimulate HUVEC proliferation [59], we used
this assay to assess soluble angiogenic activity. As seen in
Figure 1, a dose dependent stimulation of HUVEC proliferation was observed. This is in agreement with our previous publication demonstrating potent secretion of
angiogenic cytokines such as PDGF-BB and angiopoietin
[52]. In order to assess in vivo angiogenic activity, a pilot
study involving 8 treated and 8 control mice was performed. All animals were cared for in accordance with the
guidelines established by the Canadian Council on Animal Care. Immune competent BALB/c mice were administered approximately 1 million ERC intramuscularly after
ligation of the femoral artery and its branches (superficial

media 1 of HUVEC proliferation by ERC conditioned
Stimulation
Figure
Stimulation of HUVEC proliferation by ERC conditioned media. ERC conditioned media was generated by 5
day culture of 10 × 10(5) cells in completed DMEM media.
Conditioned media was added at the indicated concentrations to HUVEC cells in 96 well plates at a concentration of
5000 cells per well. Cells were incubated for 72 hours and
proliferation as assessed by thymidine incorporation. Error
bars represent ± Standard Deviation.
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epigastrlc artery) for induction of the limb ischemia.
Additionally, excision of N. peroneus for reproducing a
neurotrophic ulcer-like injury was performed. Mice were
divided into 2 groups of 8. Immediately after induction of
injury, 1 million ERC were injected into the hind-limb
muscle below the area of ligation. Cells were also injected
on day 0, day 2 and day 4. ERC where injected in a volume
of 200 microliters of saline. By day 14, necrosis was
observed in legs of 8 control mice. 8 mice treated with
ERC had intact limbs, with 2 displaying signs of impeded
walking. Figure 2 depicts a representative control and
treated mouse. These data, although preliminary, suggest
that possibility of using ERC to stimulate angiogenesis.
Perhaps most strikingly was that the therapeutic effect was
observed despite utilization of human cells in an immune
competent xenogeneic animal.

[65], may be accomplished by administration of allogeneic mesenchymal cells. Allogeneic cord blood derived
mesenchymal stem cells have demonstrated clinical benefit in a small series of patients with CLI caused by
Buerger's Disease [66]. Perhaps most convincingly, allogeneic bone marrow derived mesenchymal stem cells have
passed Phase I clinical trials (safety) and Phase II (preliminary efficacy) and now are in Phase III trials for graft versus host disease and Crohn's by the company Osiris
Therapeutics [67]. Thus there appears to be support for
the allogeneic use of bone marrow derived mesenchymal
cells for various applications. The question is whether
ERC possess similar immune modulatory properties. This
is particularly important since in many situations autologous ERC will either not be available or will not be practical.

Allogeneic barriers

In preliminary experiments we have demonstrated that
addition of ERC to ongoing mixed lymphocyte reactions
results in suppression of proliferation (Figure 3a), inhibition of IFN-gamma (Figure 3b), stimulation of IL-4 (figure 3c) and inhibition of TNF-alpha after LPS stimulation
(Figure 3d). These results support the notion that ERC
may share immune modulatory properties with bone
marrow derived mesenchymal stem cells. Back to back
comparisons between ERC and bone marrow derived
MSC have demonstrated equivalent, or in some cases,
superior immunomodulatory potential based on inhibition of mixed lymphocyte reaction.

Mesenchymal stem cell populations appear to possess
active immune modulatory properties in vitro and in vivo.
Specifically, bone marrow derived mesenchymal cells
have been demonstrated to inhibit ongoing mixed lymphocyte reaction (MLR) [60], induce generation of T regulatory cells [61], and in vivo suppress autoimmunity
such as collagen induced arthritis [62] and experimental
allergic encephalomyelitis [63]. In animal models, acceleration of wound healing [64], or post-infarct recovery

Clinical entry of ERC

Figure
Limb
preservation
2
by ERC administration
Limb preservation by ERC administration. 16 BALB/c
female mice (6–8 weeks of age, Jackson Labs, Bar Harbor,
Maine) underwent unilateral ligation of the femoral artery
and its branches (superficial eplgastrlc artery) for induction of
the limb ischemia. Additionally, ligation of N. peroneus for
reproducing a neurotrophic ulcer-like injury was performed.
Mice were divided into 2 groups of 8. Immediately after
induction of injury, 1 million ERC were injected into the
hind-limb muscle below the area of ligation. Cells were also
injected on day 0, day 2 and day 4. ERC where injected in a
volume of 200 microliters of saline. By day 14, necrosis was
observed in legs of 8 control mice. 8 mice treated with ERC
had intact limbs, with 2 displaying signs of impeded walking.

