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Abstract

BACKGROUND: Exosomes from mesenchymal stem cells (MSCs) show anti-inflammatory effect on osteoarthritis (OA);
however, their biological effect and mechanism are not yet clearly understood. This study investigated the anti-inflam-
matory effect and mechanism of MSC-derived exosomes (MSC-Exo) primed with IL-1f in osteoarthritic SW982 cells.
METHODS: SW982 cells were treated with interleukin (IL)-1B and tumor necrosis factor (TNF)-a to induce the OA
phenotype. The effect of exosomes without priming (MSC-Exo) or with IL-1p priming (MSC-IL-Exo0) was examined on
the expression of pro- or anti-inflammatory factors, and the amount of IxBo was examined in SW982 cells. Exosomes were
treated with RNase to remove RNA. The role of miR-147b was examined using a mimic and an inhibitor.

RESULTS: MSC-IL-Exo showed stronger inhibitory effects on the expression of pro-inflammatory cytokines (IL-1f, IL-6, and
monocyte chemoattractant protein-1) than MSC-Exo. The expression of anti-inflammatory factors (SOCS3 and SOCS6) was
enhanced by MSCs-IL-Exo. Priming with IL-1f increased RNA content in MSC-IL-Exo, and pretreatment with RNase abol-
ished anti-inflammatory effect in SW982 cells. miR-147b was found in much larger amounts in MSC-IL-Exo than in MSC-Exo.
The miR-147b mimic significantly inhibited the expression of inflammatory cytokines, while the miR-147b inhibitor only
partially blocked the anti-inflammatory effect of MSC-IL-Exo. MSC-IL-Exo and miR-147b mimic inhibited the reduction of
IxBa, an nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) inhibitor, by IL-1 and TNF-o.
CONCLUSION: This study showed that MSC exosomes with IL-1B priming exhibit significantly enhanced anti-in-
flammatory activity in osteoarthritic SW982 cells. The effect of IL-1B-primed MSC exosomes is mediated by miRNAs
such as miR-147b and involves inhibition of the NF-kB pathway.
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1 Introduction

Mesenchymal stem cells (MSCs) possess anti-inflamma-
tory and immunosuppressive functions and are regarded as
a potential therapy for relevant diseases [1]. Many studies
have shown that MSCs exert immunomodulatory activity
by inducing functional changes in immune-related cells.
They are known to directly inhibit the proliferation of T
cells, B cells, natural Killer cells and dendritic cells, mod-
ulate the cytokine-secretion profile of B cells, macrophages
and dendritic cells, and inhibit the differentiation and
maturation of antigen-presenting cells [2]. Moreover,
MSCs can shift microenvironment at injury sites from a
pro-inflammatory to an anti-inflammatory state through the
secretion of trophic factors and anti-apoptotic molecules,
which may provide a key mechanism responsible for their
therapeutic effects. Interleukin 1 receptor antagonist
secreted from MSCs can induce the polarization of mac-
rophages toward type 2 phenotype [3]. In addition, anti-
inflammatory monocytes are promoted by MSC-produced
IL-6 and hepatocyte growth factor to secrete high levels of
IL-10 [4]. Several studies have shown that the dynamic
immunomodulatory profile of MSCs is based on their
ability to sense injury or inflammation and then switch on a
required response. Consequently, these properties of MSCs
make them a potential cell-based therapy against many
diseases such as type 1 diabetes mellitus, rheumatoid
arthritis, graft versus host disease, acute renal failure, liver
damage, cardiac injuries, and osteoarthritis (OA) [5-7].

It is being gradually accepted that the biological effects
of MSCs are largely attributed to the secretion of trophic
factors including exosomes. Exosomes are secretory vesi-
cles of endocytic origin with a size range of 55-100 nm
and are produced by a variety of cell types including MSCs
[8]. Studies have shown that the amount and composition
of the content of exosomes can vary depending on cell
origin, and consequently affect their therapeutic potential
[9]. It is thought that exosomes bear most of the biological
activity of parent cells and can be a substitute for MSC-
based therapy. In addition, recent studies are also underway
to improve the therapeutic efficacy of exosomes using
technologies such as exosome-mimetic Nanovesicles [10].
In that context, exosomes can offer a potential to overcome
critical limitations of cell-based therapies in the handling
and storage of live cells, potential immune response and
adverse events, surgical operation, and cell viability
in vivo. Further, previous studies have suggested that
exosomes can mediate local and systemic cell-to-cell
communication through the transfer of proteins, lipids,
mRNAs, and microRNAs (miRNAs) [11]. Studies thus far
have identified more than 150 miRNAs and 850 unique
gene products that influence the therapeutic effect of
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exosomes. Among these, miRNAs such as miR-143 [12],
miR-146a [13], miR-147 [14], and miR-155 [15] were
found to play important roles in the regulation of immune
and inflammatory responses by exosomes. MSC-derived
exosomes can also be modulated to boost their anti-in-
flammatory actions through the inflammatory priming of
MSCs via miRNA. For example, exosomes derived from
lipopolysaccharide-primed MSCs showed improved mac-
rophage polarization and resolution of chronic inflamma-
tion by shuttling let-7b [16]. Likewise, exosomes from IL-
1B-primed MSCs effectively promoted macrophage polar-
ization and immunomodulatory properties through the
action of miR-146a [17].

