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Abstract: This study aimed to investigate the characteristics of exosomes isolated from synovial
fluid and their role in osteoclast differentiation in different types of inflammatory arthritis. Exo-
somes isolated from synovial fluid of rheumatoid arthritis (RA), ankylosing spondylitis (AS), gout,
and osteoarthritis (OA) patients were co-incubated with CD14+ mononuclear cells from healthy
donors without macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear
factor kappa-B ligand (RANKL). Osteoclast differentiation was evaluated via tartrate-resistant acid
phosphatase (TRAP) staining and activity and F-actin ring formation. RANKL expression on syn-
ovial exosomes was assessed using flow cytometry and an enzyme-linked immunosorbent assay
(ELISA). Synovial exosomes were the lowest in OA patients; these induced osteoclastogenesis in the
absence of M-CSF and RANKL. Osteoclastogenesis was significantly higher with more exosomes
in RA (p = 0.030) than in OA patients, but not in AS or gout patients. On treating macrophages
with a specified number of synovial exosomes from RA/AS patients, exosomes induced greater
osteoclastogenesis in RA than in AS patients. Synovial exosomal RANKL levels were significantly
higher in RA (p = 0.035) than in AS patients. Synovial exosome numbers vary with the type of
inflammatory arthritis. Synovial exosomes from RA patients may bear the disease-specific “synovial
signature of osteoclastogenesis.”

Keywords: synovial exosomes; osteoclastogenesis; inflammatory arthritis

1. Introduction

Inflammatory arthritis (IA) involves the immune system and is characterized by joint
damage and synovial inflammation; types of inflammatory arthritis include rheumatoid
arthritis (RA), ankylosing spondylitis (AS), psoriatic arthritis, gout, and systemic lupus
erythematosus (SLE) [1]. Synovial fluid from IA patients contains numerous immune cells,
such as macrophages, B lymphocytes, T lymphocytes, and neutrophils, which produce
numerous pro-inflammatory cytokines and proteolytic enzymes with roles in immune
responses and bone destruction [2,3]. Furthermore, IA is characterized by different bone
remodeling patterns [4–6]. In RA and gout, joint damage is characterized by extensive bone
destruction resulting from osteoclast differentiation [7]; however, in AS, bone remodeling
predominantly results from consecutive osteogenesis.
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Osteoclasts are bone-resorbing multinucleated cells that differentiate from the mono-
cyte/macrophage cell lineage. Macrophage-colony stimulating factor (M-CSF) and receptor
activator of nuclear factor NF-κB (RANKL) are essential for osteoclast differentiation [8].
Furthermore, inflammatory cytokines, such as TNF-α, IL-1 [9,10], IL-32 [11], and IL-33 [12],
can stimulate osteoclastogenesis via a RANKL-independent pathway. Osteoclasts express
tartrate-resistant acid phosphatase (TRAP), dendritic cell-specific transmembrane protein
(DC-STAMP), cathepsin K (CTSK), and β3-intergrin for the cellular fusion of osteoclast
precursors and their differentiation into mature osteoclasts [13].

Exosomes are endosome-derived membrane vesicles (40–200 nm) released by most
cell types and mediate intercellular communication [14]. Exosomes transfer cellular compo-
nents, such as proteins, microRNAs, mRNAs, and lipids, to recipient cells and contribute
to intracellular communication after internalization of recipient cells and are present in
various biological fluids, including blood, urine, amniotic fluid, saliva, malignant ascites,
and synovial fluid [15,16]. Leukocyte-derived microparticles from RA patients induce pro-
teolytic enzymes, such as matrix metalloproteinase 1 (MMP1), MMP3, MMP9, and MMP13,
and pro-inflammatory cytokines, such as IL-6, IL-8, MCP-1, and MCP-2, via stimulation
of synovial fibroblasts [17]. Furthermore, high levels of the long non-coding RNA HO-
TAIR (HOX transcript antisense intergenic RNA) have been reported in serum-derived
exosomes of RA patients. Exosomes containing HOTAIR induce the migration of activated
macrophages [18]. Interestingly, CD3+ and CD8+ T cell-derived microvesicles levels are
increased in the plasma of RA patients compared to those in osteoarthritis (OA) patients,
and RANKL-positive microvesicles are present in the biological fluids of RA patients [19].

