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Summary

Systemic bone loss is a hallmark of rheumatoid arthritis (RA). Inflammatory
cytokines such as interleukin (IL)-6 promote bone resorption by osteoclasts.
Sphingosine-1-phosphate (S1P) controls the migration of osteoclast precur-
sor cells (OCPs) between the blood and bone marrow, in part via S1P recep-
tors (S1PR1 and S1PR2) expressed on the surface of OCPs. OCPs
(CD11b+Gr-1low+med) isolated from bone marrow of DBA/1J mice were stimu-
lated with IL-6. S1P-directed chemotaxis of OCPs was evaluated using a
transwell plate. mRNA expression of S1PR1 and S1PR2 was measured.
DBA/1J mice were immunized with bovine type II collagen (days 0 and 21)
and anti-mouse IL-6 receptor antibody (MR16-1) was administered on days
0 and/or 21. Trabecular bone volume was analysed using micro-computed
tomography. The percentage of OCPs in tibial bone marrow and S1PR1 and
S1PR2 mRNA expression in OCPs were measured. IL-6 stimulation signifi-
cantly decreased S1P-directed chemotaxis of OCPs. IL-6 induced S1PR2
mRNA expression, but not S1PR1 mRNA expression, in OCPs. Bone volume
was significantly lower in arthritic mice than in non-arthritic control mice
on day 35. Treatment of immunized mice with MR16-1 significantly inhib-
ited bone loss. In MR16-1-treated mice, the percentage of OCPs and expres-
sion of S1PR2 mRNA was each decreased compared with arthritic mice on
day 14, but not on day 35. IL-6 increased the number of OCPs in tibial bone
marrow via up-regulating S1PR2, thus playing a crucial role in systemic bone
loss induced by inflammation.
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Introduction

Patients with rheumatoid arthritis (RA) often experience
systemic bone loss during the early phase of the disease, and
generalized osteoporosis is seen frequently in patients with
longer disease duration [1]. Bone metabolism in patients
with systemic osteoporosis is characterized by increased
bone resorption that arises from chronic and systemic
inflammatory processes.

The most extensively studied mechanisms of bone
resorption concern how osteoclasts differentiate and how
they become activated under inflammatory conditions. As a
pathogenic mechanism of bone destruction, osteoclasts
activated by inflammatory cytokines are thought to be
responsible for systemic bone erosion. Receptor activator of

nuclear factor (NF)-κB ligand (RANKL) is an essential
factor for osteoclastogenesis [2,3]; it stimulates precursor
cells of the myeloid lineage to differentiate into osteoclasts
by binding to its signalling receptor, RANK [4,5]. RANKL
also acts at all other stages of osteoclast generation and
activity by stimulating osteoclast migration, fusion, activa-
tion and survival. It is reported that RANKL is produced by
synovial fibroblasts, osteoblasts and lymphocytes [6].

More recently, the regulation of migration and position-
ing of osteoclast precursor cells (OCPs) has been attracting
attention [7–15]. Ishii and colleagues have reported that
highly organized migration of OCPs occurs between bone
marrow and the bloodstream [16,17]. They showed that the
mechanisms controlling the initial localization of OCPs into
the bone space or counteracting the tendency of S1P to
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promote movement of OCPs between bone marrow and
blood are in part via the S1P receptor 1 (S1PR1) and S1P
receptor 2 (S1PR2) expressed on the surface of OCPs.
S1PR1 mediates chemoattraction towards higher concen-
trations of S1P (from the bone marrow where S1P concen-
tration is low towards the blood, where S1P concentration is
high), whereas S1PR2 mediates chemorepulsion away from
higher concentrations of S1P (from the blood where S1P
concentration is high to the bone marrow, where S1P con-
centration is low). Inhibition of S1PR2 function changed
the dynamics of OCP migration and relieved osteoporosis
in a mouse model of bone loss [16,17].

Collagen-induced arthritis (CIA) is a widely studied
model for understanding the pathogenesis of RA because its
pathological features are similar to those of RA, with
pannus formation, cartilage/bone erosion and systemic
bone loss [18,19]. Moreover, it has been reported that
raloxifene and zoledronic acid, which inhibit bone resorp-
tion and have a beneficial effect in the treatment of osteo-
porosis, also show therapeutic effects in the CIA model
[18,19], which indicates that CIA is a useful model for
evaluating the effect of drugs on the signs and symptoms of
not only RA but also osteoporosis. We have reported that
anti-interleukin (IL)-6 receptor (anti-IL-6R) antibody
inhibits joint swelling in the CIA model [20]; however, it
has not yet been evaluated whether intervention with anti-
IL-6R antibody is effective against systemic bone loss.

