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ABSTRACT

Background: Dendritic cell-specific transmembrane protein (DC-STAMP) plays a key role in the
induction of osteoclast (OC) cell fusion. This conclusion is supported by evidence showing that
osteoclast cell fusion is diminished, while systemic bone mineral density is significantly
elevated, in DC-STAMP-KO mice, when compared to their wild-type mice. Clinically available
anti-bone loss drugs, such as denosumab (anti-RANKL mAb) and bisphosphonates, cause severe
side effects of MRONJ or medication related osteonecrosis of the jaw, presumably by targeting
the complete suppression of osteoclastogenesis, which interferes with normal osteoclast-
osteoblast coupling, or by interrupting antibacterial immune responses. Therefore, this study
aimed to examine the effects of locally administered anti-DC-STAMP-mAb on bone and

immunological responses in the context of periodontitis using a mouse model.

Methods: A silk ligature was placed around the second maxillary molar of C57BL/6J mice (male,
6- to 7-week-old, n=6-7/group) to induce alveolar bone resorption. Immediately after ligature
placement, local injection of anti-DC-STAMP-mAD or control mAb (10pg/site) on the palatal
tissue was performed. Alveolar bone loss, localization of OC, and IgG antibody response to the
mouse periodontal opportunistic pathogen Pasteurella pneumotropica (Pp) were measured at
Day-7 and Day-14 using pCT, TRAP staining and ELISA. T-cells isolated from cervical lymph
nodes were stimulated in vitro with mouse dendritic cells and Pp-antigen in the presence or
absence of anti-DC-STAMP-mAb or control-mAb, followed by measurement of T-cell

proliferation by 3H-thymidine incorporation assay.

Results: Immunofluorescence staining demonstrated higher expression of DC-STAMP on

osteoclast-like cells on the alveolar bone surface in the ligature-induced periodontitis lesion
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compared to the healthy non-ligatured site. However, local injection of anti-DC-STAMP-mAb
significantly suppressed the ligature-triggered alveolar bone resorption compared to control mAb
at Day-7 (1.18 vs. 1.68 mm, p<0.05) and Day-14 (1.58 vs. 2.28 mm, p<0.01). According to
histological analyses, anti-DC-STAMP-mAb decreased the number and size of multinucleated
TRAP+ cells in the alveolar bone in comparison to those found in control. Neither in vivo anti-
Pp 1gG antibody nor in vitro anti-Pp T-cell response was affected by anti-DC-STAMP-mAD.
These results suggested the robust efficacy of anti-DC-STAMP-mADb in suppressing alveolar
bone loss by downregulating osteoclast cell fusion, but without affecting antibacterial immune

responsces.

Conclusions: Our study demonstrated, for the first time, that anti-DC-STAMP-mAD suppressed
ligature-induced periodontal bone loss without affecting adaptive immune response to bacteria or
total number of osteoclast precursors. Anti-DC-STAMP-mAb-mediated suppression of
periodontal bone loss could be attributed to the inhibition of cell-cell fusion between osteoclast
precursors. In sum, this anti-DC-STAMP-mAD could be developed as a lead candidate targeting
osteoclast-mediated periodontal bone loss, resulting in normal homeostatic bone remodeling
through rescue of OB-OC coupling, while, at the same time, avoiding the side effects associated

with the currently applied therapies, as noted above.
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1.1

CHAPTERII

Introduction

Background of the present study

Periodontal disease is a chronic inflammatory disease that affects the supporting
tissue around teeth. It causes the destruction of periodontal tissues, particularly alveolar
bone resorption, which is the hallmark of periodontitis, resulting in multiple tooth loss. In
physiological condition, a balance is struck between the activity of osteoblasts and
osteoclasts, i.e., bone formation and bone resorption, respectively, to maintain normal
homeostatic bone remodeling. However, in the pathological condition, this homeostasis
can be disrupted by various molecular mechanisms triggered by the immune system. This
demonstrates the close relationship between lymphocytes and bone cells, which is
explored in the field of osteoimmunology (1). Imbalance between osteoblast and
osteoblast activities in systemic bone can result in abnormal bone formation, such as
osteopetrosis and osteoporosis (2, 3). However, in the context of periodontal disease, host
immune and inflammatory response against bacterial components is thought to cause the
aberrant activation of osteoclasts as a result of RANKL production from activated
lymphocytes (4). Osteoclasts are exclusive bone-resorbing cells that gain their unique
morphology based on fusion of their precursors (preosteoclasts) originating from
hematopoietic progenitors in bone marrow (5). Multinucleated cell types are limited in

mammals, including sperm and oocytes during fertilization, trophoblasts during placenta



formation, myoblasts in the formation of skeletal muscle and macrophages during giant
cell and osteoclast formation (6, 7). Unlike other multinucleated cells which undergo
fusion during developmental growth, osteoclast fusion occurs continuously (7).
Therefore, a strategy that targets this event could result in a therapeutic approach for
osteoclast-specific pathogenic bone loss with minimal side effects. Importantly, it is this
fusion step in osteoclastogenesis that significantly increases the osteoclast activity of
these bone-resorbing cells (8-10). DC-STAMP plays a critical role in the fusion of
osteoclast precursor cells to become multinucleated osteoclasts, as determined through
both in vitro and in vivo studies that used DC-STAMP-deficient mice (10, 11). DC-
STAMP is a seven-transmembrane protein originally identified in dendritic cells, 1L-4-
induced macrophages, and osteoclasts (12, 13), whereas the molecular signal
transductions upon DC-STAMP activation, as well as its ligands, remain elusive. Since
bisphosphonate, one of the most potent drugs used for bone lytic diseases, has presented
the emerging side effect of bisphosphonate-induced osteonecrosis of jaw (14), alternative
drugs for bone lytic diseases, including periodontitis, are sought for development.
Undoubtedly, the inhibition of DC-STAMP could be a potential therapeutic target for
bone lytic diseases caused by osteoclastogenesis. In contrast to chemical compound
drugs, monoclonal antibody drugs have sparked increasing interest by their specificity
and minimal side effects. Thus, development of a DC-STAMP monoclonal antibody
might generate an alternative approach to the treatment of various bone lytic diseases, but
with fewer complications and side effects. Thus, this study aims to examine the effect of
DC-STAMP monoclonal antibody on the alveolar bone resorption in a mouse model of

periodontitis.
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1.3

1.4

1.5

1.6

Aims

The specific aims are as follows:

Specific Aim 1  : To study the effect of DC-STAMP monoclonal antibody in osteoclast
formation and function in vitro.

Specific Aim 2 : To investigate the effect of DC-STAMP monoclonal antibody on the

alveolar bone resorption in ligature-induced periodontitis in vivo using mice model.

Hypothesis

Anti-DC-STAMP mAb will inhibit alveolar bone resorption in periodontitis.

Field of research

Effect of anti-DC-STAMP-mAb on osteoclastogenesis and its resorptive activity
in mouse bone marrow-derived osteoclast cell culture and mouse model of ligature-

induced periodontitis.

Limitation of research

Anti-DC-STAMP-mAb generated in this study is murine in origin, and its
efficacy and side effects were examined in a mouse model. Its application in human will

require further investigation.

Application and expectation of research

Periodontal disease is one of the most common chronic inflammatory diseases in

humans. It affects the periodontium, which is the tooth attachment apparatus. Bacterial



plaque and its components trigger host inflammatory responses which subsequently lead
to periodontal destruction, such as bone loss and, eventually, tooth loss. The main
rationale for periodontal therapy is to restore periodontal health by promoting the
regeneration of the destroyed periodontal structures. However, the destroyed tissue is
clinically difficult to reconstruct. Various regenerative periodontal treatment options are
available, including, for example, bone grafts, guided tissue regeneration and use of
growth factors.  However, the outcome of current procedures is limited and
unpredictable.  Therefore, inhibition of alveolar bone resorption is an alternative
treatment that potentially overcomes the limitations of current periodontal treatment.

