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1 | INTRODUCTION

Skin is a multi-layer tissue that serves as the first barrier against life-
threatening pathogens (e.g., bacteria) and radiation [e.g., ultraviolet
(UV) rays]. Due to its extension, the skin is commonly exposed to a
broad range of damages and injuries, which may cause acute and
chronic wounds. In general, skin exhibits a self-repairing ability, albeit
only to some extent. Indeed, skin self-healing is a complex and
dynamic biological process that comprises four overlapping stages of:
(1) haemostasis, (Il) inflammation, (lll) proliferation, and (V) maturation
(remodelling).1 However, this self-healing potential is limited in the
case of severe and extensive skin injuries (e.g., deep burns, lacerations,
and diabetic foot ulcers to name a few). In most cases, bacterial infec-
tions [e.g., methicillin-resistant Staphylococcus aureus (MRSA)] are
considered as one of the main reasons for the delay in the regenera-
tion of damaged skin. Therefore, necessary medical interventions
need to be applied to support the repair and regeneration processes
of the skin.?2 For this matter, a plenty of conventional therapies have
been investigated and prasticed, but stem cell-based approaches have
provided the greatest opportunities to date for accelerating the
wound healing process.* All types of stem cells, including embryonic,
foetal, and adult stem cells, have been confirmed to manage acute
and chronic skin wounds. Recently, the particular use of induced plu-
ripotent stem cells (iPSCs) has been suggested to find a promising
alternative stem cell source for wound healing.” Several experimental
studies have clarified the ability of stem cells to differentiate into skin
cells (e.g., epidermal lineages), indicating their critical role in the recon-
struction of damaged skin. For instance, chemical cues and mechanical
stimuli have been successfully applied to facilitate stem cells differen-
tiation into epidermal cell lineages.®”

Still, the risk of tumorigenicity and immune rejection is among the
main restriction of specific stem cell-based therapies. Moreover, there is a
controversial issue on whether adult stem cells [e.g., mesenchymal stem
cells (MSCs)] possess the ability to fully differentiate into endothelial cell
(EC) lineages in vivo.® In addition, the risk of stem cell rejection has been
mentioned as another restriction ahead of stem cell transplantation.
Therefore, trends have gradually shifted towards using cell-free
approaches, such as stem cell-derived extracellular vesicles (EVs),
exosomes and microvesicles.” Based on definition, EVs represent hetero-
geneous plasma membrane vesicles with a size of 40-150 nm in diame-
ter. EVs are commonly released from cells into biological fluids and
classified into three primary groups including apoptotic bodies
(~>500 nm), microvesicles (~100-1000 nm), and exosomes (~40-
120 nm). Regarding the literature, it can be stated that exosomes are
being extensively used for wound healing as to their mediatory roles in
cutaneous wound healing.*%** In fact, exosomes are lipid bilayer-enclosed

particles (~30-140 nm) with an endosomal origin, which contain

).12 These extracellu-

therapeutic molecules (e.g., proteins, lipids, and RNAs
lar vehicles are effective in promoting wound healing by enhancing cell
proliferation and migration as well as neovascularisation.*>!# Indeed, the
use of exosomes offers some specific benefits over stem cell therapy; for
example, they overcome the risk of immune rejection in vivo.

Since postnatal neovascularisation is one of the most important
biological events in all stages of tissue wound healing, many
researchers have been trying benefit from stem/progenitor cells for
pro-angiogenic strategies that accelerate healthy skin repair and
regeneration.>® Stem/progenitor cells can enhance neovessel forma-
tion at the wound site, including: (l) direct differentiation into ECs and
(Il) secreting pro-angiogenic exosomes. Although preliminary studies
have emphasised the importance of the differentiation of stem cells
towards ECs, recent reports have revealed that pro-angiogenic
exosomes secreted by stem cells play a central role in advancing
angiogenesis and wound healing.® As an illustration, McBride et al.
reported that bone marrow (BM)-MSC-derived CD63"* exosomes can
stimulate the proliferation and migration of dermal fibroblasts and
improve endothelial angiogenesis in vitro.!” In mammalian cells, spe-
cific signalling pathways, including the Wnt4/f-catenin pathway, were
activated under the influence of pro-angiogenic exosomes, thereby
advancing new blood vessel formation.*® Recent studies have focused
on stimulating stem/progenitor cells to secrete higher amounts of
pro-angiogenic exosomes. In this regard, pre-conditioning cells in a
hypoxic environment has been one of the most promising approaches.'?
However, the large-scale production, as well as the high purity isolation
of exosomes, remains an unsolved issue, which should be addressed in
future studies. In addition, the repeated administration of exosomes is
required to obtain a desired outcome in vivo.

The present review aims to highlight the pivotal role of stem/
progenitor cells in promoting angiogenesis and subsequently acceler-
ating skin wound healing. For this purpose, previously published
reports were collected and critically reviewed to determine the major
advantages and disadvantages of stem cell-based approaches as a
resource for researchers, scientists, and clinicians who work on this
important topic of biomedicine. Finally, this review may be helpful for
preparing guidelines and developing clinical trial protocols to form a

bridge between basic science and the clinic.

