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Exosomes participate in many physiological and pathological processes by regulating cell-
to-cell communication. This affects the etiology and development of diseases, such as
osteoarthritis (OA). Although exosomes in the OA tissue microenvironment are involved in
the progression of OA, exosomes derived from therapeutic cells represent a new
therapeutic strategy for OA treatment. Recent studies have shown that exosomes
participate in OA treatment by regulating the proliferation, apoptosis, inflammation, and
extracellular matrix synthesis of chondrocytes. However, studies in this field are scant. This
review summarizes the therapeutic properties of exosomes on chondrocytes in OA and
their underlying molecular mechanisms. We also discuss the challenges and prospects of
exosome-based OA treatment.
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1 INTRODUCTION

Osteoarthritis (OA) is a prevalent degenerative joint disease that affects more than 500 million people
worldwide (GBD 2019 Diseases and Injuries Collaborators, 2020) and is a major cause of chronic
disability in the elderly (Tang et al., 2016). OA is caused by chondrocyte inflammation and apoptosis,
which is the result of many factors. This leads to articular cartilage destruction, subchondral bone
remodeling, and osteophyte formation (Ma et al., 2019). Chronic pain, motor dysfunction, and
disability caused by OA not only significantly reduce the quality of life of patients (Hunter and
Bierma-Zeinstra, 2019) but also bring a huge economic burden to individuals and society. The
current treatment for early OA includes non-drug therapies such as exercise, weight loss, and
physical therapy (Bannuru et al., 2019) and anti-inflammatory and analgesic drug therapy, such as
nonsteroidal anti-inflammatory drugs and tramadol (Peat and Thomas, 2021). Advanced stage
patients with severe dysfunction require joint replacement surgery, which often results in poor
function, infection, prosthesis loosening, and other complications (Cottino et al., 2017; Kearns et al.,
2018; Caron et al,, 2021) that ultimately lead to pain and disability. Because of the complex
pathogenesis of OA, there are no satisfactory treatments to cure or delay the pathological progression
of OA (Butterfield et al., 2021).

In recent years, researchers have begun to explore the potential benefit of exosomes for OA
treatment. Exosomes are a subtype of extracellular vesicles (EVs) with a diameter of approximately
40-160 nm (Kalluri and Lebleu, 2020). They may originate from body fluids, such as blood, saliva,
plasma, urine, and amniotic fluid, and from various cell types, such as fibroblasts, epithelial cells,
hemocytes, adipocytes, neurons, stromal cells, tumor cells, chondrocytes, and mesenchymal stem
cells (MSCs) (Kim G. B. et al., 2021). The function and biological properties of exosomes depend on
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Exosomes’s Effect on OA

Endocytosis

FIGURE 1 | Formation of exosomes. Early endosomes are formed by endocytosis and intralumenal vesicles (ILVs) are formed through the internal budding of the
endosomal membrane. After early endosomes transition to late endosomes, ILVs are released extracellularly as exosomes.

Exocytosis

Exosomes

their cargo (proteins, lipids, and nucleic acids). In a pathological
microenvironment, exosomes released by cells may promote
disease progression, whereas those released by therapeutic cells
may contribute to the treatment of disease. Exosomes derived
from therapeutic cells can regulate the proliferation, apoptosis,
and inflammation of chondrocytes and promote extracellular
matrix (ECM) synthesis (Tofino-Vian et al., 2018; Qi et al., 2019;
Sun et al., 2019; Li et al.,, 2020).

In this review, we summarize the various roles of exosomes on
chondrocytes in OA, including the regulation of chondrocyte
proliferation, apoptosis, inflammation, and ECM synthesis, as
well as the underlying molecular mechanisms.

2 BIOLOGICAL PROPERTIES OF
EXOSOMES

Exosomes are a subtype of EVs. EVs are small membranous
vesicles released by cells into the ECM. EVs participate in various
biological processes, including cell communication, migration,
angiogenesis, and tumor cell growth. EVs exist in various body
fluids and cell supernatants and stably transport important
signaling molecules. EVs may be categorized as exosomes,
microvesicles, and apoptotic bodies based on their size,
expression of membrane markers, and biogenesis (Kim G. B.
etal, 2021). Of these, exosomes exhibit higher stability, inclusion,
and better performance, which are of particular interest to
researchers (Samanta et al., 2018; Gurunathan et al., 2019).
Exosomes are generally formed by endocytosis. At early stages,
a large number of intralumenal vesicles (ILVs) are formed by the

internal budding of the endosomal membrane. Late endosomes
or multivesicular bodies (MVBs) are then formed through a series
of changes. When MVBs fuse with the cell membrane, internal
ILVs are released extracellularly as exosomes, which may then be
absorbed by target cells (Maehara et al.,, 2021) (Figure 1).

Exosomes have a lipid bilayer membrane consisting of lipid
raft constituents (such as cholesterol, sphingomyelin, and
ceramide), tetraspanins (such as CD9, 63, and 81), and
proteins (such as integrin, cell specific receptors, major
histocompatibility complex class I and class II, and flotillin-1)
(Maehara et al., 2021). Proteins, lipids, and nucleic acids are
carried by exosomes, including messenger RNA (mRNA),
microRNA  (miRNA), and long-chain non-coding RNA
(IncRNA). These molecules play essential roles in intercellular
communication and the immune response (Kao and Papoutsakis,
2019) (Figure 2).

Exosomes may be isolated by multiple methods, including
classical ultracentrifugation, ultrafiltration, polyethylene glycol
precipitation, immunoaffinity  purification,  microfluidic
technology, and using various commercially available Kkits.
However, there is currently no consensus regarding the
specific markers that define EV subtypes, and there is some
overlap in the size of the EV subtypes. Consequently, current
isolation methods cannot be used for the purification of specific
EV subtypes. So, the International Society for Extracellular
Vesicles (ISEV) suggests that EV subtypes should be classified
according to size (<100 nm or <200 nm, small EVs or >200 nm,
medium/large EVs), density (low, middle, and high), biochemical
composition (CD63+/CD81+-EVs, Annexin A5-stained EVs,
etc.), and origin (podocyte EVs, hypoxic EVs, large
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FIGURE 2 | Structure of exosomes. Exosomes have a lipid bilayer membrane composed of lipid raft constituents (such as cholesterol, sphingomyelin, and
ceramide), tetraspanins (such as CD9, 63 and 81), and proteins (such as integrin, cell specific receptors, major histocompatibility complex class | and class Il, and
flottilin-1). Proteins, lipids, and nucleic acids carried by exosomes, including DNA, mRNA, miRNA, and IncRNA.

Proteins

oncosomes, apoptotic bodies) (Thery et al., 2018). In this review,
“exosomes” essentially refer to EVs based on the expression of
typical markers without demonstration of their biogenesis, origin,
and/or purity.

3 THERAPEUTIC EFFECTS OF EXOSOMES
IN OSTEOARTHRITIS

3.1 Exosomes Promote Chondrocyte

Proliferation in Osteoarthritis

Human bone marrow MSC-derived exosomes (BMSC-Exos)
promote chondrocyte proliferation, which is associated with
the IncRNA, KLF3-AS1. KLF3-ASl1 is enriched in BMSC-Exos
and after lentivirus-mediated siRNA targeting of KLF3-AS1 in
BMSCs, the effect of BMSC-Exos on promoting chondrocyte
proliferation was partially reversed (Liu et al., 2018a). A follow-up
study revealed that BMSC-Exos with KLF3-AS1 overexpression
exhibited a stronger effect on promoting chondrocyte
proliferation, which was mediated by KLF3-ASl in exosomes
through the miR-206/GIT1 axis (Liu et al., 2018b). In addition,
Wang et al. found that TGF-B1 promoted chondrocyte
proliferation by stimulating BMSCs to secrete exosomes
containing miR-135b. Furthermore, this effect was achieved by
the negative regulation of Spl by exosomal miR-135b (Wang

et al., 2018). The expression of miR-92a-3p in OA chondrocyte-
derived exosomes decreased significantly, whereas BMSC-Exos
with miR-92a-3p overexpression promoted chondrocyte
proliferation, which was caused by exosomal miR-92a-3p
inhibiting Wnt5a expression (Mao et al., 2018a). In a study on
BMSC-Exos, BMSC-Exos with miR-320c overexpression had a
better effect at promoting chondrocyte proliferation compared
with those without miR-320c overexpression (Sun et al., 2019).
Interestingly, BMSC-Exos derived from different anatomic
locations exhibit different effects on chondrocyte proliferation.
One study showed that exosomes secreted by polydactyly bone
marrow-derived MSCs (pBMSC-Exos) have a stronger effect on
promoting  chondrocyte  proliferation  compared  with
conventional BMSC-Exos, which may be related to the high
expression of BMP4 in pBMSCs (Zhou et al., 2020).

Exosomes derived from umbilical cord MSCs (UMSCs,
UMSC-Exos) can promote chondrocyte proliferation. After
interfering with IncRNA H19 in UMSCs, the role of UMSC-
Exos in promoting chondrocyte proliferation was decreased,
indicating that its mechanism in promoting chondrocyte
proliferation is related to high H19 expression in exosomes
(Yan et al.,, 2021a). Another study found that miR-29b-3p is a
target of H19, which promotes chondrocyte proliferation by
directly inhibiting miR-29b-3p, whereas the downregulation of
miR-29b-3p enhances chondrocyte proliferation by negatively
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regulating FoxO3. This suggests that H19 from UMSC-derived
exosomes participates in the regulation of chondrocyte
proliferation through the miR-29b-3p/FoxO3 axis (Yan et al,
2021b). Moreover, in a hollow fiber bioreactor, exosomes derived
from 3D-cultured UMSCs (3D UMSC-Exos) exhibited a strong
effect at promoting chondrocyte proliferation and upregulation
of TGF-P1 and Smad2/3 expression. Therefore, 3D UMSC-Exos
promote chondrocyte proliferation by specifically activating the
TGF-B1-dependent Smad2/3 signaling pathway (Yan and Wu,
2020).

Wang et al. (2020) demonstrated that intra-articular injection
of EVs secreted by chondrogenic progenitor cells (CPCs) from
MRL/Mp] superhealer mice (MRL-EVs) increased the
proliferation of mouse chondrocytes. This effect was greater
compared with that of EVs secreted by CPCs from control
CBA mice (CBA-EVs). An analysis of the miRNA expression
profiles of MRL-EVs and CBA-EVs revealed differentially
expressed miRNAs involved in various biological processes,
including 80 significantly up-regulated and 100 down-
regulated miRNAs. Interestingly, a miR-221-3p inhibitor
significantly reduced chondrocyte proliferation induced by
CBA-EVs and MRL-EVs. These findings suggest that the role
of CPC-secreted EVs in promoting chondrocyte proliferation
may be associated with miR-221-3p; however, the underlying
mechanism requires further study. The expression of miR-95-5p
in exosomes derived from OA chondrocytes was found to be
significantly reduced, whereas exosomes derived from primary
chondrocytes with miR-95-5p overexpression promoted
chondrocyte proliferation, which occurred through inhibition
of HDAC2/8 expression by exosomal miR-95-5p (Mao et al,
2018b).

