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Factors secreted from dental pulp stem cells show multifaceted benefits
for treating experimental rheumatoid arthritis
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Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovial hyperplasia and chronic inflamma-
tion, which lead to the progressive destruction of cartilage and bone in the joints. Numerous studies have reported
that administrations of various types of MSCs improve arthritis symptoms in animal models, by paracrine mecha-
nisms. However, the therapeutic effects of the secreted factors alone, without the cell graft, have been uncertain.
Here,we show that a single intravenous administration of serum-free conditionedmedium (CM) from human de-
ciduous dental pulp stem cells (SHED-CM) into anti-collagen type II antibody-induced arthritis (CAIA), a mouse
model of rheumatoid arthritis (RA), markedly improved the arthritis symptoms and joint destruction. The thera-
peutic efficacy of SHED-CM was associated with an induction of anti-inflammatory M2 macrophages in the CAIA
joints and the abrogation of RANKL expression. SHED-CM specifically depleted of an M2 macrophage inducer,
the secreted ectodomain of sialic acid-binding Ig-like lectin-9 (ED-Siglec-9), exhibited a reduced ability to induce
M2-related gene expression and attenuate CAIA. SHED-CM also inhibited the RANKL-induced osteoclastogenesis
in vitro. Collectively, our findings suggest that SHED-CM provides multifaceted therapeutic effects for treating
CAIA, including the ED-Siglec-9-dependent induction of M2 macrophage polarization and inhibition of osteoclas-
togenesis. Thus, SHED-CM may represent a novel anti-inflammatory and reparative therapy for RA.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The precise etiology of rheumatoid arthritis (RA) remains unclear,
however monocyte lineage cells, including macrophages and osteo-
clasts, respectively play central roles in the inflammation and bone
resorption of RA [1,2]. Recent studies indicate that differentially activat-
edmacrophages are involved in the pathophysiology of various types of
intractable diseases [3]. The pro-inflammatory M1 cells and anti-
inflammatory M2 cells are thought to represent the extreme activation
states on each end of a continuum [3–5]. Classically activated M1 cells
initiate inflammation, promote osteoclast differentiation, and accelerate
tissue damage by releasing high levels of pro-inflammatory cytokines,
reactive oxygen species, and nitric oxide [6]. In contrast, M2 cells coun-
teract pro-inflammatory M1 conditions by secreting anti-inflammatory
cytokines and scavenging cellular debris. In general wound repair, M1-
and M2-like cells are involved in initiating and resolving inflammation,
respectively [7]. Thus, strategies designed to modulate macrophage po-
larity may provide significant therapeutic benefits for RA.

Stem-cell transplantation represents a new therapeutic strategy for
treating RA [8,9]. The transplantation of mesenchymal stem cells
(MSCs) derived from bone marrow [10], adipose tissue [11], umbilical
cord [12], or gingival tissue [13] improves arthritis symptoms in mouse
models of RA via paracrine, trophic, and/or immunomodulatory mecha-
nisms. However, the therapeutic effects of soluble factors secreted from
various types of MSCs have not been reported.

Human adult dental pulp stem cells (DPSCs) and stem cells from
human exfoliated deciduous teeth (SHEDs) are self-renewing MSCs re-
siding within the perivascular niche of the dental pulp [14–16]. These
cells are thought to originate from the cranial neural crest, and express
both MSC and neural stem cell markers [17]. Studies of engrafted
SHEDs and DPSCs in various animal diseasemodels, includingmyocardi-
al infarction [18], systemic lupus erythematosus [19], ischemic brain in-
jury [20,21], and spinal cord injury [17–22,23], demonstrated that these
cells can promote significant recovery through paracrine mechanisms,
which enhance endogenous tissue-repairing activities [24]. We recently
reported the therapeutic effects of intrathecally administered serum-free
conditioned medium derived from SHED (SHED-CM) for severe spinal
cord injury in rat. The efficacy of SHED-CM was associated with an im-
munoregulatory activity that induced anti-inflammatoryM2-likemacro-
phages through the synergistic action of monocyte chemoattractant
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protein-1 (MCP-1) and the secreted ectodomain of sialic acid-binding Ig-
like lectin-9 (ED-Siglec-9) in SHED-CM [25]. However, the therapeutic
potential of SHED-CM for RA has not been examined.

