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Bone is one of the largest organ systems in
mammals, and accounts for about 15% of
body weight in humans, playing a vital role in
supporting the body, allowing movement and
protecting the internal organs.' In addition, bone
is also responsible for producing blood cells and
regulating hormones.” Bone tissue continuously
undergoes cell metabolism with active intercellular
interactions.” Bone diseases include a diverse
spectrum of skeletal-related disorders that impair
mobility and increase mortality. Many bone
diseases, especially degenerative bone diseases,
lack effective treatment methods.®

Mesenchymal (MSCs) the
primary source of adult stem cells, which are
mesoderm-derived cell subsets with self-renewal
and multilineage differentiation potential.®

stem cells are
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of the mesoderm lineage, such as osteocytes/
chondrocytes, adipocytes, fibroblasts, and other
embryonic lineages.” MSCs have significant
clinical application advantages compared with
several other types of stem cells, including ease of
availability (they can be isolated from the stroma
of nearly all organs), relatively simple isolation
process, and ability to produce soluble growth
factors and cytokines by endocrine or paracrine
secretion.® Although MSC therapy is a promising
strategy for bone diseases, however, the direct
use of MSC:s still faces many challenges, including
limited cell survival rate and immune rejection.
Moreover, MSCs also have unique environmental
sensitivity, and their behaviour can change
significantly in different microenvironments,
which increases the phenotypic uncertainty that
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exists after MSC transplantation.”!!

Extracellular vesicles (EVs) are nano-sized lipid-bound
vesicles released from cells into the extracellular space.
These vesicles are considered to play essential roles in
intercellular communication and immune response.'* Further,
accumulating evidence suggests that the therapeutic role
of MSCs in bone diseases is closely related to the paracrine-
produced EVs.'"* MSC-EVs perform similar functions to MSCs,
but contain fewer membrane proteins related to immune
recognition (such as the major histocompatibility complex),
are less immunogenic, and the contents are protected by lipid
biomolecules making it possible to maintain their biological
activity for a long period. Therefore MSC-EVs combine
the advantages of MSCs with those of EVs, making them a
promising contender for the treatment of bone disorders.

With the rapid development of deep sequencing technology
and diverse proteomic analysis, our understanding of MSCs and
MSC-EVs is gradually deepening; through multidisciplinary
collaboration, MSC-E Vs are expected to play a more important
role in treatment of various diseases including bone diseases
in the future. In this review, we summarise research progress
in understanding the roles of MSC-derived small EVs (mainly
exosomes) in bone diseases and their potential as therapeutic
targets.

Search Strategy

For this review, electronic searches of the Web of Science
and PubMed databases for literature describing the role of
MSC-EVs in bone diseases, published before May 2022, were
performed using the following terms: 1) (mesenchymal stem
cells [Title/Abstract]) AND ((Extracellular vesicles [Title/
Abstract]) OR (exosomes [ Title/ Abstract])) AND (bone [Title/
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Abstract]); 2) ((mesenchymal stem cells [Title/Abstract])
AND ((extracellular vesicles [Title/Abstract]) OR (exosomes
[Title/ Abstract])) AND ((osteoporosis [Title/Abstract]) OR
(osteoarthritis [Title/Abstract]) OR (necrosis of the femoral
head [Title/Abstract]) OR (bone fractures [Title/ Abstract])).
The results were further screened by title and abstract. We
searched for clinical trials at clinicaltrials.gov which were also
analysed. Finally, 106 articles were included in this review.

Overview of Mesenchymal Stem Cells and
Extracellular Vesicles

As the “origin” of life, stem cells have the potential for self-
renewal and multilineage differentiation, with the ability to
develop into various terminally-differentiated cells.”® Based on
the source of isolation or origin, stem cells can be divided into
three categories: 1) embryonic stem cells (ESCs), which are
present in the earliest stages of pregnancy or can be generated
externally through in vitro fertilisation. ESCs have an unlimited
capacity for proliferation and remain undifferentiated, with a
capacity to differentiate into all cell types, but the use of ESCs
is hampered by their limited sources, tumorigenic risks, and
ethical controversies.'® 2) Somatic or adult stem cells, present
throughout life, are less effective but critical for overall health
maintenance. These stem cells were initially discovered in
bone marrow but are now believed to exist in nearly every
body organ."” 3) Induced pluripotent stem cells are adult cells
that have been reprogrammed in the laboratory to resemble
ESCs. The self-proliferation and differentiation capabilities of
induced pluripotent stem cells are similar to those of ESCs and
avoid ethical issues. However, the reprogramming efficiency
of induced pluripotent stem cells is limited and they are also
tumorigenic.'® ' The characteristics of different stem cells are
summarised in Table 1.

