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Summary

The differentiation of osteoclasts (OC) from early myeloid progenitors is a tightly regulated
process that is modulated by a variety of mediators present in the bone microenvironment. Once
generated, the function of mature OC depends on cytoskeletal features controlled by an avp3-
containing complex at the bone-apposed membrane, and the secretion of protons and acid-protease
cathepsin K. OC also have important interactions with other cells in the bone microenvironment
including osteoblasts and immune cells. Dysregulation of OC differentiation and/or function can
cause bone pathology. In fact, many components of OC differentiation and activation have been
targeted therapeutically with great success. However, questions remain about the identity and
plasticity of OC precursors, and the interplay between essential networks that control OC fate. In
this review, we summarize the key principles of OC biology, and highlight recently uncovered
mechanisms regulating OC development and function in homeostatic and disease states.

Introduction

Although bone is one of the hardest tissues in the body, necessary for its structural and
protective roles, this organ is not static. Bone matrix must be renewed over time in order to
maintain its mechanical properties and myeloid lineage cells called osteoclasts (OC) are the
specialized cells that perform this critical function. Since bone is the major storage site for
calcium, OC play an important role in the regulation of this signaling ion by releasing it
from bone. In this process, OC respond indirectly to calcium-regulating hormones such as
parathyroid hormone and 1,25(0H), vitamin D3. Growth factors such as insulin-like growth
factor-1 (IGF-1) and transforming growth factor- § (TGF-f) are also incorporated into bone
matrix and released by OC, affecting the coupling of bone formation to bone resorption and
potentially targeting other cells in the microenvironment such as metastatic tumors. Lastly,
OC retain features of other myeloid cells such as antigen presentation and cytokine
production which afford them the potential to affect immune responses. Thus, the OC plays
many roles in health and disease.

OC are multinucleated cells formed by fusion of myeloid precursors. In normal
circumstances, OC are only found on bone surfaces, although cells with similar features can
be found in association with some tumors, even outside of the bone. In contrast with the
multinucleated giant cells found in granulomas such as in sarcoidosis, tuberculosis, or
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foreign body responses, OC express tartrate resistant acid phosphatase (TRAP), the
vitronectin receptor, avp3 integrin, and calcitonin receptor. These polykaryons have a unique
cytoskeletal organization and membrane polarization that allows them to isolate the bone-
apposed extracellular space where bone resorption occurs. Not surprisingly, OC
differentiation and function are tightly regulated and rely on many signaling pathways
important to other immune cells, both innate and adaptive, providing both challenges and
opportunities for their therapeutic targeting in disease states.

In this chapter we will discuss the differentiation of OC, a process known as
osteoclastogenesis, and the relationship of OC precursors to other myeloid lineages. We will
also describe their unique functional features, providing a glimpse into their unusual cell
biology, and interactions with other cells. Finally, we will address the pathophysiology of
several diseases associated with bone loss, focusing on several key extracellular mediators
dysregulated in osteolytic conditions.

Osteoclast precursors

Hematopoietic stem cells (HSC) differentiate into all blood cell lineages (1), including the
mononuclear phagocyte system from which OC arise. Consistent with the conventional view
that bone marrow niches are the primary sites of postnatal hematopoiesis (1), medullary
fractions from humans and animal models are excellent sources of OC precursors. Indeed,
unfractionated marrow leukocytes (274) or macrophages expanded /17 vitro in the presence
of macrophage colony-stimulating factor (M-CSF) (5 6) are commonly used to induce in
vitro osteoclastogenesis under the influence of appropriate cues, especially M-CSF and
RANKL, as described below. OC can also be differentiated from peripheral blood (779),
spleen and fetal liver (8' 10> 11). While early committed OC precursors express TRAP (12)
and avp5 integrin (13), late precursors and fully differentiated OC up-regulate cathepsin K
(14 15), calcitonin receptor (16), OC-associated receptor (OSCAR) (17) and avp3 integrin
(18' 19).

Bone marrow macrophages expanded in M-CSF for several days are technically easy to
obtain, the yields are quite high (up to 50 million from one adult mouse), and the extent of
OC formation reflects the intrinsic differentiation potential of a relatively uniform
population of precursors. However, in some disease states or abnormal/mutant genotypes,
there are changes in the frequency of precursors, rather than in the response of individual
cells to differentiation cues (20). Use of unfractionated marrow cells rather than expanded
macrophages can reveal alterations in early precursors and also prevents loss of effects due
to the microenvironment /n vivo, such as those stemming from hormonal effects or stromal
cell support.

Much effort has gone into identifying specific precursor populations, but like many myeloid
cell types, the OC precursor has defied a single definition. Hematopoietic cells from various
developmental stages, including CD34* HSC (21: 22), CD265 (RANK)* monocytes (23),
and CD14* monocytes (9' 24 25), possess the ability to undergo osteoclastogenesis. M-
CSF-expanded marrow macrophages express CD11b (aM integrin), CD265 (RANK), and
CD115 (M-CSF receptor/c-Fms) (8). The critical role of these last two receptors for OC
differentiation will be discussed in detail below. The utility of CD11b as a marker of OC
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precursors, and its role in osteoclastogenesis is more complex. Some groups have found that
precursors expressing CD11b have high osteoclastogenic potential (8' 26) while others claim
that the CD11b'oW/ed population is more efficient (27+ 28). Jacquin et al found that
Cd11bNigh hone marrow fractions generate OC more slowly than a CD3B220-cp11b-
fraction, but with a similar efficiency (29). Conflicting results may come from differences in
experimental techniques such as the time allowed for differentiation, the plasticity of the
precursor populations, and the dynamic regulation of CD11b expression. Indeed, CD11b is
up-regulated by M-CSF and subsequently down-regulated by RANKL (23: 29: 30). A recent
study of CD11b-deficient mice showed that this molecule acts early as a negative regulator
of OC differentiation, and its engagement favors an inflammatory macrophage phenotype
(32).

