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What You Will Learn in This Chapter

The success of wound healing is impaired in several medical conditions resulting in
increased morbidity. The current available therapeutic options frequently fail to promote
full tissue regeneration, and stem cell-based therapies have emerged as promising alterna-
tives. Mesenchymal stem/stromal cells (MSCs) have gained relevance within this context
not only due to their ability to promote healing through engraftment and further difteren-
tiation, but also because of their paracrine effects. Recently, it has been suggested that the
secretion of exosomes may be a dominant mechanism by which MSCs exert their healing
function, thus granting them a potential new role as active players in cell-free-based ther-
apies. This chapter focuses on the recent advances on MSC-based therapies for the treat-
ment of cutaneous wounds, namely on their mechanisms of action and the strategies
adopted to improve their therapeutic efficacy.

13.1 Introduction

Chronic wounds affect 2% of the general population in the Western world, having tre-
mendous social and economic impacts [1, 2]. They are mostly associated to medical
conditions such as diabetes, vascular and autoimmune diseases, being responsible for a
decreasing quality of life of the affected individuals, and frequently leading to major
complications, namely amputations and even, early death [1]. The lack of effective thera-
pies is one of the causes potentiating the chronic wound burden, making the search for
alternative therapeutic strategies an issue of utmost importance. Supported by recently
accumulated evidence, mesenchymal stem/stromal cells (MSCs) have increasingly
become valid candidates to be applied in cell-based therapies due to their beneficial
effects on tissue regeneration [3]. The potential roles and applications of MSCs for the
treatment of cutaneous wounds will be the focus of this chapter.

The main function of the skin is to form an effective barrier against the external
environment, conferring protection and participating in the defence against patho-
gens, in the regulation of body temperature and in the prevention of dehydration [4].
Cutaneous wound healing is, therefore, a crucial factor for the survival of organisms
and the loss of integrity of this barrier, either as a result of injury or a disease, must
be rapidly and efficiently treated [4].

Wound healing is a dynamic biological event mediated by a complex set of
growth factors secreted by a variety of cell types, controlling events like clotting,
inflammation, cellular migration, proliferation, extracellular matrix (ECM) deposi-
tion, angiogenesis, vasculogenesis and ultimately, leading to remodelling of the
mature scar tissue [4]. There are three classic stages of wound repair (8 Fig. 13.1)
that, although distinct, do overlap: i) the inflammatory stage, ii) new tissue forma-
tion/proliferation stage and iii) the remodelling phase [4]. Inflammation is the first
stage of wound repair, occurring immediately after tissue injury. In this process,
haemostasis is achieved, initially by the formation of a platelet plug, followed by the
formation of a fibrin matrix. In turn, platelets embedded in the recently formed
fibrin clot recruit leucocytes and macrophages [5]. Neutrophils eliminate contami-
nating microorganisms and secrete pro-inflammatory cytokines that activate local
fibroblasts and keratinocytes [4, 5]. On the other hand, macrophages are responsible
for initiating the granulation tissue deposition by releasing platelet-derived growth
factor (PDGF) and vascular endothelial growth factor (VEGF), which then leads to
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a feedback loop of continued secretion of several other growth factors that are cru-
cial to the healing process, including transforming growth factor a and  (TGF-a,
TGF-p), interleukin-1 (IL)-1 and insulin-like growth factor (IGF) [6]. Afterwards,
the crosstalk between keratinocytes and fibroblasts becomes critical during the tis-
sue formation/proliferation phase. Through paracrine signalling, keratinocytes
release IL-1 thus inducing fibroblasts to secrete keratinocyte growth factor (KGF),
fibroblast growth factor-7 (FGF-7), IL-6, granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) and hepatocyte growth factor (HGF). In parallel, the kerati-
nocyte proliferation culminates in wound re-epithelialisation [5]. In the final stages,
and with the contribution of bone marrow-derived mesenchymal stem cells
(BM-MSCs), fibroblasts replace the fibrin matrix by granulation tissue, which is
associated to recently formed capillaries [5, 7]. Ultimately, the interaction between
myofibroblasts and fibroblasts leads to the production of the ECM, mainly in form
of collagen. This newly formed ECM turns into a mature scar in the final remodel-
ling stage [4-6]. Concomitantly at this stage, an almost acellular matrix enriched in
type III collagen is left behind and further replaced mostly by type I collagen fibres
that reinforce the repaired tissue, a process mediated by matrix metalloproteinases
(MMPs) [5, 6].