Plasma-derived exosomes from multiple myeloma patients have recently been re-
ported to induce osteoclast differentiation in murine RAW264.7 cells and human primary
pre-osteoclasts [20]. Moreover, non-small cell lung cancer (NSCLC)-derived exosomes can
potentially induce osteoclastogenesis through activation of the epidermal growth factor
receptor (EGFR) pathway [21].

In addition, synovial fluid of IA patients, including RA and pyrophosphate arthropa-
thy, contain high levels of TNF-α and are characterized by enhanced RANKL-induced
osteoclastogenesis and resorption [22]. Inflammatory cytokines, such as IL-1β, TNF-α,
and IL-8, are upregulated in the synovial fluid in IA patients [23,24], and these inflamma-
tory cytokines, including TNF-α [25,26], IL-1 [27,28], and IL-6 [29], stimulate osteoclast
differentiation. However, the molecular mechanisms underlying different patterns of
bone remodeling in various types of IA are unclear. Therefore, we sought to characterize
exosomes from the synovial fluid of various active IAs and determine whether synovial
fluid-derived exosomes are involved in synovial fluid-mediated bone destruction.

2. Materials and Methods
2.1. Preparation of Human Synovial Fluid

Synovial fluid was aspirated from knee joints of patients with RA (n = 20), AS (n = 7),
gout (n = 8), and OA (n = 10) in accordance with the American College of Rheumatology
criteria [30]. Samples were obtained from outpatients of Seoul National University Hospital
and Kangwon National University Hospital after obtaining written informed consent in
accordance with the tenets of the Declaration of Helsinki. The study was approved by the
institutional review board of the Seoul National University Hospital [IRB-No 1603-146-751].
For further analysis, synovial fluid samples were centrifuged at 3000 rpm for 10 min to
eliminate cells and frozen at −20 ◦C until use. The synovial fluid samples were treated
with 2 µg/mL hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 25 ◦C and
centrifuged at 10,000× g for 10 min to eliminate debris, followed by exosome isolation.

2.2. Exosome Characterization
2.2.1. Exosome Isolation

Exosomes were isolated from the synovial fluid using the ExoQuickTM exosome
precipitation solution (System Biosciences, Mountain View, CA, USA) in accordance with
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the manufacturer’s instructions. Hyaluronidase-treated synovial fluid samples were cen-
trifuged at 10,000× g for 15 min at 4 ◦C to eliminate debris. Thereafter, 250 µL of syn-
ovial fluid was mixed with 63 µL of ExoQuick solution and incubated at 4 ◦C overnight.
The ExoQuick-synovial fluid mixture was centrifuged at 1500 × for 30 min at 4 ◦C to obtain
exosome pellets, which were resuspended in 1:10 of synovial fluid volume, using distilled
water or PBS.

2.2.2. Transmission Electron Microscopy (TEM)

Ten microliters of each exosomal suspension was placed on a 200 mesh formvar-coated
copper grid and negatively stained with 10 µL of 2% phosphotungstic acid (PTA). Images
were analyzed using a JEM 1010 (JEOL, Tokyo, Japan) transmission electron microscope
operated at 80 kV.

2.2.3. Size Distribution

The size distribution of exosomes was determined using a Nanosight LM10 (Malvern
Instruments, Malvern, UK). Exosome pellets were resuspended in 1 mL of distilled water
and analyzed using the Nanoparticle Tracking Analysis 3.1 (NTA) software.

2.2.4. Exosome Quantification

To determine the number of synovial exosomes, acetylcholinesterase (AChE) activity
and CD81 expression were evaluated using the EXOCET exosome quantitation assay
(System Biosciences) and CD81 ExoELISA (System Biosciences) in accordance with the
manufacturer’s instructions. Since AChE is enriched within exosomes [31] and CD81 is an
exosomal surface marker [32], their activity and expression levels indirectly determined
the number of exosomes.

2.2.5. Exosome Labeling and Uptake

Synovial exosomes were labeled with carboxyfluorescein succinimidyl diacetate ester
(CFSE) using Exo-Green (System Biosciences) in accordance with the manufacturer’s instruc-
tions. Labeled exosomes were incubated with macrophages for 3 h at 37 ◦C. Cells were fixed
with 3.7% formaldehyde, and nuclei were stained with 2 µg/mL Hoechst 33,258 (Sigma–
Aldrich, St. Louis, MO, USA) for 5 min at 25 ◦C. Finally, cellular uptake of CFSE-labeled
exosomes was analyzed using a Leica TCS SP8 microscope (Leica, Wetzlar, Germany).

