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Abstract

Periarticular osteolysis, a crippling complication of rheumatoid
arthritis, is the product of enhanced osteoclast recruitment and
activation. The osteoclast, which is a member of the monocyte/
macrophage family, is the exclusive bone resorptive cell, and its
differentiation and activation are under the aegis of a variety of
cytokines. Receptor activator of NF-xB ligand (RANKL) and
macrophage colony-stimulating factor are the essential osteo-
clastogenic cytokines and are increased in inflammatory joint
disease. Tumor necrosis factor-o, which perpetrates arthritic bone
loss, exerts its osteoclastogenic effect in the context of RANKL
with which it synergizes. Achieving an understanding of the
mechanisms by which the three cytokines affect the osteoclast has
resulted in a number of active and candidate therapeutic targets.

Introduction

Recent years have witnessed a revolution in the treatment of
inflammatory arthritis largely as a result of insights made into
the role of cytokines in the pathogenesis of this family of
diseases. Thus, inhibition of cytokines, such as members of
the tumor necrosis factor (TNF) superfamily, that broadly
impact the osteoclast, has proven a successful strategy for
prevention of pathological bone loss [1].

The osteoclast is the principal and probably exclusive
resorptive cell of bone and is therefore central to the
pathogenesis of inflammatory osteolysis. It is abundant in
affected joints of patients with rheumatoid [2] or psoriatic [3]
arthritis as well as in implant particle-induced inflammation
prompting prosthetic loosening [4]. Thus, understanding the
mechanisms by which osteoclasts resorb bone, and the
cytokines that regulate their differentiation and activity,
provides mechanism-based candidate therapeutic targets to
prevent periarticular osteolysis.

Much of what is known about the osteoclast comes from the
study of the osteopetroses [5]. This family of disorders is
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characterized by enhanced bone mass caused by a failure of
osteoclast recruitment or function. The fact that an
osteopetrotic child was cured by marrow transplantation in
the early 1980s established that the human osteoclast is of
hematopoietic origin [6]. Subsequent studies document that
the resorptive cell is a member of the monocyte/macrophage
family [7] and provide the tools for generating the cell in
culture and therefore the performance of meaningful
biochemical and molecular experiments. As a result of these
efforts, the past two decades have witnessed major insights
into osteoclast biology.

How do osteoclasts resorb bone?

The osteoclast precursor arises principally in the marrow as
an early mononuclear macrophage; it circulates and binds to
the bone surface [8]. Whether the site to which the
osteoclast precursor attaches, and which the differentiated
osteoclast will ultimately resorb, is a selective or stochastic
process is unknown. The process of bone remodeling must,
however, replace effete bone with new to prevent brittleness
and tendency to fracture, a condition that may be
compromising long-term anti-bone resorptive therapy [9].

Once attached to bone, the mononuclear osteoclast
precursor fuses with its sister cells to form a terminally
differentiated polykaryon, which no longer has the capacity to
replicate. Indirect evidence indicates that the life span of the
osteoclast, in vivo, is about 2 weeks.

Although the osteoclast, like the foreign body giant cell, is
multinucleate and the product of macrophage fusion, the two
are distinct. The osteoclast, upon contact with bone, uniquely
polarizes, which endows it with the capacity to degrade both
the organic and the inorganic components of the skeleton [8].
This polarization process involves reorganization of the
osteoclast cytoskeleton. Thus, under the influence of the Rho

AP-1 = activator protein-1; M-CSF = macrophage colony-stimulating factor; IKK = IkB kinase; IL = interleukin; NF = nuclear factor; NFAT = nuclear
factor of activated T cells; OPG = osteoprotegerin; PI-3K = phosphoinositide 3-kinase; RANKL = receptor activator of NF-kB ligand; TNF-o. =

