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Abstract: Osteoarthritis (OA) is a whole joint disease characterized by synovitis, cartilage destruction, and subchondral bone
sclerosis and cyst. Despite decades’ study, effective treatment is rare for this chronic disease. Extracellular vesicles (EVs), including
exosomes, microvesicles, and apoptosis bodies, are nano-sized vesicles with a cargo containing biologically active agents, such as
nucleic acids, lipids, and proteins. As a group of short non-coding RNAs, microRNAs (miRNAs) can be delivered by parental cells
secreted EVs. Negatively regulate the target mRNAs at the posttranscriptional level and regulate gene expression in recipient cells
without modifying gene sequence. Recently, most studies focused on the function of EVs mediated miRNAs in the pathophysiological
process of OA. However, all kinds of EVs specific and OA specific factors might influence the administration of EVs-miRNAs,
especially the precise quantitative management. As a result, the flourishing of current research about EVs in the laboratory might not
promote the relevant clinical transformation in OA treatment. In this review, we reviewed the present application of EVs-miRNAs in
the therapeutic of OA and further analyzed the potential factors that might influence its application. Further progress in the quantitative
management of EVs-miRNAs would accelerate the clinical transformation of miRNAs enriched EVs in the OA field.
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Introduction

Osteoarthritis (OA) is a common chronic inflammatory disease associated with the pathophysiological change in the whole
joint tissues.' Although it is considered a senile disease previously, the incidence is increasing even among young people due
to unhealthy lifestyles.* > The main structural changes in the development and progress of OA are synovitis, cartilage
destruction, subchondral bone sclerosis, and cyst, all of which could cause clinical symptoms from swelling and pain to joint
deformity and until loss function of the joint. However, the pathological changes in cell level are still unclear, which is the
main reason for the rare effective treatment to stop or reverse the progress of OA.° It is well known that the knee joint could
synthesize and secrete extracellular matrix (ECM) mainly comprised of Collagen 2 and proteoglycan. However, the healthy
knee cartilage can be affected by abnormal mechanical stress, inflammation, and metabolic disorders, further inducing
abnormal expression of Collagen X, Matrix metalloproteinases (MMPs), and A disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS), accelerating cartilage destruction. As a result, the homeostasis of the knee joint can
be reversed from anabolic towards catabolic, which cannot avoid accelerating the degradation of cartilage accompanying
subchondral bone sclerosis, angiogenesis, and synovitis.” The leading clinical therapeutic for early-stage OA is to relieve pain,
while joint replacement seems to be the only effective treatment at the end stage.® As a result, the number of total joint

replacements has skyrocketed recently. However, this surgery also has relevant risks like postoperative anemia, infection,
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periprosthetic fractures, and revision surgery which is unavoided after a long period of wear and tear.” Hence, it is urgent to
explore the pathogenesis of this disease further and find the revolutionary treatment considering the severe economic burden
caused by an aging population in the following decades.

MiRNAs are a group of short non-coding RNAs which could negatively regulate the target mRNAs at the
posttranscriptional level and regulate gene expression in cells without modifying the gene sequence.'® Previous
studies have demonstrated that miRNAs participate in the modulation of different diseases such as cancer, cardio-
vascular disease, neurological disease, and also osteoarthritis.!! Hundreds of miRNAs have shown altered expression
in OA compared to healthy joint tissue, so it is promising to target specific miRNAs to interfere with the progress of
OA.'*' Considering that the common is a multi-tissue organ, the interaction through miRNAs among different
tissues such as cartilage-bone, cartilage-synovium and synovium-bone can be a refreshing approach to modulate the
joint homeostasis. The issue is that the nuclease can quickly degrade miRNAs alone during the transportation process
among tissues.'* So, there should be some delivery systems that could protect miRNAs from degradation in theory.

To bridge this gap, cell-secreted Extracellular Vesicles (EVs) with a cargo containing DNA, mRNA, protein, lipid,
and miRNAs have intrigued great scientific interest.'” As nano-size membrane vesicles, EVs can be delivered quickly
among tissues, even cross the microcrack channels and vessel channels between bone and cartilage interface, facilitat-
ing bone-cartilage communication.'® More importantly, the lipid bilayer of EVs could protect the miRNAs from
degradation during the transportation process.'’ With the intercellular communication capability, EVs have been
exploited to deliver exogenous therapeutic reagents for decades.'® Especially, numerous studies have researched the
role of EVs-mediated miRNAs regulation in the progress of OA and demonstrated encouraging results.'” *' However,
most studies neglected the details of EVs’ quantification in the published papers when utilizing EVs as a transport agent
of miRNAs directly to evaluate relevant function in the treatment of OA. For example, the information about the ratio
of EVs and treated cells in vitro and the amount of EVs injected into the joint per time in vivo were sometimes lacking
or vaguely described, which is hard for other laboratories to repeat a similar experiment and make interlaboratory
comparisons of experimental results unwarrantable Meanwhile, differentiated quantitative management of EVs-
miRNAs among studies, which could affect the standardization of its application, also impede the clinical transforma-
tion of EVs.

This review will first introduce the common knowledge about EVs and miRNAs, the biogenesis and function of EVs
and miRNAs; then, we will review the current application of EVs-miRNAs in OA treatment. We will also analyze the
possible factors that affect EVs-miRNAs administration and discuss different perspectives that might influence its clinical
transformation.

