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Osteoimmunology is an interdisciplinary research field
focused on the molecular understanding of the interplay
between the skeletal and immune systems. Recent reports
suggest that a large number of molecules affect both bone
and immune cells. Furthermore, it has been demonstrated
that immune cells express molecules modulating bone cell
development and bone is known to provide important signal
to the hematopoietic and immune cells, which develop in the
bone marrow and then migrate to peripheral organs.
All these concepts are well represented in this special
issue, starting from a large overview of bone cell differentiation, followed by the general mechanisms highlighting the
interaction between bone and immune cells described by G.
Mori et al. The effect of the numerous T-cell subsets on bone
cells is very complex. In particular, a clear overview on Th17
and Treg and their involvement in bone diseases is presented
by M. Wang et al., whereas a more detailed description of the
negative regulatory feedback loop between osteoclasts and
CD8+ T cells that contributes to homeostasis of both the
skeletal and immune systems is provided by Z. S. Buchwald
and R. Aurora.
The first identified pioneer cytokine regulating both bone
and immune systems is RANKL, revised by N. Lo Iacono et
al. The authors also report that a genetic defect impairing
RANKL function leads to a peculiar form of an invalidating
rare bone disease, named autosomal recessive osteopetrosis.
In addition to RANKL, TNF-alpha is another cytokine

known to play a fundamental role during osteoclastogenesis
in the context of inflammatory arthritis, as described by H.
Kitaura et al. Comprehensive reports detailing the interaction
between bone and immune cells in the periodontal diseases
and postmenopausal osteoporosis are reported, respectively,
by A. Di Benedetto et al. and M. F. Faienza et al. The
involvement of T cells in bone metastatic solid tumors has
been carefully reviewed by I. Roato. Immune cell contribution
in multiple myeloma bone disease is well described by A.
Oranger et al. Understanding how bone and immune cells
mutually interact with each other can give rise to new
therapeutical targets as described by A. Corrado et al. in
the context of rheumatoid arthritis. Moreover, T. Fujimura
et al. demonstrated that, in invasive extramammary Paget’s
disease, the administration of bisphosphonates, privileged
antiresorptive drugs, has also an immunosuppressive role in
addition to blocking osteoclast activity.
Recent findings suggested that immune cells are critical
mediators of the effect of different hormones on bone
cells. In particular, G. Colaianni et al. analyzed the Pituitary/Immune/Bone Axis, highlighting the effect immune
cell-mediated of hormones such as FSH and TSH on bone
remodeling. Finally, further sustaining the role of bone cells
on the regulation of haematopoiesis, C. L. Sesler and M.
Zayzafoon demonstrated that the inhibition of NFAT activation in osteoblasts increases bone formation while decreasing
B-cell development in the bone marrow microenvironment.
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These manuscripts represent an exciting and insightful
snapshot of current research on osteoimmunology. State-ofthe-art and emerging future topics are highlighted in this
special issue, which may help to advance the present research
on the crosstalk between bone and immune cells.
Giacomina Brunetti
Giorgio Mori
Patrizia D’Amelio
Roberta Faccio
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Bone-related diseases share the process of immune response that targets bone tissue and bone marrow and then induce adverse
effects on structure and function. In recent years, reciprocal relationship between immune cells and bone systems has been
uncovered gradually. Regulatory T (Treg) and T helper 17 (Th17) cells are newly identified subsets of CD4+ T cells, and the balance
between them is particularly essential for maintaining immune homeostasis. Accumulated data have demonstrated quantitative or
functional imbalance between Th17 and Treg in bone related diseases, suggesting that Th17 and Treg cells are involved in these bone
diseases. Understanding the molecular mechanisms regulating Th17 and Treg cells will create opportunities for the development of
therapeutic approaches. This review will present the role of Th17 and Treg cells in the inflammatory bone diseases and bone marrow
malignancies and find the potential therapeutic target for immunotherapy.

1. Introduction
Inflammatory bone diseases share the presence of an inflammatory process that targets the bone tissue and then induces
adverse effects on structure and function [1]. Chronic inflammatory bone diseases are a major health problem as they
are linked to increasing disability and loss of motor function. Rheumatoid arthritis (RA) and the different forms of
spondyloarthritis (SpA) are chronic inflammatory diseases
with persistent activation of the immune system [2, 3].
These inflammatory bone diseases can be further defined
as a group of chronic musculoskeletal disorders with common inflammatory pathways, characterized by joint organ
and tissue damage, increased morbidity and mortality, and
reduced quality of life. From a pathological perspective, not
only changes in the immune system but also molecular and
cellular pathways that determine bone tissue homeostasis
and remodeling will determine the outcome of these diseases
[4]. Moreover, as inflammation and alterations in immune
system play an important role in hematopoietic malignancies,
it is important to investigate the role of dysimmunity in
bone marrow malignancies. Recently, accumulated evidence
has demonstrated that T helper 17 (Th17) and regulatory T
(Treg) cells imbalance plays a key role in the pathogenesis of
these diseases. Th17 and Treg cells are two newly identified