tumor necrosis factor-o; TRAF = TNF-receptor-associated protein.
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The osteoclast’s bone resorptive cycle. (a) The osteoclast, when
unattached to bone, is a non-polarized polykaryon with fibrillar actin
(red material) diffusely distributed throughout the cell. (b) Upon
attachment to bone the actin cytoskeleton forms a ring, or sealing
zone, which isolates the resorptive microenvironment from the general
extracellular space. (c) At the same time, acidifying vesicles polarize
and insert into the plasma membrane juxtaposed to bone to generate
the cell's resorptive organelle, the ruffled membrane. (d) The polarized
osteoclast secretes hydrochloric acid (HCL), which acidifies the
resorptive microenvironment, leading to mobilization of the mineral
phase of bone. The exposed organic matrix is then degraded by
cathepsin K (Cath K). Having resorbed the underlying bone to a depth
of about 50 um, the osteoclast detaches, disassembles its actin ring
and ruffled membrane, and migrates to its next site of resorption.

family of GTPases [10], the osteoclast’s fibrillar actin forms a
novel circular anchoring structure at the cell/bone interface,
known as the ‘actin ring’ or ‘sealing zone', that isolates the
resorptive microenvironment from the general extracellular
space [11]. At the same time, cytosol-residing acidified
vesicles track to the resorptive surface of the cell [12], where
they fuse with the bone-apposed plasma membrane under the
aegis of Rab3D [13]. This insertion of large numbers of
acidifiying vesicles into the plasma membrane results in the
formation of a complex villous structure unique to, and
diagnostic of, the resorbing osteoclast: the ‘ruffled membrane’
[14]. Once it has accomplished its resorptive mission at a
particular location in bone, the osteoclast disassembles its
actin ring and ruffled membrane, and migrates to its next site
of activity, where it once again reorganizes its cytoskeleton to
the resorptive phenotype [11]. Thus, changes in the
osteoclast cytoskeleton are diagnostic of, and essential to,
various steps in its bone degradative cycle (Fig. 1).

The study of murine and human models of osteopetrosis
established a paradigm by which the osteoclast first mobilizes
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the mineralized and, then, the organic phase of bone. Having
generated the isolated extracellular microenvironment at its
interface with bone, the osteoclast acidifies it by means of an
electrogenic H*-ATPase that has been inserted into the ruffled
membrane by polarized cytosolic vesicles [14]. This proton
pump, which is similar to that residing in clathrin-coated
vesicles [15], is essential to the resorptive process, and its
dysfunction is the principal known cause of human
osteopetrosis [16]. The massive extracellular transport of
protons by the osteoclast has the potential for intracellular
alkalization, which the cell prevents by a chloride—bicarbonate
exchange mechanism located in the anti-resorptive plasma
membrane [17]. The CI- entering the cell moves transcellularly
to the ruffled membrane and is transported into the resorptive
microenvironment by an anion channel, which is charge-
coupled to the H*-ATPase [18]. Interestingly, mutation of this
CI- channel also prompts osteopetrosis in humans [19]. Thus,
by the generation of HCI, the osteoclast creates a pH of about
4.5 in the isolated microenvironment, the initial impact of
which is to degrade the mineralized component of bone,
thereby exposing its organic matrix consisting largely of type 1
collagen [20]. After mobilization of its mineral phase, the
collagenous component of bone is degraded by the lysosomal
enzyme cathepsin K, whose loss of function is responsible for
the sclerosing skeletal disease pyknodysostosis [21].

The fact that contact with bone organizes the osteoclast
cytoskeleton, and endows the cell with its resorptive capacity,
indicates that molecules that mediate bone—cell recognition
must be central to osteoclast formation and function.
Integrins are heterodimeric transmembrane matrix receptors
whose intracellular domains interact with signaling molecules
and cytoskeletal proteins. In fact, integrins transmit
extracellular matrix-derived signals that organize the
osteoclast’s fibrillar actin and prompt acidifying vesicles to
migrate towards the ruffled membrane [12].

