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The bony skeleton enables locomotive activity, the storage of calcium, and the harboring of the hematopoi-
etic stem cells from which blood and immune cells are derived. Although bone appears to be metabolically
inert, it is actually a dynamic organ, under the active control of osteoblasts and osteoclasts. Excessive activity
of osteoclasts leads to pathological bone resorption, as seen in a variety of local or generalized osteopenic
conditions. Therefore, the elucidation of the regulatory mechanisms involved in osteoclastogenesis is critical
for the understanding of the skeletal system in both health and disease. The immune and skeletal systems
share various molecules, including cytokines, signaling molecules, transcription factors and membrane re-
ceptors. Investigation of rheumatoid arthritis (RA), as well as the cloning of RANKL and identification of the
various bone phenotypes found in immune-compromised genetically modified mice, have highlighted the im-
portance of the dynamic interplay between the two systems. RANKL stimulates osteoclastogenesis through
nuclear factor of activated T cells (NFAT) c1, which is also a crucial regulator of immunity. In RA, bone destruc-
tion is caused by the enhanced activity of osteoclasts, which is mainly dependent on interleukin-17-producing
helper T cells (TH17). These findings led to the emergence and subsequent rapid evolution of the field of
osteoimmunology. The scope of osteoimmunology has been extended to encompass a wide range of molecu-
lar and cellular interactions, and its framework will provide a scientific basis for future therapeutic approaches
to diseases related to both of these systems.
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Introduction

The endocrine system has traditionally been understood to be
mainstay regulatory system of the osteoclast lineage; however,
accumulating evidence has made it clear that osteoclasts and
immune cells share a number of regulatory molecules, including
cytokines, receptors, signaling molecules and transcription fac-
tors that mutually influence each other. Furthermore, immune
cells are derived from bone marrow, and thus develop in the
same microenvironment as osteoclasts’ ?. In fact, patients with
excessive activation of the immune system, as in the case of ar-
thritis, are also at higher risk of experiencing concomitant os-
teoporosis as well as localized bone destruction. In addition, mice
deficient in immunomodulatory molecules have been found to
frequently develop an abnormal osteoclast phenotype", and these
animals have provided important insight into osteoclast biology.
Here, we summarize recent progress in the understanding of os-
teoclast development in the context of the newly established in-

terdisciplinary field of “osteoimmunology” 2.

The crucial role of RANKL in bone metabo-
lism

A relationship between the immune and skeletal systems has
long been recognized. Almost four decades ago, antigen-stimu-
lated immune cells were shown to produce soluble factors that
stimulate osteoclastic bone resorption”. In the 1980s, interleukin
(IL)-1 was identified to be one of these factors". An in vitro
coculture system for osteoclast formation was first established
in the late 1980's. This system revealed the importance of the
cell-to-cell contact that takes place between osteoblasts/stromal
cells and hematopoietic cells for osteoclast differentiation®. Based
on this, it was proposed that osteoclastogenesis-supporting mes-
enchymal cells express the osteoclast differentiation factor (ODF)
as a membrane-associated protein®.

In 1997, a potential inhibitor of osteoclastogenesis, osteo-
protegerin (OPG), was cloned"*. In 1998, OPG was identified
as a decoy receptor that associates with a transmembrane pro-
tein of the TNF superfamily, OPGL, the long-sought ODF"*.
Interestingly, immunologists cloned the same molecule as a
stimulator of dendritic cells expressed by T cells, and called it
receptor activator nuclear factor-«B ligand (RANKL) or TNF-
related activation-induced cytokine (TRANCE)"¥. The recep-
tor for RANKL is RANK, a type I transmembrane protein, which
assembles into a functional trimer, similar to other members of
the TNF receptor family"*. Mice with a disruption of Rank or
Rankl exhibit severe osteopetrosis accompanied by a defect in

tooth eruption caused by a complete absence of osteoclasts. These
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genetic findings clearly demonstrated that RANK and RANKL
are essential for osteoclastogenesis in vivo'>. By contrast, mice
lacking OPG exhibit severe osteoporosis resulting from both an
increased number and enhanced activity of osteoclasts”. In hu-
mans, mutations in RANK, RANKL and OPG have been identi-
fied in patients with bone disorders such as familial expansile
osteolysis, autosomal recessive osteopetrosis and Juvenile Paget's

disease, respectively”.

