Annals of Medicine and Surgery 20 (2017) 4148

Contents lists available at ScienceDirect

Annals of Medicine and Surgery

journal homepage: www.annalsjournal.com

Review

The biological and clinical basis for the use of adipose-derived stem @CmssMark
cells in the field of wound healing

Nicolo Bertozzi * > ", Francesco Simonacci  °, Michele Pio Grieco *°,
Eugenio Grignaffini ", Edoardo Raposio *"

2 Department of Medicine and Surgery, Plastic Surgery Division, University of Parma, Via Gramsci, 14, 43126, Parma, Italy
b Cutaneous, Mininvasive, Regenerative and Plastic Surgery Unit, Parma University Hospital, Via Gramsci, 14, 43126, Parma, Italy

HIGHLIGHTS

o Worldwide, hard-to-heal wounds are a matter of economic and public concern.

o The emerging fields of regenerative medicine and stem cell-based therapies hold great promise for wound healing.
e ASCs can potentially give the support necessary for recovery of hard-to-heal wounds.

e ASCs can be easily harvested from adipose tissue by means of standard wet liposuction technique.

o ASCs have been widely studied in vitro and in vivo to demonstrate their potential and safety.
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economic and public concern. Over the years, multiple medical and surgical approaches have been
proposed but they are still inadequate, and no effective therapy yet exists. Regenerative medicine and
stem cell-based therapies hold great promise for wound healing. Recently, many plastic surgeons have
studied the potential clinical application of adipose-derived stem cells (ASCs), which are a readily
available adult stem cell population that can undergo multilineage differentiation and secrete growth
Tissue engi . factors that can enhance wound-healing processes by promoting angiogenesis, and hence increase local
gineering
Adipose-derived stem cells blood supply. ASCs have been widely studied in vitro and in vivo in animal models. However, there are
Wound healing few randomized clinical trials on humans, and these are still ongoing or recruiting patients. Moreover,
there is no consensus on a common isolation protocol that is clinically feasible and which would ensure
reproducible results. The authors aim to provide readers with an overview of the biological properties of
ASCs as well as their clinical application, to help better understanding of present and future strategies for
the treatment of hard-to-heal wounds by means of stem cell-based therapies.
© 2017 The Author(s). Published by Elsevier Ltd on behalf of IJS Publishing Group Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A chronic wound can be defined as any wound that fails to heal
within 30 days, even though there is no clear-cut definition
regarding the chronicity of the wound.

As hard-to-heal wounds of the lower limb are estimated to
affect 1.5—3% of the adult population and up to 5% of people aged
over 65 years, they are a matter of economic and public concern
[1,2]. Worldwide, the annual costs related to chronic wound
treatment are about $10 billion, and they are expected to exceed
$22 billion per year by 2020 [3,4]. Multiple medical and surgical
approaches have been proposed for the treatment of chronic
cutaneous ulcers. However, currently available treatments are still
inadequate and are often mainly supportive, as truly effective
therapies do not yet exist. The physiologically impaired healing
response of the chronic wound is still poorly understood and thus a
matter of debate. The emerging fields of regenerative medicine and
stem cell-based therapies hold great promise for wound healing.
Recently, many plastic surgeons have studied the potential clinical
application of adipose-derived stem cells (ASCs), which represent a
readily available adult stem cell population that has gathered a lot
of attention in the field of regenerative medicine [5].

ASCs can undergo multilineage differentiation and to secrete
growth factors that can enhance wound-healing processes by
promoting angiogenesis, and hence increase local blood supply [6].
As a result, hard-to-heal wounds can potentially receive the sup-
port necessary for recovery. Although ASCs have been widely
studied in vitro and in vivo in animal models, which have demon-
strated their potential and safety, randomized clinical trials on
humans are either ongoing or recruiting patients, and are still very
few [6]. Moreover, there is no consensus on a common isolation
protocol feasible for clinical application that could ensure repro-
ducibility of results. In this review, the authors aim to provide
readers with an overview of the biological properties of ASCs as
well as their clinical application, to help better understanding of
present and future strategies for the treatment of hard-to-heal
wounds by means of stem cell-based therapies.