2.2.6. RANKL-ELISA

RANKL levels in synovial exosomes were determined using a RANKL ELISA Kit (Cusabio,
Hubei, China). Exosome pellets isolated from 400 µL of synovial fluid obtained from RA (n = 7)
and AS (n = 6) patients were resuspended in 320 µL of lysis buffer, followed by sonication using
a bioruptor (Cosmo bio, Tokyo, Japan). For further lysis, samples were incubated for 20 min
at 37 ◦C and centrifuged at 13,000 rpm for 10 min to eliminate debris. RANKL levels in lysed
exosomes were determined in accordance with the manufacturer’s instructions.

2.2.7. Flow Cytometry

RANKL expression on the isolated synovial exosomes from RA and AS patients was
assessed via flow cytometry using ExoFlow (System Biosciences) in accordance with the
manufacturer’s instructions. The magnetic streptavidin Exo-Flow beads were coated with
biotinylated anti-CD9 (clone SN4 C3-3A2; eBioscience, San Diego, CA, USA) and RANKL
(R&D systems, Minneapolis, MN, USA) capture antibodies. Synovial exosomes isolated
from 500 µL of synovial fluid were incubated with CD9 or RANKL-conjugated beads
overnight at 4 ◦C. Captured exosomes were stained with Exo-FITC exosome stain and
analyzed using a FACSCalibur flow cytometer and Cellquest software (BD Biosciences,
San Jose, CA, USA).
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2.3. Exosome and Osteoclastogenesis
2.3.1. In Vitro Exosome Functional Assays

Human blood samples were obtained from healthy volunteers at Seoul National
University Hospital. Peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll-PaqueTM PLUS (GE Healthcare Life Sciences, Chicago, IL, USA). Isolated PBMCs
were magnetically labeled with CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany), followed by positive selection. CD14+ monocytes were differentiated into
macrophages via treatment with 20 ng/mL M-CSF (Miltenyi Biotec, Germany) for 4–6 days.
Thereafter, macrophages were incubated with 10% synovial exosomes in alpha minimum
essential medium (α-MEM; Gibco, Waltham, NY, USA) supplemented with 10% FBS and 1%
penicillin/streptomycin for an additional 9–10 days. Synovial exosomes were isolated from
the same volume of synovial fluid. To generate multinucleated osteoclasts as a positive
control, cells were treated with 20 ng/mL M-CSF and 40 ng/mL RANKL (Miltenyi Biotec),
while medium alone was used as a negative control. Half of the culture medium was
replenished every alternate day.

2.3.2. Cell Proliferation Assay

To assess cell proliferation, a cell counting kit-8 (CCK-8) (Dojindo, Kumamoto, Japan)
was added to synovial exosome-treated macrophages. After 2 h of incubation, optical
density was measured spectrophotometrically at 450 nm.

2.3.3. TRAP Staining and Activity

Osteoclastogenesis was evaluated through Tartrate-resistant acid phosphatase (TRAP)
staining. TRAP expression, a marker for osteoclastogenesis [33], was detected using an
Acid phosphatase kit (Sigma–Aldrich) in accordance with the manufacturer’s instructions.
The number of TRAP-positive multinucleated cells containing more than three nuclei
(cells/cm2) was determined through light microscopy. TRAP activity was measured using
a TRACP & ALP Assay Kit (Takara, Shiga, Japan) in accordance with the manufacturer’s
instructions. The absorbance of TRAP activity was analyzed at 405 nm and expressed as a
fold change in the medium alone group.

2.3.4. Evaluation of Actin Ring Formation

Cells were fixed with 3.7% formaldehyde in PBS for 20 min at 25 ◦C and then per-
meabilized with 0.1% Triton X-100 in PBS for 10 min at 25 ◦C. Cells were stained with
50 µg/mL phalloidin-FITC (Sigma–Aldrich) for 40 min at 25 ◦C, and nuclei were stained
with 2 µg/mL Hoechst 33,258 (Sigma–Aldrich) for 5 min at 25 ◦C. F-actin rings were
observed using a Leica DM5500B microscope.

