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ABSTRACT

Extracellular vesicles (EVs) can be classified into several types based on their different biosyntheses or release pathways, including exosomes,
microvesicles, apoptotic bodies, and large oncosomes. As they contain DNAs, RNAs, proteins, and other bioactive signals, EVs have been
utilized in the diagnosis field for a long time. Considering the fact that stem cells have been widely used for tissue regeneration and EVs
possess similar biological properties to their source cells, tissue regeneration abilities of EVs have recently attracted much attention in the
regenerative medicine field. In this paper, recent advances and challenges of EV's applied in the repair and regeneration of damaged tissues,
such as skin, heart, liver, kidney, bone, and central nervous system, have been summarized. Specifically, critical bioactive molecules, which
are encapsulated within EVs and play significant roles in the tissue regeneration, have been highlighted. Finally, the prospects and future
development directions of the application of EVs in the field of tissue regeneration have been discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127077

I. INTRODUCTION

Tissue regeneration refers to the physiological processes that
necrotic cells and tissue are replaced by healthy cells and a newly
formed healthy tissue. The strategies for promoting tissue regeneration
mainly include cell therapy, gene therapy, and tissue engineering. A
commonly applied definition of tissue engineering is “an interdisci-
plinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, main-
tain, or improve tissue function or a whole organ.”’ It has been
widely accepted that there are three main factors in tissue engineering
technology: seed cells, scaffolds, and growth factors. Since the concept
of tissue engineering was proposed in the 1990s, tissue engineering
technology has been applied to regenerate various tissues and/or
organs, including bone tissue, skin tissue, cartilage tissue, etc.”® At the
beginning, differentiated primary cells were used as seed cells for

regenerating different tissue/organs. With the development of stem
cell technologies, the advantages of stem cells over differentiated
primary cells were widely recognized. Then, various kinds of stem
cells, such as embryonic stem cells (ESCs), adult stem cells, have been
widely used in tissue engineering.’ Among those stem cells, mesen-
chymal stem cells (MSCs) have shown certain advantages over other
stem cells in terms of sources, proliferation ability, differentiation
ability, and easy to be induced.” For example, bone marrow (BM)
mesenchymal stem cells have been the most common seed cells in
tissue engineering as they are easy to be obtained and possess the abil-
ities to differentiate into various kinds of cells to form the desired
tissue/organs.” In addition, according to the natural properties of
regenerating tissue/organs, different biomaterials have been applied to
fabricate porous scaffolds. For example, as the bone tissue is mainly
composed of hydroxyapatite and collagen, bioactive ceramics,
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including tricalcium phosphate, hydroxyapatite, bioglasses, and silicate
bioceramics, have been used to fabricate pure bioceramic scaffolds or
composite scaffolds with polymers for bone tissue engineering.” '’
Differently, for cartilage tissue engineering, polymers, including
synthesized polymer and some nature-derived polymers, have been
widely used to form scaffolds with proper mechanical properties for
cartilage tissue engineering.'"'* Furthermore, to help the seed cells
grow within the scaffolds and induce the cells to differentiate into the
desired cells to form regenerated tissue/organs, various kinds of
growth factors have been studied and used in tissue engineering, such
as vascular endothelial growth factor (VEGF) for inducing blood
vessel formation and bone morphogenetic protein 2 (BMP-2) for
bone tissue engineering.”"

The basic principle of tissue engineering is as follows: First,
cells isolated from patients are expanded to obtain enough seed
cells. Then, the obtained cells are seeded in a biocompatible, biode-
gradable, porous, and three dimensional scaffold with certain
growth factors. After the cell-growth factor-scaffold composites are
in vitro cultured for 1 or 2 weeks, they are implanted into the
defect site of the patients for inducing tissue regeneration. After
implantation, the scaffold gradually degrades and newly formed
healthy tissue grows. Finally, the defects are filled with healthy
and functional tissues, and the tissue regeneration process is
completed.”” Although this tissue engineering technology looks
very promising for tissue regeneration, after about 30 years of
development, this technology still faces some critical obstacles and
“bottlenecks,” which limits its clinical translation. One of the major
problems is that it is hard to obtain enough seed cells as the
currently used in vitro cell expansion technology is not only time
consumable, but also has the risks to change the inherent proper-
ties of the cells due to the differences between the in vitro culture
condition and in vivo cell microenvironment. In addition, in vivo
tumorigenic risk of stem cells has been a major concern for using
stem cells as seed cells for tissue engineering or cell therapy.'* To
avoid these problems, using a cell replacement might be an attrac-
tive and potential strategy for tissue regeneration.

In 1987, Johnstone et al. discovered extracellular vesicles
(EVs) in the culture of reticulocytes at first.'” Since then, EVs have
been widely utilized in the disease diagnosis field because of the
DNAs, RNAs, proteins, and other bioactive signals carried in
EVs.'” EVs can be classified into several types according to their
different biosynthesis or release pathways, including exosomes
released by multivesicular bodies, microvesicles directly released
from plasma membrane, apoptotic body generated during cell
apoptosis, and large oncosomes secreted from tumor cells. The
property details of different extracellular vesicles are shown in
Table 1.7’ In EVs, exosomes are the significant part. Exosomes

TABLE |. Details of different extracellular vesicles.
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are secreted by almost all types of cells, ranging from 30 nm to
100 nm in size and 1.10 and 1.18 g/ml in density.”* In addition, it
has recently been reported that EVs play an important role in inter-
actions between cells as they carry substances secreted by cells.”

Considering the fact that EVs derive from the inward budding
of the endosome membrane of cells, researchers in the field of
regenerative medicine have shown great interest in studying the
relationship between the EVs and their source cells, and more and
more studies have recently demonstrated that the biological activi-
ties of EVs are similar to those of their source cells.”” As stem cells
have been widely applied in the regenerative medicine field by cell
therapy technology or tissue engineering technology and EVs from
stem cells have similar biological properties to their source stem
cells, researchers hypothesize that the EVs, including exosomes,
may also possess the application potential for enhancing tissue
regeneration in the field of regenerative medicine.

