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Abstract

Exosomes are nano-sized extracellular vesicles (EVs) released by diverse types of cells, which affect the functions of
targeted cells by transporting bioactive substances. As the main component of exosomes, non-coding RNA (ncRNA) is
demonstrated to impact multiple pathways participating in bone healing. Herein, this review first introduces the biogenesis
and secretion of exosomes, and elucidates the role of the main cargo in exosomes, ncRNAs, in mediating intercellular
communication. Subsequently, the potential molecular mechanism of exosomes accelerating bone healing is elucidated
from the following four aspects: macrophage polarization, vascularization, osteogenesis and osteoclastogenesis. Then,
we systematically introduce construction strategies based on modified exosomes in bone regeneration field. Finally,
the clinical trials of exosomes for bone healing and the challenges of exosome-based therapies in the biomedical field
are briefly introduced, providing solid theoretical frameworks and optimization methods for the clinical application of
exosomes in orthopedics.
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Introduction

Bone healing is a complex physiological process regulated
by a precise spatiotemporal network of synergistic effects
of different cells, tissues and bioactive molecules.!? In the
initial stages of bone healing, immune cells release pro-
inflammatory cytokines and start an inflammatory response.
With the activation of immune cells, tissue debris and bac-
teria at injured site are removed.® Subsequently, during the
repair phase of bone healing, different cells are recruited to
initiate the tissue repair process. The polarization of mac-
rophages toward M2 anti-inflammatory phenotype pro-
motes the formation of bone immune microenvironment.*
With the help of M2 macrophages and different mediators,
osteogenic-related cells initiate the repairing phase.
Angiogenic factors expressed by endothelial cells (ECs)
induce the inward growth of blood vessels and facilitate the
regeneration of vascularized bone.” Mesenchymal stem
cells (MSCs) undergo initial proliferation and osteogenic
differentiation, and form callus structures via ossifica-
tion.®” Finally, under the synergistic influence of osteo-
clasts and osteoblasts, bone tissue replacement and
remodeling are realized.® Thus, it can be seen that cells of
different lineages participate in the orderly regulation of
bone healing, including but not limited to immune cells,
ECs and osteogenic-related cells. However, it can be dis-
rupted with advancing age or under certain pathological
conditions, which may lead to abnormal bone remodeling
and induce the occurrence of bone diseases including bone
defects, osteoporosis, osteoarthritis, etc.”!!

Stem cell therapy is considered to be the most promis-
ing approach to promote bone repair. Stem cells with high
self-renewal and rapid proliferation capacity are utilized to
maintain the orderly regulation of bone tissues.'> However,
considerable limitations hinder the further clinical applica-
tion of stem cell therapy, including biosafety concerns due
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to abnormal differentiation and immune rejection, as well
as dealing with issues of stable cell storage and targeted
transport.'3 In addition, how to maintain optimal cell effi-
cacy and vitality during cell delivery to patients is also an
unsolved challenge.'* Interestingly, an increasing number
of studies have shown that the biological function of stem
cells is largely due to their paracrine action.'>'* The
exosomes they secrete induce cell differentiation and tis-
sue healing by regulating microenvironment surrounding
the damaged tissues.'” Exosome is a kind of extracellular
vesicle (EV), which affects various functions of target
cells by transporting different bioactive substances (nucleic
acids, proteins, etc.).> Compared with traditional stem cell
therapy, exosomes hold several advantages, such as excel-
lent biocompatibility, high stability, non-immunogenicity,
and strong targetability.'® Motivated by the above consid-
erations, exosome-based cell-free therapy has emerged as
an excellent alternative strategy to conventional stem cell
therapy in the field of orthopedic research.

Currently, a growing number of preclinical evidence has
shown that exosomes show promising efficacy on bone
defect repair,'” femoral head necrosis,'® osteoporosis®!'”
and other aspects. In addition, exosomes and their contents
derived from different parental cells exert different specific
therapeutic effects on the process of bone healing in diverse
tissue microenvironments, including regulation of the
immune microenvironment, vascularization, bone regener-
ation and bone remodeling at the injured sites.'*?2 However,
to our knowledge, there have been no reviews dedicated to
address the role and mechanisms of exosomes in facilitat-
ing osteogenesis. In this review article, we first introduce
the biogenesis and secretion of exosomes, and elucidate the
role of the main cargo in exosomes, ncRNAs, in mediating
intercellular communication. Subsequently, we elucidate
the potential molecular mechanism of exosomes promoting
bone healing from the following aspects: macrophage
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Figure I.

polarization, vascularization, osteogenesis and osteoclas-
togenesis (Figure 1). The aim is to provide theoretical
blocks for further exploring the mechanism of exosomes
promoting bone formation and remodeling. Then, we sys-
tematically introduce construction strategies based on mod-
ified exosomes in bone regeneration field. Finally, the
clinical trials of exosomes for bone healing and the chal-
lenges of exosome-based therapies in the biomedical field
are briefly introduced, providing more building blocks and
optimization strategies for the clinical application of
exosomes in orthopedics.

Exosomes and exo-ncRNAs

Exosomes were first discovered in reticulocytes in 1983,
which participated in the release of transferrin receptors
during the maturation of reticulocytes. However, when
exosomes were just discovered, they were merely regarded
as products of cellular metabolism, without affecting
other neighboring cells.?* Exosomes did not attract much
attention until Ratajczak et al. first discovered that
exosomes transferred RNA they contained to other cells
and tissues.?* With in-depth study, researchers have come
to understand that exosomes could mediate intercellular
signaling as a natural carrier system (mainly translocating
various bioactive materials like proteins and nucleic
acids). Thus, the function and activity of target cells are
regulated in various physiological and pathological pro-
cesses, including immune surveillance, inflammatory
response, tumor development, etc.?>2

Schematic illustration of exosomes-mediated bone microenvironment regulation.

Biogenesis and secretion of exosomes

Exosomes vary in size, density, and shape, mainly
depending on the state of their contents. Generally speak-
ing, exosomes are EVs whose diameter range from 30 to
150nm. These nanoparticles are naturally released by
diverse cells through cytoplasmic exocytosis.?” Exosome
biogenesis is a dynamic process. At the beginning, the
cell membrane participates in the invagination process to
form early endosomes, and gradually late endosomes.
Subsequently, the late endosomal membrane buds inward
to form multivesicular body (MVB).?*3% Eventually,
only a few MVBs fuse with the plasma membrane and
release intraluminal vesicles (ILVs) carrying various
information into extracellular space to form exosomes. In
contrast, most MVBs ultimately fuse with lysosomes and
degrade in cells (Figure 1).2%3! During MVBs fusing with
the plasma membrane, several intracellular components
play an important role, the most import being Rab
GTPase. It interacts with cytoskeleton to stimulate vesi-
cle budding and transport. The fusion of MVBs with
membrane is then completed mediated by the SNARE
complex.?$3!1

Classification and function of ncRNA

The biological characteristics and effects of exosomes are
determined by their composition.?> NcRNA is the main
component of exosomes, whose type and content deter-
mine the specificity and function of exosomes. NcRNAs
encompass three types of RNA molecules, responsible for
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Table I. The characteristics and functions of ncRNAs in exosomes.

NcRNA Length Characteristics Functions Reference
IncRNA More Regulating transcription -Participating in DNA methylation, Zeng et al.®, Behera et al.?
than 200 nt in cis or trans without histone modification, chromatin

encoding protein

remodeling, etc

-Competing for endogenous RNAs
(ceRNA:s) to sponge miRNAs, thus
repressing translations of mRNA targets

miRNA Less
than22 nt

Excised from 60 to | 10 nt
foldback RNA precursor
structures

Generated via back-
splicing and characterized
by covalently closed loop
structures

circRNAs -

-Targeting multiple genes via triggering
translation repression and target mRNA
degradation

‘Modulating gene expression
transcriptionally and post-
transcriptionally primarily by acting as
miRNA sponges

Wang et al.*’, Kuang et al.3®

Mazziotta et al.3*, Ma et al.?*

controlling cellular functions, namely long ncRNAs
(IncRNAs), small ncRNAs (sncRNAs) and circular RNAs
(circRNAs).3* Length is the basic criterion for defining
ncRNAs. NcRNAs with more than 200 nucleotides (nt)
are called IncRNAs, emerging as a regulator of numerous
cell processes. MiRNA with less than 22 nucleotides long
are well-recognized sncRNA groups, considered as regu-
lators of post-transcriptional gene expression. CircRNAs
are stable and endogenous RNAs produced via reverse
splicing events.’ These ncRNAs not only serve as inter-
cellular signals mediating exosome transport in intercel-
lular communication, but also modulate gene expression
at the transcriptional, post-transcriptional, and transla-
tional levels of target cells, thereby modulating signal
transduction networks.?? Their characteristics and func-
tions are summarized in Table 1. It is worth noting that the
expression levels of exosomal ncRNAs vary significantly
in various cells, suggesting their potential role in the treat-
ment of diseases.

Mechanisms of exo-ncRNAs on bone
healing

Recent studies have reported the potential therapeutic ben-
efits of exosomes-mediated osteogenesis. Exosomes con-
taining ncRNAs are significantly involved in various stages
of bone healing, including macrophage polarization, angio-
genesis, osteogenesis, and osteoclastogenesis. Tables 2—5
and Figures 2—5 summarize the main molecular mecha-
nisms and therapeutic effects of exo-ncRNAs on bone heal-
ing, respectively.

Regulation of macrophage polarization

Bone healing is a highly dynamic and intricate process,
covering three sequential phases, namely inflammation,
repair, remodeling.”® The local microenvironment of bone
changes in the initial phase of bone healing, various
immune cells accumulate at the defect site, especially

macrophages.!® Activated macrophages are divided into
two phenotypes, M1 and M2. M1 macrophages exert proin-
flammatory effects in bone healing, amplifying inflamma-
tory cascade and inducing osteoclastogenesis by secreting
proinflammatory cytokines. This ultimately leads to bone
resorption and the removal of necrotic tissues at the frac-
ture site.> M2 anti-inflammatory macrophages facilitate tis-
sue regeneration and repair by releasing anti-inflammatory
cytokines. Thus, they are recognized as critical regulators
of bone formation.*> Key to the success of bone healing
relies on polarizing macrophages toward a reparative M2
phenotype at appropriate time. Conversely, persistent
hyperinflammatory response may delay fracture healing.*
Therefore, rational regulation of macrophage polarization
has implications for bone healing.

Previous studies have revealed that exosomes derived
from various cells promote forming an M2-like pheno-
type, thereby reducing inflammatory response and accel-
erating tissue repair, including bone marrow mesenchymal
stem cells (BMSCs),”® adipose-derived stem cells
(ADSCs),” human umbilical vein endothelial cells
(HUVECs),* dental pulp stem cells (DPSCs),*® mac-
rophages,” Schwann cells,!® etc (Table 2). For instance,
Hao Z et al. first reported a neural tissue engineering
hydrogel-encapsulated Schwann cell-derived exosomes
(SC Exo). This system significantly promoted M2 mac-
rophage polarization to enhance bone regeneration.'®
Interestingly, altering exosome contents through physico-
chemical stimuli is also verified to be an emerging tech-
nology promoting osteo-immunomodulation, such as
constructing three-dimensional-printed scaffolds with
macrophage-derived exosomes and [-tricalcium phos-
phate (B-TCP) bioceramics,'?! pretreating exosomes with
LPS,* TNF-a.,® or under hypoxic environment.*® Nakao Y
et al. discovered for the first time that TNF-a upregulated
CD73 expressed on exosomes, which produced adenosine
from ATP to mediate immune suppression and to induce
M2 macrophages polarization.? All these prior studies hint
that exosome contents are the key to influencing the
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Table 2. The underlying mechanism of macrophage polarization mediated by exosomal ncRNAs in bone healing.
Cell source Exosome cargo Pathway Mechanism Reference
DPSC (hypoxia) miR-210-3p Inhibiting NF-xBI| p105 Inducing M2 macrophage Tian et al.*
generation
LPS pre-MSCs miR-222-3p Inhibiting NF-kB/NLRP3/ Increasing the proportion of Zhang et al.*!
procaspase-|/IL- 13 signaling M2 cells
pathway
HUVECs Inc NEATI Inhibiting DDX3X/NLRP3 axis Inducing M2 macrophage Chen et al.*
polarization
ADSCs miR-451a Downregulating MIF expression Promoting the polarization Li et al.*?
of M2 macrophages
BMSCs miR-199a Inhibiting NF-kB pathway Modulating macrophages M2 Fan et al.*
polarization
BMSCs miR-23a-3p Inhibiting IRFI and NF-«xB Promoting the polarization Lietal.'
pathway of M2 macrophages
BMSCs miR-181b Suppressing PRKCD and Enhancing M2 polarization Liu et al.*
activating p-AKT
MBGNs miR-21a-5p Inhibiting NF-kB pathway Promoting M2 polarization Liu et al.®
and inhibited M| polarization
Table 3. The underlying mechanism of angiogenesis mediated by exosomal ncRNAs in bone healing.
Cell source Exosome cargo  Pathway Mechanism Reference
Tregs miR-142-3p Suppressing TGFBR1/SMAD2 Accelerating angiogenesis and ~ Chen et al.*
osteogenesis
hypo-sEVs  miR-210-3p HIF-1o induces the overexpression of miR-210-  Promoting angiogenesis Zhuang et al.*’
3p under hypoxia, which then hinders EFNA3
and activates PI3K/AKT pathway
hucMSCs ~ miR-21-5p Repressing the expression of SOX5 and EZH2 ~ Augmenting angiogenesis Fang et al.*®
hucMSCs ~ miR-23a-3p Activating PTEN/AKT signaling pathway Facilitating endothelial network Hu et al.#
formation
hypo-exos let-7f-5p Via AGO | /VEGEF signaling pathway Regulating angiogenesis of Liu et al.>°
endothelial cells
hypo-exos miR-210-3p Decreasing ephrinA3 expression Enhancing tube formation Liu et al.*
BMSCs miR-214-3p Enhancing the formation of type H vessels Knee loading promotes Wang et al.’!
angiogenesis
BMSCs INcRNA HOTTIP Interacting with TAFI5 to stabilize DLX2, thus ~ Promoting angiogenesis Zeng et al.*®
activating Wnt/f3-catenin pathway
BMSCs IncRNAH 9 Via IncRNAH 19-Angpt|-Tie2/NO axis. Inducing angiogenesis and Behera et al.3
osteogenesis
uMSCs miR-21 Upregulating the NOTCH /DLL4 pathway Promoting angiogenesis Zhang et al.”2
BMSCs miR-126 Suppressing PIK3R2 to activate PI3K/Akt Promoting angiogenesis Zhang et al.?®
signaling pathway
BMSCs miR-146a Inhibiting Smad4 and NF2 proteins Promoting angiogenesis Liu et al.>®

polarization status and attenuating early inflammatory
response via delivering bioactive materials and modulat-
ing signaling pathway.

