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Prognosis of peripheral artery disease (PAD), especially critical limb ischemia, is very poor despite the development of endovascular
therapy and bypass surgery. Many patients result in leg amputation and, therefore, vascular regenerative therapy is expected in
this field. Gene therapy using vascular endothelial growth factor is the first step of vascular regenerative therapy, but did not
confirm effectiveness in a large-scale randomized comparative study. Based on animal experiments, bone marrow mononuclear
cells (MNCs), peripheral blood MNCs were used as the cell source for regenerative therapy. Those cells were confirmed to be
effective to decrease rest pain and ulcer size, but its effect was not fully satisfied. Mesenchymal stem cells (MSCs) are expected as an
effective cell source for vascular regeneration and clinical studies are ongoing, because the cells are able to differentiate into various
cell types and produce a significant amount of vascular growth factors. Of vascular regeneration therapy, peripheral MNCs and
bone marrowMNCs were recognized as advanced medical technology but do not attain to the standard therapy. However, clinical
use of MSCs have already started, and induced pluripotent stem cells are surely promising tool for vascular regeneration therapy
although further basic studies are required for clinical application.

1. Introduction

More than 25 million people have peripheral arterial disease
(PAD) in Europe and the United States [1–5] and it is difficult
to accurately understand the number of amputees. The inci-
dence has been increasing also in Japan and the percentage
of Buerger’s disease was high before; however, Buerger’s
disease is currently rare and arteriosclerosis obliterans (ASO)
is predominant, suggesting changes in disease structure. In
treatment of PAD, control of coronary risk factors such as
hypertension, diabetes, dyslipidemia, and smoking cessation
is performed changing life style and prescribing medicine,
and pharmacotherapy using antiplatelet agents and vasodila-
tors and endovascular therapy using catheter intervention
and bypass surgery are conducted [6–8]. Approximately
1% of patients with PAD result in critical limb ischemia
(CLI) with serious prognosis. CLI is defined as a Rutherford
Class 4–6 which is a condition characterized by rest pain,

ulcers, and gangrene [9, 10]. Leg amputation is in more than
30% of patients with CLI for one year and the mortality
is 20% or more [10]. Cardiovascular medicine has recently
been developing and endovascular therapy with catheter
intervention for PAD, particularly CLI, has been conducted
for several years, and consequently, improved amputation-
free survival was confirmed [11]. Nevertheless, leg amputation
or death occurred in many patients and, therefore, vascular
regenerative therapy is proactively conducted and expected
in this field.

For cardiovascular regenerative therapy, gene therapy for
PADusing vascular endothelial growth factor (VEGF) started
in 1996 in the United States [12]. The efficacy of gene therapy
was expected in a small-scale clinical study but not confirmed
in a large-scale randomized comparative study. Nevertheless,
gene therapymade a great step towards cardiovascular regen-
erative therapy. Subsequently, the efficacy of bone marrow
mononuclear cells (MNCs) [13] and endothelial progenitor
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cells (EPCs) [14] for vascularization was confirmed in several
animal studies. The efficacy of MSCs was confirmed also in
the first clinical study [15], but its effect is not fully sufficient
in large scale study conducted in Japan [16], and the other
cells for vascular regeneration are expected. In somatic stem
cells, mesenchymal stem cells (MSCs) which are able to
differentiate into various cell types and produce a significant
amount of cytokines and vascular growth factors as compared
toMNCs or EPCs are expected as an effective cell and clinical
studies are ongoing. Human embryonic stem cells (ESCs)
were produced also in Japan and many basic studies were
conducted; however, clinical application was restricted due
to bioethical concerns. However, induced pluripotent stem
cells (iPSCs) were discovered and are expected to apply to
clinical practice because bioethical concerns and rejection are
resolved (Figure 1).

