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Abstract

Cell transplantation therapy has certain limitations including immune rejection and
limited cell viability, which seriously hinder the transformation of stem cell-based tissue
regeneration into clinical practice. Extracellular vesicles (EVs) not only possess the
advantages of its derived cells, but also can avoid the risks of cell transplantation. EVs
are intelligent and controllable biomaterials that can participate in a variety of
physiological and pathological activities, tissue repair and regeneration by transmitting
a variety of biological signals, showing great potential in cell-free tissue regeneration. In
this review, we summarized the origins and characteristics of EVs, introduced the
pivotal role of EVs in diverse tissues regeneration, discussed the underlying
mechanisms, prospects, and challenges of EVs. We also pointed out the
problems that need to be solved, application directions, and prospects of EVs in the
future and shed new light on the novel cell-free strategy for using EVs in the field of

regenerative medicine.
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Core Tip: Extracellular vesicles(EVs) play a critical role in tissue repair and
regeneration medicine via cell-to-cell communication.In this review, we elaborate and
discuss both the recent research progress and the advancements in the therapeutic
effects and limitations of EVs in tissue regeneration and engineering medicine
Moreover, we summarize the underlying molecular mechanisms related to EV repair
effects and point out the problems that need to be solved, application directions, and

prospects of EVs in the future.




INTRODUCTION

Tissue and organ loss are challenging complications that are usually caused by severe
diseases such as cancer and serious accidents and impose great burdens on
patients’ lives. Tissue regeneration and engineering medicine, which aims to repair lost
cells and damaged  organs caused by  diseases or  accidents,
is achieving great progress sparked by numerous studies of stem cells, biomaterials and
so on. Stem cells, especially mesenchymal stem cells (MSCs), play a critical role in
regeneration medicine due to their strong self-renewal ability and diverse
differentiation potential. However, there are several shortcomings of using MSCs in
regeneration medicine, including cell source limitations, ethical controversies, low
survival rates after cell transplantation, immune rejection, and risk of tumorigenesis
after transplantation(!.2l. To solve the shortcomings of cell-based therapy, the paracrine
action of cells has become a focus of research attention.
Recent research has focused on the secretions of cells and
issues. Extracellular vesicles (EVs) are heterogeneous lipid bilayer-surrounded vesicles
secreted by various cell types, including immune cells, endothelial cells, epitElial cells,
neuronal cells, cancerous cells, Schwann cells, and MSCs, that behave as crucial
mediators of intercellular communication!*¢l. EVs participate in various types of
physiological and pathological activities, including immune responses, homeostasis
maintenance, inflammation, angiogenesis, and cancer
progression, by transferring biological signalsl’- 8. According to their size and origin,
EVs can be classified in several ways. On the basis of their origin, EVs can be divided
into three categories: apoptotic bodies generated during cell apoptosis; microvesicles
originating from budding cellular membranes; and exosomes derived
from multivesicular bodiesin  fusion with the plasma membranell®l. EVscan be
divided into small EVs, medium-sized EVs, and large EVsl3 10,111,
Increasing evidence indicates that EVs play a critical role in tissue repair and
generation medicine via cell-to-cell communication. Moreover, several studies imply

that the beneficial effects of MSCs on tissue regeneration may be attributed




to their paracrine  action by secreting EVs rather than MSC engraftment and
proliferation( 12. 131. Moreover, EVs themselves possess the ability to recruit endogenous
cell and lead to their enrichment by releasing several chemokines, which may
contribute to angiogenesis and tissue repairl!4- 15 Therefore, EVs are an appropriate and
hopeful new source for tissue repair and regeneration.

In this review, we elaborate and discuss both the recent research progress and the
advancements in the therapeutic effects and limitations of EVs in tissue regeneration
and engineering medicine (Figure 1). Moreover, we summarize the underlying
molecular mechanisms related to EV repair effects (Table 1.) and point out the
problems that need to be solved, application directions, and prospects of EVs in the

future.

1EVS

The discovery of EVs dates back to 1940, when a brand-new subcellular factor was
identified in cell-free plasma by high-speed centrifugation. The subcellular fraction was
identified and shown to consist of small vesicles by electron microscopy in the 1960s.
The term “exosomes” was introduced when vesicles were isolated from cell supernatant
in 1987, and these exosomes were found to be related tothe removal of obsolete
transmembrane proteins [l Currently, EVs are secreted by both normal cells and
cancerous cells and act as a means of cell-to-cell communication. Signals are
communicated through vesicle membrane proteins or by vesicle contentssuch as
proteins, miRNAs, or IncRNAs (16,

1.1 Biogenesis and classification of EVs

EVs are classified by several traits, including their density, dimensions, and origin.
Three subclasses of EVs have been reported recently. Although the sizes of these three
main types of EVs may overlap, their biogenesis is different. Exosomes, whose
dimensions range from 30-150 nm, are formed within the endosomal network, where
endosomes target some protein/Lipids for recycling or exocytosis. During

early endosome transformation into late endosomes, proteins thatare fated to be




degraded or exported are packaged into vesicles. Late endosomes, which contain small
vesicles, fuse with the plasma membrane and finally lead to the secretion of small
vesicles, named exosomes, into the extracellular
space [1¢l. Microvesicles/Ectosomes originate from vesicles budding outward and
fission of the plasma membrane directly, which is a dynamic interplay between
redistribution and cytoskeletal protein contraction. The size
of microvesicles/ectosomes is larger than that of exosomes, ranging from 50-2000 nm.
Apoptotic bodies, ranging from 500-40,000 nm, are formed during programmed cell
death and contain organelles.