With our advanced scientific knowledge and techniques, the ability to humanize
mouse antibody makes it possible to use monoclonal antibodies as a therapeutic approach
in various diseases. Therefore, DC-STAMP monoclonal antibody could be developed as
a lead candidate targeting osteoclast-mediated periodontal bone loss, but potentially
other diseases characterized by systemic bone loss, such as osteoporosis, resulting in
normal homeostatic bone remodeling through rescue of OB-OC coupling, while, at the
same time, avoiding the side effects associated with the currently applied therapies, as
noted above. In doing so, such mAb might eventually lead to a better understanding of
bone homeostasis. However, further studies are needed in order to investigate the
underlying mechanism of cell-cell fusion, since the signal transduction pathways

regulating this event remain largely unclear.
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2.1

CHAPTER 11

Literature review

Periodontal disease

Periodontal disease is a chronic inflammatory disease that affects the supporting
tissue around the teeth. It causes the destruction of periodontal tissues which, in severe
cases, leads to tooth loss. Among more than 700 species in the oral cavity,
Aggregatebacter actinomycetemcomitans (A. actinomycetemcomitans), Porphyromonas
gingivalis (P. gingivalis) and Tannerella forsythia (T. forsythia) are considered key
periodontal pathogens (15). These microbes possess a variety of potent virulence factors
that can destroy periodontal tissues (16). However, bacteria alone cannot trigger the
onset of disease. Indeed, many individuals harboring these pathogens are able to limit the
progression of periodontal disease, suggesting a complex multifactorial etiology
associated with an imbalance between host immune response and microbial virulence
factors (17). In a susceptible host, microbes and their virulence factors trigger the release
of proinflammatory mediators in the periodontal tissue, leading to periodontal tissue
destruction (15). Therefore, the interaction between microbial virulence factors and host
immune response plays key roles in the pathogenesis and progression of periodontal

disease (18).

Periodontal disease is recognized as a global health problem, albeit generally

perceived as a non-life-threatening disease. However, epidemiologic studies have shown



a significant association between periodontal and other systemic diseases, such as
cardiovascular disease, diabetes mellitus and preterm low birth weight (19-21). In
addition, alveolar bone resorption, as a hallmark of periodontitis, often starts early in the
disease process, and its progression is a cause of considerable patient morbidity. The
interactions between microbes, microbial virulence factors and host immune response
play key roles in the pathogenesis and progression of periodontal disease (18). Cells
growing in biofilm adopt different phenotypic properties in which genes are differentially
regulated (22), triggering host inflammatory responses which, subsequently, lead to
periodontal bone loss or, in severe cases, tooth loss. The most recent theory supports that
so called keystone bacteria can cause the dysbiosis or biofilm community which leads to
the pathogenic immune responses that trigger periodontal bone loss. However, currently,
the bacterial molecules that are responsible for causing dysregulation of host immune
response that are engaged in progression of periodontal disease remains unclear (18, 23).
In healthy condition, bone resorption by osteoclasts is followed by an equivalent amount
of new bone formation by osteoblasts by the phenomenon of OC-OB coupling signals.
Therefore, normal bone homeostasis is a reflection of the balance of functions between
osteoclasts and osteoblasts (24). On the other hand, under pathological conditions, in
particular, the inflammatory state, bone homeostasis is disrupted and favors the axis of
bone resorption rather than bone formation. As a result, this imbalance between
osteoblast and osteoclast activities eventually leads to net bone loss and disease, such as

osteoporosis and, especially, periodontitis (2, 23, 25).
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Osteoclastogenesis

Osteoclasts are unique bone-resorbing cells derived from the cells of monocyte-
macrophage lineage. Osteoclastogenesis is a complicated process and includes many
stages, for example, differentiation and multinucleation (26).  Multinucleate, or
multinucleated, cells are eukaryotic cells that have more than one nucleus per cell, i.e.,
multiple nuclei share one common cytoplasm. Osteoclast differentiation and function are
known to be regulated by a molecular triad: the receptor activator of nuclear factor-xB
(RANK) and its ligand RANKL, as well as osteoprotegerin (OPG), as a natural
antagonist of RANKL (27, 28). After binding of macrophage colony-stimulating factor,
or M-CSF, a secreted cytokine which influences hematopoietic stem cells to differentiate
into macrophages, these macrophages are driven to express RANK on their surface to
become osteoclast precursor cells. Next, the binding of RANKL to RANK expressed on
osteoclast precursor cells is required for osteoclast differentiation from their precursor to
mononucleated osteoclasts. Meanwhile, OPG acts as a soluble decoy receptor to prevent
RANKL from binding to RANK, thus inhibiting the formation of osteoclasts.
Consequently, osteoclast differentiation is controlled by complex interactions among
OPG, RANKL and RANK (28). However, for osteoclasts to perform their function
whenever some pathological cause has interrupted the normal osteoblast-osteoclast
balance noted above, multinucleation, as an essential cell-cell fusion step, takes place (9,
10). The cell-cell fusion mechanism in mammalian cells is cell-type specific. The fusion
of somatic cells mostly occurs during the developmental stage from embryo to the mature
adult, including skeletal muscle cells and trophoblasts. Macrophage fusion is, however,

different in that it occurs throughout life (7).



2.3

As described above, the monocyte phagocytic system was recognized in early
1980 as a precursor of osteoclasts (29). Thus, the signaling cascade that eventually results
in multinucleated osteoclast formation has been known for some time (30), but the
molecular mechanism that mediates cell-cell fusion is largely unclear. DC-STAMP has
only recently been reported as critically and specifically involved in macrophage-
macrophage cell fusion (7, 10). However, it is the binding of RANK by RANKL that
subsequently triggers the downstream signaling cascade which, in turn, induces the
transcription of various osteoclast-specific genes, including DC-STAMP (9). Therefore,
it is hypothesized that DC-STAMP expression is also regulated by transcription factors
downstream of RANKL-RANK signaling. This hypothesis is supported by the study of
Yagi et al. (2007) which demonstrates that c-Fos, AP-1 transcription factor, and NFATc1
cooperatively regulate DC-STAMP expression during osteoclastogenesis (31).
Moreover, in the presence of RANKL, osteoclast cell-cell fusion significantly up-
regulated in the DC-STAMP transgenic (DC-STAMP-Tg) cells that over express DC-
STAMP. In contrast, when RANKL is absent, cell-cell fusion is not induced in DC-
STAMP-Tg cells (31). These results suggest that RANKL stimulation is required for

DC-STAMP-mediated cell—cell fusion event in osteoclasts.

Osteoclast Fusion Events

Unlike other multinucleated cells which undergo fusion during developmental
growth, osteoclast fusion occurs continuously (7). Therefore, a strategy that targets the
multinucleation event is thought to be specific to osteoclast bone loss and thus have

minimal side effects. It should be noted that the multinucleation step is one that increases
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the osteoclast activity of these bone resorbing cells (8-10). Even though the molecular
mechanism of osteoclast fusion is largely unclear, studies point out various candidate
molecules that mediate osteoclast fusion, such as CD44, macrophage fusion receptor
(MFR) (7, 29, 30), dendritic cell-specific transmembrane protein (DC-STAMP), the d2
isoform of vacuolar ATPase VO domain subunit d2 (Atpv0d2) and osteoclast stimulatory
transmembrane protein (OC-STAMP), all of which appear to be specific and critical for

osteoclast fusion (31, 32).

Dendritic cell-specific transmembrane protein; DC-STAMP

DC-STAMP was originally identified as a seven-transmembrane protein
expressed in dendritic cells (12), then in IL-4-induced macrophages (13) and, most
recently, in osteoclasts (9). The critical role of DC-STAMP in osteoclastogenesis was
first demonstrated in an in vitro study in 2004 when it was found to be involved in the
generation and function of osteoclasts (9). In the following year, the role of DC-STAMP
as a fusogen was further clarified in vivo as the result of experimentation which showed
decreased multinucleation in osteoclasts from DC-STAMP-deficient mice, while the
expression of transcription factors required for osteoclast differentiation, including
NFATcl, and a terminal differentiation marker of osteoclasts, cathepsin K, were
unchanged. Kim et al. (31) concluded that “the NFATcl/Atp6v0d2 and DC-STAMP
signaling axis plays a key role in the osteoclast multinucleation process, which is
essential for efficient bone resorption.” This suggested that DC-STAMP is regulated by
the pivotal osteoclastogenesis transcription factor NFATcl. RT-PCR analysis on the time

course of DC-STAMP expression in mouse bone marrow-derived osteoclasts reached its
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peak on the third day after RANKL stimulation (9, 31) and was detected until the sixth
day (9).

The important role of DC-STAMP in the regulation of bone homeostasis was
further studied in overexpressing DC-STAMP transgenic mice (DC-STAMP-Tg).
Measurement of bone mineral density and bone morphometric analysis both show that
DC-STAMP-deficient mice have increased bone mass, while DC-STAMP-Tg mice show
decreased bone mass, compared to wild-type mice (10, 11). These results indicate that
DC-STAMP negatively regulates bone volume by inducing preosteoclast cell fusion
which, in turn, promotes the resorbing activity of osteoclasts, thereby disrupting bone
homeostasis and causing such diseases as osteopetrosis, which was observed in the DC-
STAMP-deficient mice.

