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a b s t r a c t

Recognition of oligodeoxynucleotides containing CpG motifs (CpG-ODNs) by toll-like receptor 9 (TLR9)
inhibits RANKL-induced osteoclastogenesis from precursors. This inhibitory effect suggests the possibility
of using this strategy to block pathological bone loss. However, the enhancing effect of CpG-ODNs on OC
formation from RANKL-primed pre-osteoclasts (pOCs) has hampered their clinical use. In this report, we
developed a CpG-KSK13 oligonucleotide with an alternative CpG motif, and tested its effect on osteo-
clastogenesis in comparison with previously used murine CpG motif (CpG-1826) or human CpG motif
(CpG-2006) oligonucleotides. Murine CpG-1826 inhibited RANKL-induced OC formation from BMMs
but not from RANKL-primed pOCs, while CpG-KSK13 treatment strongly inhibited OC formation from
both BMM and primed pOC cells. CpG-KSK13 also showed a potent inhibitory effect on human OC differ-
entiation using peripheral blood mononuclear cells (PBMCs), which was in contrast to the species-specific
response of murine CpG-1826 or human CpG-2006. Moreover, CpG-KSK13 effectively inhibited NFATc1
activity, but not NF-jB or AP-1 activity, and decreased TREM-2 promoter activity and subsequent surface
expression of the TREM-2 protein induced by M-CSF and RANKL. These results demonstrate that the rec-
ognition of CpG-KSK13 via TLR9 inhibits osteoclastogenesis by down-regulating TREM-2 expression.
Thus, our findings provide evidence for the potential use of CpG-KSK13 as an anti-osteoclastogenic agent
for human and for pre-clinical animals.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Bone resorbing osteoclasts (OCs) are highly specialized multi-
nucleated giant cells that are differentiated from the monocyte/
macrophage lineage of hematopoietic cells [1,2]. Two factors, mac-
rophage colony-stimulating factor (M-CSF) and receptor activator
of NF-jB ligand (RANKL), are required for osteoclast (OC) forma-
tion, survival, and function [3]. In addition, recent evidence has
suggested that immunoreceptors, such as osteoclast-associated
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receptor (OSCAR) and triggering receptor expressed by myeloid
cells (TREM)-2, which are associated with the immunoreceptor
tyrosine-based activation motif (ITAM) containing adaptor pro-
teins, FcE receptor I c chain (FcRc) or DAP12, are important for
osteoclastogenesis, as well as OC maturation and function in vitro
and in vivo [4–7]. These OSCAR-FcRc and TREM-2-DAP12 signaling
complexes act as the co-stimulatory signals on OC precursors and
are required for RANKL-mediated activation of calcium signaling,
which leads to NFATc1 activation during osteoclastogenesis [7].

Toll-like receptors (TLRs) on host cells are responsible for the in-
nate immune response by recognizing pathogen-associated micro-
bial molecules [8]. This recognition occurs in TLR-expressing cells of
hematopoietic origin as well as immune cells, which provides a
mechanism by which these factors can modulate cellular response
[9]. In line with this notion, bone resorbing OCs originating from
hematopoietic cells are modulated by TLR signaling during micro-
bial infection [10]. The pattern recognition in OC precursors of var-
ious ligands including peptidoglycan, poly (I:C) dsRNA, bacterial
lipopolysaccharide (LPS), and unmethylated CpG motifs on bacte-
rial DNA by TLR2, 3, 4, and 9, respectively, inhibit OC formation
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[10]. These modulations via TLR interactions can be expected to be
regulatory factors controlling pathological bone loss.