2. Angiogenic Growth Factors and Cells for
Vascular Regeneration

2.1. Gene Therapy. Gene therapy of cancer is about 65% of
those performed in the world; on the other hand, that of car-
diovascular disease is about 9%, second-ranked. Adenovirus
and retrovirus are major viral vectors; however, accidental
death occurred in the United States after intracoronary
delivery of adenovirus in 1999 [17] and leukemia occurred
in France due to gene therapy in 2003 [18]; consequently, the
safety is not established yet. Human recombinant protein was
administered in various manners without gene vector such
as intra-arterially and intravenously; consequently, ischemic
improvement including increased collateral circulation was
confirmed in animal models. However, an enormous amount
of protein is necessary for these effects and this treatment is
unrealistic for clinical use. On the other hand, naked/plasmid
DNA and lipofectin were considered not to be superior to
viral vector due to low transfection efficiency; however, Isner
et al. showed the effect of VEGF on ischemic improvement
using easy-to-use treatment with intramuscular injection of
plasmid without viral vector [19] and confirmed the effect
of plasmid on patients with PAD for the first time in 1996
[12, 20]. However, in a large-scale study, some of subjects
showed that insufficient efficacy and vascular hyperperme-
ability induced by VEGF caused adverse reaction, edema.
Consequently, this is not recognized as standard therapy in
practice.

Hepatocyte growth factor (HGF) is known to regulate
proliferation and migration of vascular endothelial cells via
c-met, its receptor. HGF was confirmed to have angiogenic
activity similarly to VEGF and a small size clinical study
for patients with PAD confirmed the efficacy and safety of
HGF [21]. Also in a randomized, double-blind, clinical trial in
patients with serious PAD of Fontaine stage III/IV who could
not undergo revascularization with HGF plasmid, rest pain
and ulcer size significantly decreased in the HGF group in
comparison with those in the control group [22].

Basic fibroblast growth factor (bFGF or FGF-2) is attract-
ing attention similarly to VEGF andHGF ormore. An animal
study showed that local VEGF concentration after admin-
istration increased up to severalfold and caused adverse

reactions including edema and hemorrhage without effective
angiogenic activity; in contrast, FGF-2 caused no adverse
reaction at high doses and had efficacy already at low doses.
In histological examination, angiogenesis caused by vascular
endothelial cell marker was similar between the two groups;
however, significantly more 𝛼-smooth muscle actin-positive
vessels were observed in the FGF-2 group significantly more
frequently and it was confirmed that mature and functional
angiogenesis was established [23]. On the other hand, this
effect of FGF-2 was also evidenced to be involved in strong
endogenous inducing action of VEGF-A and HGF [23,
24]. A study using Sendai virus as a vector of FGF-2 is
ongoing because Sendai virus is not transformed into DNA
and transcription and genome replication are conducted in
cytoplasm; therefore, it expresses genes without influence
to chromosome of host cells. Phase I/IIa open-label clinical
study using recombinant Sendai virus vector with human
FGF-2 gene (rSeV/dF-hFGF-2) was completed and showed
its safety, improved Rutherford category and pain scale, and
extended walk distance. A larger-scale study is planned [25].

2.2. CD34+ Cells and Endothelial Progenitor Cells (EPCs).
Angiogenesis in adults was considered to be produced by pro-
liferation and migration of adjacent existing microvascular
endothelial cells. However, in 1997, it was found that EPCs
differentiating into endothelial cells existed in monocytes of
adult peripheral blood [26] and vasculogenesis in ischemic
sites caused by bone marrow-derived EPCs was confirmed to
be implicated in angiogenesis in adults. In a study in which
EPCs derived from cultured peripheral blood mononuclear
cells of healthy volunteers were intravenously administered to
limb ischemia nude mouse model, grafted cells accumulated
in ischemic sites and histology confirmed increased capillary
density and laser-Doppler flowmetry evidenced improved
lower limb blood flow [14]. Similar effects were shown also
in grafting of human cord blood-derived EPC nude mouse
model with EPCs limb ischemia [27]. Granulocyte colony
stimulating factor (G-CSF) was subcutaneously given to
patients with CLI of Fontaine stage III/IV who could not
undergo revascularization and then monocytes that were
mobilized from bone marrow to peripheral blood were
collected using apheresis and CD34+ cells in monocytes were
separated as EPC fraction and administered locally to the
muscle of CLI [28]. Long-term safety and effect particularly
on Buerger’s disease have recently been shown [29].

