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Abstract

Mesenchymal stem cells (MSCs) are multipotent stem cells that have attracted increasing interest in the field of regenerative
medicine. Previously, the differentiation ability of MSCs was believed to be primarily responsible for tissue repair. Recent
studies have shown that paracrine mechanisms play an important role in this process. MSCs can secrete soluble molecules and
extracellular vesicles (EVs), which mediate paracrine communication. EVs contain large amounts of proteins and nucleic acids,
such as mMRNAs and microRNAs (miRNAs), and can transfer the cargo between cells. The cargoes are similar to those in MSCs
and are not susceptible to degradation due to the protection of the EV bimolecular membrane structure. MSC-EVs can mimic
the biological characteristics of MSCs, such as differentiation, maturation, and self-renewal. Due to their broad biological
functions and their ability to transfer molecules between cells, EVs have been intensively studied by an increasing number of
researchers with a focus on therapeutic applications, especially those of EVs secreted by MSCs. In this review, we discuss

MSC-derived EVs and their therapeutic potential in tissue regeneration.
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Highlights

Paracrine secretion of mesenchymal stem cells plays an
important role in tissue repair by sensing changes in the
microenvironment and secretory factors and extracellular
vesicles promoting tissue regeneration.

Extracellular vesicles contain abundant contents such as
proteins and nucleic acids that can be transferred between
cells as a new means of intercellular communication to reg-
ulate the homeostasis of recipient cells.

Extracellular vesicles have strong potential as a cell-free
treatment for tissue regeneration because they can retain the
therapeutic effects of their parent cells and do not have the
safety concerns associated with cell therapy.

Introduction

Extracellular vesicles (EVs) are small vesicular nanoparti-
cles secreted by cells. EVs have been proven to play a key
role in cell-to-cell communication by transferring their car-
goes, such as proteins, nucleic acids, and lipids'. Classically,
EVs are divided into exosomes and microvesicles (MVs)
according to their biogenesis, surface markers, and size.
These particles have been found in most bodily fluids®, and
numerous studies have shown that they play important roles

in both normal physiology and disease, such as respiratory
diseases’, cardiovascular diseases®, inflammatory diseases”,
and cancers®®. Due to the broad biological functions of EVs,
such as maintaining physiological homeostasis’ and partici-
pating in the development of disease, and their ability to
transfer molecules between cells, an increasing number of
researchers have focused on the therapeutic applications of
EVs. Specifically, EVs may have a therapeutic role in irre-
versible tissue injuries resulting from refractory disorders.
For example, in a spinal cord injury model, EVs secreted by
pericytes promoted angiogenesis and nerve regeneration'’.
Similarly, in graft-versus-host disease, EVs significantly
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ameliorated fibrosis of the skin, lungs, and liver through
anti-inflammatory and immunomodulatory effects and pro-
longed survival''*'.

In recent decades, cell therapy has attracted increased
attention. Mesenchymal stem cells (MSCs) have been
broadly studied, especially in the field of regenerative
medicine'®. MSCs are multipotent stem cells commonly
originating from bone marrow (BM), adipose tissue (AD),
umbilical cord (UC) veins, and even solid organs, includ-
ing the brain, lung, liver, spleen, kidney, thymus, and
pancreas. MSCs show multiple differentiation potential
with the ability to differentiate into both mesenchymal
lineages and nonmesenchymal lineages, such as osteo-
blasts, chondrocytes, adipocytes, hepatocytes, and neuro-
nal cells. In addition to their differentiation potential,
MSCs can secrete vesicles and molecules such as growth
factors, cytokines, and chemokines. Initially, the transdif-
ferentiation or cell fusion potential of MSCs is believed
to play a major role in the process of tissue repair. How-
ever, some studies have shown a low grafting rate and
low survival rate of MSCs in injured areas, indicating that
these two mechanisms of MSCs are inefficient in tissue
repair'®. Recently, the paracrine effects of MSCs were
proposed to be primarily responsible for their regenera-
tive potential. Many factors and EVs are found in the cell
supernatant of MSCs, and in some animal models of dis-
ease, application of cell supernatant from MSCs resulted
in a similar therapeutic effect to that of MSCs alone. In
the following downstream experiments, it was confirmed
that the components in the cell supernatant participated in
tissue repair'>'®. Increasing interest has focused on EVs
and their cargo; the contents are rich in types and quan-
tities and mainly include proteins and nucleic acids,
which can avoid degradation under the protection of the
bilayers, enabling long-distance transportation. MSC-EV's
were first studied in a mouse model of myocardial
ischemia-reperfusion injury (IRI) in 2010'7. Some studies
have demonstrated that MSC-EVs can mimic the biologi-
cal characteristics of MSCs, such as differentiation,
maturation, and self-renewal'®. Notably, an increasing
number of reports have suggested that MSC-EVs have
therapeutic effects in various conditions, including
respiratory, kidney, cartilage, skin, and cardiovascular
disorders (Fig. 1). MSC-EVs also transmit information
between MSCs, and the cargoes of EVs participate in
stem cell biology'®. EVs from MSCs have anti-
inflammatory, antiapoptotic, proangiogenic, and immuno-
modulatory effects similar to those of MSCs in various
disease models. Currently, developing EV-based therapies
is challenging due to the lack of standardized approaches
for EV isolation and the lack of knowledge of the phar-
macological properties and mechanisms of EVs. In this
review, we elucidate these mechanisms with contempo-
rary evidence, which could help develop novel therapeu-
tic tactics to treat refractory tissue injury.