1.2 Isolation of EVs

Differential ultracentrifugation (UC), the gold standard EVs isolation approach, is the
most reported and classical way to isolate EVs. Successive centrifugation was applied to
eliminate large dead cells and cell debris. The supernatant acquired after
successive centrifugation was used for another ultracentrifugation step at 100,000
g to obtain the pellet related to EVs. The pell as washed with PBS to obtain purified
EVsl7l, UC has several advantages including low cost and low contamination risk with
extra isolation reagents. UC is suitable for large volume preparation for its products is
of high purity. However, UC is complicated, time-consuming and labor intensive. High
speed centrifugation also may lead to potential mechanical damage. There are several
isolation methods that can extract EVs in a more efficient way, including polymer-based
precipitation('8], size exclusion chromatography (SEC)I", ultrafiltration (UF)2%, flow
field-flow fractionationl2!l, immunoaffinity capturel22], and microchip-based
techniques(®l Polymer-based precipitationis a commonly used strategy for EVs
isolation. The principle of polymer-based precipitation _is high hydrophilic water-
excluding polymers can alternate the solubility of EVs. Highly hydrophilic polymers
interact with water molecules surrounding the EVs to create a hydrophobic micro-
environment, resulting in EVs precipitation(?l. Based on above principle, polyethylene
glycol (PEG) is well used in several popular commercial EVs isolation kits(]. Polymer-

based precipitation has high efficiency, but its products is easy to be contaminated by




protein aggregates. SEC is according to the size of particle to realize the isolation. After

adding to porous materials, substances eluted out in accordance with their particle size,
with big particles eluted earlierl?®l. Compared to UC, SEC is realized by the performance
of passive gravity flow, which highly protect the structure and integrity of EVsl27l. UF
uses filter membrane to isolate EVs from cell culture medium. Compared to traditional
UC method, UF-based EVs isolation shortens time and presents relatively low
requirements on experimental facilities. However, UF also has several shortages
including the EVs production maybe limited due to clogging and membrane trapping!?
21 Immunoaffinity captureis based on specific binding between EVs markers and
immobilized antibodies such as Rab5, CD81, CD63, CD9, CD82, annexin, and Alix[B0l,
Immunoaffinity capture can harvest high-purity EVs with no chemical
contamination. However, it is waste of antibodies and low yields/2¢l. The combination
of the above methods is also applied in the isolation of EVs. Moreover, there are several
kits that are available for EV isolation, including ExoQuick and Total Exosome Isolation
kits. However, the purity and quality of isolated EVs are extremely important because
some soluble proteins or lipoproteins may be coisolated with EVs, leading to inaccurate
experimental results. Therefore, isolation methods are of critical importance. Among all
the methods, UC and ultrafiltration followed by SEC are reported to be the most
appropriate isolation methods because they can isolate high-purity and high-quality
EVsl31.32],

1.3 Characteristics of EVs

EVs carry several specific surface markers, including proteins related to the cell
membrane, annexin, flotillin and auxiliary proteins. Annexins and tetraspanins such as
CD9, CD63 and CDS81, which are often used for the identification of EVs, are located in
the membrane of EVs. Moreover, EVs express ALIX, tumor susceptibility gene
101 (TSG101), VPS4 and heat shock proteins (HSP70 and HSP 90), which are associated
with the biogenesis of EVs. EVs are encapsulated in a bilayer membrane, which can
help in the safe transfer of their contents to secondary cells. Once released into

the extracellular environment, EVs interact with recipient cellsinthree ways: 1)




endocytic uptake, 2) direct fusion with cells, and 3) adhesion tothe cell surface
and transmission of contentsl4. Among their contents, EVs are reported to contain
large-scale genetic materials, such as mRNA, that play critical roles in cell-to-cell
communication. miRNAs that are transferred by EVs also have animpact on
biological functions, including cell proliferation, migration, and differentiation of
recipient cells. EVs also carry several types of lipids that are related to EV structure,
function and biogenesisl3l. In conclusion, EVs are heterogeneous and are composed of a

bilayer membrane surrounding cargos that are indispensable for cell interactions.

