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Bone is a crucial element of the skeletal-locomotor system, but also functions as an immu-
nological organ that harbors hematopoietic stem cells (HSCs) and immune progenitor cells.
Additionally, the skeletal and immune systems share a number of regulatory molecules,
including cytokines and signaling molecules. Osteoimmunology was created as an interdis-
ciplinary field to explore the shared molecules and interactions between the skeletal and
immune systems. In particular, the importance of an inseparable link between the two systems
has been highlighted by studies on the pathogenesis of rheumatoid arthritis (RA), in which
pathogenic helper T cells induce the progressive destruction of multiple joints through aber-
rant expression of receptor activator of nuclear factor (NF)-κB ligand (RANKL). The concep-
tual bridge of osteoimmunology provides not only a novel framework for understanding these
biological systems but also a molecular basis for the development of therapeutic approaches
for diseases of bone and/or the immune system.

The immune system first emerged in primi-
tive animals and plants, and subsequently

evolved into a more complex system capable of
distinguishing between self and nonself. The
highly sophisticated immune system in verte-
brates requires both functionally specialized im-
mune cells and tissues in which these cells de-
velop and become activated, that is, the thymus,
lymph nodes, and bone marrow. It is interesting
to note that bone and the adaptive immune sys-
tem appeared at the same stage of vertebrate
evolution. This coemergence suggests that the
immune system required the bone as a part of
its essential elements during the course of its
evolution (Boehm 2012). The bone and immune
systems are closely related through a number of
shared regulatory molecules, including cyto-

kines, chemokines, receptors, and transcription
factors. By interacting with each other in the
bone marrow, the bone and immune cells co-
operatively carry out certain bone functions,
such as body support, control of mineral metab-
olism, and hematopoiesis (Morrison and Scad-
den 2014). Therefore, it is necessary to keep this
“osteoimmune system” in mind when we think
about anything related to either system.

The close relationship between the bone and
immune systems has been suggested starting
with the pioneering studies, showing that oste-
oclast-activating factors are secreted from im-
mune cells, reported in the early 1970s (Horton
et al. 1972; Mundy et al. 1974). In 2000, the term
osteoimmunology was coined in a commentary
in Nature to highlight the interface between
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bone biology and immunology (Takayanagi
et al. 2000b; Takayanagi 2007). Subsequent
studies on bone phenotypes in various geneti-
cally modified immunocompromised mice have
further revealed the physiological significance of
the mechanisms shared by the two systems. Re-
ceptor activator of nuclear factor (NF)-κB li-
gand (RANKL) is one of the most important
cytokines explicitly linking the two systems. Ac-
cumulating evidence has revealed that RANKL
plays multiple roles in the immune system, in-
cluding lymph node development and thymic
epithelial cell differentiation. The interplay be-
tween the two systems has been further spot-
lighted by studies on rheumatoid arthritis
(RA), which is one of the most representative
skeletal disorders triggered by an abnormal im-
mune activation (Sato et al. 2006b; Takayanagi
2009). As shown by the clinical benefits con-
ferred by anti–tumor necrosis factor (TNF)-α
and anti-interleukin (IL)-6 treatment in RA, os-
teoimmunological insight is now of obvious im-
portance in clinical applications. With the in-
tense global competition in the research area
of the hematopoietic stem cell (HSC) niche,
the physiological significance of bone as a “pri-
mary lymphoid organ” has been underscored.
Here, we provide an overview of osteoimmunol-
ogy as well as a summary of its recent progress.

THE RANKL–RANK SYSTEM IN BONE

RANKL, an Essential Cytokine for Osteoclast
Differentiation

It has been suggested since the 1980s that osteo-
blast lineage cells or bonemarrowstromal cells of
mesenchymal lineage are involved in osteoclast
differentiation in the bone marrow. Burger et al.
(1984) showed that osteoclasts could be devel-
oped using an in vitro coculture of murine
hematopoietic cells and embryonic bone rudi-
ments containing osteoblasts, chondrocytes,
and osteocytes. Another in vitro coculture sys-
tem for osteoclast differentiation, which is now
widely used, was established by Takahashi et al.
(1988). This coculture system required cell-to-
cell contact between monocyte/macrophage lin-
eage cells and calvaria-derived osteoblast lineage

cells (Takahashi et al. 1988). These findings thus
suggested that osteoclastogenesis-supporting
cells such as osteoblasts must secrete an osteo-
clast differentiation factor (ODF) (Suda et al.
1999). Analysis of op/opmice with osteopetrosis
revealed macrophage colony-stimulating factor
(M-CSF) to be required for osteoclastogenesis
(Yoshida et al. 1990). M-CSF is crucial for the
proliferation and survival of osteoclast precursor
cells, but by itself does not induce osteoclast dif-
ferentiation. One year after the cloning of the
inhibitor of osteoclastogenesis osteoprotegerin
([OPG] encoded by the Tnfrsf11b gene) (Simo-
net et al. 1997; Yasuda et al. 1998a), Yasuda et al.
(1998b) and Lacey et al. (1998) independently
identified theODFandOPGligand, respectively,
as the long-sought ligand for osteoclast differen-
tiation. Interestingly, this cytokine was found to
be identical to RANKL (encoded by the Tnfsf11
gene) and TNF-related activation-induced cyto-
kine (TRANCE), both of which had been cloned
as a novel TNF superfamily cytokine expressed
by T cells in the field of immunology (Anderson
et al. 1997;Wong et al. 1997). RANKL transmits
its signal to the cell through the specific receptor
RANK(encodedby theTnfrsf11a gene),which is
a type I transmembrane protein (Anderson et
al. 1997; Tsuda et al. 1997). On the other hand,
OPG acts as a soluble decoy receptor that blocks
RANK signaling by binding to RANKL with a
higher affinity (Lacey et al. 1998; Yasuda et al.
1998b). RANKL is expressed in two forms: a
membrane-bound form and a soluble form.
RANKL is initially synthesized as the mem-
brane-bound form, which is cleaved into the
soluble form by metalloproteinases such as ma-
trix metalloproteinase (MMP)-14 (Nakashima
et al. 2000; Hikita et al. 2006). Although both
forms function as agonistic ligands for RANK,
the membrane-bound RANKL is considered to
be the more efficient (Miyamoto et al. 2000; Na-
kashima et al. 2000; Hikita et al. 2006).

Genetic findings in mice and humans have
provided clear evidence that the RANKL–
RANK system is essential for osteoclast differ-
entiation in vivo. Mice lacking either the Tnfsf11
or Tnfrsf11a gene show severe osteopetrosis
accompanied by a tooth eruption defect caused
by a complete lack of osteoclasts (Dougall et al.
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1999; Kong et al. 1999b; Li et al. 2000). Mice
with a disruption of the Tnfrsf11b gene show a
severe form of osteoporosis caused by an in-
creased number of osteoclasts and enhanced re-
sorbing activity (Bucay et al. 1998; Mizuno et al.
1998; Min et al. 2000). In humans, mutations in
TNFRSF11A, TNFSF11, and TNFRSF11B cause
the bone disorders familial expansile osteolysis,
autosomal recessive osteopetrosis, and juvenile
Paget’s disease, respectively (Hughes et al. 2000;
Whyte et al. 2002; Whyte 2006; Sobacchi et al.
2007; Guerrini et al. 2008).

Certain reports have suggested that osteo-
clasts can differentiate independently of RANKL
(Kobayashi et al. 2000; Kim et al. 2005b; Cox
et al. 2015; O’Brien et al. 2016). However, most
of these reports lack solid evidence showing that
RANKL can be replaced by other molecules,
even under RANKL- or RANK-deficient condi-
tions. The combination of TNF-α and trans-
forming growth factor (TGF)-β was reported
to induce osteoclast differentiation from
RANK or RANKL-deficient cells in vitro, but
the in vivo effects were not shown (Kim et al.
2005b). Administration of high-dose TNF-α to
RANKL-deficient mice leads to a minimal local
formation of TRAP+ cells, but not functional
osteoclasts (Li et al. 2000). Furthermore, al-
though lysyl oxidase (LOX) has recently been
shown to induce osteoclastogenesis in vitro
without any addition of recombinant RANKL
(Cox et al. 2015), LOX could not rescue the in
vitro osteoclastogenesis or osteopetrotic pheno-
type of RANKL-deficient mice (Reynaud et al.
2016; Tsukasaki et al. 2016). RANKL-indepen-
dent osteoclastogenesis should most properly be
judged using RANKL- or RANK-deficient con-
ditions to unambiguously exclude the involve-
ment of permissive levels of RANKL.

