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Diabetes mellitus is a chronic metabolic disease associated with high cardiovascular risk. A vascular complication of

diabetes is foot ulcers. Diabetic foot ulcers are prevalent and substantially reduce the quality of life of patients who

have them. Currently, diabetic foot ulcer is a major problem for wound care specialists, and its treatment requires

considerable health care resources. So far, various therapeutic modalities have been proposed to treat diabetic foot

ulcers and one of them is stem cell-based therapy. Stem cell-based therapy has shown great promise for the treatment

of diabetic foot ulcers. This strategy has been shown to be safe and effective in both preclinical and clinical trials. In

this review, we provide an overview of the stem cell types and possible beneficial effects of stem cell transplantation

therapy for diabetic foot ulcers, and an overview of the current status of stem cell research in both preclinical and

clinical trial stages of treatment strategies for diabetic foot ulcers.
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Diabetes mellitus (DM), a metabolic syndrome, refers to a
hyperglycemic state in which insulin secretion is either defi-
cient or resistant, or both. Hyperglycemia is a chronic dis-
order accompanying long-term damage to various organs in
the human body, in particular ophthalmic, renal, nervous,
and cardiac organs, and causes endothelial dysfunction or
failure [1]. It is estimated that about 5% of the global popu-
lation lives with diabetes [2]. A systematic review of DM
prevalence showed a range of 3%-20% in different provin-
ces in Iran [3]. Diabetic foot syndrome is a chronic condition
of DM with severe and devastating complications [4]. The
syndrome is defined as a foot abnormality associated with

several pathologies, including peripheral neuropathy, micro-
angiopathy, and other consequences of metabolic disturban-
ces. About 7%—15% of diabetic patients have diabetic foot
ulcers [2]. Furthermore, about 5%-24% of patients with these
ulcers undergo amputation of their lower extremities within
6-18 months of their first examination, and 50% of amputees
ultimately die within 5 years [5]. Mortality and morbidity due
to ulcers have a profound effect on national and individual
finances and health care systems [2]. According to an Interna-
tional Working Group on Diabetic Foot, the risk of ulcer rises
with increasing age, duration of DM, and blood level of HbA
[6]. To mitigate and control the devastating complications
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of diabetes, the current environment of multidisciplinary
management necessitates innovative therapeutic strategies [7].
The current standard foot ulcer therapy includes offloa-
ding, foot infection control, ischemia control, improvement
of metabolic abnormalities, wound debridement, and wound
care dressing [8]. Nonetheless, ulcer treatment requires a con-
siderable time to process during which the majority of dia-
betic sufferers fail to recover and appear doomed to a cycle
of foot ulcer, gangrene, and limb amputation [5]. Thus, the
ulcer healing process should be accelerated by devising inno-
vative therapeutic methods, such as stem cell therapy. Stem
cell therapy has produced encouraging results for the treat-
ment of ulcers in both animal models and humans [9]. Despite
the apparent efficacy of stem cell therapy shown by primary
research, such results cannot be successfully interpreted or
generalized to all cases due to the diversity of research metho-
dologies. Hence, the standardization of stem cell therapy for
ulcer treatment is demanding [7]. The present study is focused
to review the effect of stem cell therapy for treating ulcers both
in animal models and humans with emphasis on the type and
origin of stem cells as well as routes of cell administration.

Methods

A full search of English-language sources including EMBASE,
MEDLINE, SCOPUS, and Web of Science was conducted
mostly with controlled keywords (i.e., terms found in medical
subject headings). The terms were coordinated with the U.S.
National Center for Biotechnology Information MeSH data-
base. Relevant keywords used were “diabetes mellitus,” “dia-
stem cells,
cell therapy,”
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betic foot,” “foot ulcers, wound healing” or

9 <

“wound treatment, mesenchymal stem cells

adult stem cells,” “induced
pluripotent stem cells (iPSCs),” “umbilical cord-derived
mesenchymal stem cells (UCMSC),” “cord blood stem cell

» adipose-derived
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(MSC),” “embryonic stem cells,
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transplantation,
(mesenchymal) stem cell,” “hematopoietic stem cells,
nical trial,” and “molecular mechanism.” We prioritized the

mesenchymal stem cells,
cli-

references published within the past 10 years. An article was
excluded if it met any of the following criteria: duplicates;
no English or Persian abstract; no full text; not relevant to
ulcers (for example ulcer induced with other diseases, such as
Buerger disease, infections, renal disease, and pressure-indu-
ced ulcers); and stem cells that are not utilized in ulcers (such
as, neural stem cells). The selected articles were retrieved and
assessed in the full text. We included review articles and also
searched the bibliographies of the retrieved articles. The lite-
rature was screened and selected using the strategy presented
below.
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Three research assistants working part-time at the Isfahan
Clinical Toxicology Research Center, Isfahan University
of Medical Sciences, and Clinical Development Research
Center, Islamic Azad University, and 2 medical students who
are also members of the Clinical Development Research
Center, Islamic Azad University, Najafabad branch, Isfahan,
Iran, selected and screened the articles. They were educa-
ted to understand the objectives of this review, the concep-
tual framework, and the inclusion and exclusion criteria for
article screening. The title and abstract of the screened articles
were scrutinized and classified as “included,” “excluded,” and
“uncertain.” An article was included only if there was a con-
sensus between screeners to categorize it as “included.” Lack
of consensus among authors was resolved by the correspon-
ding author using her personal experience.

Types of stem cells

Stem cells have the unique capacity to become new stem cells
(self-renew) or specialized cells (differentiation) with different
specific functions, such as brain cells, bone cells, blood cells,
or heart muscle cells.

Several stem cell classifications have been defined.
However, generally, stem cells can be divided into 2 main
categories: “pluripotent” stem cells (induced pluripotent and
embryonic stem cells) and somatic or nonembryonic stem
cells (commonly called “adult stem cells”). Pluripotent stem
cells can differentiate into any cells of the adult body. Somatic
stem cells are found in organs and can differentiate to yield an
organ’s specialized cell type. Embryonic stem cells are derived
from the inner cell mass of a blastocyst within 4-5 days post-
fertilization [10]. The subtypes of adult stem cells include
hematopoietic stem cells, mesenchymal stromal stem cells,
neural stem cells, and muscle stem cells that are categorized
based on tissue origin [7]. Adult stem cells are considered
critical therapeutic elements in regenerative medicine due to
their inherent potential to differentiate into various cell types
and their frequent presence in body tissues.