Being a very complex process, numerous factors can impact the different healing
phases. The factors that influence wound healing can be divided in local and systemic
[8]. Local factors are the ones capable of affecting the wound characteristics, such as
oxygenation/hypoxia, infection, foreign body and venous sufficiency, while systemic
factors are those related to the individual’s healing ability, which can be affected by
physiologic or medical conditions such as age, hormones, stress, obesity, medication,
nutrition, among others [8]. Diabetic patients, for instance, are unable to respond to
signalling pathways of normal wound healing, thus compromising their function [9].
Chronic wounds usually fail to progress beyond the first stage of wound healing,
leading to a continuous inflammatory condition characterized by excessive levels of
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pro-inflammatory cytokines, reactive oxygen species (ROS) and senescent cells. The
maintenance of this inflammatory state also leads to excessive proteolysis promoted
by MMP, that unlike in acute wounds, are not controlled by their inhibitors causing
degradation of ECM, growth factors and their receptors [9, 10]. In turn, fibroblasts
present reduced levels of TGF-f receptors in ulcerated tissues promoting their senes-
cence and correlated weakened migratory capacity even in the presence of the moto-
genic stimulant TGF-p [11]. This event along with ECM degradation leads to a
positive feedback loop that amplifies inflammation due to inflammatory cell recruit-
ment, which again hampers the wound healing progression to the proliferative/new
tissue formation stage [9]. In addition, chronic wounds contain senescent cell popula-
tions of keratinocytes, endothelial cells and macrophages, probably due to oxidative
stress, DNA damage-related cell cycle arrest or abnormal metabolic changes. Chronic
wounds are also subject to persistent infections and in most cases the stem cell niche
is compromised or even dysfunctional [9].

The traditional and currently available therapeutic approaches for the treatment
of (chronic) wounds consist in debridement [12], application of wound dressings [13],
negative pressure and hyperbaric oxygen [12] or the administration of growth factors.
However, current research advances in such solutions have been restricted to amelio-
ration of patient care [14]. More curative approaches have resorted to the application
of stem cells to improve the healing process, thus raising the hopes for a complete
wound resolution.

13.2 Mesenchymal Stem Cells in Wound Healing: Sources
and Mechanisms

MSCs have gained interest within the scientific community for they represent promis-
ing alternatives to the repair and regeneration of damaged tissues. Unlike the initial
postulates, supported by strong plasticity data, the way MSCs exert their regenera-
tive capacity is not so much by their ability for multipotent differentiation, but instead
through the secretion of bioactive molecules, which renders them potent inducers of
pro-healing mechanisms [15-17].

MSCs are a subset of multipotent, less committed postnatal stem cells, character-
ized according to The International Society for Cellular Therapy (ISCT) criteria [18],
as being able to adhere to a plastic surface, of undergoing trilineage differentiation
(into osteoblasts, adipocytes and chondroblasts) and expressing specific surface pro-
teins. MSCs present several advantages over other stem cell types. As opposed to
embryonic stem cells (ESCs) that require the sacrifice of the embryo for collection,
MSCs’ procurement is easy and obtained from non-controversial tissue sources at a
relatively low cost. The use of MSCs also overcomes the safety concerns related to
genome stability of ESCs and induced pluripotent stem cells (iPSCs) that have hin-
dered their clinical applications. Moreover, cultivation of MSCs does not require the
use of feeder layers or high concentrations of serum as ESCs do. Finally, although
MSC:s are not an infinite cell source, they have an extraordinary replicative capacity
in vitro, which is of extreme relevance, due to the large amounts of cells needed for
cell-based therapies [15].

Despite the fact that the perivascular niche is thought to be a common stem cell
microenvironment for resident MSC-like populations [19], MSCs can be isolated
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from a number of neonatal tissues, including amnion, placenta [20, 21], foetal blood,
liver [22] and umbilical cord blood (UCB) [23] and tissue/stroma (UC) [24, 25]; as
well as from adult tissues, such as bone marrow, thymus, brain, liver, lung, kidney,
aorta, muscle, spleen [19] and adipose tissue (AT) [26]. These cells display many com-
mon characteristics suggesting that all MSC populations share a similar ontogeny.
However, MSCs may present variations in morphology, proliferation potential,
growth rates, differentiation capacity as well as in their regenerative potential, includ-
ing wound healing capacities [27]. In fact, one of the main advantages of using
human neonatal MSCs is the fact that they are isolated from a tissue containing a
more primitive MSC population expressing the pluripotency gene markers Oct-4,
Nanog and Sox2, which are present in ESCs. Epigenetic modifications are also altered
in neonatal tissues. Indeed, the aging of these cells is one of the hypothesis to explain
the differences in MSC regenerative potential and may be associated to DNA and
mitochondrial damages [28]. Several comparisons using MSCs from distinct origins
but with similar number of passages have been reported as indicating differences in
regenerative potential [24, 29].