2. Regenerative medicine and cell-based therapy

Tissue engineering and regenerative medicine are multidisci-
plinary sciences, involving physicians, engineers, and scientists,
which have evolved in parallel with recent biotechnological

advances and may provide novel tools for reconstructive surgery.
Tissue engineering combines the use of biomaterials, growth fac-
tors, and stem cells to repair failing organs. In particular, stem cell
therapies hold high therapeutic promise based on the possibility of
ex vivo/in vivo stimulation of stem cell expansion and differentia-
tion into functional progeny that may repair and even replace
damaged tissues or organs [7,8].

Ideally, a stem cell for regenerative medical applications should
meet the following criteria:

1. Can be found in large quantities (millions to billions of cells).

2. Can be harvested using a minimally invasive procedure.

3. Can be differentiated along multiple cell lineage pathways in a
controllable and reproducible manner.

4. Can be safely and effectively transplanted to either an autolo-
gous or allogeneic host.

5. Can be manufactured in accordance with current Good
Manufacturing Practice guidelines [9,10].

Several different types of stem cells have been considered for
clinical applications. Embryonic stem cells (ESCs), pluripotent-
amniotic epithelial cells, umbilical cord mesenchymal stem cells,
and induced-pluripotent stem cells (iPSCs) are very promising since
all show nearly unlimited potential to differentiate in vitro and
in vivo into specific progenitor cells or mature and specialized cell
lineages of all three embryonic germ layers [11—17]. However, the
clinical use of these cells is limited by ethical, legal, and political
considerations, as well as by scientific and clinical issues of safety
and efficacy. One of the main issues that hampers successful and
safe clinical use of ESCs is the possibility of immune rejection, and
in vivo formation of teratoma or teratocarcinoma [12,13,15,18,19].
iPSCs have a low reprogramming efficiency and thus require the
introduction of exogenous transcription factors using viral vectors,
or require other significant ex vivo manipulations, which mean that
iPSCs are not currently feasible for practical clinical use [20—22].

Tissue-specific stem cells derived from adults offer an alterna-
tive approach that circumvents many of these concerns [23].

3. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are a well-characterized pop-
ulation of tissue-resident adult stem cells identified in most tissues/
organs within specific cell niches, where they colocalize with
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supporting cells [12]. MSCs fulfill a critical role in homeostatic
maintenance by replenishing the mature cell types within the tis-
sues in which they reside over a lifetime [12,24]. MSCs were first
identified in the whole bone marrow of rats in 1968 by Friedenstein
et al. [25,26], who in 1976 described a method for their isolation
based on differential adhesion properties. MSCs were immediately
shown to be adherent, clonogenic, non-phagocytic and fibroblastic,
with the ability to give rise to fibroblast colony forming units
[25,27]. The potential of these marrow stromal cells was further
investigated in the 1980s, particularly by Piersma et al. [28] and by
Owen et al. [29]. Given the high interest generated by MSCs, in the
mid-2000s, the Tissue Stem Cell Committee of the International
Society for Cellular Therapy identified three minimal criteria to
define a MSC: plastic-adherence in standard culture; expression of
CD105 (SH2), CD73 (SH3/4), and CD90 surface markers and lack of
expression of CD45, CD34, CD14 or CD11b, CD79a or CD19, and
HLA-DR surface molecules; and multilineage differentiation into
osteoblasts, adipocytes and chondroblasts [4,30]. Subsequently,
MSCs have also been shown to possess some level of plasticity,
transdifferentiating in vitro across germinal boundaries [31].

MSCs were found to reside not only in the bone marrow but also
throughout the body, around blood vessels (as pericytes) and in the
fat, skin, muscle, teeth and other locations [30,31,32]. Bone marrow
stem cells (BMSCs) were the first to be studied in the field of
regenerative medicine because of their high differentiation poten-
tial [33]. MSCs have rapidly moved from in vitro and animal studies
into human trials as a therapeutic modality for a diverse group of
clinical applications. However, the clinical use of BMSCs has two
main drawbacks: the harvesting procedure from bone marrow is
painful with possible donor site morbidity, and MSCs need ex vivo
expansion before their application because of the relatively low
yield upon isolation [34].