Bone mass increase observed in DC-STAMP-deficient mice is the result of
reduced osteoclast bone resorbing activity by the loss of DC-STAMP. More importantly,
the loss of DC-STAMP not only inhibits osteoclast bone resorption, but also appears to
stimulate osteoblast activity to generate bone in vivo, thereby increasing bone volume
(11). Although the detailed mechanism underlying the activation of osteoblasts in the
DC-STAMP-KO mice is not fully elucidated, such results indicate that a therapeutic
approach targeting DC-STAMP could increase bone regeneration, while halting the bone
resorption, which is an advantage over the currently available anti-osteoclastogenesis
drugs which cannot induce osteoblast proliferation.

Previous studies reporting on DC-STAMP mostly focused on analyses of DC-
STAMP gene expression, but not endogenous DC-STAMP protein levels (9, 33), as no

appropriate agent was available that could bind DC-STAMP protein. Recently, Mensah
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et al. (2010) generated an anti-DC-STAMP monoclonal antibody (1A2) from mice to
investigate the surface expression of DC-STAMP on osteoclast precursor cells (34).
Compared to rabbit polyclonal anti-DC-STAMP antibody (KR104), polyclonal anti-DC-
STAMP antibody and 1A2 recognized different extracellular domains of DC-STAMP.
Moreover, 1A2 shows stronger detection of surface DC-STAMP which is expressed as a
dimer on the plasma membrane of murine (RAW 264.7) and human osteoclast precursor
cells (human PBMC) (34). Similar to the study of KR104 in a murine cell line (9), 1A2
could block osteoclast formation in human monocytes in vitro. In addition, the inhibitory
effect of 1A2 was shown to be dose-dependent (34). The level of DC-STAMP expression
is, therefore, associated with the frequency of multinucleated osteoclast formation.
Moreover, blockade of DC-STAMP with an anti-DC-STAMP antibody potentially
inhibited multinucleated osteoclast formation. These findings underscore the essential
role of DC-STAMP in osteoclastogenesis.

DC-STAMP has been suggested as a potential biomarker of osteoclast precursors
in inflammatory arthritis, a susceptible biomarker of psoriasis (Ps), as well as severity
marker of Psoriatic Arthritis (PsA) (35). Studies suggested DC-STAMP as a strong
candidate gene involved in Paget’s disease of bone, which is a common skeletal disorder
characterized by focal areas of increased and disorganized bone turnover, primarily
targeting the axial skeleton (36). In a genome-wide association study (GWAS)
investigating the genetic risk for Paget’s disease of bone, a significant association with a
polymorphism from the chromosomal region around the TM7SF4 gene, encoding DC-
STAMP, was found. However, genome-wide significance in the GWAS was not reached

(37). Later, Teramachi and coworkers (2014) found a significantly elevated expression



2.5

13

of DC-STAMP, but only modestly elevated levels of ATP6v0d2 and ADAMS, in
osteoclasts derived from a Paget's disease mouse model (38).

Until now, how DC-STAMP mediates osteoclast cell fusion has remained largely
unclear, and its ligand is still unknown. As reported in the study of Yagi et al. (2005),
supernatant from DC-STAMP™" could not induce osteoclast fusion of DC-STAMP™
cells, but multinucleated osteoclasts were found in the mixed culture of DC-STAMP™*
and DC-STAMP™". Since these results imply that direct cell contact is needed, the
putative ligand of osteoclast fusion might be expressed on the cell surface. In addition,
two subtypes of osteoclasts have been hypothesized, depending on the expression of DC-
STAMP and its role in the fusion process, including DC-STAMP"" osteoclast precursors
as master-fusing cells and DC-STAMP™" as fusion partner cells (10). However, in his
review, Vignery has raised the possibility that DC-STAMP ligand might be a soluble

protein released by osteoclasts in a constitutive or regulated manner. That ligand might be

released by the master-fusing cells, the fusion partner cells, or both (39).

DC-STAMP and periodontal disease

In the cross-sectional clinical study, the mRNA expression level of DC-STAMP
was detected in gingival tissues from periodontitis patients, but not in tissues from
patients without periodontal disease. Moreover, the detection frequency of DC-STAMP
expression increased with increasing severity of periodontitis (40). However, no further
studies have investigated the role of DC-STAMP in periodontal disease. Therefore,

although osteoclasts have been extensively studied as key contributors to alveolar bone
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resorption, not much is known about the role of DC-STAMP in the evolution of the bony

lesions that characterize periodontal disease.

Monoclonal Antibody

Monoclonal antibody therapy is the use of monoclonal antibodies (mAbs) to
specifically bind target cells or proteins, which then block the interactions between
receptors and their ligands, resulting in agonist or antagonist signaling in target cells.
The mAbs derived from mice possess many limitations, including immunogenicity of
these foreign proteins in patients, inefficient effector functions and half-lives that are
typically less than 20 hours. However, these limitations are overcome by molecular
engineering technologies which can modify the structure of murine mAbs to minimize
immunogenicity, yet maximize specific therapeutic actions (41). These efforts have
resulted in other subtypes of mAbs, including chimeric, humanized and fully human
mAbs (42). Over the decades, mAbs have been accepted as an alternative approach of
treating various diseases, in particular, cancer, inflammatory diseases and hematological
disorders (43). These mAbs, or IgG-based molecules, have advantages over small-
molecule drugs in many respects, including tissue-specific targeting, serum half-life and
effector functions via complement-dependent cytotoxicity, antibody-dependent cell-
mediated cytotoxicity or drug conjugates (44).

Denosumab is a fully human monoclonal antibody neutralizing RANKL and,
consequently, interfering with the differentiation, function and survival of osteoclast cells
mediated by the RANKL-RANK signaling pathway (45). By blocking RANKL-RANK

from binding on preosteoclasts, osteoclast maturation, function and survival are all
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inhibited, leading to reduction of bone resorption.  Denosumab (anti-RANKL
neutralizing mAb) has been used as an alternative to bisphosphonates based on the
disease type. In comparison to Denosumab that can neutralize the RANKL via
circulation, bisphosphonates bind strongly to bone mineral which are absorbed by mature
osteoclasts resulting in their apoptosis. These differences in mechanism of action result
in a decreased number of osteoclasts (46). Therefore, Denosumab possesses the
overlapping side effect profile attributed to the use of bisphosphonates, namely,
osteonecrosis of the jaw (ONJ) (47).

An anti-DC-STAMP-mAD has recently been developed. However, no previous
studies have investigated the effect of DC-STAMP inhibition on periodontal disease.
Therefore, this study hypothesizes that an anti-DC-STAMP-mADb can inhibit osteoclast
activity, resulting in the inhibition of alveolar bone resorption that occurs in periodontitis.
Consequently, this anti-DC-STAMP-mAb could be the lead candidate for a novel
therapeutic approach for treating periodontitis. Figure 1 shows the possible molecular

mechanism by which anti-DC-STAMP-mAD inhibits preosteoclast fusion.
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Figure 1. Schematic showing the possible molecular mechanism by which anti-DC-STAMP-

mADb inhibits preosteoclast fusion.
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CHAPTER III

Methodology

Cells
RAW 264.7 macrophage cell line was used for the osteoclastogenesis assay. For primary
cells, mononuclear cells were derived from bone marrow of C57BL/6 mice. T-cells were isolated

from cervical lymph nodes of C57BL/6 mice.

Animal
C57BL/6 mice from the Forsyth Institute were used throughout the study. The protocol to
obtain mouse bone marrow cells and induce periodontitis lesion was approved by the Forsyth

Institutional Animal Care and Use Committee (IACUC).

Osteoclastogenesis induction

Mononuclear bone marrow cells were isolated from femur and tibia of 8- to 12-week-old
male wild-type mice. Cells were seeded into 96-well plates at 1.0 x 10° cells/well in 200 pl of
complete o-MEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, 0.1% gentamycin, 1% MEM Nonessential Amino Acid (NEAA) and 30 ng/ml M-
CSF (R&D Systems, Minneapolis, MN, USA) and incubated at 37°C. After 3 days, 100 pl of
the medium was replaced with fresh medium with 30 ng/ml M-CSF and 50 ng/ml murine soluble

RANKL (sRANKL) (R&D Systems, Minneapolis, MN, USA). Cultures were applied with
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different doses of mouse anti-DC-STAMP-mADb (10, 20 and 50 pg/ml) or mouse anti-Pg10 (anti-
P. gingivalis mAb, mouse 1g(G2a), as a control.  After 3 days, 100 pl of the medium was
replaced again with the medium as previously described. On differentiation day 10, TRAP

staining or pit formation assay was performed.

Evaluation of osteoclastogenesis in vitro: Tartrate-resistant acid phosphatase (TRAP) staining

TRAP staining was performed with the leukocyte acid phosphatase kit (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s instructions. TRAP-positive multinuclear
cells, which contained three nuclei or more, were considered as osteoclasts and were counted

microscopically.