Clinical entry of novel cellular therapies requires demonstration of safety and reasonable possibility of improving
the patient's condition. Previous studies involving long
term follow up of animals treated with ERC, as well as
karyotypic normality of these cells after extended passage
(68 doublings) have demonstrated lack of tumorogenicity
[52]. In fact, administration of ERC into 18 SKH1 treated
with 2240 J/m2 UVB radiation three times a week for 10
weeks to induce skin tumors did not accelerate tumor formation. Based on what appears to be a favorable safety
profile, as well as preliminary supportive data, we propose
a dose escalating clinical trial evaluating intramuscular
administration of ERC in patients with CLI ineligible for
surgical or endovascular intervention. Given several biological similarities between bone marrow derived mesenchymal stem cells and ERC, as well as side-by-side growth
factor production data, dose escalation may be performed
from 10, 25, and 50 million cells per limb. One unique
aspect of using ERC for this indication is the possibility of
administering allogeneic, standardized cell populations.
In addition to classical endpoints of success in CLI trials
such as imaging for collateral vessel formation, pain free
walking, ABI, and Fountain Score, ERC trials should
include serum cytokine production and evaluation of
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Figure 3modulation by ERC
Immune
Immune modulation by ERC. A) In order to assess active proliferation of ongoing MLR 50,000 mitotically inactivated
(mitomycin C) PBMC (stimulators) were incubated with 50,000 allogeneic PBMC (responders). Mitotically inactivated ERC
were added at the indicated concentrations per well. Cells were cultured for 72 hours. For the last 18 hours of culture, cells
were pulsed with 0.5 μCi 3H-thymidine. B&C) Ongoing MLR was established as described and supernatant was collected at48
hours. IFN-gamma and IL-4 were assessed by Quantikine Sandwich ELISA (R&D Systems, Minneapolis). D) Suppression of
TNF-alpha production by ERC Conditioned Media. ERC conditioned media was added to mouse splenocytes that were activated with 2.5 microliters of LPS in a total volume of 200 microliters. The concentration of splenocytes was 250,000 cells per
well. After culture for 48 hours, supernatant was examined for TNF-alpha by ELISA (R&D Systems). Error bars represent ±
Standard Deviation.

endogenous stem cell mobilization. In conclusion, the
ERC represents a novel approach the CLI by offering an
"off the shelf" therapeutic that circumvents pitfalls of
other approaches currently in use. The proposed clinical
trial will shed light of the viability of this hypothesis.

2.
3.

Competing interests
Neil Riordan and Thomas Ichim are shareholders and
management of Medistem Inc (OTCBB:MEDS).

4.

Authors' contributions

5.

All authors read and approved the final manuscript. MP,
HW, AP, SK, NA, KC, AM, AP, EC, TI, and NR concieved
experiments, interpreted data, and wrote the manuscript.

6.

References
1.

Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes
FG: Inter-Society Consensus for the Management of Periph-

7.

eral Arterial Disease (TASC II). Eur J Vasc Endovasc Surg 2007,
33:S1-S75.
Dormandy JA, Rutherford RB: Management of peripheral arterial disease (PAD). TASC Working Group. TransAtlantic
Inter-Society Consensus (TASC). J Vasc Surg 2000, 31:S1-S296.
Nikol S, Baumgartner I, Van Belle E, Diehm C, Visoná A, Capogrossi
MC, Ferreira-Maldent N, Gallino A, Wyatt MG, Wijesinghe LD, Fusari
M, Stephan D, Emmerich J, Pompilio G, Vermassen F, Pham E, Grek
V, Coleman M, Meyer F, TALISMAN 201 investigators: Therapeutic
Angiogenesis With Intramuscular NV1FGF Improves
Amputation-free Survival in Patients With Critical Limb
Ischemia. Mol Ther 2008, 16(5):972-8. Epub 2008 Apr 1.
Schainfeld RM, Isner JM: Critical limb ischemia: nothing to give
at the office? Ann Intern Med 1999, 130:442-444.
Milkiewicz M, Pugh CW, Egginton S: Inhibition of endogenous HIF
inactivation induces angiogenesis in ischaemic skeletal muscles of mice. J Physiol 2004, 560:21-26.
van Weel V, Seghers L, de Vries MR, Kuiper EJ, Schlingemann RO,
Bajema IM, Lindeman JH, Delis-van Diemen PM, van Hinsbergh VW,
van Bockel JH, Quax PH: Expression of vascular endothelial
growth factor, stromal cell-derived factor-1, and CXCR4 in
human limb muscle with acute and chronic ischemia. Arterioscler Thromb Vasc Biol 2007, 27:1426-1432.
Tuomisto TT, Rissanen TT, Vajanto I, Korkeela A, Rutanen J, YlaHerttuala S: HIF-VEGF-VEGFR-2, TNF-alpha and IGF path-

Page 6 of 8
(page number not for citation purposes)

Journal of Translational Medicine 2008, 6:45

8.