The expression and regulation of RANKL
in bone

RANKL functions as a membrane-anchored molecule which
is released from the cell surface as a soluble molecule following
proteolytic cleavage by matrix metalloproteinases (MMPs) such
as MMP-14%7, Both soluble and membrane-bound RANKL func-
tion as agonistic ligands for RANK. However, we and others
have suggested that membrane-bound RANKL functions more
efficiently than soluble RANKLS# 9. In addition, previous stud-
ies have indicated that RANKL serves as both a chemotactic
and survival factor for osteoclasts'® ). RANKL is extensively
expressed in mesenchymal cells such as osteoblast/stromal and
synovial cells. RANKL expression on calvarial cells, including
osteoblasts, is upregulated by certain osteoclastogenic factors
such as vitamin D3, prostaglandin E2, parathyroid hormone, IL-1,
IL-6, IL-11, IL-17 and TNF-« & '2. However, the major source
of RANKL in vivo remains unclear, since RANKL is expressed
by several different cell types in both bone and bone marrow,
including osteoblasts, osteocytes, stromal cells and lymphocytes.
Recently, we demonstrated that osteocytes embedded within the
bone matrix express a much higher amount of RANKL and have
a much greater capacity to support osteoclastogenesis than either
osteoblasts or stromal cells. Furthermore, the crucial role of
RANKL that is expressed by osteocytes was confirmed by the
severe osteopetrotic phenotype observed in mice specifically
lacking RANKL in osteocytes. These results clearly indicate that
the osteocytes are the major source of RANKL in the bone re-

modeling in vivo'.

Regulation of RANKL signaling

RANK is a transmembrane molecule expressed on osteoclast
progenitor cells and mature osteoclasts. Ligation of RANK with
RANKL results in the commitment of monocyte/macrophage
precursor cells to the osteoclast lineage and the activation of
mature osteoclasts. RANK lacks intrinsic enzymatic activity in
its intracellular domain, and transduces signals by recruiting

adaptor molecules such as the TNF receptor-associated factor
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(TRAF) family of proteins". Genetic approaches followed by
intensive molecular analyses have identified TRAF6 as the main
adaptor molecule that links RANK to the differentiation and func-
tion of osteoclasts (Fig.1)'*'9. By an as yet unknown mechanism,
RANKL binding to RANK induces the trimerization of RANK
and TRAF6, which leads to the activation of nuclear factor-«B
(NF-«B) and mitogen-activated kinases (MAPKs)'”. It has not
yet determined how RANK alone, among the TRAF6-binding
receptors, is able to stimulate osteoclastogenesis so potently.
Additional RANK-specific adaptor molecules might exist to link
RANK signaling to other pathways'®. For example, the molecu-
lar scaffold Grb2-associated binding protein 2 (Gab2) and four
and a half LIM domain 2 (FHL2) have been shown to be associ-
ated with RANK and to have an important role in its signal trans-
duction'-2%, The tyrosine kinases Btk and Tec have been shown
to be activated by RANK and to enhance the calcium signaling®”
(see below).

The essential role of NF-«B in osteoclastogenesis has been
demonstrated genetically?>?®. NF-«B p50 and p52 double-defi-
cient mice develop severe osteopetrosis because of a defect in
osteoclastogenesis. The activator protein 1 (AP-1) transcription
factor complex is also essential for osteoclastogenesis®”. RANK
activates AP-1 through the induction of the component c-Fos,
which has recently been shown to be dependent on the activa-
tion of calcium/calmodulin-dependent protein kinase type IV
(CaMKIV) and cyclic AMP-responsive element-binding protein
(CREB)®.

The osteoclastogenic transcription factor
NFATc1

Importantly, RANKL specifically and potently induces nuclear
factor of activated T cells, cytoplasmic 1 (NFATc1), the master
regulator of osteoclast differentiation, and this induction is
dependent on both the TRAF6-NF-«B and the c-Fos pathways
(Fig.1)*. The NFAT family of transcription factors was origi-
nally discovered in T cells, but they are involved in the regula-
tion of various biological systems®”?®. Activation of NFAT is
mediated by a specific phosphatase, calcineurin, which is acti-
vated by calcium-calmodulin signaling. The essential and suffi-
cient role of the NfatcI gene in osteoclastogenesis has been shown
both in vitro and in vivo®?>. The Nfatc1 promoter contains NFAT
binding sites and NFATc1 specifically autoregulates its own pro-
moter during osteoclastogenesis, thus enabling the robust induc-
tion of NFATc1?. AP-1 containing c-Fos, together with con-
tinuous activation of calcium signaling, is crucial for this auto-