OA is one of the most common joint diseases world-
wide, affecting an estimated 10-13% of the >60-year-old
population. OA has generally been regarded as a degen-
erative disease, and a recent study suggests that the disease
employs immune reactions and local inflammatory
responses to produce pro-inflammatory cytokines and
metalloproteinases [18]. Pharmacological treatments for
this joint disease are mainly analgesics and non-steroidal
anti-inflammatory drugs, which reduce pain and inflam-
mation, respectively. However, these treatments commonly
cause high comorbidity in OA patients due to the side
effects of drugs and inappropriate polypharmacy [19].
Intra-articular injection of hyaluronic acid is also com-
monly used; however, its therapeutic effect on OA has not
yet been proven [20]. Accordingly, current OA treatments
have many limitations and side effects, although minimal
therapeutic effects have been demonstrated. MSC-based
therapies have emerged as a novel opportunity to positively
impact the outcome of OA [21, 22]. The therapeutic
potential of MSCs is suggested to depend on its paracrine
action to inhibit OA-related inflammation and protect
degenerating chondrocytes [23]. Recent studies have
shown that MSC-derived exosomes (MSC-Exo) exert a
therapeutic effect on OA [24]. In these studies, MSC-Exo
were injected into the knee joints and shown to reduce
cartilage degeneration in OA models, possibly by regulat-
ing immune response, reducing cell apoptosis, and
increasing chondrocyte proliferation.

Although many researchers have confirmed the inhibi-
tory effect of primed MSC-Exo on OA progression, the
mechanism underlying the anti-inflammatory effect of
exosomes in OA synoviocytes has not yet been clearly
elucidated. Moreover, whether the pretreatment of MSCs
through priming could benefit the therapeutic efficacy of
MSC-Exo against OA has not yet been investigated.
Therefore, in this study, we aimed to investigate the anti-
inflammatory effect and mechanism of exosomes derived
from IL-1B-primed MSCs on the OA-like synovial sarcoma
cell line SW982.
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2 Materials and methods
2.1 MSCs culture and priming

Human bone marrow MSCs were purchased from CEFO
(Seoul, Korea) and cultured in Eagle’s minimum essential
medium alpha modification (a-MEM; HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum
(FBS; HyClone) and 1% penicillin/streptomycin at 37 °C
under 5% CO,. Cells at passages 68 after purchase were
used for all experiments. To obtain MSC-Exo, MSCs were
cultured using FBS depleted of exosomes by centrifugation
at 110,000 g for 18 h [25]. MSCs were unprimed or primed
with 25 ng/mL IL-1p for 24 h to prepare naive (MSC-Exo)
or primed exosomes (MSC-IL-Exo) as shown below. IL-1f3
is considered one of the crucial factors involved in the
pathogenesis of OA [26], and MSC-IL-Exo showed better
anti-inflammatory activity than exosomes with other
priming factors such as poly I:C, interferon-y, and tumor
necrosis factor-oo (TNF-o) in our preliminary study
(Fig. S1). Conditioned medium of MSCs was harvested
and centrifuged at 3000 g for 15 min to remove cells and
cell debris (MSC-IL-CM). To obtain conditioned medium
only with soluble fraction without exosomes (MSC-IL-SF),
the medium was centrifuged at 110,000 g for 18 h, and
pellets were resuspended in the culture medium.

2.2 Preparation of MSC-Exo

Exosomes were isolated from the culture medium of MSCs
using ExoQuick-TC (Systems Biosciences, Palo Alto, CA,
USA) according to the manufacturer’s instruction. Briefly,
5 mL of conditioned medium was mixed with 1 mL Exo-
Quick-TC solution and incubated overnight at 4 °C. Sub-
sequently, the mixture was centrifuged at 1500 g for
30 min, and the supernatant was discarded. The exosome
pellet was resuspended in phosphate buffered saline (PBS),
and the amount of exosomes was quantified by protein
concentration using Bradford assay (Bio-Rad, Hercules,
CA, USA). To prepare exosomes without RNA content
(RNase-IL-Exo0), MSC-IL-Exo were incubated with 10 U/
mL RNase (Ambion, Austin, TX, USA) for 3 h at 37 °C.
The control samples were incubated in the same volume of
PBS for 3 h at 37 °C. Then, the reaction was inactivated
with SuperRase-in RNase inhibitor (Ambion) and har-
vested by centrifugation at 110,000 g for 60 min.

