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Abstract
Osteoclasts require coordinated co-stimulation by several signaling pathways to initiate and
regulate their cellular differentiation. RANKL (Receptor Activator for NFkB ligand or TNFSF25),
a TNF (tumor necrosis factor) superfamily member, is the master cytokine required for
osteoclastogenesis with essential co-stimulatory signals mediated by ITAM (immunoreceptor
tyrosine-based activation motif)-signaling adaptors, DAP12 (DNAX associated protein 12kD size)
and FcRγ (FcεR1 gamma chain). The ITAM-signaling adaptors do not have an extracellular
ligand-binding domain, and therefore must pair with ligand-binding immunoreceptors to interact
with their extracellular environment. DAP12 pairs with a number of different immunoreceptors
including TREM-2 (Triggering Receptor Expressed on Myeloid Cells 2), MDL-1 (Myeloid
Dap-12 associated Lectin) and Siglec-15 (Sialic acid-binding immunoglobulin-type lectin15),
while FcRγ pairs with a different set of receptors including OSCAR (Osteoclast Specific
Activating Receptor), PIR-A (Paired Immunoglobulin Receptor A), and Fc Receptors. The ligands
for many of these receptor in the bone microenvironment remain unknown. Here we will review
immunoreceptors known to pair with either DAP12 or FcRγ that have been shown to regulate
osteoclastogenesis, However, co-stimulation and the effects of ITAM-signaling have turned out to
be complex including paradoxical findings that ITAM-signaling adaptor-associated receptors can
inhibit osteoclastogenesis and ITIM (immunoreceptor tyrosine-based inhibitory motif) receptors
can promote osteoclastogenesis. Thus, co-stimulation of osteoclastogenesis continues to reveal
additional complexities that are important in the regulatory mechanisms that seek to maintain bone
homeostasis.
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Immunoreceptor Regulation of Osteoclasts
Osteoclast differentiation is a highly regulated process, meant to ensure that osteoclasts are
formed on bone surfaces and specifically respond to bone remodeling stimuli (1, 2).
Osteoclast differentiation and activity must be closely coupled to processes of bone
formation and require cell-cell communication through both intercellular interactions and
soluble cytokines (3). Like many immune cells, osteoclasts require coordinated co-
stimulation by several signaling pathways to initiate cellular differentiation at defined places
and times. RANKL (Receptor Activator for NFkB ligand or TNFSF25), a TNF (tumor
necrosis factor) superfamily member, is the essential cytokine required for
osteoclastogenesis (4). The critical co-stimulatory signals are directed by immunoreceptors
that signal through ITAM (immunoreceptor tyrosine-based activation motif)-signaling
adaptors, DAP12 (DNAX associated protein 12kD size) and FcRγ (Fc[.epsilon]R1 gamma
chain) (5, 6). ITAM-signaling adaptors initiate a calcium flux that is necessary for NFATc1
activation to drive the differentiation process (7). NFATc1 is known as the master
transcriptional regulator required for osteoclastogenesis (7). While a number of ITAM-
signaling adaptor-associated receptors have been identified as regulators of
osteoclastogenesis, the exact roles of each of these receptors in basal or pathological bone
remodeling remain incompletely understood (8). In addition, at specific sites and/or
conditions, osteoclastogenesis can be initiated in the absence of the ITAM signaling
adaptors suggesting that alternative costimulatory pathways can be utilized (9).

The role of these immunoreceptors in innate immune cells is primarily to enable or limit the
response of cells to microenvironmental change (10). However in the bone environment we
have limited understanding of the receptors utilized by osteoclasts to respond and the ligands
that are sensed. Here we review immunoreceptors that have been identified to activate or
inhibit osteoclastogenesis and discuss their effects on bone homeostasis. While the list of
potential costimulatory receptors is likely not complete, we have learned that for osteoclasts,
like other innate cells, it is the combined input of arrays of receptors that fine tunes the
differentiation and function of these unique cells to carry out bone resorption.

