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Abstract

BACKGROUND: Wound healing is a complicated biological process that leads to the regeneration of damaged skin
tissue. Determining the methods to promote wound healing has become a hot topic in medical cosmetology and tissue
repair research. Mesenchymal stem cells (MSCs) are a group of stem cells with the potential of self-renewal and multi-
differentiation. MSCs transplantation has a broad application prospect in wound healing therapy. Many studies have
demonstrated that the therapeutic capacity of MSCs is mainly mediated by paracrine actions. Exosomes (EXOs), which are
nanosized vesicles carrying a variety of nucleic acids, proteins and lipids, are an important component of paracrine
secretion. It has been demonstrated that exosomal microRNAs (EXO-miRNAs) play a key role in the function of
exosomes.

METHODS: In this review, we focus on current research on miRNAs from MSC-derived exosomes (MSC-EXO miR-
NAs) in terms of sorting, releasing and function and their effects on inflammation regulation, epidermal cell function,
fibroblast function, and extracellular matrix formation. At last, we discuss the current attempts to improve the treatment of
MSC-EXO-miRNAs.

RESULTS: Many studies have demonstrated that MSC-EXO miRNAs play a key role in promoting wound healing. They
have been shown to regulate inflammation response, enhance epidermal cell proliferation and migration, stimulate
fibroblast proliferation and collagen synthesis, and regulate extracellular matrix formation. Besides, there have been a
number of strategies developed to promote MSC-EXO and MSC-EXO miRNAs for wound healing treatment.
CONCLUSION: Utilizing the association of exosomes from MSCs with miRNAs may be a promising strategy to promote
trauma healing. MSC-EXO miRNAs may provide a new approach to promote wound healing and improve the quality of
life for patients with skin injuries.
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1 Introduction

The skin is a complex organ that acts as an active and
X Dewu Liu passive immune barrier, protecting the body from external

dewuliu@126.com damage, and has functions such as perception and con-
trolling body temperature [1]. However, the skin is often
damaged by various causes, such as burns, infections and
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China often leave visible scars and even functional impairments,
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Conventional treatment methods, such as skin grafts and
synthetic dressings, often suffer from limited autologous
skin sources and rejection [2]. Therefore, it is important to
find better ways to promote wound healing through trauma
research.

The application of MSCs has made great strides in the
field of wound repair in recent decades. MSCs come from a
wide range of sources and can be derived from bone
marrow, fat, umbilical cord, amniotic fluid and other
sources [3]. Increasingly, studies suggest that the thera-
peutic effects of MSCs are based on exosome-mediated
paracrine effects [4]. Exosomes are closed vesicles with a
lipid bilayer, usually 50-200 nm in diameter, rich in a
variety of lipids, proteins and nucleic acids (including
mRNA, IncRNA, miRNA and circRNA) [5]. Exosomes are
found in body fluids, including urine, blood plasma, cere-
brospinal fluid, milk, and saliva, and can be secreted by a
variety of mammalian cell types, including MSCs, cancer
cells, immune cells, and neurons [6]. Exosomes act by
transferring cargo to receptor cells and have a unique lipid
bilayer structure that protects their contents from degra-
dation [7]. They have been shown to facilitate skin wound
healing, modulate inflammatory response, and promote
angiogenesis and cell proliferation, among other processes
[8].

Many studies have shown that miRNAs play a crucial
role in the function of exosomes [9]. miRNAs are a class of
evolutionarily conserved endogenous small noncoding
RNAs approximately 22 nucleotides in length. miRNAs are
known as mRNA regulators that bind the 3’ untranslated or
5" untranslated regions of target mRNAs, thereby promot-
ing mRNA degradation or translational silencing and
negatively regulating the expression of many genes at the
posttranscriptional level [10]. Some miRNAs are known to
bind to coding regions in addition to untranslated regions
[11].

A growing number of studies in recent years have
demonstrated that MSC-EXO-derived miRNAs (MSC-
EXO miRNAs) may play a therapeutic role in wound
healing. In this review, we summarize the process by which
miRNA are sorted into exosomes, the role of MSC-EXO
miRNAs in wound healing, and current attempts to
improve MSC-EXO miRNA treatment (Table 1).

2 The process of wound healing

The healing process of skin wounds consists of four
overlapping phases: hemostasis, inflammation, prolifera-
tion, and remodeling [12].

Hemostasis occurs in the first stage of wound injury.
After vascular injury, exposed subendothelial collagen in
the vessel activates nearby platelets, leading to the
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formation of a “platelet plug” [13]. The coagulation
cascade is activated, and fibrinogen is converted to fibrin
by thrombin, forming a fibrin network and eventually a
clot [14]. The clot not only effectively stops bleeding but
also acts as a scaffold for immune cells during the
inflammatory phase. Platelet degranulation releases many
cytokines, including platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF) and
transforming growth factor-f (TGF-fB), which promote
inflammatory cell infiltration and induce the proliferation
and migration of vascular endothelial cells and fibroblasts
[15] (Fig. 1)

The key cells in the inflammatory phase are neutrophils
and macrophages [16]. In the initial phase of inflammation,
neutrophils rapidly migrate to the site of injury to clear
microorganisms and subsequently recruit macrophages
[17]. In the later stages of inflammation, proinflammatory
MI1-type macrophages are replaced with anti-inflammatory
M2 macrophages [18]. Wound healing moves from the
inflammatory phase to the proliferative phase, which is a
critical step in normal wound healing. M2 macrophages
produce anti-inflammatory factors that promote skin cell
proliferation, stimulate extracellular matrix (ECM) syn-
thesis and remodeling, and promote angiogenesis [19].
During this phase, the release of inflammatory cytokines
promotes angiogenesis and recruits keratinocytes and
fibroblasts to the site of damage [20].