The MSCs derived from bone marrow (BM-MSCs) were the first to be isolated,
being, therefore, the most investigated. BM-MSCs present increased differentia-
tion potential to osteogenic and chondrogenic lineages [29], when compared with
MSCs from other sources, namely adipose tissue or umbilical cord blood [30]. In
turn, AT-MSCs have been reported to better contribute to the formation of capil-
lary networks, whereas pericytes genesis has been shown to be potentiated by
UCB-MSCs [31]. UC-MSCs [24, 25] and BM-MSCs [24] have demonstrated to
promote early motogenic effects on keratinocytes and fibroblasts, respectively. In
contrast to UC-MSC along with UCB-MSCs, AT-MSCs and BM-MSCs have
been implicated in improving vasculogenesis, whereas amniotic membrane-derived
MSCs have not [31].

Therefore, the regenerative potential of MSCs may depend on their tissue of ori-
gin, which is supported by the stem cell niche theory that postulates that cell fate is
the result of the impact of stem cell niche [32]. As such, the tissue source from which
MSC:s are isolated is an important factor that not only conditions the healing poten-
tial, but also must be taken into consideration to better define the therapeutic strat-
egy for further clinical applications.

13.2.1 Homing of Mesenchymal Stem Cells

In stem cell science, the term “homing” refers to the stem cells’ ability to migrate to
a specific destination, or “niche”, within a given organism. In the case of MSCs,
their ability to respond to chemotactic cues and migrate towards injured sites is
recognised. Therein they may differentiate or influence the wound environment by
secreting regenerative paracrine factors [33, 34]. MSC homing is also characterized
by MSC arrest within vessels and subsequent passage/transmigration through the
endothelium [34]. In terms of clinical applications, this property allows a less inva-
sive and systemic administration of MSCs that are then guided by cytokine gradi-
ents and other cues originating from tissue damage loci.
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@ Fig. 13.2 The SDF-1/CXCR4 axis and the role of G-CSF after tissue injury. In a non-injury sce-
nario, SDF-1 acts as a signal for the retention of BM-MSCs at the bone marrow. Conversely, in an injury
scenario, cytokines, chemokines, and growth factors, like G-CSF, are released at the injured tissue, trig-
gering the degradation of SDF-1 and consequent homing of MSC from the BM to sites of injury via the
circulation

Evidence of MSC homing in homeostatic conditions has proven to be difficult
to obtain, having produced some controversial results as reported in the litera-
ture [34]. However, despite the failure to isolate circulating MSCs [35], Wang
et al. have shown that higher amounts of MSCs are isolated from injured mice
[36], being this fact associated with increased levels of VEGF and G-CSF in
peripheral blood.

The mechanism by which MSCs home to specific damaged tissues is barely under-
stood, but it is thought to resemble the leukocyte homing cascade, due to the pres-
ence of a number of similar cell adhesion and cytokine receptors at the surface of
MSCs [34] (B Figs. 13.2 and 13.3). After injury, the systemic secretion of P- and
E-selectins as well as VCAM-1 mobilizes leukocytes. Other chemokines such as SDF-
1, IL-8, CCL2, and CXCL10 are also secreted and recognized by MSCs via specific
receptors [37]. The SDF-1/CXCR4 axis has been shown to be significantly up-regu-
lated in bone marrow and in ischemic tissues [34], being well known for their roles in
hematopoietic stem and immune cell recruitment [38], as well as in MSC mobiliza-
tion in experimental models of brain injury and heart myocardial infarction [39, 40].
SDF-1 acts as a signal for the retention of BM-MSCs at the bone marrow, and the
G-CSF used clinically to mobilize stem cells from the BM into the peripheral circula-
tion is thought to work by triggering the degradation of SDF-1 (B Fig. 13.2) [38].
Indeed, Miranda et al. have hypothesized that G-CSF could be involved in BM-MSC
recruitment to injured tissues, which is known to be important for promoting tissue
regeneration [24].
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13.2.2 Mesenchymal Stem Cell Paracrine Mechanisms

Increasing amount of evidences shows that MSCs possess the ability to induce tissue
regeneration without local engraftment or differentiation leading to a paradigm shift
in regenerative medicine [41]. Emerging data suggest that stem cells can be considered
as a reservoir of trophic factors, including growth factors and cytokines as IL-1,
GM-CSF, IL-7,1L-8,IL-10,IL-11, SDF-1 or micro and nanovesicles, that are released
(secretome) when needed to modulate and repair surrounding damaged tissues [42]. Tt
has been demonstrated that trophic factors can have many roles such as regulation of
inflammatory reactions, immunomodulation, anti-apoptotic and pro-angiogenic, just
to mention a few (8 Fig. 13.3) [42-44]. Moreover, instead of transplantation of
MSCs, the administration of their secretome can overcome many of the safety con-
cerns regarding transplantation of viable replicating cells [45]. Understanding the cell
secretome has thus attracted much attention.