Cellular Source of RANKL in Bone

Although osteoblasts and bone marrow stromal
cells have long been considered to be the prima-
ry sources of RANKL for osteoclastogenesis in
vivo (Suda et al. 1999; Takayanagi 2007), various
other types of mesenchymal cells, such as oste-
ocytes and hypertrophic chondrocytes also ex-
press RANKL (Kartsogiannis et al. 1999; Ikeda

et al. 2001; Silvestrini et al. 2005; Nakashima
et al. 2011). Osteocytes are mechanosensory
cells embedded in the mineralized bone matrix
and comprise >90% of all bone cells in adults. It
has been recently shown that osteocytes express
a high level of RANKL and have a greater capac-
ity for inducing osteoclastogenesis in vitro than
isolated osteoblasts (Nakashima et al. 2011).
Furthermore, osteocyte-specific RANKL-defi-
cient mice, which were generated using Dmp1-
Cre mice, were born with no obvious skeletal
abnormalities and had normal tooth eruption,
but became osteopetrotic postnatally because of
a reduction in the osteoclast number (Naka-
shima et al. 2011). This indicates that osteo-
cyte-derived RANKL is crucial for bone remod-
eling after birth, but not skeletal development in
the embryo. Osteocyte-specific RANKL-defi-
cient mice are protected against unloading-in-
duced bone loss (Xiong et al. 2011), suggesting
that osteocytes regulate the expression level of
RANKL in response to mechanical stress.

Based on the specific expression of Dmp1 in
osteocytes, 10 kb-Dmp1-Cre, 8 kb-Dmp1-Cre
mice, and those expressing tamoxifen-inducible
Cre under the control of 10 kb Dmp1 promoter
were generated as osteocyte-specific Cre mice
(Lu et al. 2007; Powell et al. 2011; Bivi et al.
2012). Notably, when these mice were crossed
with reporter-bearing mice, Cre recombination
becomes observable in other mesenchymal cells
such as mature osteoblasts, CXC chemokine li-
gand (CXCL)12-abundant reticular (CAR) cells
andmuscle cells (Kalajzic et al. 2013; Zhang and
Link 2016). Unexpectedly, Dmp1 expression
was also reported in the brain, pancreas, and
kidney (Terasawa et al. 2004). Sost-Cre transgen-
ic mice are now widely recognized as being spe-
cific for osteocytes, but not bone-forming oste-
oblasts (Xiong et al. 2015). Osteocyte-specific
RANKL-deficient mice using Sost-Cre mice
also show high bone mass (Xiong et al. 2015).

The role of osteoblasts as a source of RANKL
in postnatal bone remodeling was determined
using inducible osteoblast deletion systems in
adult mice (Xiong et al. 2011). The ablation of
cells expressing a thymidine-kinase transgene
under the control of the Bglap (encoding osteo-
calcin) promoter by gancyclovir administration
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resulted in a defect in bone formation but did not
abrogate osteoclastic bone resorption (Corral
et al. 1998). Similarly, inducible deletion of type
I collagen–expressing osteoblasts did not cause a
reduction of RANKL expression in bone (Galli
et al. 2009). Inducible deletion of Sp7 (encoding
Osterix)-expressing cells, which are considered
to be committed osteoblast progenitors, also had
no effect on the osteoclast number. These find-
ings indicate that theRANKLonosteoblastsdoes
not contribute much to bone remodeling in
adults. Tnfsf11-floxed mice crossed with Prx1-
Cre mice, which express Cre recombinase in
mesenchymal progenitors in the developing
limbs, including all chondrocytes, osteoblasts,
and osteocytes, show severe limb bone osteopet-
rosis at birth (Xiong et al. 2011). Mice lacking
RANKL in chondrocytes using type X collagen
Cre mice showed severe osteopetrosis at birth
(Xiong et al. 2011). One similar bone phenotype
wasobserved inTnfsf11-floxedmicecrossedwith
Sp7- or Bglap-Cre mice. Therefore, the RANKL
expressed by osteoblasts and chondrocytes plays
an essential role for osteoclastogenesis in fetal
skeletal development (Xiong et al. 2011).

RANKL is expressed by not only mesenchy-
mal cell lineages but also lymphocytes. T-cell-spe-
cific expression of RANKL partially rescued the
osteopetrotic phenotype of mice lacking RANKL
(Kim et al. 2000). However, neither T-cell-specif-
ic nor B-cell-specificTnfsf11-deficientmice show
an osteopetrotic phenotype (Nakashima et al.
2011; Onal et al. 2012). Transplantation of hema-
topoietic stem cells from a healthy donor did not
improve the osteopetrotic phenotype of humans
with a mutation in the TNFSF11 gene (Sobacchi
et al. 2007). Thus, the RANKL on lymphocytes
does not contribute to the physiological regula-
tion of osteoclastogenesis.

IMMUNOLOGICAL ROLE OF RANKL

As in the case of the other pleiotropic cytokines
belonging to the TNF superfamily, RANKL is
not limited to the regulation of bone remodeling;
it is involved in immunological responses and
immune organ development (Kong et al. 1999b;
Rossi et al. 2007; Akiyama et al. 2008; Summers
deLuca and Gommerman 2012). The immune

organs can be broadly divided into primary and
secondary lymphoid organs. The primary lym-
phoid organs, in which lymphocytes develop
and mature, are the bone marrow and thymus.
The secondary lymphoid organs are sites of lym-
phocyte activation and proliferation, and are
comprised of the lymphnodes, spleen, and other
gut-associated lymphoid tissues in mammals.
Analyses of mice lacking the Tnfrsf11a or
Tnfsf11 gene revealed that the RANKL/RANK
system is essential for development of mamma-
lian immune organs like the thymus and lymph
nodes (Fig. 1) (Kong et al. 1999b; Rossi et al.
2007; Akiyama et al. 2008).

Medullary Thymic Epithelial cells

The thymus provides a specialized microenvi-
ronment that is maintained by cortical thymic
epithelial cells (cTECs) and modullary TECs
(mTECs) for the selection of a functional and
self-tolerant T-cell repertoire (Anderson and
Takahama 2012; Nitta and Suzuki 2016).
CD4+CD8− or CD4–CD8+ single-positive (SP)
thymocytes are positively selected in the thymic
cortex. After migration into the thymic medulla,
SP thymocytes are further screened for self-re-
activity through interaction with mTECs (Nitta
et al. 2011). mTECs express a variety of periph-
eral tissue-specific antigens, a process that is
tightly controlled by the unique nuclear proteins
autoimmune regulator (Aire) and forebrain-ex-
pressed zinc finger 2 (Fezf2) (Liston et al. 2004;
Derbinski et al. 2005; Kuroda et al. 2005; Takaba
et al. 2015). SP thymocytes that recognize the
self-peptide/major histocompatibility complex
(pMHC) on mTECs are destined to die. Thus,
the pMHC expressed by mTECs is necessary for
the deletion of self-reactive T cells. RANK is
highly expressed in mTECs and is required for
Aire-expressing mTEC development (Rossi et
al. 2007; Hikosaka et al. 2008). In mice lacking
the Tnfrsf11a or Tnfsf11 gene, Aire-expressing
mTECs are markedly reduced (Rossi et al. 2007;
Akiyama et al. 2008; Hikosaka et al. 2008). The
transplantation of RANK-deficient thymic stro-
mal cells into immunodeficient mice results in
autoimmunity (Rossi et al. 2007; Akiyama et al.
2008). Positively selected SP thymocytes are the
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most prominent source of RANKL in the post-
natal thymus (Hikosaka et al. 2008; Irla et al.
2008; White et al. 2008). Lymphoid tissue in-
ducer (LTi) cells (Rossi et al. 2007; Hikosaka
et al. 2008; White et al. 2008), γδ T cells (Hiko-
saka et al. 2008; Roberts et al. 2012), and natural
killer T (NKT) cells (White et al. 2014) express
RANKL and cooperate in mTEC development
during ontogeny. The OPG produced by
mTECs acts as a negative feedback regulator of
RANKL–RANK signaling in the thymus (Hiko-
saka et al. 2008; Khan et al. 2014). The interac-
tion of CD40L by CD4 SP thymocytes and
CD40 on mTECs also contributes to mTEC de-
velopment (Hikosaka et al. 2008). Mice doubly
deficient for CD40 and RANKL show an almost
complete loss of Aire-expressing mTECs
(Akiyama et al. 2008). The RANKL–RANK sig-
nal cooperates with the CD40L–CD40 signal in
playing a critical role inmTECdevelopment and
the establishment of self-tolerance in T cells.

Lymph Nodes

Mice with a deletion of the Tnfrsf11a or Tnfsf11
gene lack lymph nodes. During embryogenesis,

development of the secondary lymphoid organs
is initiated by the recruitment of LTi cells to the
lymphoid organ primordium (Mebius 2003).
This recruitment process is especially con-
trolled by the chemokines produced by the an-
lage-resident stromal cell type, lymphoid tissue
organizer (LTo) cells. Both LTi and LTo cells
express RANKL and RANK in the lymph
node anlage, suggesting that RANKL signaling
is involved in the cross talk between LTi and
LTo cells. A recent study also pointed out the
importance of RANK on lymphatic endothelial
cells for the retention of LTi cells in the lymph
node anlagen (Onder et al. 2017). On the other
hand, the formation of gut-associated lymphoid
tissue (GALT) such as isolated lymphoid folli-
cles (ILFs) and Peyer’s patches is undisturbed
in mice lacking the Tnfrsf11a or Tnfsf11 gene
(Kong et al. 1999b; Naito et al. 1999). TNF
receptor-associated factor (TRAF)6, a crucial
signal transducer of RANK signaling, is neces-
sary for development of the lymph nodes but
not GALT (Naito et al. 1999), indicating the
existence of tissue-specific requirements for
the RANKL/RANK/TRAF6 axis in lymph
node organogenesis.

