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ABSTRACT 
Over the last forty years in the field of peripheral 
arterial disease, there has been a plethora of research 
into cell-based therapies for tissue repair, regenera-
tion and angiogenesis, progressing from protein-based 
therapies to gene therapies to stem cell research. Ini-
tial pre-clinical research successes have given birth to 
a whole industry, aimed at translating these labora-
tory hopes into clinical successes. However, hereto-
fore these expected clinical results have failed to ma-
terialize, in part due to the lack of attention to the 
ischaemic desert like tissue and systemically diseased 
patient into which the stem cells are being implanted. 
Unsatisfactory clinical outcomes on the treatment of 
Critical Limb Ischaemia (CLI) have forced research-
ers to direct their efforts to the less intimidating chal-
lenge of claudication and to lower their clinical out-
come thresholds from superior to “non-inferior”. Ma-
jor questions on safety and durability have also arisen. 
What needs to be objectively established is the impact 
on the net health outcome of these therapies. Infusion or 
injection for stem cell therapy is still considered ex-
perimental and investigational. In this review we exam-
ine the clinical evidence for angiogenic therapies, fo-
cusing specifically on stem cell trials, in an attempt to 
answer the question “Is stem cell therapy a failed ex-
periment or will there be light at the end of the tunnel?” 
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1. INTRODUCTION 
The principal issues for progression of peripheral artery 
disease (PAD) are endothelium dysfunction and reticence 
of neovascularization [1,2]. Contemporary revascularisa-
tion techniques do not pay attention to these core princi-
pals, instead they rely primarily on anatomical correction 
rather than physiological modulation. Regrettably, only 
50% of patients with critical limb ischaemia (CLI) can be 
managed with contemporary vascular techniques, while 
satisfactory clinical outcomes are only evident in 25% of 
the patients in some vascular centres [3,4]. Although this 
does not reflect our own experience [5-8], in general such 
dismal results have driven the quest for more satisfactory 
and reliable therapies. 

Stimulation of neovascularization would seem to be a 
good alternative therapy for PAD. Research on therapeu-
tic angiogenesis is on-going, whether mechanically by 
sequential pneumatic compression [7,8], or with the use 
of cell therapy such as gene delivery of pro-angiogenic 
growth factors [9-11]. 

However, most of the positive results on therapeutic 
angiogenesis over the last four decades have come from 
animal studies in cardiovascular induced ischemia mod-
els. Unfortunately this promise has failed to be realized 
in human clinical trials, where most of the research has 
been done on patients with CLI who are not suitable 
candidates for revascularisation, or the so called “no- 
option” vascular patient [9]. What has materialized from 
these clinical trials is a catalogue of technical and safety 
issues which restrain widespread clinical dissemination  
both in gene and cell therapy approaches. 

Attempts to promote angiogenesis with angiogenic 
proteins and cell-mobilizing cytokines in the VIVA, *Corresponding author. 
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TRAFFIC and MAGIC trials with vascular endothelial 
growth factor (VEGF)/fibroblastic growth factor (FGF) 
and the granulocyte-colony stimulating factors/granulo- 
cyte macrophage-colony stimulating factors (G-CSF/GM- 
CSF) respectively, failed to promote any vascular regen-
eration [12-14]. 

The direct infusion of human recombinant growth fac-
tors with/without myoblast transplantation, although prom-
ising with early-stage clinical outcomes failed to show 
sustainable results, which was conceivably secondary to 
the diminutive half-life of the proteins that were dis-
pensed to the patients. 

In order to extend the therapeutic advantage of protein 
based-therapies, investigators hoped that genetic ma-
nipulation may hold the key to a more prolonged benefit 
of angiogenic growth factors. However gene therapies 
have yielded very disappointing clinical outcomes. The 
major issues that have arisen are choice of vector and 
modulation of the human immune response. The ideal 
aim of gene therapy would be integrated into host DNA 
for lifelong expression. Retroviral vectors should be able 
to facilitate such integration. However retroviral vectors 
are only taken up by replicating cells resulting in de-
creased gene transduction. Furthermore, viral vectors, al-
though effective in models of small animals, whose im-
mune system is relatively unsophisticated, induce a more 
sizeable immune response in human subjects. In order to 
refine the extent of transgene expression in patients 
managed by gene therapies, plasmid vectors have been 
trialed [15,16]. These naked plasmids are minimally 
immunogenic. However, these episomes are short-lived 
resulting in low gene transfer into target cell nuclei. 

