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Full Length Article 
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A B S T R A C T   

Anti-resorptive drugs are widely used for the treatment of osteoporosis, but excessive inhibition of osteoclas
togenesis can suppress bone turnover and cause the deterioration of bone quality. Sialic acid-binding immu
noglobulin-like lectin 15 (Siglec-15) is a transmembrane protein expressed on osteoclast precursor cells and 
mature osteoclasts. Siglec-15 regulates proteins containing immunoreceptor tyrosine-based activation motif 
(ITAM) domains, which then induce nuclear factor of activated T-cells 1 (NFATc1), a master transcription factor 
of osteoclast differentiation. Anti-Siglec-15 antibody modulates ITAM signaling in osteoclast precursors and 
inhibits the maturation of osteoclasts in vitro. However, in situ pharmacological effects, particularly during 
postmenopausal osteoporosis, remain unclear. Here, we demonstrated that anti-Siglec-15 antibody treatment 
protected against ovariectomy-induced bone loss by specifically inhibiting the generation of multinucleated 
osteoclasts in vivo. Moreover, treatment with anti-Siglec-15 antibody maintained bone formation to a greater 
extent than with risedronate, the first-line treatment for osteoporosis. Intravital imaging revealed that anti- 
Siglec-15 antibody treatment did not cause a reduction in osteoclast motility, whereas osteoclast motility 
declined following risedronate treatment. We evaluated osteoclast activity using a pH-sensing probe and found 
that the bone resorptive ability of osteoclasts was lower following anti-Siglec-15 antibody treatment compared to 
after risedronate treatment. Our findings suggest that anti-Siglec-15 treatment may have potential as an anti- 
resorptive therapy for osteoporosis, which substantially inhibits the activity of osteoclasts while maintaining 
physiological bone coupling.   

1. Introduction 

Bone is a highly dynamic tissue that continuously undergoes bone 
formation and bone resorption, which is performed and regulated by 
several cell types. This sequential process, called bone remodeling, is 
well-coordinated so that homeostatic bone metabolism and skeletal 
strength are maintained [1]. Various cells and cytokines modulate bone 
remodeling, and imbalances in their equilibrium can lead to patholog
ical bone disorders, such as osteoporosis and osteopetrosis. Osteoporosis 
is characterized by the deterioration of bone microstructure and bone 

fragility, leading to a high risk of fracture [2]. Postmenopausal osteo
porosis, induced by estrogen deficiency following menopause, is one of 
the most common subtypes of primary osteoporosis. This condition, in 
which bone resorption is dominant over bone formation, results in bone 
loss [3]. 

The master transcriptional regulator of osteoclast differentiation is 
nuclear factor of activated T-cells 1 (NFATc1) [4]. Receptor activator of 
nuclear factor-κB ligand (RANKL), which binds to receptor activator of 
NF-κB (RANK), is one of the signals that regulates NFATc1. Proteins 
containing immunoreceptor tyrosine-based activation motif (ITAM) 
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domains also play important roles in NFATc1 regulation. ITAM domains 
are present on the transmembrane adaptor protein DNAX-activating 
protein 12 kDa (DAP12) and Fc receptor common γ chain (FcR-γ). 
Mice lacking both DAP12 and FcR-γ exhibit severe osteopetrosis and 
completely disrupted osteoclast differentiation [5,6], whereas DAP12- 
deficient mice exhibit mild osteopetrosis [7]. 

Sialic acid-binding immunoglobulin-like lectin 15 (Siglec-15) is a 
transmembrane protein that recognizes sialylated glycans and promotes 
osteoclast differentiation by binding to DAP12 [8,9]. Siglec-15 knockout 
mice exhibit mild osteopetrosis with no other apparent phenotype 
[10,11]. Thus, this molecule has been identified as a possible thera
peutic target for bone-destructive diseases [12,13]. Treatment with 
monoclonal antibodies against Siglec-15 reduces the number of multi
nucleated osteoclasts while preserving the number of mononuclear os
teoclasts in vitro, indicating the inhibitory effects of the antibodies on the 
multinucleation of osteoclasts during the terminal phase of differentia
tion. However, it is unclear whether anti-Siglec-15 antibodies impair the 
multinucleation of osteoclasts in vivo. Furthermore, anti-Siglec-15 anti
body treatment increases bone mass in healthy mice [12] and juvenile 
rats [14,15], but it remains unknown whether anti-Siglec-15 antibody 
treatment affects the cellular dynamics involved in bone remodeling of 
adults with postmenopausal osteoporosis. 

