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Abstract

:

It is well known that Semaphorin 4D (Sema4D) inhibits IGF-1-mediated osteogenesis by binding with PlexinB1 expressed on osteoblasts. However, its elevated level in the gingival crevice fluid of periodontitis patients and the broader scope of its activities in the context of potential upregulation of osteoclast-mediated periodontal bone-resorption suggest the need for further investigation of this multifaceted molecule. In short, the pathophysiological role of Sema4D in periodontitis requires further study. Accordingly, attachment of the ligature to the maxillary molar of mice for 7 days induced alveolar bone-resorption accompanied by locally elevated, soluble Sema4D (sSema4D), TNF-α and RANKL. Removal of the ligature induced spontaneous bone regeneration during the following 14 days, which was significantly promoted by anti-Sema4D-mAb administration. Anti-Sema4D-mAb was also suppressed in vitro osteoclastogenesis and pit formation by RANKL-stimulated BMMCs. While anti-Sema4D-mAb downmodulated the bone-resorption induced in mouse periodontitis, it neither affected local production of TNF-α and RANKL nor systemic skeletal bone remodeling. RANKL-induced osteoclastogenesis and resorptive activity were also suppressed by blocking of CD72, but not Plexin B2, suggesting that sSema4D released by osteoclasts promotes osteoclastogenesis via ligation to CD72 receptor. Overall, our data indicated that ssSema4D released by osteoclasts may play a dual function by decreasing bone formation, while upregulating bone-resorption.
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1. Introduction


Periodontal diseases (PD) is one of the most prevalent diseases in humans, affecting 42.2% of the United States population with 7.8% of people experiencing severe periodontitis [1]. Moreover, an increasing number of reports support PD as a risk factor for many systemic diseases [2,3]. PD is characterized by chronic inflammation of tooth-supporting tissue, which leads to connective tissue destruction and alveolar bone resorption [4,5]. The etiology of multifaceted PD remains elusive, especially in light of unclarified etiopathological differences between PD and gingivitis, noting that gingivitis involves inflammation in the periodontium without causing bone resorption [6]. We know that host immune response to periodontopathic bacteria likely involves the recruitment of inflammatory cells that trigger an inflammatory cascade accompanied by abundant tissue damage, including the bone resorption seen in PD [7,8,9,10,11]. We also know that the progression of PD causes irreversible bone loss mediated by pathogenically promoted osteoclastogenesis via local production of receptor activator of NF-kB ligand (RANKL) by bacterial reactive immune cells [9,12,13].



Homeostatic bone remodeling consists of bone catabolic activity (bone resorption) mediated by osteoclasts, followed by bone anabolic activity by osteoblasts. Bone regenerative factors that stimulate the anabolic activity of osteoblasts are released during bone resorption [14,15]. This stimulation of osteoblast activity in response to osteoclast-mediated resorption is termed “coupling” [16], which is believed to mediate the homeostatic remodeling of the healthy bone. However, consensus supports that the coupling mechanism is dysregulated in the context of diseased bone, in particular, periodontitis [17]. This explains, in part, why bone regeneration rarely occurs in the periodontal tissue affected by periodontitis. Currently, the molecular mechanism underlying irreversible bone loss observed in periodontitis remains to be elucidated.



Semaphorin 4D (Sema4D), also known as CD100, is a cell-surface protein originally identified as expressed in immune cells [18]. Belonging to the Semaphorin family of secreted, membrane-bound proteins [19,20], Sema4D binds to three different receptors, including the high-affinity receptor Plexin-B1 and the low-affinity receptors CD72 and Plexin-B2 [21,22]. Sema4D is a multifunctional molecule [21,23] in that it has distinct roles in immune response [24,25], axonal guidance [26,27], and angiogenesis [28]. More recently, it has also been reported that Sema4D plays an important role in bone tissue. In brief, Sema4D-knockout mice showed an increase in bone thickness and density in a mouse model of osteoporosis [29], and Sema4D expressed on osteoclasts suppresses osteoblast differentiation via receptor PlexinB1 [30,31]. Importantly, an elevated level of Sema4D protein was detected in the gingival crevice fluid (GFC) of patients with PD compared to that from periodontally healthy subjects [32]. Furthermore, it is reported that the serum Sema4D level in rheumatoid arthritis and postmenopausal osteoporosis patients was higher than that in healthy subjects [33,34]. The effects of alternative splicing on transcripts encoding membrane proteins has been investigated in the context of the production of novel soluble protein isoforms. While two alternative splicing of human Sema4D were reported (UniProtKB: Q92854-1 and Q92854-2), according to the deduced protein sequences, those are still produced in membrane bound form. Thus, it is theorized that the identification of a soluble form of Sema4D detected in the GCF of patients with PD [32], as well as serum Sema4D found in rheumatoid arthritis and postmenopausal osteoporosis [34], results from cleaving of membrane-bound Sema4D expressed on the cell surface [35]. Soluble Sema4D seems to be produced in the context of inflammatory lesions but not in normal tissue without inflammation [35]. Additionally, our group recently discovered that Sema4D expressed on osteoclasts is cleaved by tumor necrosis factor-alpha converting enzyme (TACE; also called ADAM17) (paper under review), which plays a relevant proinflammatory role in periodontitis [36]. We also demonstrated that soluble Sema4D released from activated platelets can promote osteoclastogenesis in vitro [37]. Nonetheless, the possible role of Sema4D produced in periodontitis lesions, which is perhaps produced in a soluble form, remains elusive. The present study examined the functional role of Sema4D in osteoclastogenesis induced in a mouse model of ligature-induced periodontitis.




2. Results


2.1. Increased Production of Sema4D in Mouse Periodontal Tissue of Experimentally Induced PD


To monitor the expression of Sema4D in periodontal tissue with or without PD, a silk ligature was attached to the second maxillary molar of C57BL/6J mice. Seven days after ligature attachment, significantly elevated bone resorption around the tooth was observed (Figure 1A). Soluble RANKL (sRANKL), soluble Sema4D (sSema4D) and IGF-1 were all elevated in the gingival tissue induced by PD compared to that of the control healthy group (Figure 1B). However, the attachment of the ligature to the second maxillary molar of mice did not affect the production of sSema4D in the femur (Figure 1B). Moreover, Sema4D-expressing cells were prominent on the alveolar bone surface of the PD group compared to that of the control group in periodontal tissue collected at Day 7 (Figure 1C), suggesting that those Sema4D-positive cells may be the source of sSema4D detected in the periodontal tissue induced by PD.




2.2. Characteristics of Anti-Sema4D mAb in Reaction to Sema4D Produced by Osteoclasts


In the in vitro M-CSF/RANKL-induced osteoclastogenesis assay using BMMCs as osteoclast precursors (Figure 2A: TRAP and pit formation assays), increased expression of mRNA for Sema4D, as well as OC-STAMP, NFATc1 DC-STAMP and ATP6v0d2, by RANKL addition was detected by PCR (Figure 2B). The Sema4D produced by osteoclasts downregulated IGF-1-induced osteoblast differentiation [30]. For the loss-of-function analysis of Sema4D, we generated an anti-Sema4D neutralizing mAb [38]. According to W-blot analysis, in response to stimulation with M-CSF/RANKL for 24, 48 and 72 h, increased expression of a monomeric membrane-bound form (150 kD) and a dimeric membrane-bound form (300 kD) was observed with the highest level detected after a 48-hour incubation in the cell homogenates prepared under nonreducing conditions (Figure 2C), corresponding to a previous report [39]. ELISA showed a significantly elevated production of soluble Sema4D (sSema4D) in the culture supernatant of BMMCs stimulated with RANKL/M-CSF for 24, 48 and 72 h (Figure 2D. MC3T3-E1 cells incubated with Vit C and β-GP (OB-supplement) for 7 days showed elevated ALP production compared to control MC3T3-E1 cells without OB-supplement (Figure 2E). However, MC3T3-E1 cells stimulated with OB-supplement in the presence of supernatant harvested from the RANKL/M-CSF-primed osteoclast precursor cells (48 h) showed a significantly lower level of ALP expression when compared to cells cultured only with OB-genesis supplement. Such suppressive effect by the supernatant of RANKL/M-CSF-primed osteoclast precursor cells was abrogated by the addition of anti-Sema4D mAb to OCgenesis, but not control mAb (Figure 2E). An expression pattern similar to that of ALP staining was also observed in MC3T3-E1 cells stained for Alizarin Red (Figure 2E). These results indicated that RANKL/M-CSF-primed osteoclast precursor cells could produce functionally active sSema4D able to suppress the OB-genesis, but that anti-Sema4D mAb could neutralize such effect.