amplification®**?. NFATc1 regulates a number of osteoclast-

specific genes in cooperation with other transcription factors such
as AP-1, PU.1 and MITF". On the other hand, NFATc1 activity
is negatively regulated by other transcription factors, such as
interferon regulatory factor-8 (IRF-8), B cell lymphoma 6 (Bcl6)
and the v-maf musculoaponeurotic fibrosarcoma oncogene fam-
ily member protein B (MafB), during osteoclastogenesis®**. The
expression of such negative regulators was observed to be re-
pressed through osteoclastogenesis. This repression is consis-
tent with the notion that high NFATc1 activity is a prerequisite
for efficient osteoclastogenesis, but the mechanism by which the
expression of these anti-osteoclastogenic regulators is repressed
during RANKL-induced osteoclastogenesis has remained ob-
scure. Recent data from our and other laboratories indicate that
B lymphocyte-induced maturation protein-1 (Blimp1), which is
induced by RANKL through NFATc1 during osteoclastogenesis,
functions as a transcriptional repressor of anti-osteoclastogenic
genes such as Irf8, Bcl6 and Mafb*> 39, Therefore, NFATc1 cho-
reographs the determination of cell fate in the osteoclast lineage
by inducing the repression of negative regulators as well as

through its effect on positive regulators (Fig.1).

Calcium signaling and immunoreceptors
in osteoclastogenesis

Phospholipase Cy (PLCy ), which mediates Ca?* release from
intracellular stores, is crucial for the activation of the key tran-
scription factor NFATc1 via calcineurin (Fig.1)?. However,
despite the evident importance of the calcium-NFAT pathway,
it had long been unclear how RANKL activates calcium signals.
RANK belongs to the TNF receptor family, which has yet to be
directly connected to calcium signaling. The activation of PLCy
by RANK requires the protein tyrosine kinase Syk, along with
immunoreceptor tyrosine-based activation motif (ITAM)-bear-
ing molecules, such as DNAX-activating protein (DAP12) and
the Fc receptor common gamma chain (FcRy )*. As ITAM sig-
nals are essential for osteoclastogenesis, but by themselves can-
not induce osteoclastogenesis, these signals should properly be
considered costimulatory signals for RANK. Thus, the ITAM
signal is critical for calcium signaling in the osteoclast lineage
as well as in lymphocytes.

It is also conceivable that RANK activates an as yet unknown
pathway that specifically synergizes with or upregulates ITAM
signaling. Recently, we have shown that the Tec family tyrosine
kinases such as Btk and Tec are activated by RANK and are
involved in the phosphorylation of PLCy (Fig.1)*". An osteo-
petrotic phenotype in Tec and Btk double-deficient mice revealed

these two kinases play an essential role in the regulation of
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Fig.1 Signal transduction in osteoclast differentiation