In this study, we investigated the effects of monoclonal antibodies 
targeting Siglec-15 on osteoclasts in a mouse model of ovariectomy- 
induced osteoporosis using intravital imaging with two-photon micro
scopy and bone morphometry. 

2. Materials and methods 

2.1. Mice 

Female C57BL/6J mice were purchased from Japan Clea (Tokyo, 
Japan). The generation of Col1a1(2.3)-enhanced cyan fluorescent pro
tein (ECFP) mice and tartrate-resistant acid phosphatase (TRAP)-tdTo
mato mice (C57BL6/background) has been described previously 
[16,17]. All mice were fed a standard diet (Oriental Yeast Co., Ltd., 
Tokyo, Japan; MF) and maintained under a 12-hour light/dark cycle in a 
specific pathogen-free animal facility at Osaka University (Osaka, 
Japan). All animal experiments were performed according to institu
tional animal experimental guidelines, using protocols approved by the 
Animal Experimental Committee of Osaka University. 

2.2. Drug treatments 

To induce osteoporosis, bilateral ovariectomy was performed in 
8–12-week-old female mice. Mice were divided into the sham operation 
group and the ovariectomy group. Ovariectomized mice were further 
assigned to 3 groups: treatment with rat immunoglobulin G (IgG) anti
body (FUJIFILM Wako Pure Chemical Corporation, 10 mg/kg, once 
every 2 weeks; control group), treatment with risedronate (EA Pharma 
Co., Ltd., Tokyo, Japan, 5 μg/kg, 2 times a week; RIS group), and 
treatment with the anti-Siglec-15 rat monoclonal antibody 32A1 (Daii
chi Sankyo Co., Ltd., Tokyo, Japan, 0.1 to 10.0 mg/kg, once every 2 
weeks; Siglec group). The generation of 32A1 was described previously 
[14,15]. 

2.3. Blood sampling and analysis 

Mice were sacrificed 14 days after ovariectomy. Blood samples were 
collected from the inferior vena cava and centrifuged for 15 min at 1700 
×g. The concentrations of the following markers were measured by 
Oriental Yeast Co., Ltd.: aspartate aminotransferase (AST; Japan Society 
of Clinical Chemistry [JSCC] transferable method), alanine amino
transferase (ALT; JSCC transferable method), total bilirubin (T-Bil; 
enzymatic method), total protein (TP; Biuret method), albumin (Alb; 
BCG method), and creatinine (Cre; enzymatic method). 

2.4. Micro-computed tomography 

Mice were euthanized 28 days after ovariectomy, and quantitative 
bone morphometric analyses of the femur and fifth vertebra were then 
performed using micro-computed tomography (μCT, ScanXmate-RX; 
Comscantecno, Kanagawa, Japan). Scanning was performed using a 
source voltage of 90 kV and a source current of 200 μA. Visualization 
and data reconstruction were performed using TRI/3D-BON software 
(RATOC System Engineering, Tokyo, Japan). 

2.5. Histomorphometric analysis 

To label active bone formation, all mice were injected subcutane
ously with tetracycline (20 mg/kg) and calcein (10 mg/kg) 5 days and 2 
days prior to sacrifice, respectively. The dissected and 70% ethanol- 
fixed right femur and vertebra were treated with Villanueva bone 
stain and embedded in methacrylate (Wako Pure Chemical Industries, 
Osaka, Japan) without decalcification. Histomorphometric bone pa
rameters were determined based on the standardized nomenclature for 
bone histomorphometry. 

2.6. Intravital two-photon bone imaging 

Mouse parietal bone marrow was observed by two-photon micro
scopy as described previously [16]. For cell deformation index (CDI) 
measurements, the imaging system consisted of an upright two-photon 
microscope (A1R-MP; Nikon, Tokyo, Japan) equipped with a 25×
water-immersion objective (APO: numerical aperture [NA], 1.1; Nikon). 
The system was driven by a dual-laser (Chameleon Vision II Ti: Sapphire; 
Coherent, Santa Clara, CA, USA) tuned to 860 and 1040 nm. Fluores
cence was detected by an external non-descanned detector (Nikon) with 
the following filters: 417/60 nm for the second harmonic generation, 
480/40 nm for ECFP, and 583/22 for tdTomato. For bone-resorbing 
index (BRI) measurements, the imaging system was composed of an 
upright two-photon microscope (LSM 780 NLO; Carl Zeiss) equipped 
with a 20× water-immersion objective (WPlan-Apochromat, NA 1.0). 
This system was driven by a laser (Chameleon Vision II Ti: Sapphire; 
Coherent) tuned to 940 nm. 