2 | ANGIOGENESISIN WOUND HEALING:
A MOLECULAR POINT OF VIEW

The process of neovessel formation from pre-existing blood vessels,
known as angiogenesis, plays a vital role in all wound healing stages. Effi-
cient and successful neovascularisation depends on well-orchestrated

interactions of various cell types [e.g., ECs, endothelial progenitor cells
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FIGURE 1 Role of hypoxia on angiogenesis. After exposure to
hypoxia, mesenchymal stem cells (MSCs) release EVs containing a
series of bioactive molecules (e.g., active pSTAT3 and miR-31), which
are transferred to recipient endothelial cell (ECs) and thereby can
promote the transcription of pro-angiogenic proteins. Source:
Reproduced with permission from Ref. 37

(EPCs), pericytes, etc.], ECM components, and biomolecules (e.g., GFs,
cytokines, hormones, etc.).?° In brief, angiogenesis is initially induced by a
mixture of GFs and cytokines released from the damaged tissue, such as
vascular endothelial growth factor (VEGF), angiopoietin-2 (Ang-2), and
fibroblast growth factors (FGFs).2! Furthermore, platelets via secreting
several GFs [e.g., platelet-derived growth factor (PDGF), VEGF, trans-
forming growth factor-a (TGF-a), TGF-8, and bFGF], contribute to EC
proliferation, migration, and tube formation.?? It has been observed that
monocytes and macrophages release various pro-angiogenic macromole-
cules (e.g., PDGF, VEGF, Ang-1, TGF-a, bFGF, IL-8, and TNF-a) during
the inflalmmatory phase of the normal wound healing process.2® After-
ward, hypoxia present in the wound bed leads to the expression of
hypoxia-induced factor-1a (HIF-1a) and subsequent overexpression of
VEGF, which consequently results in vascular cell proliferation.?* The
newly formed vessels are then stabilised as a result of recruited smooth
muscle cells (SMCs) and pericytes as well as the deposition of a vascular
basement membrane.2® Finally, the restoration of hypoxia and reduced
pro-inflammatory cytokines and GFs at the last stage of the normal
wound healing process lead to decreased pro-angiogenic factors, which
in turn yield the suppression of neovascularisation.2®

3 | ROLEOFSTEMCELLSIN
ANGIOGENESIS: A SHORT SURVEY

Angiogenesis is a complicated biological process that comprises sev-
eral interactions between vascular cells and the extracellular environ-
ment. The critical role of stem/progenitor cells in enhancing neovessel
formation has been previously identified as they can induce angiogen-
esis through either direct differentiation towards ECs or secretion of

pro-angiogenic EVs.2” 730 The latter is currently acknowledged as the
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main biological phenomenon behind promoted angiogenesis and
accelerated wound healing.31-23

Prior experiments have shown that stem cells may differentiate
into ECs under specific conditions, including co-culturing with an
extracellular matrix (ECM), exposure to different GFs (e.g., VEGF),
preconditioning in a hypoxic environment, and implementing mechan-
ical stimuli (e.g., shear stress).2*3> For instance, Shang et al. recently
reported that treating adipose-derived stem cells (ASCs) with VEGF
and bone morphogenetic protein-4 (BMP4) under hypoxia may induce
stem cell differentiation into ECs through the demethylation of
ephrinB2,3¢ although there is limited convincing evidence for the
in vivo differentiation of adult stem cells (e.g., ASCs) towards ECs. In
recent years, an increased body of scientific reports has indicated that
the pro-angiogenic potential of stem/progenitor cells (e.g., MSCs) is
associated with their capability of secreting pro-angiogenic bioactive
molecules, which can be enhanced by exposing the cells to some spe-
cific situations (e.g., hypoxic conditions) (Figure 1). For example, stem/
progenitor cells could secret EVs containing angiogenic GFs (e.g., bFGF,
PDGF, TGF-p, and VEGF) (Table 1).2® In addition to GFs, the
neovascularisation process may be improved via particular kinds of
enzymes, including tissue-type plasminogen activator (tPA), urokinase-
type plasminogen activator (uPA), and matrix metallopeptidases
(MMPs)3? Over the last years, several published works have
highlighted the critical role of miRNAs, that is, small non-coding RNAs
with a length of 19-23 nucleotides, in promoting angiogenesis.*°

In the following sections, the pro-angiogenic potentials of differ-
ent types of stem/progenitor cells are introduced and compared, dis-
cussing their usefulness in accelerating wound healing. A selection of

studies is also reported in Table 2.

4 | EMBRYONICSTEM CELLS

Embryonic stem cells (ESCs) are self-regenerating pluripotent cells
that originate from the blastocyst's inner cell mass (ICM). ESCs can
differentiate into three germ layers (ectoderm, mesoderm, and endo-
derm) and form a complete organism under appropriate conditions.
This feature makes ESCs promising candidates for tissue engineering
and regenerative medicine.’! These cells can be maintained in stan-
dard cell culture conditions for years without losing their differentia-
tion potential. However, the possible risk of immunogenicity and
tumorigenicity still limits their application in the clinic.

Previously, ESCs were well documented as a source for generat-
ing ECs.”? In culture, the differentiation of ESCs into ECs can be facili-
tated through endothelial-specific markers, including foetal liver
kinase 1 (Flk 1), platelet EC adhesion molecule, vascular endothelial
(VE)-cadherin, and von Willebrand factor.>2 It has been reported that
the BMP family may induce sprouting angiogenesis of ECs derived
from human ESCs.>® In 2007, researchers succeeded in differentiating
human ESCs into ECs and forming durable blood vessels in vivo (see
Figure 2).°% In 2013, Park et al. compared the potential of human
ESC-derived EPCs (hESC-EPCs) with human cord blood-derived EPCs
(hCB-EPCs) for the treatment of mouse dermal excisional wounds.**
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TABLE 1 A summary of bioactive molecules (e.g., growth factors, cytokines, etc.) that have the ability to induce angiogenesis