2.4. Statistical Analysis

Statistical analysis was performed using Mann–Whitney U tests, using SPSS Statistics
software V. 22.0 (IBM, Armonk, NY, USA). Data are presented as the mean ± standard
error of the mean (SEM). p-values less than 0.05 were considered statistically significant.

3. Results
3.1. Characterization of Synovial Exosomes in Inflammatory Arthritis

The isolated exosomes were imaged using transmission electron microscopy (Figure 1A);
they were sized between 20 and 200 nm, which is the expected size of exosomes [14].

We identified the modal size and number of synovial exosomes to be 58.3 ± 4.4 nm
and 4.52 × 1011 ± 4.19 × 1010 particles/mL in RA patients; 42.0 ± 2.4 nm and 6.82 × 1011 ±
8.56 × 1010 particles/mL, AS; 74.0 ± 0.9 nm and 8.96 × 1011 ± 2.51 × 1010 particles/mL,
gout; 36.4 ± 2.1 nm and 1.24 × 1011 ± 3.96 × 109 particles/mL, OA, respectively (Figure 1B).
Isolated synovial exosomes were nano-sized vesicles per the enzyme-linked immunosor-
bent assay (NTA) software, similar to TEM results.
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Figure 1. Characterization of synovial exosomes.  A. The shape and size of synovial exosomes 
purified from RA, AS, gout, and OA patients were observed by transmission electron microscope (TEM). 
The size of synovial exosomes ranged in diameter from 20 to 200 nm. Scale bar = 200 nm.  B. The size 
distribution of synovial exosomes was measured using a Nanosight LM 10 and analyzed by Nanoparticle 
Tracking Analysis (NTA) 3.1 software. Red error bars indicate + / -1 standard error of the mean and the 
modal size of synovial exosomes are shown for each preparation. C and D. The number of synovial 
exosomes was assessed by acetyl-CoA acetylcholinesterase (AChE) activity and CD81-ELISA. Data are 
presented as the mean ± SEM. * p < 0.05 vs. OA, ** p < 0.01 vs. OA.
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Figure 1. Characterization of synovial exosomes. (A) The shape and size of synovial exosomes purified
from rheumatoid arthritis (RA), ankylosing spondylitis (AS), gout, and osteoarthritis (OA) patients
were observed using a transmission electron microscope (TEM). The size of synovial exosomes ranged
in diameter from 20 to 200 nm. Scale bar = 200 nm. (B) The size distribution of synovial exosomes
was measured using a Nanosight LM 10 and analyzed with enzyme-linked immunosorbent assay
(NTA) 3.1 software. Red error bars indicate +/−1 standard error of the mean, and the modal size
of synovial exosomes are shown for each preparation. (C,D) The number of synovial exosomes was
assessed by acetyl-CoA acetylcholinesterase (AChE) activity and CD81-ELISA. Data are presented as
the mean ± SEM. * p < 0.05 vs. OA, ** p < 0.01 vs. OA.

As exosomes are highly enriched with AChE [31] and CD81 [32], their activity and
expression levels indirectly reflect the number of synovial exosomes. An EXOCET assay
revealed that the number of synovial exosomes was significantly higher in RA patients
(8.033 ± 1.301 × 1010 particles/mL, p = 0.003) and in AS patients (11.95 ± 3.315 × 1010 par-
ticles/mL, p = 0.032) than in OA patients (2.396 ± 0.2835 × 1010 particles/mL) (Figure 1C).
The number of synovial exosomes was slightly, but not significantly, higher in gout patients
(7.806 ± 1.936 × 1010 particles/mL, p = 0.095) than in OA patients.

Similarly, CD81 levels were significantly higher in RA patients (15.59 ± 2.722 × 1010 par-
ticles/mL, p = 0.043) and in AS patients (17.96 ± 2.107 × 1010 particles/mL, p = 0.030) than
in OA patients (7.304 ± 2.324 × 1010 particles/mL) (Figure 1D). CD81 levels were slightly,
but not significantly, higher in gout patients (12.86 ± 4.788 × 1010 particles/mL, p > 0.05)
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than in OA patients (7.304 ± 2.324 × 1010 particles/mL). These results indicate that synovial
exosomes are significantly higher in IA including RA and AS than in non-IA including OA.