Evaluation of osteoclastogenesis in vitro: Pit formation assay

A pit formation assay was carried out as previously described (48). In brief, cells (3x10°
cells/well) were plated on a Corning® Osteo Assay Surface 96-well plate (Corning Incorporated,
Life Sciences, MA, USA) and cultured in a-MEM with 10% FBS, 30 ng/ml M-CSF and 50
ng/ml RANKL as described in osteoclastogenesis induction. On differentiation day 10, the plates
were washed with 10% sodium hypochlorite solution to remove the cells. Resorbed areas on the

slides were microscopically observed (48).

Flow cytometry analysis
Flow cytometry was used to quantitatively assess the change in DC-STAMP expression

in response to SRANKL stimulation. RANK and CD11b were used as preosteoclast markers. The
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cells were detached and scraped from culture wells. The cells were incubated in Mouse BD Fc

Block™ on ice for 30 minutes prior to incubation with conjugated antibodies.

Induction of periodontitis lesion in mice using silk ligature
Silk ligature (5-0, Ethicon®, Guaynabo, Puerto Rico) was placed around the upper left
second molar of C57BL/6j mice (male 6-7-week-old) , whereas the upper right second molar

without ligature was used as a control. The mice were fed with regular diet.

Local delivery of anti-DC-STAMP-mAb

After ligature placement, mice were randomly divided into two groups to receive either
anti-DC-STAMP-mAD or control mAb. Anti-DC-STAMP-mAD or control mAb was locally
injected at the palatal tissue close to the interdental papilla area. Ten pg of mAb were injected to
ligature- and non-ligature-placed sites. The timeline of the experiment is shown in Figure 4.

The injection of mAb was performed on Day 0.

mADb injection Sacrificed Sacrificed Sacrificed

| S

DAY 0 3 7 14
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Measurement of alveolar bone resorption

Mice were sacrificed on Day 3, 7 and 14. The maxilla bone was defleshed, and
periodontal bone resorption was measured as previously described (49). Briefly, the distance
from the cemento-enamel junction (CEJ) to the alveolar bone crest (ABC) on the buccal side of
each root was measured under a microscope with a reticule eyepiece at a magnification of x25.
Recordings were made for the long axis of the root surface for all molar teeth. A total of six
recordings were evaluated, including the distance measured in the first, second and third molars.
Alveolar bone loss was calculated and presented as total bone loss, as determined by the
following equation: [(total CEJ-to-ABC distance of ligatured site) — (total CEJ-to-ABC distance

of non-ligatured site)].

Histological sample preparation

After sacrifice, the animal’s whole maxilla was dissected and fixed in 5% formaldehyde-
saline solution overnight at 4°C. The tissue was then decalcified in 10% Ethylene-diamine-tetra-
acetic acid (EDTA) containing 0.1 M Tris (pH 6.9) for 14 days at 4°C. The samples were then
embedded in paraffin or frozen OCT compound (Tissue-Tek”™, Sakura Finetek, USA) for TRAP

and immunofluorescence staining.

Evaluation of osteoclastogenesis in vivo by TRAP staining
Serial paraffin sections (7 um) were cut. The formation and localization of osteoclasts
were evaluated by TRAP staining as previously described (50). Briefly, the slides were incubated

for 10 min in TRAP staining solution at 37°C in the dark. The slides were counterstained with
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methyl green. Multinucleated dark brown cells with three or more nuclei lying along the alveolar

bone surface were considered osteoclasts.

Immunofluorescence staining

Serial frozen sections (7 um) were cut by cryostat sectioning and mounted on a glass
slide. Frozen maxilla sections were fixed in ice-cold acetone at —20°C for 10 min and blocked
with 5% bovine serum albumin (BSA) for 1 hour at room temperature in a humid chamber.

FITC- and Hoeschst 33342 (Thermo Fisher Scientific)-conjugated anti-mouse DC-
STAMP monoclonal antibodies were used to stain murine DC-STAMP and nuclei, respectively.
An inverted Zeiss LSM 780 confocal microscope with GAsP 34 channel detector was used to
observe histological sections. Images were obtained with a Plan Apochromat 40x 1.40 NA oil
immersion objective. Each scan was performed using identical laser power, gain, and offset
values. Z-stack images were acquired at fixed intervals with a Z-depth of 4.0 pm. Bi-dimensional
reconstruction was performed using the Zeiss LSM image browser and then saved as TIFF files.

Final images were prepared for publication by using Adobe Photoshop CS, version 6.0.

Analysis of cytokine production in gingival tissue surrounded periodontal lesion

As previously described (51), gingival tissues were homogenized with Dounce glass
homogenizer in phosphate-buffered saline supplemented with 0.05% Tween 20,
Phenylmethanesulfonyl fluoride (1 mmol/L; Sigma, St. Louis, MP), and protease inhibitor
cocktail (Sigma). After centrifugation, the supernatant was collected for ELISA analysis. For

ELISA, TNF-a, IL-1B and sRANKL levels in homogenized tissue were determined using
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commercially available ELISA kits (DuoSet ELISA, R&D Systems, MN, USA), while the IL-6

ELISA kit was purchased from Peprotech (Rocky Hill, NJ).

Dendritic cell proliferation

Mononuclear bone marrow cells were isolated from femur and tibia of 8- to 12-week-old
male wild-type mice. Cells were seeded into a T-25 flask at 1.0 x 10° cells/ml in 5 ml of
complete RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, 0.1% gentamycin, 1% MEM Nonessential Amino Acid (NEAA), 0.1% 2-
Mercaptoethanol and 20 ng/ml GM-CSF (R&D Systems, Minneapolis, MN, USA) and incubated
at 37 °C. Every two days, the medium was replaced with fresh medium with 20 ng/ml GM-CSF.
At day 6 to 8, dislodged aggregates were collected and transferred to a new T-25 flask in fresh
complete RPMI medium. Nonadherent cells were collected for the mixed lymphocyte reaction
assay with T-cells. Dendritic cells were then incubated with Mitomycin C (Abcam, USA)

25pug/ml for 1 hour to inhibit cell growth.

T-cell isolation
T-cells from ligature-induced periodontal disease were isolated from cervical lymph

node. T-cells were enriched by glass-wool column purification (52).

Mixed lymphocyte reaction (MLR) and T-cell proliferation assays
T-cells (2.5x10° cells/well) were cultured with 5x10* matured dendritic cells in RPMI
medium supplemented with 10% heat-inactivated FBS and 1% penicillin—streptomycin in a 96-

well plate at 37 °C.  T-cells were cultured with dendritic cells in the presence or absence of Pp
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bacteria (10’/well) as an antigen. The anti-DC-STAMP-mAD or control mAb (50pg/ml) was also
added to the T-cell cultures. *H-Thymidine (0.5uCi/well) was applied for the last 24 hours of a
total of 3-day culture. The proliferation and activation of T-cells were measured by radioactivity
(c.p.m.) using a PB-scintillation spectrometer (Beckham Coulter, Fullerton, CA, USA). The
culture supernatant was collected for sSRANKL detection by ELISA.  Antigen-specific
proliferation of T-cells was calculated and shown as a count per minute (c.p.m.) value and

stimulation index (SI).

IgG response against bacteria
To detect antibacterial IgG levels in serum, the formalin-fixed bacteria/bacterial sonicate

of Pasteurella pneumotropica (Pp) was used as antigen in a modified ELISA assay as previously

described (53).

Statistical analysis
Student’s t-test was used for comparison of two different outcomes of experiments

performed. A p-value of less than 0.05 was considered statistically significant.



24

CHAPTER IV

Research results

Characterization of Anti-DC-STAMP mAb

The isotype of anti-DC-STAMP-mAb was determined using mouse IsoStrip' ™ Isotyping
Kit (Roche, USA). Anti-DC-STAMP-mADb was shown to be an IgG2a subtype (Figure 2). Next,
the ability of anti-DCSTAMP-mAD to recognize DC-STAMP protein was examined. Therefore,
Western blot assay was performed on total protein extracted from RAW264.7 cell lysate after 7
days of sRANKL stimulation. The result demonstrated that anti-DC-STAMP-mAb could
recognize approximately 53 kDa of DC-STAMP in monomer form and approximately 106 kDa
of DC-STAMP in dimer form (Figure 3), similar to the results reported by the study using rabbit
anti-DC-STAMP polyclonal Ab and another mouse anti-DC-STAMP-mAb (commercial Anti-
DC-STAMP-mAD; clone 1A2, Millipore, USA) (9, 34). These results indicated that anti-DC-

STAMP-mAD could recognize DC-STAMP expressed on osteoclasts.

While clone 1A2 recognizes DC-STAMP at the fourth extracellular domain (loop 3), the
newly developed anti-DC-STAMP-mAD bound to the epitope present in the same loop 3. The
difference in DC-STAMP binding sites between these two antibodies was confirmed by ELISA

(Figure 4).
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Figure 2. Determination of anti-DC-STAMP mAb (generated by Dr. Toshihisa Kawai) isotype.