Extracellular Vesicles

EVs were first observed in 1946 in normal plasma as a
platelet-derived particle with a procoagulant function'® and
were referred to as “platelet dust” in 1967%°. Since then,
other cell-derived EVs have been discovered®' 2, but the
study of EVs was neglected due to insufficient research
techniques until the 21st century. With the discovery that
EVs contain proteins, mRNAs, and microRNAs (miR-
NAs)?728, EVs are now regarded as a medium for cell—cell
communication®” and have regained the interest of research-
ers. In general, based on current knowledge of their biogen-
esis, EVs can be divided into two main types: exosomes and
MVs (Fig. 2)'°.

Exosomes are generated within the endosomal system as
intraluminal vesicles (ILVs) and secreted during the fusion
of multivesicular bodies (MVBs) with the cell membrane.
Exosomes have diameters of 50 to 150 nm and are enriched
in certain proteins, including tetraspanins (CD9, CD63, and
CDS81), heat shock proteins (HSP60, 70, and 90), major his-
tocompatibility complex (MHC) class I and II, programmed
cell death 6 interacting protein (Alix), and tumor suscept-
ibility gene 101 (Tsg101)*'*2. Exosome biogenesis involves
two mechanisms: endosomal sorting complex required for
transport (ESCRT)-dependent and ESCRT-independent pro-
cesses. ESCRT is involved in membrane shaping and scis-
sion and participates in the formation of MVBs and ILVs®>.
This complex also affects the cargo sorting of exosomes>*.
The ceramide and tetraspanin families, especially CD63, are
involved in this process in an ESCRT-independent man-
ner>>*®. MVs, or microparticles, are formed by the outward
budding and fission of the plasma membrane and the subse-
quent release of vesicles into the extracellular space. These
particles range in size between 50 nm and 1 pm, and onco-
somes can even reach 10 um®”*®. This biogenesis requires
some molecular rearrangements within the plasma mem-
brane, such as changes in lipid components, protein compo-
sition, and Ca?" levels®’. Although the biological origins of
these two types of vesicles are known, the current methods to
completely separate molecules with similar sizes are
insufficient™.

Currently, most studies have focused on the functions
and components of EVs. The components of EVs depend
mainly on their cell origin and the stimuli they receive
under different physiological or pathological condi-
tions*>*'. To date, some databases on EV composition,
such as EVpedia, Exocarta, and Vesiclepedia42*44, have
been established. EVs achieve their function primarily by
transporting signaling molecules among cells. After being
released into the extracellular space, EVs can deliver their
cargo to recipient cells via three pathways (Fig. 2). They
may enter cells via endocytic uptake or by direct fusion of
the vesicles to the cell membrane. They may also transmit
their contents through adhesion to the cell surface mediated
by lipid ligand-receptor interactions. These interactions
indicate the pivotal roles of EVs in cell-to-cell
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MSCs secrete EVs to transport cargo to the injured area:
1) protein: growth factors, anti-inflammatory factors, etc.
2) nucleic acid: mRNA, miRNA, IncRNA
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Fig. |. Therapeutic mechanisms of mesenchymal stem cell-derived extracellular vesicles in different diseases. Extracellular vesicles secreted
by mesenchymal stem cells carry proteins and nucleic acids with repair functions to the injured area, induce repair phenotypes, and promote
tissue regeneration. EVs: extracellular vesicles; IncRNA: long non-coding RNA; miRNA: microRNA; MSCs: mesenchymal stem cells.

communication, which can affect physiological or patholo-
gical conditions*’.

MSCs and MSC-EVs

MSCs are multipotent stem cells that reside mainly in meso-
dermal tissue and were first isolated from BM in the 1960s
by Friedenstein et al.*®. In addition to BM, MSCs can be
found in other tissues or organs, such as the AD, UC, brain,
lung, liver, spleen, kidney, thymus, and pancreas. In recent
years, an increasing number of studies have been conducted
on induced pluripotent stem cell-derived MSCs (iMSCs)*”.
To define MSCs for laboratory-based scientific investiga-
tions and preclinical studies, the Mesenchymal and Tissue
Stem Cell Committee of the International Society for Cellu-
lar Therapy (ISCT) has proposed a set of minimal criteria,
including adherence to plastic in standard culture conditions;
positive expression of most of the MSCs (>95%) of surface
molecules such as CD105, CD73, and CD90 and no expres-
sion of CD45, CD34, CD14 or CD11b, CD79a or CD19, and
HLA class II; and differentiation into osteoblasts,

adipocytes, and chondroblasts under standard in vitro differ-
entiating conditions*®. MSCs have numerous unique fea-
tures, including differentiation potential, colony formation,
and self-renewal abilities. Homing and migration are also
distinctive functions of MSCs. Some studies have reported
the homing potential of MSCs to damage sites to exert their
therapeutic effects**. Thus, MSCs may be a promising
approach for tissue regeneration’ 0