Particular attention has focused on TLR9 as a clinical target for
modulating the immunostimulatory effect mediated by synthetic
oligodeoxynucleotides containing CpG motifs (CpG-ODNs) against
cancer, allergy, and autoimmune diseases [11,12]. Because of its
TLR9 dependent modulatory effect on osteoclastogenesis [13],
CpG immunotherapy has been suggested as a source of therapeu-
tics for bone-degenerating diseases. However, the clinical applica-
tion of CpG-ODNs has been deterred by a limitation; the dual
opposing effects of CpG-ODNs on osteoclastogenesis, primarily an
inhibitory effect on OC precursors and a stimulatory effect on
pre-osteoclasts (pOCs) primed by RANKL [10,13–15]. The dual ef-
fects are due to the decrease in M-CSF receptors on OC precursors
and the increase in TNF-a and RANKL expression in RANKL-primed
cells [16,17]. An in vivo study showed that CpG-ODNs induce OC-
like cell formation through a direct effect on RANKL-primed cells
and thereby increase bone loss in diseases such as periodontitis
and rheumatoid arthritis [16,18]. More importantly, since in-
creased RANKL secretion by cancer cells is highly associated with
osteolysis in bone tumor [16], the undesirable bone loss can be oc-
curred in the immunotherapy using CpG-ODNs in the treatment of
cancer. In this regard, it is important to predict in vivo outcomes of
CpG immunotherapy affecting human bones using the data from
pre-clinical animals. However, the species restriction of CpG-ODNs
has posed difficulty in extrapolating animal data to human [19].
Therefore, it is desirable to develop an immunotherapeutic ap-
proach using new CpG-ODNs that are more effective in OC sup-
pression irrespective of species.

In this study, we have developed a new CpG-ODN, CpG-KSK13,
which showed an enhanced inhibitory effect on murine bone mar-
row macrophages (BMMs)-derived and human peripheral blood
monocyte (PBMC)-derived OC formation. This inhibitory effect was
due to the down-regulation of TREM-2 expression in osteoclast pre-
cursors, which regulates NFATc1 activity. These results provide the
possibility of utilizing this new CpG-ODN, CpG-KSK13, in the clinical
setting as an anti-osteoclastogenic therapeutic agent.

Materials and methods

Reagents and antibodies. RANKL and M-CSF were purchased from
PeproTech (Rocky Hill, NJ). Lipofectamine 2000TM was from Invitro-
gen Life Technologies (Carlsbad, CA). The TLR9 antibody was from
Cell Signaling (San Diego, USA). The TREM-1 and TREM-2 antibod-
ies were from Abcam (Cambridge, UK). The TRAP staining kit
(387A), actin antibody and all other reagents were from Sigma–Al-
drich (St. Louis, MO). CpG-ODNs were completely phosphorothio-
ate-modified as previously described [20,21] and were provided
by MWG-Biotech AG (Ebersberg, Germany). The sequences used
in this study are as follows: non-CpG, 50-TCC AGG ACT TCT CTC
AGG TT-30; human CpG-2006, 50-TCG TCG TTT TGT CGT TTT GTC
GTT-30; murine CpG-1826, 50-TCC ATG ACG TTC CTG ACG GTT-30;
and new CpG-KSK13, 50-TCG TCG TTT TCG TCG TCG TTTT-30. All
CpG-ODNs contained <0.1 EU/ml of endotoxin as determined by
the Limulus assay (Bio-Whittaker, Walkersville, MD, USA).

Osteoclast differentiation. Mouse bone marrow (BM)- or human
peripheral blood mononuclear cell (PMBC)-derived OCs were gen-
erated as previously described [22]. Non-adherent bone marrow
cells were cultured with M-CSF (30 ng/ml) for 3 days; the resulting
bone marrow macrophages (BMMs) were then used as OC precur-
sors. Cells were cultured in a-MEM/10% FBS with M-CSF (30 ng/ml)
plus RANKL (100 ng/ml) for 3 days to obtain pOCs. Generation of
mature OCs was achieved by additional culturing for 2 days in
the same conditions. PBMCs were obtained from peripheral blood
of healthy donors and cultured with M-CSF (100 ng/ml) plus
RANKL (100 ng/ml) for 7–9 days.
Tartrate-resistant acid phosphatase (TRAP) staining. OC formation
was determined by staining for TRAP activity using the Leukocyte
Acid Phosphatase Assay kit (Sigma). Cells were fixed with 3.7%
formaldehyde for 5 min and stained according to the manufac-
turer’s instruction.

