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The study of bone and immunology (termed osteoimmunology) has led to the discovery of many important similarities
between the two systems including shared niches, mechanisms, cytokines and receptors. The bone marrow provides
a niche for hematopoietic cells including those of the lymphoid and myeloid lineage. Osteoclasts, specialized
polykarons arising from myeloid precursors, bind to bone and resorb the organic and inorganic components through
secretion of acid and proteases. Osteoclasts are differentiated and activated by cytokines that can be produced by
immune cells and osteoclast activity can be dysregulated in states of autoimmunity or high inflammation. Similar to

B and T cells, osteoclasts require coordinated co-stimulation of signaling pathways provided in the form of receptor-
associated immunoreceptor tyrosine-based activation motif adaptor proteins, DAP12 and FcRy, to drive differentiation
and activation. In this review, we will cover the differentiation process of osteoclasts from the earliest precursors
shown to have differentiation potential and the signals needed to drive these cells into osteoclast commitment

and activation.
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Osteoclast Precursors: Monocytes, Macrophages
or Dendritic Cells (DCs)

Despite many attempts to identify a specific precursor popu-
lation for osteoclasts, studies have revealed that multiple cell
surface markers can identify cells with osteoclast potential.
Early work attempting to decipher the osteoclast precursor
focused on osteopetrotic mouse models and discovered that
osteoclasts arose from a myeloid cell pool of hematopoietic
origin that could be expanded in vivo by treatment with recom-
binant human macrophage colony-stimulating factor (rhM-CSF)
to increase osteoclastogenesis.'= Several groups have further
explored cell surface markers on myeloid pools to determine
the best marker of bone marrow-derived osteoclast progenitors.
Arai et al.* found osteoclast potential in cell populations iden-
tified by c-Kit*Mac-19lc-Fms* (CD117+*CD11b~"°CD115+)
and c-Kit*Mac-19lc-Fms~ (CD117+*CD11b~/°CD115~). They
showed the expression of c-Fms, the M-CSF receptor, prim-
ing of cells by M-CSF and induction of RANK expression by
M-CSF were prerequisites to osteoclastogenesis.* Still others

have identified additional osteoclast precursor populations as
CD45R~CD11bM9hCD3 .5 Yao et al.® showed that blood osteo-
clast precursors are CD11b~GR-17'° and that this population
is increased by tumor necrosis factor-alpha (TNFo). Data from
these groups reveal the complex expression pattern of the
most accepted marker of pre-osteoclast precursors, CD11b
or Mac-1, where CD11b~/° correlates with earliest cells with
osteoclast potential, CD11b" identifies more mature osteo-
clast precursors, and finally mature, multinucleated osteoclasts
become CD11b~.4% Additionally, Mizoguchi et al.” identified
c-Fms*/RANK™ osteoclast precursor population that they
termed cell cycle-arrested quiescent osteoclast precursors
(QuOPs), named so because of their gradual loss of cell cycle
proteins (Cyclin D1-D3 or Cdk2/4/6) and increased expression
of cell cycle inhibitor p27KiPT, QUOPs differentiate into osteo-
clasts in vivo upon stimulation; yet when BrdU, a thymidine
analog, was co-administered with osteoclastogenic stimuli,
only a low percentage of osteoclast nuclei incorporated BrdU,
indicating that there is very low proliferation. Interestingly,
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it appears QuOPs are maintained, or at least associated with
alkaline phosphatase-expressing osteoblasts, as shown by
immunohistochemistry.