Exosomes derived from synovial MSCs (SMSC-Exos) promote
the proliferation of chondrocytes by activating YAP but reduce
the secretion of ECM components. SMSC-Exos exhibiting miR-
140-5p overexpression prevent this by inhibiting RALA while
promoting chondrocyte proliferation (Tao et al, 2017).
Interestingly, Wang et al. demonstrated that SMSC-Exos
promoted chondrocyte proliferation but did not affect ECM
secretion, whereas SMSC-Exos with miR-155-5p
overexpression promoted ECM secretion as well as
chondrocyte proliferation (Wang et al., 2021).

In a study of fibroblast-like synoviocyte (FLS)-derived
exosomes (FLS-Exos), Tan et al. found that H19 in FLS-Exos
exhibiting H19 overexpression regulated the expression of
TIMP2 by acting as a sponge for miR-106b-5p, thus
promoting chondrocyte proliferation (Tan et al, 2020). In
contrast, Zhang et al. reported that H19 inhibited chondrocyte
proliferation in OA through miR-106b-5p (Zhang X. et al., 2019).
In addition, synovial fibroblast (SFC)-derived exosomes (SFC-
Exos) with miR-126-3p overexpression also promoted
chondrocyte proliferation (Zhou et al., 2021).

Exosomes derived from platelet-rich plasma (PRP-Exos) can
also promote chondrocytes proliferation. For example, Liu et al.
(2019) successfully isolated and purified PRP-Exos. The results
indicated that chondrocyte viability decreased following
treatment of rabbit chondrocytes with IL-1P in vitro, whereas
this effect disappeared when PRP-Exos were added. Furthermore,

Exosomes’s Effect on OA

PRP-Exos inhibited the expression of P-catenin, Wnt5a, and
RUNX2 compared with that in the IL-1p group. These
findings indicate that PRP-Exos promote chondrocyte
proliferation through the Wnt/B-catenin signaling pathway.

As the only existing cells in cartilage tissue, chondrocytes
produce and secrete ECM to maintain the normal physiological
function of the cartilage. During OA, there is an imbalance
between anabolism and catabolism in the cartilage, which
results in disease progression. Consequently, promoting
chondrocyte proliferation may represent a treatment method
to prevent OA-induced cartilage degradation.

3.2 Exosomes Inhibit Chondrocyte

Apoptosis in Osteoarthritis

BMSC-Exos inhibit chondrocyte apoptosis in OA (Liu et al,
2018a; Cosenza et al., 2017; Zhu et al., 2018). Qi et al. successfully
isolated and identified BMSC-Exos that were absorbed by
chondrocytes, which inhibited IL-1p-induced chondrocyte
apoptosis. This also resulted in the inhibition of p38 and ERK
phosphorylation and promoted AKT phosphorylation (Qi et al.,
2019). Another recent study showed that the inhibitory effect of
BMSC-Exos on chondrocyte apoptosis is associated with high
expression of miR-127-3p, which inhibited the expression of
CDHI11 (Dong et al, 2021). It was also found that IL-1f
activated the Wnt/B-catenin pathway in chondrocytes and
BMSC-Exos inhibited this activity, whereas overexpression of
CDH11 weakened the inhibitory effect of BMSC-Exos on Wnt/p-
catenin signaling. Therefore, miR-127-3p carried by BMSC-Exos
blocks the activation of the Wnt/B-catenin pathway by inhibiting
CDHI11 expression in chondrocytes, thus inhibiting apoptosis
(Dong et al,, 2021). Additionally, BMSC-Exos with KLF3-ASI
overexpression also significantly inhibited chondrocyte apoptosis
(Liu et al., 2018b). Luciferase reporter gene assays revealed that
KLF3-AS1 sponges miR-206 to promote the expression of GIT1,
whereas overexpression of miR-206 or knockdown of GIT1
reverses the KLF3-ASl-mediated inhibition of chondrocyte
apoptosis. Therefore, exosomal KLF3-AS1 inhibits chondrocyte
apoptosis through the miR-206/GIT1 axis. Lin et al. reported that
DPSC-Exos with miR-140-5p overexpression inhibited IL-1pB-
induced chondrocyte apoptosis compared with controls (Lin
et al, 2021), which may occur through the regulation of
apoptosis-related proteins.

It has been reported that curcumin delays OA progression;
however, its underlying mechanism remains unclear. Qiu et al.
reported that curcumin-treated BMSC-Exos inhibited IL-1p-
induced chondrocyte apoptosis (Qiu et al, 2020), which
occurred through the exosomal regulation of the miR-124/NF-
kB and miR-143/ROCK1/TLR9 pathways.

The miR-129-5p levels in synovial cells of OA patients are
significantly reduced and exhibit a negative correlation with high
mobility group protein-1 (HMGBI1) levels, which are significantly
increased. In addition, IL-1P significantly decreased the
expression of miR-129-5p in chondrocytes and up-regulated
HMGBI levels in chondrocytes. In a bioinformatics analysis,
HMGBI1 was identified as a target of miR-129-5p (Qiu et al,
2021). Further studies showed that SMSC-Exo with miR-129-5p

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 731756


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xian Bo et al.

overexpression attenuated IL-1f3-induced chondrocyte apoptosis.
In contrast, SMSC-Exo with miR-129-5p knockdown enhanced
IL-1B-induced apoptosis. Therefore, miR-129-5p from SMSC-
Exo targets HMGBI and inhibits chondrocyte apoptosis in OA
(Qiu et al., 2021). Wang et al. showed that SMSC-Exo with miR-
129-5p overexpression also inhibited chondrocyte apoptosis in
OA, which occurred through targeted inhibition of exosomal
miR-155-5p on RUNX2 (Wang et al., 2021). Recent studies have
demonstrated that the expression of miR-126-3p in SFC-Exos
from OA patients was significantly decreased, whereas SFC-Exos
with miR-126-3p overexpression inhibited the chondrocyte
apoptosis in OA (Zhou et al,, 2021).

Zhang et al. demonstrated that exosomes derived from human
embryonic MSC (EMSC-Exos) inhibited chondrocyte apoptosis
in OA by activating the adenosine-dependent AKT and ERK
pathways, whereas inhibitors of AKT/ERK phosphorylation
decreased the exosome-mediated inhibitory effect (Zhang
et al, 2016). The same group also demonstrated in a rat
model of temporomandibular joint arthritis that the inhibition
of chondrocyte apoptosis mediated by EMSC-Exos was the result
of adenosine activation of the AKT, ERK, and AMPK signaling
pathways (Zhang S. et al,, 2019).

Moreover, infrapatellar fat pad MSC (IPFPMSC)-derived
exosomes (IPFPMSC-Exo0s) inhibited IL-1p-induced
chondrocyte apoptosis, which occurred through miR-100-5p in
exosomes inhibiting the mTOR pathway and promoting
autophagy (Wu et al., 2019). Zhao et al. reported that adipose
MSC (ADMSC)-derived exosomes (ADMSC-Exos) significantly
inhibited H,0,-induced chondrocyte apoptosis (Zhao et al.,
2020). In addition, whereas UMSC-Exos promote chondrocyte
proliferation, they also inhibit chondrocyte apoptosis through the
H19/miR-29b-3p/FoxO3 axis (Yan et al., 2021a; Yan et al., 2021b)
or by regulating the Smad2/3 signaling pathway (Yan and Wu,
2020).

Although it is unknown whether chondrocyte apoptosis is the
cause or result of OA progression (Charlier et al, 2016),
chondrocyte apoptosis aggravates cartilage degradation and
exhibits a positive correlation with the severity of OA
(Thomas et al., 2007). Therefore, inhibition of chondrocyte
apoptosis represents a potential treatment strategy to prevent
OA-induced cartilage degradation.

3.3 Exosomes Inhibit Chondrocyte

Inflammatory in Osteoarthritis

Exosomes inhibit the expression of pro-inflammatory factors or
promote their release. In a chondrocyte model of IL-1B-induced
inflammatory injury, exosomes from various sources inhibited
the expression of several pro-inflammatory cytokines (Cosenza
et al., 2017; Jin et al., 2020a; Liu C. et al., 2020; Liu X. et al., 2020;
Zhao et al., 2020; Qiu et al., 2021; Zhou et al., 2021). Jin et al.
showed that BMSC-Exos exhibiting miR-26a-5p overexpression
inhibited the IL-1B-induced expression of pro-inflammatory
cytokines in SFCs, including IL-6, IL-8, and TNF-a. In
addition, miR-26a-5p inhibited PTGS2, whereas the
overexpression of PTGS2 reversed its inhibitory effect on

inflammation.  Thus, exosomal miR-26a-5p  reduces

Exosomes’s Effect on OA

inflammatory damage to SFCs during OA by inhibiting the
expression of PTGS2 (Jin et al., 2020b). Luo et al. showed that
miR-100-5p was highly expressed in human exfoliated deciduous
teeth (SHED) stem cell-derived exosomes (SHED-Exos).
Treatment of IL-1p-induced OA chondrocytes with SHED-
Exos inhibited the expression of IL-6 and IL-8. Moreover, a
luciferase reporter gene assay showed that miR-100-5p directly
targeted and inhibited mTOR expression. Furthermore, the
expression of pro-inflammatory cytokines was inhibited
following treatment of OA chondrocytes with rapamycin, an
mTOR pathway inhibitor. Therefore, SHED-Exos inhibits
chondrocyte inflammation through miR-100-5p inhibition of
mTOR expression (Luo et al., 2019).

The symptoms associated with inflammatory injury during
OA include swelling and pain (Castrogiovanni et al., 2019; Di
Rosa et al., 2019). Therefore, ameliorating these effects is another
manifestation of the anti-inflammatory activity of exosomes. For
example, in a collagen-induced arthritis model, intravenous
injection of BMSC-Exos resulted in a decrease in the degree of
mouse paw swelling compared with the control group (Cosenza
et al., 2018). In addition, He et al. reported that BMSC-Exos
inhibited the expression of the pro-inflammatory cytokines, IL-
1P, IL-6, and TNF-q, in the sera of OA rats, which was induced by
sodium iodoacetate, whereas expression of the anti-inflammatory
cytokine IL-10 was increased. This was accompanied by a
reduction of pain in OA rats (He et al, 2020). Moreover,
EMSC-Exos  inhibited pain in rats with early
temporomandibular joint arthritis and reduced inflammatory
damage (Zhang S. et al,, 2019). Finally, exosomes derived from
amniotic fluid stem cells (AFSC) increased the pain tolerance of
rats in which OA was induced by sodium iodoacetate (Zavatti
et al., 2020).