2 REPAIR AND REGENERATION EFFECTS OF EVS
1 Kidney

Acute kidney injury (AKI) and chronic kidney disease ( ) are two major
causes of renal failure and exert great pressure on public health. AKI, the most common
features of which are the rapid loss of renal tubular cells and a decline in renal function,
usually leads to hospitalization3l. As research has progressed, evidence has shown that
MSC-EVs play a major role in treating AKI. EVs were first proven to be
effective against AKI in 200984, The intravenous administration of EVs not
only alleviated or even reversed the detrimental effect on renal function caused by
glycerol injection in an AKI model but also improved renal function and morphology
by stimulating the proliferation of tubular epithelial cells (TECs)Pl. Inarenal
ischemia— reperfusion (I/R) injury AKI model, MSC-EVs accumulated in the renal
tubules and facilitated with the recovery of kidney function through the Keapl-Nrf2
signaling pathway as well as the mitochgpdrial function of
TECsl?l. Studies have also shown that EVscanreduce the presence of luminal cell
debris, tubular hyaline casts and necrosis of tubular cells inan AKI
model induced by toxins(¥l. Moreover, EVs released by cells that were cultured under
hypoxia could stimulate angiogenesis and help the formation of the
peritubular microvasculaturel®l. Furthermore, MSC-EVs attenuated mtDNA damage

and inflammation after AKI through the mitochondrial transcription factor A (TFAM)




pathway. MSC-EVs could attenuateéenal lesion formation, mitochondrial damage, and
inflammation in mice with AKIL TFAM overexpression (TFAM-OE) improved the
rescue effect of MSCEVs on mitochondrial damage and inflammation to some
extentB?l. In general, MSC-EVs can relieve AKI not only by inhibiting oxidation,
apoptosis, and inflammation, but also through regulating angiogenesis, cell cycle,
autophagy, and cell proliferation®®. There are multiple underlying mechanisms.
Currently, it is believed that the repair effects of EVs on AKI are largely related
to their transfer of genetic material and proteins/4%l.

CKD is a complex and long-term disease. The main trigger that causes CKD is diabetes.
Hyperglycemia leads to glomerular and tubulointerstitial fibrosis, and the progression
of fibrosis is the main reason for renal dysfunction*!l. Renal glomerulosclerosis and
tubulointerstitial fibrosis are hallmarks of all types of CKD, including diabetic
nephropathy (DN). Recent studies have shown that EVs are effective for the prevention
of DN. For example, EVs can protect podocytes and tubular epithelial cells from
apoptosis by secreting protective proteins, including TGF-betal and angiogeninl42l.
Another study found that EVs derived from human liver stem cells (HLSCs) and MSCs
could reduce or even revert the progression of profibrotic processes and finally
ameliorate renal dysfunction and attenuate renal histopathological changesl*3.
Moreover, studies have shown that EVs canameliorate DN by inducing autophagy
induction through the mTOR pathway. Rat bone marrow-derived EVs present
nephroprotective and antifibrotic effects by upregulating autophagy through
suppressing the mTOR pathway inaDN model#] Furthermore, HLSC-derived
EVscould also prevent the development of CKD. HLSC-EVs not only present a
regenerative and anti-inflammatory role but also downregulate profibrotic genes,
including alpha smooth muscle actin, Collal and TGF-betal, and modulate miRNAs
that are related to the fibrotic pathway in the kidney of an aristolochic acid-induced
CKD modell%5L In conclusion, MSC-EVs can eliminate the pathogenic damage of CKD
by targeting renal fibrosis, reducing tubular atrophy and inflammation, and promoting

angiogenesis to facilitate with tissue regenerationl*®l. EVs present a promising approach




for renal repair and regeneration. Some evidence based on clinical trials has shown that
EVs are safe and effective for CKD patientsl#71.

2.2 Liver disease g

Liver dysfunction is classified into acute and chronic diseases, including epatitis,
alcoholic liver disease, fatty liver disease, cirrhosis, and hepatocellular carcinoma
(HCC). Liver failure can manifest with several symptoms, such as jaundice,

encephalopathy, cerebral edema, sepsis, and gastrointestinal bleeding, and its prognosis

is relatively limited. Currently, liver transplantation is still the gold-standard therapy

for liver diseases; however, it has many limitations, such
as nonspecific treatment approaches, donor organ shortages and lifelong
immunosuppressive therapyl*®l. Although the liver possesses a great

capacity for regeneration through the proliferation of mature liver cells, it can lose its
function and lead to severe results when the injury progresses into a state of functional
impairment, which may finally lead to liver failure or even deathl*l. EVscan
prevent further damage to injured liver cells. Studies have reported that EVs can reduce
liver injury based on ALT and AST levels after CCls-induced liver impairment in vivo.
Moreover, EVs promoted hepatocyte regeneration gene expression and
PCNA*expression and induced quiescent hepatocytes to re-enter the cell cycle,
ultimately assisting with hepatocyte proliferation. Another report showed that EVs
derived from human-induced pluripotent stem cells (hiPSCs) could alleviate hepatic
ischemia— reperfusion (I/R) injury by suppressing inflammatory responses, attﬁlating
the oxidative stress response and inhibiting cell apoptosis/*]. Furthermore, Du et al
found that hiPSC-derived EVs could alleviate hepatic I/R injury by activating
sphingosine kinase and the sphingosine-1-phosphate pathway in hepatocytes
and ultimately promote cell proliferation5ll. EVs can not only be therapeutic but can
also serve as diagnostic tools for liver disease and regeneration in the near future. A
report outlined that hepatocyte-derived EVs played a key role in hepatocyte-to-
hepatocyte communication and provided a new method for liver disease diagnosis, and