Thymic medulla

Lymph nodes

M cells in the
intestine

Bone marrow
(osteoclasts)

The  major sources of RANKL

Thymic T cells, LTi cells, 
γδ T cells, NKT cells

LTi cells, LTo cells

Osteoblasts, osteocytes, chrondrocytes

Subepithelial mesenchymal cells (MCi cells)

Figure 1. Essential roles of receptor activator of nuclear factor (NF)-κB ligand (RANKL) in the development of
the immune organs. RANKL plays an essential role in the differentiation of osteoclasts, the activity of which
causes the formation of the bonemarrow cavity. In this sense, RANKL is a cytokine critical for the development of
the immune organs in vertebrates, including the bone marrow, thymus, lymph node, and gut-associated lym-
phoid tissue (GALT).
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Microfold Cell

The microfold (M) cell is a specialized epithelial
cell located in the follicle-associated epithelium
(FAE) of GALT that transports mucosal anti-
gens from the intestinal tract to the subepithelial
dome for the induction of efficient immune re-
sponses (Neutra et al. 1996; Hase et al. 2009).
RANKL is required for the differentiation of
RANK-expressing enterocytes into M cells
(Knoop et al. 2009). Conditional deletion of
the Tnfrsf11a in the intestinal epithelium leads
to a complete lack of M cells, resulting in defects
of germinal center maturation in Peyer’s patches
and of immunoglobulin (Ig)A production (Rios
et al. 2016). In addition, a distinct type of sub-
epithelial mesenchymal cell has been recently
identified as an essential source of RANKL for
M-cell differentiation (called M-cell inducer
[MCi] cell) that regulates IgA production and
diversifies the gut microbiota (Nagashima et al.
2017a,b).

Roles of RANKL in T and B Lymphocytes

RANKL was originally identified as a T-cell-de-
rived cytokine-regulating dendritic cell (DC)
function, but with no ability to induce the ex-
pression of MHC class II or CD80/86 in DCs.
RANKL- or RANK-deficient mice show no ob-
vious defects in DC number and function (Wu
et al. 1999). Inhibition of RANKL signaling by
RANK-Fc treatment prevented T-cell-depen-
dent immune responses against viruses and par-
asites in CD40-deicient mice, suggesting that
the CD40L signal compensates for the loss of
RANKL signaling. A high expression of RANKL
in T cells enhanced the survival of intestinal
CD11c+ DCs in mice lacking IL-2, resulting in
bone loss and colitis (Ashcroft et al. 2003). In
addition, transfer of RANKL-stimulated DCs
exacerbated autoimmunity inMRL/lpr recipient
mice (Izawa et al. 2007). It is thus likely that the
proinflammatory effect of RANKL on DCs is
especially emphasized under certain experimen-
tal conditions.

Immunosuppressive roles for RANKL have
also been reported. The RANKL on dermal ker-
atinocytes acts on epidermal DCs so as to in-

hibit experimental autoimmune and allergic re-
sponses by increasing the regulatory T (Treg)
cell number (Loser et al. 2006). Administration
of an anti-RANKL-neutralizing antibody inhib-
its Treg-mediated suppression of colitis (Tot-
suka et al. 2009). Blockade of the RANKL signal
by the RANK-Fc protein results in a decreased
Treg cell number, leading to an exacerbation in
a type 1 diabetes model (Green et al. 2002).
However, no reports have shown severe immu-
nodeficiencies in patients treated with the anti-
RANKL antibody denosumab (Cosman et al.
2016). Again, it is suggested that functional re-
dundancy with the CD40L signal compensates
for the defect of the RANKL–RANK signal
in DCs.

The RANKL on T cells also plays a key role
in the pathogenesis of experimental autoim-
mune encephalomyelitis (EAE), a mouse model
of multiple sclerosis (MS). The RANKL on T
cells acts on RANK-expressing astrocytes and
induces the production of CCL20, leading to
T-cell infiltration into the central nervous sys-
tem (CNS) (Guerrini et al. 2015). Single-cell
transcriptome analyses showed that a high ex-
pression of RANKL is one of the unique features
of the pathogenic effector T cells that infiltrate
into the CNS during EAE (Gaublomme et al.
2015). Pharmacological inhibition of RANKL
prevented the onset and progression of EAE,
indicating that the RANKL on T cells is a ther-
apeutic target for MS (Guerrini et al. 2015).

Germline deletion of the Tnfrsf11a or
Tnfsf11 gene causes an impairment of B-cell de-
velopment. Also, TNFRSF11A mutations result
in a reduction of immunoglobulin-secreting B
cells in humans. Inhibition of the systemic
RANKL–RANK signal might lead to loss of
the bone marrow microenvironment for B-cell
development caused by severe osteopetrosis.
The development of bone marrow B cells was
also shown to be impaired in Rag1-deficient
mice reconstituted with fetal liver cells from
Tnfsf11-deficient mice, indicating the impor-
tance of RANKL on hematopoietic lineage cells
for B-cell development. Conditional deletion of
the Tnfrsf11a gene in B cells had no apparent
effects on B-cell development or antibody pro-
duction (Perlot and Penninger 2012), thus sug-
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gesting that RANK on B cells is dispensable for
B-cell development and antibody production.

INTRACELLULAR SIGNALING FOR
OSTEOCLASTOGENESIS

Osteoclasts are primary bone-resorbing cells
formed by the fusion of precursor cells of mono-
cyte/macrophage lineage that originate from
hematopoietic stem cells. Mature osteoclasts de-
calcify the inorganic bone components and de-
grade bone matrix proteins by releasing hydro-
chloric acid and proteolytic enzymes such as
cathepsin K, respectively. Studies that use natu-
rally occurring or genetically modified mutant
mice that show osteopetrosis have provided im-
portant clues for understanding the molecular
mechanisms of osteoclast differentiation and
function. For example, op/op, gl/gl, oc/oc, and
mi/mimice that, respectively, carry a spontane-
ous mutation in the Csf1, Ostm1, Mitf, and
Tcirg1 genes, all develop osteopetrosis. Geneti-
cally modified mice deficient in PU.1, c-Fos,
TRAF6, NF-κB (p50/p52), c-Src, or tartrate-re-
sistant acid phosphatase (TRAP) will also de-
velop osteopetrosis (Karsenty 1999). After clon-
ingRANKL, a sophisticated culture systemusing
recombinant RANKL and M-CSF further ad-
vanced the investigation of the signaling path-
ways for osteoclast differentiation.

RANKL Signaling for Osteoclast
Differentiation

RANKL binds to the RANK expressed on the
monocyte/macrophage lineage cells to initiate
osteoclast differentiation.RANKhasno intrinsic
enzymatic domain in its cytoplasmic region, but
does contain three putative TRAF-binding do-
mains (Inoue et al. 2000). Although TRAF2,
TRAF5, and TRAF6 interact with the cytoplas-
mic domain of RANK (Darnay et al. 1998),
TRAF6 is indispensable for osteoclast differenti-
ation (Naito et al. 1999;Kimet al. 2005b).TRAF6
is able to interact with a K63-specific E2 conju-
gating enzyme via the RING finger domain, and
in turn mediate the attachment of K63-linked
ubiquitin chains to TRAF6 itself (autoubiquiti-
nation) (Deng et al. 2000). TheK63-linked ubiq-

uitin chain serves as a docking platform for
downstream signaling molecules, TGF-β-acti-
vated kinase (TAK) 1-binding proteins (TABs),
and mitogen-activated protein kinase kinase ki-
nase (MAPKKK) TAK1. However, K63-linked
autoubiquitination of TRAF6 was shown to not
be required for the activation of the cascades
downstream from RANK (Kobayashi et al.
2001; Walsh et al. 2008). On RANKL stimula-
tion, TRAF6 forms a complex with RANK,
TAB1, and TAB2 to activate TAK1, which in
turn activates NF-κB and mitogen-activated
protein kinases (MAPKs) (Mizukami et al.
2002; Sumiya et al. 2015). TAK1 was shown to
be crucial for osteoclast differentiation by dem-
onstrating that mice deficient in TAK1 in osteo-
clast lineage cells display an osteopetrotic phe-
notype (Lamothe et al. 2013; Sumiya et al. 2015).

The NF-κB family of transcription factors
has five members: p50 (processed from p105),
p52 (processed from p100), RelA (p65), RelB,
and c-Rel (Ghosh and Karin 2002; Hayden and
Ghosh 2008). Activation of NF-κB depends on
canonical and noncanonical pathways (Bakkar
and Guttridge 2010). In the canonical pathway,
the IKK complex comprised of IKKα, IKKβ, and
IKKγ/NF-κB essential modulator (NEMO) in-
duces the phosphorylation and subsequent deg-
radation of IκB, resulting in the activation of
mainly the p50:RelA and p50:c-Rel dimers.
The noncanonical pathway is induced by the
IKKα homodimer activated by the upstream
kinase NF-κB-inducing kinase (NIK). IKKα
phosphorylates p100 and induces the processing
to p52, leading to activation of the p52:RelB
dimer. Mice doubly deficient for p50 and p52
develop severe osteopetrosis because of a defect
in osteoclastogenesis, whereas mice lacking ei-
ther p50 or p52 show no skeletal phenotype
(Franzoso et al. 1997; Iotsova et al. 1997). Loss
of NIK impairs osteoclast differentiation caused
by defects in the nuclear translocation of RelA
and RelB. Therefore, both the canonical and
noncanonical pathways are critical for osteoclas-
togenesis, but further studies are needed to un-
derstand the complex mechanisms by which the
NF-κB pathways regulate osteoclastogenesis.