Here,we examined the therapeutic benefits of SHED-CM for arthritis
induced by an anti-collagen type II antibody (CAIA). CAIA is a rapid
arthritis model, which represents the effector phase of arthritis. Our
data showed that SHED-CM improved arthritis symptoms and inhibited
tissue damage by inducing M2 macrophage polarization in CAIA mice.
Our findings suggested that SHED-CM has multiple therapeutic anti-
inflammatory effects and inhibits osteoclastogenesis in mice. Thus,
SHED-CM may represent a novel and powerful approach for treating
RA and other inflammatory and autoimmune diseases.

2. Materials and methods

2.1. Cells

Human SHEDs were isolated as described previously [16,17]. Briefly,
exfoliated deciduous teeth (from 6- to 12-year-old individuals) were col-
lected at Nagoya University Hospital, under approved guidelines set by
Nagoya University (H-73, 2003). Ethical approval was obtained from the
Ethics Committee of Nagoya University (permission number 8-2). All
study participants provided written informed consent. After separating
the crown and root, the dental pulp was isolated and then digested in a
solution containing 3 mg/ml collagenase type I and 4 mg/ml dispase for
1 h at 37 °C. Single-cell suspensions (1–2 × 104 cells/ml) were plated on
culture dishes in DMEM supplemented with 10% fetal bovine serum,
then incubated at 37 °C in a humidified atmosphere of 5% CO₂.

BMSCs (from 20- to 22-year-old individuals) at passage 5 were
obtained from Lonza.

2.2. Preparation of conditioned medium (CM)

At passage 5–9, SHEDs or BMSCs at 70–80% confluencewerewashed
with PBS and serum-free DMEM for two times, then the culturemedium
was replacedwith DMEM. After 48 h incubation at 37 °C in a humidified
atmosphere of 5% CO₂, the medium was collected and centrifuged for
3 min at 440 g at 4 °C. The supernatants were collected and centrifuged
for 3 min at 1750 g at 4 °C. The supernatants were used as CM for CAIA
treatment or assays.

2.3. Animals

Male 8-week-old DBA/1 J mice were obtained from Japan SLC. The
animals were housed in plastic cages (4 mice per cage), with wood tip
bedding, and maintained under specific pathogen-free conditions in a
temperature- andhumidity-controlled room(23±2 °C and55±10%, re-
spectively) under a fixed 12 h light/dark cycle (9:00 a.m. to 9:00 p.m.).
The animals were given free access to standard laboratory food and
water. The animal experiments were performed in accordance with the
Guidelines for Animal Experimentation of Nagoya University School of
Medicine.

2.4. Induction of arthritis and experimental design

The arthritogenic mouse anti-collagen type II monoclonal antibody
(mAb) cocktail (Chondrex), contains equal amounts of 5 mAbs (A2-10,
F10-21, D8-6, D1-2G, and D2-112). On day 0, the mice were intraperito-
neally injectedwith 1.5mg of the cocktail. On day 3, themice were intra-
peritoneally injected with 50 μg of lipopolysaccharide (LPS). On day 5,
500 μl of SHED-CM, BMSC-CM, or serum-free DMEM was injected into
the tail vein of CAIAmice. On day 7 or 14, at least fivemice per treatment
groupwere sacrificed under deep anesthesia. Fromdays 0 to 14, themice
were blindly inspected for disease progression (Fig. 1A).

2.5. Arthritis evaluation

From days 0 to 14, the mice were blindly inspected for disease pro-
gression. The severity of arthritis in each paw was graded on a scale of
0–4, as follows: 0, normal; 1, mild swelling; 2, moderate swelling; 3,
severe swelling; 4, pronounced edema of the entire paw. The cumulative
score from 4 paws (maximum score of 16 per mouse) was used as the
overall disease score.

2.6. Histology

On day 14, themice were sacrificed and the hind pawswere fixed in
4% paraformaldehyde, decalcified in 10% EDTA for 3 weeks, and embed-
ded in paraffin. Serial 5-μmsectionswere stainedwith hematoxylin and
eosin (H–E) and toluidine blue, and stained for tartrate-resistant acid
phosphatase (TRAP) using a leukocyte acid phosphatase kit according
to the manufacturer's instructions (Sigma-Aldrich).

2.7. Histological scoring

The samples were evaluated for synovial inflammation, bone ero-
sion, and cartilage damage in a blindedmanner, as described previously,
with minor modifications [26].

Synovial inflammationwas scored as follows: 0, no inflammation; 1,
slight thickening of the lining layer with some infiltrating cells in the
sublining layer; 2, moderate thickening of the lining layer with a mod-
erate number of infiltrating cells in the sublining layer; 3, extensive
thickening of the lining layer with a moderate number of infiltrating
cells in the sublining layer and the presence of inflammatory cells in
the synovial space; 4, substantial influx of inflammatory cells into the
synovium.