progenitor cell-derived EVs offered a new opportunity for the treatmentof liver




diseases!®l. In conclusion, recent evidence supports that MSC-derived EVs inhibit
hepatocyte apoptosis, support hepatocyte function, promote angiogenesis and
hepatocyte proliferation, and reduce inflammatory responses by preventing
immunocyte infiltration and inflammatory cytokine secretion!sl. In addition, animal
model-based studies suggest that EVs may represent a novel and effective cell-free
therapeutic agent as an alternative to cell-based therapies for patients with liver
diseases!®l.

2.3 Cardiac muscle regeneration

Myocardial repair and regeneration areimportantin the context of the increasing
occurrence of heart failure and cardiac-related diseases. Key mechanisms related to
cardiac repair and regeneration include survival and protection, inflammation
reduction, angiogenesis, cardiomyogenesis and cell-cell communication. All these
mechanisms work collectively and contribute to cardiac regeneration!®l. However,
myocardial repair is slow and limited. Stem cell-based therapies have acted as an
effective method for cardiac repair. Moreover, EVs, a key component of stem cell
secretion, bring new hope to cell-free therapies for cardiac repair and regeneration. EVs
of embryonic stem cells (ESCs), iPSCs,  MSCs, and cardiosphere-derived
cells (CRCs) have been proven to be effective in cardiac repairl>. Recent research has
shown that EVs derived from murine iPSCs impart cytoprotective properties to cardiac
cells in vitro and induce cardiac repair in vive through vascularization, amelioration of
apoptosis and hypertrophy and improvemea in left ventricular function%. Moreover,
iPSC-EVs contained numerous miRNAs (miR-17-92 cluster) and proteins (BMP-4,
TDGF1 and VEGF-C) that are related to cellular proliferation and
differentiation, enhanced angiogenesis, and the prevention of
apoptosis. Therefore, iPSC-EVs  could induce angiogenesis, migrationand anti-
apoptosis of cardiac endothelial cells and finally induce superior infarct repair/®¢l. MSC-
derived EVg also play a critical role in MSC-based therapy in cardiac diseases. Bian et al
found that intramyocardial injection of MSC-EVs could markedly enhange blood flow

recovery inan acute myocardial infarction (MI) rat model. MSC-EVs could protect




cardiac tissue from ischemic injury by promoting blood vessel formation. Receptors for
growth factors, cytokines and signaling molecules are contained in EVs, among which
Sonic hedgehog and PDGFR have been provento be effective for proangiogenic
activities. The results of direct comparisons between MSCs and MSC-EVs have
highlighted the beneficial effects of EVs. EVs also present a safer profile than their cells
of origin because EV injection does not produce tumors/®l. Moreover, combinatorial
treatment with both MSCs and their derived EVs exhibits advantages in MI treatment.
Rat BMSCs and their derived EVs improved cardiac function and reduced infarct size
when compare groups treated with BMSCs or EVs alonel®l. CDC exosomes
were proven to enhance angiogenesis and promote cardiomyocyte survival and
proliferation. Moreover, CDC exosomes improved cardiac function and imparted
structural benefits after MI. miR-146a was the most highly enriched in CDC exosomes
and mediated some of the therapeutic benefits of CDC exosomes(%l. EVs combined with
biomaterials present better effects for the treatmentof cardiac disease. Studies have
shown that MSC-derived EVs incorporated into alginate hydrogels are a sustained
delivery system that allows for better retention of EVs in the heart in vivo than
EV single injection. EVs-Gel has a good effect on promoting angiogenesis, reducing the
apoptosis and fibrosis of cardiac tissue, enhancing scar thickness and improving cardiac
function!®l. Another study showed that self-assembling peptide hydrogel-encapsulated
exosomes could also promote cardiac repair due to the better retention and stability of
EVsl®l. In general, EVs combined with biomaterials provide a novel approach for cell-
free therapy and optimization of the therapeutic effects of EVs in ML

2.4 Tendon regeneration

Tendons are soft tissues that connect muscles to bones. Tendon diseases and injuries
have high morbidity owing to various sports and exercises. The effects of treatments
for tendon diseases are limited due to the limited regenerative capacity of tendons.
Current treatments for tendon injuries, including surgery and conservative
treatments, always have side effects, including secondary injury and scar formation.