0,35 is the principal integrin mediating osteoclast function; it is
specifically expressed when macrophage precursors commit
to the bone resorptive but not the host defense phenotype
[22]. This heterodimeric receptor, in osteoclasts, is localized
within  mobile matrix recognition structures known as
podosomes, which also contain actin and other cytoskeletal
proteins [23]. The location of podosomes within the
osteoclast varies with the phase of the resorptive cycle,
because these structures participate in the cell's migratory
and bone degradative activities [23]. The fact that osteoclasts
derived from mice lacking the integrin are dysfunctional,
largely because of failure to organize their actin cytoskeleton
and generate a normal ruffled membrane, establishes that o 3,
transmits essential signals to the cell’s interior [24]. These
observations indicate that the o, 35 integrin is a candidate anti-
bone resorptive target, and small-molecule drugs that
compete for the matrix receptor are in clinical trial [9,25,26].
Whether, as proposed, they arrest the bone loss of
inflammatory arthritis [27] is yet to be determined.



o,f; occupancy organizes the osteoclast cytoskeleton by
activating a series of signaling pathways. These include
prolonged induction of the mitogen-activated protein (MAP)
kinase Erk1/2 leading to enhanced expression of the activator
protein-1 (AP-1) transcription factor, c-Fos [28]. c-Fos is
essential for osteoclast generation [29], and mice deleted of
the molecule are resistant to the bone loss of inflammatory
arthritis. Interestingly, c-Fos overexpression in o, f3;-deficient
osteoclasts substantially rescues the cells’ capacity to
organize their cytoskeleton [28]. In contrast, the integrin is
itself necessary for the cell to adequately degrade bone [28].

The best characterized method by which o, 5 mediates the
resorptive process is through the Rho GTPase, Rac [30]. In
this paradigm, o,f3; occupancy recruits the proto-oncogene
c-Src, which in turn phosphorylates the tyrosine kinase Syk.
Activated Syk stimulates the guanine nucleotide exchange
factor Vav3, the dominant isoform in osteoclasts, which
transits Rac from its inactive GDP-bound form to active Rac-
GTP [31]. Deletion of any of the above-mentioned signaling
molecules results in a disturbance of the osteoclast
cytoskeleton and the cell's capacity to resorb bone [24,31-
33]. Like 0,B5, c-Src appears coincidentally with osteoclast
differentiation [34,35] and is currently an anti-resorptive
therapeutic target [36].

How do cytokines regulate osteoclast
formation?

RANK ligand

Osteoclast precursors, like other members of the monocyte/
macrophage family, are both the source and target of a variety
of cytokines. Identification of the key cytokines regulating
basal osteoclast formation and function followed the
observation that generation of osteoclasts in culture requires
contact of their precursors with marrow stromal cells,
including osteoblasts [7]. Thus, the two essential cytokines
promoting osteoclastogenesis are receptor activator of NF-xkB
ligand (RANKL) [37] and macrophage colony-stimulating
factor (M-CSF) [38] (also known as CSF-1), each of which is
produced by the marrow stromal cell family.

RANKL is a homotrimeric member of the TNF superfamily
[39] and the essential osteoclastogenic cytokine. It is
expressed as a transmembrane protein by osteoblasts and
their precursors and its production is enhanced by
osteoclast-stimulating agents such as parathyroid hormone
[40] and TNF-o [41,42]. In physiological circumstances cell-
surface-residing RANKL interacts with its receptor, RANK, on
osteoclast progenitors, explaining the requirement for contact
between the two cells during osteoclastogenesis. In
pathological conditions, such as inflammatory arthritis,
RANKL is also expressed by activated T lymphocytes and in
this circumstance is cleaved from the membrane and
functions as a soluble ligand. In fact, T cell-produced RANKL
is a major contributor to inflammation-mediated periarticular
bone loss [43].
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The unique osteoclastogenic properties of RANKL are due to
specific structural features of loop components of its external
domain, absent from other members of the TNF superfamily,
that enable it to recognize its receptor [39]. RANK activation,
in turn, recruits a number of TNF-receptor-associated
proteins (TRAFs). However, it is TRAF6 that endows RANK
with its unique osteoclastogenic potential. Although TRAF6
also associates with CD40 and the IL-1 and Toll-like
receptors, it does not do so as abundantly as with RANK|
probably accounting for at least a significant component of
their lack of osteoclastogenic capacity [44,45].