Bioactive

Category molecule Cognate receptor/mechanism of action

Growth factors VEGF Tyrosine kinase receptors (VEGFR1, VEGFR2, and VEGFR3)
PDFG Tyrosine kinase receptors (PDGFRa and f)
FGF Tyrosine kinase receptors (FGFR1, FGFR2, FGFR3, and FGFR4)
EGF Tyrosine kinase receptors: EGFR (ErbB1, HER1), ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4)
TGF Serine/threonine kinase receptors (type | and type Il)
TNF Tyrosine kinase receptors (TNFRI and TNFRII)
Angiopoietin Tyrosine kinase receptors (Tie-1 and Tie-2)

Cytokines IL-8 CXCR1 and CXCR2 and thereby VEGFR2
CSF-1 CSFR1, CSFR 2, and CXCR4

Bioactive lipids PGE2 EP1-4 receptors

Matrix- MMPs Low-density LRP

degrading Heparanases HBP
enzymes

Small mediators NO Tyrosine kinase receptors (VEGFR1, VEGFR2)
Serotonin 5-HT1 and 5-HT2
Histamine H1R and H2R

Micro RNA miR-10a MAP3K7/EC
miR-21 Pten, Bcl2, PDCD4, Sprouty-2, PPAR/VSMCs
miR-31 UD/HUVECs
miR-132 RasGTPase activating protein, methyl-CpG-binding protein 2/Pericytes
miR-145 KIf-2, Elk-1, KIf-4/VSMCs
miR-150 Zeb1/hESCs
miR-155 ATR1/ECs
miR-181a Prox1/hESCs
miR-181b Prox1/hESCs
miR-210 Ephrin A3/ECs
miR-217 SirT1/ECs
miR-424 CUL2/ECs

Source: Reprinted with some modifications from Ref. 38.

Abbreviations: CXCR1, CXC chemokine receptor 1; CXCR2, CXC chemokine receptor 2; CSF1R, colony-stimulating factor 1 receptor; EC, endothelial cell;
EP1-4, E-prostanoid receptors 1-4; ErbB1, erythroblastic leukaemia viral oncogene homologue 1; 5-HT1, 5-hydroxytryptamine; elk-1, E-26-like protein;
HBP, heparin-binding protein; hESC, human embryonic stem cells; HUVEC, human umbilical vein endothelial cells; HER1, 2,3,4, human epidermal growth
factor receptor 1, 2, 3, 4; hESCs, human embryonic stem cells; HUVECs, human umbilical vein endothelial cell; KLF2/4, Kruppel-like factor 2/4; LRP,
lipoprotein receptor related protein; PGE2, prostaglandin E2; VSMCs, vascular smooth muscle cells.

They reported that hESC-EPCs have a higher proliferation rate in
comparison with hCB-EPCs as well as express increased levels of pro-
angiogenic factors (e.g., VEGF and Ang-1).4*

Some studies indicated the use of ESCs-derived EVs for promot-
ing angiogenesis and consequently, improving cutaneous wound
healing.>> For instance, ESC-EVs enhanced the therapeutic effects of
MSCs in vivo via increasing epithelial and dermal cell proliferation,
angiogenesis, and dermal collagen synthesis, which led to accelerated
skin wound healing in Balb/c mice.>® In another study, Lee et al. inves-
tigated the wound-healing effect of the conditioned medium
(CM) from hESC-EPC in the healing of skin excisional wounds. The
CM had various pro-angiogenic cytokines and GFs, including EGF,
bFGF, IL-6, IL-8, PDGF-AA, and VEGF, which are all favourable for
enhanced skin wound healing.>’

In summary, ESCs may be considered as a notable source for gen-
erating EC lineages in culture; however, the existence of regulatory
hurdles, ethical concerns, and legal prohibitions are the main limita-
tions ahead of the translation of ESC-based therapies into the clinic.
Additionally, the tendency to utilise ESCs for tissue engineering and

wound healing dramatically declined with the emergence of iPSCs.

5 | INDUCED PLURIPOTENT STEM CELLS

iPSCs are a new class of pluripotent stem cells which can differen-
tiate into cells of all three germ layers.’® These cells are generated
by reprogramming somatic cells (e.g., dermal fibroblasts) via expo-
sure to four specific genes encoding transcription factors, that is,
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TABLE 2 A short list of experimental studies in which different stem cells were used for promoting angiogenesis and wound healing.

Route of
Type of stem cells Wound model administration Remarks Ref (s)
ESC-derived EPCs Dermal excisional Topical Greater proliferation rate and secretion of 41
wound/mice model transplantation VEGF and Ang-1 compare to hCB-derived
EPCs
Accelerated re-epithelialisation
iPSC-derived early vascular cells Full-thickness diabetic Transplantation by Stimulating recruitment and infiltration of 42
wound/mice model acrylated macrophages into the hydrogel, facilitating
hyaluronic acid host neovascularisation
(AHA) hydrogels Promoted granulation tissue formation
hiPSC-derived ECs and SMCs Full-thickness excisional Intradermal injection Enhanced neovascularisation at the wound site 43
wound/mice model and accelerated wound closure
hUCB-MSCs Irradiated wound/mice Transplanting via SIS Increased secretion of HGF, VEGF-A, 44
model hydrogel and Ang-1
Increased recruitment of vascular ECs to the
wound bed
hUCB-derived CD34 ™ cells Full-thickness excision Intravenous injection Reduced expression of pro-inflammatory 45
wound/NOD/SCID cytokines (i.e., TNF-a, IL-1p, IL-6 and
mice model NOS2A), while increasing IL-10
Promoted re-epithelialisation and
vascularisation, as well as decreased MMP
expression
WJIMSCs Full-thickness excisional Topical Propagated dermal thickness, noeformation of 46
wound/mice model transplantation hair follicles, and collagen fibre deposition,
thorough PF-127 and reduced scar width
hydrogel Greater infiltration of M2 macrophages and
proliferating cells as well as promoted
neovascularisation
HUCPVCs Full-thickness diabetic Topical Enhanced wound closure rate, re-epithelisation, 47
wound/rat model transplantation by granulation tissue formation and reduced
decellularised collagen deposition greater expression of
dermal matrix VEGFR-2 and vascular density
(DDM)
ASCs Full-thickness diabetic Intradermal injection Enhanced re-epithelialisation and granulation 48
wound/rat model tissue formation
Promoted secretion of VEGF, HGF, and FGF2
resulting in raised neovascularisation via
paracrine effects
BM-MSCs Full-thickness diabetic Intradermal injection Increased re-epithelialisation, cellular 49
wound/rat model repopulation, and vascularisation
Greater expression of VEGF and Ang-1
BM-MSCs Full-thickness excisional Intravenous injection BM-MSCs recruitment to the wound site and 50

