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ABSTRACT

Chronic ulcerations are a physical and financial burden to the health and economic establishment in the United
States and Worldwide. Improvements in biotechnology and knowledge in stem cell applications have progressed
and basic science results are making their way slowly into the clinical arena. Chronic wounds and diabetic bone
healing are the key components in the limb salvage of the common diabetic foot. We have examined the current
available literature and present the latest on stem cells applications as a novel clinical technique in the treatment
of chronic wound and diabetic bone healing and their impact in the treatment paradigm of patients.
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CHRONIC WOUNDS

Chronic ulcerations are a physical and finan-
cial burden to the health and economic
establishment in the United States and World-
wide. Lower extremity wounds occur in 4-10%
of people with diabetes, with a lifetime risk
of up to 25% and a 20-80% recurrence rate.
The cost of treating an ulcer may range up to
$48 000 per year, not including the financial
burden of potential amputations or secondary
problems. There is no financial amount that
can be associated with the mental and physi-
cal effect on an individual’s decreased quality
of life and consequence on society in general.
Expediting closure of wounds while decreasing
associated complications would have a signifi-
cant impact on quality of life, rate of morbidity
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Key Points

e lower extremity wounds occur in
4-10% of people with diabetes,
with a lifetime risk of up to 25%
and a 20-80% recurrence rate

e expediting closure of wounds
while decreasing associated
complications would have a sig-
nificant impact on quality of life,
rate of morbidity and mortality
and cost of care associated with
this population




Stem cells and wound healing

Key Points

e the currently available limited
evidence suggests that autol-
ogous stem cells derived from
bone marrow have potential
to treat many disorders given
their plasticity and ability to
differentiate into various types
of tissues, including endothe-
lium, liver, muscle, skin, bone,
cartilage, brain, fibroblasts and
keratinocytes

e however, this may not nec-
essarily represent the biologi-
cal mechanism underlying MSC-
augmented tissue repair

e upon initial application of mes-
enchymal stem cells (MSCs) into
a chronic wound environment, it
has been suggested that they
work primarily to amplify the
signals of surrounding cells via
mRNA production and release

e several published case reports
indicate the clinical effective-
ness of bone marrow aspi-
rate (BMA) or MSC for healing
chronic wounds

and mortality and cost of care associated with
this population (1-4).

There are several factors that contribute to
delayed wound healing; macro- and micro-
vascular disease, hyperglycaemia, infection,
pressure, increased inflammatory proteases
and cellular senescence. In chronic wounds,
the senescent cells because of the inhibition
of fibroblast proliferation are unable to divide
and become unresponsive to growth factors.
An ulcer with more than 15% of senescent
cells is more difficult to heal (5). Ulcers that
have been present for more than 1 year have
generally proven more difficult to manage,
and several studies have shown the inverse
relationship between duration and healing
(1,6). It is not unusual for patients to present
to hospitals and wound clinics with ulcers
that have been present for more than 1 year.
Aggressive debridement, in the absence of
contraindicating factors including inadequate
vascular flow, may not be sufficient to induce
wound closure.

The currently available limited evidence
suggests that autologous stem cells derived
from bone marrow have potential to treat
many disorders given their plasticity and
ability to differentiate into various types of
tissues, including endothelium, liver, muscle,
skin, bone, cartilage, brain, fibroblasts and
keratinocytes. They are believed to assist with
the tissue repair process by secreting large
amounts of growth factors and cytokines
(7-10). However, this may not necessarily
represent the biological mechanism underlying
MSC-augmented tissue repair.