Table 1
Mouse primers for real time q-PCR.

Primer Sequence (forward 5′–3′) Sequence (reverse 5′–3′)

GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
TRAP TCCTGGCTCAAAAAGCAGT ACATAGCCCACACCGTTCTC
Cathepsin K CAGCAGAGGTGTGTACTATG GCGTTGTTCTTATTCCGAGC
NFATc1 CGGGAAGAAGATGGTGCTGT TTGGACGGGGCTGGTTAT
RANK CGAGGAAGATTCCCACAGAG CAGTGAAGTCACAGCCCTCA
RANKL ATGAAAGGAGGGAGCACGAA GGAAGGGTTGGACACCTGAA
TNF-α CCCTTTACTCTGACCCCTTTATTGT TGTCCCAGCATCTTGTGTTTCT
IL-1β AGTTGACGGACCCCAAAAGA ACAGCTTCTCCACAGCCACA
IL-6 CCAAGAACGATAGTCAATTCCAGA CATCAGTCCCAAGAAGGCAAC
iNOS AGCCAAGCCCTCACCTACTTC GCCTCCAATCTCTGCCTATCC
MMP3 GGCCTGGAACAGTCTTGGC TGTCCATCGTTCATCATCGTCA
MMP9 GGACCCGAAGCGGACATTG CGTCGTCGAAATGGGCATCT
F4/80 CCAGAAGGCTCCCAAGGAT TCTGCTCACTTTGGAGTATCAAGTC
CD206 TCTCCCGGAACCGACTCTTC AACTGGTCCCCTAGTGTACGA
Arginase1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
Fizz1 CCAATCCAGCTAACTATCCCTCC CCAGTCAACGAGTAAGCACAG

Table 2
Therapeutic factors in SHED-CM for RA.

Ratio
(vs DMEM)

Ratio
(vs BMSC-CM) References

Immunosuppression
HGF 23.28 3.21 29
IL-22 10.20 3.31 30
Furin 3.88 3.18 33

Anti-inflammation
IL-1Ra 0.93 0.94 31
RAGE 1.67 1.96 32

Anti-osteoclastogenesis
OPG 412.05 3.70 28

Macrophage differentiation
MCP-1 120.25 1.54 25
ED-siglec-9 2.08 1.79 25
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Bone erosion was scored as follows: 0, no erosion; 1, small areas of
resorption not readily apparent in the trabecular or cortical bone; 2, nu-
merous areas of resorption, readily apparent in the trabecular or cortical
bone at low magnification; 3, obvious resorption of the trabecular and
cortical bone without full-thickness defects in the cortex, but with the
loss of some trabecular bone; 4, full-thickness defects in the cortical
bone and marked loss of trabecular bone with no distortion of the re-
maining cortical surface; and 5, full-thickness defects in the cortical
and trabecular bone with distortion of the remaining cortical surface.

Cartilage damage was scored as follows: 0, no destruction; 1, mini-
mal erosion; 2, slight to moderate erosion in a limited area; 3, extensive
erosion; and 4, general destruction.

The cumulative score for the 2 hind paws was used as the histologi-
cal arthritis score, resulting in maximum scores of 8, 10, and 8 respec-
tively for synovial inflammation, bone erosion, and cartilage damage.

2.8. Immunohistochemistry

On day 7, the hind paws were harvested, embedded in SCEM gel
(8091140; Leica), and frozen in cooled isopentane. Non-decalcified
hind paw sections were generated using Kawamoto's film method
(8091098; Leica) [27]. The sections were fixed in 99.5% ethanol for
10 min at room temperature, washed, permeabilized with 0.1% (v/v)
Triton X-100 in PBS for 20 min, blocked with 5% bovine serum albu-
min/PBS for 30 min, and stained with primary antibodies in blocking
buffer for overnight at 4 °C. The sectionswere then stainedwith second-
ary antibodies for 30 min, mounted with an SCMM R3 (Leica), and ex-
amined with a fluorescence microscope (BZ9000; Keyence). The
following antibodies were used for immunostaining: rat monoclonal
antibody against F4/80 (ab6640; Abcam), rabbit polyclonal antibody
against iNOS (ab3523; Abcam), rabbit polyclonal antibody against
CD206 (ab64693; Abcam). Secondary antibodies were conjugated
with Alexa Fluor 546 or 647 (Invitrogen). Cell nuclei were labeled
with 4′, 6-diamidino-2-phenylindole (DAPI) (Invitrogen).