2.3 Characterization of MSC-Exo

Scanning electron microscopy (SEM) was performed to
observe exosome morphology, as previously described
[27]. Briefly, exosomes were fixed with 3.7%

glutaraldehyde (Sigma—Aldrich, St. Louis, MO, USA) for
15 min and, after washing with PBS, were dehydrated
sequentially with increasing concentrations of ethanol at
40%, 60%, 80%, and 98%. Samples were left at room
temperature for 24 h on a slide glass to completely dry up
and were analyzed using a SEM device (JEOL, Tokyo,
Japan). To analyze size distribution, exosomes were diluted
in distilled water at 100 pg/mL, and 3 mL of the exosome
suspension was used for dynamic light scattering analysis
using a particle size analyzer (ELSZ; Otsuka Electronics,
Hirakata, Japan) according to the manufacturer’s instruc-
tions. Exosomes were treated with 500 puL. TRIzol reagent
(Invitrogen, Grand Island, NY, USA) for 10 min at 4 °C,
and RNA content was measured using NanoDrop (JCBIO,
Seoul, Korea) at 260 nm. Purified RNA was sent to
Macrogen (Seoul, Korea) to analyze the profile of small
RNAs using a Bioanalyzer (Agilent, CA, USA). To
examine the cellular uptake of exosomes, 100 g exosomes
were labeled with 4 pL/mL PKH-26 for 4 min at 4 °C. The
labeled exosomes were washed in an equal volume of 1%
BSA and harvested by centrifugation at 110,000 g for
60 min. Subsequently, SW982 cells were treated with the
PKH-26-labeled exosomes at 10 pg/mL for 24 h, and the
uptake of exosomes in the cytoplasm of cells was observed
under a fluorescence microscope (E600; Nikon, Minato,
Tokyo, Japan).

2.4 Anti-inflammatory study in SW982 cells

The human synovial cell line SW982 was obtained from
American Type Culture Cyollection (ATCC; Manassas,
VA, USA) and cultured in Dulbecco’s modified Eagle’s
medium-high glucose (DMEM-HG; HyClone) supple-
mented with 10% FBS and 1% penicillin/streptomycin at
37 °C under 5% CO,. To induce an inflammatory response,
SW982 cells in 12-well plates were treated with 10 ng/mL
IL-1B and 25 ng/mL TNF-o for 24 h. MSC-IL-CM and
MSC-IL-SF were treated with 1 mL each in a 12-well
plate, and exosomes were treated with a concentration of
10 pg/mL. For the study using synthetic miRNAs, SW982
cells were transfected with miR-147b mimic or miR-147b
inhibitor (all from Ambion) for 24 h using Lipofectamine
2000 (Invitrogen) before treatment with IL-1 and TNF-a.

2.5 Real time-quantitative polymerase chain
reaction (RT-qPCR)

RT-gPCR was performed according to a previously
described protocol [28]. Briefly, RNA was extracted from
SW982 cells using TRIzol (Invitrogen) and 1 pg total RNA
was used for reverse transcription using a first-strand
cDNA synthesis kit (Bio-Rad). RT-qPCR was performed to
measure mRNA levels of pro-inflammatory cytokines (IL-
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1B, IL-6, and monocyte chemoattractant protein (MCP)-1)
and anti-inflammatory genes (SOCS1 and SOCS3) using
1x SYBR Green Reaction Mix (Roche, Mannheim, Ger-
many) and specific primers (Table 1). The mRNA level of
each gene was calculated using the comparative Cr
method, and values normalized to glyceraldehyde-6-phos-
phate dehydrogenase (GAPDH) were presented. For the
analysis of miRNAs, miRNAs were extracted from purified
exosomes using miRCURY™ RNA isolation kit (Exigon,
Vedbaek, Denmark), and 1 pg of total RNA was used for
reverse transcription using Universal RT cDNA synthesis
kit (Exigon). RT-qPCR was performed with ExiLENT
SYBR Green master mix (Exiqon) using U6 control primer
(#203907) and specific primers of hsa-miR-147b
(#204368), hsa-miR-143  (#187544),  hsa-miR-155
(#188755), and hsa-miR-146 (#187253), all purchased
from Exiqon.

2.6 Western blot analysis

Total proteins were extracted from SW982 cells or purified
exosomes using RIPA lysis buffer (Rockland, Gilbertsville,
PA, USA). The protein concentration was quantified via
Bradford assay (Bio-Rad). Samples were fractionated on a
4-20% sodium dodecyl sulfate-polyacrylamide gel (Bio-
Rad) and transferred onto a polyvinylidene fluoride mem-
brane (Bio-Rad). After blocking with 5% milk for 2 h,
samples were incubated with primary antibodies against
the following proteins: IL-1f3 (#ab156791, 1:1000), IL-6
(#ab6627, 1:500), MCP-1 (#ab9669, 1:500), SOCS1
(#ab62584, 1:1000), SOCS3 (#ab16030, 1:1000), IxBa
(#ab12134, 1:500), and B-actin (#ab8227, 1:2000) for 24 h
at 4 °C. Subsequently, samples were treated with horse-
radish peroxidase-conjugated anti-mouse secondary anti-
body (#ab6728, 1:3000) and anti-rabbit secondary antibody
(#ab6721, 1:3000) for 2 h at room temperature (Abcam,

Cambridge, UK). Signals were detected using an ECL kit
(Thermo Fisher, MA, USA).

