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Abstract

Background: As one of the most common disabling diseases in the musculoskeletal
system, osteoarthritis (OA) is characterized with cartilage matrix degeneration and
chondrocyte apoptosis. Endoplasmic reticulum (ER) stress is well known for participate

in chondrocyte apoptosis and cartilage degeneration in OA progression. microRNAs
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(miRNAs) could function in cartilage homeostasis, yet limited is known regarding
whether miRNA could modulate ER stress in chondrocytes. Here, we reported that
exosomal microRNA-486-5p from adipose derived stem cells (ADSCs) could alleviate
chondrocyte apoptosis and osteoarthritis by attenuating ER stress

Methods: ER stress markers and inflammatory cytokines were analyzed in OA knee
joint by immunohistochemistry and immunofluorescence staining. IL-18 induced
apoptosis of chondrocytes was analyzed using flow cytometry. ER stress markers and
inflammatory cytokines of IL-18 induced chondrocytes were analyzed by
immunofluorescence staining, western blot and ELISA. miR-486-5p mimic
overexpressed ADSCs and their exosomes were validated and used to treat IL-18
induced chondrocytes together with miR-486-5p mimic. Different administrative
methods of miR-486-5p mimic were tracked both in vitro and in vivo, and further used
to treat OA model mice. OA progression of mice was analyzed by H&E, safranin O/fast
green, immunofluorescence and immunohistochemistry staining.

Results: We validated the increased inflammation and ER stress in OA synovium and
cartilage, and the IL-1B induced chondrocyte apoptosis was through the ER stress
activation. Administration of exogenous miR-486-5p could not only inhibit the ER stress,
but also alleviate chondrocytes apoptosis and promote matrix regeneration. In
comparison with direct administration of miR-486-5p and miR-486-5p overexpressing
ADSCs, exosomes seem to be a better delivery vehicle for miRNA in modulating
chondrocyte homeostasis. Our immunofluorescence and IVIS imaging data further

validated the better delivery ability of exosomes through tracking the uptake of miR-
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486-5p in chondrocytes and the diffusion of miR-486-5p in the knee joint with different
transportation methods. Exosomal microRNA-486-5p also showed a better effect on
alleviating mice OA.

Conclusion: Our data demonstrated that exosomes are better delivery vehicle for
miR-486-5p on alleviating chondrocyte apoptosis and osteoarthritis. This study
provides evidence to this efficient strategy of exosomal miRNA delivery and to the
miRNA-based therapy for OA.

Keyword: Exosomes, adipose derived stem cells, microRNA-486-5p,

osteoarthritis, endoplasmic reticulum stress

Background
Osteoarthritis (OA) is characterized by articular cartilage degradation, which is largely
induced by the inflammatory microenvironment of the entire joint (1). Inflammatory
cytokines in the OA joint can activate prolonged endoplasmic reticulum (ER) stress in
chondrocytes, the major resident cell of articular cartilage, causing apoptosis (2).
Inhibiting the ER stress-induced apoptosis of chondrocytes holds the potential to
become a novel OA therapy.

MicroRNAs (miRNAs) are clusters of small noncoding RNAs that suppress gene
expression through binding to the 3’-untranslated regions (3-UTRs) region of the
targeted mMRNAs. miRNAs have emerged as a double-edged sword during the

interaction with ER stress as some of them can either suppress (3) or promote (4) ER
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stress. However, whether and which miRNAs could regulate ER stress in chondrocytes
remain poorly studied. Li et al. (5) reported that miR-375 could suppress autophagy
and promote ER stress in chondrocytes, and the inhibition of miR-375 could attenuate
OA symptoms. Yet to our knowledge, no other study has been published to clarify other
miRNAs that could regulate ER stress in chondrocytes. miR-486-5p has been
previously investigated in oncology and it is an important biomarker in cancer diagnosis
and prognosis (6, 7). Recent studies have shown that the expression level of miR-486-
5p is related to many musculoskeletal diseases including intervertebral disc
degeneration, knee OA and rheumatoid arthritis (8-10). Moreover, miR-486-5p was
identified to participate in the regulation of apoptosis in nucleus pulposus cells (11).
However, delivery of miR-486-5p in previous studies was through the over-expression
of miR-486-5p in autologous cells by direct genetic manipulation, posing a potential
risk of biological safety. Direct administration is another potential delivery method of
miRNAs, but poor serum stability and low cellular uptake of the direct delivered
miRNAs have remarkably restrained their clinical application (12). More effective and
safer administration method is in urgent need to meet clinical requirements.
Mesenchymal stem cells (MSCs) are innovative therapeutics of OA originally based
on their chondrogenic differentiation ability. Recently, it has been demonstrated that
the paracrine factors including exosomes (exos), also contributes to the MSC-based
OA therapy (13). Exos are subpopulation of nanoscale extracellular vesicles involved
in intercellular communication, in which contain various molecules including proteins,

lipids, and a variety of RNAs (miRNAs, messenger RNAs, transfer RNAs, etc.) (14).
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MSCs-derived exos have been demonstrated to benefit cartilage regeneration via
increasing proliferation, diminishing apoptosis and regulating inflammatory activity (15,
16). Despite its original contents, exos are naturally capable of encapsulating and
delivering cargo to modify cellular function, which emphasizes the potential usage as
therapeutic delivery vehicles for miRNA-based therapy. Recent studies have indeed
suggested that exos derived from both miR-92-3p and miR-140-5p-overexpressed
MSCs are superior over the original MSC-derived exos for OA suppression (17, 18).
However, it is still unclear whether exos are a better mode of conveyance when
compared to the direct administration of miRNAs and MSCs.

Herein, we transduced miR-486-5p mimic into adipose derived stem cells (ADSCs)
to acquire miR-486-5p mimic overexpressed ADSCs (miR-486-5p mimic ADSCs) and
their exos (miR-486-5p mimic exos). We conduct a comprehensive comparison among
miR-486-5p, miR-486-5p mimic ADSCs and miR-486-5p mimic exos regarding their
role in chondrocyte apoptosis inhibition in vitro and OA alleviation in vivo. We believe
this will provide new insight into the miRNA-cell interaction and the delivery methods

of miRNAs on inhibiting chondrocytes apoptosis and OA progression.