Table 1. Comparison of the characteristics of different stem cells

Embryonic stem cells

Induced pluripotent stem cells

Somatic or adult stem cells

Source Inner cell mass of the blastocyst

Differentiation potential ~Can differentiate into cell types

Reprogrammed somatic cells

Can differentiate into cell types of

Tissue-specific protocols from
different tissues

Can only differentiate into

of all three germ lineages all three germ lineages limited cell types
Self-renewal Complete Complete Limited
Proliferative capacity Strongest Powerful Weak and cannot be
maintained for a long periods
Tumorigenicity Yes Yes No
Ethical controversy Yes No No

MSCs are adult stem cells. Identification of MSCs can be
traced back to 1966; Professor Friedenstein et al.?’ found that
transplanted bone marrow cells were able to differentiate
into osteoblasts in vivo. In 1991, Professor Caplan?' coined
the name mesenchymal stem cells, and this term has been
in use ever since. MSCs lack specific markers, so they are
usually identified by a combination of expression of CD29,

CD73, CD90, CD105, and CD106, but lack of expression of
hematopoietic stem cell markers CD34, CD45, etc.?? MSC
therapy has many drawbacks including immune rejection,
low cell survival rate, embolism, mutagenesis, and inability
to cross the blood-brain barrier,” limiting its application
in clinical practice which urges us to find new alternative
treatments.
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Recent research indicates that the therapeutic actions
of MSCs are mediated mostly by their MSC-EVs.?* EVs
is a collective term for a class of nanoscale membrane
vesicles with a phospholipid bilayer structure, which can
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be further divided into different subclasses based on their
physicochemical properties and biochemical characteristics,
classifying them into exosomes, microvesicles, apoptotic
vesicles, etc.”” (Table 2).

Table 2. Characteristics of the major types of extracellular vesicles
Vesicles Size (nm) Density (g/mL) Origin Markers Membrane permeability
Exosomes 30-150 1.13-1.18 Endosomes Tetraspanins (CD9, CD63, Impermeable
CD81), TSG101, ALIX

Microvesicles 200-1000 1.16-1.19 Budding of plasma Integrins, selectins, CD40  Impermeable

membrane
Apoptotic >1000 1.16-1.28 Release after apoptosis ~ Propidium iodide positive = Permeable
bodies Phosphatidylserine

DNA fragmentation

Note: ALIX: apoptosis-linked gene 2-interacting protein X; TSG1

Almost all live cells secrete EVs, which were initially thought
to be “rubbish bags” for the excretion of metabolic waste,
but as research progressed it has become clear that EVs play
an important role in nucleic acid and protein transport,
antigen presentation and modification of the cellular

microenvironment.?> %’

Exosomes are vesicle-like bodies with a diameter of
approximately 30-150 nm secreted by living cells, with a
density of 1.13-1.18 g/mL in a sucrose gradient, and a saucer-

01: tumour susceptibility gene 101.

like structure visible under an electron microscope? (Figure1).
The biogenesis of exosomes involves three main steps: 1) the
formation of endocytic vesicles via invagination of the plasma
membrane, which then fuse to form early endosomes; 2) early
endosomal formation via regulation of the endosomal sorting
complex to generate multiple intraluminal vesicles, which then
form multivesicular bodies; and 3) fusion of multivesicular
bodies with the plasma membrane and release of exosomes
into the extracellular space.”

Exosomes visualised by TEM

Schematic diagram

Receptors:
EGFRs, PGFRs

Adhesion proteins:
ICAM, Integrins, CD44

Tetraspanins
(CD63, CD81, CD9)

Vesicle trafficking-related proteins:
ALIX, TSG101, RABs

Figure 1. Exosome morphology and structure. The uppe

r image represents the morphology of exosomes (produced

by mouse hepatocytes) under a transmission electron microscope; below is a schematic diagram of the structure and

composition of exosomes. ALIX: apoptosis-linked gene

2-interacting protein X; EGFR: epidermal growth factor

receptor; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HSP90: heat shock protein 90; ICAM: intercellular
adhesion molecule; IncRNA: long non-coding RNA; MHC: major histocompatibility complex; miRNA: microRNA;

PGFR: platelet-derived growth factor receptor; RAB: Rab

GTPases; TEM: transmission electron microscope; TSG101:

tumour susceptibility gene 101. This figure was created using Servier Medical Art templates (https://smart.servier.com).
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Microvesicles are produced by direct outward budding of
the plasma membrane and occur in a diverse range of sizes
(100-1000 nm in diameter).*® The cellular origin determines
the composition of the microvesicular membrane to a large
extent, so that each microvesicle has a membrane composition
similar to that of the parent cell. Microvesicle formation is
associated with the asymmetric distribution of phospholipids
in the cell membrane bilayer, and may be influenced by calcium
ion concentration and the junction protein arrestin domain-
containing protein 1, but the exact mechanism is unclear.’!