Costimulation by ITAM-signaling adaptor-associated immunoreceptors
The evidence that RANK requires a co-stimulatory signal to initiate osteoclastogenesis was
first demonstrated by examining mice deficient in DAP12 and the FcRγ chains (5, 6). These
ITAM-signaling adaptors present in myeloid cells are known to contain ITAMs
(immunoreceptor tyrosine based activation motifs) that initiate a tyrosine kinase based
signaling cascade. The finding that mice deficient in both ITAM-signaling adaptors are
severely osteopetrotic despite the presence of intact RANK and MCSF (macrophage colony
stimulating factor) signaling pathways serves as the critical evidence for the requirement for
ITAM costimulation during osteoclastogenesis. Mice deficient in both the DAP12 and the
FcRγ ITAM-signaling adaptors are unable to form osteoclasts in vitro or in vivo (5, 6). Koga
et. al. proposed the model of co-stimulation in osteoclastogenesis in which ITAM signals are
required to cooperate with RANK signals to induce the master transcription factor for
osteoclastogenesis, NFATc1 (5, 7).
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The ITAM-signaling adaptors do not have an extracellular ligand-binding domain, and are
known to pair with a number of different receptors through paired charged residues in their
transmembrane domains (11) (Figure 1). Several immunoreceptors that pair with either
DAP12 or FcRγ have been identified as costimulatory molecules for RANKL and while they
share the ability to stimulate osteoclastogenesis, their expression is differentially regulated
and responsive to distinct stimuli (2, 12). Ligands identified for some of these receptors are
also differentially regulated, though most stimulatory ligands in the bone microenvironment
are not well understood. In combination, these regulatory mechanisms serve to locally
modulate osteoclastogenesis and maintain bone homeostasis. ITAM-signaling adaptor-
associated receptors in immune cells often activate cellular differentiation or function which
can be inhibited by related receptors with ITIM-signaling (immunoreceptors tyrosine-based
inhibitory motif) domains. It was initially thought that the balance between ITAM and ITIM
receptor expression might be the primary means to regulate co-stimulation during
osteoclastogenesis, However, co-stimulation and the effects of ITAM and ITIM-signaling
have turned out to be much more complex.

DAP12-associated receptors
DAP12 was originally identified in NK cells and some lymphocytes, was found to be
expressed in myeloid cells, including osteoclast precursors, and became of significant
interest in osteoclasts due to the consequences of DAP12 loss-of-function mutations in
humans (13). The rare disorder of Nasu-Hakola disease or PLOSL (Polycystic
lipomembranous osteodysplasia with sclerosing leukoencephalopathy) is a recessive genetic
disorder characterized by rapidly progressive dementia with large bony cysts, osteopenia
and early degenerative arthritis in the wrists and ankles. Patients with PLOSL have either
functional deficiency of DAP12 or a DAP12-associated receptor, TREM-2 (Triggering
receptor expressed on myeloid cells-2) (13). Peripheral blood mononuclear cells isolated
from PLOSL patients (DAP12- or TREM2-deficient humans) fail to differentiate normally
into osteoclasts when stimulated with RANKL and MCSF (14, 15). Instead cells from
PLOSL patients show inefficient and delayed differentiation of osteoclasts with a
remarkably reduced bone resorption capability in vitro (14, 15). DAP12−/− mice show a mild
increase in bone mass in vivo while DAP12−/− OC (osteoclasts) have defects in cytoskeletal
organization with impaired formation of multinucleated OC and impaired resorption
(16-20). Interestingly, DAP12−/− mice have recently been shown to have impaired fracture
healing, suggesting a role for DAP12 in the inflammatory and bone regeneration response of
fracture repair (21). DAP12 pairs with a number of different immunoreceptors in myeloid
cells and a few of these individual receptors have been examined in osteoclastogenesis.
While TREM2 is the DAP12-associated receptor of importance in the PLOSL phenotype, it
is not the only DAP12-associated receptor that regulates osteoclastogenesis.

TREM 2

Due to its known role in PLOSL, TREM2 was the first DAP12-associated receptor
examined in osteoclasts. TREM2 had also been studied in other immune cells and
interestingly plays dual roles in immune responses. While TREM2 stimulates dendritic cell
differentiation (22), it also inhibits inflammatory cytokine production by macrophages and
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dendritic cells in response to TLR (toll like receptor) stimulation by LPS
(lipopolysaccharide) or CpG DNA (23, 24). TREM2 crosslinking on mouse osteoclasts
inhibits resorption while promoting multinucleation, migration, and osteoclast
differentiation (25). While TREM2 crosslinking on mouse osteoclasts leads to syk
phosphorylation and osteoclast differentiation (25), TREM2 crosslinking also to lead to
association of the SHIP1 (SH2-domain inositol phosphatase) with DAP12, which leads to
inhibitory signals (26). TREM2 also associates with DAP10 leading to strong activation of
PI3K (26). Thus, the TREM2 receptor can activate and inhibit osteoclastogenesis (25, 27).
The dual action of the TREM2–DAP12 complex may be regulated by differing TREM2
ligands, differing strength of ligand signals or combinations of different costimulatory
signals, but this is not yet delineated (27).