Materials and Methods

This study was carried out in compliance with the Declaration of Helsinki.

Sample collection and cell preparation

Human subjects research was performed according to the Institutional Review Boards



111  at Shanghai East Hospital via approved protocols with appropriate informed consent.
112 Normal synovium samples were harvested from three patients underwent exploratory
113  arthroscopy who showed no radiographic changes of the knee joint and no obvious
114  cartilage lesion during arthroscopy (1 male and 2 female, 68 years old on average).
115  OA synovium and articular cartilage samples were harvested from three patient
116  underwent total knee arthroplasty (1 male and 2 female, 65 years old on average).
117  Wore weight bearing area articular cartilage was used as OA cartilage, and samples
118  collected from none-weight bearing area and showed no obvious abrasion under
119  stereoscope were considered as normal articular cartilage. Samples were fixed in
120  formaldehyde, dehydrated before embedding in paraffin. Cartilage samples were
121  additionally decalcified for three days before dehydration. Samples were cut into 5 um
122 thick sections.

123 Subcutaneous adipose tissues were harvested from 3 volunteers (2 male and 1
124  female, 25 years old on average). The adipose tissues were minced and sequentially
125  digested with 0.1% collagenase Il (Sigma-Aldrich, St. Louis, MO, USA) for 2 h and 0.1%
126 trypsin (Gibco, Carlsbad, CA, USA) for 0.5 h at 37 °C to separate cells. After filtration
127  and centrifugation, ADSCs were seeded in growth medium [Minimum Essential
128  Medium-Alpha Modification (a-MEM) containing 10% fetal bovine serum (FBS), 100
129  U/ml penicillin, 100 pg/ml streptomycin (Invitrogen, Carlsbad, CA)].

130 Human articular chondrocytes cell line was purchased from Sciencell (Catalog
131  #4650).

132 Immunohistochemical and immunofluorescent staining
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For immunohistochemical staining, sections were deparaffinated, rehydrated and
blocked before antibody staining. Sections were then incubated with primary
antibodies against IL-18 (Affinity, AF5103), TNF-a (Affinity, AF7014), CHOP
(Proteintech, 15204-1-AP), GRP78 (Proteintech, 11587-1-AP), iNOS (Proteintech,
18985-1-AP) and CD163 (Proteintech, 16646-1-AP) followed by the horseradish
peroxidase (HRP)-conjugated Goat anti Rabbit secondary antibody (Aspen, AS-1107).

For immunofluorescent staining, sections were rehydrated and blocked before
antibody staining. Sections or cells were then incubated with primary antibodies
against iINOS (Proteintech, 18985-1-AP), CD163 (Proteintech, 16646-1-AP) or CHOP
(Proteintech, 15204-1-AP), then followed by the Cy3-labeled Goat anti Rabbit
secondary antibody (Aspen, AS-1109). Both sections and cells were stained with 4-6-
diamidino-2-phenylindole (DAPI, Beyotime, China) for 5 min.

Images were acquired using Olympus IX51 Inverted Fluorescence Microscope

(Olympus, Japan).

qPCR, western blot and ELISA

For gPCR, total RNA was extracted using TRIzol reagent (Invitrogen) and was reverse-
transcribed using PrimeScript RT Reagent Kit (Takara, Japan). gPCR reaction was
conducted in a final volume of 20 ul containing 10 ul of HieffTM gPCR SYBR Green
Master Mix (YEASEN) and 2 ul of cDNA. gPCR amplification was performed using a
7500 real-time PCR System (APPLIED Biosystems) according to the manufacturer’s

instructions. miR-486-5p level was analyzed and normalized by U6. mRNA level of
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COL2A1, ACAN and MMP13 were assessed and GAPDH was used as the internal
control. The PCR primers used include hsa-miR-486-5p (MIMAT0002177): 5- TGT
ACT GAG CTG CCC CGA G-3’ and 5- CTC AAC TGG TGT CGT GGA GTC-3’; U6
(NR_004394.1): 5- CTC GCT TCG GCA GCA CAT-3’and 5'- AAC GCT TCACGAATT
TGC GT-3'; GAPDH (NM_001256799.2): 5'- CAT CAT CCC TGC CTC TAC TGG-3'
and 5- GTG GGT GTC GCT GTT GAA GTC-3’; ACAN (NM_013227.3): 5- AAG GGC
GAG TGG AAT GAT GT-3 and 5- CGC TTC TGT AGT CTG CGT TTG T-3’; COL2A1
(NM_001844.4): 5- ATG CCA CAC TCAAGT CCC TCA-3 and 5- GTC TCG CCA
GTCTCCATG TTG-3’; MMP13 (NM_002427.4): 5- ATCATGATC TCTTTT GGAATT
AAG G-3'and 5- AACAAG TTG TAG CCT TTG GAACTA C-3'.

For western blot analysis, total protein was extracted from cell lysis using protein
extraction kit (Byotime) and 20 ug of total protein from each sample were separated
using NuPAGE ™ Bis-Tris Mini Gels (Invitrogen) in the XCell SureLock™ Mini-Cell (Life
Technologies, Carlsbad, CA). Bands were transferred onto a nitrocellulose membrane
using an XCell II™ Blot module (Life Technologies) at 70 V at 4°C overnight. After
blocking, the membrane was incubated with primary monoclonal antibodies targeting
p-PERK (bioss, bs-330R), PERK (Cell signaling technology, #3192), p-IRE1a (abcam,
ab48187), IRE1a (Cell signaling technology, #3294), SOX9 (santa, sc-166505),
GRP78 (Cell signaling technology, #3183), type Il collagen (Proteintech, 28459-1-AP),
MMP13 (abcam, ab39012), cleaved Caspase-3 (abcam, ab49822) and GAPDH
(abcam, ab37168) in 5% BSA in TBST buffer at 4°C overnight, followed by the

secondary antibody of HRP-conjugated goat anti-rabbit (Aspen, AS-1107) for 1 h.
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ECL™ Prime Western Blotting Detection Reagents (Amersham Biosciences, Waltham,
MA) were used for exposure.