Mechanism of action of stem cells
in treatment of diabetic foot ulcers

Stem cells are capable of targeting, as well as bypassing
abnormal healing mechanisms and disorganized cell signa-
ling in diabetic foot ulcers. In this regard, stem cells are con-
sidered a promising treatment of the ulcers [11]. As a complex
and dynamic process, wound healing undertakes certain cri-
tical procedures such as angiogenesis, neovascularization,
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and the release of growth factors that are impaired in diabetic
patients [12].

The various potentials of stem cells [10] include anti-
inflammatory and neoangiogenic effects, secretion of
numerous growth factors, and differentiation into various
cell types that are involved in the wound healing process [6].
The precise mechanisms of action of stem cells in wound
healing are not yet fully understood. Stem cells act through 2
mechanisms. First, they attenuate the inflammatory response,
and second, they differentiate into cells involved in wound
healing, including myofibroblasts, fibroblasts, antigen-pre-
senting cells, and endothelial progenitor cells [13]. Accordin-
gly, the stem cells differentiate into various cell types, form
new capillaries that participate in vascular renewal to resolve
ischemia and restore blood flow in the lower extremities [14].
Chronic diabetic wounds are less likely to heal thoroughly due
to a lack of an adequate blood supply. However, chronic ulcers
can be healed through granulation and epithelial metaplasia
as the most important mechanism of stem cell treatment [15].

The underlying mechanisms are not yet clear. All stem
cells share essential biological properties; and they may con-
tribute to a core of molecular regulatory pathways [16]. By
contrast, differences in the wound healing response may result
from intrinsic differences between diverse stem cells, such as
the expression of the different transcription factors or different
properties of stem cell niches, and consequently, these factors
regulate the maintenance of some stem cells, but not others
[17]. We will discuss the specific mechanisms related to the
specific stem cells in detail separately.

Stem cells and diabetic foot ulcers

Mesenchymal stem cells

Mesenchymal stem cells, also known as fibroblast-like nonhe-
matopoietic stem cells, have been isolated from bone marrow.
Mesenchymal stem cells are copiously amassed in adipose
tissue, cartilage, bone tissue, umbilical cord blood, and pla-
centas [18]. These cells can differentiate into adipocytes,
chondrocytes, and osteocytes in vitro once being treated with
differentiation-inducing agents [18].

Mesenchymal stem cells typically express markers such
as CD90, CD105, and CD73; however, the lack of expression
of CD14, CD34, and CD45 is also a characteristic. These cells
have received significant attention for cell therapy [19]. One
of the most effective therapies for chronic nonhealing ulcers
is the autologous implantation of bone marrow mesenchymal
stem cells [20]. A unique feature of mesenchymal stem cells
is their action as repair cells, a term that refers to the ability

Stem cell therapy for diabetic foot ulcer == 5

of mesenchymal stem cells to become specialized cells only
when necessary [21].

The application of autologous bone marrow mesenchy-
mal stem cells is practically advantageous in various aspects.
First, mesenchymal stem cells can be readily segregated from
bone marrow, even in patients with progressive disease and
cell-lineage commitment (targeting differentiation). Second,
mesenchymal stem cells can be expanded and enriched in
vitro despite their small concentration in the bone marrow
compartment. Third, graft rejection can be prevented without
any immunosuppressive treatment. Finally, this type of adult
stem cell is less subject to malignant changes and genetic
abnormalities [11]. By contrast, the disadvantages of using
mesenchymal stem cells are limited differentiation potential,
cell concentration, cellular performance affected by comorbi-
dities, and the high risk of surgical biopsy [11]. In addition,
bone marrow mesenchymal stem cells may associate with the
impairment of proliferation, and differentiation and antiapop-
totic properties of cells in diabetic patients [11, 12].

Bone marrow mesenchymal stem cells have been found
to be beneficial for accelerated wound healing mainly through
paracrine function [12]. These cells improved wound healing
by increasing the amounts of growth factors at the injury site,
enhancing granulation tissue formation, and promoting mig-
ration, angiogenesis, and re-epithelialization [12]. Investi-
gations of the effect of various rehabilitation factors showed
that they significantly increased both the secretion of vascular
endothelial growth factor (VEGF) [22-24] and the density of
blood vessels [23]. Moreover, mesenchymal stem cells play
an important role in reducing the inflammatory, proliferative,
and remodeling phase of wound healing, which subsequently
leads to several healthy physiological functioning and suc-
cessful treatments [25]. In the presence of mesenchymal stem
cells, the ability of activated macrophages to secrete inflamm-
atory factors may be attenuated; however, the release of anti-
inflammatory molecules helped to improve cell survival [26].
These cells could increase the pace of epithelialization, as
well as enhance granulation tissue formation, epidermal cell
growth, migration, collagen deposition, and promote resolu-
tion of wound inflammation. However, the therapeutic poten-
tial of mesenchymal stem cells in the treatment of diabetes
becomes remarkable considering their capability to differenti-
ate into cells that can secrete insulin and c-peptide in reaction
to elevated blood glucose [27].

According to some studies, wound size reduced after
bone marrow mesenchymal stem cell treatment [22, 23, 28,
29]. Similarly, improvements in painless walking time, ulcer
healing, and lower limb perfusion were found by other studies
[20, 30-32]. Moreover, successful culture, characterization,
and use of cultured autologous bone marrow mesenchymal



6 —— Shafieeetal.

stem cells in nonhealing lower-extremity ulcers were
observed [20].

Some clinical trials and case reports provide evidence that
therapeutic administration of mesenchymal stem cells enhan-
ced the process of wound healing in clinical settings [20, 30,
31,33-36] (Table 1).