MSC-mediated immune regulation is the result of the cumulative action dis-
played by several anti-inflammatory molecules [46], and its effects occur in a local-
ized environment and not systemically [47]. The immunomodulatory effects of
MSCs are quite relevant for their application as novel therapeutics since MSCs
were shown to be able to inhibit the proliferation of CD4+ and CD8+ T cells, B
cells, and natural killer (NK) cells [24, 48]. The mechanisms by which MSCs exert
effects of immunomodulation are related to the suppression of pro-inflammatory
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behaviour of T and B cells, macrophages, dendritic cells and neutrophils [37]. These
effects are mediated by the MSC secretion of growth factors such as TGF-p, HGF,
IL-10, PGE2 and NO [49], IL-6 [50] and CCL2 [51], among others [37, 49]. In fact,
their therapeutic role in a variety of inflammatory autoimmune diseases, such as
rheumatoid arthritis [27, 44], is currently under wide pre-clinical and clinical inves-
tigation [52].

13.3 Mesenchymal Stem Cells in Skin Regeneration/
Cutaneous Wound Healing

13.3.1 Endogenous MSCs

Apart from the role of stem cell niches existing in all tissues, including the skin,
understanding the contribution of other endogenous stem cells to the regenerative
process is a challenging quest and has even led to controversy.

Within the skin context, some authors have shown that skin-specific MSC niches,
located at either the hair follicle bulge [53] or the dermal sheath [54], play differential
roles in wound healing: while the former migrate to induce keratinocyte function, the
latter differentiate into fibroblasts to further help on ECM deposition. After damage,
epidermal repair is dependent on the migration of hair follicle bulge stem cells that
through transient proliferation induce re-epithelialization [53]. The mechanism by
which dermal sheath stem cells assist in wound repair is not related to migratory
activity. Instead, the cells around the hair follicle assume a wound healing or myofi-
broblast phenotype, being involved in dermal repair [54].

On the other hand, endogenous BM-MSCs could act in the different phases of
the wound healing process [24]. MSCs can induce the recruitment of endothelial cells
through the secretion of VEGF and the modulation of inflammatory and immune
responses through tumour necrosis factor-o (TNF-a) regulation and natural killer
(NK) cell elimination. Afterwards, the proliferation of epidermal cells at the wound
margins and further vasculogenesis allow the granulation tissue deposition. Finally,
in later phases, BM-MSCs can affect in scar deposition by regulating interleukins
and secreting prostaglandin E2 (PGE2), which further reduces collagen production
[50].

13.3.2 Exogenous MSCs

Several reports support that chronic wound patients are deficient and defective in
stem cells, as is also seen in in vivo healing-related disease models [55]. Hence, to
overcome impaired wound healing, these patients may require a direct and active
therapy through “exogenous” MSC administration whose mechanism of action can
be due to cellular engraftment or through a paracrine mechanism.

13.3.2.1 Cellular Engraftment

Liu et al. have recently reported that systemic UC-MSCs, delivered intravenously,
migrate to a wound site and remarkably reduce the amount of inflammatory infil-
trated cells and signals while locally stimulating IL-10 and TNF-stimulated gene-6
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(TSG-6). They also observed higher levels of collagen deposition as well as improved
revascularization and VEGF secretion [56].

However, local application of MSCs at the wound site has also shown therapeutic
benefits [57], avoiding cell loss within capillary networks. Locally applied UCB-
MSCs improved the healing process by differentiating into keratinocytes as seen by
the expression of keratin 19 or pan-keratin antigen [58]. On the other hand, Kong
et al. have described that placenta-derived MSCs transplanted into the wound site
have engrafted into the recipient’s vasculature. Engraftment without apparent dif-
ferentiation resulted in enhanced microvessel density and ultimately led to improved
wound healing in diabetic rats, probably due to the secretion of VEGF, HGF, FGF-
2, TGF-p and IGF-1 [59]. Similar findings were reported by Hong et al. who found
that AT-MSCs delivered topically engrafted and promoted a higher number of CD31
positive cells at the wound site with no signs of MSC differentiation. Although not
exploring in depth the signalling pathways behind such findings, the paracrine secre-
tion of pro-healing trophic factors by AT-MSCs, implicated in endothelial cell and
macrophage recruitment in vivo, has been anticipated [60]. Finally, Shin et al. have
reported the beneficial effects of locally applied BM-MSCs on both, normal and
impaired healing, as a result of MSC engraftment [61]. In this model, the recruitment
of higher numbers of autologous CD90 and CD166 positive cells (MSCs) to the
wound site was observed, as a result of the increased production of Wnt3a, VEGF
and platelet-derived growth factor receptor a (PDGFR-a) [61].