In the proliferation phase, fibroblast growth factor (FGF)
and VEGF mediate endothelial cell proliferation, migra-
tion, and formation of new blood vessels [21]. In addition,
fibroblasts proliferate and migrate to the site of injury with
the help of TGF- and VEGEF to produce type I and type III
collagen and form ECM, which together with new capil-
laries and inflammatory cells form granulation tissue. Some
fibroblasts also differentiate into myofibroblasts, causing
contraction of the wound margins [22]. In addition,
fibroblasts secrete growth factors that stimulate the prolif-
eration and migration of keratinocytes, promoting wound
re-epithelialization and reestablishing the skin epidermal
barrier (Fig. 2).

During the remodeling phase, myofibroblast apoptosis
makes room for ECM remodeling [23]. During ECM
remodeling, old ECM is degraded by matrix metallopro-
teinases (MMPs), and collagen III is converted to collagen
I, thereby reducing scar size and improving tensile strength
[24].

3 Role of MSC-EXOs in wound healing

A large body of literature suggests that MSC-EXOs or
MSC-EVs can accelerate wound healing by targeting the
different stages of wound healing.
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Table 1 Effects of mesenchymal stem cell-EXO-miRNAs in wound healing
Effect in wound Exosome source Nomenclature  Related MSC- Target genes/ Regulation Outcome References
healing EXO miRNAs proteins of target
gene
(up/down)
Regulation of Human umbilical Exosomes let-7b TLR4/NF-xB  Down Induced M2 [67]
the cord (UC)- STAT3/Akt Up macrophage
inflammatory MSCs polarization and
response alleviated wound
inflammation in rats
Hypoxic Small miR-210-3p NF-kB1 Down Induced M2 [68]
preconditioned extracellular macrophage
dental pulp vesicles polarization
stem
cell(DPSC)
Human UC- Exosomes miR-181¢ TLR4/ NF- Down Induced M2 [70]
MSCs kB/P65 macrophage
polarization
TNF-a, IL-1B, TLR4|
IL-10 1
MSCs after IL- Extracellular miR-21 Programmed  Down Induced M2 [71]
1B vesicles cell death macrophage
pretreatment factor 4 polarization
(PDCD4)
Human jaw bone Exosomes miR-223 Pknox1 Down Induced M2 [73]
marrow- macrophage
derived MSCs polarization
and bone TNF-o. | IL-10,
marrow MSCs RELM-a,arginase 1
(Arg)?
Promoting Human adipose-  Exosomes miR-125a Angiogenic Down Promoted endothelial ~ [75]
angiogenesis derived MSCs inhibitor cells angiogenesis
(adMSC-Exo) delta-like 4
(DLL4)
Human adipose-  Exosomes miR-125a-3p PTEN Down Promoted HUVEC [76]
derived MSCs viability and
(hADSCs) migration
Human adipose-  Exosomes miR-423-5p Suppressor of Down Promoted [77]
derived MSCs fused(Sufu) angiogenesis
(hADSCs)
Deferoxamine Exosomes miRNA- 126 PTEN Down Promoted [78]
pretreated BM- PI3K/Akt Up angiogenesis
MSCs
Bone marrow Exosomes miRNA-126 PIK3R2/ Up Enhanced the [79]
MSC PI3K/Akt formation of new
capillaries at the site
of skin wounds in
mice
Human umbilical Exosomes miR-21-3p PTEN and Down Promote fibroblast and [80]
cord blood SPRY1 endothelial cells
plasma (UCB- proliferation and
Exos) migration
Human umbilical Exosomes miR-21 NOTCHU/ Up Promote proliferation  [81]
cord (UC)- DLL4 and migration of
MSCs pathway endothelial
progenitor cells
(EPCs)
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Table 1 continued

Effect in wound Exosome source Nomenclature  Related MSC- Target genes/ Regulation Outcome References

healing EXO miRNAs proteins of target

gene
(up/down)

Promoting skin Human amnion Exosomes miR-135a LATS2 Down Promoted fibroblast [83]
cell mesenchymal proliferation and
proliferation stem cells migration
and migration  pyman amniotic  Exosomes miR-135a E-cadherin, Down Promoted fibroblast [84]

mesenchymal N-cadherin, proliferation and
stem cell LATS2 migration
(hAMSC)
MSC Exosomes miR-138-5p SIRT1 Down Inhibited fibroblast [85]
growth
Human adipose- Exosomes miR-126-3p PIK3R2 Down Promoted fibroblast [86]
derived MSCs proliferation and
(hADSCs) migration
Adipose derived  Exosomes miRNA-21 PI3K / AKT/  up TMMP-9, enhanced [87]
stem cell MMP-9 migration and
proliferation of
HaCaT cell