Recently, more and more studies have demonstrated that EVs
can be used as cell replacements in tissue engineering technology or
cell therapy technology for enhancing tissue regeneration. Based on
these studies, the following advantages of EVs have been proposed in
terms of the clinical translation purposes: (1) EVs can be constantly
and steadily produced and supplied by immortalized stem cells,
which can overcome the shortage of seeding cells or therapy cells for
tissue engineering or cell therapy.”” (2) EVs can deliver numerous
biological effects of stem cells but avoid potential side effects of stem
cells, such as immunological rejection, tumor formation, or growth
in stem cell therapy.”® (3) As a vesicle structure, the storage condi-
tions of EVs are much more practical than those of stem cells since
the processes of freezing and thawing have adverse effects on
cells.”””" (4) EVs containing specific miRNA, proteins, ncRNA frag-
ments, or drugs can be easily obtained by simply editing the source
cells for accelerating the process of therapy.*

In addition, some studies even reported that EVs might have
higher therapy efficiency than their source cells according to the
different therapy mechanisms. It has been well recognized that the
stem cells improve the tissue regeneration by regulating the micro-
environment of the tissue cells, rather than transforming into a
part of the regenerated tissue.”’ However, the survival rate of stem
cells after implantation is usually limited by the crucial microenvi-
ronment in the wound areas as there are normally limited oxygen
and nutrient due to the damages of blood vessels.”* A low survival
rate of the stem cells is accompanied by a limited survival time of
implanted stem cells, which further limits the communications
between the implanted stem cells and surrounding cells. In addi-
tion, compared to the nanostructure of EVs, it is more difficult for
microsized stem cells to overcome some barriers or move into
wound areas and capillaries, which limits their applications in

Extracellular vesicles Shape Size Origin

Exosome Round shape 40-100 nm Endosomes from many cell types
Microvesicle Irregular shape 20-1000 nm Plasma membrane of many cell types
Apoptotic body Heterogeneous 1-5um Plasma membrane from the endoplasmic reticulum
A large oncosome Amoeboid phenotype 1-10 um Plasma membrane from cancer cells
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targeting therapies.”” Therefore, the therapy efficiency of the stem
cells is reduced, and a large number of stem cells are needed in
order to enhance the therapy efficiency. On the contrary, EVs have
been reported to be able to maintain a high concentration in the
wound area after injection as they have long-term persistence, low
degradation, and high preservation of cargo.™

In addition, after being implanted into the wound areas, stem
cells are sensitive to the microenvironment and their phenotype,
including their stemness and differentiation, may be altered.
Therefore, they may secrete undesirable growth factors and perform
uncontrollable communications with the host cells in the damaged
area and the surroundings, which may result in unexpected therapy
effects on tissue regeneration. However, for EVs, they are relatively
stable as compared to stem cells as they are not easily be influenced
by the microenvironment.”” Besides, they are easily taken up by
recipient cells in a very short time and directly exert their effects on
target cells, while stem cells need to be activated to secrete growth
factors or cytokines to interact with the host cells.”” Therefore, as
compared to stem cells, their EVs are more stable and efficient for
tissue regeneration.

Based on the mentioned hypothesis and advantages of EVs
above, more and more studies have been performed to evaluate the
therapeutic effects of EVs on the damaged tissue. The results have
shown that EVs can enhance the repair and regeneration of
damaged tissues, such as heart, liver, kidney, bone, and central
nervous system,”*"” which prove the hypothesis that EVs can be
used to improve tissue regeneration. To further understand the
clinical application potential of EVs in tissue regeneration, in this
work, the recent progress of EVs in various types of tissue regener-
ation has been reviewed. In addition, the challenges of EVs applied
in the tissue regeneration have been analyzed. At the end, the pros-
pects and future development directions of EVs in the field of
regenerative medicine have been discussed.

1. ISOLATION AND PURIFICATION OF EVs

Normally, EVs are isolated from a culture medium of cells.
Although EVs have been widely studied, no standard methods of
isolation and purification of EVs from the protein, lipoparticles,
and cell debris have been reported yet."' As reported, the widely
used isolation and purification techniques of EVs include ultracentri-
fugation, purification by differential centrifugation based on particle
size, poly(ethylene glycol) (PEG) precipitation, and immunoprecipi-
tation and by using some commercial kits."”"** Among these
methods, isolating the EVs by ultracentrifugation and purifying
them through differential centrifugation based on particle size are
most widely used as these methods require no specific agents.”
However, the main disadvantage of these isolation and purification
methods is time consumable as it takes a long time to achieve
enough dose of EVs for tissue regeneration with these ultracentrifu-
gation and differential centrifugations, considering the doses of EVs
used range from 10° to 10'° vesicles per target animal.”' PEG precip-
itation has also been frequently used as it allows rapid separation
and sufficient purification of EVs to easily produce a large amount
of EVs for clinical studies.">"” As there are specific proteins and
lipids in the membrane of EVs, magnetic beads conjugated with the
antibodies that can react with the antigens in the membrane of the

40
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EVs have been used to isolate and purify EVs from the collected
solution with a magnetic field, which is the principle of the immuno-
precipitation method and some commercial kits.”” Based on this
principle, types of EVs could be selected by using specific antibodies,
and high purity of EVs could be obtained as the reactions between
the reagents and the EVs are specific."® Apart from these methods,
recently, it has been reported that, to improve the isolation and
purification efficiency of EVs, combinations of different techniques
to take the advantages and avoid the disadvantages of each method
may be an optimal choice.”’

