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Abstract Critical limb ischaemia is an intractable condi-
tion associated with high levels of amputation, leading to a
low quality of life and increased morbidity and mortality.
It is often not treatable by standard therapeutic modalities.
Neoangiogenesis has been proposed as a novel method of
treatment of such patients. Vascular endothelial growth fac-
tor (VEGF) and cytokine fibroblast growth factor (FGF-1)
have been shown to elicit neoangiogenesis. Stem cells are
progenitor cells which can differentiate in vivo into differ-
ent types of cells. Mesenchymal stem cells (MSCs) are a
type of adult stem cells which have an immunomodulatory
effect. Stem cell therapy has been used in animal studies to
improve limb vascularity in rat and rabbit models. Several
clinical studies have also validated their use for critical limb
ischaemia. However many issues are still unresolved. These
include the dosage, delivery and safety issues in relation to
stem cell therapy. However stem cells are likely to be an im-
portant therapeutic modality to treat critical limb ischaemia
in the near future.

Keywords Stem cells - Critical limb ischaemia -
Neoangiogenesis

A. K. Das (X))
Clinical Research Leader, Stempeutics Research,
Malaysia

E-mail: akdeto@yahoo.com

Introduction

Critical limb ischaemia (CLI) is a vexing problem for all
clinicians. It has been defined as a condition where there
is rest pain, ulcers and gangrene in a setting of proven oc-
clusive arterial disease [1]. It is common in out patients’
departments to see a smoker who has presented with severe
foot pain, an ulcer or a gangrenous toe. Such patients are
very difficult to treat and can tax the clinician as they are
refractory to all conventional forms of treatment. Despite
all treatment by advanced modes, including surgical and in-
terventional radiologic interventions, a substantial number
of patents will need a major or minor amputation.

The diagnosis of critical limb ischaemia is made clini-
cally by the characteristic symptomatology and the lack of
foot pulses. This is backed up by investigations which
include ankle brachial index (ABI) (<60%), low ankle
pressures (<50 mmHg), reduced transcutaneous oxygen
(TPC O,) (less than 30-50 mmHg). The blockage is
demonstrated by arterial Doppler examination and angiog-
raphy.

The condition is extremely common. It is estimated
that as many as 20% of Americans >65 years old and 50%
>75 years old have peripheral arterial disease (PAD) [2]. In
Britain, the Vascular Society found a true amputation rate
of 21.5% [3]. Another study claims that it may affect 5%
of Americans above the age of 40 and this rises to 12—-14%
in patients who are older than 70 years. Thus a staggering
8 million Americans are estimated to suffer from limb isch-
aemia [4]. Incidence levels in India are not clear but the dis-
ease load is likely to be at least twice or thrice this number.
Limb ischaemia is associated with major levels of morbid-
ity and mortality. As many as 10—-40% of the patient popula-
tion undergoes an amputation sometime during the course
of the illness and the one year mortality has been estimated
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to be as high as 45% in these patients [5]. The quality of life
in these patients have been described to be similar to those
of terminal cancer patients [6]. Diabetes, if present makes
a bleak situation even worse. Diabetics are ten times more
likely to have an amputation and 20-30 times more likely to
develop gangrene [7].

Options for patients with critical limb ischaemia are
limited and less than half these patients are eligible for the
surgical or percutaneous intervention. As one paper puts it
“Critical limb ischaemia: nothing to give at the doctor’s of-
fice” [8].

Angiogenesis therapy is likely to be a method that will
offer new hope to these patients. The use of stem cells to
produce new vascularisation may be the way forward for
this group of patients.