Overall, the stratagem of strengthening expression of a 
single growth factor has failed to deliver any significant 
clinical improvement and led researchers to explore the 
more comprehensive field of stem cell therapy and cell- 
based approaches to therapeutic neovascularization. 

2. CURRENT CELL THERAPY MYTHS 
At present a few myths exist about stem cell therapies, 
some of which are false, while others are most certainly 
based on fact. It is fictional to attest that there is a total 
ban on stem cell research for CLI in the United States. It 
is even more of a falsehood to believe that embryonic 
stem cell research is on the verge of producing cures for 
serious illnesses such as CLI. The facts are that no such 
ban on stem cell research for CLI exists, only on embry-
onic stem cell production and that federal funding has 
disallowed embryonic stem cell research. However even 
if embryonic stem cell research was able to be under-
taken in the US, there is absolutely no evidence to sug-
gest that embryonic stem cells offer the elixir of life. In 
fact embryonic stem cells have not helped a single hu-
man patient with CLI. 

Myths about stem cell therapies and an almost fantas-
tical expectation of their potential benefits have led to 
troubling craze of “Stem Cell Tourism”. Unscrupulous 
elements in the healthcare sector have used these mythi-
cal notions to take advantage of vulnerable patients who 
anguish from terminal or incurable diseases and have 
little hope from orthodox medicine. Such patients are 
willing to travel to stem cell clinics, which purport to 
offer them therapies, and cures without proven efficacy 
and where no long-term follow-up is implemented. Pa-
tients seeking treatment usually have no options, and 
their window of time to benefit from therapies is unfor-
tunately short. This stem cell tourism is not only exorbi-
tant but in fact they undermine genuine stem cell re-
search programmes and detract the encouraging areas of 
cell therapies that are showing perceptible progress. 

Legitimate stem cell therapy proponents need to make 
a concerted effort to temper claims and offer realistic 
expectations. It requires an honest acknowledgement of 
prospective therapeutic benefits and timelines.  

3. CONTEMPORARY LITERATURE  
REVIEW 

There were three randomized placebo-controlled trials in 
patients with PAD that were conducted to test the effects 
of angiogenic factors on stimulation of vascular growth, 
either angiogenesis or angiogenesis/arteriogenesis: 

First was the Therapeutic angiogenesis with recombi-
nant fibroblast growth factor-2 for intermittent claudica-
tion (TRAFFIC) trial were intra-arterial infusion of fi-
broblast growth factor-29 used in 190 patients [17]. Second 
was the Regional Angiogenesis with Vascular Endothe-
lial Growth Factor in peripheral arterial disease (RAVE) 
trial utilizing intra-muscular injection of adenoviral VEGF 
121 gene in 105 patients [18]. Third was the STimulation 
of ARTeriogenesis using subcutaneuous application of 
granulocyte-macrophage colony-stimulating factor as a 
modality in management for PAD (START) trial which 
used subcutaneously injection of granulocyte-macrophage 
colony-stimulating factor in 40 patients [19]. 

None of the above three trials showed any improve-
ment in walking capacity and all three failed to meet the 
high expectations. In fact these protein-based therapies 
have been associated with serious adverse side-effects. 
The effects of protein-based therapy with administration 
of recombinant basic fibroblast growth factor (bFGF) can 
be unpredictable. The administration of bFGF has caused 
increases in formation of collateral vessels in rats and 
rabbits. However this effect is dose-dependent, and high 
doses of bFGF have been shown to inhibit angiogenesis 
and collateral circulation. On the other hand the com- 
bined administration of VEGF and bFGF proteins has a 
synergistic effect on angiogenesis in vivo. This pro-
tein-based therapy, when applied to human subjects, has 
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been associated with quite pronounced adverse effects 
especially in the case of bFGF treatment with renal tox-
icity, proteinuria, anemia and thrombocytopenia reported 
even with low doses of bFGF. The negative conclusion 
of the TRAFFIC Study in CLI patients, which demon-
strated poor efficacy of bFGF therapy but with signifi-
cant nephrotoxicity, forced the trial to be abandoned. 