4. Adipose-derived stem cells (ASCs)

The evidence that MSCs could be isolated from adipose tissue
has resulted in the shared idea that subcutaneous adipose tissue
can be regarded as the ideal source of MSCs and as a viable alter-
native to bone marrow [34]. Indeed, subcutaneous adipose deposits
are accessible, abundant, and can be collected in large quantities,
thus providing a potential adult stem cell reservoir for each indi-
vidual. Adipocytes constitute almost 90% of adipose tissue volume
and nearly 65% of the total cell number [6]. When enzymatically
digested, adipose tissue yields a heterogeneous population of many
cell types (preadipocytes, fibroblasts, vascular smooth muscle cells,
endothelial cells, resident monocytes/macrophages, and lympho-
cytes), which upon isolation are termed the stromal vascular frac-
tion (SVF) [7]. The SVF includes ASCs, which account for 30% of the
total SVF cells [6]. ASCs are a plastic-adherent, multipotent stem
cell population, which display a similar differentiation potential to
other MSCs, and the ability to differentiate into cells of several
lineages from all three germinal layers [35]. Moreover, ASCs have
been shown to be immunoprivileged and more genetically stable in
long-term culture, with a greater proliferative rate, than BMSCs
[36—39]. The discovery that ASCs can readily be expanded and have
the capacity to undergo adipogenic, osteogenic, chondrogenic,
neurogenic and myogenic differentiation in vitro was a significant
milestone in ASC therapeutic applicability [40—42].

4.1. ASC characterization

ASCs are commonly characterized by their immunophenotype
in the undifferentiated state and by their differentiation potential
towards the adipogenic, osteogenic, and chondrogenic lineages in
the presence of lineage specific induction factors [23]. Like other

MSCs, undifferentiated ASCs must be identified using a panel of
surface markers on which no clear consensus has been reached.
However, based on current literature, markers that are uniformly
reported to have strong positive expression are CD13, CD29, CD34
(a well-established stem cell marker), CD44, CD73, CD90, CD105 (a
mesenchymal stem cell-associated marker), CD166 and MHC 1.
CD14, CD31, CD45, and CD133 (all markers of the hematopoietic
and angiogenic lineages) have been reported to show low or no
expression in ASCs [23,43,44].

4.2. Differentiation potential

When cultured in suitable medium in vitro, ASCs show multi-
potency and plasticity [45,46]. Since ASCs are of mesodermal origin,
they can differentiate into the adipogenic, osteogenic, and chon-
drogenic lineages, and even the myogenic lineage, leading to
skeletal muscle, smooth muscle, and cardiomyocytes [41,42,47,48].
Interestingly, however, ASCs have also been shown to possess the
potential to differentiate into cells of the ectodermal and endo-
dermal lineages, such as neuron-like cells, endothelial cells,
epithelial cells, hepatocytes, pancreatic cells, and hematopoietic
supporting cells [49—57].

4.3. Proliferative capacity

Based on telomere length and B-galactosidase activity, the
senescence of ASCs appears similar to that of BMSCs, while their
proliferative capacity appears to be greater [7]. The doubling times
of ASCs range from 40 to 120 h during the logarithmic phase of
growth, and this may be influenced by donor age, type and location
of the adipose tissue, and the harvesting procedure. Interestingly,
Wau et al. [58] reported that infant-derived cells exhibit enhanced
angiogenic and osteogenic capabilities compared with adult and
senescent cells. However, the same group theorized that the
effectiveness of cells from adult donors was still conserved and thus
their clinical use was not precluded. ASCs are generally considered
to be stable throughout long-term culture, as it has been reported
that even ASCs that had passed through more than 100 population
doublings had a normal diploid karyotype [59]. The proliferation of
ASCs can be stimulated by various growth factors [fibroblast
growth factor-2 (FGF-2), epithelial growth factor (EGF), insulin-like
growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), and
tumor necrosis factor-o (TNF-a)] via different signaling pathways
such as the extracellular signal-related kinase pathway, the Jun
amino-terminal kinase pathway, and the JAK3/STAT1 pathway, and
by Oncostatin M [7].