2.7. Cell deformation index analysis for quantifying osteoclastic activity 

Osteoclast morphological changes were quantified using the image 
analysis software CL-Quant 2.30 (Nikon). Cell shapes were recognized 
semi-automatically by the software, and the CDI was calculated as the 
ratio of the cell areas that changed over 10 min. CDI values negatively 
correlate with the bone resorptive activity of osteoclasts [18]. 

2.8. Bone-resorbing index analysis 

A pH-sensing chemical probe (pHocas-3) dissolved in phosphate 
buffered saline was injected subcutaneously at a dose of 5 mg/kg per day 
for 3 consecutive days before imaging. After raw images were processed 
by spectral unmixing, constant γ corrections were applied to all images 
using NIS Elements integrated software to enhance the signal-to-noise 
ratio: tdTomato, γ = 1.0; and pHocas-3, γ = 2.5. We assessed the 
bone-resorbing ability of osteoclasts after image acquisition. Osteoclast 
areas were binarized according to Otsu's thresholding method and 
automatically extracted from the original maximum intensity projection 
images. The mean pHocas-3 fluorescence intensities in osteoclast areas 
(pHocas-3 signals) and outside osteoclast areas (pHocas-3 noise) were 
measured. The bone-resorbing index (BRI) was determined by calcu
lating the signal-to-noise ratio of pHocas-3 [18]. 

2.9. Statistics 

Data were analyzed using GraphPad Prism software (GraphPad 
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Software Inc., San Diego, CA, USA). Statistical analysis was performed 
using one-way analysis of variance (ANOVA), followed by a Holm-Sidak 
test for comparisons among groups. In all analyses, P < 0.05 was taken 
to indicate statistical significance. 

3. Results 

3.1. Anti-Siglec-15 antibody treatment prevented bone loss following 
ovariectomy 

To investigate the effects of anti-Siglec-15 antibody treatment on 
estrogen deficiency-induced bone loss, we examined the trabecular bone 
of the femur and fifth vertebra by μCT analysis at 4 weeks after ovari
ectomy. In this experiment, we administered control IgG (10.0 mg/kg) 
and 32A1 (0.3 mg/kg, 1.0 mg/kg, 3.0 mg/kg, 10.0 mg/kg) once every 2 

Fig. 1. Effects of anti-Siglec-15 therapy on trabecular bone. (A) Representative 3D-reconstructed micro-computed tomography (μCT) images of a distal femur and a 
coronal section of the fifth vertebra 4 weeks after antibody treatment. Scale bar: 1 mm. (B, C) Ratio of trabecular bone volume to total bone volume (BV/TV), 
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) of the distal femur and fifth vertebra. Data were analyzed statistically 
using one-way ANOVA analysis (*P < 0.05). Ctrl, ovariectomized group receiving control IgG; RIS, ovariectomized group receiving risedronate; 32A1, ovariecto
mized group receiving anti-Siglec-15 antibody in increasing concentrations (0.1 mg/kg, 1.0 mg/kg, 3.0 mg/kg, 10.0 mg/kg). Data are presented as the mean ±
standard deviation. 
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weeks, and risedronate (5 μg/kg) twice per week. 
Fig. 1A presents representative images of the reconstructed distal 

femur and a coronal section of the vertebra. Fig. 1B and C present the 
parameters describing bone microarchitecture (ratio of trabecular bone 
volume to total bone volume [BV/TV], trabecular thickness, trabecular 
number [Tb.N], and trabecular separation). The antibody control group 
had lower BV/TV and Tb.N compared to the sham group. A dose- 
dependent increase in BV/TV was observed in the Siglec group: when 
the concentration of 32A1 was >1.0 mg/kg, the BV/TV was significantly 
higher than in the control group, similar to the RIS group. These results 
suggest that anti-Siglec-15 antibody therapy for bone loss following 
ovariectomy is as effective as risedronate treatment. There were no side 
effects of 32A1 (10 mg/kg), such as weight loss (Supplementary Fig. 1A) 
or liver and kidney dysfunction (Supplementary Fig. 1B). Furthermore, 
we analyzed the effects of 32A1 on trabecular bone in control sham- 
operated mice, to investigate the effects of steady-state drug concen
trations. In these mice, 32A1 (10 mg/kg) treatment also ameliorated the 
changes in bone mass of the femur and vertebra (Supplementary Fig. 2). 
Based on these results, 32A1 was administered at a concentration of 10 
mg/kg in subsequent experiments. 