However, there are some controversies about the tissue
repair capability of MSCs. Injecting BM-MSCs directly into
infarcted hearts failed to form new cardiomyocytes under in
vivo conditions in mouse models of heart disease®’. MSCs
were found to be short-lived after systemic administration™?.
At the same time, some studies have suggested that their
paracrine mechanisms play a major role in tissue repair'®3.
In 2006, Gnecchi et al.>* found that injecting BM-MSC-
conditioned medium (CM) into the ischemic heart signifi-
cantly limited infarct size and improved ventricular func-
tion in rat models of myocardial infarction (MI). MSCs
exert paracrine effects by secreting various growth factors
and cytokines that induce angiogenesis, anti-inflammatory
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Fig. 2. The origins of extracellular vesicles and the interactions of target cells. Exosomes and MVs have two different pathways of origin.
Exosomes are formed by the endosomal system, while MVs are formed by direct membrane budding. Both of them contain proteins, lipids,
and nucleic acids and interact with target cells through three pathways. MVB: multivesicular bodies; MVs: microvesicles.

effects, immune modulation, and protection from apopto-
sis'®. In addition to cytokines, MSCs can secrete EVs and
MSC-EVs that promote tissue repair and regeneration.
MSC-EVs express MSC surface molecules, such as
CD44, CD73, and CD90, and do not express hematopoietic
markers, such as CD34 and CD45°°. MSC-EVs, as a new
mediator of intercellular communication, contain various
proteins, nucleic acids, and lipids. Mass spectrometry
revealed 857 proteins in MSC-EVs>°. A total of 2,089 miR-
NAs were found in MSCs and their EVs by miRNA micro-
array analysis, and most miRNAs (98.3%) showed the same
expression in both MSCs and EVs®’. MSC-EVs can transfer
these cargoes to the recipient cells and thereby alter their
activities.

MSCs have been proven to be effective in treating several
human diseases, but safety concerns, such as pulmonary
embolism, uncontrolled differentiation, and tumor forma-
tion, still exist>®. As a new cell-free treatment, EVs have
many unique advantages. Due to their bilayer membrane
structure, EVs are stable in vivo and can be stored for a long
time at —80 °C without losing their bioactivity’. In the fol-
lowing sections, we will review current research progress on
the potential therapeutic value of MSC-EVs in regenerative
medicine.

MSC-EVs in Respiratory Diseases

Several studies have reported that MSC-EVs have protective
effects in respiratory injury models. By studying the
mechanism of MSCs in the treatment of hypoxic-induced
pulmonary hypertension (HP), Lee et al.*® found that MSCs
exert therapeutic effects through paracrine mechanisms and
that EVs act as the major paracrine anti-inflammatory and
therapeutic mediators in the lung through inhibition of
hypoxic signal transducer and activator of transcription-3
signaling. Tail vein injection of MSC-EVs could help pre-
vent and reverse monocrotaline-induced right ventricle
hypertrophy and pulmonary vascular remodeling by trans-
ferring specific miRNAs, such as miR-34a, miR-122,
miR-124, and miR-127, which regulate anti-inflammatory/
antiproliferative pathways®'.

In several models of lung injury induced by ischemia or
trauma, EVs have shown good repair effects. In a mouse
model of hemorrhagic shock and laparotomy-induced lung
injury, Potter et al.®* showed that injection of MSC-EVs
protected mice from lung injury through vasculoprotective
effects in a similar manner to MSCs in vivo. Phosphorylated
protein expression profiling indicated that MSCs and EVs
mainly reduced pulmonary vascular permeability by inhibit-
ing the activation of the Rho GTPase pathway. Interestingly,



Zhang et al

in vitro MSCs but not EVs reduced endothelial cell perme-
ability. This result suggested that there are differences
between the molecular effects of MSCs and MSC-EVs,
although their therapeutic effects are similar. The other two
studies investigated the functions of the MSC-EV contents.
One study showed that EV trafficking of miR-124-3p
directly targeted purinergic receptor P2X ligand-gated ion
channel 7 to exert anti-inflammatory effects to protect the
lungs in a trauma-induced acute lung injury (ALI) model®.
In another study, Li et al.** found that in a murine lung
ischemia/reperfusion model, intratracheal administration of
MSC-Exo significantly reduced lung edema and dysfunc-
tion, M1 polarization of alveolar macrophages, and secretion
of HMGBI, IL-8, IL-1B, IL-6, IL-17, and tumor necrosis
factor (TNF)-a.. The researchers further demonstrated that
MSC-EVs ameliorated IRI by inhibiting both apoptosis path-
ways via transport of miR-21-5p, which targets phosphatase
and tensin homolog (PTEN) and programmed cell death 4
(PDCD4).

