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Abstract

Despite traditionally treating autologous and allogeneic transplantation and emerging tissue engineering (TE)-based therapies,
which have commonly performed in clinic for skeletal diseases, as the “gold standard” for care, undesirably low efficacy and other
complications remain. Therefore, exploring new strategies with better therapeutic outcomes and lower incidences of unfavorable
side effect is imperative. Recently, exosomes, secreted microvesicles of endocytic origin, have caught researcher’s eyes in tissue
regeneration fields, especially in cartilage and bone-related regeneration. Multiple researchers have demonstrated the crucial
roles of exosomes throughout every developing stage of cartilage and bone tissue regeneration, indicating that there may be a
potential therapeutic application of exosomes in future clinical use. Herein, we summarize the function of exosomes derived from
the primary cells functioning in skeletal diseases and their restoration processes, therapeutic exosomes used to promote cartilage

and bone repairing in recent research, and applications of exosomes within the setting of the TE matrix.
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Introduction

Cartilage and bone are specific forms of connective tissue,
which greatly supports and protects other tissues and organs
in the body. With the significant increase of cartilage diseases
and bone defects caused by an aging population, trauma, and
congenital abnormalities, the demand for efficacious therapies
to regenerate these tissues is growing.'” Currently, the “gold
standard” clinical treatment for both cartilage and bone restora-
tion is autologous and allogeneic transplantation. However,
secondary surgery, limited harvesting sources, and complica-
tions often render tissue transplantation powerless as a clinical
treatment, especially for articular cartilage damage and critical-
sized bone defects.®* In addition, in cases in which patients
received successful grafts, the recovery time is prolonged,
resulting in higher risk of complications. Since the initial def-
inition by Vacanti,” the concept of tissue engineering has been
extensively leveraged to design a combination of artificial
transplantable substrates with cells and bioactive agents, which
are able to accelerate the recovery procedure, in order to pro-
vide a promising alternative to further improve cartilage and
bone regeneration.®® Despite a series of merits and successes
in preclinic therapies based on the tissue engineering, major
complications remain. Ethical concerns about cell sources,

high expenses for both autologous and allogeneic cell-
involved treatment, and adverse effects such as immune dys-
function and tumors triggered by indelicate incorporation of
exogenous biological factors all represent challenges in the
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field.”'* As a result, improved strategies to enhance cartilage
and bone regeneration in a manner ensuring safety and efficacy
are urgently needed.

In recent years, exosomes, one type of extracellular vesicles
(EVs) secreted by cells and that range in size from 50 to
130 nm, have been studied in-depth for their diverse origins
and releasing mechanisms. They were found to play emerging
roles in many biological processes, such as intercellular
communication, immune system regulation, and life cycles of
cellular communities.*'® As an endosome-derived small EV
secreted by most of cells, exosomes are also effective transport
vesicles that can carry protein content in their cores, as well as
on their surface lipid layer, and also contain diverse types of
genetic information, including DNA, messenger RNA, micro-
RNAs (miRNAs), and some small noncoding RNAs (long non-
coding RNA (IncRNA), circular RNA (cirRNA)).'”%° In virtue
of their capacity to carry abundant biological signals, exosomes
have been investigated and utilized to effectively facilitate
restoration in other tissue or organ defects, including heart,
liver, and kidney.2 122 For instance, the transfer of nucleic
RNAs in exosomes could regulate a series of behaviors such
as reperfusion of glycerol in the kidney,? ischemia in cardio-
vascular disease,24 or hepatic ﬁbrosis,21 all of which contribute
to the reconstitution and functional recovery of these organs.
Similarly, such small vesicles have also been reported to play a
crucial role in the repair activities related to bone and cartilage.
With the in-depth study of intracellular communication in bone
and cartilage regeneration, the effect of exosomes on stimulat-
ing the function of cells, including chondrocytes, osteoblasts,
osteoclasts, precursor cells, as well as immune cells, has been
increasingly appreciated. Compared with current cell-based
therapies in cartilage and bone tissue repair, sources of exo-
somes with diverse functions are much more abundant, resol-
ving the limited availability of transplanted cells to great
extent. Most importantly, due to the naturally derived ingredi-
ents, exosomes have fewer safety concerns, lower toxicity, and
fewer immunogenicity problems than living cell transplanta-
tion or synthetic implantation. Therefore, treatment with exo-
somes has been deemed as a promising strategy to improve
cartilage repair and bone growth in the clinical setting.