2.9. RNA preparation and real-time q-PCR analysis

Total RNA frompaws on day 7 or 14was quantified by a spectropho-
tometer, and RNA integrity was checked on 1% agarose gels. Reverse

transcription reaction was carried out with Superscript III reverse tran-
scriptase (Invitrogen) using 0.5 μg of total RNA in a 25-μl total reaction
volume. Real-time q-PCR was performed using the THUNDERBIRD
SYBR qPCR Mix (Toyobo) and the StepOnePlus Real-Time PCR System
(Applied Biosystems). Primers were designed using DNA Dynamo
(Blue Tractor Software Ltd) and primer 3 (Table 1).

2.10. Osteoclast differentiation assay

Bone marrow cells were isolated from the femurs of 8-week-old
male DBA/1 Jmice using an established protocol [28]. Theywere seeded
into 48-well plates at 1.5 × 105 cells/well in αMEM supplemented with
50 ng/ml M-CSF (R&D Systems) at 37 °C in a humidified atmosphere
with 5% CO2. After 3 days of incubation, the medium was replaced
with serum-free DMEM, SHED-CM or BMSC-CM, which were supple-
mented with 50 ng/ml M-CSF and 100 ng/ml soluble RANKL
(PeproTech). After 3 days of incubation, the cells were stained using a
TRAP/ALP Stain Kit (Wako). TRAP-positive and multinuclear cells were
counted under brightfield microscopy. TRAP-positive cells with ≥3 nu-
clei were defined as osteoclast-like cells. To evaluate bone-resorbing ac-
tivity in osteoclast-like cells, pit formation assay was performed. Bone
marrow cells were seeded into Osteo Assay 96-well Plate (CORNING)
at 6 × 104 cells/well in αMEM supplemented with 50 ng/ml M-CSF at
37 °C in a humidified atmosphere with 5% CO2. After 3 days of incuba-
tion, the medium was replaced with serum-free DMEM, SHED-CM or
BMSC-CM, which were supplemented with 50 ng/ml M-CSF and
100 ng/ml soluble RANKL. After 7 days of incubation, von Kossa stain
was performed and analyzed under bright-field microscopy.

2.11. CM cytokine measurements and protein depletion assay

The levels of osteoprotegerin (OPG) and Siglec-9 in CMswere deter-
mined by ELISA (Human OPG DuoSet ELISA Development System [R&D
Systems]; RayBio Human Siglec-9 ELISA Kit [Raybiotech]). To deplete
the Siglec-9 from SHED-CM, anti-Siglec-9 antibody (Abcam) pre-
bound to Protein G Sepharose (GE Healthcare) was incubated with
SHED-CM overnight at 4 °C, and then the antibody beads were removed
by centrifugation. The loss of Siglec-9 from the SHED-CMwas confirmed
by ELISA.

Fig. 1. SHED-CM treatment improves disease severity in CAIAmice. (A) Experimental design. mAb: anti-collagen type II monoclonal antibody, LPS: lipopolysaccharide. (B) Representative
images of a hind paw on day 14. (C) Disease scores of CAIA mice treated with DMEM, BMSC-CM, or SHED-CM (n = 8 per group). Arthritis symptoms were evaluated by a blinded
independent observer for up to 14 days following mAb injection. Data represent the mean ± SEM; **p b 0.01.
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2.12. M2 macrophage induction assay

Bonemarrow cells were isolated from the femurs of 8-week-oldmale
DBA/1 J mice. They were seeded into 24 well-plate at 3 × 105 cells/well
and differentiated into macrophages in DMEM supplemented with
20 ng/ml M-CSF at 37 °C in 5% CO2 for 7 days. Then, the macrophages
were incubated with serum-free DMEM, BMSC-CM, SHED-CM, or d-
SHED-CM. After 24 h incubation, immunohistochemical analysis was
carried out and the RNA extraction was performed using RNeasy
micro kit (Qiagen).

2.13. Statistics

An unpaired 2-tailed Student's t-test was used for single compari-
sons. To analyze more than three independent groups, repeated-
measures ANOVA with Tukey's post hoc test was used (SPSS 22.0).
P-values less than 0.05 were considered statistically significant.