Osteoclast recruitment and function are also regulated by the
LIM domain-only protein, FHL2, which binds TRAF6 and thus
inhibits its association with RANK [46]. FHL2 is not
detectable in naive osteoclasts in vivo but appears under the
influence of RANKL or in animals with inflammatory arthritis.
Establishing functional relevance, mice lacking FHL2 have
hyper-resorptive osteoclasts and enhanced bone loss
stimulated by RANKL and inflammatory arthritis. The
accelerated resorption in this circumstance is due to
aggressive organization of the osteoclast cytoskeleton,
reflecting the capacity of RANKL to activate the mature
resorptive cell in addition to promoting osteoclast
differentiation [37,47,48].

The osteoclast-activating properties of RANKL are mediated
via a complex composed of its receptor, TRAF6 and c-Src,
which the cytokine specifically recruits to lipid rafts.
Reflecting the cytoskeletal impact of c-Src, this event involves
the organization of fibrillar actin and is mediated via the
phosphoinositide 3-kinase (PI-3K)/Akt pathway, which also
exerts an anti-apoptotic effect on the cells [49].

The discovery of the pivotal role of RANKL in the osteo-
clastogenic process actually followed on that of the secreted
protein, osteoprotegerin (OPG) [50]. OPG, like RANKL, is
synthesized by osteoblasts and their precursors and is also a
member of the TNF superfamily [51]. It recognizes RANKL
and thus functions as a decoy receptor, competing with
RANK for its ligand. As would be predicted, OPG over-
expression results in the arrest of osteoclastogenesis and
hence leads to osteopetrosis [50]. Alternatively, deletion of
the OPG gene, Tnfrsf11b, results in severe osteoporosis due
to increased osteoclast number and activity [52]. Importantly,
many of the same resorptive agents that enhance RANKL
secretion suppress OPG production, and the ratio of the two
molecules dictates the rate of bone loss in a variety of
pathological conditions [53].

Activation of the RANK/TRAF6 composite induces a series of
intracellular signaling pathways, each of which participates in
the osteoclast phenotype. Activation of calcinurin by RANKL-
enhanced intracellular calcium is among the most important
of these events. Activated calcinurin dephosphorylates
nuclear factor of activated T cells 1 (NFAT1), which trans-
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locates to the nucleus where, in association with c-Fos and
c-Jun, it induces NFAT2 gene expression [54]. NFAT2, also in
the context of the same AP-1 proteins, has the central role in
the transactivation of osteoclastic genes such as tartrate-
resistant acid phosphatase, the B, integrin subunit and the
calcitonin receptor [565]. Thus, whereas RANKL is the key
osteoclastogenic cytokine, NFAT2 seems to be a key osteo-
clastogenic transcription factor.

The NF-xB family of transcription factors is also downstream
of RANKL and central to osteoclast differentiation. In fact,
deletion of the p50 and p52 NF-xB subunits, in concert,
completely arrests osteoclastogenesis, resulting in severe
osteopetrosis [56]. This realization prompted exploration of
the NF-xB signaling pathway in the context of the osteoclast,
and several intermediary signaling molecules have been
identified as crucial to the event.

NF-kB activation occurs via both classical (canonical) and
alternative signaling pathways. In both circumstances the kB
kinase (IKK) complex initiates the activation of NF-kB. This
complex consists of three subunits, namely IKKo. and B,
which are catalytic, and IKKy, which is regulatory. There is
little question that IKKy (also known as NEMO) is essential to
the osteoclastogenic process because inhibition of its
association with the o and B subunits, by cell-permeable
peptides, arrests RANKL-induced osteoclastogenesis and
prevents both the inflammatory and bone-destructive
components of antigen-induced [57] and serum-transfer
arthritis [58].