We investigated whether synovial exosomes isolated from IA patients might induce
osteoclastogenesis. To determine whether synovial exosomes are internalized by human
macrophages (potential recipient cells), synovial exosomes were labeled with CFSE. Labeled
exosomes co-incubated with macrophages localized in the perinuclear region after 3 h of
incubation (Figure S1, Supplementary Materials).

3.2. The Role of Exosomes on Osteoclastogenesis

To investigate whether synovial exosomes internalized into macrophages regulate
osteoclast differentiation, TRAP staining was performed, and TRAP activity was analyzed.
Human macrophages treated with synovial exosomes of RA, AS, gout, and OA patients
differentiated into TRAP-positive multinucleated cells in the absence of M-CSF and RANKL
(Figure 2A). Among them, exosomes isolated from RA patients had higher osteoclastogenic
potential than AS, gout, and OA patients. Osteoclastogenesis was significantly increased in
the presence of exosomes of RA patients (11.90 ± 4.873 folds, p = 0.030) than in those of OA
patients (1.647 ± 0.5231 folds), but not in those of AS patients (1.703 ± 0.4481 folds) or gout
patients (1.373 ± 0.7031 folds) (Figure 2B). Thereafter, we investigated the effect of synovial
exosomes on TRAP activity. Macrophages treated with synovial exosomes of RA patients
(2.011 ± 0.3548 folds, p = 0.079) displayed relatively higher TRAP activity than those of
OA patients (1.183 ± 0.2440 folds), but less prominent in AS patients (1.559 ± 0.3734 folds)
or gout patients (1.435 ± 0.09832 folds) (Figure 2C). In summary, these data indicate that
synovial exosomes potentially induce osteoclast differentiation in RA.

Osteoclasts form an actin ring, known as the sealing zone, to compactly adhere with
the bone surface. These structural changes allow for effective bone matrix resorption
by osteoclasts [34]. Hence, we assessed osteoclastogenesis with F-actin rings to analyze
resorptive activity in mature osteoclasts. Macrophages treated with synovial exosomes
of RA patients differentiated into osteoclast-like cells with F-actin rings, similar to the
positive control (Figure 2D); however, F-actin rings were rarely observed in those of AS and
gout patients. These data suggest that synovial exosomes can induce osteoclastogenesis
accompanied by bone matrix resorption through actin cytoskeletal rearrangement in RA.

To determine whether the effect of synovial exosomes on human osteoclastogen-
esis was related to cell proliferation, we assessed the proliferation of exosome-treated
macrophages. Synovial exosomes induced cell proliferation; however, there were no signif-
icant differences among patients with RA, AS, gout, and OA (Figure S2, Supplementary
Materials). The cell proliferation assay revealed no association between cell proliferation
and osteoclast differentiation.

We sought to determine whether the differences in exosome quality affect osteoclast
differentiation by normalizing the number of treated exosomes owing to differences in
exosome number and quality depending on the disease. Hence, macrophages were treated
with a specified number of synovial exosomes (7.59 × 109 particles/mL) from RA and
AS patients, similar in the number of synovial exosomes. Despite treatment with the
same number of exosomes, exosomes of RA patients tended to induce slightly, but not
significantly, greater osteoclastogenesis (89.87 ± 28.35 folds) than those of AS patients
(47.00 ± 41.50 folds) (Figure S3, Supplementary Materials). Together, our results suggest
that differences in exosome quality may affect osteoclastogenesis.

We identified the molecules of synovial exosomes that induce osteoclastogenesis.
We assessed RANKL levels in synovial exosomes, and it was expected to be one of
the target exosomal molecules. RANKL levels were significantly higher in lysed exo-
somes from RA patients (84.29 ± 16.55 pg/mL, p = 0.035) than in those from AS patients
(16.66 ± 16.66 pg/mL (Figure 3A). Furthermore, flow cytometric analysis of exosomal sur-
face expression of RANKL (Figure 3B) revealed the presence of exosomal surface protein,
CD9 [35], and their CD9 expression levels were similar in exosomes from RA and AS pa-
tients. RANKL expression was also detected on the surface of synovial exosomes and was
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much higher in exosomes of RA patients than in those of AS patients. These data suggest
that RANKL is expressed on the surface of RA synovial exosomes and may contribute to
osteoclast differentiation.