The ligand specificity of TREM2 has been a topic of considerable interest and a number of
studies suggest that TREM2 functions as a pattern recognition receptor, able to bind to a
variety of anionic ligands including Gram-negative and -positive bacteria, heparin and
dextran sulfate, HSP60 and apoptotic cells (28-31). TREM2 has also been shown to
associate with neighboring Plexin-A1 receptors and interaction of Plexin-A1 with its ligand,
Semaphorin 6D, leads to phosphorylation of the associated DAP12 ITAM (32). TREM2
expression is upregulated by RANKL stimulation but downregulated by LPS and IL-10 (25,
28, 33). TREM2 is highly upregulated in active RA (rheumatoid arthritis) synovium and
subsequently downregulated in inactive RA suggesting a role in RA-induced inflammation
(34). Human TREM2-deficient osteoclasts fail to multinucleate in vitro (15), however
TREM2-deficient mouse osteoclasts show accelerated osteoclastogenesis in vitro due to
excess M-CSF induced activation of β-catenin that limits pre-osteoclast proliferation and
diverts development towards osteoclasts (35). Despite intensive investigation around
TREM2, a number of questions remain unanswered, particularly with regard to the roles for
TREM2 in bone. Differences between the mouse and human phenotype in TREM2
deficiency are incompletely explained and the relevant ligands in the bone
microenvironment are not clearly identified. In other immune cells, TREM2 plays a role in
resolving inflammatory responses and recognition of apoptotic cells, processes that could
also be of importance in maintaining bone homeostasis.

MDL-1

MDL-1, (myeloid DAP12 associated lectin or CLEC5A) is a C-type lectin DAP12-
associated receptor, but in contrast to TREM2, stimulates myeloid cell–associated
inflammatory responses (36). MDL-1 associates with signaling adaptors DAP12 and DAP10
(DNAX associated protein 12 kD or 10kD) and is most highly expressed in activated
myeloid cells (37). MDL-1 is potently induced by TNFα and IL-23 (38, 39). MDL-1
stimulates osteoclastogenesis in vitro, and MDL knockdown in osteoclast precursor cells
inhibits osteoclastogenesis. Studies in MDL-1−/− mice, demonstrate that MDL-1 plays a
significant role in inflammatory arthritis suggesting that MDL-1 promotes inflammatory
bone loss (38). Treatment with an agonist anti-MDL-1 antibody increased both disease
incidence and severity in a murine collagen antibody induced arthritis model (CAIA) and in
a CIA (collagen induced arthritis) model. CAIA is diminished in severity and incidence in
both DAP12−/− and MDL-1−/− animals indicating that the receptor and signaling adaptor are
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required to promote bone loss. Blockade of MDL-1 function with a soluble receptor fusion
protein (MDL-1-Ig) induces resistance to CAIA or CIA induced arthritis (38). Importantly,
MDL-1-Ig treatment down-regulates TRAP, cathepsin K, and MMP9 expression, reducing
both clinical signs of autoimmune joint inflammation, and bone destruction (38). These
studies suggest that MDL-1 is an important regulator of osteoclastogenesis during
inflammation.

Ligands important for activating MDL-1 in inflammatory arthritis are not known. The only
identified MDL-1 ligand is a Dengue virus capsid protein (40). Interestingly, Dengue
hemorrhagic fever is also known as ‘break bone’ fever, thus dengue might regulate
osteoclastogenesis through MDL-1 which may contribute to osseous symptoms. MDL-1
does regulate the intense inflammatory response to dengue fever because blockade of
MDL-1 inhibits the cytokine storm and vascular leakage in a mouse model of dengue fever
(40). In RA (rheumatoid arthritis) patients, the frequencies of MDL-1-expressing monocytes
and levels of MDL-1 and DAP12 gene expression were significantly increased in active RA
patients compared to inactive RA pts or healthy controls (41). Interestingly, the frequency of
MDL-1 expression also significantly decreased after effective RA therapy. Concordant
overexpression of MDL-1 and DAP12 correlated with increased production of
proinflammatory cytokines in RA patients, suggesting that MDL-1 plays a role in regulating
articular inflammation as well as osteoclastogenesis in inflammatory conditions (41, 42).

Siglec-15

Siglec-15 (sialic acid-binding immunoglobulin-like lectin 15) is one of a family of receptors
that binds to sialylated O-linked sugars. Siglec-15 binds to cells expressing the sialic acid
motif Neu5Acalpha2-6GalNAcalpha- structure (43). Siglec-15, initially identified as a
markedly overexpressed gene in giant cell tumor of the bone, was subsequently investigated
for its role in osteoclastogenesis. Other Siglecs associate with DAP12 and their expression
or function have not yet been examined in osteoclasts. Siglec-15 is the only Siglec highly
conserved throughout vertebrate evolution (44). Siglec-15 is upregulated in differentiated
osteoclasts and anti-Siglec-15 polyclonal antibody inhibits human and mouse osteoclast
differentiation in vitro (45). Siglec-15−/− mice have mild osteopetrosis with increased
trabecular bone mass in the lumbar vertebrae and metaphyseal regions of the femur and
tibia. Interestingly, osteoclast numbers are unchanged but a systemic bone resorption
marker, urinary deoxypyridinoline, is decreased in Siglec-15−/− mice, suggesting that the
increased bone mass in the mutant mice is due to a functional osteoclast defect (46). Indeed,
Siglec15−/− osteoclasts have impaired functional resorption in vitro (46). The osteoclast
defect is more prominent in the secondary spongiosa, consistent with a localized effect,
which is also seen in an antigen induced arthritis model in Siglec 15−/− mice (47). In murine
antigen-induced arthritis, the degree of periarticular bone loss in the proximal tibia is
significantly lower in Siglec-15−/− mice compared to WT mice, however the degree of joint
inflammation, and cartilage and subchondral bone destruction is comparable (48).
Interestingly, TNFα mediated induction of TRAP-positive multinucleated cells is also
impaired in Siglec-15−/− cells and Siglec-15−/− mice are resistant to estrogen deficiency-
induced bone loss compared to WT mice suggesting that Siglec-15 blockade may be useful
as a therapeutic strategy (49).
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Other DAP12 associated receptors

