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Abstract
Aberrant or prolonged immune responses often affect bone metabolism. The investigation on bone destruction observed in 
autoimmune arthritis contributed to the development of research area on effect of the immune system on bone. A number 
of reports on bone phenotypes of immunocompromised mice indicate that the immune and skeletal systems share various 
molecules, including transcription factors, signaling molecules, and membrane receptors, suggesting the interplay between 
the two systems. Furthermore, much attention has been paid to the modulation of immune cells, including hematopoietic 
progenitor cells, by bone cells in the bone marrow. Thus, osteoimmunology which deals with the crosstalk and shared 
mechanisms of the bone and immune systems became the conceptual framework fundamental to a proper understanding of 
both systems and the development of new therapeutic strategies.
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Introduction

The musculoskeletal system is made up of bones, cartilage, 
tendons, ligaments, muscles, and other connective tissues. 
The major functions of bone are to support the body, to 
enable the motion and to maintain the calcium storage sys-
tem but also serves as the crucial site for hematopoiesis. 
Therefore, bone is a unique organ, which belongs to both 
musculoskeletal and immune systems [1, 2]. Bone marrow 
is a primary lymphoid organ, harboring hematopoietic stem 
cells as well as lymphoid and myeloid progenitors [3]. These 
immune cell progenitors share the microenvironment with 
bone cells. However, as the bone biology and immunol-
ogy had been investigated separately, the close relationship 
between the bone and immune systems had been overlooked 
for a long time.

Rheumatoid arthritis (RA) is an autoimmune disease, 
but the bone destruction in the joints is a major clinical 

problem [4]. Therefore, to understand the mechanism of 
bone destruction in arthritis is to explore the molecular basis 
for the effect of immune system on bone. Receptor activator 
of NF-κB ligand (RANKL), the osteoclast differentiation 
factor aberrantly expressed in RA synovium, was found to 
connect the activated immune response to enhanced osteo-
clastic bone resorption [5, 6]. Thus, RANKL emerged as 
one of the key molecules linking the bone and immune sys-
tems. Studies on RANKL signal transduction showed that 
most of the downstream molecules play a role in the immune 
system [7]. In addition, genetically modified mice deficient 
in immunomodulatory molecules were identified to exhibit 
various bone phenotypes, providing evidence for the shared 
molecular regulatory units [1].

However, immune cells infiltrate into any organs and 
communicate with resident cells, which often results in the 
tissue damage, raising a question of whether the relationship 
between bone and immune system is not something special. 
Then, it is very important to know the role of bone cells in 
the regulation of immune system and hematopoiesis. It was 
proposed that osteoblasts comprise the hematopoietic stem 
cell niche, but the detailed studies revealed that osteoblasts 
are not equal to HSC niche cells but instrumental in HSC 
regulation under certain conditions [8, 9]. Thus, the bone is 
not merely a target organ of the immune system. From the 
evolutionally point of view, the development of the immune 
system was coincident with the emergence of terrestrial 
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vertebrate with strong bony skeleton [10]. All the cells in 
the bone marrow share the same microenvironments, making 
it vital to understand the differentiation and function of all of 
these cells in the context of osteoimmune system. Here, we 
summarize the historically important topics as well as recent 
progress in the field of osteoimmunology.

Multiple RANKL Functions in Bone 
and the Immune System

RANKL was initially identified as an activator of dendritic 
cells expressed by activated T cells [11, 12]. Later, RANKL 
was found to bind to RANK on the surface of osteoclast 
precursors and induce osteoclast differentiation [13, 14]. 
RANKL function is inhibited by osteoprotegerin (OPG), 
which binds to RANKL and prevents its binding to RANK 
[15]. Both Rankl−/− and Rank−/− mice exhibit a severe osteo-
petrotic phenotype and have a defect in tooth eruption due to 
a lack of osteoclasts. In contrast, mice lacking Opg exhibit 
severe osteoporosis, resulting from both an increased num-
ber and enhanced activity of osteoclasts.