Luciferase reporter assay. To examine the transcriptional activity
of AP-1, NF-jB and NFATc1 or the OSCAR and TREM-2 promoter
activity, murine BMMs were transiently transfected with the corre-
sponding luciferase reporter constructs. Transfected cells were pre-
treated with or without a non-functional negative control CpG mo-
tif ODN (nCpG) or a murine-specific CpG-ODN (CpG-1826) for 24 h
and subsequently incubated with M-CSF (30 ng/ml) plus RANKL
(100 ng/ml) for 24 h. Cells were lysed in Glo Lysis Buffer (Promega)
and the luciferase activity was measured using a luminescence
counter.

Flow cytometry analysis. To determine the surface expression of
TREM-1 and TREM-2, cells were incubated with the indicated Abs
for 20 min on ice and washed 3 times with PBS. Flow cytometric
analysis was performed using a FACSCalibur flow cytometer. Cell-
Quest software (Becton Dickinson) was used for data acquisition
and analysis.

Statistical analysis. Each experiment was performed 3–5 times.
All quantitative experiments were performed in triplicate and the
data are shown as means ± SD. Statistical significance was ana-
lyzed by unpaired Student t test.
Results

Potent inhibition of CpG-KSK13 on osteoclast differentiation from
mouse precursors

Several studies have shown opposing effects of CpG-ODNs via
TLR9 interaction on OC differentiation: an inhibitory effect on OC
precursors and a stimulatory effect on RANKL-primed cells [13–
15]. To explore the effect of a new CpG-ODN, CpG-KSK13, on OC
differentiation, we first examined the effect of CpG-KSK13 on
osteoglastogenesis using two stage cells of BMMs or RANKL-
primed pOCs and compared it with the known effect of a previous
murine-specific CpG-ODNs (CpG-1826) that showed a similar dual
effect on osteoclastogenesis [14]. As shown in Fig. 1A, non-CpG-
ODNs with a non-functional CpG motif, murine CpG-ODNs, CpG-
1826, or our new CpG-KSK13 was added to BMMs at day 0
(Fig. 1A, I) or to pOCs at day 3 (Fig. 1A, II) along with M-CSF and
RANKL. Consistent with other findings [13,14], we found that the
treatment with CpG-1826 (1826) or CpG-KSK13 (KSK13) inhibited
RANKL-induced OC formation in murine BMMs (Fig. 1B, upper (I),
and C). In contrast, CpG-KSK13 exerted an inhibitory effect on OC
differentiation in RANKL-primed pOCs, which was distinct from
the stimulatory effect of murine CpG-1826 in those cells (Fig. 1C,
lower (II), and D). These data indicate that the inhibitory effect of
CpG-KSK13 on osteoclastogenesis is more potent than that of pre-
vious CpG-ODNs.

KSK-CpG13 inhibits both murine BMM- and human PBMC-derived
osteoclastogenesis

Since the effects of CpG-ODNs have been reported to be species-
specific [19,23], it would be advantageous to develop alternative
CpGs that show similar efficacy on both murine and human sys-
tems, in order to consider their use in the clinical setting. To deter-
mine whether the effect of CpG-KSK13 was species-restricted, we
compared its potency with the effect of previous CpG-ODNs on
murine BMM- or human PBMC-derived osteoclastogenesis using
three different CpG-ODNs: human prototype CpG-2006 (2006),
murine CpG-1826 (1826), and our new CpG-KSK13 (KSK13). Mur-