IsoStrip™ Mouse Monoclonal Antibody Isotyping Kit (Roche, USA) was used. The band

appearing on the strip revealed that anti-DC-STAMP-mAD is an [gG2a isotype mAb.
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Figure 3. Anti-DC-STAMP-mADb (generated by Dr. Toshihisa Kawai) recognizes 53 kDa and
106kDa DC-STAMP in monomeric and dimeric forms, respectively. Total protein extracted
from RAW264.7 cell lysate (1, 5 and 10 pg, respectively). Western blotting analysis for DC-
STAMP against specific anti-DC-STAMP-mADb (left and right panel represented the antibody
dilution of 50 times and 200 times, respectively) demonstrated the strong detection of DC-
STAMP protein, even with 200 times dilution. (The upper band represented dimeric form of
DC-STAMP 106kDa, while the lower band represented monomeric form of DC-STAMP

53kDa.)
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Figure 4. Comparison of developed anti-DC-STAMP-mADb (generated by Dr. Toshihisa Kawai)
and commercial anti-DC-STAMP (clone 1A2, Millipore, USA) 1A2 for the detection DC-
STAMP peptide. ELISA plates were coated with DC-STAMP protein fragment recognized by
anti-DC-STAMP-mADb. ELISA result showed that anti-DC-STAMP mAb recognized a different

DC-STAMP peptide compared to 1A2.
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Localization of DC-STAMP in osteoclast cell culture in vitro

Next, we examined the expression of DC-STAMP on mouse bone marrow-derived
mononuclear cells by anti-DC-STAMP-mAb. The cell surface expression of DC-STAMP in cell
culture with or without sSRANKL stimulation was analyzed by flow cytometry. In the absence of
sRANKL stimulation, DC-STAMP was expressed in 18.5 % of the total cell number. DC-

STAMP expression level significantly increased after SRANKL treatment for 3 days (Figure 5).

To visualize the presence of DC-STAMP on osteoclast cells, immunofluorescence
staining of DC-STAMP and F-actin was performed in mouse bone marrow-derived osteoclast
cell culture at day 5 and 7 of osteoclastogenesis (Figure 6). Results from confocal microscopy
revealed the heterogeneity of DC-STAMP localization among cells. In addition, it was
suggested that DC-STAMP was preferentially found in smaller osteoclasts, both in terms of size

and number of nuclei.
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Figure 5. Flow cytometry analysis of DC-STAMP expression on osteoclast precursor cells.
Osteoclasts derived from mouse bone marrow cells were incubated with or without sSRANKL for
3 days, and the cell-surface expression levels of DC-STAMP were analyzed by flow cytometry.
After 3 days of incubation with sSRANKL treatment, the percentage of CD11b+RANK~+DC-
STAMP+ had significantly increased from 18.5% in untreated cells to 31.0% in sRANKL-

treated cells (p < 0.05) (mean + SD; n = 3).
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Figure 6. The localization of DC-STAMP in osteoclasts in vitro. Immunofluorescence staining
for Hoechst-stained nuclei (blue), F-actin—phalloidin (red) and DC-STAMP-FITC (green) in
osteoclast cell culture at day 5 and 7 of osteoclastogenesis was evaluated by confocal
microscopy. The expression of DC-STAMP was observed in osteoclast cells. Results revealed
heterogeneity in DC-STAMP localization among cells. In addition, it was suggested that DC-
STAMP was preferentially found in smaller osteoclasts, both in terms of size and number of

nuclei.
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The effect of anti-DC-STAMP mADb on osteoclast formation in vitro

We next examined the effect of anti-DC-STAMP-mAb on osteoclastogenesis in
RAW264.7 cells by TRAP staining. TRAP-positive multinuclear cells, containing three nuclei
or more, were considered as osteoclasts and were counted microscopically. In RAW264.7 cell
culture with M-CSF, no detectable TRAP staining was observed without RANKL stimulation.
RANKL efficiently induced osteoclastogenesis, as shown by the TRAP-positive multinucleated
cells. When anti-DC-STAMP-mAb (10, 20, 50 and 100 pg/ml) was added together with
RANKL, the number of TRAP-positive multinucleated cells was diminished. In contrast, anti-
Pg10 or control mAb had no effect on osteoclastogenesis. The most effective dose was 20 and

50pg/ml (Figure 7).

We also examined the inhibitory effect of anti-DC-STAMP-mAb on mouse bone
marrow-derived cell culture. Results showed no detectable TRAP staining without RANKL,
while osteoclast formation was detected when RANKL treatment was applied. Twenty and
50pg/ml of Anti-DC-STAMP-mAb significantly reduced the number of TRAP-positive
multinucleated cells. The most effective dose was 50ug/ml. Interestingly, when 100pg/ml of
anti-DC-STAMP-mAb was added, osteoclastogenesis was not diminished. In addition, the
number of TRAP-positive multinucleated cells was significantly increased with the addition of

100pg/ml of anti-Pg10-mAb (Figure 8).

We speculated that the Fc portion of mAb might contribute to the increase in
osteoclastogenesis. We, therefore, examined osteoclastogenesis in FCR-KO mouse bone marrow-
derived cells. In comparison to wild-type cells, the number of TRAP-positive multinucleated

cells in the FcR-KO group was diminished in a dose-dependent manner (Figure 9). This
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supported the hypothesis that the Fc portion of mAb might possibly bind to Fc receptor on

osteoclasts and thus induce osteoclastogenesis.
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Figure 7. Effect of anti-DC-STAMP-mAD on osteoclastogenesis in RAW264.7 cells. Cells were
incubated with M-CSF (30ng/ml) and sRANKL (50ng/ml) with or without mAb for 7 days.
TRAP-positive multinucleated cells, containing three nuclei or more, were considered as
osteoclasts and were counted microscopically. Anti-DC-STAMP-mAD at doses of 10, 20, 50 and
100 pg/ml significantly reduced osteoclast cell-cell fusion in vitro. Anti-Pg10-mAb had no

effect. (n=8, * p<0.05, ** p<0.01, compared to negative control).
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Figure 8. Effect of anti-DC-STAMP mAb on osteoclastogenesis in mouse bone marrow-derived
osteoclast cells. Cells were incubated with M-CSF (30ng/ml) and sSRANKL (50ng/ml) with or
without mAb for 7 days. TRAP-positive multinucleated cells, containing three nuclei or more,
were considered as osteoclasts and were counted microscopically. Anti-DC-STAMP-mAD at
doses of 20 and 50 pg/ml significantly reduced osteoclast cell-cell fusion in vitro. Anti-Pgl10-
mAb had no effect on osteoclastogenesis at doses 10, 20 and 50pg/ml. Anti-Pgl10-mAb
significantly upregulated osteoclastogenesis at a dosage of 100pg/ml (n=8, * p<0.05, ** p<0.01,

compared to negative control).
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Figure 9. The effects of anti-DC-STAMP-mAD on osteoclastogenesis in C57BL/6 wild-type
compared to bone marrow-derived osteoclastogenesis in FcR-KO mice. Cells were incubated
with M-CSF (30ng/ml) and sSRANKL (50ng/ml) with or without mAb for 7 days. TRAP-positive
multinucleated cells, containing three nuclei or more, were considered as osteoclasts and were

counted microscopically (n=6, * p<0.05, compared to negative control).
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Figure 10. TRAP staining of mouse bone marrow-derived osteoclast cell culture under
microscopy. TRAP staining was performed on day 7 after incubation with M-CSF (30ng/ml)
alone (A) or M-CSF (30ng/ml) and sRANKL (50ng/ml) (B) and in the presence of anti-DC-
STAMP-mAb (50pg/ml) (C) or anti-Pgl0 mAb (50pg/ml) (D). Anti-DC-STAMP-mAb

significantly reduced osteoclast cell-cell fusion in vitro (magnification 40x).
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Effect of anti-DC-STAMP mAb on resorptive activity of osteoclasts in vitro

In a previous experiment, we found that 50pg/ml of anti-DC-STAMP-mAb effectively
suppressed TRAP-positive multinucleated cell formation. To determine if this suppression
affected resorptive activity, mouse bone marrow-derived mononuclear cells were cultured on
Corning® Osteo Assay multiple-well plates. When compared to undifferentiated mononuclear
cells, many resorption pits were observed with RANKL stimulation. Therefore, Anti-DC-