It is well known that periodontal bone loss induced in rodents is spontaneously regenerated after the removal of inflammatory stimuli, such as ligature [40,41]. However, we have employed the mouse model of ligature-induced periodontitis to determine the possible role of Sema4D in alveolar bone regeneration in PD. After attachment of a ligature for 7 days, it was removed from mice which then received either control mAb or anti-Sema4D mAb, followed by additional injections of Calcein Blue (Day 7) and Alizarin Red (Day 14). Control mice received only Calcein Blue (Day 7) and Alizarin Red (Day 14) without attachment of ligature or injection of mAb. As expected, the removal of ligature at Day 7, followed by systemic administration of control mAb, induced spontaneous bone regeneration accompanied by the increased COL1a1 gene expression in the mice induced of PD (Figure 3B). In contrast, PD-induced mice that received systemic administration of anti-Sema4D mAb showed a significantly increased amount of alveolar bone regeneration as well as COL1a1 gene expression compared to PD-induced mice that received control mAb (Figure 3B). suggesting that neutralization of Sema4D can promote alveolar bone regeneration in periodontal tissue affected by PD.



To determine the effect of xSema4D-mAb on systemic bone remodeling, fluorescent bone labeling, as well as micro-CT analysis, was performed on healthy mice (Figure 3C,D). Based on the fluorescent labeling, bone deposition on the cortical bone was not affected by xSema4D mAb (Figure 3D). No significant difference was noted between xSema4D-mAb- and control mAb-treated groups on the bone morphometry data obtained by micro-CT, including ratio of total bone volume (BV/TV), trabecular number (TbN), trabecular thickness (TbTh), and trabecular spacing (TbSp) (Figure 3D). Taken together, these results demonstrated that Sema4D may be engaged in downregulation of local osteoblastogenesis in PD, but not in healthy periodontal alveolar bone or peripheral bones.




2.3. Locally Elevated Expression of Sema4D in PD Lesion May Be Engaged in the Upregulation of Osteoclast-Mediated Periodontal Bone Loss


Systemic administration of anti-Sema4D mAb suppressed alveolar bone loss induced in mice by the attachment of the ligature (Figure 4A–C). According to the histology section stained with H&E, the inflammatory infiltrates increased in the ligature-induced periodontitis lesion irrespective of the administration with anti-Sema4D mAb (Figure 4D). In the homogenate of periodontal tissue isolated from mice induced of PD by attachment of ligature, the levels of TNF-α, sRANKL and IGF-1 were all significantly higher compared to control mice without ligature. No significant difference was noted in the levels of TNF-α, sRANKL, IGF-1 and IL-10 between the groups that received control mAb and xSema4D-mAb (Figure 4E), indicating little or no effect from the administration of anti-Sema4D mAb on local inflammatory response induced by onset of PD. To examine the effect of sSema4D on the immune cells, mouse bone marrow cells were stimulated with or without LPS in the presence or absence of Sema4D. Within the concentrations of sSema4D tested (0.1–1000 ng/mL), LPS-dependent-induced production of TNF-α, IL-6 and IL-1β by bone marrow cells were not affected by sSema4D (Supplementary Figure S1). The level of OPG was suppressed by xSema4D-mAb (Figure 4E) which, in turn, increases the RANKL/OPG ratio. The IgG antibody response to mouse oral opportunistic pathogen, Rodentibacter pneumotropicus (formally termed as Pasteurella pneumotropica), was induced by the ligature attachment, which was also not affected by anti-Sema4D mAb (Figure 4F). Nonetheless, the PD-dependent increase in the number of TRAP-positive cells in alveolar bone was downmodulated by the systemic administration of anti-Sema4D mAb compared to control mAb (Figure 5A). The elevated expressions of osteoclastogenesis-related genes, including ACP5 (TRAP), CTSK (Cathepsin K) and Atp6v0d2, were all suppressed by the systemic administration with anti-Sema4D mAb, while elevated MMP9 mRNA was not affected by anti-Sema4D mAb (Figure 5B). These results indicate that locally elevated production of sSema4D in periodontal tissue, but not in the femur, of the mice receiving ligature attachment (Figure 1) may lead to the promotion of RANKL-induced osteoclastogenesis and resulting alveolar bone loss.




2.4. Sema4D Expressed by Osteoclasts Appeared to Facilitate the Upregulation of Osteoclastogenesis


As shown by the in vitro RANKL-induced osteoclastogenesis assay, the emergence of TRAP-positive multinuclear cells was significantly reduced in the presence of anti-Sema4D mAb compared to that of control mAb (Figure 6A). The activity of osteoclasts to resorb bone mineral was also suppressed by the addition of anti-Sema4D mAb, but not by control mAb in the pit formation assay performed on dentine slices (Figure 6B).




2.5. Sema4D Upregulates Osteoclastogenesis via Ligation with CD72 Expressed on Osteoclasts


Based on in vivo and in vitro experiments (Figure 4, Figure 5 and Figure 6A,B), we assumed that Sema4D produced in an autocrine fashion is engaged in the promotion of osteoclast differentiation and function. If this premise is true, osteoclast precursors should express the Sema4D receptor. Among three known receptors for Sema4D, i.e., Plexin B1, Plexin B2, and CD72 [35], Sema4D expressed on osteoclasts inhibits IGF-1-mediated osteogenesis by binding with PlexinB1 expressed on osteoblasts [30]. However, the receptor(s) involved in Sema4D-mediated osteoclastogenesis on osteoclasts precursor cells remain(s) largely unknown. Prominently elevated CD72 mRNAs were detected in BMMCs in response to RANKL/M-CSF stimulation. Although PlexinB2 mRNA was detected in unstimulated BMMCs at a level similar to that of CD72 mRNA, RANKL/M-CSF stimulation did not upregulate Plexin B2 mRNA expression (Figure 6C). In contrast, no detectable PlexinB1 mRNA was observed in BMMCs, regardless of stimulation with RANKL/M-CSF. The number of TRAP-positive multinuclear cells was significantly decreased in cells cultured with RANKL/M-CSF in the presence of anti-CD72 mAb compared to cells cultured with RANKL/M-CSF but was not changed in cells cultured with RANKL/M-CSF in the presence of control IgG or anti-Plexin B2 mAb (Figure 6D). These results indicated that expression of CD72 induced by RANKL on osteoclast precursor cells is the receptor of Sema4D, leading to upregulation of osteoclastogenesis.