3. Results

3.1. A single intravenous injection of SHED-CM ameliorates the clinical
symptoms of CAIA

To examine the therapeutic effects of SHED-CM for arthritis, we used
the anti-CIImAb-induced arthritis (CAIA)mousemodel (Fig. 1A). SHED-
and BMSC- CMs were collected 48 h after culture in DMEM. The charac-
teristics of the SHEDs and BMSCs were described previously [17] and
see Methods. There were no significant differences between the
SHEDs and BMSCs survival after incubation in serum-free DMEM versus
that in serum-containing DMEM (data not shown). CAIA mice typically

develop paw swelling around day 4 after the intraperitoneal injection of
anti-CII mAb, followed by further exacerbation thereafter. After
confirming early arthritis symptoms on day 5, the CAIAmicewere treat-
ed with a single intravenous injection of SHED-CM, BMSC-CM, or
DMEM. By day 8, DMEM- and BMSC-CM-treated mice respectively
displayed severe and moderate swelling encompassing the ankle, foot,
and digits. Notably, the SHED-CM-treated mice exhibited minimal
paw swelling (Figs. 1B and C. Arthritis scores on day 8: DMEM,
11.43 ± 1.09; BMSC-CM, 8.14 ± 0.99; SHED-CM, 4.00 ± 0.87; P b 0.01
SHED-CM versus DMEM or BMSC-CM). No adverse effects were ob-
served during the experimental period.

3.2. SHED-CM prevents tissue destruction in CAIA mice

Histological analysis (performed on day 14) of the ankle joints of
DMEM-treatedmice showed profound tissue damage, including synovi-
al hyperplasia, inflammatory cell infiltration, pannus formation, and in-
tense bone and cartilage destruction. Milder tissue destruction was
observed in the BMSC-CM-treated mice. In contrast, SHED-CM-treated
mice exhibited markedly reduced synovial inflammation and bone
and cartilage destruction (Fig. 2A). The quantitative histological scores
of synovial inflammation, bone erosion, and cartilage damage [26]
were all significantly lower in SHED-CM-treated mice than in the
BMSC-CM- or DMEM-treated mice (Fig. 2B).

3.3. SHED-CM inhibits osteoclastogenesis

The accumulation of large numbers of TRAP-positive osteoclastswas
evident in the joints of the DMEM treatment groups on day 14, but was
significantly suppressed in the SHED-CM group (Fig. 3A,B). In addition,

Fig. 2. SHED-CM attenuates tissue destruction in CAIA mice. (A) Representative microscopic images of the ankle joints obtained from sham, DMEM-, BMSC-CM-, and SHED-CM-treated
mice on day 14 (n=8per group). Serial sectionswere stainedwithH-E and toluidine blue. Bar=100 μm. (B) The histological scores for synovial inflammation, bone erosion, and cartilage
damage were evaluated by a blinded independent observer. Data represent the mean ± SEM; *p b 0.05, **p b 0.01.
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SHED-CM abolished the expression of both osteoclast-inducing genes
(RANKL) and osteoclast-specific genes (TRAP, Cathepsin K, RANK,
NFATc1) in the joints. The BMSC-CM-mediated suppression was consid-
erably weaker than that of SHED-CM (Fig. 3C).

Next, we examined the concentration of osteoprotegerin (OPG), a
RANKL decoy receptor, in the SHED-CM. Human BMSCs constitutively
produce OPG, resulting in the inhibition of osteoclastogenesis and of

NFATc1 and Cathepsin K expression in the absence of cell–cell contact
[29]. ELISAs revealed that the OPG level in the SHED-CM was 2.8 times
that in the BMSC-CM (Fig. 3D). Next, to investigate the direct effect of
the CMs on osteoclastogenesis in vitro, bone marrow cells (BMCs)
were cultured in the presence of SHED-CM, BMSC-CM, or serum-free
DMEM (Control) under osteoclast differentiation conditions (in the
presence of RANKL and M-CSF). BMCs cultured in BMSC-CM or DMEM