DAP12 associated receptors such as TREM1, TREM3, SIRPβ1, PILRB, CD200R3,
CD200R4, CD300B, CD300LE, and MAIRII are known to be present on myeloid cells but
their roles have not been examined or demonstrated in osteoclasts (50). However, DAP12 is
known to cooperate with non-immunoreceptors in osteoclasts particularly αvβ3 integrin and
c-Fms receptor to regulate the osteoclast cytoskeleton, adhesion and proliferation. Integrin
β3 stimulation on osteoclasts leads to activation of syk and src associated with DAP12
during cytoskeletal changes in bone resorption and actin ring formation (51). Similarly, M-
CSF stimulation of c-Fms leads to c-Src-induced phosphorylation of DAP12 with
recruitment of syk to the DAP12 ITAM domain and activation of Vav leading to osteoclast
spreading (17, 52). DAP12−/− osteoclastogenesis is partially rescued by high-dose M-CSF in
vitro but fails to correct the abnormal cytoskeleton formation (52). Thus DAP12 can
participate in intracellular signaling initiated by several different types of ligand/receptor
interactions in addition to the immunoreceptors that pair specifically with DAP12.

Fcgamma associated Receptors
The FcεR1 gamma chain (FcRγ) is similar to DAP12 in that it contains an ITAM domain
and no extracellular domain. FcRγ also pairs with ligand-binding receptors through
interactions in the transmembrane domains of the ITAM-signaling adaptor and the
immunoreceptor. FcRγ-associated receptors are a distinct group from receptors that pair
with DAP12 (8). The FcRγ−/−mouse does not have a bone phenotype at baseline and forms
normal osteoclasts in vivo and in vitro (6). However when combined with DAP12
deficiency, the resulting severe osteoclast deficiency and osteopetrosis suggests that FcRγ
chain associated receptors are essential in the absence of DAP12 (5, 6). A recent study of
mice with combined deficiency of DAP12 and the beta3 integrin showed osteopetrosis and
osteoclast deficiency similar to the combined DAP12/FcRγ chain deficiency. Further studies
demonstrated that beta 3 integrin requires FcRγ association to function in the absence of
DAP12 (51). FcRγ, named for its association with receptors binding to the Fc portion of
immunoglobulin molecules, also pairs with a number of additional immunoreceptors. Some
FcRγ chain associated receptors identified in other myeloid cells such as DCAR (dendritic
cell activating receptor) and ILT/LILR (Immunoglobulin like transcript/ Leukocyte
Immunoglobulin-like receptor) have yet to be examined in osteoclasts.

OSCAR

OSCAR (osteoclast activating receptor) is an FcRγ-associated receptor that is a member of
the leukocyte receptor complex protein family (53). OSCAR was named for the original
finding that it is upregulated during osteoclast differentiation, however subsequent studies
have revealed that OSCAR expression is not specific to osteoclasts (54). OSCAR is one of
the few ITAM-signaling adaptor-associated receptors shown to have a functional ligand in
the bone microenvironment. OSCAR binding sites are found in Collagen I, II and III and
recognition of exposed extracellular matrix (ECM) ligands have been shown to mediate
costimulation of osteoclastogenesis dependent on FcRγ (55). Thus, OSCAR is a collagen
receptor and it can provide costimulatory signals for osteoclast differentiation in DAP12−/−

cells (55). In vivo, OSCAR deficiency alone fails to alter bone mass, which is not surprising
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given that absence of its associated signaling chain, FcRγ, in mice also fails to induce a
change in bone phenotype (5, 6, 55). OSCAR gene expression is coordinately regulated by
the osteoclastogenic transcription factors PU.1/MITF and is further enhanced by RANK
induced MKK6/p38 signals. Thus, while OSCAR can stimulate osteoclast differentiation, it
is also upregulated during osteoclast differentiation (56).

