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ARTICLE INFO ABSTRACT

Keywords:
Extracellular vesicles

Osteoarthritis (OA) is a highly prevalent whole-joint disease that causes disability and pain and affects a patient’s
quality of life. However, currently, there is a lack of effective early diagnosis and treatment. Although stem cells

Osteoarthritis can promote cartilage repair and treat OA, problems such as immune rejection and tumorigenicity persist.
Biomarkers . . L . . .

Diagnosis Extracellular vesicles (EVs) can transmit genetic information from donor cells and mediate intercellular
Trefltment communication, which is considered a functional paracrine factor of stem cells. Increasing evidences suggest that

EVs may play an essential and complex role in the pathogenesis, diagnosis, and treatment of OA. Here, we
introduced the role of EVs in OA progression by influencing inflammation, metabolism, and aging. Next, we
discussed EVs from the blood, synovial fluid, and joint-related cells for diagnosis. Moreover, we outlined the
potential of modified and unmodified EVs and their combination with biomaterials for OA therapy. Finally, we
discuss the deficiencies and put forward the prospects and challenges related to the application of EVs in the field
of OA.

1. Introduction

Osteoarthritis (OA) is a common and disabling disease that places a
huge burden on individuals and the social economy [1]. With the aging
population and increase in obesity, OA has become more common [2].
Traditional treatments for OA include nonsurgical therapies, such as
nonsteroidal anti-inflammatory drugs (NSAIDs), and surgical therapies,
such as joint replacement for advanced pain. Unfortunately, they do not
reduce the incidence of the disease in its early stages [3], nor do they
prevent cartilage degeneration or promote regeneration [4]. Emerging
treatments, such as stem cell therapy, also have many risks, including
immune rejection [5] and tumorigenicity [6]. Therefore, further un-
derstanding of the factors and mechanisms underlying OA
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pathophysiology can provide new methods to more effectively prevent
and treat OA.

OA involves changes in the articular cartilage, subchondral bone,
synovium, ligaments, and muscles [7]. OA was originally thought to be
an age-related disease, but recent studies suggest that it is an active
dynamic change caused by the imbalance between repair and destruc-
tion, and should be considered a syndrome rather than a single disease
[8]. Increased levels of inflammatory components, metabolic changes,
cellular senescence, and mechanical overload are thought to be related
to the development of OA [2,9]. These factors lead to erosion of the
cartilage surface, which in turn cause matrix degradation and the release
of pro-inflammatory mediators as chondrocytes attempt repair. In-
flammatory infiltration reduces chondrocyte function and promotes cell
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senescence, further stimulating the proliferation of the adjacent synovial
membrane and ultimately leading to tissue hypertrophy and vascular
proliferation [10]. Interestingly, the production, degradation, and con-
tent of extracellular vesicles (EVs) are associated with all these processes
[11-13], indicating that EVs play an essential role in the pathogenesis of
OA.

EVs are structures released by all cells and are currently considered a
‘new word’ in the orthopedic field [14]. EVs were initially thought to be
a kind of metabolic waste, but it was then realized that EVs carry many
proteins and nucleic acids [15]. Thus, they may represent the state of
their donor cells [16] and play an essential role in mediating cellular
communication [17], which offers EVs pathological capability.

EVs are produced in various ways but they are all from the plasma
membrane, which gives them low immunogenicity. Specifically, exo-
somes (a type of the EVs) are released when the multivesicular body is
fused with the plasma membrane, whereas other EVs, such as micro-
vesicles, microparticles, large oncosomes, and apoptotic bodies, could
be released directly from the plasma membrane [18,19]. Besides, EVs
have the same structure as cells: an extracellular domain of lipids and
transmembrane proteins on the surface, and cytoplasmic components
inside, which makes them relatively stable in body fluids [20]. There-
fore, cargoes carried by EVs may also be used as potential biomarkers
[21], which are urgently required for OA. The current diagnosis relies on
symptoms and physical examination, but they are not typical in the early
stage, resulting in severe damage to the joint structure of many patients
[22]. Biomarkers, such as EVs, can be used to timeously predict and
monitor changes within cells, contributing to early intervention.

More attention has been paid to EVs as a cell-free treatment strategy
for OA since traditional treatments and stem cell therapies have many
limitations and risks [23]. EVs not only inherit most functions of parent
cells but also avoid a series of problems caused by parent cells, such as
immune compatibility, stability, heterogeneity and stemness mainte-
nance [24]. Besides, the low immunogenicity of EVs makes it possible to
use EVs derived from various biological sources, such as milk [25],
antler [26], and marine organisms [27], to slow OA progression and
promote regeneration. In addition, the efficiency, specificity, and safety
of EVs can be improved by engineered-EVs through modifying parent
cells and directly modifying EVs [28-31]. They can also remain in the
joint for a longer time and are evenly distributed around the target area,
partly solving the problem of intra-articular drug delivery [32]. In the
past decade, the research field of EVs has developed rapidly, covering all
aspects from pathogenesis, diagnosis, to treatment of OA (Fig. 1).

Synovial exosomes from
RA, reactive arthritis, and

increased ROS content in
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As a hot topic, EVs have been widely studied in cancer, cardiovas-
cular diseases, and neurological diseases [33]. To date, existing reviews
on EVs in OA have mainly focused on the therapeutic effects. This review
provides an overview of the role of EVs in OA, focusing on the patho-
genesis, diagnosis, and treatment, while considering the associated
challenges and limitations (Fig. 2). We aimed to summarize the
following main aspects: (1) the role of EVs in OA progression by influ-
encing inflammation, metabolism, and aging; (2) EVs from blood, sy-
novial fluid (SF), and joint-related cells used for diagnosis and
differential diagnosis; and (3) therapeutic values of modified and un-
modified EVs for treating OA and biomaterial-loaded EVs for release
control. Moreover, an outlook for the future development of EVs in the
arthrosis fields is provided. It can be expected that this review might
provide an exhaustive compendium with respect to the main aspects of
EVs-related research in OA and might also stimulate its future
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Fig. 2. EVs in the pathogenesis, diagnosis, and treatment of osteoarthritis.
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Fig. 1. Key events of EVs in the pathogenesis, diagnosis, and treatment of OA. Red: Typical examples of EVs in pathogenesis research. Purple: The signature events
of EVs as markers for diagnosis and differential diagnosis. Blue: The therapeutic roles of EVs from different sources through different mechanisms, and all known
modification strategies, as well as typical biomaterials for loading EVs.
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development and applications.
2. ’Accomplice’——EVs in the pathogenesis of osteoarthritis

OA is an active dynamic change caused by an imbalance between the
repair and destruction of joint tissues [34]. The pathogenesis of the
disease is complex and remains unclear, involving factors like inflam-
mation, aging, and metabolism, which ultimately leads to structural
destruction of joints [2,35]. EVs are important mediators of cell-to-cell
communications in physiology and are also involved in disease pro-
gression, delivering pathological cargo from malfunctioning cells.
Recently, an increasing number of studies have shown that EVs play an
important role in all three parts, accelerating the progression of OA. In
addition, EVs also affect other factors related to OA pathogenesis, such
as angiogenesis and mechanical overload [36]. For instance, synovial
fibroblast derived EVs increases the expression of VEGF, which stimu-
lates neovascularization leading to OA progression [37]. While stimu-
lated by fluid-flow shear stress (FFSS), the number of exosomes secreted
by primary chondrocytes increased and the protein levels of MGP,
TNAP, and NPP1 are abnormal, thus increasing cartilage calcification
[38]. In this section, we specifically discuss the three major factors of
inflammation, aging, and metabolism, overview the roles of EVs in
promoting them, and point out the possible directions for further
research (Table 1).

2.1. EVs in inflammation

Relatively low-grade inflammation could be found in most OA
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patients, characterized by synovitis, a pro-inflammatory/catabolic state
of chondrocytes, and destruction of subchondral bone [35]. The knee SF
was infiltrated by leukocytes, of which CD147 leukocytes were the most
abundant, followed by CD4™ leukocytes [58]. Further studies have
shown that the degree of leukocyte infiltration correlates with the vol-
ume of fluid on magnetic resonance imaging (MRI) [59]. Systemic
inflammation also plays a key role in pathogenesis [60], which can be
reflected by abnormal peripheral leukocyte (PBL) [61]. Analysis of PBL’s
phenotypes in 114 patients with OA and healthy controls found that the
proportion of CD8™ cells was increased in patients with OA, especially
Treg and memory T cells [62]. NF-xB signal transduction is the main
mechanism underlying the inflammation of OA [63], triggered by
pattern recognition receptor (PRR), such as Toll-like receptor (TLR) and
receptor for advanced glycation end products (RAGE) [64]. Inflamma-
tion has also been associated with pain [34]. Miller et al. [65]. found
that injury-related molecular patterns produced in OA directly stimulate
nociceptive neurons in mice via Toll-like receptor 4 (TLR-4), which leads
to pain.

Although the role of EVs in inflammatory diseases has been well
studied [11], little is known about their function in OA. Currently, it is
believed that EVs aggravate inflammation in OA through three modes of
action. First, EVs lead to the spread of synovial inflammation by acti-
vating macrophages in SF. Second, EVs from various cells in the joint
microenvironment affect chondrocyte catabolism and promote cartilage
destruction. Finally, subchondral bone remodeling is also regulated by
EVs. (Fig. 3). Correspondingly, inflammation can also alter the amount
and content of EVs. For example, IL-1f stimulated synovial fibroblasts
and macrophages show increased production of exosomes [37], and

Table 1

The characteristics and values of EVs in the pathogenesis of OA.
Mechanisms Sources Characteristics Functions Ref.
Angiogenesis FLS High expression of VEGF Stimulate neovascularization leading to OA progression [37]
Mechanical overload Chondrocytes Increased number and abnormal levels  Increase cartilage calcification [38]

of MGP, TNAP and NPP1 proteins

Increased M1 macrophage High expression of miR-1246
inflammatory
component Chondrocytes High expression of miR-449a-5p
FLS High expression of miR-142-5p and
RUNX2
Chondrocytes High expression of circ-BRWD1 and
miR-1277
Chondrocytes High expression of circ-001846 and
miR-149-5p

Synovial fluid Low expression of miR-193b-3p

Chondrocytes Carrying autophagy-associated tubulin
1A/1B LC3
Osteoclast High expression of miR-214-3p
Osteoblast High expression of miR-210-5p
Cellular senescence Senescent High expression of miR-27b, —199a,
chondrocytes —185
Chondrocytes High expression of connexin 43
Senescent MSCs Low expression of miR-21-5p
SnCs High expression of NF-kB
Muscle High expression of miR-34a-5p
MSCs High expression of aging markers and
miR-118-3p;
low expression of pluripotent markers
Senescent High expression of miR-31

endothelial cells

Senescent bone High expression of miR-183-5p

marrow
Metabolic alterations Vascular Low expression of autophagy and p21
endothelial cells
Chondrocytes High expression of miR-449a-5p
Oxidative stress- /
EVs

Transfer miR-1246 to chondrocytes and activate the Wnt/p-catenin pathway by ~ [39]
inhibiting the expression of GSK3p and Axin2

Inhibit autophagy in LPS-induced macrophages by inhibiting ATG4B expression, [40]
and promote the production of mitoROS and mature IL-1f

Accelerate IL-1f-induced apoptosis and cartilage matrix degradation by miR- [41]
142-5p/RUNX2 in chondrocytes

Promote matrix degradation and cell apoptosis [42]
Mediate chondrocyte injury through miR-149-5p/WNT5b [43]
Decrease inhibition of HDAC3 expression and promotion of H3 acetylation [44]
Cause cartilage calcification and degradation [45]
Affect osteoblast activity and bone formation [46]

Inhibit the oxygen consumption rate of chondrocytes and trigger catabolic gene  [47]
expression of chondrocytes

Inhibit cartilage homeostasis and upregulate inflammations [48]
Promote inflammation and regulate cell senescence [49]
Reduce immunotherapy function [50]
Participate in multiple innate and adaptive immune responses to spread [51]
inflammation

Induce senescence of bone marrow stem cells [52]
Affect the function and behavior of MSC [53]
Reduce osteogenesis by knocking down FZD3 mRNA [54]
Reduce cell proliferation and differentiation, promote oxidative stress, thus [55]
inhibiting the osteogenic activity of young MSCs

Increase levels of ROS, thereby inducing apoptosis [56]

Inhibit macrophage autophagy by miR-449a-5p/ATG4B, cause ROS production, [40]
increase IL-1p production and ultimately aggravating synovitis and cartilage

erosion

Activate Toll-like receptor 4 through synergy between 15-lipoxygenase and [57]
secreted PLA 2, resulting in aseptic inflammation
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A. EVs in the synovial inflammation
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B. EVs in the catabolism of chondrocytes
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Fig. 3. EVs from different cells exacerbates the inflammation of osteoarthritis: (A) EVs from SF and chondrocytes affect macrophages, leading to the intensification of
synovial inflammation. (B) EVs from the joint microenvironment affect chondrocyte metabolism, leading to increased catabolism and cartilage matrix destruction.

(C) EVs from osteoclasts cause abnormal subchondral bone remodeling.

inflammatory mediators such as TNF-q, affect the protein and RNA
concentrations in EVs [19]. Thus, inflammation and EVs interact to
promote the development of inflammation in OA.

2.1.1. EVs in the synovial inflammation

Synovitis is a common feature of OA and is characterized by signif-
icant synovial cell proliferation, tissue hypertrophy, and vascular hy-
perplasia. Activation may occur secondary to the release of
inflammatory mediators during the initial stage of injury. While synovial
tissue attempts to repair, it produces additional inflammatory media-
tors, forming a positive feedback loop that drives joint degeneration
[66]. EVs mediate crosstalk between synovial cells, chondrocytes, and
immune cells in OA, promoting the progression of synovial
inflammation.

Activated synovial macrophages have been confirmed to play an
essential role in synovitis; however, the mechanism of activation re-
mains unclear. Rossana et al. [67]. found that exosomes isolated from
OA SF significantly stimulated macrophages to release various inflam-
matory cytokines, chemokines, and metalloproteinases, such as the CCL
family and MMP family. The immunomodulatory properties of EVs
isolated from OA SF have been demonstrated for the first time.

Similarly, Ni and colleagues showed that exosomes from OA chon-
drocytes enhance the maturation of IL-1§ in macrophages [40]. They
found that these vesicles inhibited ATG4B expression through
miR-449a-5p, thereby inhibiting autophagy in LPS-induced macro-
phages, which promotes the production of mitoROS. MitoROS further
enhances inflammasome activation and subsequent IL-1p processing.
Finally, an increase in mature IL-1p may aggravate synovial inflamma-
tion and promote the progression of OA.