Recently, a mounting number of studies suggest that
exosomes accelerate the transition from M1 to M2
polarization state via suppressing nuclear factor kappa B
(NF-xB) pathway, thus leading to attenuation of the
inflammatory cascade.!® Liu S et al. developed tannic acid
(TA)-modified polyetheretherketone (TPEEK) to achieve
sustained release of miR-21a-5p. It was further confirmed

to promote polarization of M2 phenotype macrophages
and osteogenic differentiation of BMSCs via NF-kB path-
way.® Similarly, combining TA modified sulfonated poly-
etheretherketone (SPEEK) with exosomes exerted strong
immunomodulatory effects. The exosomes that released
contained inflammation-associated miRNA, promoting
M2 macrophages polarization through downregulating
NF-kB pathway.* It was further demonstrated that hypo-
sEV downregulated NF-kB1/p105. As a precursor of p50,
pl05 can be processed into mature pS0 to form dimers
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Figure 2. The underlying mechanism of macrophage polarization mediated by exosomal ncRNAs in bone healing.

with p65. The p65/p50 heterodimer, as the most common
form of the NF-kB dimer, binds to the DNA consensus
sequences after translocation to the nucleus.*® Actually, it
has been demonstrated that suppressing NF-«kB pathway
deactivates the priming signal of the pyrin domain-con-
taining 3 (NLRP3) inflammasome. NLRP3 inflammasome
is confirmed to exacerbate bone inflammation through
enhancing osteoclast differentiation. Zhang P et al. first
confirmed that LPS pre-Exo loaded with mi-222-3p
reduced inflammation by targeting NF-kB pathway and
thus downregulating the expressions of NLRP3/caspase-1/
IL-1B.*" Except for NF-kB pathway, the inhibition on
NLRP3 inflammasome can be realized by downregulating
DDX3X via HUVECs derived exosomal NEAT1 as well.*#

Other signaling pathways have also been demonstrated
to convert macrophages from an M1-like to an M2-like
phenotype, modulating osteoimmune tissue microenviron-
ment and thus accelerating bone healing. For instance,
suppressing IRF1,' migration inhibitory factor (MIF),*
PI3K/AKT pathway in macrophages® is also considered
as an effective strategy against inflammatory responses.
MiR-23a-3p in BMSC-Exos can target the 3'-untranslated
region (3'UTR) of IRF1 by bioinformatics analysis, to fur-
ther modulate macrophages.!® Exosomes enriched with
miR-451a mediate polarization through targeting MIF.*
Furthermore, analyses and validation of transcriptome
sequencing showed that TIM3 in EVs entered mac-
rophages to inhibit p38/MAPK signals and to release bone
morphogenetic protein 2 (BMP2) cytokines, thus enhanc-
ing osteointegration.”® As another key protein participating

in macrophage polarization, AKT is composed of three
serine/threonine protein kinase. It was demonstrated that
miR-181b significantly triggered M2 polarization and sup-
pressed inflammation by downregulating PRKCD and
activating p-AKT.*

As discussed above, much effort is currently focused on
signaling pathways on how exosomes modulate mac-
rophage phenotypes during bone healing (Figure 2). Given
the superior performance of exosomes on metabolic regu-
lation, further exploration in macrophages is warranted
from this perspective in the near future. Moreover, the
mechanism of exosomes acting on other immune cells has
not been revealed. Lin Z et al. proposed that exosomal
PD-L1 could act as an immunosuppressant for the treat-
ment of bone fracture. It inhibited T cell activation via spe-
cific binding to T cell surface PD-1.!92 While exosome
uptake by neutrophils is demonstrated to be involved in the
occurrence and development of cancers, %1% its influence
on bone healing is poorly defined. Therefore, deeper inves-
tigation is required upon the regulation of exosomes tar-
geting other immune cells.

Regulation of angiogenesis

Angiogenesis is a key factor in achieving high-quality bone
regeneration. Sufficient vascular networks support the
growth of osteogenesis-related cells through nutrient and
oxygen delivery and metabolic waste removal.*® Conversely,
poor vascularization contributes to the lack of oxygen and
growth factors, thus impacting bone formation and bone
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Figure 4. The underlying mechanism of osteogenesis mediated by exosomal ncRNAs in bone healing.

remodeling.'% Therefore, bone formation depends highly
on neovascularization. This multilayered regulatory net-
work is called osteogenic-angiogenic coupling.’

Type-H vessels, with high expression of CD31 and
Endomucin (CD31"EMCNM), play a fundamental role in
osteogenic-angiogenic coupling. They regulate the growth
of bone vasculature, recruit osteoprogenitors.’ Currently, a
growing number of studies has demonstrated that the

formation of type-H vessels is strongly associated to
exosomes (Table 3). The combination of USC-EXOs with
GelMA-HAMA/nHAP hydrogels upregulated HIF1A,
which further promoted the formation of type-H vessels.'%
Serum-Exo was reported to inhibit macrophage inflamma-
tion, thus leading to the overexpression of type-H vessel
markers CD31 and EMCN via upregulating VCAMI in
HUVECs.'" Interestingly, mechanical stimulation was
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Figure 5. The underlying mechanism of osteoclastogenesis mediated by exosomal ncRNAs in bone healing.

confirmed to improve vasculogenic potential of exosomes,
especially type-H vessels. This appears to be extremely
associated with downregulated exosomal miR-214-3p.’!
The mechanism of type-H vessels was studied in depth by
Cui Y et al. They discovered that Shn3 gene silencing
increased production of slit guidance ligand 3 (SLIT3) and
consequently facilitated forming type H vessels. Based on
this finding, they developed the engineered exosomes
BT-Exo-siShn3, achieving vascularized bone regeneration
via specific delivery siRNA to osteoblasts.’

VEGEF is considered as a key regulator in angiogenesis,
including, but not limited to type H vessels.*! It is involved
in the activation, proliferation, migration of ECs, thus
enhancing blood supply and accelerating bone healing.’!
Therefore, increasing number of studies focus on
exosomes-mediated vascularization through VEGF.
Hypoxia preconditioning of exosomes is verified to be an
effective strategy for activating VEGF pathways.*>!% Gao
Yet al. discovered that hypoxic precondition promoted the
secretion of exosomes. The corresponding hypoxic
exosomes (H-Exo) induced vascularized bone regenera-
tion via stimulating VEGF signals.'® A similar conclusion
has also been reached by Liu PP et al. H-Exo secreted from
hypoxia pretreated upregulated VEGF mRNA transcrip-
tion and protein synthesis via overexpressing let-7f-5p and
argonaute 1 (AGO1).>° HIF-1a, as a critical regulator in a
hypoxic environment, dramatically activates VEGF
expression.” As is demonstrated, PL and PRP-derived
exosomes,'” BMMSC-Exos,'"® USC-Exos,'" uMSC-
Exos®? are able to trigger angiogenesis by activating HIF-
la and VEGF. Moreover, initiating Wnt/f3-catenin pathway

is found to overexpress VEGF as well. LncRNA HOTTIP
accelerated both osteogenesis and vascularization by inter-
acting with TAF15 to stabilize DLX2. Subsequently,
DLX2 initiated Wnt/B-catenin pathway to promote vascu-
larization.®> Furthermore, Aday et al. Set al. combined
lipid nanoparticles (LNPs) with a proangiogenic miRNA,
let-7b-5p, to develop a bioinspired “artificial exosomes”
(AEs). It was found that inducing neovascularization
might be contributing to targeting CTNNB1 (catenin beta
1, aka B-catenin), a part of the Wnt/B-catenin pathway.'!!
Acting as the downstream pathway of VEGF and HIF-
la, PI3K/AKT signals also play a substantial role in pro-
liferation, migration and tube formation of HUVECs. 12113
For instance, miR-126 overexpressed exosomes signifi-
cantly triggered angiogenesis by suppressing phosphoino-
sitol-3 kinase regulatory subunit 2 (PIK3R2), regarded as
a negative regulator of VEGF, thus activating PI3K/Akt
signaling pathway.?’ The upregulated miR-210-3p in
hypo-sEVs was confirmed to downregulate EFNA3
expression, thereby enhancing the phosphorylation of
PI3K/AKT pathway.*’” As a putative protein arresting vas-
cularization, overexpressed THBS1 might lead to the inhi-
bition of PI3K and further VEGF/Akt/PI3K cascade, thus
suppressing neovascularization. Liao Fet al. reported that
THBS1 suppression in ECFC-Exos activated the afore-
mentioned pathway.'"* As is well established, PTEN func-
tions as a negative regulator in AKT pathways. In the study
of Gao WL et al, H-Exo significantly downregulated
PTEN in endothelial cells, to initiate PI3K/Akt path-
ways.'!® Another research showed that miR-23a-3p could
bound the 3'UTR of PTEN, leading to the suppression of
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PTEN.* Thus, exosome-delivered miR-23a-3p was cor-
roborated to be another effective strategy for achieving
vascularized bone regeneration.

Inhibiting TGF-B/SMAD signals can stimulate angio-
genesis as well. Tregs-Exos-mediated transfer of miR-
142-3p was demonstrated to accelerate angiogenesis
through TGFBR1/SMAD?2 suppression.*® Similarly, under
the stimulation of bioactive trace element strontium (Sr),
elevated pro-angiogenic miR-146a bound to 3'UTR of
Smad4 and NF2 mRNA, inhibiting its translation and thus
promoting in vitro angiogenesis.** In addition to the above-
mentioned signaling pathways, other regulators are also
thought to be essential. For example, exosomal miR-21
promoted vascularization by upregulating the NOTCH1/
DLL4 pathway.?> Overexpressed miR-210-3p in H-Exo
decreased ephrinA3 in HUVECs and enhanced tube for-
mation.>® Exosomal miR-21-5p targeted SOXS5 and nega-
tively regulated its expression, subsequently suppressing
EZH2 transcription and promoting angiogenesis.*® Behera
J et al. first demonstrated the NO-dependent nature of
exosomes stimulating vascularization via IncRNAH19-
Angpt1-Tie2/NO axis.>®* Wu D et al. combined low doses
of Fe,O, nanoparticles with a static magnetic feld (SM),
discovering the expression of COL4A2 was repressed by
upregulated miR-1260a, enhancing osteogenesis and
angiogenesis.’

The majority of the above-mentioned studies have
focused on the vital signaling pathways or specific regula-
tors (Figure 3), however, few studies interrogate the poten-
tial mechanisms on forming and assembling focal
adhesions (FAs). As is well-known, FAs maintain the
adhesion strength of endothelial cells to the extracellular
matrix (ECM). Paxillin and vinculin are required primarily
for robust FAs. Conversely, the reduced adhesion is likely
to trigger enhanced migration and angiogenesis poten-
tial.'% Cheng P et al. reported for the first time that
Nidogenl (NID1), an ECM protein in exosomes, dimin-
ished the activity of myosin-10, which targeted FAs to
affect cell adhesion and cytoskeletal remodeling. This sig-
nificantly suppressed the expression of paxillin and vincu-
lin, the reduced adhesion then contributed to enhanced
angiogenesis.'”® The study suggests that mechanical
insights into FAs should also become a focus of research
attention on exosomal-mediated angiogenesis in the near
future.

Regulation of osteogenic differentiation

Compared with other systems, the skeletal system shows
significant healing capability. During this complex process
of bone reconstruction, the regulatory network between the
surrounding cells and osteogenic-related cells exerts essen-
tial functions. There has been increasing evidence suggest-
ing that acting as vectors of this cellular crosstalk, exosomes
released by various cells (such as skeletal muscle cells,''®

HUVECs,""” macrophages,''® osteocytes,” osteoclasts,*
etc.) show a key regulatory role in osteoblast differentiation
and mineralization (Table 4). Compared with other cellular
sources, macrophages-derived exosomes have attracted
extensive attention because of unique inflammatory regula-
tion capacity. The study of Wang D et al. first demonstrated
that exosomal IncRNA LOC103691165, expressed by mac-
rophages, entered surrounding microenvironment to pro-
mote BMSCs osteogenesis."'® Liu K et al. further
highlighted the significance of crosstalk between M1 mac-
rophage and BMSCs. M1-derived exosomes containing
miR-21a-5p mediated an original, transient inflammatory
process to enhance osteoblast differentiation. In contrast,
M2 macrophages significantly enhanced the mineralization
capacity of MSCs due to the soluble factors that released,
rather than exosomes.'"’

The key for exosomes-mediated osteogenic effects lies
in the productive uptake of exosomes cargo by recipient
cells.!'® After exosomes are transported to indicated cells
during stable cycling, the endocytosed ncRNA induces
functional changes in osteogenesis-related cells, facilitat-
ing MSCs maturation into bone progenitor cells, osteoblast
precursors, and eventually osteoblasts.!!” Therefore, how
to improve the uptake efficiency of exosomes has become
an emerging focus of investigation. Zhou YK et al. first
reported the strong association between moesin protein
and exosomes endocytosis. After pretreated with H,S, no
observable changes were present in the sizes and number
of M2 exosomes. Instead, moesin protein in exosomes
were overexpressed, which mainly distributed in the sur-
face structure of actin-rich cells to participate in forming
cellular skeleton and cell adhesion. Highly-enriched
moesin protein in exosomes promoted its endocytosis into
MSCs, to modulate bone regeneration.'”’ Similarly,
hypoxia can also accelerate the uptake by altering the pro-
tein profiles of exosomes. Hypoxia preconditioning sig-
nificantly increased the amount of Bgn protein, which
directly interacted with various osteogenic-related pro-
teins.'?! Moreover, hypoxia preconditioning promoted the
secretion of exosomes, by increasing the intracellular
expression of vesicular transporters (including SNARE
complexes (Snap25), Pkm?2, and Rab5a), thereby promot-
ing the secretion of EVs.'?! In the study of Su HR et al,
significantly overexpressed SLIT2 in osteoblasts was
found to participate in the internalization of miR-382-con-
taining exosomes, boosting the capacity of osteogenesis.®
Recent evidence has showed that traumatic brain injury
(TBI) accelerates bone healing. This is mainly because
after TBI, ECM protein FN increased on small EVs, allow-
ing osteogenic miRNA-enriched exosomes to preferen-
tially —metastasize to skeleton.?! Compared with
target-mediated internalization, the vast majority of stud-
ies on exosomes have placed a focus on the regulation of
osteogenic-related signaling pathway mediated by ncR-
NAs predominated in exosomes. ' Researcher has recently
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explored the potential mechanism, involving Wnt/B-
Catenin, PI3K/AKT, MAPK, STAT, BMP/Smad signaling
pathway, etc (Figure 4).

The Wnt signals, especially the canonical signaling
pathway, Wnt/ B-Catenin, is one of the most essential path-
ways during bone healing mediated by exosomal ncR-
NAs.* Exosomes first target glycogen synthase kinase-33
(GSK-3p) to promote its phosphorylation. This activation
subsequently induces B-catenin accumulation and its trans-
location into the nucleus, thus activating Wnt signaling
pathway and accelerating bone regeneration.'?> After
exosomes being pre-treated, Wnt signaling together with
osteogenic effect are differentially impacted. For example,
in the study of H,S-pretreated exosomes, the osteogenic
effect induced by Wnt signaling pathway is amplified.'?
HU Y et al. discovered that, under the inflammatory condi-
tion, GMSC-Exo exhibited effective cross-regulation
capacity between NF-kB and Wnt/Bcatenin pathway,
through partly increasing the phosphorylation of GSK-3p.
To be more specific, excessive GSK-3f activity not only
upregulated Wnt/B-catenin pathway to enhance osteogene-
sis, but also adversely affected the NF-kB functionality
through inhibiting its nuclear accumulation of NF-xB and
binding to promoters.'?* Surprisingly, different conclusion
was reached by Lei Fet al. They discovered that PDLSCs-
exosomes under the inflammatory microenvironment over-
activated the Wnt signals in PDLSCs to suppress bone
regeneration. Conversely, exosomes under physiological
microenvironment suppressed the over-activation of
canonical Wnt signaling to recover osteogenic differentia-
tion capacity.'”* This suggests that microenvironment
where exosomes are placed greatly affects the initiation of
Wnt signals. And exosomes derived from various cells
under the inflammatory microenvironment play divergent
roles in Wnt signals and bone regeneration. Furthermore,
many ncRNAs in exosomes are verified to upregulate
Wnt/B-catenin signaling pathway. For instance, EVs carry
miR-335 promoted bone fracture recovery through Wnt/j3-
catenin pathway. MiR-335 could also target VapB to
amplify osteogenic effects.”® Hao LZ et al. manufactured
miR-26a loaded exosomes, modified with bone-targeting
peptide Asp8. This novel engineered exosomes showed
enhanced osteogenic potential via upregulating Wnt/3-
catenin signaling pathway.’” Exosomes with overexpressed
miR-130a-3p led to the downregulation of SIRT7, inter-
acted with Wnt signaling pathway-associated protein
through its deacetylation activity to participate in the regu-
lation of osteogenesis.>* Exosomes are also confirmed to
modulate Wnt/B-catenin pathway by targeting receptor
gene or protein. For example, miR-136-5p delivered via
exosomes inhibited lipoprotein related protein 4 (LRP4),
which exerted suppressive effects on osteogenesis. Wnt/[3-
catenin pathway was then activated to facilitate fracture
healing.®* Exosomes with high-expressed miR-424-5 atten-
uated osteogenesis via WIF1/Wnt/B-catenin pathway.®*
MiR-328a-3p enriched in the SEVs promoted osteogenesis

by directly targeting the 3'UTR of an anti-osteogenic tar-
get gene FOXO04. The suppression of Wnt/B-catenin
transcriptional activity was subsequently removed.?!
Another research showed that miR-19b repressed the
expression of WWP1 or SMAD ubiquitination regula-
tory factor 2 (Smurf2) to elevate the stability of target
protein Kruppel like factor 5 (KLF5). Overexpressed
KLFS5 subsequently initiated Wnt/B-catenin pathway and
facilitated osteogenesis.”