I1l. TISSUES REGENERATED BY EVs
A. Skin

Skin is the largest organ in the human body and is also the
first line of the defense system against the invasion of pathogenic
microorganisms in the human body. Under normal circumstances,
skin wounds can heal themselves. However, other underlying
diseases, such as diabetes, may cause delayed skin wound healing.
Cell therapy and tissue engineering technologies have been applied
to enhance the healing process of acute and chronic wounds.”
Wound healing is a complex process that involves four major
phases: coagulation, inflammatory, proliferative, and remodeling.”’
It has been reported that stem cell-derived EVs can participate in
different stages of skin tissue repair and regeneration and stimulate
wound healing and skin tissue regeneration by regulating the
inflammatory response in the wound area and promoting skin cell
migration, proliferation, and angiogenesis.”*™”"

The inflammatory response is a normal physiological process
of wound healing happening within 24 h to 6 days after wound for-
mation. In the case of burns or other chronic diseases, the process is
usually prolonged. During the early stage of inflammation, macro-
phages mainly show M1 type of proinflammatory and transform
into M2 type of anti-inflammatory in the late stage of inflammation,
effectively controlling the excessive development of inflammation.”
Ti et al. reported that, after MSCs were treated by lipopolysaccharide,
their EVs could stimulate macrophages to transform into M2 type.
The authors then suggested that these EVs possessed a great immu-
notherapeutic potential for wound healing,” In addition, it has been
reported by several studies that EVs from MSCs could promote the
activation, proliferation, and differentiation of B lymphocytes and
the transformation of T lymphocytes into regulatory T cells, which
synergistically exerted immunosuppressive effects.”*>® Furthermore,
it has been reported that EVs from the umbilical cord mesenchymal
stem cell (UC-MSC) could suppress immune responses by blocking
the TLR4 signaling pathway in macrophages to adjust polarization of
macrophages, downregulating the expression of inflammatory
factors, and up-regulating the expression of MCP-1, IL-10, and other
anti-inflammatory cytokines.”*

The proliferation phase is a critical stage in wound healing,
which occurs 3 days after the trauma and lasts for more than two
weeks. Studies on the mechanisms through which stem cell-derived
EVs enhance wound healing mainly focus on the proliferation
phase.”' ™ During this stage, physiological activities mainly include
migration and proliferation of fibroblasts, epidermal cells and
vascular endothelial cells, deposition of extracellular matrices,
and formation of blood vessels.”" For example, Zhang et al.®” and
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Hu et al.”’ reported that EVs from MSCs derived from induced
pluripotent stem cells (iPSC) could not only improve the migration
and proliferation of fibroblasts, but also stimulate collagen matura-
tion and angiogenesis, which finally enhanced granulation tissue
formation. Besides, EVs derived from UC-MSC stimulated prolifer-
ation of fibroblasts by activating WNT/B-catenin and Akt signaling
pathways, thus inhibiting the apoptosis of fibroblasts and accelerat-
ing skin healing in deeply burned rats.”* In addition, the content of
WNT11 in EVs from the UC-MSC treated with small molecule
DIM was higher than that in EVs from normal UC-MSC, and sub-
sequently, the EVs from those treated cells possess stronger efficient
on skin tissue repair as compared to those from untreated cells.”’

The remodeling phase is the final stage of wound healing,
mainly including the contraction of the wound and the rearrange-
ment of collagen fibers. This stage normally lasts for a year or even
longer. In the case of severe trauma or deep burn wounds, excessive
proliferation of myofibroblasts and deposition of extracellular
matrices usually cause the formation of scars,”® which not only
affects the appearance, but also influences the function of the
organs. EVs have also been applied to avoid the scar formation.’”**
For example, it has been reported that 14-3-3 protein carried in
EVs derived from UC-MSC could inhibit scar formation as they
could inhibit the Wnt/catenin signaling pathway through phos-
phorylation of YAP and avoid excessive proliferation of fibroblasts
and deposition of collagen.” Besides, the EVs derived from human
amniotic epithelial cells (hAECs) could upregulate the expression
of matrix metalloproteinase-1, which further maintained the
balance between synthesis and degradation of extracellular matrix
and contributed to the scarless wound repair.”” It can be seen from
Fig. 1 that authors used exosomes derived from hAECs
(hAECs-Exo) to treat skin wounds on the mouse and further found
that the concentration of hAECs-Exo at 100ug/ml showed
strongest stimulation effects on the wound closure among all
concentrations [Figs. 1(a)-1(c)].*®

Taken together, stem cell-derived EVs can promote the regener-
ation of skin wounds by regulating the immune activity, stimulating
the migration, proliferation, and differentiation of tissue regeneration
cells, promoting angiogenesis, and avoiding the formation of scar
tissues, which brings a new technology for the treatment of skin
injury, especially the treatment of refractory skin wounds.

B. Heart

Cardiovascular disease is a worldwide problem with high mor-
tality and a serious threat to human health. Although the survival
rate of patients has been greatly enhanced by the diagnosis and
intervention or bypass therapy, many patients still gradually suffer
from heart failure or other infarct-related complications due to the
massive death of myocardial cells and cardiac remodeling caused
by ischemia.”” After the injury, cardiomyocytes could be updated at
a rate of 0.3%-1% annually.”’ Nevertheless, this rather low rate of
cell renewal is obviously insufficient to repair a damaged heart.
Therefore, stimulating the proliferation of cardiomyocytes and
inhibiting their apoptosis have become the potential strategies of
cardiac regeneration therapy.