Promoting Human adipose- Exosomes miRNA-29a TGF-2/ Down la-SMA, Col-I, Col-  [89]
collagen derived MSCs Smad3 111, reduced scar
remodeling (hADSCs) formation
and apoptosis  Hyman umbilical Exosomes miR-21, -23a, - TGF-B/ Down Inhibited collagen [90]

cord (UC)- 125b, -145 SMAD2 deposition, reduced
MSCs scar formation

Human adipose- Exosomes miRNA-192-5p IL-17RA/ Down 1Coll, Col3, a-SMA, [91]
derived MSCs Smad p-Smad2/p-Smad3,
(hADSCs) reduced scar

formation

human amniotic ~ Exosomes let-7-5p, miRNA- TGF-$1/2 Down Prevented fibroblasts ~ [93]
fluid stem 22-3p, miRNA- from differentiating
cell(hAFSC) 27a-3p, into myofibroblasts

miRNA-21-5p, and reduced scar

miRNA-23a-3p

formation

MSCs Mesenchymal stem cells; EXOs exosomes; miRNA: microRNA; EVs Extracellular vesicles; /LVs Intraluminal vesicles; IL Interleukin;
MVBs Multivesicular bodies; EGF Epidermal growth factor; PDGF Platelet-derived growth factor; TGF-f§ Transforming growth factor; VEGF
Vascular endothelial growth factor; BMSC Bone marrow-derived stem cells; MMP Matrix metalloproteinases; FGF's Fibroblast growth factors;
TIMP] Tissue inhibitor of metalloproteinase 1; TNF-a Tumor necrosis factor alpha; IFNs Interferons; ECM Extracellular matrix; 2UC Human
umbilical cord; ABM Human bone marrow; BM-MSC Bone marrow MSC; JMMSC Jaw bone marrow MSC; HDFs Human dermal fibroblasts;
HaCaTs Human keratinocytes; LPS Lipopolysaccharide; ASC Human adipose mesenchymal stem cell; HUVECs Human umbilical vein

endothelial cells; DLL4 Delta-like 4

3.1 Anti-inflammatory and immunomodulatory
functions

The inflammatory response is an important phase that
regulates wound repair, and multiple inflammatory cells
and inflammatory factors are synergistically involved in the
inflammatory response against infection. However, pro-
longed inflammation can lead to excessive wound scar
formation, as in the case of chronic refractory wounds in
diabetes. Macrophages play a crucial role in the late phase
of inflammation, especially the polarization of MI-type
macrophages into M2-type macrophages. If the M1-M2
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phenotypic transition does not occur, the wound becomes
chronically refractory [25]. Many publications have shown
that MSC-Exos can induce M2 macrophage polarization
and reduce the persistent inflammation that leads to pro-
longed wound healing [26-28]. Melatonin (MT)-pretreated
MSC-EXOs increased the ratio of M2 to M1 polarization
by activating the PTEN/AKT signaling pathway and
accelerated the healing of skin injury in diabetic mice by
inhibiting the expression of the proinflammatory factors
IL-1B and TNF-a and promoting the expression of the anti-
inflammatory factor IL-10 [26]. Hypoxic ADSC-EXOs
delivering  circ-Snhgll induced M2 macrophage
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Fig. 1 Biogenesis, sorting, releasing and uptaking of miRNAs from
MSC-derived exosomes. After miRNAs and EXOs are generated,
some miRNAs specifically bind to RNA-binding proteins or mem-
brane proteins according to specific motifs in miRNAs and are
transported to EXOs by them. An RNA-binding proteins or membrane
proteins can bind to different miRNAs with the same motifs. An

polarization and enhanced wound healing in diabetic mice
by binding miR-144-3p to promote HIF-lo expression
[27].

3.2 Promoting angiogenesis

The angiogenic phase of skin healing is largely dependent
on the proliferation of endothelial cells and the action of
angiogenesis-related factors. MSC-EXOs can serve as a
direct signal for endothelial cells to initiate angiogenesis.
VEGF is a potent proangiogenic factor that can act at the
early stage of angiogenesis to promote endothelial cell
proliferation and migration. Han et al. [29] found that
hADSC-EXOs under hypoxia could promote neovascular-
ization in mice by regulating VEGF/VEGF-R. Liu et al.
[30] found that exosomes derived from Huc-MSC-EXOs
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RNA-binding proteins or membrane proteins also bind to more than
one motif miRNA. EXOs are released extracellular through exocy-
tosis, and miRNA can be protected from extracellular degradation
under the protection of EXOs. Recipient cells absorb released EXOs
through three mechanisms. (1) Direct fusion with the plasma
membrane, (2) Phagocytosis, (3) Receptor-mediated endocytosis

improved wound healing in rats with deep second-degree
burns by transferring angiopoietin-2 to promote the
migration and tube-forming ability of vascular endothelial
cells.