3. Discussion


In this study, we demonstrated that Sema4D production was increased in periodontal tissue of ligature-induced PD and that systemic administration with anti-Sema4D mAb not only promoted bone regeneration, but also inhibited bone resorption in the context of PD. Anti-Sema4D mAb-mediated bone remodeling regulation was detected only in PD lesions, but not in homeostatic bone remodeling in the femur, suggesting a novel role of Sema4D in promoting osteoclastogenesis in the context of inflammatory bone resorption. Although the suppressive effect of Sema4D expressed by osteoclasts on IGF-1-mediated osteoblastogenesis was reported in the bone remodeling processes [30], no study, to the best of our knowledge, has demonstrated the role of autocrine Sema4D in osteoclastogenesis. One of the main differences between alveolar bone with PD and intact skeletal bone of the femur is the generation of soluble Sema4D. Although Sema4d–/– mice show the osteo-petrotic phenotype, in the skeletal bone of wild-type mice, only membrane-bound Sema4D, but not soluble Semaphorine 4D, is detected [30], indicating that cell–cell-contact-mediated ligation between Sema4D and Plexin B1 plays a role in Sema4D-mediated downregulation of osteoblastogenesis in homeostatic bone remodeling. Thus, this is the first finding that soluble Sema4D expressed by osteoclasts is engaged in their differentiation and resorptive function. In contrast to the inhibition of osteoblastogenesis mediated by ligation of Sema4D to PlexinB1, CD72 was revealed as the receptor for Sema4D in the Sema4D-mediated promotion of osteoclastogenesis.



In GFC of patients with PD, Sema4D level is significantly elevated compared to that from periodontally healthy subjects [32]. It was also reported that Enterococcus faecalis, one of the major pathogens implicated in periapical periodontitis, promotes periapical bone resorption via increasing Sema4D expression [42]. On the other hand, soluble Sema4D-producing γδ-T cells are related to pathogenesis of MRONJ [38]. These results, including our finding, suggested that Sema4D is engaged in the pathogenesis of bone remodeling disorders in the oral and maxillofacial regions. The role of sSema4D in promotion of pathogenic bone resorption was also reported in the mouse model of collagen-induced rheumatoid arthritis [34] as well as cancer bone metastasis [43]. Although, the latter two reports indicated that sSema4D mediated elevation of TNF-α production by monocytes as well as that of sRANKL production by osteoblasts are, in part, responsible for the increased osteoclastogenesis, respectively, [34,43], we could not find such an effect of Sema4D on the productions of TNF-α or sRANKL in the mouse periodontal tissue induced of periodontitis (Figure 4D). Such a discrepancy may be attributed to the diverse expression pattern of Sema4D receptors, including, Plexin B1, Plexin B2 and CD72 that elicits distinct cell signal in a variety of cells in respective pathologic context [24]. Future studies are needed to address the nature of receptors for soluble Sema4D expressed in periodontitis.



Although we addressed the possible role of Sema4D in bone remodeling processes, the multifunctional molecule Sema4D is implicated in cancer angiogenesis, as well as axonal guidance during neuronal development [44,45,46]. Since robust microvasculature is required for the regeneration of resilient bone [47], further studies are needed to investigate pathological and physiological role of Sema4D in the angiogenic response in PD.



In recent years, several drugs have been made available to counteract pathogenic osteolysis. Among them, anti-bone resorptive agents, such as bisphosphonate and anti-RANKL antibody (Denosumab), markedly inhibit the pathogenic bone resorption in osteoporosis and cancer bone metastasis [48,49,50]. However, as the coupling of bone formation to resorption is a tightly regulated, treatment of osteolytic conditions with these anti-bone resorptive agents can result in the dysregulation of bone formation in the long term. For this reason, increasing lines of evidence support that these agents induce atypical femoral fracture [51] and medication-related osteonecrosis of jaw (MRONJ) [52,53]. These side effects derived from the administration of bisphosphonate or anti-RANKL antibody call for the development of a novel therapeutic modality able to regulate bone formation and bone resorption simultaneously. In this study, we demonstrated that Sema4D has dual functions of decreasing bone formation, while upregulating bone resorption. Interestingly, although Sema4D expression was elevated in PD induced in mice, anti-Sema4D mAb had no effect on homeostatic bone remodeling in femur (Figure 3D,E). In sum, the present study suggests the possible engagement of Sema4D in pathogenic bone resorption and retarded bone regeneration in the inflammatory bone lytic lesion of PD, but not in the healthy bone remodeling process. Therefore, Sema4D could be a novel molecular target for the development of a bone regenerative approach for PD without affecting systemic bone remodeling.



Sema4D functions as a ligand, mainly binding three different receptors. While the expressions of PlexinB1 and Plexin B2 are found on non-lymphoid cells, CD72 expression is limited on lymphoid cells. It is true that Sema4D derived from osteoclasts binds to PlexinB1-expressing osteoblasts which are non-lymphoid mesenchymal lineage cells [30]. On the other hand, CD72 is expressed on B cells and dendritic cells, both lymphocytes originated from hematopoietic stem cells. Nonetheless, CD72 functions as a receptor for Sema4D to promote the proliferation and cytokine secretion by those lymphocytes [54,55]. The present study demonstrated that autocrine Sema4D binds to CD72 expressed on osteoclast precursor cells which also belong to monocyte lineage cells derived from hematopoietic stem cells. In the 1990s, CD5 was initially reported to be the ligand for CD72 [56], even though this result could not be reproduced by another group [57]. Later, Semaphorin-4D, also known as CD100, was shown to be an inhibitory ligand of CD72 [58]. Owing to the unique property of CD72 that not only has immunoreceptor tyrosine-based inhibition motif (ITIM), but also works in concert with other membrane receptors, such as B cell receptor, the molecular mechanism underlying inhibitory signaling elicited by CD72 remains to be elucidated [59]. Thus, it is intriguing to elucidate the detailed cell signaling mediated by Sema4D ligation to CD72 during the osteoclastogenesis. In summary, we report the possible role of Sema4D in periodontal tissue that promotes osteoclast differentiation via ligation with CD72. These results may lay the groundwork for development of a novel therapeutic strategy for PD.




4. Materials and Methods


4.1. Animals


C57BL/6J mice were purchased from Jackson Laboratory and were bred in the animal facility at Forsyth Institute. Experimental procedures using mice were approved by the Institutional Animal Care and Use Committee (IACUC) at Forsyth Institute. Some experiments using bone marrow cells isolated from C57BL/6J mice were also approved by IACUC at Nova Southeastern University. This study was performed in accordance with ARRIVE guidelines for preclinical animal studies.




4.2. Mouse Bone Marrow Cells Culture and Osteoclast Differentiation Assay


Bone marrow-derived mononuclear cells (BMMCs) were established as previously descried [60,61]. Briefly, bone marrow cells isolated from the femur and tibia of C57BL/6J mice were seeded in a 96-well plate (1 × 105 cells/well) in α-modified Minimal Essential Medium (α-MEM, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA: termed as “basal medium”). After pre-incubation of bone marrow cells in basal medium containing macrophage colony-stimulating factor (M-CSF, R&D Systems, Minneapolis, MN, USA) for 3 days, the tissue culture plate was washed with basal medium, and the remaining adherent cells in the plate were used as BMMCs. BMMCs were further cultured in basal medium supplemented with M-CSF (50 ng/mL) and RANKL (100 ng/mL) (BioLegend, San Diego, CA, USA) in the presence or absence of anti-Sema4D mAb (mouse IgG1 30 µg/mL) or control isotype matched mAb (IgG1, 30 µg/mL) [38]. In some experiments, RANKL-stimulated BMMCs were also cultured with or without anti-CD72 mAb (IgG1, 50 µg/mL), anti-Plexin B2 mAb (IgG1, 50 µg/mL), or control mAb (IgG1, 50 µg/mL [37]). Cultured cells expressing tartrate-resistant acid phosphatase (TRAP) were stained using the Acid Phosphatase Leukocyte kit (Sigma-Aldrich, Saint Louis, MO, USA) at Day 7 in accordance with the manufacturer’s instruction. TRAP-positive cells containing 3 nuclei or more were counted microscopically as osteoclasts. The bone resorption activity of osteoclasts was evaluated by pit formation assay using dentin disks (Alpco Diagnostics, Windham, NH, USA), following the protocol published previously [8].