Alternatively, mesenchymal cells are commonly derived
from umbilical cord blood and peripheral blood due to the
relative ease of the cell harvest [18]. Mesenchymal stem cells
originating in the human umbilical cord blood have supe-
rior potential to differentiate and amplify than the stem cells
derived from bone marrow or autologous peripheral blood
[47]. Moreover, human umbilical cord blood mesenchymal
stem cells are associated with lower immunogenicity and
lower malignancy risk, and better access through donor umbi-
lical cord blood banking by which adequate cell numbers can
be obtained [48]. In addition, these cells can be used to confer
ideal human leukocyte antigen matching [49]. These cells can
be generated on a large scale as they can be expanded up to
4 times the original number of cells within 3—5 days in vitro
under suitable cell culture conditions [50].

A few studies have investigated the clinical application of
human umbilical cord mesenchymal stem cells to tissue repair
caused by pathological conditions. The dynamic balance of
the mesenchymal stem cell secretome, cell source, purity,
and preconditioning can influence the angiogenic properties
of various mesenchymal stem cells [51]. The crucial role of
human umbilical cord mesenchymal stem cells in generating
new blood capillaries cannot be overlooked. Therefore, such
cells may suitable for the treatment of foot ulcer in diabetic
patients with lower extremity vascular and arterial diseases
[14]. A rat model of diabetic foot ulcer receiving human umbi-
lical cord mesenchymal stem cells via the femoral artery has
shown that the localization of umbilical cord-derived mes-
enchymal stem cell in the target area was feasible by using
the expression of human leukocyte antigen-1 as a marker to
track umbilical cord-derived mesenchymal stem cells in vivo
[52]. Umbilical cord-derived mesenchymal stem cells reduced
the size of foot ulcers in the rat model and enhanced the epi-
thelialization of damaged tissue through both cytokeratin 19
released from keratinocytes and the formation of extracel-
lular matrix [52]. Further studies of ulcers in the rat model
found that application of umbilical cord-derived mesenchy-
mal stem cells improved vascular density [23], accelerated
wound healing function, and repaired sensory function [53]
through the expression of growth factors including VEGEF,
keratinocyte growth factor, platelet-derived growth factor, and
brain-derived growth factor [54]. The correction of immuno-
logical anomalies in patients with diabetes further supports
the clinical application of these cells to complications of
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DM [37]. Li et al. [37] found the improvement of ulcers in
patients following human umbilical cord mesenchymal stem
cell transplantation was associated with significantly reduced
levels of blood glucose levels and insulin dosage. In 2 clinical
trials, improvement of outcome with vascular angioplasty was
shown in patients with ulcers [14, 55]. In Table 1, the results
of clinical trials using umbilical cord-derived mesenchymal
stem cells are presented.

Adipose-derived stem cells

Zuk et al. [56] pioneered the isolation of new adult stem cells,
namely adipose-derived stem cells. As these cells are similar
to bone marrow mesenchymal stem cells, they are known as
adipose mesenchymal stem cells [57]. Adipose-derived mes-
enchymal stem cells are found in subcutaneous tissue. Like
the umbilical cord blood-derived stem cells described above,
adipose-derived stem cells secreted growth factors, cytokines,
and type-I collagen in culture [58]. Such attributes of diabetic
adipose-derived stem cells make them a potential cell source
for wound closure and restoration [59].

Adipose tissue-derived mesenchymal stem cells can be
obtained with lower risk than bone marrow mesenchymal
stem cells, making adipose tissue a major source of stem cells
[57]. Large quantities of cells can be extracted with minimal
side effects at the donor site. Because isolated adipose-derived
stem cells can be cryopreserved for up to 6 months, they
provide easy and immediate availability for treatment [60].
The advantages of adipose-derived stem cells include their
relatively easy isolation, rapid expansion, donor-specificity,
lower risk for malignancy, cell-lineage commitment, lack of
ethical conflicts, and tissue disposability after liposuction,
lower surgical risk, and lower donor morbidity compared with
bone marrow mesenchymal stem cells [48]. Although adipose-
derived stem cells have similarities with bone marrow mesen-
chymal stem cells, more definite angiogenic and regenerative
potentials in adipose-derived stem cells have been observed
when compared directly with bone marrow mesenchymal
stem cells in a model of limb ischemia [61]. These differen-
ces could be accredited to a more potent paracrine activity of
adipose-derived stem cells than that of bone marrow mesen-
chymal stem cells [62]. The difficulty of tissue degradation
to extract adipose-derived stem cells is a main limitation to
the use of adipose tissue as a source of stem cells because of
the lack of commercially-available enzymes for adipose tissue
digestion [11].

The transplantation of adipose-derived stem cells can sig-
nificantly enhance ulcer healing in a mouse model of diabetes,
although the density and length of their local blood vessels
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Table 1. Human studies using stem cell transplantation for the treatment of diabetic foot ulcer
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Reference, Number of Administration Follow-up Treatment Cell type Dosage Outcome

country patients route duration duration

Vojtassak A 77-year- Injected into 29 days 7 days and BM-MSCs with (3 x 10°0of cells)  Improved:

etal. [35] old diabetic the edges of the 17 days autologous skin  were set onto a e Vascularity of the

2006, patient wound fibroblasts on surface dermis

Slovakia biodegradable (25 mm x50 mm) e Dermal thickness of

collagen the wound
membrane e Wound size

Debinetal. Patients were Intramuscular 12 weeks 3 weeks BM-MSCs 7.32x 10%to Improved:

[30] randomized injections 5.61x10%at e Ulcer healing

2008, China into 22 cases 3cmx3cmlong e ABI
(transplanted and 1-1.5cm e Amputation rate
group) 23 deep e Rest pain
controls e Angiogenesis

e Intermittent
claudication

Dashetal. Patients were Around ulcer, 12 weeks  Every 2 weeks Autologous >1x 10° Improved:

[20] randomized covered by a BM-MSCs cells from e Walking interval

2009, India  into 3 cases dressing 5.04 +0.70 cm? to without pain
and 3 controls 1.48 £ 0.56 cm? o Ulcer size decrease