BMP is regarded as one of the three subfamilies of the
transforming growth factor-B (TGF-B) family.'”> BMP
receptor complex drives the process of bone repair and
regeneration by regulating Smad protein.?* Exosomes
derived from various cell types can regulate the BMP/
Smad/TGF- pathway.”” Hao Z et al. encapsulated
Schwann cell-derived exosomes (SC Exo) in the neural tis-
sue engineering hydrogel. This controllable sustained
release system activated TGF-f to stimulate BMSCs oste-
ogenesis.'” It was further confirmed that SC-exos regu-
lated the TGF-B pathway to accelerate the osteogenic
differentiation by transferring let-7c-5p.'2® Macrophages-
derived exosomes can also drive osteogenesis via targeting
BMP/TGF-B,'?” such as M2D-exos carrying miR-142-3p%
and miR-486-5p.% The Tregs-Exos-mediated transfer of
miR-142-3p was likely to accelerate osteogenesis through
TGFBR1/SMAD2 suppression.*® It has been recently
found that exosomes in which noggin were suppressed
elicited BMPR1A expression to increase BMP/Smad sign-
aling by inhibiting miR-29a.'® SMAD1/5 is a main driver
of osteogenesis, can be mediated by exosomal cargo, such
as miR-30a,”> miR-23a,””> miR-128-3p,% miR-144-5p,”
miR-100-5p, etc. It was confirmed that miR-30a’> and
miR-144-5p” were more effective in reducing SMADI,
while miR-23a’> and miR-128-3p in reducing SMADS.
Moreover, the induction of mechanical forces is an impor-
tant initiator of exosome-mediated BMP-Smad1/5 signal-
ing pathway.'”> Wang R et al. discovered that PDLSCs
under stretch secreted functional EVs with high levels of
miR-200b/c, leading to the promotion of alveolar bone
regeneration. After miR-200b/c transferring into cells, it
targeted and silenced Smurfl, which then promoted the
phosphorylation of Smadl/5, and activated the BMP-
Smad signaling pathway, together with a negative regula-
tor of osteogenesis.”® Li ZC et al. found that miR-17 was
enriched in BMSC-Exos under healthy conditions and pro-
moted bone regeneration by targeting Smad7. In contrast,
in diabetic conditions, down-regulated miR-17 increased
the expression of SMAD7 and hindered the bone regenera-
tion process.®”” Nevertheless, not all kinds of miRNAs
directly regulate BMP/Smad signaling. Liu AQ et al. first
reported that, Bmpr2 and Acvr2b might have a competitive
relationship in Smad signaling.! Multicomponent exoso-
mal miRNAs (let-7a-5p, let-7¢c-5p, miR-328a-5p and miR-
31a-5p) led to elicited Smadl/5/9 phosphorylation and
enhanced osteo-inductivity of exosomes by regulating the
competitive balance of Bmpr2/Acvr2b.!
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PI3K/AKT is another critical signaling pathway to
drive osteogenesis, mainly responsible for cell growth, cell
proliferation and osteogenic differentiation.'”® Zhao B
et al. found that mediated by exosomes, BMSCs cultured
in vitro accelerated cell migration and proliferation, which
was partially attributed to the adenosine receptor-mediated
initiation of AKT and ERK1/2 pathway.'?® The PI3K/Akt
signals can be activated by differentially expressed miR-
NAs within the exosomes, such as overexpressed osteo-
genic miRNAs (miR-3182, miR-1468) and downregulated
anti-osteogenic miRNAs (miR-182-5p, miR-335-3p, miR-
382-5p).* Compared with normal condition, the osteo-
genic effect in a hypoxic environment based on PI3K
pathway appeared to be more apparent, including osteo-
blast proliferation, migration, differentiation, and miner-
alization.'?! Furthermore, Tang YF et al. declared that
exosomal miR-140-5p could target IGFIR to suppress
IRS1/PI3K/Akt phosphorylation and mTOR pathway,
which further hindered osteogenic differentiation of
MSCs.® PTEN can negatively regulate PI3K/AKT signal-
ing pathway.%' Exosomes derived from mechanical stress
are demonstrated to effectively suppress PTEN activity
and to initiate PI3K/AKT signals by upregulating miR-
92a-3p.°! In the study of Xun J et al, serum exosomes from
young rats highly expressing miR-19b-3p were found to
reverse the decreased osteogenic capability in aged rats.
This correlated closely with miR-19b-3p downregulating
the expression of PTEN.'?’ Similarly, reduced expression
of miR-494-3p senescent osteocyte-derived exosomes
accelerated age-related bone loss via PTEN/PI3K/AKT
pathway.>®

MAPK signaling pathway comprises ERK, p38 and Jun
amino-terminal kinases (JNK) signaling. P38/MAPK has
currently been corroborated to play a major role in exo-
some-mediated regulation of osteogenesis. It was found
that exosomes activated p38 MAPK pathway to facilitate
PDLSCs proliferation, migration and osteogenic differen-
tiation.'3® Furthermore, other upstream signals are also
likely to initiate MAPK signals. For instance, PLC/PKC/
MAPK pathways contribute to MVs-mediated bone heal-
ing.3! As one of the HOX family, down-regulation of
Hoxa7 can activate MAPK pathway as well. Qi L et al.
implanted 3Dprinted porous Mg-containing Akermanite
biocreamics (Akt) scaffolds into cranial defects of aged
rats. Effectively increased bone regeneration was observed.
Mechanically, this is because Mg-containing Akt-mediated
exosomal miR-196a-5p cargo targeted Hoxa7 to down-
regulate its expression, which further leading to the activa-
tion of MAPK signaling pathway.'3?

STAT, functioning as a negative regulator of osteogenic
differentiation, plays an important role in exosomal-medi-
ated bone remodeling. STAT directly interacts with Runx2
in cytoplasm to inhibit Runx2 nuclear localization, thereby
hindering  osteogenesis.” Exosome carrying miR-
5p-72106_14,° miR-935,” are both confirmed to nega-
tively target STAT1 and subsequently initiate osteogenic

differentiation. It was reported for the first time that osteo-
clast-derived exosomal miR-5134-5p inhibited bone for-
mation and accelerated the resorption of alveolar bone via
the JAK2/STAT3 pathway.®® They confirmed that miR-
5134-5p combined with receptors of tyrosine kinase to
form ligand-receptor complexes, which triggered the phos-
phorylation of JAK via tyrosine sites. Stat3 subsequently
get phosphorylated and translocated into the nucleus to
regulate transcription.®

Hippo signaling is another significant pathway in mod-
ulating bone regeneration. The activated Hippo signaling
sequentially phosphorylates large tongue suppressor
kinase 1/2 (LATS1/2) kinases and YAP/TAZ.'” The effec-
tor of Hippo signaling, YAP1, was found to be the direct
target of miR-375.> Exosomal miR-335' and miR-
365a-5p’® were reported to target LATSI to inhibit Hippo
signaling, thus promoting the proliferation and osteogenic
differentiation.

RhoA/ROCK pathway-mediated cytoskeletal recombi-
nation is critical for osteogenic commitment.'® MiR-324
released from active osteoclast-derived exosomes pro-
moted osteogenesis by regulating the ARHGAP1/RhoA/
ROCK axis.”” Similarly, exosomal miR-140-3p could pro-
mote osteogenic commitment by suppressing plexinB1/
RhoA/ROCK signaling pathway.®

Besides the above-mentioned pathways, ncRNAs in
exosomes can also regulate osteogenesis by binding to
other targeted proteins. For instance, exosomal IncTUG1
suppressed the expression of miR-22-5p, leading to an
increase in the expression of Anxa8 in osteoblast cells,
leading to enhanced osteogenesis.”’ It was demonstrated
that exosomes from miR-378-modified ADSCs enhanced
osteogenesis and angiogenesis by suppressing Sufu expres-
sion and activating Shh signaling pathway.'® Elevated miR-
23a in exosomes inhibited osteogenic differentiation of
BMSCs via targeting CXCL12.*® By directly targeting
GATA2, miR-21a-5p enhanced MC3T3-El activity.'!
Exosomal miR-92b-3p secreted from MVECs under
mechanical unloading partially attenuated the function of
osteoblasts by downregulating ETS-like transcription fac-
tor 4 (ELK4).”" Exosomal IncRNA-H19 functioned as a
molecular sponge for the endogenous function of miR-
106a, to negatively modulate Angptl. Angptl administra-
tion upregulated NO production, angiogenesis and bone
regeneration via Angptl-Tie2/NO signaling.3®* BMSC-
derived exosomal miR-206 promoted cell proliferation and
differentiation by reducing E74-like factor 3 (EIf3).82 M2
macrophage-derived exosomal miR-5106 induced BMSCs
toward osteoblastic fate by targeting salt-inducible kinase 2
and 3 (SIK2 and SIK3), which both involved in different
processes such as cell cycle regulation, growth and
differentiation.®

Autophagy is a process of cell self-degradation and
recycling of intracellular components, which also plays a
key role in the process of osteogenesis.’® Exosomal cargo
(circHIPK3,* mir-27a-5p,¥' miR-381%7) has been reported
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to promote bone formation through autophagy. This aspect
of study will be worth pursuing in the near future.

Regulation of osteoclast differentiation

Bone healing is a highly coordinated process of bone remod-
eling, balanced by the coupling of bone formation and bone
resorption.'*3 To be more specific, osteoclasts adhere to
decalcified bone, degrading the bone matrix and forming
resorption cavities by secreting matrix degradation enzymes.
Osteoblasts subsequently fill in the cavities with bone
matrix proteins to trigger mineralization.'** Exosomes are
confirmed to optimize the balance between osteoblasts and
osteoclasts, which is vital for bone remodeling.® Currently,
numerous researches investigated the regulation of osteo-
blast-mediated bone resorption via exosomes. Exosomes
derived from various cells are demonstrated to influence the
balance of bone remodeling, including MSCs,>#*91134 oste-
ogenic-related cells,”® macrophages,’>'®* skeletal muscle
cells,"¢ pericytes, '’ etc (Table 5).

As is well-known, osteoclasts originate from the mono-
cyte/macrophage hematopoietic lineage,” they can be dif-
ferentiated from M1 macrophages, instead of M2
phenotype.'3® Hakki SS et al. elucidated the impact of
macrophages polarization on osteoclastogenesis. They
treated macrophages with preosteoblastic MC3T3-El
clone 4 (MC4)-derived exosomes, discovering the overex-
pressed mRNA of Cd86, Rankl, etc. This indicated the
macrophage polarization toward the M1 phenotype. TRAP
staining analysis further suggested a significant increase in
RANKIL-induced osteoclastogenesis under the treatment
of M1 macrophages.'*® Actually, this interaction and com-
plex regulatory network between macrophages and osteo-
clasts is inextricably linked to macrophages-derived
exosomes. Exosomes from M2 macrophages were demon-
strated to suppressed RANKL-induced osteoclast differen-
tiation by inactivating proinflammatory-associated CSF2/
TNF-o.  signaling.'*®  Similarly, macrophage-derived
exosomes induced osteoclast differentiation via miR-
3470b targeting TAB3/NF-kB.%?

Mechanistically, increased osteoclastogenesis mediated
by M1 macrophages is closely related to pro-inflammatory
cytokines that secreted promoting the overexpression of
NF «B and receptor activator of NF kB ligand (RANKL).
This contributes to the excessive activation of osteoclasts,
and the imbalance of bone resorption and bone formation.
Therefore, the inhibition of NF-kB and RANKL is consid-
ered to be the critical signals to suppress bone pro-inflam-
matory cytokines in macrophages and osteoclast formation.?
For instance, silencing of the osteoblastic Shn3 gene sup-
pressed RANKL expression and further osteoclast forma-
tion.” MiR-210-3p enriched in hypo-exosomes targeted
NF-kB1 pl05, to induce M2 macrophage generation as
well as to inhibit osteoclastogenesis.*’ Exosomes derived
from cyclic mechanical stretch (CMS)-treated BMSCs

caused diminished osteoclast activity by attenuating NF-kB
pathway activity.'*” Given the importance of NF-xB and
RANKL in osteoclastogenesis, majority of researchers
have recently devoted to excavating their critical regula-
tors. Tumor necrosis factor receptor-associated factor (Traf)
is regarded as the upstream of NF-kB pathway. As was
reported, exosomal circ_ 0000722 promoted osteoclas-
togenesis by upregulating TRAF6 expression and activat-
ing downstream NF-kB and AKT signaling pathways. This
promoted the translation of NFATcl and c-Fos, thus
enhancing osteoclast formation.”’ Conversely, Traf3 in
PC-EVs negatively regulated osteoclastogenesis by inhibit-
ing the non-classical NF-«xB pathway.'** Thus, in-depth and
effective research studies on TRAF are required in the near
future. Moreover, Wnt5a could modulate the expression of
RANKL. To be more specific, miR-1260b in TNF-a pre-
conditioned-GMSC-derived exosomes specifically tar-
geted Wnt5a and JNK to suppress RANKL signaling
pathway as well as bone-resorbing activity.> Acting as the
specific markers of osteoclast differentiation, NFATc1 is
the most powerful transcription factor gene stimulated by
RANKIL23. Zhang C et al. confirmed that Inc-MALAT1
enriched in osteoblasts-exo promoted osteoclasts differen-
tiation by downregulating miR-124/NFATcl axis.”
Similarly, Guo S et al. found that driven by GATA4, miR-
206-3p suppressed osteoclast differentiation through tar-
geting the 3'UTR of NFATcl via exosomes.?? Exosomes
enriched with OPG are regarded as another strategy for
dampening osteoclastogenesis, because they are nature
inhibitors of RANKL, effectively blocking the interaction
between RANKL and rank.*

Researchers have recently revealed several new path-
ways of osteoblast-osteoclast crosstalk mediated by
exosomes. For instance, exosomal circ_0000722 activated
downstream AKT signaling pathways.’! Exosomal miR-
501-3p directly targeted the 3'UTR of PTEN gene to
inhibit its expression, leading to the subsequent activation
of PI3K/AKT signaling pathway.”” Mechanical force
upregulated the expression of ANXA3 protein in exosomes,
facilitating exosome internalization to activate the phos-
phorylation of ERK.'*® The activation of the above path-
ways, AKTand ERK, both triggers osteoclast differentiation
ultimately. Conversely, upregulating Wnt/B-catenin is
likely to negatively regulate osteoclastogenesis. Wang
Yet al. observed that exosomal miR-27a activated Wnt/p3-
catenin pathway by inhibiting the expression of dickkopf2
(DKK?2) in osteoclasts and osteoblasts. This reduced bone
resorption and enhanced bone formation simultaneously.*
Moreover, Wang X et al. confirmed the interaction between
upregulated ubiquitin specific peptidase 7 (USP7) in
exosomes and YAP1. The overexpressed YAP1 stimulated
the nuclear translocation of [B-catenin, thus activating
Whnt/B-catenin and inhibiting osteoclast activity.'** Hu CH
et al. shed light on a novel mechanism underlying sympa-
thetic regulation of osteoclasts via exosomes independent
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of RANKL. Sympathetic neuro-stress through the 31/2-
adrenergic receptor ($1/2-AR) signaling was found to trig-
ger the transfer of exosomal miR-21 from osteoblasts to
osteoclast progenitors for dictating osteoclastogenesis.'*
Another study demonstrated that miR-6924-5p directly
suppressed osteoclastogenesis via exosomes by binding to
3'UTR of OCSTAMP and CXCL12, which are known as
well-established regulators governing osteoclast func-
tion.”® These studies mentioned above suggest the multiple
possibilities for exosomes-mediated osteoclastogenesis.
In addition to the above signaling pathways (Figure 5),
m6A methylation is confirmed to be an effective strategy
for osteoclastogenesis as well. As an epigenetic modifica-
tion, it modulates a variety of essential functions of RNA.
Yang JG et al. found a strong correlation between m6A
methylation level of NFATc1 gene and osteoclast-induced
bone resorption. Specifically, METTL14 released by
exosomes could increase the m6A methylation level of
NFATcl1, which inhibited osteoclast bone absorption via
binding to functional site 4249 A.'* Similarly, this team
discovered in previous studies that circ_0008542 upregu-
lated target gene RANK in osteoclast through m6A meth-
ylation, to recruit osteoclast-mediated bone resorption.'#!