wound/mice model

further differentiation to the keratinocytes,
ECs, and pericytes

FIGURE 2 Human embryonic stem cell (hESC)-derived endothelial cells can create functional vessels in vivo. hESCs derived

endothelial cells (GFP™) and the mouse mesenchymal precursor cell line (10 T1/2) were mixed in a collagen gel and then implanted into
cranial windows in SCID mice for 2, 7, 11, 22, and 151 days. Rhodamine-dextran was injected into the tail vein at Day 11 post-

transplantation in order to highlight perfused vessels. Green, hES cells expressing enhanced green fluorescent protein (EGFP); red,

functional blood vessels with contrast-enhanced by rhodamine-dextran. Scale bar, 50 pm. Source: Reproduced with permission from

Ref. 54
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octamer 3/4 (Oct3), sex-determining region Y-box (Sox2), Kruppel-
like factor 4 (KIf4), and v-Myc myelocytomatosis viral oncogene
homologue (c—Myc).59 In 2006, Takahashi et al. successfully devel-
oped iPSCs from postnatal somatic cells.® The iPSCs exhibited
superior advantages for cell therapy in comparison with embryonic
stem cells, including a lack of ethical issues and no risk of immune
rejection. In addition, there are no actual limitations for the high-
scale production of iPSCs.27:5?

As mentioned above, iPSCs give rise to ectoderm, mesoderm,
and endoderm lineages; for example, the successful differentiation
of fibroblast-generated iPSCs into ECs was previously reported.®!
The angiogenic potential of ECs derived from porcine iPSCs has
been previously documented both in vitro and in vivo (Matrigel
plug angiogenesis assay), opening new horizons for autologous
transplantation of iPSC-derived ECs for therapeutic angiogenesis
in large animal models.%?

In the context of tissue engineering, Shen et al. utilised endothe-
lial progenitors or early vascular cells derived from hiPSCs and admin-
istrated them via engineered vascularised hydrogel constructs in a
full-thickness diabetic wound mouse model. They reported that this
construct increased neovascularisation and reperfusion and subse-
quently enhanced skin wound healing.*? In another study, human
iPSCs differentiated into ECs and SMCs, which were then co-
transplanted into a murine full-thickness wound model.*® The data
indicated enhanced vascularisation and improved wound healing, even
more than those observed in the animals receiving the differentiated
ECs alone. These results were further proved in another study where
iPSC-derived ECs loaded into polycaprolactone/gelatin-based electrospun
scaffolds increased the angiogenesis process (over-expression of
pro-angiogenic growth factors and cytokines).®

iPSCs-derived microvesicles (iPSCs-MVs), as the main paracrine
mediators, can play important roles in the repair and regeneration of skin
wounds. In this regard, Yan et al. reported that iPSCs-MVs increased the
number of newly formed blood vessels in deep second-degree burn
wounds in mice models.** Moreover, it has been well demonstrated that
conditioned medium from iPSC-derived MSCs has multiple impacts in
the healing of full-thickness excisional wounds as compared with umbili-
cal cord-derived MSCs. Indeed, they stated that this conditioned medium
could stimulate HUVEC proliferation, tube formation, and energy metab-
olism via the ERK pathway.®® According to the literature, it is clear that
there is an outstanding opportunity for utilising iPSCs for skin wound
healing applications by promoting angiogenesis.

6 | FOETALSTEM CELLS

6.1 | Umbilical cord-derived MSCs

Similar to the above-mentioned stem/progenitor cells, angiogenesis can
also be promoted in wounds through either the exogenous administra-
tion of MSCs derived from the umbilical cord and extra-embryonic foetal
tissues or their released exosomes. As a matter of fact, the umbilical cord

comprises two main types of MSCs, including umbilical cord blood-

derived MSCs (UCB-MSCs) and Wharton's Jelly-derived MSCs
(WJIMSCs).%8 It should be mentioned that the bulk of Wharton's Jelly
itself contains another type of mesenchymal stromal cells, termed human
umbilical cord perivascular cells (HUCPVCs).®” UC-MSCs represent a
suitable candidate for skin tissue engineering approaches thanks to their
outstanding features, including ease of availability, high proliferation and
differentiation capacity, low immunogenicity,’® a painless collection pro-
cedure, faster self-renewal properties, and recruitment to the wound
area.®®7® An increasing body of scientific evidence demonstrates that
UC-MSCs can promote neovascularisation, re-epithelialisation, and for-
mation of skin appendages with no serious adverse effects after treat-
ment.”® For example, EVs derived from human UC-MSCs were able to
facilitate diabetic wound healing via miR-17-5p-mediated enhancement
of angiogenesis.”*