Angiogenesis

It has long been hoped that neoangiogenesis, stimulated
by artificial means will be the way out for this seemingly
insurmountable problem. It is known that this can act as
a biological bypass to produce new collaterals which will
restore blood supply to the muscles that are affected. It has
been long noted that ischaemic muscles secrete angiogenic
factors in response to hypoxia which leads to new vessel
formation [9]. This has been proved in animal models.
One such factor is the vascular endothelial growth factor
(VGEF). Another such factor is the cytokine fibroblast
growth factor (FGF-1). In animal studies it has been shown
that while VGEF is associated with leaky blood vessels,
FGF results in creation of more mature vessels and may be
ideal for new blood vessel formation [10].

The use of stem cells for this purpose has two advan-
tages. Not only does it differentiate into endothelium, thus
increasing the number of new cells, it also produces various
growth factors capable of stimulating angiogenesis, like
FGF and VGEF.

Stem cells

Stem cells are cells which have three basic properties. They
are unspecialised cells, capable of replicating themselves,
and can differentiate into different types of specialised cells.
Stem cells retain the ability to become many or all of the
different cell types in the body and thereby play a critical
role in repairing organs and body tissues throughout life.
There are two types of stem cells, embryonic which are
derived from an early embryo and adult stem cells which
are obtained from various body tissues including adipose
tissue, skin, dental pulp and most commonly from the bone
marrow.

Embryonic stem cells are pluripotent, (that is, they can
produce cell types from all three embryonic germ layers:
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mesoderm, endoderm, and ectoderm), self-renewing cells
derived from the inner cell mass of blastocyst stage embry-
os, while adult cells can differentiate into cells of their tissue
of origin. Embryonic stem cells have raised many ethical
issues; also they are often associated with tumourogenesis
and thus are not widely used, at least yet for therapy. Em-
bryonic stem cells were derived by the University of Wis-
consin group from 1-week-old embryos produced by in vitro
fertilisation. Another possibility is to produce stem cells by
somatic cell nuclear transfer, also known as cloning [11].

Adult stem cells again can be of hacamatopoeic or mes-
enchymal origin. They are ubiquitous and during life act as a
reservoir to replace worn out or damaged cells. Of the adult
stem cells, mesenchymal stem cells have become the focus
of most attention. They have two great advantages which
are very important for therapeutic use. One is the property
of mesenchymal cells of not expressing many of the CD
proteins: this leads to a protection from immune effects of
the host. Not only that they also secrete some bioactive fac-
tors which give them an immunomodulatory function. This
is important because it raises the possibility of allogenic
transplants which is an important advance [12].

No matter what their origin, stem cells act by two
mechanisms. First, they directly replace the affected cells
by differentiating into the type of cells that are damaged.
Secondly they have paracrine effects by secretion of growth
factors to stimulate local stem cell growth or by signals
which recruit stem cells from elsewhere or by modulating
the immune system [13].

Cytokine mediated angiogenesis for CLI

The concept of therapeutic angiogenesis was first proposed
by Folkman in 1971 when he suggested that angiogenic fac-
tors were responsible for maintaining tumour blood supply
[14]. It was realised later that the same mechanisms could be
used to regenerate vascularity in a clinical situation where
there was ischaemia, a sort of biological bypass as it were.
In animal experiments, femoral artery ligated rat models in-
jected with VGEF did not undergo limb necrosis as did con-
trol animals. Several studies [15, 16] subsequently showed
the efficacy of this approach to promote neoangiogenesis as
well as paracrine effects to prevent ischaemia. Unfortunately
double-blind clinical studies did not show any advantage of
this therapy. Not only that some concerns were raised about
the development of “leaky” blood vessels due to the imma-
turity of the newly developed blood vessels.

This led to the use of the FGF-1 which is a precursor of
the VGEF. It was postulated that this would lead to creation
of more mature blood vessels which would not “leak”. The
difference between tumour blood vessels and non-tumour
angiogenesis is the ratio between VGF and FGF-1, the
increased levels of FGF-1 leading to more mature blood
vessel formation in normal healing processes [17]. This
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process has been the subject of clinical trials which have
shown good results, but the principal problem has remained
the lack of well controlled, adequately powered double-
blind controlled trials. This approach remains promising,
but much work needs to be done before it can be proposed
as a reasonable alternative in clinical practice.