In an Aspergillus hyphal extract-induced mouse model of
allergic airway inflammation, the injection of EVs from
human and murine MSCs through the tail vein was as effec-
tive as the cells themselves and revealed that EVs can exert
immunomodulatory and anti-inflammatory effects, alleviat-
ing Th2/Th17-mediated airway hyperresponsiveness and
lung inflammation®’. In addition to airway inflammation,
EVs can also repair lung damage caused by viral infections.
By studying the therapeutic effect of EVs in influenza virus
infection models, Khatri et al.®® found that EVs can inhibit
influenza virus replication and virus-induced apoptosis of
lung epithelial cells in vitro. In a virus-induced acute ALI
pig model, MSC-EVs were found to reduce inflammatory
factors (TNF-o, CXCL10, IL-10) in the lung by intratracheal
administration.

Some studies have achieved encouraging results regard-
ing the application of MSC-EVs in bronchopulmonary dys-
plasia (BPD). BPD, a serious long-term complication of
prematurity, is a common chronic lung disease in premature
infants that requires mechanical ventilation and oxygen ther-
apy. Several serious complications are associated with BPD,
such as pulmonary dysfunction, secondary HP, and brain
injury. Willis et al.%” first explored the therapeutic role of
MSC-EVs in BPD. The researchers found that UC-MSC-
derived EVs can significantly improve pulmonary morphol-
ogy, ameliorate pulmonary fibrosis and perivascular/
vascular remodeling, and promote lung development by
single-dose intravenous administration in a hyperoxia-
induced BPD mouse model. Further RNA sequencing and
gene ontology analysis indicated that EVs can attenuate
hyperoxia-induced inflammatory responses, and in vitro and
in vivo experiments demonstrated that EVs inhibit inflam-
mation by modulating the macrophage phenotype®’. In
another study of BPD, a similar outcome was obtained by
multiple injections of UC-MSC-derived EVs into the
abdominal cavity, and the researchers also found that EVs
can protect the heart and brain tissues from BPD.

Mechanistic studies showed that TNF-o-stimulated gene-6
(TSG-6) in EVs exerted anti-inflammatory effects. Further-
more, the researchers demonstrated that EV-depleted MSC-
CM, when injected into the BPD mouse model, did not have
any protective effects, establishing that the protective factors
are present in the EV fraction®®.

MSC-EVs in Kidney Diseases

Inrecent years, EVs have also received increased attention in
studies of kidney diseases, such as reports of emerging bio-
markers in kidney cancers®®, and as a new therapeutic
approach in kidney injury. Most studies have focused on
acute kidney injury (AKI), metabolic kidney disease, or
chronic kidney disease (CKD). In a rat model of AKI
induced by IRI, Kilpinen et al.”® found that the UC-MSC-
derived EVs ameliorated kidney dysfunction and acute tub-
ular necrosis. In vitro data showed that EVs can inhibit the
proliferation of T cells, and in different inflammatory envir-
onments, protein components such as apolipoproteins
(APOAL1, APOA2, APOA4, APOC3), lipid-binding proteins
(RBP4, SCP2, FABP6), and several complement-related
proteins (C3, C4A, C5, CD93) in EVs secreted by MSCs
might vary. In vivo, UC-MSC-derived EVs could signifi-
cantly reduce serum markers of renal function, such as blood
urea nitrogen, creatinine (Cr), and transaminase. Pathologi-
cal findings suggested that the treatment improved necrosis,
as shown by the analysis of the tubuloepithelial cells, tubular
dilatation, and cast formation’®. Some studies have further
examined the mechanism by which EVs participate in repair-
ing AKI. Analysis of the expression of inflammation-related
proteins in EVs showed that C-C motif chemokine receptor-
2 (CCR2) was highly expressed on the surface of the vesi-
cles. Subsequent in vivo and in vitro experiments confirmed
that CCR2-positive EVs can inhibit the migration and acti-
vation of macrophages by reducing the level of its ligand
(CCL2), thereby promoting the repair of acute renal injury
induced by ischemia-reperfusion’".