The importance of the MAPK pathways in
RANKL-mediated osteoclastogenesis has been
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studied in a variety of in vitro experiments.
SB203580, an inhibitor of p38α/β, blocks osteo-
clast differentiation of the RAW264.7 macro-
phage cell line (Li et al. 2002). The cells lacking
p38α, the main p38 isoform in osteoclast line-
ages, only poorly differentiated into osteoclasts
(Bohm et al. 2009), thus indicating that p38 ac-
tivation is necessary for osteoclastogenesis.
JNK1 and not JNK2 is specifically activated by
RANKL, and is required for osteoclast differen-
tiation (David et al. 2002). The role of ERK1/2 in
osteoclast differentiation is controversial. Phar-
macological inhibition of MEK by U0126 and
PD98059 enhanced osteoclast differentiation
in RAW264.7 cells (Hotokezaka et al. 2002),
whereas another MEK inhibitor, AZD6244, in-
hibited osteoclast differentiation (Breitkreutz
et al. 2007). Detailed studies using in vivo mod-
els are needed for a better understanding of the
role of MAPKs in osteoclastogenesis.

The Fos family of proteins (c-Fos, FosB, Fra-
1, andFra-2) formstheactivatorprotein1 (AP-1)
transcription complex with the Jun family pro-
teins (c-Jun, JunB, and JunD). c-Fos was shown
to be an essential transcriptional factor forosteo-
clastogenesis by demonstrating that cfos-defi-
cient mice show severe osteopetrosis because of
a lack of osteoclasts (Johnson et al. 1992; Wang
et al. 1992; Grigoriadis et al. 1994). The expres-
sion of c-Fos is induced by transcriptional regu-
lators such as the CaMK/cAMP responsive ele-
ment-binding protein (CREB) pathway (Sato
et al. 2006a), NF-κB (Yamashita et al. 2007),
peroxisome proliferator activated receptor γ
(PPARγ) (Wan et al. 2007), PPARγ coactivator
1β (PGC1β) (Ishii et al. 2009;Weietal. 2010), and
CCAAT/enhancer binding protein α (C/EBPα)
(Chen et al. 2013). On the other hand, Fra-1,
FosB, and Fra-2 do not exclusively function in
the AP-1 signaling pathway in osteoclasts. Acti-
vation of c-Jun is also required for osteoclast dif-
ferentiation (Davidet al. 2002). Inaddition, anal-
ysesonconditional JunBknockoutmice revealed
the crucial role of JunB in osteoclasts (Kenner
et al. 2004). Although the precise composition
of the AP-1 dimers has not been determined in
the physiological context, the AP-1 dimer com-
posed of c-Fos and Jun proteins is important for
RANKL-induced osteoclastogenesis.

Nuclear Factor of Activated T Cells c1:
Master Transcription Factor for
Osteoclastogenesis

The AP-1 and NF-κB transcription factors are
activated by not only RANKL but also various
cytokines such as TNF-α and IL-1 and Toll-like
receptor ligands. In consideration of their par-
ticular features, other transcription factors have
been considered to specifically control osteoclast
differentiation. By transcriptome analyses using
osteoclasts, nuclear factor of activated T cell
(NFAT)c1 was found to be highly induced by
RANKL and act as the master transcription fac-
tor for osteoclast differentiation (Fig. 2) (Ta-
kayanagi et al. 2002).

RANKL specifically and potently induces
the expression of NFATc1 via TRAF6, c-Fos
(Takayanagi et al. 2002), and p50/p52 NF-κB
(Yamashita et al. 2007). After induction,
NFATc1 autoregulates its own promoter and
thus enables the robust induction of NFATc1
itself in cooperation with other transcription
factors such as AP-1. NFATc1 is necessary for
osteoclast differentiation both in vitro (Takaya-
nagi et al. 2002) and in vivo (Asagiri et al. 2005;
Winslow et al. 2006; Aliprantis et al. 2008), and
the overexpression of NFATc1 induces osteo-
clast differentiation without needing RANKL
stimulation (Takayanagi et al. 2002). Cooperat-
ing with other transcription factors, NFATc1
directly induces the expression of a variety of
genes important for osteoclast differentiation
and function. Integrin β3, which is required for
both bone attachment and bone-resorbing activ-
ity (McHugh et al. 2000), is induced by NFATc1
(Crotti et al. 2006). TRAP, a lysosome enzyme
required for bone development and homeostasis
(Hayman et al. 1996), is regulated by NFATc1
together with AP-1 (Matsuo et al. 2004). Immu-
noglobulin-like receptor osteoclast-associated
receptor (OSCAR) and cathepsin K, a member
of the cysteine proteases for bone resorption
(Saftig et al. 1998), are synergistically controlled
by NFATc1, PU.1, and melanogenesis-associat-
ed transcription factor (MITF) (Matsumoto
et al. 2004; Kim et al. 2005a,c). DC-specific
transmembrane protein (DC-STAMP) (Yagi
et al. 2005), osteoclast stimulatory transmem-
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brane protein (OC-STAMP) (Miyamoto et al.
2012), and v-type proton ATPase subunit d2
(encoded by the Atp6v0d2 gene) (Lee et al.
2006), all of which are critical for cell fusion,
are induced by NFATc1 (Kim et al. 2008; Miya-
moto et al. 2012). DC-STAMP expression is also
regulated by c-Fos (Yagi et al. 2007) and the
transcriptional repressor strawberry notch ho-
molog 2 (Sbno2) (Maruyama et al. 2013). Post-
translational histone modifications such as acet-
ylation andmethylation are critically involved in
the regulation of gene expression during osteo-
clastogenesis. Histone deacetylation regulates
the expression of c-Fos, NFATc1, and osteo-
clast-specific genes such as cathepsin K (Rah-
man et al. 2003; Nakamura et al. 2005). Histone
H3 lysine 27 trimethylation (H3K27me3), a re-
pressive epigenetic mark, accumulates near the

transcription start site of the Nfactc1 gene in
osteoclast precursor cells, but it is eliminated
during osteoclast differentiation. Demethylation
of H3K27 by the histone H3K27-specific
demethylase Jumonji domain-containing 3
(Jmjd3) is important for NFATc1 induction in
osteoclasts (Yasui et al. 2011).

Costimulatory Signals for RANK
and the Ca2+ Signal

The nuclear translocation and activation of
NFATc1 requires the dephosphorylation of
NFATc1 by the Ca2+/calmodulin-dependent
phosphatase calcineurin. Calcineurin inhibitors
such as cyclosporine and tacrolimus potently
inhibit osteoclast differentiation by suppressing
NFATc1 (Takayanagi et al. 2002). In osteoclast

TRAF6

c-Fos

Btk/Tec

Calcineurin

NFATc1

BLINK/SLP76

PLCγ

Syk

AP-1

Ca2+

CREB

CaMKIV

PU.1
Cathepsin K
TRAP
Integrin β3
v-ATPase d2 subunit
OSCAR
DC-STAMP

MITF

DAP12

NF-κB c-Jun

PIR-A SIRPβ1OSCAR

FcRγ

TREM-2

PlxnA1

Nrp1

Sema6D

MAPKs

NFATc1
NFATc1

AP-1

Sema3A

ITAM ITAM ITAM ITAM
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(membrane-bound)
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(soluble form)

Osteoclast-supporting cells
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Figure 2. The nuclear factor of activated T cell (NFAT)c1-centered osteoclastogenic signaling network.
Receptor activator of nuclear factor (NF)-κB ligand (RANKL) binds to RANK on osteoclast precursor cells,
leading to activating signaling pathways through tumor necrosis factor (TNF) receptor-associated factor
(TRAF)6, which includes mitogen-activated protein kinase (MAPK) and NF-κB. Immunoreceptor tyrosine-
based activation motif (ITAM) signaling is activated by RANKL mediated by immunoglobulin-like recep-
tors. The NF-κB pathway contributes to the induction and activation of c-Fos and subsequent NFATc1
induction. The NFATc1 activated via Ca2+-signaling is essential for the expression of osteoclast-specific
genes.
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lineages, NFATc1 activation is absolutely depen-
dent on the calcium–calcineurin pathway in-
duced by costimulatory signals from immuno-
globulin-like receptors like OSCAR triggering
receptor expressed in myeloid cells-2 (TREM-
2). The receptors associate with the adaptor
molecules harboring an immunoreceptor tyro-
sine-based activation motif (ITAM): Fc receptor
common γ subunit (FcRγ) and DNAX-activat-
ing protein 12 (DAP12; also known as Tyrobp)
(Merck et al. 2004). Mice lacking FcRγ do not
show any osteoclast defect in vivo or in vitro
(Koga et al. 2004), whereas mice lacking
DAP12 display mild osteopetrosis (Kaifu et al.
2003). Notably, mice doubly deficient for FcRγ
and DAP12 show severe osteopetrosis because
they completely lack osteoclasts (Koga et al.
2004). RANKL-induced calcium oscillation
andNFATc1 expression are completely abrogat-
ed in cells doubly deficient for FcRγ andDAP12,
indicating that costimulatory signals from im-
munoglobulin-like receptors are essential for
the activation of the calcium–calcineurin–
NFATc1 pathway. In osteoclasts, FcRγ associates
with OSCAR and PIR-A, although DAP12 asso-
ciates with TREM-2, SIRPβ, myeloid DAP12-
associating lectin (MDL)-1, and Siglec-15,
respectively (Fig. 2) (Koga et al. 2004; Joyce-
Shaikh et al. 2010; Ishida-Kitagawa et al. 2012).
NFATc1 was initially identified as a critical tran-
scriptional factor for T cells. FcRγ and DAP12
are well-known molecules that are important
mainly for myeloid cells and NK cells. Thus,
the findings that the FcRγ/DAP12-NFATc1 sig-
naling pathway is essential forosteoclastogenesis
have had an impact on the osteoimmunology.