4.3. Osteoblastogenesis Assay


MC3T3-E1 cells (mouse osteoblast precursors) were seeded in a 96-well plate (5 × 104 cells/well) and cultured in basal medium with or without 50 μg/mL L-ascorbic acid (Vitamin C (Vit C); Sigma Aldrich, St. Louis, MO, USA) and 5 mM β-glycerophosphate (Sigma Aldrich) (osteoblast (OB) genesis supplement) in the presence or absence of supernatant harvested from the cultured osteoclast precursor cells with or without anti-Sema4D mAb (50 µg/mL) or control IgG (50 µg/mL). After 7 days of culture, the cells were stained with Alkaline Phosphatase (ALP) Staining kit (Sigma Aldrich) following the manufacturer’s instruction. The intensity of each well stained with ALP was measured using Image J software (version 1.53f25 software, Bethesda, MD, USA).




4.4. Real-Time RT-PCR


After stimulation of BMMCs with M-CSF or RANKL/M-CSF, total RNA was extracted from the cells using Trizol (Thermo Fisher) and were reverse transcribed using the Verso cDNA synthesis kit (Thermo Scientific) in the presence of random primers and oligo (dT). The resulting cDNA was mixed with Real-time PCR Master Mix (Roche Diagnostics), SYBR Green (Roche Diagnostics) or Taqman fast advanced Master Mix (Thermo Fisher), and the primer set was subjected to gene expression analysis using the LightCycler 480 system (Roche Diagnostics). Amplification of the beta-actin or GAPDH gene was used as an internal control. The following primers were used in this study [37,60,61,62].



Sema4D Forward: 5′-TGATCCCTAGGTCAGACGGG-3′



Reverse: 5′-CTGGCTTGTGAAACTGCACC-3′



OC-STAMP Forward: 5′-ATGAGGACCATCAGGGCAGCCACG-3′



Reverse: 5′-GGAGAAGCTGGGTCAGTAGTTCGT-3′



NFATc1 Forward: 5′-CCTCGAACCCTATCGAGTGT-3′



Reverse: 5′-GCCAGACAGCACCATCTTC-3′



DC-STAMP Forward: TCCTCCATGAACAAACAGTTCCAA, R:



Reverse: AGACGTGGTTTAGGAATGCAGCTC



PlexinB1 Forward: 5′-CCCTCGGTCTCCGGGTAAG-3′



Reverse: 5′-CATGACCTGAGCAGGAGTCAC-3′



PlexinB2 Forward: 5′TGGTTCCTGCTGTAGCCATC-3′



Reverse: 5′-GATGTCTCCGTGCTTCCTGA-3′



CD72 Forward: 5′-CTGCACATCTCTGTCCTCCA-3′



Reverse 5′-TCAGAGTCCTGCCTCCACTT-3′;



β-actin Forward:5′-CTAAGGCCAACCGTGAAAAG-3′



Reverse: 5′-ACCAGAGGACTACAGGGACA-3′



ACP5: Mm00475698_m1 (Thermo Fisher)



Cathepsin K: Mm00484039_m1 (Thermo Fisher)



Atp6v0d2: Mm01222963_m1 (Thermo Fisher)



MMP9: Mm00442991_m1 (Thermo Fisher)



RUNX2: Mm00501584_m1 (Thermo Fisher)



GAPDH: Mm99999915_g1 (Thermo Fisher)




4.5. Enzyme-Linked Immunosorbent Assay (ELISA)


BMMCs were cultured with M-CSF/RANKL for 24 to 72 h, and the conditioned medium was harvested. The amount of Sema4D produced in the culture medium was measured by ELISA (RayBiotech, Peachtree Corners, GA, USA) following the method reported previously [38]. The level of serum IgG antibody reacting to mouse oral commensal, Rodentibacter pneumotropicus (formally termed as Pasteurella pneumotropica), was also determined using ELISA following the method published previously [62,63].




4.6. Western Blotting


Western blotting was performed following the methods published previously [62]. Briefly, after stimulation of BMMCs with M-CSF/RANKL for 24 to 72 h, cell lysates were centrifuged at 15,000 rpm for 15 min to remove insoluble components. The proteins in the lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After transferring to a nitrocellulose (NC) membrane, the NC membrane was reacted overnight at 4 °C with anti-mouse Sema4D-mAb (mouse IgG1) or control anti-mouse alpha tubulin-mAb (mouse IgG1, Abcam, Waktham, MA, USA). After overnight incubation of transblotted NC membrane at 4 °C with HRP-labeled anti-mouse immunoglobulin antibody, positive signals were visualized using the ECL Prime detection reagent (GE Healthcare, Chicago, IL, USA).




4.7. Ligature-Induced PD Model and Anti-Sema4D Antibody Injection


PD was induced in C57BL/6Jmice (6- to 8-week-old male, n = 6/group) according to the previously published protocol [62,64]. Briefly, silk ligatures (5-0; Ethicon) were placed in a subgingival position around the cervix of maxilla second molars in each animal, while no ligature was used on the counter side as control. At the same time, anti-Sema4D mAb (3 mg/mouse) or control IgG (3 mg/mouse) was administered via intraperitoneal injection (i.p.), following the protocol established for the mouse model of periodontitis that was used for the examination of anti-OC-STAMP and anti-DC-STAMP mAb’s efficacy in suppressing periodontal bone resorption [60,62]. The procedure was performed using two Castroviejo Micro Needle Holders under the stereomicroscope. After 14 days (endpoint), maxilla and gingival tissue were collected from scarified mice and evaluated.




4.8. Assessment of Alveolar Bone Resorption, Histological Analysis of Periodontal Tissue Section and ELISA of Tissue Homogenate


The maxillae of each mouse collected at the endpoint were defleshed and soaked in toluidine blue solution. Stained maxillae were photographed using a dissection microscope (Nikon), and total alveolar bone loss was calculated by measuring the cemento-enamel junction (CEJ) to the alveolar bone crest decalcification (ABC) distances on the buccal side of each root [41]. Some maxillae were fixed in 10% formaldehyde and then 10% EDTA solution at 4 °C for 3 to 4 weeks. The decalcified maxillae samples were then embedded in paraffin and sectioned (7-μm thickness) for TRAP and hematoxylin and eosin (H&E) staining. For immunofluorescence staining, the decalcified maxillae samples were embedded in OCT compound (Fisher Scientific) and sectioned (6 μm thickness) using a cryostat. The expression of Sema4D was monitored using biotin-conjugated anti-Sema4D-mAb, followed by avidin conjugated to AlexaFluor 488. Gingival tissue homogenates were obtained from the gingival tissue of each mouse at the endpoint, and Sema4D, TNF-α, RANKL, OPG, IL-10 and IGF-1 production in the homogenate was analyzed using an ELISA kit purchased from the following sources: Sema4D: RayBiotech; TNF-α, RANKL, OPG, IL-10 and IGF-1: R&D Systems.




4.9. Fluorescent Bone Labeling


Mice (6- to 8-week-old C57BL/6J male, n = 6/group) were induced with periodontitis by attachment of a ligature for 7 days. Then, on Day 7, when the ligature was removed, calcein was administered i.p. (20 mg/kg, Sigma Aldrich) along with anti-Sema4D mAb (3 mg/mouse, i.p.) or control IgG (3 mg/mouse, i.p.), and alizarin-3-methyliminodiacetic acid (30 mg/kg, i.p.) at Day 14, before sacrifice at Day 21. The schedule for the injection of calcein and Alizarin Red in relation to ligature removal and sacrifice is shown in Figure 3A. The maxillae were fixed in 4% formalin and dehydrated in ethanol followed by embedding in Technovit 2000 LC UV-curing acrylic resin. Sections were ground and polished to 60–80 μm by grinding equipment. The distance between the areas stained with calcein and Alizarin Red was measured using a laser scanning confocal microscope (Zeiss LSM 880). To evaluate a possible effect of anti-Sema4D mAb on systemic bone remodeling, mice (6- to 8-week-old C57BL/6j male, n = 5/group) received anti-Sema4D mAb (3 mg/mouse, i.p.) or control IgG (3 mg/mouse, i.p.), as well as calcein (20 mg/kg, i.p.) at Day 0, followed by alizarin-3-methyliminodiacetic acid (30 mg/kg, i.p.) at Day 7 and Calcein Blue (20 mg/kg, i.p.) at Day 13. Femurs were removed from the sacrificed mice at Day 14 for the above-noted resin-embedded fluorescence histology (Timeline: Figure 3C).