In OA, M1 macrophages present antigens that activate the Th1
immune response and promote inflammation, whereas the Th2
response induced by M2 macrophages exhibits an anti-
inflammatory effect and promotes cartilage repair by
inhibiting inflammation (Chen Y. et al., 2020). Consequently,
another anti-inflammatory effect of exosomes is the reduction of
M1 macrophages, an increase of M2 macrophages, or the
promotion of macrophage polarization from the MI to the
M2 type. Zhang et al. found that injection of BMSC-Exos
decreased the expression of pro-inflammatory cytokines and
promoted the release of anti-inflammatory cytokines in the
serum of OA rats. They also demonstrated that following
BMSC-Exo treatment, the number of M1 macrophages in the
rat synovial tissue decreased significantly, whereas that of M2
macrophages increased. This finding was confirmed in vitro using
an LPS-induced RAW264.7 inflammatory cell model. Therefore,
BMSC-Exos promote macrophage polarization from the M1 to
the M2 type and relieve inflammation (Zhang et al., 2020).
Moreover, a 3D-printed ECM/gelatin methacrylate/exosome
scaffold had no toxic effect in rats and promoted the
polarization of synovial macrophages to the M2 type (Chen
et al., 2019).

Recent studies have shown that miR-135b is highly expressed
in TGF-B1-stimulated BMSC-Exos (BMSC-Exos™“*"P), and they
decrease the expression of serum pro-inflammatory cytokines
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and M1 polarization of synovial macrophages in OA rats.
Furthermore, they promote the polarization of M2 synovial
macrophages, which may be reversed by miR-135b inhibitors.
A bioinformatics analysis in conjunction with luciferase reporter
gene assays demonstrated that MAPK® is inhibited by miR-135b,
whereas overexpression of MAPKG6 reversed the promoting effect
of BMSCs-Exos"“*®! on the polarization of M2 synovial
macrophages. These results indicate that miR-135b, which is
highly expressed in BMSCs-Exos"“*"P!, promotes the M2
polarization of synovial macrophages by inhibiting MAPKG6
expression, thereby inhibiting chondrocyte inflammation
(Wang and Xu, 2021). In addition, exosomes from other
sources also exhibited the same effect (Zhang et al, 2018;
Woo et al., 2020; Zheng et al., 2019).

Finally, as a classic inflammatory signaling pathway, NF-«B is
involved in the inflammatory damage of the cartilage and
synovium in OA (Lepetsos et al.,, 2019). Therefore, inhibiting
the activation of the NF-xB pathway is another anti-
inflammatory effect of exosomes. Bone marrow MSC-derived
EVs (BMSC-EVs) down-regulate TNF-a-induced expression of
the pro-inflammatory cytokines, IL-1a, IL-1p, IL-6, IL-8, and IL-
17, in OA chondrocytes. Another study demonstrated that
BMSC-EVs inhibit the TNF-a-induced transfer of p65 from
the cytoplasm to the nucleus in OA chondrocytes and inhibit
IkBa phosphorylation (an inhibitory subunit of NFkB).
Therefore, BMSC-EVs inhibit TNF-a-induced activation of the
NF-kB pathway (Vonk et al., 2018). Moreover, ADMSC-Exos
inhibit the IL-1p3-induced binding of p65 to DNA in the nucleus
of OA chondrocytes, thus inhibiting the activation of the NF-«xB
signaling pathway (Tofino-Vian et al., 2018).

Recent studies have shown that in an SW982 human synovial cell
line-induced OA model treated with IL-1p and TNF-a, BMSC-Exos
treated with IL-1 (BMSC-Exos"™'?) resulted in a stronger inhibitory
effect on the expression of pro-inflammatory cytokines compared
with the untreated controls. In addition, a higher level of miR-147b
was found in BMSC-Exos"™ P, whereas miR-147b mimics
significantly inhibited the expression of pro-inflammatory
cytokines. Both BMSC-Exos™** and miR-147b mimics inhibited
IL-1p and TNF-a-induced IkBa downregulation. These results
indicate that the anti-inflammatory effects of BMSC-Exos™ ' are
mediated by miR-147b, which is involved in the inhibition of the NF-
kB pathway (Kim M. et al,, 2021).

Even in the early stage of OA, synovitis is a hallmark of this
disease (Scanzello and Goldring, 2012). Many cytokines and
chemokines lead to the further development of OA. As a
result, anti-inflammatory therapies are indispensable for the
treatment of OA.

3.4 Exosomes Protect Cartilage

Extracellular Matrix in Osteoarthritis

Studies have shown that BMSC-Exos protect cartilage from OA
degradation by increasing the expression of chondrocyte markers,
such as aggrecan (ACAN) and collagen II (COL2A1), and
reducing the levels of catabolic markers, such as matrix
metalloproteinases (MMPs) and a disintegrin  and

Exosomes’s Effect on OA

metalloproteinase with thrombospondin type 1 motifs,
member 5 (ADAMTS5) (Cosenza et al., 2017; Zhu et al., 2018;
He et al., 2020; Chen et al., 2019). With respect to the underlying
mechanism, Liu et al. reported that the therapeutic effect of
BMSC-Exos may be associated with KLF3-AS1 expression in
these exosomes. Additionally, treatment of OA chondrocytes
with BMSC-Exos with KLF3-AS1 knockdown reversed the
protective effects on chondrocytes (Liu et al., 2018a). Huang
et al. demonstrated that BMSC-Exos inhibited the degradation of
cartilage ECM in OA through inhibition of CDH11 expression by
miR-127-3p, thus blocking the activation of the Wnt/p-catenin
signaling pathway (Dong et al., 2021).

Another study demonstrated that exosomal miR-320c (Sun
et al, 2019), miR-92a-3p (Mao et al, 2018a), KLF3-AS1 (Liu
et al, 2018b), and miR-136-5p (Chen X. et al, 2020) from
transfected BMSCs, inhibited cartilage ECM degradation during
OA. Of these, the expression of miR-136-5p was decreased in OA
cartilage tissue and a luciferase reporter gene assay revealed that the
expression of its target gene, ELF3, was increased in OA cartilage
tissue. However, high ELF3 expression reversed the effect of miR-
136-5p in promoting the synthesis of cartilage ECM, indicating
that exosomal miR-136-5p promotes the synthesis of cartilage
ECM by inhibiting ELF3 in OA (Chen X. et al, 2020). In IL-
1B-treated human chondrocytes, DPSC-Exos enhanced the
expression of chondrocyte related mRNAs, including ACAN,
COL2A1, and Sox9, whereas DPSC-Exos with miR-140-5p
overexpression significantly enhanced this effect (Lin et al., 2021).

EMSC-Exos inhibit the IL-1p-induced degradation of cartilage
ECM by increasing COL2A1 synthesis and decreasing ADAMTS5
expression (Wang et al,, 2017). Zhang et al. reported that EMSC-
Exos promoted cartilage ECM synthesis by activating the
adenosine-dependent AKT and ERK pathways in OA (Zhang
et al, 2018). In addition, ADMSC-Evs inhibited the IL-1p-
induced production of MMP1/3/13 and ADAMTS5 and
increased the expression of COL2A1 in OA chondrocytes (Woo
et al,, 2020). Tofino-Vian et al. attributed the protective effects of
ADMSC-Exos on chondrocytes to the inhibition of NF-kB binding
AP-1 sites in DNA (Tofino-Vian et al, 2018). MiR-100-5p
regulates AKT/mTOR signal transduction by targeting mTOR
in various diseases (Ye et al, 2015). Interestingly, high
expression of miR-100-5p was found in both IPFPMSC-Exos
and SHED-Exos and reduced IL-1B-induced MMPI13 and
ADAMTS5 expression in OA chondrocytes by inhibiting
mTOR signaling (Luo et al., 2019; Wu et al., 2019).

High expression of H19 in UMSC-Exos inhibited IL-1pB-
induced MMP13 and ADAMTS5 upregulation as well as
ACAN and COL2A1 downregulation in OA chondrocytes
(Yan et al, 2021a). Furthermore, it was shown that H19 in
UMSC-Exos participates in the synthesis of cartilage ECM
mediated by UMSC-Exos through the miR-29b-3p/FoxO3 axis
in OA (Yan et al., 2021b). UMSC-derived exosomes, cultured in
3D using a hollow fiber bioreactor, alleviated the degradation of
cartilage ECM by specifically activating the TGF-p1-dependent
Smad2/3 pathway in OA (Yan and Wu, 2020).

In addition to MSCs, the therapeutic effect of primary
chondrocyte-derived exosomes on cartilage ECM has been
demonstrated (Zheng et al., 2019; Liu X. et al., 2020), although
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the underlying mechanism has not been determined. Liu X. et al.,
2020 showed that EVs derived from IL-1f-treated chondrocytes
stimulated catabolic events in chondrocytes as evidenced by
increased expression of the catabolic markers, cyclooxygenase-
2 (cox-2), IL-6, inducible nitric oxide synthase (iNOS), and
MMP13, and decreased expression of the articular cartilage
markers, ACAN and COL2Al. EVs derived from vehicle-
treated chondrocytes exhibited reduced cox-2, IL-6, iNOS, and
MMP13 mRNA levels and increased expression of articular
cartilage markers, ACAN and COL2Al in IL-1p-treated
chondrocytes. In addition, EVs derived from IL-1p-treated
chondrocytes inhibited chondrogenesis of precursor cells,
whereas EVs derived from vehicle-treated chondrocytes
stimulated chondrogenesis.

Furthermore, Zheng et al. (2019) isolated exosomes from
primary chondrocytes cultured under normal (DO0) and
inflammatory conditions induced by IL-1p and performed
proteomics analysis of the exosomes. They found that there
were more proteins associated with the mitochondria and
involved in the immune system in DO exosomes. The intra-
articular injection of DO exosomes prevented the development of
OA. This indicates that DO exosomes restore mitochondrial
dysfunction and promote macrophage polarization to the M2
type. In another study, primary chondrocyte-derived exosomes
exhibiting miR-95-5p overexpression directly targeted HDAC2/8
and significantly up-regulated the expression of ACAN, COL2Al,
collagen alpha-1(IX) (COL9A1), and cartilage oligomeric matrix
protein, and down-regulated the expression of collagen alpha-
1(X) (COL10A1), and MMP13 in OA chondrocytes (Mao et al.,
2018b). Thus, these findings indicate that a thorough
understanding of exosomesderived from chondrocytes may
lead to novel therapeutic strategies for OA treatment.

Studies have shown that SMSC-Exos do not promote or
reduce the secretion of cartilage ECM in OA (Tao et al., 2017;
Wang et al., 2021). However, exosomal miR-140-5p and miR-
155-5p from transfected SMSCs up-regulated the expression of
COL2A1 and sry-related high mobility group box 9tbox9 (SOX9)
in OA chondrocytes by inhibiting RALA and RUNX2,
respectively. Another study demonstrated that SMSC-Exos
promoted IL-1B-induced upregulation of COL2A1 and
downregulation of MMP13 in OA chondrocytes (Qiu et al,
2021). Furthermore, exosomal miR-129-5p from SMSCs
enhanced this effect by inhibiting HMGBI1. Finally, FLS-Exos
with H19 overexpression inhibited IL-1B-induced degradation of
cartilage ECM, which was mediated by the H19/miR-106b-5p/
TIMP2 axis in OA (Tan et al., 2020).