2.1.2. EVs in the catabolism of chondrocytes

The main component of cartilage is type II collagen, and the structure
and biochemical composition of the cartilage are strictly regulated by
chondrocytes. When activated by inflammatory signals, chondrocytes
produce a variety of inflammation-related proteins, such as cytokines,
interleukin, and tumor necrosis factor. Among them, collagenase (met-
alloproteinases 1, 3 and 13) and aggrecan-degrading enzymes (ADAMTS
4 and 5) play important pathogenic roles [68]. Simultaneously, chon-
drocytes express many Toll-like receptors on their surfaces and are
activated by injury-related molecular patterns. This sequence of changes
causes chondrocytes to exhibit a secretory phenotype and magnifies
established cartilage degradation [69]. During this process, EVs from
joint tissues and immune cells may play a role in transmitting inflam-
matory signals.
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Exosomal PCGEM1 from fibroblast-like synoviocytes (FLS) of OA
patients promotes IL-1f induced chondrocyte apoptosis and cartilage
matrix degradation by upregulating miR-142-5p and RUNX2 [41]. EVs
produced by primary chondrocytes treated with IL-1p adversely affected
normal chondrocytes. High expression of circ-BRWD1 can act as a
sponge for miR-1277, promoting matrix degradation and cell apoptosis
[42]. Moreover, the increased expression of circ-001846 mediates
chondrocyte injury through miR-149-5p/WNT5b [43]. Peng et al. found
that EVs from M1 macrophage promote inflammation by transferring
miR-1246 to chondrocytes. The mechanism may be activation of the
Wnt/f-catenin pathway by inhibiting the expression of GSK3p and
Axin2 [39]. Chondrocytes also internalize OA subchondral
osteoblast-derived EVs with high miR-210-5p expression, which inhibits
the oxygen consumption rate of chondrocytes and triggers catabolic
gene expression in chondrocytes [47]. SF-derived exosomes (SF-Exos) in
patients promote joint degeneration by recruiting inflammatory cells
and inhibiting cartilage proliferation through the high expression of
inflammatory factors and chemokines [70]. A study also found that
SF-Exos loaded with higher levels of miR-193b-3p, which targets HDAC3
and promotes H3 acetylation, affects the catabolism of chondrocytes
[44]. These studies indicate that EVs from different cells can be inter-
nalized by chondrocytes and induce chondrocyte degeneration by
delivering various small molecules, such as miRNAs and circRNAs.

2.1.3. EVs in the remodeling of subchondral bone

Subchondral bone consists of a dense cortical plate (subchondral
lamina) adjacent to the calcified cartilage and loose cancellous bone
(trabecular bone) closer to the bone marrow cavity, which acts as shock
absorption and load distribution. The structure and composition of
cortical plates and trabeculae in osteoarthritis are significantly altered
compared to those in normal conditions [71,72]. Some studies have
shown that changes in subchondral bone precedence over cartilage
degeneration, indicating that subchondral bone activity may determine
cartilage loss [73]. The response of osteoblasts to mechanical stimula-
tion leads to the expression of inflammatory factors and degrading en-
zymes, which may be the factors leading to subchondral bone
destruction. Besides, the increased loading due to loss of cartilage
integrity may be the cause of subchondral bone remodeling [74]. EVs
might be associated with abnormal subchondral bone destruction and
remodeling.

Previous studies have shown that chondrocyte-derived EVs are
involved in mineral formation in OA [75]. Recently, the researchers
found when the cartilage had pathological calcification, histone deace-
tylase 6 (HDAC6) would cause chondrocytes to release EVs carrying
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autophagy-associated tubulin 1A/1B light chain 3B (LC3), which can
further cause cartilage calcification and degradation [45]. Besides,
osteoclast-derived exosomes are also related to abnormal subchondral
remodeling in OA. Li et al. [46]. found that osteoclasts release exosomes
containing miR-214-3p, which are internalized by osteoblasts, affecting
osteoblast activity and bone formation. Moreover, exosomes released
from subchondral bone carry miR-210-5p, which can trigger the
catabolism of chondrocytes, further accelerating subchondral bone
remodeling [47]. At present, studies on EVs in subchondral bone
changes are insufficient. Given that subchondral bone changes early and
is rich in nerves that are closely associated with pain production [74],
this area deserves further attention.

2.2. EVs in cellular senescence

Cellular senescence is defined as steady arrest of the cell cycle and
resistance to apoptosis [76]. It is one of the senescence markers, char-
acterized by permanent stagnation of the cell cycle and the production of
senescence-associated secretory phenotypes (SASP) [77]. Although se-
nescent cells (SnCs) are in a permanent state of growth stagnation, they
are not dormant in tissues [78]. By contrast, SnCs remain metabolically
active. SASP, secreted by SnCs, mainly includes pro-inflammatory cy-
tokines, growth factors, chemokines, and matrix remodeling enzymes
[79]. These molecules can induce a series of physiological responses in
the surrounding microenvironment, including inflammation, growth
stagnation, and tumor genesis. The critical regulator of SASP generation
is mTOR, which regulates MAP kinase-activated protein kinase 2 [80]
and IL-1a [81].

In the OA microenvironment, joint cells show common markers of
aging, including telomere wear and increased expression of p16, p21,
reactive oxygen species (ROS), and SASP [82]. The production of EVs
increases [48], and the cargo of EVs secreted by SnCs, such as proteins
and miRNAs, changes in number and type with age [53,50]. EVs with
senescent characteristics affect adjacent cells through paracrine
signaling, resulting in inflammatory infiltration and cell senescence.
(Fig. 4).

2.2.1. EVs from SnCs cause the initiation/amplification of inflammation
SnCs can regulate the joint microenvironment, increasing inflam-
mation and extracellular matrix (ECM) degradation in OA. Researchers
speculated that EVs secreted by SnCs may be involved in this process
[48]. First, they demonstrated that SnCs-derived EVs inhibited ECM
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formation in normal chondrocytes. To further investigate the role of
aging related EVs in OA, the researchers eliminated SnCs from OA mice.
They found that the secretion of EVs by chondrocytes was reduced and
the miRNAs carried by EVs in SF were altered, including miR-27b,
—199a, —185, and —23b. These are thought to be associated with
catabolism and inflammatory responses. In addition, some immune
cell-specific or enriched miRNAs such as miR-223, -150, and —123 were
found in EVs, suggesting that senescence related EVs modulate the
response, recruitment, and activation of cells in the bone marrow and
lymphatic lineages. The researchers also found that sEVs secreted by
OA-derived chondrocytes were enriched in transmembrane connexin 43
(Cx43). These sEVs can secrete SASP to promote inflammatory pro-
gression and can regulate cell senescence through NF-kB and ERK1/2
[49]. This series of studies shows that EVs from SnCs have a direct
negative regulatory effect on inflammation, and the main mechanism
might be through inflammation-related miRNAs.

EVs also affect the immunoregulatory function of stem cells, which is
critical for maintaining microenvironmental homeostasis [83]. Studies
have found that some miRNAs associated with the immune properties of
MSCs, such as miR-21-5p, are reduced in EVs from elderly MSCs [50],
which is thought to be related to the loss of immunotherapy function.

In addition, while different components of aging-related EVs have
been identified and shown to play a role in the progression of multiple
diseases, such as inducing tumor cell proliferation and paracrine
senescence of primary human fibroblasts [84,85]. However, the down-
stream signaling pathway activated by EVs remains unclear. Juan et al.
found that the NF-xB pathway may be an important component of this
pathway [51]. As previously described, NF-kB is involved in multiple
innate and adaptive immune responses and is regulated by phosphory-
lation of the cytoplasmic inhibitor, IkB. They found that the inhibition of
IxB kinase (IKK) inhibits NF-kB activation and affects EVs function.
These studies suggest that EVs from SnCs can influence the spread of
inflammation.

2.2.2. EVs from SnCs accelerate the aging of nearby cells

Apart from aggravating inflammation, EVs from SnCs can transmit
senescent phenotypes to nearby cells, thereby causing paracrine senes-
cence. When aging MSC-EVs were co-cultured with young MSCs, down-
regulation of pluripotent markers, such as Nanog and Oct4, and up-
regulation of aging markers, such as Vinculin, LMNA, and mTOR, was
observed [53]. Further studies have found that high expression of
miR-118-3p may be associated with senescence. In addition, an

A. The initiation/amplification of inflammation
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Fig. 4. Roles of EVs in the cell senescence: (A) Age-related EVs lead to the formation and spread of inflammation. (B) EVs from SnCs induce aging of nearby cells,

including loss of normal function and increase of cell senescence.
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increased number of EVs containing muscle-derived miR-34a-5p was
detected in the serum of elderly mice. These EVs negatively affected
MSCs vitality and increased aging [52]. Senescent phenotypes are like
"pathogens" that spreads between cells and joints through EVs as "vec-
tors", leading to systemic involvement and disease progression.

EVs also affect the functions of nearby normal cells. Researchers
found that circulating EVs from elderly human donors negatively
affected the osteogenic differentiation potential of adipose tissue-
derived MSCs (ASCs) in an age-dependent manner [54]. They found
that miR-31 was enriched in EVs produced by aging endothelial cells and
reduced osteogenesis by knocking down FZD3 mRNA. Similarly, EVs
isolated from the bone marrow of aged mice can reduce cell proliferation
and differentiation while increasing oxidative stress through the high
expression of miR-183-5p, thus inhibiting the osteogenic activity of
young MSCs [55]. These studies demonstrated that EVs are extracellular
factors, in addition to estrogen and growth factors, which reduce the
osteogenic differentiation ability of stem cells with age.

2.3. EVs in metabolic alterations

Metabolism plays a key role in the physiological renewal of synovial
joint tissues. Poor diet, obesity and lack of exercise are causes of meta-
bolic changes [86,87]. According to the immune metabolism hypothesis,
abnormal metabolism is closely related to many inflammatory responses
[88]. Clinical evidence also shows that OA is often associated with
metabolic diseases, such as diabetes, and leads to faster deterioration of
OA [89]. In OA, chondrocytes and synovial cells undergo metabolic
changes from a resting state to a highly active state, which is charac-
terized by enhanced glycolysis and mitochondrial dysfunction. In
addition, the tricarboxylic acid cycle, lipid metabolism, cholesterol
metabolism, and amino acid metabolism are also closely related to the
progression of OA [90-92], but the role of EVs in this process remains
unclear. Herein, we introduce the characteristics of metabolic changes
in chondrocytes during OA and summarize the role of EVs. We also
discussed the effect of systemic metabolic disorders on OA and the
characteristics of EVs derived from obesity.

2.3.1. EVs in mitochondrial damage and oxidative stress

Joint cartilage contains a small number of cells, with no blood ves-
sels, nerves, or lymph [93]. However, chondrocytes metabolize more
actively than synovium and plasma, despite having less access to oxygen
and glucose [94]. In cartilage, glucose is an essential metabolic fuel
[95]. Chondrocytes express several glucose transporters, some of which
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are regulated by hypoxia and proinflammatory cytokines [94]. Nor-
mally, chondrocytes use glucose for energy production through glycol-
ysis and oxidative phosphorylation. However, in the pathological
environment of OA, excessive ROS production and mitochondrial
damage inhibit AMPK signaling and reduce oxidative phosphorylation,
leading to an increase in glycolysis [96]. Glycolysis produces less
adenosine triphosphate (ATP) and leads to an accumulation of lactate,
which reduces the pH in an already acidic microenvironment, further
causing damage to chondrocytes [97]. Mitochondrial dysfunction and
oxidative stress initiate a vicious cycle of cartilage metabolic disorders
and are thus considered markers of OA [10].

EVs accelerate ROS accumulation, weaken the ability to resist
oxidative stress, and cause damage to the mitochondria, thereby pro-
moting the progression of OA (Fig. 5). Yang and colleagues demon-
strated that exosomes from vascular endothelial cells reduce autophagy
and p21 expression in chondrocytes, leading to increased levels of ROS,
and thereby inducing apoptosis [56]. Similarly, exosomes from OA
chondrocytes inhibit macrophage autophagy via miR-449a-5p/ATG4B
and cause ROS production, which increases IL-1f production, ulti-
mately aggravating synovitis and cartilage erosion in mouse models of
OA [40]. Oxidative stress-induced EVs (stress-EVS) can also promote the
progression of inflammation and lead to the spread of pain [98]. Ha et al.
proposed that oxidative stress-EVs are distinct from lipopolysaccharide
(LPS)-induced EVs. They activate Toll-like receptor 4 (a type of DAMP)
via synergy between 15-lipoxygenase and secreted PLA 2, resulting in
aseptic inflammation [57], which offers a new opportunity to limit
aseptic inflammation. Raffaele et al. found that in the dorsal root gan-
glion (DRG), neuronal-immune crosstalk can be mediated by neuronal
exosomes taken up by macrophages, which initiate a feedback loop of
elevations in ROS and exosomes, propagating long-term pain [99].
These studies suggest that EVs can lead to an increase in ROS levels,
which alters chondrocyte metabolism and leads to increased inflam-
mation and pain.

2.3.2. EVs in systemic metabolic disorders

Apart from mitochondrial dysfunction, systemic metabolic disorders
are also major risk factors for OA [100-102]. Obesity is the most vital
risk factor for the onset of knee diseases [103]. Obese individuals have
an increased risk of OA in non-load-bearing joints, such as hands and
wrists, suggesting that adipose tissue and its derivatives, such as exo-
somes, may play a role in the development of OA [104]. EVs from adi-
pose tissue (EVs-AT) carry adipokines, such as leptin and adiponectin,
transfer lipids between adipocytes and macrophages, and contain most

Fig. 5. Roles of EVs in mitochondrial damage and
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circulating miRNAs [105]. In the case of obesity, dysfunctional adipo-
cytes affect the loading of exosome cargo, leading to a series of patho-
physiological changes [106]. However, the role of EVs-AT in OA
progression has rarely been studied.

Hyperglycemia, hypertension, and dyslipidemia can also regulate
joint metabolism. The relationship between type 2 diabetes and OA is
undoubtedly the most valuable and well-studied [107]. The effects of
diabetes on joint tissues and cells can be divided into two types. First, the
increase in glucose levels causes chondrocytes to undergo oxidative
stress and release more inflammatory mediators and metalloproteinases
[108]. Furthermore, hyperglycemia can induce the deposition of
advanced glycation end products in joint tissues, which further increases
the release of pro-inflammatory and pro-degradation mediators [109].
Second, insulin resistance weakens the protective effect of insulin on
synovial cells. In type 2 diabetes, the synovium shows higher levels of
TNF-a and macrophages, which also explains why OA is more severe in
diabetics [110]. With regards to dyslipidemia, hypercholesterolemia
and hypertriglyceridemia are associated with an increased risk of OA,
whereas high-density lipoprotein may have a protective effect, which is
consistent with the effect of lipid changes on other diseases. The
CH25H-CYP7B1-RORa axis of cholesterol metabolism has recently been
identified as a key catabolic regulator of OA, which leads to elevated
cholesterol levels in OA chondrocytes [92]. Little attention has been
paid to the association between hypertension and OA. Some studies have
suggested that hypertension contributes to OA development by pro-
moting atherosclerosis in chondrocytes [101]. It should be noted that
the exact influence of blood glucose, lipids, and blood pressure on OA
has not been determined, and the role of EVs has not been studied. By
studying the role of EVs in hypertension, hyperglycemia, dyslipidemia,
and other metabolic syndromes, such as intestinal flora disorder,
circadian rhythm disruption, and osteoporosis, we can understand their
relationship with OA and better control OA.

3. ’Supervisor’——EVs as a biomarker of OA

Currently, the clinical diagnosis of OA is based on symptoms, such as
pain, brief morning stiffness, and functional limitations, and physical
examinations, including crepitus, restricted or painful movement, joint
tenderness, and bony enlargement. Auxiliary inspection, such as plain
radiographs, can also be considered if necessary [2,111,112]. However,
patients with OA have few symptoms in their early stages, but treatment
becomes difficult as the disease progresses. Thus, early diagnosis using
tools, such as biomarkers, is urgently required [22]. Biomarkers have
many merits in terms of diagnostic, predictive and monitoring values
[113,114]. Specifically, they can help with early diagnosis and differ-
entiation of subgroups, identify people at high risk of developing OA,
and monitor disease progression and response to interventions.