4.10. Statistical Analysis


Student’s t test was used for comparison of two different outcomes of experiments performed. Nonparametric data were evaluated using one-way or two-way ANOVA followed by Tukey’s post hoc analysis. p value < 0.05 was considered statistically significant.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23105630/s1.





Author Contributions


Conceptualization, T.I., M.R.-T. and T.K.; investigation, T.I., M.R.-T., K.Y., T.Y., A.H., R.P., E.L., S.S., M.R.-Q., M.R.P., A.I., S.N., H.M., U.K. and L.W.; formal analysis, T.I., M.R.-T., P.H., L.W. and P.G.C.; data curation, T.I., M.R.-T., P.H., L.W., P.G.C. and T.K.; writing—original draft preparation, T.I., S.S. and T.K.; writing—review and editing, T.K.; supervision, T.K.; funding acquisition, T.K. All authors have read and agreed to the published version of the manuscript.




Funding


This study was in part funded by NIH NIDCR grants DE02751, DE280715 and DE029709 (T.K.) as well as ITI Foundation grant 1115-2015 (T.K.) and Osteoscience Foundation grant 333466 (U.K.). R.P. was supported by DE027851-S1, S2, and S3 as well as DE029709-S2. E.L. was supported by DE029709-S1. S.S. was supported by JSPS Overseas Research Fellowship.




Institutional Review Board Statement


The animal study protocol was approved by the IACUC of the Forsyth Institute (protocol code: 14015) and Nova Southeastern University (protocol code: 2018.04.TK4).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


This work was supported by NIH NIDCR grants DE027851, DE028715 and DE029709, as well as ITI Foundation grant 1115-2015 and Osteoscience Foundation grant 333466.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eke, P.I.; Borgnakke, W.S.; Genco, R.J. Recent epidemiologic trends in periodontitis in the USA. Periodontol. 2000 2019, 82, 257–267. [Google Scholar] [CrossRef]

	



Kim, J.; Amar, S. Periodontal disease and systemic conditions: A bidirectional relationship. Odontology 2006, 94, 10–21. [Google Scholar] [CrossRef] [PubMed]

	



Bui, F.Q.; Almeida-Da-Silva, C.L.C.; Huynh, B.; Trinh, A.; Liu, J.; Woodward, J.; Asadi, H.; Ojcius, D.M. Association between periodontal pathogens and systemic disease. Biomed. J. 2019, 42, 27–35. [Google Scholar] [CrossRef] [PubMed]

	



Di Benedetto, A.; Gigante, I.; Colucci, S.; Grano, M. Periodontal disease: Linking the primary inflammation to bone loss. Clin. Dev. Immunol. 2013, 2013, 503754. [Google Scholar] [CrossRef] [PubMed]

	



Bartold, P.; Cantley, M.; Haynes, D.R. Mechanisms and control of pathologic bone loss in periodontitis. Periodontol. 2000 2010, 53, 55–69. [Google Scholar] [CrossRef] [PubMed]

	



Könönen, E.; Gursoy, M.; Gursoy, U. Periodontitis: A Multifaceted Disease of Tooth-Supporting Tissues. J. Clin. Med. 2019, 8, 1135. [Google Scholar] [CrossRef]

	



Pan, W.; Wang, Q.; Chen, Q. The cytokine network involved in the host immune response to periodontitis. Int. J. Oral Sci. 2019, 11, 1–13. [Google Scholar] [CrossRef]

	



Kawai, T.; Matsuyama, T.; Hosokawa, Y.; Makihira, S.; Seki, M.; Karimbux, N.Y.; Goncalves, R.B.; Valverde, P.; Dibart, S.; Li, Y.-P.; et al. B and T Lymphocytes Are the Primary Sources of RANKL in the Bone Resorptive Lesion of Periodontal Disease. Am. J. Pathol. 2006, 169, 987–998. [Google Scholar] [CrossRef]

	



Kajiya, M.; Giro, G.; Taubman, M.A.; Han, X.; Mayer, M.P.A.; Kawai, T. Role of periodontal pathogenic bacteria in RANKL-mediated bone destruction in periodontal disease. J. Oral Microbiol. 2010, 2, 5532. [Google Scholar] [CrossRef]

	



Alvarez, C.; Monasterio, G.; Cavalla, F.; Córdova, L.A.; Hernández, M.; Heymann, D.; Garlet, G.P.; Sorsa, T.; Pärnänen, P.; Lee, H.-M.; et al. Osteoimmunology of Oral and Maxillofacial Diseases: Translational Applications Based on Biological Mechanisms. Front. Immunol. 2019, 10, 1664. [Google Scholar] [CrossRef]

	



Cavalla, F.; Letra, A.; Silva, R.M.; Garlet, G.P. Determinants of Periodontal/Periapical Lesion Stability and Progression. J. Dent. Res. 2021, 100, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Usui, M.; Onizuka, S.; Sato, T.; Kokabu, S.; Ariyoshi, W.; Nakashima, K. Mechanism of alveolar bone destruction in periodontitis—Periodontal bacteria and inflammation. Jpn. Dent. Sci. Rev. 2021, 57, 201–208. [Google Scholar] [CrossRef] [PubMed]

	



Takayanagi, H. Inflammatory bone destruction and osteoimmunology. J. Periodontal Res. 2005, 40, 287–293. [Google Scholar] [CrossRef] [PubMed]

	



Weivoda, M.M.; Chew, C.K.; Monroe, D.G.; Farr, J.N.; Atkinson, E.J.; Geske, J.R.; Eckhardt, B.; Thicke, B.; Ruan, M.; Tweed, A.J.; et al. Identification of osteo-clast-osteoblast coupling factors in humans reveals links between bone and energy metabolism. Nat. Commun. 2020, 11, 87. [Google Scholar] [CrossRef]

	



Kim, J.M.; Lin, C.; Stavre, Z.; Greenblatt, M.B.; Shim, J.H. Osteoblast-Osteoclast Communication and Bone Homeostasis. Cells 2020, 9, 2073. [Google Scholar] [CrossRef] [PubMed]

	



Howard, G.A.; Bottemiller, B.L.; Turner, R.T.; Rader, J.I.; Baylink, D.J. Parathyroid hormone stimulates bone formation and resorption in organ culture: Evidence for a coupling mechanism. Proc. Natl. Acad. Sci. USA 1981, 78, 3204–3208. [Google Scholar] [CrossRef]

	



Hathaway-Schrader, J.D.; Novince, C.M. Maintaining homeostatic control of periodontal bone tissue. Periodontol. 2000 2021, 86, 157–187. [Google Scholar] [CrossRef]

	



Bougeret, C.; Mansur, I.G.; Dastot, H.; Schmid, M.; Mahouy, G.; Bensussan, A.; Boumsell, L. Increased surface expression of a newly identified 150-kDa dimer early after human T lymphocyte activation. J. Immunol. 1992, 148, 318–323. [Google Scholar]

	



Kumanogoh, A.; Kikutani, H. Roles of the Semaphorin Family in Immune Regulation. Adv. Immunol. 2003, 81, 173–198. [Google Scholar] [CrossRef]

	