Fig. 1. The effects of a new synthetic CpG-ODN, CpG-KSK13, on RANKL-induced osteoclastogenesis. (A) Experimental scheme of osteoclastogenesis using mouse BMMs. Non-
functional negative CpG motif (nCpG), murine-specific CpG-1826 (1826) or new synthetic CpG-ODNs, CpG-KSK13 (KSK13), was added at the stage of BMMs (I) or RANKL-
primed pOCs (II) during osteoclastogenesis. (B–D) Effects of CpG-KSK13 on osteoclastic differentiation. BMMs (I) or pOCs (II) were treated with nCpG (10 lg/ml), CpG-1826
(1826) (10 lg/ml) or CpG-KSK13 (KSK13) (10 lg/ml) and cultured with M-CSF (30 ng/ml) plus RANKL (100 ng/ml) to generate OCs. The cells were fixed and stained for TRAP
(B). TRAP+ multinuclear cells with more than three nuclei were scored (C,D). N.S, not significant; **P < 0.01 as compared with nCpG-treated group.

Fig. 2. Inhibitory effects of CpG-KSK13 on murine BMM- and human PBMC-derived
osteoclastogenesis. (A,B) Inhibition of BMM- or PBMCs-derived osteoclast formation
by CpG-KSK13. OCs were generated from BMMs (A) and human peripheral blood
monocytes (PBMCs) (B) in the presence of nCpG or human specific CpG-2006
(2006), murine-specific CpG-1826 (1826), or the new synthetic CpG-KSK13
(KSK13). After TRAP staining, TRAP+ multinuclear cells with more than three nuclei
were scored. N.S, not significant; **P < 0.01 as compared with nCpG-treated group.
+MR, M-CSF plus RANKL.
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ine CpG-1826 or human CpG-2006 exerted only the inhibitory ef-
fect on osteoclastogenesis from the mouse BMMs (Fig. 2A) or hu-
man PBMCs (Fig. 2B), respectively. However, we found that CpG-
KSK13 dramatically inhibited OC formation in both murine BMMs
and human PBMCs (Fig. 2, A and B).

TLR9 activation inhibits NFATc1 activity by RANKL in BMMs

In this study, CpG-KSK13 showed an inhibitory effect on
RANKL-induced osteoclastogenesis from BMMs and pOCs. To fur-
ther define the inhibitory mechanism of CpG-KSK13 on osteo-
clastogenesis, we tested whether the activation of TLR9
recognized by CpG motifs was involved in RANKL-induced activa-
tion of transcription factors such as NF-jB, AP-1, and NFATc1.
We found a �9-, �60-, or �12-fold increase in AP-1- (Fig. 3A),
NF-jB- (Fig. 3B), and NFATc1-mediated transcriptional activity
(Fig. 3C), respectively, in transfected BMMs treated for 24 h with
nCpG in the presence of M-CSF and RANKL compared to the un-
treated cells. Notably, CpG-1826 or CpG-KSK13 significantly inhib-
ited M-CSF plus RANKL-induced transcriptional activity of NFATc1
(Fig. 3C), but did not inhibit the transcriptional activity of AP-1
(Fig. 3A) and NF-jB (Fig. 3B). These results demonstrate that
CpG-KSK13 treatment inhibits NFATc1 activity, resulting in the
failure of OC formation.

TLR9 activation decrease surface expression of TREM-2

The cooperative signaling from co-receptors such as OSCAR and
TREM-2 is important for NFATc1 activation through cell-to-cell
contact of OC precursors [4]. To define the possible mechanisms
by which TLR9 activation by CpG-1826 or CpG-KSK13 controlled
NFATc1 activity in BMMs, we examined the effect of those CpG-
ODNs on OSCAR- and TREM-2 expression in our murine OC differ-
entiation system. We found that M-CSF plus RANKL stimulation for
24 h in the presence of nCpG induced OSCAR promoter activity by