In this review, we will summarize the role of exosomes in
the procedure of both cartilage and bone regeneration. Partic-
ularly, treatment with exosomes involved in cartilage defects,
bone defects, associated vascular reconstitution, and immune
regulation will be introduced in detail with recent research.
Based on the current trend, we will give a comprehensive
assessment of exosomes as therapeutic agents, bring forward
suggestions for improved design using the principles of tissue
engineering, and provide future outlooks of exosome-based
therapy for cartilage and bone tissue regeneration.

The Role of Exosomes in the Cartilage and Bone Tissue
Regeneration

Harmonious cartilage and bone tissue regeneration rely on mul-
ticellular activities, which range from immunogenicity,

functional cell recruiting, differentiation, remodeling, and
angiogenesis. Up until now, a large amount of literature has
been focused on the stimulation and responses of the specific
cells which dominate the restoration, such as phenotype of
macrophages, differentiation of stem cells (SCs), and formation
or activation of chondrocytes, osteoblasts, and osteoclasts. 228
Because of the highly intertwined nature of these regeneration
processes, cell-to-cell communication is supposed to greatly
affect the progression of repair. As a primary element in cell
signaling, exosomes that can convey bioactive lipids, nucleic
acids, and proteins are currently a hot spot in the regeneration
field. In this section, roles of exosomes in the cartilage and
bone tissue regeneration will be discussed in detail (Figure
1).Exosomes in the Cartilage Repair

Cartilage, a connective tissue found primarily in joints, has
limited capacity for intrinsic regeneration upon injury or
lesions. These injuries would be further aggravated by several
joint diseases, especially osteoarthritis (OA) and rheumatoid
arthritis (RA). As synovial fluid (SF) and incorporated synovial
fibroblasts (SFBs) could induce inflammatory propagation and
degeneration of cartilage, SF or SFBs-derived EVs are the
primary candidates for study in order to elucidate the mechan-
isms of joint diseases and cartilage damage. As previous
research has demonstrated, SF or SFBs-derived EVs can trigger
inflammation and further contribute to inflammatory propaga-
tion by carrying damage-associated molecular patterns and
associated cytokines and miRNAs, thereby influencing down-
stream cells and causing cartilage degeneration.>” When tissues
face stress or injury, high-mobility group protein B1 are highly
concentrated within EVs, with heat-shock proteins and S100
proteins also aggregating, giving rise to the inflammatory acti-
vation of macrophages. For instance, Domenis’ group reported
the immunogenic regulation of SF-derived exosomes from
advanced OA patients on M1 macrophages.’® After intaking
the SF-derived exosomes, M1 macrophages were found to pro-
duce a series of typical proinflammatory cytokines and chemo-
kines, including most members of matrix metalloproteinases
(MMPs), interleukin (IL)-1pB, IL-16, CXCLI1, and CCL15.
Compared with OA-induced cartilage degeneration, RA, an
autoimmune disease, could contribute more severe and com-
plex inflammatory responses which in turn cause cartilage
damage and other morbidities. Importantly, exosomes from
SFBs obtained from RA patients were supposed to contain
several proinflammatory factors on the surface membrane,
such as MMPs, IL-1f, and tumor necrosis factor oo (TNFa),
rendering T-cells activated and resistant to apoptosis, and fur-
ther triggering the pathogenic process of RA and irreversible
cartilage erosion. Furthermore, platelet-derived microvesicles
(PMV5s), another active player in patients with RA, were found
to be abundant in the SF, contributing to the severity of a series
of diseases. Because of their procoagulant features, the abun-
dance of PMVs in patients with RA was found to inhibit the
protective function of endothelial cells (ECs) as well as angio-
genesis, resulting in cardiovascular comorbidities.>!