Apoptotic bodies form during apoptosis and originate from
blebbing of the plasma membrane. Apoptotic vesicles are 500-
2000 nm in diameter, and enclose cytoplasm, organelles and
nuclear fragments.*

The Role of Mesenchymal Stem Cells and
Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Bone Homeostasis

Bone homeostasis is the cornerstone of bone health, created
by a dynamic balance between osteoclasts, osteoblasts and
osteocytes.*® Osteoblasts and chondrocytes originate from the
bone marrow MSC (BMSC) lineage. Multiple transcriptional
regulators that act as “master switches” orchestrate the
commitment of MSCs to tissue-specific cell types. In
skeletogenesis, the transcription factors Runx2, osterix,
activating transcription factor 4, and distal-less homeobox 5
are known to play critical roles in the cell fate decision process
by which MSCs differentiate into osteoblasts via activation of
cell type-specific genes.** Osteoclasts are multinucleated giant
cells that differentiate from osteoclast precursor cells derived
from haematopoietic stem cell niche-monocyte/macrophage
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lineage cells in the presence of two critical factors: receptor
activator of nuclear factor-xB ligand and macrophage/
monocyte colony-stimulating factor.*

Osteoclasts degrade the bone matrix and collaborate with
other bone cells, osteoblasts and osteocytes to remodel bone.*
The predominance of osteoclasts over osteoblasts will result
in degradation of the bone matrix, including reduced bone
mineral density and loss of bone marrow cells, which is
associated with a variety of disorders, including osteoporosis
(OP) and rheumatoid arthritis. However, increased osteoblastic
activity will result in osteosclerosis.”

In addition, maintaining the equilibrium between osteogenic
and adipogenic differentiation of BMSCs is crucial for
Reduced
differentiation and enhanced adipogenic differentiation of
BMSCs are key factors in the aetiology of OP. One of the
directions for the treatment of OP is to inhibit the adipogenic

maintaining bone homeostasis.*® osteogenic

differentiation of BMSCs and promote their osteogenic
differentiation to rectify the imbalance of bone metabolism.*
A good overview of the molecules that regulate the osteogenic,
adipogenic, and chondrogenic differentiation of MSCs has
been published.**

It is suggested that coordination among various bone-related
cells contributes to the maintenance of bone homeostasis and
bone health. In addition to the direct differentiation of MSCs
into pre-osteoblasts, MSC-EVs also play a critical role in the
control of bone homeostasis by carrying a range of proteins and
RNAs that can regulate bone formation/degradation (Figure
2). We will discuss this in detail in the following sections.
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Figure 2. Multi-factors involved in maintaining bone homeostasis. Bone homeostasis is the cornerstone of bone health,
created by a dynamic balance between osteoclasts, osteoblasts, osteocytes and the equilibrium between osteogenic and
adipogenic differentiation of bone marrow mesenchymal stem cells, in which mesenchymal stem cells and mesenchymal
stem cell-derived extracellular vesicles play essential roles. PPAR-y: peroxisome proliferator-activated receptor y; TGF-:
transforming growth factor . This figure was created using Servier Medical Art templates (https://smart.servier.com).

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Bone Diseases

MSC-EVs have similar biological functions to MSCs and have
various properties beneficial for the treatment of bone diseases,

178

such as pro-angiogenic, anti-inflammatory, and promotion of
osteogenic differentiation (Figure 3). Below we summarise
the research progress and molecular mechanism of MSC-EVs
in different bone diseases (Table 3).%-¢3

www.biomat-trans.com



Biomaterials Translational

MSC-EVs in orthopaedic diseases

Mesenchymal stem cells from different sources

/‘\ /

R Natural/genetic or chemically modified

Bone disease treatment ( >
¥ Promote MSC proliferation anq‘ (
osteogenic differentiation;
¥ Promote angiogenesis; B
» Suppress inflammation and gpoptosis;

* Promote bone/cartilag =neration
/

Combined with materials science
i —p
GPNMB
Wnt5a and Wnt5b

INcRNA MALAT1
miRNA-150-3p
miR-188
miR-214-3p
miR-451
miR-122-5p
miR-21

miR-206
miR-335
miR-128-3p

Cargo

Figure 3. Summary of MSC-derived extracellular vesicles in the treatment of bone diseases. Natural/genetic or
chemically-modified MSC-derived extracellular vesicles can regulate a series of biological processes by carrying RNA
and protein to target cells, and exert therapeutic effects on bone diseases. GPNMB: glycoprotein nonmelanoma clone B;
IncRNA:long non-coding RNA; MALAT1: metastasis-associated lung adenocarcinoma transcript 1; MSC: mesenchymal

stem cell. This figure was created using Servier Medical Art templates (https://smart.servier.com).