3.3 Regulating the migration and proliferation
of skin cells

Cell proliferation and migration form the basis of wound
repair. Wound healing requires the migration of fibroblasts
and epithelial cells to the wound site to perform specific
functions, such as fibroblasts filling tissue defects and
synthesizing ECM and epithelial cells gradually covering
the wound [31]. Many studies have shown that MSC-EXOs
can regulate the proliferation and migration of fibroblasts
and affect collagen synthesis by regulating the expression

@ Springer



652

Tissue Eng Regen Med (2023) 20(5):647-660

Efficacy and Specificity

Genome editing

miRNA promoters and inhibitors design
Mechanistic study

In vivo and in vitro experiments

Safety Efficacy
Immunogenicity

Tumorigenicity

Toxicity Safety

Optimal dose
Schedule of administration
Route of administration

Verification of study assays for

Fig. 2 The current and future direction of exosomal miRNAs. Now
many researchers are studying and future directions will focus on
efficacy and specificity, delivery, safety, quality and production. How
to design suitable miRNA promoters and miRNA inhibitors, and how
to use gene modification to make MSC-exos more effective and safer.
To further explore the mechanism of exosomeal miRNA, conduct
in vivo and in vitro experiments to prepare for clinical use. In terms of
safety, immunogenicity, tumorigenicity and toxicity should be

of growth factors and related genes. Li et al. [32] found that
IncRNA H19 in hBMSC-EXOs binds to miR-152-3p in
fibroblasts and inhibits the expression of phosphatase and
tensin homolog (PTEN) while activating the PI3K/AKT
signaling pathway, promoting fibroblast proliferation and
migration and inhibiting their apoptosis to accelerate the
healing of diabetic foot skin ulcers. On the other hand, Bin
et al. [33] suggested that under high cell density, human
umbilical cord MSC-derived exosomes (hUC-MSC-EXOs)
inhibit fibroblast proliferation and migration by delivering
protein 14-3-3¢, which induces YAP phosphorylation and
thus inhibits the Wnt/B-catenin signaling pathway to pre-
vent tissue overproliferation.

Moreover, Wang et al. [34] suggested that ADSC-EXOs
could inhibit scar formation by acting on fibroblasts and
adjusting the type III/type I collagen ratio. In conclusion,
the above studies suggest that the regulatory function of
MSC-EXOs on fibroblasts can play a dual role in pro-
moting wound healing and inhibiting scar formation during
the wound repair process.

The promoting effect of MSC-EXOs on human
immortalized epidermal HaCaT cells has also been repor-
ted. In one study, ADSC-EXOs were found to inhibit
HaCaT cell apoptosis by activating Wnt/B-catenin signal-
ing [35]. Human amniotic MSCs (hAMSCs) and hAMSC
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conditional medium (CM) inhibit heat stress-induced
HaCaT cell apoptosis through the PI3K/AKT signaling
pathway, thereby accelerating wound re-epithelialization in
rats with skin burns [36]. In another study, adipose stem
cell-derived microvesicles (ASC-MVs) were found to
enhance HaCaT cell function through the AKT and ERK
signaling pathways [37].

3.4 Regulating extracellular matrix remodeling

Insufficient or excessive ECM formation can lead to failure
of wound healing or scar formation, and the key to ECM
remodeling is collagen synthesis and degradation. In the
early stages of wound healing, MSC-EXOs promote wound
healing by promoting collagen I (Col-1) and III (Col-3)
deposition [38]. In contrast, MSC-EXOs can inhibit col-
lagen synthesis and thus reduce scar formation in the late
stage of wound healing [39]. HADSC-EXOs inhibited the
production of ECM in keloids by suppressing the produc-
tion of Col-1 and Col-3 [40]. The effect of MSC-EXOs in
inhibiting collagen synthesis was associated with upregu-
lation of MMP family expression levels. In the presence of
TGF-B1, hADSC-EXO treatment resulted in an upregula-
tion of MMP1 and MMP3 expression levels and a signifi-
cant downregulation of COL-1 and COL-3 expression
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levels in fibroblasts [41]. Furthermore, uncontrolled accu-
mulation of myofibroblasts in wounds leads to scar for-
mation. HADSC-EXOs reduce scarring by blocking the
differentiation of fibroblasts to myofibroblasts and
increasing the ratios of Col-1 to Col-3, TGFB3 to TGFf1,
and MMP3 to TIMP1 [34]. One study found that hUC-
MSC-EXOs reduce Col-1 and Col-3 production in part by
inhibiting the TGF-B1/Smad2/3 signaling pathway, a
pathway that also inhibits fibroblast differentiation into
myofibroblasts [42].

4 miRNAs in exosomes
4.1 Biogenesis of microRNAs and exosomes

miRNAs are first transcribed in the nucleus, and then the
resulting pri-miRNAs are converted into pre-miRNAs by
Drosha and transferred from the nucleus to the cytoplasm
by Transportin-5. The pre-miRNA becomes a single-
stranded miRNA under Dicer processing. A portion of the
miRNA then binds to RNA-binding proteins and mem-
brane proteins according to the specific sequence of the
miRNA. miRNAs function in EXOs mainly in the bio-
functional pre-miRNA form rather than in the mature form
[43].

During the biogenesis of exosomes, the cytoplasmic
membrane invaginates, gathering some extracellular com-
ponents and cell membrane proteins to form early endo-
somes. Early endosomal membranes invade inward and
form intraluminal vesicles (ILVs) with the involvement of
endosomal-sorting complexes required for transport
(ESCRTS). These early endosomes may exchange material
with other organelles or fuse between different early
endosomes to form late endosomes that mature into mul-
tivesicular bodies (MVBs). MVBs fuse with the cell
membrane and secrete ILVs outside the cell, and the
released ILVs are called exosomes. A portion of the MVB
may also be degraded by fusion with autophagosomes or
lysosomes [44].