Despite a great number of promising research efforts aimed at
differentiating MSCs to osteogenic, chondrogenic, and adipogenic lin-
eages, there have been no reports so far in the literature in which UC-
MSC differentiate towards vascular cell lineages in order to accelerate
angiogenesis and subsequently improve skin wound healing. It is
worth mentioning that the micro-environment of chronic wounds
(e.g., diabetic ulcers) cannot support the survival, proliferation, and dif-
ferentiation of exogenous stem cells after a long time. In order to
overcome this limitation, UC-MSCs-derived extracellular vesicles were
utilised for promoting the neovascularisation process, collagen deposi-
tion, and wound closure.'®”> However, some obstacles exist in terms
of the topical application of exosomes at the wound site; for example,
these vesicles are promptly cleared from the wound bed.”® Thus,
the combination of exosomes with biomaterial-based scaffolds has
been proposed for ensuring the prolonged existence of exosomes at
the wound site. For example, human UC-MSCs-derived exosomes
(hUC-MSC-exos) encapsulated in a thermosensitive Pluronic F-127
(PF-127) hydrogel was topically applied in a diabetic wound rat model.
The combination of a PF-127 hydrogel with hUCMSC-exos led to
increased expression of CD31, VEGF, and TGF-p1 and consequently
enhanced wound angiogenesis and healing.”” In another study, human
UC-MSCs-derived exosomes were encapsulated in bioactive scaffolds
made of poly(vinyl alcohol) (PVA)/alginate (Alg) nanohydrogel (exo@H)
for improving wound healing in diabetic rats.”® The obtained in vitro
and in vivo data confirmed that exo@H positively affected the expres-
sion of a series of bioactive molecules involved in wound healing,
including smooth muscle actin (SMA), the scavenger receptor, class B
type 1 (SR-B1), and CD31. In addition, exo@H up-regulated the VEGF
levels via regulating the ERK1/2 pathway, leading to promoted angio-
genesis and subsequently accelerated healing of diabetic wounds

in vivo (Figure 3).

6.2 | Umbilical cord blood-MSCs

Human UCB-derived MSCs (hUCB-MSCs) have gained much atten-
tion in skin wound repair and regeneration due to their relative ease
of isolation, availability, immunomodulatory responses, and the lack of

ethical issues.” 8% However, the poor retention and survival at the



AZARI ET AL. Wound Repair and Regeneration v__wl LEY 427
A B
Cont
~ 100+
S
o 804
NH ©
O 60-
3
8
exo 5 41
2
g 20+
exo@H S o
C
D
FIGURE 3 (A) Gross anatomical images displaying diabetic skin wounds treated with PVA/Alg nanohydrogels (NH), exosome, human UC-

MSCs-derived exosomes (exo), and exo encapsulated in PVA/Alg nanohydrogels (exo@H) at Days 0, 6, 12 and 18 post-surgery. (Scale bars:

5 mm). (B) The graph shows the wound closure rate in the untreated and treated diabetic rats. (C) H&E staining of the harvested tissues of NH,
exo, and exo@H groups after 10 days of surgery. (D) Masson staining of the samples at the same time (Day 10) (Scale bar: 100 pm). *p < 0.05,
**p < 0.01, ns represents lack of significance. Source: Reproduced with permission from Ref. 78

wound bed limit the extensive use of hUCB-MSCs in the clinical set-
ting. In this regard, the combination of UCB-MSCs with natural or
synthetic porous matrices has been suggested in order to enhance cell
adhesion, proliferation, differentiation, and migration during the
healing process.®*®> For example, hUCB-MSCs were incorporated
into a natural-based scaffold [i.e., porcine small intestinal submucosa
(SIS)] and implanted into a radiation wound in a mouse model.2¢ The
results showed that the cell-containing constructs could enhance the
secretion of pro-angiogenic GFs, including VEGF, HGF, and Ang-1.
Additionally, the levels of neovascularisation markers of CD31 and

von Willebrand Factor (VWF) were significantly enhanced in the

mice treated with SIS gel containing hUCB-MSCs after 21 days of
implantation.**

To date, several studies have demonstrated the pro-angiogenic
and skin tissue regeneration potential of UCB-MSCs-derived
exosomes both in vitro and in vivo.8” This capacity may be due to a
two-step process, that is, (l) a first transient and immediate-acting
secreted cytokines and other soluble factors and (Il) exosome-
delivered nucleic acids (e.g., miRNAs and mRNAs) for a prolonged
response.8® In this regard, Montemurro et al. assessed the pro-
angiogenic and anti-inflammatory behaviour of UCB-MSCs in terms

of their soluble secretomes and EVs.” Based on molecular analyses,



AZARI ET AL.

428 | Wl LEY—mv_

UCB-MSCs were recognised to significantly secrete high levels of
pro-angiogenic factors [heparin-binding (HB)-EGF, HGF, FGF, and
VEGF]. In addition, multiple angiogenesis-inducing transcripts were
detected in EVs, including connective tissue growth factor (CTGF),
FGF, IL-6, TGF-p1, and VEGF mRNAs. Furthermore, the tube forma-
tion assay was performed using the conditioned medium (CM) of
UCB-MSCs containing both soluble factors and EVs. The UCB MSC-
CM could promote capillary-like structure formation, which was con-
firmed by the expression of VWF and CD31 as well as enhanced

neovessel densities.®®

6.3 | Wharton's Jelly-MSCs

It is well understood that MSCs derived from Wharton's Jelly (WJ) are
suitable candidates for allogeneic cell therapy and tissue engineering
applications since they possess immunosuppressive properties as well
as express pro-angiogenic factors.2?~%2 In addition, WJ-MSCs can give
rise to specific cell lineages, such as ECs. As an illustration, the differ-
entiation capacity of WJ-MSCs into ECs was previously reported in
the presence of celecoxib.”® In fact, celecoxib, as a cycloxygenase-2
(COX-2) inhibitor, facilitates trans-differentiation of WJ-MSCs into
ECs, supporting accelerated wound healing through promoted
neovascularisation. Other experimental studies have also confirmed
the use of WJ-MSCs for skin wound healing; sodium ascorbyl phos-
phate (SAP)-containing PF-127 hydrogels loaded with WJ-MSCs can
increase engraftment in the dermis of an excisional wound in a mouse

model.*

The reported data suggested that an accelerated and more
efficient wound healing process took place as a result of greater
angiogenesis and M2 macrophage formation.