Table 3. Summary of the role of MSC-EVs in orthopaedic diseases

Source of Main contents
Diseases EVs of EVs Main mechanism Effect Reference
OoP BMSCs IncRNA MALAT1 Sponge miR-34c, upregulate SATB2 Alleviates OP 44
OP BMSCs miRNA-150-3p Promote osteoblast proliferation and Mitigate OP 45
differentiation
oP BMSCs GPNMB Activate Wnt/p-catenin signalling Alleviate OP 46
OoP BMSCs miR-188 Promote osteogenesis and inhibit Alleviate OP 47
adipogenic differentiation
oP BMSCs from miR-214-3p Inhibit type H vessel formation, and Aggravate OP 48
OVX mice bone mineral density and contents
ONFH GC-treated  miR-451 Increase the level of PAI-1 Aggravate ONFH 49,50
BMSCs
ONFH  BMSCs miR-122-5p RTK/Ras/MAPK signalling pathway Promote ONFH healing 51
ONFH hUCMSCs  miR-21 PTEN-AKT pathway Promote ONFH healing 52
OA SMSCs Wnt5a and Wnt5b  Activate the YAP signalling pathway Alleviate OA 53
OA Ad-MSCs Unknown Inhibit inflammation and MMP activity ~ Alleviate OA 54
OA MSCIPFP miR-100-5p Inhibit mTOR signalling Alleviate OA 55
[N Ad-MSCs Unknown Promote osteosarcoma cell invasion, Promote OS progression 56
migration, and proliferation
[N BMSCs hsa-miR-148a Promote OS cell proliferation, metastasis Promote OS progression 57
and prevent apoptosis
(O BMSCs IncRNA MALAT1 IncRNA MALAT1/miR-143/NRSN2/  Promote OS progression 58
Wnt/B-catenin pathway
oS BMSCs miR-206 miR-206/TRA2B Suppress OS progression 59
BF BMSCs miR-335 miR-335/VapB/Wnt/p-catenin pathway Promoted BF recovery 60
BF Aged- miR-128-3p miR-128-3p/Smad8 pathway Inhibition of BF healing 61,62
BMSCs
BF BMSCs miR-126 SPRED1/Ras/Erk pathway Promoted BF recovery 63

Note: Ad-MSCs: adipose-derived mesenchymal stem cells; AKT: protein kinase B; BD: bone disease; BF: bone fracture; BMSCs: bone
marrow mesenchymal stem cells; Erk: extracellular signal-regulated kinase; GC: glucocorticoids; GPNMB: glycoprotein nonmelanoma
clone B; hUCMSC: human umbilical cord mesenchymal stem cells; MALAT1: metastasis-associated lung adenocarcinoma transcript 1;
IncRNA: long non-coding RNA; MAPK: mitogen-activated protein kinase; MMP: matrix metalloprotease; MSC-EVs: mesenchymal
stem cell-derived extracellular vesicles; MSCIPFP: infrapatellar fat pad-derived mesenchymal stem cells; mTOR: mammalian target of
rapamycin; OA: osteoarthritis; ONFH: osteonecrosis of the femoral head; OP: osteoporosis; OS: osteosarcoma; OVX: ovariectomised;
PAI-1: plasminogen activator inhibitor 1; PTEN: phosphatase and tensin homolog; RTK: receptor tyrosine kinase; Smad8: SMAD
family member 8; SMSCs: synovial mesenchymal stem cells; SPRED1: sprouty related EVH1 domain containing 1; TRA2B: transformer
2f; VapB: VAMP associated protein B.

Biomater Transl. 2022, 3(3), 175-187
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Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Osteoporosis

OP has become a serious public health problem, with a high
prevalence among the elderly and postmenopausal women,
characterised by bone loss and changes in bone structure.*
Fractures caused by OP are a significant source of morbidity
and death, causing a serious socioeconomic burden.®

The pathophysiology of OP is complex, including an imbalance
between osteoclasts and osteoblasts, decreased osteogenic
differentiation and increased adipogenic differentiation of
BMSCs.* Currently, available therapies can only halt the
progression of OP. As a result, innovative treatments for OP
have garnered more study focus.” MSC-EVs participate in the
treatment of OP through multiple pathways. On the one hand,
MSC-EVs inhibit OP by directly regulating the proliferation
and activity of osteoblasts. On the other hand, MSC-EVs
correct bone metabolism imbalance by promoting osteogenic
differentiation and reducing adipogenic differentiation of
BMSCs.®®

The contents and functions of MSC-EVs in different states are
diverse. MSC-EVs sourced from young individuals promote
osteogenic differentiation and inhibit osteoclast formation,
while from aging individuals, they promote adipogenic
differentiation and activate osteoclasts. For example, bone
matrix-derived EVs derived from aging organisms enriched
with miR-483-5p boost BMSC adipogenic differentiation and
bone-lipid imbalance to promote OP. However, EVs derived
from bone matrix-derived cells of young organisms have no
such function.®” Moreover, the therapeutic effect of MSC-EVs
can be further optimised and the side effects can be reduced by
genetic/chemical modification combined with material science
technology.”*"

Type H vessels are found near the growth plate in the
metaphysis, as well as in the periosteum and endosteum of
the diaphysis,’? are strongly positive for CD31 and endomucin
(CD31MEmcnti), and couple angiogenesis and osteogenesis.”®
miR-214-3p expression is significantly elevated in BMSC-EVs
from postmenopausal mice, inhibiting type H vessel formation,
and decreasing bone mineral density and content.*