4.2 miRNAs are sorted into exosomes

Many studies have shown that miRNAs can be selectively
secreted into exosomes. One study compared the miRNA
content between MSC-EVs and their parent MSCs. In
another study, the level of miR-21-5p in exosomes was
found to be 100-fold higher than that in hUC-MSCs [45].
One study found that the five most abundant miRNAs in
MSC exosomes were miR-21, let-7 g, miR-1246, miR-381
and miR-100 compared with MSCs [46]. In addition,
miRNAs in exosomes from different MSC sources differ.
For example, the most abundant miRNAs in BM-MSC

exosomes are miR-143-3p, miR-10b-5p, miR-486-5p, miR-
22-3p and miR-21-5p, whereas the most common miRNAs
in adipose-derived MSC (ASC) exosomes are miR-486-5p,
miR-10a-5p, miR-10b- 5p, miR-191-5p and miR-222-3p
[47]. In conclusion, these studies suggest the existence of
mechanisms that control the active sorting of miRNAs into
exosomes.

To elucidate the specific mechanism of miRNA sorting
into exosomes, researchers have analyzed the sequences of
relevant miRNAs and identified numerous miRNA motifs
associated with miRNA sorting. Changing the motifs of
specific miRNAs can alter the enrichment of miRNAs in
exosomes. In addition, researchers have identified specific
proteins that regulate the entry of miRNAs into exosomes,
and the feasibility of adding specific motifs to miRNAs to
promote their enrichment in exosomes has been demon-
strated [48].

Different RNA-binding proteins, such as hnRNP and
AGO?2, bind to miRNAs according to specific sequences in
the miRNA and transport them into exosomes. The
hnRNP-binding protein family is an important player in
miRNA sorting into exosomes. Interestingly, the same
hnRNP can bind to miRNAs containing different specific
motifs. For example, hnRNPA2B1 binds miR-198, miR-
601 and miR-185 via the GGAG/UGCA motif and is then
transported to the exosome [49, 50]. Another report showed
that hnRNPA2BI1 can also bind miR-17/93 via the AGG/
UAG motif [51]. hnRNPA2B1 can also negatively regulate
the exosomal sorting of microRNAs, such as by inhibiting
the exosomal export of miR-503 in endothelial cells [52].
SUMOylated hnRNPA1 binds miR-17/93 via caveolin-1
(CAV1) and is involved in sSEV-miRNA loading with the
help of miR-196a, miR-320 and miR-522 [53]. In addition,
SYNCRIP, also known as hnRNP-Q, can bind to miRNAs
containing GGCU sequences, such as miR-3470a and miR-
194-2-3p, loading them into exosomes [54]. AGO2, a core
component of the miRISC complex, can bind to let-7a,
miR-100 and miR-320a through the KRAS-MEK-ERK
signaling pathway and lead to exosome sorting [55]. In
addition, AGO2 may act as an intermediary between
MEX3C and miR-451a, assisting the targeting of MEX3C
by siRNA molecules and leading to decreased exosomal
miR-451a [56]. In conclusion, many RNA binding proteins
were shown to be associated with miRNA sorting into
exosomes, such as La protein, LIN28, SRP9/14, QKI,
TERT, ELAVLI1, IGF2BP1, ANXA2, ALIX, Nucleolin,
and FUS/TDP-43.

Different membrane proteins can also bind to miRNAs
based on specific sequences in the miRNA to transport
them into exosomes. nSMase2 was the first molecule
reported to be associated with miRNA secretion into exo-
somes. nSMase2 can specifically sort miR-16 and miR-
146a into EVs [57]. CAV1 is a membrane-bound protein
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that binds miRNAs and loads them into exosomes via the
AsUGnA motif [58]. In addition, CAV1 can mediate the
encapsulation of hnRNPA1 and its bound miRNA into
microvesicles [53]. Cav-1 can also form a complex with
hnRNPA2B1, which enhances hnRNPA2B1 binding to
mir-17/93 and directs the complex into exosomes [51]. The
mechanism of sEV cargo loading by CAV1 is related to the
SEV-miRNA sorting protein YBXI1. Although several
molecular mediators have been identified, the mechanism
of miRNA selective sorting into EVs remains elusive.

4.3 Uptake of miRNA-containing exosomes
by recipient cells

Exosomes can protect miRNAs from degradation during
transport to target cells. Chen-Yu Zhang’s team proposed
two models [59] to explain the stability of extracellular
miRNAs: protection of miRNAs by EV membrane struc-
tures and stabilization of miRNAs by forming protein—
miRNA complexes.

Receptor cells take up the released exosomes through
three different mechanisms: (1) direct fusion with the
plasma membrane, (2) phagocytosis, and (3) receptor-me-
diated endocytosis.