Human SCs such as mesenchymal SCs (MSCs) and adipose
tissue-derived SCs currently dominate clinical trials for
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Figure. 1. Schematic of cell-derived exosomes and incorporated cargos during cartilage and bone tissue regeneration.

treatment of cartilage injuries induced by RA and OA. It is well
acknowledged that coculture of SCs with injured cartilage tis-
sue can promote regeneration through a mass of secreted fac-
tors from SCs including IL-6, fibroblast growth factor 2, and
insulin-like growth factor, which are verified to promote pro-
liferation and matrix synthesis in chondrocytes.**** However,
as with all cell-based therapies, SCs-based therapy comes with
concerns related to their limited source, safety, ethical issues,
and high operational costs for harvest, expansion, and stor-
age.>* Inspired by the outcome that the secretion of SCs can
effectively promote tissue regeneration, exosomes from SCs, as
the principal agents causing the therapeutic efficacy, have been
extensively investigated and identified as a promising therapy,
especially for diseases associated with cartilage damage. Such
therapeutic function of exosomes for cartilage regeneration
will be introduced in the following chapters in detail.

Exosomes in the Bone Defect Repair

Bone fractures resulting from severe trauma, malignancy resec-
tion, infections, and an aged population have raised significant
clinical challenges all over the world. Although great progress
has been made in bone tissue engineering, such as engineering
scaffolds, hydrogels, growth factors, and cell-based therapies,
undesirable efficacy and safety issues remain unaddressed.*>>’
Moreover, current research on bone regeneration often focuses

on the specific osteogenic stage and affiliated cell behaviors,
impeding clear understanding of bone biogenesis and novel
approaches to stimulate bone regeneration.”> Exosomes pro-
vide not merely a new version to disentangle the compli-
cated bone healing processes but a novel strategy to
improve bone repair.

Bone regeneration can be classified into 3 primary stages:
immunomodulation, osteogenesis, and bone remodeling. In
these overlapping stages, immune cells, osteoblasts, osteo-
clasts, chondrocytes, and ECs have been reported to be major
participants. As essential mediators of intercellular communi-
cation and carriers for functional cargo delivery, exosomes
were recently found to be fundamental elements in the immune
stage, as well as in bone healing, bone metabolism, and miner-
alization of remodeling. As for osteoimmunomodulation,
monocytes and macrophages are known to play a crucial role
in the innate immune response and subsequent osteogenic
function. They secrete osteoinductive molecules after cellular
polarization into proinflammatory (M1) and anti-inflammatory
(M2) phenotypes.*® Recently, emerging results demonstrated
that macrophage-derived EVs could increase the release of EVs
and induce cellular differentiation in naive monocytes. Accord-
ing to Ismail’s group, RNA molecules incorporated in
macrophage-derived microvesicles could be transported to tar-
get cells, especially monocytes, thereby increasing microvesi-
cles production and driving associated differentiation of
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macrophages.®® With diverse external stimulus on macro-
phages such as growth factors, macrophage-derived exosomes
tend to exhibit beneficial effects on new bone formation.
A recent research article reported that exosomes from BMP2-
stimulated macrophages could improve osteogenic differentia-
tion and bioactivity of titanium-based implants.** Other than
immune cells, many investigators have also focused on the
function of EVs from nonimmune cells in the osteoimmuno-
modulatory stage. Extracellular vesicles from MSCs have been
extensively reported to polarize monocytes toward correspond-
ing phenotypes (primarily toward an anti-inflammatory M2
phenotype). Zhang et al demonstrated that MSC-derived exo-
somes exhibited high expression of anti-inflammatory IL-10
and TGFPI transcripts, while proinflammatory expression of
IL-1, IL-6, and TNF-a transcripts was significantly decreased,
thus activating regulatory T cells (Tregs) and enhancing the
healing effects of allogenic skin grafts in mice.*' Similar
results were reported in the work of Sicco et al, in which EVs
generated under both normoxic and hypoxic conditions exhib-
ited anti-inflammatory function and were able to shift the
balance of monocytes toward M2 phenotype.** Moreover,
EVs produced by ECs are able to trigger osteoimmune
responses and thus regulate new formation of blood vessels
which coordinate nutrient and oxygen transfer. This kind of
angiogenesis is deemed as a synergetic behavior in bone
regeneration. Deregibus et al found that the treatment of
endothelial progenitor cell (EPC)-EVs could induce human
umbilical vein ECs (HUVECs) and human microvascular ECs
(HMECs) to form vessel-like structures both in vivo and in
vitro via the activation of the PI3/AKT and endothelial nitric
oxide synthase (eNOS) pathways.*