The secretion of inflammatory cytokines including IL-18 and TNF-a by chondrocytes
were evaluated using human ELISA kit (ELK Biotechnology, ELK1156 and ELK1190).
Cell free supernatant was collected after centrifugation at 2000g for 10min. ELISA

analysis was conducted according to the manufacturer’s instruction.

Apoptosis and proliferation analysis

Apoptosis was measured by flow cytometry using a FITC-conjugated Annexin V and
propidium iodide (Pl) apoptosis kit (Invitrogen) based on the manufacturer’s
instructions. Briefly, cells were detached and incubated with FITC-conjugated Annexin
V to stain apoptotic cells and Pl to stain necrotic cells. Fluorescence was measured by
a FACS Calibur (BD Biosciences) using the FCS Express software package (De Novo
Software, Los Angeles, CA).

Proliferation rate was measured using Click-iT 5-ethynyl-2’-deoxyuridine (EdU) cell
Proliferation Assay kit (Invitrogen). Briefly, when cells reached 50% confluence, EdU
was added to the culture medium at a final concentration of 10 uM and the cells were
incubated at 37°C for 18 h before being fixed with 4% paraformaldehyde. Collected
cells were incubated with Click-iT reaction cocktail at room temperature for 30 min.
Fluorescence was analyzed by a FACS Calibur (BD Biosciences, San Jose, CA) using

the FCS Express software package (De Novo Software, Los Angeles, CA).
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miR-486-5p transduction

Passage 1 ADSCs or chondrocytes were transduced with miR-486-5p mimic, miR-486-
5p negative control mimic (NC mimic), miR-486-5p inhibitor, and miR-486-5p negative
control inhibitor (NC inhibitor) using Lipofectamine™ 2000 according to the
manufacturer’s instructions. After 24 h of transduction, the cells were used in the
following experiments. The sequences were listed below. hsa-miR-486-5p mimics: 5'-
UCC UGU ACU GAG CUG CCC CGA G -3’; NC mimics: 5- UCA CAA CCU CCU AGA
AAG AGU AGA -3’; hsa-miR-486-5p inhibitor: 5- CUC GGG GCA GCU CAG UAC AGG

A -3’; NC inhibitor: 5’- UCU ACU CUU UCU AGG AGG UUG UGA-3'.

Exosome isolation and characterization

For exosome isolation, the culture medium of ADSCs was harvested and centrifuged
at 2000 g for 30 min first to remove dead cells and debris. The supernatant was filtered
through 0.22 um filter and transferred into a new tube. Total exosome isolation reagent
(Invitrogen) was added before centrifuged at 10000 g for 10 min to obtain the exosome
samples. Transmission Electron Microscopy was used to observe the exosome
morphology and nanoparticle trafficking analysis was used to analyze the size of exos.
Exosome markers including CD9 (abcam, ab92726), CD63 (abcam, ab216130),
HSP70 (abcam, ab181606) were evaluated using western blot analysis. For the uptake
study, exos were incubated with PKH26 (Sigma-Aldrich) for 5 min and resuspended in
basal medium before incubated with chondrocytes for 12 h. After that, chondrocytes
were fixed and incubated with DAPI for 5 min. Olympus 1X51 Inverted Fluorescence

10
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Microscope (Olympus) was used for image capture.

In vitro and in vivo tracking of miR-486-5p

miR-486-5p was tracked in both non-inflammatory and inflammatory [IL-13 (10ng/mL)
in vitro and destabilization of the medial meniscus (DMM) model in vivo] environment.
miR-486-5p mimic was labelled with fluorescent dye Cy3 (miR-486-5p-Cy3) and both
miR-486-5p-Cy3 transduced ADSCs (miR-486-5p-Cy3 ADSCs) and exos from miR-
486-5p-Cy3 ADSCs (miR-486-5p-Cy3 exos) were obtained. In vitro, both normal and
IL-1B pre-conditioned chondrocytes were treated with miR-486-5p-Cy3, miR-486-5p-
Cy3 ADSCs (in the upper chamber of Transwell culture system) and miR-486-5p-Cy3
exos. After 6 h, 24 h and 7 days, the uptake rate of miR-486-5p-Cy3 was measured
using Olympus IX51 Inverted Fluorescence Microscope (Olympus). In vivo, both
normal and DMM knee joint were injected with miR-486-5p-Cy3, miR-486-5p-Cy3
ADSCs and miR-486-5p-Cy3 exos. The fluorescent intensity and distribution were
measured using VIS Lumina Il in vivo imaging system and Living Image Software

(Perkin Elmer) at Day 0, 3 and 7.

Animal model and evaluation

A total of 15 approximately 6 months old Sprague-Dawley rats (300-350g) were used
in this study. OA model was established through the transection of medial meniscotibial
ligament (DMM). All rats were randomly divided into 5 groups: (1) Negative control
group (rats without surgery receiving weekly saline injection into the knee joint); (2)

11
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DMM group (OA model rats receiving weekly saline injection into the knee joint); (3)
DMM + miR-486-5p group (OA model rats receiving the weekly injection of 20 ul 10
ug/mL miR-486-5p mimic in PBS into the knee joint); (4) DMM + miR-486-5p ADSCs
group (OA model rats receiving the weekly injection of 20 ul 1x10"” miR-486-5p mimic
overexpressed ADSCs into the knee joint). (5) DMM + miR-486-5p exos group (OA
rats receiving the weekly injection of 20 ul 10 uyg/mL exos from miR-486-5p mimic
overexpressed ADSCs into the knee joint). Rats were sacrificed 10 weeks after surgery
and the knee joints were harvested for evaluation. Knee joints were fixed, decalcified
and imbedded in paraffin and cut into 6 ym section. For histological analysis, sections
were analyzed using hematoxylin-eosin (HE) staining, safranin-O & fast green staining.