More recently, de Vries et al.8 have identified a common mye-
loid progenitor that gives rise to monocytes, macrophages and
DCs, termed myeloid blasts (CD31*/Ly-6C*), as the myeloid cell
most equipped to rapidly differentiate into functional osteoclasts
(Figure 1). This myeloid blast arises from macrophage and DC
precursor cell (MDP), identified as CX;CR1*CD117*Lin~, that
will differentiate into either monocytes or DCs while exclud-
ing other cell lineages in vitro and in vivo.? Expression status
of RANK tracks with osteoclast potential and negatively influ-
ences DC development. C-Fms*RANK™ myeloid precursors
stimulated with granulocyte macrophage colony-stimulating
factor (GM-CSF), M-CSF and RANKL develop in DCs, whereas
osteoclast differentiation is inhibited.’® However, if RANK
is upregulated by priming cells with M-CSF before GM-
CSF, cells lose their DC differentiation capacity.'® Recently,
Muto et al.’" showed that circulating osteoclast precursors,
CD11b*GR11°RANKN"oc-Fms+, lose their capacity to become
DC when they become RANKNic-Fms'°. However, some plas-
ticity exists between immature human and mouse DCs, as
they can trans-differentiate into TRAP*, resorbing osteoclasts
in vitro.12:13 Whether trans-differentiation occurs in vivo is still
controversial. Overall, the current state of the field reveals that
osteoclast potential exists in multiple myeloid populations, and
the diversity of osteoclastogenic stimuli and micro-environmental
influences that occur in vivo likely regulate differing pools of
osteoclast precursors. Given the myeloid nature of osteoclasts,
it is not surprising that osteoclast differentiation and activa-
tion is regulated by immune receptors found on monocytes,
macrophages and DCs.

RANKL-RANK-Osteoprotegerin (OPG) Axis in
Osteoclastogenesis

The differentiation, survival and activation of myeloid precursors
into multinucleated, bone resorbing osteoclasts is tightly con-
trolled by the RANKL-RANK-OPG axis.'* The regulation and
manipulation of this system have elucidated several key findings
about normal bone homeostasis requirements, pathological
bone turnover, therapeutic targets for bone disease and interac-
tions with the immune system. The master osteoclast differen-
tiation stimulus in vitro and in vivo is RANKL (TRANCE, OPGL,
ODF, TNFSF11), which is widely expressed on the cell surface
of activated CD4+ and CD8™ T cells, B cells, osteoblasts, stro-
mal cells, chondrocytes, macrophages, megakaryocytes and
synoviocytes. RANKL binds to its receptor, RANK (TRANCE-R,
ODAR, ODFR, CD265, TNFRSF11A), on the surface of myeloid
precursors, mature osteoclasts, DCs and mature T cells, and ini-
tiates signaling cascades that lead to NF-kB, NFATc1 and JNK
activation (Figure 2). OPG (OCIF, TNFRSF11B, TR1,FDRC1)
acts as a soluble receptor for RANKL that competitively binds
RANKL and potently inhibits osteoclastogenesis. OPG is pro-
duced by osteoblasts, stromal cells, endothelial cells, vascular
smooth muscle cells and follicular DCs. Both RANKL =/~ and
RANK -/~ mice suffer from severe osteopetrosis with defec-
tive tooth eruption due to the inability to generate osteoclasts,
whereas OPG~/~ mice show an opposite osteoporotic pheno-
type secondary to excessive osteoclasts.!®

Exciting contributions to our understanding of in vivo pro-
duction of RANKL have recently been clarified through work
on osteocytes, matrix-embedded osteoblast cells that act as
mechanosensors for bone. Osteocytes have been shown to
induce TRAP* multinucleated osteoclasts either through direct
or indirect stimulation.8:17 However, the question remained
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Osteoclast precursor development and differentiation. Hematopoietic stem cells give rise to lymphoid and myeloid committed precursors. Myeloid precursors generate

MDPs. MDPs give rise to monocytes, macrophages and common DC precursor (CDP). Monocytes (Ly-6C ) stimulated by M-CSF mature into macrophages, but addition of RANKL
drives monocytes into osteoclast commitment. Earlier stage Ly-6C* monocytes, termed myeloid blasts, show strong osteoclast commitment potential when stimulated with M-CSF
and RANKL but still retain the ability to become monocytes (Ly-6C ~). Macrophages stimulated with M-CSF and RANKL can fuse to form osteoclasts. CDPs differentiate into immature
DCs under stimulation with Fms-related tyrosine kinase 3 ligand (FLT3L) and become mature conventional DCs with the addition of GM-CSF and TNFa.. Before GM-CSF stimulation,
immature DC can trans-differentiate into an osteoclast under the influence of M-CSF and RANKL.
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whether this was relevant in vivo. To address this question, two
groups simultaneously utilized Dmp1-Cre mice crossed with
Tnfsf11flox/flox that targeted ablation of RANKL in osteocytes,
and showed increased bone mass secondary to decreased
osteoclast numbers and resorption.!8:19 Furthermore, osteo-
cyte-mediated RANKL production drives mechanical stress-
induced bone loss and pathological bone turnover.18-20 These
studies suggest that osteocytes are the major source of RANKL
during in vivo bone remodeling in a sclerostin-mediated path-
way.'8.19:21 These conclusions are based on the finding that
the DMP-1 promoter construct that was used in these stud-
ies is specifically expressed only in osteocytes. Thus, mech-
anosensing osteocytes have a critical role in RANKL-induced
osteoclastogensis.