In the present study, we investigated whether anti-IL-6R
antibody inhibits systemic bone loss in the CIA model and
the manner in which it exerts its effect. We found that
anti-IL-6R antibody inhibited systemic bone loss and
decreased the number of OCPs in tibial bone marrow via
down-regulating S1PR2, which plays a crucial role in
systemic bone loss.

Methods

Reagents

Rat anti-mouse IL-6R antibody (MR16-1) was prepared in
our laboratories [21]. Macrophage colony-stimulating
factor (M-CSF) and soluble RANKL (sRANKL) were pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan). Mouse IL-6 was purchased from Peprotech (Rocky
Hill, NJ, USA) and mouse S1P was purchased from Sigma-
Aldrich (St Louis, MO, USA).

Animals

Male DBA/1J mice were purchased from Charles River
Japan (Yokohama, Japan). The specific pathogen-free mice
were kept in cages in a room maintained at 20–26°C at a
relative humidity of 55–75%. The experimental protocol
was approved by the Institutional Animal Care and Use
Committee of Chugai Pharmaceutical Co., Ltd.

Induction of collagen-induced arthritis

CIA, which is thought to be due to anti-bovine type II colla-
gen antibody, was induced as described previously, with
modifications [20]. In brief, male DBA/1J mice (9 weeks
old) were immunized intradermally at the base of the tail
with 200 μg of bovine type II collagen (4 mg/ml; Collagen
Research Center, Tokyo, Japan) emulsified with an equal
volume of complete adjuvant H37Ra (Difco, Detroit, MI,
USA). Three weeks later (day 21), mice received a booster
immunization in the same manner. The clinical symptoms
of arthritis in all four limbs were evaluated with a visual
scoring system. Arthritic lesions were graded on a scale of
0–4, where: 0 = no change, 0·5 = swelling and erythema of 1
digit, 1 = swelling and erythema of 2 or more digits,
2 = mild swelling and erythema of the limb, 3 = gross swell-
ing and erythema of the limb and 4 = gross deformity and
inability to use the limb. The arthritis score for each mouse
was the sum of the score of each of the four limbs, the
maximum possible score thus being 16. The arthritis score
was assessed from 21 days after the first immunization.

Treatment regimen

Mice in the non-arthritic control group did not receive any
intervention treatment. Mice in the MR16-1-treated
arthritic group were each injected intraperitoneally with
8 mg of MR16-1 in 800 μl of phosphate-buffered saline
(PBS) before immunization on the day of first immuniza-
tion (day 0) and/or before immunization 21 days later (day
21). Mice in the control arthritic group were injected
intraperitoneally with PBS at the same times as the MR16-
1-treated arthritic group. Each group consisted of eight to
nine animals.

Structural analysis using micro-computed
tomography (micro-CT)

Micro-CT is being used increasingly to measure the
3-dimensional (3D) bone structure of small animals
because of its relative rapidity compared with conventional
histology and its non-invasiveness and high spatial resolu-
tion [22–25]. In order to investigate the effects of MR16-1
treatment on the trabeculae in the cancellous tissue in the
femur, 3D trabecular analysis was performed by scanning
micro-CT (μCT 40; Scanco Medical, Zurich, Switzerland).
The femur was scanned in 90 slices from the end of the
growth plate. On the original 3D images, morphometric
indices were determined directly from the binarized volume
of interest (VOI) [26]. Probably the most known and most
used output of micro-CT analyses of bone is the bone
volume over total volume index (BV/TV, usually reported as
a percentage value). It indicates the fraction of a given VOI
that is occupied by mineralized bone (bone volume).
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Analysis by fluorescence-activated cell sorter

Tibial bone marrow was isolated and passed through cell
strainers to obtain single-cell suspensions. Single-cell sus-
pensions were incubated with the Fc-receptor-blocking
antibodies anti-CD16 and anti-CD32 (BD Biosciences,
Franklin Lakes, NJ, USA) and then stained for 30 min with
allophycocyanin (APC)-conjugated anti-CD11b antibody
(BD Biosciences) and phycoerythrin (PE)-conjugated anti-
Gr-1 antibody (BD Biosciences). A FACSCanto II Flow
Cytometer (BD Biosciences) and FACSDiva software (BD
Biosciences) were used for analysis.