OSCAR expression has been associated with both bone loss and inflammation in human
disease. A single-nucleotide polymorphism within the promoter of the OSCAR gene has
been linked to increased risk of postmenopausal osteoporosis (57). In rheumatoid arthritis
(RA), OSCAR expression in monocytes is correlated with disease activity and monocytes
with high OSCAR expression exhibited an enhanced potential to differentiate into
osteoclasts (58). TNFα is the main inducer of OSCAR expression in monocytes (58). Serum
levels of OSCAR are reduced in RA patients compared with healthy controls suggesting that
expression and secretion or cleavage of OSCAR to a soluble form is immune modulated
(59). Supporting this idea, OSCAR transcript expression and soluble OSCAR release is
stimulated by TNFα and IL1-β in cultured endothelial cells. OSCAR is strongly expressed in
the microvasculature of active synovial tissue in RA (42). OSCAR has also been
demonstrated to be a receptor for surfactant protein D, and the interaction can activate TNFα
release from human CCR2+ inflammatory monocytes (60). OSCAR expression is also
regulated by oxidized low-density lipoprotein, thus OSCAR has been suggested to play a
role in oxidative stress-mediated atherogenesis as well as monocyte adhesion (61).

PIR-A

PIR-A (paired immunoglobulin-like receptor A) is an FcRγ associated receptor of the
immunoglobulin superfamily present in mice, whose ligands are known to be MHC Class I
(major histocompatibility complex class I) molecules. TNFα induces the expression of PIR-
A on osteoclasts and PIR-A ligands on osteoblasts and these interactions contribute to
TNFα-induced osteoclastogenesis and TNFα-induced bone loss in vivo (62). Transgenic
expression of TNFα in mice deficient in FcRγ, leads to inflammation but not bone erosion or
osteoporosis suggesting that one or more FcRy-associated receptors is required for TNFα-
induced bone loss. TNFα induces PIR-A upregulation but not other costimulatory receptors
such as OSCAR, TREM2, and SIRPβ (62). Mice deficient in expression of PIR-A ligands
(β2-microglobulin deficient mice lacking MHC Class I expression) also showed abrogation
of bone loss with transgenic TNFα exposure. PIR-A-Fc blocks enhanced TNFα-induced
osteoclastogenesis in vitro suggesting that PIR-A is required for enhanced TNFα-induced
osteoclastogenesis (62). PIR-A receptors are only present in mice, however there are human
orthologues in the ILT/LILR (immunoglobulin-like transcript, leukocyte immunoglobulin-
like receptor) receptor families that respond to MHC Class I ligands as well (63). Additional
studies are needed to determine whether the FcRγ-associated receptors in these receptor
families regulate human osteoclasts.

Fc Receptors

Fc Receptors (FcR) are capable of binding to and responding to the Fc domain of serum
immunoglobulin and immune complexes. FcγRI, FcγRIII and FcγRIV are all Fc Receptors
that utilize the FcRγ chain and their interactions with immune complexes have been
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speculated to promote osteoclastogenesis. Fc Receptors could have a direct effect on
osteoclast precursors or an indirect effect due to release of proinflammatory cytokines and
chemokines upon stimulation of Fc Receptor-bearing immune cells. The role of
autoantibodies and immune complexes in regulating osteoclastogenesis has been difficult to
sort out, and is further complicated because both activating and inhibitory Fc receptors are
expressed on osteoclast precursors. FcγRIIB is an ITIM-signaling receptor and generally
inhibits signaling by FcγRI, FcγRIII or FcγRIV (Figure 2A). It was suspected that the
relative expression of different activating FcRs (FcγRI/III/IV) and inhibitory FcR (FcγRIIB)
on osteoclast precursors would determines osteoclastogenesis in response to immune
complex stimulation.

Recent studies have dissected the roles of individual Fc receptors more carefully and
demonstrated several interesting findings. Under basal conditions, osteoclast precursors
express FcγRIIB and FcγRIII (64). FcγRIII is well known to respond to immune complexes
during infections. As an activating receptor that pairs with the FcRγ chain, it might be
expected that FcγRIII would lead to activation of osteoclastogenesis. Interestingly, FcγRIII
is downregulated with RANKL stimulation during osteoclastogenesis and overexpression of
FcγRIII actually inhibits osteoclastogenesis (64). FcγRIII−/− mice are osteopenic with
increased osteoclasts in vivo, indicating that FcγRIII is actually a negative regulator of
osteoclastogenesis. Consistent with this finding, inhibition of osteoclastogenesis by immune
complexes was observed in FcγRIIB−/− precursors but not FcRγ−/− precursors suggesting
that the inhibition was mediated by an activating ITAM-signaling adapter-associated
receptor (65). The mechanism behind the inhibition is thought to be that the presence of
FcγRIII sequesters the FcRγ chain away from other osteoclastogenic Ig-like receptors (such
as PIR-A and OSCAR) preventing them from associating with FcRγ to promote
osteoclastogenesis (64) (Figure 2B).