IKKB activates the classical pathway by phosphorylating the
cytosolic NF-xB binding proteins, IkBs, thereby targeting
them for ubiquitin-mediated degradation. Most NF-xB sub-
units, particularly p65 and p50, are thus liberated and free to
translocate to the nucleus and to function as transcriptional
regulators. Importantly, the direct administration of non-
degradable IxB peptides to mice prevents the development
of inflammatory arthritis and its attendant bone destruction
[569,60].

The IKKB-activated classical pathway generates osteoclasts
in response to RANKL and participates in the bone-
destructive components of inflammatory arthritis by promoting
the differentiation of osteoclasts and prolonging their lifespan
[61,62]. There is, however, disagreement about the role of
IKKo. in basal and pathological osteoclastogenesis. IKKa
modulates the alternative pathway leading to the generation
of p52 NF-xB subunits [63]. On the one hand, mice lacking
NF-kB-inducing kinase (NIK), which activates IKKo but not
IKKB, are resistant to RANKL-induced osteoclastogenesis
and the bone destruction attending a variety of forms of
inflammatory arthritis [64]. The fact that IKKo./~ mice exhibit
defective osteoclast formation in vivo is in keeping with these
NIK-based observations [65]. On the other hand, mice
bearing an IKKa-inactivating mutation mirror wild-type animals
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as regards lipopolysaccharide-induced osteoclastogenesis
and periarticular osteolysis [61]. Although specifics remain to
be resolved, the NF-xB signaling pathway is clearly central to
physiological and pathological bone resorption and its various
components represent potential therapeutic targets.

M-CSF

M-CSF promotes the survival, proliferation and maturation of
monocyte/macrophage precursors. It recognizes only one
receptor, the tyrosine kinase c-Fms. The central role of the
cytokine and its receptor in osteoclastogenesis is established
by the fact that op/op mice, with a loss of function mutation in
the Csf1 gene [38], and those deleted of c-Fms [66], lack
osteoclasts and develop osteopetrosis. Interestingly, the
osteopetrotic lesion of op/op mice resolves with age, reflecting
a progressively increasing expression of granulocyte/macrophage
colony-stimulating factor [67] and vascular endothelial growth
factor [68], which compensate for the absence of M-CSF.

Like RANKL, M-CSF production by osteoblasts and their
precursors, or by T cells, is stimulated by a variety of
osteoclastogenic  molecules, often with pathological
consequences. For example, c-Fms activation participates in
the bone loss attending inflammatory arthritis [69]. In this
circumstance, inflammation-enhanced IL-1 and TNF-o
stimulate the release of IL-7 from stromal cells, which in turn
prompts T cells to produce M-CSF. Similarly, increased levels
of parathyroid hormone promote the release of M-CSF from
osteoblasts and stromal cells in the bone microenvironment
[70]. An analogous scenario may hold for estrogen
deprivation, perhaps participating in the pathogenesis of
post-menopausal osteoporosis [71].

Activation of c-Fms involves its dimerization and auto-
phosphorylation on specific tyrosine residues. The occupied
receptor transmits a variety of signals affecting a broad array of
events within the osteoclast and its precursor. For example, M-
CSF-induced osteoclast precursor proliferation is mediated by
both Erk1/2 and PI-3K/Akt. The latter also prolongs longevity of
the mature cell [28]. Prolonged Erk activation stimulates
osteoclast differentiation via the induction of c-Fos and,
probably, NFAT2 [28]. M-CSF also regulates macrophage and
osteoclast migration via cytoskeletal organization mediated by
PI-3K and c-Src [72,73]. The guanine nucleotide exchange
factor Vav is phosphorated in response to M-CSF, leading to
Rac-stimulated motility [31,74].

SHIP1 is a 5’ lipid phosphatase that dephosphorylates
phosphatidylinositol 3,4,5-trisphosphate and thus inactivates
Akt. SHIP1-deficient osteoclasts and their precursors are also
hypersensitive to M-CSF [75]. A lack of SHIP1 therefore
accelerates macrophage proliferation and dampens osteoclast
apoptosis. These distinct effects of SHIP1 deletion on
osteoclasts and their precursors result in increased numbers
of enlarged, hypernucleated cells that aggressively resorb
bone and produce an osteoporotic phenotype.



