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PROSPECTS

Anti-RANKL Therapy for Inflammatory Bone Disorders:
Mechanisms and Potential Clinical Applications
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Abstract Focal bone loss around inflamed joints in patients with autoimmune disease, such as rheumatoid arthritis,
remains a serious clinical problem. The recent elucidation of the RANK/RANK-ligand/OPG pathway and its role as the
final effector of osteoclastogenesis andbone resorptionhasbrought a tremendousunderstandingof thepathophysiologyof
inflammatory bone loss, and has heightened expectation of a novel intervention. Here, we review the etiology of
inflammatory bone loss, the RANK/RANK-ligand/OPG pathway, and the clinical development of anti-RANK-ligand
therapy. J. Cell. Biochem. 97: 226–232, 2006. � 2005 Wiley-Liss, Inc.
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The chronic inflammatory arthritides are
often associated with localized and generalized
bone loss. Localized bone loss,manifests as peri-
articular osteopenia and subchondral bone
erosions, and constitutes an important feature
in diagnosing and directing treatment in rheu-
matoid arthritis (RA), psoriatic arthritis (PsA),
and juvenile idiopathic arthritis. The advent
of magnetic resonance imaging (MRI) has
revealed that erosions occur early in these
diseases. Furthermore, erosions tend to corre-
late with ongoing disease activity and joint
destruction. Early intervention to alter the
natural progression of joint destruction has
been shown to substantially improve functional
status [O’Dell, 2002].These observations led the
American College of Rheumatology [Arthritis
and Rheum, 2002] to emphasize the importance
of preventing early destruction of the peri-
articular bone and cartilage, in their most

recent guidelines on the treatment of rheuma-
toid arthritis.

The revelation that erosions reflect ongoing
disease activity of inflammatory arthritis, and
are, therefore, associated with an unfavorable
prognosis, increased the efforts to identify
the underlying mechanisms behind this patho-
logic process. The success of the anti-tumor
necrosis factor-a (anti-TNF-a) in retarding, and
in some cases possibly reversing early focal bone
loss, further increased the interest in develop-
ing therapies specifically aimed at inhibiting
the progression of erosions in the various in-
flammatory arthritides. Recent advances in
identifying and understanding the role of the
osteoprotegerin /RANK/RANKL system in bone
remodeling has helped create new paradigms
aimed at limiting localized bone loss in the
inflammatory arthritides.

PATHOGENESIS OF BONE EROSION

Bone remodeling is a continuous process that
occurs in adult skeleton that permits the repair
of micro damage while still regulating the
mechanical strength and structure of bone. In
this tightly coupled process, bone resorption is
followed by new bone formation. Bone cells
responsible for this process include specialized
bone-resorbing cells (osteoclasts), and specia-
lized bone-forming cells (osteoblasts). Physiolo-
gic bone remodeling is initiated by cells lining
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the bone surface, which are of osteoblastic line-
age.Whenactivated,theosteoblasticcellsrelease
several cytokines and chemokines that in turn
recruit and induce osteoclasts. Following the
resorptivephase,orchestratedbytheosteoclasts,
the bone surface is repopulated by osteoblasts
that deposit bone matrix, which eventually
undergoes mineralization to form the new bone
surface. Inphysiologicremodeling, theamountof
boneremovedisexactlymatchedbytheamountof
bone that is laid down. An imbalance between
these two processes, which favors increased
osteoclastic activity, results in focal articular
bone loss and generalized osteoporosis.

Role of Osteoclasts in Inflammatory
Bone Disease

Osteoclasts are multinucleated cells derived
from the mononuclear cell precursors of the
monocyte/macrophage lineage [Massey and
Flanagan, 1999]. The pivotal role that osteo-
clasts play in the initiation and progression of
bone erosions iswell highlighted in the scientific
literature. Animal studies reported that mice
lacking osteoclasts are resistant to arthritis-
induced bone erosion [Pettit et al., 2001; Redich
et al., 2002]. Early evidence in humans came
in the form of histopathological studies by
Bromley et al. demonstrating the presence of
mature osteoclasts at the bone pannus junction
and subchondral bone marrow of rheumatoid
patients [Bromley and Woolley, 1984a,b]. Since
then, many other studies have provided ample
evidence to implicate the crucial role of osteo-
clasts in the pathogenesis of erosions in patients
with RA [Leisen et al., 1988; Chang et al., 1992;
Fujikawaet al., 1996;Romaset al., 2000; Suzuki
et al., 2001]. The important role of osteoclasts in
bone resorption has been found to be true of
other inflammatory arthritis as well. A recent
study reported on the role of osteoclasts in the
pathogenesis of bone erosions in juvenile rheu-
matoid arthritis [Gravallese et al., 1998]. Rit-
chlin et al. [2003] reported that patients with
psoriatic arthritis, who have characteristically
elevated serum TNF-a levels, have a significant
increase in the osteoclast precursor cell pool
within the peripheral blood mononuclear cells
populations that in turn correlated with the
extent of bone destruction. The demonstration
that osteoclasts are largely responsible for focal
bone erosions has increased efforts to under-
stand the exact role played by a number of