Fig. 3. Effects of CpG-KSK13 on transcription factor activation in osteoclast
precursors. (A–C) BMMs were transfected with a luciferase plasmid carrying the
binding site for the indicated transcription factor. After 24 h, cells were pre-treated
with or without nCpG, CpG-1826 (1826) or CpG-KSK13 (KSK13) for 30 min and then
additionally incubated with M-CSF (30 ng/ml) plus RANKL (100 ng/ml) for 24 h.
Cells were lysed and then subjected to the luciferase assay. N.S, not significant;
**P < 0.01 as compared with nCpG-treated group. +MR, M-CSF plus RANKL.
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�40-fold (Fig. 4A) and TREM-2 promoter activity by �11-fold
(Fig. 4B) in transfected BMMs compared to the untreated cells.
Both CpG-1826 and CpG-KSK13 treatment of M-CSF plus RANKL-
stimulated BMMs did not affect the OSCAR promoter activity
(Fig. 4A). In contrast, CpG-1826 and CpG-KSK13 treatment signifi-
cantly reduced TREM-2 promoter activity, as compared to the
nCpG-treated cells (Fig. 4B). TREM-2 promoter activity increased
by �9-fold and by �3-fold, respectively, after treatment with
CpG-1826 and CpG-KSK13, which was less than that of the �11-
fold induced by nCpG treatment (Fig. 4A and B). Interestingly, we
found that the inhibitory effect of CpG-KSK13 treatment on
TREM-2 promoter activity was more potent than that of CpG-
1826 (Fig. 4B).

In correlation with TREM-2 promoter activity, the surface
expression of TREM-2 in BMMs was up-regulated by M-CSF plus
RANKL treatment for 24 and 48 h in a time-dependent manner
(Fig. 4C, right), which was similar to the upregulation of TREM-1
surface expression (Fig. 4C, left). CpG-1826 and CpG-KSK13 treat-
ment did not have an effect on the M-CSF plus RANKL-stimulated
TREM-1 surface expression (Fig. 4D, left). Strikingly, treatment
with KSK-CpG13 caused a marked decrease in TREM-2 surface
expression after 48 h stimulation with M-CSF and RANKL com-
pared to the untreated or nCpG-treated cells; CpG-1826 treatment
showed less reduction (Fig. 4D, right). These results suggest that
CpG-KSK13 inhibits osteoclastogenesis through down-regulation
of TREM-2 expression on OC precursors.
Discussion

In this study, we found potent inhibitory effects of a new syn-
thetic CpG-ODN, CpG-KSK13, on OC formation from both OC pre-
cursors and RANKL-primed pOCs (Fig. 1). The effect of CpG-
KSK13 shows distinct characteristics from that of previous CpG-
ODNs, suggesting an advantage of CpG-KSK13 to overcome the
opposing effects of various CpG-ODNs on OC differentiation. More-
over, the similar efficacy profile of CpG-KSK13 on murine and hu-
man system (Fig. 2) enables one to predict the physiological
response in human based on results from in vivo pre-clinical tests
of murine bone loss models. It may be helpful to predict the effi-
cacy of CpG-ODN as potential anti-osteoclastogenic therapeutics.

To define the underlying mechanism for the potent inhibitory
effect of CpG-KSK13 during osteoclastogenesis, we focused on
the activation status of transcription factors in OC precursors. It
is well established that RANKL–RANK signaling is crucial for the
activation of NF-jB, AP-1, and NFATc1 transcription factors in OC
precursors [24]. As shown in Fig. 3, CpG-KSK13 treatment led to
no difference in AP-1 activity (Fig. 3A), an increase in NF-jB activ-
ity (Fig. 3B), and a decrease in NFATc1 activity (Fig. 3C) in response
to M-CSF plus RANKL. It is interesting that CpG-KSK13 can inhibit
osteoclastogenesis, even while CpG-KSK13 activates NF-jB by
RANKL treatment (Fig. 3B), which is consistent with the previous
findings using CpG-1826 [14]. Based on our findings, CpG-KSK13
probably blocked osteoclastogenesis by suppressing NFATc1 activ-
ity known to be essential for the OC differentiation-related gene
expression [24].