The disappointing effects of protein-based therapies 
encouraged research into a more sophisticated delivery 
mode for vascular growth-factors. There was initial en-
thusiasm surrounding the use of local gene therapy for 
the sustained over-expression of the chosen therapeutic 
factor in the targeted tissue. Pre-clinical studies gave 
positive results, but as with protein based-therapies the 
translation of gene therapy from animal laboratory to hu-
man clinical trials was fraught with disappointments. 
Issues related to transduction efficiency, route of admini-
stration, vector type and dose proved to be a challenge. 

In the TAMARIS trial [20], the largest trial in its field, 
phase 3 trials on the use of non-viral 1 FGF (NV1FGF) 
for critical limb ischaemia failed to deliver in terms of 
clinical endpoints. 525 patients unsuitable for revascu-
larisation were randomly allocated to intramuscular in-
jections of NV1FGF or placebo. After follow-up of 1 
year, the primary endpoint of time to major amputation 
or death did not differ between the groups. Nor was there 
a hint of an effect on secondary endpoints, such as ulcer 
healing, relief of rest pain, functionality or hospital re-
admission rate, and no differences in treatment effect 
were seen in subgroups of patients, such as those with 
diabetes. This was disappointing, because expectations 
were high after the phase 2 trial, which showed a large 
reduction in amputations and death in the NV1FGF group 
[21]. However, differences in this endpoint in phase 2 
could have occurred fortuitously, particularly as the trial 
was small (n = 125); the reduction in amputations and 
death was one of several outcomes, and no difference 
occurred in the primary endpoint of ulcer healing. What 
we have learned from clinical trials is that several en-
dogenous and exogenous factors have the potential to 
effect gene therapy efficacy in individual patients. Pa-
tients usually have widespread cardiovascular disease, 
and angiogenesis might be inhibited by risk factors, such 
as dyslipidaemia and diabetes [22] (in TAMARIS, 60.4% 
of patients had hyperlipidaemia and 53.3% had diabetes, 
although no difference in effect was noted in those 
without diabetes) [21]. 

Cardiovascular drugs, such as statins (62.5% of pa-
tients in TAMARIS) and angiotensin-converting enzyme 
inhibitors (51.4%), might also have inhibited angiogene-
sis. 

What is noteworthy about the TAMARIS phase 3 
group is that more patients in the NV1FGF group dis-
continued their treatment (n = 29 (11%), 24 of which 

were due to adverse events) compared to the placebo 
group (n = 18 (7%), 16 of which were due to adverse 
events). Overall, a higher incidence of treatment-emer- 
gent adverse events occurred in the NV1FGF group 
compared to the placebo group. Significant differences 
emerged in musculoskeletal and connective tissue disor-
ders (50 [19%] of 266 vs 25 [10%] of 257; p = 0.004] 
mainly represented by pain and discomfort (34 [13%] of 
266 vs 17 [7%] of 257; p = 0.02). A significantly higher 
incidence of treatment-related adverse events was also 
recorded for the metabolism and nutrition disorders (41 
[15%] of 266 versus 19 [7%] of 257; p = 0.0057). This 
difference was mainly represented by glucose metabo-
lism disorders (including diabetes mellitus): 20 (8%) of 
266 versus eight (3%) of 257; p = 0.0316. This trial, 
which showed no benefit in the use of NV1FGF in CLI, 
was fully funded by Sanofi-Aventis, Paris, France. 

The lack of efficacy and adverse event rate is not only 
related to genes encoding for FGF. First clinical trials 
with intravascular delivery of VEGF vector constructs 
have only resulted in limited benefits to the patients. 
Second generation VEGF-based gene therapy trials are 
based on direct intramyocardial and intraskeletal muscle 
injections in order to achieve better transfection effi-
ciency and more targeted effects. However, oedema and 
excess non-physiological growth of capillaries in the ret-
ina have been detected as adverse effects of the AdVEGF 
gene therapy and again issues arise related to transduc-
tion efficiency, route of administration, vector type, dose 
and duration of treatment to achieve optimal therapeutic 
angiogenesis [23]. 