Several groups have tried to further refine the identity of OC precursors, with the expectation
of improving cellular homogeneity and differentiation efficiency. CD117 (c-kit) is expressed
on all early hematopoietic progenitors, and cells expressing both CD115 and CD117 form
OC readily (29). This population can also form phagocytic macrophages and dendritic cells
(28). Ly6C, a component of the Grl epitope found on monocytic myeloid derived suppressor
cells (MDSC), was found on an OC precursor pool present in normal bone marrow, but
amplified in inflammatory arthritis (27). However, the population identified in this study
remained heterogeneous for other markers such as CD11b and CD117. Others have shown
that OC can differentiate from Gr1*/CD11b™ MDSC in the context of cancer (32734).
Besides CD markers, OC precursors also display several additional surface molecules at
some point during differentiation, including dendritic (DC)-specific transmembrane protein
(DC-STAMP) (35), OC-STAMP (36), calcium-dependent cell-cell adhesion molecules, E-
cadherin (37' 38) and protocadherin-7 (39), and a disintegrin and metalloproteinase
(ADAM) family members, mainly ADAMS (40). None of these is completely restricted to
the OC lineage.

Osteoclast differentiation

The presence in the bloodstream of cells capable of OC differentiation is well documented
(9 21+ 221 25). However, it is still unclear whether bone marrow-derived myeloid cells in the
adult bone marrow directly differentiate into OC or enter the bloodstream before re-entering
the bone microenvironment to form OC. It is possible that, rather than providing a source of
homeostatic OC for bone, circulating OC precursors represent a pool that can be recruited in
pathological states such as inflammatory arthritis or heterotopic ossification. Irrespective of
the potential systemic circulation of OC precursors, the conceptual framework is that within
the bone microenvironment, OC precursors are generated in or near perivascular HSC niches
and migrate toward the bone surface where they terminally mature into OC (Fig. 1).
According to this concept, OC precursors may be lured to bone surfaces by gradients
generated by bone matrix proteins and degradation products, calcium ions, lipid mediators
(e.9., sphingosine-1-phosphate (41~43) or chemokines such as CXCL12, which are
produced by the osteoblast lineage cells (44), the main regulators of OC differentiation in
homeostatic states.
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Even before the identification of specific factors governing osteoclastogenesis, it was clear
that stromal, osteoblast lineage cells could provide support for this process (45' 46). The
essential role of M-CSF in the proliferation and survival of the OC lineage was uncovered in
the early 1980s following an observation that hematopoietic progenitors from gp/op mice
formed normal monocyte/macrophage colonies only when exposed to colony-stimulating
activity derived from wild-type stromal cells (47). This activity was assigned to M-CSF a
decade later when it was discovered that op/op mice failed to produce this growth factor due
a mutation in the M-csfgene (48). Osteopetrosis in gp/op mice stems from inadequate OC
lineage commitment of macrophages, which are also diminished in numbers (49). M-CSF is
involved in the growth and survival of the OC lineage through regulation of numerous
pathways such as MAPK (ERK and JNK) (50), GSK-3p/B-catenin (51) and mammalian
target of rapamycin (mTOR), whose signaling intermediates include PI3K and Akt (52).
Moreover, M-CSF was more recently found to increase diacyl glycerol levels through
stimulation of PLCy, an event that causes c-Fos activation (53), thus suggesting that this
growth factor can also induce OC differentiation signals. The M-CSF receptor c-Fms
(CD115) can also be activated by newly identified 1L-34 (54+ 55), and mice lacking ¢c-Fms
show a more severe osteopetrotic phenotype compared to those with impaired M-CSF
production (56). M-CSF, as well as IL-34, promotes the expression of RANK (CD265),
whose downstream signaling pathways also drive differentiation (see below). Other factors
such as granulocyte colony-stimulating factor (57), vascular endothelial growth factor (58:
59), and hepatocyte growth factor (60) can also provide mitogenic and survival signals to the
OC lineage, though with less efficiency compared to M-CSF.

RANKL is another essential factor required for the differentiation, survival and function of
OC. Its discovery two decades ago was a breakthrough that reinvigorated the field of OC
biology (61’ 62). The findings that transgenic mice expressing high levels of RANKL
develop osteoporosis whereas mice lacking RANKL or the decoy receptor OPG are
osteopetrotic (63) and osteoporotic (64), respectively, underscore the central role of this
pathway in OC development. Furthermore, rare cases of osteopetrosis have been ascribed to
inactivation or deficiency of RANKL or RANK, its receptor (65). Deactivating mutations in
OPG cause the high turnover bone disorder known as Juvenile Paget's Disease, and
activating mutations of RANK lead to a range of osteolytic conditions, including familial
expansile osteolysis (66).

Monocytes expressing RANK, a TNF receptor family member, exposed to RANKL exit the
cell cycle and fuse to form multinucleated OC. This process involves activation of various
pathways including MAPK (p38, JNK, ERK), mTor, PI3K, NF-xB (canonical and
alternative) and microphthalamia-associated transcription factor (MiTF) (52' 67769). Many
of these pathways contribute to expression of NFATc1, the “master” osteoclastogenic
transcription factor (70), whose activation also depends on a PLCy2/Ca?* pathway (71). As
it is emerging for other signaling pathways, RANK signaling induces protein post-
translational modifications such as phosphorylation (71), ubiquitination (72), SUMOylation
(73), and poly-ADP-ribosylation (our unpublished data). Developing evidence also indicates
a crucial role of epigenetic mechanisms in RANKL control of OC differentiation (74 75).
Indeed, RANKL regulates the expression of several species of microRNA (76). DNA
methyltransferase 3a is a DNA-modifying enzyme with profound effects on bone
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homeostasis as mice lacking this protein develop a high bone phenotype due to defective
osteoclastogenesis (77). RANKL also induces histone 3 (H3) trimethylation (H3K4me3, a
mark of transcriptionally active chromatin) while attenuating H3K27me3 (a mark of silent
chromatin) near the transcription start site of several genes encoding OC transcription
factors such as NFATc1 and NF-«xB (78). Pharmacological interference with the recruitment
of CREB-binding protein (CBP) to acetylated histones at the NFATc1 promoter impairs
RANKUL's osteoclastogenic effects (79). Accordingly, the deacetylase SIRT1, which removes
acetyl groups from proteins, including histones, also modulates RANKL-induced OC
formation (80 81). Thus, RANKL regulation of OC development involves a plethora of
signaling networks, including epigenetic mechanisms.