Various stem cells and conditioned media of stem cells have
been reported to achieve good effects on preclinical experiments
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A B

i e ;X

C Control 25 pug/mL Exo

50 pg/mL Exo

100 pg/mL Exo

FSR
¥ \:\\”’
SO0l ¢

/ 2 ‘P.u__':é‘i

21 Days

500 pm

FIG. 1. (a) Wound model. (b) Representative photographs of full-thickness exci-
sional wounds treated with PBS, hAECs-Exo (25 g/ml), hAECs-Exo (50 ug/ml),
and hAECs-Exo (100 ug/ml). (c) H&E staining of wounded skin sections in dif-
ferent groups at day 7, 14, and 21 postwounding. All images are reproduced
with permission from Zhao et al, J. Mol. Histol. 48(2), 121-132 (2017).
Copyright 2017 Springer Science+Business Media Dordrecht.

for the therapy of ischemic cardiomyopathy and myocardial tissue
repair.”® Recently, a large number of preclinical studies have found
that EV's derived from stem cells have identical myocardial regener-
ation functions as transplanted stem cells.”"~"® These EVs can syn-
ergistically promote myocardial regeneration and repair cardiac
function by activating cardiac precursor cells, promoting survival
and proliferation of cardiomyocytes, inhibiting apoptosis of cardio-
myocytes, promoting cardiac angiogenesis, reducing the infarct size
and tissue fibrosis, and regulating the inflammatory response in
areas of heart injury.”'~’® Khan et al. found that, in a mice model
with acute myocardial infarction, mouse embryonic stem cell-
derived EVs could promote angiogenesis, cardiomyocyte survival
and proliferation, reduce cardiac fibrosis, enhance left ventricular
contraction, and improve heart function. During these progresses,
miR-294-3p in the EVs played an important role.”" Besides, some
EVs, such as iPSC-derived EVs containing miR-21 and miR-210,
hypoxia-treated bone mesenchymal stem cells (BMSC)-derived EVs
containing miR-125b as well as sca-1 positive cells-derived EVs
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myocytes by inhibiting cardiomyocyte apoptosis.”””®

After myocardial infarction, macrophages are activated to
release inflammatory factors, and neutrophils are recruited to the
wound site because of the necrosis and apoptosis of numerous
myocardial cells, which triggers a series of inflammatory reac-
tions. EVs have also been proved to be able to modulate the
inflammatory responses in heart tissue regeneration.”*~’*”*~%* For
example, it has been reported that EVs derived from MSCs had
an ability of immunomodulatory, which could regulate local and
systemic immune responses, reduce tissue inflammation, and
promote tissue regeneration after myocardial injury.”*”® EVs
derived from MSCs have also been reported to be able to reduce
the infiltration of cardiac neutrophils and macrophages in mice
myocardial infarction areas as well as the number of white blood
cells in peripheral blood after ischemia-reperfusion injury, which
improved cardiac function.”” EVs derived from adipose-derived
mesenchymal stem cells (ADSCs) have similar effects to those
derived from BMSCs in regulating the inflammatory response of
the myocardial infarction and protecting the function of the
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A R PN
S %,

cpes -'":"'T
GAPDH S e

cell lysis  exosomes

B = Control

REVIEW scitation.org/journal/bmf

heart.”” Some specific miRNAs in the EVs play critical roles in
their immunomodulatory effects in cardiac regeneration. For
example, overexpression of miR-93-5p in EVs could reduce the
autophagy response and the expression of inflammatory factors,
such as IL-6, IL-1B, and TNF-q, by targeting Atg7 and TLR4 after
myocardial infarction, which had a positive effect on myocardial
protection.”” Besides, overexpression of miR-30d in EVs inhibited
autophagy and promoted polarization of macrophages to anti-
inflammatory M2 type, and overexpression of miR-126 could
downregulate the expression of inflammatory factors, promote
angiogenesis, and reduce the area of myocardial infarction.”*"’
Zhang et al. successfully collected exosomes from mesenchymal
stem cells (MSC-Exo). Results showed that the obtained MSC-Exo
had a mean diameter of 46.55 + 11.64 nm and were positive for
CD63 [Figs. 2(a) and 2(b)].%* In addition, they found that the
MSC-Exo could be internalized into cardiac stem cells (CSCs) to
form CSCs encapsulating MSC-Exo (CSCs®™®) [Fig. 2(c)].*” They
then transplanted the CSCs™ into a peri-infarct myocardium
and found that the neovascularization in the CSC®™° group was
significantly improved as compared with those in the CSCs and
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FIG. 2. (a) The morphology of MSC-Exo was observed under an electron microscope. (b) Western blot analysis of CD63 protein was detected in MSC-Exo. (c) Cellular
internalization of mesenchymal stem cell (MSC)-Exo into c-kit + cardiac stem cells (CSCs). (d) Differentiation of transplanted cardiac stem cells (CSCs) into the neovascu-
lature in the peri-infarct myocardium. () Histological analysis for capillary density in the peri-infarct myocardium. (f) Histological analysis for myocardial infarction (MI)
sizes in each group. All images are reproduced from Zhang et al., J. Am. Heart Assoc. 5(1), €002856 (2016). Copyright 2016 Author(s), licensed under a Creative
Commons Attribution (CC BY) License.
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control groups, which contributed to the reduced fibrotic tissue in
ischemic hearts in the CSC™® group [Figs. 2(d)-2(f)].*

Angiogenesis plays a critical role in the repair or regeneration of
the damaged tissue, especially in the myocardial ischemic area,
which can reduce the necrosis or/and apoptosis of cardiomyocytes,
and maintain the survival of myocardial cells. Therefore, angiogene-
sis is currently a research hot spot in the ischemic cardiomyopathy.
Recently, preclinical studies on a large number of ischemic cardio-
myopathy have found that EVs derived from stem cells, such as
embryonic stem cells (ESCs),”" MSCs,””**7¢ and myocardial precur-
sor cells,”” ™ could effectively increase vascular density, reduce tissue
fibrosis, and regain the heart function. In promoting angiogenesis in
the damaged tissue area, mRNAs, miRNAs, and protein factors in
EVs play important roles. For example, EVs derived from ESCs con-
tained VEGF that could bind to the receptors on endothelial cells to
activate the signaling pathway of PI3 K/AKT and subsequently pro-
moted proliferation and migration of endothelial cells and angiogen-
esis.”” EVs derived from mouse iPSCs were abundant in miR-21 that
could promote angiogenesis by targeting phosphatase and tensin
homolog to activate Akt and ERK1/2 signaling pathways for increas-
ing the expression of hypoxia inducible factor-lo. and VEGE.”
Besides, Gray et al. demonstrated that hypoxic preconditioning of
cardiac progenitor cells could increase angiogenesis-related miRNAs
in EVs, which was an effective method to promote angiogenesis in
ischemic myocardium.”