¢ No difference in the
biochemical parameters

Luetal.[34] Patients were Intramuscular 24 weeks 6 weeks BM-MSCs 0.5-1mL Improved:

2011, China randomized into the inferior BM-MSCs e The ulcer healing rate
into 20 pati-  limb (20 sites, (20 sites, of the BM-MSC group
ents (BM-MSC 3 cm long, 3cmx3cmin significantly higher than
group), 21 1-1.5 cm deep, lengths, 1-1.5cm that of BM-MNCs
patients and 0.5-1 mL in fundus) e Painless walking time
(BM-MNC BM-MSCs or e ABI
group), BM-MNCs in e TcPO,
and both each site) o Increased collateral
groups have vessels with magnetic
a 1 normal resonance angiography
saline group e Lower limb perfusion
as control e Ulcer healing
(double-blind) e Blood pressure

Jainetal. Patientsran-  Borders of the 3months 2 weeks Autologous 5mLin Improved:

[31] domizedinto woundin 4 BM-MSC 39.6-43.4 cm? e Wound healing

2011,India  25casesand  distant sites
23 controls from the middle

and 4 additional
intermediate
equal positions
between previ-
ous positions

Kirana etal. Patients were Intramuscular 52 weeks 16 weeks Autologous 50 x 10°cellsa Improved:

[33] randomized to injection BM-MSC 3cmx5cmarea, e Wound healing 83%

2012, receive either 4 cm deep in the BM-MNC group

Germany BM-MNC (12) and 80% in the BM-MSC
or BM-MSC group
enriched in e ABI
CD90* cells (12) e TcPO,

e Angiogenesis detected
in 7 of the BM-MSC

group

(Continued)
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Table 1. Continued
Reference, Number of Administration Follow-up Treatment Cell type Dosage Outcome
country patients route duration  duration
Wu etal. A 54-year-old  Subcutaneous Once 30 days Autologous Cell:2x 10%/Lat  Improved:
[36] woman injection of every BM-MSCs 25cmx1.5cm e DFU healing
2018, China BM-MSCs and 5-7 days e TcPO,
autologous e ABI
platelet-rich gel e Biochemical evaluation
and multiple tumor
markers were normal
Lietal.[37] 15 patients Intramuscular 4 weeks 12 weeks HUC-MSCs 10mL (1.6-2.4x  Improved:
2013, China injections 10/mL 20 sites, e Skin temperature
3cmXx3cm e ABI
in intervals, e TcO,
1-1.5cmin- e Wound healing
depth, 0.5-1mL e Reduction in blood
per site). glucose and insulin
2 mL was also requirement
delivered into the e Pain, weakness, feeling
basilar portions coldness, numbness,
of foot ulcers and and intermittent limp
the surrounding e Normal blood pressure
subcutaneous and blood lipid profile
tissues (2 x 10°
cells in each
point)
Qinetal. 28 casesand  Intravenously 3 month 2 months HUC-MSCs Stem cells Improved:
[38] 12 controls injected 48x 10" to e ABI
2013, China 8.6 x 107 e Skin temperature
Injected into the e Claudication distance
diseased limb e Number of new vessels
from multipoint, e Success rate of
0.5-1.0 mL per percutaneous
point, transluminal
3cm X 3 cmarea angioplasty was 82%
e Success rate for the
treatment of stenosis
was 88%
e Success rate for the
treatment of occlusion
was 59%
Qinetal. 28 casesand  Endovascular 2 weeks 1-3 months HUC-MSCs 48 %107 to Improved:
[14] 25 controls injection and 8.6x 107 cellsina e Ulcer healing
2016, China infusion enci- 3cmx3cmarea e ABI
rcling the foot e TcPO,

ulcer

Skin temperature
Claudication distance
New vessels

Not seen ulcer infection
and sustain normal
blood pressure, and
heart function, blood
glucose, and lipids
Treatment was not
associated with any
serious complications
or adverse reactions

(Continued)
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Table 1. Continued

Stem cell therapy for diabetic foot ulcer
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Reference, Number of Administration Follow-up Treatment Cell type Dosage Outcome
country patients route duration  duration
Han et al. 28 casesand  Same-day 8 weeks 173+85days  Through Autografts Improved:
[39] 26 controls procedure. applying 4.0 x 10°to e 100% of wounds in the
2010, Korea Total 54 Dispersed onto collagenase 8.0 x 10° cells case group and 62%
single-blinded the wound and and Donor site: in the control group
sealed with centrifugation, abdomen healed in 8 weeks, with
fibrinogen, the ADSC pellet no adverse effects
thrombin, and was isolated
Tegaderm (freshly isolated
stem cells)
Leeetal. 3 diabetic 60 intramuscular 6 months 7 days Subcutaneous 3 x 108 ADSC Improved:
[40] patients injections under adipose (0.5 mL each, e 100% chronic wound
2012, Korea spinal anesthe- used and included 5 x 10° healing
sia. The interval digested using  in 60 points) e Pain rating score
between harvest collagenase e Claudication walking
and injection is and distances (in 5 patients)
not noted centrifugation
Mastowski 22 cases - 6 months - ADSC 5mL Improved:
[41] e 8 patients completely
2013, healed 9 patients
Poland with >50% reduction of
ulcer area
e No improvement in
5 patients
Marino et al. 18 patients Usinga 10 mL 3months 1day ADSC 5mL Improved:
[42] syringe with a 21 (3x10° cells/mL) e Pain
2013, Italy gauge needle at e 60% healing of the ulcer
the edges of the patient
ulcer; cells were
injected ata
depth of T cm
Moon etal. 30 cases Applied directly 2 years 12 weeks Allogeneic 5cmx5cm Improved:
[43] (ADSC to the wound ADSC hydrogel sheet e Faster complete wound
2019, Korea treatment bed containing allo- closure
group) and geneic ADSC (the
29 controls number of ADSCs
(treated with reached about
polyurethane 1 x 10 cells/sheet)
film)
Viswanathan 5 patients Intramuscular 14 months 3 months (HSCs, CD34%) Total calcula- Improved:
et al. [44] with PAD and  approximately and UC-MSCs ted UC-MSCs e Rest pains
2013, India 4 diabetic 10 separated fromthe HUC ~ and CD34*at 2 e Wound healing
ulcers sites with blood million/kg body e Ulcer size
5-8 cm space weightin an
from each other 80:20 ratio
Injection