When it comes to the ossification stage, osteoblasts, whose
major function are bone formation, have been extensively
investigated. Also, exosomes derived from osteoblasts were
found to stimulate bone regeneration by regulating the differ-
entiation behaviors of precursor cells and thereby improving
osteoblasts’ proliferation. In the work of the Cui et al group,
exosomes derived from mineralizing osteoblast cells (MOBs)
were evidenced to promote the differentiation of precursor cells
from bone marrow to mature osteoblasts through regulating
miRNA profiles (miR-30d-5p, miR-133b-3p miR-140-3p,
miR-335-3p, miR-378b, and miR-677-3p) in the recipient cells
and consequently activating downstream signaling pathways,
especially Wnt signaling insulin signaling, TGF-3 signaling,
and calcium signaling.** Exosomes from other sources can also
stimulate bone formation by directly regulating osteoblast pro-
liferation and thereby improving matrix mineralization.
Recently, tumor-derived EVs were also found to be able to
affect osteoblast behavior in bone regeneration. In a study con-
ducted by Inder et al, prostate cancer cell-derived exosomes
significantly increased human osteoblast proliferation, as well
as osteoclast activation and osteoclastogenesis.*> Other than
the striking in vitro influence, the obvious in vivo influence
of exosomes on osteoblasts further confirmed the function of
exosomes on osteogenesis. As illustrated in Figure 2, Qin et al
showed that EVs had a significant effect on the expression of

osteogenic genes (miR-196a, miR-27a, and miR-206) and
osteoblastic differentiation without a negative influence on
osteoblastic proliferation. Most importantly, the in vivo calvar-
ial defects model when treated with bone marrow-derived SC
(BMSC)-derived exosomes (Figure 2B), exhibited significantly
earlier healing of defects. This indicated the potent therapeutic
effect of exosomes on bone fracture.**In addition to the stage of
osteogenesis, bone remodeling involving osteoblasts and osteo-
clasts is an essential part of reconstruction that occurs through-
out the healing process.”> As is well known, coordinated bone
regeneration relies on orchestrated resorption and new bone
formation. It involves multicellular activities and complex
cellular interplay. Exosomes that mediate the function of
intracellular communication play an essential role in this
mechanism. Previously, interplay between osteoblasts and
osteoclasts and crosstalk between the related signaling path-
ways have been widely reported to regulate bone remodel-
ing during regeneration. In light of these interaction,
exosome-mediated intercellular communication between
osteoblasts and osteoclasts can provide a new vision for
bone regeneration. Moreover, exosomes derived from
osteoclasts themselves or osteoclast precursors could be
the regulators of osteoclastogenesis by stimulating the
differentiation of osteoclasts into their mature phenotypes.
But notably, many research teams have reported that
osteoclast-derived exosomal miRNAs, especially osteoclas-
tic miR-214-3ps, represent a novel class of osteoclast-
released coupling factors that could suppress osteoblastic
differentiation and reduce bone formation.*’ Such negative
regulation is consistent with previous results on the cellular
level that the proliferation and differentiation of osteoblasts
or their precursor cells could be impaired by coculture with
osteoclasts. Conversely, exosomes derived from osteoblasts
were recently demonstrated to be able to induce differentia-
tion and maturation of osteoclasts through the RANKL pro-
tein secreted by osteoblasts and through corresponding
receptor ligand (RANKL-RANK) signaling in osteoclasts.*®
Based on the aforementioned discussion of diverse functions
and interactions between participant cells and their exo-
somes, a clear understanding of the role of exosomes in
each stage for bone regeneration is still uncovered and
requires to be perfected in order to maximize the therapeutic
applications of exosomes in this field.