In addition to their anti-inflammatory and immune regu-
latory effects, EVs showed antioxidant effects in repairing
kidney damage’®”*. Zhang et al.”* found that UC-MSC-
derived EVs can improve renal function and alleviate histo-
logical damage through a single intravenous injection in a rat
model of IRI. The elevation of malondialdehyde (MDA) and
8-OHdg induced by IRI was significantly reduced after the
application of EVs, indicating that oxidative stress was alle-
viated. In vitro, EV treatment decreased reactive oxygen
species (ROS) levels in the renal tubular duct epithelial cells
of a hypoxic injury model by enhancing Nuclear factor
E2-related factor 2/antioxidant response element activa-
tion”%. In another study, in vitro models of renal injury were
induced by kidney stones; after renal tubular epithelial cells
were exposed to calcium oxalate monohydrate (COM) crys-
tals and oxalate, the cell number and cell viability decreased,
and the levels of lactate dehydrogenase, H,O,, MDA, and
ROS were significantly elevated. After treatment with
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UC-MSC-EVs, all the effects induced by oxalate + COM
were reversed’>. The above results indicated that the antiox-
idative effect of EVs plays an important role in renal protec-
tion. Another study examined the effectiveness of EVs
secreted by glomerular-derived MSCs (GI-MSCs) for the
treatment of AKI. GI-MSCs were extracted from the renal
cortex, and EVs were obtained from the cell supernatant by
ultracentrifugation. Renal function, morphology, and tubular
proliferation improved after the injection of GI-MSC-
derived EVs. Furthermore, RNase-treated EVs were ineffec-
tive in improving both kidney function and histological IRI
recovery. Subsequently, the biodistribution of EVs was
assessed by injecting PKH26-labeled EVs into IRI mice.
EVs were detected in the kidneys 1 h after the injection, and
24 h after administration, only a few EVs could be observed
in the tubules of IRI mice. Taken together, these results
demonstrated that RNAs within the vesicles are primarily
responsible for the repair of AKI and that the vesicles can
quickly reach the damaged area by systemic administration’*.

Eirin et al.”>’® examined the efficacy and mechanism of
autologous AD-MSC-derived EVs in repairing renal injury in
a novel porcine model of metabolic syndrome (MetS) with
unilateral renal aortic stenosis (RAS). The researchers found
that a single intrarenal administration could ameliorate renal
hemodynamics and function, which were assessed with multi-
detector computed tomography. Medullary hypoxia and fibro-
sis were also significantly improved. In this MetS + RAS
model, the macrophage subtype M1/M2 ratio in the kidney
was increased; proinflammatory factors such as IL-6, IL-1p,
and TNF-a in the renal vein were significantly elevated; and
the anti-inflammatory factor IL-10 was decreased. These
effects were reversed after the intrarenal administration of
EVs, and the renal protection of EVs was blunted by IL-10
knockdown in MSCs””. Another study analyzed the mRNAs
and protein cargo in EVs by next-generation mRNA sequen-
cing and proteomic analysis. The results showed that there are
several mRNAs and proteins that promote angiogenesis and
regulate apoptosis and oxidative stress. Subsequently, in the
MetS + RAS model, it was verified that EVs could improve
renal microcirculation, inhibit apoptosis and oxidative stress,
and repair renal function. Tracing the labeled EVs showed
that the retention in the kidney peaked 2 days after intrarenal
administration, and the fluorescent signal was found in the
tubular cells and endothelial cells of the kidney until 4 weeks,
indicating that EVs can be taken up, internalized by cells, and
retained for a long time’®.

In a mouse model of streptozotocin-induced diabetic
nephropathy (DN), multiple (once a week for 4 weeks) intra-
venous injections of EVs were shown to improve renal func-
tion by reversing fibrosis. Array sequencing results showed
that the EVs contained high levels of microRNAs, and bioin-
formatic analyses found that they mainly targeted the biolo-
gical pathways involved in the profibrotic processes, such as
transforming growth factor (TGF)-p, insulin like growth fac-
tor 1, EGFR, and PDGFR, which were consistent with the
antifibrotic effects exerted by EVs in DN models’’. In 2016,

a clinical trial assessed the safety and therapeutic efficacy of
allogeneic hUC-MSC-EVs in the treatment of CKD, includ-
ing 40 grade III/IV CKD patients, who were randomly
divided into two groups. The experimental group was admi-
nistered two doses weekly at 100 pg/kg/dose, the first intra-
venously through the median cubital vein and the second
intra-arterially targeting the diseased kidney under CT gui-
dance. The control group was given only intravenous saline
but no intra-arterial injections. During 1 year of follow-up,
the inflammatory response was alleviated, renal function
was improved, and no adverse reactions were observed, sug-
gesting that the use of EVs to treat CKD is safe and effective

in the short term’®.