Stem cell treatment in Critical limb ischaemia

The use of stem cells is based on the premise that the de-
livery of stem cells to the ischaemic tissue will lead to the
development of new blood vessels. This occurs because the
cells differentiate into endothelial cells as well as because
of the paracrine effects of these cells which promote secre-
tion of factors which recruit in vivo stem cells. This concept
was also tested by rat models in the laboratory. Several
studies demonstrated that rats, whose femoral arteries had
been ligated, developed new blood vessels when they were
injected with stem cells. Not only that they did better in
treadmill studies and also showed increased perfusion of
the ischaemic limbs. In one early study using recombinant
protein, a single intra-arterial injection of 500-1000 pg
VEGF165 into rabbits with severe experimental hind limb
ischaemia increased collateral vessels, as detected by angi-
ography and histological analysis [18]. However it must be
noted that animal models do not replicate the human clini-
cal condition because the ischaemia produced experimen-
tally is acute while critical limb ischaemia is a final stage of
a long standing and progressive disease.

This led logically to the use of stem cells in clinical prac-
tice. Bone marrow transfusion has been in use for clinical
purposes for the past 40 years and is well accepted for many
uses in haematological practice. Tateishi-Yuyama and his
group published a paper in 2002 [19] where they showed
that they could prepare stem cells from an autologous
source. This was used for CLI treatment by injecting the
cells into the gastrocnemius muscle. This led to a statisti-
cally significant increase of ABI, TCO, and claudication
distance. A recent review of clinical studies [20] found that
25 clinical studies had been published so far. Of these, 18
studies in English, were analysed and found to have promis-
ing results. However there are a host of unanswered issues
which include the dosage, optimal route of administration
and the need, or otherwise of multiple injections. There is
also a lack of consensus about the correct method of prov-
ing the neoangiogenesis. It is generally accepted that con-
trast enhanced high spatial resolution magnetic resonance
angiography is a robust means of assessment of new vessel
formation and development of collateral circulation.

However there is a big drawback in the use of autologous
cells for the purpose of treating CLI. The patient popula-
tion usually has several co-morbidities and patients are
often seriously ill. Under such conditions, anaesthesia for
bone marrow aspiration and a long wait for about a month

to grow the cells is not a practical proposition. The patient
needs help fast and without any intervention that might add
to his morbidity. This has led to the popularity of another
approach, the use of mesenchymal stem cells as an allogen-
ic transplant. The idea is to have bone marrow from healthy
donors and culture them in the lab to have cells available
“off the shelf” for use as and when needed. As discussed
carlier MSCs are ideally suited for this purpose because
they are non-immunogenic and can be used as an allogenic
transplant without any danger of rejection. MSCs have suc-
cessfully passed Phase I and Phase II trials in the USA for
use in Crohn’s disease and Graft vs Host disease and are in
advanced stages of a Phase III trial. Several Indian compa-
nies are also in the process of developing such products for
off the shelf use. It is now a subject of an ICMR approved
clinical trial in to prove its efficacy and safety; the prelimi-
nary results should be available in about a year’s time.

Questions have been raised on the efficacy of progeni-
tor cell therapy in diabetes which is a major accompanying
morbidity in many cases of CLI. Several animal studies
have addressed this question. They have been clear indica-
tions that ischaemia caused or aggravated by diabetes have
been improved by stem cells [21, 22].

Anecdotal evidence exists of the efficacy of stem cell
therapy in the diabetic foot. It remains for a clinical trial to
substantiate this effect. Intuitively however there is no rea-
son to believe that progenitor cell therapy will not be as ef-
fective in diabetics as in non diabetics. Mesenchymal stem
cells have been used as a mode of therapy for type I diabetes
mellitus with success [23] and thus would probably be as
effective in limb ischaemia associated with diabetes.