Overall gene therapy is not proving to be the answer to 
treatment of peripheral arterial disease its own right. A 
meta-analysis by Ghosh et al. examined five eligible ran-
domised clinical trials, containing 508 patients and found 
no significant differences between control and interven-
tion groups for any outcomes, irrespective of whether 
low-dose or high-dose gene therapy was tried [24]. They 
concluded that gene therapy confers no benefit on pa-
tients with PAD and found on closer examination of the 
individual trials that several have an excessive placebo 
response. A more recent meta-analysis by Hammer et al. 
goes even further. They performed a search to identify 
RCTs studying local administration of pro-angiogenic 
growth factors (VEGF, FGF, HGF, Del-1, HIF-1alpha) 
using plasmid or viral gene transfer by intra-arterial or 
intra-muscular injections. Their search yielded 12 RCTs 
with a total of 1494 patients (29% females), the majority 
of who were suffering from CLI (64%). Meta-analysis 
showed no significant benefit for gene therapy when 
synthesizing data for all-cause mortality (OR 0.88, 95% 
CI 0.62 - 1.26) amputations (OR 0.64, 95% CI 0.31 - 1.31) 
or ulcer healing (OR 1.79, 95% CI 0.8 - 4.01). No differ-
ences were seen between patients with intermittent clau-
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dication or CLI [25]. 
Grochot-Przeczak et al. in their review of clinical tri- 

als of therapeutic angiogenesis showed that gene therapy 
did not produce satisfactory outcomes. On the other hand, 
cell therapy approaches, despite several limitations, dem- 
onstrated more beneficial effects, notwithstanding the 
fact that initial clinical studies need to be constantly vali- 
dated by larger randomized, multi-center, double-blinded, 
placebo-controlled trials [26]. 

Research into cell-based therapy in PAD has mainly 
focused on progenitor cells derived from bone marrow or 
peripheral blood but more recently other cell types are 
entering clinical trials including mesenchymal stromal 
cells derived from placenta. As with protein-based and 
gene therapies, the goal of stem cell therapy is to pro-
mote angiogenesis and collateral vessel formation. The 
first clinical trial of cell therapy for PAD was performed 
by Tateishi-Yuyama et al. in 2002 (Therapeutic Angio-
genesis using Cell Transplantation Study, or TACT) [27]. 
In this study, injection of Bone Marrow-derived Mono-
Nuclear Cells (BMMNCs) into the gastrocnemius muscle 
of patients with diabetes and symptomatic PAD resulted 
in an improvement in ABI, transcutaneous oxygen ten-
sion, pain-free walking time, and rest pain. Since that 
time, numerous other studies have examined the efficacy 
and safety of cell therapy for PAD, with varying results 
(Table 1) [27-39]. 

There are many issues with clinical trials of cell ther-
apy for PAD. Most trials have consisted of uncontrolled 
patient series, and there is a paucity of randomized, prop-
erly controlled studies. Sample sizes have been relatively 
small, with most studies enrolling fewer than 50 patients. 
There have been many variables even within the rela-
tively small population group. Varying degrees of PAD 
severity have been studied, ranging from intermittent 
claudicants to patients with critical limb ischemia. There 
has also been variation in the mode of delivery with cells 
delivered either by direct intramuscular injection at mul-
tiple sites of the affected limb or by intra-arterial injec-
tion via the femoral artery. The therapeutic product for 
nearly all of the trials has been BMMNCs and/or periph-
eral blood-derived mononuclear cells (PBMNC) har-
vested with or without granulocyte colony-stimulating 
factor mobilization. Reported endpoints of these studies 
have included ABI, transcutaneous oxygen tension, and 
angiography examined at baseline and following cell 
therapy, with an average follow-up period of approxi-
mately 6 months to 1 year. Subjective outcomes have 
also been reported, including patient-perceived rest pain 
and pain-free walking time or distance. 

Meta-analysis of the 37 clinical trials of autologous 
stem cell therapy for PAD showed that such an approach 
is effective in improving surrogate indexes of ischemia,

 
Table 1. Controlled cell therapy clinical trials for Peripheral Arterial Disease. BMMNC: bone marrow-derived mononuclear cell; 
G-CSF: granulocyte-colony stimulating factor; PBMNC: peripheral blood-derived mononuclear cell; ABI: ankle-brachial index; 
TcPO2: transcutaneous oxygen tension. 