Interestingly, both Rankl−/− and Rank−/− mice lack the 
lymph nodes (LNs) and display a defect in Peyer’s patches 
(PPs) and cryptopatches (CPs), demonstrating the critical 
role for RANK activation during the early stages of develop-
ment of lymphoid tissue inducer cells in the peripheral lym-
phoid organs [16, 17]. A recent study shows that RANKL 
on mesenchymal cells induces M cell differentiation in 
the gut, resulting in the induction of IgA production and 
gut microbiota diversity [18]. Severe immunodeficiency 
was not observed in RANKL-deficient mice, possibly 
because the loss of RANKL was compensated by CD40L 
in Rankl−/− mice, but the pathogenic effect of RANKL 
expressed on  CD4+ T cells was reported in experimental 
autoimmune encephalomyelitis (EAE), a mouse model of 
multiple sclerosis [19, 20]. RANKL also induces the devel-
opment of autoimmune regulator (Aire)-expressing med-
ullary thymic epithelial cells, playing a role in the estab-
lishment of central tolerance in the thymus [21, 22]. Thus, 
RANKL is an essential regulator of both bone and immune 
systems.

RANKL Signals in Osteoclastogenesis

Signals driven by RANKL and macrophage-colony-stimu-
lating factor (M-CSF) are indispensable for osteoclastogen-
esis. RANKL binding to RANK induces the trimerization of 
RANK and TRAF6, which leads to the activation of NF-κB 
and the mitogen-activated kinases (MAPKs), including Jun 
N-terminal kinase (JNK) and p38. The key role of NF-κB 
and activator protein 1 (AP-1) transcription factor complex 

in osteoclast differentiation has been demonstrated geneti-
cally [1]. Mice lacking c-fos, a component of AP-1, exhibit 
an osteopetrotic phenotype and have no tooth eruption [23]. 
In addition, it was reported that c-fos is induced not only 
by the NF-kB pathway but also by the calcium/calmodu-
lin-dependent protein kinase (CaMKIV) with cyclic AMP-
responsive element-binding protein (CREB) pathway [24]. 
Since the NF-κB p50 and p52 double-deficient mice develop 
severe osteopetrosis due to the defective osteoclast precur-
sor differentiation, both the canonical (p65/p50) and non-
canonical (p52) NF-κB pathways activated by the RANKL 
are essential for osteoclastogenesis [25].

Activation of NF-κB and AP-1/c-Fos by RANKL induces 
nuclear factor of activated T cells cytoplasmic 1 (NFATc1), 
the master regulator of osteoclast differentiation [26]. The 
Nfatc1 promoter contains NFAT binding sites and NFATc1 
specifically autoregulates its own promoter during osteoclas-
togenesis, resulting in a robust induction of NFATc1 [27]. 
NFATc1 regulates a number of osteoclast-specific genes, 
such as osteoclast-associated receptor (OSCAR), dendritic 
cell-specific transmembrane protein (DC-STAMP), and 
β3-integrin in cooperation with other transcription fac-
tors such as AP-1, PU.1, and MITF [28]. It is notable that 
NFATc1 has an exclusive role in osteoclasts but NFATc1 and 
NFATc2 have a redundant role in T cells.