How does CpG-KSK13 decrease NFATc1 activity? A previous re-
port supported a positive feedback loop in the immunoreceptor-
NFATc1 pathway during osteoclastogenesis and proposed two
means of NFATc1 activation [25]. One explanation of NFATc1 acti-
vation is that RANKL-induced NFATc1 activity induces OSCAR
expression during osteoclastogenesis by binding to the OSCAR pro-
moter. Another explanation is that the cooperative signaling by
immunoreceptors with RANKL–RANK signaling on OC precursors
that is required for selective NFATc1 activation. In this context,
we hypothesized that CpG-KSK13 might influence the expression
of OSCAR or TREM-2. As shown in Fig. 3A, CpG-KSK13 decreased
TREM-2 promoter activity but not OSCAR promoter activity, allow-
ing us to rule out the former possibility. One report showed that
RANKL stimulation with M-CSF failed to induce TREM-2 mRNA
expression [25]. In contrast, it was reported that the surface
expression of TREM-2 was increased by M-CSF treatment in mur-
ine BMMs, an effect that was made more robust by co-treatment
of M-CSF and RANKL [26]. In human PBMCs, M-CSF alone increased
TREM-2 surface expression [27]. This knowledge has led to us to
focus on whether CpG-KSK13 regulates the surface expression of
TREM-2 in our culture system. As expected, M-CSF plus RANKL
treatment increased TREM-2 surface expression to a greater degree
(Fig. 4C) than M-CSF alone (data not shown). Furthermore, its
expression was suppressed by CpG-KSK13 treatment (Fig. 4D).
Therefore, it is conceivable that TLR9 activation by CpG-KSK13
treatment down-regulates TREM-2 expression leading to subse-
quent suppression of NFATc1 activity and inhibition of OC
differentiation.

A critical role for TREM-2 in functional multinucleated OCs for-
mation is suggested from the evidence showing the impaired bone
resorptive activity in TREM-2-deficient patients [27]. Even while



Fig. 4. Down-regulation of TREM-2 expression on osteoclast precursors by CpG-KSK13. (A,B) BMMs were transfected with an OSCAR (A) or TREM-2 promoter-dependent
reporter plasmid (B). After 24 h, cells were treated with or without nCpG, CpG-1826 (1826) or CpG-KSK13 (KSK13) in the presence of M-CSF (30 ng/ml) plus RANKL (100 ng/
ml) for 24 h. Cells were lysed and then subjected to the luciferase assay. N.S, not significant; *P < 0.05; **P < 0.01 as compared with nCpG-treated group. +MR, M-CSF plus
RANKL. (C) Induction of TREM-1 and TREM-2 surface expression by M-CSF plus RANKL. BMMs were cultured with M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 24 h (red
solid) or 48 h (green solid). (D) Decreased surface expression of TREM-2 by CpG-KSK13 treatment. BMMs were cultured without (red solid) or with nCpG (green solid), CpG-
1826 (1826) (pink dashed) or CpG-KSK13 (KSK13) (blue solid) in the presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 48 h. Cells were stained with fluorescein
conjugated anti-TREM-1 (left), anti-TREM-2 (right) or an isotype control antibody (black solid, 2nd Ab) and then subjected to flow cytometry analyses. M + R, 30 ng/ml of M-
CSF plus 100 ng/ml of RANKL.
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our findings suggest new evidence that TREM-2 expression in OC
precursors could be regulated by TLR9 activation, the underlying
mechanism for down-regulation of TREM-2 by CpG-KSK13 remains
unclear. We cannot exclude the possibility that CpG-KSK13 may
influence TREM-2 expression by inhibiting the expression of the
M-CSF receptor in OC precursors at early steps of osteoclast differ-
entiation similar to the effects of other CpG-ODNs [14,15]. The
molecular cross-talk between these two innate immune receptors,
TLR9 and TREM-2, in OC precursors should be further defined.

In conclusion, this study shows that a new CpG-ODN, CpG-
KSK13, blocks osteoclastogenesis in vitro via TREM-2 down-regula-
tion and NFATc1 inhibition. Our results provide a basis for develop-
ment of a therapy using CpG-KSK13 targeting of TREM-2 for OC-
associated bone diseases.
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