The in vivo apoptosis of chondrocytes was assessed using Terminal
deoxynucleotidyl transferse dUTP nick end labelling (TUNEL) assay that was
performed according to manufacturer’s instructions (C1088, Beyotime). Nuclei were
stained with DAPI and apoptotic cells were visualized using Olympus 1X51 Inverted

Fluorescence Microscope (Olympus).

Statistical analysis

Data was presented as mean t standard deviation (SD). Statistical analysis was
performed using SPSS 20.0 software (IBM Corp., NY, USA). The significance of
differences between groups was analyzed using Student’s t test or one-way ANOVA.

P value < 0.05 was considered significant.
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Results

Increased inflammation and ER stress in OA synovium and cartilage

To evaluate the inflammatory and ER stress condition in OA joint, we analyzed the
level of several markers in synovium and cartilage. OA synovium demonstrated an
increased expression of inflammatory cytokines including IL-18 and TNF-a compared
with normal synovium (Fig. 1A). Meanwhile, the expression of proinflammatory M1
macrophage marker iINOS was increased while that of anti-inflammatory M2
macrophage marker CD163 was decreased in OA synovium (Fig. 1A), indicated that
synovial macrophage polarized to pro-inflammatory (M1) phenotypes during OA. In
line with the inflammatory condition of synovium during OA, an increased level of IL-
18 and TNF-a was also observed in OA articular cartilage (Fig. 1B). Previous research
showed that inflammatory cytokines could lead to prolonged ER stress in chondrocytes
(2), indeed more deposition of ER stress markers including CHOP and GRP78 were
found in OA articular cartilage compared with normal articular cartilage (Fig. 1B). These
results validated that prolonged ER stress may participated in the progression of OA

(19).

ER stress participated in IL-1 induced apoptosis of chondrocytes

To investigate the function of ER stress in chondrocyte apoptosis, ER stress inhibitor
4-PBA was used to treat chondrocytes after IL-13 stimulation. The Annexin-V results
indicated that IL-18 could induce apoptosis of chondrocyte, which was largely inhibited
by ER stress inhibitor 4-PBA (Fig. 2A). The expression of ER stress marker CHOP in

13
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chondrocytes confirmed that ER stress was elevated after IL-1 stimulation, which
could also be downregulated by ER stress inhibitor (Fig. 2B). Western blot further
confirmed the involvement of ER stress during IL-1 induced apoptosis of chondrocyte.
The expression of ER stress signaling molecules including phosphorylated PERK,
phosphorylated IRE1a and GRP78 were increased over IL-1 stimulation, which could
be inhibited by 4-PBA treatment (Fig. 2C). Western blot also indicated that the
expression of SOX9, a master transcription factor in chondrogenesis, is also
downregulated during IL-1B induced apoptosis (Fig. 2C). This downregulation was also
rescued by ER stress inhibition (Fig. 2C). The ELISA results demonstrated that IL-13
could stimulate the secretion of other inflammatory cytokines including IL-6 and TNF-
a (Fig. 2D), resulting in an inflammatory cascade. In line with declined apoptosis rate,
the expression of IL-6 and TNF-a could also be inhibited by 4-PBA treatment (Fig. 2D).
These results indicated that ER stress facilitated the inflammation induced apoptosis

of chondrocytes.

Characterization of miR-486-5p overexpressing ADSCs and exos

To investigated the role of miR-486-5p in ADSCs, we transduced miR-486-5p mimic,
NC mimic, miR-486-5p inhibitor or NC inhibitor into normal ADSCs. The expression of
miR-486-5p in ADSCs was evaluated using qPCR after transduction. Compared to NC
group, the expression of miR-486-5p was significantly up-regulated in miR-486-5p
mimic ADSCs group whereas was down-regulated in miR-486-5p inhibitor transduced
group (Fig. 3A). After transduction, exos were isolated and purified from culture media

14



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

of each group of ADSCs. qPCR was used to measure the expression of miR-486-5p
in five group of exos and a similar trend of miR-486-5p expression was observed as a
significant up-regulation in miR-486-5p mimic exos group whereas a significant down-
regulation in miR-486-5p inhibitor exos group compared to control exos group (Fig.
3B). We further selected two groups of exos we purified to verify their identity. Scanning
electron microscope confirmed the round morphology of exos in NC exos and miR-
486-5p mimic exos groups (Fig. 3C). The mean diameter of exos in NC exos and miR-
486-5p mimic exos groups were 110.2 and 109.5 nm as measure by NTA system (Fig.
3D). Western blot analysis suggested positive expression of exos markers like CD9,
CD63 and HSP70 in both groups (Fig. 3F). Internalization of exos was confirmed, as
PKH26 signal was observed in the perinuclear region of PKH26-labelled exos treated

chondrocytes in both groups (Fig. 3F).

miR-486-5p exos showed better effect than miR-486-5p on attenuating the ER
stress-induced apoptosis in chondrocytes

To investigate the effect of miR-486-5p on the chondrocyte apoptosis, IL-1B pre-
conditioned chondrocytes were treated with miR-486-5p, NC mimic exos or miR-486-
5p mimic exos. Annexin-V results showed that miR-486-5p treatment could
significantly inhibit the ER stress induced apoptosis in IL-1B pre-conditioned
chondrocytes (Fig. 4A). Surprisingly, both NC mimic exos and miR-486-5p mimic exos
showed better effect on attenuating the ER stress induced apoptosis in IL-13 pre-
conditioned chondrocytes, whereas miR-486-5p mimic exos showed a trend of lower

15
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apoptosis rates compared with NC mimic exos (Fig. 4A). The expression of ER stress
marker CHOP showed trend of decrement in miR-486-5p group (Fig. 4B). NC mimic
exos and miR-486-5p mimic exos both showed greater extent on inhibiting ER stress
in chondrocytes than miR-486-5p, among which miR-486-5p mimic exos significantly
inhibited the expression of CHOP in IL-13 pre-conditioned chondrocytes (Fig. 4B).
Western blot confirmed that apoptosis marker cleaved Caspase-3 and ER stress
marker GRP78 showed similar pattern that miR-486-5p mimic exos treatment has the
greatest effect on inhibiting apoptosis of chondrocytes (Fig. 4C). miR-486-5p mimic
exos treatment also showed the greatest effect on restoring cartilage matrix
component type Il collagen expression and inhibiting cartilage degradation protease
MMP13 expression (Fig. 4C). miR-486-5p mimic exos further reduced the cytokine
release of IL-6 and TNF-a in IL-1( pretreated chondrocyte to the lowest level compared
with miR-486-5p and NC exos group (Fig. 4D). These results indicated that miR-486-
5p containing exos showed better effect than directly administrated miR-486-5p on

attenuating the ER stress-induced apoptosis in chondrocytes.