Therefore, EVs derived from stem cells can protect myocar-
dium and improve the regeneration of the heart tissue by improv-
ing the microenvironment of the myocardial infarction through
anti-inflammatory and pro-angiogenic effects.

C. Nervous system

Many injuries and diseases in the nervous system have a serious
impact on the life quality of patients, which includes stroke, brain
trauma, spinal cord injury, neurodegenerative diseases, glioma, and
so on. EVs possess obvious therapeutic effect advantages in the repair
of the damaged nerve. For example, due to the specific membrane-
bound structure, EVs can be effectively ingested by cells, thus reduc-
ing the barrier of the blood-brain barrier.”””*”> However, since the
results about this aspect have been rarely reported, more studies are
necessary to be carried out to verify these claims. In addition, EVs
have extremely low immunogenicity, allowing them to exert immu-
noregulatory effects of stem cells while avoiding elimination.

Stroke is a common acute cerebrovascular damage, which often
causes different degrees of nerve dysfunction. In stroke lesions, there
are not only apoptotic brain cells but also repairing cells, so that
enhancing functions of these repairing cells becomes a way of treat-
ing stroke. Doeppner et al. compared the therapeutic effects of
MSCs with the EVs derived from MSCs (MSC-EVs) in stroke mice
and demonstrated that MSC-EVs could achieve the same functional
tissue regeneration as MSCs, indicating the feasibility of replacing
stem cells with their EVs in repairing stroke.”” In another study,
results show that, as compared with MSCs, MSC-EVs had better
rehabilitation effects in stroke repair, which might result from the
higher blood-brain barrier permeability of MSC-EVs than MSCs.”
As EVs have good permeability in the blood-brain barrier, various
strategies have been used to edit stem cells in order to endow the
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EVs from those edited stem cells therapeutically miRNAs.”* For
example, Xin et al. found that, in stem cell therapy of stroke mice,
the level of miR-133b significantly increased in the ipsilateral hemi-
sphere, which suggested that miR-133b carried in MSC-EVs was
critical in neuron regeneration. Then, they edited MSCs to obtain
EVs carrying a high amount of miR-133b in order to regulate glial
cell function and promote neuronal regeneration.”””

Brain trauma is a serious neurological injury that often leads to
death or long-term functional defects. Previous studies have
attempted to repair the brain tissue by using stem cell transplantation.
However, the blood-brain barrier and the unintended consequences
of cerebral embolism make the stem cell therapy unpromising.
Recently, EVs have been used to treat the brain trauma.””~'"’ For
example, Zhang et al. tried to treat brain trauma in mice by using
MSC-EVs first, and they discovered that MSC-EVs treatment could
promote the regeneration of nerve cells and vascular endothelial cells
in the lesions and reduce the local inflammatory response.”” EVs
derived from human MSCs were used to improve cognitive function
and memory function in mice.”® In addition, to control the neuroin-
flammatory response in the treatment of traumatic brain injury, the
inflammation modulatory abilities of EV's have also been applied. For
instance, Kim et al. found that the MSC-EVs could significantly
reduce the inflammatory response of the brain within 12h after
injury, which made the recovery of memory and cognition in mice
better as compared with the MSCs.” Patel et al. loaded the ncRNA
MALAT1 into the EVs of human adipose-derived stem cells
(hASC-EXOs) and found that motor function could be improved,
and cerebral cortical injury could be alleviated after the brain trauma
was treated by these EVs due to the inflammatory response regulatory
effects of ncRNA MALATI1.'”

Spinal cord injury (SCI) is a common neurological injury after
spinal trauma, which causes conscious cognitive dysfunction. It
becomes one of major clinical problems because of the residual
effects, such as paralysis and incontinence. Several studies have
reported that EVs could be used to treat SCL'"'~'"° For example,
Huang et al.'”" and Lankford et al.'”* confirmed first that systemic
injection of MSC-EVs could inhibit apoptosis and neuroinflamma-
tory reaction, promote local angiogenesis, and target spinal cord
lesions in mice after injury, which was conducive to functional
recovery after SCI. As the expression of miR-133b in injured spinal
cords was significantly downregulated after SCI, Lankford et al.
transfected the MSCs with miR-133b mimic by Lipofectamine 3000
to achieve exosomes containing abundant of miR-133b. They
found that the exosomes from transfected MSCs still contained the
exosomal markers, such as CD9, CD63, and CD81, but the expres-
sion levels of miR-133b in the exosomes from transfected MSCs
(miR-133b exosomes) were much higher than that in the normal
MSCs (miR-con exosomes) [Figs. 3(a)-3(c)].1” They then used
these miR-133b exosomes to treat the injured spinal cord, and the
results indicated that miR-133b exosomes significantly decreased
the area of the lesion cavity but increased the mature neuron
numbers, the expression of growth-associated protein 43, and
neurofilament in the injured spinal cord as compared to miR-con
exosomes [Figs. 3(d)-3(g)].'""” In addition, Wang et al'** and Liu
et al."”” found that MSC-EVs could relieve nerve damages by inhib-
iting the activation of Al astrocytes after spinal cord injury.
Furthermore, considering the high expression and repair ability of
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FIG. 3. (a) Expression levels of miR-133b in injured spinal cords were measured by quantitative real-time polymerase chain reaction (qQRT-PCR) after acute SCI. (b)
Expressions of CD63, CD81, and CD9 in exosomes derived from miR-133b- or miR-con-transfected MSCs were evaluated by western blot. (c) Expression of miR-133b in
exosomes derived from miR-133b- or miR-con-transfected MSCs was assessed by gqRT-PCR. D) H&E staining results for sections of the injured spinal cord. (e) The effect
of miR-133b exosomes on NeuN+ neurons was evaluated by immunofluorescence staining. (f) Effect of miR-133b exosomes on GAP43 expression was measured
by immunofluorescence staining. (g) Effect of miR-133b exosomes on NF expression was measured by immunofluorescence staining. All images are reproduced from
Li et al., Front. Neurosci. 12, 845 (2018). Copyright 2018 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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miR-133b in many neurological lesions, Li et al'” and Ren