Costimulatory Adapters and Osteoclastogenesis

The master osteoclast differentiation cytokine, RANKL,
is insufficient to drive osteoclastogenesis without cos-
timulatory receptor engagement (Figure 2). Several small,
transmembrane adapter proteins, including DAP12, FcRy
and DAP10, and their receptors provide co-stimulation to
RANKL-induced osteoclastogenesis. DAP12 and FcRy have
intracellular tyrosine-based activation motifs (ITAM) with the
consensus sequence YxxI/Lxg_ 4, YxxI/L (x denotes any amino
acid) that provides docking sites for kinases and phosphatases.
Although the extracellular domains of DAP12 or FcRy are small
and do not directly interact with any ligands, each adapter
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associates with cell surface receptors via paired charged resi-
dues in the transmembrane regions of each adapter (Tables 1
and 2).22 In myeloid cells, receptor crosslinking induces phos-
phorylation of the tyrosine residues in the ITAM, recruitment and
activation of Syk, with subsequent activation of PI3K, MAPK
and calcium flux (Figure 2).22 In osteoclasts, DAP12 and FcRy
are required for co-stimulation of RANK signaling, driving cal-
cium oscillations necessary for NFATc1 production required for
osteoclastogenesis.2324 Mice deficient in both ITAM adapters
have significant osteopetrosis, though not as severe as RANK-
or RANKL-deficient mice, with mononuclear osteoclasts in vivo
and in vitro.242% Interestingly, DAP12~/~FcRy~/~ mice respond
normally to ovariectomy with profound bone loss coupled with
the generation of multinucleated osteoclasts in vivo, indicating
that under some conditions osteoclasts can differentiate and
function in the absence of DAP12 and FcRy.25 Additional stud-
ies have identified downstream signaling effectors of DAP12 and
FcRy, including Syk, PLCy and VAV, as critical for normal osteo-
clast development and actin ring formation.23-26:27 These stud-
ies underscore the importance of ITAM signaling in osteoclast
fusion, actin cytoskeleton organization and bone resorption.
DAP10, another transmembrane adapter protein widely
expressed in myeloid, NK and CD8* T cells, also participates in
osteoclastogenesis.2829 Instead of an ITAM, DAP10 has a tyro-
sine-based YINM motif that binds the p85 subunit of PI3K and
Grb2.30 Mice deficient in DAP10 develop aging-related high bone
mass due to decreases in osteoclast numbers.2® DAP10 coop-
erates with DAP12 to drive osteoclastogenesis when DAP12 is
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Figure 2  Synergy of osteoclast signaling pathways. Osteoclast differentiation is induced by integration of M-CSF, RANKL and ITAM signaling. DAP12 co-stimulates RANK signaling
by Syk-induced activation of BTK and Tec kinases, as well as PI3K activation leading to PLCy and calcium oscillations. Ca?*-stimulated calcineurin dephosphorylates NFATc1,
enabling nuclear translocation of NFATc1. DAP12-induced Ca2* drives CaMKIV (calcium/calmodulin-dependent protein kinase type IV), which further activates RANK-induced cFos
to translocate to the nucleus and form AP-1 dimers that work with NFATc1 to activate osteoclast-specific genes. Binding of M-CSF to its receptor, cFms, leads to recruitment of cSrc
that phosphorylates the DAP12 ITAM, inducing Syk binding and activation. Syk subsequently activates PI3K, likely recruited to the membrane predominately via DAP10, leading to
activation of PLCy, VAV and ERK, culminating in actin cytoskeletal rearrangements. Activation of DAP12 by c-Fms-recruited cSrc induces Ca?*-stimulated Pyk2 release of p-catenin
from an E-cadherin complex, thus allowing the release and nuclear accumulation of 3-catenin to drive osteoclast cell proliferation and survival. DAP12-induced AKT activation further
facilitates this process by inhibiting GSK3B. Integrin o, B, recruits cSrc to activate DAP12 leading to activation of ERK, PLCy and VAV to mediated cytoskeleton rearrangement. OSCAR,
an FcRy-associated receptor, acts as a collagen receptor and can provide necessary ITAM co-stimulation of RANK in the absence of DAP12.
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Table 1 DAP12-associated receptors