EVs are promising novel biomarkers because they contain specific
information from donor cells and have a strong ability to circulate in
body fluids [22]. The development of EVs-based biomarkers, whether
based on nucleic acids, proteins, lipids or glycans, shows great promise,
particularly for cancer, metabolic diseases and neurological diseases
[33,115,116]. As early as 2004, polycystin-1 was shown to be detectable
in urine-derived exosomes, making exosomes a potential tool for
detecting early kidney disease [117]. Shortly after, a group led by Jan
Lotvall discovered that exosomes can deliver mRNAs and miRNAs in
2007, which is considered a new mechanism of genetic exchange be-
tween cells [118], leading to a series of related studies. ExoDx™ Lung
(ALK) is the first biomarker, pass clinical trials in 2016, to diagnose lung
cancer by detecting EMLA-ALK mutation [119]. As a milestone, ExoDx™
demonstrates the superiority and value of EVs as biomarkers.

In OA, the earliest progress in the use of EVs as biomarkers came
from mechanistic studies. Researchers have found that miRNAs and
other nucleic acid substances are differentially expressed between the
normal population and OA patients [37]. Subsequently, EVs were found
to help distinguish between different subgroups of OA, such as different
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genders, bringing an interesting area for clinical diagnosis [120,121]. In
2018, the first proteomic analysis of serum exosomes from OA patients
and healthy donors showed that exosomal proteins also have potential
as biomarkers [122]. Subsequent studies have shown that synovial EVs
can distinguish between the different stages of OA [123], expanding the
value of EVs as biomarkers. Moreover, recent studies have shown that
the content of plasma EVs has a strong correlation with SF-EVs [124],
further enhancing the value of plasma EVs as a non-invasive biomarker
of OA.

In this section, we analyzed the different roles of EVs from different
sources in OA diagnosis and discussed the possibility of EVs as differ-
ential markers for inflammatory joint disease. The deficiency of EVs as a
biomarker and their future development were also discussed in the last
part.

3.1. EVs in the diagnosis of osteoarthritis

EVs have been studied as biomarkers based on the differences be-
tween patients with OA and healthy participants. Owing to their dif-
ferences in access and content, EVs from different sources play different
roles in early diagnosis, identification of inflammation types, and
assessment of disease susceptibility (Fig. 6, Table 2).

3.1.1. EVs from circulation can be used as a screen for early OA

As mentioned previously, the early diagnosis of OA is essential.
However, to our knowledge, there are no validated diagnostic criteria
for early-stage OA. Blood sampling is less invasive, and EVs are stable in
body fluids, such as blood. Thus, we believe that EVs can be used as an
early screening tool. They can use less invasive methods to assess joint
burden and potential injury factors when symptoms are present, but not
yet confirmed by imaging. Moreover, the cellular and molecular basis
can be understood based on early diagnosis to help select appropriate
interventions.

Meng et al. [44]. found that there was a significant decrease in the
expression of exosomal miR-193b-3p in the plasma of OA patients
compared to normal participants, which was parallel to the decline
observed in degenerate cartilage samples. Similarly, previous studies
have shown that serum miR-193b expression is negatively correlated
with inflammation [127]. Therefore, plasma exosomal miR-193b is a
potential biomarker.

In addition to nucleic acids, the differential expression of proteins in
plasma EVs may also serve as diagnostic evidence. Based on proteomic
findings of serum exosomes from patients with OA and healthy controls,
serum cathepsin F levels in exosomes were increased, while Ig a2 chain
Cregion levels were decreased in patients with OA [122]. However, as in
other experiments, how to avoid the influence of serum proteins on the
results is a problem that needs to be solved.

In addition, further studies found that EVs subsets in plasma have
significant associations with those in SF, such as CD34'EVs,
CD29'LEVs, and CD15" and CD19*MEVs [124]. The ratio of
neutrophil-EVs to lymphocyte-EVs (representing a pro-inflammatory
marker) was also positively correlated, indicating that plasma EVs
could also reflect the severity of OA like SF-EVs besides being useful for
early diagnosis.

3.1.2. EVs from SF can provide information about the stages and subtypes
of OA and analyze the treatment efficacy

EVs from the SF are rich in substances secreted by cells in the joint
structure, which can timely reflect the state of OA. In addition, the
differential expression of EVs cargoes also shows potential for identi-
fying different subtypes of OA. Moreover, by comparing the EVs content
before and after treatment, they can be used to assess efficacy.

The number of EVs carrying HLA-DR, -DP, and -DQ from SF is 25-50
times than that from blood (with a significant difference), suggesting
that infiltrated immune cells mainly contribute to the SF-EV pool [124].
They reflect antigen-presenting cells and activated t-nucleus
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Fig. 6. EVs from different sources loaded with different cargoes plays different roles in the diagnosis of OA.

Table 2
The characteristics and values of EVs in the diagnosis of OA.
Sources Characteristic Diagnosis value Relationship with OA Ref.
Blood Plasma Lower expression of miR-193b Early diagnosis; miR-193b is negatively correlated with inflammation  [44]
Reflect the phenotypes
Serum Higher expression of cathepsin F and lower  Early diagnosis Cathepsin F may involve in the pathogenesis of OA [122]
1g o2 chain C
Plasma Ratios of neutrophil-EVs to lymphocyte-EVs  Early diagnosis; Reflect OA joint inflammation and disease severity [124]
were positively correlated between plasma Reflect the severity of OA
and SF
synovial Synovial fluid Higher expression of HLA-DR,-DP, and -DQ  Reflect the severity of OA Mainly originated from the immune cell infiltrationin =~ [124]
fluid the OA joint
Synovial fluid Higher expression of PCGEM1 in late OA Reflect the stages of OA PCGEM1 inhibited apoptosis, induced autophagy, and [123,
than in early OA stimulated proliferation 125]
Synovial fluid Differential expression of miRNA between Reflect the subtype of OA female specific miRNAs are estrogen responsive and [120]
men and women target TLR signaling pathways.
Synovial fluid Differential expression of miRNA beforeand  Evaluate the effect of Correlated with cartilage production (in young mice)  [48]
after treatment treatment and immune (in aged mice)
Tissue Synovial Differential expression of fifty miRNAs Reflect the susceptibility of miRNA expression patterns in exosomes are altered [371
biopsies fibroblasts OA and miRNAs are selectively released;
Chondrocytes Nine proteins only present in OA-ACVs Reflect the presence of Differences in ECM proteins in OA and normal ACVs [126]

stromal changes and predict

OA

largely reflect known changes in OA ECM and
increased catabolism

*ACV: articular cartilage vesicles.

pro-inflammatory fibroblasts, which can be used to assess disease
severity. Additionally, Zhao et al. [123]. demonstrated that exosomal
long non-coding RNA (IncRNAs) could also be used to distinguish
different stages of OA. They found that SF exosomal IncRNA
prostate-specific transcription 1 (PCGEM1), which acts as a sponge
IncRNA targeting miR-770, stimulating the proliferation of synoviocytes
[125], was significantly differentially expressed. Exosomal IncRNA
PCGEM1 not only differs between OA patients and healthy people but
also shows significant differences between late OA and early OA. In
addition, it was highly correlated with the WOMAC Index, an osteoar-
thritis index score. Therefore, exosomal IncRNAs from SF can be used
not only to distinguish OA from the normal population but also to
distinguish different stages of OA.

SF-EVs can also be used to distinguish between OA subtypes. Kolhe
et al. [120]. showed that exosomal miRNAs might be expressed differ-
ently in patients with OA according to gender. By analyzing SF exosomal
miRNAs, they found 69 down-regulated miRNAs and 45 up-regulated
miRNAs in men and 91 and 53 in women respectively, of which
miR-504-3p was the only miRNA up-regulated in both male and female
OA patients. Further research found that exosomal miRNAs expressed
explicitly in female OA patients respond to estrogen and target the
toll-like receptor (TLR) signaling pathways. The decrease in miRNA in
targeted immunity and TLR-related genes may reduce the ability to
prevent inflammation, which may explain the prevalence of OA in
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females. Other subgroups of interest include supervised exercise, spe-
cific comorbidities, and the use of NSAIDs drugs. The identification of
subgroups is helpful for targeted management and in-depth under-
standing of the mechanism of OA.

Besides, Jeon et al. [48]. found that the miRNA and protein content
of EVs isolated from SF in OA were similar to those of senescent chon-
drocytes. Senolytic treatment led to changes in miRNAs such as
miR-34a, —30C, —125a, —24, —92A, —150, and —186, which are asso-
ciated with chondrogenesis. This suggests that EVs can be used not only
to diagnose OA but also to evaluate the effects of treatment.

It is important to note that whether biomarkers are for stages, sub-
types, or therapeutic effects, they are always focused on a specific joint,
whereas studies that have focused on multiple joints have not looked at
their potential as biomarkers. Joint specificity affects patient manage-
ment, such as regulated exercise and drug targeting; thus, developing
biomarkers for specific joints is a problem that needs to be solved. In
addition, in recent years, an increasing number of biomarker studies on
OA have focused on different phenotypes, such as the inflammatory
driven and chondrogenic driven phenotypes [128]. Identification of
phenotype is an important step in understanding disease, diagnosis, and
treatment. However, the role of EVs in phenotypes remains unclear and
requires further study.
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3.1.3. EVs of synovial fibroblasts (SFB) and chondrocytes in healthy
individuals can provide information on susceptibility to OA

EVs can reflect the characteristics and status of donor cells, such as
synovial fibroblasts (SFB) and chondrocytes, and help predict disease
susceptibility. Tomohiro found that EVs isolated from normal SFB had
low expression of inflammatory cytokines, IL-6, MMP-3, and VEGEF,
while IL-18, TNF-a, MMP-9 and MMP-13 could not be detected.
Compared to normal SFB, a total of 50 miRNAs were differentially
expressed in EVs of SFB in the state of inflammation [37]. It is expected
that early detection of changes in these contents can aid in predicting the
probability of OA and provide opportunities for early intervention and
personalized treatment.

Similarly, proteomic analysis of normal and OA patients’ articular
cartilage vesicles (ACVs, extracellular organelles at 50-150 nm found in
articular cartilage) revealed nine proteins only present in OA-ACVs,
many of which are typical markers of inflammation, such as immuno-
globulin and fibrinogen [126]. This differential expression is largely
quantitative, reflecting the known changes and increased catabolism in
the extracellular matrix of OA, which may serve as a basis for diagnosis
and prediction.

Until now, the number of studies on susceptibility has been limited,
which may be due to the limitations on available datasets and sampling
difficulty. However, for OA, a disease with limited intervention, sus-
ceptibility assessment is extremely important. It is believed that with an
in-depth understanding of the OA mechanism and the enhancement of
EVs isolation detection methods, EVs can be developed into kits in the
future and combined with proven diagnostic methods to improve risk
assessment and clinical decision making.

3.2. EVs in the differential diagnosis of osteoarthritis

EVs can also be used as biomarkers to distinguish between different
types of joint diseases (Table 3). As early as 2006, Skriner et al. [129].
compared synovial exosomes from patients with rheumatoid arthritis
(RA), reactive arthritis, and OA. They found that all exosomes carried
citrullinated proteins, but fibronectin was only found in the exosomes of
patients with RA. They pointed out that the specific identification of
these proteins could help identify different types of arthritis. Further
studies compared the protein profiles of RA-, OA-, and normal
serum-derived exosomes. Researchers found that the exosomes from RA
patients contained 1.4 times pro-neuregulin-3, 1.3 times
alpha-1-antitypain, 6.3 times TLR3, and 0.7 times type II cytoskeletal 1
than those in normal people (each has significantly different), while
compared with OA the number was 1.4, 1.4, 5.7, and 0.8 times,
respectively [122]. Among these, TLR3 differed the most significantly.
TLR3 is a member of the innate immune system pattern recognition

Table 3
The characteristics of EVs in the differential diagnosis of osteoarthritis.
Sources  Characteristic Diseases Ref.
Serum RA patients had an high expression of pro- RA, OA [122]
neuregulin-3, alpha-1-antitypain and TLR3,
while a low expression of type II cytoskeletal
1.
Serum Circulating exosomal miRNAs are PsA, RA, GA [130]
differentially expressed, and miR-151a,
—199a, —370, —589, and —769 are believed
to be involved in co-pathogenesis.
SFB Membrane-bound form of TNF in EVs was RA, OA [131]
found only in RA patients.
SF Platform-derived EVs were found only in RA ~ RA, OA [132]
patients.
SF Citrullinated proteins were found in all RA, OA, [129]
exosomes, and fibronectin was found only in reactive
exosomes from RA patients. arthritis

*Abbreviation: OA, osteoarthritis; RA, rheumatoid arthritis; PsA, psoriatic
arthritis; GA, gouty arthritis; SFB, synovial fibroblasts; SF, synovial fluid.
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receptor TLR family that activates NF-xkB and interferon regulator 3,
which may be involved in the pathogenesis of RA. Therefore, proteins in
exosomes, such as TLR3 fragments, can be used as markers of RA activity
to differentiate RA from OA.

Chen et al. [130]. reported that plasma exosomal miRNAs in patients
with psoriatic arthritis (PsA), RA, and gout arthritis (GA) had 230,198,
141 up-regulation and 108, 31, 73 down-regulation, respectively,
compared with healthy people. The co-detected miRNAs include
miR-151a, —199a, —370, —589, and —769, which are believed to be
related to the common pathogenesis of these diseases. Further bio-
informatic analysis revealed that these miRNAs are associated with
immune disorders and bone damage. However, the authors did not
compare the expression of these miRNAs in the three types of joint
diseases in detail, thus failing to provide a reference range for identi-
fying these diseases. Moreover, patients with OA were not included in
the study. Thus, improving the above questions will facilitate the
application of exosomal miRNAs in the differential diagnosis of joint
diseases.

Zhang and colleagues found a membrane-bound form of TNF in the
EVs of RA patients, but not in OA patients [131]. TNF can activate
NF-kB, induce collagenase 1 formation, and lead to T-cell apoptosis.
Similarly, platform-derived EVs were found only in the SF of patients
with RA [132], causing a series of confirmatory reactions. These specific
EVs and their contents have the potential to be used as markers of OA
and RA. In summary, these results suggest that studying the differences
in EVs from SF, plasma, or other tissues between patients with joint
disease and healthy people may help develop diagnostic methods for
OA.

3.3. Challenges of clinical transformation of EVs as biomarkers for OA

Although EVs show exciting potential as biomarkers, there is still a
gap in the use of EVs for clinical diagnosis. First, the significance of
biomarkers lies in early diagnosis, but to the best of our knowledge,
there are no validated early markers of OA, including EVs. A possible
reason for this is the lack of a single/unified molecule associated with
the early disease process owing to the heterogeneity of OA. In addition,
EVs derived from serum and urine may reflect the condition of all joints
in the whole body, rather than a certain joint of interest. Moreover, the
stability and reproducibility of EVs in different populations, environ-
ments, and laboratories is also a challenge.

In view of these challenges, we believe that a combination of mul-
tiple biomarkers can solve the difficulties of early diagnosis. The com-
bination of several biomarkers reflecting different pathophysiological
pathways can better predict disease progression than any single
biomarker or clinical factor alone. Moreover, biomarkers can be com-
bined with traditional diagnostic methods, such as imaging, to improve
accuracy and sensitivity. In addition, because EVs can reflect the status
of parent cells in real time, continuous monitoring to construct time-
integrated concentrations or time-dynamic curves can more sensitively
reflect the status of the disease and predict disease progression. In
addition, with the continuous improvement of EVs isolation and char-
acterization technology, such as gradually emerging kits that can
compete with traditional isolation methods, such as ultracentrifugation
and size exclusion chromatography (SEC), we believe that the stability
and reproducibility of EVs as biomarkers will continue to improve.