Degradation of cartilage ECM is an important characteristic of
OA and primarily manifests as an inhibited synthesis of ACAN
and COL2Al, and up-regulation of MMPs and ADAMTSS5.
Therefore, a major goal of OA treatment is to limit the
degradation of cartilage ECM.

3.5 Preclinical In Vivo Studies of Exosomes

in Osteoarthritis
Preclinical in vivo studies are important in evaluating the safety,
efficacy, and clinical translation of exosomes for the treatment of

Exosomes’s Effect on OA

OA. Zhang et al. (2016) reported that the effects observed
following exosome treatment showed enhanced gross
appearance and improved histological scores compared with
that of phosphate buffered saline. At 12 weeks, the effects
associated with exosome treatment indicated complete
cartilage and subchondral bone repair, which was
characterized by hyaline cartilage with good surface regularity,
complete binding to adjacent cartilage, and ECM deposition. In
addition, no detrimental response was observed in the animals.

Apart from a gross morphological assessment, Wong et al.
(2020) also performed a biomechanical assessment of
regenerated cartilage tissue. Compared with the effects of
hyaluronic acid (HA) alone, exosomes and HA treatment
improved mechanical properties (such as Young’s modulus
and stiffness). At 12 weeks, the newly repaired tissue was
obtained following treatment with exosomes and HA, which
was superior mechanically and structurally to that obtained by
HA treatment alone, whereas similar mechanical properties
were observed in the adjacent native cartilage. These findings
suggest that exosomes promote the repair of cartilage tissue
morphology and contribute to the improvement of mechanical
properties.

Tao et al. (2017) demonstrated that SMSC-Exos exhibiting
miR-140-5p overexpression (SMSC-140-Exos) enhanced the
proliferation of chondrocytes without damaging the in vitro
secretion of ECM. They subsequently verified the potential of
exosomes in preventing OA in a rat model. Compared with the
OA group, the joint wear and cartilage ECM loss were both
improved in the OA SMSC-Exo and OA+SMSC-140-Exo groups.
In addition, the expression of COL2A1 and ACAN in cartilage
was increased, whereas the expression of type I collagen was
decreased. Notably, the OA+SMSC-140-Exo group exhibited a
superior therapeutic effect compared with the OA+SMSC-Exo
group. These findings suggest a role for SMSC-Exos in repairing
cartilage associated with miR-140-5p expression.

The research on OA treatment with exosomes remains limited
to cell and animal experiments. In addition, the animal
experiments are limited to mice, rats, and rabbits. Therefore,
these studies need to be expanded to large animals and eventually,
the clinical and radiological effects of exosomes on OA should be
evaluated in clinical trials.

4 DISCUSSION AND PERSPECTIVE

It was originally thought that exosomes were a useless metabolic
byproduct. However, it is now recognized that exosomes carry
proteins, lipids, and various nucleic acids (mRNA, miRNA, and
IncRNA) that play important roles in intercellular
communication and the immune response (Kao and
Papoutsakis, 2019). Exosomes exist in various body fluids and
cells. Exosomes from different sources contain a variety of RNA
and protein components, which can be used as biomarkers for the
early diagnosis of disease and carriers for therapeutics.
Accordingly, exosomes have gained interest in research areas
that include disease biomarkers, disease mechanisms, and drug
development.
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Recent studies have demonstrated that exosomes from various
cells have positive regulatory effects on chondrocyte proliferation,
apoptosis, inflammation, and ECM synthesis in OA.
Nevertheless, there are many issues that need to be addressed.
First, exosomes from various cell types are heterogeneous (Reiner
et al., 2017). They contain different biomolecules including
proteins, nucleic acids, and lipids, resulting in different
therapeutic effects. However, a few studies have compared the
therapeutic effects of exosomes from different sources on
chondrocytes in OA to select the optimal cell source for
treatment. Only one study reported that exosomes derived
from induced pluripotent stem cell-derived MSCs (iMSC-
Exos) exhibited a stronger effect than SMSC-Exos on
promoting chondrocyte proliferation (Zhu et al, 2017) and
BMSC-Exos from polydactyly tissue had a stronger effect at
promoting chondrocyte proliferation compared with BMSC-
Exos from conventional tissue (Zhou et al., 2020).

Additionally, exosomes derived from allogeneic donor cells
exhibit different effects after pretreatment, which are mainly
manifested as enhanced therapeutic effects. For example, Chen
et al. demonstrated that BMSC-Exos exhibiting miR-136-5p
overexpression had a better inhibitory effect on cartilage
degradation compared with BMSC-Exos without miR-136-5p
overexpression (Chen X. et al, 2020). Moreover, Wang et al.
showed that SMSC-Exos with miR-155-5p overexpression
exhibited a stronger effect in promoting chondrocyte
proliferation and inhibiting chondrocyte apoptosis compared
with control SMSC-Exos. They also enhanced the secretion of
cartilage ECM by targeting and inhibiting RUNX2, whereas
SMSC-Exos without miR-155-5p overexpression did not
(Wang et al,, 2021). Interestingly, 3D UMSC-Exos exhibited
better effects on chondrocyte proliferation, migration, and
ECM synthesis, as well as inhibiting chondrocyte apoptosis
compared with those cultured using routine 2D-culture
techniques (Yan and Wu, 2020). However, it should be noted
that these results are from one report and should be verified
through additional studies.

Despite their extensive presence in various body fluids and
cells, exosomes derived from MSCs appear to be preferred by
researchers. Thus far, the use of MSCs represents a promising
treatment strategy for the treatment of OA, particularly because
MSCs can migrate to the injury site, differentiate into cells of the
appropriate phenotype, and synthesize ECM. However, MSCs
also have several limitations for OA treatment. For example, they
exhibit a short lifespan after transplantation into target organs
and disappear in just a few days (Bunnell et al., 2008; Heldring
et al., 2015; Paschos and Sennett, 2017). In addition, the immune
tolerance of the target organs or target cells resulting from MSCs
treatment may increase the risk of developing tumors (Lalu et al.,
2012). MSCs may exhibit pro-inflammatory activity at the initial
stage of transplantation to activate the innate immune system and
subsequently exhibit anti-inflammatory activity. During this
process, the decline in MSC levels greatly reduces their
effectiveness. (Le Blanc and Mougiakakos, 2012).

Exosomes derived from MSCs share the same biological
properties as MSCs. In particular, they have significant
advantages because of their small size and low
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immunogenicity. In addition, as a cell-free therapeutic
approach, MSC-derived exosomes may avoid issues associated
with direct cell injection. Furthermore, the long-term storage of
exosomes is adequate. Storage at —20°C or repeated freezing and
thawing does not affect exosome size, whereas long-term storage
at —80°C preserved high activity (Sokolova et al., 2011; Lorincz
et al, 2014). Therefore, MSC-derived exosomes represent a
promising treatment strategy for OA.

Generally, MSCs may be of more research value as a source for
OA treatment. Certainly, such MSCs should meet the minimum
requirements for MSCs established by the International Society
for Cell and Gene Therapy. (Dominici et al., 2006). However,
large experiments are required for the discovery of other MSC
sources. The efficacy of MSC-derived exosomes on OA, as well as
the difficulty of obtaining donor-derived MSCs, must be
considered. Moreover, another issue is whether the MSCs
should be modified to obtain exosomes that carry specific
cargos for satisfying specific treatment protocols. Once the
appropriate cell source of exosomes for treating OA has been
established, maintaining the consistency of the cell sources will be
a challenge. However, immortalized monoclonal cell lines derived
from MSCs can solve this problem. For example, exosomes from
myc-mediated immortalized MSCs show cardioprotective effects
(Chen et al., 2011). However, immortalization may pose a health
risk Table 1.

Exosomes exhibit complex characteristics including the size
and variety of active substances that are transported. In addition
to the exosome source, it is important to evaluate these
characteristics thoroughly. Therefore, it will be a challenge to
establish unified quality standards for the production process.
During the production of exosomes, the quality of the donor cells,
their components, and the management of the production
process must be established. Currently, there is an absence of
a unified standard established for the clinical production and
quality control of exosome-based therapy. Although the ISEV
proposed “Minimal Information for Studies of Extracellular
Vesicles” guidelines in 2014, the updated version from 2018
provides a comprehensive and evolving set of guidelines for
studying EVs, including exosomes (Lener et al., 2015; Thery
et al.,, 2018). Strict quality control should be implemented to
ensure the quality, efficacy, and safety of exosome treatment.

Currently, the biological properties of exosomes have not been
clearly defined. Furthermore, the donor cells, enrichment and
purification methods, doses, and preclinical animal models used
by researchers vary widely, thus the published data lack
comparability. Therefore, assay standards for evaluating the
potency of exosomes should be established across laboratories
to better compare the data obtained from different studies and
provide a basis for the translation of exosome therapy for OA.
The potency of exosomes created by diverse protocols should be
tested using a set of quantitative parameters. Exosomes with the
ideal potency measurements may be selected for treating OA.
Specifically, measuring the biological activity of the attributes
most relevant to the regulation of OA pathology will serve as a
criterion for measuring the potency of exosomes manufactured
by various protocols (Gimona et al, 2021). Clearly, a better
understanding of the biological properties of exosomes and the
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TABLE 1 | Summary of the roles of exosomes in OA chondrocytes.