Modification of MSC-EVs further enhances their anti-OP
effect. For example, after overexpressing miRNA-150-3p in
MSCs, co-culture of MSC-EVs with osteoblasts significantly
promotes osteoblast proliferation and differentiation.* EVs
released by MSCs that overexpress glycoprotein nonmelanoma
clone B (a multifunctional transmembrane glycoprotein) have
a similar effect, significantly promoting the proliferation and
osteogenic differentiation of BMSCs by activating Wnt/p-
catenin signalling and alleviating ovariectomy-induced OP.*
EVs derived from miR-935-modified BMSCs alleviate OP
by enhancing osteoblast proliferation and differentiation via
targeting of transducer and activator of transcription 1.7

It is suggested that favourable modification of MSC-EV's may
cause them to have a more substantial bone protective effect.
The inhibitory effect of some nanomaterials on OP is also
related to MSC-EVs. For example, bioactive glass nanoparticles
promote the release of exosomes rich in long non-coding RNA
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noncoding repressor of NFAT from BMSCs, inhibit osteoclast
differentiation by inhibiting nuclear translocation of activated
T cell nuclear factor 1, and alleviate bone loss in OP mice.”

Competing endogenous RNA mechanisms have been
confirmed to participate in OP, the long non-coding RNA
metastasis-associated lung adenocarcinoma transcript 1 in
MSC-EVs alleviates OP by up-regulating special AT-rich
sequence-binding protein 2 through competitively binding
to miR-34c.* MSC-EVs also inhibit OP by reducing the
generation of reactive oxygen species, inhibiting inflammation,
promoting DNA repair, delaying aging, and promoting bone
regeneration."

Although MSC-EVs show obvious bone protective effects in
vitro and in vivo, the therapeutic ability of native MSC-EVs
administered through tail vein injection on bone diseases is
minimal because the EVs administered through the circulatory
system are mainly concentrated in the liver, spleen and
lung.”*”” Modification of EVs (e.g., binding of BMSC-specific
aptamers) to specifically target BMSCs significantly enhances
the ability of MSC-EVs to ameliorate OP and promote bone
healing.” In addition to binding specific aptamers to BMSCs,
genetically-engineered C-X-C motif chemokine receptor
4-positive exosomes selectively accumulate in the bone
marrow. In one study, hybrid nanoparticles were generated by
fusing C-X-C motif chemokine receptor 4-positive exosomes
with antagomir-188-carrying liposomes. Nanoparticles
specifically accumulated in the bone marrow and released
antagomir-188, promoting osteogenesis and inhibiting
adipogenic differentiation of BMSCs, thereby reversing age-
related bone loss and reducing cortical bone porosity in mice.*
Recently scientists developed a new EV delivery system. They
coupled Ser-Asp-Ser-Ser-Asp (SDSSD) peptides with human-
induced pluripotent stem cell-derived MSC-derived EVs
to construct bone-targeted EVs, then transferred the small
RNA-siShn3 into bone-targeted EVs. They found that these
EVs enhanced slit guidance ligand 3 expression, ultimately
promoting osteogenesis, inhibiting osteoclasts and treating
OP.” These studies show that bone-targeted EVs have better
effects in treating bone diseases and reduce the impact on other
tissues, which is a promising treatment method.

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Femoral Head Necrosis

Osteonecrosis of the femoral head (ONFH) is the result of
disrupted blood supply to the femoral head due to various
causes, resulting in the alternation of bone cell death and
repair, secondary microfractures in the head, subchondral
fractures, and stress concentration.®** ONFH is a common cause
of hip joint dysfunction or loss in young adults, often requiring
hip replacement surgery.®!

The main types of ONFH are traumatic ONFH and
nontraumatic ONFH. Glucocorticoid (GC)-associated ONFH
is the most common form of non-traumatic ONFH. The
level of miR-451 is significantly increased in GC-treated
MSC-derived exosomes, while the level of miR-133b-
3p is significantly decreased. miR-451 increases the level
of plasminogen activator inhibitor 1, which inhibits the
conversion of plasminogen to plasmin, reduces the level of
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fibrinolysis in blood vessels, promotes thrombosis, affects
the microcirculation of the femoral head, and eventually
leads to ischemic ONFH, while in contrast overexpression of
miR-133b-3p significantly alleviates GC-induced ONFH by
directly targeting plasminogen activator inhibitor 1.*>* In
addition, miR-122-5p in BMSC-derived exosomes promotes
osteoblast proliferation and differentiation by downregulating
sprouty2 through the receptor tyrosine kinase/Ras GTPase/
mitogen-activated protein kinase signalling pathway, resulting
in increases in bone mineral density, trabecular bone volume
and mean trabecular bone density of the femoral head, plate
thickness increases and promotion of healing of ONFH.*!