Constructive strategies of exo-
ncRNAs to bone healing

Most of purified exosomes lack strong bone-targeting
capacity, leading to the ease of their removal from the
body in a relatively short period.'*>'* Thus, exosomes
require proper constructive strategies to realize effective
targeted delivery and sustained release of bioactive sub-
stances.'* There are mainly two types of exosomes-medi-
ated bone-targeting constructive strategies, including
exosomes combined with biomaterials, and engineered
modification of exosomes (intracellular or extracellular
strategies; Figure 6).

Exosomes combined with biomaterials as
therapeutics

Although exosomes are verified to have a remarkable
capacity for tissue repair, exosomes are likely to be rapidly
scavenged in the circulatory system without vectors.'®
Various biomaterial scaffolds have become a feasible
option for carrying exosomes, because they allow the con-
trolled release of exosomes in a dose- and time-dependent
manner.'* Furthermore, as delivery vehicles of cells and
cytokines, biomaterials provide proper structural support
as well as biochemical clues, to enhance the biomechani-
cal properties of bones. #4143

Metallic orthopedic implants show superior biocompat-
ibility and mechanical properties, playing an important
role in the long-term therapeutics for bone healing.'** In
order to improve the osteo-inductivity, researchers attempt

Mechanical
stretch

Constructive
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petal e 0, Bioactive
and alloys ‘EH‘/ 9\ glass
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Synthetic polymers

Figure 6. Engineering modification of exosomes for bone
healing.

to develop novel therapeutic strategies for bone remode-
ling via altering the surface morphological topography of
biomaterials and developing biochemical coatings.!4>!40
For example, alkali- and heat-treated nano-topography is
able to stimulate osteogenic differentiation of MSCs by
inducing the secretion of pro-osteogenesis exosomes.'** In
another study, strontium (Sr) and highly bioactive serum
exosomes (sEXOs) were both integrated inside a
3D-printed Ti scaffold to enhance osteointegration.'!?
Nevertheless, a range of issues lead to unsatisfactory oste-
ogenic effects, including complex fabrication procedure
and failure in achieving functional diversification. In com-
parison, exosomes are enriched in proteins, cytokines,
which enable to induce complex and durable biological
reactions in vivo in a more safe, high-efficient and cost-
effective manner. Thus, the application of exosomes for
metallic osteo-implant surface modification is preferred
for osseointegration strategy. To achieve mild and stable
tethering of exosomes on Ti implants, Ge GR et al. com-
bined mussel-like molecular adhesion with bio-orthogonal
click conjugation. This novel surface decoration strategy
was confirmed to enhance the osteo-immunomodulatory
effect in diabetic patients.'*> The exosome-fibrin combina-
tion on the tantalum (Ta) coated surface can also substan-
tially activate osteogenesis, through modulating cell
adherence, proliferation, and osteogenic differentiation.
As is well-known, fibrin, a kind of reticular protein, pro-
vide initial substrate for fundamental cellular processes
including adhesion, proliferation and differentiation, dur-
ing tissue repair. In this research, fibrin functioned as the
binding site of exosomes, exerting excellent biological
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effects by effectively slowing down release of exosomes.
Moreover, compared with Ti-based surface, the negative
potential of Ta surface favors carrying exosomes as well.'*3
Except for fibrin, positively charged polyethyleneimine
can also immobilize exosomes to the implant surface. The
immobilized exosomes are then slowly released and
phagocytosed by BMSCs and macrophages.'?®

Currently, acting as delivery vectors, hydrogels are effi-
ciently used for bone defect healing. Hydrogels are a kind
of polymer networks, sharing similar properties to ECM
(such as excellent biocompatibility and superior biodegra-
dability'%®). Hydrogels can also carry and sustained release
cytokines, such as vascular endothelial growth factor A
(VEGF-A) and BMP-2 mRNAs, 4714 stromal cell derived
factor-1a, (SDF-1a),'>? etc. Compared with other biomate-
rials, hydrogels, especially injectable in situ forming
hydrogel systems, can help address the challenge of
exosomes-induced poor stability.'?! They offer a favorable
microenvironment for the storage and gradual adsorption
of exosomes, and achieve targeted transportation. For
example, injectable porous poly(lactide-co-glycolide)
(PLGA) microspheres with bioinspired polydopamine
(PDA) coating exhibited an effective adsorb and sustained
release of exosomes, which induce vascularized bone
regeneration.'® In order to achieve continuously deliver of
hypo-EVs in vivo, Deng JJ et al. manufactured an injecta-
ble bioactive hydrogel composed of poly(ethylene glycol)/
polypeptide copolymers. The injectable polypeptide-based
hydrogel exhibited a sol-gel transition with rising tempera-
ture. To be more specific, under the trigger of external con-
ditions, free-flowing sols are transformed into solid
hydrogels, serving as the depots for sustained release of
EVs after being injected into the sites of injury.'?! Different
from the aforementioned traditional hydrogels, hydrogel
microparticles (HMP) exhibited more outstanding injecta-
bility, allowing accurate injection at particular pathologi-
cal sites to achieve minimally invasive treatment.'>!
Moreover, HMP showed greater surface area, facilitating
extensive interactions with cells in a local environment.'
To enhance the adhesion of cells or exosomes, the surface
modification of hydrogels is a feasible strategy, mainly
modifying the surface with RGD (Arg-Gly-Asp) pep-
tides.' 153 As an efficient adhesion coating, PDA coating
is another proper approach for achieving efficient loading
and sustained release.'>* This is because after adsorbing on
a material surface, PDA is likely to form covalent and non-
covalent bonds.'”® Additionally, PDA can be rapidly
crosslinked to form a polymer, which stably adsorb bioac-
tive factors.!>

A wide variety of synthetic materials has been explored
for the fabrication of hydrogels. Gelatin methacrylate
(GelMA) hydrogels have become a broadly useful tool in
the field of orthopedic surgery.!®>!>¢ This is because
GelMA undergoes rapid photo-crosslinking due to the
methacrylation on the gelatin side chain.'®!2¢ GelMA can

also significantly improve cell adhesion, regulate cell via-
bility and promote cell proliferation.'® Nevertheless, pure
GelMA hydrogels exhibit poor mechanical performance
and rapid degradation rate.'”” Lu W et al. incorporated
hyaluronic acid methacrylate (HAMA) and nano-
hydroxyapatite (nHAP) into GeIMA hydrogel to reinforce
the degree of densification in fibril network.'’® LAP can
also improve the hydrogel mechanical properties by accel-
erating the gelation of polysaccharide matrices through
hydrogen bonds. And because of the rheology modifying
capabilities offered by LAP, the shape fidelity of 3D
printed GelMA/nanoclay composite hydrogel was signifi-
cantly enhanced.!>” 3D printed bi-layer GeIMA composite
scaffold was recently developed by Sun T et al. The upper
scaffold added black phosphorus (BP) in GelMA to obtain
arelatively lower elastic modulus, which was conducive to
the differentiation of MSCs into cartilage. While in the
lower scaffold, the addition of B-TCP significantly
enhanced the elastic modulus, conducive to the osteogenic
differentiation of MSCs.">® The addition of 3-(3,4-dihy-
droxyphenyl) propionic acid (CA) is another approach for
improving mechanical properties of hydrogels. This is
likely because catechol groups of CA could form a cross-
linking network between collagen molecules.'>® As an
essential component of ECM, hyaluronic acid (HA) is
regarded as tissue adhesive.'” HA hydrogels present
excellent tissue adhesion and exocrine sustained-release
effects.!?? Zhang Y et al. encapsulated exosomes in HA
hydrogel. Pore structures of nanohydroxyapatite/poly-e-
caprolactone (nHP) scaffolds were then filled with hydro-
gels. Excellent osteogenic effects were observed in the
cranial defects in rats.’> Zhao X et al. combined high-bio-
compatible F127 with o-nitrobenzyl alcohol-modified
hyaluronic acid (HA-NB). The novel F127/HA-NB hydro-
gel was verified with dense network structure, tissue adhe-
siveness, and dual sensitivity to temperature and light.'??
PEGylated poly (glycerol sebacate) acrylate (PEGS-A)
hydrogels are another type of widely used hydrogels, for
ensuring the integrity of exosomes and sensitive mRNAs,
to maximize the translational efficacy of the genetic mate-
rials inside.'*” Furthermore, exosomes combined with
other kinds of hydrogels show prior bone regeneration
ability, such as poly(D, L-lactide-co-glycolide)-b-
poly(ethylene  glycol)-b-poly(D,L-lactide-co-glycolide)
(PLGA-PEG-PLGA) hydrogel,'® polyethylene glycol
(PEG)/DNA hybrid hydrogel,''3 injectable chitosan hydro-
gel'®19! " chitosan/B-glycerophosphate hydrogel,'®? algi-
nate hydrogels,'> etc.

The structural innovation on hydrogels has attracted
much attention gradually. Hierarchical hydrogel containing
dual EVs has been fabricated recently.'> EVs-200b and
EVs-130b were loaded into a hierarchically injectable
hydrogel composed of PF-127 (outer layer) and SA (inner
layer), respectively. Effective amelioration on bone loss was
then verified.'> Mi Bet al. constructed a kind of cocktail
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therapy, regulating the balance between osteogenic-related
cells and macrophages. This injectable HA hydrogel system
allowed for specific delivery of engineered endothelial cell-
derived exosomes (EC-Exos™R26:-P) and APY29 (an IRE-
la inhibitor) for osteoblast/osteoclast and macrophage
regulation, respectively.'**

Except for metal implants and hydrogels, bioceram-
ics, 3101165 bipactive glass' can also be used for exosomes
vectors to promote osteogenesis, which represents a novel
and effective treatment option for the application of
exosomes. Sun YH et al. successfully constructed a 3D
printed  bioceramic-induced macrophage exosomes
(BC-Exos) scaffolds, with persistent release of exosomes
and distinct osteo-immunomodulatory effects. This is
because bioceramics alters the paracrine effects of BC-Exos
viaregulating exosomal miRNA cargos.'”! The mesoporous
bioactive glass (MBG) scaffold also achieved sustained
release of exosomes, because of their entrapment in the sur-
face microporosity of the scaffold.! Nonetheless, given the
complexity of the microenvironment in vivo, the intrinsic
instability of exosomes has not been improved in this mode
of binding, compared with hydrogels. Further exploration
is warranted for the combination of exosomes with bioma-
terials, so as to better understand the implications of
exosomes-based treatment.

Engineered modification of exosomes for
accelerated bone healing

Compared with natural exosomes, the modified ones
exhibit greater treatment efficiency and targeting func-
tions. This is mainly because modified exosomes are rich
in numerous exogeneous molecules, including nucleic
acids, proteins, etc.!*® In general, engineered modification
of exosomes broadly fall in two main categories, namely
intracellular modification (endogenous engineering strat-
egy) and extracellular modification (exogenous engineer-
ing strategy). Intracellular modification refers to modifying
parent cells before exosomes isolation, mainly including
genetic and physical manipulations. While extracellular
modification means functionalization of the nanoscale-
EVs after isolation, such as sonication,'®!¢7 electropora-
tion,'*” co-incubation,!¢#!%® etc. Table 6 summarizes
engineering modification of exosomes for bone healing,
including specific fabrication method, advantages, disad-
vantages and main applicable exosomal cargo.

Intracellular modification of exosomes. Intracellular modifica-
tion of exosomes is a kind of engineered strategy based on
parent cells, that is, modifying parent cells before the secre-
tion of exosomes. Genetic engineering strategy is one of the
most common modification approaches. With the assistance
of transgenic vectors (i.e. plasmid, liposome, lentiviral vec-
tors, etc.), target genes are transferred into cells. The addi-
tional functionalization of exosomes is then realized through

genetically manipulation on protein biosynthesis of targeted
cells.!5216%170 I the research of Huang CC et al and Li Fet
al, MSCs were transfected with BMP2-overexpressed lenti-
viral particles and liposome, respectively. Engineered
exosomes were then successfully manufactured with
enhanced osteo-inductive properties.'**!7® Similar prior
osteo-inductive capacity was discovered in engineered
exosomes derived from BMP2-overexpressed NIH-3T3 cell
lines.'*® The main reason is that BMP2 complementary
DNA (cDNA) was locally delivered to the defective bone
region, according to the cellular transcription mechanism,
which achieved the continuous production of BMP2 in
situ.'* However, a number of issues remain according to
this gene-based regulatory strategy, such as high cost, low
loading rate of exosomes.!”! In contrast, altering cells’ epi-
genetics through post-translational modifications has
become a more effective and safer alternative methods. This
is mainly due to epigenetic regulation only modulating the
transcriptional activity of the genome, instead of altering
nucleotide sequence.'”” As is well-known, histone plays an
essential role in modulating the structure of the chromatin
and modifying cell transcriptional activity. The histone dea-
cetylase (HDAC) inhibitor Trichostatin A (TSA) was used
to induce hyperacetylation, so as to augment osteoblast epi-
genetic functionality as well as the mineralization capacity
of exosomes,'”! because of the enrichment in pro-osteogenic
miRNAs and transcriptional regulating proteins.!®” Methyl-
ation is another essential epigenetic mechanism, which acti-
vates transcription by augmenting chromatin remodeling.'”
Epigenetic reprograming via synergistic hypomethylation
and hypoxia was demonstrated to improve the exosomal
efficiency on bone healing.!”?