Exosomes as Therapeutic Agents for Cartilage and Bone
Regeneration

Tissue engineering-based biomaterials and cell therapy are the
major fields in preclinical research into cartilage and bone
regeneration. Although these strategies partially solve the
problems that clinics are facing with autologous/allogeneic
transplantation, some drawbacks remain. Suboptimal biocom-
patibility or bioactivity of the implant, and side effects related
with tumor and emboli formation, often cause undesirable
regenerative effects. With therapeutic exosome technology
emerging in the context of tissue and organ recovery, their
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Figure. 2. A-a, The RNA sequencing indicated that miR-196a, miR27a, and miR-206 were highly increased in EVs from BMSCs. A-b, Alizarin Red
staining of osteoblasts treated with miR-196a, miR-27a, and miR-206 at 3 days. EV’s group indicated significant increase of calcium compounds
after treatment of miR-196a, miR-27a, and miR-206. B, Micro-CT from 0 to 8 weeks after surgery showed that the EV delivery system (right

defect) improved bone repair compared with gel group (left defect) (Reprinted with permission from

*. Copyright © 2016, Springer Nature).

BMSC:s indicates bone marrow-derived stem cells; CT, computed tomography; EV, extracellular vesicle.

capacity for containing functional cargos and their specific
immune-privileged properties caught the attention of
researchers in the field of cartilage and bone repair. In the
following section, recent studies of therapeutic exosomes
for cartilage and bone regeneration will be introduced, with
additional discussion of potential role of exosomes as a
clinical therapeutic.

Therapeutic Exosomes for Cartilage Repair
and Debilitating Cartilage Diseases

Current clinical treatment modalities for cartilage injuries are
primary cell-based therapies. Among these, MSCs transplanta-
tion has been widely used in the clinical setting of cartilage
repair due to its paracrine effects and extensive capacities for
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Figure. 3. A, Therapeutic function of MSC exosomes on cartilage regeneration through multiple facets including the increasing the viability of
chondrocytes and modulating immune responses. Reprinted with permission from*’, Copyright © 2018 Elsevier Ltd. B, Underlying mechanism
of MSC exosomes promoting TM| repair and regeneration in OA (Reprinted with permission from®2. Copyright © 2019 Elsevier Ltd). MSC
indicates mesenchymal stem cell; OA, osteoarthritis; TMJ, temporomandibular joint.

proliferation and differentiation into various cell lineages.
However, as with all cell-based therapies, high operational
costs and other challenges impede its further application.
Cell-based medicine often requires stringently monitored man-
ufacturing and storage procedures to ensure optimal viability of
the cells before final delivery to the patient.>**’ In this case,
therapy based on SC-derived exosomes seems to be an ideal
alternative because of their stability, easy accessibility, and
extensive source supply.Given that the efficacy of MSC-
based therapies for joint diseases is ascribed to paracrine secre-
tion, exosomes, as one of the products of MSC secretion, which
also have a mass of biologically active factors, have been pro-
posed as an effective treatment for the restoration of osteochon-
dral defects. The work of Cosenza et al proved exosomes from
MSCs could exert a chondroprotective effects in joint diseases.
Intra-articular injection of MSC-derived exosomes into a
collagenase-induced OA model was found to significantly
induce the expression of chondrocyte markers (type II collagen,
aggrecan) while inhibiting catabolic (MMP-13, ADAMTSS)
and inflammatory (iNOS) markers which could give rise to the
apoptosis of chondrocytes as well as the aggravation of inflam-
mation through the activation of monocytes.’® Similarly,
Zhang et al used in vivo critical-sized osteochondral defects
to further verify the function and efficiency of human embryo-
nic MSC-derived exosomes for cartilage repair. In this case,
exosome-treated defects exhibited complete restoration of car-
tilage and subchondral bone with moderate surface regularity
and good integration with the host cartilage.”' To systemati-
cally elucidate the therapeutic role of exosomes, Zhang’s group
clarified the function of MSC-derived exosomes in the carti-
lage through a multi-faceted assessment of chondrocyte beha-
viors (proliferation and apoptosis) and immune responses.*’ As
shown in Figure 3A, MSC exosomes were found to initiate or
motivate the migration and proliferation of chondrocytes, and