1-1.5 mL was
injected in each
site

(Continued)
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Table 1. Continued

Reference, Number of Administration Follow-up Treatment Cell type Dosage Outcome

country patients route duration  duration

Tanaka etal. 5 patients Intramuscularly 3 years 12-26 weeks, Autologous 2 x 107 CD34* Improved:

[45] average G-CSF cells/patient was e Complete wound

2014, Japan 18.8 weeks mobilized administered closure was observed
(131.6 days); peripheral 20 injections, for all patients with no
12 weeks post-  blood CD34* each injection major amputation
therapy, if com-  cells containing 1 x ¢ No severe adverse
plete wound 10° cells/0.25 mL events occurred during
closure did not saline (0.25 mL or after cell therapy
occur follow up X 20 sites,
continued every 1.5-2.0 cm deep)
4 weeks

Xu and 127 patients Subcutaneous 3 years Group A (n=63), Autologous 2 mL stem cell Improved:

Liang [46] injections 16,17,16,and peripheral suspension fluid e Collateral circulation

2016, China 14 patients were blood stem cell per marker point e Blood supply to lower
treated for 4, 5, extremities
6,and 7 days, e Pain in the affected limb
respectively. e Cold sense of limbs
Group B (n= e Clinical symptoms
64), 10 mg/kg/ e Healing ulcers
day Filgras- e Quality of life
tim through
subcutaneous
injections, 16,
17,16,and 15

patients were
treated for 4, 5,
6,and 7 days,
respectively

ABI, ankle-brachial index; ADSC, adipose-derived stem cell; BM-MNC, bone marrow mononuclear cell; BM-MSC, bone marrow mesenchymal stem
cell; DFU, diabetic foot ulcer; G-CSF, granulocyte colony-stimulating factor; HSC, hematopoietic stem cell; HUC, human umbilical cord; HUC-MSC,
human umbilical cord blood mesenchymal stem cell; TcPO,, transcutaneous oxygen pressure; UC-MSC, umbilical cord-derived mesenchymal

stem cell.

did not increase [63]. Adipose-derived stem cell transplan-
tation facilitated the healing of skin ulcers in diabetic mice
[64]. In phase I trials, adipose-derived stem cell transplanta-
tion could improve percutaneous partial pressure of oxygen in
lower extremities and improve treatment of local ulcer in pati-
ents with either diabetic or nondiabetic ischemia of the lower
limbs [65]. Preliminary experiments using animal models
have shown that administering adipose-derived stem cells
regulated local angiogenesis by increasing VEGF in plasma
and tissue, accelerated wound healing, stimulated neoangio-
genesis, and enhanced tissue regeneration via paracrine and
autocrine mechanisms [66]. The secretion of several growth
factors, including fibroblast growth factor 2, insulin-like
growth factor, and hepatocyte growth factor, following admi-
nistration of adipose-derived stem cells, has a profound effect
on wound healing [67]. Moreover, expression of cell surface
markers, genes, and differentiation of adipose-derived stem

cells into various cells, including keratinocytes, fibroblasts,
and endothelial cells, was demonstrated [67].

The use of adipose-derived stem cells for cell-based soft-
tissue engineering and wound healing has been reviewed by
Hassan et al. [60]. The application of mesenchymal stem cells
by clinicians is very difficult because they are commercially
unavailable. In the more recent research by Moon et al. [43],
a new commercial hydrogel complex containing adipose-deri-
ved stem cells has been evaluated and their study introduced
an allogeneic adipose-derived stem cell in a scaffold shield
for treating diabetic foot ulcers. A significant difference in the
duration of complete wound closure without having adverse
effects was observed in the adipose-derived stem cell treated
group compared with the control group [43].

Currently, several clinical trials (NCT03370874,
NCT02866565, NCT02831075, and NCT02092870) are being
conducted on the use of adipose-derived stem cells therapies
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for the treatment of ulcers. However, the number of diabetic
patients recovered from adipose-derived stem cells-treated
ulcers is small. Some clinical trials are studying the effect of
injecting adipose-derived stem cells into the debrided surfaces
of chronic ulcers. In ongoing studies (NCT02092870 and
NCT02831075), patients will receive treatment with adipose-
derived stem cells in the form of multiple injections of cells
surrounding the wound. The efficacy of using a hydrogel sheet
containing allogenic adipose-derived mesenchymal stem cells
is being evaluated by another ongoing study (NCT03370874).
A study (NCT02866565) has been conducted to investigate the
tolerance and efficacy of reinjection of autologous adipose-
derived stem cells in the treatment of ulcers. Table 1 shows a
list of clinical studies using adipose-derived stem cells to treat
foot ulcers.

Hematopoietic stem cells

Hematopoietic stem cells originate in bone marrow, peri-
pheral blood, and cord blood and can be used for allogeneic
transplantation [68]. These cells are responsible for sequen-
tial lineage commitment to generate all cell types in the blood
[69]. Stem cells derived from peripheral blood are faster in
engraftment and more beneficial to help survival in advanced
diseases than the cells from bone marrow [70]. By contrast,
bone marrow collection is conducted in the operating room
under general anesthesia. Limited cell concentration and dif-
ferentiation potential with a performance that will be influ-
enced by comorbidities are observed both in bone marrow
and peripheral blood separation, but some disadvantages are
only detected in peripheral blood extraction, which include
the requirement for administering hematopoietic growth
factors administration, and high T-cell content raises the
incidence of chronic graft-versus-host disease. However,
advantages of hematopoietic stem cells, when prepared from
cord blood, include future donor-specific therapy, lower
malignancy risk, disposable tissue, umbilical cord tissue har-
vesting, low surgical risk, and donor umbilical cord blood
banking. Low stem cell concentration, limited differentiation
potential, increased risk of graft failure, and need for umbili-
cal cord blood banking are considered as disadvantages when
the cells are extracted from umbilical cord blood. In addition,
ethical conflicts are present in umbilical cord separation and
are less present for cells derived from bone marrow or peri-
pheral blood [48].