Reference Number of  
Patients 

Number of  
Control Patients Type of Cell Follow-up ABI TcPO2 Limb salvage 

Tateishi-Yuyama (2002) 22 24 limbs BMMNC or BMMNC  
and PBMNC 4 and 24 weeks Improved Improved Improved 

Huang (2005) 14 14 G-CSF mobilized PBMNC 3 months Improved  Improved 

Arai (2006) 13 12 BMMNC 1 month Improved Improved  

Bartsch (2007) 13 12 BMMNC 2 and 13 months Improved   

Corbellis (2008) 10 9 BMMNC 12 months Improved   

Prochazka (2010) 42 54 BMMNC 4 months Improved No Effect Improved 

Walter (2011) 19 21 BMMNC 3 and 6 months No Effect Improved Improved 

Iafrati (2011) 34 12 BMMNC 1, 4, 8, 12 weeks Improved Improved Improved 

Idei (2011) 51 46 BMMNC 3 - 4 years Improved Improved Improved 

Benoit (2011) 34 14 BMMNC 6 months No Effect  Improved 

Powell (2011) 32 14 Expanded BMMNC 6 months No Effect  Improved 

Powell (2012) 48 24 Expanded, multicellular  
therapy 12 months   Improved 

Losordo (2012) 16 12 Enriched CD34 + BMMNC 6 and 12 months No Effect  Improved 
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subjective symptoms and hard endpoints (ulcer healing 
and amputation) [40]. On the contrary they found that 
granulocyte colony stimulating factor (G-CSF) mono-
therapy was not associated with significant improvement 
in the same endpoints. The authors concluded that intra-
muscular autologous bone marrow cell therapy is a fea-
sible, relatively safe and potentially effective therapeutic 
strategy for PAD patients, who are not candidate for tra-
ditional revascularization but with the caveat that larger, 
placebo-controlled, randomized multicenter trials have 
not yet been planned and conducted to confirm these 
findings. 

4. ISSUES WITH STEM CELL  
THERAPIES 

4.1. Patient Population 

Several limitations to stem cell therapy have already 
emerged, even within the limited catalogue of clinical 
research properly conducted within the field. First and 
foremost, it has been established from reality early on 
that patients who require treatments for PAD are most 
often elderly, which affects the population of angiogenic 
Bone Marrow Derived Cells (MDCs) and/or Peripheral 
Blood Derived Cells (PBDCs). In addition, ischemic dis-
eases are usually accompanied by diabetes, hypertension, 
renal failure and hypercholesterolemia, which further 
influence the reduction in the number of progenitor cells 
and impair their function [27,41]. 

4.2. Pathophysiology and Disease Severity 

Multivariate Analysis from the TACT trial demonstrated 
that the severity of rest pain and the presence of a failed 
lower limb bypass graft were both negative prognostic 
factors affecting amputation free survival. These finds 
are in conflict with research findings which demonstrate 
the positive effects on angiogenesis of cytokines pro-
duced by the ischemic limbs, such as IL-1β, which have 
been shown to enhance the function of BM-MNCs post- 
implantation [42,43]. The results from TACT and other 
trials demonstrating the poor outcomes in CLI, raise the 
question of the actual mode of action of stem cell therapy. 
Gupta et al. in their double-blinded placebo-controlled 
randomized trial on patients with CLI found that the pla-
cebo group performed better that those treated with in-
tramuscular Bone Marrow derived allogenic stem cells. 
Out of 7 in the allogenic BM stem cell group, two died 
within 30 days and 2 had a major amputation. On the 
other hand rest pain was ameliorated in all of the placebo 
group in the first quarter but in none of the stem cell 
therapy group [44]. 

The adverse outcomes in failed bypass surgeries are 

somewhat easier to understand than in primary interven-
tions for CLI, since in the case of redo bypass surgery 
the network of preexisting collateral vessels are blocked 
and so this negatively affects the neo-capillary develop-
ment from collateral vessels. 

Adverse outcomes with CLI have led some investiga-
tors to concentrate on claudication. By the time phase 3 
of the TACT study was underway, the trial had deviated 
from being one focused on “no option” patients to one 
which included patients with Fontaine class III, i.e. very 
mild, PAD [45]. This shift in patient population skewed 
the results towards non-significance. The TAM-PAD 
trial evaluated cell therapy in 13 mild claudicant patients 
and the investigators concluded that the reason for im-
provement in augmented neo-angiogenesis is the com-
bined intra arterial and intra muscular injection [30]. 
Their hypothesis for this synergistic effect of intra-arte- 
rial and intra-muscular injection is that stem cells in 
themselves cannot build new vessels; rather they func-
tion as conductors for monocyte cells by secreting cyto-
kines and chemokines. However a more objective analy-
sis of these results might attribute any benefits seen in 
the treatment group to the fact that they had relatively 
mild disease. The natural history of claudication is that 
only 5% of these patients will ever progress to CLI. Im-
provements in claudicants cannot be attributed to stem 
cell therapy without allowing for the contribution of 
simple therapeutic measures such as exercise, medical 
therapy and smoking cessation. 