4.4. Potential for in vivo tissue regeneration

Avariety of tissues and organs engineered using ASCs have been
described [5]. In vitro studies rapidly progressed to in vivo experi-
ments, where ASCs were tested with or without appropriate scaf-
folds to assess their capability to effectively regenerate and repair
tissues or organs. ASCs were initially assessed for their commit-
ment into cell lineages of mesodermal origin. ASCs have been
successfully induced to differentiate into adipose tissue after being
preinduced in adipogenic differentiation medium, seeded onto a
scaffold of poly(lactic-co-glycolic acid), type I collagen sponge, and
fibrin glue. This result was confirmed using macroscopic
morphology observations, histology, and immunohistochemistry
[60,61]. Similar findings were reported by other groups that tested
the in vivo commitment of ASCs into cell lineages of mesodermal,
ectodermal and endodermal origins [6,7]. ASC therapeutic effects in
cranial bone, articular chondrocytes, cardiac wall regeneration,
functional repair after myocardial infarction, and functional
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improvement after stroke have all been investigated [62—66].
4.5. Isolation process

In 1964, Martin Rodbell [67] was the first to present a method
for the in vitro isolation of mature adipocytes and adipogenic pro-
genitors from rat fat tissue. In 2001, Zuk et al. [41,68] were the first
to isolate ASCs from adipose tissue after a liposuction procedure by
means of existing enzymatic strategies. Since then, interest in ASCs
has grown dramatically and several groups working independently
have developed procedures to isolate and characterize them.
However, it has emerged that, depending on the isolation process,
1 g of adipose tissue can yield an inconsistent number of ASCs.
Mizuno et al. [69] reported a yield of approximately 5 x 10> stem
cells for each gram of adipose tissue, which is 500-fold greater than
the number of BMSCs in 1 g of bone marrow; Bouquest et al. [70]
reported a yield of 1 x 107 ASCs from 300 mL of lipoaspirate.
Francis et al. [71] described a rapid collagenase-free isolation pro-
tocol with a yield of 2.5 x 10° ASCs starting from 250 mL of lip-
oaspirate. Other studies have demonstrated that 1 g of adipose
tissue can yield 2 x 10° SVF cells, with 10% of these cells thought to
be ASCs [72—74].

The isolation process described by Zuk et al. [75] has come to be
the most commonly published method for ASC isolation. Briefly,
the freshly harvested lipoaspirate is washed with sterile phosphate
buffered solution to remove blood cells, saline and local anes-
thetics. Then, it is enzymatically digested using 0.075% collagenase
type I, which subsequently must be inactivated by means of addi-
tion of an equal volume of Dulbecco's modified Eagle's medium
containing 10% fetal bovine serum. Finally, red blood cell lysis is
performed and the high-density ASC pellet is separated from the
infranatant by centrifugation. Although the procedure has proven
effective, it can be complex, expensive and time-consuming for
clinical application, since the entire process takes an average of 2 h.

In 2016, Raposio et al. [76—78] described a method that was
specifically designed for clinical application, which appeared easy,
safe and fast (80 min), allowing collection of a ready-to-use ASC
pellet. Just like previous isolation processes, first the adipose tissue
was harvested by a standard liposuction procedure, and then the
isolation process was carried out through both mechanical
(centrifugation) and enzymatic (collagenase) means [78]. The
entire process was performed in a closed-circuit system, which
guaranteed sterility and the safety. Once an ASC pellet was obtained
in this manner, Raposio and colleagues were able to inject it into
the skin at the wound edges, as well as at the bottom of chronic skin
ulcers, to promote wound-healing processes [79]. Based on a flow
cytometric assay, 9.06 x 10° (SD + 6.6 x 10°) ASCs were isolated
from 100 mL of adipose tissue. ASCs accounted for 25.9% of the
pelleted cells, which is a considerably higher yield compared with
those reported in the literature [7].