Although a number of EVs-based biomarkers have entered clinical
trials, covering the fields of tumors [133,134], cardiovascular diseases
[135], and even infectious diseases [136], there is no relevant research
in the field of OA. EVs have been used in clinical studies to diagnose
diseases [137], predict progression [133], and evaluate efficacy and
prognosis [135,138,139]. These studies further demonstrate the poten-
tial of EVs as biomarkers. We believe that overcoming the above prob-
lems, we can witness EVs-based biomarkers for OA from bench to bed in
the near future.
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4. ’Prohibitor’——EVs as a treatment of OA

The ability of EVs to shuttle bioactive cargoes has led to the extensive
exploitation of their functions in pathogenesis and diagnostics. EVs are
also considered to have potential for treatment because of their inherent
characteristics such as non-toxicity and targeting ability. Although the
therapeutic effect is not as good as that of the secretory group, such as
the conditioned medium, the composition of EVs is more controllable
[140]. In addition, EVs are more stable due to their low immunogenicity
and prolonged presence in the blood. EVs are not recognized and
eliminated as foreign objects by the immune system, which may be
related to their surface adhesion proteins and carrier ligands [141]. The
weak nonspecific interaction between EVs and circulating proteins
makes them difficult to be cleared in blood circulation, making EVs
potential drug delivery tools [142]. EVs have also been shown to stably
shuttle in a joint microenvironment. The absorption dynamics of EVs
can be observed using real-time quantitative multimodal nonlinear op-
tical imaging [143]. Therefore, an increasing number of studies have
started to explore the potential of EVs for OA therapy.

Compared to parent cells, EVs have certain natural advantages,
especially in terms of long-term efficacy, which is partly due to their
biological characteristics. First, EVs can avoid the risks of using cell
products, such as cell immune compatibility, stability, heterogeneity,
and the influence of dead cells on the joint microenvironment. At the
same time, because of the low immunogenicity of EVs, they could be
derived from a wide range of sources, including mammals related to
humans as well as marine animals and plants. Moreover, EVs exhibit
good programmability. Through engineering, we could enhance the
efficacy of EVs and overcome the problems of short residence time and
unequal distribution caused by the special structure of joints, which can
enhance long-term efficacy.

Natural EVs are the most commonly studied type of OA treatment
because they are easy to obtain and have been shown to have good ef-
ficacy. However, they also have many limitations, such as insufficient
targeting ability, difficulty in scaling up production, and potential safety
risks owing to heterogeneity. Therefore, engineering has gradually
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become a trend in the field of EVs applications. Currently, there are two
main strategies for modifying EVs. First, target cargoes are integrated
into the cells to acquire modified EVs through naturally occurring pro-
cesses. Second, direct modification of EVs including using biotechnology
to introduce cargoes into EVs and modification of EV membranes, could
improve loading efficiency and targeting capability while increasing
yield. Simultaneously, the delivery and release of EVs is also a concern.
There is an increasing interest in combining EVs with biomaterials or
nanomaterials to achieve better therapeutic effects. Herein, we dis-
cussed the application of unmodified and modified EVs in OA treatment
and summarize the current strategies to improve EVs delivery and
release.

4.1. Unmodified extracellular vesicles

EVs from various cells without modification play different roles in
OA therapy (Fig. 7). Normally, the processes of restoration and recon-
struction in OA include immune regulation, pain inhibition, improve-
ment of chondrocyte senescence and metabolic disorders, and
promotion of chondrocyte regeneration. EVs from different cells exhibit
different characteristics. Specifically, EVs derived from stem cells,
especially pluripotent stem cells, play an important role in maintaining
normal cell homeostasis due to their multidirectional differentiation
potential. EVs from adult cells and body fluids help regulate OA
inflammation and reduce chondrocyte damage. In addition, EVs derived
from other species, such as milk, sea cucumber and deer antlers, have
the characteristics of easy acquisition, strong regeneration, and immune
regulation ability, and are regarded as promising biological source.

Hence, in this section, the application of EVs from different sources
in the treatment of OA was discussed, and representative research re-
sults were specifically analyzed (Table 4). Meanwhile, it is important to
note that, although EVs from multiple sources have reported promising
results in small animals, few studies to date have examined the effects of
EVs in large animals and clinical settings. The existence of decreased OA
progression also needs to be confirmed in a longer time dimension.
Besides, clinical studies should be conducted to compare the effects of

Fig. 7. EVs from various sources without modifica-
tion for OA therapy. Abbreviation: BMSCs, Bone
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Table 4
The roles of unmodified EVs in the treatment of OA.
Sources Targeting cells Cargos Delivery methods Effect Ref.
EVs from BMSCs Chondrocytes / Intra-articular Mitigated IL-1p-induced COL2A1 and ACAN [144]
stem cells injection downregulation, and increased the PWL
Chondrocytes / Co-culture invitro  Inhibited the activation of pro-inflammatory signaling [145]
pathways (ERK1/2, AKT, P38, TAK1 and NF-«B etc.)
Chondrocytes LncRNA MEG-3 Intra-articular Reduced IL-1p-induced chondrocyte senescence and [146]
injection apoptosis
Chondrocytes LYRM4-AS1/ Co-culture in vitro ~ Alleviated OA inflammation [147]
miR-6515-5p
Chondrocytes miR-136-5p Intra-articular Inhibited chondrocyte degeneration in OA by targeting [148]
injection ELF3
Chondrocytes / Intra-articular Induced cartilage reconstruction of TMJ-OA via Autotaxin- ~ [149]
injection YAP Signaling Axis
Synovial macrophage  / Intra-articular Regulated synovial macrophage polarization to prevent OA  [150]
injection
PBMSCs Chondrocytes BMP4 Intra-articular Alleviated OA by promoting chondrocyte proliferation [151]
injection
ADSCs Chondrocytes, M1 miR-199a, 125b, Intra-articular Attenuated cartilage degeneration, and inhibited the [152]
macrophages 221 and 92a) injection infiltration of M1 macrophages into the synovium
Chondrocytes / Co-culture in vitro  Attenuated the destruction of inflammatory response by [153]
inhibiting the NF-kB signaling pathway
IPFP MSCs Chondrocytes miR-100-5p Intra-articular Inhibited mTOR to protect chondrocytes and improve gait ~ [154]
injection abnormalities
SMSCs Chondrocytes miR-129-5p Co-culture invitro ~ Targeted HMGBI to alleviate the inflammatory phenotype  [155]
of chondrocytes
Chondrocytes miR-26a-5p Co-culture in vitro  Inhibited the expression of PTEN, thereby inhibiting [156]
apoptosis and inflammation
CPCs Chondrocytes miR-221-3p Intra-articular Promoted the proliferation and migration of chondrocytes  [157]
injection
SHED Chondrocytes miR-100-5p Intra-articular Suppressed inflammation in TMJ chondrocytes [158]
injection
EMSCSEMSCSEMSCs Chondrocytes / Intra-articular Promote osteochondral regeneration [159]
injection
Chondrocytes / Intra-articular Maintained the chondrocyte phenotype by increasing type  [160]
injection 1I collagen synthesis and decreasing ADAMTSS5 expression
Chondrocytes / Intra-articular Enhanced IL-1f-blocked S-GAG synthesis and inhibited IL- ~ [161]
injection 1p-induced production of NO and MMP13
UMSCsUMSCsUMSCs ~ Chondrocytes miR-100-5p Co-culture in vitro  Inhibited ROS production and apoptosis in human articular ~ [162]
chondrocytes
Macrophages PI3K-Akt Co-culture invitro ~ Promoted the polarization of M2 macrophages and regulate ~ [163]
the immune level of OA to slow down cartilage
degradation.
Chondrocytes miR-1208 Intra-articular Inhibited the secretion of pro-inflammatory factors and the = [164]
injection degradation of cartilage ECM
AMSCs Macrophages, miRNA Co-culture invitro  Induced polarization of macrophages and inhibited [165]
T cells inflammatory T cells
AFSCs Chondrocytes TGF-f Intra-articular Induced cartilage recovery (achieving similar effects as [166]
injection stem cells)
EVs from Monocytes Chondrocytes Sox9 Co-culture invitro ~ Promoted chondrocyte differentiation and functions [167]
adult cells Neutrophils FLS / Co-culture in vitro  Inhibited the secretion of a broad spectrum of pro- [168]
inflammatory cytokines stimulated by TNF-a
Chondrocytes Chondrocytes protein Intra-articular Restored mitochondrial dysfunction and produced anti- [169]
injection inflammatory macrophages
SFB Chondrocytes LncRNA H19 Co-culture in vitro Enhanced cell proliferation and migration, and reduced [170]
expression of MMP13 and ADAMTS5
Tendon cells MSCs TGF- Co-culture in vitro ~ Regulate the tenogenic differentiation of MSCs [171]
EVs from Synovia / HA / EVs in synovial fluid are rich in HA and provide lubrication =~ [172]
body fluid and protection
hypACT M1 macrophages / Co-culture in vitro  Increased the expression of COL2A1 and ACAN, enhancing ~ [173]
the anabolism of chondrocytes
PRP Chondrocytes / Intra-articular Inhibited TNF-a release and activated the Wnt/p-catenin [174]
injection signaling pathway
EVs from MilkMilk Macrophages, / Oral Inhibited inflammation, reduced adaptive immune [25]
other Splenocytes administration response and attenuated OA
species Chondrocytes TGF-p, miR-148a Co-culture in vitro Reduced the release of sGAGs and catabolism of [175]
chondrocytes
SECMs Synovial cells / Co-culture in vitro  Reduced synovial inflammation [27]
ASCs Chondrocytes, MSCs / Intra-articular Alleviated MSCs senescence and osteoarthritis by [26]

injection

promoting cell division and inhibiting aging-related
inflammation

EVs from different sources, to help select the optimal source for clinical
transformation. Additionally, EVs research in OA treatment can be
combined with genomics, proteomics, and lipidomics to better predict
and transform cell-free clinical products.

4.1.1. EVs from stem cells

Stem cells, such as MSCs, have proven to be a promising approach for
the treatment of OA by reducing inflammation, protecting cartilage from
degradation in non-clinical models, and improving pain and function in
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clinical trials [176,177]. However, it is thought that the observed effi-
cacy was derived from secretory factors rather than the cells themselves
[178], which led to concerns regarding stem cell-derived EVs as po-
tential therapeutic agents. Besides, the use of stem cells has many
problems, including safety concerns, such as immune rejection [5] and
tumorigenicity [6], and the limitation of survival and function due to
exposure to chronic inflammation and catabolic environments [179].
The fate of the cells after drug administration, especially the long-term
survival of allogeneic cells during treatment, affects their efficacy. At
the same time, there are always some dead cells in cell products, which
themselves and their secretions have a worrying impact on the health of
patients [180]. Although many methods have been designed to pretreat
MSCs before transplantation to solve these problems, including inflam-
matory cytokines, hypoxia, drugs, biomaterials and different culture
conditions [181], it is difficult to provide quality assurance for clinical
MSC [182]. The use of EVs is a perfect solution to these problems
because they are non-neoplastic and have a structure similar to that of
cells [183]. Herein, we summarized the characteristics of EVs therapy
with different stem cell sources in detail and pointed out their short-
comings and potential development directions.

4.1.1.1. EVs from bone marrow mesenchymal stem cells (BMSCs). BMSCs
have the potential to differentiate into bone, cartilage, muscle, and fat
[184], and are used for immune repair and tissue regulation [185].
BMSCs derived EVs (BMSC-EVs) are the earliest and most widely studied
treatment for OA. BMSC-EVs mediated OA repair is characterized by an
early reduction in inflammation, inhibition of cartilage degeneration,
and pain production. After that, they promote chondrocyte prolifera-
tion, matrix expression, and subchondral bone structure improvement,
leading to overall joint recovery and regeneration.

He et al. [144] found that BMSC-Exos protected against cartilage
damage and relieved pain by affecting the dorsal root ganglion (DRG).
(Fig. 8I). Firs, BMSC-Exos co-cultured with chondrocytes upregulated
COL2A1 expression and down-regulated MMP13 expression, indicating
that it could inhibit chondrocyte catabolism and maintain ECM stability
(Fig. 8A). Besides, by intra-articular injection, BMSC-Exos accumulated
in the articular cavity of OA rats (Fig. 8B), rescuing cartilage damage,
which is characteristic of restoration of cartilage structure, reduction of
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OSAID score, and decrease in the expression of inflammatory factors in
the serum (Fig. 8C-F). More importantly, they found that the claw
contraction threshold (PWT) and claw contraction latency (PWL) of OA
rats treated with exosomes were significantly improved (Fig. 8G), sug-
gesting that exosomes help alleviate pain in OA rats. Further studies
found that the mechanism may be related to exosomes attenuating the
downregulation of CGRP and iNOS in the DRG (Fig. 8H). However, the
specific molecular mechanisms underlying pain suppression remain to
be studied in detail.

Further studies suggest that BMSC-Exos attenuate inflammation
mediated cartilage damage by inhibiting the activation of pro-
inflammatory signaling pathways such as ERK1/2, AKT, P38, TAKI,
and NF-xB [145]. In addition, BMSC-EVs contain cargoes, such as
IncRNA MEG-3 [146], miR-6515-5p [147], and miR-136-5p [148],
which inhibit aging and apoptosis of chondrocytes. BMSC-EVs could also
regulate the expression of inflammatory factors by autotaxin-YAP [149]
and regulate the polarization of synovial macrophages [150], which
play an essential role in immune regulation. Similarly, exosomes from
congenital multi-finger tissue BMSCs (pBMSCs) can regulate chondro-
genesis, possibly through the BMP4 signaling pathway [151]. These
studies demonstrate the potential of BMISC-EVs as a treatment for OA.

4.1.1.2. EVs from adipose mesenchymal stem cells (ADSCs). ADSCs have
a similar potential to BMSCs. Previous studies have shown that injecting
adipose stem cells into the joints can have anti-inflammatory and
cartilage-protective effects [186]. Besides, they are more readily avail-
able and productive after separation [187]. A number of studies have
shown that ADSCs also have a strong immunosuppressive effect and can
secrete immune regulatory factors, such as IL-4, -10, —13, and trans-
forming growth factors. Thus, ADSCs have been widely used to study a
variety of diseases, including rheumatoid arthritis [188].

According to recent studies, ADSC-EVs play a protective role mainly
by inhibiting inflammation. Mortati et al. [143]. found that ADSC-sEVs
could be taken up by chondrocytes. Further studies found that
ADSC-sEVs reduced the catabolism of chondrocytes in OA patients,
inhibited M1 macrophage infiltration in the OA synovium, and pro-
tected cartilage degradation in both subacute and chronic OA models
[152]. In particular, intra-articular injection of ADSC-EVs at the early

Fig. 8. BMSCs-Exos relieved cartilage damage and
pain in OA rats. (A) Western blot analysis of COL2A1
and MMP13 protein levels (* compared with the
control group, # compared with the IL-1f group). (B)
In vivo imaging after intra-articular injection of exo-
some (Fluo, Fluorescence, BF, brightfield). (C) Gen-
eral morphology of the knee joint in rats. (D) Saffron
solid green staining of the knee joint (scale = 50 pm).
(E) OARSI scores among different groups. (F) ELISA of
inflammatory factors in cartilage. (* compared with
Sham group, # compared with OA group, n = 8 for
each group). (G) PWT and PWL of rats at different
time. (H) Immunofluorescence staining of CGRP and
iNOS proteins in DRG tissues (scale = 200 pm, *
compared with Sham group, # compared with OA
group, n = 4 for each group). (I) A model of knee OA
induced pain in rats. Reproduced under the terms of
the CC-BY 4.0 [144]. Copyright 2020, The Authors,
published by Springer Nature.
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stage of OA showed a significant therapeutic effect on cartilage regen-
eration. Early OA is characterized by increased catabolic activity
mediated by inflammatory mediators and cartilage-degrading proteases,
suggesting that the early use of ADSC-EVs can effectively regulate
inflammation and promote tissue repair, thus slowing down the pro-
gression of OA.