Exosomal miR-486-5p further improved the effect of exos on attenuating the ER
stress-induced apoptosis in chondrocytes

We have demonstrated that both NC mimic Exos and miR-486-5p mimic exos could
attenuated the ER stress induced apoptosis (Fig. 4). However, we can’t rule out the
possibility that this effect was solely induced by exos itself rather than miR-486-5p
mimic containing exos. To fully validate the therapeutic effect of miR-486-5p mimic

16
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exos on attenuating the ER stress induced apoptosis in chondrocytes, we evaluated
the IL-1p3 pre-conditioned chondrocytes which treated with NC exos, miR-486-5p mimic
exos or NC mimic exos. The apoptosis and proliferation rate, ER stress, cartilage
matrix related genes and cytokine secretion of chondrocytes were evaluated. As
expected, NC exos decreased the apoptosis rate of chondrocytes compared with IL-
1B group as shown in Annexin-V result (Fig. 5A). EdU results further confirmed the
increased proliferation rate over NC exos treatment as the relative EdU incorporation
rate was increased (Fig. 5B). However, the further decreased apoptosis rate (Fig. 5A)
and the further increased proliferation rate (Fig. 5B) in miR-486-5p exos group
suggested the superiority of miR-486-5p exos over NC exos in apoptosis alleviation
and proliferation promotion. Meanwhile, the influence of NC exos on ER stress was
further investigated using immunofluorescent staining, as CHOP deposition was
decreased by NC exos treatment (Fig. 5C). ER stress was further reduced by miR-
486-5p exos demonstrated by an even lower level of CHOP in chondrocytes (Fig. 5C).
Western blot showed similar results as the expression of cleaved Caspase 3 and
GRP78 were downregulated by exos treatments, in which miR-486-5p exos holds the
best effect (Fig. 5D). Cartilage matrix deposition and degradation was measured by
gPCR and western blot analyses. qPCR result witnessed an increased expression in
cartilage matrix deposition markers ACAN and COL2A1, and a decreased expression
in matrix degradation markers MMP13 mRNA following NC exos treatment compared
with IL-13 group (Fig. 5E). Western blot results further confirmed these conclusions as
the expression of type Il collagen was increased and MMP13 was decreased
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respectively after NC exos administration (Fig. 5E). The IL-1B induced cartilage matrix
gene expression changes were also further rescued by miR-486-5p exos treatment,
as evidenced by the increased expression of ACAN, COL2A1 and the decreased
expression of MMP13 mRNA (Fig. 5D), as well as the increased type Il collagen and
decreased protein level of MMP13 in western blot (Fig. 5D). Meanwhile, the
inflammatory cytokine secretion profile rescued by NC exos treatment as the
concentration of IL-6 and TNF-a were decreased in ELISA data, was further reduced
by miR-486-5p exos treatment (Fig. 5F). Taken together, these results showed that
miR-486-5p containing exos showed better effect than normal exos on attenuating the

ER stress-induced apoptosis in chondrocytes.

The superiority of miR-486-5p exos over miR-486-5p expressing ADSCs in
attenuation of chondrocyte apoptosis in vitro

To illustrate the influence of different administrative methods on the attenuation of
chondrocyte apoptosis in vitro, miR-486-5p ADSCs and miR-486-5p exos were used
to treat IL-1B induced apoptotic chondrocytes. Apparently, both miR-486-5p ADSCs
and miR-486-5p exos have inhibitory effect on the apoptosis of chondrocyte as
evidenced by the reduced apoptosis rate compared to those in IL-18 group, while miR-
486-5p exos showed a trend of better effect (Fig. 6A). Meanwhile, the decreased
CHOP deposition in both miR-486-5p ADSCs and miR-486-5p exos groups revealed
the inhibited ER stress in IL-1pB treated chondrocytes, which was decreased to a lower
level in miR-486-5p exos group (Fig. 6B). The downregulated expression of cleaved
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Caspase 3 and GRP78 further validated the inhibited apoptosis and ER stress in
treatment groups, while miR-486-5p exos showed significantly better effect compared
with miR-486-5p ADSCs group (Fig. 6C). Similarly, the increased expression of type Il
collagen and the decreased expression of MMP13 revealed the remarkably increased
chondrogenic matrix deposition in miR-486-5p exos group compared with miR-486-5p
ADSCs group (Fig. 6C). Moreover, the increased inflammatory cytokine secretion
profile (IL-6 and TNF-a) in IL-1B8 group was also reversed after miR-486-5p ADSCs
and miR-486-5p exos treatment, with the most significant reversal found in miR-486-
5p exos group (Fig. 6D). miR-486-5p containing exos showed better effect than miR-
486-5p overexpressing ADSCs on attenuating the ER stress-induced apoptosis in

chondrocytes.