More significant perhaps than the differences between 
claudication and critical limb ischaemia is the fact that 
many trials have included patients with Thromboangiitis 
Obliterans. The pathophysiology and patient population 
affected by TAO, which is an inflammatory condition 
affecting small and medium sized arteries and directly 
related to smoking, is at great variance with that of Pe-
ripheral arterial occlusive disease and therapies to treat 
these diseases should not be assessed within the same 
trial. In the TACT trial, the survival rate in patients with 
atherosclerotic PAD was 80% as compared to 100% in 
Patients with Thromboangiitis Obliterans, while the am-
putation survival free survival rate was 60% in Patients 
with PAD versus 91% in Thromboangiitis Obliterans 
patients. Benefits seen in TAO patients cannot be attrib-
uted to stem cell therapy without accounting for the con-
founding factor of smoking cessation. Similarly in the 
PROVASA trial they used intra-arterial BM-MNC but it 
did not increase ankle brachial indices in CLI patients 
even with repeated administration of functionally com-
petent BM-MNC, and while critically ischaemic patients 
with gangrene and impending amputation did not derive 
any benefit form BM-MNC, those patients with TAO 
responded positively [33]. 
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5. CELL THERAPY DELIVERY; THE 
FUTURE 

Stem cell research is in its infancy and there are many 
questions to be answered before we can hope that this 
treatment option will provide acceptable clinical out-
comes and sustainable results. 

5.1. Which Stem Cell? 
Stem cell research has focused, until recently, on two 
broad categories of stem cells, the Embryonic Stem Cell 
(ESC) and the adult stem cell. The ESC is derived from 
the inner cell mass of the fetal blastula and its pluripo-
tency means that it has the ability to differentiate into 
any cell type found in the adult body. ESCs can replicate 
via mitotic division while retaining their undifferentiated 
state (self-renewal) or differentiate into lineage-specific 
cells under the appropriate stimuli. ESCs have a much 
greater proliferative capacity than adult stem cells but 
their clinical use remains conflicted by the ethical debate 
surrounding the use of human embryos. Furthermore, 
cells derived from ESCs will be allogeneic, and therefore 
an immunological barrier exists which is likely to require 
the coadministration of immunosuppressive agents, which 
carry their own substantial risks. Additionally, the great 
regenerative potential of these cells has raised fears about 
the administration of even a single pluripotent ESC. The 
undirected growth and pathological differentiation after 
transplantation of an ESC creates a substantial risk of 
teratoma, and this complication remains a lifelong risk 
that can occur late after administration [46]. The consid-
erable risk associated with these stem cells requires 
much more robust differentiation and purification proto-
cols, and studies proving the long-term safety profile of 
embryonic progenitors before widespread use in humans 
will be possible. 

In contrast to ESCs, adult stem cells have the capacity 
to give rise only to cells of a given germ layer because 
they are partially lineage committed. In other words, they 
are multipotent rather than pluripotent. All adult stem 
cells, whether harvested from the marrow, blood, or resi-
dent tissue, share a number of characteristics that make 
them attractive. The first is that these cells are harvested 
from the patient in whom they are ultimately to be used 
and do not need to overcome an immunologic barrier. 
Adult stem cells, and EPCs in particular, have undergone 
the most translational and human studies of all stem cell 
approaches, even though robust clinical data is still scarce. 
Some of the issues which have arisen with the use of 
adult stem cells include delays in stem cell processing. 
The use of autologous cells, although attractive in terms 
of immunological response, lends itself to delays in treat- 
ment because of the time needed to collect the cells and 
isolate and then propagate progenitors ex vivo so as to 

obtain sufficient numbers before injection. Adverse ef-
fects of their delivery could include microvascular em-
bolism, especially in diabetic patients, as well as unin-
tended acceleration of pathological neovascularization, 
as in the case of an occult malignancy. 