Exosomes’s Effect on OA

Therapeutic effects Origin Inclusions Targets Reference
Promote chondrocyte BMSC INcRNA - Liu et al. (2018a)
proliferation KLF3-AS1
BMSC with KLF3-AS1 overexpression INncRNA KLF3-AS1/miR-206/GIT1 axis Liu et al. (2018b)
KLF3-AS1
BMSC with TGF-p1 treatment miR-135b Sp 1 Wang et al. (2018)
BMSC with miR-92a-3p overexpression miR-92a-3p Wntba Mao et al. (2018a)
BMSC with miR-320c overexpression miR-320c - Sun et al. (2019)
pBMSC BMP4 - Zhou et al. (2020)
UMSC INncRNA H19 - Yan et al. (2021a)
UMSC INcRNA H19 H19/miR-29b-3p/FoxO3 axis Yan et al. (2021b)
UMSC - TGF-B1-dependent Smad2/3 pathway Yan and Wu. (2020)
CPC miR-221-3p - Wang et al. (2020)
Chondrocyte with miR-95-5p miR-95-5p HDAC2/8 Mao et al. (2018b)
overexpression
SMSC with miR-140-5p overexpression miR-140-5p RalA Tao et al. (2017)
SMSC with miR-155-5p overexpression miR-155-5p Runx2 Wang et al. (2021)
FLS with H19 overexpression INcRNA H19 H19/miR-106b-5p/TIMP2 axis Tan et al. (2020)
SFC with miR-126-3p overexpression miR-126-3p Zhou et al. (2021)
PRP - Whnt/B-catenin pathway Liu et al. (2019)
Inhibit chondrocyte apoptosis BMSC INcRNA - Liu et al. (2018a)
KLF3-AS1
BMSC - - Cosenza et al. (2017)
BMSC - - Zhang et al. (2016)
BMSC - P38/ERK/AKT pathway Qi et al. (2019)
BMSC miR-127-3p CDH11-mediated Wnt/p-catenin pathway Dong et al. (2021)
BMSC with KLF3-AS1 overexpression INncRNA KLF3-AS1/miR-206/GIT1 axis Liu et al. (2018b)
KLF3-AS1
BMSC with curcumin treatment miR-124/ miR-124/NF-xB and miR-143/ROCK1/TLR9 Qiu et al. (2020)
miR-143 pathway
DPSC with miR-140-5p overexpression miR-140-5p Apoptosis-related proteins Lin et al. (2021)
SMSC with miR-129-5p overexpression miR-129-5p HMGB1 Qiu et al. (2021)
SMSC with miR-155-5p overexpression miR-155-5p Runx2 Wang et al. (2021)
SFC with miR-126-3p overexpression miR-126-3p - Zhou et al. (2021)
EMSC - Adenosine-dependent AKT/ERK pathway Zhang et al. (2016)
EMSC - Adenosine-dependent AKT/ERK/AMPK pathway ~ Zhang S et al. (2019)
IPFPMSC miR-100-5p mTOR Wu et al. (2019)
ADMSC - miR-145/miR-221 Zhao et al. (2020)
UMSC INcRNA H19 - Yan et al. (2021a)
UMSC IncRNA H19 H19/miR-29b-3p/Fox0O3 axis Yan et al. (2021b)
UMSC - TGF-B1-dependent Smad2/3 pathway Yan and Wu. (2020)
Inhibit chondrocyte BMSC with Kartogenin treatment - - Liu C et al. (2020)
inflammation SFC with miR-126-3p overexpression miR-126-3p - Zhou et al. (2021)
BMSC - - Cosenza et al. (2017)
ADMSC - miR-145/miR-221 Zhao et al. (2020)
SMSC with miR-129-5p overexpression ~ miR-129-5p HMGB1 Qiu et al. (2021)
BMSC miR-9-5p Syndecan-1 Jin et al. (2020a)
Chondrocyte - - Liu X et al. (2020)
BMSC with miR-26a-5p overexpression miR-26a-5p PTGS2 Jin et al. (2020b)
SHED miR-100-5p mTOR Luo et al. (2019)
BMSC - T/B lymphocytes Cosenza et al. (2018)
BMSC - - He et al. (2020)
EMSC - Adenosine-dependent AKT/ERK/AMPK pathway ~ Zhang S et al. (2019)
AFSC - - Zavatti et al. (2020)
BMSC - - Zhang et al. (2020)
BMSC - - Chen et al. (2019)
BMSC with TGF-p1 treatment miR-135b MAPK6 Wang and Xu. (2021)
EMSC - Adenosine-dependent AKT/ERK pathway Zhang et al. (2016)
ADMSC - - Woo et al. (2020)
Chondrocyte - - Zheng et al. (2019)
BMSC - NF-kB pathway Vonk et al. (2018)
ADMSC - NF-kB/AP-1 Tofino-Vian et al.
(2018)
BMSC with IL-1p treatment miR-147b NF-xB pathway Kim M et al. (2021)
(Continued on following page)
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TABLE 1 | (Continued) Summary of the roles of exosomes in OA chondrocytes.

Exosomes’s Effect on OA

Therapeutic effects Origin Inclusions Targets Reference

Protect Cartilage ECM BMSC - - Cosenza et al. (2017)
BMSC - - Zhang et al. (2016)
BMSC - - He et al. (2020)
BMSC - - Chen et al. (2019)
BMSC INcRNA - Liu et al. (2018a)

KLF3-AS1
BMSC miR-127-3p CDH11-mediated Wnt/p-catenin pathway Dong et al. (2021)
BMSC with miR-320c overexpression miR-320c - Sun et al. (2019)
BMSC with miR-92a-3p overexpression miR-92a-3p Wnt5a Mao et al. (2018a)
BMSC with KLF3-AS1 overexpression INcRNA KLF3-AS1/miR-206/GIT1 axis Liu et al. (2018b)
KLF3-AS1
BMSC with miR-136-5p overexpression miR-136-5p ELF3 Chen Y et al. (2020)
DPSC with miR-140-5p overexpression miR-140-5p Apoptosis-related proteins Lin et al. (2021)
EMSC - - Wang et al. (2017)
EMSC - Adenosine-dependent AKT/ERK pathway Zhang et al. (2016)
ADMSC - - Woo et al. (2020)
ADMSC - NF-kB/AP-1 Tofino-Vian et al.
(2018)

IPFPMSC miR-100-5p mTOR Wu et al. (2019)
SHED miR-100-5p mTOR Luo et al. (2019)
UMSC IncRNA H19 - Yan et al. (2021a)
UMSC INcRNA H19 H19/miR-29b-3p/FoxO3 axis Yan et al. (2021b)
UMSC - TGF-p1-dependent Smad2/3 pathway Yan and Wu. (2020)
Chondrocyte - - Liu X et al. (2020)
Chondrocyte - - Zheng et al. (2019)
Chondrocyte with miR-95-5p miR-95-5p HDAC2/8 Mao et al. (2018b)
overexpression
SMSC with miR-140-5p overexpression miR-140-5p RalA Tao et al. (2017)
SMSC with miR-155-5p overexpression miR-155-5p RUNX2 Wang et al. (2021)
SMSC with miR-129-5p overexpression miR-129-5p HMGB1 Qiu et al. (2021)
FLS with H19 overexpression IncRNA H19 H19/miR-106b-5p/TIMP2 axis Tan et al. (2020)

standardized  methods for  enrichment, purification,  storage technology, and the establishment of standardized

characterization, and development of potency assays will
facilitate the clinical translation of exosomes.

5 CONCLUSION

In this review, we summarized the important roles of exosomes in
the proliferation, apoptosis, inflammation, and ECM synthesis of
OA chondrocytes and their molecular mechanisms. The primary
role of exosomes is to promote chondrocyte proliferation and
ECM synthesis, as well as inhibit chondrocyte apoptosis and
damage from inflammation. The pathogenesis of OA is complex
and there is currently no satisfactory treatment method.
However, existing studies have demonstrated that exosomes
represent a novel therapeutic strategy for OA, especially those
derived from MSCs. There has been significant progress in the
field of exosome research, improvement in exosome isolation and

REFERENCES

Bannuru, R. R, Osani, M. C., Vaysbrot, E. E., Arden, N. K., Bennell, K., Bierma-
Zeinstra, S. M. A,, et al. (2019). OARSI Guidelines for the Non-surgical

protocols. Accordingly, this will significantly accelerate the
development of new strategies for the exosome-based
treatment of OA.

AUTHOR CONTRIBUTIONS

SB and WC conceived and designed the review and wrote the
paper. CD and YR reviewed and edited the manuscript. All the
authors have contributed, read, and approved the final version of
the manuscript.

FUNDING

This work was funded by the fund of the Science Technology
Department of Anhui Province (contract no. 202007d07050007).

Management of Knee, Hip, and Polyarticular Osteoarthritis. Osteoarthritis
Cartilage 27 (11), 1578-1589. d0i:10.1016/j.joca.2019.06.011

Bunnell, B. A, Flaat, M., Gagliardi, C., Patel, B., and Ripoll, C. (2008). Adipose-
derived Stem Cells: Isolation, Expansion and Differentiation. Methods 45 (2),
115-120. doi:10.1016/j.ymeth.2008.03.006

Frontiers in Pharmacology | www.frontiersin.org

10

March 2022 | Volume 13 | Article 731756


https://doi.org/10.1016/j.joca.2019.06.011
https://doi.org/10.1016/j.ymeth.2008.03.006
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xian Bo et al.

Butterfield, N. C., Curry, K. F,, Steinberg, J., Dewhurst, H., Komla-Ebri, D.,
Mannan, N. S, et al. (2021). Accelerating Functional Gene Discovery in
Osteoarthritis. Nat. Commun. 12 (1), 467. doi:10.1038/s41467-020-20761-5

Caron, E., Gabrion, A., Ehlinger, M., Verdier, N., Rubens-Duval, B., Neri, T., et al.
(2021). Complications and Failures of Non-tumoral Hinged Total Knee
Arthroplasty in Primary and Aseptic Revision Surgery: A Review of 290
Cases. Orthop. Traumatol. Surg. Res. 107 (3), 102875. doi:10.1016/j.otsr.
2021.102875

Castrogiovanni, P., Di Rosa, M., Ravalli, S., Castorina, A., Guglielmino, C., Imbesi,
R, et al. (2019). Moderate Physical Activity as a Prevention Method for Knee
Osteoarthritis and the Role of Synoviocytes as Biological Key. Int. J. Mol. Sci. 20
(3). doi:10.3390/ijms20030511

Charlier, E., Relic, B., Deroyer, C., Malaise, O., Neuville, S., Collée, J., et al. (2016).
Insights on Molecular Mechanisms of Chondrocytes Death in Osteoarthritis.
Int. J. Mol. Sci. 17 (12). doi:10.3390/ijms17122146

Chen, P., Zheng, L., Wang, Y., Tao, M., Xie, Z., Xia, C,, et al. (2019). Desktop-
stereolithography 3D Printing of a Radially Oriented Extracellular Matrix/
mesenchymal Stem Cell Exosome Bioink for Osteochondral Defect
Regeneration. Theranostics 9 (9), 2439-2459. doi:10.7150/thno.31017

Chen, T. S., Arslan, F,, Yin, Y., Tan, S. S., Lai, R. C,, Choo, A. B, et al. (2011).
Enabling a Robust Scalable Manufacturing Process for Therapeutic Exosomes
through Oncogenic Immortalization of Human ESC-Derived MSCs. J. Transl.
Med. 9, 47. doi:10.1186/1479-5876-9-47

Chen, X,, Shi, Y., Xue, P., Ma, X,, Li, J., and Zhang, J. (2020). Mesenchymal Stem
Cell-Derived Exosomal microRNA-136-5p Inhibits Chondrocyte Degeneration
in Traumatic Osteoarthritis by Targeting ELF3. Arthritis Res. Ther. 22 (1), 256.
doi:10.1186/513075-020-02325-6

Chen, Y., Jiang, W., Yong, H., He, M., Yang, Y., Deng, Z., et al. (2020).
Macrophages in Osteoarthritis: Pathophysiology and Therapeutics. Am.
J. Transl. Res. 12 (1), 261-268.