simultaneously attenuate apoptosis in chondrocytes, conse-
quently promoting chondral matrix synthesis through the acti-
vation of the AKT and/or ERK signaling pathway. Other than
the beneficial impact of MSC-derived exosomes on chondro-
cyte activation, a significant immune component also cannot be
ignored. In this study, higher amounts of CD163% regenerative
M2 macrophages were observed at the defect site with a sig-
nificantly lower amount of proinflammatory synovial cyto-
kines, including IL-1p and TNF-a. This is in accordance with
the results shown in recent studies for MSC-derived exosomes
on osteoimmunological regulation. For a more specific
cartilage-related disease, temporomandibular joint-OA (TMJ-
0OA), the regulation of MSC exosomes on early immune
responses, was further investigated by Zhang and his group.>?
In agreement with the research on common OA treatment
reported before, MSC exosomes caused an early suppression
of local inflammation through a significantly reduced expres-
sion of inflammatory genes especially IL-1, thus disactivating
inflammatory IL-B+ and iNOS+ cells.”*>* Similar with the
previous report, chondral matrix production was induced
through the activation of AKT and/or ERK signaling pathway
and remarkable restoration of condylar structure, matrix
deposition, and subchondral bone integrity could be achieved,
which closely resembled the intact TMJ condyle (Figure 3B).

Therapeutic Exosomes for Bone Defect Repair
and Angiogenesis

There is growing evidence to show that exosomes can regulate
and guide differentiation of MSCs into the osteoblastic lineage
and thus directly promote bone regeneration. Among diverse
sources of exosomes, MSC-derived exosomes have been
widely identified as the most effective to induce osteodiffer-
entiational activity. Profiling of the MSC-derived exosomes
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Table 1. Recent Progress of Therapeutic Exosomes/Engineered Hydrogels for Cartilage and Bone Tissue Regeneration.
Type Origin of Exosomes TE Matrix In Vitro and In Vivo Effect Reference
Cartilage hiPS-MSC-exosomes Acellular tissue patch composed of Good integration with native cartilage matrix and 67
photo-induced imine crosslinking ~ enhanced cell deposition at cartilage defect sites
(PIC) hydrogel
MSC-derived Exosomes 3D printed cartilage extracellular  Improved chondrocyte migration. Recovery of degraded €8
matrix (ECM)/gelatin cartilage caused by mitochondrial dysfunction and
methacrylate hybrid scaffold oxidative stress. Excellent integration of the hybrid
scaffold with surrounding tissue
hiPS-MSC-Exos B-TCP Remarkable enhancement of osteogenic differentiation 69
of hBMSCs through PI3K/Akt signaling pathway
Bone hASC-derived exosomes PLGA/pDA scaffolds Controlled release of hASC-derived exosomes and I

DBM scaffolds
Titanium oxide nanotubes

MSC-derived exosomes
Macrophage-derived
exosomes

accelerated bone healing in in vivo critical-sized
defects
Enhance bone regeneration by proangiogenic activity
Increased expression of early osteoblastic differentiation
markers, such as ALP and BMP2

62
40

Abbreviations: DBM, decalcified bone matrix; hASC, human adipose stem cell; hBMSC, human bone marrow stem cell; hiPS-MSC-Exos, human-induced
pluripotent SC-derived exosomes; MSC, mesenchymal stem cells; PLGA/pDA, polydopamine-coating poly(lactic-co-glycolic acid); TE, tissue engineering; 3-TCP,

B-tricalcium phosphate.