et al'” both injected MSC-EVs carrying miR-133b intravenously
into a mouse model and found that the treatment could reduce the
volume of lesions, protect neurons and promote axonal growth.

The accumulation of AP protein in nerve cells is currently rec-
ognized as the pathogenesis of Alzheimer’s disease. Thus, reducing
AP protein becomes a possible treatment for Alzheimer’s disease.
Katsuda et al. first discovered that EVs secreted by MSCs carried
enzymes that could degrade AB protein.'”” Furthermore, Godoy
et al.'”" and Wang et al.'"” confirmed that MSC-EVs could effec-
tively reduce AP protein accumulation in nerve cells and improve
cognitive function in mice. In addition, Cui et al. found that the
MSC-EVs obtained in hypoxia had better anti-inflammatory effects
and cognitive function improvement on Alzheimer’s disease as
compared to the MSC-EVs collected in normal.' "

Glioma is the most common type of malignant tumor in the
nervous system. Nevertheless, the treatment of glioma has been a
major problem due to the drug resistance of the tumor itself and the
obstruction of the blood-brain barrier. Kim et al found that the
expression of metalloproteinase —2 protein associated with the path-
ogenesis of glioma decreased by 2.5 times with the treatment of
MSC-EVs carrying miR-584 in vitro and the intervention of EVs
in vivo could significantly inhibit tumor growth."'" Zhu et al. utilized
ESC-EVs to targeted treat glioblastoma (GBM) and confirmed that
ESC-EVs modified with targeted logo cRGyDK of GBM significantly
induced cell necrosis in vitro and reduced tumor volume in vivo.'"”

In conclusion, current research results suggest that EVs from
the stem cell can efficiently target the nervous system lesions by
miRNAs as the EVs can easily permeate the blood-brain barrier
and activate the biological functions of the target cells while avoid-
ing the risk of cell therapy.

D. Bone

The failure in the bone repair process usually prolongs the
regeneration cycle and ultimately leads to pathologically destructive
bone diseases, such as osteoporosis, osteoarthritis (OA), and rheu-
matoid arthritis (RA). These disorders in repair are associated with
functions of related cells in the bone tissue, including abnormal pro-
liferation or apoptosis of osteoblasts and osteoclasts, and deviant
activity of vascular endothelial cells and bone cells. Due to the lack
of effective therapies, bone trauma seriously lessens the quality of life
of patients. However, studies have shown that EVs derived from
bone cells can effectively promote the process of bone repair by
transmitting specific proteins, RNA, and other molecules.''”~"*’

Angiogenesis, inflaimmation response, and osteogenesis are
three critical stages in the bone regeneration. Angiogenesis is essen-
tial for almost all tissue regeneration, as the vascular provides nutri-
ents, supplies oxygen, and metabolizes the waste produced by cells.
Recently, EVs derived from MSCs have been shown to promote
endothelial cell proliferation, migration, and tube formation in
vitro."''"” Although there are no direct studies of the angiogenic
ability of EVs in bone, the angiogenic abilities of EVs reported in
other tissues and organs indicate that EVs have potential in stimu-
lating bone growth and regeneration by increasing vessel forma-
tion.”” For example, Zhang et al. found that exosomes derived from
umbilical cord mesenchymal stem cells in a hypoxic environment

REVIEW scitation.org/journal/bmf

not only promoted the formation of endothelial cell network struc-
ture on Matrigel, but also improved blood flow reperfusion in rat
hind limb ischemia model in vivo.''> Therefore, EVs might be used
to improve angiogenesis in bone regeneration.

RA is mainly caused by autoimmune problems where the
infiltration of inflammatory cells at the joints triggers chronic
inflammation, leading to bone and cartilage necrosis and loss of
function at the joints.''® Furuta et al. collected exosomes from
MSC-conditioned medium by ultracentrifugation and determined
that the exosomes (Exo) and conditioned medium (CM) contained
exosomal markers, including CD9, CD81, and flotillin-1, which
were missing in the supernatant after ultracentrifugation (CM-Exo)
[Figs. 4(a) and 4(b)].""” Next, they injected Exo, CM, and CM-Exo
into the fracture site of the CD9 ™'~ mice delayed fracture healing
and found that, 3 weeks after injection, Exo and CM rescued the
CD9™~ mice as there were more callus and bone union in the
CD9™"~ mice treated with Exo and CM as compared to those in
the CD9™'~ mice treated with CM-Exo [Fig. 4(c)].""” In contrast to
phosphate buffer saline (PBS)-injected mice (PBS group), more trap
and o-SM positive cells, hypertrophic chondrocytes as well as woven
bone tissue were observed in the exosome-injected mice, which indi-
cated that exosomes assisted the fracture healing [Fig. 4(d)].""” The
exosomes derived from the human osteosarcoma cell line HOS
(HOS-exosomes) were also utilized to treat the CD9™'~ mice.
However, they did not facilitate the formation of the callus, which
further demonstrated that the exosomes from MSCs were specific for
stimulating the bone fracture healing [Fig. 4(e)].""” Kim et al. demon-
strated that EVs from dendritic cells differentiated from MSCs after
IL-10 stimulation were capable of inhibiting collagen-induced arthritis
in mice and significantly mitigated the severity of arthritis.''®