Medium alone M-CSF M-CSF + sRANKL

RA OAAS gout

Sy
no

vi
al

 ex
os

om
e

+ 
   

   
   

   
   

–

A.

D.
RAM-CSF + sRANKL AS gout

0

1

2

3

4

5

TR
A

P 
ac

tiv
ity

 (f
ol

d)

0
5

10
15
20
50

100

150

200

TR
A

P+
 M

N
C

s 
(n

uc
el

i≥
 3

) (
fo

ld
)

**
**

#
B. C.

Synovial exosomes

Figure 2. Treatment of synovial exosomes to human macrophage and the effect of synovial exosomes
on human osteoclastogenesis. A. Human macrophages differentiated from CD14+ monocyte were treated
with 20 ng/ml of M-CSF + 40 ng/ml of sRANKL (positive control) or with 10% synovial exosomes,
respectively. Exosomes were isolated from same volume of synovial fluid with RA, AS, gout and OA patients.
After 9-10 days, cells were stained for TRAP expression and TRAP-positive multinucleated cells (MNCs)
were imaged using light microscopy. The yellow arrow indicates TRAP-positive MNCs. Magnification :
x100. B. The number of TRAP-positive multinucleated (more than three) osteoclasts were counted. Data are
presented as a fold change of osteoclast number compared to medium alone (negative control) and mean ±
SEM. ** p < 0.01 vs. medium alone, # p < 0.05 vs. OA. C. TRAP activity was measured at 405 nm and
expressed as fold change of that of medium alone. Data are presented as the mean ± SEM. D. Actin rings
were stained with FTIC-phalloidin and nuclei were stained with Hoechst 33258. The white arrow indicates F-
actin ring. Scale bar = 50 ㎛.

Synovial exosomes

p=0.079

p=0.063

Figure 2. Treatment of synovial exosomes with human macrophages and the effect of synovial exo-
somes on human osteoclastogenesis. (A) Human macrophages differentiated from CD14+ monocytes
were treated with 20 ng/mL of macrophage colony-stimulating factor (M-CSF) + 40 ng/mL of receptor
activator of nuclear factor kappa-B ligand (RANKL) (positive control) or with 10% synovial exo-
somes, respectively. Exosomes were isolated from the same volume of synovial fluid with rheumatoid
arthritis (RA), ankylosing spondylitis (AS), gout, and osteoarthritis (OA) patients. After 9–10 days,
cells were stained for tartrate-resistant acid phosphatase (TRAP) expression, and TRAP-positive
multinucleated cells (MNCs) were imaged using light microscopy. The yellow arrow indicates
TRAP-positive MNCs. Magnification: ×100. (B) The number of TRAP-positive multinucleated (more
than three) osteoclasts were counted (cells/cm2). Data are presented as a fold change in the osteoclast
number compared to medium alone (negative control) and mean ± SEM. ** p < 0.01 vs. medium
alone, # p < 0.05 vs. OA. (C) TRAP activity was measured at 405 nm and expressed as fold change
in the medium alone. Data are presented as the mean ± SEM. (D) Actin rings were stained with
FTIC-phalloidin, and nuclei were stained with Hoechst 33258. The white arrow indicates the F-actin
ring. Scale bar = 50 µm.
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Figure 3. The expression of RANKL on synovial exosomes. A. Exosomes from RA and AS patients were lysed for analysis 
of RANKL concentration in synovial exosomes. The levels of RANKL were measured by sandwich ELISA. Data are presented 
as the mean ± SEM. * p < 0.05 vs. disease control, AS. B. Synovial exosomes from RA and AS patients (unshaded histograms) 
or negative control (PBS; gray-shaded histogram) were incubated with biotinylated anti-CD9 or anti-RANKL antibodies-coated 
magnetic beads and stained with Exo-FITC. The expression of CD9 and RANKL was presented by flow cytometric histograms.

*

Figure 3. RANKL expression on synovial exosomes. (A) Exosomes from rheumatoid arthritis (RA) and ankylosing
spondylitis (AS) patients were lysed for analysis of RANKL concentration in synovial exosomes. The levels of RANKL
were measured using sandwich enzyme-linked immunosorbent assay (ELISA). Data are presented as the mean ± SEM.
* p < 0.05 vs. disease control, AS. (B) CD9 or anti-RANKL antibodies-coated magnetic beads and stained with Exo-FITC.
The expression of CD9 and RANKL are presented by flow cytometric histograms.