13.3.2.2 Paracrine Activity

As previously mentioned, the paracrine activity of MSCs alone for the treatment of
cutaneous wounds has also been directly evaluated by many authors who chose to
apply MSC secretome, instead of physical cells, in their experimental setups
(8 Table 13.1). Media that have been conditioned by MSCs (CM) contain MSC-
secreted growth factors, cytokines and chemokines, including IL-8, IL-6, HGF,
FGF-2, TGF-p, IGF-1, TSG-6, tumour necrosis factor receptor 1 (TNFR1), VEGF,
granulocyte colony-stimulating factor (G-CSF), KGF and epidermal growth factor
(EGF), that play important roles in the different phases of normal wound healing
[24, 25, 56, 62].

Yew et al. demonstrated that CM from BM-MSCs accelerated wound closure
with increased re-epithelialization, cell infiltration, granulation formation and angio-
genesis, by enhancing epithelial and endothelial migration, which was related to the
observed high levels of 1L-6 mediated through the activation of p38 MAPK. In turn,
in vitro studies using dermal fibroblasts have revealed that the presence of CM pro-
moted fibroblast activation, proliferation and migration, further enhancing the heal-
ing of the wounds [24, 25, 62, 63].

In addition, the application of CM from amniotic fluid (AF)-derived MSCs led
to accelerated wound repair in vivo by dermal fibroblasts through the TGF-p/
SMAD?2 pathway [62]. During the healing process, TGF-f is involved in inflamma-
tion, angiogenesis, re-epithelialization and granulation tissue deposition, being
dependent on the activation of SMAD2 which further stimulates ECM production
by fibroblasts promoting healing. Along with this new tissue formation, stromal cell-
derived factor 1 (SDF-1) production by exogenously administered MSCs acts as a
positive feedback by stimulating the endogenous MSC migration that will also
secrete cytokines; overall increasing the crosstalk with adjacent cells including kera-
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B Table 13.1 Summary of the studies using mesenchymal stem cell-derived conditioned media
for the treatment of cutaneous wounds including study design, mechanisms and outcomes

MSC Experimental Associated Outcome Ref.
source model factors/
signalling
pathway
Rat bone In vitro scratch MEK/Erk, Stimulation of the [65]
marrow assay MMP-2, MMP-9  proliferation and
migration of keratino-
cytes.
Human In vitro scratch p38 MAPK, Induction of epithelialand  [91]
bone and transwell IL-6, IL-8, endothelial cell migration
marrow migration assays CXCL1 resulting in accelerated
In vivo mouse wound closure with
excisional wound increased re-epithelializa-
splinting model tion, cell infiltration,
granulation formation and
angiogenesis.
Human In vitro prolifera- TGF-B/SMAD2 Enhancement of wound [62]
amniotic tion and scratch healing by dermal
fluid assays fibroblast proliferation
In vivo mouse and migration; acceler-
excisional wound ated wound closure.
splinting model
Human In vitro scratch TGF-B2, HIF-1a,  Induction of the [63]
umbilical assay PAI-1 proliferation and
cord In vivo mouse migration of fibroblast
matrix excisional wound and wound closure.
model Enrichment of proliferat-
ing cells in wound site
with enhanced re-epithe-
lialization, higher
cellularity in granulation
tissue, and organized
ECM.
Human In vivo mouse IL-10, TGF-B, Accelerated wound [92]
umbilical excisional wound VEGF, closure with increased
cord splinting model angiopoietin-1 capillary density and
matrix activation of M2
macrophages.
Human In vitro scratch Non-identified Enhancement of fibroblast ~ [93]
umbilical assay migration with increased
cord In vivo mouse deposition of collagen
matrix excisional wound and elastin. Improvement

splinting model

on wound closure with
increased re-epithelializa-
tion, cellularity and
vasculature, sebaceous
glands and hair follicles.
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tinocytes. In fact, cell-free lysates prepared from BM-MSCs have proved to be effec-
tive in inducing faster wound resolution by increasing expression of SDF-1 and
CXCL-5, which are strong keratinocyte stimulators [64]. Moreover, MSC CM has
also been implicated in the treatment of wounds characteristic of diabetic conditions
where keratinocyte migration and proliferation are impaired. Such as shown in vitro
by the treatment with CM derived from MSCs that overcame the effects of hypergly-
cemia by decreasing ROS overproduction, and allowing keratinocyte motility, which
can be translated as an alternative therapeutic approach to ameliorate the poor
wound healing conditions prompted by diabetes [65].