Fig. 3. SHED-CM inhibits in vivo and in vitro osteoclastogenesis. (A) Representativemicroscopic images of the ankle joints fromDMEM-, BMSC- and SHED-CM-treatedmice onday 14. Serial
sectionswere stained for TRAP. Bar=50 μm. (B) Quantification of the TRAP-positive cells in the ankle joints (n=5per group). Data represent themean± SEM; **p b 0.01. (C) Expression
of osteoclast-related genes (TRAP, Cathepsin K, NFATc1, RANK, and RANKL) in paws obtained from DMEM-, BMSC-CM-, and SHED-CM-treatedmice on day 14 (n=5 per group). Data rep-
resent the mean ± SEM; *p b 0.05, **p b 0.01. (D) Osteoprotegerin levels in the BMSC-CM or SHED-CMmeasured by ELISA. Data represent the mean ± SEM; **p b 0.01. (E–F) Effect of
BMSC-CM, and SHED-CM on osteoclastogenesis in vitro (n = 5 per group). (E) Representative microscopic images and (F) quantification of the TRAP-positive cells. Data represent the
mean ± SEM; **p b 0.01. Bar = 100 μm. (G-H) Evaluation of bone-resorbing activity of osteoclasts affected by DMEM, BMSC-CM, and SHED-CM in vitro (n = 5 per group).
(G) Representativemicroscopic pit formation images. Pits were emphasizedwith von Kossa staining and (H) the percentage of pit area in relation to the total surface areawas calculated.
Data represent the mean ± SEM; **p b 0.01. Bar = 100 μm.
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differentiated intomultinucleated giant osteoclasts,whereas SHED-CM-
treated cells underwent reduced osteoclast differentiation and exhibit-
ed a uniquely elongated morphology (Fig. 3E). The number of
TRAP-positive osteoclasts was also significantly reduced in the SHED-
CM group (Fig. 3F). To evaluate the bone-resorbing activity of osteo-
clasts, we performed the pit formation assay with von Kossa staining.
The area and number of pit in SHED-CM were smaller significantly,
compared to DMEM and BMSC-CM (Fig. 3G, H).

3.4. SHED-CM induces anti-inflammatory M2-type circumstances in the
joints of CAIA

Two days after CM injection, we evaluated the levels of mRNAs
encoding M1-related mediators, including pro-inflammatory cytokines
(TNF-α, IL-1β, IL-6), inducible nitric oxide synthases (iNOS), and synovi-
al fibroblasts (SFs)-related matrix metalloproteinases (MMP3 and
MMP9) in thepaws. Both the SHED-CMandBMSC-CM treatment groups
showed significantly suppressed levels of the M1-related gene expres-
sion, compared to the DMEM group (Fig. 4A). The pan macrophage
marker, F4/80, was also significantly reduced in the SHED-CM group
(Fig. 4B). To evaluate M2 marker expression, each marker's level was
normalized to that of F4/80. Notably, M2-related genes (CD206, Argi-
nase1, and Fizz1) were up-regulated significantly in the SHED-CM
group (Fig. 4B).

3.5. ED-Siglec-9-depleted SHED-CM fails to suppress CAIA

We recently showed that SHED-CM contains the M2-inducing fac-
tors MCP-1 and ED-Siglec-9, and that the depletion of either of these
molecules abrogates the SHED-CM's ability to induce M2-like macro-
phages in vivo [25]. To determine the role of ED-Siglec-9 in SHED-CM-

mediated improvement in the CAIA model, we prepared d-SHED-CM
by immuno-depleting ED-Siglec-9 from SHED-CM (Fig. 5A). d-SHED-
CM-treated mice exhibited increased CAIA severity compared to
SHED-CM-treated mice (CAIA scores on day 8: DMEM, 11.67 ± 0.56;
d-SHED-CM, 8.71 ± 1.02; SHED-CM, 4.13 ± 0.69; P b 0.01 SHED-CM
versus DMEM or d-SHED-CM; Fig. 5B). The histological scores were
significantly higher in the d-SHED-CM treatment group than in the
SHED-CM group (Figs. 5C and D). In addition, mRNA analysis of the
joints revealed that d-SHED-CM failed to induceM2marker expression,
(Figs. 6A and B). These results suggest that ED-Siglec-9 induced the ex-
pression of M2-related mediators and played an essential role in the
SHED-CM-mediated abrogation of CAIA.

3.6. SHED-CM induces the M2 macrophages in vivo and in vitro

We immunohistologically examined the SHED-CM-mediated M2
macrophage induction. Both SHED-CM and BMSC-CM group reduced
the proportion of iNOS+F4/80+ M1 cells, compared to the DMEM or
d-SHED-CM groups (Fig. 7A). Notably, the proportion of CD206+F4/
80+ M2 cells was increased in the SHED-CM group, but not BMSC-CM
one (Fig. 7B).

We next examined whether SHED-CM was sufficient to induce the
M2 differentiation of BMCs in vitro. It has been reported that the M2
macrophages derived from BMCs display elongated shapes compared
to M1 macrophages [30]. We found that BMCs maintained spherical
cell shapes in DMEM or d-SHED-CM, while BMCs in SHED-CM were
elongated cell shapes (Fig. 8A). Immunohistochemical analysis revealed
that the number of CD206+macrophages was increased significantly in
SHED-CM, compared to DMEM, BMSC-CM, or d-SHED-CM (Fig. 8A). In
addition, mRNA analysis displayed that the M2-related genes, CD206,
Arginase1, were up-regulated significantly in SHED-CM (Fig. 8B).