9.

10.

11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.
23.

ways are upregulated in critical human skeletal muscle
ischemia as studied with DNA array. Atherosclerosis 2004,
174:111-120.
Wang Y, Johnsen HE, Mortensen S, Bindslev L, Ripa RS, HaackSorensen M, Jorgensen E, Fang W, Kastrup J: Changes in circulating mesenchymal stem cells, stem cell homing factor, and
vascular growth factors in patients with acute ST elevation
myocardial infarction treated with primary percutaneous
coronary intervention. Heart 2006, 92:768-774.
Scheufler KM, Drevs J, van Velthoven V, Reusch P, Klisch J, Augustin
HG, Zentner J, Marme D: Implications of vascular endothelial
growth factor, sFlt-1, and sTie-2 in plasma, serum and cerebrospinal fluid during cerebral ischemia in man. J Cereb Blood
Flow Metab 2003, 23:99-110.
Takeshita S, Zheng LP, Brogi E, Kearney M, Pu LQ, Bunting S, Ferrara
N, Symes JF, Isner JM: Therapeutic angiogenesis. A single
intraarterial bolus of vascular endothelial growth factor augments revascularization in a rabbit ischemic hind limb
model. J Clin Invest 1994, 93:662-670.
Takeshita S, Pu LQ, Stein LA, Sniderman AD, Bunting S, Ferrara N,
Isner JM, Symes JF: Intramuscular administration of vascular
endothelial growth factor induces dose-dependent collateral
artery augmentation in a rabbit model of chronic limb
ischemia. Circulation 1994, 90:II228-234.
Hopkins SP, Bulgrin JP, Sims RL, Bowman B, Donovan DL, Schmidt SP:
Controlled delivery of vascular endothelial growth factor
promotes neovascularization and maintains limb function in
a rabbit model of ischemia. J Vasc Surg 1998, 27:886-894. discussion 895.
Pu LQ, Sniderman AD, Brassard R, Lachapelle KJ, Graham AM, Lisbona R, Symes JF: Enhanced revascularization of the ischemic
limb by angiogenic therapy. Circulation 1993, 88:208-215.
Sun Q, Chen RR, Shen Y, Mooney DJ, Rajagopalan S, Grossman PM:
Sustained vascular endothelial growth factor delivery
enhances angiogenesis and perfusion in ischemic hind limb.
Pharm Res 2005, 22:1110-1116.
van Weel V, Deckers MM, Grimbergen JM, van Leuven KJ, Lardenoye
JH, Schlingemann RO, van Nieuw Amerongen GP, van Bockel JH, van
Hinsbergh VW, Quax PH: Vascular endothelial growth factor
overexpression in ischemic skeletal muscle enhances
myoglobin expression in vivo. Circ Res 2004, 95:58-66.
Helisch A, Schaper W: Angiogenesis and arteriogenesis–not yet
for prescription. Z Kardiol 2000, 89:239-244.
Rajagopalan S, Mohler ER 3rd, Lederman RJ, Mendelsohn FO, Saucedo
JF, Goldman CK, Blebea J, Macko J, Kessler PD, Rasmussen HS, Annex
BH: 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, 108:1933-1938.
McDonnell K, Bowden ET, Cabal-Manzano R, Hoxter B, Riegel AT,
Wellstein A: Vascular leakage in chick embryos after expression of a secreted binding protein for fibroblast growth factors. Lab Invest 2005, 85:747-755.
Gerwins P, Skoldenberg E, Claesson-Welsh L: Function of fibroblast growth factors and vascular endothelial growth factors
and their receptors in angiogenesis. Crit Rev Oncol Hematol 2000,
34:185-194.
Bernotat-Danielowski S, Sharma HS, Schott RJ, Schaper W: Generation and localisation of monoclonal antibodies against fibroblast growth factors in ischaemic collateralised porcine
myocardium. Cardiovasc Res 1993, 27:1220-1228.
Iwakura A, Fujita M, Ikemoto M, Hasegawa K, Nohara R, Sasayama S,
Miyamoto S, Yamazato A, Tambara K, Komeda M: Myocardial
ischemia enhances the expression of acidic fibroblast growth
factor in human pericardial fluid.
Heart Vessels 2000,
15:112-116.
Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C: Neuronal
defects and delayed wound healing in mice lacking fibroblast
growth factor 2. Proc Natl Acad Sci USA 1998, 95:5672-5677.
Comerota AJ, Throm RC, Miller KA, Henry T, Chronos N, Laird J,
Sequeira R, Kent CK, Bacchetta M, Goldman C, Salenius JP,
Schmieder FA, Pilsudski R: Naked plasmid DNA encoding
fibroblast growth factor type 1 for the treatment of endstage unreconstructible lower extremity ischemia: preliminary results of a phase I trial. J Vasc Surg 2002, 35:930-936.