cytokines and inflammatory mediators that
posses the capacity to induce the recruitment,
differentiation,andactivationoftheseosteoclast.

The Role of the OPG/RANK/RANKL System in
Bone Resorption

OPG. The discovery of osteoprotegerin
(OPG) in 1997 was a major advance in the field
of bone biology [Simonet et al., 1997]. OPG is
synthesized as a 401 amino-acid peptide, which
is cleaved to give a 380 amino acid mature
protein. In contrast to other members of the
TNF receptor superfamily, OPG lacks trans-
membrane and cytoplasmic domains and is
released in soluble form by stromal cells/
osteoblasts. In addition to bone, OPG mRNA is
expressed by a number of other tissues, includ-
ing lung, heart, kidney, liver, stomach, intes-
tine, thyroid gland, brain, and spinal cord. The
major biologic action of OPG described to date,
however, has been only that in bone.

OPG inhibits the differentiation and activity
of osteoclasts [Simonet et al., 1997]. It does this
by acting as a decoy receptor for the receptor
activator of NF-kB ligand (RANKL) thereby
downregulating the RANKL signaling through
receptor activator of NF-kB (RANK). By neu-
tralizing the biological effects of RANKL, it
inhibits osteoclast differentiation, suppresses
mature osteoclast activation, and induces their
apoptosis. Mice with targeted ablation of OPG
develop severe osteoporosis due to markedly
increased osteoclast formation and subsequent
bone resorption [Bucay et al., 1998; Mizuno
et al., 1998]. Furthermore, administration of
OPG to Lewis rats with experimentally induced
arthritis completely protected the animals from
bone loss while untreated animals had exten-
sive local bone and cartilage destruction [Kong
et al., 1999]. OPG, however, had no effect on the
severity of inflammation.

RANK. RANK and its receptor RANKL
had been characterized prior to the discovery
of OPG [Anderson et al., 1997]. RANK is a
transmembrane protein of 616 amino acids that
belongs to the tumor necrosis factor receptor
(TNFR) superfamily. It is expressed primarily
on the cells of the monocytes/macrophage line-
age including osteoclastic precursors, B and T
cells, dendritic cells, and fibroblasts [Anderson
et al., 1997; Hsu et al., 1999]. RANK is also
present on the surface of mature osteoclasts.

RANK, is known to activate a cascade
of intracellular signaling events leading to
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osteoclast activation. RANK knockout mice
have a complete block in osteoclast development
resulting in osteopetrosis [Li et al., 2000].
Furthermore, osteoclast development could be
restored by reintroduction of RANK into bone
marrow progenitor cells. Interestingly, these
RANK knockout mice also lacked peripheral
lymph nodes and had defective B and T cell
maturation. Thiswas in keepingwith the initial
description of RANK and RANKL that recog-
nized the importance of these cytokines in the
regulation of the immune system [Anderson
et al., 1997].

RANKL. The discovery of OPG was soon
followed by the identification of its ligand,
initially termed osteoprotegerin ligand (OPG-
L), which turned out to be identical with two
previously described members of the TNF
superfamily, RANKL and TNF-related activa-
tion induced cytokine (TRANCE) [Lacey et al.,
1998; Yasuda et al., 1998]. RANKL is a 317
aminoacid peptide that also belongs to theTNF-
super family. It exists in two forms, a soluble
and a membrane bound form [Lacey et al.,
1998]. RANKL mRNA is largely expressed by
cells of the osteoblastic lineage and lymphoid
tissue, most notably by the T lymphocytes.
Agents that promote osteoclast development
in vitro, such as vitamin D3, IL-1, PGE-2, and
parathyroid hormone, increase expression of
RANKL by osteoblasts.