Biogenesis and Function of miRNAs

Epigenetics, including DNA methylation, histone modification, and noncoding RNA regulation, are associated with
the pathogenesis of many different diseases, such as cancer, cardiopathy, and inflammatory arthritis, including OA.**
As one kind of epigenetic regulation, miRNAs are a group of short single-stranded RNAs with a length of around 22
nucleotides.'® In brief, miRNAs are firstly transcripted in the nucleus, then generated pri-miRNAs are processed into
smaller pieces by the ribonuclease Drosha, resulting in the formation of pre-miRNAs. After that, pre-miRNAs are
transferred from the nucleus to the cytoplasm with the help of Exportin-5. After cleavage by the endonuclease Dicer,
double-stranded pre-miRNAs are further processed into single double-stranded miRNAs. Finally, mature miRNAs are
involved in an RNA-induced silencing complex (RISC), and the form of the miRNA implements functions—RISC
complex, which could regulate the expression of target mRNAs by mRNA degradation and/or translational repression
dependent on the degree of sequential complementarity between miRNAs and targets mRNAs (Figure 1).

Although miRNAs have been reported to be involved in the pathophysiological process of OA via modulation of
various biological processes, like proliferation, differentiation, migration, apoptosis, and autophagy, their comprehensive
function of diverse miRNAs in OA is still elusive.”® For example, every miRNA is predicted to have hundreds of
possible mRNA targets, and individual mRNA can be regulated by diverse miRNAs,?* leading to a complicated array of
biological modulation on downstream signaling pathways. As a result, further research on miRNAs regulation is
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Figure | Schematic diagram of miRNAs’ biogenesis and its function in post-transcription.

necessary to clarify its underlying mechanism in OA. Furthermore, EVs have been considered delivery vehicles that
could protect RNA molecules from degradation during the transportation process within the extracellular environment.*

Biogenesis and Function of EVs

Since the nanosize membrane-bound vesicles were secreted from reticulocytes in 1983, these vesicles are released from
most cells. They exist in various body fluids such as blood, urine, and saliva.’® Although most studies named the vesicles
based on their size, biogenesis, and release pathways, the vesicles extracted so far are a mixture of subtypes due to the
limitation of isolation methods.?®*” So far, these vesicles are recommended to be classified into exosomes, microvesicles,
and apoptosis bodies, mainly according to the size of vesicles (Figure 2). However, all the methods such as ultracen-
trifugation, precipitation, size-based technique, and immunoaffinity purification cannot 100% distinguish subtypes of
vesicles.”® Besides, recent studies have shown that the protein composition may be much more important than size in
determining each subtype of vesicles.?’ To address the confusion of naming, the International Society for Extracellular
Vesicles (ISEV) suggested: “extracellular vesicles” (EVs) as the generic term of cell-secreted particles which are
encapsulated by a lipid bilayer membrane and cannot replicate.*

In brief, the biogenesis of exosomes started from endocytosis followed by early endosomes transition to late
endosomes, also called multivesicular bodies (MVBs), during which large intraluminal membrane vesicles (ILVs) are
generated by internal budding of the endosome membrane. Finally, exosomes are released from the internal ILVs after the
MVBs fuse with the plasma membrane and are further uptaken by receiving cells. Although endosomal sorting
complexes required for transport (ESCRT) are thought to be involved in the assembly process of endosomes, the
exosomal formation can be performed without the ESCRT complex under certain conditions.”® As a result, how the
cargo of exosomes, like miRNAs, is integrated into exosomes during the biogenesis process. In addition, several factors,
including miRNA motifs and miRNA-associated proteins like Argonaute 2, Alix, and MEX3C, might affect the miRNA
sorting process.”’ Furthermore, although the secreted exosomes can be uptaken by the target cells, exosomal secretory
and uptake mechanisms are still under research. Unlike exosomes, microvesicles are generated by the outward budding
and fission of the plasma membrane, then released into the extracellular space. Apoptotic vesicles released from
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Figure 2 Schematic diagram of EVs’ biogenesis and its role in intercellular communication.

apoptotic cells also called oncosomes in cancer cells, have a diameter ranging from 1000nm to 5000nm, sometimes even
larger to 10 pm.**?

Recent studies found EVs might play vital roles in the modulation of synovial inflammation and immune responses
and promote tissues’ regeneration and repair, including cartilage and subchondral bone.>*> Considering the function of
EVs is mainly fulfilled by its cargo, and miRNAs could also modulate chondrogenesis and cartilage repair, it would be of
great significance to clarify the regulation of EVs transferred miRNAs in the treatment of OA. In the following sections,

details about the application of EVs-miRNAs in OA will be discussed.

The Application of EVs-miRNAs in OA Treatment
As aforementioned, numerous miRNAs have been reported to be involved in the pathophysiological process of OA by
regulating relevant target mRNAs. For example, a study in 2019 identified 142 miRNAs and 2387 mRNAs differentially
expressed between lesioned and preserved OA articular cartilage from 130 samples by RNA sequencing.*® Intriguingly,
some miRNAs have been secreted and exist in synovial fluid, which could further affect cartilage homeostasis and
synovial inflammation, even the subchondral bone remodeling considering the existence of microchannels across the
bone-cartilage interface.*’** However, it is well known that miRNAs are easily degraded by nuclease in the extracellular
environment, so EVs may provide the protective film to potentiate the transportation of miRNAs intercellularly.