Upon initial application of mesenchymal
stem cells (MSCs) into a chronic wound envi-
ronment, it has been suggested that they work
primarily to amplify the signals of surround-
ing cells via mRNA production and release
(8). Further studies and evidence are needed
to substantiate these beliefs. MSCs are very
resilient and persist in wounds for extended
periods acting as only modulators of cellu-
lar signalling initially (10). Full differentiation
into keratinocytes, myofibroblasts (11) and epi-
dermal stem cells is seen; however, this is
not until later in the wound healing pro-
cess (8,9). MSCs furthermore play a large
role in angiogenesis when applied or injected
locally. Secreted chemokines attract pericytes
which potentially differentiate into fibroblasts,
smooth muscle or macrophages and regulate

Table 1 Current clinical studies published using MSC therapy
in chronic wound care

No. of  Clinical level

patients  of evidence  Study design
Badiavas et al. (14) 4 2 Randomised
controlled trial
Badiavas and 3 4 Case series
Falanga (15)
Dash et al. (16) 24 1 Randomised

controlled trial

Falanga et al. (10) 13 3 Case control
Humpert et al. (5) 1 5 Case report
Lataillade et al. (17) 1 5 Case report
Ichioka et al. (18) 1 5 Case report
Kirana et al. (19) 1 5 Case report
Mulder et al. (23) 8 4 Case series

Rogers et al. (20) 3 4 Case series

Vojtassak et al. (21) 1 5 Case report
Yoshikawa 20 3 Case control

etal. (22)

endothelial microvasculature at the capillary
level (12). A large down regulation of wound
degrading matrix metalloproteinases is also
observed following MSC introduction into a
wound (13) (Table 1).

CLINICAL DATA

Several published case reports indicate the
clinical effectiveness of bone marrow aspirate
(BMA) or MSC for healing chronic wounds.
Humpert et al. (5) applied BMA topically on
a neuro-ischaemic chronic diabetes mellitus
(DM) wound and showed reduced wound
size, increased wound vascularity without any
systemically observed effects within 7 days of
application. Although this was a single case
presentation, the result should be considered
for future study designs. The weakness is that
of any single case presentation.

Vojtassak etal. (21) reported complete
wound resolution of a 25-year open wound
within 4 weeks of application of marrow-
derived MSCs and fibroblast collagen mem-
brane. As with the other case studies, the
single patient report is limited in validity.
Ichioka et al. (18) reported complete wound
closure after stem cell therapy with >1-year
open wound. The Ichioka study was based on
mouse models. While this data is encouraging,
animal studies are very limited in their ability
to mimic the complexity of a diabetic, venous

© 2012 The Authors
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or other chronic wound. Kirana efal. (19)
reported a positive result with topical appli-
cation on a neuro-ischaemic diabetic ulcera-
tion. Again, the presentation is of a single
patient. It is important to note the result of
bone marrow mononuclear cells when applied
in an ischaemic environment. Lataillade et al.
(17) have shown promise in conservatively
treating severe radiation burns with MSCs.
A single patient was presented with notable
results. As with chronic wound studies, larger
randomised trials are needed in the bone
population.

In 2008, Rogers etal. (20) injected BMA
topically into the wound periphery in three
patients with differing aetiologies and sug-
gested this procedure as useful and safe adjunct
to wound closure. These ulcers healed in 47, 50
and 60 days, respectively. Safety is supported
but not significantly confirmed with the small
number of patients who were reviewed. Sim-
ilar results were achieved by Badiavas and
Falanga (15) in which three patients had com-
plete closure of their year-long ulcers with
use of BMA and cultured cells. The pur-
pose of this study was to determine effects
of dermal rebuilding. This was seen in all the
patients thereby providing insight into possible
effects of bone marrow-derived cells. All healed
within 3 months, although one patient required
additional application of bioengineered skin.
In 2007, Badiavas et al. (14) conducted a ran-
domised trial applying cultured MSCs versus
autologous bone marrow aspirate (ABMA) into
the wounds of four subjects, only one healed
completely, but a positive clinical response was
seen in all patients. As with the previous study,
the numbers analysed were small.