Furthermore, methods of specifically identifying stem 
cells such as EPCs are poorly defined. Reproducible and 
efficient methods to isolate, expand, and deliver angio-
genic cells are needed. In addition, it is not known what 
combination of progenitor cells might be most therapeu-
tic in humans, e.g., purified EPCs, adipose tissue, or even 
some combination with smooth muscle precursors and/or 
subsets of hematopoietic progenitors [47-51]. In other to 
maximise on adult stem cell therapies the mechanisms by 
which these adult stem cells interact to confer benefit 
must be further defined so that they can be manipulated 
therapeutically. 

Further limitations exist in the use of adult stem cells. 
For example with EPCs, in the patients who most need 
EPC therapy, these cells are scarce, have restricted repli-
cative capacity, and are often dysfunctional. People with 
vascular disease are ostensibly older and EPCs derived 
from older individuals have been shown in preclinical 
models to have an impaired ability to proliferate, incor-
porate into existing capillary networks, and enhance limb 
perfusion. In addition to age, other conditions typically 
associated with vascular disease, such as diabetes melli-
tus, impair angiogenic functionality [52,53]. 

These issues with autologous stem cell harvesting 
have raised the question of allogenic sources of stem cell. 
However in order for this to be feasible allogeneic stem 
cell must lack both, major histocompatibility complex 
antigens and various costimulatory cell surface antigens 
and more trials to be performed with allogeneic stem 
cells for further evaluation of their safety and feasibility 
[54]. Long-term immune suppression is undesirable, as it 
poses extreme risks for infection, development of malig-
nancies, and patient well-being. However it was shown 
that expanded cultured purified hematopoietic stem cells 
were effective in establishing allogeneic chimerism when 
transplanted across major histocompatibility complex bar-
riers. It is possible to expand regulatory natural T-cells 
(CD4+, CD25+) for transplantation tolerance and the 
treatment of autoimmunity. These developments could 
lead to effective tolerance strategies based on T-cell tol-
erance 

5.2. Induced Pluripotent Stem Cells 
Scientific interest has shifted to a newly described class 
of stem cell, the induced pluripotent stem cell (iPSC). 
iPSCs are derived from terminally differentiated adult 
somatic cells that are “reprogrammed” to an embryonic- 
like state with transcription factors that govern cell dif-
ferentiation. Interest in iPSCs is high because these cells 
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are autologous (do not require immunosuppression when 
delivered), have pluripotential (can differentiate into tis-
sue from each of the 3 germline lineages), are noncon-
troversial (are derived from adult tissue), and come from 
a plentiful source (are derived from any adult cell [e.g., 
skin fibroblasts, adipose tissue, hair etc.]) [55]. 

However, a number of obstacles need to be overcome 
in the clinical development of these cells. The combina-
tion of gene manipulation with cell therapy raises safety 
concerns and regulatory barriers. For example, the use of 
retroviruses or lentiviruses leads to integration of viral 
DNA into the chromosome, which carries the risk of 
silencing indispensable genes or inducing oncogenesis 
[56]. These concerns are overcome in part with the use of 
adenoviruses or plasmid constructs [57-59], but even 
these episomal vectors carry a risk of DNA integration. 

Manufacturing hurdles also need to be overcome prior 
to therapeutic application. Animal products or nonhuman 
iPSC feeder cells used to generate and passage cells will 
need to be replaced by defined media and matrices to 
avoid immune responses to animal protein and to obviate 
the risk of xenotransmission of zoonotic infections [60, 
61]. Furthermore, current reprogramming methods are 
extremely inefficient. The induction of iPSCs from hu-
man fibroblasts takes weeks (generally 3 to 4 weeks) 
[62], and the yield is low (approx. 0.01% to 0.1%) [56]. 

5.3. Adjuvant Therapies 
Areas of stem cell research requiring attention include 
identification of effective cell populations; refinement of 
isolation and processing methods; a deeper understand-
ing of the features that defines potency; establishment of 
the optimal delivery method; tailoring of the timing and 
dosing regimens to the disease state and clinical trajec-
tory. Adjunctive therapies will need to be developed to 
overcome endogenous impairments in EPC function and 
to enhance vascular responsiveness to stem cell therapy. 
One area that remains to be explored is the possible syn-
ergy of macrovascular revascularization with efforts to 
restore microvascular circulation. 