Th subsets, which have opposite effects on autoimmunity and
inflammation. Th17 cells have a proinflammatory role and
have been implicated in many inflammatory conditions in
humans and mice, while Treg cells have an anti-inflammatory
role and maintain tolerance to self-components by regulating
the activity of effector T cells [5, 6]. Many people worldwide
are affected by bone-related diseases, so understanding the
molecular mechanisms of these bone diseases is crucial for
developing novel drugs. This review will present the role
of Th17/Treg cells in the inflammatory bone diseases and
bone marrow malignancies and find the potential therapeutic
target for immunotherapy.

2. Th17 and Treg Cells
Activated CD4+ Th cells differentiate into distinct functional subsets, characterized by heritable patterns of cytokine
secretion and the expression of specific transcription factors
or so-called master regulators [7, 8]. Along with classical
Th1 and Th2 cells, new subsets of T cells continue to be
recognized. Of these new subsets, Th17 and Treg cells have
attracted tremendous attention because of their connection
with inflammatory and autoimmune diseases [9].
Recently, a complete novel separate lineage of CD4+
Th cells that preferentially produce IL-17 was identified,
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named Th17 cells. Th17 cells differentiate from naı̈ve T
cells in the presence of TGF-𝛽 plus IL-6 in the mouse,
or TGF-𝛽 plus inflammatory stimuli in the human. The
inflammatory stimuli in the human setting can be IL-1𝛽, IL6, IL-21, and/or IL-23. IL-23 is dispensable for the lineage
commitment of Th17 cells but is required for the growth,
survival, and functions of Th17 cells [10, 11]. Soon after the
discovery of Th17 cells, Ivanov et al. reported that retinoidrelated orphan receptor (ROR)𝛾t is selectively expressed in
Th17 cells and is required for Th17 differentiation. ROR𝛾t
expression is induced by the combination of IL-6 and TGF𝛽 through Stat3 [12]. Th17 cells are characterized by the
production of proinflammatory cytokines, including IL-17A,
IL-17F, IL-21, and IL-22. IL-17, the most important effector
cytokine, is involved in promoting the expression of many
proinflammatory cytokines, chemokines and mediators that
contribute to inflammation. IL-21, as an autocrine regulatory factor of Th17 cells, plays a key role in inducing the
differentiation of Th17 and inhibiting the function of Th1
and Treg cells [13, 14]. It has been reported that Th17 cells
can recruit neutrophils and macrophages to participate in
and amplify the inflammatory reaction. The overproliferation
and dysfunction of Th17 cells could lead to the amplification
of local inflammation, thus intensifying the tissue damage.
Numerous studies have indicated that the involvement of
Th17 cells in the pathogenesis of many autoimmune diseases
and inflammatory conditions, such as RA, systemic lupus
erythematosus (SLE), and inflammatory bowel disease (IBD)
[15–17]. Therefore, Th17 cells play a critical role in host
defense against certain extracellular pathogens and also contribute to various inflammatory and autoimmune diseases. In
humans, therapeutics targeting Th17 cells or related cytokines
may offer some new approaches to some inflammatory and
autoimmune diseases [18].
CD4+CD25+Foxp3+ Treg cells are a specialized Th cell
subset that is engaged in maintaining peripheral tolerance, preventing autoimmune diseases, and limiting chronic
inflammatory diseases by suppressing and regulating the
effector function of Th cells [19]. A number of different
types of Tregs have been characterized. The most prominent
types are natural Tregs (nTregs), which naturally occur in the
thymus, and inducible Tregs (iTregs), which can be induced
in peripheral lymphoid tissues from naı̈ve T cells [20].
Natural Tregs are a population of CD4+ lymphocytes residing
in the thymus and constitute 5–10% of the peripheral naı̈ve
CD4+ T lymphocyte pool in normal mice and humans. They
play a significant role in the maintenance of immunological
self-tolerance and the modulation of immune responses [21,
22].
Induced Tregs are found in peripheral lymphoid tissues
from naı̈ve T cells [23]. These iTregs development is driven
by the release of suppressor cytokines such as IL-10 and
TGF-𝛽 [24]. The suppressive activity of Tregs is associated
with the overexpression of Foxp3, the forkhead transcription
factor uniquely expressed by Treg cells, which plays a critical
role in controlling the development and functions of nTreg
[20]. Although the differences and similarities between these
two populations are yet to be fully elucidated, both have
been considered to be essential for immune homeostasis.
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The current notion is that nTreg cells mediate suppression in a cell contact-dependent manner, while iTreg cells
predominantly mediate suppression via cytokine-dependent
pathways by releasing suppressor cytokines such as TGF𝛽 and IL-10 [20]. Numerous studies in animal models of
autoimmunity showed that defects in CD4+CD25+Foxp3+
cells can contribute to the development of autoimmune
diseases and that these diseases could be reversed by the
adoptive transfer of Treg cells [25]. Therefore, Treg cells may
play a crucial role in human autoimmune diseases by exerting
their suppressive function, and Treg-related somatic cell
therapy is considered as an intriguing new intervention for
autoimmune diseases [26]. In light of the opposite functions
of Th17 and Treg cells, an imbalance between them may be
involved in the occurrence and development of various bonerelated diseases.