The other ITAM-signaling adapter-associated Fc receptors, FcγRI and FcγRIV, are induced
under inflammatory conditions and IgG2 immune complexes binding to these receptors can
activate osteoclastogenesis. FcγRIV is also upregulated with RANKL stimulation and cross-
linking of FcγRIV enhances osteoclast differentiation (64) (Figure2C). FcγRIV−/− mice and
mice with a targeted deletion of FcγRIV limited to osteoclasts (Cathepsin K-Cre) are
protected from autoantibody-dependent bone destruction in a serum transfer arthritis model
and have lower numbers of osteoclasts in the inflamed joints (64). Mice with an osteoclast
specific deletion of FcγRIV showed decreased bone destruction despite persistence of
inflammation, suggesting that FcγRIV on osteoclasts is critical for bone destruction during
antibody-dependent inflammatory arthritis in mice (64). Another group attempted to modify
these interactions therapeutically by using a staphylococcal protein A complex (SPA) which
binds to circulating IgG and generates small immunoglobulin complexes that interact with
monocytes, macrophages, and preosteoclasts. Formation of these complexes resulted in
polarization of macrophages to a regulatory phenotype and directly inhibited differentiation
of preosteoclasts into osteoclasts (66). Administration of SPA in the early stages of disease
substantially alleviated the clinical and histologic erosive features of CIA in mice and
though it was not determined which FcR was responsible for the effects, the study
demonstrates that specific types of immune complexes can be utilized to downregulate
inflammation and osteoclastogenesis (66). It should be noted that FcγRIV is not present in
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humans and human cells have a unique Fc receptor, FcRIIA that is a single chain receptor
with a cytoplasmic ITAM domain. Thus ITAM-signaling receptors that interact with the Fc
domains of immunoglobulin differ between mice and humans.

The presence of autoantibodies against citrullinated peptides (ACPA) highly correlates with
development of bone loss and erosive disease in patients with rheumatoid arthritis. In vitro,
affinity-purified human autoantibodies against mutated citrullinated vimentin (MCV) bind to
osteoclasts, stimulate osteoclastogenesis and bone resorption (67). Adoptive transfer of these
purified human MCV autoantibodies into mice induces increased osteoclastogenesis and
osteopenia (67). Interestingly, desialylated, but not sialylated, immune complexes enhance
osteoclastogenesis in vitro and in vivo (68). IgG sialylation is of importance in determining
the engagement of pro- or anti-inflammatory Fcγ receptors (FcγR) and the type of resulting
immune response (69). Recently in RA patients, it was shown that the sialylation state of
random IgG and specific anti-IgG autoantibodies correlates with bone volume and trabecular
number (68). A direct demonstration of desialyated antibodies in vivo is seen when
desialyated or sialylated immune complexes are directly injected into a knee joint of mice.
Injection with desialyated immune complexes increases osteoclast number and surface area
compared with inject of sialyated immune complexes. However, addition of TNFα to the
antibody injection eliminates the differential effect due to immune complex sialylation (68).
Treatment of mice with the sialic acid precursor N-acetylmannosamine (ManNAc), which
results in increased IgG sialylation in vivo, renders mice less susceptible to development of
CIA (68), suggesting that modification of sialyation may be therapeutically useful. ACPA
are reported to show less sialyation than random IgG consistent with their pro-
osteoclastogenic capacity (70).

ITIM-signaling Receptors that Positively Regulate Osteoclastogenesis
ITAM domains are defined by a specific amino acid sequence that includes a tyrosine that
when phosphorylated leads to recruitment of tyrosine kinases that initiate an activating
signaling cascade. Opposing the ITAM signals are signals mediated through receptors with
ITIM (immunoreceptor tyrosine based inhibitory motif) domains. ITIM domains are defined
by a related amino acid sequence that includes a tyrosine that when phosphorylated leads to
recruitment of specific phosphatases that can inhibit cellular activation (71). While some
ITIM-signaling receptors have been demonstrated to inhibit osteoclastogenesis as expected,
the following ITIM-signaling receptors have been demonstrated to paradoxically promote
osteoclastogenesis.

Ly49Q

The Ly49 family of C-type lectin receptors that includes ITIM receptors and DAP12
associated receptors that are primarily expressed on NK (natural killer) cells and interact
with Class I MHC ligands (72). Ly49Q is an ITIM receptor present on mouse myeloid cells.
Surprisingly, knockdown or deletion of Ly49Q resulted in decreased in vitro
osteoclastogenesis (72). Ly49Q is upregulated with RANKL stimulation and
mechanistically, Ly49Q has been shown to sequester SHP-1 (SH2 domain hematopoietic
phosphatase-1) away from PIR-B (paired immunologobulin-like receptor B), a different
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ITIM containing receptor, to enable osteoclastogenesis to proceed. Ly49Q deficient mice do
not demonstrate a significant bone phenotype in vivo (72).