The contents of phagocytosed exosomes may be
released directly into the cytoplasm and exert a regulatory
effect, or they may enter the endosome and subsequently
fuse with lysosomes, whose contents are degraded. Addi-
tionally, exosomes may naturally contain some endosomal
escape mechanisms, which may trigger a functional
response once the miRNA in the exosome escapes the
degradation pathway. However, to date, these mechanisms
remain unknown. There is still controversy about whether
exosomal miRNAs can enter recipient cells to affect
recipient cell function. In one study, it was suggested that
microRNAs in extracellular vesicles are rarely delivered to
target cells [60]. However, there are limitations to the
study: EBV-infected primary human B-cell activity is
affected, and all experiments were performed in vitro
using artificial setups, which is not a completely accurate
representation of the in vivo situation. Another issue is the
use of viral miRNA, which may not fully reflect the host
cell-secreted miRNA contained in EV, and only a limited
number of cell line-derived extracellular vesicles were
studied, which is not of general interest. It has been shown
that exosomal miRNAs can be transferred to recipient
cells and thus affect the function of the recipient cells. In
2007, Valadi et al. first demonstrated that exosomal
miRNAs can be transferred to another cell [61]. One
investigator cocultured miRNA-126-3p-transfected hUC-
MSCs with HUVECs and showed that miRNA affects the
function of HUVECS through exosomal transfer between
cells [62].
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In addition to the classical repressive effects of target-
ing mRNAs, recent evidence suggests that miRNAs can
also promote gene expression under specific conditions
[63]. Professor Yu’s laboratory at Fudan University pro-
posed the concept of intranuclear activated miRNAs,
which can bind to enhancers in the nucleus to promote
gene expression, opening up new paths in the field of
miRNA research [64]. In addition, exosomal miRNAs
have different roles from intracellular miRNAs. In 2012,
exosomal miR-21 and miR-29a were found for the first
time to have the ability to bind to Toll-like receptors
(TLRs) and activate ligands in immune cells [65]. Recent
studies have found that miRNAs released from injured
neurons can activate TLR7/8 [66].

5 miRNAs in exosomes of mesenchymal stem cells
regulate wound healing

5.1 Regulation of the inflammatory response

A large number of studies have focused on MSC-EXO
miRNAs to promote M2 macrophage polarization and thus
reduce the inflammatory response. Under simulated
inflammatory conditions, let-7b specifically expressed in
hUC-MSC-EXOs drives macrophage differentiation
toward an anti-inflammatory phenotype by downregulating
TLR4/NF-xB as well as upregulating the STAT3/Akt sig-
naling pathway, reducing inflammatory cell infiltration in
traumatic surfaces [67]. Small extracellular vesicles
derived from hypoxic preconditioned dental pulp stem cells
(DPSCs) inhibit NF-kB1 expression, induce M2 macro-
phage polarization and suppress inflammatory responses
[68]. hUC-MSC-EXOs contain three specific miRNAs
(miR-181c, miR-21, and miR-146a) that have a regulatory
function in inflammation [69]. In a study on a mouse burn
model, miR-181c¢ in hUC-MSC-EXOs reduced the number
of macrophages at the burn site, inhibited the TLR4 sig-
naling pathway, downregulated the activity of its down-
stream target protein NF-xB/P65, promoted M2
macrophage polarization, blocked the release of the
inflammatory factors IL-13 and TNF-a, and promoted the
expression of the anti-inflammatory factor IL-10, thereby
inhibiting inflammatory and immune responses and pro-
moting burn healing [70]. It was found that miR-21
expression was significantly upregulated in MSCs and their
EVs after IL-1B pretreatment, mediating macrophage
polarization toward the M2 type by inhibiting the pro-
grammed cell death factor 4 (PDCD4) gene in macro-
phages [71]. After IL-1B stimulation, hUCBMSCs
overexpress miR-146a and are loaded into exosomes,
which are taken up by macrophages and then mediate the
macrophage polarization toward the M2 type [72]. In
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addition, He et al. [73] found that miR-223 in BM-MSC-
EXOs induced M2 macrophage polarization by inhibiting
pknox1 protein levels, resulting in increased expression of
RELM-o and arginase 1 (Argl), increased expression
levels of the inflammatory mediator IL-10, and decreased
expression levels of TNF-o, which accelerated skin wound
healing in mice. In another report, after treatment of
fibroblast-based model of inflammation with ADSC-
EXOs,the researchers observed a significant decrease in
protein levels of TNF-a, IL-6 and IL-8 and increase in IL-
10 concentration. Further studies found that because the
combination of miR-34a-5p, miR-124-3p, miR-146a-5p,
miR-132, miR-21 and miR-29a was highly expressed in
ADSC-EXOs, it could reduce inflammation and enhance
wound healing [74].