2.7 Statistical analysis

All quantitative data were expressed as mean =+ standard
deviation from three independent experiments (n = 3).
Statistical significance was analyzed using t-test or one-
way analysis of variance, followed by a Tukey-Kramer
post-hoc test. A value of p < 0.05 was considered statis-
tically significant (*p < 0.05, **p < 0.01, and
*¥p < 0.001).

3 Results

3.1 Exosomes derived from MSCs (MSC-Exo)
and IL-1B-primed MSCs (MSC-IL-Exo) have
similar characteristics

To determine the effect of IL-1B priming on the charac-
teristics of exosomes, we first investigated the yield, mor-
phology, size distribution, marker expression, and
internalization potential of MSC-Exo and MSC-IL-Exo.
Both categories of exosomes had a round shape in SEM
images (Fig. 1A), and their mean diameters ranged from 50
to 200 nm (Fig. 1B), which was consistent with those of
typical exosomes reported previously [27]. The protein
concentration of exosomes from 1 x 10° cells was
approximately 523 £4.5pug for MSC-Exo and
75.0 £ 6.2 ng for MSC-IL-Exo, which showed approxi-
mately 38% increase in MSC-IL-Exo (Fig. 1C). Western
blot analysis confirmed that both MSC-Exo and MSC-IL-
Exo expressed common exosome markers CD9, CD63, and
CD8I1 at similar levels (Fig. 1D). When these two groups
of exosomes were PKH-26 labeled and used to treat
SWO82 cells, they were shown to enter the cells and reside

Table 1 Primers used in RT-

QPCR after the Reverse Primers Sequences Length (bp)  Annealing temp. (°C)
Transcription of mRNAs GAPDH F: 5-TGCACCACCAACTGCTTAGC-3' 87 60
R: 5-GGCATGGACTGTGGTCATGAG-3'
IL-1B F: 5'-ACAAGGAGAAGAAAGTAATGAC-3 104 60
R: 5-GCTGTAGAGTGGGCTTAT-3'
IL-6 F: 5-CACCTCAGATTGTTGTTGTT-3' 119 60
R: 5-AATAGTGTCCTAACGCTCAT-3’
MCP-1 (CCL2) F: 5-CCAGTCACCTGCTGTTAT-3’ 98 60
R: 5-GCTTCTTTGGGACACTTG-3'
SOCS1 F: 5-CACCTCCTACCTCTTCAT-3' 80 60
R: 5-AATAAAGCCAGAGACCCT-3'
SOCS3 F: 5-AGACGGGACATCTTTCAC-3' 89 60
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Fig. 1 Characterization of exosomes derived from naive and IL-1(-
primed MSCs. Exosomes were purified from the naive (MSC-Exo) or
IL-1B-primed MSCs at 25 ng/mL for 24 h (MSC-IL-Exo) using
ExoQuick-TC (Systems Biosciences). A Scanning electron micro-
scope images of MSC-Exo and MSC-IL-Exo. Scale bar = 500 nm.
B Size distribution of exosomes was analyzed by dynamic light
scattering and presented as percent intensity in each group. C The
amounts of MSC-Exo and MSC-IL-Exo were measured via Bradford

in the cytoplasm as shown in the fluorescence images
(Fig. 1E). These results revealed that both MSC-Exo and
MSC-IL-Exo have typical exosome characteristics regard-
less of IL-1p priming of MSCs.

3.2 MSC-IL-Exo showed higher ability to inhibit
IL-1p-induced inflammatory events in SW982
cells than MSC-Exo

To compare the activity of MSC-Exo and MSC-IL-Exo, we
examined their effect on the IL-1B-induced inflammatory
response in SW982 cells. The RT-qPCR results showed
that stimulation of SW982 cells with IL-1f (10 ng/mL) and
TNF-o (25 ng/mL) significantly induced the expression of
pro-inflammatory cytokines IL-1pB, IL-6, and MCP-1, and
slightly increased the anti-inflammatory genes SOCS1 and
SOCS3 (Fig. 2). MSC-Exo inhibited IL-1f and TNF-o
effects on the three pro-inflammatory cytokines; however,
the inhibition was statistically significant for only IL-1f
(Fig. 2A). In contrast, MSC-IL-Exo showed a stronger
inhibitory effect with statistical significance for all three
pro-inflammatory cytokines (Fig. 2A) compared to MSC-
Exo. When compared with the untreated control group, the
MSC-Exo group showed a statistically significant differ-
ence, while MSC-IL-Exo did not (Fig. 2A). The expression
of anti-inflammatory cytokines was also slightly increased