Therefore, the ideal treatment is to promote tendon regeneration/®l. There are three




important stages of tendon healing: inflammation, proliferation, and remodeling.
Suppression of the inflammatory response is critical for tendon repairl62 63l
Research has found that BMSC-derived EVs may help improving tendon healing by
regulating ﬁacrophage phenotypes, creating anti-inflammatory environment,
promoting apoptotic cell accumulation, and increasing the ratio of tendon resident
stem/ progenitor cells(®l. Moreover, EV-educated macrophages (EEMs), a kind of M2-
like macrophage treated by EVs, present a more functional and regenerative ability to
heal tendons. EVs isolated from MSCs were able to reduce the M1/M2 macrgphage
ratio and increase the number of endothelial cells 14 days after tendon injury. Injured
tendons treated with exogenous EEMs presented improved mechanicaﬁlroperties,
reduced inflammation and earlier angiogenesis!®?l. Furthermore, Yu et al found
that BMSC-derived EVs could promote the proliferation, migration and tenogenic
differentiation ability of tendon stem/progenitor cells (TSPCs). BMSC-derived EVs
could activate the regenerative potential of endogenous TSPCs in tendon injury sites.
EVs embedded in fibrin glue may allow the sustained release of EVs in
injured regions and promote the regeneration of patellar tendon tissue in rats/’. In
addition to BMSCs, ADSC-EVs can also promote the proliferation and migration of
tendon cells, reduce fatty infiltration, promote tendon-bone healing, improve the
biomechanical properties of the tendon-bone junction and improve the mechanical
strength of the repaired tendonl® ¢6l. The overexpression of H19 can enhance tendon
regeneration potential. As an ideal drug carrier, EVs are a reliable delivery method to
transmit long noncoding RNAs (IncRNAs). Reports have shown that engineered EVs
with overload of H19 can regulate tendon regeneration by activating YAP through the
H9-pp1-Yfg axisl®’l. In conclusion, MSC-EVs facilitate tendon regeneration by
inhibiting apoptosis as well as enhancing the proliferation, migration and tenogenic
differentiation of tendon stem cells and tenocytes. In addition, they can also regulate
angiogenesis and modulate immune responses and extracellular matrix (ECM)
remodeling of tendon tissuel®sl. These results indicate that EVs have broad prospects in

tendon repair and regeneration.




2.5 Skin and wound healing

EVsare currently widely used in wound healing and skin regeneration. EVs can
participate in four stages of wound healing, namely, hemostasis, inflammatory
response, cell proliferation and remodeling!®?l. Both ADSC-EVs and BMSC-EVs exert
benefits on cells related to skin wound healing, including fibroblasts, keratinocytes and
endothelial cells, in different ways. BMSC-EVs mainly promote proliferation, whereas
ADSC-EVshavea major effect on angiogenesis. BMSC-EVs and ADSC-EVs
presented synergistic effects on wound healing!”l. Great progress has been made in the
field of wound healing with the rapid development of the combination of EVs and
biomaterials. EVs and glycerol hydrogels have synergistic effects on the proliferation of
human skin fibroblasts. The full-thickness excisional wound model in mice showed that
the fibrosis, vascularization, and epithelial thickness of wounds reached a maximum
level after treatment with EV-loaded hydrogels. Moreover, research has found that EVs
derived from human endometrial stem cells (hESCs) containseveral growth
factors, including GF, bFGF and TGF-1, which benefit angiogenesis. hRENSC-EV-
loaded chitosan hydrogel has positive impacts on wound healing by promoting
angiogenesis and tissue granulation formation. hRENSC-EV-loaded chitosan hydrogel
could be an ideal scaffold for skin wounddressing and skin tissue
regeneration”!l. EVs derived from HUVECs (HUVECs-EVs) could promote the
proliferation and migration activities of keratinocytes and fibroblasts, which are two
critical cells for skin regeneration. Gelatin methacryloyl (GelMA)
hydrogel scaffolds combined = with HUVEC-EVs  could not only  repair
wound defects but could also achieve sustained release of EVs, which promoted re-
epithelialization, collagen maturity and angiogenesis that ultimately contributed to
wound healing[72. In addition to wound healing and skin regeneration, EVs also play
critical roles in skin aging and several skin diseases. For example, ADSC-EVs can
relieve atopic dermatitis. C-EVs can also promote cuticle hydration and ceramide
synthesis and significantly reduce the secretion of inflammatory cytokines (IL-4, IL-5,

IL-13, and IL-17) when applied in vivol™l. Moreover, ADSCs could protect against




oxidative stress by promoting the proliferation of HDFs and inhibiting ROS and MMP
production via the secretion of various cytokines. ADSC-EVs might be potential
therapeutic tools for addressing the problem of photoaging74l Studies have also shown
that EVs derived from human iPSCs could regulate the genotypic and phenotypic
changes of human dermal fibroblasts (HDFs) induced by UV photoaging and natural
aging. EVs derived from human iPSCs affected cellular responses related to skin
aging, including the expression levels of MMP-1 and type collagen and the
proliferation and migratory ability of HDFs. iPSC-EVs can mediate intracellular
transportation and reconstruct the matrix in aging skin by enhancing the expression of
structural proteins and regulating the expression of age-related proteins!l. In general,
EVs serve as efficient carriers of molecular cargos for wound healing and skin
regenerative medicine.