In effect what needs to be explored is the harnessing 
of the body’s innate ability to repair by provision of the 
necessary growth factors and appropriate cytokines. 
Tatard et al. explored this issue, suggesting that stem cell 
therapy limitations can be resolved by simulating prolif-
eration of cells that are normally quiescent and are phy- 
siologically involved in the regenerative process in isch- 
emic tissues to steer the physiological repair process. 
However cytokines and growth factors that are injected 
into the lesions quickly disappear from the site of injec-
tion because they are removed by the blood flow and 
degraded by specific enzymes located in the extracellular 
microenvironment. To overcome this drawback, and is-
sues with cell survival, lack of cell differentiation and 

integration in the host tissue, pharmacologically active 
microcarriers (PAM), which are biodegradable particles 
made with poly(D,L-lactic-co-glycolic acid) (PLGA) and 
coated with adhesion molecules have been developed. 
The aim of these PAM is to serve as a support for cell 
culture and may be used as cell carriers presenting a con-
trolled delivery of active protein. They can thus support 
the survival and differentiation of the transported cells as 
well as their microenvironment [63]. This futuristic con-
cept of bioengineered microspheres or nanascaffolds that 
can prolong, recruit and improve regenerative activities 
of bioactive factors and resident stem cells is very excit-
ing but not something which will be realized in the near 
future and far from a clinical reality [64,65]. 

5.4. Infrastructure for Research and  
Development 

In order to develop cell-based therapies and address the 
multitude of obstacles that occur to the clinical dissemi-
nation of these treatments, then well-structured and highly 
specialized clinical research facilities are required. In their 
article entitled “The Alpha Stem Cell Clinic: A Model 
for Evaluating and Delivering Stem Cell-Based Thera-
pies”, Trounson et al. provide an insight into the re-
quirements for future development of the stem cell in-
dustry [66]. They address the reluctance of industry to 
commit too heavily to a technology which is so immature 
and as of yet largely unproven in clinical terms. This is 
especially true of pharmaceutical and medtech industries, 
which are constrained by the regulatory obligations and 
understand the massive financial commitment of clinical 
trials. They also highlight concerns over stem cell tour-
ism and emphasise the need to provide evidence of safety 
and efficacy as a mandatory step to advance this field. 
The authors propose the establishment of alpha stem cell 
clinics which involve a carefully constructed cell therapy 
clinical infrastructure with the requisite scientific, tech-
nical, and medical expertise and operational efficiencies. 
These centres will have the capabilities to address three 
fundamental and critical functions: 1) fostering clinical 
trials; 2) evaluating and establishing safe and effective 
therapies, and 3) developing and maintaining the deliv-
ery of therapies approved by the Food and Drug Admini-
stration, or other regulatory agencies. To achieve these 
goals, alpha stem cell centres require links with transla-
tional researchers; highly qualified clinicans with disease 
expertise; expertise in handling, delivery and monitoring of 
cell therapies; Clinical trial expertise; patient safeguards 
of medical standards, ethical oversight and review boards, 
data and safety monitoring; laboratory and personnel with 
key technical expertise; informatics infrastructure for 
long-term storage of confidential data; capacity to collect 
long term, longitudinal data on safety and efficacy of the 
cell therapy; Educational outreach to patients and their 
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caregivers; appropriate licensing of cell therapies and a 
sustainable business model capable of generating sub-
sidiary Beta clinics. 

6. CONCLUSION 
Preclinical studies demonstrating spectacular efficiency 
of angiogenic therapy have not translated into real-life 
clinical outcomes. Disappointing results from clinical tri-
als have forced investigators to readjust their markers of 
success. Having once envisaged a therapy that could sal-
vage the limbs of CLI patients, investigators now report 
more wholly outcomes for patients with less severe dis-
ease, such as mild claudication, or worse still some in-
vestigators have now taken the stance of “non-inferiority” 
as a get-out clause when justifying a less favorable out-
come than expected from their expensive trials. As cell- 
therapy research and clinical trials progress, a standard of 
reporting needs to be established so that we can differen-
tiate between the natural history of this progressive dis-
ease and cell therapy outcomes via vascular repair and 
regeneration. Until such time, we shall be witnessing 
more newspaper articles than clinical trial publications. 
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