RANK signaling also stimulates the NFATc1 activation 
through  Ca2+-dependent phosphatase calcineurin, which is 
regulated by phospholipase Cγ (PLCγ) that mediates  Ca2+ 
release from intracellular stores [29]. The activation of PLCγ 
by RANK requires the protein tyrosine kinases Btk/Tec and 
Syk, along with immunoreceptor tyrosine-based activation 
motif (ITAM)-bearing molecules, such as DNAX-activating 
protein (DAP12) and the Fc receptor common gamma chain 
(FcRγ) [29, 30]. Tec tyrosine kinases are predominantly 
expressed in immune cells such as lymphoid and myeloid 
cells, and have critical roles in their development and func-
tion by regulating multiple pathways. Btk and Tec, which 
belong to Tec family kinases, have already known to play a 
key role in proximal BCR signaling. In osteoclastogenesis, 
Btk and Tec are associated with 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) 
together with PLCγ, which is dependent on the activation 
of RANK and ITAM signals. The osteopetrotic phenotype 
in Tec and Btk double-deficient mice revealed that these 
two kinases have a vital role in linking RANK and ITAM 
signals in the regulation of osteoclastogenesis [30]. Studies 
on RANKL signaling revealed that there is a huge overlap 
of the molecules used by the bone and immune systems. 
Therefore, we should consider the interactions between the 
two systems as well as adverse effects in the therapeutic 
targeting of osteoimmune molecules.
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T Cell Regulation of Osteoclastogenesis 
in Arthritis

Osteoclast-like giant cells at the interface between the 
synovium and bone were characterized as authentic oste-
oclasts by bone resorbing activity as well as the expres-
sion of tartrate-resistant acid phosphatase (TRAP) and the 
calcitonin receptor [31, 32]. This finding prompted the 
rheumatologists to investigate the role of osteoclasts in the 
bone destruction in the synovium of RA patients. Inflam-
matory cytokines such as interleukin (IL)-1, IL-6, IL-17, 
and tumor necrosis factor (TNF)-α, highly detected in RA 
synovium, have the potential to induce RANKL on syno-
vial fibroblasts, which causes enhanced osteoclastogen-
esis in joints [33]. Although RANKL is also found to be 
expressed by T cells in the inflamed synovium, the major 
RANKL-expressing cell subset in arthritic joints was 
shown to be synovial fibroblasts using Tnfsf11flox/ΔCol6a1-
cre mice [34].

How T cells induce osteoclastogenesis in arthritis? 
Th1 and Th2 cells produce interferon (IFN)-γ and IL-4, 
both of which inhibit osteoclastogenesis [1, 35]. In RA 
synovium, autoreactive  CD4+ T cells differentiate into 
pathological Th17 cells that are induced by the pro-inflam-
matory cytokines including IL-6 and IL-23. Th17 cells 
accumulate in the synovial joints and produce IL-17 that 
upregulates RANKL on synovial fibroblasts [36, 37]. The 
elevated expression of RANKL increased osteoclastogen-
esis, resulting in severe bone destruction in the joint. IL-17 
derived from Th17 further induces inflammatory cytokine 
including IL-6, TNF-α, and IL-1β by innate immune cells, 
which exacerbate the inflammation as well as RANKL 
induction and stimulation of the osteoclast precursor cells. 
In addition, the inflammatory cytokine stimulates synovial 
cells to produce matrix-damaging enzymes associated with 
cartilage destruction.

The regulatory T cells (Tregs) modulate the immune 
response and are responsible for maintaining tolerance to 
self-antigens and preventing autoimmune diseases. The 
development and function of Tregs require the Foxp3 tran-
scription factor. Using Foxp3-Cre-GFP ROSA-YFP mice, 
in which Foxp3 in Treg cells can be monitored by the 
expression of GFP and YFP,  CD25loFoxp3+ T cells fre-
quently lost Foxp3 expression under arthritic conditions. 
Interestingly, the  CD25loFoxp3+ T cells converted into 
IL-17-producing T cells, which are termed exFoxp3Th17 
cells, whereas  CD25hiFoxp3+ T cells maintained Foxp3 
expression and their regulatory activity. This conversion 
was promoted by arthritic synovial fibroblasts [38]. The 
exFoxp3Th17 cells have a powerful potential to induce 
osteoclastogenesis and promote local inflammation.