miR-486-5p tracking in vitro and in vivo

To validated whether the superiority of miR-486-5p mimic exos is due to better delivery,
we tracked the sustain of the miR-486-5p under different administrative methods. miR-
486-5p-Cy3, miR-486-5p-Cy3 mimic ADSCs, and miR-486-5p-Cy3 mimic exos were
obtained and used to treat chondrocytes (miR-486-5p-Cy3 mimic ADSCs were added
in the upper chamber of Transwell culture system) in non-inflammatory and
inflammatory environments (10 ng/mL IL-1B) for 6 h, 24 h and 7 days. Data witnessed
a quick uptake of miR-486-5p-Cy3 by chondrocytes in both miR-486-5p-Cy3 and miR-
486-5p-Cy3 exos groups at 6 h (Fig. 7A). After 24 h, the uptake rate in miR-486-5p-
Cy3 group increased, whereas was not long-lasting as it dropped after 7 days while
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that in miR-486-5p-Cy3 exos group kept endurable, especially with inflammatory
stimulation (Fig. 7A). However, the fluorescence was barely detected in chondrocytes
with miR-486-5p-Cy3 ADSCs administration at 6 h and 24 h, and a slightly increase of
miR-486-5p-Cy3 was witnessed at 7 days even in inflammatory condition (Fig. 7A). In
vivo, normal and osteoarthritic knee joint microenvironments (DMM model) were
evaluated after the injection of miR-486-5p-Cy3, miR-486-5p-Cy3 ADSCs and miR-
486-5p-Cy3 exos. The fluorescent intensity was measured using IVIS Lumina Il in vivo
imaging system at Day 0, 3 and 7. The results showed no obvious diminishment of
fluorescence area and intensity in all three groups after 7 days but only the
fluorescence was dispersed towards two directions in miR-486-5p-Cy3 ADSCs group
(Fig. 7B). Taken together, miR-486-5p-Cy3 exos group seems to be better delivery

method.

The superiority of miR-486-5p exos in cartilage regeneration and inflammation
modaulation in vivo

To further investigate the effect of different miR-486-5p mimic administration methods
on the cartilage regeneration and inflammation modulation, miR-486-5p, miR-486-5p
mimic ADSCs and miR-486-5p mimic exos were injected weekly into the DMM joint,
respectively. Cartilage and synovium samples were collected and evaluated 10 weeks
after DMM. DMM model was successfully built as evidenced by the disorganized
chondrocytes and thinning of cartilage in histological staining (Fig. 8A), and increased
apoptotic cells in TUNEL analysis (Fig. 8B). All these changes were significantly
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reversed by miR-486-5p mimic exos and miR-486-5p mimic ADSCs administration,
whereas was slightly reversed by miR-486-5p injection (Fig. 8A, B). miR-486-5p mimic
exos treatment showed a trend of lower OARSI score and a significantly lower
apoptotic cells rate compared with miR-486-5p mimic ADSCs group (Fig. 8A and 8B).
Meanwhile, synovium samples exhibited a pro-inflammatory trend as the increased
iINOS and decreased CD163 deposition in the DMM group, which was remarkably
reversed by miR-486-5p mimic exos injection, slightly reversed with miR-486-5p mimic
ADSCs administration and barely changed with miR-486-5p administration (Fig. 8C).
These results further validated the superiority of miR-486-5p mimic exos in attenuating

chondrocytes apoptosis and OA progression.

Discussion

Chondrocyte apoptosis is a critical manifestation of the catabolic condition in OA and
the inflammatory microenvironment along with ER stress plays an indispensable role
in this process. In this study, we demonstrated the therapeutic effect of the miR-486-
5p mimic exos in rescuing chondrocytes from the catabolism status in vitro and
alleviating OA in vivo.

In response to the inflammatory environmental stress during OA, chondrocytes shift
into a catabolic condition that undergoing apoptosis, matrix degradation and
inflammatory cytokine secretion, which were found after 1I-138 administration in this
study (20). Extracellular matrix of cartilage is composed of structural proteins and
proteoglycans, among which type Il collagen is an important structural protein (21).
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The decreased deposition of type Il collagen is indicative of ECM dysregulation during
OA progression (22). TNF-a and IL-6 are both pro-inflammatory cytokines that play a
critical role in inflammatory response (23). Elevated levels of TNF-a and IL-6 have
been found in the synovial fluid, suggesting their crucial role in OA pathogenesis (24).
Moreover, TNF-a and IL-6 can induce the production of other cytokines, matrix
metalloproteinases (MMPs) and prostaglandins, further inhibit the synthesis of
proteoglycans and type Il collagen (25). Thus, they play a pivotal role in cartilage matrix
degradation and reinforce the vicious cycle in OA (25). Meanwhile, IL-1 successfully
induced ER stress activation and chondrocyte apoptosis. Inhibiting ER stress resulting
in lower apoptosis rate, which is in alignment with previous studies claiming that ER
stress participated in the senescence and apoptosis of OA chondrocytes (2, 26). ER
stress is a double-edged sword as its short term activation induces the unfolded protein
response (UPR) to restore homeostasis of chondrocytes, but can cause apoptosis if
this response is sustained (27). Apparently in our study, inflammatory
microenvironment induced sustained ER stress, which further worsens the catabolic
status of chondrocytes as the increased apoptosis rate, matrix deterioration and
secretion of inflammatory cytokine.

Meanwhile, we identified miR-486-5p to be an important suppressor in the ER
stress-induced chondrocyte apoptosis. Previous studies have reported that direct knee
joint administration of miR-140 and miR-26a in OA model reduced cartilage injury and
synovitis (28, 29). Similarly, in our study, direct administration of miR-486-5p was
effective in reversing the catabolic condition of chondrocytes. However, this effect

22



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

turned out to be limited compared to that of miR-486-5p mimic exos. It is not surprising
because some MSCs-derived exos are originally abundant in several specific miRNAs
and the delivery of these exos was reported to protect articular cartilage in OA mice
(30). Meanwhile, exos contain other bioactive molecules that have a synergistic effect
with miRNAs. Indeed, our results showed that exos were equipped with better anti-
catabolic ability with miR-486-5p loading. This coincides with previous studies claiming
exosomal miR-9-5p (31) and miR-136-5p (32) from bone marrow-derived MSCs are
superior than exos alone in cartilage regeneration. This increased therapeutic potential
of miRNA packaging exos can be attributed to the definite suppression of one or
several of the downstream target molecule. As according to a previous study, Tob1
inhibition is the key point in the suppression of rheumatoid arthritis by exosomal miR-
486-5p (33), so Tob1 may be one of the targeted molecule of the miR-486-5p exos we
analyzed in this study.