Physical engineering strategy can also directly achieve
exosomal functionalization in a safe, low-cost and con-
venient manner.'” Specifically, after altering physical
forces and culture environment surrounding donor cells,
the types and content of exosomal cargo has significantly
changed. Cytokines or therapeutic factors that carried
increase, thus optimizing treatment efficiency.!3”!”3
Common physical approaches include mechanical stimu-
lation, 338 7LI3TIT4ITS - electroporation,'*”  low-intensity
pulsed ultrasound (LIPUS),'”* magnetic actuation,”*!”®
etc. Wang R et al. compared the elevated miRNAs in
PDLSCs-derived exosomes after tension stimulation with
the untreated ones. MiR-200 family were found to be
mechanoresponsive in exosomes.”® Cells stimulated by
tensile stress secreted exosomes enriched with vital mole-
cules in YAP/TAZ-Notch circuit, which was regarded as a
positive pro-osteogenic circuit.'”* The opposite phenome-
non was found in another research. Exosomes produced by
MVECs under clinorotation-unloading conditions pre-
vented MC3T3-E1 cells from differentiating into mature
osteoblasts.” Nevertheless, the production of stable
mechanical stimulation generally requires high-cost large
equipment. And difficult issues seem to be intractable,
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such as how to enable cells to receive consistent and large-
scale stimulation.'” Microfluidic-based mechanical
squeezing technique improves exosome secretion and real-
izes more precise physical stimulation by permeating cell
membrane.!” Employing cellular nano-electroporation
with track-etched membranes (TM-nanoEP) is also veri-
fied to be effective for allowing high loading of multiple
functional mRNAs (BMP2 and VEGFA) in abundant
exosomes.'”> What is more, exosomes secreted by hypoxia-
induced MSCs appear to be effective cell-free therapies
that facilitate bone regeneration. Compared with conven-
tional in vitro culture, (oxygen concentration remains
21%), when cells are exposed to oxygen concentration of
2%—8%, enhanced bone healing capacity are discovered,
for exosomes are enriched with more cytokines, pro-oste-
ogenic proteins,'”'” such as VEGF signals,'”® biglycan
(Bgn),"! high mobility group box 1 protein (HMGB1),'%
etc. Some other types of stimulation can also significantly
alter exosome cargo.'®! For example, hydrogen sulfide
(H,S) stimulated the high expression of moesin protein in
exosome, facilitating its endocytosis into MSCs to pro-
mote osteogenic differentiation.'?’ Metallic ions, such as
Zn** and Mg?*, can change the exosomal miRNAs to
drive osteogenesis.®!®?

Extracellular modification of exosomes. Extracellular modifi-
cation refers to direct loading cargo into isolated exosomes
through exogenous methods. The strategies include sonica-
tion,'* electroporation,’!'*® co-incubation,'®*!%® mechanical
extrusion,'®” direct EV membrane modification,’!#>-183-186
etc. Compared with the intracellular modification, the extra-
cellular ones significantly enhance the generation efficiency
of modified exosomes.

Among the widely-available exogenous engineering
strategies, sonication shows the highest loading effi-
ciency.”® According to this strategy, mechanical shear
force induced by ultrasonic probe damages the membrane
integrity of exosomes. And during the process of mem-
brane deformation, exogenous cargo are promoted to dis-
perse into exosomes, such as fusing CXCR4+ exosomes
with liposomes carrying antagomir-188,'®” combining
BMP2 with exosomes to develop e BMP2-EVs.!% The ther-
apeutic activity of modified exosomes, however, may be
impacted for the mechanical forces generated by ultrasound
can influence the integrity of exosomal membrane.'
Electroporation is also regarded as one of the most promis-
ing strategies, which aims to carrying nucleotides into the
isolated exosomes. With the high-intensity current in a
short period of time, the phospholipid layer of exosomes is
destroyed. After the diffusion of nucleotides into the inte-
rior of exosomes, membrane integrity is restored. In the
research of Cui YZ et al. , the exosomes were loaded with
siRNA of Shn3 through electroporation.” BMP2 was also
successfully loaded into exosomes with the assistance of
electroporation.'®® Co-incubating exosomes with genetic
modifier is a simple and inexpensive engineered strategy,

without destroying the integrity of exosomal membrane.
Gui LY et al. conjugated a bone-targeting peptide, (Asp-
Ser-Ser), (DSS),), onto the surface of ApoEVs by 2 h-incu-
bation with rotation at 37°C, to enhance the bone-targeting
ability of natural ApoEVs,'® miR-26a-5p was transferred
into exosomes via coculturing with CD9-HuR fusion pro-
tein.'®* Mechanical extrusion endows modified exosomes
with extra therapeutic effects, by encapsulating various
cargo (especially synthetic nanoparticles) into exosomes.
The mixture of exosomes and cargo can be achieved by
membrane deformation of exosomes.'%” Nevertheless, con-
tinuous mechanical extrusion makes it difficult to ensure
the stability of exosomal membrane, which is the major
limitation of mechanical extrusion.'3 Some novel strategies
have been gradually performed. For example, exosomes for
protein loading via optically reversible protein-protein
interactions (EXPLOR) is a powerful system for loading
proteins into exosomes based on optogenetics, which real-
izes the high-efficient loading of proteins in exosomes.
However, long-term safety and stability remains to be
clarified.'3¢

Direct EV membrane modification is considered as
another essential exogenous approach, realizing function-
alization of exosomes by taking different approaches (such
as clicking chemistry and hydrophobic interaction).
Compared with natural exosomes with poor retention,
engineered sEVs by direct EV membrane modification
endow them with tissue targeting ability.'®* Clicking chem-
istry connects the molecules on exosomal surface with
chemical bonds. To be more specific, it is a synthetic pro-
cess during which molecules are rapidly synthesized via
the splicing of small units.'"* Ge GR et al. combined bio-
mimetic peptides containing lysine and noncoding levo-
dopa (DOPA) with clicking reaction, to develop surface
modification strategy on Ti-based material. This guaran-
teed the stable adhesion on implant surfaces and high effi-
ciency of clicking reaction.' Nonetheless, such
bioconjugation is likely to impair functions of exosomes
by obscuring active sites of surface proteins. In this regard,
hydrophobic insertion appears to be a proper alternative.'®3
Hydrophobic interaction allows membrane modification
in a non-covalent fashion, without interfering with pro-
teins on the membrane and their biological functions. Cui
YZ et al. modified the bone-targeting peptide with a dia-
cyl-lipid tail, then it was successfully anchored onto the
exosome membrane through hydrophobic interaction.’
Similarly, “DMPE-PEG-CREKA” was fabricated firstly
and inserted into the membrane of sEVs with the assis-
tance of hydrophobic insertion. CREKA-sEVs were then
constructed to target fibrin to accumulate and retain in
situ.'® Moreover, 3-way junction (3WJ) RNA nanoparti-
cles can also be used for direct EV membrane modifica-
tion, for its size, shape, and stoichiometry can be precisely
regulated.'® And their properties (negatively charged and
hydrophilicity) avoided them from accumulating in vivo,
thereby reducing both immunogenicity and toxicity.'®
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Table 7. Clinical trials evaluating the effects of exosomes for treating bone healing.

Title Conditions Interventions Phase Status Outcome measures

Treatment of patients e Segmental fracture e Biological: MSCs Phase 1/2 Notyet e Adverse effects associated

with bone tissue e Bone loss enriched by EVs recruiting with the therapy

defects using MSCs e Standard treatment of e Percent of completely

enriched by EVs bone defects recovered patients with
segmental bone tissue
defects

Autogenous MSC e Bone loss, e Procedure: Maxillary ~ Phase /2 Notyet e Assessment of changes in

culture-derived osteoclastic sinus floor elevation recruiting bone density and quantity

Bone loss, Alveolar
Alveolar Bone Loss

signaling molecules
as enhancers of bone
formation in bone
grafting

grafting with synthetic .
bone substitute

Assessment of bone
quantity

e Presence of bone formation
markers

Clinical application and challenges of
exosomes for treating bone healing

Exosomes-related pre-clinical experiments has gradually
garnered the attention of researchers in recent decade. On
the basis of positive outcomes in previous mechanical
researches and animal studies, further exploration on clini-
cal experiments of exosomes is warranted. Actually, to
date, there have been few clinical trials evaluating the
application of exosomes during bone regeneration.

Exosome-based clinical trials for treating bone
healing

We accessed the ClinicalTrials.gov database on September
6, 2024 and searched for the term “bone” and “exosome or
extracellular vesicle.” Only two trials were found so as to
assess the impact of exosomes on bone healing (Table 7).
Both clinical trials are in the state of “Not yet recruiting.”
Of those, one aims to use MSCs enriched by EVs to treat
patients with bone tissue defects. The treatment efficacy
and safety are used as the final evaluation index. The other
one uses autogenous MSCs culture-derived signaling mol-
ecules as enhancers to evaluate bone density and quantity
in bone grafting.

Given the low number of clinical trials mentioned
above, we then searched for the term “disease” and “exo-
some or extracellular vesicle.” More than 300 trials are
listed on the website. However, a closer inspection reveals
that in most cases, exosomes are regarded as potential bio-
markers for the diagnosis of disease, including lung can-
cer, pancreatic cancer, liver cancer, Parkinson’s disease,
myocardial infarction, Crohn’s disease, etc. Only very few
of them applying exosomes as clinical therapeutic
approaches. In comparison, more clinical trials based on
stem cells, rather than exosomes, have been conducted,
such as transplantation of autologous stem cells for the
treatment of type 1 diabetes, ischemic cardiomyopathy,

inflammatory bowel disease, incurable neurological disor-
ders, etc.

Cell-based versus exosome-based therapies in
the field of regenerative medicine

Both cell-based and exosome-based therapies have
become an emerging strategy for personalize treatment
in the field of regenerative medicine. Since Terpos E
et al. first reported the therapeutic efficacy of autologous
stem cell for normalizing abnormal bone remodeling in
patients with multiple myeloma in 2004,'37 cell-based
therapies have been quickly initiated. The major reason
for the rapid rise of therapeutic strategy based on stem
cell is that the clinical application was both safe and well
tolerated without any adverse effects. Furthermore, high
efficiency of tissue repair and regeneration has been
observed.'8?

Some challenges, however, hinder its further clinical
application. First, the standardized large-scale production
of stem cells is hardly an achievable goal due to their
highly heterogenous, including donor age, donor gender,
tissue location, etc.'® Second, in vitro culture of stem cells
shows some degree of risk, such as chromosomal aberra-
tions and attenuated cell proliferation rate.'”® Third, long-
term in vivo safety still needs to be investigated through
further clinical trials.

Recently, exosome-based therapies have emerged as a
potential alternative strategy, characterized with high sta-
bility, strong targetability and non-immunogenicity.” They
have some salient advantages over cell-based therapies,
such as high bioactivity and safety of exosomes. Moreover,
the successful fabrication of engineered exosomes enables
tissue-specific delivery and controllable release of
drugs.!>'83 However, utilizing exosomes as bioactive ther-
apeutics is still in the stage of preliminary development.
Potential technical limitations and challenges must be
addressed, prior to clinical implementation.
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Potential technical limitations and challenges of
exosome-based therapies in clinical applications

During the development of clinical-grade exosomes, the
major obstacle appears to be the immature production
procedure, especially how to effectively purify clinical-
grade exosomes, for subtle molecular differences in indi-
vidual exosomes may ultimately contribute to significant
differences in biological functions.”!3%!85 Therefore,
there is an urgent need for developing good manufactur-
ing practice (GMP) guidance for producing exosomes.
What is more, prior to formal clinical use, further inves-
tigations are clearly warranted to address these following
issues. For instance, how to improve the therapeutic effi-
ciency mediated by the combination of biomaterial scaf-
folds and exosomes, how to ensure the stability and
safety of engineered exosomes, how to adjust the admin-
istration plan at any time in the whole treatment process,
etc. Overall, more-rigorous statistical methods and larger
patient population are required in future studies to deter-
mine the long-term clinical benefit of exosomes-based
treatment.

Another challenging issue is the optimization of EV iso-
lation approach, so as to obtain a sufficient quantity of
exosomes for clinical utility. The main isolation technique
currently, ultracentrifugation, presents limitation in main-
taining the integrity and improving the yield of exosomes.'*®
How to improve the yield of exosomes with high regenera-
tive ability is increasingly becoming an urgent issue that
needs to be properly addressed. It was found that the yield of
exosomes with plasmid DNA were significantly increased
by suppressing lysosome, which can be applied in the mass
production of plasmid DNA/exosome complexes.!”® Fan J
et al. reported a kind of strategy for achieving exosomes
with high yields, namely extrusion approach. Unlike the
conventional isolation approaches, this method is not only
convenient but also scalable.!® What is more, exosomes,
collected from MSCs with extrusion approach, exerted an
improved purity and increased concentration. Compared
with those complex and expensive technologies, Ma Y et al.
presented a clinically viable and scalable method to improve
the yield and efficiency of exosomes via cellular nano-elec-
troporation. In this approach, substantial quantities of small
EVs are generated containing therapeutic mRNAs and asso-
ciated miRNAs.'7 Artificial exosomes are regarded as
another strategy for extending production, which ensures in
vivo delivery of nucleic acids without immunogenic
responses.!!! Nevertheless, before incorporation into routine
clinical use, it is necessary to conduct clinical trials, in order
to fully evaluate the safety and efficiency of the strategies
mentioned above. Additionally, according to previous stud-
ies, exosomes show great deal of disparity in their functions
and cargos. Therefore, there is a growing need for develop-
ing more reliable and accurate assays, to help researchers

define the molecular composition of exosomes and the
genetic information they contain. This will facilitate the
development and fabrication of artificial exosomes, and fur-
ther elucidate the molecular mechanism by which exosomes
promote bone healing.

Conclusion and future perspectives

Exosomes have become an emerging cell-free therapy for
accelerating bone healing because of their high stability,
strong targeting and non-immunogenicity. As the mediators
of intercellular communication, exosomes deliver bioactive
substances (mainly ncRNAs) between cells to trigger bio-
logical responses in recipient cells. Recently, it has been
extensively studied and well-established that exo-ncRNAs
play a significant role in bone healing during the different
stages, including macrophage polarization, angiogenesis,
osteogenesis and osteoclastogenesis. Furthermore, exosomes
are beneficial for bone maintenance and healing when com-
bining with biomaterials or constructing engineered
exosomes based on endogenous or exogenous pathway.
These findings provide new research directions for treating
bone-related diseases.

Although our review shed light on a great potential for
exosome-based therapies toward bone defect repair, there
are still some critical issues that must be addressed: (i)
Technology optimization on the isolation and purification
of exosomes must be resolved, so as to realize reproduci-
ble large-scale production. Despite the commercialized
kits for isolating and purifying exosomes have been devel-
oped currently, high expense and low efficiency restricts
their clinical applications. (ii) Future studies should focus
on the comparison on exosomes from various cells of ori-
gin in vivo, in order to provide the optimal option for bone
healing. Furthermore, it is necessary to elucidate the whole
genetic information contained in exosomes, other than just
monofunctional molecules carried by exosomes. The next
step is to ascertain the specific substances in exosomes that
accelerating bone healing, and to develop engineered
exosomes with superior targeting properties. (iii) Novel
technologies are required to be developed for tracking in
vivo distribution of exosomes. To be more specific, further
in vivo studies are needed to experimentally identify
whether exosomes accumulate in nontarget organs and
result in adverse side effects.

While much work remains to be done before exosomes
being employed in formal clinical applications, their posi-
tive role in bone healing provides us with new perspectives
on the treatment of bone related diseases. Taken together,
it is reasonable to believe that with the rapid and intensive
technology development across biology, medicine and
materials science, clinical application of exosome driving
bone healing will become of broader use, after resolving
these issues.