As a cell-free therapeutic method, many studies have reported the protective or destructive role of EVs by affecting

cartilage repair,®® synovialis,* and subchondral bone remodeling*' in the progress of OA and raised considerable
interests in the scientific research field. Although most cells could secret EVs, most studies preferred to utilize different

mesenchymal stem cells (MSCs) as the source of EVs due to the particular function such as differentiation, regeneration,
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and anti-inflammation of MSCs in the treatment of OA.>* Therefore, EV's from diverse MSCs may demonstrate a similar
protective role in OA treatment due to inherited features from parental cells.>'**> Meanwhile, these vesicles have good
stability and can also be used as a vehicle to deliver bioactive factors, during which miRNAs have shown exciting
therapeutic effects.*> More importantly, previous studies reported that MSC-secreted EVs could stimulate tissue
regeneration via their cargoes containing miRNA.**** Of the various kinds of MSCs, bone marrow mesenchymal
stem cells (BMSCs) can be the most common cells in previous studies, due to the bone targeting ability** and mature
chondrogenic differentiation techniques.*® For example, hypoxic pretreatment of BMSCs secreted small extracellular
vesicles could stimulate chondrocytes’ proliferation and migration and inhibit apoptosis via the miR-216a-5p/JAK2/
STAT3 signaling pathway, which could lead to the cartilage repair in OA.*” Except for BMSCs, adipose tissue would be
another source of MSCs (ADMSCs) due to the abundant and accessible source compared to the other MSCs,*® and EVs-
miRNAs derived from ADMSCs have demonstrated effective anti-inflammatory and protective function on inflamed
chondrocytes.* Besides, EVs from induced pluripotent cell lines induced mesenchymal stem cells (iMSCs),”® umbilical
cord mesenchymal stem cells (UCMSCs),”! embryonic mesenchymal stem cells (EMSCs),* amniotic membrane-derived
mesenchymal stromal cells (AMSCs),”* synovium mesenchymal stem cells (SMSCs),>* infrapatellar fat pad mesench-
ymal stem cells (IMSCs)*® and tendon stem cells (TSCs)>® all showed similar therapeutic functions in OA by transferring
their cargoes containing miRNAs>’ (Table 1).

Compared to MSCs, the EVs from non-MSCs such as chondrocytes, synovial fibroblasts, osteoclasts, and osteoblasts
are less studied. However, previous studies have demonstrated that their EVs could mediate the transportation of active
biomolecules, including miRNAs, to affect adjacent tissues.”” More importantly, these non-MSCs are seeded in the
periarticular tissue and could participate in the pathophysiological process of OA directly (Table 2).

As the only cells in cartilage, chondrocytes play a vital role in the homeostasis of joints and the progress of OA. It is
well known that adjacent cells secreted EVs could affect the metabolism of chondrocytes and vice versa.” For example,
chondrocytes secreted EVs-miR-95-3p,”” and EVs-miR-84857° could promote chondrogenic differentiation of BMSCs
by targeting HDAC2/8 and regulating Wnt/B-catenin pathways, respectively. Meanwhile, osteoarthritic chondrocytes
secreted EV's aggravated OA’s synovitis and cartilage erosion via miR-449a-5p/ATG4B-mediated autophagy inhibition.*’
In our study, we found that chondrocytes secreted EVs-miR-221 could significantly inhibit the bone formation capability
of osteoblasts, which could partly demonstrate mechanotransduction between cartilage and subchondral bone via EVs-
miR-221, considering the mechanosensitive character of miR-221.7"7%7

Pain and swelling caused by synovitis are the main symptoms in OA patients due to inflammatory response.*
Therefore, macrophages and fibroblast-like synoviocytes (FLSs) in synovial tissue may play a vital role in the pathologic
process of OA. In 2021, Peng et al reported that M1-polarized macrophages, which are thought as proinflammatory cells,
could promote inflammation in chondrocytes via EVs- miR-1246 mediated activation of the Wnt/B-catenin pathway.’> As
the constituents of the intimal lining layer of the synovial membrane, FLSs secreted EVs could inhibit inflammation and
apoptosis in chondrocytes and thus prevent cartilage degeneration via the overexpression of miR-126-3p. However, the
exact mechanism is still unclear.”® More importantly, the EV's secreted by chondrocytes and synoviocytes can also exist
in the synovial fluid. The miRNA expression stored in EVs isolated from synovial fluid of OA patients can also be
a biomarker to observe the progress of OA.*®

Subchondral bone has been admitted to playing a crucial role in the initiation and progress of OA.*! As the essential
components of bone, both osteoblasts and osteoclasts have been reported to affect chondrocytes via EVs-miRNAs. For
example, Wu et al reported that osteoblasts from OA sclerotic subchondral bone secreted EVs could promote cartilage
degeneration by miR-210-5p.”* Similarly, osteoclast secreted exosomal let-7a-5p could alleviate the TGF-B-induced
inhibition of chondrocyte hypertrophy by targeting Smad2.”> More importantly, microchannels such as microcracks,
fissures, and vessels across the bone-cartilage interface potentiate the crosstalk between these two-part via EVs.!'®81-82
Therefore, an extensive study on the microenvironment of subchondral bone would facilitate us to understand the
pathophysiology of OA better.