A third signal reported to control osteoclastogenesis emanates from immunoreceptor
tyrosine-based activation motif (ITAM)-harboring adaptors such as DNAX activation protein
of 12 kDa (DAP12) (82) and Fc receptor vy (FcRy). These cell surface molecules have very
small extracellular domains, and interact with co-receptors TREM2 and Sirpp1 (DAP12) or
OSCAR and PIR-A (FcRy) in order to signal to Ca2*/NFATc1 through PLCy-2 (83: 84). In
mice, deletion of either ITAM protein has no effect on bone mass, while deletion of both
causes severe osteopetrosis. Initial reports concluded that this phenotype was the result of a
failure in OC differentiation (83 84). However, while Mocsai et al. (83) showed normal
expression of a number of markers of mature OC (B3 integrin, calcitonin receptor, cathepsin
K) suggesting intact differentiation, Koga et al. (84) found a failure to induce Ca?*
oscillations and NFATc1 induction, and thus poor differentiation, in DAP12/FcRy double-
deficient cells. Complicating interpretation of the phenotype, DAP12/FcRy deficient mice
lose bone very efficiently in response to ovariectomy in the long bones, but not vertebrae
(85). RBP-J, a transcription factor usually associated with Notch signaling, was shown to
impose a requirement for ITAM-mediated costimulation on RANKL-induced
osteoclastogenesis; in the absence of RBP-J, ITAM signaling was completely dispensible
(86). Thus, a role for ITAM in OC differentiation may be site and/or context dependent.
Other studies have indicated that the primary role of the ITAM-mediated signaling appears
to be in the regulation of the OC cytoskeleton (discussed below), with little effect on
differentiation (82 87). Furthermore, loss of TREM2, the co-receptor for DAP12 increases
osteoclastogenesis, via f-catenin, suggesting a Ca2*/NFATc1-independent effect (51). Thus,
the role of ITAM signaling in OC differentiation remains incompletely resolved.

Beyond RANKL, M-CSF and the ligands for ITAM-associated receptors, the normal bone
marrow microenvironment contains a wide variety of OC-regulating molecules, including
cytokines, growth factors, hormones, and the recently reported danger signals, which
function via the inflammasomes. These molecules act through or interact with M-CSF and
RANKL, the most proximal signals in OC differentiation to fine-tune pro- and anti-
osteoclastogenic inputs, thereby ensuring bone homeostasis. For example, although TNF-a
is an important inflammatory cytokine (discussed in detail below), mice lacking TNF-a have
higher bone mass at baseline, indicating a modulatory role in normal conditions as well (88).
Thus, it is the imbalance in the levels or actions of osteoclastogenic factors that causes bone
pathology, as discussed below.
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Reciprocal regulation of OC and immune cells

Although osteoblast lineage cells have the strongest influence on OC development in
homeostatic conditions, several immune cell types can influence this process too. Indeed, B
cells (89) and activated T cells express RANKL (90792), but ablation of RANKL expression
from these cells does not affect bone mass at baseline through 7 months of age (89). Thus,
lymphocyte-produced RANKL, as well as other cytokines, is likely important only in
pathological bone loss. Nevertheless, in basal conditions, mice which lack T cells or B cells
are osteopenic, at least in part due to reduced OPG production by B cells (93-96), indicating
that lymphocytes play a role in bone homeostasis, acting to protect bone. There are many
different subsets of T cells, and those that appear to have the dominant role in protecting
bone are regulatory T cells. These T cells, that act to reduce effector T cell activity,
differentiate from naive CD4*T cells or CD8*T cells, are referred to as Treg and TCreg,
respectively, and express the transcription factor Forkhead box protein 3 (FoxP3) and CD25.
The CD4* Treg have been more extensively studied, and in many contexts they suppress OC
formation and inflammatory osteolysis (97-100). The CD8* Tcreg also inhibit OC
differentiation and bone resorption /n vitro and vivo in murine models (1017103). Moreover,
forced expression of Foxp3 hinders OC differentiation (99) whereas loss-of-function of this
protein causes severe osteoporosis, owing to the hypersensitivity of OC precursor pools to
M-CSF (Chen, Cell Death & Disease, in press). Thus, regulatory T cells may limit bone
resorption by affecting OC at multiple stages.

Interestingly, the relationship between OC and T cells appears to be bidirectional. Indeed,
OC express major histocompatibility complex (MHC) classes I and |1, co-stimulatory
molecules CD80 and CD86, and are capable of presenting antigens. Cross presentation of
antigens by OC leads naive CD8" T cells to become Tcyeg, which in turn inhibit bone
resorption (102: 103). OC can also activate alloreactive CD4* T cells, and CD8* T cells to
some extent, and suppress the ability of CD4* T cells and CD8" T cells to produce TNF-a
and IFN-v, respectively (104 105). A recent study shows that the suppressive function of
OC is inducible as it is triggered by activated T cell-derived IFN-y and CD40 ligand (106).
Whether the immune modulating function of OC is important at baseline, or only in disease
states, remains an open question that is difficult to answer since there does not appear to be a
unique molecule responsible and OC-specific conditional knockouts have not yet been
studied.