Finally, in a relevant comparative study, Miranda et al. have demonstrated that
either CM obtained from UC-MSCs or BM-MSCs have the capacity to accelerate
wound closure in vivo. However, the motogenic activity promoted by the CM from
UC-MSC was significantly higher for human keratinocytes, in opposition to the
effect seen with CM produced by BM-MSCs, which preferentially induced fibroblast
migration. Accordingly, a comparative quantification of key factors with vital impor-
tance in the consecutive stages of wound healing revealed very different secretome
profiles between the two MSCs. The relatively higher UC-MSC expression of EGF,
FGF-2, and KGF strongly supported the early induction of keratinocyte migration
and function necessary to trigger the later remodelling stages, where fibroblasts, trig-
gered by IL-6, play a major role in ECM production. Concomitantly, the newly dis-
covered UC-MSC-specific expression of G-CSF has revealed additional capacities
for the CM derived from UC-MSCs to mobilize other healing-related cells (including
CD347/CD45™ precursors — MSCs). These results were noteworthy since they under-
pinned i) different paracrine activities between MSCs derived from different tissue
sources and ii) the viability of using (complementary) CMs rather than physical cells
to promote skin regeneration [27].

13.3.3 The Role of Exosomes Derived from MSCs

Recent studies have uncovered that therapeutically valuable paracrine factors secreted
by MSCs are often contained in small secreted lipid vesicles (40-100 nm) termed
exosomes [66-68]. Exosomes have been found to cause alterations in biological path-
ways by playing key roles in normal physiology as well as in different pathological
conditions [66, 69]. Indeed, they are released into the extracellular space shuttling
several molecules, including proteins (e.g. growth factors, cytokines and receptors, as
CXCR4) and nucleic acids (mRNA, miRNA) to neighbouring cells [70]. Because
they are extracellular vesicles (EVs), their cargo is protected from adverse conditions,
namely differential temperatures and pH environment variations [70].

The role of MSC-derived exosomes as well as their mechanisms of action is cur-
rently under investigation, introducing another dimension to the way MSCs can be
applied in regenerative medicine. Within the context of wound healing, MSC-
derived exosomes have been linked to the processes of re-epithelialization [71, 72]
and angiogenesis [72, 73]. @ Table 13.2 reviews the works where MSC-derived exo-
somes have been implicated in the mechanisms related to wound healing.

Zhang et al. have shown that exosomes isolated from human iPSC-derived MSCs
(iMSCs) promoted fibroblast secretion of collagen and elastin, and also angiogenesis
in vitro, albeit without exploring mechanisms of action [72].
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B Table 13.2 Summary of studies suggesting the use of mesenchymal stem cell-derived

exosomes for the treatment of cutaneous wounds

MSC Experimental

source model

Human In vitro scratch,

adipose proliferation and

tissue transwell migration
assays

In vivo mouse
excisional wound

model
Human In vivo mouse
umbilical excisional wound
cord model
matrix
Human In vivo rat second-
umbilical degree burn wound
cord model
matrix
Human In vitro viability/
umbilical proliferation,
cord transwell migration
matrix and tube formation
assays
In vivo rat second-
degree burn wound
model
Human In vitro scratch,
bone viability/prolifera-
marrow tion and tube
formation assays
Human In vitro viability/
fetal proliferation and
dermis transwell migration

assays
In vivo mouse
excisional wound
model

n.i. non-identified

Associated
factors/
signalling
pathway

n.i.

miR-21,
miR-23a,
miR-125b,
miR-145,
TGF-p/
SMAD2

Wnt/p--
Catenin,
Wnt4, PI3K/
AKT

Wnt/p--
Catenin,
Wnt4

PI3K/AKT,
MEK/Erk,
IL-6/JAK/
STAT3

Notch/
jagged 1

259
Outcome Ref.
Stimulation of fibroblast [75]
migration and proliferation.
Acceleration of wound
healing with improvement on
collagen deposition and
maturation.
Promotion of wound closure [76]

with reduced scar tissue
formation by inducing
proliferation and migration of
fibroblasts although mitigating
myofibroblast formation and
contractibility.

Improvement of wound healing [71]
with faster re-epithelialization.
Induction of proliferation and
migration of keratinocytes and

dermal fibroblasts.

Induction of proliferation, [94]
migration and tube-formation
capacity of endothelial cells.
Improvement of angiogenesis

with increased number of

epidermal and dermal cells

during wound healing.

Stimulation of fibroblast [73]
proliferation and migration and
increase in the capacity to

promote tube formation of
endothelial cells, through

activation of genes related to

cell cycle control and growth

factor and cytokine expression.

Induction of mitogenic and [95]
motogenic activities on

dermal fibroblasts. Accelera-

tion of wound healing by

promoting cell proliferation,

ECM deposition and
reepithelialisation.
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On the other hand, an in vitro study conducted by Shabbir et al. demonstrated
that BM-MSC-derived exosomes improved the growth and migration of fibro-
blasts isolated from normal and chronic wounds and also induced angiogenesis by
activating AKT, ERK 1/2, and STAT3 pathways. These authors found that
BM-MSC exosomes carried STAT3, which is reported to promote gene expression
related to growth factor production, such as HGF, IGF1, NGF, and SDF-1.
Similarly, the AKT and ERK1/2 pathways were also reported to be activated in
keratinocytes and dermal fibroblasts in vitro after incubation with exosomes from
UC-MSCs [71] and iMSCs [74], respectively. Moreover, exosome-mediated deliv-
ery of Wnt4 signalling led to the enhancement of the healing process in a rat skin
burn model by inducing f-Catenin, a dual function protein, involved in regulation
and coordination of cell-cell adhesion and transcription regulation [71].