Cooperation Between Immune and Bone 
Cells During Fracture Healing

As described above, the understanding of the interaction 
between bone and immune cells in RA reminds us of the 
importance of immune cell involvement in other inflamma-
tory bone disorders and bone regeneration. Fracture repair 
requires multiple processes: blood clot formation at the 
site of injury, an inflammatory phase, callus generation, 
primary bone formation, and secondary bone remodeling 
[39]. Some reports suggest the local inflammation initiates 
bone regeneration by stimulating the migration of mesen-
chymal stem cells, fibroblast, and immune cells such as 
macrophages, neutrophils, and lymphocytes. The immune 
cells are detected in fracture hematoma. Removal of the 
hematoma, which contains macrophages and neutrophils, 
causes delayed fracture healing, indicating the importance 
of the hematoma during fracture healing [40]. Not only 
myeloid cells but also lymphoid cells infiltrate in the frac-
ture site. A recent study suggested that IL-17A acceler-
ates osteogenesis upon fracture healing. Further analysis 
revealed that IL-17-producing Vγ6+ γδ T cells promotes 
bone formation by stimulating the mesenchymal progeni-
tor cells, which express IL-17 receptor A at the injury site 
[41]. These findings provide evidence for the role of γδ T 
cells in fracture repair (Fig. 1).

Contribution of Bone Cells to the Regulation 
of Immune Cells

Although the osteoimmunological researches first cen-
tered on the understanding that immunological responses 
affect bone metabolism, recent studies show that bone 
cells also have a role in the regulation of immune cells. 
Since mature blood cells are short lived, HSCs replenish 
multilineage progenitors throughout life. Therefore, the 
function of HSCs should affect host defense and immune 
system. The importance of the bone marrow microenvi-
ronment is evident from the fact that prolonged culturing 
functional HSCs outside of the animal body is difficult. 
Bone marrow consists of several types of cells including 
bone cells, hematopoietic cells, endothelial cells, and neu-
ral cells [42, 43].

Osteoblasts create new bone that provides a platform to 
maintain HSCs. The endosteal surface in the bone marrow 
was initially proposed to be a key component for support-
ing HSCs [44–46]. These reports attracted the attention 
of researchers on the role of osteolineage cells in regulat-
ing the HSC functions. Osteoblasts were first reported to 
contribute to the regulation of the HSC number, but it was 
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shown that osteoblasts are less relevant to the maintenance 
of HSCs [8, 9, 47, 48]. SCF derived from perivascular 
cells and CXCL12-expressing mesenchymal stem cells 
were both vital for HSC maintenance, while SCF derived 
from osteoblasts did not have much function in HSC regu-
lation [49–51]. Osteoblast-specific deletion of CXCL12 
reduced B-lymphoid progenitors in the bone marrow but 
not HSC number [51]. Furthermore, DLL4 expressed by 
osteoblasts supported T-lineage competent cells [52].

An acute inflammatory condition leads to a lymphopenia 
caused by the reduction of the numbers of peripheral lym-
phocytes and common lymphoid progenitors (CLPs) in the 
bone marrow, which associated with a decrease in the osteo-
blast number [53]. A study of osteoblast-specific deletion of 
IL-7 revealed that IL-7 derived from osteoblasts supported 
CLPs in the bone marrow. Furthermore, virus infection was 
shown to induce a rapid loss of osteoblasts associated with 
elevated levels of circulating inflammatory cytokines [54]. 
Osteoblasts may also have a role in maintaining the bone 
marrow microenvironments to control HSC malignancy. 
Disruption in murine osteoblasts of Dicer, which is an 
RNase III endonuclease essential for microRNA synthesis 
and processing, resulted in HSC malignancy with concomi-
tant osteoporosis [55].