2.3. Bone Marrow Mononuclear Cells (MNCs). Bone marrow
cells were confirmed to contain a plenty of EPCs and secrete
abundant angiogenic factors VEGF and bFGF. Consequently,
autologous bone marrow transplantation to limb skeletal
muscles in limb ischemia model enhanced angiogenesis and
significantly increased lower limb blood flow [13]. Based
on these results, a pilot study of intramuscular grafting of
autologous bone marrow MNCs in patients with ischemic
limb was conducted in Japan [15] and showed significant
improvement in ankle brachial index and transcutaneous
oxygen pressure by autologous bone marrow MNCs and
significant prolongation of walking time in a treadmill
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Figure 1: Angiogenic growth factors and cells for vascular regeneration. VEGF: vascular regenerative therapy, HGF: hepatocyte growth factor,
bFGF: basic fibroblast growth factor, MNCs: mononuclear cells, EPCs: endothelial progenitor cells, MSCs: mesenchymal stem cells, ESCs:
embryonic stem cells, iPSCs: induced pluripotent stem cells, and G-CSF: granulocyte colony stimulating factor.

exercise test for 6-month follow-up period. In a multicenter
study that we participated in [16], intramuscular grafting in
patients with CLI improved visual analogue scale, decreased
ulcer size, and increased walk distance in both PAD and
Buerger’s disease groups and particularly visual analogue
scale was confirmed to continue until at least 2 years after.
This treatment was already approved as advanced medical
technology by the Ministry of Health, Labour, and Welfare
(MHLW). However, recurrence of ulcer was subsequently
confirmed and walk distance decreased in some subjects of
the PAD group; consequently, long-term effect is unclear.
A multicenter, double-blind, randomized-start phase II trial
using bone marrow MNCs (PROVASA) [30] assigned 40
patients with CLI to the bone marrow MNC and control
groups and MNC was intra-arterially given into the femoral
artery of affected side. ABI and amputation-free survival
of the primary endpoints were similar in the two groups;
however, ulcer size and pain scale significantly decreased
within 3 months in the MNC group although no change
occured in the control group.

2.4. Peripheral Blood Mononuclear Cells. Bone marrow
MNCs have already been confirmed to be effective; however,
the major issue of concern was the size of invasion to
patients complicated with other cardiovascular disease who
were frequently found in patients with CLI among patients
with PAD. Consequently, MNCs were collected from periph-
eral blood without collecting bone marrow, administered

to the ischemic limb, and confirmed to be effective [31].
An angiogenic factor secreted from administered MNCs is
probably a key for its efficacy; however, cytokines secreted
from administered MNCs were confirmed to be insufficient
for angiogenesis and stimulated muscular cells produce IL-
1𝛽, which was the main cause of angiogenesis [31]. Periph-
eral blood MNC grafting has already been used as clinical
application and is currently approved as advanced byMHLW.
Long-term outcomes of peripheral blood MNC grafting for
CLI were shown in a study other than placebo control study
that pain scale, walk distance, and ulcer size were significantly
improved and the grafting was more effective and safe than
conventional standard therapies [32]. In this study, ischemic
symptoms of dialysis patients with PAD were improved less
than those of nondialysis patients and patients with Buerger’s
disease. Death, major amputation, and cardiovascular events
were frequently found in dialysis patients with PAD.

In another study, collected peripheral bloodmononuclear
cells after intravenous administration of G-CSF inducing
CD34+ cells into peripheral bloodwere injected into ischemic
sites, and ischemic improvement was confirmed by thermog-
raphy and plethysmography [33]. In a pooled analysis to
compare long-term prognosis between bone marrow MNC
graft andG-CSFmobilized peripheral bloodMNC in patients
with CLI, overall survival and amputation-free survival were
similar between the two groups and similar efficacy was
confirmed. On the other hand, small amounts of CD34+
cells, hemodialysis, Fontaine classification, male, and age
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were factors for overall survival and amputation-free survival
[34]. For long-term prognosis of G-CSFmobilized peripheral
MNC, ischemic heart disease and small amounts of CD34+
cell were factors for overall survival [35].