3.2. Anti-Siglec-15 antibody inhibited osteoclast multinucleation in vivo 

To further investigate the effects of anti-Siglec-15 antibody treat
ment in vivo, we examined the histomorphometry of trabecular bone in 
the third lumbar vertebra. Both risedronate and anti-Siglec-15 antibody 
treatments caused decreases in the number of osteoclasts and the surface 
of osteoclasts per bone surface (Fig. 2A). The number, and therefore 
generation, of multinucleated osteoclasts were higher in mice that had 
been subjected to ovariectomy (Fig. 2A). “Giant osteoclasts”, defined as 
those with more than 10 nuclei [19], were observed in the RIS group, 
but not in the Siglec group (Fig. 2B). The number of multinucleated 
osteoclasts was lower in the Siglec than RIS group (Fig. 2A). Both 
risedronate and anti-Siglec-15 antibody treatment reduced the number 
of mononuclear osteoclasts compared to the control group, but there 
was no significant difference between these two groups (Supplementary 
Fig. 3). In the control group, hook-shaped deep-bone resorption fossa 
were observed, which signified activated bone resorption. Both risedr
onate and anti-Siglec-15 antibody treatments reduced the eroded sur
face per bone surface ratio, but this effect was more prominent in the 
Siglec group (Fig. 2A). These findings indicated that anti-Siglec-15 
antibody treatment had a more significant effect on bone resorption 
compared to risedronate under our experimental conditions. Therefore, 
the pharmacological effects of the anti-Siglec-15 antibody appear to 

Fig. 2. Histomorphometric analysis of the third vertebrae of 12-week-old mice. (A) Ratio of osteoclast number to bone surface (N.Oc/BS), osteoclast surface to bone 
surface (Oc.S/BS), number of multinuclear osteoclasts per bone surface (N.Multi Oc/BS), eroded surface per bone surface (ES/BS). (B) Villanueva bone staining. 
Osteoclasts attached to eroded surfaces are shown. The white arrow indicates the depth of erosion. Mo, mononuclear osteoclast; Mu, multinuclear osteoclast. Scale 
bar: 10 μm. Ctrl, ovariectomized group receiving control IgG; RIS, ovariectomized group receiving risedronate; 32A1, ovariectomized group receiving anti-Siglec-15 
antibody. Data were analyzed statistically using one-way ANOVA analysis (*P < 0.05). Data are presented as the mean ± standard deviation. 
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involve the inhibition of osteoclast multinucleation, which differs from 
the effect of risedronate in vivo. 

3.3. Anti-Siglec-15 antibody treatment maintained bone formation more 
effectively than risedronate treatment 

Anti-resorptive drugs also affect bone formation by inhibiting oste
oclasts. Therefore, we further analyzed parameters related to bone for
mation. The number of osteoblasts per bone surface (N.Ob/BS) and the 
surface of osteoblasts per bone surface (Ob.S/BS) were lower in the RIS 
group than in the control group (Fig. 3A). In contrast, anti-Siglec-15 
antibody treatment did not significantly reduce the N.Ob/BS or the 
Ob.S/BS (Fig. 3A). No significant differences in osteoid surface per bone 
surface were observed between the groups. However, osteoid volume 
per bone volume (OV/BV) was lower in the RIS group than in the control 
group. The Siglec group maintained similarly high values of OV/BV to 
the control group. The mineralizing surface per bone surface ratio, 

mineral apposition rate (MAR), and bone formation rate per bone sur
face (BFR/BS) were lower in the RIS group than in the control group 
(Fig. 3A, B). However, the MAR and BFR/BS were higher in the Siglec 
group than in the RIS group (Fig. 3A). Taken together, these results 
indicate that anti-Siglec-15 antibody does not attenuate bone formation; 
this is in contrast to risedronate, which negatively affects bone 
formation. 