As mice lacking osteoclasts do not have enough space 
to support immune cell differentiation, it seems that bone 
marrow cavity created by osteoclasts are also essential 
for maintaining immune homeostasis. Extramedullary 
hematopoiesis observed in osteopetrotic mice might 
influence the differentiation and function of the immune 
cells [17, 56]. Osteopetrotic patients develop anemia and 

severe infection due to abnormal hematopoiesis [57–59]. 
Pharmacological ablation of osteoclasts by injections of 
zoledronic acid led to a reduction in the expression of 
IL-7 and CXCL12 by stromal cells [60]. When osteoclasts 
degrade the bone matrix, certain factors stored in the bone 
matrix are released. It is possible that some of them are 
involved in maintaining HSCs. During bone resorption, 
TGF-β is released and activated by proteolytic enzymes 
secreted from osteoclasts. TGF-β plays an important role 
in regulating HSC quiescence and self-renewal. Further-
more, there is a report showing that osteoclasts enhance 
HSC mobilization from bone marrow to peripheral blood 
[61]. Although G-CSF-induced mobilization of HSC 
was detected in osteoclast-deficient mice, such as op/op, 
c-fos, and Rankl−/− mice, it has been reported that RANKL 
injection induced HSC mobilization by secreting protease, 
which is able to degrade niche components [61, 62]. These 
studies indicated that osteoclasts contribute to HSC sup-
port by regulating bone marrow microenvironment.

Compared to the understanding of the roles of osteoblasts 
and osteoclasts in the regulation of immune cells in the bone 
marrow, a role of osteocytes in the immune cell differentia-
tion remains unclear. Osteocyte-ablated mice have a defect 
in the bone marrow, thymus, and spleen, resulting in severe 
lymphopenia [63]. Sclerostin is a potent inhibitor of bone 
formation produced by osteocytes. Sclerostin-deficient mice 
exhibits osteosclerosis and a reduction of mature B cells due 
to a decrease in the CXCL12 in bone marrow, suggesting 
that bone marrow microenvironment supported by osteo-
cytes is required for the normal B hematopoiesis [64]. Thus, 
the bone cells regulate the differentiation and function of 

Fig. 1  The effect of IL-17A on bone formation. IL-17A-producing γδ T cells promote bone regeneration by accelerating proliferation and osteo-
blast differentiation of mesenchymal progenitor cells
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immune cells under resting and certain pathological condi-
tions (Fig. 2).

Cellular Communication in the Bone Marrow

Cells in the bone marrow communicate with each other to 
maintain various bone function, but the molecules mediat-
ing the cells in the bone marrow are not fully character-
ized. Osteoclasts can produce bone cell communicating fac-
tors including ephrinB2, S1P, BMP6, and platelet-derived 
growth factor (PDGF)-BB [65–68]. Bidirectional signaling 
ephrinB2 on osteoclasts and EphB4 on osteoblasts enhances 
both osteoblast differentiation and osteoclast suppression 

[65]. Blocking of BMP6 and S1P in osteoclasts inhibits 
mineralization based on an in vitro study [67]. Osteoclast 
precursors also express S1P receptor, and the concentra-
tion of S1P in blood is higher than in tissues. It has been 
reported that S1P-mediated chemotaxis of osteoclast pre-
cursors would contribute to their recirculation from bone 
to systemic blood flow, regulating osteoclastogenesis [66]. 
PDGF-BB derived from preosteoclasts promotes vessel for-
mation needed for the subsequent bone resorption and new 
bone formation. Osteoclasts can also suppress bone forma-
tion by expressing semaphorin (Sema) 4D. The binding of 
Sema4D to Plexin-B1 on osteoblasts inhibits osteoblastic 
bone formation through RhoA activation. Sema4D guards 
the resorption area from bone formation [69].