DC-STAMP

DC-STAMP (dendritic cell-specific transmembrane protein), despite its name, is expressed
in osteoclasts and has been shown to be an important regulator of cell fusion in osteoclasts
(73). DC-STAMP was recently shown to be an ITIM-signaling receptor (74). However
antibody against DC-STAMP blocks OC formation in vitro suggesting DC-STAMP is a
positive regulator of osteoclastogenesis. DC-STAMP(high) freshly isolated monocytes
produce a higher number of OC in culture than DC-STAMP(low) cells (74). DC-STAMP
has been demonstrated to interact with SHP-1 and CD16 (FcγRIII) during osteoclastogenesis
(74). Perhaps this interaction also sequesters these negative regulators enabling promotion of
osteoclastogenesis but this has not directly examined .

PD-1

PD-1 (Programmed cell death protein 1 or CD279) is a cell surface receptor in the
immunoglobulin superfamily. Deficiency of PD-1 leads to T cell activation, but surprisingly,
the enhanced immune activation does not lead to bone loss. The cytoplasmic tail of PD-1
contains an ITIM domain and an immunoreceptor tyrosine-based switch motif that can link
to additional signaling intermediates. PD-1 deficiency in mice leads to reduced
osteoclastogenesis and an osteopetrotic phenotype (75). Micro CT analysis of PD-1−/− bones
shows significant increases in trabecular and cortical bone mineral densities of the tibia and
histomorphometry reveals a 55% decrease in osteoclast number on bone surfaces compared
to WT. Bone formation indices are similar in both groups. Cells from PD-1-deficient mice
show decreased osteoclastogenesis in vitro but do not demonstrate a significant change in
functional bone resorption (75). Thus, PD-1 positively regulates osteoclastogenesis, though
the exact mechanism has not been demonstrated. Whether or not PD-1 promotes
osteoclastogenesis by sequestering SHP-1 or SHIP phosphatases has not been examined.

ITIM-signaling receptors That Inhibit Osteoclastogenesis
Other ITIM-signaling receptors inhibit osteoclastogenesis. The phosphatases SHP-1 and
SHIP-1 are known to associate with ITIM domains and both of these phosphatases function
as negative regulators of osteoclastogenesis. Mice expressing mutant SHP-1 show marked
osteopenia with an increase in bone resorption. SHP-1 deficient mice have increased
numbers of osteoclasts in vitro with increased bone resorption (76). The SHIP-1 phosphatase
also inhibits osteoclastogenesis and SHIP-1 deficient mice are also osteopenic with
increased in vitro formation of osteoclasts and increased bone resorption (77).

While less is known about ITIM-signaling receptors in osteoclastogenesis, those that inhibit
osteoclastogenesis in vitro include: TLT-1s, CLM-1, and PIRB. TLT-1s, is an alternate
transcript of TLT-1 (Triggering receptor expressed on myeloid cells like transcript-1), and
the only TREM receptor family member with a cytoplasmic ITIM domain (78). TLT-1s is
mainly expressed in macrophages and osteoclast precursor cells. Knockdown of TLT-1s
strongly enhances the formation and resorption capacity of osteoclasts (78). CLM-1
(CMRF-35 like molecule-1) is expressed on osteoclast precursors and is down-regulated by
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stimulation with RANKL. Overexpression of CLM-1 in the osteoclastogenic cell line
RAW264.7 inhibits osteoclast differentiation induced by RANKL (79). PIR-B and four
isoforms of its human ortholog leukocyte Ig-like receptor LILR-B are present on cultured
osteoclast precursor cells of mouse and human origin, respectively, and these ITIM-
harboring inhibitory receptors constitutively recruit SHP-1 in the presence of RANKL and
M-CSF. Both murine PIR-B and the human ortholog LILR-B1 suppress osteoclast
development in vitro. These receptors are thought to interact with their MHC class I ligands
on the same cell surface and then serve as a basal inhibitory stimulus for osteoclastogenesis
(80). While these receptors all can inhibit osteoclastogenesis, the exact in vivo role they play
particularly in pathological states has not been delineated.

FcγRIIB

FcγRIIB is an ITIM containing Fc receptor that is highly expressed on osteoclast precursors
and serves to chronically inhibit osteoclastogenesis. FcγRIIB−/− mice were recently found to
have a markedly osteoporotic phenotype with enhanced osteoclastogenesis consistent with
initial in vitro observations (64). The enhanced osteoclast formation effect is not a cell
autonomous change due to deficiency of FcγRIIB, but rather a response to immune complex
stimulation enabled by FcγRIIB, deficiency. When FcγRIIB−/− cells are cultured in the
presence of serum from FcγRIIB−/− mice, enhanced osteoclastogenesis is observed due to
the unusually high levels of immune complexes that stimulate activating FcRγ–associated
receptors in the FcγRIIB−/− cells. Enhanced osteoclastogenesis is not observed in mice with
combined FcγRIIB/FcγR deficiency confirming the requirement for activating FcRy-
associated receptors for the immune complex stimulation of osteoclastogenesis (64).