Takamatsu, H.; Okuno, T.; Kumanogoh, A. Regulation of immune cell responses by semaphorins and their receptors. Cell. Mol. Immunol. 2010, 7, 83–88. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, B.; Ma, Y.; Jin, B. Sema 4D/CD100-plexin B is a multifunctional counter-receptor. Cell. Mol. Immunol. 2013, 10, 97–98. [Google Scholar] [CrossRef] [PubMed]

	



Kumanogoh, A.; Kikutani, H. The CD100–CD72 interaction: A novel mechanism of immune regulation. Trends Immunol. 2001, 22, 670–676. [Google Scholar] [CrossRef]

	



Kumanogoh, A.; Kikutani, H. Biological functions and signaling of a transmembrane semaphorin, CD100/Sema4D. Cell. Mol. Life Sci. CMLS 2004, 61, 292–300. [Google Scholar] [CrossRef] [PubMed]

	



Kuklina, E. Semaphorin 4D as a guidance molecule in the immune system. Int. Rev. Immunol. 2021, 40, 268–273. [Google Scholar] [CrossRef]

	



Elhabazi, A.; Marie-Cardine, A.; Chabbert-de Ponnat, I.; Bensussan, A.; Boumsell, L. Structure and function of the immune semaphorin CD100/SEMA4D. Crit. Rev. Immunol. 2003, 23, 65–81. [Google Scholar] [CrossRef]

	



Dickson, B.J. Molecular Mechanisms of Axon Guidance. Science 2002, 298, 1959–1964. [Google Scholar] [CrossRef]

	



Basile, J.R.; Castilho, R.M.; Williams, V.P.; Gutkind, J.S. Semaphorin 4D provides a link between axon guidance processes and tumor-induced angiogenesis. Proc. Natl. Acad. Sci. USA 2006, 103, 9017–9022. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhang, L.; Liu, W.X.; Wang, K. VEGF and SEMA4D have synergistic effects on the promotion of angio-genesis in epithelial ovarian cancer. Cell. Mol. Biol. Lett. 2018, 23, 2. [Google Scholar] [CrossRef]

	



Dacquin, R.; Domenget, C.; Kumanogoh, A.; Kikutani, H.; Jurdic, P.; Machuca-Gayet, I. Control of Bone Resorption by Semaphorin 4D Is Dependent on Ovarian Function. PLoS ONE 2011, 6, e26627. [Google Scholar] [CrossRef]

	



Negishi-Koga, T.; Shinohara, M.; Komatsu, N.; Bito, H.; Kodama, T.; Friedel, R.H.; Takayanagi, H. Suppression of bone formation by osteoclastic expression of semaphorin 4D. Nat. Med. 2011, 17, 1473–1480. [Google Scholar] [CrossRef]

	



Liu, X.L.; Song, J.; Liu, K.J.; Wang, W.P.; Xu, C.; Zhang, Y.Z.; Liu, Y. Role of inhibition of osteogenesis function by Se-ma4D/Plexin-B1 signaling pathway in skeletal fluorosis in vitro. J. Huazhong Univ. Sci. Technol. Med. Sci. 2015, 35, 712–715. [Google Scholar] [CrossRef] [PubMed]

	



Veyisoğlu, G.; Savran, L.; Narin, F.; Yılmaz, H.E.; Avşar, C.; Sağlam, M. Gingival crevicular fluid semaphorin 4D and peptidylarginine deiminase-2 levels in periodontal health and disease. J. Periodontol. 2019, 90, 973–981. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Feng, E.; Xu, Y.; Wang, W.; Zhang, T.; Xiao, L.; Chen, R.; Lin, Y.; Chen, D.; Lin, L.; et al. Serum Sema4D levels are associated with lumbar spine bone mineral density and bone turnover markers in patients with postmenopausal osteoporosis. Int. J. Clin. Exp. Med. 2015, 8, 16352–16357. [Google Scholar] [PubMed]

	



Yoshida, Y.; Ogata, A.; Kang, S.; Ebina, K.; Shi, K.; Nojima, S.; Kimura, T.; Ito, D.; Morimoto, K.; Nishide, M.; et al. Semaphorin 4D Contributes to Rheumatoid Ar-thritis by Inducing Inflammatory Cytokine Production: Pathogenic and Therapeutic Implications. Arthritis Rheumatol. 2015, 67, 1481–1490. [Google Scholar] [CrossRef] [PubMed]

	



Maleki, K.T.; Cornillet, M.; Björkström, N.K. Soluble SEMA4D/CD100: A novel immunoregulator in infectious and inflammatory diseases. Clin. Immunol. 2016, 163, 52–59. [Google Scholar] [CrossRef] [PubMed]

	



Horiuchi, T.; Mitoma, H.; Harashima, S.; Tsukamoto, H.; Shimoda, T. Transmembrane TNF-alpha: Structure, func-tion and interaction with anti-TNF agents. Rheumatology 2010, 49, 1215–1228. [Google Scholar] [CrossRef] [PubMed]

	



Shindo, S.; Savitri, I.J.; Ishii, T.; Ikeda, A.; Pierrelus, R.; Heidari, A.; Okubo, K.; Nakamura, S.; Kandalam, U.; Rawas-Qalaji, M.; et al. Dual-Function Semaphorin 4D Released by Platelets: Suppression of Osteoblastogenesis and Promotion of Osteoclastogenesis. Int. J. Mol. Sci. 2022, 23, 2938. [Google Scholar] [CrossRef]

	



Movila, A.; Mawardi, H.; Nishimura, K.; Kiyama, T.; Egashira, K.; Kim, J.Y.; Villa, A.; Sasaki, H.; Woo, S.-B.; Kawaiah, T.; et al. Possible pathogenic engagement of soluble Semaphorin 4D produced by gammadeltaT cells in medication-related osteonecrosis of the jaw (MRONJ). Biochem. Biophys. Res. Commun. 2016, 480, 42–47. [Google Scholar] [CrossRef]

	



Zhu, L.; Bergmeier, W.; Wu, J.; Jiang, H.; Stalker, T.J.; Cieslak, M.; Fan, R.; Boumsell, L.; Kumanogoh, A.; Kikutani, H.; et al. Regulated surface expression and shedding support a dual role for semaphorin 4D in platelet responses to vascular injury. Proc. Natl. Acad. Sci. USA 2007, 104, 1621–1626. [Google Scholar] [CrossRef]

	



Lin, J.; Bi, L.; Yu, X.; Kawai, T.; Taubman, M.A.; Shen, B.; Han, X. Porphyromonas gingivalis Exacerbates Ligature-Induced, RANKL-Dependent Alveolar Bone Resorption via Differential Regulation of Toll-like Receptor 2 (TLR2) and TLR4. Infect. Immun. 2014, 82, 4127–4134. [Google Scholar] [CrossRef]

	



Graves, D.T.; Fine, D.; Teng, Y.-T.A.; Van Dyke, T.E.; Hajishengallis, G. The use of rodent models to investigate host-bacteria interactions related to periodontal diseases. J. Clin. Periodontol. 2008, 35, 89–105. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Deng, Z.; Seneviratne, C.J.; Cheung, G.S.; Jin, L.; Zhao, B.; Zhang, C. Enterococcus faecalis promotes osteoclasto-genesis and semaphorin 4D expression. Innate Immun. 2015, 21, 726–735. [Google Scholar] [CrossRef] [PubMed]

	



Takada, H.; Ibaragi, S.; Eguchi, T.; Okui, T.; Obata, K.; Masui, M.; Morisawa, A.; Takabatake, K.; Kawai, H.; Yoshioka, N.; et al. Semaphorin 4D promotes bone invasion in head and neck squamous cell carcinoma. Int. J. Oncol. 2017, 51, 625–632. [Google Scholar] [CrossRef] [PubMed]

	