ASCs have come to be regarded as the ideal stem cell for
regenerative clinical applications since their yield upon isolation is
so high that they do not require extensive manipulation before
delivery. Thus, there is no need for compliance with “cell
manufacturing” in accordance with current Good Manufacturing
Practice Guidelines [80]. These restrictions do not apply in the case
of minimal manipulation [Regulation (EC) No 1394/2007 of the
European Parliament and of the Council]. The isolation of ASCs by
means of collagenase digestion in a clinical setting is not regarded
as extensive manipulation and hence it is not prohibited in Europe
where ASCs are considered as Advanced Therapy Medicinal Prod-
ucts [75]. Conversely, in the United States, enzymatically isolated
ASCs are regarded as more than just minimally manipulated and
are therefore classified as a drug. Consequently, their clinical
application following enzymatic digestion is regulated by the Food

and Drug Administration [81]. This implies the need for an Inves-
tigational New Drug application to be submitted by every surgeon
who wishes to use enzymatically isolated ASCs in clinical settings.
However, the clinical application of ASCs isolated using mechanical
means during the same operative session falls under the jurisdic-
tion of medical practice and is thus allowed. Therefore, the devel-
opment of high-yield isolation processes for ASCs with minimal
handling would be highly desirable for clinical applications [76].

Several alternative isolation methods have been proposed
which avoid enzymatic digestion completely, in keeping with the
findings of Yoshimura et al. [82—86]. Yoshimura and co-workers
found that a significant number of ASCs could be isolated from
what they called the liposuction aspirate fluid, and although cell
numbers were less than those obtained with enzymatic digestion,
they were still enough to be used clinically without cell expansion.
In the light of these findings, Francis et al. [71] isolated cells capable
of trilineage differentiation by mechanically separating the SVF
directly from the lipoaspirate. Soon after, Bianchi et al. [86]
described a non-expanded, ready-to-use fat product obtained by
pushing aspirated fat through size reduction filters while allowing
waste products to exit in a closed system.

Raposio et al. [76] also described an effective alternative pro-
cedure in which the isolation process was performed by mechanical
means at a laminar airflow bench. Once the adipose tissue was
harvested during a conventional tumescent liposuction, it was
placed in a vibrating shaker at 600 vibrations per minute for 6 min
and then centrifuged at 1600 rpm for 6 min so that the previously
detached ASCs were collected into the resulting pellet at the bot-
tom of each 10-mL test tube containing the lipoaspirate. The SVF
was then collected using a pipette and added to a 10-mL Luer Lock
syringe, ready to be injected. The entire isolation process lasted
approximately 15 min and it yielded a mean of 5 x 10° (SD: =+
1 x 10°) ASCs with 97% cell viability.

4.6. ASCs in wound healing

Currently, ASCs are being investigated as a therapeutic strategy
for a diverse group of pathological conditions, including hard-to-
heal wounds. Wound healing is not a series of individual and in-
dependent progressive steps, but a complex process involving
inflammation, epithelialization, neoangiogenesis, proliferation, and
collagen matrix formation [87]. This complex process is carried out
and regulated by numerous growth factors, cytokines, and che-
mokines, such as transforming growth factor-f (TGF-B), vascular
endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), granulocyte macrophage colony-stimulating factor, the
interleukin family, EGF, FGF and TNF-a [88,89]. A reduction in the
cytokines released by local inflammatory cells and decreased neo-
vascularization are the main obstacles to healing processes. BMSCs
and ASCs have been studied as potential solutions for these major
issues. Both types of MSC have been shown to be effective in
enhancing wound healing by modulating the immune response,
secreting paracrine factors, and promoting therapeutic angiogen-
esis, thereby providing the building blocks for wound regeneration
[90]. Given their higher isolation yield, ease of harvest and abun-
dance, ASCs are more clinically attractive and have generated in-
terest as the most favored cell type for wound repair and
regeneration [91]. It has been demonstrated that ASCs not only
have potential for stimulating angiogenesis, but may also function
in situ as pericytes providing vascular stability, and can communi-
cate with endothelial cells in response to environmental stimuli
[92]. As a consequence of a newly re-established blood supply,
hard-to-heal wounds can obtain the necessary support for wound
recovery.