We also explored whether the administration methods affect the efficiency and
effectiveness of miR-486-5p. Both MSCs (34, 35) and their exos (15, 36) are
candidates for OA therapy. Exos possess more advantages over MSCs including
convenience in storage, stable biological activity, low risk of iatrogenic tumor formation
and minimal immunogenicity (37). Previous studies comparing the therapeutic effect
on OA and found that exos were superior than their originated MSCs (38). In our study,
exos were also found to be a better carrier than ADSCs in miR-486-5p administration
for apoptosis alleviation and matrix regeneration of chondrocytes. This result is a little
astonishing because we originally believed that miR-486-5p mimic ADSCs are
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supposed to secrete miR-486-5p mimic exos. However, the limited miR-486-5p signal
in the miR-486-5p mimic ADSCs group chondrocytes is probably due to the poor
release of miR-486-5p, as inflammation tends to have a significant impact on the
secretome of ADSCs (39).

All our in vitro results were mirrored in the in vivo study. Firstly, compared with miR-
486-5p alone, the administration of miR-486-5p mimic ADSCs resulted in decreased
cartilage erosion. Indeed our in vivo imaging demonstrated a polarized diffusion signal
7 days after injection, which suggested the migration of ADSCs onto the injured
cartilage, as MSCs tend to accumulate in damaged tissue and provides a possible
explanation for the superior results for in situ remediation (40). Exos also have a target-
homing character (40). Originally, we thought that the administration of MSCs should
generate a similar, or even better effect on apoptosis prevention and matrix
regeneration because MSCs are supposed to have exosome secretion as well as
chondrogenic differentiation and immunoregulatory effect after joint injection. However,
our data witnessed an increased deposition of chondroitin sulfate following miR-486-
5p mimic exos instead of miR-486-5p mimic ADSCs administration. Similarly, TUNEL
data confirmed that an almost vanished deposition of apoptosis signal in both cartilage
and subchondral layer with miR-486-5p mimic exos administration, whereas miR-486-
5p mimic ADSCs showed lesser effect to rescue the chondrocyte apoptosis in the
cartilage layer. We speculated that the potential reason is the rapid elimination of
MSCs after joint administration and even if they survived, rarely was there
differentiation into the desired cells (41, 42).
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Macrophages are immune cells that reside in the synovial lining and can polarize to
the pro-inflammatory M1 and the anti-inflammatory M2 phenotypes. Accumulating
evidence suggests that the synovial inflammation is correlated with the pathogenesis
and progression of OA (43), and research showed that clinical symptoms of OA are
correlated with synovial inflammation rather than structural pathology (44). MSCs are
susceptive to certain “environmentally responsive” function in the microenvironment
(45). Apart from secretion factors, synovial M1 macrophages inhibit chondrogenesis of
stem cells while M2 macrophages support the survival of cartilage grafts. In most
conditions, MSCs have an anti-inflammatory role to suppress the activation of M1
macrophages and promote M2 polarization in vitro (46). However, low levels of
inflammatory stimuli can endow MSCs with a pro-inflammatory mode and influence the
quality of their secretome (39), which further suggests the necessity of acquiring the
secretion products of MSCs before putting in the adverse circumstances. Recent
publications have indicated that the anti-inflammatory effects of MSC-derived exos
were relied on the transportation of immunoregulatory miRNAs and proteins into
inflammatory immune cells, inhibiting the generation of M1 phenotype macrophages
and enabling their phenotypic transformation into immunosuppressive M2
macrophages (37). Notably, they have demonstrated the role of ADSC-derived exos
on macrophages polarization. Similarly, in our study, treatment with miR-486-5p mimic
exos promotes M2 macrophages polarization, contributing to the attenuation of the on-
going inflammation, and creates a favorable environment for cartilage regeneration.
Interestingly, miR-486-5p mimic exos demonstrated a remarkably increased diffusion
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area after 7 days retention, suggesting uptake not only by chondrocytes, but possible
uptake by other cell types including synovial cells, which induce widespread anti-

inflammation in the joint.

Conclusions

Taken together, these results support the therapeutic role of miR-486-5p mimic exos
in inhibiting chondrocytes apoptosis in vitro and alleviating OA in vivo. Despite the
superiority over miR-486-5p and miR-486-5p mimic ADSCs, more critical technological
considerations including the route and dose of miR-486-5p mimic exos need to be

further explored before clinical applications.
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Fig. 1 Evaluation of inflammation and ER stress in normal and OA synovium and
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cartilage. (A) Immunohistochemical and immunofluorescent staining of inflammatory
cytokines IL-18 and TNF-a, M1 macrophage marker iNOS and M2 macrophage marker
CD163 in normal and OA synovium samples. (B) Immunohistochemical staining of IL-
18, TNF-a and ER stress markers CHOP and GRP78 in normal and OA articular
cartilage samples. The statistical significance was assessed using two-tailed Student’s

unpaired t tests. Data represent mean + SD (*p<0.05, **p < 0.01, ***p < 0.001).
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Fig. 2 Role of ER stress on IL-1B-induced apoptosis of chondrocytes.
Chondrocytes (NC group) were treated with 10 ng/mL IL-13 (IL-18 group) or IL-18 +
ER stress inhibitor 4-PBA (4-PBA group). (A) The apoptosis rate was evaluated using
Annexin-V  Staining. (B) The expression of CHOP was evaluated using
immunofluorescent staining. (C) The expression of p-PERK, PERK, p-IRE1a, IRE1a,

GRP78 and SOX9 were evaluated using Western Blot. GAPDH served as internal
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control. (D) The concentration of IL-6 and TNF-a in the culture medium were evaluated
using ELISA. The statistical significance was assessed using one-way ANOVAs with

Tukey’s multiple comparison tests. Data represent mean + SD (*p<0.05, **p < 0.01,