http://www.translational-medicine.com/content/6/1/45

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Cao R, Brakenhielm E, Pawliuk R, Wariaro D, Post MJ, Wahlberg E,
Leboulch P, Cao Y: Angiogenic synergism, vascular stability
and improvement of hind-limb ischemia by a combination of
PDGF-BB and FGF-2. Nat Med 2003, 9:604-613.
Carmeliet P, Jain RK: Angiogenesis in cancer and other diseases. Nature 2000, 407:249-257.
Pajusola K, Kunnapuu J, Vuorikoski S, Soronen J, Andre H, Pereira T,
Korpisalo P, Yla-Herttuala S, Poellinger L, Alitalo K: Stabilized HIF1alpha is superior to VEGF for angiogenesis in skeletal muscle via adeno-associated virus gene transfer. Faseb J 2005,
19:1365-1367.
Rajagopalan S, Olin J, Deitcher S, Pieczek A, Laird J, Grossman PM,
Goldman CK, McEllin K, Kelly R, Chronos N: Use of a Constitutively Active Hypoxia-Inducible Factor-1{alpha} Transgene
as a Therapeutic Strategy in No-Option Critical Limb
Ischemia Patients. Phase I Dose-Escalation Experience. Circulation 2007.
Calvani M, Rapisarda A, Uranchimeg B, Shoemaker RH, Melillo G:
Hypoxic induction of an HIF-1alpha-dependent bFGF autocrine loop drives angiogenesis in human endothelial cells.
Blood 2006, 107:2705-2712.
Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M,
Kearne M, Magner M, Isner JM: Bone marrow origin of endothelial progenitor cells responsible for postnatal vasculogenesis
in physiological and pathological neovascularization. Circ Res
1999, 85:221-228.
Ikenaga S, Hamano K, Nishida M, Kobayashi T, Li TS, Kobayashi S,
Matsuzaki M, Zempo N, Esato K: Autologous bone marrow
implantation induced angiogenesis and improved deteriorated exercise capacity in a rat ischemic hindlimb model. J
Surg Res 2001, 96:277-283.
Hamano K, Li TS, Kobayashi T, Tanaka N, Kobayashi S, Matsuzaki M,
Esato K: The induction of angiogenesis by the implantation of
autologous bone marrow cells: a novel and simple therapeutic method. Surgery 2001, 130:44-54.
Hirata K, Li TS, Nishida M, Ito H, Matsuzaki M, Kasaoka S, Hamano K:
Autologous bone marrow cell implantation as therapeutic
angiogenesis for ischemic hindlimb in diabetic rat model. Am
J Physiol Heart Circ Physiol 2003, 284:H66-70.
El Oakley RM, Seow KK, Tang TP, Kok CW, Teh M, Lim YT, Lim SK:
Whole bone marrow transplantation induces angiogenesis
following acute ischemia. Redox Rep 2002, 7:215-218.
Tateishi-Yuyama E, Matsubara H, Murohara T, Ikeda U, Shintani S,
Masaki H, Amano K, Kishimoto Y, Yoshimoto K, Akashi H, Shimada
K, Iwasaka T, Imaizumi T, Therapeutic Angiogenesis using Cell Transplantation (TACT) Study Investigators: Therapeutic angiogenesis
for patients with limb ischaemia by autologous transplantation of bone-marrow cells: a pilot study and a randomised
controlled trial. Lancet 2002, 360:427-435.
Nizankowski R, Petriczek T, Skotnicki A, Szczeklik A: The treatment of advanced chronic lower limb ischaemia with marrow stem cell autotransplantation. Kardiol Pol 2005, 63:351-360.
discussion 361.
Durdu S, Akar AR, Arat M, Sancak T, Eren NT, Ozyurda U: Autologous bone-marrow mononuclear cell implantation for
patients with Rutherford grade II–III thromboangiitis obliterans. J Vasc Surg 2006, 44:732-739.
Kajiguchi M, Kondo T, Izawa H, Kobayashi M, Yamamoto K, Shintani
S, Numaguchi Y, Naoe T, Takamatsu J, Komori K, Murohara T:
Safety and efficacy of autologous progenitor cell transplantation for therapeutic angiogenesis in patients with critical
limb ischemia. Circ J 2007, 71:196-201.
Koshikawa M, Shimodaira S, Yoshioka T, Kasai H, Watanabe N, Wada
Y, Seto T, Fukui D, Amano J, Ikeda U: Therapeutic angiogenesis
by bone marrow implantation for critical hand ischemia in
patients with peripheral arterial disease: a pilot study. Curr
Med Res Opin 2006, 22:793-798.
Kudo FA, Nishibe T, Nishibe M, Yasuda K: Autologous transplantation of peripheral blood endothelial progenitor cells
(CD34+) for therapeutic angiogenesis in patients with critical limb ischemia. Int Angiol 2003, 22:344-348.
Lenk K, Adams V, Lurz P, Erbs S, Linke A, Gielen S, Schmidt A, Scheinert D, Biamino G, Emmrich F, Schuler G, Hambrecht R: Therapeutical potential of blood-derived progenitor cells in patients
with peripheral arterial occlusive disease and critical limb
ischaemia. Eur Heart J 2005, 26:1903-1909.