In turn, exosomes from AT-MSCs induced the expression of N-cadherin,
cyclin-1, proliferating cell nuclear antigen (PCNA) and collagen I and III, associ-
ated with migration and proliferation of fibroblasts. The result was an improved
collagen synthesis phenotype of these cells, which promoted a faster resolution of
soft-tissue wounds [75]. Accordingly, Zhang et al. have also reported increased
expression of CK19, PCNA, collagen I (compared to collagen III) in wounds
treated with UC-MSC exosomes in vivo [71].

The formation of a scar tissue after skin damage, caused by myofibroblast aggre-
gations, is particularly important since it compromises the regeneration process
leading to cutaneous tissue with native elastic properties. The contribution of
UC-MSCs to scar tissue deposition remains vague, but Fang et al. have found that
specific exosomal miRNAs including miR-21, —23a, —125b, and — 145 were essen-
tial to the myofibroblast suppression and anti-scarring functions through inhibition
of a-smooth muscle actin (a-SMA). The suppression of a-SMA, which in turn is
associated to TGF-p/SMAD?2 pathway, resulted in reduced scar formation and
myofibroblast accumulation [76].

Uncovering the mechanisms underlying the therapeutic effects associated to the
use of MSC-derived exosomes for the repair of cutaneous wound is still a challenge.
Nevertheless, exosomes seem to act throughout the full wound healing process: in
the initial stages, by improving re-epithelization and angiogenesis by activation of
AKT and STATS3 signalling; and in the final stages, by decreasing scar tissue deposi-
tion by miRNA-mediated pathways.

13.4 Priming MSCs: Strategies for Improving Cutaneous
Wound Healing

MSC response to different environments implies different outcomes of their behav-
iour. As such, strategies to improve MSC therapeutic efficacy, both in cell-based and
cell-free-based therapies, have been attempted [77].

13.4.1 Preconditioning Strategies

Although MSCs constitutively produce several growth factors, these cells are able to
reprogram their set of paracrine factors as a response to local stimuli, e.g. when
administered in a wounded site.
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For example, the presence of hypoxia is a typical feature of damaged tissues. Low
levels of oxygen lead to hypoxia-inducible factor la (HIF-la) activation, further
inducing the secretion of VEGF and SDF-1. It has been shown that CM from
BM-MSCs grown under hypoxic conditions further promoted cutaneous wound
healing, being capable of accelerating wound closure in vivo when compared to CM
from BM-MSCs cultured under normoxia conditions [78]. Similarly, the CM from
hypoxic-treated AF-derived-MSCs presented significantly higher levels of VEGF
and TGF-f in vitro as compared to the corresponding normoxic CM [79].

A prolonged inflammatory state is also a characteristic of the chronic wound
environment that may be circumvented by MSCs. The exposure of AT-MSCs to
inflammation-inducing agents, namely lipopolysaccharide (LPS) and TNF-a, has
shown to improve its therapeutic efficacy by inducing skin flap survival in a dia-
betic rat model [80]. MSC response to such a stimulus was found to be mediated
by DNA hydroxymethylation and the microRNAs miR146a, miR 150 and miR155.
In addition, MSC secretory capacity has been investigated within this context,
where exosomes derived from LPS-primed UC-MSCs showed to enhance wound
healing in diabetic rats by mediating macrophage polarization through let-7b via
TLR4/NF-xB/STAT3/AKT regulatory signalling, therefore reducing inflamma-
tion within the wounded sites [81].

13.4.2 Tissue Engineering: Three-Dimensional Cultures

The multicellular 3D structure of spheroids, reached by the ability of MSCs to self-
assemble in ex vivo 3D culture systems, constitutes a very efficient strategy to recreate
the properties of a more physiological environment [25, 82]. Among others, 3D spher-
oid properties include greater cell-to-cell communication and cell-to-ECM interac-
tions, enhanced cell viability, improved cell morphology/phenotype, stimulation of
angiogenesis and anti-inflammatory modulation [25, 82]. The fact that cell prolifera-
tion and metabolism are rather different between 2D and 3D culture systems has also
an important effect upon the overall cellular activity, leading to large differences in the
secretion of relevant paracrine factors.

There are reports addressing the advantage of the microenvironment originated by
3D architecture for promoting wound healing. Hsu et al. have combined AT-MSC
self-assembled spheroids with chitosan-hyaluronan membranes, a condition that
enhanced expression of cytokine genes, namely CCL2, VEGF, FGF-1 and of migra-
tion-associated genes, such as CXCR4 and MMP-1. In a rat dorsal skin model, the
wounds where AT-MSC spheroids were applied revealed faster wound closure and
angiogenesis enhancement [83].