Fig. 4. SHED-CM suppresses inflammation and induces anti-inflammatory M2-related gene expressions. Gene expressions in paws obtained from DMEM-, BMSC-CM-, and SHED-CM-
treatedmice on day 7 (n=5per group). Data represent themean± SEM; *p b 0.05, **p b 0.01. (A) Pro-inflammatory cytokine (TNF-α, IL-1β, IL-6), iNOS, andMMP expressions. The results
were normalized to that of the shamgroup. (B) Expression of F4/80, a panmacrophagemarker andM2-relatedmarkers (CD206, Arginase1, and Fizz1). F4/80 expressionwas normalized to
that of the sham group, and M2-related markers were normalized to the F4/80 expression in each sample.
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4. Discussion

Numerous studies have reported that the intravenous infusion or
intraarticular transplantation of various types of MSCs improves arthri-
tis symptoms in animal models, by paracrine mechanisms. However,
the therapeutic effects of the secreted factors alone, without the cell
graft, have been uncertain. Here, we report for the first time, to our
knowledge, the therapeutic potential of stem cell-derived CM for
treating RA. A single intravenous administration of SHED-CM after
CAIA onset prevented the exacerbation of arthritis symptoms. SHED-
CM shifted the pro-inflammatory synovial environment toward an
anti-inflammatory one by reducing the expression of mRNAs encoding
M1-related cytokines, iNOS, and tissue-damaging proteases, and in-
creasing the expression of anti-inflammatory M2-related genes. The
resulting synovial environment suppressed osteoclastogenesis and the
subsequent joint destruction of CAIA. Furthermore, SHED-CM directly
inhibited the RANKL-mediated osteoclast development of bonemarrow
cells. Taken together, our findings suggest that SHED-CM may provide
therapeutic benefits for RA.

We recently characterized the soluble factors in SHED-CM by cyto-
kine antibody array analysis and found that SHED-CM contained 79 of
the array proteins at more than 1.5 times the level in control DMEM
[25]. Here, we performed a cluster analysis of these proteins, and iden-
tified 6 with known functional properties that may be beneficial in
treating RA (Table 2). Hepatocyte growth factor (HGF) potently inhibits
collagen-induced arthritis (CIA) development by augmenting the
Th2-type response, which up-regulates IL-10 but down-regulates IL-17
production from Th17 cells [31]. Similarly, IL-22 reduces the severity of

experimental arthritis by increasing IL-10 expression [32]. The IL-1 re-
ceptor antagonist (IL-1Ra) suppresses IL-1 signaling, which plays a criti-
cal role in joint inflammation and bone destruction [33]. Receptor for
advanced glycation end products (RAGE) reduces pro-inflammatory
cytokine expression in CIA joints [34], and Furin prevents arthritis by
restoring the Th1/Th2 balance in the joint [35]. OPG, a decoy receptor
for RANKL, inhibits osteoclastogenesis [29]. The combination of MCP-1
and ED-Siglec-9 synergistically promotes M2-like cell differentiation
through the MCP-1 receptor, CCR2 [25]. Although the concentrations of
these factors in SHED-CM were low (data not shown), we believe that
their combinatorial effects could provide therapeutic benefits for RA. In
addition, the deposition of hyaluronan in hyperplastic extracellular
matrix is a peculiar characteristic of RA [36]. It has been shown that
ED-Siglec-9 bind to the deposited hyaluronan [37]. We speculate that
ED-Siglec-9 in SHED-CM also may bind to the joint hyaluronan. This
would increase the local concentration of ED-Siglec-9, which accelerates
M2 differentiation of synovial macrophages.

Our data showed that the SHED-CM-mediated improvement in arthri-
tis was associatedwith the induction ofM2 anti-inflammatory conditions
in CAIA joints. Notably, d-SHED-CM or BMSC-CM (which lacks M2-
inducing activity [25]), exhibited reduced therapeutic efficacy. These re-
sults are consistent with previous findings showing a central role for M2
cell induction in SHED-CM-mediated improvement in several animal
models, including acute rat spinal cord injury [25], bleomycin-induced
lung fibrosis [38], and fulminant hepatic failure (Matsushita, Y. et al., un-
published observation). M2 macrophages counteract pro-inflammatory
M1 conditions by secreting factors that promote cell survival, axonal re-
generation, and neovascularization, and inhibit fibrosis. Collectively,