Page 7 of 8
(page number not for citation purposes)

Journal of Translational Medicine 2008, 6:45

41.

42.
43.

44.

45.
46.

47.

48.
49.

50.
51.
52.

53.

54.

55.
56.

57.
58.

59.

60.

61.

Huang P, Li S, Han M, Xiao Z, Yang R, Han ZC: Autologous transplantation of granulocyte colony-stimulating factor-mobilized peripheral blood mononuclear cells improves critical
limb ischemia in diabetes. Diabetes Care 2005, 28:2155-2160.
Sprengers RW, Lips DJ, Moll FL, Verhaar MC: Progenitor cell therapy in patients with critical limb ischemia without surgical
options. Ann Surg 2008, 247:411-420.
Tateno K, Minamino T, Toko H, Akazawa H, Shimizu N, Takeda S,
Kunieda T, Miyauchi H, Oyama T, Matsuura K, Nishi J, Kobayashi Y,
Nagai T, Kuwabara Y, Iwakura Y, Nomura F, Saito Y, Komuro I: Critical roles of muscle-secreted angiogenic factors in therapeutic neovascularization. Circ Res 2006, 98:1194-1202.
Fadini GP, Avogaro A: Autologous transplantation of granulocyte colony-stimulating factor- mobilized peripheral blood
mononuclear cells improves critical limb ischemia in diabetes. Diabetes Care 2006, 29:478-479. author reply 479–480.
Schatteman GC, Ma N: Old bone marrow cells inhibit skin
wound vascularization. Stem Cells 2006, 24:717-721.
Yamamoto K, Kondo T, Suzuki S, Izawa H, Kobayashi M, Emi N,
Komori K, Naoe T, Takamatsu J, Murohara T: Molecular evaluation of endothelial progenitor cells in patients with ischemic
limbs: therapeutic effect by stem cell transplantation. Arterioscler Thromb Vasc Biol 2004, 24:e192-196.
Spyridopoulos I, Erben Y, Brummendorf TH, Haendeler J, Dietz K,
Seeger F, Kissel CK, Martin H, Hoffmann J, Assmus B, Zeiher AM,
Dimmeler S: Telomere gap between granulocytes and lymphocytes is a determinant for hematopoetic progenitor cell
impairment in patients with previous myocardial infarction.
Arterioscler Thromb Vasc Biol 2008, 28:968-974.
Taylor HS: Endometrial cells derived from donor stem cells in
bone marrow transplant recipients. JAMA 2004, 292:81-85.
Garcia-Pacheco JM, Oliver C, Kimatrai M, Blanco FJ, Olivares EG:
Human decidual stromal cells express CD34 and STRO-1
and are related to bone marrow stromal precursors. Mol
Hum Reprod 2001, 7:1151-1157.
Schwab KE, Hutchinson P, Gargett CE: Identification of surface
markers for prospective isolation of human endometrial
stromal colony-forming cells. Hum Reprod 2008, 23:934-943.
Wolff EF, Wolff AB, Hongling D, Taylor HS: Demonstration of
multipotent stem cells in the adult human endometrium by
in vitro chondrogenesis. Reprod Sci 2007, 14:524-533.
Meng X, Ichim TE, Zhong J, Rogers A, Yin Z, Jackson J, Wang H, Ge
W, Bogin V, Chan KW, Thébaud B, Riordan NH: Endometrial
regenerative cells: a novel stem cell population. J Transl Med
2007, 5:57.
Hida N, Nishiyama N, Miyoshi S, Kira S, Segawa K, Uyama T, Mori T,
Miyado K, Ikegami Y, Cui C, Kiyono T, Kyo S, Shimizu T, Okano T,