Name Species Cell expression Expression in osteoclast  Ligands

KIR2DS1, KIR2DS2, KIR2DS3 Human NK cells, T-cell subsets ? HLA class | (KIR2DS1)

CD94-NKG2C, CD94-NKG2E Human, mouse  NK cells, T-cell subsets ? HLA-E (human), Qa-1b
(mouse)

Ly49DP%a, | y49Hb6, Mouse NK cells, T-cell subsets ? H-2Dd, M157 (CMV protein)

Ly49R129/J, Ly4gu129/J

NKG2D-S2 (short isoform) Mouse NK cells, T-cell subsets, mac- + Rae-1, H60, Mult |

rophages
NKp44 Human NK cells, v T cells, pDCs ? Viral HA? PCNA, proliferating

TREM1, TREM3P Human, mouse

Monocyte, neutrophils, mac-

cell nuclear antigen
TREMS3 +by RTPCR

rophages, osteosteoclasts

TREM22 Human, mouse = Macrophages, DCs, mast + Anionic ligands (dextran slu-

cells, osteoclasts, microglia fate and bacteria), HSP60,
apoptotic membranes

TLT4 Mouse ?

MDL12 Human, mouse  Monocytes, macrophages, + Dengue virion
DCs

SIRPB Human, mouse  Neutrophils, monocytes, +
macrophages, DCs

CD300C, CD300DP, CD300EP  Human, mouse  Myeloid cells ?

CD200R3, CD200R4 Human, mouse  Myeloid cells + CD200

PILRpB Human, mouse  Leukocytes, NK cells, macro-  + PILR-p ligand (CD99-like),
phages, neutrophils, DCs sialylated O-linked sugars

SIGLEC-H Mouse pDCs ?

SIGLEC14 Human, mouse  Hematopoietic cells ? A2-8-linked oligo Neu5A

Abbreviations: DCs, dendritic cells; NK cells, natural killer cells; PCNA, proliferating cell nuclear antigen; pDC, plasmacytoid dendritic cell.

8ndicates receptor can also associate with DAP10.
bIndicates receptor is in mouse only.

+ Indicates expression in osteoclasts.

? Indicates osteoclast expression unknown.

Table 2 FcRy-associated receptors

Name Species Cell expression Expressionin  Ligand
osteoclast

DCAR Human, mouse DCs ?

PIR-A multiple isoforms (>six genes) Mouse B cells, DCs, monocytes/macrophages, granu- + H2-D, H2K
locytes, mast cells, megakaryocytes/platelets

ILT/LIR Human NK cells, T-cell subsets, B cells, macrophages, ?
mast cells, DCs

mOSCAR ILT1/LIR7/LILRA2 LIR6/ Mouse Osteoclasts + Collagen

LILRA1 ILT8/LILRB6 ILT10/LILRAS

ILT11/LILRB7 ILT7/LILRA4

hOSCAR Human DCs and osteoclasts + Collagen

FcaR Eosinopohils, DCs, basophils, monocytes, mac-  ? IgA
rophages, neutrophils

FeyRIN Macrophages and NK cells + 1gG

FceRlI Mast cells ? IgE

KIR2DLY NK cells and some T cells ?

NKp46 NK cells ?