The above-mentioned MSCs and non-MSCs secreted EVs potentiate miRNAs-mediated epigenetic regulation in OA.
Significantly, these studies have demonstrated the vital role of EVs-mediated miRNAs in cartilage destruction and

20 38

regeneration,”® synovial inflammation,® bone remodeling,®® and the crosstalk among the above biological
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Table | Therapeutic Application of MSCs-Derived EVs-miRNAs in OA Treatment

Cells Isolation Agent Loading Quantification Animal OA Biological Function Reference
Model
BMSCs ucC miR-126 Curcumin In vitro: Not available None In vitro: Reverse IL-1f induced catabolic responses of Li et al
chondrocytes 2021 8
SMSCs ucC circRNA3503 Melatonin/ | In vitro: Not available In vivo: 100 uL sEVs (10'" sEV ACLT model In vitro: Rescue cells from the destructive effect of IL-1B In Tao et al
Plasmid vesicles/mL) per week, 4 weeks with SD rats vivo: Protect cartilage 2021 *°
transfection
SMSCs ucC miR-129 Mimic In vitro: Not available None In vitro: Reduce chondrocytes injury and ECM degradation Qiu et al
transfection 2021 ¢°
BMSCs UF miR-216a Hypoxia/ In vitro: Not available In vivo: Not available DMM model In vitro: Promote chondrocytes proliferation, migration, Rong et al
Lentivirus with SD rats inhibit apoptosisin vivo: Promote cartilage regeneration 2021 4
transfection
SMSCs uc miR-31 Mimic In vitro: 10 mg EVs for 24 h In vivo: 5 mL EV particles ACLT model In vitro: Promote proliferation and migration of Wang et al
transfection | per mL, from the 5th to the 8th week after operation with C57 mice | chondrocytes In vivo: Alleviate cartilage damage and 2020 **
inflammation
BMSCs UF miR-136 Agomir In vitro: Not available In vivo: 100 pL of 10" particles/mL ACLT model In vitro: Promote migration of chondrocytes In vivo: Reduce | Chen et al
transfection | for | h with C57 mice | cartilage degeneration 2020 ¢
BMSCs ucC miR-124 Curcumin In vitro: Not available In vivo: Not available OA model with | In vitro: Reduce apoptosis of chondrocytes In vivo: Qiu et al
miR-143 mouse Attenuate OA 2020 2
ADMSCs ucC miRNAs IFNy In vitro: Not available None In vitro: Anti-inflammatory of inflamed chondrocytes and Ragni et al
macrophages 2020 ¢
ADMSCs ucC miR 145miR- None In vitro: 400 pg/mL exosomes for 48 h None In vitro: Promote chondrogenic regeneration Zhao et al
221 2020 ¢
UCMSCs uc miR-381-3p Kartogenin | In vitro: 20 pg/mL for 48 h In vivo: Not available Full-thickness In vitro: Enhance chondrogenesis In vivo: Promote cartilage Jing et al
cartilage repair 2020°"
defects with
rabbit
BMSCs EQ miR-26a-5p Lentivirus In vitro: 2ug exosomes for 48h In vivo: 250 ng/5 pL EXO | OA model with | In vitro/ In vivo: Alleviate damage of synovial fibroblasts In Jin etal
transfection | per week, eight weeks Wistar rats vivo: Retard OA damage 2020 &
SHEDs ucC miR-100 Mimic In vitro: Exosomes for 2h None In vitro: Ant-inflammatory in temporomandibular joint Luo et al
transfection chondrocytes 2019 ¢
IMSCs EQ /UC miR-100 Antagomir | In vitro: exosomes (1, 5, or 10x10° particles/mL) for 24h DMM model In vitro: Inhibit the chondrocyte apoptosis and balance the Wu et al
transfection | In vivo: 10 pL exosomes (10'® particles/mL) for 4 weeks or with rat anabolic and catabolic processes In vivo: Protect cartilage 2019 %
6 weeks (twice a week) and ameliorate gait patterns
BMSCs EQ miR-320c Mimic In vitro: exosomes for 48/72h None In vitro: Enhance chondrogenesis Sun et al
transfection 2019 ¢
MSCs SZC miR-135b TGF-BI In vitro: 10 ug/mL exosomes, 3d. In vivo: 100 uL exosomes In vivo: DMM In vitro: Promote chondrocytes proliferation In vivo: Wang et al
(I x 10" particles/ mL) per week for 12 weeks model with rat | Promote cartilage repairment 2018 8
SMSCs SzZC miR- 140 Mimic In vitro: 10x10"" particles/mL of Exos for 24 h.In vivo: In vivo: DMM In vitro: Enhance proliferation and migration of Tao et al
transfection | 100 mg exosomes per 100 mL per week until 12 weeks model with rat | chondrocytes In vivo: Prevent OA 2017 ¢°
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Table 2 Therapeutic Application of non-MSCs-Derived EVs-miRNAs in OA Treatment