Possessing over 10 discrete mature cell types in the blood
system of mammals relies on hematopoietic stem cells as this
is the only distinctive cell type that is capable of multipotency
and self-renewal. “Multi-potency is the ability to differentiate
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into all functional blood cells,” and contrasts with self-rene-
wal, “the ability to give rise to the hematopoietic stem cells
itself without differentiation.” Further, to compensate for the
short life-span of the mature blood cells, hematopoietic stem
cells attempt to develop into more differentiated progenitors
simultaneously while maintaining their pool size by making
a precise balance between the self-renewal and differentiation
processes [71]. However, such limitations as bone marrow
collection, patient’s age, stem cell separation and preparation,
and variations in the quality and number of cells should be
carefully taken into account [44].

Hematopoietic stem cells have a lifelong ability to endure
their self-renewal, and differentiation makes them an approp-
riate tool for gene therapy. Although the properties of hema-
topoietic stem cells are not explicitly recognized, it has been
found that hematopoietic stem cells contain a pool of cells
that are capable of reconstituting the hematopoietic system in
the long run while expressing the surface glycoprotein CD34
and lacking CD38 (CD347/CD38") [72]. The mechanism of
action of CD34" cell therapy is to mitigate elongated inflam-
mation, increase angiogenesis, and accelerate wound closure,
unlike untreated control wounds [73]. Although hematopoie-
tic stem cells mainly produce blood cells, hematopoietic stem
cells have been proven to play an essential role in the wound
healing process by migrating to cutaneous wounds and regula-
ting cell proliferation [74, 75].

The regenerative mechanism of human blood-derived
CD34" cell-induced therapy is facilitated through both vas-
culogenesis [76] and paracrine mechanisms that stimulate
angiogenesis and activate the Wnt signaling pathway in the
wound healing process [77]. Similarly, bone marrow-derived
hematopoietic stem cells may improve the healing of diabetic
ulcers [77].

Unlike vehicle-treated control models, animal models of
injury receiving CD34" had reduced levels of matrix metal-
loproteinase (MMPs), including MMP1, MMP3, MMP9, and
MMP13, in their wound beds [14]. In a study by Chotinan-
takul et al. [78], the use of expanded cord blood CD34" cells
or freshly isolated cord blood CD34" cells accelerated wound
repair through the successful deployment of macrophages
and capillaries and re-epithelialization around the wound
bed area. As presented in Table 1, hematopoietic stem cells
enhance wound healing, reduce ulcers, and enhance the blood
supply in the lower extremities of diabetic patients. A study
of diabetic patients with end-stage renal disease showed that
the application of autologous and purified CD34" cells to
nonhealing chronic wounds increased vascular perfusion and
closed the wound completely [45]. Combination treatment
with CD34" cells and umbilical cord blood-derived mesen-
chymal stem cells was suggested in a preliminary study on
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5 patients [44]. Xu et al. [46] showed that peripheral blood
stem cell transplantation could increase the blood supply of
the lower extremities in patients with diabetic foot ulcers.
It seems that CD34" cells are an abundant population of
endothelial progenitor cells and are good candidates for cell
therapy for ulcers [45].

Embryonic stem cells

Pluripotency and self-renewal are 2 distinct characteristics of
embryonic stem cells. The former refers to the embryonic stem
cell capability to give rise to any derivatives of 3 primary germ
layers, i.e., endoderm, ectoderm, and mesoderm, while the
latter defines embryonic stem cell ability to reproduce without
limit under strict conditions [10]. Human embryonic stem cells
help the study of early human development, genetic diseases,
and performance of in vitro toxicology [79]. These cells are
the source of such useful cell types as cardiomyocytes, insu-
lin-secreting cells, dopaminergic neurons, and hematopoietic
progenitors. The advantage of these cells is their pluripotency,
whereas their increased malignancy risk and potential ethical
conflicts are disadvantages [48].

Embryonic stem cells promote the early stage of wound
healing by accelerating epithelialization, granulation tissue
depth, angiogenesis, and the proliferation of fibroblasts.
These are confirmed by the upregulation of cytokines and fib-
ronectin, which are closely related to wound healing [80, 81].
After the use of embryonic stem cell transplantation in ulcers,
Lee et al. [82] found a significant increase in the level of
growth factors, specifically epidermal growth factor (EGF),
VEGF, and fibronectin. EGF helps to stimulate epithelial cells
to grow around the wounds, whereas VEGF increases vas-
cular permeability, deposition of the proangiogenic matrix,
and development of blood vessels, and ultimately, fibronec-
tin progresses cell adhesion to the fibrin matrix, where it has
a scaffolding role for fresh matrix deposition [83]. Further,
embryonic stem cells have immunomodulatory properties
[81]. Acellular protein extracts derived from embryonic stem
cells have been found to retain some immunoregulatory pro-
perties of intact cells [84]. Loretelli et al. [81] found that the
extracts could improve ulcer healing in a mouse model of dia-
betic foot ulcer.

Topical administration of embryonic stem cells can
improve diabetic wound healing during the initial stage of the
diabetic ulcers [80]. The therapeutic modality of embryonic
stem cell transplantation in the treatment of diabetic ulcers
was also highlighted. During an investigation of the effect of
topical mouse embryonic stem cells on wound healing in a rat
model of ulcer, Lee et al. [80] found that immunocompetent
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rats did not reject embryonic stem cell xenotransplantation
and embryonic stem cell application did not induce any tumor
formation.

Induced pluripotent stem cells

Pluripotent stem cells derived from adult somatic cells are
induced pluripotent stem cells. These stem cells are repro-
grammed into a pluripotent state in vitro by induced expres-
sion of 4 transcription factors, including Oct4/Sox2/c-Myc/
KLF4 or Oct4/Sox2/NANOG/LIN28 [85]. Induced pluripo-
tent stem cells are an advanced and newly discovered cell type
that has potential to further regenerative medicine and drug
therapy. Human induced pluripotent stem cells provide a new
approach to the treatment of chronic wound healing in precli-
nical rodent models [85].