Neufeld, G.; Lange, T.; Varshavsky, A.; Kessler, O. Semaphorin Signaling in Vascular and Tumor Biology. Adv. Exp. Med. Biol. 2007, 600, 118–131. [Google Scholar] [CrossRef]

	



Takegahara, N.; Kumanogoh, A.; Kikutani, H. Semaphorins: A new class of immunoregulatory molecules. Philos. Trans. R. Soc. B Biol. Sci. 2005, 360, 1673–1680. [Google Scholar] [CrossRef]

	



Wu, M.; Li, J.; Gao, Q.; Ye, F. The role of Sema4D/CD100 as a therapeutic target for tumor microenvironments and for autoimmune, neuroimmune and bone diseases. Expert Opin. Ther. Targets 2016, 20, 885–901. [Google Scholar] [CrossRef]

	



Filipowska, J.; Tomaszewski, K.; Niedźwiedzki, Ł.; Walocha, J.A.; Niedźwiedzki, T. The role of vasculature in bone development, regeneration and proper systemic functioning. Angiogenesis 2017, 20, 291–302. [Google Scholar] [CrossRef]

	



Sousa, S.; Clézardin, P. Bone-Targeted Therapies in Cancer-Induced Bone Disease. Calcif. Tissue Res. 2018, 102, 227–250. [Google Scholar] [CrossRef]

	



Deeks, E.D. Denosumab: A Review in Postmenopausal Osteoporosis. Drugs Aging 2017, 35, 163–173. [Google Scholar] [CrossRef]

	



Anagnostis, P.; Paschou, S.A.; Mintziori, G.; Ceausu, I.; Depypere, H.; Lambrinoudaki, I.; Mueck, A.; Pérez-López, F.R.; Rees, M.; Senturk, L.M.; et al. Drug holidays from bisphosphonates and denosumab in postmenopausal osteoporosis: EMAS position statement. Maturitas 2017, 101, 23–30. [Google Scholar] [CrossRef]

	



Lee, S.; Yin, R.V.; Hirpara, H.; Lee, N.C.; Lee, A.; Llanos, S.; Phung, O.J. Increased risk for atypical fractures associated with bisphosphonate use. Fam. Pract. 2015, 32, 276–281. [Google Scholar] [CrossRef] [PubMed]

	



Khan, A.A.; Morrison, A.; Hanley, D.A.; Felsenberg, D.; McCauley, L.K.; O’Ryan, F.; Reid, I.R.; Ruggiero, S.L.; Taguchi, A.; Tetradis, S.; et al. Diagnosis and Management of Osteonecrosis of the Jaw: A Systematic Review and International Consensus. J. Bone Miner. Res. 2015, 30, 3–23. [Google Scholar] [CrossRef] [PubMed]

	



Ruggiero, S.L.; Dodson, T.B.; Fantasia, J.; Goodday, R.; Aghaloo, T.; Mehrotra, B.; O’Ryan, F. American Association of Oral and Maxillofacial Surgeons Position Paper on Medication-Related Osteonecrosis of the Jaw—2014 Update. J. Oral Maxillofac. Surg. 2014, 72, 1938–1956. [Google Scholar] [CrossRef] [PubMed]

	



Ishida, I.; Kumanogoh, A.; Suzuki, K.; Akahani, S.; Noda, K.; Kikutani, H. Involvement of CD100, a lymphocyte semaphorin, in the activation of the human immune system via CD72: Implications for the regulation of immune and inflammatory responses. Int. Immunol. 2003, 15, 1027–1034. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Kumanogoh, A.; Kikutani, H. Semaphorins and their receptors in immune cell interactions. Nat. Immunol. 2008, 9, 17–23. [Google Scholar] [CrossRef]

	



Van de Velde, H.; von Hoegen, I.; Luo, W.; Parnes, J.R.; Thielemans, K. The B-cell surface protein CD72/Lyb-2 is the ligand for CD5. Nature 1991, 351, 662–665. [Google Scholar] [CrossRef]

	



Brown, M.H.; Lacey, E. A ligand for CD5 is CD5. J. Immunol. 2010, 185, 6068–6074. [Google Scholar] [CrossRef]

	



Kumanogoh, A.; Watanabe, C.; Lee, I.; Wang, X.; Shi, W.; Araki, H.; Hirata, H.; Iwahori, K.; Uchida, J.; Yasui, T.; et al. Identification of CD72 as a lymphocyte receptor for the class IV semaphorin CD100: A novel mechanism for regulating B cell signaling. Immunity 2000, 13, 621–631. [Google Scholar] [CrossRef]

	



Tsubata, T. CD72 is a Negative Regulator of B Cell Responses to Nuclear Lupus Self-antigens and Development of Systemic Lupus erythematosus. Immune Netw. 2019, 19, e1. [Google Scholar] [CrossRef]

	



Ishii, T.; Ruiz-Torruella, M.; Ikeda, A.; Shindo, S.; Movila, A.; Mawardi, H.; Albassam, A.; Kayal, R.A.; Al-Dharrab, A.A.; Egashira, K.; et al. OC-STAMP promotes osteoclast fu-sion for pathogenic bone resorption in periodontitis via up-regulation of permissive fusogen CD9. FASEB J. 2018, 32, 4016–4030. [Google Scholar] [CrossRef]

	



Yamaguchi, T.; Movila, A.; Kataoka, S.; Wisitrasameewong, W.; Ruiz Torruella, M.; Murakoshi, M.; Albassam, A.; Kayal, R.A.; Al-Dharrab, A.A.; Egashira, K.; et al. Proinflammatory M1 Macrophages Inhibit RANKL-Induced Osteoclastogenesis. Infect. Immun. 2016, 84, 2802–2812. [Google Scholar] [CrossRef] [PubMed]

	



Wisitrasameewong, W.; Kajiya, M.; Movila, A.; Rittling, S.; Ishii, T.; Suzuki, M.; Matsuda, S.; Mazda, Y.; Torruella, M.; Azuma, M.; et al. DC-STAMP Is an Osteoclast Fusogen Engaged in Periodontal Bone Resorption. J. Dent. Res. 2017, 96, 685–693. [Google Scholar] [CrossRef] [PubMed]

	



Kawai, T.; Paster, B.J.; Komatsuzawa, H.; Ernst, C.W.; Goncalves, R.B.; Sasaki, H.; Ouhara, K.; Stashenko, P.P.; Sugai, M.; Taubman, M.A. Cross-reactive adaptive im-mune response to oral commensal bacteria results in an induction of receptor activator of nuclear factor-kappaB ligand (RANKL)-dependent periodontal bone resorption in a mouse model. Oral Microbiol. Immunol. 2007, 22, 208–215. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, S.; Movila, A.; Suzuki, M.; Kajiya, M.; Wisitrasameewong, W.; Kayal, R.; Hirshfeld, J.; Aldharrab, A.; Savitri, I.J.; Mira, A.; et al. A novel method of sampling gingival crevicular fluid from a mouse model of periodontitis. J. Immunol. Methods 2016, 438, 21–25. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 05630 g001 550] 