Bypassing co-stimulation by ITAM-associated immunoreceptors
We note that the concept of ITAM-signaling as strictly activating and ITIM-signaling as
strictly inhibitory was overly simplistic and as these many studies have shown, co-
stimulation in osteoclastogenesis is much more complex. In addition, while it is often stated
that the ITAM-signaling co-receptors are required for osteoclastogenesis, we also note that
this does not apply to all situations where osteoclastogenesis occurs. It is clear that there is a
significant difference in the phenotype of the DAP12−/−/FcRγ−/− mice and the RANK
deficient mice (4-6). Lack of RANK signaling leads to a global defect in all
osteoclastogenesis, causing osteopetrosis in the long bones and lack of tooth eruption in the
jaw. In contrast, while the DAP12−/−/FcRγ−/− mice have similar osteopetrosis in the long
bones, they show normal tooth eruption (4-6). In addition, despite the lack of osteoclasts in
the long bones of DAP12−/−/FcRγ−/− mice at baseline, when these mice are estrogen
deficient, post-ovariectomy, they are able to generate osteoclasts in vivo, with significant
bone loss (9). Thus the requirement for specific ITAM-signaling adapters to provide co-
stimulation in osteoclastogenesis appears to be microenvironment specific, and can be
bypassed in specific locations and pathological conditions.

Recent studies of the transcription factor RBP-J (Recombinant recognition sequence binding
protein at the Jκ site) demonstrates that deletion of RBP-J rescues the defect in
osteoclastogenesis observed in the DAP12−/−/FcRγ−/− mice both in vivo and in vitro (81).
RBP-J deficiency allows RANK or TNFR signaling to induce osteoclastogenesis
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independent of ITAM-adapter signals. RBP-J deficiency potentiates cell responses to TGF-β
by upregulating TGFβR1 and maintaining downstream PLCγ2/calcium-CaMKK/PYK2
activity in the absence of ITAM-signaling adaptors (81). Whether or not specific other
additional co-receptors are also required under these conditions is not yet clear. Nonetheless
deficiency of RBP-J results in increased PLCγ2 expression and activity as well as calcium
oscillations that enable NFATc1 activation (81) indicating that osteoclastogenesis continues
to require the master terminal regulators of osteoclastogenesis and verifies that pathways
that bypass the ITAM-signaling adaptors can initiate the process.

Thus, all osteoclastogenesis is not likely identical, and like other immune cells, differences
in co-receptor and/or cytokine stimulation during differentiation likely leads to functional
heterogeneity among cells. While all osteoclasts share the function of bone resorption, the
combination of enzymatic and acidic mechanisms used by osteoclasts at different sites has
been suggested to vary (82), and it remains to be determined if this is a consequence of
conditions of differentiation. Much remains to be determined to better delineate these
regulatory mechanisms. However the importance of a requirement for co-receptors in
osteoclastogenesis is that it provides a mechanism by which osteoclastogenesis can be fine-
tuned in response to specific microenvironments, and holds potential for differential
regulation of bone resorption in health and disease.
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Figure 1. ITAM-signaling adaptor-associated immunoreceptors
A) DAP12-associated receptors TREM-2 and MDL-1. TREM-2 has been shown to interact
with bacteria, dextran sulfate and HSP-60 as ligands. Dengue virus is a ligand for MDL-1.
B) FcRγ-associated receptor PIR-A interacts with MHC Class I ligands on cell surfaces.
OSCAR is also an FcRγ-associated receptor and collagen fragments are functional ligands
for OSCAR.
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Figure 2. Fc Receptors in Osteoclasts Activate and Inhibit Osteoclastogenesis
A) Multiple Fc Receptors are expressed in osteoclasts. FcγRIIB is an ITIM-signaling
recptor. FcγRI, FcγRIII and FcγRIV are all ITAM-signaling adaptor-associated
immunoreceptors that associate with the FcRγ adaptor chain. B) Under basal conditions,
osteoclast precursors express only FcγRIIB and FcγRIII. Osteoclastogenesis is inhibited.
FcγRIII is thought to inhibit osteoclastogenesis by sequestering the FcRγ adaptor chain from
PIR-A and OSCAR, which remain intracellular but are not expressed on the cell surface due
to the lack of availability of FcRγ adaptor chains. C) RANKL stimulation in the presence of
inflammation and immune complex formation leads to downregulation of FcγRIIB and
FcγRIII, and upregulation of PIR-A and OSCAR. Osteoclastogenesis is enhanced. (Based on
(64)).
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