assay. Values of 10° cells are presented as mean # SD from three
independent experiments (n = 3). **p < 0.01 by one-way ANOVA.
D Protein levels of CD9, CD81, and CD63 in each exosome group
were examined by Western blot analysis. E Exosomes labeled with
PKH-26 were used to treat SW982 cells and visualized in red in the
fluorescent images. DAPI staining for nucleus is shown in blue. Scale
bar = 100 pm

by MSC-Exo and increased at high levels by MSC-IL-Exo;
however, both groups showed no statistically significant
difference compared to the IL-1B and TNF-o group
(Fig. 2B). Some exosome-treated groups showed statisti-
cally significant differences compared to the untreated
control group, as indicated in Fig. 2B. Western blot anal-
ysis confirmed the effect of MSC-Exo and MSC-IL-Exo at
the protein level (Fig. 2C). These results indicated that
MSC-IL-Exo showed much higher anti-inflammatory
effect than MSC-Exo on IL-1B- and TNF-a-induced
inflammatory responses in SW982 cells.

3.3 Exosomes might play a key role in the anti-
inflammatory paracrine action of MSCs

We investigated whether exosomes are responsible for the
paracrine effect of MSCs. The anti-inflammatory effect of
MSC-IL-Exo was compared with that of the conditioned
medium or soluble fraction depleted of exosomes obtained
from IL-1B-primed MSCs in the IL-1B- and TNF-o-in-
duced inflammatory model of SW982 cells. Against the
expression of anti-inflammatory cytokines IL-1p, IL-6, and
MCP-1, MSC-Exo showed almost similar inhibitory effect
to that of MSC-IL-CM, with clear statistically significant
differences between the IL-1p and TNF-a groups (Fig. 3).
In contrast, the soluble fraction (MSC-IL-SF) inhibited the
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Fig. 2 Anti-inflammatory activity of MSC-Exo and MSC-IL-Exo in
SWI82 cells. SW982 cells were treated with IL-1p (10 ng/mL) and
TNF-a (25 ng/mL) for 24 h in the presence of 10 pg/mL. MSC-Exo or
MSC-IL-Exo. Expression of selected pro- or anti-inflammatory
factors were analyzed via RT-qPCR and Western blot analyses.
A mRNA levels of pro-inflammatory cytokines (IL-1B, IL-6, and
MCP-1) normalized by that of GAPDH. B mRNA levels of anti-
inflammatory proteins (SOCS1 and SOCS3) normalized by that of

GAPDH. Data are presented as mean + SD from three independent
experiments (n=3). #/*p < 0.05, ##/**p < 0.01, and
##leitp < 0,001 by one-way ANOVA for two exosome groups
(MSC-Exo and MSC-IL-Exo) versus untreated control (*) or versus
IL-1B and TFN-o groups (*). C Protein levels of the pro- or anti-
inflammatory factors were examined via Western blot analysis. -
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Fig. 3 Role of exosomes in the anti-inflammatory paracrine action of
IL-1B-primed MSCs. Conditioned medium (MSC-IL-CM) and the
one depleted of exosome (MSC-IL-SF) were prepared from IL-f1-
primed MSCs as described in Sect. 2. SW982 cells were treated with
IL-1p (10 ng/mL) and TNF-o (25 ng/mL) for 24 h in the presence of
10 pg/mL of MSC-IL-Exo, 1 mL/well of MSC-IL-CM, or MSC-IL-
SE. mRNA levels of selected pro-inflammatory cytokines (IL-1f, IL-
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6, and MCP-1) were analyzed via RT-qPCR. Values are normalized
by that of GAPDH and presented as mean = SD from three
independent experiments (n = 3). # *p < 0.05, ##/**p < 0.01, and
##lsip < 0,001 by one-way ANOVA for three treatment groups
(MSC-IL-Exo, MSC-IL-CM, and MSC-IL-SF) versus untreated

control (%), or versus IL-1 B and TEN-o groups (*)
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expression of pro-inflammatory cytokines but showed
much less inhibitory effect than MSC-IL-Exo and MSCs-
IL-CM. When compared with the untreated control, only
IL-6 and MCP-1 of both MSC-IL-Exo and MSC-IL-CM
groups showed no statistically significant difference. These
results suggested that exosomes play a key role in, but are
not solely responsible for, the anti-inflammatory activity of
MSC-IL-CM.