has verified the function of osteodifferentiation through a series
assessment of the regulation of miRNAs expression.”> For
example, let-7 was reported to be a positive regulator of osteo-
genesis and new bone formation through suppressing the
expression of high-mobility group AT-hook 2.°® Another
miRNA, miR-199b was involved in the regulation of Runx 2,
which can control the differentiation of MSCs into osteoblasts
and osteocytes.”> Moreover, upregulation of miR-135b expres-
sion was found to significantly suppress osteogenic differentia-
tion of MSCs derived from multiple myeloma patients, while
downregulation of miR-221 induced osteogenic differentiation
in both human unrestricted somatic SCs and human MSCs.>”~
All these investigations of miRNAs’ function represent the
influence of bioinformatic MSC-derived exosomes on osteo-
genic differentiation and other osteoactivities. This provides a
foundation for using MSC-derived exosomes and miRNA-
based therapies in clinical applications. Aside from the exo-
somes originating from MSCs, exosomes from other sources
such as osteoblasts could also establish a positive feedback
loop to promote new bone growth. As mentioned above, exo-
somes derived from MOBs could directly regulate osteoblast
proliferation and simultaneously promote the differentiation of
precursor cells from bone marrow to mature osteoblasts
through mediating miRNA profiles. This could in turn activate
downstream signaling pathways related to osteogenesis and
improving matrix mineralization.**

As is well known, vascularization is extremely important for
bone regeneration since new vessel formation improves diffu-
sion of oxygen and nutrition, which are essential to new bone
formation.>® It has been widely demonstrated that exosomes
can stimulate the activities of ECs including proliferation,
migration, and tube formation. In previous discussion, we men-
tioned a report that EPCs-EVs can induce HUVECs and
HMEC:s to form vessel-like structures both in vivo and in vitro
through the activation of the PI3/AKT and eNOS pathways.*?

In addition, multiple experiments have shown that MSC-
derived exosomes can successfully improve angiogenesis both
in vitro and in vivo.®®®! Although there have been many stud-
ies on MSC-derived exosomes stimulating angiogenesis, only
one experiment was closely associated with the effect of exo-
somes on both osteogenesis and angiogenesis. The result
showed that incorporation of MSC-derived EVs into a TE-
based matrix induced pro-angiogenic and pro-osteogenic activ-
ities. This indicated that synergistic bone regeneration with
simultaneously enhanced angiogenesis and osteogenesis can
be regulated by exosomes.®” The underlying mechanism of the
coupling of angiogenesis and osteogenesis in the presence of
exosomes is still unknown, and exploring the roles of exosomes
in bone and vessel formation is expected to aid the develop-
ment of novel treatment for bone regeneration.

Exosome/Matrix Combination for Cartilage and Bone
Tissue Engineering

Although conventional therapies such as autografts and allo-
grafts are considered as the “gold standard” for treating carti-
lage and bone diseases, limited sources and severe morbidities
render these strategies dissatisfactory for the treatment of many
serious skeletal defects.> With the introduction of tissue engi-
neering and the development of artificial transplantable mate-
rials, biological knowledge combined with artificial matrices
provide a promising alternative for cartilage and bone restora-
tion.” In recent decades, hydrogels (high water content and high
cartilage matrix mimetics) and biomimetic scaffolds (with their
natural composition and hierarchically porous structure) have
been widely used as carriers or shields of cells and factors for
both cartilage and bone regeneration. These materials better
support the mechanical requirements of initial implantation and
they also provide desirable releasing profiles of bioactive fac-
tors.®*"%® According to recent studies, exosomes have been
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from®, Copyright © 2018 American Chemical Society). MSC indicates mesenchymal stem cell; hASC, human adipose stem cell.

identified as a novel and effective therapy for skeletal tissue
repair. Unfortunately, the common mode of administration for
therapeutic exosomes was primarily through injection, in
which therapeutic exosomes were unable to be retained at the
desired site because they were inevitably rapidly cleared.®
Therefore, immobilization of therapeutic exosomes in engi-
neered hydrogels and scaffold matrices is a very promising
option for tissue regeneration (See Table 1).