Mechanisms of bone resorption

As noted earlier, terminal OC differentiation occurs on the bone surface. OC adhesion to
bone is mainly mediated by the avp3 integrin, which recognizes the amino acid motif Arg-
Gly-Asp contained in certain bone extracellular matrix proteins, including vitronectin,
osteopontin, bone sialoprotein, and denatured collagen I. Although the av subunit is
expressed throughout differentiation, the 3 subunit is potently up-regulated downstream of
RANKL and serves as a marker of OC differentiation. Accordingly, mice lacking the B3
subunit develop high bone mass late in life due to defective OC adhesion to bone matrix,
diminishing their resorptive activity (107). The bone resorption phase starts with dramatic
morphological changes in OC, a process referred to as OC polarization whereby a segment
of the plasma membrane facing bone expands and becomes highly convoluted (and known
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as ruffled border) whereas the portion toward the marrow space, the basolateral membrane,
is enriched in ion transporters (Fig. 2). The ruffled border is formed by fusion of secretory
lysosomes with the plasma membrane in a process controlled by the autophagy machinery
(108). This specialized membrane domain is surrounded by actin microfilaments and actin-
binding proteins such as talin (109), vinculin (110), kindlin 3 (111), myosin 1A (112: 113)
and paxillin (113) organized as podosomes, which cluster to form the actin ring, a dense
cytoskeletal structure that excludes all organelles, also called the sealing zone (67). Loss of
any of these actin-associated proteins in the podosome diminishes bone resorption, although
they have distinct roles in organizing the cytoskeleton.

During the process of cytoskeletal reorganization, activated 3 recruits to its cytoplasmic
domain a variety of signaling proteins, including tyrosine kinases (c-Src and Syk), guanine
nucleotide exchange factors, primarily Vav3 (114), leading to activation Rac and formation
of the actin ring (115). Mice lacking c-Src, Syk or Vav3 (114+ 1161 117) exhibit higher bone
mass due to defective resorption, which requires adhesion to bone, cell spreading and actin
ring formation (Fig. 2). ITAM signaling is required for these signaling events downstream of
the integrin (118). Interestingly, however, the two ITAMs, DAP12 and FcRy, do not work
identically. FcRy requires the presence of $3 integrin to compensate for the absence of
DAP12, while DAP12 can function with 1 integrin to mediate cytoskeletal organization
(118). OC cytoskeletal reorganization is also indirectly regulated by M-CSF, which through
c-Fms activates B3 integrin intracellularly, causing conformational changes to its
extracellular ligand-binding region (inside-out activation). M-CSF stimulates
phosphorylation of DAP12 by c-Src and its recruitment to the cytoplasmic tail of c-Fms,
leading to activation of Syk and downstream signals to the cytoskeleton. This interaction
with c-Fms is another example of differences between DAP12 and FcRy, as the latter is not
able to form this complex (82). In sum, avp3 integrin, c-Fms, and ITAM proteins work
together to control the OC cytoskeleton, which mediates attachment to bone, migration
along the surface, and formation of the actin ring to allow bone resorption.

OC polarization enables directed transport of acidified cytoplasmic vesicles toward the
bone-apposed plasma membrane, i.e. at the ruffled border (119). The sealing zone creates an
isolated extracellular microenvironment, enclosed by the cell and the bone surface, where
bone resorption takes place in two steps. First, the acidification of the resorption lacuna
leads to dissolution of the inorganic components of the bone matrix, including
hydroxyapatite (119 120). During this process, carbonic anhydrase type Il generates protons
and HCO3™ by hydrating CO» (121). The protons are released into the resorptive
compartment via an electrogenic proton pump mediated by vacuolar H*-ATPase (v-H*-
ATPase), contained in vesicles which fuse with and expand the ruffled border (120+ 122).
The combined actions of the Cl_chog_ anion exchanger and CI~ channel (CIC-7) located
on the basolateral membrane and ruffled membrane, respectively, ensure OC cytoplasmic pH
neutrality as the CI™ ions are released in the resorption lacuna. The most common forms of
osteopetrosis in humans are caused by mutations in genes controlling acidification, including
TCIRG1, CLCN7, and OSTM1 (123), emphasizing the importance of this step. Other rare
forms of osteopetrosis include mutations in Pleckhm 1, which is involved is lysosomal
trafficking (124 125). HCI-mediated demineralization exposes the organic phase of the bone
matrix, which is made up of approximately 95% of type | collagen. The degradation of bone
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matrix proteins is carried out by secreted lysosomal enzymes (122), mainly the cysteine
protease cathepsin K. Indeed, deficiency of cathepsin K in humans causes pycnodysostosis,
a high bone mass disease that can be mimicked in mouse models (14: 15+ 126). Additionally,
there is evidence that neutral matrix metalloproteinases (MMP), including MMP-2, -9 and
-13, may also participate in bone resorption (127: 128).

Both the organic and inorganic degradation products from bone extracellular matrix are
endocytosed by the ruffled membrane (129 130), a trafficking process involving small
GTPases and microtubules, and released from the basolateral membrane to the bloodstream.
This process enables OC to excrete degraded matrix components while digging deep into
bone and maintaining an enclosed resorption site. Some of the collagen | degradation
products such as C-telopeptide of type | collagen (CTX-1), can be used as markers of bone
resorption in patients (131) and animal models (4). The OC eventually detaches through yet
unknown mechanisms, migrates and reinitiates another bone matrix degradation cycle. One
potential mechanism for sustained bone resorption may be provided by degradation products
of the mineral phase functioning as crystalline danger-associated molecular patterns
(DAMPs) that activate pathways such as the inflammasomes, which are expressed by the OC
lineage (4' 1327135), and may function as a positive feedback mechanism that amplifies
bone resorption.