3.4 Anti-inflammatory action of MSC-IL-Exo could
be mediated by exosome-shuttled RNAs

RNA profile was analyzed to determine whether priming of
MSCs with IL-1f influences the content of small RNAs in
secreted exosomes. In both MSC-Exo and MSC-IL-Exo,
strong peaks at 4 nucleotide (nt) and at 55 nt were
observed, of which the intensity of the 55 nt peak increased
by IL-1pB priming (Fig. 4A). Broad peaks of small RNAs
observed in the range of 60-300 nt were also observed in

both groups, and peaks larger than 150 nt showed a sig-
nificant increase in the MSC-IL-Exo group (Fig. 4A)
compared to the MSC-Exo group. To examine the role of
the exosome-shuttled RNAs, IL-1B-primed exosomes
depleted of RNAs (RNase-IL-Exo) were prepared using a
high concentration of RNase. In contrast to MSC-IL-Exo,
RNase-IL-Exo showed no inhibitory effect on the IL-1j-
and TNF-o-induced expression of pro-inflammatory
cytokines in SW982 cells (Fig. 4B). These results indicated
that exosome-shuttled RNAs might have a crucial role in
the anti-inflammatory action of MSC-IL-Exo.

3.5 MicroRNA 147b (miR-147b) contributed
to the anti-inflammatory activity of MSC-IL-
Exo in SW982 cells

miRNAs are known to be important in the biological
function of exosomes. We selected miRNAs of miR-143
[12], miR-146 [13], miR-147b [14] and miR-155 [15]
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Fig. 4 Effect of RNase treatment on the anti-inflammatory activity of
MSC-IL-Exo. A RNA profiles of MSC-Exo and MSC-IL-Exo are
displayed up to 300 nt in the histograms. The peak at 4 nt is a low
size marker (arrowhead). B MSC-IL-Exo was treated with 10 U/mL
RNase (Ambion) for 3 h at 37 °C to prepare the sample without RNA
content (RNase-IL-Exo0). SW982 cells were treated with IL-1f
(10 ng/mL) and TNF-o (25 ng/mL) for 24 h in the presence of

5 pg/mL of MSC-IL-Exo or RNase-IL-Exo. mRNA levels of selected
pro-inflammatory cytokines (IL-1f, IL-6, and MCP-1) were analyzed
via RT-qPCR. Values are normalized by that of GAPDH and
presented as mean = SD from three independent experiments
(n=3). *p <005, #wp <001, and #p < 0.001 by one-way
ANOVA for two exosome groups (MSC-Exo and MSC-IL-Exo)
versus untreated control (*) or versus IL-1B and TFN-a groups (*)
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Fig. 5 Role of miRNAs in the anti-inflammatory activity of MSC-IL-
Exo. A Levels of miR-143, miR-146, miR-155, and miR-147b were
examined in MSC-Exo and MSC-IL-Exo via RT-qPCR analysis.
*##%p < (0.001 between two groups by one-way ANOVA. B SW982
cells were transfected with synthetic miR-147b mimics at 0, 20, and
50 nM. The amount of miR-147b was examined via RT-qPCR
analysis. **p < 0.01 and ***p < 0.001 versus the control group by
one-way ANOVA. C SW982 cells were treated with IL-1p (10 ng/
mL) and TNF-o (25 ng/mL) for 24 h in the presence of 10 pg/mL

which are known to have immune or inflammation control
activity. When their amounts were examined, a much lar-
ger amount of miR-147b was found in MSC-IL-Exo than
those of the other miRNAs (Fig. 5A). To examine the role
of miR-147b in the anti-inflammatory activity of MSC-IL-
Exo, synthetic miR-147b mimics and miR-147b inhibitor
were tested in the inflammatory model of SW982 cells. The
miR-147b mimic was first tested at 20 and 50 nM to
optimize the transfection condition. The expression level of
miR-147b in SW982 cells was found to be 0.30 £ 0.12 at
20 nM and 0.98 £ 0.42 at 50 nM, depending on the
amount of transfection (Fig. 5B). The miR-147b mimic or
miR-147b inhibitor of 50 nM was used in the subsequent
experiment. When tested on the IL-1p- and TNF-a-induced
inflammatory responses in SW982 cells, the miR-147b
mimic showed a significant inhibitory effect; however, its
activity was somewhat lower than that of MSC-IL-Exo
(Fig. 5C). The miR-147b inhibitor was co-treated with
MSC-IL-Exo and found to partially block the anti-inflam-
matory effect of the primed exosomes with a statistically
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MSC-IL-Exo or after transfection of miR-147b mimics or miR-147b
inhibitor. mRNA levels of selected pro-inflammatory cytokines (IL-
1B, IL-6, and MCP-1) were analyzed by RT-qPCR. **p < 0.05,
#likp < 0,01, and #*#rxp < 0,001 for three treatment groups
(MSC-IL-Exo, miR-147b mimics, and miR-147b inhibitor) versus
untreated control (*) or versus IL-1p and TFN-o groups (*) by one-
way ANOVA. All values are normalized by that of GAPDH and
presented as mean + SD from three independent experiments (n = 3)

significant difference between IL-1B and IL-6. These
results suggested that miR-147b can inhibit IL-1B- and
TNF-o-induced inflammatory responses in SW982 cells
and might contribute to the anti-inflammatory effect of
MSC-IL-Exo to some extent.