24

Journal of Tissue Engineering

Abbreviations

ADSCs: adipose-derived stem cells; AEs: artificial exosomes;
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marrow mesenchymal stem cells; cDNA: complementary DNA;
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acid; HAMA: hyaluronic acid methacrylate; HDAC: histone dea-
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human umbilical vein endothelial cells; H2S: hydrogen sulfide;
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kinase 1/2; LNPs: lipid nanoparticles; LRP4: lipoprotein related
protein 4; IncRNAs: long ncRNAs; LIPUS: low-intensity pulsed
ultrasound; MSCs: mesenchymal stem cells; MIF: migration
inhibitory factor; MVB: multivesicular body; ncRNA: non-cod-
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nuclear factor kappa B; PDA: polydopamine; PEG: polyethylene
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PLGA: poly(lactide-co-glycolide); SIK2 and SIK3: salt-induci-
ble kinase 2 and 3; SC Exo: schwann cell-derived exosomes;
SDF-1a.: stromal cell derived factor-la; sEXOs: serum
exosomes; SLIT3: slit guidance ligand 3; sncRNAs: small ncR-
NAs; SM: static magnetic feld; Sr: strontium; SPEEK: sulfonated
polyetheretherketone; Ta: tantalum; TA: tannic acid; TBI: trau-
matic brain injury; TPEEK: tannic acid-modified polyetherether-
ketone; TGF-f: transforming growth factor-f3; TSA: Trichostatin
A; Traf: tumor necrosis factor receptor-associated factor; USP7:
ubiquitin specific peptidase 7, VEGF-A: vascular endothelial
growth factor A; $1/2-AR: $1/2-adrenergic receptor; B-TCP: B-
tricalcium phosphate; 3W1J: 3-way junction

CRediT authorship contribution statement

Huixin Shi: Writing—review & editing, Writing—original draft,
Validation, Data curation, Conceptualization. Yang Yang:
Writing—review & editing, Writing—original draft, Data cura-
tion. Hao Xing: Writing—review & editing, Writing—original
draft, Data curation, Conceptualization. Jialin Jia: Writing—
review & editing, Writing—original draft, Data curation,
Conceptualization. Wei Xiong: Writing—review & editing,
Supervision, Conceptualization. Shu Guo: Writing—review &
editing, Supervision, Conceptualization. Shude Yang: Writing—
review & editing, Supervision, Conceptualization.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this arti-
cle.and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was funded by Project of Liaoning Xingliao Talents
Plan (XLYC2002103). Basic applied research program of Living

Province of China (No0.202220347-JH2/1013). All authors
reviewed and approved the final manuscript before submission.

ORCID iD

Shude Yang https://orcid.org/0000-0002-5562-6014

Data availability
Not applicable.

References

1. Liu A, Lin D, Zhao H, et al. Optimized BMSC-derived
osteoinductive exosomes immobilized in hierarchical
scaffold via lyophilization for bone repair through Bmpr2/
Acvr2b competitive receptor-activated Smad pathway.
Biomaterials 2021; 272: 120718.

2. Colletti M, Tomao L, Galardi A, et al. Neuroblastoma-
secreted exosomes carrying miR-375 promote osteogenic
differentiation of bone-marrow mesenchymal stromal
cells. J Extracell Vesicles 2020; 9(1): 1774144.

3. Nakao Y, Fukuda T, Zhang Q, et al. Exosomes from TNF-
a-treated human gingiva-derived MSCs enhance M2 mac-
rophage polarization and inhibit periodontal bone loss.
Acta Biomater 2021; 122: 306-324.

4. ChenY,WuY, Guo L, et al. Exosomal Inc NEAT1 from
endothelial cells promote bone regeneration by regulat-
ing macrophage polarization via DDX3X/NLRP3 axis.
Nanobiotechnol 2023; 21(1): 98.

5. Yang W, Zhu W, Yang Y, et al. Exosomal miR-100-5p
inhibits osteogenesis of hBMSCs and angiogenesis of
HUVECs by suppressing the BMPR2/Smad1/5/9 signal-
ling pathway. Stem Cell Res Ther 2021; 12(1): 390.

6. Wang N, Liu X, Tang Z, et al. Increased BMSC exoso-
mal miR-140-3p alleviates bone degradation and promotes
bone restoration by targeting plxnbl in diabetic rats. J
Nanobiotechnol 2022; 20(1): 97.

7. CuiY, Guo Y, Kong L, et al. A bone-targeted engineered
exosome platform delivering siRNA to treat osteoporosis.
Bioact Mater 2022; 10: 207-221.

8. Yin S, Lin S, Xu J, et al. Dominoes with interlocking con-
sequences triggered by zinc: involvement of microelement-
stimulated MSC-derived exosomes in senile osteogenesis
and osteoclast dialogue. Nanobiotechnol 2023; 21(1): 346.

9. LiY, Wang X, Pan C, et al. Myoblast-derived exosomal
prrx2 attenuates osteoporosis via transcriptional regula-
tion of IncRNA-MIR22HG to activate Hippo pathway.
Mol Med 2023; 29(1): 54.

10. Zhi F, Ding Y, Wang R, et al. Correction: exosomal hsa_
circ_0006859 is a potential biomarker for postmenopausal
osteoporosis and enhances adipogenic versus osteogenic
differentiation in human bone marrow mesenchymal stem
cells by sponging miR-431-5p. Stem Cell Res Ther 2022;
13(1): 381.

11. Luo X, Meng C, Zhang Y, et al. MicroRNA-21a-5p-
modified macrophage exosomes as natural nanocarriers
promote bone regeneration by targeting GATA2. Regen
Biomater 2023; 10: rbad075.

12.  Caplan H, Olson SD, Kumar A, et al. Mesenchymal stro-
mal cell therapeutic delivery: translational challenges to
clinical application. Front Immunol 2019; 10: 1645.


https://orcid.org/0000-0002-5562-6014

Shi et al.

25

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Li M, Fang F, Sun M, et al. Extracellular vesicles as bio-
active nanotherapeutics: an emerging paradigm for regen-
erative medicine. Theranostics 2022; 12(11): 4879-4903.
Nagelkerke A, Ojansivu M, van der Koog L, et al.
Extracellular vesicles for tissue repair and regeneration:
evidence, challenges and opportunities. Adv Drug Deliv
Rev 2021; 175: 113775.

Pu P, Wu S, Zhang K, et al. Mechanical force induces
macrophage-derived exosomal UCHL3 promoting bone
marrow mesenchymal stem cell osteogenesis by targeting
SMADI1. Nanobiotechnol 2023; 21(1): 88.

Fan J, Lee CS, Kim S, et al. Generation of small RNA-
modulated exosome mimetics for bone regeneration. 4CS
Nano 2020; 14(9): 11973-11984.

Cao Z, Wu Y, Yu L, et al. Exosomal miR-335 derived
from mature dendritic cells enhanced mesenchymal
stem cell-mediated bone regeneration of bone defects in
athymic rats. Mol Med 2021; 27(1): 20.

Nan K, Zhang Y, Zhang X, et al. Exosomes from miRNA-
378-modified adipose-derived stem cells prevent gluco-
corticoid-induced osteonecrosis of the femoral head by
enhancing angiogenesis and osteogenesis via targeting
miR-378 negatively regulated suppressor of fused (Sufu).
Stem Cell Res Ther 2021; 12(1): 331.

Li Z, Li Q, Tong K, et al. BMSC-derived exosomes pro-
mote tendon-bone healing after anterior cruciate ligament
reconstruction by regulating M1/M2 macrophage polari-
zation in rats. Stem Cell Res Ther 2022; 13(1): 295.
Zhang L, Ouyang P, He G, et al. Exosomes from micro-
RNA-126 overexpressing mesenchymal stem cells pro-
mote angiogenesis by targeting the PIK3R2-mediated
PI3K/Akt signalling pathway. J Cell Mol Med 2021;
25(4): 2148-2162.

Xia W, Xie J, Cai Z, et al. Damaged brain accelerates bone
healing by releasing small extracellular vesicles that target
osteoprogenitors. Nat Commun 2021; 12(1): 6043.

Guo S, Gu J, Ma J, et al. GATA4-driven miR-206-3p sig-
natures control orofacial bone development by regulating
osteogenic and osteoclastic activity. Theranostics 2021,
11(17): 8379-8395.

Pan BT and Johnstone RM. Fate of the transferrin receptor
during maturation of sheep reticulocytes in vitro: selective
externalization of the receptor. Cel/ 1983; 33(3): 967-978.
Ratajczak J, Miekus K, Kucia M, et al. Embryonic stem
cell-derived microvesicles reprogram hematopoietic pro-
genitors: evidence for horizontal transfer of mRNA and
protein delivery. Leukemia 2006; 20(5): 847—856.
Robbins PD and Morelli AE. Regulation of immune
responses by extracellular vesicles. Nat Rev Immunol
2014; 14(3): 195-208.

Peinado H, Aleckovi¢ M, Lavotshkin S, et al. Melanoma
exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET. Nat Med 2012;
18(6): 883-891.

Zou J, Yang W, Cui W, et al. Therapeutic potential
and mechanisms of mesenchymal stem cell-derived
exosomes as bioactive materials in tendon-bone healing.
Nanobiotechnol 2023; 21(1): 14.

Latifkar A, Hur YH, Sanchez JC, et al. New insights into
extracellular vesicle biogenesis and function. J Cell Sci
2019; 132(13): jes222406.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Huang X, Lan Y, Shen J, et al. Extracellular vesicles in
bone homeostasis: emerging mediators of osteoimmune
interactions and promising therapeutic targets. Int J Biol
Sci 2022; 18(10): 4088-4100.

Zhou C, Zhang B, Yang Y, et al. Stem cell-derived
exosomes: emerging therapeutic opportunities for wound
healing. Stem Cell Res Ther 2023; 14(1): 107.

Wang P, Shao W, Li Z, et al. Non-bone-derived exosomes:
a new perspective on regulators of bone homeostasis. Cell
Commun Signal 2024, 22(1): 70.

Li C, Ni YQ, Xu H, et al. Roles and mechanisms of exo-
somal non-coding RNAs in human health and diseases.
Signal Transduct Target Ther 2021; 6(1): 383.

Ren YZ, Ding SS, Jiang YP, et al. Application of exo-
some-derived noncoding RNAs in bone regeneration:
opportunities and challenges. World J Stem Cells 2022;
14(7): 473-489.

Mazziotta C, Badiale G, Cervellera CF, et al. Regulatory
mechanisms of circular RNAs during human mesenchy-
mal stem cell osteogenic differentiation. Theranostics
2024; 14(1): 143-158.

Zeng X, Dong Q, Liu Q, et al. LncRNA HOTTIP facilitates
osteogenic differentiation in bone marrow mesenchymal
stem cells and induces angiogenesis via interacting with
TAF15 to stabilize DLX2. Exp Cell Res 2022; 417(2):
113226.

BeheralJ, Kumar A, Voor MJ, etal. Exosomal IncRNA-H19
promotes osteogenesis and angiogenesis through mediat-
ing Angptl/Tie2-NO signaling in CBS-heterozygous
mice. Theranostics 2021; 11(16): 7715-7734.

Wang Y, Liu Q and Wang F. Potential roles of exosome
non-coding RNAs in cancer chemoresistance (review).
Oncol Rep 2021; 45(2): 439—447.

Kuang H, Ma J, Chi X, et al. Integrated osteoinductive
Factors—Exosome@MicroRNA-26a hydrogel enhances
bone regeneration. ACS App! Mater Interfaces 2023;
15(19): 22805-22816.

Ma S, Li S, Zhang Y, et al. BMSC-Derived exoso-
mal CircHIPK3 promotes osteogenic differentiation of
MC3T3-E1 cells via mitophagy. Int J Mol Sci 2023; 24(3):
2785.

Tian J, Chen W, Xiong Y, et al. Small extracellular vesi-
cles derived from hypoxic preconditioned dental pulp
stem cells ameliorate inflammatory osteolysis by modu-
lating macrophage polarization and osteoclastogenesis.
Bioact Mater 2023; 22: 326-342.

Zhang P, Wu P, Khan UZ, et al. Exosomes derived from
LPS-preconditioned bone marrow-derived MSC modulate
macrophage plasticity to promote allograft survival via the
NF-kB/NLRP3 signaling pathway. Nanobiotechnol 2023;
21(1): 332.

LiR, Li D, Wang H, et al. Exosomes from adipose-derived
stem cells regulate M1/M2 macrophage phenotypic polar-
ization to promote bone healing via miR-451a/MIF. Stem
Cell Res Ther 2022; 13(1): 149.

Fan L, Guan P, Xiao C, et al. Exosome-functionalized
polyetheretherketone-based implant with immunomodu-
latory property for enhancing osseointegration. Bioact
Mater 2021; 6(9): 2754-2766.

Liu W, Yu M, Chen F, et al. A novel delivery nanobio-
technology: engineered miR-181b exosomes improved



26

Journal of Tissue Engineering

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

osteointegration by regulating macrophage polarization.
Nanobiotechnol 2021; 19(1): 269.

Liu S, Liu W, Yang Q, et al. Non-Coding-RNA-Activated
core/chitosan shell nanounits coated with polyetherether-
ketone for promoting bone regeneration and osseointegra-
tion via osteoimmunology. ACS Appl Mater Interfaces
2023; 15(10): 12653-12668.

Chen L, Xiong Y, Hu Y, et al. Regulatory T cell-exosomal
miR-142-3p promotes angiogenesis and osteogenesis via
TGFBR1/SMAD?2 inhibition to accelerate fracture repair.
Chem Eng J2022; 427: 131419.

Zhuang Y, Cheng M, Li M, et al. Small extracellular
vesicles derived from hypoxic mesenchymal stem cells
promote vascularized bone regeneration through the miR-
210-3p/EFNA3/PI3K pathway. Acta Biomater 2022; 150:
413-426.

Fang S, Liu Z, Wu S, et al. Pro-angiognetic and pro-osteo-
genic effects of human umbilical cord mesenchymal stem
cell-derived exosomal miR-21-5p in osteonecrosis of the
femoral head. Cell Death Discov 2022; 8(1): 226.

Hu H, Zhang H, Bu Z, et al. Small extracellular vesicles
released from Bioglass/Hydrogel Scaffold promote vascu-
larized bone regeneration by transferring miR-23a-3p. Int
J Nanomedicine 2022; 17: 6201-6220.

LiuP, Qin L, Liu C, et al. Exosomes derived from hypoxia-
conditioned stem cells of human deciduous exfoliated
teeth enhance angiogenesis via the transfer of let-7f-5p
and miR-210-3p. Front Cell Dev Biol 2022; 10: 879877.
Wang X, Li X, Li J, et al. Mechanical loading stimulates
bone angiogenesis through enhancing type H vessel for-
mation and downregulating exosomal miR-214-3p from
bone marrow-derived mesenchymal stem cells. FASEB J
2021; 35(1): e21150.

Zhang Y, Xie Y, Hao Z, et al. Umbilical mesenchymal
stem cell-derived exosome-encapsulated hydrogels accel-
erate bone repair by enhancing angiogenesis. ACS App!
Mater Interfaces 2021; 13(16): 18472—18487.

LiuL, YuF, Li L, et al. Bone marrow stromal cells stimu-
lated by strontium-substituted calcium silicate ceramics:
release of exosomal miR-146a regulates osteogenesis and
angiogenesis. Acta Biomater 2021; 119: 444-457.

Yang S, Guo S, Tong S, et al. Exosomal miR-130a-3p
regulates osteogenic differentiation of human adipose-
derived stem cells through mediating SIRT7/Wnt/3-
catenin axis. Cell Prolif 2020; 53(10): €12890.

Yao C, Sun J, Luo W, et al. Down-expression of miR-
494-3p in senescent osteocyte-derived exosomes inhibits
osteogenesis and accelerates age-related bone loss via
PTEN/PI3K/AKT pathway. Bone Jt Res 2024; 13(2): 52—
65.

Li H, Wang J, Xie X, et al. Exosome-derived miR-
S5p-72106_14 in vascular endothelial cells regulates fate
determination of BMSCs. Toxicol Appl Pharmacol 2024;
482: 116793.

Hao L, Huang S, Huang T, et al. Bone targeting miR-26a
loaded exosome-mimetics for bone regeneration therapy
by activating Wnt signaling pathway. Chem Eng J 2023;
471: 144594,

Wang R, Liao L, Huang X, et al. Mechano-responsive
microRNA-functionalized PDLSC exosomes as a novel

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

therapeutic for inflammatory bone loss in periodontitis.
Chem Eng J 2023; 458: 141488.

Zhu Q, Tang Y, Zhou T, et al. Exosomes derived from
mesenchymal stromal cells promote bone regeneration by
delivering miR-182-5p-inhibitor. Pharmacol Res 2023;
192: 106798.

Pan L, Zhang C, Zhang H, et al. Osteoclast-derived
exosomal miR-5134-5p interferes with alveolar bone
homeostasis by targeting the JAK2/STAT3 Axis. Int J
Nanomedicine 2023; 18: 3727-3744.