Cosenza, S., Ruiz, M., Toupet, K., Jorgensen, C., and Noél, D. (2017). Mesenchymal
Stem Cells Derived Exosomes and Microparticles Protect Cartilage and Bone
from Degradation in Osteoarthritis. Sci. Rep. 7 (1), 16214. d0i:10.1038/s41598-
017-15376-8

Cosenza, S., Toupet, K, Maumus, M., Luz-Crawford, P., Blanc-Brude, O,
Jorgensen, C., et al. (2018). Mesenchymal Stem Cells-Derived Exosomes Are
More Immunosuppressive Than Microparticles in Inflammatory Arthritis.
Theranostics 8 (5), 1399-1410. doi:10.7150/thno.21072

Cottino, U., Abdel, M. P., Perry, K. I, Mara, K. C., Lewallen, D. G., and Hanssen, A.
D. (2017). Long-Term Results after Total Knee Arthroplasty with
Contemporary Rotating-Hinge Prostheses. J. Bone Jt. Surg. Am. 99 (4),
324-330. doi:10.2106/JBJS.16.00307

Di Rosa, M., Castrogiovanni, P., and Musumeci, G. (2019). The Synovium Theory:
Can Exercise Prevent Knee Osteoarthritis? the Role of "Mechanokines", A
Possible Biological Key. Jfmk 4 (1), 11. doi:10.3390/jfmk4010011

Dominici, M., Le Blanc, K., Mueller, I, Slaper-Cortenbach, I., Marini, F., Krause,
D, et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal
Stromal Cells. The International Society for Cellular Therapy Position
Statement. Cytotherapy 8 (4), 315-317. doi:10.1080/14653240600855905

Dong, J., Li, L., Fang, X., and Zang, M. (2021). Exosome-Encapsulated microRNA-
127-3p Released from Bone Marrow-Derived Mesenchymal Stem Cells
Alleviates Osteoarthritis through Regulating CDHI11-Mediated Wnt/@-
Catenin Pathway. J. Pain Res. 14, 297-310. doi:10.2147/JPR.S291472

GBD 2019 Diseases and Injuries Collaborators (2020). Global burden of 369
Diseases and Injuries in 204 Countries and Territories, 1990-2019: a Systematic
Analysis for the Global Burden of Disease Study 2019. Lancet 396 (10258),
1204-1222. doi:10.1016/50140-6736(20)30925-9

Gimona, M., Brizzi, M. F., Choo, A. B. H., Dominici, M., Davidson, S. M., Grillari,
J., et al. (2021). Critical Considerations for the Development of Potency Tests
for Therapeutic Applications of Mesenchymal Stromal Cell-Derived Small
Extracellular Vesicles. Cytotherapy 23 (5), 373-380. doi:10.1016/j.jcyt.2021.
01.001

Gurunathan, S., Kang, M. H., Jeyaraj, M., Qasim, M., and Kim, J. H. (2019). Review
of the Isolation, Characterization, Biological Function, and Multifarious
Therapeutic Approaches of Exosomes. Cells 8 (4). doi:10.3390/cells8040307

He, L., He, T., Xing, J., Zhou, Q., Fan, L., Liu, C,, et al. (2020). Bone Marrow
Mesenchymal Stem Cell-Derived Exosomes Protect Cartilage Damage and

Exosomes’s Effect on OA

Relieve Knee Osteoarthritis Pain in a Rat Model of Osteoarthritis. Stern Cel
Res. Ther. 11 (1), 276. doi:10.1186/s13287-020-01781-w

Heldring, N., Miger, 1., Wood, M. J., Le Blanc, K., and Andaloussi, S. E. (2015).
Therapeutic Potential of Multipotent Mesenchymal Stromal Cells and Their
Extracellular Vesicles. Hum. Gene Ther. 26 (8), 506-517. doi:10.1089/hum.
2015.072

Hunter, D. J., and Bierma-Zeinstra, S. (2019). Osteoarthritis. Lancet 393 (10182),
1745-1759. doi:10.1016/S0140-6736(19)30417-9

Jin, Z., Ren, J., and Qj, S. (2020a). Exosomal miR-9-5p Secreted by Bone Marrow-
Derived Mesenchymal Stem Cells Alleviates Osteoarthritis by Inhibiting
Syndecan-1. Cell Tissue Res 381 (1), 99-114. doi:10.1007/s00441-020-03193-x

Jin, Z., Ren, J., and Qj, S. (2020b). Human Bone Mesenchymal Stem Cells-Derived
Exosomes Overexpressing microRNA-26a-5p Alleviate Osteoarthritis via
Down-Regulation of PTGS2. Int. Immunopharmacol. 78, 105946. doi:10.
1016/j.intimp.2019.105946

Kalluri, R., and Lebleu, V. S. (2020). The Biology, Function, and Biomedical
Applications of Exosomes. Science 367 (6478), aau6977. doi:10.1126/science.
aau6977

Kao, C. Y., and Papoutsakis, E. T. (2019). Extracellular Vesicles: Exosomes,
Microparticles, Their Parts, and Their Targets to Enable Their
Biomanufacturing and Clinical Applications. Curr. Opin. Biotechnol. 60,
89-98. doi:10.1016/j.copbio.2019.01.005

Kearns, S. M., Culp, B. M., Bohl, D. D,, Sporer, S. M., Della Valle, C. J., and Levine,
B.R. (2018). Rotating Hinge Implants for Complex Primary and Revision Total
Knee Arthroplasty. J. Arthroplasty. 33 (3), 766-770. doi:10.1016/j.arth.2017.
10.009

Kim, G. B., Shon, O. J., Seo, M. S., Choi, Y., Park, W. T., and Lee, G. W. (2021).
Mesenchymal Stem Cell-Derived Exosomes and Their Therapeutic Potential
for Osteoarthritis. Biology (Basel) 10 (4). doi:10.3390/biology10040285

Kim, M., Shin, D. I, Choi, B. H., and Min, B.-H. (2021). Exosomes from IL-1p-
Primed Mesenchymal Stem Cells Inhibited IL-1B- and TNF-a-Mediated
Inflammatory Responses in Osteoarthritic SW982 Cells. Tissue Eng. Regen.
Med. 18, 525-536. doi:10.1007/s13770-020-00324-x

Lalu, M. M., Mcintyre, L., Pugliese, C., Fergusson, D., Winston, B. W., Marshall,
J. C, et al. (2012). Safety of Cell Therapy with Mesenchymal Stromal Cells
(SafeCell): a Systematic Review and Meta-Analysis of Clinical Trials. PLoS One
7 (10), €47559. doi:10.1371/journal.pone.0047559

Le Blanc, K., and Mougiakakos, D. (2012). Multipotent Mesenchymal Stromal Cells
and the Innate Immune System. Nat. Rev. Immunol. 12 (5), 383-396. doi:10.
1038/nri3209

Lener, T., Gimona, M., Aigner, L., Borger, V., Buzas, E., Camussi, G,, et al. (2015).
Applying Extracellular Vesicles Based Therapeutics in Clinical Trials - an ISEV
Position Paper. J. Extracell Vesicles 4, 30087. doi:10.3402/jev.v4.30087

Lepetsos, P., Papavassiliou, K. A., and Papavassiliou, A. G. (2019). Redox and NF-
Kb Signaling in Osteoarthritis. Free Radic. Biol. Med. 132, 90-100. doi:10.1016/
j.freeradbiomed.2018.09.025

Li, Z., Wang, Y., Xiang, S., Zheng, Z., Bian, Y., Feng, B., et al. (2020). Chondrocytes-
derived Exosomal miR-8485 Regulated the Wnt/B-Catenin Pathways to
Promote Chondrogenic Differentiation of BMSCs. Biochem. Biophys. Res.
Commun. 523 (2), 506-513. doi:10.1016/j.bbrc.2019.12.065

Lin, T., Wu, N, Wang, L., Zhang, R,, Pan, R,, and Chen, Y. F. (2021). Inhibition of
Chondrocyte Apoptosis in a Rat Model of Osteoarthritis by Exosomes Derived
from miR-140-5p-overexpressing H-uman D-ental P-ulp S-tem C-ells. Int.
J. Mol. Med. 47 (3). doi:10.3892/ijmm.2020.4840

Liu, C, Li, Y., Yang, Z., Zhou, Z., Lou, Z., and Zhang, Q. (2020). Kartogenin
Enhances the Therapeutic Effect of Bone Marrow Mesenchymal Stem Cells
Derived Exosomes in Cartilage Repair. Nanomedicine (Lond) 15 (3), 273-288.
doi:10.2217/nnm-2019-0208

Liu, X, Shortt, C., Zhang, F., Bater, M. Q., Cowman, M. K., and Kirsch, T. (2020).
Extracellular Vesicles Released from Articular Chondrocytes Play a Major Role
in Cell-Cell Communication. J. Orthop. Res. 38 (4), 731-739. doi:10.1002/jor.
24525

Liu, X., Wang, L., Ma, C,, Wang, G., Zhang, Y., and Sun, S. (2019). Exosomes
Derived from Platelet-Rich Plasma Present a Novel Potential in Alleviating
Knee Osteoarthritis by Promoting Proliferation and Inhibiting Apoptosis of
Chondrocyte via Wnt/B-Catenin Signaling Pathway. J. Orthop. Surg. Res. 14 (1),
470. doi:10.1186/s13018-019-1529-7

Frontiers in Pharmacology | www.frontiersin.org

11

March 2022 | Volume 13 | Article 731756


https://doi.org/10.1038/s41467-020-20761-5
https://doi.org/10.1016/j.otsr.2021.102875
https://doi.org/10.1016/j.otsr.2021.102875
https://doi.org/10.3390/ijms20030511
https://doi.org/10.3390/ijms17122146
https://doi.org/10.7150/thno.31017
https://doi.org/10.1186/1479-5876-9-47
https://doi.org/10.1186/s13075-020-02325-6
https://doi.org/10.1038/s41598-017-15376-8
https://doi.org/10.1038/s41598-017-15376-8
https://doi.org/10.7150/thno.21072
https://doi.org/10.2106/JBJS.16.00307
https://doi.org/10.3390/jfmk4010011
https://doi.org/10.1080/14653240600855905
https://doi.org/10.2147/JPR.S291472
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1016/j.jcyt.2021.01.001
https://doi.org/10.1016/j.jcyt.2021.01.001
https://doi.org/10.3390/cells8040307
https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1089/hum.2015.072
https://doi.org/10.1089/hum.2015.072
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1007/s00441-020-03193-x
https://doi.org/10.1016/j.intimp.2019.105946
https://doi.org/10.1016/j.intimp.2019.105946
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.copbio.2019.01.005
https://doi.org/10.1016/j.arth.2017.10.009
https://doi.org/10.1016/j.arth.2017.10.009
https://doi.org/10.3390/biology10040285
https://doi.org/10.1007/s13770-020-00324-x
https://doi.org/10.1371/journal.pone.0047559
https://doi.org/10.1038/nri3209
https://doi.org/10.1038/nri3209
https://doi.org/10.3402/jev.v4.30087
https://doi.org/10.1016/j.freeradbiomed.2018.09.025
https://doi.org/10.1016/j.freeradbiomed.2018.09.025
https://doi.org/10.1016/j.bbrc.2019.12.065
https://doi.org/10.3892/ijmm.2020.4840
https://doi.org/10.2217/nnm-2019-0208
https://doi.org/10.1002/jor.24525
https://doi.org/10.1002/jor.24525
https://doi.org/10.1186/s13018-019-1529-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xian Bo et al.