STAMP-mAD had significantly reduced the resorption area, as shown in Figure 11 and 12.
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Figure 11. Pit formation assay of mouse bone marrow-derived osteoclast cell culture under
microscopy. Cells were cultured on Corning® Osteo Assay multiple- well plates (Corning,
USA). Pit formation assay was performed on day 7 after incubation with M-CSF (30ng/ml) alone
(A) or M-CSF (30ng/ml) and sSRANKL (50ng/ml) (B) and in the presence of anti-DC-STAMP-
mAb (50pg/ml) (C) or anti-Pgl0 mAb (50pg/ml) (D). Anti-DC-STAMP-mADb significantly
reduced resorption pit in vitro (magnification 40x). The example of resorption pit was circled

with black line.
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Figure 12. Effect of anti-DC-STAMP-mADb on resorptive activity in mouse bone marrow-
derived osteoclast cells. Cells were cultured on Corning® Osteo Assay multiple-well plates
(Corning, USA). Pit formation assay was performed on day 7 after incubation with M-CSF
(30ng/ml) and sSRANKL (50ng/ml) in the presence of anti-DC-STAMP-mAb (50png/ml) or anti-
Pgl10 mAb (50pg/ml). Anti-DC-STAMP-mADb had significantly reduced resorption pit in vitro

(n=8, * p<0.05, compared to negative control).
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Localization of DC-STAMP in ligature-induced periodontal lesion in vivo

Frozen sections were prepared from the maxilla mice with ligature-induced periodontitis
sacrificed at day 7. Localization of DC-STAMP in periodontal lesion was determined by
immunofluorescence using confocal microscopy (Figure 13). DC-STAMP expression was
detected. Immunofluorescence staining demonstrated the higher expression of DC-STAMP on
osteoclast-like cells on the alveolar bone surface in the ligature-induced periodontitis lesion

compared to the healthy non-ligatured site.

Figure 13. Distribution of DC-STAMP as detected in periodontal lesion by immunofluorescence
staining.  Immunofluorescence double-staining of frozen maxilla sections with monoclonal
antibody against DC-STAMP (FITC; green) and nuclei (Hochest 33342; blue) were shown. DC-
STAMP expression was higher in the ligature-induced periodontitis lesion (day 7) (B) in

comparison to healthy site (without ligature) (A). The bars indicate 20 um.
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Effect of anti-DC-STAMP mAb on alveolar bone loss in ligatured-induced periodontitis

model

We first evaluated the effect of ligature placement on the amount of alveolar bone
resorption in C57BL/6 mice at day 3, 7 and 14. Silk ligature promoted plaque accumulation and,
as a result, induced alveolar bone loss (Figure 14). Bone loss was significant by day 7.
Additional alveolar bone destruction could be observed from day 7 to 14, but not as significant
(Figure 15). As previously mentioned, anti-DC-STAMP-mADb has a half-life of approximately 13
— 14 days. In this study, the anti-DC-STAMP-mAb was locally administered as a single dose at
10ug per site at the time if ligation. Mice were sacrificed at day 3, 7 and 14. Alveolar bone loss
was observed in mice that received either anti-DC-STAMP-mAD or anti-Pg10-mAb. Anti-DC-
STAMP-mADb, however, demonstrated a proportionately smaller amount of ligature-triggered
alveolar bone resorption when compared to control mAb at Day 7 (1.18 vs. 1.68 mm, p<0.05)
and Day 14 (1.58 vs. 2.28 mm, p<0.01) (Figure 16, 17). This result showed that anti-DC-
STAMP-mAD effectively reduced periodontal bone resorption in ligature-induced periodontitis

1n mice.
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Figure 14. Alveolar bone resorption of maxilla under microscopy. The images presented
ligature-induced bone resorption at maxillary buccal sites of mice without ligature (A). In B — D,
5-0 silk ligature (Ethicon, USA) was placed around maxillary second molars for 3, 7 and 14

days, respectively.
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Figure 15. Measurement of alveolar bone resorption. Cervico-enamel junction (CEJ) to alveolar
bone crest (ABC) distance was measured at the buccal side as indicated by the red line (A). The
amount of bone resorption was calculated and presented in histogram (B) (Mean + SD, n=3,

* p<0.05, ** p<0.01 compared to negative control).
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Figure 16. Effect of anti-DC-STAMP-mAb on alveolar bone loss in ligature-induced
periodontitis model. Images of ligature-induced bone resorption at maxillary buccal sites of
mice are shown (Day 7; A: microCT, B: dissection microscope). Anti-DC-STAMP-mAD
significantly suppressed ligature-triggered alveolar bone resorption compared to control mAb at
Day 7 and Day 14 presented in histogram (C) (1.18 vs. 1.68 mm, p<0.05 and 1.58 vs. 2.28 mm,

p<0.01, respectively) (Mean + SD, n = 6 — 7 mice /group, * p<0.05, ** p<0.01).
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Evaluation of osteoclast formation in vivo

Paraffin sections were prepared from maxilla of mice with ligature-induced periodontitis
sacrificed at day 7. Localization of osteoclasts was examined in periodontal lesion by TRAP
staining (Figure 17). According to the histological analyses, anti-DC-STAMP-mAb decreased

the number and size of multinucleated TRAP+ cells in alveolar bone compared to control.
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Figure 17. Effect of anti-DC-STAMP-mADb on in vivo ligature-caused osteoclast induction. At 7
days, paraffin sections from decalcified maxilla were submitted to TRAP staining. TRAP-
positive multinucleated cells were indicated by arrowhead (Bar = 100 um). Anti-DC-STAMP-

mADbD decreased the local differentiation of TRAP-positive multinucleated cells.
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Effect of locally administered anti-DC-STAMP-mADb on cytokine production

It is well known that TNF-a, IL-1p, IL-6 and sSRANKL are pro-inflammatory mediators
involved in the pathogenesis of periodontitis (54). Therefore, cytokine levels were examined in
the gingival tissue around periodontal lesion (Figure 18-21). Without ligature, clinically healthy
periodontal tissue was assumed, and TNF-a, IL-1B, IL-6 and sRANKL levels were readily
detected. Induction of periodontitis with silk ligature increased TNF-a, IL-1f3, IL-6 and sSRANKL
production regardless of the administration with either anti-DC-STAMP-mAb or anti-Pgl0-
mAb. Indeed, there were no statistically significant difference in the production of those pro-
inflammatory cytokines in the ligatured gingiva tissue between the anti-DC-STAMP-mAb and
anti-Pg10-mAb treatments (p > 0.05), suggesting that DC-STAMP expressed in the inflamed

periodontal tissue may not be engaged in the production of proinflammatory cytokines.
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Figure 18. A-C. Effect of anti-DC-STAMP-mAb on IL-1f response in ligature-induced
periodontitis model. Proinflammatory cytokine IL-1B in homogenized gingival tissue was
measured by ELISA, and no statistical difference was found between groups receiving anti-DC-

STAMP-mADb and control mAb (Mean + SD, n=4/group, * p<0.05).
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Figure 19. A-C. Effect of anti-DC-STAMP-mAb on IL-6 response in ligature-induced
periodontitis model. Proinflammatory cytokine IL-6 in homogenized gingival tissue was
measured by ELISA, and no statistical difference was found between groups receiving anti-DC-

STAMP-mAD and control mAb (Mean + SD, n=4/group, * p<0.05).
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Figure 20. A-C. Effect of anti-DC-STAMP-mAb on TNF-a response in ligature-induced
periodontitis model. Proinflammatory cytokine TNF-a in homogenized gingival tissue was
measured by ELISA, and no statistical difference was found between groups receiving anti-DC-

STAMP-mADb and control mAb (Mean + SD, n=4/group, * p<0.05).
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Figure 21. A-C. Effect of anti-DC-STAMP-mAb on sRANKL responses in ligature-induced
periodontitis model. Proinflammatory cytokine sSRANKL in homogenized gingival tissue was
measured by ELISA, and no statistical difference was found between groups receiving anti-DC-

STAMP-mAD and control mAb (Mean + SD, n=4/group, * p<0.05).
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Effect of locally administered anti-DC-STAMP-mADb on IgG-antibody response to bacterial

challenge

We examined whether the local administration of anti-DC-STAMP- mAb would affect
IgG antibody response against bacteria. We collected sera from mice that received anti-DC-
STAMP or anti-Pgl0 mAb locally injected at the gingival tissue after 7 and 14 days. We
checked IgG antibody response against the mouse periodontal opportunistic pathogen
Pasteurella pneumotropica (Pp) using ELISA. Results showed that anti-Pp IgG antibody was

affected by anti-DC-STAMP-mAb (Figure 22).