3.4. Effects of antibody treatment on the motility and activity of 
osteoclasts 

Next, we assessed how the inhibition of multinucleation affects 
cellular function in the mature osteoclasts of living mice using intravital 
imaging, a technique that enables the visualization of bone remodeling. 
Dynamic motility (amoeboid movement) was evaluated via CDI analysis 
(Fig. 4A, B). The CDI values were lower in the control and RIS groups 
than in the sham group. In contrast, the CDI values were the highest in 

Fig. 3. Histomorphometric analysis of the third vertebrae of 12-week-old mice. (A) Number of osteoblasts per bone surface (N.Ob/BS), osteoblast surface per bone 
surface (Ob.S/BS), osteoid surface per bone surface (OS/BS), osteoid volume per bone volume (OV/BV), mineralizing surface per bone surface (MS/BS), mineral 
apposition rate (MAR), and bone formation rate per bone surface (BFR/BS). (B) Double-labeled bands fluorescently visualized using tetracycline (yellow) and calcein 
(green). Scale bar: 10 μm. Ctrl, ovariectomized group receiving control IgG; RIS, ovariectomized group receiving risedronate; 32A1, ovariectomized group receiving 
anti-Siglec-15 antibody. Data were analyzed statistically using one-way ANOVA (*P < 0.05). Data are presented as the mean ± standard deviation. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the Siglec group compared to both the control and RIS groups. We 
further examined the bone resorptive activity of osteoclasts using a pH- 
sensing probe (Fig. 4C, D). The BRI values were higher in the control and 
RIS groups than in the sham group. In contrast, the BRI values were 
lower in the Siglec group than in the RIS group. These results suggest 
that anti-Siglec-15 antibody treatment strongly inhibits bone resorptive 
activity. 

Regions of bone that exhibit osteoblast-osteoclast interactions are 
typically observed in the reversal phase of bone remodeling, where bone 
formation is active. Therefore, we further analyzed the crosstalk be
tween osteoblasts and osteoclasts. Larger-sized osteoclasts were 
observed in the RIS group than in the Siglec group. Furthermore, the 
smaller-sized osteoclasts in the Siglec group were in contact with oste
oblasts (Supplementary Fig. 4), suggesting that anti-Siglec-15 antibody 
treatment did not disturb cellular communications between osteoblasts 
and osteoclasts, in contrast to risedronate. 

4. Discussion 

Siglec-15 is involved in the maturation of osteoclasts by regulating 
ITAM signaling, which is necessary for the phosphorylation of NFATc1, 
a master regulator of osteoclast differentiation [10]. While Siglec-15 is 
localized intracellularly in human myeloid cells in the lymph nodes and 
spleen [20], it is expressed on the surface of osteoclasts [8,10,12], thus 
enabling the anti-Siglec-15 antibody to act as an anti-resorptive agent. In 
this study, we found that anti-Siglec-15 antibody treatment reduced 
ovariectomy-induced bone loss by inhibiting the generation of multi
nucleated osteoclasts and preserving bone formation. 

Estrogen deficiency induces postmenopausal osteoporosis, which is 
the most common subtype of primary osteoporosis [21]. Although 
anabolic agents such as parathyroid hormone and anti-sclerostin anti
bodies strongly increase bone mass, the duration of administration is 
limited to 2 years and 1 year, respectively. As the predominant effect of 
estrogen deficiency is osteoclast activation, the administration of anti- 
resorptive agents to treat postmenopausal osteoporosis seems to be a 

Fig. 4. Effects of each drug on the motility and acidification of osteoclasts. (A) The cell deformation index (CDI) was calculated as (A + C) / (A + B), where the ratio 
of the area changed during a 10-min period was divided by that of the previous time frame. (B) CDI of osteoclasts with and without osteoporosis after the 
administration of control IgG, risedronate, and anti-Siglec-15 antibody. Data points represent single cells collected from 3 to 4 mice/group. (C) Representative images 
of bone resorption activity in TRAP-tdTomato mice treated with the pH-sensing chemical probe (pHocas-3) (upper). Mature osteoclasts expressing TRAP-tdTomato 
signals (middle), and green fluorescent signals at a low pH (lower). Scale bar: 50 μm. (D) The bone-resorbing index (BRI) of osteoclasts. Data points represent single 
visual fields collected from 3 to 4 mice/group. Ctrl, ovariectomized group receiving control IgG; RIS, ovariectomized group receiving risedronate; 32A1, ovariec
tomized group receiving anti-Siglec-15 antibody. Data were analyzed statistically using one-way ANOVA analysis (*P < 0.05). Data are presented as the mean ±
standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