Through encapsulating small interfering RNAs (siRNAs)
which interact with aggravating ONFH-related genes, such as
tumour necrosis factor-a, Caspase3, etc., into MSC-derived
exosomes, it is possible to promote angiogenesis and mitigate
ONFH.* However, the current research on bone protection by
directly encapsulating ONFH-related gene siRNAs into EVs is
still mainly in vitro and at the preclinical stages. Its effectiveness
and safety need to be further clarified. In addition to BMSC-
EVs inhibiting ONFH, human umbilical cord MSC-derived
EVs have also been shown to have significant therapeutic
effects. For example, research has shown that human umbilical
cord MSC-derived exosomes significantly inhibit the apoptosis
of MLO-Y4 osteocytes through the miR-21-phosphatase and
tensin homolog/protein kinase B (Akt) signalling pathway and
attenuate GC-induced ONFH.>

In summary, the current understanding of the role of MSC-EV's
in ONFH mainly focuses on the following aspects: 1) During
the occurrence of ONFH, some osteoprotective components
(mainly miRNAs) in MSC-derived exosomes decrease, while
harmful factors increase, this imbalance contributes to the
onset and development of ONFH. 2) Natural MSC-EV's may
have direct bone protective effects by promoting angiogenesis
and inhibiting inflammation. 3) MSC-EVs may have a
stronger inhibitory effect on ONFH through genetic (such
as encapsulating multiple siRNAs)/chemical modification
(osteogenesis induction). 4) Natural/modified MSC-EVs
combined with materials science alleviate ONFH.

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Osteoarthritis

steoarthritis (OA) is a joint disease characterised by cartilage
destruction and extracellular matrix loss.®® Persistent pain
and dysfunction lead to decreased quality of life. The current
treatment for OA is mainly the use of non-steroidal anti-
inflammatory drugs to relieve symptoms, but the efficacy is
limited, and there are many side effects (such as gastric mucosal
damage).®

Studies have shown that BMSC-EVs block macrophage
activation and reduce inflammation by inhibiting the
inflammation-inducing molecule iNOS; moreover MSC-EVs
also inhibit chondrocyte apoptosis, and promote proliferation
and migration through multiple pathways.®> Infrapatellar fat
pad MSC-derived exosomes with high expression of miR-
100-5p ameliorate gait abnormalities by targeting mammalian
target of rapamycin signalling.*®

Biomater Transl. 2022, 3(3), 175-187
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Wnt5a and Wnt5b carried by synovial MSC-derived EVs
alleviate OA by promoting chondrocyte proliferation and
migration via activation of the yes-associated protein (YAP)
signalling pathway, but at the same time significantly reduce
extracellular matrix. Targeted inhibition of the Ras-related
protein RalA by high expression of miR-140-5p significantly
attenuates this harmful effect, thereby promoting chondrocyte
proliferation and migration without affecting extracellular
matrix secretion.”* Adipose-derived MSC-derived EVs also
exert chondroprotective effects and anti-OA protection
through multiple mechanisms, such as reducing the production
of inflammatory mediators (including tumour necrosis
factor-e, interleukin-6, prostaglandin E2 and nitric oxide),
inhibiting matrix metalloprotease activity, and enhancing
production of the anti-inflammatory cytokine interleukin-10.>

The therapeutic effects of different stem cell-derived EVs on
OA are diverse. Some studies have compared the treatment
effect of EVs derived from synovial MSCs and EVs derived
from induced pluripotent stem cells. The results showed that
both types of EVs promoted chondrocyte proliferation and
migration and relieved OA symptoms, but EVs derived from
induced pluripotent stem cells had a better effect.®

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Bone Tumours

The bone microenvironment includes extracellular matrix and
various types of cells. Bone microenvironment and cellular
crosstalk play essential roles in bone physiology and disease
(tumours). Tumour cells and MSCs have complex interactions
through intercellular communication mediated by paracrine-
generated EVs.

Atpresent, there are few studies on MSC-EVs in bone tumours.
Osteosarcoma (OS) is the most common primary malignant
bone tumour among teenagers.®® The high complexity and
heterogeneity of OS render it challenging for scientists to find
new therapeutic targets.”

Some recent studies highlight the role of MSC-EVs in OS.
Adipose-derived MSC-EVs may promote OS cell invasion,
migration, and proliferation by augmenting collagen beta (1-
O) galactosyl transferase 2 expression, eventually promoting
OS progression.*® EVs secreted by MSCs under stress (nutrient
deprived) promote OS cell proliferation and metastasis and
protect against apoptosis, which may be mediated by a change
in the miRNA expression profile (downregulation of hsa-
miR-195 and hsa-miR-124 in parallel with upregulation of
hsa-miR-148a).””

BMSC-EVs carrying metastasis-associated lung
adenocarcinoma transcript 1 into OS cells, through a
competing endogenous RNA mechanism, reduce the

expression of miR-143, increase NRSN2 expression and
activate the Wnt/p-catenin pathway, eventually contributing
to the progression of OS.*® Another research group found that
BMSC-EVs encapsulate long non-coding RNA plasmacytoma
variant translocation 1 and transport it into OS cells, and that
by sponging miR-183-5p and increasing E-26 transformation-
specific (ETS)-related gene expression, BMSC-EVs promote
OS growth and metastasis.” In addition, BMSC-EVs accelerate
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the progression and metastasis of OS by delivering non-coding
RNA activated by DNA damage to OS cells and regulating the
miR-30c-5p/Kruppel-like factor 10 axis.”!