As demonstrated by the above, both M-CSF and the o 34
integrin activate several of the same signaling pathways in the
osteoclast. In fact, they collaborate in osteoclast regulation.
For example, the capacity of M-CSF to organize the cell's
cytoskeleton depends on o, f3;-mediated matrix adhesion
[76]. Furthermore, the retarded differentiation and cyto-
skeletal function of B;~~ osteoclasts are rescued by a high
dose of M-CSF [28]. These findings reflect at least one
common signaling pathway emanating from the integrin and
c-Fms, involving prolonged activation of Erk leading to
increased c-Fos expression. The essential role of c-Fos in
o, B;-mediated osteoclast cytoskeletal organization s
confirmed by rescue of 3,7/~ osteoclasts by overexpression of
the AP1 transcription factor [28]. M-CSF and «, 3, also share
Rac as a common downstream target in osteoclast
cytoskeletal organization, an event mediated in both
circumstances by activation of Vav3 [31].

TNF-a

Rheumatoid arthritis is a complicated condition because a
host of cytokines, produced by a variety of cells, contributes
to its pathogenesis. Although RANKL and IL-1 are important
participants in the development of focal bone erosions that
result in joint collapse, TNF-a is the principal and rate-limiting
culprit in that its blockade dampens both the inflammatory
and osteoclastogenic components of the disease.

TNF-0. binds to two distinct receptors, each of which is
expressed by osteoclast precursors. However, the osteo-
clastogenic properties of TNF-o. are mediated via its p55
receptor (p55r). Marrow derived from mice expressing only
this receptor generate substantially more osteoclasts in
response to the cytokine than do the wild type, whereas
those bearing only the other TNF receptor, p75r, produce
fewer [77]. In keeping with this observation, soluble TNF-q,
which preferentially activates p55r, has potent osteo-
clastogenic properties whereas those of its membrane-
residing precursor, which recognizes p75r, are negligible.
Similarly, whereas lipopolysaccharide seems to mediate
osteoclast formation via its Toll-like receptors, it also
stimulates the process via p55r [34]. TNF-o. and RANKL are
synergistic, and minimal levels of one markedly enhance the
osteoclastogenic capacity of the other [41]. Alternatively,
TNF-o recruits osteoclasts when precursors are exposed to,
or primed by, permissive (that is, constitutive) levels of
RANKL [41]. This observation in vitro is in keeping with the
fact that OPG-treated mice fail to generate an osteo-
clastogenic response when subjected to inflammatory
arthritis [43]. Thus, in the presence of M-CSF, RANKL - but
not TNF-a — is necessary and sufficient to generate
osteoclasts.

Many of the signaling pathways induced by p55 TNF receptor
mirror those emanating from activated RANK, calling into
question the reason that TNF-o. on its own is incapable of
promoting osteoclast differentiation. The most compelling
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evidence in this regard relates to the association of TRAF6
with the RANKL but not the TNF receptor.

TNF-o is a promiscuous cytokine, produced and recognized
by a host of cells that participate in inflammatory osteolysis.
Marrow stromal cells and macrophages are particular targets
of TNF-a in this condition, but the greater contribution to
osteoclast recruitment is made by the stromal cells [42]. In
the presence of relatively mild inflammatory conditions, such
as particle-induced implant loosening, TNF-a. exerts its effect
by stimulating stromal-cell production of cytokines, including
RANKL, IL-1 and M-CSF, which in turn target macrophages
to promote osteoclast differentiation. As the magnitude of
inflammation and TNF-o. production increases, substantial
osteoclastogenesis is achieved by direct targeting of the
cytokine to the osteoclast precursor even in the absence of
TNF-a-responsive stromal cells.

M-CSF produced by stromal cells is particularly important in
the pathogenesis of TNF-o-induced osteolysis. M-CSF
stimulates RANK expression by osteoclast precursors and
mediates the capacity of TNF-a to increase the number of
these mononuclear cells. Most importantly, M-CSF inhibition
selectively and completely arrests the profound osteoclasto-
genesis attending this condition or after TNF-o. administration.