H. Tsukazaki et al.                                                                                                                                                                                                                             



https://doi.org/10.1016/j.bone.2021.116095
https://doi.org/10.1016/j.bone.2021.116095
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0005
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0005
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0010
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0010
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0015
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0015
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0020
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0020
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0020
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0020
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0025
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0025
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0025
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0025
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0025
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0030
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0030
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0030
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0030
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0035
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0035
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0035
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0035
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0035
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0040
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0040
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0040
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0045
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0045
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0045
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0045
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0050
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0050
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0050
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0050
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0050


�%�R�Q�H ������ ������������ ������������

8

[11] Y. Hiruma, E. Tsuda, N. Maeda, A. Okada, N. Kabasawa, M. Miyamoto, H. Hattori, 
C. Fukuda, Impaired osteoclast differentiation and function and mild osteopetrosis 
development in Siglec-15-deficient mice, Bone. 53 (2013) 87–93. 

[12] M. Stuible, A. Moraitis, A. Fortin, S. Saragosa, A. Kalbakji, M. Filion, G. 
B. Tremblay, Mechanism and function of monoclonal antibodies targeting siglec-15 
for therapeutic inhibition of osteoclastic bone resorption, J. Biol. Chem. 289 (2014) 
6498–6512. 

[13] Y. Kameda, M. Takahata, S. Mikuni, T. Shimizu, H. Hamano, T. Angata, 
S. Hatakeyama, M. Kinjo, N. Iwasaki, Siglec-15 is a potential therapeutic target for 
postmenopausal osteoporosis, Bone. 71 (2015) 217–226. 

[14] D. Sato, M. Takahata, M. Ota, C. Fukuda, E. Tsuda, T. Shimizu, A. Okada, 
Y. Hiruma, H. Hamano, S. Hiratsuka, R. Fujita, N. Amizuka, T. Hasegawa, 
N. Iwasaki, Siglec-15-targeting therapy increases bone mass in rats without 
impairing skeletal growth, Bone. 116 (2018) 172–180. 

[15] D. Sato, M. Takahata, M. Ota, C. Fukuda, T. Hasegawa, T. Yamamoto, N. Amizuka, 
E. Tsuda, A. Okada, Y. Hiruma, R. Fujita, N. Iwasaki, Siglec-15-targeting therapy 
protects against glucocorticoid-induced osteoporosis of growing skeleton in 
juvenile rats, Bone. 135 (2020) 115331. 

[16] M. Furuya, J. Kikuta, S. Fujimori, S. Seno, H. Maeda, M. Shirazaki, M. Uenaka, 
H. Mizuno, Y. Iwamoto, A. Morimoto, K. Hashimoto, T. Ito, Y. Isogai, M. Kashii, 
T. Kaito, S. Ohba, U.I. Chung, A.C. Lichtler, K. Kikuchi, H. Matsuda, H. Yoshikawa, 
M. Ishii, Direct cell-cell contact between mature osteoblasts and osteoclasts 
dynamically controls their functions in vivo, Nat. Commun. 9 (2018) 300. 

[17] J. Kikuta, Y. Wada, T. Kowada, Z. Wang, G.H. Sun-Wada, I. Nishiyama, 
S. Mizukami, N. Maiya, H. Yasuda, A. Kumanogoh, K. Kikuchi, R.N. Germain, 
M. Ishii, Dynamic visualization of RANKL and Th17-mediated osteoclast function, 
J. Clin. Invest. 123 (2013) 866–873. 

[18] H. Maeda, T. Kowada, J. Kikuta, M. Furuya, M. Shirazaki, S. Mizukami, M. Ishii, 
K. Kikuchi, Real-time intravital imaging of pH variation associated with osteoclast 
activity, Nat. Chem. Biol. 12 (2016) 579–585. 

[19] R.S. Weinstein, P.K. Roberson, S.C. Manolagas, Giant osteoclast formation and 
long-term oral bisphosphonate therapy, N. Engl. J. Med. 360 (2009) 53–62. 

[20] T. Angata, Y. Tabuchi, K. Nakamura, M. Nakamura, Siglec-15: an immune system 
Siglec conserved throughout vertebrate evolution, Glycobiology. 17 (2007) 
838–846. 

[21] R. Eastell, T.W. O’Neill, L.C. Hofbauer, B. Langdahl, I.R. Reid, D.T. Gold, S. 
R. Cummings, Postmenopausal osteoporosis, Nat. Rev. Dis. Primers 2 (2016) 
16069. 