Fc receptors bind to the Fc domain of im-
munoglobulin or immune complexes. FcγRI,
FcγRIII, and FcγRV are activating Fc receptors
and associated with FcRγ, whereas FcγRIIB is an
inhibitory receptor in mice. Among these rec-
tors, FcγRIIB and FcγRIII are highly expressed
in osteoclast progenitor cells (Negishi-Koga et
al. 2015). FcγRIIB has an inhibitory effect on
osteoclastogenesis by suppressing ITAM signals.
On the other hand, FcγRIII blocks osteoclasto-
genesis by sequestering FcRγ from OSCAR and
PIR-A. However, in autoimmune diseases such
as RA, the immune complex promotes osteo-

clast differentiation by activating FcγRIII, indi-
cating that this immune complex regulates bone
metabolism by directly regulating osteoclasts
(for details, see below).

Once phosphorylated, the ITAM-con-
taining adaptors recruit spleen tyrosine kinase
(Syk), which is required for ITAM signaling in
osteoclast differentiation (Mocsai et al. 2004). In
immune cells such as lymphoid and myeloid
cells, the Tec tyrosine kinase family proteins
are targets of Syk (Kurosaki and Hikida 2009;
Mocsai et al. 2010). In osteoclast lineage cells,
Btk and Tec are highly expressed and play an
essential role in ITAM-mediated signaling.
Mice doubly deficient for Btk and Tec develop
severe osteopetrosis caused by an impaired os-
teoclastogenesis (Shinohara et al. 2008). The Tec
and Btk activated by RANK cooperate with Syk
and SH2-containing leukocyte protein (SLP)
family proteins, B-cell linker protein (BLNK),
and lymphocyte cytosolic protein 2 ([Lcp2]
also known as SH2-containing leukocyte protein
of 76 kDa, SLP76), to induce efficient phosphor-
ylation of phospholipase Cγ (PLCγ) (Shinohara
et al. 2008). PLCγ hydrolyzes the phospholipid,
phosphatidylinositol-4,5-bisphosphate (PI-4,5-
P2) to generate the secondmessengers diacylgly-
cerol (DAG) and inositol-1,4,5-trisphosphate
(IP3) (Wilde and Watson 2001; Mao et al.
2006). IP3 provokes a transient increase in the
intracellular calcium released from the endo-
plasmic reticulum (ER) Ca2+ store via IP3 recep-
tors at the ER membrane (Clapham 2007; Ku-
roda et al. 2008). Calcium oscillation is induced
and strictly regulated by both the increased in-
tracellular Ca2+ and removal of intracellular
Ca2+ from the cytosol. This process is regulated
by the sarco/endoplasmic reticulum Ca2+

ATPase (SERCA) 2 that reuptakes Ca2+ into
the intracellular Ca2+ store (Yang et al. 2009),
the transmembrane protein 64 (Tmem64) that
associates with SERCA2 (Kim et al. 2013), and
regulator of G-protein signaling 10 (RGS10)
(Yang and Li 2007) during osteoclastogenesis.
In summary, the immunoglobulin-like receptor
and ITAM-harboring molecules, FcRγ and
DAP12, induce costimulatory signals for PLCγ
activation, calcium oscillation, and NFATc1 ac-
tivation (Fig. 2).
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Negative Regulators of Osteoclastogenic
Signaling

Negative as well as positive regulators of
RANKL-induced osteoclastogenesis have been
identified. A mutation in the Ptpn6 gene encod-
ing SH2-domain-containig phosphatase 1
(SHP-1), a nonreceptor type of tyrosine protein
phosphatase, results in a low bone mass because
of an increase in osteoclast number (Aoki et al.
1999; Umeda et al. 1999). SHP-1 negatively reg-
ulates osteoclast differentiation by suppressing
the PI3K-Akt pathway (Zhang et al. 2003b)
and associating with inhibitory immunoglobu-
lin-like receptors such as PIR-B (Mori et al.
2008). The inositol phosphatases SH2-domain-
containing inositol 50-phosphatase 1 (SHIP1)
and phosphatase and tensin homolog (PTEN)
also contribute to the negative regulation of os-
teoclastogenesis (Takeshita et al. 2002; Bluml
et al. 2015). The transcriptional factors interfer-
on (IFN) regulatory factor 8 (IRF-8) (Zhao et al.
2009) and B-cell lymphoma 6 (Bcl6) (Miyauchi
et al. 2010) act as negative regulators of
osteoclastogenesis by directly interacting with
NFATc1 and suppressing NFATc1 expression,
respectively. B lymphocyte-induced maturation
protein 1 (Blimp1), which can be induced by
NFATc1, down-regulates the expression of
IRF-8 and Bcl6, in turn promoting osteoclasto-
genesis (Miyauchi et al. 2010; Nishikawa et al.
2010). DNA methylation of the Irf8 gene by the
DNA methyltransferase 3A (Dnmt3a) is in-
volved in the down-regulation of IRF-8 (Nishi-
kawa et al. 2015). Other transcription factors
such as activating transcription factor 4
(ATF4) (Cao et al. 2010), leukemia/lympho-
ma-related factor (LRF) (Tsuji-Takechi et al.
2012), and Jun dimerization protein (Jdp2)
(Maruyama et al. 2012) are also reported to neg-
atively regulate NFATc1 induction. A gain-of-
function mutation in the SH3BP2 gene causes
cherubism, which is characterized by inflamma-
tion and enhanced bone resorption in the face.
Mice carrying the cherubism mutation in the
Sh3bp2 gene develop severe osteoporosis with
enhanced bone resorption (Ueki et al. 2007).
SH3BP2 regulates bone-resorbing activity
through the Src and Vav pathways in mature

osteoclasts (Levaot et al. 2011). The microRNA
miR-34a acts as a negative regulator of osteoclast
differentiation by suppressing the expression
of transforming growth factor-β-induced factor
2 (Tgif2), which is involved in JNK and NF-κB
signaling in osteoclasts (Krzeszinski et al. 2014).
Recently, leucine-rich repeat-containing G-pro-
tein-coupled receptor 4 (LGR4) was reported to
be another receptor for RANKL (Luo et al.
2016). LGR4 negatively regulates osteoclasto-
genesis by not only competing with RANK for
RANKL binding, but also inhibiting NFATc1
activation via Gαq.

Osteoclast lineage-specific conditional
knockout mice generated by the Cre-loxP sys-
tem have yielded insights into the molecular
mechanisms underlying osteoclast differentia-
tion and function. However, it is extremely im-
portant tominutely check the deletion efficiency
and timing of Cre-mediated recombination. De-
letion of theNfatc1 gene in NFATc1 floxedmice
crossed with LysM-Cre mice was not seen in
bone marrow macrophages, and the mice did
not display any skeletal phenotype (Aliprantis
et al. 2008). Deletion efficiency and the protein
expression level of the gene need to be precisely
confirmed in the osteoclast lineages.

Cell–Cell Communication Factors in Bone
Remodeling

The bone remodeling process is achieved by an
interplay of osteoclasts, osteoblasts, and osteo-
cytes in cooperation with other cells in the bone
marrow. The molecules involved in the cell–cell
interaction have come to be referred to as “com-
munication factors.”RANKL is representative of
these communication factors, but other mole-
cules have been identified as additional commu-
nication factors controlling bone remodeling.