Indications for stem cell therapy

The principal indications that stem cell therapy can address
are:

1) Thromboangitis obliterans (TAO)

TAO is a disease that is exceptional in that it obliterates dis-
tal arterial beds. In such patients distal arterial obstruction
may obviate successful revascularisation and even if it were
possible patency would not be maintained. Such patients
are likely candidates for stem cell therapy and a trial has
shown its efficacy for this indication [24]. This study had a
fairly long follow up of upto 4 years and objective as well as
subjective criteria proved the efficacy of stem cells.

2) Atherosclerotic disease

Other studies have shown the efficacy of progenitor cells
in atherosclerotic disease affecting the infrapopliteal region
which is well nigh untreatable by conventional means [25].
The authors demonstrated marked increase in walking

@ Springer



180

Indian J Surg (July—August 2009) 71:177-181

distance, ankle brachial index and flow dependent vasodi-
latation after the injection of stem cells via the intra-arterial
route.

Delivery of stem cells

The standard method used by most investigators has been to
deliver the cells by direct injection into the gastrocnemius
muscle. The idea is to build up a local depot of stem cells
which will augment vascularisation by any of the three
methods discussed earlier. Other methods used have been
intra-arterial injection or a combination of both.

The usual practice is to use 2 million cells’kg body
weight in 0.5 ml/kg of the cell suspension ml. For a 50 kg
patient this means 100 million cells in 25 ml of suspended
solution. A grid map is drawn on the gastrocnemius, mea-
suring 10 x 60 mm. Of the 60 grid areas produced the drug
is injected into 40—60 areas at about 0.5 ml in each injec-
tion. The patient is admitted for one day and released after
24 hours of observation.

Intra-arterial injection deposits the stem cells to the bor-
der of the ischaemic zone [26]. Several studies have investi-
gated the use of intra-arterial injections [25, 27, 28].

Is stem cell therapy safe?

As Hippocrates pointed out long ago, it is incumbent on
clinicians to ensure “Primum non nocere—above all do no
harm”. It is essential to be sure that these novel methods
of therapy are safe for the patient. There are two principal
concerns. One is the possibility of tumourogeneis by the
stem cell therapy. As these stem cells are associated with
neovascularisation in tumours, it is logical to think that they
may produce tumours in subjects being treated with these
endothelial progenitor cells. Another concern has been
the possibility of these cells destabilising atherosclerotic
plaques and accelerating the disease process. Fortunately
both these apprehensions were found to be unfounded in
clinical studies done so far. The problem that does occur is
a transient hypotension during injection and this has never
proved to be of clinical significance.

Future directions in research

There are many gray issues to be sorted out before the use of
stem cells can become a standard method of therapy. There
is as yet no major double-blind randomised clinical trial of
adequate power to prove beyond doubt the efficacy of this
form of treatment. It is essential now for groups working in
these areas to organise one such trial that will put the effi-
cacy of stem cells beyond any doubt. There is also the issue
of delivery. It is quite apparent now that no one method of
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delivery will suit all diseases, there is no “one size” that
“fits all”. What is the optimum dose and how many doses
are needed? Guidelines about the manufacturing, storage
and delivery of these cells have to be formalised and ac-
cepted by the bio medical community and the regulatory
bodies. The use of allogenic material also needs to be vali-
dated and standardised. There are many issues including the
shipping of allogenic cells, their quality control and proper
documentation which need to be sorted out.

Conclusion

Stem cell therapy is likely to be a novel and successful
therapy for CLI. All preclinical, animal studies as well
as clinical trials have so far been successful. However
general clinical use is still at least 2-3 years away. The
use of neoangiogenesis therapy promises a biological cure
for a biological problem, and this can be tailored for the
specific patient population. Thus it is likely to be the answer
for an intractable problem which has been a major cause
of morbidity and mortality in patients with lower limb
ischaemia.
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