The administration of induced pluripotent stem cells is
advantageous in several ways, including pluripotency, targe-
ted somatic-cell memory, donor-specificity, relative absence
of ethical conflicts, tissue disposability, and low cell harves-
ting risk [48]. The specific potential of induced pluripotent
stem cells is that they can develop into various required cells.
Induced pluripotent stem cells have the advantages of diffe-
rentiate into various tissues and cell types in vitro resulting in
the generation of new cell types, as do embryonic stem cells
in utero during embryonic development [86, 87], while the
disadvantages of induced pluripotent stem cells include incre-
ased malignancy risk, complex induction protocol, and biased
somatic-cell memory [48].

Due to the ability of these cells to differentiate into any
of the 3 germ cell layers, induced pluripotent stem cells are a
potential source for promoting each phase of diabetic wound
healing by using their paracrine and direct cellular properties
[88]. During the inflammatory phase, growth factors and cyto-
kines are secreted by cells derived from induced pluripotent
stem cells [89]. Furthermore, induced pluripotent stem cells
induce an increase in the number of macrophages [90]. In a
proliferative phase, angiogenesis is promoted by induced plu-
ripotent stem cell-derived cells, including endothelial cells,
smooth muscle cells, fibroblasts, pericytes, keratinocytes, and
mesenchymal stem cells, while there is increased deposition of
collagen simultaneously [90]. Unlike mesenchymal stem cells,
induced pluripotent stem cells can differentiate into keratino-
cytes [91].

Induced pluripotent stem cell-derived fibroblasts potenti-
ate a repair-progression phenotype and improved mitochond-
rial function when compared with fibroblasts from which they
were initially reprogrammed [92]. However, whether diabe-
tic foot ulcer-derived induced pluripotent stem cells could be
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differentiated into mesenchymal fibroblasts that may perhaps
have a biological function that may improve healing when
they are used therapeutically for diabetic foot ulcer remains
unknown.

Uncommon stem cells

There are also some uncommon types of cells used to treat
diabetic foot ulcers. According to Kim et al. [64], the process
of wound healing was better enhanced through intradermal
injections of human amniotic mesenchymal stem cells than
human adipose-derived stem cells or human dermal fibro-
blasts in a murine model of ulcers. Similarly, Zheng et al.
[93] indicated that the topical administration of micronized
amniotic membrane containing human amniotic epithelial
cells could improve ulcer repair in diabetic mice compared
with the application of decellularized membrane. Lv et al. [94]
found a similar healing effect of stem cells derived from the
human exfoliated deciduous tooth and human bone marrow
mesenchymal stem cells transplanted into a rat model of DM.
Kong et al. [22] found enhanced wound healing in diabetic
Goto-Kakizaki rats by intradermal injection of human placen-
tal mesenchymal stem cells. Badillo et al. [95] showed that
the injection of mesenchymal stem cell-containing collagen
gel that is derived from embryonic, fetal liver stem cells, to
diabetic Lepr®“® mice, led to improved wound healing. By
contrast, CD45" cell transplants did not produce the same
effect. To promote human fetal aortic mesenchymal stem cells
for wound healing, Barcelos et al. [77] administered a col-
lagen hydrogel scaffold in a murine model of ischemic dia-
betic ulcer. Finally, the therapeutic efficacy of primary adult
stem cell transplantation to manage nonhealing diabetic ulcers
should not be overlooked [93].

Routes of administration

Transplantation of stem cells in diabetic foot ulcers is affected
by either local or systematic strategies. Presently, nonvascu-
lar injections into tissue are the most commonly used route
of administration of stem cells to treat ulcers. Stem cells are
administered as either direct injection into the ulcer or local
site. Preclinical studies primarily adhere to intradermal and
subcutaneous routes, whereas clinical trials mainly use an int-
ramuscular approach to administer cells [48]. The other stan-
dard local route is topical administration, such as the use of
sprays, drops, and scaffolds [96]. Although these local routes
are beneficial and less hazardous, they are associated with
significant cell mortality and poor engraftment that require

Stem cell therapy for diabetic foot ulcer =—— 13

debridement to decrease the infection risk. Kwon et al. [97]
showed that a single local administration of allogeneic bone
marrow-mesenchymal stem cells increased wound strength in
rats with ulcers. By contrast, multiple intravenous injections
did not produce any significant increase in the wound strength,
indicating the efficacy of local injection.

Although both intra-arterial and intravenous injections
were helpful in the delivery of endovascular stem cells, they
cannot guarantee the successful access of the infused stem
cells to the site of the ulcer. These injection methods have had
an optimal effect on immunomodulation and glucose homeos-
tasis [98]. Nonetheless, we should bear in mind that a clinical
study showed that 2 of 33 diabetic patients with severe limb
ischemia, who received autologous adipose-derived stem cells
by intra-arterial infusion, presented peripheral microthrombo-
sis [99]. Furthermore, systematic is more expensive than local
administration.

Safety and efficacy

Intramuscular transplantation of bone marrow mesenchymal
stem cells has been found to be safe and effective [28]. In more
recent years, more effective and safe results have been obtai-
ned for the treatment of diabetic foot ulcers using bone marrow
mesenchymal stem cell transplantation. However, achieving
full interpretation of results from research has been challenged
by the variability of stem cell types and origins along with the
diversity of administration routes and protocols, and the use of
angioplasty [48].