Although most of the literature suggests that MSC-EVs
promote OS, there are a few studies showing the opposite effect.
For example, studies have found that MSC-EVs containing
miR-206 inhibit OS progression by targeting transformer 2f3.%
These contradictory findings may be dependent on the EVs’
cargo, and the culture/in vivo conditions. The existence of
these contradictory phenomena is the focus of research.

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Bone Fracture

Fractures are one of the most prevalent musculoskeletal system
injuries. However, roughly 5-10% of patients experience
delayed or non-healing of bones as a result of poor fracture
repair.”> ** Differentiation of BMSCs into definite lineages is
critical for tissue healing.”*

Callus development requires a mild inflammatory response
during the initial phases of fracture healing. However,
persistent and hyperactive inflammation impedes fracture
repair and results in severe tissue damage.” Programmed death-
1-rich EVs secreted by genetically-modified human umbilical
vein endothelial cells induce osteogenic differentiation and
promote fracture healing by suppressing immunity and
reducing inflammation.”

Hypoxic preconditioning of MSCs enhances their paracrine
effects. MSCs upregulate miR-126 through high expression
of hypoxia-inducible factor 1-a under hypoxic conditions, and
miR-126 promotes proliferation, angiogenesis and migration
in human umbilical vein endothelial cells via the sprout-related
EVH1 domain containing 1/Ras-extracellular signal-regulated
kinase pathway and finally promotes bone fracture healing.®®

It is widely established that MSCs’ capacity for repair declines
with age. Research has shown that miR-128-3p expression
is significantly increased in aged-MSC-EVs, through direct
targeting of SMAD family member 5 (Smad5; a gene related to
endogenous bone morphogenetic protein activity) inhibition
of MSC osteogenic differentiation and fracture healing.®"
Another study reported that BMSC-EVs promote bone
fracture recovery and osteoblast differentiation by releasing
miR-335, which targets vesicle-associated membrane protein
(VAMP)-associated protein B and activates the Wnt/B-catenin
pathway.®® This reminds us that the cargo and functions carried
by MSC-EVs in different states are diverse, and we need to
choose according to specific needs.

Mesenchymal Stem Cell-Derived Extracellular
Vesicles in Bone Regenerative Medicine
Scientists have long struggled with the research and application
of regenerative medicine in bone diseases. A systematic review
of 23 studies which evaluated the existing preclinical animal
studies” showed that MSC-EVs improve bone morphology,
biomechanics and histological results. With positive effects
on cell survival, proliferation and migration, osteogenesis and
angiogenesis, MSC-EVs were demonstrated to have a positive
impact on bone regeneration.”

Xie, H.; et al.

The affable modification of MSC-EVs according to different
purposes, or combination with material science further
increase their application value in bone regeneration. For
example, three-dimensional printed titanium alloy scaffolds
have the advantages of uniform structure, high strength, low
stiffness, high porosity, corrosion resistance and high friction
coefficient. Studies have found that EVs secreted by MSCs
after osteogenic induction are rich in a series of miRNAs with
pro-osteogenic functions, such as hsa-miR-146a-5p, hsa-
miR-503-5p, hsa-miR-129-5p, hsa-miR-32-5p, through the
activation of phosphoinositide 3-kinase/Akt and mitogen-
activated protein kinase signalling pathways relies on titanium
alloy scaffolds to achieve cell-free bone regeneration, which
is expected to be applied in the field of bone repair in the
future.” Zhou et al.'® recently obtained tumour-derived EV
membranes by removing the contents of EVs derived from
hepatocellular carcinoma cells. A novel lipid nanovesicle was
prepared by hybridising tumour-derived EV membrane with
phospholipid, which was able to achieve precise delivery to
tumour sites and efficient siRNA transfection.

Maintaining the stability and function of EVs in vivo are
significant challenges. The cell-free approach that combines
exosomes with different types of tissue-engineered scaffolds
has significantly circumvented this restriction and has
promising application potential.’®® EV scaffolds currently
used in orthopaedics include titanium scaffolds, hydrogels,
nanoparticles, etc.”” 1921% (Table 4).

Conclusion and Perspective

Accumulating evidence suggests that the therapeutic role
of MSCs in bone diseases is closely related to the paracrine-
generated EVs. MSC-EVs have anti-inflammatory, immune
regulation, and angiogenic effects, induce osteogenic
differentiation of MSCs, and inhibit adipogenic differentiation.
Based on natural MSC-EVs, favourable genetic or chemical
modification can enhance their tissue targeting, reduce adverse
effects, and further enhance their bone protection. In addition,
as an alternative to cell-free therapy, EVs avoid the problems of
immune rejection, stemness maintenance and cell senescence
in stem cell transplantation therapy, making them promising
for the treatment of bone diseases.