The axon guidance molecules, the ephrins
and the Eph receptors, transduce bidirectional
signals through the receptor (forward signaling)
and through the ligand (reverse signaling) in
contact-dependent cell–cell communication
(Davy and Soriano 2005). EphrinB2 and its re-
ceptor EphB4 are expressed on osteoclasts and
osteoblasts, respectively (Zhao et al. 2006). The
forward signal through EphB4 accelerates oste-
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oblast differentiation by activating the small
GTPase RhoA; the reverse signal through Eph-
rinB2 inhibits osteoclast differentiation by neg-
atively regulating c-Fos andNFATc1 (Zhao et al.
2006). The EphrinB2/EphB4 signal may allow
transition from bone resorption to new bone
formation by terminating bone resorption while
simultaneously inducing bone formation activi-
ty. The semaphorin family of proteins, which
were originally identified as axonal growth
cone guidance molecules, regulates the immu-
noglobulin-like receptor signal. Sema6D, which
is a ligand for Plexin-A1 (PlxnA1), promotes
osteoclast differentiation by activating the
ITAM signal through the formation of the
PlxnA1–TREM2–DAP12 complex (Takegahara
et al. 2006). The Sema3A produced by osteo-
blasts binds to the receptor neuropilin1 (Nrp1)
in osteoclast precursor cells and suppresses os-
teoclast differentiation by blocking the forma-
tion of the PlxnA1–TREM2–DAP12 complex
(Hayashi et al. 2012). Sema3A also binds to the
Nrp1–PlxnA1 complex on osteoblast lineage
cells and promotes osteoblastogenesis through
activation of the canonicalWnt/β–catenin path-
way (Hayashi et al. 2012). Therefore, Sema3A
exerts an osteoprotective effect by promoting
both bone formation and inhibiting bone re-
sorption. Sensory nerve innervation of bone by
neuron-derived Sema3Awas also reported to be
involved in bone remodeling during develop-
ment (Fukuda et al. 2013). The Wnt family
memberWnt16producedbyosteoblasts inhibits
osteoclast differentiation not only by inducing
OPG in osteoblasts, but also by directly acting
on osteoclasts through a noncanonical Wnt sig-
nal (Moverare-Skrtic et al. 2014). On the other
hand, osteoblast-derived Wnt5a up-regulates
RANK expression on osteoclast precursor cells
by binding to Ror2, thereby enhancing RANKL-
induced osteoclast differentiation (Maeda et al.
2012). Moreover, various soluble factors secret-
ed from osteoclasts have been reported to act as
communication factors regulating osteoblastic
bone formation, including Sema4D (Negishi-
Koga et al. 2011), leukemia inhibitory factor
(LIF) (Ota et al. 2013), CTHRC-1 (Takeshita
et al. 2013), and PDGF-BB (Sanchez-Fernandez
et al. 2008; Xie et al. 2014). The PDGF-BB se-

creted from preosteoclasts also causes the induc-
tion of angiogenesis in the bone marrow and
periosteum (Xie et al. 2014).

MECHANISMS UNDERLYING BONE
DESTRUCTION IN RA

RA, one of the most common autoimmune dis-
eases, affects ∼1% of the worldwide population.
RA is characterized by chronic inflammation of
the synovium and subsequent bone destruction
in multiple joints (Firestein 2003). Although
both genetic susceptibility and environmental
triggers are involved in the etiology of RA, the
exact cause remains uncertain. Thus, under-
standing how an abnormality of the immune
system ultimately leads to the bone destruction
in RA, especially one such as autoreactive T lym-
phocytes, is critically important for the develop-
ment of the effective therapeutic strategies.

Osteoclasts in the Bone Destruction
Associated with RA

Although osteoclast-like cells were identified in
the inflamed synovium of rheumatoid joints
back in the early 1980s (Bromley and Woolley
1984), it was not until the cloning of RANKL
that the pathological importance of osteoclasts
in arthritis attracted much attention. Osteoclast
formation has been consistently observed in
synovial cell cultures from patients with RA, in-
dicating that the inflamed synovial tissues con-
tain both osteoclast precursor cells and oste-
oclastogenesis-supporting cells (Takayanagi
et al. 1997). After RANKL was cloned and
shown to be the cytokine essential for osteoclas-
togenesis, it turned out that aberrantly high
RANKL expression was specifically observed in
the synovium of RA patients (Gravallese et al.
2000; Takayanagi et al. 2000a). Studies using
mouse models of autoimmune arthritis further
showed the importance of RANKL and osteo-
clasts in the bone destruction associated with
inflammation (Pettit et al. 2001; Redlich et al.
2002). Mice lacking osteoclasts or osteoclast ac-
tivity were protected from bone destruction, but
not inflammation, in arthritis models. Anti-
RANKL and anti-osteoclast therapies have
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proved to be effective for treatment of bone loss
in animal models of arthritis (Kong et al. 1999a;
Takayanagi et al. 1999). In RA patients with os-
teopetrosis, bone erosion hardly occurs despite
severe inflammation and cartilage destruction
(Kadono et al. 2009). These findings show that
osteoclasts are indispensable for the bone de-
struction in RA.

Inflammatory cytokines in inflamed syno-
vial tissues, including TNF-α, IL-6, and IL-1,
directly induce RANKL expression on osteo-
clastogenesis-supporting cells such as synovial
fibroblasts and facilitate RANKL signaling. Al-
though RANKL is expressed in synovial fibro-
blasts in the inflamed synovium, it is also shown
to be expressed on T and B cells (Kong et al.
1999a; Gravallese et al. 2000; Takayanagi et al.
2000b; Yeo et al. 2011; Meednu et al. 2016).
There is a long-standing debate over the sources
of RANKL in arthritis. Soon after the cloning of
RANKL, fixed activated T cells were reported to
act directly on osteoclast precursor cells and in-
duce osteoclastogenesis via the RANKL on T
cells in vitro (Kong et al. 1999a). However, living
T cells do not possess such an osteoclastogenic
capacity as they produce IFN-γ, which potently
inhibits osteoclast differentiation (Takayanagi
et al. 2000b). As explained later, one of the help-
er T (Th)-cell subsets, Th17 cells, functions as
an osteoclastogenic T-cell subset. Th17 cells
have the ability to efficiently induce RANKL
expression on synovial fibroblasts and express
a higher level of RANKL than any other T cell
(Sato et al. 2006b). Studies using RANKL
conditional knockout revealed that bone de-
struction and osteoclast formation in the
joints were inhibited in joint mesenchymal
cell–specific Tnfsf11-deficient mice (generated
using Col6a-Cre mice). T-cell-specific deletion
of the Tnfsf11 gene had no effect on bone de-
struction. Thus, synovial fibroblasts, not T cells,
are functionally most relevant as a source of
RANKL in arthritic joints (Danks et al. 2016).

Th17 Cells and Treg Cells in Autoimmune
Arthritis

CD4+ T cells play central roles in the pathogen-
esis of RA. Infiltration of CD4+ T cells into the

synovium of the affected joints and autoanti-
body production are known as pathological hall-
marks of RA. Genome-wide association studies
(GWAS) identified PTPN22 and CCR6, which
are related to T-cell antigen receptor (TCR) sig-
naling and CD4+ T-cell migration, respectively,
as well asHLA-DRB1 alleles as themost relevant
genes associated with RA susceptibility (Bego-
vich et al. 2004; Lee et al. 2005; Kochi et al. 2010;
Stahl et al. 2010; Perricone et al. 2011). CTLA-4-
Ig (abatacept), a selective inhibitor of T-cell ac-
tivation, exerts beneficial effects in RA (More-
land et al. 2002). Depletion of T cell inhibited
the development of collagen-induced arthritis
(CIA) and KBxN arthritis, which are animal
models of RA (Ranges et al. 1985; Kouskoff
et al. 1996). Considering the clinical and exper-
imental evidence on the importance of CD4+ T
cells in RA, attentionmust be focused to how the
T-cell response is linked to the osteoclastic bone
destruction in the inflamed joints.

On TCR activation, naïve CD4+ T cells dif-
ferentiate into different lineages of Th cells de-
pending on the cytokine milieu: Th1, Th2,
Th17, inducible Treg, T follicular helper (Tfh)
cell subsets, and so forth. These Th cell subsets
are defined by their pattern of cytokine produc-
tion and immune function. Th1 cells produce
mainly IFN-γ, contributing to host defense
against intracellular viral and bacterial patho-
gens. Th2 cells mainly produce IL-4, IL-5, and
IL-13, and are critical for allergic responses and
the parasite defense system. Th17 cells, which
were discovered in the 2000s as a distinct IL-
17-producing Th cell subset, confer protection
against extracellular bacterial and fungal patho-
gens and, importantly, contribute to autoim-
mune inflammation. Activated T cells produce
effecter cytokines with either stimulatory or in-
hibitory effects on osteoclastogenesis (Takaya-
nagi et al. 2000b; Takayanagi 2007). Th1 and
Th2 cells have potent inhibitory effects on os-
teoclastogenesis by producing IFN-γ and IL-4,
respectively. In contrast, Th17 cells potentiate
osteoclastogenic activity by producing IL-17,
which has the ability to induce RANKL on os-
teoclast-supporting mesenchymal cells (Sato
et al. 2006b). Under arthritic conditions, the
IL-17 from Th17 cells directly induces RANKL
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expression on synovial fibroblasts and stimu-
lates synovial macrophages to produce inflam-
matory cytokines such as TNF-α, IL-1β, and
IL-6. These cytokines further enhance osteoclas-
togenesis by up-regulating RANKL on synovial
fibroblasts and activating osteoclast precursor
cells, resulting in increased osteoclastogenesis
(Fig. 3). In response to inflammatory cytokines,
synovial cells also producematrix-degrading en-
zymes that cause cartilage destruction. Thus,
Th17 cells are central players in the pathogenic
link between the inflammation and joint de-
struction in RA. Furthermore, the CCL20 ex-
pressed by synovial fibroblasts accelerates the
migration of Th17 cells, which express its recep-
tor CCR6, to the inflammatory joint. Synovial
fibroblasts also contribute to the proliferation of
Th17 cells and IL-17 production by providing
IL-6 (Sawa et al. 2006; Hirota et al. 2007; Ogura
et al. 2008). The cross talk between Th17 cells
and synovial fibroblasts may be relevant to the
joint specificity of RA pathogenesis.