These results suggested the robust efficacy of anti-DC-STAMP-mADb in suppressing
alveolar bone loss by downregulating osteoclast cell fusion, but without affecting antibacterial

immune responses.
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Figure 22. Effect of locally administered anti-DC-STAMP-mAb on antibacterial immune
response. Serum IgG antibody response to Pasteurella pneumotropica (Pp) was analyzed by

ELISA. No significant difference in IgG antibody response against Pp antigen was found when
compared to control mAb (Mean + SD, n=5/group, * p<0.05).
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Effect of locally administered anti-DC-STAMP-mAD on T-cell response

Previous studies revealed the expression of DC-STAMP on dendritic cells (57, 58).
Dendritic cells process and present antigen to T-cells. Therefore, we investigated the effect of
locally administered anti-DC-STAMP-mAD on dendritic cells (DCs) in conjunction with T-cell
response in vitro. In order to check the ability of DCs to induce T-cell proliferation, tritiated [3H]
thymidine incorporation assays was used. T-cells were isolated from cervical lymph node of
mice that received ligature placement around the second maxillary molars on both left and right
sides for 2 days. T-cell proliferation was evaluated by 3H-thymidine incorporation assays. T-cell
proliferation was increased upon Pp antigen challenge. Neither addition of anti-DC-STAMP nor
control anti-Pg10-mAb affected T-cell proliferation. Anti-MHCII antibody significantly
suppressed T-cell proliferation. As expected, T-cell response was not affected by local

administration of anti-DC-STAMP-mAD (Figure 23-24).
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Figure 23. *H-thymidine incorporation assays of T-cells isolated from cervical lymph node of
ligature-induced periodontitis mice. T-cell proliferation was upregulated when challenged with
Pp antigen. The addition of anti-DC-STAMP-mAb or anti-Pgl0 mAb did not alter T-cell

proliferation in response to Pp antigen (Mean + SD, n=8/group, * p<0.01, compared to control).
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Figure 24. Stimulation indices (SI) of T-cells derived from cervical lymph node of mice that
received ligature placement in response to bacterial antigen (Pp). Anti-DC-STAMP-mAb or anti-
Pg10-mAb. T-cell proliferation was upregulated when challenged with Pp antigen. The addition
of anti-DC-STAMP-mAD or anti-Pg10 mAb, nor was T-cell proliferation altered in response to

Pp antigen (Mean + SD, n=5/group, * p<0.05, compared to control).
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CHAPTER V

Discussion and Conclusion

In this study, we demonstrated that anti-DC-STAMP-mADb could inhibit ligature-induced
periodontal bone resorption in a mouse model. Ligature-induced periodontitis has been used in
various animal models, including rats, dogs, rabbits and mice. Compared to other animal
models, several genetic strains of mice can be bred. Breeding these mice is inexpensive, and
disease onset is rapid. Alveolar bone resorption in rat occurs predictably after 7 days of ligature
placement (55, 56), but 5 to 7 days in mice (57, 58). In this study, we observed significant
periodontal bone loss at day 7, gradually continuing until day 14. By the oral gavage method, on
the other hand, significant bone loss typically takes longer than 4 weeks after the last inoculation
(58-60). Ligature significantly facilitated the accumulation, as well as amount, of anaerobic
bacteria. The importance of bacteria in the etiology of bone loss has been confirmed by antibiotic
treatment, which significantly inhibited bone loss (57). In addition, ligatures do not induce
inflammation or significant bone loss in germ-free rat (56, 61). The limitation of this model is
the possibility of mechanical trauma during the placement of ligature. Regardless of this
possibility, accumulated bacteria in the ligature do constitute a major factor in the induction of

host immune response which, in turn, leads to the bone loss in this model.

In addition to RANKL-mediated osteoclastogenesis through RANK, co-stimulatory
signaling has been reported (Kajiya et al. 2010). FcyRII and FcyRIII can bind polymeric IgG or

IgG-immune complex and induce the phosphorylation of immunoreceptor tyrosine-based
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activation motif (ITAM). Phospholipase Cy and calcium signaling are then upregulated
providing the co-stimulatory signaling for RANKL-mediated osteoclastogenesis. This activation
is induced by the mechanical force provided by multiple tightly connected IgG antibodies known
as the capping effect (4). Therefore, it was speculated that the increase in osteoclast number in
high concentrations of anti-DC-STAMP-mADb resulted from the formation of IgG-immune
complex. Osteoclastogenesis was induced from bone marrow-derived cells from FcyR-KO mice
in comparison to WT mice. As expected, anti-DC-STAMP-mAb at the same concentration as
that used for suppression of osteoclastogenesis induced in WT—derived osteoclast showed the

comparable inhibitory effect on FcyR-KO-derived osteoclasts (not shown).

Dendritic cells represent a large family of antigen presenting cells that circulate in the
blood stream and also locate in tissue. Dendritic cells capture and process antigens to stimulate
T-cell responses. Dendritic cells are critical in initiating an adaptive immune response. In
human tissue with chronic periodontitis, immature dendritic cells, termed Langerhans cells,
predominantly infiltrate the gingival epithelium. Mature dendritic cells, on the other hand,
specifically infiltrate the CD4 (+) lymphoid-rich lamina propia (62). DC-STAMP was first
shown to be expressed on dendritic cells (12). In their studies, DC-STAMP was constitutively
expressed from day 3 to day 8 and detected on both immature and mature dendritic cells. The
expression of DC-STAMP is first detectable at day 3 and reached its peak at day 7, then down-
regulated as dendritic cell completed their maturation. The expression of DC-STAMP is
restricted to monocyte-derived dendritic cell as well as myeloid CD11c+ blood dendritic cell, but
not Langerhans cells or lymphoid CD11c-. In contrast, DC-STAMP expression was not found on

monocyte, PBMC and B cells (63).
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It is interesting that both osteoclasts and dendritic cells express the DC-STAMP
molecule. However, multinucleation is only found in osteoclasts. One possible explanation is
the difference in the localization of DC-STAMP between osteoclasts and dendritic cells. While
DC-STAMP is expressed on the surface of osteoclasts (9), it is expressed on the endoplasmic
reticulum of immature dendritic cells before translocation towards the Golgi compartment upon
maturation (63, 64). However, the role of DC-STAMP in dendritic cells was not well understood.
Role of DC-STAMP in dendritic cell was evaluated in DC-STAMP-/- mice. Aged DC-
STAMP-/- mice, older than 12 months, developed autoimmune symptoms including
multisystemic inflammations in the kidney, lung and salivary gland. These aged DC-STAMP-/-
mice compared to wild-type mice, showed increased splenic size and cellular infiltrates in the
spleen, and T-cell infiltration into various organs and tissues. In addition, anti-anti-dsDNA
antibodies was significantly increased with the IgG depositions in kidney glomeruli (65). In the
in vitro experiment, DC-STAMP-/- dendritic cells showed normal differentiation and
proliferation. However, antigen presentation activity of DC-STAMP-/- dendritic cells was
significantly up-regulated through increased phagocytotic activity compared with wild-type
dendritic cells. These results suggested that DC-STAMP is engaged in down-regulating the

induction of autoimmune responses (65).

The same group of researchers further investigated the role of DC-STAMP in the
antigen-presenting function to T cells using DC-STAMP-specific ShRNAs to knock-down DC-
STAMP in murine bone marrow-derived dendritic cells (66). There were no difference in term
of morphology and the upregulation of costimulatory molecules upon LPS stimulation.
Nevertheless, the secretions of cytokines; TNF-a, IL-6, IL-12, IL-10., MIP-10, were decreased

whereas those secretions of IL-1p and IL-1a were increased. In addition, it was demonstrated
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that DC-STAMP-/dendritic cells induced significantly less IFN-y production from Th1 T cell and

were less efficient in stimulating T cell proliferation compared to wild-type dendritic cells (66).

Our study demonstrated that anti-DC-STAMP-mAb could reduce alveolar bone
resorption in periodontitis without affecting adaptive immune response. According to the in
vitro assays, the inhibition of cell-cell fusion between preOCs by anti-DC-STAMP-mAb could
account for its role in the suppression of periodontal bone loss. Interestingly, anti-DC-STAMP-
mADb did not alter IgG antibody response against oral bacteria. Since antibodies play a major
role in antibacterial adaptive immune response, this behavior could be considered beneficial to
the host. Neither did anti-DC-STAMP-mADb cause dysregulated T cell- responses to bacteria (Pp)
were also unaffected by anti-DC-STAMP-mAD in vitro. Furthermore, production of RANKL
which is produced by activated T cells and B cells in the ligatured gingival tissue were not
affected by the administration of anti-DC-STAMP-mADb. Based on these results, we speculated
that the anti-bone loss effect of anti-DC-STAMP-mADb might be specific to the abrogation of
osteoclast function, without affecting adaptive immune response. In this study, since anti-DC-
STAMP-mAb was administered locally, but not systemically, the function of DCs to present
antigen to T cells in lymph nodes was unaffected. Therefore, the possible effect of anti-DC-
STAMP-mADb on dendritic cells (DCs) could not be ruled out. It would be intriguing to follow
up the question of adaptive immune response against oral bacteria to determine any effects

resulting from systemic administration of anti-DC-STAMP-mAb.