Cavallo et al. [153]. compared the effects of ADSC-sEVs on chon-
drocytes and synovial cells. Synovial cells absorb sEVs earlier and in
greater quantities, leading to more significant regulation of synovial cell
secretion of cytokines, catabolic enzymes, angiogenic factors, and pain
factors by sEVs. In addition, sEVs may lead to the secondary release of
new vesicles by synovial cells, forming positive feedback to enhance the
biological activity of sEVs. Moreover, sEVs neutralized the inflammatory
effects of IL-1p by affecting p65 in the NF-xB signaling pathway.

Infrapatellar fat pad (IPFP) derived MSCs (IPFP-MSCs) are a type of
ADSCs that have been previously shown to promote chondrogenesis
[189]. The researchers found that exosomes may also play a role in this
process. Exosomes inhibit apoptosis and enhanced matrix synthesis in
vitro, while preventing cartilage destruction and improving gait abnor-
malities in DMM mouse models. The mechanism may be related to the
up-regulation of miR-100-5p, thereby inhibiting the mTOR autophagy
pathway [154]. It is relatively feasible to obtain IPFP from OA patients
through arthroscopic surgery, but it is more complicated than ADSCs.
Therefore, we believe that there is a way before the clinical translation
of IPFP-MSCs before proving to have a significantly better therapeutic
potential than ADSCs.

4.1.1.3. EVs from synovial mesenchymal stem cells (SMSCs). SMSCs have
been shown to inhibit OA progression [190]. Moreover, compared to
BMSCs and ADSCs, SMSCs differentiate into cartilage more easily [191].
A possible reason for this is that the synovium and cartilage originate
from a common cell cisterna [192]. However, it is more difficult to
obtain SMSCs as they can only be acquired through invasive procedures.

Researchers have found that high miR-129-5p expression in EVs from
SMSCs can target HMGBI to alleviate the inflammatory phenotype of
chondrocytes [155]. SMSC-EVs are also rich in miR-26a-5p, which can
inhibit the expression of phosphatase and tensin homologue (PTEN)
[156]. The overexpression of PTEN was associated with increased
apoptosis. Therefore, SMSC-EVs can inhibit chondrocyte apoptosis,
reduce inflammation, and improve chondrocyte proliferation.

Zhu and his colleagues compared the effects of exosomes from SMSCs
and induced pluripotent stem cell-derived MSCs (iMSCs) on OA treat-
ment [193]. They found that both iMSC-Exos and SMSC-Exos can reduce
inflammation; however, iMSC-Exos have a better therapeutic effect than
SMSC-Exos, which may be related to their stronger stimulation of
chondrocyte migration and proliferation, offering a new cell-free
strategy.

4.1.1.4. EVs from cartilage progenitor cells (CPCs). CPCs are a class of
oligopotent stem cells with MSC characteristics together with cartilage
stem cells, which are considered to be involved in chondrogenesis and
regulation. After damage to healthy cartilage, cartilage progenitor/stem
cells (CSPCs) migrate to the site of injury and participate in repair.
Notably, CSPCs exhibit different phenotypes in early and late OA.
Changes in their distribution during OA progression suggest that they
may be responsible for communication between the cartilage, sub-
chondral bone, and other articular tissues [194].

Wang et al. [157]. compared the application of CPC-EVs in OA
treatment between MRL/MpJ mice (MRL-EVs) and CBA mice
(CBA-EVs). Both CBA-EVs and MRL-EVs enhanced chondrocyte prolif-
eration and migration, and promoted repair and regeneration in surgi-
cally induced models. Unsurprisingly, MRL-EVs showed a better repair
effect than CBA-EVs. Further analysis of miRNAs expression in the two
groups revealed that 180 miRNAs were differentially expressed. Among
them, three miRNAs, miR-148a-3p, miR-221-3p, and miR-222-3p, were
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significantly upregulated, while four miRNAs, let-7b-5p, miR-22-3p,
miR-125a-5p, and miR-26a-5p, were significantly downregulated. In-
hibition experiments showed that miR-221-3p is a key mediator of
CPC-EVs induced chondrocyte proliferation and migration in vitro. This
is the first study to investigate the application of CPC-EVs in OA and to
compare the therapeutic differences between MRL-EVs and EVs from
normal mice, which will contribute to the development of new methods
to identify and treat OA in the future.

4.1.1.5. EVs from stem cells from human exfoliated deciduous teeth
(SHED). The residual pulp of deciduous teeth contains a population of
pluripotent stem cells, called SHED, which have a higher proliferation
rate, stronger osteogenic induction ability and are easier to obtain than
pulp stem cells [195]. SHED is considered an ideal cell source for
regenerative medicine because it is highly proliferative, pluripotent, and
immunosuppressant [196]. Luo et al. [158]. found that SHED-Exos
enriched with miR-100-5p could reduce the degradation products of
chondrocytes under inflammatory conditions, possibly through a
mechanism similar to the IPFP-Exos described above. These results
suggest that SHED-Exos may be a novel therapeutic agent for OA
inflammation.

4.1.1.6. EVs from perinatal stem cells. Perinatal stem cells, such as em-
bryonic MSCs (EMSCs), umbilical cord MSCs (UMSCs), amniotic MSCs
(AMSCs), and amniotic fluid stem cells (AFSCs) have strong self-renewal
and differentiation abilities and are widely used in cartilage repair.
Similar to other stem cells, perinatal stem cells can restore joint micro-
environment stability by promoting proliferation and regulating im-
munity, thereby alleviating OA progression. Recent omics studies, such
as miRNA omics, have systematically explained the contents of EVs
derived from perinatal stem cells and highlighted future research
priorities.

EMSC-derived exosomes (EMSC-Exos) were studied for the first time
in OA. Zhang et al. [159]. found that EMSC-Exos could repair cartilage
and subchondral bone during inflammation. By intra-articular injection
of EMSC-Exos weekly in a rat model of osteochondral defects, they found
improvements in appearance and histological scores compared to PBS
treatment. Surprisedly, complete recovery of cartilage and subchondral
bone was observed at 12th weeks. Furthermore, EMSC-Exos balanced
ECM synthesis and degradation by increasing type II collagen synthesis
and decreasing ADAMTSS expression [160]. These studies demonstrate
the efficacy of EMSC-Exos in cartilage repair and ECM protection,
revealing its potential as a cell-free replacement therapy.

The researchers also found that EMSC-Exos relieved OA by reducing
inflammation, inhibiting pain, and restoring matrix homeostasis
(Fig. 9A). First, the researchers compared gene expression differences in
cartilage tissue after two weeks of treatment with exosomes. Compared
with the OA + PBS group, the expression of pro-inflammatory,
apoptotic, and pain-related genes was significantly decreased, whereas
the expression of matrix regulation-related genes was significantly
increased in the EMSC-EVs group, suggesting that the early character-
istics of EMSC-Exos mediated repair may be pain inhibition and
inflammation reduction. To further prove this hypothesis, they first
demonstrated that after five weeks, the head withdrawal threshold of
the EMSC-Exos group was similar to that of the sham group (Fig. 9B).
Subsequently, they found that EMSC-Exos reversed TMJ degeneration in
OA and reduced subchondral bone degeneration (Fig. 9E). During this
process, exosomes reduced the expression of il-1p" and iNOS™ cells
(Fig. 9C) and reduced apoptosis (Fig. 9D). Finally, they found that
EMSC-Exos might have therapeutic effects through adenosine receptor-
mediated phosphorylation of AKT, ERK, and AMPK, restoring s-GAG
matrix synthesis and inhibiting NO and MMP13 production [161]. This
study demonstrates the potential of EMSC-EXOs in the treatment of pain
and degeneration. Although the role of individual molecules in therapy
remains to be determined, the function of the overall combination
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provides a compelling reason for their efficacy.

UMSCs have the advantages of easy access, small immune rejection,
and strong immune regulation, which have been used in the treatment of
OA [197]. Researchers found that exosomes from UMSCs could inhibit
cyclic strain-induced ROS production and apoptosis, which is an
important cause of chondrocyte injury in OA. This might owing to
exosomal miR-100-5p inhibiting the expression of NOX4 [162].
UMSCs-sEVs could also promote the polarization of M2 macrophages
and the expression of IL-10, thereby regulating the immune level of OA
to slow down cartilage degradation. Through miRNA sequencing and
protein mass spectrometry analysis, the authors found that the mecha-
nism may be related to the activation of PI3K-Akt signaling pathway
[163]. Besides, Zhou et al. [164]. found that UMSCs-sEVs targeted
METTL3 by miR-1208, thereby reducing the m6A level of NLRP3 mRNA
and reducing the release of inflammatory factors. These studies
demonstrate that UMSC- sEVs is a reliable treatment that can safely and
effectively replace UMSCs.

AMSCs are readily available MSCs because the placenta is usually
discarded after birth. AMSCs have strong immunomodulatory abilities
and can inhibit the proliferation and function of T lymphocytes,
monocytes and natural killer cells [198], the efficacy of which has been
demonstrated in orthopedic diseases, such as OA and tendinopathy.
Considering that AMSCs may play a role in EVs-related paracrine
signaling, Ragni et al. [165]. analyzed miRNA in EVs. They identified
336 miRNAs with different expression levels, among which miR-24-3p
and miR-146a-5p showed the most significant differences.
miR-146a-5p is a determinant of OA related joint homeostasis and pain
status, while miR-24-3p promotes proliferation and inhibits chon-
drocyte apoptosis. Further compared with miRNAs involved in the
pathogenesis of OA, 14 protective miRNAs (33.12% of EVs genetic
weight) and five destructive miRNAs (6.85%) were screened out. Among
them, 10 miRNAs were associated with the proliferation, activation, and
differentiation of T cells, such as miR-146a-5p and miR-125b-5p, which
accounted for 19% of the EVs genetic weight. Five miRNAs were
involved in M2 polarization (39.78%), and three were involved in M1
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Fig. 9. EMSC-Exos relieved osteoarthritis by
reducing inflammation, inhibiting pain, and restoring
matrix homeostasis. (A) The mechanism of EMSC-
Exos promoting joint repair. (B) Time-dependent
injury response after treatment indicated the effect
of Exos treatment on pain. (C) Exos treatment sup-
pressed inflammation. Expression of IL-18™ cells in
cartilage at 2, 4, and 8 weeks. (D) Exos treatment
reduced apoptosis. Expression of CCP3™ cells in
cartilage at 2, 4, and 8 weeks. (E) Exos reversed TMJ
degeneration in OA patients. Schematic model of joint
condyle head (left), condyle height in different areas
(upper right), percentage of cartilage thickness in
different areas (lower right). * Compared to OA +
PBS group, # compared to Sham group, n = 6-8/
group. Reproduced with permission [161]. Copyright
2019, Elsevier.
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phenotypic regulation (3.94%). By studying the miRNA lineage of
AMSC-EVs, the potential mechanism of AMSC-EVs in the regulation of
OA matrix remodeling was revealed.

Since amniotic fluid can be obtained through routine prenatal
diagnosis, there is no ethical or technical resistance to obtaining AFSCs.
AFSCs are considered a valuable source for cell therapy for degenerative
and inflammatory diseases because of their low tumorigenesis and easy
storage [199]. Previous studies have shown that AFSCs can promote
bone tissue repair and regeneration [200]. Researchers have compared
AFSCs with exosomes from AFSCs for the treatment of the MIA-induced
OA model. They found that higher levels of pain tolerance and histo-
logical scores were observed in the exosome group, possibly due to the
effect of exosomal TGF-$ on macrophage polarization [166]. This study
is the first to demonstrate the efficacy of AFSC-EVS in the treatment of
OA by offsetting cartilage damage.

4.1.2. EVs from adult cells

EVs from adult cells, such as immune cells (macrophages and neu-
trophils) and joint structure-related cells (synoviocytes, chondrocytes,
tendon cells, and ligament cells), influence the inflammatory environ-
ment as well as the aging and metabolism of chondrocytes in OA. Their
function is usually simpler than that of EVs from stem cells, which also
means that their adverse effects are likely to be smaller.

During the development of OA, activated innate immune cells,
especially macrophages, participate in OA progression [201]. Macro-
phages have been observed to accumulate and polarize in the synovium
and articular lumen [202]. Phosphorylated STAT3 and STAT6 expres-
sion increases in macrophages under inflammatory conditions, resulting
in increased upstream MMP2 expression. These cells release exosomes
rich in SOX9 mRNA and protein, which promote the differentiation and
function of chondrocytes [167]. This is the first study to elucidate the
role of EVs derived from macrophages in the regulation of cartilage
repair. Neutrophil-derived microvesicles (NDMVs) promote inflamma-
tion and regulate monocytes and macrophages. In addition, NDMVs can
reduce IL-8 and prostaglandin E2 release to maintain chondrocyte
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function [203]. Dong et al. [168]. found that NDMVs can be internalized
by FLS in OA patients, thus playing an anti-inflammatory role. NDMVs
down-regulated the expression of TNF-a induced inflammatory factors
such as IL-5, -6, -8, and MCP-1. Notably, the absence of significant
changes in IL-2 and IL-4 levels suggests that this downregulation was
selective. This study demonstrated that NDMVs can play a role in local
synovitis and may have potential as a treatment strategy for OA.

Structures, such as cartilage, synovium, subchondral bone, tendons,
and ligaments are important components of the joints. EVs from these
structures can be internalized by the corresponding cells, thereby pro-
moting the maintenance of joint homeostasis. Chondrocytes are resident
cells responsible for maintaining a dynamic balance between the
catabolism and anabolism of the ECM [204]. The quantity and state of
chondrocytes are closely related to the disease. Exos from primary
chondrocytes contain more mitochondria proteins and are involved in
immune processes. Lin et al. [169]. found that exosomes from chon-
drocytes can prevent the development of OA by regulating mitochondria
and immune response. By comparing the exosomal proteins in chon-
drocytes under normal and inflammatory conditions, 50
mitochondria-related proteins were found to be differentially expressed.
In addition, exosome treatment resulted in improved morphological and
histological scores, and increased M2 macrophage infiltration. Further
research can be combined with genomics and proteomics to explore key
proteins and elucidate the mechanisms that eliminate mitochondrial
dysfunction.

The synovium is composed mainly of FLS, which provides nutrients
to articular cartilage and protects the articular structure of the synovium
[205]. Synovial inflammation is involved in the occurrence and pro-
gression of OA by releasing a large number of pro-inflammatory factors
and affecting chondrocyte metabolism [206]. EVs are thought to play an
important role in mediating crosstalk between chondrocytes and FLS.
Tan et al. [170]. found that Exos from FLS (FLS-Exos) enhanced cell
proliferation and migration, which is currently the main strategy for
controlling OA. In addition, FLS-Exos through the IncRNA
H19-mediated miR-106b-5p/TIMP2 axis reduced the expression of
MMP13 and ADAMTS5, which alleviated matrix degradation. FLS-Exos
have been proven to have a cartilage preservation effect, and H19 might
be a potential target for the treatment of OA in the future.

Tendons and ligaments are the structures that maintain joint stabil-
ity, and their destruction often induces and exacerbates OA. Tendon
abnormalities have been observed in OA and are associated with OA
progression [207]. Similarly, degenerative changes in ligaments are
highly associated with cartilage damage in OA [208]. Therefore,
repairing and maintaining the stability of the tendons and ligaments is a
strategy to prevent and control OA. Recent studies have shown that
exosomes play an important role in this process. Xu et al. [171]. found
that exosomes secreted by the tendon could promote the tendon dif-
ferentiation of MSCs through TGF-f, which enriched the protective ef-
fect of exosomes on the joint.