Falanga etal. (10) applied up to three
applications of autologous culture-expanded
MSCs with a fibrin glue system to acute and
chronic wounds. This delivery system was
proven to allow MSC persistence to stimulate
wound healing for prolonged periods of time.
The acute wounds secondary to excision of
non melanoma skin cancers healed within 8
weeks. The chronic year-long lower-extremity
wounds significantly decreased or healed in
16-20 weeks. This study showed a strong
correlation between the number of MSCs per
square centimetre surface area and reduction
in ulcer size. The study was larger than most
trials yet was non randomised with a small
patient population. The value of the results

© 2012 The Authors

are in their similarity in positive outcomes
compared to other small trials, as well as the
data on cell concentration and its affect on
outcomes. The comparison with mouse models
lends credibility to other animal studies using
stem cells.

In 2008, Yoshikawa et al. (22) performed a
larger study which included 20 subjects with
non healing wounds of various aetiologies.
The authors reported nearly complete healing
in 18 patients and showed fibrous and
vascular regeneration of native tissue by
immunohistochemical examination. In our
institution, we reviewed eight patients with
chronic wounds of several aetiologies who
received ABMA collected from the ipsilateral
calcaneal bone and xenograft application. Out
of the eight patients, only three showed
significant wound size reduction during the
12 week follow up. The low numbers attaining
significant results may have been due to the
small population number, the non equivalent
demographics and the retrospective nature of
the review (23).

The largest study to date using bone
marrow-derived MSCs in extremity based
wounds was published by Dash et al. (16).
In this level 1 randomised controlled trial,
the MSC therapy significantly reduced wound
size and increased several clinical parameters
as compared with controls. MSC treatment
groups were also shown to lack any ill effects
of the body’s normal biochemical parameters.
To date, this is the largest trial conducted with
MSC lending support to the use of the cells to
expedite wound closure.

DIABETIC BONE HEALING

Lower-extremity deformity, jointand muscular
instability and ulcerations are constant factors
in diabetic Charcot neuroarthropathy when
dealing with limb salvage situations. Often,
there are unstable and misaligned lower
extremities with or without ulceration, which
become a major clinical challenge. Because of
the nature of poor bone stock and quality in
the diabetic patient, this type of deformity is
a complex disorder, which is due to the lack
of number of treatments and availability of
adequate surgical technology, lacks evidence-
based, universally agreed upon treatment
protocols. The use of stem cells in this scenario
is novel, and there is lack of literature on this
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Key Points

e the largest study to date using
bone marrow-derived MSCs in
extremity based wounds was
published by Dash et al

e in this level 1 randomised con-
trolled trial, the MSC ther-
apy significantly reduced wound
size and increased several clin-
ical parameters as compared
with controls

e MSC treatment groups were
also shown to lack any ill
effects of the body’s normal
biochemical parameters

e to date, this is the largest trial
conducted with MSC lending
support to the use of the cells
to expedite wound closure.




Key Points

e although there is strongly sug-
gestive evidence that MSCs
assist in wound healing, there
is a paucity of validated clinical
research with adequate number
of subjects and well designed
clinical studies to prove the
efficacy of this wound therapy
using MSCs

e large level 1 studies are needed
to determine the value of MSCs
in wound therapy

Stem cells and wound healing

topic. There seems to be sufficient basic science
papers on this topic, but there is truly a lack of
clinical literature on this very important topic
nowadays.

Bone healing assistance with the applica-
tion of stem cells is powerful orthopaedic tool
for bone regeneration because of their abil-
ity to differentiate into osteoblasts (24-27).
Recently, MSCs were used in a type 2
diabetic rat model for osteogenic analysis
implanted into the right tibia. After 4-8 weeks,
MicroCT analysis showed that bone volume
ratio and trabecular thickness increased signif-
icantly (P < 0-05), and trabecular separation
decreased significantly (P < 0-05) compared
with the titanium implants in diabetic rats.
Histological examination showed a greater
amount of new bone tissue forming around
the MSC-implant complexes and a higher bone
implant contact (BIC) rate than the titanium
implants (28).