Liu, Y., Lin, L,, Zou, R,, Wen, C., Wang, Z., and Lin, F. (2018b). MSC-derived
Exosomes Promote Proliferation and Inhibit Apoptosis of Chondrocytes via
IncRNA-KLF3-AS1/miR-206/GIT1 axis in Osteoarthritis. Cell Cycle 17 (21-22),
2411-2422. doi:10.1080/15384101.2018.1526603

Liu, Y., Zou, R., Wang, Z., Wen, C,, Zhang, F., and Lin, F. (2018a). Exosomal KLF3-
AS1 from hMSCs Promoted Cartilage Repair and Chondrocyte Proliferation in
Osteoarthritis. Biochem. J. 475 (22), 3629-3638. doi:10.1042/BCJ20180675

Lérincz, A. M., Timar, C. I, Marosvari, K. A., Veres, D. S., Otrokocsi, L., Kittel, A.,
et al. (2014). Effect of Storage on Physical and Functional Properties of
Extracellular Vesicles Derived from Neutrophilic Granulocytes. J. Extracell
Vesicles 3, 25465. doi:10.3402/jev.v3.25465

Luo, P, Jiang, C,, Ji, P., Wang, M., and Xu, J. (2019). Exosomes of Stem Cells from
Human Exfoliated Deciduous Teeth as an Anti-inflammatory Agent in
Temporomandibular Joint Chondrocytes via miR-100-5p/mTOR. Stem Cel
Res. Ther. 10 (1), 216. doi:10.1186/s13287-019-1341-7

Ma, D., Zhao, Y., She, J., Zhu, Y., Zhao, Y., Liu, L., et al. (2019). NLRX1 Alleviates
Lipopolysaccharide-Induced Apoptosis and Inflammation in Chondrocytes by
Suppressing the Activation of NF-Kb Signaling. Int. Immunopharmacol. 71,
7-13. doi:10.1016/j.intimp.2019.03.001

Macehara, M., Toyoda, E., Takahashi, T., Watanabe, M., and Sato, M. (2021).
Potential of Exosomes for Diagnosis and Treatment of Joint Disease: Towards a
Point-of-Care Therapy for Osteoarthritis of the Knee. Ijms 22 (5), 2666. doi:10.
3390/ijms22052666

Mao, G, Hu, S., Zhang, Z., Wu, P, Zhao, X,, Lin, R,, et al. (2018b). Exosomal miR-
95-5p Regulates Chondrogenesis and Cartilage Degradation via Histone
Deacetylase 2/8. J. Cel. Mol. Med. 22 (11), 5354-5366. doi:10.1111/jcmm.13808

Mao, G., Zhang, Z., Hu, S., Zhang, Z., Chang, Z., Huang, Z., et al. (2018a).
Exosomes Derived from miR-92a-3p-Overexpressing Human Mesenchymal
Stem Cells Enhance Chondrogenesis and Suppress Cartilage Degradation via
Targeting WNT5A. Stem Cel Res. Ther. 9 (1), 247. doi:10.1186/s13287-018-
1004-0

Paschos, N. K., and Sennett, M. L. (2017). Update on Mesenchymal Stem Cell
Therapies for Cartilage Disorders. World J. Orthop. 8 (12), 853-860. doi:10.
5312/wjo.v8.i112.853

Peat, G., and Thomas, M. J. (2021). Osteoarthritis Year in Review 2020:
Epidemiology & Therapy. Osteoarthritis Cartilage 29 (2), 180-189. doi:10.
1016/j.joca.2020.10.007

Qi, H,, Liu, D. P., Xiao, D. W., Tian, D. C., Su, Y. W., and Jin, S. F. (2019). Exosomes
Derived from Mesenchymal Stem Cells Inhibit Mitochondrial Dysfunction-
Induced Apoptosis of Chondrocytes via P38, ERK, and Akt Pathways. In Vitro
Cel Dev Biol Anim 55 (3), 203-210. doi:10.1007/s11626-019-00330-x

Qiu, B., Xu, X,, Yi, P., and Hao, Y. (2020). Curcumin Reinforces MSC-Derived
Exosomes in Attenuating Osteoarthritis via Modulating the miR-124/nf-kB and
miR-143/ROCK1/TLRY Signalling Pathways. J. Cel. Mol. Med. 24 (18),
10855-10865. doi:10.1111/jcmm.15714

Qiu, M,, Liu, D., and Fu, Q. (2021). MiR-129-5p Shuttled by Human Synovial
Mesenchymal Stem Cell-Derived Exosomes Relieves IL-1p Induced
Osteoarthritis via Targeting HMGBI1. Life Sci. 269, 118987. doi:10.1016/j.Ifs.
2020.118987

Reiner, A. T., Witwer, K. W., van Balkom, B. W. M., de Beer, J., Brodie, C.,
Corteling, R. L., et al. (2017). Concise Review: Developing Best-Practice Models
for the Therapeutic Use of Extracellular Vesicles. Stem Cell Transl Med 6 (8),
1730-1739. doi:10.1002/sctm.17-0055

Samanta, S., Rajasingh, S., Drosos, N., Zhou, Z., Dawn, B., and Rajasingh, J. (2018).
Exosomes: New Molecular Targets of Diseases. Acta Pharmacol. Sin. 39 (4),
501-513. doi:10.1038/aps.2017.162

Scanzello, C. R., and Goldring, S. R. (2012). The Role of Synovitis in Osteoarthritis
Pathogenesis. Bone 51 (2), 249-257. doi:10.1016/j.bone.2012.02.012

Sokolova, V., Ludwig, A. K., Hornung, S., Rotan, O., Horn, P. A,, Epple, M., et al.
(2011). Characterisation of Exosomes Derived from Human Cells by
Nanoparticle Tracking Analysis and Scanning Electron Microscopy. Colloids
Surf. B Biointerfaces 87 (1), 146-150. doi:10.1016/j.colsurfb.2011.05.013

Sun, H.,, Hu, S., Zhang, Z,, Lun, J., Liao, W., and Zhang, Z. (2019). Expression of
Exosomal microRNAs during Chondrogenic Differentiation of Human Bone
Mesenchymal Stem Cells. J. Cel. Biochem. 120 (1), 171-181. doi:10.1002/jcb.
27289

Tan, F., Wang, D., and Yuan, Z. (2020). The Fibroblast-like Synoviocyte Derived
Exosomal Long Non-coding RNA H19 Alleviates Osteoarthritis Progression

Exosomes’s Effect on OA

through the miR-106b-5p/TIMP2 Axis. Inflammation 43 (4), 1498-1509.
doi:10.1007/s10753-020-01227-8

Tang, X., Wang, S., Zhan, S., Niu, J., Tao, K., Zhang, Y., et al. (2016). The Prevalence
of Symptomatic Knee Osteoarthritis in China: Results from the China Health
and Retirement Longitudinal Study. Arthritis Rheumatol. 68 (3), 648-653.
doi:10.1002/art.39465

Tao, S. C, Yuan, T,, Zhang, Y. L., Yin, W. J,, Guo, S. C,, and Zhang, C. Q. (2017).
Exosomes Derived from miR-140-5p-Overexpressing Human Synovial
Mesenchymal Stem Cells Enhance Cartilage Tissue Regeneration and
Prevent Osteoarthritis of the Knee in a Rat Model. Theranostics 7 (1),
180-195. doi:10.7150/thno.17133

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. ], Anderson, ]J. D,
Andriantsitohaina, R., et al. (2018). Minimal Information for Studies of
Extracellular Vesicles 2018 (MISEV2018): a Position Statement of the
International Society for Extracellular Vesicles and Update of the
MISEV2014 Guidelines. J. Extracell Vesicles 7 (1), 1535750. doi:10.1080/
20013078.2018.1535750

Thomas, C. M., Fuller, C. J., Whittles, C. E., and Sharif, M. (2007). Chondrocyte
Death by Apoptosis Is Associated with Cartilage Matrix Degradation.
Osteoarthritis Cartilage 15 (1), 27-34. doi:10.1016/j.joca.2006.06.012

Tofifo-Vian, M., Guillén, M. L, Pérez Del Caz, M. D,, Silvestre, A., and Alcaraz, M.
J. (2018). Microvesicles from Human Adipose Tissue-Derived Mesenchymal
Stem Cells as a New Protective Strategy in Osteoarthritic Chondrocytes. Cell.
Physiol. Biochem. 47 (1), 11-25. doi:10.1159/000489739

Vonk, L. A, van Dooremalen, S. F. ., Liv, N., Klumperman, J., Coffer, P.J., Saris, D.
B. F, et al. (2018). Mesenchymal Stromal/stem Cell-Derived Extracellular
Vesicles Promote Human Cartilage Regeneration In Vitro. Theranostics 8
(4), 906-920. doi:10.7150/thno.20746

Wang, R, Jiang, W., Zhang, L., Xie, S., Zhang, S., Yuan, S., et al. (2020). Intra-
articular Delivery of Extracellular Vesicles Secreted by Chondrogenic
Progenitor Cells from MRL/Mp] Superhealer Mice Enhances Articular
Cartilage Repair in a Mouse Injury Model. Stem Cel Res. Ther. 11 (1), 93.
doi:10.1186/513287-020-01594-x

Wang, R., and Xu, B. (2021). TGF-p1-modified MSC-Derived Exosomal miR-135b
Attenuates Cartilage Injury via Promoting M2 Synovial Macrophage
Polarization by Targeting MAPK6. Cel Tissue Res 384 (1), 113-127. doi:10.
1007/s00441-020-03319-1

Wang, R., Xu, B., and Xu, H. (2018). TGF-B1 Promoted Chondrocyte Proliferation
by Regulating Sp1 through MSC-Exosomes Derived miR-135b. Cell Cycle 17
(24). doi:10.1080/15384101.2018.1556063

Wang, Y., Yu, D, Liu, Z., Zhou, F., Dai, J., Wu, B,, et al. (2017). Exosomes from
Embryonic Mesenchymal Stem Cells Alleviate Osteoarthritis through
Balancing Synthesis and Degradation of Cartilage Extracellular Matrix. Stem
Cel Res. Ther. 8 (1), 189. doi:10.1186/s13287-017-0632-0

Wang, Z., Yan, K, Ge, G., Zhang, D., Bai, J., Guo, X,, et al. (2021). Exosomes
Derived from miR-155-5p-Overexpressing Synovial Mesenchymal Stem Cells
Prevent Osteoarthritis via Enhancing Proliferation and Migration, Attenuating
Apoptosis, and Modulating Extracellular Matrix Secretion in Chondrocytes.
Cell Biol. Toxicol. 37 (1), 85-96. doi:10.1007/s10565-020-09559-9