Safety is a matter of concern in all cell therapies. To
achieve complete safety, the process of generating safe cell
derivatives should be meticulously monitored to ensure that
not only do the derived cells possess an overall phenotype and
functionality, but also that the cultured cells maintain their
untransformed state and remain microbiologically uncontami-
nated. Thus, an efficient quality control management system
is essentially required to supervise the procedure of mesen-
chymal stem cell banking and cell product manufacturing to
assure the ultimate safety and efficacy of final cell products
[100]. Furthermore, the employment of biologists per se
would not suffice for the production of mesenchymal stem
cells, implying the necessity of cell engineering technologies
to be developed further so that the technologies can be used for
large-scale cell product manufacturing in cell factories rather
than primitive mesenchymal stem cell generation in labora-
tories [100]. Clinical trials have found that the autologous
transplantation of bone marrow mesenchymal stem cells had
a significant impact on maintaining the functional state of the
liver and kidneys and subsequently resulted in reduced wound
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size and increased painless walking ability following interven-
tions [20]. In clinical trials, autologous transplantation of bone
marrow mesenchymal stem cells can significantly improve
clinical parameters, including a decrease in wound size and
an increase in pain-free walking distance, while maintaining
normal renal and liver function following the intervention
[25]. Leg perfusion is also adequately improved to reduce the
incidence of major amputations [6]. After 6 weeks of interven-
tion, an intramuscular injection of autologous bone marrow
mesenchymal stem cells can significantly increase the rate of
ulcer cure in patients with DM. Further significant improve-
ments in painless walking time, limb perfusion, ankle-brachial
index, transcutaneous oxygen pressure, and magnetic reso-
nance angiography were observed within 24 weeks of follow-
up [34].

It should be noted that despite the substantial advantages
provided by adipose-derived stem cells in regenerative medi-
cine, numerous safety concerns such as the risk of malignant
transformation and cancer induction have been discussed.
Rubio et al. [101] reported a spontaneous transformation of
stem cells into malignant phenotypes. However, they retracted
their article due to the inability to replicate the transformation
events and a suspicion of contamination [102]. All clinical
research conducted to date confirmed the safety of adipose-
derived stem cells treatment in patients with an ulcer. Albeit,
these studies are limited by their small sample size and short
follow-up period. Therefore, further attention is needed to
evaluate the long-term safety of adipose-derived stem cells-
derived therapeutics [39, 4043, 65, 99].

By contrast, adipose-derived stem cells can promote
diabetic wound healing by increasing the rate of epithelia-
lization and granulation tissue formation, anti-inflammatory,
and anti-apoptotic effects, and release of angiogenic cytoki-
nes. Moreover, a few small clinical trials found that adipose-
derived stem cells treatment in patients with ulcer caused
enhanced ulcer healing, lowered pain scores, and improved
absolute claudication distance with no reported complica-
tions [39, 40-43, 65]. Li et al. [37] showed that the injection
of allogeneic umbilical cord blood-derived mesenchymal
stem cells into the quadriceps muscles of ulcer patients was
associated with improved clinical outcomes. They reported
a decrease in the levels of blood glucose, insulin dosage,
c-reactive protein, and tumor necrosis factor-o., and an incre-
ase in the level of VEGF. The application of umbilical cord
blood-derived mesenchymal stem cells also led to gradual
improvements in the faintness, numbness, discomfort, cold
feeling, intermittent limp, fever, ankle-brachial index, and
transcutaneous oxygen pressure in patients with diabetes
[37]. However, a phase I study on patients with limb ischemia
indicated that intramuscular injection of allogeneic umbilical
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cord blood-derived mesenchymal stem cells was associated
with some side effects. Adverse events, including oral ulcera-
tion, whole-body urticaria, diarrhea, and elevation of serum
creatinine level, were observed in 3 patients; interestingly,
the events were resolved in a short time in all of the pati-
ents [103]. However, so far, the use of umbilical cord blood-
derived mesenchymal stem cells for the treatment of ulcers
has been limited. We consider that the extraction of umbilical
cord blood-derived mesenchymal stem cells involves privacy
and ethical concerns; also, the cost of preserving umbilical
cord blood is very high. Consequently, we recommend pro-
spective investigators to conduct further studies to address
these controversial issues and ensure the practicality of stem
cell therapies in clinical settings.

Future perspectives

Stem cell transplantation therapy for diabetic foot ulcer has the
potential to improve healing outcomes for patients with diabe-
tes. However, most studies of the therapy have been conducted
using animal models of the disease, with few human studies
to corroborate the findings. Given the tremendous therapeutic
potential inherent in stem cell transplantation therapy for an
otherwise chronic condition such as an ulcer with high mor-
bidity, more clinical trials in human subjects are warranted to
demonstrate its safety, efficacy, and tolerance.

Although autologous stem cells are the most commonly
used cell type used for treatment, future studies to explore the
use of induced pluripotent stem cell and allogeneic or xeno-
genic cells are warranted. Administration of granulocyte col-
ony-stimulating factor promotes wound healing, and its use is
recommended as an adjunct to peripheral blood mesenchymal
stem cells therapy [46]. Hydrogels and bioscaffolds are promi-
sing topical delivery vehicles, but the impact of matrix design
and configuration on stem cell function remains unknown [43,
96]. Angioplasty is a promising adjuvant to stem cell therapy
in patients needing revascularization, and whether stem cell
therapy will be used as an adjuvant to angioplasty remains to
be determined [14].

With the improvement in stem cell delivery vehicles and
larger-scale clinical trials of stem cell therapy in humans, this
promising therapeutic modality for patients with foot ulcer
should fulfill its potential.

Limitations

Concern about the quantity and quality of stem cells is an
essential limitation of stem cell transplantation therapy [85].
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The low rate of cell survival in vivo seen with many stem
cell approaches has been a significant limitation in wound
healing. Most topical remedies tested do not have any impact
on impaired vasculature that contributes to impair healing of
diabetic foot ulcers [104]. In addition to cell survival in vivo,
limitations of stem cell transplantation therapy include ethical
issues associated with the use of some stem cells derived from
embryos and umbilical cord blood, teratogenic potential, need
for invasive harvesting techniques for bone marrow-derived
cells, and immunogenicity.

Moreover, stem cell sources, the number of delivered
cells, and cell administration routes differ between the various
studies. Due to these heterogeneities, optimized protocols
have not yet been determined.

Conclusions

There exist various sources of stem cells for transplantation
to enhance angiogenesis in ischemic regions. Stem cell
transplantation is an innovative technology, but its use to treat
diabetic foot ulcers is controversial in the field of diabetic
angiopathies.
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