Treg cells are an immunosuppressive CD4+

T-cell subset that engages in the maintenance of
immunological self-tolerance and immune ho-
meostasis (Sakaguchi et al. 2008). Treg cells are
reported to suppress osteoclastogenesis via
TGF-β and IL-4 (Kim et al. 2007) or TGF-β
and IL-10 (Luo et al. 2011). Other studies
showed that the inhibitory effects of Treg cells
requires cell–cell contact via CTLA-4 (Zaiss et
al. 2007). By binding to CD80/86 on osteoclast
precursor, CTLA-4 induces activation of the
enzyme indoleamine 2,3-dioxygenase (IDO),
which promotes apoptosis (Bozec et al. 2014).
Treg cells suppressed the joint destruction and
systemic bone loss in a mouse model of TNF-α-
induced arthritis (Zaiss et al. 2010a). In addition,
overexpression of Foxp3, amaster transcription-
al factor for Treg (Sakaguchi et al. 2008), causes
high bone mass and partially protects ovariec-
tomy (OVX)-induced bone loss (Zaiss et al.
2010b). On the basis of these reports, it has
been suggested that Treg cells serve as an inhib-
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Inflammatory cytokines
TNF-α, IL-6, IL-1

Foxp3+

CD4+ cells

IL-6
TGF-β
IL-23

B cells
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Dkk-1

Naïve
T cells

Osteoclasts

Th17 cells

Osteoclast
precursor cells

Synovial
macrophages

IL-6
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Synovial fibroblasts

Bone
resorption

Bone
formation

Osteoclastogenic
T cells

Figure 3. The mechanism of bone destruction in rheumatoid arthritis (RA). RA bone destruction happens in
inflamed synovium at the interface of the immune system and bone. The interleukin (IL)-17 produced by T
helper (Th)17 cells up-regulates receptor activator of nuclear factor (NF)-κB ligand (RANKL) expression on
synovial fibroblasts and induces inflammatory cytokines such as tumor necrosis factor (TNF)-α, IL-6, and IL-1
from synovial macrophages. RANKL expression on synovial fibroblasts is further up-regulated by these cytokines
activating osteoclast precursor cells. The immunoglobulin (Ig)G immune complex directly promotes osteoclast
differentiation. RANKL stimulates osteoclastic bone resorption, although the Dickkopf-1 (DKK-1) induced by
inflammatory cytokines such as TNF-α suppresses bone formation.
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itory modulator in bone destruction in RA.
However, it is necessary to take account of the
possibility that the characteristics of Treg cells
are influenced by the inflammatory microenvi-
ronment. In fact, the Treg cells isolated from RA
patients have been shown to compromise im-
munosuppressive function. Studies using a
mouse model of autoimmune arthritis showed
thatCD25loFoxp3+T cells lose Foxp3 expression
under arthritic conditions and convert into IL-
17-producing T cells (called exFoxp3Th17 cells)
with the support of the IL-6 produced by syno-
vial fibroblasts. In the presence of arthritic syno-
vial fibroblasts, exFoxp3Th17 cells display a
greater capacity for inducing osteoclastogenesis
than the Th17 cells differentiated from naïve
CD4+ T cells. IL-17+FOXP3+ T cells were found
in the inflamed synovium of RA patients with
high but not low disease activity or in osteoar-
thritis patients, suggesting the pathological sig-
nificance of exFoxp3Th17 cells in RA (Fig. 3)
(Komatsu et al. 2014). The conversion of Foxp3+

T cells into effector T cells has also been ob-
served in various diseases such as diabetes, MS,
and asthma, indicating that exFoxp3 T cells may
hold a key place in the pathogenesis of autoim-
mune and allergic diseases (Zhou et al. 2009;
Bailey-Bucktrout et al. 2013; Massoud et al.
2016).

Therapeutic Strategies for Rheumatoid
Arthritis

TNF-α and IL-6 are responsible not only for
local inflammation but also bone destruction
through the up-regulation of RANKL. The
blockade of IL-6 or TNF-α has therapeutic effi-
cacy in RA. Importantly, even patients whowere
unresponsive to an anti-TNF or anti-IL-6R an-
tibody with regard to the inflammatory index
still showed improvement of bone damage, sug-
gesting direct inhibitory effects of IL-6 and
TNF-α on osteoclastogenesis (Smolen et al.
2005, 2012). The effectiveness of CTLA4-Ig
points to the relative contribution of T-cell acti-
vation even in the bone-destruction phase. An
anti-RANKL antibody that is widely used for the
treatment of bone metastasis and osteoporosis
was recently approved for the treatment of bone

destruction associated with RA in Japan (Ta-
keuchi et al. 2015). In contrast, an anti-IL-17A
antibody was shown to be less effective than
the blockade of IL-6 or TNF-α in RA, despite
the well-established significance of Th17 cells in
mouse models of RA (Genovese et al. 2010;
Hueber et al. 2010). Because the pathogenesis
of RA seems to be heterogeneous in patients, it
is likely that animal models of RA do not always
represent all cases of RA in human. An anti-IL-
17A antibody is very effective in psoriatic arthri-
tis and ankylosing spondylitis (Baeten et al.
2013; McInnes et al. 2014, 2015). It is important
to deeply understand the mechanisms underly-
ing the difference in the effects of Th17 cells
among RA, psoriatic arthritis, and ankylosing
spondylitis. Certain Janus kinase (JAK) inhibi-
tors have been approved for the treatment of RA,
but the precise mechanisms by which JAK in-
hibitors block bone damage remains elusive.

The efficacy of B-cell-depleting anti-CD20
monoclonal antibodies has highlighted the im-
portance of B-cell function in RA (Edwards and
Cambridge 2001; Edwards et al. 2004). The pro-
duction of rheumatoid factor and autoantibod-
ies against citrullinated proteins is associated
with a more aggressive disease course. Such
autoantibodies have the capacity to enhance os-
teoclast differentiation in human and mouse
culture systems (Harre et al. 2012, 2015; Ne-
gishi-Koga et al. 2015). The IgG immune com-
plex directly regulates osteoclast differentiation
by activating FcRγ receptors under arthritic con-
ditions (Fig. 3) (Harre et al. 2015; Negishi-Koga
et al. 2015). Thus, the immune complex not only
promotes inflammation, but also directly induc-
es bone destruction in arthritis. The inflamma-
tory cytokines such as TNF-α stimulate synovial
fibroblasts to produce Dickkopf-1 (DKK-1),
which in turn inhibits osteoblastic bone forma-
tion (Fig. 3). An anti-DKK-1 antibody has been
shown to enhance bone formation and amelio-
rates bone loss (Diarra et al. 2007), implying that
enhancement of bone formation would be a
helpful strategy for the regeneration of eroded
joints.

Investigation of the molecular mechanisms
underlying the bone destruction in RA has been
one of the main thrusts driving the evolution of
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osteoimmunology. Now, osteoimmunology has
become critically important for understanding
the pathogenesis of all skeletal diseases associat-
ed with abnormal immune responses, including
periodontitis and ankylosing spondylitis (Mu-
kai et al. 2014). Interestingly, the IL-17 and IL-
22 produced by a unique lymphocyte popula-
tion is critical for ectopic bone formation in the
mouse model of ankylosing spondylitis (Sher-
lock et al. 2012). In addition, the IL-17 produced
by γδ T cells triggers bone regeneration by stim-
ulating mesenchymal stem cells accumulating
around the injured bone (Ono et al. 2016). Fur-
ther investigation of the effects of the inflamma-
tory cytokines on bone formation and the path-
ological significance will offer new perspectives
in the field.

THE BONE MARROW
MICROENVIRONMENT

HSCs give rise to all blood cells and reside in
microenvironments (niches) in the bone mar-
row in adults (Seita and Weissman 2010). The
activity of HSCs is regulated by both intrinsic
and extrinsic signals, the latter of which are de-
rived fromniche cells. Various cell types resident
in the bone marrow, including mesenchymal
progenitor cells, bone cells, endothelial cells,
and neural cells, has been shown to regulate
the activity of HSCs in the bone marrow (Mor-
rison and Scadden 2014). However, the mecha-
nisms underlying how the molecular and cellu-
lar composition of the niche supports HSC
activity in the bone marrow are complex. The
true identity of the niche cells regulating HSCs
remains incompletely understood. Understand-
ing the role of bone cells in the regulation of not
only HSCs but also their descendants such as
immune progenitor cells in the bone marrow
microenvironment has emerged as one of the
most important subjects in osteoimmunology.