To date, still no studies have compared EVs derived from adult cells
and stem cells for the treatment of OA. Further understanding of the role
of EVs from different sources in the treatment of OA is conducive to the
development of a complete treatment system and an in-depth under-
standing of OA pathogenesis.

4.1.3. EVs from body fluids

EVs from body fluids, such as blood, SF, and urine, are easily avail-
able and thus have better clinical transformation prospects. SF is an
important lubricant in the joint cavity, which is rich in hyaluronic acid
(HA). However, inflammation and oxidative stress can accelerate HA
degradation. Studies have found that HA can be carried by EVs in SF,
and its possible source is FLS [172]. This opens the possibility for us to
supplement HA exogenously.

Blood-derived products, including whole blood derivatives based on
plasma or serum, have been intra-articularly injected to reduce OA pain
and inflammation [209]. Flow cytometry showed that EVs from
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citrate-anticoagulated platelet-rich plasma and hyperacute serum
(hypACT) were primarily from platelets [210]. The expression of
COL2A1 and ACAN increased after hypACT-EVs were used to treat the
inflammatory model of chondrocytes co-cultured with M1 macrophages
in OA patients, suggesting that EVs of blood products can enhance the
anabolism of chondrocytes and reduce the damage caused by OA
inflammation [173]. Liu and colleagues compared platelet-rich plasma
exosomes (PRP-Exos) with activated PRP (PRP-As). They found that
PRP-Exos significantly inhibited TNF-a release and decreased the
apoptosis rate of OA chondrocytes. The mechanism may be related to the
inhibition of the Wnt/p-catenin signaling pathway, which is activated by
inflammation [174]. However, the exact molecular mechanisms remain
unclear, and the optimal concentration, frequency, and interval of
dosing remain to be determined.

4.1.4. EVs from other species

The use of biomaterials from different species to treat human dis-
eases has many inherent advantages, such as plentiful, easily available,
and inexpensive. Moreover, owing to the donor cells, they have some
characteristics that conventional sources do not have. For example, milk
is rich in various immunoglobulins and nutrients, such as calcium and
phosphorus; therefore, their EVs are rich in miRNAs associated with
immunity and cell growth [211]. However, EVs of different species may
face a number of safety issues, such as immune rejection, tumor pro-
motion, cytokine release syndrome, and infusion toxicity. Although
these occurrences are rare, further studies on safety are needed in future.

Most studies have demonstrated a beneficial relationship between
milk and OA. Lu et al. [212]. found that frequent milk intake (>7
cups/week) may be associated with reduced progression of OA in
women and can be quantified by a reduction in joint space width over
time. Bovine milk-derived EVs (BMEVs) contain many immunoregula-
tory miRNAs, such as miR-124a, which directly targets MCP-1 mRNA;
miR-21, -146, —126, —155, and —199a, which target TLR/IL-1 inflam-
matory pathways; and proteins, such as lactoferrin and TGF-p. There-
fore, BMEVs may play a role in OA treatment. Onno et al. [25]. observed
that oral BMEVs attenuated the progression of OA and decreased the
serum levels of MCP-1 and IL-6 in both spontaneous polyarthritis and
collagen-induced arthritis models. Further studies showed that BMEVs
reduced the damage to SGAGs and the expression of MMP-1, -3, -13, and
other catabolic products. The TGF-p carried by BMEVs may play a
crucial role in this process. Moreover, BMEVs can also transfer miR-148a
to chondrocytes and inhibit the hypertrophic differentiation of chon-
drocyte [175]. These studies suggest that BMEVs have the potential to be
used to treat OA. However, it is worth noting that there may be potential
adverse reactions with BMEVs. Samuel et al. [213]. found that BMEVs
could accelerate tumor metastasis while reducing the size of primary
tumors. Therefore, the safety of BMEVs requires further study.

Marine organisms are considered alternative biomaterial sources for
terrestrial vertebrates, and marine bioderived components are used for
OA treatment [214]. Echinoderms, such as sea cucumbers, have an
incredible ability to regenerate. Moreover, sea cucumbers are rich in
bioactive ingredients, such as chondroitin sulfate, collagen, amino acids,
and phenols, which are thought to play anti-inflammatory and
anti-tumor roles. Jo et al. [27]. isolated sEVs from lyophilized sea cu-
cumber extracellular matrices (SECMs) and co-cultured them with sy-
novial cells to reduce synovial inflammation. SECM-EVs reduced the
expression of IL-1f, IL-6 and MMP-1 by 26.4%, 52.4%, and 34.9%,
respectively. In addition, the expression of COX-2, which is associated
with pain, was decreased by approximately 3.5 times (p < 0.05). This
study demonstrated the potential of ocean derived EVs for the treatment
of OA. Although the mechanism remains unclear, future studies on
cargoes from ocean derived EVs will help clarify the mechanism and
clinical transformation.

Antler velvet is the only mammalian organ known to be regenerated
entirely annually [215]. Compared to other mammalian stem cells,
antler stem cells (ASCs) show a higher ability to proliferate and
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regenerate. Lei et al. [26]. found that ASCs may be a good source of Exos,
which can effectively reduce cartilage aging and alleviate OA (Fig. 10A).
ASC-Exos can slow the aging of human ESC-derived MSCs (hMSCs) by
including reducing p -galactosidase activity, protein levels of P16 and
P21, and SASP-related gene expression (Fig. 10B). Further studies
revealed that ASC-Exos could also improve bone erosion in OA mice
(Fig. 10C) and rescue cartilage degeneration (Fig. 10D). Exosome
treatment also reduced the expression of the aging marker P16 and
increased the expression of the proliferation marker Ki67 in the articular
cartilage region (Fig. 10E). These results suggest that ASC-Exos can
improve OA, which is characterized by aging and cartilage degenera-
tion. Proteomic analysis was performed to investigated the underlying
mechanisms (Fig. 10F). They found that ASC-Exos were rich in protein
effectors in response to growth factors, contributing to the protective
role of Exos in anti-aging and OA models.

EVs derived from other species provide different approaches for OA
treatment. Plants and honey are also interesting research sources.
Although they themselves may not contribute to the maintenance of
joint homeostasis, they are viable sources of EVs production in large
quantities and may achieve good efficacy through further engineered
modifications. As the development of any new treatment, there are a
number of issues that need to be resolved before the results can be
brought to the clinic. The long-term efficacy should be evaluated using
animal models. Moreover, comprehensive studies, such as long-term
safety tests, should be conducted to exclude side effects, such as tumor
promoting, due to their origin from different species.

4.2. Modified extracellular vesicles

Appropriate modification of EVs can improve their delivery effi-
ciency, targeting accuracy, and therapeutic effects [216,217]. As shown
in Fig. 11 and Table 5, current strategies fall into two broad categories
[218,219]. One category modifies the donor cells to load exogenous
cargo into EVs. Common methods include biochemical factors (such as
co-incubation, transfection, and hypoxia) and mechanical factors (such
as mechanical stress and 3D culture). Another category modifies EVs
directly, including loading exogenous cargoes (such as direct mixing and
electroporation) and modification of the membrane of EVs. In this
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section, we summarized the known modification strategies used for the
treatment of OA and compared their advantages and disadvantages. It is
worth noting that although some new strategies, such as MIMIC EVs,
have been widely used in tumor treatment, there are no similar studies
in the field of OA, which may be the direction of future research.

4.2.1. Modifying donor cells

Studies have shown that the type and state of donor cells affect the
yield and contents of EVs [226]. The stimulation of donor cells to
enhance the therapeutic potential of EVs has great application prospects,
because external stimulation is controllable and quantifiable.

4.2.1.1. Application biochemical factors to modify donor cells.
(1) Co-incubation method

Compounds, such as small-molecule drugs, growth factors, and anti-
inflammatory factors, can be introduced into EVs by co-incubation. EVs
can protect these hydrophobic or easily destroyed compounds and
deliver them to target cells. This method is simple and has no significant
impact on the EVs structure; however, the loading efficiency is easily
affected by compound characteristics and other factors [227].

In the treatment of OA, current strategies mainly use co-incubation
with anti-inflammatory substances, such as small molecule drugs and
anti-inflammatory factors, to enhance the ability of EVs to regulate
inflammation. Interestingly, EVs produced by donor cells co-incubated
with pro-inflammatory factors can also improve their cartilage protec-
tion ability. This may be related to adaptive changes in donor cells
caused by moderate stimulation. However, the exact amount of stimu-
lation and its long-term efficacy remains to be investigated further.

The polyphenols of curcumin from traditional Chinese medicine,
such as quercetin and icariin, possess anti-inflammatory activity. How-
ever, the bioavailability of these compounds is usually limited due to
their low hydrophobicity and stability [228]. Li et al. [220]. found that
the co-incubation of curcumin with BMSCs enhanced the cartilage
protective effect of BMSC-EVs (Fig. 12A). Specifically, Cur-EVs pro-
moted the viability of OA chondrocyte (OA-CH) cartilage, reduced
apoptosis, and improved metabolism (Fig. 12B). Further studies

Fig. 10. ASC-Exos alleviate MSCs senescence and

9
P - hMSC osteoarthritis. (A) Schematic diagram of ASC-Exos
330 ASP-associated genes 1.0 . . . .
= B O s b restoring stem cell senescence in vitro and allevi-
@ > . . . . .
> =20 Veh %% 06 ating OA progression in vivo. (B) hMSCs were treated
o ) .
° 240 Exo . . 28104 with vector (Veh) or exosome (Exo) for SA-B-Gal
X [ =F P Pyas .
human MSC uges & Y % é“’ Igg staining (scale, 50 pm), and quantification. Western
- o Wit ed & = VehExo =80 blot and quantification of P16 and P21 expression.
i > > hMSC 5 s Heat map of relative mRNA expression levels of SASP-
Aged Rejuvensted ~ OA  Regeneration and repair Veh Bxo kDa &, =, 245 related genes (n = 3). (C) Bone mineral density
—mmm Cell proliferation s 90 Oarariaticn Kl Ezo ¢ 2 analysis of joints of OA mice treated with Veh or Exo
B SA-B-gal activity st Cartilage development 20 ¢ 1.0 - 1.0 . o
— P21 & P16 e Cll profiferation me $ 05 o Bosll ] (n = 15). (D) Saffron solid green staining (scale, 200
S Heterochromatin erosion| | M= Cell senescence ) g "T g W pum) and OARSI grade of articular cartilages (n = 15).
— sAsP B |nflammatory response ﬁ-TubuImE[ . © 0.0 hi hemical staini 1 :
5 § VehExo &  VehExo (E) Immunohistochemical staining (scale, 60 pm) o
Ki67 and P16 and quantitative analysis of articular
OA 200 2

Exo
Vol 7 A
34 Y,

n o v o

o

e
o

cartilage in OA mice treated with Veh or Exo (n =
3 " 15). (F) Venn diagram showing the number of
2], i differentially expressed genes in OA mice after Exo
0

4.0 [26]. Copyright 2022, The Authors, published by

1
Ki67-positive cells (fold)

F Down-DEGs rescued by Exo

841 485 885

Downregulated (OA-Veh vs. Sham)
Upregulated (OA-Exo vs. OA-Veh)

0
Sham Veh Exo
OA

Sham Veh Exo
OA

P16-positive cells (fold)

treatment. Reproduced under the terms of the CC-BY
Sham Veh Exo Springer Nature.
OA

Up-DEGs rescued by Exo

470 97 443

Upregulated (OA-Veh vs. Sham)
Downregulated (OA-Exo vs. OA-Veh)



Z. Liu et al.

Co-incubation

¢

Biochemical factors (¥ )
o
(J

©
Compounds /
)

miRNA, circRNA, LncRNA
el e

Transfection

Loading methods
(Direct mixing, Electroporation, etc.)

Bioactive Materials 22 (2023) 423-452

Fig. 11. Main strategies for EVs modification. Left:
Strategies for modifying donor cells. Co-incubation,
transfection and hypoxia are biochemical factors,
which are used to load cargoes into donor cells. Me-
chanical stress and 3D-culture are mechanical factors
that increase yield and change contents. Right: Stra-

AN\ A \ ) N\ = Eounds 3’\: tegies for directly modifying EVs. Direct mixing and
" 3\ \ electroporation are used to introduce cargoes into
= ) e \ [~ / ety EVs. Fusion with membrane proteins and reverse
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Table 5
Different strategies to modify EVs for OA therapy.
Strategies Methods Advantages Disadvantages Examples Ref.
Modifying Biochemical Co-incubation Simple; Cytotoxicity; Delivery of Curcumin [220]
donor cells factors No significant impact on EV Susceptible loading
structures; efficiency;
Transfection High specificity; Induce donor cell apoptosis; Overexpression of miR-140 [221]
No significant impact on EVs Low loading efficiency;
structures;
Hypoxia Maintain stemness; Complex; Hypo-sEVs had high [222]
Influence the differentiation of stem  Low specificity; expression of miR-216a
cells; Affect donor cell
proliferation;
Mechanical factors Mechanical stress Simulated internal environment; Complex; Stimulated by LIPUS [223]
No damage to membrane integrity; Low specificity;
3D culture Mass production; Complex; Cultured in hollow-fiber [224]
Increase the cargoes and ability of Low specificity; bioreactor
EVs;
Modifying EVs Loading cargoes Direct mixing Simple and quick; Only suitable for Delivery of COS [225]
directly hydrophobic compounds;
electroporation Simple and quick; Affect integrity; Delivery of KGN [30]
High efficiency; Not suitable for RNAs with
special structures;
Modifying Fusion with Improve the targeting; Affect the functions of Fused with MSCs binding [30,
membrane proteins cargoes; peptide E7 31]
Reverse surface Improved distribution, retention Affects integrity and cargoes; ~ Modified with PPD [32]
charge ability and bioavailability; Low homogeneity;
Generating Hybrid EVs High load capacity; Increase the difficulty of Fused with liposomes to carry [31]
biomimetic EV Controllable production process; preparation; Cas9 sgMMP-13
Scalability Low homogeneity

revealed that miR-126-3p might play a role in this mechanism
(Fig. 12C). Cur-EVs up-regulated the expression of miR-126-3p, thereby
reducing the phosphorylation levels of Erk, PI3K/Akt, and p38/MAPK in
OA chondrocytes. Thus, Cur-EVs reversed the damage induced by IL-1p.
In addition, Chen et al. [229]. found that Cur-EVs could also enhance the
ability of chondrocytes to resist oxidative stress, thus significantly
enhancing the therapeutic effect of chondrocytes and reducing the fre-
quency of injection, further expanding the therapeutic prospects of
Cur-EVs. Similarly, sEVs from curcumin-pretreated ADSC more effec-
tively downregulated TBHP-induced oxidative stress and chondrocyte
apoptosis in vitro and showed stronger cartilage protection in vivo [229].
However, further research regarding cargo is required to reveal the
specific mechanisms. Similarly, exosomes from MSCs co-incubated with
TGF-f1 are rich in miR-135b, which promotes the polarization of sy-
novial macrophages. Mechanistically, miR-135b promotes the
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polarization of macrophages M2 by targeting MAPK6 [230]. These series
of studies revealed the changes in EVs function after pretreatment with
anti-inflammatory molecules, most of which are related to inflammatory
regulation and oxidative stress, which provides a direction for further
optimization of EVs.

As for pro-inflammatory factors, for example, EVs from cells co-
incubated with IL-1p reach the cartilage region more quickly and
carry more chondroprotective miRNAs, such as miR-146a, —520c,
—155, etc. [231], and anti-inflammatory factors, including SOCS3,
SOCS6, and miR-147b [232]. Similarly, EVs from SMSCs co-incubated
with lipopolysaccharide (LPS) inhibited ECM degradation in OA.
LPS-EVs inhibited the decrease in ACAN and COL2A1 via let-7b, pro-
moted chondrocyte proliferation and migration, and significantly pre-
vented the development of OA [233]. These experiments proved that the
stimulation of pro-inflammatory factors could promote MSCs to
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up-regulate or produce EVs with chondroprotective effect, which to
some extent proved the process of self-repair of articular cartilage in
pathogenesis and provided a new treatment strategy.