In-vitro induction of osteoclasts from OCPs isolated
from bone marrow

Bone marrow cells were isolated from male DBA/1J mice (9
weeks old). Cell suspensions from bone marrow were
labelled with antibodies to CD11b and Gr-1 and were
sorted into CD11b+Gr-1low+med cells (the OCP subset) and
CD11b+Gr-1high cells with a fluorescence-activated cell sorter
(FACSAria III; BD Biosciences). OCPs were seeded into
96-well plates (0·5 × 105 cells/well) and cultured for 5 days
in α-modified Eagle’s medium (MEM) supplemented with
10% fetal bovine serum (FBS), M-CSF (30 ng/ml) and
sRANKL (100 ng/ml). Cultured cells were fixed with 10%
formalin in PBS for 10 min at room temperature. After
treatment with ethanol/acetone (50:50 vol/vol) for 1 min,
the well surface was air-dried and incubated for 30 min at
room temperature with a tartrate-resistant acid phos-
phatase isoform (TRAP)-staining solution consisting
of 0·1 M sodium acetate (pH 5·0) containing 0·01%
naphthol AS-MX phosphate (Sigma-Aldrich) and 1% N,
N-dimethylformamide as a substrate, and 0·06% fast red
violet LB salt (Sigma-Aldrich) as a stain for the reaction
product in the presence of 50 mM sodium tartrate. TRAP-
positive multi-nuclear cells containing more than three
nuclei were counted as osteoclasts.

Analysis of gene expression in OCPs from
bone marrow

OCPs were isolated as described above. OCPs (1 × 105 cells/
0·1 ml/well) were cultured with mouse IL-6 (1 or 10 ng/ml)
for 24 h in RPMI-1640 supplemented with 10% FBS. Total
RNA was extracted by using an RNeasy kit (Qiagen, Valen-
cia, CA, USA), according to the kit manufacturer’s protocol.
cDNA was synthesized with an Omniscript RT kit (Qiagen)
using random 9-mer primers (TaKaRa, Shiga, Japan),
according to the kit manufacturer’s protocol. Quantitative
real-time polymerase chain reaction (PCR) was performed
by running a TaqMan gene expression assay (Applied
Biosystems, Foster City, CA, USA), targeting mouse S1PR1,
S1PR2 and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) on an ABI PRISM 7500 system (Applied Bio-
systems) according to the manufacturer’s protocol.

Migration assay

Migration assays were performed according to the method
described previously [27]. OCPs were incubated with IL-6
(10 ng/ml) in RPMI-1640 with 0·4 mg/ml fatty acid-free
bovine serum albumin (BSA) (Calbiochem, La Jolla, CA,
USA) for 24 h. OCPs (2 × 106 cells/0·1 ml/well) were added
to the upper wells of 24-well, 5 μm pore, polycarbonate cell
culture inserts (Costar, St Louis, MO, USA) with 0·6 ml of
S1P (10−7 M) in the lower wells. The migration assays were
conducted in RPMI-1640 with 0·4 mg/ml fatty acid-free
BSA for 4 h. The numbers of OCPs at the start minus the
number of OCPs at the end were counted as the number
that migrated.

Statistical analysis

Statistical significances were estimated by Wilcoxon’s test,
Welch test, unpaired t-test and Dunnett’s multiple compari-
son test using a statistical software package (SAS Institute
Japan, Tokyo, Japan), with the significance level set to 5%.

Results

Effect of IL-6 on the migration of OCPs and on the
expression of S1PR2 on OCPs

First, by using typical osteoclast markers, CD11b and Gr-1,
we examined which type of cells differentiated into
osteoclasts. Bone marrow cells were sorted into CD11b+Gr-
1high and CD11b+Gr-1low+med fractions, and these cells were
incubated with RANKL and M-CSF. CD11b+Gr-1low+med but
not CD11b+Gr-1high cells differentiated into TRAP-positive
osteoclasts (Fig. 1a). From these results, we defined
CD11b+Gr-1low+med cells to be osteoclast precursor cells
(OCPs).

We used a cell culture insert to examine how IL-6 would
affect migration of OCPs towards S1P. OCPs migrated
towards the higher concentration of S1P (Fig. 1b). Con-
versely, treatment with IL-6 significantly inhibited the
migration of OCPs.