2.6 Tooth and periodontal regeneration

EVs have been widely used in the rgpair of dental tissue, including dental pulp, dentin
and periodontal tissue. DPSCs-EVs can bind to matrix proteins such as type I collagen
and fibronectin, enabling them to be tethered to biomaterials. EVs are endocytosed by
both DPSCs and HMSCs in a dose-dependent and saturable manner via the caveolar
endocytic mechanism and trigger the P38 mitogen-activated protein kinase (MAPK)
pathway. In addition, EVs can trigger the increased expression of genes required for
odontogenic differentiation. In the generated pulp tissue, DPSC-EVs can also promote
the expression of several growth-promoting factors, including TBG-beta and BMP-2,
which ultimately promote the repair of dental pulp tissuel76l. Moreover, DPSC-EVs can
promote the proliferation and angiogenesis of vascular endothelial
cells by activating the P38/ MAPK pathway, which provides the possibility for the
regeneration of vascular pulp tissuel”l. Schwann cell-derived EVs (SC-EVs) could
promote DPSC proliferation and enhance neurite : outgrowth, neuron
migration, and vessel formation in vitro. SC-EVs facilitate dental pulp regeneration
through endogenous stem cell recruitment viathe SDF-1/CXCR4 axis without

exogenous cell transplantation(”l. In addition to SC-EVs, EVs derived from Hertwig's




epithelial root sheath cells (HERS-EVs) could trigger regeneration of dental pulp-

dentin-like tissue composed of hard (regenerative dentin-like tissue) and soft (blood
vessel and neurgn) tissue in an in vivo tooth root slice model by activating the
Wnt pathway!?l. Periodontitis is the primary cause of tooth loss, but there is no
effective treatment to repair inflammatory bone loss in periodontitis. In terms of
periodontal tissue regeneration, studies have shown that EVs secreted by periodontal
igament stem cells (PDLSCs) are therapeutics for bone defects in periodontitis. EVs
derived from healthy PDLSCs could rescue the osteogenesis capacity of endogenous
stem cells under an inflammatory environment and promote the regeneration of
alveolar bone by recovering the osteogenic differentiation ability of inflammatory
PDLSCs through the inhinbitation of canonical Wnt signaling(®l. BMSC-EVs are also an
ideal cell-free strategy for periodontal regeneration. BMSC-EYs could promote the
regeneration of periodontal tissues through the OPG-RANKL-
RANK signaling pathway to regulate the function of osteoclasts and affect macrophage
polarization and TGF-p1 expression to modulate the inflammatory immune response,
thereby  inhibiting the  development of periodontitis and immune
damage in periodontal tissuel®!l. Furthermore, the therapeutic effect of ADSC-EVs
was the same as that of periodontal surgery inarat periodontitis model®2.
Lipopolysaccharide (LPS)-induced dental follicle cell (DFC).derived EVs (L-D-EVs)
could promote the proliferation of periodontal ligament cells. L-D-EV-loaded hydrogel
applied in the treatment of periodontitis was beneficial to repairing lost alveolar bone in
the early stage of treatment and maintaining the level of alveolar bone in the late stage
of treatment in experimental periodontitis rats by decreasing the expression of the
RANKL/OPG ratio in vivol®. EVsarepresented as a novel cell-
free therapeutic strategy for both dental pulp and periodontal regeneration.

2.7 Nerve regeneration

Neuroloﬁal dysfunction usually causes great physical and psychological distress for
patients. ®utologous nerve transplantation is widely accepted as the gold standard for
peripheral nerve repair, but its inherent defects greatly reduce its availability.
Regeneration of peripheral nerves after injury remains a great challenge for researchers.