MSC-EVs in Skin Wounds

The application of EVs in wound healing has received
increased attention in recent years. Researchers have focused
on the contents of EVs and their anti-inflammatory effects,
matrix regulation, and angiogenesis in the treatment of skin
wounds’”#°. In 2016, a study found that injection of
AD-MSC-EVs through the tail vein could improve wound
healing by optimizing the characteristics of fibroblasts at
different stages. The results demonstrated that EVs might
accelerate wound healing by enhancing the extracellular
matrix (ECM) synthesis capacity of fibroblasts in the early
stage of this process and reduce scar formation by inhibiting
matrix synthesis in the late stage®'. In a nude mouse model
of full-thickness skin defects, Fang et al.** found that scar
formation was significantly reduced at 25 days by the injec-
tion of hydrogel-coated UC-MSC-EVs around the wound.
Bioinformatics analysis and subsequent experiments demon-
strated that miRNAs (miRNA-21, miRNA-23a, miRNA-
125b, and miRNA-145) in EVs could reduce scar formation
by inhibiting myofibroblast differentiation through the TGF-
B/SMAD2 pathway. In another experiment, miRNA-205 in
EVs extracted from AD-MSCs promoted keratinocyte and
fibroblast migration and proliferation by activating the AKT
pathway to promote wound healing®. Analysis of growth
factor concentrations revealed that EVs contained high con-
centrations of cytokines associated with skin healing, among
which the epidermal growth factor (EGF) had the highest
concentration. Moreover, the researchers evaluated the per-
meation of EVs using human skin tissues. The results
showed that labeled EVs permeated the outermost layer of
the epidermis after 3 h and gradually permeated the epider-
mis after 18 h. At the same time, the expression of collagen I
and elastin in the skin tissue also increased 3 days after the
administration of EVs®. Because oral gingival wounds heal
faster than skin wounds, Kou et al.®% tested the effect of
gingiva-derived MSC-EVs in the treatment of gums and skin
wounds. They found that the membrane surface of EVs con-
tained high amounts of interleukin-1 receptor antagonist (IL-
1RA), a natural inhibitor of the proinflammatory cytokine
IL-1B; IL-1RA was found to exert anti-inflammatory effects
and accelerate wound healing. In addition, the Fas/Fap-1/
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Cav-1 complex in gingiva-derived MSCs could promote the
release of EVs containing IL-1RA under the activation of
TNF-o.

Pretreatment can alter the contents of EVs and thus affect
biological function during wound healing. Overexpression
of miRNA-126-3P enhanced the proangiogenic effect of
synovial MSC-derived EVs, which could promote vascular
endothelial cell proliferation, migration, and tube formation
in vitro. In a mouse model of diabetes, the overexpressed
EVs accelerated the healing of full-thickness skin defects,
and increased neovascularization was detected by pCT and
histology®®. Sung et al.*” compared the effects of different
pretreatment methods, such as thrombin, H,O,, lipopolysac-
charide (LPS), and hypoxia, on the production of EVs by
UC-MSCs. The researchers found that all pretreatment
methods, especially thrombin, increased the secretion of
EVs. In this study, all pretreatments except LPS increased
angiogenic growth factors, such as angiogenin, angiopoietin-
1, HGF, and VEGF, within the EVs, while thrombin pretreat-
ment optimally enhanced the angiogenic protein cargo
content compared with the other methods. For in vivo cuta-
neous wound healing, significant attenuation of inflamma-
tory responses and an improved closure rate were observed
only with pretreatment of EVs with thrombin. Some studies
have examined the administration of iMSC-EVs in wound
healing. In a rat skin full-thickness defect model, topical
administration of iMSC-EVs could promote matrix synthesis
and angiogenesis in the wound area, which was further ver-
ified in vitro®®. In another experiment, iMSC-EVs and UC-
MSC-EVs produced similar outcomes in wound healing.
Both of them can enhance the secretion of collagen in ker-
atinocytes and fibroblasts. However, an increase in the
fibronectin levels in fibroblasts was more apparent in the
iMSC-EV group than in the UC-MSC-EV group, and only
iMSC-EVs increased the phosphorylation of extracellular
signal-regulated kinase (ERK)-1/2%°.

MSC-EVs in Cartilage Injury

Many studies have shown that MSC-EVs could effectively
treat cartilage injury caused by trauma or degenerative dis-
eases. In a rat model of full-thickness cartilage defects, intra-
articular injection of EVs derived from embryonic MSCs
(EMSCs) caused complete restoration of the cartilage and
subchondral bone®. For tissue repair, EVs can promote the
proliferation and migration of chondrocytes by activating the
AKT and ERK signaling pathways. EV treatment of defects
showed an immunoregulatory role by regulating macro-
phage polarization, with a concomitant reduction in proin-
flammatory synovial cytokines’'. Liu et al.”> made an
acellular tissue patch by mixing hydrogels and EVs to treat
rabbit cartilage defects. Compared with the simple applica-
tion of EVs, the patch had a better repair effect by slowly
releasing the vesicles in vivo. Chen and colleagues” synthe-
sized a 3D-printed bioink using decellularized ECM,
BMSC-EVs, and gelatin methacrylate hydrogel to repair

cartilage defects. The researchers found that this 3D print
scaffold can restore mitochondrial dysfunction and oxidative
stress damage in chondrocytes and polarize the synovial
macrophage response toward an M2 phenotype.