The predominant roles of RANKL in bone
physiology are the stimulation of osteoclastic
activation and differentiation as well as the
inhibition of osteoclast apoptosis [Fuller et al.,
1998; Lacey et al., 1998;Malyankar et al., 2000].
RANKL in association with macrophage colony
stimulating factor (M-CSF) is necessary and
sufficient for the complete differentiation of
osteoclastic precursors into mature osteoclasts
[Lacey et al., 1998; Yasuda et al., 1998]. Consis-
tent with these findings, RANKL knockout mice
have a complete absence of osteoclasts and go on
todevelopsevereosteopetrosis[Kongetal.,2000].

RANKL AND OTHER CYTOKINES IN
INFLAMMATORY ARTHRITIS

RANKL, therefore, plays a pivotal role in
controlling osteoclastogenesis. Inflamed syno-
vial tissue produces a variety of other cytokines
and hormones that can also influence osteoclas-
togenic activity. These factors include interleu-
kin-1a (IL-1a), IL-1b, TNF-a, IL-6, M-CSF,

IL-17, and parathyroid hormone related hor-
mone related peptide (PTHrP) [Goldring and
Gravallese, 2000; Gravallese et al., 2000]. Of
these TNF-a and IL-1 play particularly impor-
tant roles in the pathogenesis of bone erosions.
Both of them upregulate RANKL expression in
bone lining cells and marrow stromal cells. In
addition, RANKL and TNF-a act in synergy to
enhance osteoclast differentiation. Meanwhile
IL-1 acts primarily to directly activate osteo-
clastsanddelayosteoclastapoptosis [Sudaetal.,
1999; Teitelbaum, 2000; Romas et al., 2002].
Furthermore IL-1 and TNF-a impair bone
formation by inducing osteoblast apoptosis
[Tsuboi et al., 1999]. The role of these cytokines
in inflammation and bone erosions provides
further evidence to a link between immune
system activation and bone resorption.

Once the function of OPG/RANK/RANKL in
bone remodeling was perceived, it was hypothe-
sized that RANKL may be of major pathophy-
siological importance in the bone and joint
destruction observed in inflammatory arthri-
tides such as RA. Studies by Goldring and
Gravallese [2000] provided initial insights into
the role of RANKL in the pathogenesis of focal
bone erosions, in patients with rheumatoid
arthritis. Other studies have provided compel-
ling evidence that activated T cells from the RA
synovium and synovial fibroblasts produce
RANKL [Kong et al., 1999; Gravallese et al.,
2000; Takayanagi et al., 2000]. Indeed it is now
assumed that activated T-cells, which play a
central role in the pathogenesis of RA, may
contribute to the osteoclast-mediated bone
resorption via RANKL expression [Horwood
et al., 1999] [see Fig. 1]. Although the role of
RANKL in other inflammatory arthritis is not
yet known, Ritchlin et al., using immunohistio-
chemistry, have revealed the striking spatial
regulation of RANK, RANKL, and OPG expres-
sion in the PsA joints [Ritchlin et al., 2003].

THERAPEUTIC PERSPECTIVES USING RANKL
INHIBITION IN INFLAMMATORY ARTHRITIS

As stated earlier, an important aim of treat-
ing inflammatory arthritis is to limit the
progression of bone erosion. This may be done
by suppressing bone resorption and/or by
increasing bone formation. Anti-cytokine ther-
apy, in the form of anti-TNF-a and anti-IL-1
blockade, has provided evidence for its ability to
retard bone loss, in randomized placebo con-
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trolled clinical trials. [Maini et al., 1999;
Weinblatt et al., 1999;Mease et al., 2004;Antoni
et al., 2005]. The exact mechanism of how anti-
TNF-a and anti-IL-1 therapies do so, however,
is not yet well understood. Furthermore, there
are still a number of patientswith inflammatory
arthritis who do not respond to these agents.
This has led to research into finding alternative
therapeutic strategies to control bone loss in the
inflammatory arthritides.
The concept that cytokines and hormonal

factors implicated in bone resorption, may act
via a common final pathway involving RANKL,
has led to new therapeutic approaches in
several diseases characterized by excessive
bone resorption. The modulation of RANKL to
inhibit bone loss may be achieved by the
suppression of endogenous RANKL expression,
blockade of RANKL, interruption of RANKL
binding, suppression of post-receptor signaling
of RANK, or by enhancing overexpression of
OPG.
Most strategies developed to date have aimed

to block RANKL. The development of small
molecules that mimic OPG action by targeting
the RANKL/RANK signaling pathway provided
proof-of-principle experiments that these
agentsmay indeed prevent osteoclast-mediated