RANKL binding to its receptor RANK results in the recruitment of TRAF6, which activates
NF-«B and JNK-c-Jun. RANKL also stimulates the induction of a component of AP-1, c-Fos,
which is dependent on NF-«B and CREB. AP-1 contributes to the more robust induction of
NFATc1, which is based on an autoamplifying mechanism that is effected through persistent
calcium signal-mediated activation of NFATc1 (NFATc1 binds to NFAT-binding sites on its
own promoter, constituting a positive feedback loop). Immunoglobulin-like receptors (IgLR;
OSCAR, PIR-A, TREM-2 and SIRP 1) associate with FcRy and DAP12, both of which
contain ITAM. ITAM signaling functions as a costimulatory signal for RANK, which is essen-
tial for Syk activation, phosphorylation of PLCy and subsequent activation of calcium signal-
ing. The tyrosine kinases Btk and Tec, activated by RANK, also promote phosphorylation of
PLCy , thus linking the RANK and ITAM pathways. In the nucleus, NFATc1 cooperates with
other transcription factors such as AP-1, PU.1, CREB and MITF to induce various osteoclast-
specific genes. On the other hand, NFATc1 activity is negatively regulated by other transcrip-
tion factors such as IRF-8, Bclé and MafB during osteoclastogenesis. Blimp1 is induced by
RANKL through NFATc1, and functions as a transcriptional repressor of antiosteoclastogenic
genes. Thus, NFATc1 choreographs the determination of cell fate in the osteoclast lineage
by inducing the repression of negative regulators as well as through its effect on positive
regulators. RANKL, receptor activator of nuclear factor-«B ligand; TRAF86, tumor necrosis
factor receptor-associated factor 6; NF-«B, nuclear factor-«B; JNK, JUN N-terminal kinase;
NFATc1, nuclear factor of activated T cells cytoplasmic 1; AP-1, activator protein 1; CREB,
cAMP-responsive element-binding protein; OSCAR, osteoclast-associated receptor; PIR-A,
paired immunoglobulin-like receptor A; TREM-2, triggering receptor expressed in myeloid
cells 2; SIRP/31, signal-regulatory protein 31; FcR y, Fc receptor common y subunit; DAP12,
DNAX-activating protein; ITAM, immunoreceptor tyrosine-based activation motif; Syk, spleen
tyrosine kinase; PLCy, phospholipase Cy; Btk, Brutonls tyrosine kinase; MITF, micro-
phthalmia-associated transcription factor; PIR-B, paired immunoglobulin-like receptor B; SHP1,
SH2-domain-containing protein tyrosine phosphatase 1; IRF-8, IFN regulatory factor-8; Bcl6,
B cell lymphoma 6; MafB, v-maf musculoaponeurotic fibrosarcoma oncogene family, protein
B; Blimp1, B lymphocyte-induced maturation protein-1.
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osteoclastogenesis. Tec and Btk had been reported to play a key
role in proximal BCR signaling, but this study established their
crucial role in linking RANK and ITAM signaling.

The crucial role of osteoclasts in bone loss
in arthritis

Activation of the immune system is essential for host defense
against pathogens, but aberrant and/or prolonged activation un-
der pathological conditions results in tissue damage owing to
the activation of effector cells. In rheumatoid arthritis (RA), it
has long been a challenging question how abnormal T-cell acti-
vation (characterized by infiltration of CD4* T cells) mechanis-
tically induces bone damage”. In the early 1980s, researchers
observed osteoclast-like cells at the bone destruction sites®®. This
finding led to the hypothesis that osteoclasts have an important
role in bone destruction in arthritic joints and that these cells are
formed in the synovium®”*®., We demonstrated efficient osteo-
clastogenesis in primary synovial cell cultures obtained from RA
patients®”. Moreover, high RANKL expression has been detected
specifically in the synovium of RA patients®**?. Additionally,
osteoclast-deficient mice are protected from bone erosion in ar-
thritis models*"-*?. In the absence of osteoclasts, bone destruc-
tion did not occur despite a similar level of inflammation, indi-
cating that both RANKL and osteoclasts are indispensable for
the bone loss caused by inflammation. Blocking RANKL by OPG
treatment significantly prevented bone destruction in adjuvant
arthritis*®. Consistent with this, anti-RANKL and anti-osteoclast
therapies have been shown to be beneficial in the treatment of

RA in human trials®*,

Regulation of osteoclastogenesis by T
cells

As RANKL is expressed in activated T cells, T cells might
directly induce osteoclast differentiation by acting on osteoclast
precursor cells under pathological conditions* ¢, However, the
interferon-y (IFN-y ) produced by T cells potently suppresses
RANKL signaling through rapid degradation of TRAF6*". To
fully understand the effects of T cells on osteoclastogenesis, it is
absolutely necessary to elucidate the specific effects of the vari-
ous cytokines which T cells produce. The effects of T cells on
osteoclastogenesis would be expected to be dependent on the
balance between positive and negative factors expressed by the
T cells. As the CD4* T helper (Tu)-cell subsets Tul and Tu2
produce IFN-y and IL-4, respectively, both of which are anti-
osteoclastogenic, it has been a paradox how the activated CD4* T