Similar observations have been described by Kwon et al. where again, CM
obtained from AT-MSC 3D cultures presented higher concentrations of HGF,
VEGF, FGF-2 and SDF-1, which suggests an accelerated wound closure triggered
by paracrine mechanisms [84].

Regarding the potential of UC-MSC-derived CM, Santos et al. reported that
dynamic spheroid 3D culturing resulted in a distinct secretome profile. Several key
trophic factors involved in early and late stages of wound healing, namely HGF,
TGF-p1, G-CSF, VEGF, FGF-2 and IL-6 were found to increase up to 80-fold when
compared to CM of UC-MSCs cultured in 2D monolayers. In fact, in an in vivo
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excisional rat model, the treatment of wounds with CM from 3D cultured UC-MSCs
resulted in a faster wound closure and in the fully regeneration of a more mature
tissue phenotype [25].

13.4.3 Genetic Manipulation

Genetic manipulation of MSCs to express growth factors and cytokines that enhance
skin regeneration has also been attempted, namely to promote angiogenesis [85], sup-
press inflammation [86] or to induce cell migration and function [87]. Li et al. have
reported that overexpression of angiopoietin-1 in BM-MSCs-induced epidermal and
dermal regeneration as well as angiogenesis in vivo, suggesting a direct contribution
of angiopoietin-1 in this process [88]. Similarly, Xia et al. have demonstrated short-
ened healing time of radiation-wound injury when treated with BM-MSCs overex-
pressing VEGF and p-defensin-3. These authors showed a significant improvement
in granulation tissue formation with collagen deposition and skin appendage regen-
eration [85]. Following the same rationale, but trying to reduce inflammatory signals,
Qi et al. administered transfected BM-MSCs with TSG-6 to mouse excisional
wounds, demonstrating that these cells suppressed TNF-a secretion by macrophages
which led to accelerated wound healing with markedly reduced tissue fibrosis [86].

Along with the MSCs manipulated to express growth factors, chemokine receptor
overexpression has also demonstrated therapeutic benefits in wounds of irradiated
mice. Herein, the migration of CXCR4-overexpressing BM-MSCs was enhanced
through a specific SDF-1-expression-dependent manner culminating in faster skin
wound resolution [87]. Taking advantage of SDF-1 biological functions, besides
inducing survival and growth of CXCR4-expressing cells [89], Nakamura et al.,
using a rat excisional wound model, have reported that SDF-1-engineered MSCs
improved dermal fibroblast migration and new capillary vessel formation, translating
into wound size decrease [90].

Nevertheless, and despite the promising results, the strategies involving the use of
genetically modified MSCs for the treatment of cutaneous wounds need to consider
further safety issues, e.g. those related to the viral vectors used for gene transfection,
before being considered for clinical application.

13.5 Conclusion

Adapting the MSC therapeutic potential to the essential re-establishment of trophic
factor, protease and metabolically competent cell equilibrium, needed to overcome
impaired wound healing, constitutes an ambitious goal.

Overall, MSCs have proven to be able to influence every stage of the cutaneous
wound healing process through two distinct mechanisms: provide replacement
units for perished cells in tissues, or secrete trophic factors to their surroundings,
thus influencing the endogenous regeneration potential [41]. The manipulation of
MSC:s for improving their therapeutic performance, through preconditioning, tis-
sue engineering strategies or genetic modification, has also revealed to be benefi-
cial. Yet, the establishment of reliable standard operational procedures for
MSC-based therapies to be applied in clinical settings is still hard to achieve. The
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need for a better elucidation on MSC therapeutic mechanisms, to improve differen-
tiation between different MSCs from different tissue sources, for better and consis-
tent priming conditions, and for the best strategy of administration, are important
questions whose answers will facilitate the final translation to the clinic.

— Take-Home Message

== [mpaired wound repair constitutes a severe health problem with great eco-
nomic impact, due to the lack of effective therapies.

== MSC-based therapies have gained relevance as an alternative and effective
treatment for cutaneous wounds.

= MSCs are a subset of stem cells that can be isolated from different tissue
sources, which directly impacts on their therapeutic outcome.

== The therapeutic mechanisms of MSCs involve their proliferation and differen-
tiation after engraftment as well as their paracrine action.

== Both endogenous and administered exogenous MSCs and/or their secretome
have shown to be important players in granting MSCs therapeutic value for
wound healing.

= Exosomes derived from MSCs represent an important cell-free-based alterna-
tive therapy.

== Strategies to improve the MSC therapeutic outcomes include preconditioning
insults, culture conditions modulation or genetic manipulation of the MSCs.
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