Fig. 5. d-SHED-CM fails to ameliorate arthritis symptoms and tissue destruction in CAIA (A) ED-Siglec-9 and OPG levels in SHED-CM and d-SHED-CMweremeasured by ELISA (n=5 per
group). Data represent themean±SEM. (B)Disease scores of CAIAmice treatedwithDMEM, d-SHED-CM, or SHED-CM(n=8per group). Arthritis symptomswere evaluated by a blinded
independent observer for up to 14 days after mAb injection. Data represent the mean ± SEM; *p b 0.05, **p b 0.01. (C) Histological scores for synovial inflammation, bone erosion, and
cartilage damage as evaluated by a blinded independent observer. Data represent the mean ± SEM; *p b 0.05, **p b 0.01. (D) Representative microscopic images of ankle joints obtained
from DMEM-, d-SHED-CM-, or SHED-CM-treated mice on day 14 (n = 8 per group). Serial sections were stained with H-E. Bar = 300 μm.
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these findings support the notion that therapies promoting M1 to M2
macrophage polarization may provide therapeutic benefits in treating
various intractable diseases.

The blockade of osteoclastogenesis is another promising therapeutic
strategy for treating RA [6,39]. Our data suggest that SHED-CM inhibited
osteoclast differentiation through at least two mechanisms. SHED-CM
inhibited the abnormally high articular RANKL expression, whichmedi-
ates the osteoclastogenesis and bone destruction in CAIA. Several in-
flammatory cytokines abundant in the synovial fluid and synovium of
RA patients can induce RANKL expression on SFs (synovial fibroblasts)
resulting in increased RANKL signaling [40,41]. Our data revealed that

SHED-CM suppressed the expression of genes that are upregulated in
activated SFs, including RANKL, MMP3, and MMP9, indicating that
SHED-CM may indirectly suppress osteoclast differentiation by
inhibiting SF activation. Notably, the down-regulation of RANKL is
unique to SHED-CM, but not BMSC-CM. We speculate that SHED-CM-
induced synovial M2 macrophages exert a peculiar activity that
abolishes RANKL on SFs. The detail mechanisms of the regulation of
the RANKL expression by SHED-CM must be clarified in future study.

SHED-CMmay also inhibit osteoclastogenesis directly, through the ac-
tivity of OPG. A previous study suggested that BMSCs inhibit osteoclast
differentiation through OPG production [29]. Here we showed that

Fig. 6. d-SHED-CM fails to induce anti-inflammatory M2 circumstances in CAIA Gene expressions in the paws of DMEM-, d-SHED-CM-, and SHED-CM-treated mice on day 7 (n = 5 per
group). Data represent themean± SEM; *p b 0.05, **p b 0.01. (A) Pro-inflammatory cytokine (TNF-α, IL-1β, IL-6), iNOS, andMMP gene expressions. Gene expressions were normalized to
that of the sham group. (B) F4/80, a panmacrophagemarker andM2-relatedmarker (CD206, Arginase1, and Fizz1) gene expressions. F4/80 expressionwas normalized to that of the sham
group, and M2-related marker expressions were normalized to the F4/80 expression in each sample.

Fig. 7. SHED-CM reduces M1 but increasesM2macrophages in the joint synovium. (A, B) Representative immunohistological images and quantification of the joint synovial macrophages
on day 7 (n = 5 per group). (A) iNOS+F4/80+ M1 macrophages and (B) CD206+F4/80+ M2macrophages of DMEM, d-SHED-CM, SHED-CM. Boxed areas highlight macrophages of the
SHED-CM group. Data represent the mean ± SEM; **p b 0.01. Bar = 100 μm.
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SHED-CM inhibited in vitro osteoclastogenesis more potently than BMSC-
CM did, and found that OPG was present in SHED-CM at 2.8 times the
level in BMSC-CM (Fig. 3). Thus, OPG may play a role in the SHED-CM-
mediated suppression of osteoclastogenesis. Taken together, our data
suggest that SHED-CM inhibits osteoclast differentiation and subsequent
bone destruction through direct and indirect mechanisms.

In conclusion, here we showed that SHED-CM contained multiple
therapeutic factors with the potential for treating CAIA. Importantly,
we did not observe any adverse effects during the experimental treat-
ment period. Our findings suggest that SHED-CM inhibited inflamma-
tion, induced M2-type conditions, and suppressed osteoclastogenesis
and bone destruction in CAIA. Thus, SHED-CM may provide a novel
anti-inflammatory and reparative therapy for patients with RA.
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