2.5. BoneMarrowMesenchymal StemCells (MSCs). MSCs are
included in not only bone marrow but also placenta, amnion,
umbilical cord, and chorion and have been confirmed in
vitro to differentiate into not only bone and cartilage but
also myocardium and endothelial cells and inhibit cell death
(Figure 2). Furthermore, MSCs can be cultured from a small
amount of tissues and are attracting attention as a cellular
source for cardiovascular revascularization [36–38]. In an
experiment that bone marrow MNCs or MSCs were locally
administered to limb ischemia rat model [39], local blood
flow measured by laser-Doppler flowmetry 3 weeks after
was larger in the MSC group and capillary density was
significantly higher in the MSC group than that in the MNC
group.Thenumber of administeredMSC-derived endothelial
cells was significantly more than MNC-derived ones and
administered cell-derived smoothmuscle cells were observed
only in the MSC group. The ratio of cell apoptosis under
hypoxic conditions was significantly lower in the MSC group
than that in theMNC group in an in vitro study and theMSC
group was considered to be resistant to ischemia more than
the MNC group. In a randomized, double-blind, controlled
trial in patients with diabetes and CLI [40], pain-free walking
time, ulcer size, and percutaneous tissue oxygen pressure
were significantly improved in theMSC group in comparison
with those in the MNC groups and production of VEGF
and FGF-2 was significantly higher in the MSC group with
conditioned medium than those in the MNC group. On
the other hand, Iso et al. [36] conducted an animal study
and confirmed that human MSC produced large amounts
of growth factors including VEGF and adrenomedullin and
cytokines and enhanced angiogenesis in comparison with
animal MSC. VEGF and massive HGF were produced in
the conditioned medium of rat bone marrow MSCs [41]
and the major cause of ischemic improvement of MSCs
was suggested to be actions of angiogenic factors such as
VEGF and HGF. MSCs are known to be less antigenic
due to defect of MHC class II and may be used for allo-
geneic implantation [41]. Rat fetal membrane-derived MSCs
expressed cell surface antigens similar to bonemarrowMSCs
and VEGF production in the conditioned medium was low
but HGF production was similar. Fetal membrane-derived
MSCs were administered to limb ischemia rat model and had
ischemic improvement similar to bone marrow MSCs and
had local lymphocytic infiltration similar to bone marrow
MSCs. Therefore, allogeneic implantation may be conducted
any time by banking MSCs without functional problems that
were derived from the placenta, amnion, umbilical cord, and
chorion, not MSCs derived from elderly patients with PAD.

2.6. Embryonic Stem Cells (ESCs) and Induced Pluripotent
Stem Cells (iPSCs). ESCs are cell line produced from the
inner cell mass of the early embryo and have high pro-
liferative capacity differentiate to all types of cells. It was
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Figure 2: Differentiation capacity and production of angiogenic
growth factors from bone marrow mesenchymal stem cells (MSCs).
VEGF: vascular regenerative therapy, HGF: hepatocyte growth
factor, and bFGF: basic fibroblast growth factor.

confirmed that grafting of ES cell-derived EPCs in the body
enhanced angiogenesis [42]. However, ESCs are produced
by disrupting fertilized eggs; therefore, ethical and legal
concerns are discussed and immunologic rejectionmay occur
in cell transplantation due to absence of self-derived cells.
In addition, teratoma may occur due to contamination of
undifferentiated cells. In 2006, iPSCs were produced from
dermal fibroblasts [43] and iPS-derived Flk-1+ cells differen-
tiate into endothelial cells and mural cells in vitro and were
implemented in angiogenesis [44]. In a study in whichmouse
iPS-derived Flk-1+ cells were transplanted to limb ischemia
nudemousemodel, blood flow in the chronic phase increased
in comparison with that of the control group and Flk-1+
cells were observed directly in ischemic tissues. In addition,
VEGF mRNA expression was increased. Consequently, it
was suggested that administered cells were implemented in
vasculogenesis in addition to paracrine effects of increased
cytokine production [45]. Studies for clinical application are
expected; however, no clinical studies start due to risk of
teratoma, difficulties in massive culture, and vessel-selective
separation procedures.

3. Development of Transplantation Procedures

Not only cells to administer but also development of trans-
plantation procedures is very important issues to furthermore
improve therapeutic efficacy. In conventional cell adminis-
tration method, local administration, transfection efficiency,
and surviving rate of grafted cells in ischemic area are
low; consequently, cells are disappeared within several days.
Cell viability should be improved to release more cytokines
secreted from transplanted cells as long as possible. Extremely
low differentiation rate of transplanted cells to endothelial
cells and vessels is also important issue to improve.

4. Conclusions

Studies of vascular regeneration therapy started around
1990 and studies of myocardial regeneration have been also
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conducted. Of vascular regeneration therapy, some including
peripheral MNCs and bone marrow MNCs were approved
as advanced medical technology but do not attain to the
standard therapy.

However, MSCs that are contained in many organs
including bone marrow attract massive attention as a new
type regenerative medicine including future banking due to
potent cytokine production capacity and low antigenicity.
On the other hand, iPSCs are surely promising tool for
vascular regeneration therapy although far from clinical
application; therefore, further basic studies are required for
clinical application.
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