Abbreviations: DCs, dendritic cells; g, immunoglobin; IL, interleukin; NK cells, natural killer cells; PIR-A, immunoglobulin-like receptor-A; H2-D/H2K, histocom-

patability 2, D or K region.

associated with either TREM2, a DAP12-associated receptor,
or myeloid DAP12-associating lectin-1 (MDL-1).2829 |n the con-
text of a TREM2-DAP12-DAP10 trimolecular complex, DAP10
is required for recruitment of PI3K and Grb2, as well as ERK
and AKT activation downstream of TREM2 receptor crosslink-
ing (Figure 2).2° Although DAP12 deficiency leads to decreases
in macrophage and pre-osteoclast proliferation and survival,3!
further studies are needed to determine whether the loss of the
DAP10-DAP12 complex is responsible for these effects.
Highlighting the importance of DAP12 in osteoclastogenesis,
osteoclasts from humans with Nasu-Hakola disease, due to
DAP12 deficiency, have small, mononuclear osteoclasts with

disorganized actin cytoskeletons and poor resorptive capac-
ity similar to mouse DAP12~/~ osteoclasts.3? Nasu-Hakola
or polycystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy is a rare, recessively inherited human
disease characterized by multiple bony cysts, rapidly progres-
sive dementia and premature death by age 50.33 Genetic map-
ping studies revealed that deletion or mutations of TYROBP
encoding DAP12 at chromosome 19g13.1 were linked to Nasu-
Hakola in most patients and functional mutations in TREM2 in
a small subset of patients.34-3% Thus, Nasu-Hakola is associ-
ated with mutations that lead to defective signal transduction
through TREM2 and DAP12, and these studies suggest that this
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TREM2-DAP12 signaling is critical for normal function of human
bone and brain tissue.3® Differences exist between humans and
mice deficient in DAP12, where humans develop osteoporosis
and bone cysts, whereas mice develop osteopetrosis without
bone cysts. However, TREM2-deficient mice more closely mimic
humans with Nasu-Hakola disease and exhibit osteoporosis
although they do not develop bone cysts.3¢ Additional stud-
ies are needed to determine whether differences in humans
and mice TREM2-deficient osteoclasts are related to alternate
DAP12-associated or FCRy receptors, or alternate expression
of ligands for these receptors.

DAP12-associated Receptors in Osteoclasts

Several DAP12-associated receptors are present in osteoclasts,
including TREM2, MDL-1 and signaling regulatory protein-
beta 1 (SIRP B1) (Table 1). TREM2 is expressed on many myeloid
cells and likely functions as a scavenger receptor as it binds
to a variety of anionic ligands including Gram-negative and
-positive bacteria, heparin and dextran sulfate.3” When expressed
on microglia in the brain, TREM2 induces anti-inflammatory
clearance of dead neurons when it binds to secreted HSP60
or apoptotic neurons.38:39 |n both human and mouse osteo-
clasts, TREM2 facilitates osteoclast multinucleation and migra-
tion.32:40-42 Unlike human TREM2-deficient osteoclasts that fail
to multinucleate in vitro, TREM2-deficient mouse osteoclasts
have accelerated osteoclastogensis in vitro due to inappropriate
activation of B-catenin downstream of M-CSF, leading to a halt
in pre-osteoclast proliferation and hastened osteoclast develop-
ment.36 Other studies have shown that TREM2 crosslinking on
mouse osteoclasts inhibits resorption while promoting multinu-
cleation.#! These data suggest that TREM2 functions to both
activate and inhibit osteoclasts. Recently, DAP12 was shown
to associate with SH2-domain inositol phosphatase (SHIP1)
in osteoclasts to mediate inhibitory ITAM signals induced by
TREM2 crosslinking or M-CSF but not RANKL.2 This dual action
of TREM2-DAP12 complex could be regulated by differing lig-
ands, strength of ligand signals or other co-stimulatory signals.

MDL-1, another DAP12-associated receptor expressed in
osteoclasts, has a small impact on basal osteoclastogenesis
but a profound impact on inflammatory bone loss.28:43 MDL-1
associates with DAP12 and DAP10 adapters that are needed
for full cellular activation downstream of MDL-1.28 MDL-1 is
most highly expressed in activated myeloid cells and is potently
induced by TNF.43 Although endogenous ligands for MDL-1
have yet to be identified, MDL-1 serves as receptor for Dengue
virus, the cause of ‘break bone’ hemorrhagic fever.*4 In mouse
models of autoimmune arthritis, agonistic anti-MDL-1 anti-
bodies promote synovial inflammation and bone erosions,
whereas blocking antibodies prevent bone erosions.*3 These
studies suggest that endogenous MDL-1 ligands are modulated
during inflammatory arthritis. Additional studies are needed
to determine whether MDL-1 serves a pathogenic role in
human inflammatory arthritis or whether MDL-1 functions in
homeostatic bone remodeling.