Coupling of bone formation to bone resorption

In normal bone homeostasis, OC remove old or damaged bone matrix and then osteoblasts
replace the matrix to restore the bone to its original state in a process known as the bone
remodeling cycle. Thus, it makes sense that OC might send signals to osteoblasts to induce
bone formation at sites of resorption. In fact, multiple molecules made or activated by OC
have the potential to enhance bone formation, acting on various stages of osteoblast
differentiation. TGF-p and IGF-1 are both stored in bone matrix and released by its
resorption by OC, with the former acting to promote migration of mesenchymal stem cells to
newly resorbed sites (136+ 137). TGF-f also induces OC to express CXCL16 and Wnt10b,
which induce recruitment and mineralization by osteoblasts, respectively (138' 139).
Sphingosine-1-phosphate (140) and collagen triple helix repeat containing 1 (141) have been
proposed as possible secreted coupling factors that enhance bone formation. In contrast,
semaphorin 4D produced by OC appears to inhibit bone formation (142) and perhaps its role
is analogous to that of OPG which limits the OC-promoting actions of RANKL. An
additional proposed pathway for OC-osteoblast coupling is via direct cell-cell interactions
between Ephrin B2 (on OC) and EphB4 (on osteoblasts). These transmembrane proteins can
signal bidirectionally and /n vitro experiments show enhanced osteoblast activity (143), but
the /n vivo evidence for coupling is not strong (144). While more work is required to resolve
the specific mechanisms involved, it is clear that OC influence the differentiation and
activity of osteoblasts /n vivo.

Pathological bone loss

Although other cells are able to secrete matrix degrading enzymes, such as MMPs, it is
generally accepted that OC are the primary effectors of bone loss in osteolytic disease states.
Furthermore, up-regulation of the osteoclastogenic cytokine RANKL is a common feature in
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states of abnormal bone loss. Nevertheless, in most cases other cytokines and growth factors
that interact directly with OC or their precursors have powerful effects on OC differentiation
and function in these conditions, with each disease featuring a different “cocktail” of factors.
In fact, both pro- and anti-OC signals may be increased, such that the net effects on bone
resorption represent the relative amounts of the various factors. Similarly, bone formation
may be increased through the normal coupling mechanisms, or decreased due to opposing
effects of cytokines on osteoblasts versus OC. Thus, although the mechanisms for bone loss
are complex in most diseases, our discussion here will focus specifically on bone resorption.

By far the most common form of bone loss, osteoporaosis, affects a large portion of the
elderly population. Although the timing and progression of this disease differs in men and
women, age-related changes occur in both sexes and can be largely attributed to effects of
estrogen loss, as estrogen acts to maintain bone formation and limit resorption (145). None
of the effects of androgen on bone mass are through direct effects on OC (146). In
osteoporosis, bone resorption outpaces formation, and drugs that inhibit OC (such as
bisphosphonates and denosumab, an anti-RANKL antibody) significantly reduce the risk of
fracture in patients (147). Another feature of aging probably linked to low estrogen is an
increase in chronic low-grade inflammation, so-called “inflamm-aging” (148: 149). This is
characterized by a generalized increase in the number of myeloid cells and cytokine levels,
but without overt tissue-specific inflammatory infiltrates. T cells may be an important source
of osteoclastogenic cytokines, as T cell production of TNF-a and RANKL is elevated in
estrogen-deficient humans and mice (150 151). Other age-related changes in the immune
system, such as a failure of OC to induce Tyeq in the context of estrogen loss, may also
contribute to bone loss (102). As will be discussed below, inflammatory cytokines have
potent effects on OC, and although the rise in cytokines is likely mechanistically linked to
estrogen loss, their effects on OC occur via separate molecular pathways. Much of our
current understanding of cellular and molecular mechanisms is based on models of
ovariectomy in rodents, which causes acute loss of estrogen and rapid, sustained loss of bone
mass, particularly at trabecular sites.

Autoimmune inflammatory diseases, most frequently rheumatoid arthritis (RA), are
associated with focal bone loss, and increased numbers of OC are generally found at
inflamed bone surfaces. Because inflammatory cytokines (especially TNF-a and IL-1) are
often co-regulated or induced in a cascade, activating both positive and negative feedback
loops, there are many potential osteoclastogenic mediators present at the same time. Besides
the cytokines with direct influence on OC, others including IL-17, generated by Th17 cells,
and IL-6, produced by many cell types, act mainly by increasing RANKL produced by local
osteoblasts and other stromal cells such as synovial fibroblasts (152' 153). Many cytokine-
blocking agents (biologics) are now in clinical use to treat inflammatory arthritic diseases,
and have shown efficacy in blocking the associated bone loss (154). Patients with RA also
have a higher incidence of osteoporosis (155), and although anti-TNF-a therapies reduce
generalized bone loss in these patients, recent studies suggest that the auto-antibodies
themselves may initiate bone loss prior to the onset of inflammation (156).

Several murine models of inflammatory arthritis have been useful in advancing our
understanding of inflammatory bone loss as they implicate the same cytokines (primarily
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RANKL, TNF-q, and IL-1) and cells (lymphocytes and myeloid cells). These include
collagen-induced arthritis (157) and antigen-induced arthritis (158), both of which involve T
cell mediated immune responses, recruitment of innate immune cells, and subsequent
osteoclastic bone resorption localized to the joint (typically one knee) in which the antigen is
injected. The serum transfer arthritis model (159) is a model of systemic antibody transfer
and complement fixation that leads to inflammation and bone erosion in many peripheral
joints, in a lymphocyte-independent manner. Antibodies to collagen Il can also generate a
similar form of arthritis (160). Another model that has been used extensively to study
arthritis is the human TNF-a transgenic (nTNF-Tg) mouse (161 162). In this purely
cytokine-driven model, arthritis develops spontaneously and remains chronic for the life of
the animal, which is a unique feature of this model. However, since cytokines often affect
both the inflammatory component and the OC, many experiments need to be interpreted
with caution regarding the direct effects of particular pathways on the osteolytic component
of disease. The clearest results regarding effects on OC occur when bone loss can be
evaluated in the presence of an intact inflammatory response (1637165). For example, NIK-
deficient mice have reduced bone erosion in inflammatory arthritis models. Since they
develop inflammation in the serum transfer model, but not in the antigen-induced model, we
can conclude that osteolysis is specifically impacted by the loss of NIK only from the serum
transfer model. In the end, however, none of the animal models precisely replicates the
human disease state, nor captures the heterogeneity of real patient populations.