The pro-angiogenic and wound healing applications of WJ-MSCs
were investigated both in vitro and in vivo by Edwards et al.”> The
presence of an enriched secretome of pro-angiogenic GFs [e.g., IL-8,
Ang-1, and matrix metalloproteinase-9 (MMP-9)] was observed in the
UC-MSCs group as compared to adipose tissue-derived MSCs (ASCs)
in vitro. In vivo experiments evaluated the relative rate of wound angio-
genesis using an immunocompetent mouse model of angiogenesis. A
proteome assay was performed in order to identify whether the
released pro-angiogenic and tissue-repair molecules correlated to the
secretomes from WJ-MSC or endogenous expression of cells residing
in the wound bed. The Integra® matrix (IM) revealed no expression of
such molecules, while WJ-MSCs-enriched IM led to a significant
expression and secretion of pro-and anti-angiogenic GFs (e.g., VEGF-A,
angiogenin, and Serpin E1, respectively), inflammatory molecules (such
as HGF and TIMP-4), tissue repair biomolecules (e.g., Activin and IL-8),
and migratory factors (e.g., MMP-8 and TIMP-1).

6.4 | Human umbilical cord perivascular cells

HUCPVCs are an alternative rich source of MSCs with phenotypic
properties similar to hBM-MSCs but in a higher frequency of colony-
forming unit fibroblasts (CFU-F) than hBM MSCs.”* These stem cells

exhibit appropriate immunosuppressive features,”® which make them
suitable candidates for cell therapy. The pro-angiogenic capacity of
HUCPVCs in skin wound healing was previously evaluated in vitro and
in vivo. For example, HUCPVCs at a density of 10° cells were loaded
into fibrin and then transplanted into a full-thickness wound in the dor-
sum of female Balb/c nude mice in order to better repair infected skin
wounds.”® Enhanced vessel densities were detected in the animals
treated with HUCPVCs after 7 days of transplantation. In another
study, the intradermal injection of HUCPVCs led to a promoted expres-
sion of TGF-f1, VEGF-1, and Ang-1 at the wound site, enhancing
wound angiogenesis. Taking advantage of natural scaffolds, Milan et al.
utilised HUCPVCs and a decellularised dermal matrix (DDM) in order to
increase angiogenesis and the wound healing rate in a diabetic rat

1.47 After 7 and 14 days of implantation, a significant increase in

mode
the neovascularisation, mature blood vessel densities, and the expres-
sion of VEGF-R2 occurred in the animals receiving HUCPVCs loaded
DDM as compared to cell-free counterparts. Despite valuable and effi-
cient outcomes gained from the pro-angiogenesis role of UCPVCs in
skin wound tissue healing, there have been limited reports about the
use of exosomes for promoting wound angiogenesis. Therefore,
researchers are encouraged to design and conduct reasonable experi-
mental studies to determine the effectiveness of HUCPVCs derived

EVs in promoting angiogenesis, either in vitro or in vivo.

7 | ADULTSTEM CELLS

7.1 | Adipose-derived mesenchymal stem cells
ASCs have shown great promise in cell therapy; they do not express
MHC class Il antigens on their surface and, therefore, are immunosup-
pressive cells.”” ACSs exhibit some additional benefits for tissue engi-
neering and regenerative medicine applications as compared to other
cell types, including the ease of isolation, the lack of ethical issues,
high in vitro proliferation rate, more genetic stability in long-term cul-
tures, and multi-lineage capacity. According to the International Fat
Applied Technology Society (IFATS), ASCs are identified as a plastic-
adherent multipotent cell population in adipose tissue.>® Rodbell is
known as the first scientific group able to isolate stem cells from adi-
pose tissues in the early 1960s.”8 Later, Zuk et al. in 2001 reported
the presence of these cells in human lipoaspirates as well.”® The stro-
mal vascular fraction (SVF) is the main compartment of adipose tissue,
which contains ASCs, vascular SMCs (VSMCs), vascular ECs, and leu-
kocytes. As an important point, it should be mentioned that both
white and brown adipose tissues could be utilised for the isolation of
ASCs; however, their biological characteristics are quite different per
their source.®® Experimental studies have indicated that ASCs via spe-
cific molecular pathways can effectively accelerate soft tissue repair
and regeneration (e.g., skin wounds).>%:100-102

Previous studies have emphasised that ASCs may influence all four
stages of the wound healing process, including haemostasis, inflamma-
tion, proliferation, and remodelling.103 In this regard, ASCs could reduce