[22] N.B. Watts, D.L. Diab, Long-term use of bisphosphonates in osteoporosis, J. Clin. 
Endocrinol. Metab. 95 (2010) 1555–1565. 

[23] L.Y. Park-Wyllie, M.M. Mamdani, D.N. Juurlink, G.A. Hawker, N. Gunraj, P. 
C. Austin, D.B. Whelan, P.J. Weiler, A. Laupacis, Bisphosphonate use and the risk of 
subtrochanteric or femoral shaft fractures in older women, JAMA. 305 (2011) 
783–789. 

[24] I.R. Reid, J. Cornish, Epidemiology and pathogenesis of osteonecrosis of the jaw, 
Nat. Rev. Rheumatol. 8 (2012) 90–96. 

[25] J. Compston, Pathophysiology of atypical femoral fractures and osteonecrosis of 
the jaw, Osteoporos. Int. 22 (2011) 2951–2961. 

[26] M. Yagi, T. Miyamoto, Y. Sawatani, K. Iwamoto, N. Hosogane, N. Fujita, K. Morita, 
K. Ninomiya, T. Suzuki, K. Miyamoto, DC-STAMP is essential for cell–cell fusion in 
osteoclasts and foreign body giant cells, J. Exp. Med. 202 (2005) 345–351. 

[27] T. Miyamoto, The dendritic cell-specific transmembrane protein DC-STAMP is 
essential for osteoclast fusion and osteoclast bone-resorbing activity, Mod. 
Rheumatol. 16 (2006) 341–342. 

[28] Y. Ikebuchi, S. Aoki, M. Honma, M. Hayashi, Y. Sugamori, M. Khan, Y. Kariya, 
G. Kato, Y. Tabata, J.M. Penninger, N. Udagawa, K. Aoki, H. Suzuki, Coupling of 
bone resorption and formation by RANKL reverse signalling, Nature. 561 (2018) 
195–200. 

[29] S. Lotinun, R. Kiviranta, T. Matsubara, J.A. Alzate, L. Neff, A. Lüth, I. Koskivirta, 
B. Kleuser, J. Vacher, E. Vuorio, W.C. Horne, R. Baron, Osteoclast-specific 
cathepsin K deletion stimulates S1P-dependent bone formation, J. Clin. Invest. 123 
(2013) 666–681. 

[30] C.N. Bennett, H. Ouyang, Y.L. Ma, Q. Zeng, I. Gerin, K.M. Sousa, T.F. Lane, 
V. Krishnan, K.D. Hankenson, O.A. MacDougald, Wnt10b increases postnatal bone 
formation by enhancing osteoblast differentiation, J. Bone Miner. Res. 22 (2007) 
1924–1932. 

[31] S. Takeshita, T. Fumoto, K. Matsuoka, K.A. Park, H. Aburatani, S. Kato, M. Ito, 
K. Ikeda, Osteoclast-secreted CTHRC1 in the coupling of bone resorption to 
formation, J. Clin. Invest. 123 (2013) 3914–3924. 

[32] I. Byrjalsen, D.J. Leeming, P. Qvist, C. Christiansen, M.A. Karsdal, Bone turnover 
and bone collagen maturation in osteoporosis: effects of antiresorptive therapies, 
Osteoporos. Int. 19 (2008) 339–348. 

H. Tsukazaki et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0055
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0055
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0055
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0060
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0060
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0060
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0060
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0065
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0065
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0065
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0070
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0070
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0070
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0070
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0075
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0075
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0075
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0075
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0080
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0080
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0080
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0080
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0080
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0085
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0085
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0085
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0085
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0090
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0090
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0090
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0095
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0095
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0100
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0100
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0100
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0105
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0105
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0105
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0110
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0110
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0115
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0115
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0115
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0115
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0120
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0120
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0125
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0125
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0130
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0130
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0130
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0135
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0135
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0135
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0140
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0140
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0140
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0140
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0145
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0145
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0145
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0145
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0150
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0150
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0150
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0150
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0155
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0155
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0155
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0160
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0160
http://refhub.elsevier.com/S8756-3282(21)00257-X/rf0160

	Anti-Siglec-15 antibody suppresses bone resorption by inhibiting osteoclast multinucleation without attenuating bone formation
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Drug treatments

	3 Results
	3.1 Anti-Siglec-15 antibody treatment prevented bone loss following ovariectomy

	4 Discussion