=+ < 0.001).
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Fig. 3 Characterization of miR-486-5p transfected ADSCs and exos. miR-486-5p
mimic, negative control mimic (NC mimic), miR-486-5p inhibitor and NC inhibitor were
transfected into normal ADSCs (NC group) before exos were obtained from the
corresponding group of ADSCs. The expression of miR-486-5p in ADSCs (A) and the
corresponding exos (B) were evaluated. (C) Scanning Electron Microscope was used
to observe exos from NC group ADSCs (NC exos) and miR-486-5p mimic transfected
ADSCs (miR-486-5p exos). (D) The diameter of exos was determined using
Nanoparticle Tracking Analysis (NTA). (E) The expression of exosome markers CD9,
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CD63 and HSP70 in exos were determined using western blot. (F) The uptake of
exosome by chondrocytes was determined using PKH26 staining. The statistical
significance was assessed using one-way ANOVAs with Tukey’s multiple comparison

tests. Data represent mean + SD (*p<0.05, ***p < 0.001).
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Fig. 4 Comparation of miR-486-5p and exosomal miR-486-5p on ER stress and
apoptosis of chondrocytes. Chondrocytes were treated with 10 ng/mL IL-18 (IL-18
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group), IL-13 + miR-486-5p mimic (miR-486-5p group), IL-13 + exos from miR-486-5p
mimic NC transfected ADSCs (miR-486-5p NC exos group) and IL-1B + exos from
miR-486-5p mimic transfected ADSCs (miR-486-5p exos group). (A) The apoptosis
rate of each group was evaluated using Annexin-V Staining. (B) The expression of
CHOP of each group was evaluated using immunofluorescent staining. (C) The
expression of cleaved Caspase-3, GRP78, type Il collagen and MMP-13 were
evaluated using Western Blot. GAPDH served as internal control. (D) The
concentration of IL-6 and TNF-a were evaluated using ELISA. The statistical
significance was assessed using one-way ANOVAs with Tukey’s multiple comparison

tests. Data represent mean + SD (*p<0.05, **p < 0.01, ***p < 0.001).
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Fig. 5 Comparation of exosomes and miR-486-5p packaging exosomes on ER
stress and apoptosis of chondrocytes. Chondrocytes (NC group) were treated with
10 ng/mL IL-1B (IL-1B group), IL-18 + ADSCs derived exos (NC exos group), IL-18 +
exos from miR-486-5p mimic transfected ADSCs (miR-486-5p exos group) and IL-13
+ exos from miR-486-5p mimic NC transfected ADSCs (miR-486-5p NC exos group).
(A) The apoptosis rate of each group was evaluated using Annexin-V staining. (B) The

proliferation rate of each group was evaluated using Click-iT® EdU assay. (C) The
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793  expression of CHOP was evaluated using immunofluorescent staining. (D) The
794  expression of cleaved Caspase-3, GRP78, type Il collagen and MMP-13 were
795  evaluated using Western Blot. GAPDH served as internal control. (E) The expression
796  of mRNA ACAN, COL2A1 and MMP13 of each group were evaluated. (F) The
797  concentration of IL-6 and TNF-a in culture media were evaluated using ELISA. The
798  statistical significance was assessed using one-way ANOVAs with Tukey’s multiple

799  comparison tests. Data represent mean + SD (*p<0.05, **p < 0.01, ***p < 0.001).
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Fig. 6 Comparation of exosomal miR-486-5p over miR-486-5p overexpressing
ADSCs on ER stress and apoptosis of chondrocytes. Chondrocyte were treated
with 10 ng/mL IL-1B ( IL-1B group), IL-1B + miR-486-5p mimic NC transfected ADSCs
(mimic NC ADSCs group), IL-1B + miR-486-5p mimic transfected ADSCs (miR-486-5p
mimic ADSCs group), IL-18 + exos from miR-486-5p mimic NC transfected ADSCs
(mimic NC exos group) and IL-18 + exos from miR-486-5p mimic transfected ADSCs
(miR-486-5p mimic exos group). (A) The apoptosis rate of each group was evaluated
using Annexin-V Staining. (B) The expression of CHOP of each group was evaluated
using immunofluorescent staining. (C) The expression of cleaved Caspase-3, GRP78,
type Il collagen and MMP-13 were evaluated using Western Blot. GAPDH served as
internal control. (D) The concentration of IL-6 and TNF-a in culture media were
evaluated using ELISA. The statistical significance was assessed using one-way
ANOVAs with Tukey’s multiple comparison tests. Data represent mean + SD (*p<0.05,

**p <0.01, ***p < 0.001).
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Fig. 7 Tracking of different miR-486-5p administrative methods in vitro and in
vivo. miR-486-5p was labeled with fluorescent dye Cy3 (miR-486-5p-Cy3) and miR-
486-5p-Cy3 transfected ADSCs (miR-486-Cy3 ADSCs), and exos from miR-486-5p-
Cy3 transfected ADSCs (miR-486-Cy 3 exos) were obtained. (A) In vitro, non-
inflammatory and inflammatory environments (10 ng/mL IL-1B) were created for
chondrocytes before they were treated with miR-486-5p-Cy3, miR-486-5p-Cy3 ADSCs
and miR-486-5p-Cy3 exos. After 6 h, 24 h and 7 days, the uptake rate of miR-486-5p-
Cy3 was measured using fluorescent staining. (B) In vivo, non-inflammatory and
inflammatory knee joint micro-environments (DMM) were created before injection with

miR-486-5p-Cy3, miR-486-5p-Cy3 ADSCs and miR-486-5p-Cy3 exos. The fluorescent
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826  intensity was measured using IVIS Lumina Il in vivo imaging system at Day 0, 3 and 7.
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828  Fig. 8 In vivo effect of different miR-486-5p administrative methods in OA mice
829  model. OAmodel (DMM) was set up and miR-486-5p mimic (miR-486-5p group), miR-
830  486-5p transfected ADSCs (miR-486-5p mimic ADSCs group), and exos from miR-
831  486-5p transfected ADSCs (miR-486-5p mimic exos group) were injected into the knee
832 joint of normal and OA mice. Joint and synovium samples were collected after 10

833  weeks. (A) Hematoxylin-eosin (H&E) and safranin O/fast green were used to evaluate
44



834  the matrix deposition and cartilage erosion of joint samples. (B) TUNEL assay were
835 used to evaluate the apoptosis condition of joint samples. (C) Immunohistochemical
836  staining of INOS and CD163 were used to evaluate the polarization of macrophages
837  in synovium samples.
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