TNF-o enjoys an intimate relationship with IL-1 in pathological
bone loss, including that attending loss of ovarian function
[78,79]. In this circumstance, decreased estrogen levels
promote interferon-y expression by T cells. The interferon
enhances MHC class Il expression by antigen-presenting
cells, which in turn promotes T cell proliferation and their
production of TNF-o. and IL-1. These two cytokines stimulate
RANKL expression by stromal cells, thereby increasing
osteoclast number, which characterizes the accelerated bone
loss of post-menopausal osteoporosis.

IL-1 mediates a substantial portion, but not all, of TNF-o-
induced osteoclast recruitment in inflammatory osteoclasto-
genesis [80] (Fig. 2). Under the aegis of the p38 MAP kinase,
IL-1 stimulates RANKL production by marrow stromal cells
and, in the context of constitutive RANKL, directly promotes
osteoclast precursor differentiation. Like TNF-o, IL-1 on its
own is incapable of osteoclast recruitment despite a single
TRAF6-binding site on the IL-1 receptor-associated kinase,
IRAK. Attesting to their interdependence, blockade of either
TNF-a or IL-1 does not completely arrest the periarticular
damage of inflammatory arthritis, whereas inhibition of the
two cytokines in combination is substantially more effective
[81]. Thus, TNF-a signaling through p38 MAP kinase induces
stromal-cell expression of IL-1, which upregulates its own
receptor. Occupancy of the now abundant IL-1 receptor
similarly activates p38, which promotes RANKL production.
In macrophages, TNF-o. enhances RANK expression and the
synthesis of IL-1 whose functional receptor is in turn
upregulated by the same three cytokines. Thus, the
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Figure 2

Stromal cell

Osteoclast

Macrophage

Mechanisms of osteoclastogenesis induced by tumour necrosis factor (TNF)-a/IL-1. TNF-o. interacts with its p55 receptor (TNFR) on both marrow
stromal cells and osteoclast precursors in the form of marrow macrophages. Activation of the TNFR stimulates the expression of macrophage
colony-stimulating factor (M-CSF) by stromal cells, which occupies its receptor, c-Fms, on osteoclast precursors. Signaling through p38 mitogen-
activated protein kinase, TNF-a also induces stromal-cell synthesis of IL-1, which upregulates its own functional receptor, IL-1RI. Occupancy of
now abundant IL-1RI similarly activates p38, which promotes RANKL production. In macrophages, TNF-o. enhances RANK expression and the
synthesis of IL-1, whose functional receptor is upregulated by the same three cytokines, also in a p38-dependent manner. Coincidentally, RANKL
suppresses the IL-1 decoy receptor IL-1RIl. TNF-o-induced IL-1RI upregulation in macrophages occurs by a combination of IL-1-dependent and IL-
1-independent mechanisms. IL-1 interacting with its receptor on osteoclast precursors, in conjunction with RANKL and M-CSF, directly induces
these cells to commit to the osteoclast phenotype. IL-1 mediates about 50% of the osteoclastogenic effect of TNF-o.. (Modified from [80].)

interdependence of TNF-o,, RANKL and IL-1 in the generation of
osteoclasts lends credence to the observation that combined
blockade is most effective in preventing pathological bone loss.

Conclusion

Patients with rheumatoid arthritis face complications of the
bony skeleton that result in joint destruction. Periarticular
osteolysis, which may be particularly draconian, reflects
accelerated osteoclast differentiation and function under the
aegis of cytokines produced within the inflammatory
environment. These cytokines, such as RANKL, M-CSF and
TNF-0, induce the expression of molecules, like the o,f5
integrin, necessary for osteoclasts to accomplish their bone-
destructive mission. Delineating the means by which
osteoclasts differentiate and resorb bone in an inflammatory
environment has provided new therapeutic targets that are
now being assessed in clinical trials.
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