cells in arthritis enhances osteoclastogenesis in the presence of

these cytokines (Fig.2). In this context it is worthwhile to define
what we believe to be a very rare but pathologically important
Th-cell subset responsible for abnormal bone resorption, as
osteoclastogenic Tu cells (THOc cells)V. Previous investigations
from our laboratory and others on synovial T cells in rheuma-
toid arthritis have determined the characteristics of THOc cells.
First, THOc cells do not produce a large amount of IFN-y. Sec-
ond, they trigger local inflammation and the production of in-
flammatory cytokines, including TNF-«, which induce RANKL
expression on synovial fibroblasts. Third, THOc cells express
RANKL and thus might directly participate in accelerated osteo-
clastogenesis (Fig.2). As these Tu cells have just such osteo-
clastogenic characteristics, they can tip the balance in favor of
osteoclastogenesis in a number of ways. Although autoimmune
arthritis has been traditionally classified as a Tul-type disease,
THl cells do not have the entire repertoire of the requisite char-
acteristics, indicating that these TnOc cells might belong to an

as yet unknown subset.

TH17 cells function exclusively as an osteo-
clastogenic T cell subset

Data from our laboratory indicate that an IL-17 producing Tr-
cell subset (Tul7 cells) represents the long-sought-after TuOc
cell subset among the known CD4* T cell lineages, whereas Tu1
and Tu2 cells have anti-osteoclastogenic effects (Fig.2)*. It has
already been reported that IL-17 expression is increased in RA
joints*”. Tt is well established that IL-17 induces local inflam-
mation in autoimmune diseases through inflammatory cytokine
production®-5?. Moreover, IL-17 induces RANKL on mesenchy-
mal cells*”. We have also shown that Tul7 cells express higher
levels of RANKL than either Tul or T2 cells*®. Therefore, the
infiltration of Tu17 cells into the inflammatory lesion links the
abnormal T-cell response to bone damage in arthritis, and the
pathogenesis of RA should be reconsidered as a Tul7-type dis-
ease (Fig.2). Clearly, this subset is an auspicious target for fu-
ture therapies, and cytokines related to Tul7-cell differentiation
and expansion, such as IL-6, TGF-/2 and IL-23, are of great
potential clinical importance>3¥. A recent study has reported
that the nuclear I« B family member I«B ¢ was most highly ex-
pressed in Tu17 cells among the helper T cell subsets and I1L-17
production in I«B {-deficient T cells was markedly reduced.
Notably, I«B ¢ -deficient mice were shown to be highly resis-
tant to experimental autoimmune encephalomyelitis’. These
findings indicate that I«B{ is critical for the transcriptional pro-

gram in Tul7 cell lineage commitment.
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Fig.2 Mechanisms of bone destruction in arthritis

In rheumatoid arthritis, inflammatory synovium invades and destroys bone, an effect which is
mediated by osteoclasts. The synovium includes synovial macrophages and fibroblasts in
addition to the infiltrating CD4+ T-cells. Interleukin-17 (IL-17)-producing T helper cells (TH17
cells) are the only osteoclastogenic TH-cell subset (THOc cells) characterized thus far. TH17
cells do not produce interferon-y (IFN-v), which suppresses RANKL signaling, but do se-
crete relatively large amounts of IL-17, which induces RANKL on synovial fibroblasts. IL-17
also stimulates local inflammation and activates synovial macrophages to secrete pro-
inflammatory cytokines such as TNF-«, IL-1 and IL-6. These cytokines activate osteoclasto-
genesis by either directly acting on osteoclast precursor cells or inducing RANKL on synovial
fibroblasts. TH17 cells also express RANKL on their membranes, which contribute to the
enhanced osteoclastogenesis to a certain extent. The induction of TH17 cells is regulated by
IL-6, TGF-$ and IL-23 produced by dendritic cells. TH1 and TH2 cells inhibit osteoclasto-
genesis through the production of IFN-y and IL-4, respectively.

Conclusion

The bone and immune systems share a remarkable array of
molecules and regulatory mechanisms. Despite recent advances
in the field of osteoimmunology, a number of questions persist.
It remains unclear, for example, how distinct functions are af-
fected through similar mechanisms. As the bone and the immune
system are so demonstrably closely intermingled, all factors that
regulate immune cells should be investigated for their effect on
bone and vice versa. This approach will be facilitated by the
increasing availability of genetically modified mice. Such ani-
mal models will surely lead to a deeper understanding of the

molecular basis for the cell lineage specifications, and, perhaps

most importantly, cell type-specific treatments, despite the simi-
larity and indeed, overlap of the two systems. Therefore, there is
reason to believe that both clinical and non-clinical researchers
will productively benefit from the emerging insights obtained in

the field of osteoimmunology.
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