Joint manifestations also occur in sterile autoinflammatory disorders (166), including
neonatal-onset multisystem inflammatory disease (NOMID), the most severe form of
cryopyrin-associated periodic syndromes (CAPS). Cryopyrinopathy disorders are caused by
activating-mutations in NLRP3, resulting in systemic inflammation driven by IL-1p and
IL-18 over-secretion (166). NOMID patients exhibit prominent skeletal malformations,
including short stature and low bone mass (167). Abnormal IL-1 biosynthesis or signaling
also cause joint complications in a variety of other auto-inflammatory conditions, including
TNF receptor-associated periodic syndrome (TRAPS), due to mutations in the TANFRSF1A
gene encoding the type 1 TNF receptor (168), familial Mediterranean fever (FMF) induced
by mutated Pyrin (169), systemic onset juvenile idiopathic arthritis (170), and Blau
syndrome caused by NODZ2 mutations (171).

Another very common form of inflammatory bone loss is that associated with periodontitis,
a bacteria-driven process. Despite differences in the immune effector cells between
periodontitis and autoimmune diseases, the direct modulators of OC are the same (RANKL,
TNF-q, and IL-1) (172). Although periodontal bacteria may produce forms of LPS and other
TLR activating ligands that could directly stimulate osteoclastogenesis (173), the strong
induction of inflammatory cytokines is likely more important for osteolysis as cytokine
blockade is effective, at least in animal models (174+ 175).

Most types of solid tumors that readily metastasize to bone cause OC-mediated bone loss,
also known as tumor-mediated osteolysis (176). Although there are complex interactions
among tumor cells and the many cell types in the bone microenvironment that affect tumor
growth, interactions with OC have perhaps received the most attention because the clinical
consequences of their activity, known as skeletal-related events (e.g., fracture and
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hypercalcemia) are very significant. Abundant data from animal models of osteolytic
metastasis indicate that increased OC activity correlates with higher tumor burden (177
178), while defects therein reduce it (179' 180). OC inhibitory therapy with bisphosphonates
or denosumab is now standard of care for many patients either at high risk or with clinically
evident bone metastases, and these reduce skeletal related events (181). Through a variety of
mediators and interactions with osteoblast-lineage cells, tumors increase local expression of
RANKL and may decrease OPG as well (176). Other factors may include TGF-f which is
thought to be another mediator of osteolysis in the tumor microenvironment (discussed
below). Additionally, tumors increase the number of MDSC in the bone marrow, and in
addition to their role in suppressing anti-tumor immune responses, these immature myeloid
cells can serve as OC precursors (32734).

Multiple myeloma, a highly osteolytic tumor of plasma B cells that originates in the bone
marrow, secretes several factors that promote osteoclastogenesis, including Dickoppf-1
(DKK1), macrophage inflammatory protein-1a (MIP-1a), and IL-6. DKK1, which has
inhibitory effects on osteoblasts, may also promote osteoclastogenesis through inhibition of
jB-catenin (182). MIP-1a can directly act on OC precursors to promote differentiation (183
184). In contrast, the effects of IL-6 appear to be indirect, but its blockade may be useful in
targeting tumor growth as well as osteolysis (185). Another interesting feature of multiple
myeloma that has therapeutic implications is a commonality of signaling pathways in tumor
cells and OC. A current first-line therapy is proteasome inhibition such as with bortezomib,
whose mechanisms of action include inhibition of NF-xB, p38, NFATc1, and TRAF®6, all
pathways that impact osteoclastogenesis. In fact, studies have shown that these drugs have
dual anti-tumor and anti-resorptive activity (186~188). Recent studies have shown that
activating-mutations in the alternative NF-xB pathway are common in multiple myeloma,
and play a role in tumor survival (189' 190). Since this pathway is also important for OC
formation and function (1917193), its inhibition could also represent a powerful therapeutic
strategy (194).

Modulators of osteoclast differentiation and function

In this section we will discuss several of the most important modulators of OC involved in
pathological bone loss. We have chosen only those that bind to receptors on OC or their
progenitors, and will not discuss those that are produced by other cells in the
microenvironment, such as IL-17, IL-6, and Oncostatin M, but act indirectly and induce
expression of RANKL and the inflammatory mediators discussed below.

Estrogen—/n vitro studies demonstrated that mature OC express receptors for estrogen,
especially, ERa, and respond to this hormone by undergoing apoptosis (195+ 196). One
study using ERa conditional knockout mice showed that this is due to up-regulation of FasL
signaling (197). Further upstream, estrogen blocks differentiation of OC precursors in
response to RANKL (198). It also affects the frequency of OC precursors, as more OC can
be generated from the bones of ovariectomized mice (199) and from peripheral blood of
postmenopausal women (200) than from healthy controls. The relative importance of the
estrogen effects on different stages of OC survival and differentiation is not clear. A recent
3-D analysis of in vivoresorption in ovariectomized rats showed an increase in the number
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of resorption sites (reflecting increased differentiation) with little change in the size of the
lacunae (presumably a measure of survival of individual OC), suggesting that perhaps early
effects on differentiation that determine initiation are more important than those on OC
lifespan (201).

Studies using a variety of mice with tissue specific deletions of ERa demonstrate an
interesting and perhaps unexpected difference in the mechanism by which estrogen controls
resorption in the cortical and trabecular compartments in females. Deletion of ERa from
OC, either in progenitors using lysozyme M-Cre or more mature cells using cathepsin K-
Cre, reveals bone loss only at trabecular sites but not in the cortex (197: 202). In contrast,
deletion of ERa from OB progenitors, with either Prx1-Cre or osterix-Cre, leads to loss only
of cortical bone (203) due to defects in bone formation and a secondary increase in
endocortical resorption. The early and rapid bone loss seen at the onset of menopause is
largely trabecular. Thus, despite the fact that ERa is deleted since conception in mouse
models as opposed to menopausal estrogen decline in humans, these findings suggest that
the direct inhibitory effects of estrogen on OC are physiologically important (204). In
addition to the direct effects of estrogen on bone cells, this hormone also acts as an
immunosuppressive agent, reducing levels of TNF-a and IL-1 whose osteoclastogenic
actions are discussed below. Supporting these cytokines as significant mediators of bone loss
in vivo, their removal or inhibition not only reduces osteoporosis in mouse models (205), but
reduces bone turnover markers in women following acute estrogen withdrawal (206).