aro(q

Cells Isolation | Agent Loading Quantification Animal Biological Function Reference
Model
Chondrocytes uc miR- Mimic transfection | In vitro: 5% 108 particles, 2 days None In vitro: Inhibit bone formation Shang et al
221 or 2 weeks 20217
Macrophage ucC miR- Lipopolysaccharide | In vitro: 1x10° p/mLof sEVs CFA induced In vitro: Promote inflammation In vivo: Promote TM] inflammation Peng et al
1246 for 48h; In vivo: 50 pg/pL, one | TMJOA model 2021 72
time with SD rats
Fibroblast-like uc miR- Mimic transfection | In vitro: Not available In vivo: ACLT + MMx | In vitro: Suppress chondrocytes inflammation and apoptosis In vivo: Zhou et al
synoviocytes 126 40 pL of 500 pg/mL per week, | OA model with | Maintain subchondral bone structure and suppress synovial 202173
until 10 weeks SD rats inflammation-mediated cartilage degeneration
Osteoblasts ucC miR- Mimic transfection | In vitro: 20 pg/mL exosomes None In vitro: Promote cartilage degeneration Wu et al
210 20217
Osteoclasts uc let-7a None In vitro: Not available None In vitro: Promote chondrocytes hypertrophy Dai et al
20207
Chondrocytes uc miR- Mimic transfection | In vitro: Not available None In vitro: Promote chondrogenic differentiation of BMSCs Li et al
8485 20207
Chondrocytes UC/UF miR- IL-1B In vitro: Not available In vivo: DMM OA In vitro: Inhibition autophagy In vivo: Aggravated synovitis and cartilage Ni et al
449a 10° particles in 5 pL vehicle model with | erosion 2019
per week, 8 weeks mice
Chondrocytes uc miR- Mimic transfection | In vitro: Not available None In vitro: regulate cartilage development and homeostasis Mao et al
95 20187
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Figure 3 Schematic diagram of potential factors that affect the management of EVs-miRNAs, which might further affect its clinical application in human OA.

processes.>”**7> Therefore, this may provide an important target to observe the pathological process of OA and even
a crucial breakthrough to the treatment of OA.

EVs Specific Factors Affecting Its Application in OA

Although many preclinical studies reported promising effects of EVs-miRNAs in OA’s therapeutic and even reverse OA’s
progress in animal experiments, reliable therapeutic effects in clinical trials are rare.”’”’ As a result, the clinical
transformation of EVs in the OA field is nearly no possibility. Up to date, only two trials (NCT04223622/
NCT05060107) about the application of EVs in OA are available according to the data retrieved from https://clinical
trials.gov/. One of the most important reasons for this awkward situation is the lax management of EVs in previous
studies, especially quantitative management.** For example, some studies prefer to adopt the particle numbers as the unit
to administrate the EVs dose during the experiment. In contrast, other studies would like to use protein levels to decide
the amount of EVs. Therefore, it is necessary to clarify the behind factors that might interfere with its application, such as
cell sources of EVs, extraction methods, and the complex biogenesis and secretion, delivery, and uptaken of EVs, all of
which would compromise precise quantitative management of EVs-miRNAs and slowed clinical transformation of its

therapeutic application in OA (Figure 3).

Cell Source

Although almost all the cells could secrete EVs, previous studies focused on MSCs derived from various tissues such as
bone marrow, adipose tissue, umbilical cord, and embryonic tissue.'” However, although these MSCs secreted EVs
shared similar therapeutic mechanisms by promoting proliferation, regeneration, and anti-inflammation, they demonstrate
tissue specificity to treat some diseases, including OA. For example, EVs derived from BMSCs have been chiefly studied
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to treat disorders related to bone, such as cartilage defects or OA.* And the potential explanation can be that the bone
marrow source potentiates bone targeting ability.*> Similarly, EVs from UMSCs can be more inclined to treat diseases in
gynecological and infant. However, the reason remains unclear’’ and EVs from EMSCs might be more potent in
promoting proliferation and differentiation than adult MSCs.*® Additionally, Ragni et al reported that UMSCs produce
a higher rate of EVs/cells than BMSCs, which may be meaningful for future MSC type selection to induce the highest
production rate to lower the clinical cost in clinical trials.*” However, the different yields of EVs among various cell
sources may complicate the quantitative administration of EVs in practical application. As a result, it is unreasonable to
compare EVs’ functions among different MSCs and make systematic comparisons of EVs’ application in OA treatment
impossible. In addition, the contents of miRNAs between MSC-EVs and their parental MSCs are also different. For
example, miRNA-Sequence indicated that several miRNAs from MSC-EVs were significantly different from that of
MSCs.® Therefore, the study-to-study comparability EVs-miRNAs in OA treatment can only be reliable among the same
cell source.

Extraction Method

Up to date, many methods have been adopted to isolate and purify EVs from body fluid and conditional medium,
including ultracentrifugation (UC), density gradient centrifugation (DGC), ultrafilter (UF), size exclusion chromatogra-
phy (SEC), polymer-based (PEG) precipitation, commercial ExoQuick-TC reagent kit (EQ) and a combination of the
above methods.®® Despite different nomenclature, the principle of these methods is based on the characters of EVs, such
as size, density, surface proteins, or the combination of these characters. Each method could successfully isolate EVs
with a similar particle size range detected by Nanoparticle Tracking Analysis (NTA), positive protein markers by the
Western blot analysis, and typical morphology by Transmission Electron Microscope (TEM) visualization. However, the
yield, lipoproteins and protein contaminants, extraction duration, and procedure cost are diverse among these methods.”
Besides, some immunoaffinity-based methods like immunoaffinity capture’' and microfluidics’ could effectively extract
EVs with specific surface protein markers and avoid protein contaminants. Still, this kind of method might lose a lot of
antibody-negative EVs and cannot reflect all EVs, no less the high cost and unique device required. According to
a survey of all studies to isolate EVs from conditioned cell culture media in 2015, UC was adopted in 85% of these cases,
while UF, PEG precipitation, and SEC were 18%, 14%, and 15% respectively.” Further study in 2019 concluded that UC
and density gradient centrifugation were still the first choices to isolate EVs.”* Nevertheless, the optimal protocol for the
isolation of EVs is still lacking so far, and the combination of several methods is recommended to make up for the
shortcomings of a single approach and make a balance between specificity and recovery.*® As a result, when involved in
the quantitative management of EVs in studies, the isolation method must be considered because variable isolation
methods would aggravate the uncertainties and inconsistencies of EVs studies across laboratories.