Osteoblasts continuously form new bone,
providing a structural platform for the mainte-
nance of HSCs in the bone marrow. The endos-
teal surface was proposed to serve as a key com-
ponent for supporting HSCs (Lord et al. 1975;
Gong 1978; Taichman and Emerson 1994). In
2003, two independent groups reported that os-

teoblasts are responsible for HSC regulation in
vivo by demonstrating that the number of oste-
oblasts was associated with the HSC number
using parathyroid hormone (PTH) or PTH-re-
lated protein receptor (PPR) transgenic and
bone morphogenetic protein IA (BMPRIA)
conditional knockout mice, respectively (Calvi
et al. 2003; Zhang et al. 2003a). These pioneering
studies highlighted the importance of osteo-
blasts in the HSC niche. Subsequent reports
showed that the deletion of osteoblasts reduced
the HSC population (Visnjic et al. 2004) and
that fetal skeletal progenitors have the ability
to reconstitute the ectopic HSC niche (Chan
et al. 2009), further suggesting the correlation
between osteoblasts and HSCs in the bone mar-
row. Osteoblasts express molecules that regulate
HSCs, including N-cadherin, anigipoietin-1,
thrombopoietin, and osteopontin (Zhang et al.
2003a; Arai et al. 2004; Stier et al. 2005; Yoshi-
hara et al. 2007). However, other studies have
reported that osteoblasts are not as relevant to
the maintenance of HSCs. Mice deficient for
biglycan develop osteoporosis but have a normal
number of HSCs in the bone marrow (Kiel et al.
2007). Strontium ranelate injection increased
the osteoblast number but did not change the
HSC number (Lymperi et al. 2008). Moreover,
studies using conditional gene targeting in oste-
oblasts showed that neither the N-cadherin nor
Ang-1 on osteoblasts are required for HSC
maintenance in the bone marrow (Bromberg
et al. 2012; Zhou et al. 2015). Overall, osteoblasts
may be dispensable for HSCmaintenance under
certain conditions. Various other cell types, in-
cluding CAR cells, leptin receptor-expressing
(LepR+) perivascular stromal cells, Nestin+ peri-
vascular cells, and nonmyelinating Schwann
cells, have been reported to be required for
HSCmaintenance in the bone marrow (Omatsu
et al. 2010, 2014; Yamazaki et al. 2011; Ding et al.
2012). The selective depletion of CAR cells leads
to a significant reduction of both the HSC and
progenitor number in vivo. LepR-expressing
perivascular stromal cells support HSCs by pro-
ducing stem cell factor (SCF) in the bone mar-
row (Ding et al. 2012; Ding and Morrison 2013;
Greenbaum et al. 2013). In contrast, conditional
deletion of the Cxcl12 or Kitl (encoding SCF)
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gene in osteoblasts had no effect on the HSC
number. HSC niche cells have been character-
ized by different research groups thus far based
on the cytokine expression pattern, surface
markers, and localization in the bone marrow.
To unveil the true nature of HSC niche cells and
their regulation, it would be necessary to inte-
grate all such findings into a unified scheme.

The contribution of osteoblasts to HSC
maintenance may not be as extensive as suggest-
ed by earlier studies, but it has become clear that
osteoblasts contribute to the maintenance of the
immune progenitor cells andmodulate their dif-
ferentiation in the bone marrow. Conditional
deletion of theCxcl12 gene in osterix-expressing
mesenchymal cells, which are mostly osteo-
blasts, reduced the number of B-lymphoid pro-
genitors in the bone marrow (Visnjic et al. 2004;
Zhu et al. 2007; Wu et al. 2008). The IL-7 pro-
duced by osteoblasts is crucial for the mainte-
nance of common lymphoid progenitors in the
bone marrow (Terashima et al. 2016). Acute in-
flammation, such as sepsis strongly suppresses
the osteoblast number and bone-formation ac-
tivity, thus leading to an impaired development
of lymphocytes in the bonemarrow. In addition,
Delta-like (DLL)4 on osteoblasts contributes to
support T-cell-competent progenitors in the
bone marrow (Yu et al. 2015). Osteoblast-spe-
cific deletion of Dicer1, an RNase III endonucle-
ase essential formicroRNA biogenesis, results in
defective osteoblastic differentiation and myelo-
dysplasia, the latter induced by a change in the
bone marrow microenvironment (Raaijmakers
et al. 2010). The constitutive activation of β-cat-
enin through FoxO1 in osteoblasts induced an
abnormal proliferation of neutrophils (Kode
et al. 2014). These findings indicate that alter-
ation of osteoblast function can induce the per-
turbation of bone marrow HSCs and immune
cells. Taken together, osteoblasts regulate the
fate of the immune cell progenitors by a variety
of signals in the bone marrow.

Osteoclastic bone resorption is necessary for
the formation of the bone marrow cavity. Thus,
mice lacking osteoclasts show extensive extra-
medullary hematopoiesis in the spleen and liver,
owing to insufficient space for the maintenance
of hematopoietic cells within the bone marrow

(Lowell et al. 1996; Dougall et al. 1999). Indeed,
several reports suggested that the aberrant bone
microenvironment provokes defects in immune
cell differentiation and function (Begg et al.
1993). Osteopetrotic patients develop anemia
and serious infection as a result of abnormal
hematopoiesis (Reeves et al. 1979; Gerritsen
et al. 1994; Sreehari et al. 2011). The frequency
and absolute number of LinnegSca-1+c-kit+

(LSK) cells are decreased in oc/oc mice, which
have defective bone resorption because of a mu-
tation in the Tcirg1 gene (Li et al. 1999). Treat-
ment with zoledronic acid inhibited IL-7 and
CXCL12 expression from stromal cells, resulting
in defects in B-cell development (Mansour et al.
2011). Furthermore, HSCs lacking the calcium-
sensing receptor fail to lodge at the endosteal
sites near resorbing osteoclasts (Adams et al.
2006), indicating that the high concentration
of Ca2+ resulting from bone resorption is in-
volved in HSC maintenance. Thus, niche space
formation by osteoclastic bone resorptionmight
contribute to normal hematopoiesis.

HSCs are retained in the bone marrow be-
cause they express CXCR4, which is a receptor
for CXCL12 on niche cells. Osteoclasts affect the
interaction between HSCs and niche cells by se-
cretingMMP9, which degrades CXCL12 (Kollet
et al. 2006). Therefore, the mobilization of HSCs
from the bone marrow can be induced by the
activation of osteoclasts. On the other hand, in-
jection ofG-CSF,which iswidely used as anHSC
mobilizer in bone marrow transplantation
(Lapidot and Petit 2002), did not affect the oste-
oclast number on the endosteal surface. G-CSF-
inducedmobilization ofHSCs is not impaired in
osteoclast-deficient mice, such as op/op, cFos-
deficient, and RANKL-deficient mice, or mice
treated with zoledronic acid (Mansour et al.
2011; Miyamoto et al. 2011). It is thus likely
that osteoclast activity is dispensable for themo-
bilizationofHSCs in response toG-CSF. Instead,
osteoblasts and osteocytes are reported to be in-
volved in G-CSF-induced HSC mobilization.

Osteocytes are also reported to be involved
in hematopoiesis in the bone marrow. Targeted
ablation of osteocytes led to defects in the bone
marrow, thymus, and spleen, resulting in severe
lymphopenia (Sato et al. 2013). However, the
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mechanisms by which osteocytes regulate lym-
phocyte development remain unclear. Sclero-
stin, which is mainly expressed by osteocytes
in bone, inhibits the Wnt-signaling pathway
by binding to the LRP5/6 receptors in mesen-
chymal stromal cells (Li et al. 2005). Mice defi-
cient in sclerostin show a high bone mass phe-
notype (Li et al. 2008) and have a decreased
number of mature B cells because of a reduction
of CXCL12 expression (Cain et al. 2012). Con-
ditional deletion of Gsα in osteocytes led to an
up-regulation of G-CSF in the bone marrow,
resulting in an increase of neutrophils and plate-
lets (Fulzele et al. 2012). Considering the num-
ber of osteocytes in bone tissues, it is quite pos-
sible that osteocytes influence the bone marrow
microenvironment to some extent, but the mo-
lecular mechanism underlying osteocyte-medi-
ated regulation of hematopoiesis has, as yet,
been poorly elucidated.

The early studies proposed the endosteal
“osteoblastic” niche. This concept has been
modified over time but did bring various re-
searchers to focus on the interaction between
bone cells and HSCs. The role of osteoblast-lin-
eage cells in hematopoiesis has been proven to
be more limited than previously expected, but it
has nonetheless become clear that osteoblasts
play a role in regulating the differentiation of
certain immune cells, including lymphoid cells.

CONCLUDING REMARKS

The bone responds to various stimuli and envi-
ronments, including mechanostress, aging, and
inflammation, and carries out diverse functions
related to the needs of the skeletal, endocrine,
and immune systems. Oftentimes, advances in
science depend on clear divisions between re-
search fields, but it is absolutely necessary to
integrate the knowledge from each discipline
for an understanding of complex, multifaceted
features of bone. Osteoimmunology is a good
example of such interdisciplinary unification
and has provided many valuable insights into
the development of effective therapeutic ap-
proaches for the treatment of bone and joint
diseases as well as immune disorders. In line
with the growing attention to given to applica-

tion of osteoimmunology to clinical needs, it is
obviously important to not forget to pay atten-
tion to the linkage between the skeletal and im-
mune systems in other skeletal- or immune-re-
lated diseases.
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