There was no direct correlation between RANKL levels in RA synovial exosomes
and osteoclast differentiation (data not shown), probably owing to the limited number
of samples in our experiment. Furthermore, other molecules, such as exosomal miRNAs,
could contribute to various stages of osteoclastogenesis.

4. Discussion

Synovial fluid in IA patients contains abundant inflammatory cytokines and immune
cells. High levels of inflammatory cytokines, such as IL-1β, TNF-α, and proteolytic enzymes,
enhance osteoclast differentiation and stimulate various cells in the synovium, such as syn-
ovial fibroblasts and leukocytes [2,3]. Furthermore, synovial fluid-derived exosomes play
immuno-stimulatory roles in IA [17,36–38]; however, their role in osteoclast differentiation
was unknown. Bone remodeling is regulated by osteoclasts and osteoblasts, and skeletal re-
modeling follows different patterns following the onset of various types of IA [4–6]. However,
the molecular mechanisms, including factors originating from each type of IA, resulting in
differential outcomes of skeletal remodeling, are unclear. In the present study, we verified the
characteristics of exosomes isolated from synovial fluid from patients with various types of
IA and evaluated their effects on human osteoclast differentiation.

In the present study, the number of exosomes in inflammatory arthritis, such as those
in RA and AS patients, was significantly higher than those in non-inflammatory arthritis.
Not only are there abundant activated immune cells in the synovium of inflammatory arthri-
tis [2] but these immune cells can release numerous exosomes into the joint space and may
communicate via their exosomal signals. Furthermore, our results suggest that increased
exosomal levels in synovial fluid may reflect a high pro-inflammatory burden, and analysis of
synovial exosomes may be used to evaluate the degree or quality of joint inflammation.
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Most of all, the present study focused on showing synovial exosomes in IA patients
playing an important role in human osteoclastogenesis. Synovial exosomes from RA pa-
tients had a high osteoclastogenic potential even in the absence of essential growth factors,
such as M-CSF and RANKL. Exosomes from non-erosive IA, including AS, and non-
inflammatory arthritis, including OA, rarely induced osteoclast differentiation, and the
number of osteoclasts was significantly lower than that in RA patients. The effect of
synovial exosomes on osteoclast differentiation was not related to cell proliferation itself.
Furthermore, the differences in the quality of synovial exosomes of RA and AS patients
had different effects on osteoclastogenesis on adjusting the number of treated exosomes.
The present results suggest that synovial exosomes of RA patients have high osteoclas-
togenic potential, which may partly explain the characteristic bony erosion observed in
inflamed joints of RA patients, not frequently observed in other inflammatory arthritis.

Recent data reported that exosomes containing miRNAs, mRNAs, proteins, and lipids
are involved in intercellular communication via the transfer of their contents to recipient
cells [14–16]. Therefore, we sought to identify synovial exosomal molecules that contribute
to osteoclastogenesis. Exosomal RANKL levels are expected to be key targets because the
addition of RA exosome on cultured monocyte induced osteoclast formation even without
soluble RANKL itself. RANKL expression on the exosomal membrane and concentration
of RANKL in lysed exosomes were higher in exosomes of RA patients than in those of
AS patients. Although we did not observe a direct correlation between exosomal RANKL
levels and bone erosion scores in RA patients, we showed that synovial exosomes of RA
patients contain high levels of RANKL, which could effectively contribute to characteristic
bony erosion in RA. Several studies reported that some miRNAs, such as miR-148a, mir-223
mir-21, and miR-31, regulate osteoclastogenesis [39–42]. We did not compare the quality
and levels of miRNAs in the various types of IA in the present study; hence, further
investigation is required to analyze miRNA profiles within exosomes of IA patients and
assess their relevance with osteoclastogenesis.

In conclusion, the number of synovial exosomes may vary in accordance with various
types of IA, each having a different osteoclastogenic potential. Synovial exosomes of RA
patients may contain the disease-specific “synovial signature of osteoclastogenesis.”

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-440
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with human macrophages and the effect of synovial exosomes on human osteoclastogenesis.
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