Sakamoto M, Ogawa S, Umezawa A: Novel Cardiac PrecursorLike Cells from Human Menstrual Blood-Derived Mesenchymal Cells. Stem Cells 2008, 26(7):1695-704. Epub 2008 Apr 17.
Patel AN, Park E, Kuzman M, Benetti F, Silva FJ, Allickson JG:
Multipotent menstrual blood stromal stem cells: isolation,
characterization, and differentiation. Cell Transplant 2008,
17(3):303-311.
Girling JE, Rogers PA: Recent advances in endometrial angiogenesis research. Angiogenesis 2005, 8:89-99.
Chegini N, Rossi MJ, Masterson BJ: Platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and EGF and
PDGF beta-receptors in human endometrial tissue: localization and in vitro action. Endocrinology 1992, 130:2373-2385.
Keating A: Mesenchymal stromal cells. Curr Opin Hematol 2006,
13:419-425.
Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr S, Fuchs S,
Epstein SE: Local delivery of marrow-derived stromal cells
augments collateral perfusion through paracrine mechanisms. Circulation 2004, 109:1543-1549.
Ye J, Yuan L: Inhibition of p38 MAPK reduces tumor conditioned medium-induced angiogenesis in co-cultured human
umbilical vein endothelial cells and fibroblasts. Biosci Biotechnol
Biochem 2007, 71:1162-1169.
Deng W, Han Q, Liao L, Li C, Ge W, Zhao Z, You S, Deng H, Zhao
RC: Allogeneic bone marrow-derived flk-1+Sca-1- mesenchymal stem cells leads to stable mixed chimerism and donorspecific tolerance. Exp Hematol 2004, 32:861-867.
Prevosto C, Zancolli M, Canevali P, Zocchi MR, Poggi A: Generation
of CD4+ or CD8+ regulatory T cells upon mesenchymal

http://www.translational-medicine.com/content/6/1/45

62.

63.

64.
65.

66.

67.

stem cell-lymphocyte interaction.
Haematologica 2007,
92:881-888.
Augello A, Tasso R, Negrini SM, Cancedda R, Pennesi G: Cell therapy using allogeneic bone marrow mesenchymal stem cells
prevents tissue damage in collagen-induced arthritis. Arthritis
Rheum 2007, 56:1175-1186.
Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni
E, Giunti D, Ceravolo A, Cazzanti F, Frassoni F, Mancardi G, Uccelli
A: Mesenchymal stem cells ameliorate experimental
autoimmune encephalomyelitis inducing T-cell anergy. Blood
2005, 106:1755-1761.
Wu Y, Chen L, Scott PG, Tredget EE: Mesenchymal stem cells
enhance wound healing through differentiation and angiogenesis. Stem Cells 2007, 25:2648-2659.
Imanishi Y, Saito A, Komoda H, Kitagawa-Sakakida S, Miyagawa S,
Kondoh H, Ichikawa H, Sawa Y: Allogenic mesenchymal stem
cell transplantation has a therapeutic effect in acute myocardial infarction in rats. J Mol Cell Cardiol 2008, 44:662-671.
Kim SW, Han H, Chae GT, Lee SH, Bo S, Yoon JH, Lee YS, Lee KS,
Park HK, Kang KS: Successful stem cell therapy using umbilical
cord blood-derived multipotent stem cells for Buerger's disease and ischemic limb disease animal model. Stem Cells 2006,
24:1620-1626.
Osiris [http://www.osiris.com]

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8
(page number not for citation purposes)