Wong, K. L., Zhang, S., Wang, M, Ren, X., Afizah, H,, Lai, R. C,, et al. (2020). Intra-
Articular Injections of Mesenchymal Stem Cell Exosomes and Hyaluronic Acid
Improve Structural and Mechanical Properties of Repaired Cartilage in a Rabbit
Model. Arthroscopy 36 (8), 2215-€2. doi:10.1016/j.arthro.2020.03.031

Woo, C. H,, Kim, H. K,, Jung, G. Y., Jung, Y. ]., Lee, K. S., Yun, Y. E,, et al. (2020).
Small Extracellular Vesicles from Human Adipose-Derived Stem Cells
Attenuate Cartilage Degeneration. J. Extracell Vesicles 9 (1), 1735249. doi:10.
1080/20013078.2020.1735249

Wu, ], Kuang, L., Chen, C, Yang, J., Zeng, W. N, Li, T,, et al. (2019). miR-100-5p-
abundant Exosomes Derived from Infrapatellar Fat Pad MSCs Protect Articular
Cartilage and Ameliorate Gait Abnormalities via Inhibition of mTOR in
Osteoarthritis. Biomaterials 206, 87-100. doi:10.1016/j.biomaterials.2019.03.022

Yan, L., Liu, G., and Wu, X. (2021a). Exosomes Derived from Umbilical Cord
Mesenchymal Stem Cells in Mechanical Environment Show Improved
Osteochondral Activity via Upregulation of LncRNA HI19. J. Orthop.
Translat 26, 111-120. doi:10.1016/j.jot.2020.03.005

Yan, L, Liu, G., and Wu, X. (2021b). The Umbilical Cord Mesenchymal Stem Cell-
Derived Exosomal IncRNA H19 Improves Osteochondral Activity through
miR-29b-3p/FoxO3 axis. Clin. Transl Med. 11 (1), 255. doi:10.1002/ctm2.255

Frontiers in Pharmacology | www.frontiersin.org

12

March 2022 | Volume 13 | Article 731756


https://doi.org/10.1080/15384101.2018.1526603
https://doi.org/10.1042/BCJ20180675
https://doi.org/10.3402/jev.v3.25465
https://doi.org/10.1186/s13287-019-1341-7
https://doi.org/10.1016/j.intimp.2019.03.001
https://doi.org/10.3390/ijms22052666
https://doi.org/10.3390/ijms22052666
https://doi.org/10.1111/jcmm.13808
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.1186/s13287-018-1004-0
https://doi.org/10.5312/wjo.v8.i12.853
https://doi.org/10.5312/wjo.v8.i12.853
https://doi.org/10.1016/j.joca.2020.10.007
https://doi.org/10.1016/j.joca.2020.10.007
https://doi.org/10.1007/s11626-019-00330-x
https://doi.org/10.1111/jcmm.15714
https://doi.org/10.1016/j.lfs.2020.118987
https://doi.org/10.1016/j.lfs.2020.118987
https://doi.org/10.1002/sctm.17-0055
https://doi.org/10.1038/aps.2017.162
https://doi.org/10.1016/j.bone.2012.02.012
https://doi.org/10.1016/j.colsurfb.2011.05.013
https://doi.org/10.1002/jcb.27289
https://doi.org/10.1002/jcb.27289
https://doi.org/10.1007/s10753-020-01227-8
https://doi.org/10.1002/art.39465
https://doi.org/10.7150/thno.17133
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1016/j.joca.2006.06.012
https://doi.org/10.1159/000489739
https://doi.org/10.7150/thno.20746
https://doi.org/10.1186/s13287-020-01594-x
https://doi.org/10.1007/s00441-020-03319-1
https://doi.org/10.1007/s00441-020-03319-1
https://doi.org/10.1080/15384101.2018.1556063
https://doi.org/10.1186/s13287-017-0632-0
https://doi.org/10.1007/s10565-020-09559-9
https://doi.org/10.1016/j.arthro.2020.03.031
https://doi.org/10.1080/20013078.2020.1735249
https://doi.org/10.1080/20013078.2020.1735249
https://doi.org/10.1016/j.biomaterials.2019.03.022
https://doi.org/10.1016/j.jot.2020.03.005
https://doi.org/10.1002/ctm2.255
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Xian Bo et al.

Yan, L., and Wu, X. (2020). Exosomes Produced from 3D Cultures of Umbilical
Cord Mesenchymal Stem Cells in a Hollow-Fiber Bioreactor Show Improved
Osteochondral Regeneration Activity. Cel Biol. Toxicol. 36 (2), 165-178. doi:10.
1007/s10565-019-09504-5

Ye, X, Luo, H., Chen, Y., Wu, Q., Xiong, Y., Zhu, J., et al. (2015). MicroRNAs 99b-5p/
100-5p Regulated by Endoplasmic Reticulum Stress Are Involved in Abeta-
Induced Pathologies. Front. Aging Neurosci. 7, 210. doi:10.3389/fnagi.2015.00210

Zavatti, M., Beretti, F., Casciaro, F., Bertucci, E., and Maraldi, T. (2020).
Comparison of the Therapeutic Effect of Amniotic Fluid Stem Cells and
Their Exosomes on Monoiodoacetate-Induced Animal Model of
Osteoarthritis. Biofactors 46 (1), 106-117. doi:10.1002/biof.1576

Zhang, J., Rong, Y., Luo, C., and Cui, W. (2020). Bone Marrow Mesenchymal Stem
Cell-Derived Exosomes Prevent Osteoarthritis by Regulating Synovial
Macrophage Polarization. Aging (Albany NY) 12 (24), 25138-25152. doi:10.
18632/aging. 104110

Zhang, S., Chu, W. C,, Lai, R. C,, Lim, S. K, Hui, J. H., Toh, W. S,, et al. (2016).
Exosomes Derived from Human Embryonic Mesenchymal Stem Cells Promote
Osteochondral Regeneration. Osteoarthr. Cartil. 24 (12), 2135-2140. doi:10.
1016/j.joca.2016.06.022

Zhang, S., Chuah, S. ], Lai, R. C, Hui, J. H,, Lim, S. K., Toh, W. S,, et al. (2018).
MSC Exosomes Mediate Cartilage Repair by Enhancing Proliferation,
Attenuating Apoptosis and Modulating Immune Reactivity. Biomaterials
156, 16-27. doi:10.1016/j.biomaterials.2017.11.028

Zhang, S., Teo, K. Y. W,, Chuah, S.J,, Lai, R. C,, Lim, S. K., and Toh, W. S. (2019).
MSC Exosomes Alleviate Temporomandibular Joint Osteoarthritis by
Attenuating Inflammation and Restoring Matrix Homeostasis. Biomaterials
200, 35-47. doi:10.1016/j.biomaterials.2019.02.006

Zhang, X,, Liu, X, Ni, X,, Feng, P., and Wang, Y. U. (2019). Long Non-coding RNA
H19 Modulates Proliferation and Apoptosis in Osteoarthritis via Regulating
miR-106a-5p. J. Biosci. 44 (6), 9943. doi:10.1007/s12038-019-9943-x

Zhao, C,, Chen, J. Y., Peng, W. M., Yuan, B., Bi, Q., and Xu, Y. J. (2020). Exosomes
from Adipose-derived S-tem C-ells P-romote C-hondrogenesis and S-uppress
I-nflammation by U-pregulating miR-145 and miR-221. Mol. Med. Rep. 21 (4),
1881-1889. doi:10.3892/mmr.2020.10982

Zheng, L., Wang, Y., Qiu, P., Xia, C, Fang, Y., Mei, S., et al. (2019). Primary
Chondrocyte Exosomes Mediate Osteoarthritis Progression by Regulating

Exosomes’s Effect on OA

Mitochondrion and Immune Reactivity. Nanomedicine (Lond) 14 (24),
3193-3212. doi:10.2217/nnm-2018-0498

Zhou, X, Liang, H.,, Hu, X,, An, J,, Ding, S., Yu, S., et al. (2020). BMSC-derived
Exosomes from Congenital Polydactyly Tissue Alleviate Osteoarthritis by
Promoting Chondrocyte Proliferation. Cell Death Discov 6 (1), 142. doi:10.
1038/s41420-020-00374-z

Zhou, Y., Ming, J., Li, Y., Li, B,, Deng, M., Ma, Y., et al. (2021). Exosomes Derived
from miR-126-3p-Overexpressing Synovial Fibroblasts Suppress Chondrocyte
Inflammation and Cartilage Degradation in a Rat Model of Osteoarthritis. Cel
Death Discov 7 (1), 37. doi:10.1038/s41420-021-00418-y

Zhu, H,,Ji, J., Gu, Z., Zhang,, Z., and Yan., X. (2018). The Effect of Exosomes from
Bone Marrow Mesenchymal Stem Cells on Osteoarthritis. Ann. Rheum. Dis. 77
(Suppl. 2).

Zhu, Y., Wang, Y., Zhao, B., Niu, X., Hu, B, Li, Q,, et al. (2017). Comparison of
Exosomes Secreted by Induced Pluripotent Stem Cell-Derived Mesenchymal
Stem Cells and Synovial Membrane-Derived Mesenchymal Stem Cells for the
Treatment of Osteoarthritis. Stem Cel Res. Ther. 8 (1), 64. doi:10.1186/s13287-
017-0510-9

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xian Bo, Chen, Chang, Hao Ran, Hui Hui, Ya Kun, Wu Kun, Hai
Tao and Wen Dan. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

13

March 2022 | Volume 13 | Article 731756


https://doi.org/10.1007/s10565-019-09504-5
https://doi.org/10.1007/s10565-019-09504-5
https://doi.org/10.3389/fnagi.2015.00210
https://doi.org/10.1002/biof.1576
https://doi.org/10.18632/aging.104110
https://doi.org/10.18632/aging.104110
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1016/j.biomaterials.2017.11.028
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://doi.org/10.1007/s12038-019-9943-x
https://doi.org/10.3892/mmr.2020.10982
https://doi.org/10.2217/nnm-2018-0498
https://doi.org/10.1038/s41420-020-00374-z
https://doi.org/10.1038/s41420-020-00374-z
https://doi.org/10.1038/s41420-021-00418-y
https://doi.org/10.1186/s13287-017-0510-9
https://doi.org/10.1186/s13287-017-0510-9
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Research Progress of Exosomes in Osteoarthritis, With Particular Emphasis on the Therapeutic Effect
	1 Introduction
	2 Biological Properties of Exosomes
	3 Therapeutic Effects of Exosomes in Osteoarthritis
	3.1 Exosomes Promote Chondrocyte Proliferation in Osteoarthritis
	3.2 Exosomes Inhibit Chondrocyte Apoptosis in Osteoarthritis
	3.3 Exosomes Inhibit Chondrocyte Inflammatory in Osteoarthritis
	3.4 Exosomes Protect Cartilage Extracellular Matrix in Osteoarthritis
	3.5 Preclinical In Vivo Studies of Exosomes in Osteoarthritis

	4 Discussion and Perspective
	5 Conclusion
	Author Contributions
	Funding
	References