bone loss [Cheng et al., 2004; Onyia et al., 2004].
OPG was thus an obvious first choice, used to
combat inflammation-induced bone resorption.
The anti-erosive effect of OPG had been demon-
strated in rats especially when started early in
disease [Campagnuolo et al., 2002]. A trial of
OPG in postmenopausal women reported that a
single injection of OPG-Fc resulted in sustained
suppression of bone resorption, as measured by
levels of urinary excretion of deoxypyridinoline
levels [Bekker et al., 2001]. There, however,
were some potential concerns for using theOPG
molecule. One was the risk for generation of
anti-OPG antibodies, especially with chronic
use, leading to cross-reactivitywith endogenous
OPG, thereby neutralizing the activity of OPG.
Another concern was, the possibility of OPG
binding to TNF-related apoptosis-inducing
ligand (TRAIL), a survival factor for tumor
cells, resulting in an interference with the
natural defensemechanism against tumorigen-
esis. Although two human studies with Fc-OPG
constructs have reported good safety profile
with the use of these agents [Bekker et al., 2001;
Body et al., 2003], both were short-term studies
that did not assess specific clinical end points.

The development of an antibody to RANKL
has created a lot of excitement in the bone field.

Fig. 1. The OPG/RANK/RANKL system and osteoclastogenesis. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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The RANKL antibody specifically binds to
human RANKL and does not appear to produce
antibodies. AMG-162 (denosumab) is an inves-
tigational, fully human monoclonal antibody
that specifically targets RANKL. Results from
the Phase 2 trial of AMG-162 on bone mineral
density in postmenopausal women were pre-
sented at the 2004 annual meetings of the
American Society for Bone Mineral Research
and the American College of Rheumatology
[McClung et al., 2004]. A Phase 3 clinical trial
of AMG-162 in postmenopausal women with
osteoporosis was initiated in 2004. A Phase 2
study to assess efficacy, safety, and tolerability
of AMG-62 in the treatment of RA is also being
currently undertakenatmultiple centers across
the United States.

FUTURE PROSPECTS

The realization that the ratio of RANKL to
OPG is also important in other metabolic bone
diseases, along with recent evidence implicat-
ing theOPG/RANKL/RANKsystem in vascular
diseases has heightened speculation for the use
of RANK blockade in a wide range of bone and
vascular diseases. Evidence for its value in
treating postmenopausal osteoporosis has
already started emerging [Bekker et al., 2004;
McClung et al., 2004]. Studies are also being
conducted to assess the use of agents that block
RANKL, for treatment of myeloma bone dis-
ease, osteolytic bone metastases, and humoral
hypercalcemia ofmalignancy.Table I provides a
list of diseases in which RANKL blockade may
be of potential benefit.

A protective effect for OPG on the vascular
system was suggested by studies showing that
mice deficient in OPG developed arterial calci-
fications of the aorta and renal arteries [Min
et al., 2000]. In human subjects, however,
patients with coronary artery diseases have

been reported to have higher OPG serum levels
compared to healthy patients [Jono et al., 2002].
Furthermore, increased levels of OPG are
associated with a three- to fourfold increased
risk for cardiovascularmortality [Browner et al.,
2001]. Thus the role of OPG in treating vascular
diseases in humans is unclear at present.

Another potential use of RANKLand possibly
OPG may be its use as serum markers for
various bone diseases. Some studies have sup-
ported a role formeasuring serumOPG levels as
markers of disease activity in postmenopausal
osteoporosis [Yano et al., 1999], patients with
skeletal metastases due to prostatic cancer
[Brown et al., 2001] and possibly myeloma
patients [Seidel et al., 2001]. These studies,
however, were small and are yet to be validated.
A large prospective study did report lower
serum RANKL levels as an independent pre-
dictor for non-traumatic fractures [Schett et al.,
2004]. OPG and RANKL may, however, not be
ideal markers as they are produced by many
tissues in the body. Furthermore age, renal
function, and vascular disease may influence
their levels.

CONCLUSION

Focal bone resorption in inflammatory arthri-
tis is associated with increased morbidity. Bone
loss is secondary to increased osteoclastic bone
resorption brought on by the activation of the
inflammatory immune response. The discovery
that RANKL/RANK signaling is required for
osteoclast differentiation and function in both
physiologic and pathologic bone remodeling has
transformed our understanding of metabolic
bone diseases and suggested the potential for
RANKL/RANKL signaling as a viable thera-
peutic target in the treatment of bone erosion in
inflammatory arthritis. RANKL inhibition has
provided a rational strategy to inhibit bone loss
in the inflammatory arthritis and osteoporosis
andpotentiallymay be of value in treating other
metabolic bone diseases.
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