(2) Gene transfection method

Gene transfection is a common strategy for loading cargo into donor
cells. A large number of studies have obtained EVs with high expression
of specific miRNAs, circRNAs or IncRNAs through transfection for the
treatment of OA. The most common cargoes are miRNAs, which are
encapsulated in EVs and pass between cells to perform biological func-
tions. For example, the overexpression of miR-26a-5p [234],
miR-126-3p [235], miR-127-3p [236], miR-155-5p [237], and
miR-361-5p [238] can alleviate chondrocyte inflammation and cartilage
degradation. Overexpression of miR-140-5p inhibits chondrocyte
apoptosis [239] and promotes chondrocyte proliferation and migration
[3]. Similarly, overexpression of miR-31 can also enhance cell prolif-
eration and migration [240]. In terms of the mechanism, exosomal
miR-31 can target histone demethylase KDM2A, bind to transcription
factor E2F1, and inhibit transcriptional activity. Moreover, over-
expression of miR-206 can inhibit the apoptosis of osteoblasts induced
by Elf3 and increase the expression of OCN and BMP2 in bone tissue
[241]. Therefore, the overexpressed miRNAs in EVs can affect the pro-
liferation, migration, and apoptosis of chondrocytes and other cells, thus
slowing down the progression of OA. It is worth mentioning that recent
studies have shown that exosomes from urinary-derived stem cells
(USCs) that overexpress miR-140-5p not only retain the original ad-
vantages of USC-Exos in promoting chondrocyte proliferation and
migration, but also increase ECM secretion by targeting VEGFA [221].
This proves that transfecting specific exogenous goods, such as miRNAs,
can precisely regulate the functions of EVs to meet the needs of OA
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therapy.

Exosomal circRNAs can regulate OA as competitive endogenous RNA
(ceRNA) regulates downstream target gene expression by binding to
miRNAs. By analyzing the difference in circRNA expression before and
after chondrogenic differentiation of MSCs, circRNA-0001236 was
found due to 5.29-fold upregulation (p < 0.001). CircRNA-0001236 can
act as a sponge for miR-3677-3p. By overexpressing it, the expression of
COL2A1 and Sox9 was enhanced, while the expression of MMP13 was
inhibited, suggesting that it improved the protective effect of MSC-Exos
[242]. Similarly, EVs overexpressing circ-HIPK3 significantly improved
IL-1p induced chondrocyte injury via the miR-124-3p/MYH9 axis [243].
These studies demonstrate that overexpression of circRNA, a stable
non-coding RNA, might be a potential new cell-free therapy for OA.

LncRNAs can also function as ceRNA. To enhance the therapeutic
ability of UMSC-Exos, Yan et al. [29]. transferred the IncRNA H19
(Fig. 13A) and found that exosomes carrying IncRNA H19 (H19-Exos)
were taken up by the chondrocytes. Subsequently, H19-Exos enhanced
the inhibition of chondrocyte senescence and anabolism by directly
inhibiting miR-29b-3p (Fig. 13B). Finally, the protective role of
H19-Exos in OA was confirmed by in vivo analysis of the gross images
(Fig. 13C and D) and histological staining (Fig. 13E and F). Further
studies have found that IncRNA H19 can also improve pain and central
sensitization in advanced OA, helping enhance the quality of life of
patients [244]. However, the gene transfection method has limitations,
including low loading efficiency and may induce donor cell apoptosis,
which requires further study to improve efficiency and find suitable
donor cells.

(3) Hypoxic method

Oxygen concentration is believed to be critical for proliferation,
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differentiation, and self-renewal of MSCs [245,246]. Although MSCs are
located near vascular structures, they are often exposed to hypoxic
conditions. Hypoxia helps maintain stemness, determine cell fate, and
promote migration [247]. For example, hypoxia leads to increased
chondrogenic potential, normal osteogenic potential, and reduced adi-
pogenic potential of ADSCs, which are believed to be affected by HIF-1a
[248]. The sEVs from MSCs under hypoxia (hypo-sEVs) also have similar
properties. EVs secreted by urine-derived stem cells under hypoxia
highly expressed miR-26a-5p, which promoted the proliferation and
migration of chondrocytes by targeting PTEN [249]. Similarly, Yu and
colleagues found that hypo-sEVs had better cartilage repair than sEVs
under normal oxygen conditions [222]. Further studies showed that
miR-216a-5p was highly expressed in hypo-sEVs and affected chon-
drocyte proliferation and migration through the JAK2/STATS3 signaling
pathway. Zhang et al. [250]. sequenced the miRNA of hypo-EVs and
found that the expression of miR-181c-5p, miR-18a-3p, miR —376a-5p,
and miR -337-5p was reduced, further explaining the possible reasons
for its promotion of proliferation and anti-apoptosis. These studies
provide a new approach to enhance the therapeutic efficacy of EVs.

4.2.1.2. Application physical factors to modify donor cells.
(1) Mechanical stress method

Mechanical stress is a crucial factor affecting cell proliferation and
differentiation [251]. Appropriate dynamic stimulation can increase
chondrocyte proliferation and ECM deposition [252,253]. Low intensity
pulsed ultrasound (LIPUS) is a sound pressure wave that provides local
mechanical stimulation to the cells. Previous studies have shown that
LIPUS regulates MSCs autophagy, promotes chondrogenesis, and im-
proves the synthesis of ECM [254,255]. Further study found that by
activating autophagy, MSCs release more exosomes thereby enhancing
the ability to promote cartilage repair [256]. Besides, Liao et al. [223].
found that exosomes from LIPUS-stimulated BMSCs inhibited inflam-
mation, increased chondrocyte proliferation, and promoted extracel-
lular matrix synthesis by inhibiting the IL-1p induced NF-«B signaling
pathway. Although articular cartilage is an extremely mechanically
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sensitive tissue [257], few studies have combined mechanical stimula-
tion with EVs. This is the first trial to combine LIPUS with exosomes,
demonstrating that mechanical stimulation can potentially improve EVs
function in restoring articular cartilage integrity and function, thereby
preventing and reversing the cascade of progression to OA.

(2) 3D culture method

3D culture can increase the size, yield, and function of EVs.
Compared to 2D culture, EVs yield in 3D culture was 20 times higher (p
= 0.0009), and siRNA delivery efficiency was 5 times higher (p <
0.0001) [258]. Similarly, Yan et al. [224] found that MSCs cultured in a
circulating hollow fiber bioreactor produced considerably more exo-
somes (approximately 7.5-fold, p < 0.01) and possessed stronger carti-
lage repair ability, possibly related to the TGF-pl and Smad 2/3
signaling pathway. These results suggest the possibility of large-scale
production of EVs and can effectively facilitate the transition of EVs
technology to clinical applications.

4.2.2. Modifying EVs directly

4.2.2.1. Loading cargoes to modify EVs. By mixing EVs directly with
various compounds under different conditions, these compounds can be
encapsulated. This method is more suitable for hydrophobic compounds
because they are more likely to pass through the EVs membranes [259].
As a natural source of polysaccharides, chitosan oligosaccharides (COS)
have antibacterial, anticoagulant and immune function enhancement
effects [260]. Li et al. [225]. encapsulated COS in ADSC-EVs and found
that EVs-COS had a stronger ability to promote cartilage migration and
inhibit cartilage apoptosis and matrix degradation. Bioinformatics
analysis revealed 760 differentially expressed genes associated with the
classic Wnt, PI3K-Akt, AMPK, and MAPK signaling pathways. However,
the encapsulation efficiency was not mentioned in their work, and
chondrocytes were treated with different concentrations of EVs and COS
to determine the optimal concentration, which could not ensure the
optimal therapeutic effect after mixing EVs and COS at this concentra-
tion. Further research is needed to evaluate the efficiency of direct
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mixing, as well as its advantages and disadvantages compared to other
methods.

Electroporation creates a transport hole in the EVs membrane
through an electric field, allowing the entry of exogenous cargo into EVs
[261]. Kartogenin (KGN) was loaded into Exos via electroporation
(Fig. 14A) [30]. KGN is a small molecule that can induce the differen-
tiation of SFSCs into chondrocytes. However, owing to its low water
solubility, the clinical applications are limited [262]. Encapsulation of
EVs can solve this problem. Nevertheless, this approach may induce EVs
aggregation, thereby affecting the integrity of EVs.

4.2.2.2. Modifying membrane of EVs. Apart from loading exogenous
cargo into EVs, the EVs membrane can be modified to enhance their
targeting and delivery capabilities. Common membrane modification
methods include chemical modification and genetic engineering [217].
Fusion of target proteins with EVs membrane proteins can enhance the
specificity of EVs. To target SFSCs, Xu et al. [30]. fused MSCs binding
peptide E7 with the exosomal membrane protein Lamp 2B to form
E7-Exos. KGN delivered by E7-Exos was evenly distributed in the cyto-
plasm of SFSCs (Fig. 14B), increased their effective concentration, and
strongly promoted the chondrogenesis of SFSCs (Fig. 14C). Similarly,
chondrocyte affinity peptide (CAP) can be fused with exosomal surface
membrane protein 2B to obtain chondrotargeted CAP-Exos [263].
CAP-Exos can specifically deliver cargoes, such as miR-140, to chon-
drocytes and prolong their retention in the joint, thereby better inhib-
iting chondrodegrading proteases. However, fusion with membrane
proteins may affect the function of cargo, which requires further study.

Intra-articular injection of MSC-sEVs is a common method of
administration; however, a highly negatively charged cartilage matrix
may generate electrostatic obstruction to sEVs composed of anions on
the surface, which results in limited distribution and low bioavailability
of sEVs. To overcome this, Feng et al. [32]. modified sEVs with e-poly-
lysine-polyethylene-distearyl phosphatidylethanolamine (PPD).
PPD-sEVs with positive charge were obtained (Fig. 14D). Fluorescence
images of chondrocyte uptake (Fig. 14E) and flow cytometry (Fig. 14F)
showed that PPD-sEVs were more easily taken up by chondrocytes. In
vivo, PPD-sEVs showed better cartilage uptake, penetration, and reten-
tion, leading to a longer half-life than that of SEVs (approximately 2-fold,
p < 0.0001). Subsequently, the therapeutic ability of PPD-sEVs was
tested using the ACLT model. H&E and saffron O staining showed that
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the degeneration and wear degree of cartilage in the PPD-sEVs group
were significantly lower (Fig. 14G). Similar results were obtained for the
OARSI histological score. The enhancement of retention ability reduces
the injection time while ensuring efficacy, thus reducing adverse injec-
tion reactions such as infection, soft tissue injury, and pain, which is
conducive to realizing the application potential of sEVs for OA therapy.

4.2.2.3. Generating biomimetic EVs. Biomimetic EVs, such as EV-
mimetic NVs, hybrid EVs, and EV-like NPs, have recently been devel-
oped. These biomimetic EVs have similar physical and chemical prop-
erties to natural EVs, but they can be expanded in production, have a
higher load capacity and more precise targeting ability, which enriches
the application of EVs.

Hybrid EVs are fabricated by fusing EVs with common biomaterials,
such as liposomes. Hybrid EVs improve the stability and loading ca-
pacity of vesicles while retaining their biological characteristics. In
2018, Lin et al. [264]. delivered CRISPR/Cas9 to MSCs via hybrid EVs
for the first time. In 2022, Liang et al. [31]. used hybrid EVs-loaded
CRISPR/Cas9 tool for the first time to target MMP-13 gene knock-
down in chondrocytes and showed significant therapeutic effects in both
in vitro and in vivo OA models (Fig. 15A). The authors first developed
exosomes targeting chondrocytes (CAP-Exo) and then fused them with
liposomes to construct the hybrid CAP-Exo (Fig. 15B). After that they
designed Cas9 sgMMP-13, a CRISPR/Cas9 gene editing system targeting
MMP-13, and assessed its efficacy by qRT-PCR (Fig. 15C). The authors
then performed in vivo experiments. They delivered hybrid EVs by
intra-articular injection and found that hybrid EVs were enriched in the
knee joint and remained there for at least 7 days (Fig. 15D). After weekly
injection for 4 weeks, the authors found that hybrid Cap-Exo/Cas9
sgMMP-13 effectively inhibited cartilage destruction (Fig. 15E) and
prevented collagen II degradation and aggrecan reduction (Fig. 15F).
This study groundbreakingly makes use of the rich data accumulated
from previous studies on the mechanism of OA and provides a direction
worthy of further exploration for a more efficient and safe treatment of
OA.

Meanwhile, in the treatment of OA, other biomimetic EVs, such as
EV-mimetic NVs and EV-like NPs, have not yet been applied, which may
have stronger targeting, yield and therapeutic effects. It is believed that
with the gradual development of future research, the comparison and
mixing of various biomimetic EVs will provide a more feasible solution

Fig. 14. Modifications of EVs membrane. Left: E7-
Exos delivered KGN to SFSCs to enhance cartilage
regeneration. Right: PPD-sEVs reversed the surface
charge and enhanced OA treatment. (A) Diagram of
exosome engineering to enhance the delivery of KGN
to SFSCs, and for cartilage regeneration. (B) Fluores-
cence images show that KGN was selectively deliv-
ered to SFSCs instead of chondrocytes (n = 3), scale
bar = 10 pm. (C) Typical microscopic images of
cartilage tissues in different treatment groups by HE
staining and SO-FG staining. Reproduced with
permission [30]. Copyright 2021, Elsevier. (D) Sche-
matic diagram of sEVs reverse surface charge modi-
fication strategy by PPD. (E) DiO (green) labeled sEVs
or PPD-sEVs chondrocyte uptake, scale bar = 50 pm.
(F) Positive chondrocyte rate for uptake of DiO
labeled sEVs or PPD-sEVs. (G) Cartilage degradation
assessed by H&E and SO-FG staining, scale bar = 200
pm; Reproduced under the terms of the CC-BY 4.0
[32]. Copyright 2021, The Authors, published by
Wiley-VCH.
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Fig. 15. Generating biomimetic EVs containing Cas9
sgMMP-13. (A) Schematic diagram of chondrocyte
specific gene editing by hybrid CAP-Exo construction.
(B) TEM images of CAP-Exo, liposomes, and hybrid
CAP-Exo. Scale bar: 200 nm. (C) Schematic image of
the Cas9 sgMMP-13 system, and detection of MMP-13
mRNA levels by qRT-PCR in chondrocytes co-
incubated with Cas9 sgMMP-13 loaded in different
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W 2w 3w 4w Sw after four weeks. (F) Quantification of fluorescence
DMM surgery signals of MMP-13, Aggrecan, and Collagen II in
different treatment groups after four weeks. Repro-
duced under the terms of the CC-BY 4.0 [31]. Copy-
F right 2022, The Authors, published by IVYSPRING
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for OA treatment.

4.3. Biomaterials loading EVs for releasing control in OA treatment

Although modified and unmodified EVs have been proven to be
therapeutic in OA, they still face a series of problems such as trans-
portation, storage, and release. Controlling release in the joint cavity
helps reduce the number of intra-articular administrations, thereby
relieving pain and reducing injections adverse reactions. Hence, stra-
tegies to better release EVs are also the focus of research. Biomaterials,
including hydrogels, scaffolds, membranes, sponges and so on, have
been widely used to control the release of EVs. Although many studies
have investigated the application of biomaterial-loaded EVs in bone
regeneration [265,266], myocardial remodeling [267], and tumor
therapy [268], few studies have focused on the treatment of OA.