FcRy-associated Receptors in Osteoclasts

Several FcRy-associated receptors are present in pre-
osteoclasts and osteoclasts including osteoclast-associated
receptor (OSCAR) and paired immunoglobulin-like receptor-A
(PIR-A) (Table 2).2445 OSCAR was recently found to be a
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collagen receptor and provides the necessary ITAM
co-stimulation in human and mouse DAP12~/~ osteoclasts gen-
erated on extracellular matrix or collagen.*®:47 In vivo, OSCAR
deficiency alone fails to alter bone mass, similar to FcRy =/~
mice, indicating that DAP12 is the main co-stimulatory path-
way in vivo.*® However, OSCAR~/~DAP12-/~ mice exhibited
significant osteopetrosis compared with DAP12~/~ mice due
to decreases in osteoclast numbers and function. These data
suggest that OSCAR does contribute to ITAM co-stimulation
in vivo during basal bone remodeling. On the other hand, TNFa
induces the expression of PIR-A on osteoclasts and PIR-A
ligands, major histocompatibility complex class 1 molecules,
on osteoblasts that participate in TNFa-induced bone loss
in vivo.*8Additional studies are needed to identify the role of
PIR-A in basal bone remodeling or OSCAR in pathogenic bone
remodeling in mice and humans.

ITAM Adapter Associations with Non-immunoreceptors

In addition to RANK co-stimulation, DAP12 cooperates with
non-immunoreceptors in osteoclasts including o, 35 integrin
and c-Fms receptor to regulate the osteoclast cytoskeleton,
adhesion and proliferation (Figure 2).49:50 DAP12 serves as a
docking protein for Syk and c-Src after integrin 3, stimulation
in osteoclasts and is required for bone resorption and actin
ring formation.%? Likewise, M-CSF stimulation of c-Fms leads
to c-Src-induced phosphorylation of DAP12 with subsequent
recruitment of Syk and activation of VAV leading to osteoclast
spreading.*® Furthermore, M-CSF-induced osteoclast prolifera-
tion and survival require nuclear accumulation of 3-catenin in a
DAP12-dependent manner.3" Interestingly, DAP12~/~ osteoclas-
togenesis is partially rescued by high-dose M-CSF in vitro but
fails to correct the abnormal cytoskeleton formation.5! Negative
regulation of c-Fms occurs in part by the DAP12-dependent
recruitment of SHIP1.22 These studies provided novel insight into
the biology of osteoclasts and show that DAP12 ITAM signaling
is co-stimulatory for RANKL-, M-CSF- and integrin-mediated
signaling in osteoclasts. Thus, the osteoclast deficits seen in
mouse and human DAP12~/~ osteoclasts are multifactorial and
likely change depending on the in vivo microenvironment.

Immunoreceptor Tyrosine-Based Inhibitory Motif (ITIM)
Receptors in Osteoclasts

Immune cells are frequently negatively regulated by ITIM
receptors, and osteoclasts are no exception. ITIM receptors
recruit tyrosine phosphatases, SHP-1 or SHP-2, or lipid phos-
phatases, SHIP1 and SHIP2, to limit ITAM-mediated signals.
Several ITIM receptors negatively regulate osteoclastogenesis
including CLM-1, PIR-B, leukocyte immunoglobin-like receptor
B (LILRB1), SIRP« and FcyRIIB.52-55 However, two ITIM recep-
tors, Ly49Q and DC-STAMP, positively regulate osteoclastogen-
esis, revealing the complexities of phosphatase regulation of
intracellular signaling as it relates to cellular differentiation.56:57
These studies suggest that the expression of individual ITIM-
and ITAM-associated receptors on osteoclasts coupled with the
expression of receptor ligands fine tunes osteoclastogenesis
and osteoclast activation.

Summary

Osteoclasts remain a critical innate immune cell within bone
poised to respond to cellular distress, bacteria, inflammation or
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microenvironmental stresses by means of a growing number of
immunoreceptors. Indeed, more work will elucidate even greater
similarities between osteoclasts and immune cells, and how
these similarities are intertwined during healthy and disease
states. Further understanding of these receptors in normal and
pathological bone remodeling will help to identify alternative
therapeutic strategies for osteoporosis or pathological bone
remodeling.
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