3.6 Anti-inflammatory effect of MSC-IL-Exo
involved NF-kB activation

We investigated the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-kB) pathway as a target of
the anti-inflammatory effect of MSC-IL-Exo and miR-
147b. The amount of IkxBa, an inhibitor or NF-xB pathway,
was used as a surrogate marker and examined in the IL-1f-
and TNF-a-induced inflammatory models of SW982 cells
at 30 min, 1 h, and 24 h after treatment with MSC-IL-Exo
and/or transfection of the miR-147b mimic and inhibitor
(Fig. 6). Treatment with IL-18 and TNF-a rapidly
decreased IkBa levels at 30 min and increased slightly at 1
and 24 h; however, it was still significantly lower than that
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Fig. 6 Effect of MSC-IL-Exo on the IxBo level in SW982 cells
treated with IL-1p and TNF-o.. SW982 cells were treated with IL-1f3
(10 ng/mL) and TNF-o (25 ng/mL) in the presence of 10 pg/mL
MSC-IL-Exo or after transfection of miR-147b mimics or miR-147b
inhibitor. Protein levels of IkBa was examined via Western blot
analysis at 30 min, 1 h, and 24 h. B-actin was used as an internal
control. Intensities of IkBo signal were quantified, and their

in the untreated control. Co-treatment with MSC-IL-Exo
showed a clear inhibitory effect against the IL-1B- and
TNF-a-induced decrease in IxBa levels at 1 and 24 h but
not at 30 min. Transfection of miR-147b mimic showed
inhibitory effect against the activity of IL-1p and TNF-a at
30 min and 24 h but not at 1 h. Transfection of the miR-
147b inhibitor together with MSC-IL-Exo showed unex-
pectedly increased IkBa levels at 30 min and blocked the
action of MSC-IL-Exo only at 1 h. These results suggested
that the anti-inflammatory effect of MSC-IL-Exo involves
inhibition of NF-kB activation by IL-1B and TNF-a, and
confirmed that exosome-shuttled miR-147b might have a
partial role in the function of primed exosomes.

4 Discussion

In this study, we demonstrated that MSC-IL-Exo inhibited
the IL-1B- and TNF-a-mediated increase in the expression
of inflammatory mediators in SW982 human synovial cells.
We also showed that exosomes play a crucial role in the
paracrine action of MSCs, and priming with IL-1B
enhances the anti-inflammatory effect of MSC-Exo on the
employed model in SW982 cells. In addition, the effect of
MSC-Exo depended on their RNA content, probably
miRNAs, and miR-147b-mediated inhibition of the NF-xB
pathway could be one of the key activities in its anti-in-
flammatory mechanism. Although it is premature to
extrapolate from an in vitro study, our results suggest that

normalized values by that of B-actin are presented in the graph as
mean = SD  from three independent experiments (n = 3).
#xp < 0.05, ™p < 0.01, and "*p < 0.001 for three treatment groups
(MSC-IL-Exo, miR-147b mimics, and miR-147b inhibitor) versus
untreated control (*) or versus IL-1p and TNF-o. groups (*) by one-
way ANOVA

MSC-IL-Exo could be an effective cell-free therapy to treat
inflammatory diseases involving synoviocytes such as OA.

It is known that MSC-Exo can promote cell migration
and proliferation and induce chondrogenic differentiation
of stem cells [29]. These exosomes are known to diminish
apoptosis of chondrocytes, promote cell proliferation, and
delay OA progression by exerting an anti-inflammatory
effect [24]. In addition, MSC-Exo are involved in the repair
and regeneration of cartilage via chondroprotective and
anti-inflammatory effects [30]. Tao et al. reported that
exosomes secreted from human synovial MSCs overex-
pressing miR-140-5p inhibit cartilage degradation in a
mouse OA model [31]. MSC-Exo overexpressing miR-92a-
3p were also shown to inhibit cartilage degradation and
promote cartilage formation in OA by targeting Wnt5a. In
addition, various other miRNAs, such as miR-222, miR-
199a-5p, and miR-140-5p, were found to exert an inhibi-
tory effect on OA by reducing the amount of inflammatory
cytokines in in vitro and in vivo models [32-34]. However,
these studies have mostly reported phenomenal data with-
out any information on their cellular or molecular mecha-
nism. In this study, we confirmed the results of previous
studies showing potential therapeutic effects of MSC-Exo
on OA in vitro and suggested possible role of miR-147b in
the anti-inflammatory activity of MSC-IL-Exo. IL-1f is
commonly found in the synovial fluid of OA patients at
high levels and is thought to play a causative role in OA
progression. Therefore, our study design could mimic the
clinical settings where endogenous or transplanted MSCs
are placed in an OA environment in vivo, thereby providing
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meaningful implications for the therapeutic possibility of
MSC-IL-Exo. Cell therapies using MSCs have many lim-
itations in long-term storage, consistency in potency, dos-
ing regime, and stability in vivo [35]. Exosome-based
therapies can overcome these limitations and could be a
practical alternative to MSC-based therapies in the future.