5.2 Promoting angiogenesis

In ADSC-EXOs, miR-125a and miR-423-5p have been
shown to have angiogenic potential. Among them, miR-
125a can inhibit the transcription and expression of the
angiogenic repressor inhibiting delta-like 4 (DLL4), which
promotes endothelial cell angiogenesis by promoting the
formation of endothelial tip cells [75]. Another study
found that miR-125a-3p in hADSC-EXOs promoted the
viability of HUVECs and facilitated wound healing in
mice by inhibiting PTEN [76]. ADSC-EXOs enriched with
miR-423-5p downregulated the expression of serine kinase
inhibitor (suppressor of fused, Sufu) in endothelial cells
[77]. MSC-EXO miRNAs can act on the PI3K/Akt sig-
naling pathway to affect angiogenesis. Ding et al. [78]
found that miRNA-126 carried by deferoxamine-pre-
treated BMSC-EXOs exhibited a stronger ability to pro-
mote angiogenesis than normal BMMS exosomes in vitro
and in vivo by downregulating PTEN and activating the
PI3K/Akt signaling pathway, thereby accelerating wound
healing in diabetic rats. Further studies found that BM-
MSC-EXO miR-126 processing affected angiogenesis by
targeting PIK3R2 to activate the PI3K/Akt signaling
pathway, which contributes to enhanced neo-capillary
formation at skin wound sites in mice [79]. Human
umbilical cord blood plasma (UCB-EXOs) are highly
enriched in miR-21-3p, which can downregulate the
expression of PTEN and SPRY1 and thus regulate the
PI3K/Akt and ERKI1/2 signaling pathways to promote
angiogenesis of endothelial cells [80]. Further studies
revealed that miR-21 in umbilical MSC-derived exosomes
(uMSCEXOs) promotes proliferation, migration of
endothelial progenitor cells (EPCs), and angiogenesis in
rats with cranial defects by upregulating the NOTCH1/
DLL4 pathway [81].

5.3 Promoting skin cell proliferation and migration

Analysis by miRNA microarray revealed that 292 miRNAs
were altered in ADSC-EXOs that promoted the prolifera-
tion and differentiation of dermal fibroblasts, of which 199
were upregulated and 93 were downregulated [82]. MiR-
135a in human amnion mesenchymal stem cell (hAMSC)-
EXOs downregulates LATS2 expression, thereby promot-
ing fibroblast migration and wound healing in rat skin [83].
Further studies revealed that miR-135a in hAMSC-EXOs
inhibited the expression of E-cadherin, N-cadherin, and
LATS?2, promoted the expression of a-SMA, and promoted
fibroblast migration [84]. Additional studies found that
MSC-EXOs downregulate SIRT1 through miR-138-5p
delivery, thereby inhibiting fibroblast growth and protein
expression and alleviating pathological scarring [85].
ADSC-derived exosome-loaded miR-126-3p promotes
fibroblast proliferation and migration through downregu-
lation of PIK3R2 expression to promote wound healing in
rats [86].

Positive effects of MSC-EXO miRNAs on keratinocytes
have also been reported: it was shown that adipose-derived
stem cell exosomes (AD-EXOs) overexpressing miRNA-
21 enhanced the migration and proliferation of HaCaT cells
by increasing MMP-9 expression through the PI3K/AKT
pathway [87]. The experimental results of Wang et al. [88]
demonstrated that miRNA-21 was able to mediate TGF-p1
by targeting PTEN (downregulation) to promote mes-
enchymal transition and migration of keratinocytes during
skin wound repair.

5.4 Promoting collagen remodeling and apoptosis

Excessive synthesis or insufficient degradation of collagen
can lead to scar formation. MSC-EXO miRNAs can inhibit
the expression of Col-I and Col-III, thereby reducing scar
formation. Subcutaneous injection of ADSC-EXO with
high miRNA-29a expression in a mouse skin scald model
had a significant effect on promoting thermal injury heal-
ing, and the mechanism of action was that miRNA-29a
suppressed the expression levels of the fibrosis genes o-
SMA, Col-I, and Col-III by inhibiting the TGF-B2/Smad3
signaling pathway [89]. Similarly, Fang et al. [90] found
that hUC-MSC-EXOs could reduce scar formation in skin-
deficient mice by transferring microRNAs (miR-21, miR-
23a, miR-125b, and miR-145) to inhibit collagen deposi-
tion through suppression of the TGF-B2/SMAD?2 pathway.
In addition, miRNA-192-5p, which is highly expressed in
ADSC-EXOs, promoted scar-free healing of wounds by
downregulating IL-17RA expression in HSFs and reducing
the expression levels of Coll, Col3, a-SMA and p-Smad2/
p-Smad3 [91].
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Overdifferentiation of myofibroblasts leads to the for-
mation of fibrotic scars on the trauma surface. TGF-f is an
important regulator that stimulates the differentiation of
fibroblasts into myofibroblasts, and MSC-EXOs can reduce
scar formation by inhibiting the expression of TGF-f.
Exosomal miRNA-4255p and miRNA-142-3p can inhibit
the differentiation of human dermal fibroblasts to myofi-
broblasts by reducing TGF-B1 expression, ultimately
reducing scar formation to promote wound healing [92].
Let-7-5p, miRNA-22-3p and miRNA-27a-3p in human
amniotic fluid stem cell-derived exosomes (hAFSC-exo)
downregulate TGF-B1, and miRNA-21-5p and miRNA-
23a-3p downregulate TGF-f2, which in turn prevents
fibroblasts from differentiating into myofibroblasts to
reduce scar formation [93].

6 Current attempts to improve the treatment
of MSC-exo miRNAs

6.1 Genetic modification of miRNAs by CRISPR/
Cas9 technology

Because altering the motifs of specific miRNAs can change
the enrichment of miRNAs in exosomes, it is possible to
use CRISPR/Cas9 technology to modify miRNA sequences
so that specific miRNAs can be enriched in exosomes. In
one study, artificially engineered extracellular vesicles
were constructed for the delivery of CRISPR/Cas9-edited
miR-29b (EV-Cas9-29b) to alleviate denervation-induced
muscle atrophy in mice [94]. Researchers developed an
artificial exosome in which the CD63-Cas9 protein of the
exosome was fused, and verified the efficiency of removing
the target gene from the recipient cell [95].