OCPs express S1PR1 and S1PR2, each of which play a
role in regulating the migration of OCPs towards S1P. To
examine whether IL-6 regulated the expression of S1PR1
and S1PR2 and the migration of OCPs towards high con-
centrations of S1P, OCPs were sorted from bone marrow
cells and incubated with IL-6. Stimulation with IL-6
induced expression of S1PR2 which affects migration away
from S1P, but did not induce expression of S1PR1 which
affects migration towards S1P (Fig. 1c).
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Effect of MR16-1 on systemic bone loss in the
CIA model

We have reported previously that in the mouse CIA model
the concentration of IL-6 in serum increases dramatically
the day after immunizations on days 0 and 21 [28]. There-
fore, MR16-1 was administered on days 0 and 21 to inhibit
IL-6 signalling. Injection of MR16-1 on days 0 and 21 sig-
nificantly blocked the onset of arthritis (Fig. 2a). The inci-
dence of arthritis in the arthritic control group was 100%,
whereas the incidence of arthritis in the MR16-1-treated
group was 50% on day 35. The serum level of IL-6, which is
a marker of IL-6 signalling in CIA, was inhibited almost
completely by MR16-1 treatment on day 35 (Supporting
information, Fig. S1). To address the effect of MR16-1 on
systemic bone loss, we used micro-computerized tomogra-
phy (CT) to evaluate the distal ends of the right and left
femur (Fig. 2b,c). In the CIA model on day 35, but not on
day 14, the BV/TV ratio of the arthritic control group was
reduced significantly compared with that of the non-
arthritic control group. MR16-1 treatment increased the

BV/TV ratio significantly with respect to that in the
arthritic control group on day 35 (BV/TV = 0·056 ± 0·005
in the MR16-1 group versus BV/TV = 0·037 ± 0·004 in the
arthritic group, P = 0·0064). The arthritis score and BV/TV
on day 35 in both the arthritic group and the MR16-1
group was correlated significantly (Fig. 2d).

Effect of MR16-1 on the accumulation of OCPs in
bone marrow

Next, we examined whether OCPs accumulated into bone
marrow and how MR16-1 affected OCP numbers in bone
marrow. The percentage of OCPs was significantly higher in
bone marrow from mice with CIA than in bone marrow
from non-arthritic control mice both on days 14 and 35
(Fig. 3a,b). MR16-1 treatment reduced significantly the per-
centage of OCPs on day 14, but not on day 35 (8·02 ± 0·7 in
the MR16-1 group on day 14 versus 12·40 ± 0·88 in the
arthritic group, P = 0·0012).

The expression level of S1PR2 in the arthritic group
was increased compared with level in the non-arthritic
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control group (Fig. 4a,b). MR16-1 treatment reduced
S1PR2 expression significantly on day 14, but not day 35
(1·38 ± 0·091 in the MR16-1 group on day 14 versus
2·77 ± 0·723 in the arthritic group, P = 0·0133). There was

no difference in levels of S1PR1 between any of the groups
(Fig. 4a,b).

Finally, we administered MR16-1 once on day 0 or once
on day 21 to explore which injection was most useful for
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suppressing systemic bone loss (Fig. 5a,b). Treatment on
day 0 inhibited arthritis score and systemic bone loss sig-
nificantly on day 35, but treatment on day 21 did not.

Discussion

Several studies have demonstrated that the S1P–S1PR
pathway operates to control egress of lymphocytes from
primary and secondary lymphoid organs [16,27,29].

Moreover, it is now clear that osteoclast accumulation in
bone marrow is also strictly controlled by the S1P–S1PR
pathway [16,17]. Although it is not fully understood how
the S1P–S1PR pathway is regulated in the course of sys-
temic bone loss, it was recently reported that higher circu-
lating S1P levels are associated with higher bone resorption
and lower bone mineral density in women [30]. Conversely,
the expression levels of S1PR2 in the course of systemic
bone loss have not been examined. To our knowledge, the
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current study is the first to demonstrate that expression of
S1PR2 on OCPs increased in CIA mice, resulting in the
accumulation of OCPs in bone marrow.

We also found that S1PR2 on OCPs was up-regulated by
IL-6 and that migration of OCPs towards S1P was reduced
significantly in OCPs treated with IL-6 compared to OCPs
not treated with IL-6. As reported previously, S1PR2 medi-
ates chemorepulsion away from the blood, where the S1P
concentration is higher than in bone marrow, and regulates
the steady-state migration propensities of OCPs, constitut-
ing one part of a cycle that together with chemoattraction
mediated by S1PR1 that may play a crucial role in the
control of osteoclastogenesis and bone remodelling [17].
From these results, a possible mechanism of the systemic
bone loss by IL-6 seen in this arthritis model is as follows:
(1) S1PR2 on OCPs is up-regulated by IL-6; (2)
up-regulated S1PR2 inhibits the egress of OCPs from bone
marrow and induces; and (3) osteoclasts differentiated from
OCPs promote bone destruction.