TNF-a—Even before the identification of RANKL as the “osteoclast differentiation
factor”, TNF-a was recognized for its ability to stimulate bone resorption /n vivoand in
vitro (207> 208). We now know that TNF-a promotes RANKL and M-CSF expression by
osteoblast lineage cells (209 210), and also acts directly on OC precursors (2117214). Since
TNF-a and RANKL, and their respective receptors are highly related, many of the signaling
pathways activated by these two cytokines are very similar. Thus, it is not surprising that
TNF-a can act with RANKL to promote OC differentiation (26: 215). However, the ability
of TNF-a alone to induce osteoclastogenesis is quite low in most cases, due to subtle
differences in signaling downstream of RANK and TNFR1. Indeed, RANK recruits TRAF3,
allowing NIK-mediated processing of p100 to p52, thereby removing significant brakes on
the alternative NF-xB signaling pathway (192). TNFR1 signaling increases expression of
p100, but not its processing to p52, in wild type cells. However, in the absence of TRAF3,
TNF-a is able to induce OC formation (216). Another molecule that limits the ability of
TNF-a to promote osteoclastogenesis is RBP-J. This transcription factor strongly suppresses
differentiation downstream of TNF-a but not RANKL, and its removal allows robust
osteolysis in response to TNF-a (217). In normal cells, small amounts of RANKL appear to
counteract the negative regulation of TNF-a such that the action of the two cytokines is
synergistic. However, in conditions in which RANKL is stringently excluded from the
system, exposure of precursors to TNF-a prior to RANKL inhibits osteoclastogenesis (26).

IL-1—IL-1, present as a and p isoforms (from distinct gene products), is another cytokine

abundantly produced in a number of inflammatory conditions. Although not structurally
related to RANKL and TNF-q, IL-1, when bound to its receptor, IL-1R1, activates the same
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signaling pathways as the other two cytokines, including TRAF6/src, NF-xB, ERK, and
PI3K (218). IL-1 does not affect early stages of OC differentiation, likely due to low levels
of expression of IL-1R1, which is up-regulated by RANKL, but promotes multinucleation
and terminal differentiation of RANKL-treated precursors, even without further RANKL
exposure (209 219 220). RANKL seems to sensitize NFATc1 to induction by IL-1 (220).
Intriguingly, one study showed that ectopic expression of IL-1R1 allows IL-1 to drive
osteoclastogenesis, dependent on MITF, but not c-Fos or NFATc1 (221). Since RANKL is
likely present in the inflammatory environments in which IL-1 acts /7 vivo, a significant
portion of its osteolytic activity may be due to promotion of bone resorption by mature OC
rather than effects on early stages of differentiation. IL-1 appears to support actin ring
formation and cell survival (2227224). The cytokine also promotes osteolysis indirectly via
osteoblast lineage cells (209), in which IL-1 is an important mediator of TNF-a -induced
RANKL expression.

IL-1f is initially produced in a pro-form that must be cleaved by caspase-1 to become
mature and active, and this step is tightly controlled by the inflammasomes, including the
NLRP3 inflammasome. As described above, activating-mutations of NLRP3 cause NOMID
as a consequence of systemic elevation of IL-1f (167). Although high inflammatory
cytokine levels certainly contribute to bone loss (4), a mouse model expressing NOMID-
mutated NLRP3 in committed OC progenitors lacks inflammation but still demonstrates
osteopenia (132). Interestingly, hydroxyapatite particles released from bone activate NLRP3
inflammasome in OC lineage cells (unpublished data), and mature osteoclasts show
evidence of active inflammasomes in the absence of inflammatory stimuli (132). Thus, the
NLRP3 inflammasome may amplify bone loss through IL-1p-dependent and -independent
mechanisms.

TGF-B—TGF-f interacts directly with its receptor on OC progenitors and has significant
osteoclastogenic effects. On early progenitors, TGF-p enhances lineage commitment through
upregulation of SOCS (225) and RANK expression (226). These early effects may serve to
limit differentiation down other lineages such as inflammatory macrophages (227). It also
promotes signaling downstream of RANK via interactions between TRAF6, an adaptor for
RANK, and Smad3, a transcription factor downstream of TGF-f3 receptor (228). A more
recent study by the Tanaka group using genome-wide analysis of chromatin highlighted
cooperativity of Smad2/3 with c-Fos in the promotion of NFATc1 expression (229). MiTF,
another transcription factor important for osteoclastogenesis, is also enhanced by TGF-
treatment (230) likely due to activation of p38 (231), providing further mechanisms for
promotion of differentiation. However, TGF-f3 does not appear to promote resorption by
mature OC (232). In fact, we have found that stimulation of bone marrow macrophages with
TGF-B for as little as 4 hours is sufficient for the full pro-osteoclastogenic effects of this
factor (unpublished data).