miRNA Loading Approach

Both indirect and direct engineered methods are available to produce miRNAs-loaded EVs. In brief, an indirect way
would engineer the parental cells by physical, chemical, or genetic manipulation, which could further secret miRNA-rich
EVs.”> For example, oxygen condition is thought to be vital in the regulation of MSCs by affecting proliferation,
differentiation, and self-renewal.’® Hypoxic pretreatment could induce BMSCs to secret EVs, which further stimulated
the proliferation, migration, and inhibited apoptosis of chondrocytes via miR-216a-5p mediated modulation of JAK2/
STAT3 signaling pathway.*’ Kartogenin (KGN) was reported to promote the chondrogenic differentiation of MSCs
in vitro.”” A subsequent study demonstrated that KGN pretreated human UCMSCs could induce chondrogenic differ-
entiation of MSCs and promote cartilage repair in an animal model by sEV-miR-381-3p mediated inhibition of

54,60 47,65
. > and

TAOKI1.’' As for genetic manipulation, mimic or plasmid transfection,” lentivirus transduction,
transgene”® have been used often in previous studies. As an artificial synthesized double-stranded miRNA molecule to
mimic the function of endogenous miRNA duplexes, mimic transfection can be the most common method to increase
miRNAs’ expression in parental cells with apparent advantages like a simple operation, high efficiency, and Cost-
Effective.”® Therefore, miRNAs loaded EVs by mimic transfection appeared in many studies, also in the OA field. For

example, miR-129-5p was overexpressed in human synovial mesenchymal stem cells shuttled by mimic transfection, and
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secreted exosomes were shown to relieve IL-1B induced inflammatory response and apoptosis of chondrocytes via
targeting high mobility group protein —1 (HMGB1).%° Similarly, other miRNAs like miR-31,°" miR-136-5p," miRNA-
100-5P,>>%¢ miR-320c,®” miR-140-5p,*® miR-126-3p,”> miR-210-5p,”* miR-8485,”° miR-95-3p’” have also been loaded
in cells to release EVs-miRNAs by mimic transfection. However, mimic transfection cannot genuinely simulate
endogenous miRNAs due to the mysterious chemical modifications by the manufacturers.'® More importantly, these
exogenous miRNA mimics could lead to supraphysiological miRNA accumulation in parental cells, which can induce
non—specific gene expression. As a result, parental cells modified by the transfection/transduction/transgene methods may
also express EVs that are different by their miR content and the hundred of miR targets. Furthermore, the exact
mechanism of how the loaded miRNAs by mimic transfection are assembled into EVs is still unclear, and this reminds
us to be much more careful with this method. Intriguingly, the low concentration accumulation of miRNA by mimic
transfection was not sufficient to inhibit the expression of the target gene.’” In contrast, the same amount of miRNA
overexpression induced by plasmid transfection, lentivirus transduction, or transgene could effectively suppress target
gene expression.'®' % Therefore, subtype analysis of different EVs can be crucial to managing the dose in EVs-
miRNAs mediated OA treatment.

Compared to indirectly engineered methods, the direct engineered methods load miRNAs after the production of EVs.
Briefly, the direct loading of miRNAs to EVs can be classified as physical methods including electroporation, sonication,
incubation, freeze-thawing, and chemical methods containing saponin permeabilization and CaCl2- heat shock.”
However, direct methods are not perfect despite cheap and straightforward and are with the low efficient loading of
miRNAs into EVs. More importantly, these chemical and physical shocks could change the natural properties of EVs,
which might affect the transfer and uptake of EVs by recipient cells, and further the activity and function of the miRNAs
inside. As far as we know, direct methods to load miRNAs in EVs have not been reported in the OA field.