6.2 Use of MSC-EXOs as therapeutic miRNA
delivery vehicles

The use of exosomes for noncoding RNA delivery, and
thus for the treatment of diseases, has been extensively
studied in the field of oncology. There are two forms of
miRNA-based therapies. (1) Loading exogenous miRNA
mimics that are known to promote tumor suppression. For
example, miR-6785-5p mimics were loaded into human
umbilical cord MSC-derived exosomes to treat gastric
cancer by inhibiting INHBA gene expression and sup-
pressing cellular angiogenesis and metastasis [96]. (2)
Provide specific miRNA inhibitors to suppress tumor-pro-
moting miRNAs. For example, delivery of LNA-antimiR-
142-3p into breast cancer stem cells via BM-MSC-EXOs
resulted in downregulation of miR-142-3p and miR-150,
thereby reducing the proliferation capacity of breast cancer
stem cells [97].
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In view of the above studies, MSC-EXOs can be used as
a vehicle to deliver miRNA mimics or specific miRNA
inhibitors to promote wound healing.

6.3 Engineering to enhance the efficacy
and production of EXOs

Current research has proposed many ways to modify MSCs
or combine them with other materials to improve their
therapeutic potential. Compared to normal exosomes,
H202-ADSC-EXOs led to more improved flap survival
and promoted neovascularization for cell-free therapeutic
applications in flap grafts [98]. In addition, combined with
selenium, the effects of ADSC-EXOs on inhibiting
inflammation and promoting angiogenesis were signifi-
cantly enhanced [99]. Many studies have focused on the
development of optimized hydrogels for the construction of
mesenchymal stem cell-derived exosome delivery plat-
forms [100-102]. In one study, polyvinyl alcohol (PVA)/
alginate (Alg) nanohydrogel was used to encapsulate hUC-
MSC-exos [101]. In another study, researchers constructed
gel methacrylate (GelMA)/carbohydrate-catechol (Chi-C)
hydrogels to encapsulate hUC-MSC-exos [102]. The
results showed that the hydrogel-bound mesenchymal stem
cells were valuable in angiogenesis and the re-epithelial-
ization of chronic wounds. These novel hydrogels can
maintain the bioactivity of exosomes, improve the efficacy
of exosome delivery, and enhance the ability of exosomes
to promote wound healing, and they have the characteris-
tics of low toxicity, an appropriate degradation rate, and
strong plasticity. Therefore, they have promising
applications.

Over the last decade, there have been a number of
strategies developed to promote large scale EV generation,
Including through various stimulants such as protein reg-
ulations, thermal and oxidative stress, hypoxia, pH, radia-
tion, starvation, chemicals, and culture environment to
stimulate cells to produce more exosomes. Another
approach is through physical and chemical methods such as
nitrogen plantations, extrusion through porous membrane,
sonication, dissolving in high pH breaking the cell mem-
brane and reconstructing the released contents to synthe-
size artificial EV. In addition, there are large-scale
generation of natural EVs using chemicals, red blood cells,
cellular nanoporation, bioreactors and 3D scaffolds [103].

7 Conclusion

MSC-EXOs, as intercellular communication vectors, carry
miRNAs that regulate the inflammatory response and
promote angiogenesis, showing encouraging applications
in trauma repair. Compared with MSCs, MSC-EXOs have
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the advantages of high stability and safety, and more
importantly, they can be engineered to enhance their
trauma healing effect by regulating the miRNAs they carry.
MSC-EXO miRNAs have been shown to regulate the
wound healing process.

The problems that once troubled us have been gradually
solved in recent years. First, “quality consistency” and
“mass production capacity” used to be the two most crit-
ical points for stem cell drug development. However,
MSCs differentiated from embryonic stem cells through
Emstein’s patented two-step cell differentiation technique
are capable of continuous homogenization and mass pro-
duction [104]. This undoubtedly breaks through the barrier
that adult derived MSCs are difficult to produce drugs.
What’s more, MSCs spheroids can be delivered under
ambient conditions for tolerating room temperature for
more than 10 days [105]. Second, effectiveness and safety.
Future research will focus on how to design suit-
able miRNA promoters and miRNA inhibitors and how to
modify MSC-EXOs to make them more effective and safer.
To improve biosafety, the UM team inserted a suicide gene
into the stem cell genome, which can be triggered by an
injection of a simple drug after wound healing to kill the
remaining stem cells and their derived cells, thereby
avoiding tumour fears [105]. Third, there is the issue of
specificity. Natural exosomes still have some limitations as
delivery platforms. For example, exosomes are not taken
up only by the site of injury, and the load will be delivered
nonselectively to all cell types in vivo, reducing miRNA
utilization. Genetic engineering techniques need to be
developed to achieve cell-specific targeting. In addition,
there is a need to determine the optimal dose and schedule
of MSC-EXO miRNA administration, as well as the route
of administration that achieves maximum efficacy with
minimal adverse effects. With the in-depth discussion of
related issues and the translational application of basic
research results, MSC-EXO miRNAs will become an
effective biological therapy and lead to new trauma treat-
ment options.
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