Fig. 2  The bone marrow microenvironment. Bone cells provide the 
bone marrow microenvironment to support the self-renewal ability, 
multipotency, and quiescence of HSCs. Further, osteoblasts produce 
IL-7, DLL4, and CXCL12 to support common lymphoid progenitors, 
T-lineage competent cells, and B cells, respectively.  Lepr+ perivascu-
lar cells maintain HSCs by producing Stem cell factor (SCF). CAR 
cells,  Nestin+ cells, and mesenchymal stem cells, which can differ-

entiate into osteoblasts and adipocytes, express SCF and CXCL12 
to support HSCs. Non-myelinating Schwann cells contribute to the 
quiescence of HSCs. The impairment of B cell differentiation in scle-
rostin-deficient mice suggested that osteocytes are involved in the B 
cell differentiation in the bone marrow. The function of osteoclasts in 
the mobilization of HSCs is still controversial
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The source of RANKL in bone remodeling had not been 
clear, until osteocyte-specific deletion of Rankl had shown 
that osteocytes are the critical source of Rankl in the adult 
mice. Osteoblast lineage cells also produce osteoprotegerin 
(OPG) which suppresses osteoclast activation by mask-
ing RANKL. A study of Opg-deficient mice indicated that 
another anti-osteoclastogenic factor, Sema3a, is expressed 
by osteoblasts and inhibits osteoclast differentiation. Sema3a 
binds to a receptor complex of the ligand-binding subunit 
Neuropilin-1 and one of the class A plexins. PlexinA1 pro-
motes osteoclast differentiation by activating ITAM signal 
through the formation of the PlexinA1-TREM2-DAP12 
complex in response to ligands such as Sema6D. The bind-
ing of Sema3a to Neuropilin-1 inhibits osteoclast differen-
tiation by sequestering PlexinA1 from TREM2. Further-
more, Sema3a stimulate osteoblast differentiation through 
the activation of the canonical Wnt pathway. Sema3a can 
be considered an osteoprotective molecule derived from 
osteoblasts [70] (Fig. 3). Differentiating osteoblasts also 
express Wnt14. Although low Wnt14 expression promotes 
chondrocyte maturation and enhances endochondral bone 
formation, high levels of the protein blocked endochondral 
bone formation [71].

Coupling factors were thought to regulate the bone 
remodeling processes in the bone marrow, but studies 
on bone cell communication factors suggested that bone 

remodeling is regulated by many more factors functioning 
in a different manner from the classical coupling factors. 
Identification of communication factors mediating interplay 
between bone and immune cells will be an important issue 
in the future.

Conclusion

Studies on arthritic bone destruction shed light on the effect 
of the immune system on bone and the close interplay 
between the immune and bone systems. Research on the 
maintenance of HSCs by various cell types including osteo-
clasts and osteoblasts has shown the clear effect of the bone 
on the immunity, proving the concept of mutual dependency 
of bone and immune systems. Recent studies have indicated 
the role of bone cells in the immune cell malignancy or the 
control of immunodeficiency as well as the role of unrecog-
nized immune cells in the regulation of bone metabolism, 
expanding the horizon of the osteoimmunology. These find-
ings may provide novel molecular basis for the treatment of 
immune diseases by modulating the bone cells in addition 
to the immunotherapy for bone diseases. Further studies are 
needed to get the overall picture of the interaction of bone 
and immune systems.

Fig. 3  The communication in the bone marrow. Bone cells secrete 
the modulating factors of bone resorption and formation. Osteoclas-
togenesis is stimulated by RANKL which is secreted from osteoblast 
lineage cells including osteocytes. Osteoclasts inhibit bone forma-
tion through the expression of Sema4D. TGF-β and IGF are stored 
in the bone matrix and released as soluble factors by bone resorp-
tion. EphrinB2-EphB4 bidirectional signaling links suppression of 
osteoclast differentiation to stimulation of bone formation. PDGF-BB 

secreted by preosteoclasts stimulates angiogenesis, further support-
ing osteogenesis. S1P receptor expressed on osteoclast precursors 
contributes to control the migratory behavior, leading to regulate the 
bone homeostasis. Sema3a not only suppresses osteoclast differen-
tiation but also promotes osteoblastogenesis. OPG is a soluble decoy 
receptor for RANKL and functions as an inhibitor of RANK activa-
tion. Osteocytes produce sclerostin, an inhibitor of bone formation
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