5

inflammatory reactions'® and scar formation,'® while promoting
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FIGURE 4 (A) Histological and immunohistological evaluation for identifying the angiogenic activity of gelatin/hyaluronic acid hydrogels, in their

pristine and loaded with adipose-derived stem cells (ASCs) and VEGF forms, on Day 14 by using the chick embryo chorioallantoic membrane (CAM)
assay. Arrows and arrow heads display large and small blood vessels, respectively. (B) The chart exhibits the quantified fluorescent a-SMA positive
blood vessel area (**p < 0.01, ***p < 0.005). (C) Images taken from (upper row) haematoxylin and eosin (H&E) stained samples indicating a lack of
inflammation and slight perivascular inflammatory cell infiltration on the CAM tissue adjacent to the un-loaded, ASC-, and VEGF-loaded hydrogels;
(lower row), fluorescently stained samples indicating more a-SMA stained blood vessels on the CAM underneath ASCs loaded and VEGF-loaded
hydrogels (Scale bars: 100 pm). Source: Reproduced with permission from Ref. 115

neovascularisation.'® All of these mentioned biological phenomena are
in favour of wound healing. Since angiogenesis plays a critical role in all
four stages of wound healing, many attempts have been made to lever-
age ASC capacity in promoting neovessel formation.®” In this regard,
two scenarios can be figured out for the role of ASCs in angiogenesis,
including: (I) the direct differentiation towards ECs and (Il) the secretion
of pro-angiogenic exosomes. According to the literature, most of the
published data indicate that the paracrine effects of ASCs play the
main role in promoting angiogenesis. For this matter, ASCs were
proven to secret a wide range of pro-angiogenic growth factors and
cytokines, including PDGF, TGF-f, VEGF, and hepatocyte growth
factor (HGF). By secreting the mentioned bioactive molecules, ASCs
can support the healing process of ischemic tissues such as chronic
skin wounds. 109198199 |t should be highlighted that ASCs can also secrete
specific small molecules (MiRNAs) as exosomal cargos, with potent pro-
angiogenic activity. As an illustration, overexpressing-miR-21 exosomes
derived from ASCs enhance the vascularisation capacity of HUVECs.'1°
As a rule of thumb, hypoxia-induced stem cells were identified to signifi-

cantly improve neovessel formation. In this regard, exosomes derived from

hypoxic human ASCs could enhance the angiogenesis process through the
PKA signalling pathway.'** The activation of other molecular pathways
involved in angiogenesis (e.g, VEGF/VEGF-R) was also reported by
hypoxia-conditioned ASCs.112

On the other side, some experimental studies claim that ASCs
can give rise to ECs and incorporate them into blood vessels, where
they release angiogenic growth factors to enhance recovery from
ischemic perfusion. For instance, Zografou et al. have reported that
the autologous transplantation of ASCs could improve the skin-graft
survival of full-thickness wounds in rats. This improvement was
associated with the differentiation of ASCs into ECs, thereby pro-
moting the secretion of pro-angiogenic growth factors like VEGF
and TGFb3.1*31%% Ajming to evaluate the benefits of ASCs for
showed that ASCs enhance the
epithelialisation and formation of granulation tissue, with subse-

wound healing, Nie et al.
quent acceleration of wound closure in diabetic rats.*® The authors
stated that this enhancement is associated with spontaneous site-
specific differentiation of ASCs into epithelial and endothelial cell
lineages. other

However, research groups have stated that
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accelerated wound healing is connected to both a direct (differentia-
tion into ECs) and indirect (paracrine effects) impact of ASCs.'%®
From a tissue engineering point of view, ASCs can be combined
with biocompatible scaffolds and transplanted into the damaged site
for improving wound healing. For this purpose, Ekea et al. prepared a
series of hydrogels based on methacrylated gelatin (GelMA) and met-
hacrylated hyaluronic acid, in which ASCs were incorporated to acceler-
ate skin healing via possibly promoted neovascularisation.!'® The
results showed that the hydrogels can actually provide a suitable micro-
environment for ASC proliferation, and the cell-loaded constructs can
increase neovascularisation by up to 3-folds compared to the cell-free

counterparts (Figure 4).

FIGURE 5 Representative images
showing the effects of bone marrow
(BM)-derived mesenchymal stem cells
(MSCs) on wound vascularity; (A) more
blood vessels growing from surrounding
tissue were observed in MSCs-treated
wounds as compared with vehicle
medium (sham)- and fibroblast (FB)-
treated wounds. (B) Immunofluorescence
for ECs on Days 7 (1 week) and

14 (1 week) in wound sections stained
with an anti-CD31 antibody and detected
with Fluor 568 (red). Nuclei of cells were
stained with Hoechst, and arrowheads
indicate the epidermis layer (Scale

bar = 20 pm). (C) CD31 staining of the
samples for determining capillary density
in the treated wounds on Day 14 (n = 6;
*p < 0.0001). Source: Reproduced with
permission from Ref. 49

7.2 | Bone marrow-derived MSCs

Bone marrow (BM) is considered as the major source of MSCs in the
human body. BM-MSCs exhibit great potential towards differentiation
for all the three germ lineages (i.e., ectoderm, mesoderm, and endo-
derm) in vitro.>? In the BM, two main types of stem cells can be found
including haemopoietic and stromal cells, which are responsible for
generating all blood cells as well as fat, cartilage and bone, respec-
tively.>? Friedenstein et al. for the first time could recognise and char-
acterise bone marrow stromal stem cells (BMSSCs or BM-MSCs) from
the BM.1¢1Y7 Today, BM-MSCs are being routinely harvested by
aspiration from either the iliac crest or the tibia and femur.>” This type



AZARI ET AL.

of cell possesses outstanding features for cell therapy strategies such
as promoting angiogenesis and subsequently promoting wound
healing.**® In this regard, previous studies have demonstrated that
BM-MSCs synthesise higher amounts of collagen, FGF, and VEGF as
compared with dermal fibroblasts in vitro.*1?=12* Apart from secreting
such pro-angiogenic cargo, BM-MSCs exhibit the ability to differenti-
ate into EC lineages and contribute to the neovascularisation process.