In a rat ischemic hind-limb model, the intravenous or
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intramuscular administration of CD31-negative ASCs dramatically
improved the vascular supply [93,94]. This mechanism is accounted
for by both the direct differentiation of ASCs into endothelial cells
and the indirect paracrine effects of ASCs, which secrete angiogenic
growth factors. Consistent with the results of the ischemic hind-
limb study, the survival area of an ischemic skin flap can also be
increased by local injection of autologous ASCs into the skin flap
[95]. Further studies performed by the same research group
showed that skin ulcers in diabetic mice were repaired using
autologous ASCs, indicating that ASCs can be used to treat skin
ulcers, even in patients with diabetes [96]. Marino et al. [97]
employed ASC therapy in the chronic skin ulcers of patients with
peripheral artery disease, gaining encouraging results. In fact, skin
ulcers may accompany critical limb ischemia, but even after suc-
cessful revascularization, they still may not heal and often require
special treatment. Several studies have adopted an approach based
on the concept of improving the vascularization of ischemic limbs
so that perfusion increases sufficiently to promote wound healing,
reduce the pain at rest, and allow limb salvation [98]. In these
studies, ASCs were delivered mainly using multiple intramuscular
injections and intra-arterial or intravenous administration [99]. It
emerged that after cell implantation, perfusion was increased in the
treated limbs, as confirmed by improvements in ankle-brachial
index, transcutaneous oximetry (TcpO,), rest pain and pain-free
walking distance, with a reduction in amputation rates. In a still-
unpublished pilot study, Raposio and co-workers successfully
treated seven patients presenting with ischemic ulcers of the lower
limb with topical ASC administration. All patients were affected
either by diabetes, peripheral artery disease, or both and were
candidates for amputation. All patients were completely healed,
with or without undergoing percutaneous transluminal angio-
plasty, and hence avoided limb amputation. Moreover, both Laser
Doppler Flowmetry and TcpO, values showed perilesional im-
provements in oxygenation and perfusion during the follow-up,
validating the effectiveness of ASCs in inducing angiogenesis. The
same group also reported successful treatment of 21 chronic
wounds of the lower limb using a combination of ASCs and platelet-
rich-plasma (PRP) [79]. Compared with the 31 chronic wounds of
the control group that were treated using standard wound care, the
experimental group showed a significantly higher wound closure
rate, resulting in faster recovery. Indeed, PRP combined with ASCs
might act synergistically because of the degranulation of the
platelet a-granules, which contain various growth factors such as
PDGF-BB, TGF-f1, VEGF and EGF. Moreover, when the PRP is acti-
vated by adding calcium gluconate and thrombin, a fibrin matrix is
generated, providing a scaffold for the ASCs [100]. Numerous
studies have demonstrated that ASCs may benefit from an appro-
priate scaffold, which can provide a 3D architecture to enhance cell
behavior. In fact, a cell-seeded matrix can deliver stem cells directly
where needed in the ischemic tissue and can also facilitate the
infiltration of native cellular agents including fibroblasts and
vascular tissue [92]. Several biomaterials have been tested in this
regard, and particular attention has been given to materials derived
from the extracellular matrix [101]. Skin substitutes appear to
provide an optimal 3D scaffold for the delivery of ASCs to the
wound site. In this regard, human acellular dermal matrix (ADM),
silk fibroin-chitosan scaffolds, and atelocollagen matrix have been
studied for their potential to assist the integration between local
tissue and the graft [102]. Unlike synthetic materials, ADM pos-
sesses favorable handling properties and resistance to infection, as
well as facilitating local cell infiltration and revascularization
through integration at the wound site [103,104]. Altman et al. [105]
applied an ADM scaffold seeded with ASCs at a wound site and
observed a significant improvement in wound healing and an
increased local retention of ASCs, which enhanced the