Stem cells can provide all three essen-
tial bone growth properties for successful
bone remodelling and repair: osteoinductive,
osteoconductive and osteogenic. Early ani-
mal studies have shown promise and hypo-
immunogenic response (29-31). In an athymic
rat model for bone formation, L4-5 posterolat-
eral spinal fusions showed osteoblastic lining
areas of new woven bone formation in 8 weeks.
In a canine midfemoraldiaphyseal segmen-
tal defect, both the autologous and allogenic
stem cells showed healing equivalency, and
no cellular immune response. In a high mam-
mal, a baboon fibular osteoperiosteal defects,
within 12 weeks of stem cell implantation,
showed various degrees of mineralisation. Flu-
orescently labelled cells were found within the
areas of newly forming bone and not in the
host marrow spaces or cortical resected seg-
ment margins. Bone formation was also noted
in an ectopic site using human stem cells
(HSCs) in a rat model, showing osteogenic
activity. Stem cells were noted to be differen-
tiating directly into osteoblastic to form bone,
with no evidence of endochondral osteogen-
esis and induced (osteoinduction) host cells
noted to differentiate along an osteoblastic lin-
eage expressing for bone morphogenic protein
(BMP)-2, BPM-6, bone sialoprotein (BSP) and
vascular endothelial growth factor (VEGF).

Current ability to bring stem cells containing
products is based on the ability and evolution
on what is known about the MSC. Because

MSCs do not have Class II surface antigens
and other costimulatory molecules, they can be
implanted between individuals with human
leukocyte antigen (HLA) or other matching.
Class II surface antigens. Other costimulatory
molecules are required for a host to mount a
T-cell reaction to foreign cells. The source of
most MSC today is organ donor marrow. Bone
marrow has two types of stem cells: HSCs
and MSC. The majority of cells in marrow
are HSCs (haematopoietic stem cells). HSCs
are >99% nucleated cells, are immunogenic,
require HLA and ABO matching for allogenic
transplant and are cluster of differentiation
(CD) 45+. The HSCs are not immune privi-
leged and must be depleted from the marrow
before implantation. The cells are identified
by being positive for surface marker CD45.
MSCs are present in 1/500 000 nucleated cells,
are immune privileged, lack Class II antigens,
are cytokine producers, including BMP-2 and
BMP-6, VEGF and others; and are CD 105+, CD
166+. MSCs, thus, are in the minority and are
identified by CD markers, CD 105 and CD 166.
MSCs are CD 45 negative. No single marker or
set of markers are unique to the MSC but CD105
and CD166 are commonly accepted. MSCs,
as cytokine factories, provide two important
physiologic properties: anti-inflammatory and
immune-modulatory cytokine production can
regulate the immune system and suppress
an immune reaction; and produce BMPs for
osteoinduction.

Amputation is always an option. As such,
there are many ways to salvage the lower
extremity. Saving the lower extremity will keep
the patient alive and functional and prevent
another amputation and ultimately their lives.
Functional foot and ankle surgery and min-
imally invasive amputations are key in the
survival of the patient and the limb. MSC
takes advantage of the following properties
because of the expression and/or secretion of
various cytokines to diminish or prevent scar
formation, to stimulate angiogenesis, to dif-
ferentiate into different connective tissue phe-
notypes depending on the local environment.
It is understood that MSCs are multipotential.
When provided by the right cues from the envi-
ronment in which they are placed they can form
tissues of mesodermal origin such as bone,
cartilage. The nature of local cues is poorly
understood.

© 2012 The Authors
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Although there is strongly suggestive evi-
dence that MSCs assist in wound healing,
there is a paucity of validated clinical research
with adequate number of subjects and well-
designed clinical studies to prove the efficacy
of this wound therapy using MSCs. Large level
1 studies are needed to determine the value of
MSCs in wound therapy.
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