We defined CD11b+Gr-1low+med cells as OCPs because
these cells differentiated into TRAP-positive osteoclasts
when stimulated with M-CSF and RANKL. De Klerck et al.
have reported that RANK is expressed only in CD11b+ cells
and not in CD11b− cells, indicating that at least CD11b+

cells can differentiate into osteoclasts [31]. Gr-1 is a marker
of bone marrow granulocytes, and the CD11b+Gr-1high

population was located within the SSChigh FSCint–high pheno-
type which is a granulocyte fraction. Indeed, CD11b+Gr-
1low+med cells but not CD11b+Gr-1high cells differentiated into
TRAP-positive osteoclasts.

Inflammatory cytokines play a crucial role in the patho-
genesis of CIA in mice. IL-6 and tumour necrosis factor
(TNF)-α both induce osteoclastogenesis, and both IL-6-
and TNF-α-over-expressing transgenic mice are observed to
have osteopaenia [32,33]. However, there is an apparent dif-
ference between these cytokines in CIA mice. Although IL-6
and sIL-6R are abundant in the whole body, TNF-α is con-
centrated at sites of inflammation. Indeed, we found that
IL-6 and sIL-6R were detectable in the serum of CIA mice
and that the concentration of serum IL-6 was higher in CIA
mice than in non-arthritic control mice; conversely, TNF-α
was hardly detected in serum (Supporting information,
Fig. S1). In RA patients, too, as with arthritic mice, levels of
IL-6 and sIL-6R in the serum and synovial fluid are higher
than levels in healthy individuals or in patients with osteo-
arthritis [34]. Therefore, IL-6-induced systemic osteopenia
is very likely to occur in patients with RA. More recently, it
has been reported that treatment with the humanized anti-
IL-6R antibody tocilizumab reduced markers of bone
resorption, telopeptide of type I collagen (CTX-I) and
C-telopeptide pyridinoline cross-links of type I collagen
(ICTP) and induced limited repair of bone erosions [35–
37]. It is possible that these results can be explained partly
by the inhibition of systemic bone loss resulting from
tocilizumab inhibiting the IL-6 in RA.

MR16-1-mediated effects on S1PR2 expression and on
infiltration of OCPs into bone marrow were detectable in
arthritic mice on day 14; however, these effects were not
detectable on day 35, despite the mice receiving a second
MR16-1 injection on day 21. From the serum IL-6 level on
day 35 (Supporting information, Fig. S1), we confirmed
that MR16-1 inhibited IL-6 signalling. Therefore, it seems
that another factor might have induced S1PR2 expression
on day 35. It has been reported that lipopolysaccharides
induce S1PR2 expression in human microvascular
endothelial cells [38]; therefore, it is possible that a factor
other than IL-6 induced OCP accumulation via S1PR2
expression.

This raises the question of whether MR16-1 treatment
reduces arthritis-associated osteoporosis in a direct or indi-
rect manner. It is possible that the beneficial effects of
MR16-1 on osteoporosis seen in vivo are due mainly to a
reduction in overall severity of arthritis, which then leads
to lower systemic concentrations of proinflammatory
mediators; therefore, MR16-1 possibly acts only indirectly.
A correlation between arthritis score and BV/TV was
observed in both the arthritic group and the MR16-1-
treated arthritic group. Although this result suggests that
the inhibitory effect of MR16-1 on arthritis severity coin-
cides with reduced systemic bone loss, it is not clear
whether there is a direct effect on OCP accumulation or an
indirect effect via reducing systemic concentrations of
proinflammatory mediators. Further studies in RA patients
with respect to the relationship between the expression of
S1PR2 and the clinical response after anti-IL-6 therapy
is necessary to clarify whether MR16-1 treatment acts
directly or indirectly to reduce arthritis-associated systemic
bone loss.

In the present study, we demonstrated for the first time
that S1PR2 expression on OCPs was increased in an arthri-
tis model, resulting in the accumulation of OCPs in bone
marrow. We also showed that IL-6 increases the number of
OCPs in tibial bone marrow via up-regulating S1PR2,
and plays a crucial role in systemic bone loss induced by
inflammation.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s website:

Fig. S1. The serum concentration of cytokine. Cytokine
levels in sera were measured by ELISA. Sera were obtained
on Day 35. Each column indicates the mean and SD of 8–9
animals.
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