microvascular network, leading to tissue regeneration.
4.7. Mechanism of action

Although ASCs have been shown to be effective in the treatment
of acute and chronic wounds in preclinical and clinical settings,
their exact mechanism of action is still under investigation. ASCs
have been found to initiate or enhance tissue regeneration through
two main mechanisms, either by differentiating into skin cells, or
by secretion of paracrine factors which downregulate the inflam-
matory response [91]. The primary mechanism is thought to be
paracrine secretion, which leads to subsequent differentiation of
the stem cells into endothelial cells, fibroblasts, or keratinocytes.
Moreover, ASCs may modulate the “stem cell niche” of the host by
stimulating the recruitment of endogenous stem cells and pro-
moting their differentiation along the required lineage pathway.
ASCs have also been shown to possess antioxidant effects during
wound healing [106].

4.8. Differentiation or transdifferentiation

Topical administration of ASCs on ulcers is effective in
enhancing wound closure, mainly through neovascularization and
epithelialization, as demonstrated through the in vivo application
of ASCs in rat, pig, and mouse wounds [91]. Tamarat et al. [107]
showed enhanced healing in physiological and pathological
wounds in mice, where green fluorescent protein-positive ASCs
were demonstrated to differentiate in situ into endothelial cells and
keratinocytes. Huang et al. [108] also reported similar findings.
They created a rat model of radiation-induced acute wounds that
they treated with ASCs cultured in vitro. Wound healing was
enhanced, but, more importantly, a histological examination of the
wound edge and an immunoblot analysis of the re-epithelialization
region suggested that ASCs promoted angiogenesis, either by acting
directly as angiogenesis promoters or by differentiating into
endothelial cells. Moreover, Nie et al. [109] reported an in vivo
animal model in which ASCs were shown to differentiate in situ into
keratinocytes, aiding an epithelialization process. The same group
also demonstrated spontaneous ASC differentiation into a vascular
endothelial phenotype that led to newly formed capillaries. Trak-
tuev et al. [110] reported that ASCs could be found as pericytes
around newly formed blood vessels, providing vascular stability.
Additional studies have shown that ASCs seeded onto a biomaterial,
such as a silk fibroin-chitosan scaffold, transformed into fibrovas-
cular, endothelial, and epithelial elements of repaired tissue [91].
These studies have indicated that ASCs not only secrete pro-healing
factors but also directly take part in the healing process and act on
the local environment.

Transdifferentiation of ASCs into skin cells has not been exten-
sively investigated; however, Trottier et al. [111] recently reported
to replace skin substitutes that commonly use dermal fibroblasts,
with ASCs. This cell replacement strategy led to a trilayered skin
that consisted of the epidermis, dermis, and hypodermis. Coculture
experiments performed by Kim et al. [112] showed that the pro-
liferation of fibroblasts was boosted by direct cell-cell contact be-
tween ASCs and human dermal fibroblasts. As a consequence, there
was both up- and downregulation of certain factors with the
expression of collagen type I and Ill and fibronectin being increased
1000-fold in the cocultures, whereas MMP-1 was downregulated.

4.9. Paracrine action
A wide range of cytokines and factors are known to be involved

in the beneficial interaction between ASCs and other cells. It is
likely because of their paracrine secretion during wound repair that
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ASCs can stimulate recruitment, migration and proliferation of
endogenous cells in the wound environment. Therefore, ASCs can
stimulate angiogenesis, epithelialization, and wound remodeling.

The angiogenic support provided by ASCs can be regarded as a
predominant effect since the reestablishment of blood supply is
mandatory for the recovery of damaged tissues in non-healing
wounds [15,113].