Quantitative Method

According to the recommendation of the Minimal information for studies of extracellular vesicles 2018 (MISEV2018),*°
either characteristic of the isolated EVs or the source material can be used to normalize the vesicles number when studying
EVs functions. The characteristics of EVs consist of particle number, the total amount of proteins, nucleic acids, or lipids, and
content or activity of specific EV-associated molecules in the EVs. In contrast, source characteristics are the amount of matrix
where the EVs were extracted, for example, the volume of biofluid or cell culture medium, and the number of parental cells.
According to the collected studies, particle counting by NTA and the total amount of proteins tested by the bicinchoninic acid
(BCA) Protein Assay Kit are the most commonly used. In contrast, some studies did not describe the information about the
normalization strategy. For example, Wang et al isolated EVs from the conditioned medium of chondrogenic progenitor cells
(CPCs) by ultracentrifugation and measured the size distribution and the particle concentration of EVs by NTA with
a Nanosight NS300 instrument. Then chondrocytes were treated with EVs resuspended in PBS (10® particles/mL) in vitro,
and the surgical-induced OA model was injected intra-articularly with 8 uL EVs in vivo.'®* In another study, Jin et al
determined the protein concentration in EVs by BCA kit. After that, synovial fibroblast cells were treated with 2 pg EVs in
the 6-well plates, and 250 ng EVs were injected into the knee joint of the surgical-induced OA model.®> More importantly,
some studies are missing details about the ratio of EVs and treated cells and the duration of intervention in vitro experiments.
As for the in vivo animal experiment, the different time and frequency of intervention in various OA models with varying
animal species further complicate the function analysis of EVs. Although the ratio of particle to protein was recommended to
be a means to compare sample purity and thus guide the quantitative management of EVs, one issue needs to be
considered.'®> Namely, the NTA technique cannot distinguish vesicles from non-vesicular particles, and the BCA method
cannot measure the degree of protein contamination. To accurately regulate EVs-miRNAs, the quantity of EVs and the
quantity of functional miRNA to target mRNA in recipient cells need to be precisely calculated in the particular tissue,
considering the final applicable action comes from miRNA mediated target inhibition. Nevertheless, the optimal normal-
ization strategy to quantify EVs-miRNAs is still lacking, making it difficult to compare two independent studies.'®
Therefore, much more precise quantification methods of EVs-miRNA are required. In contrast, details about EVs-
miRNAs preparation and isolation, quantification, and application should be provided in practice to potentiate the compar-
ison of experimental results among studies comprehensively and objectively.
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OA Specific Factor

The various routes of EVs administration are associated with the distribution and clearance rate of EVs in vivo, thus
affecting the therapeutic effect of EVs in practical applications.®® Unlike other diseases, the only standard adminis-
tration route of EVs is through intra-articular injection due to the external anatomical site of the knee joint in OA.
Nevertheless, the natural exosomes with the limitation of poor targeting is a significant issue in OA treatment with
EVs, especially how to improve the penetration ratio of EVs across the extracellular matrix and then uptaken by
targeted cells accurately and efficiently. To this end, the chemical of transgenic surface modification of EVs has been
thought as a possible way to achieve the precise target and accelerate the clinical transformation of EVs, despite the
drawbacks such as potential change of surface molecules caused by chemical linking of targeting peptides, inefficient
modification and cytotoxicity by transfection.®” For example, Xu et al demonstrated that KGN delivered by MSC-
binding peptide E7 (E7) modified exosomes significantly increased the uptaken ratio by SMSCs and induced a higher
degree of cartilage differentiation than KGN provided by exosomes without E7.'°” However, the question remains, if
and how valid are these surface modification methods for miRNA-loaded EVs in the therapeutic applications require
further research.'®® Besides, some drawbacks such as contamination and variable efficiency of modification with
chemical processes and safety concerns with transgenic alteration would be the current issues before clinical
applications.'” Therefore, engineered modified EVs can be promising in EVs delivery and targeting application,
while blind application of surface modification should be avoided due to inadequate knowledge.

In addition, in vivo experiment with various animal OA models is a crucial tool to study the pathogenesis of
disease and the therapeutic effect of and relevant treatment.''® Therefore, different animal models induced by surgical
and chemical approaches might affect the therapeutic effect of EVs-miRNAs due to the different pathogenesis among
other models. So far, surgical induced OA models by anterior cruciate ligament transection (ACLT),>® destabilized
medial meniscus (DMM)*” and grooved cartilage defect,”’ and chemical-induced OA models with sodium

! "2 and collagenase''® have been adopted in OA studies. As

iodoacetate,'"! sodium monoiodoacetate (MIA),
a heterogeneous disease, no single animal model could represent all aspects of the pathological progress of OA.'"
These surgical models which could mimic posttraumatic OA are most commonly utilized in studies. However, the
pathological progress of these models is much more rapid than that in humans, and this might suppress their response
to some interventions.''> Similarly, their validity of chemical-induced OA models for OA has also been questioned
mainly due to the widespread cell death and rapid joint destruction secondary to chemical injection like MIA, which
might not happen in human OA.''® Furthermore, animal specials also matter when testing and comparing the EVs-
miRNAs therapeutics among studies because of the considerable difference among animals on the anatomy, histology,
and physiology."'”""'® As a result, some drugs that are effective in small animal experiments may not be the same
efficacy as humans.'"’

Therefore, the interpretation of the animal experimental result and relevant extrapolation to the human condition must
be made with caution. Meanwhile, sufficient details about the EVs administration in the animal experiment are necessary
to judge the appropriateness and biological relevance of the concluded result, which could also potentiate the independent
replication of similar investigations by others. In addition, different animal OA models would be recommended to test the
therapeutic effect of EVs to avoid the resulting bias caused by the different models. For example, Woo et al used the MIA
rat and DMM mouse models to demonstrate the therapeutic function of hASC-EVs, which might provide more

substantial evidence than a single OA model.'*’

Discussion and Future Perspective

EVs have been intensely studied in different diseases, including OA, as a cell-free delivery vehicle, during the past
decades.'” Meanwhile, miRNAs transferred by EVs have also demonstrated a vital role in regulating the disease progress
by inhibiting the expression of relevant targets, thus affecting different biological processes such as proliferation,
migration, differentiation, inflammation, autophagy, and apoptosis. However, current research remains in the laboratory
stage and cannot be effectively translated into clinical trials.** One of the most important reasons is the chaos of EVs
administration in the studies, especially the quantitative management. Although the MISEV2014*° and MISEV2018*°
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have provided strict guidelines about the isolation, identification, and application of EVs, the experimental details about
the EVs are sometimes not displayed in literature as shown in Tables 1 and 2.