It has been previously shown that BM-MSCs could restore the func-
tion of injured tissues through attenuating inflammation, recruiting native
cells involved in the wound healing process, and promoting angiogene-
sis.1*8 BM-MSC secretomes contain a variety of pro-angiogenic bioactive
molecules, including angiogenin, angiopoietin-1, CXCL16, endothelin-1
(ET-1), FGF-7, heparin binding-EGF, and pentraxin-3 (PTX3),117:122123
which might be advantageous for improving skin wound repair and
regeneration. In 2012, Schlosser and coworkers reported that paracrine
effects of BM-MSCs enhanced vascular regeneration in ischemic murine
skin.*?* They found that the circulating BM-MSCs home to perivascular
sites in the ischemic tissue and augment microhemodynamics through a
paracrine function, resulting in enhanced vascular regeneration.'?* In
another study, exosomes derived from deferoxamine (DFO)-stimulated
BM-MSCs (DFO-Exos) were utilised for treating cutaneous wounds in
rats. The downregulation of PTEN and activation of the PIBK/AKT sig-
nalling pathway were observed in the animals treated with DFO-Exos,
resulting in enhanced neovessel formation and consequently accelerated
wound healing 12>

Wau et al. previously reported that the injection of allogeneic BM-
MSCs to the wound bed may significantly enhance wound healing in
normal and diabetic mice through the differentiation and release of
pro-angiogenic factors.*” Based on their data, accelerated wound clo-
sure with increased re-epithelialisation and angiogenesis was
observed in wounds treated with BM-MSC (Figure 5). Furthermore,
BM-MSC-conditioned medium promoted endothelial cell tube forma-
tion and a high-level of VEGF and angiopoietin-1 production in
wounded sites.*” On the other hand, Sasaki et al. claimed that BM-
MSCs can contribute to wound healing in mice by trans-
differentiation into various cell types, including keratinocytes, ECs,
and pericytes.>® However, there are a limited number of in vivo exper-
imental studies that confirm the differentiation potential of BM-MSCs
towards ECs; therefore; more research should be performed to deter-
mine the actual capacity of BM-MSC differentiation into EC lineages
and improved skin wound healing.

8 | CONCLUDING REMARKS AND
OUTLOOK

Over the last decades, numerous scientific attempts have been made to
provide complete and timely wound closure after skin injury. These
efforts have led to the development of novel therapies for wound man-
agement in the clinic; the use of cells and cell-derived products
(e.g., exosomes) offer great opportunities in skin tissue repair and regen-
eration. For example, the spray-based delivery of cells (e.g., keratinocytes,
fibroblasts, and MSCs) to skin wounds could reduce the needed donor
site area in comparison with conventional autologous skin grafting.'2¢
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Regarding therapeutic properties, stem cells have been widely investi-
gated in pre-clinical studies for skin wound healing and show promise for
use in human patients. Nowadays, updated perspectives have been given
on utilising stem/progenitor cells for managing both acute and chronic
wounds. In this regard, stem cells are being used for promoting angiogen-
esis as a potent therapeutic method in cutaneous lesions. It is now clear
that angiogenesis plays a pivotal role in advancing the wound healing pro-
cess and can be detected in all four stages of skin wound healing.*?” In
fact, the formation of new blood vessels in the wound bed assists the
quick transport of necessary substances (e.g., cells and bioactive mole-
cules) to the area affected by damage while removing waste. There is suf-
ficient scientific evidence on the potential of different types of stem cells,
including ESCs and iPSCs, to differentiate towards EC lineages both
in vitro and in vivo.

Some clinical trials, recently reviewed by Huang et al.,*?®

actually
showed enhanced wound healing after transplantation of MSCs in
chronic wounds; major benefits were found in the treatment of lower
extremity ulcers, pressure sores and radiation burns. However, these
studies suffer from some limitations, especially associated with the
small number of patients involved and few methodological flaws. Fur-
thermore, comparison between results from different studies is often
difficult due to different experimental parameters such as cell source,
and route of administration, dosage and time.

Therefore, the use of pro-angiogenic secretomes derived from
stem/progenitor cells is currently regarded as a preferable approach
for removing barriers ahead of stem cell therapies (e.g., immunological
rejection).t2%:130

In this sense, adult stem cells such as MSCs are ideal candidates for
the isolation of pro-angiogenic cargoes, either in normal or hypoxic con-
ditions. Recent studies have emphasised that the pre-treatment of stem
cells with inflammatory cytokines may also result in promoted angiogen-
esis and thereby skin wound healing.15 In addition, stimulation of stem/
progenitor cells using specific types of biocompatible materials
(e.g., bioactive glasses that release therapeutic ionic species with specific
biological functions) can be taken into consideration as a simple and
cost-beneficial approach for enhancing the production of pro-angiogenic
exosomes and wound healing.24*%? Although promising reports can be
found in the literature in support of the effectiveness of pro-angiogenic
exosomes in accelerating wound healing, several unsolved questions still
remain ahead of the clinical use of pro-angiogenic EVs which should be
addressed by upcoming research. For example, the high-scale production
of well-defined media containing pro-angiogenic EVs and the required
concentrations are substantial issues ahead of clinical studies. Therefore,
biologists, biomedical engineers, and medical specialists need to pay
more attention to this critical topic to be able to imagine their bright
future. Last but not least, the combination of biocompatible materials
(e.g., biopolymers acting as 2D/3D matrices or porous scaffolds) with
pro-angiogenic stem cells may provide an outstanding opportunity for
improving the skin wound healing process without any adverse effects

and must be the focus of future studies 65132133
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