Most bone defects can self-repair by the methods of intra-
membranous osteogenesis and endochondral ossification. However,
overdamage of periosteum would prolong the repair process. The
imbalance of osteogenesis can lead to deterioration of microstruc-
ture after the formation of new bone, which increases bone fragility
and eventually leads to diseases such as osteoporosis.''’ Furuta
et al. demonstrated that MSC-EVs could repair bone defects by
promoting endochondral ossification and had better effects on
bone defects in CD9 ™~ mice as compared with conditioned media
collected from the same MSC without EVs.''” Qi et al. found that
exosomes secreted by MSCs derived from human induced pluripo-
tent stem cells could effectively promote the proliferation and dif-
ferentiation of bone marrow MSCs derived from ovariectomized,
which improved bone regeneration in the critical dimension skull
defects in a rat model by enhancing osteogenesis and angiogenesis

In short, EVs, especially MSC-EVs, have great application
potential for treating various bone diseases and enhancing bone
regeneration due to their immunomodulatory effects, proangiogen-
esis ability, and stimulatory effects on osteogenic cells.

E. Liver

Liver is the most active metabolic and excretion organ in the
body, and various imbalances of steady state in the body may cause
different degrees of damage to the liver. Since stem cell therapy has
been shown to be effective in the recovery of liver function in acute
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FIG. 4. (a) Images of the untreated Exo and CM-Exo in solution by the frequency transmission electric-field system. (b) Immunoblotting for exosome markers, CD9,
CD81, and flotillin-1, in Exo, CM, and CM-Exo. (c) Representative radiologic |mages of control, CM, CM-Exo, and Exo treated CD9~'~ mice after the fracture.
(d) Representative histological evaluation of callus formation after Exo injection in CD9~'~ mice. (e) Representative radiologic images and xCT images of femurs. All
images are reproduced with permission from Furuta et al., Stem Cells Transl. Med. 5(12), 1620-1630 (2016). Copyright 2016 AlphaMed Press.

liver injury, as a functional product of stem cells, EVs also have
application potential for the treatment of damaged liver.

Studies have shown that EVs can promote regeneration of
drug-induced liver injury by enhancing the expression of prolifera-
tion genes in hepatocytes.'”' EVs also inhibited the inflammatory
response and cell necrosis in the lesion by increasing the mRNA
expression of anti-inflammatory factors and the number of regula-
tory T cells.'*” In addition, EVs had antioxidant damage effects,'*’
which had been proved in the treatment of ischemic liver injury in
many studies.'”*~'*° When EVs were used to repair the liver injury,
IncRNA H19 and miR-17 in EVs of stem cells had been proved
to play important roles in anti-inflammation, antioxidation, and
regeneration.””’”"*’ In addition, MSC-EVs were confirmed to be
beneficial to relieve fibrosis caused by various types of liver
damages, which indicated that stem cell EVs could be used to
alleviate or reverse chronic liver injury."”'~'*

F. Kidney

Although the kidney has strong compensatory properties, it
still has serious problems, such as progressive deterioration of renal
function, difficulty in regenerating nephrons, and systemic compli-
cations, which are often caused by unstable metabolism of the

body. EVs, as the important products secreted by stem cells, have
been proved to be an advanced alternative to stem cells for acute
kidney injury. Previous studies have confirmed that MSC-EVs and
MSCs have the same therapeutic effects on mild acute kidney
injury.””*~""? Especially, in the treatment of ischemic and severe
nephrotoxic drug kidney injuries, it has been proved that MSC-EV's
had the effects on inhibiting epithelial cell apoptosis and promoting
wound regeneration, which could protect chronic renal damage
caused in the later stage.””*'*” In addition, it has been reported
that MSC-EVs could regulate the apoptosis and proliferation of epi-
thelial cells by the cell cycle-associated mRNA, and the miRNAs
involved in the regulation of antiapoptotic and proliferation path-
ways and VEGF transmitted by EVs play a significant role in angio-
genesis in the lesions.' ™'

In addition to their alleviation effects on symptoms of the
acute kidney injury, MSC-EVs have been reported to have thera-
peutic effects on chronic kidney disease. MSC-EVs improved the
function of the residual nephron and delayed the chronic injury of
the residual nephron.'”” For example, MSC-EVs delayed the renal
function deterioration and reduced the renal interstitial fibrosis
caused by TGF-BI in a chronic kidney disease model."*’ In addi-
tion, MSC-EVs promoted renal tubular cell regeneration and
played a critical role in reducing apoptosis and inflammation
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response.’”' For an instance, Eirin et al. demonstrated that

MSC-EVs could relieve renal inflammatory damage by transmitting
IL-10 in renal vasculopathy animals, thereby improving renal per-
fusion, maintaining filtration rate, and reducing fibrotic lesions in
renal vascular disease caused by hypertension disease.'*

Therefore, the studies show that the naturally secreted EVs

scitation.org/journal/bmf

GC. Diabetes and related tissues

The pathogenesis and duration of diabetes are related to
immune damage and insulin resistance. MSC-EV's can be used for
treating diabetes and diabetes related complications by the immu-
nomodulatory effects. Type 1 Diabetes Mellitus (T1IDM) is consid-
ered as an autoimmune disorder that causes the lack of islet

have a good renal repair effects, which may provide a promising
strategy for renal repair and regeneration.

function. In the treatment of type 1 diabetes, MSC-EVs have been
reported to be able to upregulate the expression of IL-4 and IL-10

TABLE II. Summary of specific regenerative contents in the EVs that aid in tissue regeneration.