Figure 1. Semaphorin 4D (Sema4D) production in periodontal tissue of a ligature-induced periodontal disease (PD) mouse model. PD was induced by placing a ligature at maxilla second molars for 7 days. At the end point, each specimen was collected and used for experiments. (A) Alveolar bone loss, calculated as CEL-ABC distance of each group, is shown. (B) ELISA of sRANKL, sSema4D and IGF-1 in the homogenate of gingival tissue isolated around maxilla second molars, as well as ELISA of sSema4D in the homogenate of the femur and (C) immunohistochemical staining of Sema4D (green) and DAPI (blue) in periodontal tissue of ligature-induced periodontal disease (PD) and control mice. The line indicates alveolar bone surface. Scare bar = 50 μm. Values in the histogram are expressed as means ± S.D. n = 6/group. ** p < 0.01 or * p < 0.05 compared to control no-ligature group. ND: not detected. 
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Figure 2. Expression of Sema4D during RANKL-induced osteoclastogenesis and the effects of Sema4D-containing supernatant from osteoclast culture on osteoblastogenesis. (A) Mouse bone marrow-derived mononuclear cells (BMMCs) cultured with M-CSF and RANKL for 7 days showed differentiation of TRAP+ multinuclear cells and elevated level of pit formation. Scale bar = 100 µm. (B) Expression of Sema4D mRNA, as well as mRNAs for osteoclastogenesis-related genes, including OC-STAMP, NFATc1 DC-STAMP and ATP6v0d2, was induced in BMMCs by stimulation with M-CSF and RANKL. (C) W-blot image of Sema4D expression by BMMCs stimulated with M-CSF/RANKL for 24, 48 and 72 h. Cell homogenates collected at respective incubation periods were lysed and subjected to SDS-PAGE under nonreducing conditions. (D) ELISA of Sema4D in supernatant from BMMCs cultured with RANKL/M-CSF for 24–72 h. Values are means ± S.D. n = 3/group. (E) MC3T3-E1 cells were cultured in basal medium in the presence or absence of supernatant from osteoclast precursor cells with or without OB genesis supplement or antibody shown in the figure. The photographs of ALP staining (top lane) and Alizarin Red staining (bottom lane) were captured after incubation at 7 and 21 days, respectively. The intensity of ALP staining and Alizarin Red staining in each group was calculated by Image J software and are presented in histograms (letters A–E shown in the histogram graphs correspond to letters assigned to groups in the photographs). Values are means ± S.D. n = 3/group. ** p < 0.01 or * p < 0.05 vs. BMMCs cultured in basal medium supplemented RANKL/M-CSF with/without anti-Sema4D mAb or control IgG for 7 days. 
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Figure 3. Effects of anti-Sema4D mAb on bone deposition occurring in PD-affected alveolar bone and intact healthy femur of mice. (A) Scheme of experimental timeline for ligature-induced PD, followed by removal of ligature and injection of calcein and Alizarin Red is presented. Anti-Sema4D mAb (3 mg/mouse, i.p.) or control IgG (3 mg/mouse, i.p.). (B) Representative photomicrographs of alveolar bone fluorescently labeled with Calcein (Cal: green) and Alizarin Red (AR: red) are shown. Scale bar = 100 μm. Mineral apposition rate (MAR) was calculated by the distance between the two fluorescent labels divided by the time between the two labeling periods. Expressions of COL1a1 and RUNX2 in the periodontal issue collected at Day 21 were measured using q-PCR. Values are means ± S.D. n = 6/group. ** p < 0.01 or * p < 0.05 vs. control no-ligature group. (C) Schematic of experimental timeline for femur bone-labeling of mice that received systemic anti-Sema4D-mAb or control mAb is shown. (D) Representative photomicrographs of fluorescently labeled femur and MAR are shown. Scale bar = 100 μm. Mineral apposition rate (MAR) was calculated by the distance between Calcein (Cal) and Alizarin Red (AR), as well as the distance between Alizarin Red (AR) and Calcein Blue (CalB). Values are means ± S.D. n = 5/group. (E) Micro-CT-based bone morphometry images taken 14 days after systemic administration of anti-Sema4D mAb or control mAb. Data obtained by micro-CT, including ratio of total bone volume (BV/TV), trabecular number (TbN), trabecular thickness (TbTh), and trabecular spacing (TbSp), are also shown. Values are means ± S.D. n = 5/group. ND: not detected. 
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Figure 4. Possible role of locally produced Sema4D in the periodontal bone resorption and inflammatory responses in PD induced in mice by attachment of the ligature. To evaluate the effect of anti-Sema4D mAb on the alveolar bone loss induced in mice, the ligature was attached to the second molars of mice with or without systemic administration of anti-Sema4D mAb (3 mg/mouse) or control mAb (3 mg/mouse). After 7 days from the attachment of ligature, mice were euthanized for the collection of the respective tissue. (A) Scheme of experimental timeline for ligature-induced PD. Seven days after the attachment of ligature and injection with respective mAb, mice were euthanized, and jawbone was collected for the following post mortem analyses. (B) Periodontal bone loss: Images of alveolar bone resorption of maxilla each group. Representative images are shown. (C) CEL-ABC distance calculated for each group is expressed in a histogram. Values are means ± S.D. n = 6/group. * p < 0.05 vs. control no-ligature and no-injection group. (D) The histology section of periodontal tissue stained with H&E: inflammatory infiltrates in the ligature-induced periodontitis lesion as well as control tissue were measured. Scare bar = 100 μm. (E) ELISA of gingival tissue homogenate collected at Day 7 for detection of TNF-α, sRANKL, IGF-1, IL-10 and produced in the periodontal tissue. (F) Serum IgG antibody response to mouse oral opportunistic pathogen, Rodentibacter pneumotropicus (formally termed as Pasteurella pneumotropica), was measured using ELISA. Values are means ± S.D. n = 6/group ** p < 0.01 or * p < 0.05 vs. group without ligature and mAb injection. N.D., no difference between indicated groups. 
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Figure 5. Possible role of locally produced Sema4D in osteoclastogenesis in PD induced in mice by attachment of ligature. After 7 days from the attachment of the ligature, three groups of mice received the same panel of treatment, as shown in Figure 4, and were euthanized for the collection of periodontal tissue. (A) Microscopic photograph of tartrate-resistant acid phosphatase (TRAP)-stained periodontal tissue section of each group. Black arrowhead indicates the TRAP-positive cell. The number of TRAP+ cells in each sample was calculated and expressed in a histogram. (B) The expressions of osteoclastogenesis-related genes, including ACP5 (TRAP), CTSK (Cathepsin K), Atp6v0d2 and MMP9 in the periodontal tissue collected at Day 21 were determined using a real-time q-PCR. Values are means ± S.D. n = 6/group. * p < 0.05 and ** p < 0.01 vs. control no-ligature/no-mAb. 
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Figure 6. Effect of sema4D produced by osteoclasts on the osteoclastogenesis and identification of Sema4D receptor expressed on osteoclast precursor cells. To evaluate the effect of anti-Sema4D mAb on RANKL-induced osteoclastogenesis, BMMCs were stimulated with M-CSF/RANKL in the presence or absence of anti-Sema4D mAb (30 µg/mL) or control mAb (30 µg/mL) for 7 days. (A) Images of TRAP+ multinuclear cells differentiated in each group of BMMCs are shown. (A) The number of TRAP-positive multinuclear cells. Values are means ± S.D. n = 3/group. * p < 0.05, ** p < 0.01 vs. BMMCs cultured without RANKL/M-CSF or any mAb. Scale bar = 100 µm. (B) Images of TRAP+ multinuclear cells differentiated in each group of BMMCs are shown. (B) The area of resorbed pits was measured using ImageJ and expressed in a histogram. Values are means ± S.D. n = 3/group. * p < 0.05 vs. BMMCs cultured without RANKL/M-CSF or any mAb. Scale bar = 100 µm. (C) Expression level of mRNAs for PlexinB1, PlexinB2 and CD72 in BMMCs stimulated with RANKL/M-CSF for 48 h is shown. N.D., not detected. (D) BMMCs stimulated with M-CSF/RANKL in the presence or absence of anti-Plexin B2 mAb, anti-CD72 mAb or control mAb for 7 days. The number of TRAP-positive multinuclear cells (Day 7) in each group was calculated and is expressed in a histogram. Values are means ± S.D. n = 3/group * p < 0.05, ** p < 0.01 vs. BMMCs cultured without RANKL/M-CSF or any mAb, unless indicated by the dotted line. N.D., no difference between indicated groups. 
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