Paracrine effects of MSCs have since a long time been
attributed to secreted soluble factors such as cytokines and
growth factors. However, accumulating evidence has
revealed the importance of exosomes and exosome-shut-
tled RNAs in these effects. Nakamura et al. showed that
exosomes in MSC-IL-CM promote myogenesis and
angiogenesis of MSCs more efficiently than their exosome-
depleted counterparts, and this phenomenon is at least in
part mediated by exosome-shuttled miRNAs such as miR-
494 [36]. Furuta et al. showed that the injection of MSC-
Exo promotes fracture healing in CD92/2 mice, whereas
exosome-depleted medium showed no such effect. They
also suggested that exosomal miRNAs are involved in the
effect of these exosomes [37]. In this study, we have also
shown that MSC-Exo exhibited a higher anti-inflammatory
effect than exosome-depleted medium in SW982 cells and
that this effect was abolished by RNase treatment. Exo-
somes can protect their RNA content from RNase attack
[38]; however, high concentrations of RNase are known to
inactivate exosomal RNAs [39]. Similarly, Reis et al.
showed that pretreatment of MSC medium with RNase
completely abolished its renal protective effect in a rat
model of acute kidney injury [40]. Therefore, our results
confirmed that exosomes and their RNA content play a key
role in the paracrine action of MSCs in IL-18 and TNF-a-
induced inflammatory models in SW982 cells.

In our study, the amount of miR-147b increased sig-
nificantly in MSC-Exo by IL-1 priming, and transfection
with the miR-147b mimic showed an inhibitory effect
against inflammatory response in SW982 cells. However,
transfection of the miR-147b inhibitor only partially
blocked the anti-inflammatory action of MSC-IL-Exo in
SWO82 cells. Jones et al. reported that miR-147b is one of
the upregulated miRNAs in bone from OA patients when
compared to non-OA specimens among 157 human miR-
NAs identified [41]. However, the role of miR-147b in OA
pathogenesis is not yet clear and is expected to exert an
anti-inflammatory effect upon induction in an inflamma-
tory environment by acting on the NF-xB pathway, as
discussed below. miR-147b was reported as a negative
regulator being induced in its expression by and inhibiting
in return the toll-like receptor-induced inflammatory
response in macrophages [14]. Interestingly, miR-147b has
been reported to increase significantly in cardiac stem cells
upon treatment with MSC-Exo [42]. Therefore, miR-147b
may have other functions in addition to its anti-inflamma-
tory activity. Considering the importance of RNA content,
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most likely of miRNAs, these results suggest that other
miRNAs, in addition to miR-147b, also have a role in the
anti-inflammatory mechanism of IL-1B-primed MSCs. For
instance, Song et al. has shown that MSC-IL-Exo contained
large amounts of miR-146a and exhibited improved ther-
apeutic effects on sepsis in a mouse model [17]. miR-146a
is also known to mediate anti-inflammatory effect of TNF-
o-induced MSCs on urethral stricture [43] which suggests
its possible role in OA suppression. In a separate experi-
ment we have found that MSC-Exo with TNF-a priming
also showed significant anti-inflammatory effect in SW982
cells, although it was inferior to IL-1(3-primed exosomes
(Supplementary data). However, the role of miR-146a
controversial both in the anti-inflammatory activity of
MSCs and OA progression [44] and needs further investi-
gation for clear understanding.

We have shown in the present study that MSC-IL-Exo
or miR-147b mimic inhibited IkBa degradation by IL-13
and TNF-a treatment in SW982 cells. The NF-xB pathway
is known to play a central role in the cellular and molecular
regulatory network of many inflammatory diseases and
processes, including OA initiation and progression [45].
The phosphorylation and degradation of IkBo are essential
steps in the activation of the NF-xB pathway. Van Buul
et al. reported that secreted factors from MSCs stabilized
IkBo and showed anti-inflammatory effects in human
osteoarthritic synovium and cartilage explants in vitro [46].
Tang et al. reported similar findings that treatment of
MSCs with IL-1p stabilized IkBo and decreased NF-kB
levels both in IL-1p-treated chondrocytes and in a surgical
OA model in mice [47]. In addition, Tofifio-Vian et al.
showed that microvesicles from adipose MSCs decrease
the amount of inflammatory cytokines and inhibit NF-xB
activation in OA chondrocytes [48]. These results suggest
that NF-xB is involved in OA and downregulated by the
anti-inflammatory action of MSCs and their exosomes. The
specific mechanism of NF-xB downregulation is not yet
clear and is expected to vary depending on the functional
molecules in MSCs and their exosomes.
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