Fusion of preosteoclasts plays a vital role in the maturation of osteoclasts since this event
increases the osteoclast activity of these bone-resorbing cells (8-10). Molecules involved in the
fusion of preosteoclasts can be divided into two types, RANK-independent and RANK-

dependent (67). Even though the molecular mechanism of osteoclast fusion is largely unclear,
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studies point out various candidate molecules that mediate osteoclast fusion, such as CD44,
macrophage fusion receptor (MFR) (7, 29, 30), dendritic cell-specific transmembrane protein
(DC-STAMP), the d2 isoform of vacuolar ATPase Vo domain (Atpv0d2) and osteoclast
stimulatory transmembrane protein (OC-STAMP), all of which appear to be specific and critical
for osteoclast fusion (32, 48). This explains why the compensatory pathway is expected from

other fusion molecules in the event of DC-STAMP inhibition.

OC-STAMP (osteoclast stimulatory transmembrane protein) is a novel protein introduced
by Yang et al. in 2008 (32). OC-STAMP has been purposed to play an important role in pre-
osteoclast fusion, the same as DC-STAMP, for several reasons. OC-STAMP protein has high
similarity to DC-STAMP in consensus sequence. Both of them are significantly induced
osteoclast precursors stimulation with RANKL. Anti-OC-STAMP and anti-DC-STAMP
antibody can inhibit multinucleated osteoclast formation, while the overexpression of OC-
STAMP and DC-STAMP promote multinucleated osteoclast formation in mouse BMC and

RAW 264.7 cells (32).

Miyamoto et al. in 2012 (68) further showed that cell-cell fusion in osteoclasts is induced
by both OC-STAMP and DC-STAMP, both of which are induced by RANKL-NFATc] axis.
The mixed cultures of OC-STAMP—deficient cells with DC-STAMP—deficient cells did not
induce preosteoclast cell—cell fusion. OC-STAMP was required for osteoclast fusion independent
of DC-STAMP since DC-STAMP was also equally expressed in OC-STAMP-deficient
osteoclasts. OC-STAMP expression appears normal in DC-STAMP—deficient osteoclasts
suggests that DC-STAMP and OC-STAMP likely do not regulate each other. In this study, they
also generated OC-STAMP-deficient mice to analyze the role of OC-STAMP in vivo. The

multinucleated osteoclast formation was completely abrogated in OC-STAMP deficient mice.
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However, dexa analysis of OC-STAMP—deficient mice demonstrated that some mice showed
increased bone mass compared with wild-type mice, while the detected increased was not
statistically significant (68). On the other hand, DC-STAMP-deficient mice have significantly
increased bone mass, whereas DC-STAMP-Tg mice show decreased bone mass, compared to
wild-type mice (10, 11). This suggests that OC-STAMP functions differently compared to DC-
STAMP although both molecules are involved in osteoclast cell fusion. The presence of OC-
STAMP cannot replace DC-STAMP. It must be examined in the future studies how OC-STAMP
and DC-STAMP regulate osteoclast fusion process. The putative ligand of DC-STAMP remains
still unknown. In the study of Yagi et al. (10), supernatant from DC-STMAP+/+ could not
induce osteoclast fusion of DC-STAMP-/- cell. In the mixed culture of DC-STAMP+/+ and DC-
STAMP-/-, the multinucleated osteoclasts were found, suggesting that the direct cell contact is
needed. The putative ligand of OC might be express on the OC cell surface. There are 2 subtype
of OC; master-fusing cells (DC-STAMP+/+) and follower cells (DC-STAMP-/-). These results
showed that DC-STAMP ligand should be a membrane-bound molecule. In the review by
Vignery (39), he stated that there is a possibility that DC-STAMP ligand might be a soluble
protein that is released by the master cells, the follower cells, or both. He also proposed the
possible DC-STAMP ligand which is MCP-1 or CCL2. The reasons are MCP-1 is involved in
the osteoclast fusion and also foreign body giant cell formation. Both DC-STAMP and
chemokine receptors are seven-transmembrane-spanning-proteins suggested the similarity in
their structure. CCN2/CTGF (connective tissue growth factor; CTGF or CCN2) has been
suggested as a putative ligand for DC-STAMP (69). It was demonstrated that CCN2/CTGF
upregulated the expression of the dc-stamp gene and CCN2/CTGF directly bind to DC-STAMP

molecule in RAW264.7 cells. The experiments in primary cells from fetal liver cells of Cnn2
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null mice revealed that the formation of TRAP+ multinucleated cells were impaired in Ccn2-/-
OCs. When rCCN2 or dc-stamp was overexpressed into Ccn2-/- OC, the impaired
osteoclastogenesis was rescued. Since bisphosphonate, one of the most potent drugs used for
bone lytic diseases, has presented the emerging side effect of bisphosphonate-induced
osteonecrosis of jaw, alternative drugs for bone lytic diseases, including periodontitis, have been
sought for development. In addition, unlike other multinucleated cells, such as trophoblasts,
myoblasts and macrophages, which undergo fusion during developmental growth, osteoclast
cell-cell fusion occurs continuously throughout the life span (6, 7). Therefore, a strategy that
targets osteoclast multinucleation in the adult patients could lead to a therapeutic approach for

osteoclast-specific pathogenic bone loss with minimal side effects.

Most studies have reported on DC-STAMP and osteoclastogenesis based on experiments
performed with murine cells. Murine cells have advantages over human cells since they can be
easily obtained due to their short life cycle, and it is possible to establish transgenic or knockout
models. For human study, on the other hand, it is challenging to perform in vivo experiments
without clearance of safety issue caused by the intervention. DC-STAMP is highly conserved.
Eleveld et al 2005 characterized DC-STAMP and found that its sequence and genomic
organization were highly conserved between murine and human. mDC-STAMP was found to be
95% homologous to its human and 99% to its rat counterpart (63). Nevertheless, the distinctive
biological property of human-derived osteoclasts should not be ignored. Some studies have
suggested differences between human and murine osteoclasts (70, 71) based on their
responsiveness to RANKL or IL-17 which is different from that of mouse osteoclasts. However,
Zeng et al. (72) suggested that DC-STAMP gene expression also regulates fusion and bone

resorption of human osteoclasts in a manner similar to that of murine osteoclasts. By suppressing
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DC-STAMP expression in human osteoclasts using RNAI, the fusion and osteoclast activity of
human osteoclasts were suppressed, suggesting that DC-STAMP is still engaged in the cell

fusion of human osteoclasts.

The expression of DC-STAMP gene in periodontal disease was first examined by
Belibasakis et al. (40). In the cross-sectional clinical study, the expression level of DC-STAMP
was elevated in gingival tissues from periodontitis patients compared to patients without
periodontal disease. Although detection frequency of DC-STAMP was limited, the detection
frequency and the expression levels of DC-STAMP tended to increase with the increased
severity of periodontitis. Importantly, DC-STAMP was not detected at all in healthy subjects.
Until the present work, no further studies have investigated the role of DC-STAMP in
periodontal disease. In our study, DC-STAMP was detected in the decalcified tissue of the
periodontal disease group under immunofluorescence microscopy, but not in the control group.
These results provided sufficient evidence implicating the involvement of DC-STAMP in
periodontal disease. Further studies, however, would be needed to confirm DC-STAMP

localization, as well as identify its cellular source in periodontal tissue.

In contrast to chemical compound drugs, mAb drugs are increasingly of interest by the
expected advantages of more specificity and fewer side effects (42). Over the decades, mAbs
have been accepted as an alternative approach of treating various diseases, in particular, cancer,
inflammatory diseases and hematological disorders (43). These mAbs, or IgG-based molecules,
have advantages over small-molecule drugs in many respects, including tissue-specific targeting,
serum half-life and effector functions via complement-dependent cytotoxicity, antibody-
dependent cell-mediated cytotoxicity or drug conjugates (44). An anti-DC-STAMP-mAb has

recently been developed. However, no previous studies have investigated the effect of DC-
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STAMP inhibition on the progression of periodontal disease. Thus, the results in this study may
lay the groundwork for the development of a novel therapeutic target against bone loss in
periodontal disease, as well as other diseases characterized by systemic bone loss, such as

osteoporosis.

In conclusion, our study demonstrated, for the first time, that anti-DC-STAMP-mAb
could suppress ligature-induced periodontal bone loss without affecting adaptive immune
response to bacteria or total number of osteoclast precursors. Apparently, the suppressive effect
of anti-DC-STAMP-mAb on periodontal disease can be attributed to its inhibition of cell-cell
fusion between osteoclast precursors. Therefore, Anti-DC-STAMP-mAb could be developed as a
potential lead candidate for a therapeutic approach that targets osteoclast-mediated periodontal

bone loss with minimal, or no, side effects.
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