Some early studies suggested inhibitory actions of TGF- on OC differentiation, but these
were all in complex co-culture or organ culture models in which effects on OC
differentiation were likely indirect (233+ 234). TGF- is synthesized by osteoblasts, stored as
a latent protein in the bone matrix, and mobilized by OC in an active form. Thus, TGF-p is
thought to be an important player in the vicious cycle of osteolytic bone metastasis in which
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OC action enhances TGF-p release, feeding growth of tumor cells as well as differentiation
of more OC. In multiple mouse models, blockade of TGF-f signaling increases bone mass
and reduces bone metastasis (2357237). Despite the promise shown in animal models for
therapy of bone metastasis, the role of TGF-f in the context of tumors as well as
inflammatory diseases is very complex (238). For example, TGF-$ may be an important
mediator of disseminated tumor cell dormancy such that its inhibition could enhance bone
metastasis in some cases (239). Furthermore, the effects of TGF-f or its inhibition in disease
settings is complicated by the universality of TGF-p receptor expression. For bone,
osteoblasts also mount physiologically relevant responses to TGF-3, and these may be
dominant to the effects on OC, for example in renal osteodystrophy (240). In this study,
TGF-B neutralization limited downstream signaling in osteoblasts and osteocytes, but not in
OC. In diseases such as Marfan's syndrome, mutations in matrix proteins reduce the
sequestration of TGF-f and increase free TGF- levels, causing osteoblast lineage cells to
secrete more RANKL, providing another mechanism for osteolytic effects of this factor
(2417243). Aberrant activation of TGF-f§ may also play a role in the bone abnormalities in
neurofibromatosis (244).

IFN-y—OC precursors bear receptors for interferon-y (IFN- v), and the direct effects of
this cytokine produced by T cells and innate immune cells are strongly inhibitory for
osteoclastogenesis in mice (245) and humans (246). However, the net effects of T cells, and
in fact even for IFN-y, on bone resorption are complex. IFN-y acts on early OC precursors,
but prior exposure to RANKL seems to abrogate the inhibitory effects (247). In models of
inflammatory bone loss or tumor-mediated osteolysis, IFN-y has an inhibitory role, and
global deletion of its receptor exacerbates disease (245 248 249). However, in some
contexts this cytokine may support OC activity. IFN-y has been used with some success to
improve bone resorption in patients with osteopetrosis, possibly through induction of
superoxide production as a direct effect on OC precursors (250' 251). In conditions of
estrogen-deficiency, IFN-y acts indirectly, causing T cell proliferation and increased TNF-a
and RANKL expression that increase bone loss (252' 253). Thus, like TGF-B, the effects of
IFN-y on osteoclasts may be very context dependent.

Conclusion

While members of the myeloid lineage to which OC belong are specialized in the clearance
of pathogens and cell debris, the function of OC is to remove damaged or aged components
of the bone extracellular matrix, which are then replaced by osteoblasts. These tightly
controlled sequential responses ensure that appropriate bone mass and quality is maintained
throughout life. Perturbation of this equilibrium in metabolic, inflammatory and neoplastic
diseases negatively impacts the skeleton. Despite the elusive identity of the most proximal
OC precursors, considerable advances in the field have been achieved, including methods for
efficient generation of OC /n vitro, and elucidation of the molecular mechanisms that govern
OC differentiation, survival and function. OC biology is driven mainly by RANKL and M-
CSF, but is modulated by a variety of autocrine, paracrine and hormonal factors in health
and disease conditions. Additionally, the active fields of co-stimulatory signaling and
epigenetic effects have intersections with OC biology. OC develop and act in a rich
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microenvironment, and they have important reciprocal interactions with other immune cells
and mesenchymal cells that impact homeostasis and disease states. Despite these
breakthroughs, we still do not understand how all of the various modulators of the
osteoclastogenic process interact at baseline and in disease states. In particular, we lack
insight into differences between responses of OC at different sites (e.g., vertebrae vs. long
bones) or compartments (cancellous vs. cortical) that are observed with systemic stimuli
such as estrogen-deprivation. Further work into the dynamics of the various myeloid
populations that can function as OC progenitors may provide further insight into
pathological bone loss. Surprisingly, given that osteoporosis is an age-related disease, there
is still much to be learned about changes in OC with aging as well. Considering all the
newly emerging tools for generating highly manipulable animal models, as well as our
ability to use human samples, the coming years should provide answers to many of these
questions.
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Figure 1.
A model of OC differentiation. OC differentiate from HSC. The hematopoietic niche

comprises endothelial cells and perivascular stromal cells, which exhibit MSC features. It is
still unclear whether OC precursors directly differentiate into OC or enter the bloodstream
before re-entering the bone microenvironment to form OC. In any scenario, higher levels of
chemoattractants toward bone surfaces, including bone extracellular matrix (ECM) proteins,
lipid mediators (e.g., sphingosine-1-phosphate) and ECM degradation products create
gradients that attract OC precursors to the hard tissue where they fuse and complete the
differentiation process. Conversely, higher levels of peri-vascular chemorepellents (not
drawn for simplicity) may also contribute to the migration of OC precursors toward the
endosteum.
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Figure2.
Key molecules involved in OC function. Loss-of-function of any of the depicted molecules

causes osteopetrosis due to defective OC activity. OC adhere to bone matrix proteins via
integrin avp3 and polarized such that the plasma membrane facing bone is convoluted
(ruffled) and contains the proton pump (v-ATPase) and CI~ channel 7 (CIC7), whereas the
basolateral membrane is bears the HCO3~/CI™ antiporter. Cytoplasmic carbonic anhydrase
type Il (CAII) generates the protons to be secreted into the resorption lacuna beneath the
cell. This lacuna becomes isolated from the rest of the extracellular space by the tight
adhesion of avp3 to the bone surface at the sealing zone. The cytoplasmic domain of B3
recruits signaling proteins, which induce the association of actin with interacting partners
(including talin, vinculin, kindlin, myosin IlA and paxillin), and formation of an actin ring
that defines the periphery of the ruffled membrane. Concerted action of CIC7 and v-ATPase
produces a high concentration of HCI that acidifies the resorption lacuna, leading to the
dissolution of the inorganic components of the bone matrix. Acidified cytoplasmic vesicles
containing lysosomal enzymes such as cathepsin K (Cat K) are also transported toward the
bone-apposed plasma membrane, and ultimately, the sealed resorption lacuna, where they
digest the exposed matrix proteins.
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