Regeneration Specific
Type/source of EV tissue contents Target effects Reference
UC-MSCs treated by lipopolysaccharide Skin tissue Let-7b Alleviate inflammation through 55
let-7b/TLR4 pathway
hUCMSCs pretreated with siPORT Skin tissue miR-181c Reduce burn-induced inflammation by 59
NeoFX containing miR-181c mimics downregulating the TLR4 signaling pathway
UC-MSC Skin tissue WNT4 Stimulate proliferation of fibroblasts by activating 64
WNT/B-catenin and Akt signaling pathways
UC-MSC treated with small molecule Skin tissue WNT11 Promote stemness by activating WN'T/B-catenin 65
DIM signaling pathways
UC-MSC Skin tissue 14-3-3 Inhibit scar formation by inhibiting the 67
protein WNT/catenin signaling pathway
Mouse embryonic stem cell Heart miR-294-3p Promote increased survival, cell cycle 71
progression, and proliferation of cardiac
progenitor cell
Murine BM-MSCs subjected to hypoxia Heart miR-125b-5p Facilitate ischemic heart repair 77
Cardiac progenitor cell Heart miR-21 Protect myocardial cells against oxidative 78
stress-related apoptosis by the
miR-21/PDCD4 pathway
Adipose-derived stromal cells Heart miR-93-5p Suppress inflammatory cytokine expression by 75
targeting Atg7 and TLR4
miR-30d-5p-overexpressing Heart miR-30d-5p Inhibit autophagy-mediated microglial 76
adipose-derived stem cells polarization to M1
miR-126-overexpressing Heart miR-126 Protect myocardial cells from apoptosis, 81
adipose-derived stem cells inflammation, fibrosis, and increased
angiogenesis
Embryonic stem cells Heart VEGF Activate signaling pathway of PI3K/AKT and 90
promote angiogenesis
MSCs Nervous system ~ miR-133b Regulate glial cell function and promote 95
neuronal regeneration
Human adipose-derived stem cells Nervous system ncRNA Regulate inflammation pathways, cell cycle, 100
MALAT1 cell death
MSCs transfected with miR-133b mimic ~ Nervous system  miR-133b Decrease the area of the lesion cavity but 103
increase the mature neuron numbers
MSCs Nervous system miR-584 Inhibit tumor growth 111
hMSC Liver Y-RNA-1 Modulate the inflammatory response and activate 128
protective mechanisms to limit cell death
Human adipose-derived stem cells Liver IncRNA H19  Promote hepatocytes’ proliferation through the 129
hepatocyte growth factor/c-Met pathway
Adipose-derived stem cells Liver miR-17 Suppress TXNIP expression and consequent 130

inflammasome activation
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and decrease the splenic mononuclear cells in the production of
inflammatory factors to inhibit immune damages. Finally, the islet
function was improved, suggesting that MSC-EVs have a good ther-
apeutic effect on TIDM.'"” Type 2 Diabetes Mellitus (T2DM) is
caused by the resistance of peripheral tissues on insulin due to
various reasons and the main cause is the changes in the signal
pathway of target cells in insulin. MSCs have been shown to be
able to improve the condition of T2DM animals and patients, and
recent studies have found that MSC-EVs play pleotropic roles in
improving insulin  resistance. """ Specifically, MSC-EVs
improved the activity of cell signal transduction pathway by restor-
ing the phosphorylated region of insulin receptor and protein
kinase B, thereby alleviating insulin resistance, promoting the
expression of glucose transporter, increasing hepatic glycogen
reserve, and finally stabilizing blood glucose.""”

Multiple complications of diabetes also become another focus
in the clinical treatment of diabetes. Human urinary stem cell EVs
(USC-EVs) could inhibit podocyte necrosis and promote angiogen-
esis under the environment of high glucose. Besides, USC-EVs
could reduce urine volume and urinary albumin in animal experi-
ments, which indicated that USC-EVs had great potential therapeu-
tic effects on diabetic nephropathy.'*® Recent studies have reported
that MSC-EVs had antiapoptosis and vascular endothelial protec-
tion effects in diabetic nephropathy, which could alleviate renal
damage from hyperglycemia by up-regulating the expression of
autophagy markers.'*”'>

IV. CONCLUSION AND PERSPECTIVE

EVs have been showing their great application potential in
tissue regeneration as they can regulate host immune responses,
promote the migration and proliferation of repair cells, and facili-
tate the neovascularization and other specific functions in different
tissues. So far, EVs have been demonstrated to have preliminary
stimulatory effects in the regeneration of skin, heart, nerves, liver,
kidney, bone, diabetes, and related tissue disease. The summary of
specific regenerative contents in the EVs that aids in tissue regener-
ation has been concluded in Table II. Besides the similar or even
possible higher therapy effects, EVs show advantages over stem
cells with their low carcinogenicity, high permeability to tissue bar-
riers, and convenience in preservation due to its nanovesicle struc-
ture. Therefore, EVs have great potential to be used as an
alternative to stem cells in cell therapy and seeding cells in tissue
engineering. Nevertheless, there are some shortcomings in the
treatment of damaged tissues or organs by EVs, such as complex
extraction steps and low harvest rates. In addition, as there are mix-
tures in the cargo of EVs, it is hard to tell the roles of each compo-
nent in the EVs during enhancing the tissue regeneration as it is
hard to separate the bioactive components. Subsequently, the treat-
ment mechanism of EVs on various types of tissue or organs is
hard to be fully elucidated.

As the applications of EVs extend from disease diagnosis to
tissue regeneration, in the future, several approaches can be taken
to improve the application of EVs in clinical: (1) As the low yield
of EVs restricts their wide use clinically, enhancing the EV produc-
tion ability of cells is the top priority. 2. To improve the therapeutic
effects of EVs, different ways can be used to edit cells to achieve

REVIEW scitation.org/journal/bmf

modified EVs with specific miRNAs, IncRNAs, or drugs for precise
treatments. 3. To tackle the defects of low retention while directly
utilizing solutions containing EVs, encapsulating EVs within tissue
engineering scaffolds, such as hydrogels, is a promising method.
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