Hydrogels are crosslinked polymer network materials with high
water content and are the most studied biomaterials [269]. The ultra-
structure of the synovial membrane is not conducive to long-term
retention of nanoparticles. Studies have shown that nanoparticles of
300 nm can quickly escape [270]. Therefore, EVs need to be combined
with hydrogels to achieve sustained release. Zhang et al. [271].
combining PRP-Exo with heat-sensitive hydrogel (Gel-Exo) increases
retention in joints. They verified that Gel-Exo could be released
continuously for 28 days and promoted the proliferation and migration
of chondrocytes, promoted the differentiation of BMSCs, and suppressed
inflammation. At the same time, Gel-Exo could also recruit stem cells
and delay the progression of OA. Similarly, Sang et al. [272]. combined
chondrocyte derived Exos with Gel and prolonged the efficacy of Exos.

Yang et al. [273]. developed an injectable Diels-Alder crosslinked
hyaluronic acid/PEG (DAHP) hydrogel as an intra-articular delivery
platform for MSC-sEVs. The diffusion release of EVs was very limited
after 14 days, indicating good retention ability. In addition, compared
with traditional methods, such as photo-crosslinking, which may pro-
duce extra free radicals to affect EVs contents, Diels-Alder crosslinking
with low interference characteristics can help preserve EVs functions.
Furthermore, the DAHP-controlled-release group achieved similar ef-
fects to multiple injections of SEVs, indicating that the same therapeutic

ability could be achieved with fewer injections.

Tao et al. [274]. successfully isolated sEVs loaded with circRNA3503
from SMSCs and used poly(D, r-lactide)-b-poly(ethylene glycol)-b-poly
(D, i-lactide) (PDLLA-PEG-PDLLA, PLEL) as the carrier.
PLEL@circRNA3505-sEVs alleviated inflammation-induced apoptosis
and the imbalance between ECM synthesis and degradation by acting as
a sponge of hsa-miR-181c-3p and hsa-let-7b-3p. This study was the first
to demonstrate the potential of PLEL triblock copolymer gels in sus-
tained release sEVs. Similarly, chondrocyte-derived EVs loaded with
chitosan-hyaluronic acid (CS-HA) hydrogel promoted the differentiation
of ADSCs into cartilage and increased the expression of Sox9 and
COL2A1 [275]. The results were superior to those of EVs alone, CS-HA
hydrogel alone, and CS@EVs, suggesting that the CS-HA hydrogel pro-
vides a favorable microenvironment and prolongs the therapeutic effect
of EVs.

3D-printed scaffolds are another vehicle of interest because they
provide better mechanical support than hydrogels [276]. In addition, 3D
printing can accurately control the internal architecture and topology to
create a scaffold that is more suitable for the complex structure within
the joint, assisting EVs in maintaining joint homeostasis while control-
ling the release behavior. Chen et al. [277]. found that a 3D-printed
ECM/GelMA/exosome scaffold effectively restored the mitochondrial
function of chondrocytes, enhanced chondrocyte migration, and polar-
ized synovial macrophages toward the M2 subtype. The 3D-printed stent
effectively controlled drug delivery, providing a more convenient mode
than repeated intra-articular injections of exosomes. In addition to EVs
loading, 3D-printed scaffolds can also be used to construct in vitro cul-
ture models to study the interaction between ADSC-EVs, chondrocytes,
and fibroblast-like synovial cells from OA patients [278]. Compared to
2D models, 3D models can better study molecular mechanisms and
provide effective tools for clinical EV release measurement and potency
prediction.

It should be noted that there are still many limitations in the com-
bination with biomaterials. First, it is necessary to further elucidate
whether biomaterials affect EVs cargo and function. Second, due to the
relatively independent metabolism of the joint microenvironment, the
impact of the material itself and degradation need to be considered.
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Finally, standardized techniques are needed to assess EVs release and
post-release coordination effects.

4.4. Challenges of clinical transformation in implementing EV therapy for
OA

Currently, the EVs used to treat OA are almost exclusively tested in
small animals (rats or mice). However, the selection of different animal
models affects the conclusion [279]. Among animal models related to
OA, small animal models, such as mice, rats, and rabbits, are commonly
used to study the mechanisms of disease. However, large animal models,
such as dogs, sheep, horses and monkeys, are often used to study the
process and treatment of diseases because their anatomical structures
are similar to those of humans [280].

Compared with MSCs, there are few studies on EV-based therapeutics
for OA in large animals [281-283]. We speculate that this might be
because EV-based treatment strategies are still in their early stages.
Small animal models could shorten the period to screen for better EVs
and discover the underlying mechanisms. Subsequently, the selected
EVs will be further verified for their curative effect, especially the
long-term effect, by large animal models to help clinical transformation.

There have been several EV-based therapeutics in preclinical/clinical
trials [33]. Most focus on cardiovascular diseases [284-286], lung in-
juries [287,288], and neoplasms (NCT04592484). Generally, a mean-
ingful basic study translating into a safe and feasible treatment requires
five stages, which is called the T model [289]. When it comes to the
EV-based therapeutics, there is currently no clear regulatory framework
for EV therapeutics. Besides therapeutic efficacy, pharmacokinetics,
safety, and even economic value also need to be demonstrated before
approval, which is still in its infancy in the field of EVs.

Except for one study on Wharton’s jelly in which the therapeutic
component may include EVs, there has been no clinical trial related to
EVs in the field of OA treatment [290]. We analyzed the possible reasons
and concluded that specific challenges in implementing EV therapy for
OA exists in at least two aspects:1) The specificity of OA pathogenesis.
Currently, the mechanism of OA is unclear. OA was initially considered
an age-related disease. It was later considered that the formation of OA
was jointly determined by a variety of factors and thus had a variety of
phenotypes. The heterogeneity of the disease makes it difficult to
identify a specific target for intervention, resulting in therapeutic chal-
lenges. In addition, when we focus on a single pathogenic factor, taking
inflammation as an example, there are also some challenges. Inflam-
mation in OA is usually chronic and low-grade; therefore, traditional
systemic anti-inflammatory approaches have only a small benefit.
Therefore, new approaches must be adopted to treat OA inflammation
and the resulting cartilage degeneration. 2) The particularity of joint
structure. The rapid clearance of drugs from the joint and therapeutic
targets deep within the cartilage that drugs cannot reach pose significant
delivery challenges for many promising drugs [291,292]. Possible ap-
proaches include A) changing the size or membrane potential of EVs to
combat the steric and electrostatic hindrance of the cartilage matrix; B)
improving the structure and targeting ability of EVs to prolong the
residence time in the joint cavity; and C) combined with biomaterials to
enhance the penetration ability of EVs into the cartilage and achieve
sustained release. However, some engineering approaches are contra-
dictory. For example, reducing the size can enhance the cartilage
penetration of EVs but also increase the chance to be clear out of the
joint cavity. It is believed that with the continuous development of
research, we will find appropriate targets and effectively solve these
problems. Within a decade or more, we would witness the first in-human
trials of EV-based therapeutics for OA.

5. Conclusions and further perspectives

EVs have shown great value in OA research because of their
biocompatibility, bioactivity, immunogenicity and other characteristics.
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In the past decade, exciting advances have been made in the biology,
isolation, characterization, therapeutic use, and engineering of EVs. EVs
can carry genetic materials from donor cells and mediate cell commu-
nication, thus playing a series of roles in the development of OA disease,
such as spreading inflammation, changing metabolism, and promoting
cell senescence. Because EVs can remain in body fluids such as blood for
a long time and reflect the status of donor cells, they might be used as
biomarkers for the early diagnosis of OA and evaluation of pathological
typing and severity. Modified and unmodified EVs can also be used as
emerging treatments to delay disease progression, relieve pain, and
improve prognosis, but there are still limitations and challenges.

5.1. EVs research needs to be more systematic and normative

EVs are a relatively new concept. They have received significant
attention as potential mediators of disease remission after demon-
strating that they can deliver proteins and genes from donor cells to
recipient cells. However, rapid development has led to a lack of stan-
dardization in terms of nomenclature, separation techniques, and stor-
age conditions.

a) Nomenclature. Many studies refer to vesicles as ‘exosomes’ after
simply identifying their shape, size, and surface markers. However,
the physical properties of exosomes may overlap with other EVs.
Thus, without proof of their origin from the multivesicular body, the
International Extracellular Vesicles Association (ISEV) has recom-
mended describing them by physical characteristics, biochemical
composition, conditions, or cell of origin [293].

b) Separation techniques. Currently, various methods are available
for isolating EVs, such as differential ultracentrifugation (dUC),
density gradients, filtration, SEC, and immune isolation. Different
separation methods impact the components and functions of EVs,
especially in the study of soluble SASP in EVs. Commonly used dUC
cannot separate EVs from soluble protein, while SEC is one approach
that helps to address this issue. Therefore, different separation
methods are required for various research purposes. There are two
obvious benefits to improve separation techniques: increased purity
and yield. First, a potentially feasible measure is to improve the
centrifugation rate to obtain smaller vesicles, such as exomeres and
supermeres, which have been proven to be more biologically active,
more easily absorbed, and can reduce problems caused by EVs het-
erogeneity. Second, by combining EVs with biological reactors or
changing separation conditions, such as illumination, mechanical
force, and drug stimulation, the yield of EVs can be effectively
increased to achieve mass production.

c) Storage conditions. Storage at —80 °C is a widely used method.
However, there is increasing evidence that storage affects EVs con-
centration, physical properties, and function. Moreover, the impact
will be intensified with an increase in the number of freeze-thaw
cycles. Therefore, one-time use after separation may be a more
reasonable choice at present. However, storage methods with less
impact require further investigation, including changing the storage
medium, altering the pH, modifying the EVs surface, and combining
EVs with other NPs. In future, storage methods should be selected
according to different uses to meet clinical needs.

5.2. Mechanism studies should be more specific

EVs plays an irreplaceable role in OA progression including inflam-
mation, aging, and metabolism. However, the exact targets of disease
progression require further study to provide clear directions for disease
treatment. For example, secretory phospholipase A2 (sPLA2i) is an
effective inflammatory mediator in OA development. Thus, the specific
targeting of sSPLA2i could mitigate OA progression. At the same time, the
discovery of similarities and differences in the pathogenesis of different
subtypes of OA will help us systematically understand diseases
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progression and establish a comprehensive database to provide early
and precise intervention for patients in future.

Interestingly, inflammation, senescence, and metabolism appear to
play synergistic and mutually reinforcing roles in the progression of OA.
For example, aging cells and microenvironment produce a large number
of inflammatory mediators and cause metabolic changes, and the pro-
gression of inflammation also induces cell senescence and destroys
mitochondrial function. Therefore, EVs, as an important component of
paracrine signaling, may play a role in communication in this network,
which initiates a vicious cycle by transferring key molecules, promoting
the continuous deterioration of OA in the cycle of inflammation, aging,
and metabolism. Simultaneously, EVs may play a role in other causes of
OA, such as excessive mechanical load.

At the same time, given that EVs could carry pathogenic factors and
transfer them between cells, inhibition of EVs formation, release, or
uptake may reduce vesicle-mediated pathogenesis. At present, possible
ways include inhibiting the release of EVs by targeting essential com-
ponents and inhibiting the uptake of pathological EVs by regulating
receptor cells.

5.3. Studies of EVs in OA diagnosis needs to improve sensitivity,
specificity, and operability

EVs from the blood, SF, synovial fibroblasts, or chondrocytes have
shown great potential as biomarkers. Not only do EVs contribute to the
early diagnosis of OA and the differentiation of OA subtypes, but they
have predictive value in identifying people at high risk of developing OA
as well. However, translating biomarkers based on EVs into clinical
settings requires technological advances, including improved sensi-
tivity, specificity, and maneuverability.

The sensitivity of a single biomarker is limited because of the
complexity of OA pathophysiology. Therefore, multiple diagnostic
methods are required to support each other. Besides, EVs may lack
specificity for joint tissue. Specifically, there are differences in bio-
markers between the knee, hip, hand and spine, and further research is
needed to explore whether specific biomarkers exist in specific joints.
Engineered exogenous EVs may also play a role in solving these
problems.

Another challenge of using EVs as a biomarker of OA is the complex
and lacks standardized isolation and characterization methods, which
limits their operability. Therefore, high-throughput methods are
required to rapidly isolate EVs from many samples or to increase EVs
production by the improving Separation techniques mentioned above.
Simultaneously, standardized protocols on how EVs biomarkers can be
validated in different laboratories and in different samples are also
essential, which will accelerate the clinical transformation of EVs as
markers.

5.4. Strategies for improving treatment

For the application of EVs as drug delivery agents, one issue that
needs to be addressed is how to load the required exogenous cargo more
efficiently into EVs and improve the targeting ability. Many emerging
methods of engineering EVs, such as EV-mimetic NVs and EV-like NPs,
can be attempted. In addition, further deepening the understanding of
the EVs delivery mechanism may help to solve the problem. However, at
the same time, the question of whether loading exogenous goods in-
terferes with the original contents and whether this has off-target effects
may become a huge barrier to EVs applications.

Another problem is the determination of the dose, dosage form, and
cell source of EVs to avoid toxicity and immunogenicity. To solve this
problem, preclinical models, for examples, should be used to assess ef-
ficacy in relation to EVs dose and frequency. Although previous studies
have shown that transplanting human EVs in animal models is safe, the
immunogenicity of EVs from allogeneic sources still needs to be verified.
Further understanding of the mechanisms of action of different doses
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and dosage forms of EVs in treatment can help guide the selection of
these parameters.

Long-term therapeutic effect is also a challenge. Engineered EVs can
remain in the joint spaces for longer period by changing their size and
membrane structure. Naturally derived EVs could also achieve this
through at least four ways: 1) Increase the times of administration to
maintain the drug concentration in the joint cavity. However, the
increased pain and decreased compliance should not be ignored. 2)
Select more appropriate parent cells for EVs. Because of the low
immunogenicity of EVs, we can screen for sources with better thera-
peutic efficacy. Potential parent cells include perinatal stem cells with
greater regenerative capacity, ADSCs with greater immunomodulatory
capacity, MSCs from younger individuals, and even marine organisms.
EVs from different sources can even be combined to cover different
pathogenic mechanisms to enhance the efficacy. 3) Select EVs with more
suitable size or structure. Because of the particularity of joint lumen
structure, screening EVs that can not only penetrate cartilage steric
hindrance but not be rapidly metabolized is very important to maintain
long-term therapeutic effect. 4) Combine with biomaterials. As dis-
cussed in Section 4.3, with the biomaterials that have been approved by
clinical trials, we can increase the targeting and residence capability of
EVs without compromising safety and achieve sustained release through
the slow degradation of the material. Ensuring the long-term efficacy of
EVs can contribute to better clinical transformation of EVs.

Moreover, EVs may play a synergistic role with existing OA in-
terventions. For example, exosomes combining HA with PRP may
further reduce pain. EVs from different sources can also be used simul-
taneously because crosstalk may occur among their cargoes.

EVs also have potential for personalized and precise treatment. As we
all know, EVs in synovium can be used to diagnose disease stage. With
the understanding of the progress of EVs in OA, we can obtain sufficient
information from the database in future to conduct personalized analysis
of patients’ joints. Thus, the required compounds can be loaded into EVs
to achieve personalized treatment.

Overall, this review summarizes the studies on EVs in the patho-
genesis, diagnosis, and treatment of OA, which are important links in
disease progression and intervention. In general, EVs contributes to the
further understanding of OA pathogenesis, and the concept of utilizing
EVs as biomarkers and treatment options for OA is attractive and
promising. As expected, in future, the solutions to key problems will
promote the clinical transformation of EVs and become a novel strategy
to control OA.
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