How to isolate the purified EVs is still a vexing problem. Unfortunately, there is no optimal isolation method
available up to date, while a combination of several ways is often recommended.'>' When EVs are used to transfer
miRNAs, the loading methods can affect the final function of EVs-miRNAs due to the limited knowledge of the
biogenesis of EVs and the assembly of miRNAs in EVs. Meanwhile, the surface modification of EVs to promote the
delivery of EVs is still under research and should be used with caution due to the potential damage to its surface. As for
the quantitative method of EVs, the particle concentration and protein concentration are still the most common methods
to manage EVs’ dose in the experiment. The ratio of particle number and protein concentration is recommended to
estimate the purity of EVs. However, whether the ratio remains static during disease development would also affect the
dosage calculation of EVs.

No matter which quantitative method is adopted, to avoid a highly supraphysiologic dose, the ratio of how many EVs
per recipient cell was used and the amount of EVs produced per cell need to be calculated and quantify how many folds it
is.'?? It would be difficult to attribute the observed effects to EVs if they appeared to be highly supraphysiologic. The
standard mimic transfection method would increase the miRNA for hundreds or thousands of times higher expression in
parental cells, so the transfection may also stimulate cells to secret EVs with a heterogeneous population that is different
not only by their miRNA content but also by the hundreds of miR targets that will be modified by the parental cell. As
a result, the miRNA of interest inside EVs does not strictly mean that the miRNA mediates the effect. The convincing
demonstration would be to remove the miRNA from the miRNA-modified EVs after its production and see the effect’s
abrogation. However, most studies preferred to utilize the miRNA inhibitor to suppress the activity and function of
miRNAs after the output of EVs-miRNAs,>”® not before. In contrast, others used EVs inhibitors like GW4869, a neutral
sphingomyelinase-targeting inhibitor to inhibit ESCRT-mediated exosome biogenesis.'”'*

Another issue would be how to obtain a large yield of EVs for therapeutic purposes due to the limited number of
MSCs or somatic cells in human bodies. One potential method can be the immortalized cell line CEVEC’s amniocytic
production line cells, which have demonstrated a promising source for functional, miRNA-loaded EVs production.'** In
addition, 3D cell niche engineering would be another method to produce large-scale EVs with enriched content for
therapeutic purposes by stimulating the body’s microenvironment under accurate control of physical, chemical, and

biological conditions.'*?

Meanwhile, optimized PEG prepetition protocol followed by ultracentrifugation has also been
demonstrated to enrich functional active EVs from many conditioned medium.'*® However, EV purity is always
a problem for the PEG protocol alone.

In addition to the above factors, preparing conditioned medium or various body fluids before EVs isolation and
storing EVs after the isolation are still challenges to preserve EVs-miRNAs’ structural stability and biological activities.
Furthermore, how miRNAs are assembled in the endogenous biogenesis of EVs, how many EVs-miRNAs can be
uptaken by the recipient cells, and how effective the digested miRNAs regulate downstream targets would finally affect
the precise management of EVs-miRNAs. Last but not least, calculating the physiological dose of EVs-miRNAs and
clarifying the pharmacodynamics and biological distribution of the injected EVs in the animal experiment might be
another breakthrough in future research.

Precise quantitative management of EVs-miRNAs can accelerate its therapeutic application but also be helpful to
develop its diagnostic function as a biomarker during disease progression. Due to the protective environment provided by
EVs, many studies have highlighted the diagnostic advantages of EVs-miRNAs compared to the free-circulating
miRNAs.'?”'?® Furthermore, the expression level of EVs-miRNAs can be easily tested by collecting intra-articular
synovial fluid and intuitively reflecting the joint condition due to its physical association with periarticular tissues like
synovial membrane and articular cartilage. For example, Kolhe et al found altered profiles of exosomal miRNAs in

synovial fluid of OA patients and demonstrated this alteration could be gender specific.'*

Conclusion
EVs-mediated miRNAs regulation remains an area of great interest in treating different diseases, including OA, and has
demonstrated positive preclinical results. Future studies need to pay more attention to the quantitative management of
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EVs-miRNAs. In this case, progress in the quantitative direction of EVs-miRNAs would accelerate the clinical
transformation of miRNAs enriched EVs in the diagnosis and therapeutic of OA. Moreover, other molecules like
chemical drugs,”®%*'97130 growth factors,''*'*! and IncRNAs'**!** can also be delivered by EVs and demonstrated
to be effective in OA treatment. In addition, further research on the quantitative management of EVs-miRNAs and
a sufficient understanding of EVs biology will enhance its diagnostic and therapeutic application in the OA field. This
review summarized and analyzed the application of EVs-miRNA secreted by MSCs and non-MSCs in OA treatment.
Still, some limitations on our understanding of their physiological roles in humans remain. For example, although there
are initial indications that EV-mediated pathways operate in vivo, the actual nature of the EVs involved in these effects
still needs to be clarified. Meanwhile, the chaos of quantitative management of EVs-miRNAs and animal models, among
other research, has seriously affected the clinical application of EVs. More importantly, despite decades’ research, our
understanding of the exact mechanism of EVs’ biogenesis and secretion, transportation, and uptake is still in its infancy.
As a result, further study on EVs mediated miRNA regulation in the intercellular interaction is required.
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