In osteoarthritis (OA), MSC-EVs were found to exert car-
tilage protection mainly through anti-inflammatory effects™
and balancing the synthesis and catabolism of ECM*°. In
addition, EVs protected chondrocytes from apoptosis and
regulated the polarization of macrophages in the synovium”®.
For analysis of the effect of ADMSC-EVs on OA cartilage
inflammation, IL-1f-stimulated OA chondrocytes were
treated with EVs. The results showed that EVs reduced the
production of inflammatory mediators, such as TNF-a, IL-6,
PGE 2, and NO, and that annexin Al is overrepresented in
EVs and exerts complex anti-inflammatory and proresolution
effects by inhibiting the NF-kB signaling pathway®’. Many
studies have examined the function of noncoding RNAs in
EVs in cartilage protection. Wu et al.”® found that miRNA-
100-5p in the EVs derived from infrapatellar fat pad MSCs
promoted the autophagy of chondrocytes via the inhibition of
mTOR. Intra-articular injection of antagomir-miRNA-100-5p
dramatically attenuated the EV-mediated protective effect on
cartilage in vivo. The long non-coding RNA (IncRNA)-
KLF3-AS1 axis in EVs could also restrain inflammation-
induced chondrocyte apoptosis’’. By measuring the gene
expression levels, they found that Wnt5a and Wnt5b were
enriched in synovial MSC-EVs. Wnt5a and Wnt5b carried
by EVs activated yes associated protein (YAP) via the alter-
native Wnt signaling pathway and enhanced the proliferation
and migration of chondrocytes with the side effect of signif-
icantly decreasing ECM secretion. Tao et al.'® overexpressed
miRNA-140-5P in EVs to block this side effect by rescuing
SOX9 through suppressing RalA. Another experiment suc-
cessfully promoted chondrocyte proliferation and matrix
synthesis by overexpressing miRNA-92a-3p in BMSC-EVs
to target WNTS5a in OA while promoting the chondrogenic
differentiation of MSCs'?!. In an animal model of temporo-
mandibular arthritis induced by monosodium iodoacetate in
SD rats, EVs derived from EMSCs were injected weekly and
could improve pain and alleviate cartilage degeneration
through reduced inflammation and improvements in matrix
expression and subchondral bone architecture. The cellular
activities during EV-mediated cartilage repair of an in vitro
model induced by IL-1P were attributed to adenosine activa-
tion of AKT, ERK, and AMPK signaling'’>. Zhu et al.'*®
aimed to compare the effectiveness of EVs secreted by syno-
vial membrane MSCs and iMSCs on the treatment of OA. The
injection of both EVs attenuated OA in the collagenase-
induced OA model, but iMSC-EVs had a superior therapeutic
effect. Similarly, chondrocyte migration and proliferation
were stimulated by iMSC-EVs, which exerted a strong effect.

MSC-EVs in Cardiovascular Disorders

The cardiac repair capacity of MSC-EVs was discovered in
an animal model of M1 in 2010"”. In this rat model of M, the
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Table. Clinical Trials of EV-Based Therapies.

NCT number/Ref Disease Phase EV source Status
NCT03857841 BPD | BM-MSC Recruiting
NCT03437759 Macular holes | UC-MSC Recruiting
NCT03384433 Stroke 1/2 Allogenic-MSC Not yet recruiting
NCT02565264 Cutaneous ulcers | Plasma Enrolling by invitation
NCT02138331 Diabetes mellitus type | 2/3 UC-MSC Unknown
NCTO01854866 Malignant pleural effusion/ascites 2 Tumor cell Unknown
NCT01294072 Colon cancer | Plant Not yet recruiting
NCTOI 159288 Non-small cell lung cancer 2 Dendritic cell Completed

117 Melanoma | Dendritic cell Completed

118 Colon cancer | Autologous ascites Completed

BM: bone marrow; BPD: bronchopulmonary dysplasia; EV: extracellular vesicle; MSC: mesenchymal stem cell; NCT: national clinical trial; UC: umbilical cord.

myocardial protection of MSCs and their secreted EVs was
directly compared. The results suggested that both of them
could reduce inflammation, inhibit fibrosis, and improve
cardiac function, and the effects of the MSC-EVs were sig-
nificantly better than those of MSCs'®*. In recent years,
many scholars have further explored the cardioprotective
mechanism of EVs. MSC-EVs can reduce MI size by pro-
moting angiogenesis and improving myocardial blood flow.
In vitro, BMSC-EVs promoted the proliferation, migration,
and tube formation of vascular endothelial cells'®>'%. By
analyzing the protein and nucleic acid components in EVs,
researchers found that extracellular matrix metalloproteinase
inducer (EMMPRIN) and miRNA-210 play a major role in
promoting angiogenesis'®”"'%®. Vrijsen et al.'®” found that
EVs contain high levels of VEGF, EMMPRIN, and MMP-
9, which are related to angiogenesis. The reduced levels of
EMMPRIN in EVs significantly attenuated the proangio-
genic effects in vitro and in vivo. Similar research found that
miRNA-210 was highly enriched in MSC-EVs and neces-
sary for MSC-EV-induced angiogenesis through the target
gene Ephrin-A3'%.