1
EVs !lay a fundamental role in the physiological and pathological processes of the
nervous system. There is growing evidence that EVs can play a neurotherapeutic role
by mediating axon regeneration, activatfffilg Schwann cells, promoting angiogenesis, and
regulating inflammatory reactions. EVs from skin-derived precursor Schwann cells
(SKP-SC-EVs) could promote neurite outgrowth of sensory and motor neurons
via the AKT/mPR/p70S6K pathway in vitrol4 81 SKP-SC-EV-incorporating
silicone conduit nerve grafts could significantly accelerate the recovery of motor,
sensory, and electrophysiological functions of rats; facilitate outgrowth and myelination
of regenerated axons; and alleviate denervation-induced atrophy of target
muscles, which raises the possibility of cell-free therapy in nerve regeﬂeration[%l.
Moreover, repair SCs (rSCs) could also release pro-regenerative EVs. Neuronal activity
enhances the release of rSC-derived EVs and their transfer t@heurons via the ATP-
P2Y signaling pathwayl!®7l. Mechanical stimuli could control the intercellular
communication between neurons and SCs by changing the composition of miRNA
in SC-EVs. MS-SC-EVs transferd miR-23b-3p from mechanically stimulated SCs to
neurons, and lead the inhibitio of neuronal Nrp1 expression, which was indicated the
beneficial effect of MS-SC-EVs on axonal regeneration, and provided evidence for the
role of miR-23b-3p-enriched EVs in peripheral nerve injury repair!®l. BMSC-EVs could
promote the functional recovery of sciatic nerve injury and increase the expression of
GAP-43, a marker of axon regenerationl®’l. BMSC-EVs can also promote nerve
regeneration by regulating the miRNA mediated genes which related to regeneration,
such as VEGFA and S100b(%01, Iladdition to BMSC-EVs, ADSC-EVs also benefited nerve
regeneration. ADSC-EVs could increase neurite outgrow th in vifro and enhance
regeneration after sciatic nerve injury in vivol®!l. Furthermore, ADSC-EVs contained
mRNAs of neurotrophic factors, including NGR, BDNF, CNTF and GDNF. ADSC-EVs
could deliver mRNAs as well as microRNAs that facilitate with neurotrophic factor
secretion and proliferation, support the SC rep#fj phenotype, and provide a solid
therapeutic evidence for nerve regeneration!?. Gingiva-derived mesenchymal stem cell
(GMSC)-derived EVs could obviously prhote axonal regeneration and functional
recovery of injured mouse sciatic nerves. GMSC-derived EVs promoted the expression
of Schwann cell dedifferentiation/repair phenotype-related genes in vitro, particularly
c-JUN, a key transcription factor that drives the activation of the repair phenotype of
Schwann cells during PNI and regeneration(®?l. Revascularization treatment is a critical
measure for nerve repair. A report revealed that EVs derived from hypoxic
preconditioned HUVECs could facilitate MSC angiogenesis activity gjd the anti-
inflammatory impacts of MSCs, which contribute to in vive effective nerve tissue repair
after rat spinal cord transection and provide inspiration for therapies based on stem
cells and EVsl?l. In general, EVs are an effective therapeutic tool in nerve regeneration
by mediating axon regeneration, regulating the phenotype of Schwann cells, promoting
angiogenesis, and regulating inflammatory reactions.
2.8 Bone regeneration




EVs play four potential roles in bone regeneration, namely, angiogenesis, (Eteoblast
proliferation, intercellular communication, and immune regulation. EV-mediated
intercellular communication between osteoblasts and osteoclasts may represent a novel
mechanism of bone modeling and remodeling. EVs transmit signals between
osteoblasts and osteoclasts to regulate bone remodeling. Osteoblasts release RANKL-
containing EVs, which are transferred to precursor osa:»clasts and promote osteoclast
formation by stimulating RANKL-RANK signalingl®l. Mesenchymal stem cell-derived
EVs (MSC-exos), with their inherent capacity to modulate cellular behavior, are
emerging as a novel cell-free therapy for bone regeneration. Reports have revealed that
EVs derived from osteoinduave BMSCs (BMSC-OL-EVs) contribute to  bone
regeneration via multicomponent exosomal miRNAs (let-7a-5p, let-7c-5p, miR-328a-5p
and miR-31a-5p), which target Acvr2b/Acvrl and regulate the competitive balance of
Bmpr2/Acvr2b toward Bmpr-elicited Smad1l/5/9 phosphorylationl®l. Moreover,
lyophilized delivery of BMSC-OI-EVs on hierarchical mesoporous bioactive glass
(MBG) scaffolds showed the possibility of bone regeneration in a rat cranial defect
model®]. Umbilical MSC-derived exosomes (WMSCEXOs) also showed great promise in
bone regeneration. uMSCEXOs encapsulated in hyaluronic acid hydrogel (HA-Gel) and
combined with customized nanohydroxyapatite/poly-e-caprolactone (nHP) scaffolds
could repair cranial defects in rats by promoting the proliferation, migration, and
angiogenic  differentiation ~ of  endothelial  progenitor cells viathe miR-
21/NOTCH1/DLL4 signaling axis!¥’l. Compared to EVs derived from uMSCs exposed
to normoxia, EVs derived from uMSCs treated with hypoxia promoted angiogenesis,
proliferation, and nﬁration to a greater extent. Hy po-Exos facilitated with the recovery
of bone fracture by exosomal miR-126 and the SPRED1/Ras/Erk signaling pathway. In
addtion, hypoxia preconditioning promote the tansfering of exosomal miR-126 through
the activation of HIF-la. Hypoxia preconditioning is an effective and promising
approach for optimizing the therapeutic actions of MSC-derived exosomes for bone
fracture healing/®sl. Moreover, the comparison between adipose, bone marrow, and