While preclinical studies of MSC-EVs have shown that they
can achieve multiple bone-protective effects through diverse
pathways,” clinical trials are still in their infancy (Table 5).
To date, there are still no MSC-EVs officially approved for
the treatment of bone diseases. This is because there remain
some critical challenges. For example: 1) The choice of the
source of EVs for the treatment of bone diseases; 2) the choice
of autologous stem cell or allogeneic stem cell-derived EVs; 3)
questions over how to obtain higher purity and concentration
of EVs and how to maintain their storage conditions and
biological activities; 4) safety of exosomes for the treatment
of bone diseases (MSC-derived exosomes are complex
in composition and may contain potentially pathogenic
components such as toxic proteins and harmful miRNAs, etc.);
5) how to achieve targeted enrichment of EVs in vivo; and 6)
lack of large-sample, multi-centre clinical trials confirming
essential points such as the effectiveness and safety of EVs.
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Table 4. Application of mesenchymal stem cell-derived extracellular vesicle-integrated biomaterial scaffolds in ortho-
paedic diseases

MSC-EVs in orthopaedic diseases

Source of extracellular

Extracellular vesicle

vesicles modification Scaffolds Main function Reference
hMSCs Osteoinduction 3D-printed titanium  Induce osteogenic differentiation of 99
alloy scaffolds hMSCs
BMSCs Osteoinduction Functionalised Pro-angiogenic and pro-osteogenic 102
decalcified bone regeneration
matrix scaffolds
hASCs Osteoinduction Polydopamine- Enhance the migration, proliferation 103
coating PLGA and osteogenic differentiation of
scaffolds hBMSCs
hiPS-MSCs - Exosome/B-TCP Activating the PI3K/Akt signalling 104
combination scaffold ~ pathway and promoting osteogenic
differentiation
hiPS-MSCs - B-TCP scaffolds Pro-angiogenic and pro-osteogenic 105
differentiation
hucMSCs - CHA/SF/GCS/DEF- Promote osteogenic differentiation 106
PEG hydrogel
hGMSCs - 3D-PLA scaffolds Promote osteogenic differentiation 107
hucMSCs - HA-ALG hydrogel Promote the proliferation, migration, 108

scaffolds

and osteogenic differentiation

Note: 3D: three-dimensional; Akt: protein kinase B; BMSCs: bone marrow mesenchymal stem cells; CHA: coralline hydroxyapatite; DF-
PEG: difunctionalised polyethylene glycol; GCS: glycol chitosan; HA-ALG: hydroxyapatite-embedded in situ cross-linked hyaluronic
acid-alginate; hASCs: human adipose-derived stem cells; hBMSCs: human bone marrow mesenchymal stem cells; hGMSCs: human
gingival mesenchymal stem cells; hiPS-MSCs: human-induced pluripotent stem cell-derived mesenchymal stem cells; hMSCs: human
mesenchymal stem cell; hucMSCs: human umbilical cord mesenchymal stem cells; PI3K: phosphoinositide 3-kinase; PLA: polylactic
acid; PLGA: poly(lactic-co-glycolic acid); SF: silk fibroin; B-TCP: B-tricalcium phosphate.

Table 5. Summary of the clinical trials involving mesenchymal stem cell-derived extracellular vesicles in orthopaedic

diseases
Source of
Intervention/ extracellular Sponsor/
NCT No. Title Status Phase Disease Aim treatment vesicles collaborator
NCT04223622 Effects of ASC  Recruiting Phasel Osteoarthritis Development  Not clear Adipose- Istituto
secretome of treatment derived Ortopedico
on human strategies stromal cells Galeazzi, Italy
osteochondral
explants
NCT05060107 Intra-articular ~ Not yet Phasel Osteoarthritis Development Intra-articular ~ Allogeneic Francisco
injection of recruiting of treatment  knee injection  mesenchymal  Espinoza,
MSC-derived strategies stromal cells Universidad
exosomes de los Andes,
in knee Chile
osteoarthritis
NCTO05101655 Construction  Enrolling - Osteosarcoma Development - Plasma Ruijin
of microfluidic by of diagnostic Hospital,
exosome chip  invitation markers China
for diagnosis
of lung
metastasis of
osteosarcoma
NCTO03108677  Circulating Recruiting - Osteosarcoma Development - Plasma Ruijin
exosome of diagnostic Hospital,
RNA in lung markers China
metastases
of primary
high-grade
osteosarcoma

Note: ASC: adipose-derived stem cell; MSC: mesenchymal stem cell.

Scientists have extensively explored these issues, such
as increasing the targeting of EVs by linking EVs with
short peptides or aptamers with target organ affinity.
Storage conditions have been continuously optimised and

Biomater Transl. 2022, 3(3), 175-187

standardised to increase the stability and experimental
reproducibility of EVs (Table 5). MSC-EVs’ efficacy, safety,
and cost-effectiveness in treating bone diseases will continue

to improve.
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