In addition to promoting angiogenesis, EVs can also
inhibit apoptosis, autophagy, and inflammatory regulation
during cardioprotection. Luther et al.'®® found that
miRNA-21a-5p is the most abundant among several cardio-
protective miRNAs through deep miRNA sequencing of
MSC-EV cargo. Subsequent mechanistic studies found that
miRNA-21 targeted the proapoptotic gene products PDCD4,
PTEN, Pelil, and FasL in the myocardium, which in turn
protected the myocardium by inhibiting ischemia-induced
apoptosis. Enriched miRNA-21 was also found in endome-
trial MSC-derived EVs and shown to promote angiogenesis
and inhibit apoptosis by targeting the PTEN/Akt pathway''°.
Transplantation of MSCs inhibited ischemia-induced autop-
hagy by inducing an increase in the autophagy receptor P62
and a decrease in the autophagosome marker LC3-II, which
improved myocardial recovery by impeding autophagy. This
effect is mainly mediated through interference of the MSC-
EV-transported miRNA-125-5p with the p53/Bnip3 signal-
ing pathway''!. In an MI model, direct intramyocardial
injection of BMSC-EVs reduced infarct size and alleviated

inflammation in the heart and serum by modulating the
polarization of M1 macrophages to M2 macrophages. The
miRNA sequencing of EVs and bioinformatics analysis
identified miRNA-182 as a potent candidate mediator of
macrophage polarization and Toll-like receptor 4 as a down-
stream target''%.

Some studies have modified or pretreated MSCs to alter
the composition of EVs and improve myocardial repair. Ma
et al.''® overexpressed AKT in MSCs, leading to the upre-
gulation of platelet-derived growth factor D in the EVs.
These modified EVs showed efficacy in MI therapy through
promoting angiogenesis. Similarly, EVs derived from SDF1-
overexpressing MSCs improved cardiac protection by acti-
vating the PI3 K signaling pathway, which can inhibit apop-
tosis and autophagy while promoting angiogenesis in MI''*,
EVs from hypoxia-treated MSCs resulted in improved myo-
cardial protection against MI. Hypoxic treatment increased
the expression of miRNA-125 in EVs and significantly ame-
liorated cardiomyocyte apoptosis by targeting the proapop-
totic genes P53 and BAK1'". Hypoxia also increased the
expression of VEGF, EGF, FGF, and their receptors, signif-

icantly increasing the angiogenic ability of MSC-EVs''®.

Conclusion

In the past few decades, studies on EVs have improved our
understanding of the origin, content, and biological functions
of EVs. The application of MSC-derived EVs has resulted in
good experimental outcomes in antitumor immune ther-
apy''"!"® and regenerative therapies. However, there are
still many challenges to the future clinical applications of
EVs. First, the selection of an appropriate source of MSCs
for the production of EVs is important. Different cell sources
can affect the composition of EVs and then affect the ther-
apeutic effects of different diseases. It is also important to
select cells of an appropriate “age” for EV collection. As
MSCs undergo senescence, the composition of the EVs also
changes''®. Furthermore, researchers need to develop and
formulate a unified method for collecting EVs. Ultracentri-
fugation is the most common method, and some laboratories
use other methods, such as commercial kits or flow field
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separation. However, the amount and purity of EVs isolated
using these methods are not sufficient for clinical applica-
tions. Currently, some articles have reported that the appli-
cation of bioreactors for cell culture can substantially
increase the production of EVs'?*!?!. The pharmacological
characteristics, such as biodistribution, bioavailability, phar-
macokinetics, and pharmacodynamics, of EVs in the body
remain unknown. Therefore, it is necessary to develop an
excellent EV tracking technology in vivo.

A total of 473 clinical trials were found in the clinical
trials database (https://clinicaltrials.gov/) using the key-
words extracellular vesicle, exosome, and microvesicles, and
approximately 200 were clinical trials of EVs. Most of these
trials used EVs as biomarkers for disease diagnosis and mon-
itoring, mainly in tumor research. A total of eight clinical
trials on the application of EVs for disease treatment were
identified (Table). However, they have not yet obtained clin-
ical trial results. Numerous experiments are needed to verify
biosafety before clinical application. As an emerging thera-
peutic product, EVs used in clinical trials need to show
“purity, identity, quantity, potency, and sterility”'*2. Among
these parameters, purity and sterility should be closely stud-
ied. The conventional enrichment methods, such as ultracen-
trifugation, density gradient centrifugation, and size
exclusion chromatography, cannot easily remove copurify-
ing non-EV components. The composition and function of
these copurifying components should be further investi-
gated. In addition to the purity issue of EV-based products,
a primary concern is the high congruence between EVs and
virus'?. Most purification techniques originate from virus or
virus-like particle collection methods. Therefore, any virus
in the CM will be enriched in the final product, increasing
the potential risk. Rigorous virus testing is especially impor-
tant at every step of the production process.

EVs contain large amounts of cargo and can be used as a
natural drug delivery tool to simulate cell therapy without
the drawback of proliferation. Currently, most research
focuses on the function of miRNAs in tissue regeneration.
Functional studies on other noncoding RNAs, such as long
noncoding RNA and circular RNA, are scarce. This field is
still in its infancy, but research to optimize EV production
and to dissect the complex biology, content, and function of
EVs is ongoing.
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