XuN, Cui G, Zhao S, et al. Therapeutic effects of mechan-
ical stress-induced c2c12-derived exosomes on glucocor-
ticoid-induced osteoporosis through miR-92a-3p/PTEN/
AKT signaling pathway. Int J Nanomedicine 2023; 18:
7583-7603.

Li Z, Zhang B, Shang J, et al. Diabetic and nondiabetic
BMSC-derived exosomes affect bone regeneration via reg-
ulating miR-17-5p/SMAD?7 axis. Int Immunopharmacol
2023; 125(Pt B): 111190.

LiuJ,SunZ, You Y, et al. M2 macrophage-derived exoso-
mal miR-486-5p influences the differentiation potential of
bone marrow mesenchymal stem cells and osteoporosis.
Aging 2023; 15(18): 9499-9520.

Huang C, Zhao L, Xiao Y, et al. M2 macrophage-derived
exosomes carry miR-142-3p to restore the differentiation
balance of irradiated BMMSCs by targeting TGF-f1. Mol
Cell Biochem 2024; 479(4): 993-1010.

Li F, Zhao X, Zhang Y, et al. Exosomal circFAM63Bsup-
presses bone regeneration of postmenopausal osteoporosis
via regulating miR-578/HMGA2 axis. J Orthop Res 2024;
42(6): 1244-1253.

Su H, Yang Y, Lv W, et al. Bone marrow mesenchymal
stem cell-derived exosomal microRNA-382 promotes
osteogenesis in osteoblast via regulation of SLIT2. J
Orthop Surg Res 2023; 18(1): 185.

LanY, Xie H, Jin Q, et al. Extracellular vesicles derived from
neural EGFL-Like 1-modified mesenchymal stem cells
improve acellular bone regeneration via the miR-25-5p-
SMAD?2 signaling axis. Bioact Mater 2022; 17: 457-470.
Yan C, Li N, Xiao T, et al. Extracellular vesicles from the
inflammatory microenvironment regulate the osteogenic
and odontogenic differentiation of periodontal ligament
stem cells by miR-758-5p/LMBR1/BMP2/4 axis. J Transl
Med 2022; 20(1): 208.

Tang Y, Sun Y, Zeng J, et al. Exosomal miR-140-5p
inhibits osteogenesis by targeting IGFIR and regulating
the mTOR pathway in ossification of the posterior longi-
tudinal ligament. J Nanobiotechnol 2022; 20(1): 452.

Li W, Li L, Cui R, et al. Bone marrow mesenchymal stem
cells derived exosomal Inc TUG1 promotes bone fracture
recovery via miR-22-5p/Anxa8 axis. Hum Cell 2023;
36(3): 1041-1053.

Zhang X, Zhang L, Xu L, et al. Exosomes from microvas-
cular endothelial cells under mechanical unloading inhibit
osteogenic differentiation via miR-92b-3p/ELK4 Axis. J
Pers Med 2022; 12(12): 2030.

Kim DK, Bandara G, Cho YE, et al. Mastocytosis-derived
extracellular vesicles deliver miR-23a and miR-30a into
pre-osteoblasts and prevent osteoblastogenesis and bone
formation. Nat Commun 2021; 12(1): 2527.



Shi et al.

27

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Huang Y, Xu Y, Feng S, et al. miR-19b enhances oste-
ogenic differentiation of mesenchymal stem cells and
promotes fracture healing through the WWP1/Smurf2-
mediated KLF5/B-catenin signaling pathway. Exp Mol
Med 2021; 53(5): 973-985.

Wu D, Chang X, Tian J, et al. Correction: Bone mesenchy-
mal stem cells stimulation by magnetic nanoparticles and
a static magnetic field: release of exosomal miR-1260a
improves osteogenesis and angiogenesis. Nanobiotechnol
2023; 21(1): 209.

Zhang D, Wu Y, Li Z, et al. miR-144-5p, an exosomal
miRNA from bone marrow-derived macrophage in type
2 diabetes, impairs bone fracture healing via targeting
smadl. Nanobiotechnol 2021; 19(1): 226.

Hu H, Wang D, Li L, et al. Role of microRNA-335 carried
by bone marrow mesenchymal stem cells-derived extra-
cellular vesicles in bone fracture recovery. Cell Death Dis
2021; 12(2): 156.

Liang M, Yin X, Zhang S, et al. Osteoclast-derived small
extracellular vesicles induce osteogenic differentiation via
inhibiting ARHGAP1. Mol Ther Nucleic Acids 2021; 23:
1191-1203.

Kuang MJ, Zhang KH, Qiu J, et al. Exosomal miR-
365a-5p derived from HUC-mscs regulates osteogenesis
in GIONFH through the Hippo signaling pathway. Mol
Ther Nucleic Acids 2021; 23: 565-576.

Zhang Y, Cao X, Li P, et al. microRNA-935-modified
bone marrow mesenchymal stem cells-derived exosomes
enhance osteoblast proliferation and differentiation in
osteoporotic rats. Life Sci 2021; 272: 119204.

Duan DY, Tang J, Tian HT, et al. Adipocyte-secreted
microvesicle-derived miR-148a regulates adipogenic and
osteogenic differentiation by targeting Wnt5a/Ror2 path-
way. Life Sci 2021; 278: 119548.

Li X, Chen R, Li Y, et al. miR-27a-5p-Abundant small
extracellular vesicles derived from epimedium-precondi-
tioned bone mesenchymal stem cells stimulate osteogen-
esis by targeting atgdb-mediated autophagy. Front Cell
Dev Biol 2021; 9: 642646.

Huang Y, Zhang X, Zhan J, et al. Bone marrow mesenchy-
mal stem cell-derived exosomal miR-206 promotes osteo-
blast proliferation and differentiation in osteoarthritis by
reducing elf3. J Cell Mol Med 2021; 25(16): 7734-7745.
Li Z, Wang Y, Li S, et al. Exosomes derived from M2
macrophages facilitate osteogenesis and reduce adipogen-
esis of BMSCs. Front Endocrinol 2021; 12: 680328.

Wei Y, Ma H, Zhou H, et al. miR-424-5p shuttled by bone
marrow stem cells-derived exosomes attenuates osteogen-
esis via regulating WIF1-mediated Wnt/B-catenin axis.
Aging 2021; 13(13): 17190-17201.

Yu H, Zhang J, Liu X, et al. microRNA-136-5p from
bone marrow mesenchymal stem cell-derived exosomes
facilitates fracture healing by targeting LRP4 to activate
the Wnt/B-catenin pathway. Bone Jt Res 2021; 10(12):
744-758.

Yu L, Hu M, Cui X, et al. M1 macrophage-derived
exosomes aggravate bone loss in postmenopausal osteo-
porosis via a microRNA-98/DUSP1/INK axis. Cell Biol
Int 2021; 45(12): 2452-2463.

Zhu'Y, Zhao S, Cheng L, et al. Mg?*-mediated autophagy-
dependent polarization of macrophages mediates the

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

osteogenesis of bone marrow stromal stem cells by inter-
fering with macrophage-derived exosomes containing
miR-381. J Orthop Res 2022; 40(7): 1563—1576.

Xiong Y, Chen L, Yan C, et al. M2 macrophagy-derived
exosomal miRNA-5106 induces bone mesenchymal
stem cells towards osteoblastic fate by targeting salt-
inducible kinase 2 and 3. J Nanobiotechnol 2020;
18(1): 66.

Xu T, Luo Y, Wang J, et al. Exosomal miRNA-128-3p
from mesenchymal stem cells of aged rats regulates osteo-
genesis and bone fracture healing by targeting Smad5. J
Nanobiotechnol 2020; 18(1): 47.

Zhuang XM and Zhou B. Exosome secreted by human
gingival fibroblasts in radiation therapy inhibits osteo-
genic differentiation of bone mesenchymal stem cells by
transferring miR-23a. Biomed Pharmacother 2020; 131:
110672.

Xie L, Ren X, Yang Z, et al. Exosomal circ 0000722
derived from periodontal ligament stem cells undergoing
osteogenic differentiation promotes osteoclastogenesis.
Int Immunopharmacol 2024; 128: 111520.

Pan B, Zhang Z, Wu X, et al. Macrophage-derived
exosomes modulate wear particle-induced osteolysis via
miR-3470b targeting TAB3/NF-«B signaling. Bioact
Mater 2023; 26: 181-193.

Zhang C, Pan L, Zhang H, et al. Osteoblasts-derived exo-
somal IncRNA-MALATI1 promotes osteoclastogenesis
by targeting the miR-124/NFATc]1 signaling axis in bone
marrow-derived macrophages. Int J Nanomedicine 2023;
18: 781-795.

Wang Y, Zhou X and Wang D. Mesenchymal stem cell-
derived extracellular vesicles inhibit osteoporosis via
MicroRNA-27a-induced inhibition of DKK2-mediated
Wnt/B-catenin pathway. Inflammation 2022; 45(2): 780—
799.

Lee KS, Lee J, Kim HK, et al. Extracellular vesicles from
adipose tissue-derived stem cells alleviate osteoporo-
sis through osteoprotegerin and miR-21-5p. J Extracell
Vesicles 2021; 10(12): e12152.

Feng W, Jin Q, Ming-Yu Y, et al. MiR-6924-5p-rich
exosomes derived from genetically modified scleraxis-
overexpressing PDGFRa(+) BMMSCs as novel nano-
therapeutics for treating osteolysis during tendon-bone
healing and improving healing strength. Biomaterials
2021; 279: 121242.

Lin L, Wang H, Guo W, et al. Osteosarcoma-derived
exosomal miR-501-3p promotes osteoclastogenesis and
aggravates bone loss. Cell Signal 2021; 82: 109935.

Lu T, Liu Y, Huang X, et al. Early-responsive immu-
noregulation therapy improved microenvironment for
bone regeneration via engineered extracellular vesicles.
Adv Healthc Mater 2024; 13(11): e230368]1.

Wang Y, Lin Q, Zhang H, et al. M2 macrophage-
derived exosomes promote diabetic fracture healing by
acting as an immunomodulator. Bioact Mater 2023; 28:
273-283.

Hao Z, Ren L, Zhang Z, et al. A multifunctional neuromod-
ulation platform utilizing Schwann cell-derived exosomes
orchestrates bone microenvironment via immunomodula-
tion, angiogenesis and osteogenesis. Bioact Mater 2023;
23:206-222.



28

Journal of Tissue Engineering

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Sun Y, Zhang B, Zhai D, et al. Three-dimensional print-
ing of bioceramic-induced macrophage exosomes: immu-
nomodulation and osteogenesis/angiogenesis. NPG Asia
Mater 2021; 13(1): 72.

Lin Z, Xiong Y, Meng W, et al. Exosomal PD-L1 induces
osteogenic differentiation and promotes fracture healing
by acting as an immunosuppressant. Bioact Mater 2022;
13:300-311.

Zhang X, Shi H, Yuan X, et al. Tumor-derived exosomes
induce N2 polarization of neutrophils to promote gastric
cancer cell migration. Mol Cancer 2018; 17(1): 146.
Shang A, Gu C, Zhou C, et al. Exosomal KRAS mutation
promotes the formation of tumor-associated neutrophil
extracellular traps and causes deterioration of colorectal
cancer by inducing IL-8 expression. Cell Commun Signal
2020; 18(1): 52.

Cheng P, Cao T, Zhao X, et al. Nidogen1-enriched extra-
cellular vesicles accelerate angiogenesis and bone regen-
eration by targeting myosin-10 to regulate endothelial cell
adhesion. Bioact Mater 2022; 12: 185-197.

Lu W, Zeng M, Liu W, et al. Human urine-derived stem
cell exosomes delivered via injectable GeIMA templated
hydrogel accelerate bone regeneration. Mater Today Bio
2023; 19: 100569.

Xiang X, Pathak JL, Wu W, et al. Human serum-derived
exosomes modulate macrophage inflammation to promote
VCAMI1-mediated angiogenesis and bone regeneration. J
Cell Mol Med 2023; 27(8): 1131-1143.

Gao Y, Yuan Z, Yuan X, et al. Bioinspired porous micro-
spheres for sustained hypoxic exosomes release and vas-
cularized bone regeneration. Bioact Mater 2022; 14:
377-388.

Zheng G, Ma HW, Xiang GH, et al. Bone-targeting deliv-
ery of platelet lysate exosomes ameliorates glucocorticoid-
induced osteoporosis by enhancing bone-vessel coupling.
Nanobiotechnol 2022; 20(1): 220.

Zhang L, Jiao G, Ren S, et al. Exosomes from bone mar-
row mesenchymal stem cells enhance fracture healing
through the promotion of osteogenesis and angiogenesis
in a rat model of nonunion. Stem Cell Res Ther 2020;
11(1): 38.

Aday S, Hazan-Halevy I, Chamorro-Jorganes A, et al.
Bioinspired artificial exosomes based on lipid nanoparti-
cles carrying let-7b-5p promote angiogenesis in vitro and
in vivo. Mol Ther 2021; 29(7): 2239-2252.

Liu H, Gu R, Li W, et al. Engineering 3D-Printed stron-
tium-titanium scaffold-integrated highly bioactive serum
exosomes for critical bone defects by osteogenesis and
angiogenesis. ACS Appl Mater Interfaces 2023; 15(23):
27486-27501.

Jing X, Wang S, Tang H, et al. Dynamically bioresponsive
DNA hydrogel incorporated with dual-functional stem
cells from apical papilla-derived exosomes promotes dia-
betic bone regeneration. ACS Appl Mater Interfaces 2022;
14(14): 16082—-16099.

Liao F, Liao Z, Zhang T, et al. ECFC-derived exosomal
THBS1 mediates angiogenesis and osteogenesis in dis-
traction osteogenesis via the PI3K/AKT/ERK pathway. J
Orthop Translat 2022; 37: 12-22.

Gao W, Deng J, Ren J, et al. 3D-printed hydroxyapatite
(HA) scaffolds combined with exos from BMSCs cultured

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

in 3D HA scaffolds to repair bone defects. Compos B Eng
2022; 247: 110315.

Huang H, Ma S, Xing X, et al. Muscle-derived extracel-
lular vesicles improve disuse-induced osteoporosis by
rebalancing bone formation and bone resorption. Acta
Biomater 2023; 157: 609—624.

Huang H, Feng X, Feng Y, et al. Bone-targeting
HUVEC-Derived exosomes containing miR-503-5p for
osteoporosis therapy. ACS Appl Nano Mater 2024; 7(1):
1156-1169.

Wang D, Liu Y, Diao S, et al. Long Non-Coding
RNAs within macrophage-derived exosomes promote
BMSC osteogenesis in a bone fracture rat model. Int J
Nanomedicine 2023; 18: 1063—1083.

Liu K, Luo X, Lv ZY, et al. Macrophage-derived
exosomes promote bone mesenchymal stem cells towards
osteoblastic fate through microRNA-21a-5p. Front Bioeng
Biotechnol 2021; 9: 801432.

Zhou YK, Han CS, Zhu ZL, et al. M2 exosomes modi-
fied by hydrogen sulfide promoted bone regeneration by
moesin mediated endocytosis. Bioact Mater 2024; 31:
192-205.

Deng J, Wang X, Zhang W, et al. Versatile hypoxic
extracellular vesicles laden in an injectable and bioactive
hydrogel for accelerated bone regeneration. Adv Funct
Mater 2023; 33(21): 2211664.

Zhao X, Chen X, Deng Y, et al. A novel adhesive dual-
sensitive hydrogel for sustained release of exosomes
derived from M2 macrophages promotes repair of bone
defects. Mater Today Bio 2023; 23: 100840.

Hu Y, Wang Z, Fan C, et al. Human gingival mesenchy-
mal stem cell-derived exosomes cross-regulate the Wnt/(3-
catenin and NF-«kB signalling pathways in the periodontal
inflammation microenvironment. J Clin Periodontol 2023;
50(6): 796-806.

Lei F, Li M, Lin T, et al. Treatment of inflammatory bone
loss in periodontitis by stem cell-derived exosomes. Acta
Biomater 2022; 141: 333-343.