It is known that ASCs express and secrete cytokines which are
important for angiogenesis, such as stromal cell-derived factor 1
(SDF-1), VEGF, PDGF-BB, basic FGF, Ang-1, IGF-1, matrix metal-
loproteinases, IL-6, and IL-8 [15]. VEGF is the most effective and
specific growth factor that regulates angiogenic processes, and it
can stimulate the mobilization, recruitment, and migration of
progenitor endothelial cells, accelerating the onset of angiogenesis
[114]. Nie et al. [109] demonstrated that ASCs secrete angiogenic
cytokines in vitro and in vivo, including VEGF, HGF, and FGF-2. SDF-1
activity is essential for endothelial cell survival, vascular branching,
and pericyte recruitment. SDF-1a is not only a mobilization signal
capable of recruiting CXC chemokine receptor type 4-positive
progenitor cells into hypoxic tissues, but it also recruits pericytes
and smooth muscle cells that stabilize and mature newly formed
blood vessels [115]. Ang-1 inhibits pericyte apoptosis and interacts
with the Tie-2 receptor, recruiting pericytes for the maturation of
new blood vessels, while FGF may also play a key role in main-
taining vascular integrity. The levels of VEGF and/or HGF secreted
by ASCs can be induced by exposure of the cells to hypoxia, growth
and differentiation factors, TNF-a, FGF, EGF, and ascorbate [91].
Moreover, Zografou et al. [116] reported that the transplantation of
ASCs can enhance skin graft survival through the secretion of
growth factors such as VEGF and TGF-B3, which inhibits scarring
and promotes better collagen organization in vivo, regulating
wound re-epithelialization. The same group demonstrated
increased collagen density as a result of the ASC paracrine effect on
collagen production and secretion.

4.10. Immunomodulation

Most chronic wounds fail to heal since they remain in a chronic
inflammatory state. Thus, reducing the inflammatory response may
improve wound healing. ASCs have been shown to modulate
monocytes/macrophages, dendritic cells, T-cells, and B-cells in
terms of adaptive immunity. However, the mechanisms underlying
the immunosuppressive effects of ASCs are still unclear [91].

ASCs can interact with monocytes, granulocytes, and melanoma
cells through expression of Thy-1, an inflammation-dependent
adhesion molecule. In vitro, ASC cell-cell binding and paracrine
signaling can suppress immunity by inhibiting the proliferation of
activated lymphocytes [117]. In vivo, expanded ASCs have demon-
strated immunosuppressive properties in mice, alleviating graft-
versus-host disease, colitis, and arthritis [6]. ASCs exert their
immunoregulatory effects mainly through the secretion of para-
crine factors. Indeed, oxidative stress induces ASCs to secrete TGF-f3,
which promotes premature T helper (Th) differentiation toward
regulatory T cells. Consequently, the Th1 inflammatory response is
downregulated, promoting immune tolerance. ASCs also secrete
galectin-1 and -3, which are essential in T-cell suppression, and
metabolize L-arginine, limiting its bioavailability, thereby reducing
T-cell proliferation and function [6].

Moreover, once ASCs are activated by monocytes and leukocytes
at sites of injury, nitric oxide, prostaglandin E2, indolamine 2,3-
dioxygenase and IL-6 can all be secreted. These soluble molecules
can regulate many components of the immune system: cytotoxic T-
cell proliferation and development and B-lymphocyte differentia-
tion into plasma cells are prevented, and dendritic cell differenti-
ation, maturation and function are hindered [118].

5. Conclusions

Since ASCs were first isolated in 2001 by Zuk et al. [41], stem cell
therapy has gained a prominent and promising role in the future of
wound healing and much has been done to thoroughly understand
ASC biology [119]. To date, ASCs have mainly been studied in vitro
and in vivo in animal models, and only a few clinical trials have been
reported in the literature. The preliminary results reported so far
are promising, and from a practical standpoint the clinical appli-
cation of ASCs in wound healing seems effective and safe, even if it
is currently in its early stages. However, further research is needed:
the mechanism of action of ASCs is still not completely understood,
and the isolation protocol and delivery system must be improved.
The combination of ASCs with PRP and 3D scaffolds seeded with
stem cells seems to be a step forward in the field of regenerative
medicine since these strategies may have the potential to enhance
the proangiogenic effects of the stem cells. Stem cell therapy is a
new and noteworthy chapter in the history of plastic and regen-
erative surgery and it is a shared hope that ASCs may soon become
a readily available tool for the treatment of hard-to-heal wounds.
However, to turn that hope into a reality, further research and
evaluation of the literature are mandatory, so that evidence of
safety and effectiveness may inform clinical practice.
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