synovium-derived EVs (ADSC-EVs, BMSC-EVs, and SMSC-EVs,




respectively) showed thathSC-EVs, BMSC-EVs, and SMSC-EVs could facilitate the
viability and migration of MSCs and possessed favorable capacities for chondrogenesis
and osteogenesis. Among these three types of EVs, ADSC-EVs presented the best

rformance. The different effects between ADSC-EVs, BMSC-EVs, and SMSC-EVs
could be attributed to the different factors associated with the focal adhesion, ECM-
receptor interaction, actin cytoskeleton regulation, cAMP, and PI3K-Akt signaling
pathwaysl®l. EVs constitutively ex&ressing BMP2 could facilitate the effects of bone
regeneration. BMP-engineered EVs potentiate the BMP2 signaling cascade, possibly due
to an altered miRNA composition. EV functionality may be engineered by genetic
modification of the parental MSCs to induce osteoinduction and bone regeneratiﬁ['ml.
EVs combined with biomaterials present a better effect on bone repair. Three-
dimensional (3D) engineered scaffolds (PLAs) complexed with human gingival
mesenchymal stem cells (hGMSCs) have therapeutic effects that can improve bone
tissue regeneration(!ll. EVs combined with tricalcium phosphate-modified scaffolds can
promote osteogenic differentiation of cells and promote the recovery of
cranial defects in vivoﬁy activating the PI3K/ Akt signaling pathway!192l. In addition
to bone regeneration, mesenchymal stem cell- or platelet-rich plasma-derived EVs
(MSC-EVs or PRP-EVs) also have high therapeutic value for treating osteoarthritis by
suppressing the inflammatory immune microenvironment. BMSC-derived exosomes
can effectively promote cartilage repair and extracellular matrix synthesis and alleviate
knee pain in OA rats['®l. In addtion, the modification of EVs and the combination of
EVs with biomaterials can enhance targeting effects and extend retention which

contribute to an effectively treatment of QAN

3 PROSPECTS AND CHALLENGES OF EVS IN TRANSLATIONAL MEDICINE

Previous studies based on EVs have shed new light on the application of EVs in tissue
regeneration, but there are some major problems that still need to be solved in the
clinical translation of EVs. First, the storage of EVs is unstable. EVs can be stored at 80

°Cfor several months; however, the pH value of the storage solution and freeze-




thaw cycles can affect EV activity. The transport and storage conditions of EVs need to
be further studied. Second, there is no effective method to isolate purified EVs in
large quantities. At present, EVs are extracted mainly by UC, immunoadsorption,
precipitation or microfluidic  separationand are easily contaminated by
proteins. Nowadays, there are several strategies to enhance the purity and quality of
harvested EVs. From the perspective of stimulation of EVs secretion, many factors
including protein regulations, thermal and oxidative stress, oxygen concentration, low
pH(<6.0), radiation, starvation can enhance the secretion of EVs from cells['%. From the
perspective of the methods of EVs isolation, how to simplify the isolation procedure
and improve the EVs yield are the main two obstructions in the research field of EVs.
Recent report reveals that the isolation procedure of EVs may be simplified with the
improvement of newly EVs separation techniques including immunoaffinity,
chromatography and polymer precipitation/1%6l, Moreover, with the development of
commercial EVs isolation kits, EVs also can be extracted from limited sample in a short
period of time. Artificial EVsis another way to realize large scale EVs generation.
Artificial EVs generation technologies use the physical forces or chemicals (nitrogen
cavitationl'?], extrusion viaz porous membranel'%l, sonication[!®]) to break cells and
release the cellular components. With reconstitution of the released lipids, proteins, and
nucleic acids, artificial EVs can be generated in large quantity!'%!,

Moreover, improving the therapeutic efficiency of EVs is also a great challenge for
applying EVs to clinical use. EV surface engineering can realize the EVs selective
enrichment in specific cells and potentially tissues by introduction of targeting
moieties['%l, To improve the therapeutic effects of EVs, a variety of methods (active
drug loading, passive modification, electroporation, ac&stic degradation, chemical
transfection, efc.) can be used to modify EVs. Moreover, Cytochalasin B treatment and
osmotic pressure can enhance the production of EVs with improved drug loading
capacityl!'ll. Engineered EVsarea new strategy to enhance the expression of
targeted proteins of EV-related RNA. These engineered EVs with specific targeted

biomolecules can be used specifically for different therapeutic purposes, including as in




vivo tracers or in targeted cell tracking, which could improve the efficacy of disease

therapy and tissue regeneration.

CONCLUSION

In conclusion, EVs are intelligent and controllable biomaterials that can participate in a
variety of physiological and pathological activities, tissue repair and regeneration by
transmitting a variety of biological signals, showing great potential in cell-free tissue
regeneration. Engineered EVs, which represent a clean, highly purified, and highly
controllable means of achieving the sustained release of drugs, have broad prospects in

future tissue regeneration engineering.
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