Xu H, Chai Q, Xu X, et al. Exosome-functionalized
Ti6Al4V scaffolds promoting osseointegration by modu-
lating endogenous osteogenesis and osteoimmunity. ACS
Appl Mater Interfaces 2022; 14(41): 46161-46175.
Wang T, Li W, Zhang Y, et al. Bioprinted constructs
that simulate nerve-bone crosstalk to improve micro-
environment for bone repair. Bioact Mater 2023; 27:
377-393.

Liu A, Jin S, Fu C, et al. Macrophage-derived small extra-
cellular vesicles promote biomimetic mineralized colla-
gen-mediated endogenous bone regeneration. Int J Oral
Sci 2020; 12(1): 33-326.

Zhao B, Chen Q, Zhao L, et al. Periodontal ligament
stem cell-derived small extracellular vesicles embedded
in matrigel enhance bone repair through the adenosine
receptor signaling pathway. Int J Nanomedicine 2022; 17:
519-536.

Xun J, Li C, Liu M, et al. Serum exosomes from young
rats improve the reduced osteogenic differentiation of
BMSCs in aged rats with osteoporosis after fatigue load-
ing in vivo. Stem Cell Res Ther 2021; 12(1): 424.

Ma L, Rao N, Jiang H, et al. Small extracellular vesicles
from dental follicle stem cells provide biochemical cues



Shi et al.

29

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

for periodontal tissue regeneration. Stem Cell Res Ther
2022; 13(1): 92.

Yi G, Zhang S, Ma Y, et al. Matrix vesicles from dental
follicle cells improve alveolar bone regeneration via acti-
vation of the PLC/PKC/MAPK pathway. Stem Cell Res
Ther 2022; 13(1): 41.

Qi L, Fang X, Yan J, et al. Magnesium-containing bioce-
ramics stimulate exosomal miR-196a-5p secretion to pro-
mote senescent osteogenesis through targeting Hoxa7/
MAPK signaling axis. Bioact Mater 2024; 33: 14-29.
Zhou Y and Hu G. M2 macrophages-derived exosomes
regulate osteoclast differentiation by the CSF2/TNF-a
axis. BMC Oral Health 2024; 24(1): 107.

Wang X, Zou C, Hou C, et al. Extracellular vesicles from
bone marrow mesenchymal stem cells alleviate osteoporo-
sis in mice through USP7-mediated YAP1 protein stabil-
ity and the Wnt/B-catenin pathway. Biochem Pharmacol
2023;217: 115829.

Cai M, Peng H, Liu M, et al. Vascular pericyte-derived
exosomes inhibit bone resorption via traf3. Int J
Nanomedicine 2023; 18: 7065-7077.

Hakki SS, Batoon L, Koh AJ, et al. The effects of pre-
osteoblast-derived exosomes on macrophages and bone in
mice. J Cell Mol Med 2024; 28(1): ¢18029.

Xiao F, Zuo B, Tao B, et al. Exosomes derived from cyclic
mechanical stretch-exposed bone marrow mesenchymal
stem cells inhibit RANKL-induced osteoclastogenesis
through the NF-xB signaling pathway. Ann Trans! Med
2021; 9(9): 798.

Huang HM, Han CS, Cui SJ, et al. Mechanical force-pro-
moted osteoclastic differentiation via periodontal ligament
stem cell exosomal protein ANXA3. Stem Cell Reports
2022; 17(8): 1842—1858.

Hu CH, Sui BD, Liu J, et al. Sympathetic neurostress
drives osteoblastic exosomal MiR-21 transfer to disrupt
bone homeostasis and promote osteopenia. Small Methods
2022; 6(3): €2100763.

Yang JG, Sun B, Wang Z, et al. Exosome-targeted deliv-
ery of METTL14 regulates NFATcl m6A methylation
levels to correct osteoclast-induced bone resorption. Cel/
Death Dis 2023; 14(11): 738.

Wang W, Qiao SC, Wu XB, et al. Circ_0008542 in osteo-
blast exosomes promotes osteoclast-induced bone resorp-
tion through m6A methylation. Cell Death Dis 2021,
12(7): 628.

Ma L, Li G, Lei J, et al. Nanotopography sequentially
mediates human mesenchymal stem cell-derived small
extracellular vesicles for enhancing osteogenesis. ACS
Nano 2022; 16(1): 415-430.

Cui JT, Wang XY, Mu XD, et al. Bone marrow stromal
cell-derived exosome combinate with fibrin on tantalum
coating titanium implant accelerates osseointegration.
Front Bioeng Biotechnol 2023; 11: 1198545.

Kang Y, Xu C, Meng L, et al. Exosome-functionalized
magnesium-organic framework-based scaffolds with
osteogenic, angiogenic and anti-inflammatory properties
for accelerated bone regeneration. Bioact Mater 2022; 18:
26-41.

Ge G, Wang W, Wang Q, et al. Extracellular vesicle
clicking on osteoimplants through biomimetic molecular

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

adhesion enables immune-enhanced osseointegration in
diabetics. Adv Funct Mater 2024; 34(27): 2315849.
Zhang Z, Xu R, Yang Y, et al. Micro/nano-textured hierar-
chical titanium topography promotes exosome biogenesis
and secretion to improve osseointegration. Nanobiotechnol
2021; 19(1): 78.

Ma'Y, Sun L, Zhang J, et al. Exosomal mRNAs for angi-
ogenic-osteogenic coupled bone repair. Adv Sci 2023;
10(33): €2302622.

Sun J, Li G, Wu S, et al. Engineering preparation and sus-
tained delivery of bone functional exosomes-laden biode-
gradable hydrogel for in situ bone regeneration. Compos B
Eng 2023;261: 110803.

Yang Z, Li X, Gan X, et al. Hydrogel armed with bmp2
mRNA-enriched exosomes enhances bone regeneration.
Nanobiotechnol 2023; 21(1): 119.

Chen L, Yu C, Xiong Y, et al. Multifunctional hydrogel
enhances bone regeneration through sustained release
of stromal cell-derived factor-la and exosomes. Bioact
Mater 2023; 25: 460—471.

Yang Y, Zheng W, Tan W, et al. Injectable MMP1-
sensitive microspheres with spatiotemporally controlled
exosome release promote neovascularized bone healing.
Acta Biomater 2023; 157: 321-336.

Pan S, Yin Z, Shi C, et al. Multifunctional injectable
hydrogel microparticles loaded with miR-29a abundant
BMSCs derived exosomes enhanced bone regeneration
by regulating osteogenesis and angiogenesis. Small 2024;
20(16): €2306721.

Huang CC, Kang M, Shirazi S, et al. 3D encapsulation and
tethering of functionally engineered extracellular vesicles
to hydrogels. Acta Biomater 2021; 126: 199-210.

Yang T, Dong Y, Wan J, et al. Sustained release of
BMSC-EVs from 3D printing Gel/HA/nHAP scaffolds for
promoting bone regeneration in diabetic rats. Adv Healthc
Mater 2023; 12(18): 220313 1.

Zhou Y, Deng G, She H, et al. Polydopamine-coated bio-
mimetic bone scaffolds loaded with exosomes promote
osteogenic differentiation of BMSC and bone regenera-
tion. Regen Therapy 2023; 23: 25-36.

Sun T, Feng Z, He W, et al. Novel 3D-printing bilayer
gelma-based hydrogel containing BP, 3-TCP and exosomes
for cartilage—bone integrated repair. Biofabrication 2024;
16(1): 015008.

Man K, Barroso 1A, Brunet MY, et al. Controlled release
of epigenetically-enhanced extracellular vesicles from a
GelMA/Nanoclay composite hydrogel to promote Bone
Repair. Int J Mol Sci 2022; 23(2): 832.

Ma S, Wu J, Hu H, et al. Novel fusion peptides deliver
exosomes to modify injectable thermo-sensitive hydrogels
for bone regeneration. Mater Today Bio 2022; 13: 100195.
Kang Y, Xu J, Meng L, et al. 3D bioprinting of dECM/
Gel/QCS/mHAp hybrid scaffolds laden with mesenchymal
stem cell-derived exosomes to improve angiogenesis and
osteogenesis. Biofabrication 2023; 15(2): 024103.

Han S, Yang H, Ni X, et al. Programmed release of vascu-
lar endothelial growth factor and exosome from injectable
chitosan nanofibrous microsphere-based PLGA-PEG-
PLGA hydrogel for enhanced bone regeneration. /nt J Biol
Macromol 2023; 253(Pt 1): 126721.



30

Journal of Tissue Engineering

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Man K, Brunet MY, Federici AS, et al. An ECM-mimetic
hydrogel to promote the therapeutic efficacy of osteoblast-
derived extracellular vesicles for bone regeneration. Front
Bioeng Biotechnol 2022; 10: 829969.

Wu D, Qin H, Wang Z, et al. Bone mesenchymal stem
cell-derived sEV-encapsulated thermosensitive hydro-
gels accelerate osteogenesis and angiogenesis by release
of exosomal miR-21. Front Bioeng Biotechnol 2021; 9:
829136.

DaiH, YuY, Han J, et al. A novel biologically hierarchical
hydrogel with osteoblast precursor-targeting extracellular
vesicles ameliorates bone loss in vivo via the sequential
action of antagomiR-200b-3p and antagomiR-130b-3p.
Cell Prolif2023; 56(8): ¢13426.

Mi B, Chen L, Xiong Y, et al. Osteoblast/osteoclast and
immune cocktail therapy of an exosome/drug delivery
multifunctional hydrogel accelerates fracture repair. ACS
Nano 2022; 16(1): 771-782.

Gupta S, Qayoom I, Gupta P, et al. Exosome-
functionalized, drug-laden bone substitute along with an
antioxidant herbal membrane for bone and periosteum
regeneration in bone sarcoma. ACS Appl Mater Interfaces
2023; 15(7): 8824-8839.

Yerneni SS, Adamik J, Weiss LE, et al. Cell trafficking
and regulation of osteoblastogenesis by extracellular vesi-
cle associated bone morphogenetic protein 2. J Extracell
Vesicles 2021; 10(12): e12155.

Hu Y, Li X, Zhang Q, et al. Exosome-guided bone tar-
geted delivery of Antagomir-188 as an anabolic therapy
for bone loss. Bioact Mater 2021; 6(9): 2905-2913.

Gui L, Ye Q, Yu L, et al. Bone-targeting peptide and
RNF146 modified apoptotic extracellular vesicles allevi-
ate osteoporosis. Int J Nanomedicine 2024; 19: 471-488.
Huang CC, Kang M, Lu Y, et al. Functionally engineered
extracellular vesicles improve bone regeneration. Acta
Biomater 2020; 109: 182-194.

Li F, Wu J, Li D, et al. Engineering stem cells to pro-
duce exosomes with enhanced bone regeneration effects:
an alternative strategy for gene therapy. Nanobiotechnol
2022; 20(1): 135.

Man K, Brunet MY, Fernandez-Rhodes M, et al.
Epigenetic reprogramming enhances the therapeutic
efficacy of osteoblast-derived extracellular vesicles to
promote human bone marrow stem cell osteogenic differ-
entiation. J Extracell Vesicles 2021; 10(9): e12118.

Man K, Brunet MY, Lees R, et al. Epigenetic repro-
gramming via synergistic hypomethylation and hypoxia
enhances the therapeutic efficacy of mesenchymal stem
cell extracellular vesicles for bone repair. Int J Mol Sci
2023; 24(8): 7564.

Li X, Zhong Y, Zhou W, et al. Low-intensity pulsed ultra-
sound (LIPUS) enhances the anti-inflammatory effects of
bone marrow mesenchymal stem cells (BMSCs)-derived
extracellular vesicles. Cell Mol Biol Lett 2023; 28(1): 9.
Wang F, Li S, Kong L, et al. Tensile stress-activated and
exosome-transferred YAP/TAZ-Notch circuit specifies
type H endothelial cell for segmental bone regeneration.
Adv Sci 2024; 11(12): €2309133.

Hao R, Hu S, Zhang H, et al. Mechanical stimulation on a
microfluidic device to highly enhance small extracellular
vesicle secretion of mesenchymal stem cells. Mater Today
Bio 2023; 18: 100527.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Wu XD, Kang L, Tian J, et al. Exosomes derived from
magnetically actuated bone mesenchymal stem cells
promote tendon-bone healing through the miR-21-5p/
SMAD?7 pathway. Mater Today Bio 2022; 15: 100319.
Phelps J, Hart DA, Mitha AP, et al. Physiological oxygen
conditions enhance the angiogenic properties of extracel-
lular vesicles from human mesenchymal stem cells. Stem
Cell Res Ther 2023; 14(1): 218.

Liu W, Li L, Rong Y, et al. Hypoxic mesenchymal stem
cell-derived exosomes promote bone fracture healing by the
transfer of miR-126. Acta Biomater 2020; 103: 196-212.
Zhang T, Yan S, Song Y, et al. Exosomes secreted by
hypoxia-stimulated bone-marrow mesenchymal stem cells
promote grafted tendon-bone tunnel healing in rat anterior
cruciate ligament reconstruction model. J Orthop Translat
2022; 36: 152-163.

Gao W, He R, Ren J, et al. Exosomal HMGB1 derived
from hypoxia-conditioned bone marrow mesenchymal
stem cells increases angiogenesis via the JNK/HIF-1a
pathway. FEBS Open Bio 2021; 11(5): 1364-1373.

Kang M, Huang CC, Gajendrareddy P, et al. Extracellular
vesicles from TNFo preconditioned MSCs: effects
on immunomodulation and bone regeneration. Front
Immunol 2022; 13: 878194.

Zhu Y, Zhao S, Cheng L, et al. Mg(2+)-mediated
autophagy-dependent polarization of macrophages medi-
ates the osteogenesis of bone marrow stromal stem cells
by interfering with macrophage-derived exosomes con-
taining miR-381. J Orthop Res 2022; 40(7): 1563—1576.
Wu Q, Fu X, Li X, et al. Modification of adipose mes-
enchymal stem cells-derived small extracellular vesicles
with fibrin-targeting peptide CREKA for enhanced bone
repair. Bioact Mater 2023; 20: 208-220.

Ma s, Zhao Y, Yang Y, et al. Asymmetric SIS membranes
specifically loaded with exosomes through the modifica-
tion of engineered recombinant peptides for guide bone
regeneration. Compos B Eng 2022; 232: 264.

Shou J, Li S, Shi W, et al. 3WJ RNA nanoparticles-
aptamer functionalized exosomes from M2 macrophages
target BMSCs to promote the healing of bone fractures.
Stem Cells Transl Med 2023; 12(11): 758-774.

Tao SC, Li XR, Wei WI, et al. Polymeric coating on [3-
TCP scaffolds provides immobilization of small extra-
cellular vesicles with surface-functionalization and
ZEB1-Loading for bone defect repair in diabetes mellitus.
Biomaterials 2022; 283: 121465.

Terpos E, Politou M, Szydlo R, et al. Autologous stem cell
transplantation normalizes abnormal bone remodeling and
sRANKL/osteoprotegerin ratio in patients with multiple
myeloma. Leukemia 2004; 18(8): 1420—1426.

Parisi L, Mavrogonatou E, Sculean A, et al. Reviewing the
benefits and clinical outcomes of oral fibroblasts over mesen-
chymal stem cells for repairing periodontal defects during or
after orthodontic tooth movement. Periodontol 2000. Epub
ahead of print 20 August 2024. DOI: 10.1111/prd.12602.
Siegel G, Kluba T, Hermanutz-Klein U, et al. Phenotype,
donor age and gender affect function of human bone mar-
row-derived mesenchymal stromal cells. BMC Med 2013;
11: 146.

Zhou X, Hong Y, Zhang H, et al. Mesenchymal stem
cell senescence and rejuvenation: current status and chal-
lenges. Front Cell Dev Biol 2020; 8: 364.