Regarding bone tissue regeneration, scaffolds or other sup-
porting matrices are appealing for bone repair applications
because of the high mechanical demand when bone defects
occur. However, inadequate osteoactivities of synthetic mate-
rials limit their healing effects after surgical implantation, lead-
ing to long recovery periods and a series of complications. To
address this drawback, incorporation of bioactive compounds
has been widely used to modify the implant for more desirable
osteoactivities that promote bone healing. When compared to

traditional bioactive compounds such as growth factors and
cell-based therapies, exosome-related therapies have a far
lower probability of adverse effects and they also have ade-
quate parent cell sources which ensure sufficient production.
Therefore, many studies have identified exosomes as a poten-
tially useful bioactive factor and incorporated it into TE
scaffolds. Zhang et al combined human-induced pluripotent
SC-derived exosomes (hiPS-MSC-Exos) with tricalcium phos-
phate (B-TCP) to promote bone regeneration.”’ Compared to
bare B-TCP scaffolds, hiPS-MSC-Exos/B-TCP scaffolds
showed a remarkable enhancement of osteogenic differentia-
tion of human bone marrow stem cells through PI3K/AKT
signaling pathway. Similarly, poly(lactic-co-glycolic acid),
PLGA, scaffolds, another loading matrix commonly used in
bone tissue engineering, was used by the Li et al group to
immobilize human adipose SC (hASC)-derived exosomes for
improved bone regeneration.> As shown in Figure. 4C, by
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virtue of the controlled release of hASC-derived exosomes
from the polydopamine-coating PLGA scaffolds, significantly
accelerated bone healing could be accomplished in in vivo
critical-sized defects. In addition to the osteogenesis, vascular-
ization is also a crucial factor for bone regeneration as
discussed before. Many reports have demonstrated that MSC-
derived exosomes are potently proangiogenic both in vitro and
in vivo. In Xie et al’s study, the synergistic effect of EVs on
osteogenesis and angiogenesis, with the support of decalcified
bone matrix (DBM) scaffolds, was investigated for enhanced
proangiogenic and probone regenerative effects.®” Through in
vitro and in vivo assessment, MSCs-derived EVs functiona-
lized DBM scaffolds were proved to significantly enhance
bone regeneration by proangiogenic activity. This positive out-
come provided a new horizon for exosome-based synergetic
therapy in bone regeneration.

Conclusion and Perspective

As an emerging factor for intracellular communication, exo-
somes have been evidenced to play a crucial role in many ske-
letal activities and are a highly promising treatment for patients
with cartilage and bone defects. Compared to conventional
therapies in clinical use, exosomes, with bioactive cargos loaded
inside and biomarkers on their surface lipid layer, show excellent
stability, favorable maneuverability, and have an extensive
source supply. In combination with a TE-matrix such as a bio-
mimetic hydrogel or a scaffold, therapeutic exosomes could
sustainably exert their function throughout the entire process
of bone regeneration. Although the merits, strength, and positive
outcomes of exosomes, especially SCs-derived exosomes, have
been presented by mass of preclinical studies, therapeutic exo-
somes for cartilage and bone tissue regeneration are still in pre-
liminary stages. Countless problems remain to be solved. One of
the most important challenges is clearly understanding the com-
position of the exosomes. Although extensive investigation has
been conducted into the influence and application of exosomes,
few studies show in-depth analysis of their specific function and
biodistribution after intake. Profiling and establishing a clear
understanding of exosomes are the top priority before their fur-
ther application in clinic. Moreover, optimal purification tech-
nique for exosome isolation has not been established and remain
a future challenge. Currently, physical isolation techniques are
still mainstream. However, relatively low quantity of exosomes
can be recovered from the mix of other microvesicles. Moreover,
obstacles associated with large scale production for clinical stud-
ies are hard to overcome.”""’? Therefore, a distinct optimal pur-
ification technique for isolation of exosomes with high recovery
and purity is absolutely necessary. In summary, exosome-based
therapy has represented great potential in the field of cartilage
and bone regeneration with a mass of inspiring preclinical
results. But notably, there is still a long way to go before ther-
apeutic exosomes can reach their full clinical potential. The
exact mechanism of exosomes during regeneration remains elu-
sive, and techniques of exosome collection must be improved for
large-scale production.
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