3. Th17 and Treg Cells in Inflammatory
Bone Diseases
The development and homeostasis of the vertebrate skeletal system depends on a dynamic balancing between the
activities of bone-forming osteoblasts and bone-resorbing
osteoclasts [27]. Tipping this balance in favor of osteoclasts formation leads to pathological bone resorption [28].
Bone loss and osteoporosis-related fractures represent one
of the most important complications that may occur in
patients with rheumatic diseases. Researches into the bone
destruction associated with inflammatory bone diseases have
highlighted the importance of the interplay between the
immune and skeletal systems, and accumulated evidences has
indicated that Th17 and Treg cells are both involved in the
process of osteoclastogenesis [29, 30].
3.1. Th17 and Treg Cells in Osteoclastogenesis. Osteoclasts are
large and multinucleated cells formed by the fusion of precursor cells of monocyte/macrophage lineage, and they are the
only cells capable of resorbing bone [31]. The minimal essential cytokines required for osteoclast formation under basal
conditions are receptor activator of NF-𝜅B ligand (RANKL)
and macrophage colony stimulating factor (M-CSF). RANKL
and M-CSF are produced by bone marrow stromal cells,
osteoblasts and activated T cells. The co-stimulation by
RANKL and M-CSF is essential for the differentiation of
monocytes/macrophages into osteoclasts [32]. Aberrant regulation of osteoclast precursors (OCPs) generation, mobilization, differentiation, and activation by cytokines such as
tumor necrosis factor (TNF) may have a major impact on the
development and progression of inflammatory bone loss [33].
It is notable that Th1 and Th2 cells inhibit osteoclastogenesis through producing inhibitory cytokines, IFN-𝛾 and
IL-4, respectively. Recently, it was reported that Th17 cells
and related cytokines were shown, exclusively among T-cell
subsets, to have the capacity to induce osteoclastogenesis
[34]. IL-17 induces RANKL on osteoclastogenesis-supporting
mesenchymal cells, such as osteoblasts and synovial fibroblasts. IL-17 also enhances local inflammation by increasing

Clinical and Developmental Immunology
the production of inflammatory cytokines including TNF-𝛼,
IL-6 and IL-1, which further promote RANKL expression and
activity. On the other hand, Th17 cells may also contribute
directly to bone loss by producing RANKL. Therefore, the
infiltration of Th17 cells into the inflammatory lesion is the
link between the abnormal T-cell response and bone damage
[35].
Tregs have an immunosuppressive function and inhibit
monocyte differentiation into osteoclast in vitro. In recent
years, several groups have reported the inhibitory effect of
Treg cells on osteoclastogenesis and bone resorption, but no
consensus regarding their inhibitory mechanisms has been
established. Zaiss et al. showed that CD4+CD25+Foxp3+T
cells purified from mouse spleen inhibited osteoclast formation partially via IL-4 and IL-10 production but mainly
through cell-to-cell contact via cytotoxic T lymphocyte
antigen 4 (CTLA4) [36]. However, Kim et al. [37] and
Kelchtermans et al. [38] showed that human Tregs isolated
from peripheral blood mononuclear cells (PBMCs) suppressed osteoclastogenesis in a cytokine-dependent manner by the production of TGF-𝛽 and IL-4, not cell-tocell dependent manner. It was reported that Tregs were
expanded in vitro with anti-CD3 and anti-CD28 antibodycoated beads, and increased expression of osteoclastogenesisinhibiting cytokines, especially GM-CSF, IFN-𝛾, IL-5 and
IL-10 [38]. Furthermore, Luo et al. recently reported that
human PBMCs-derived CD4+CD25+Treg cells suppressed
osteoclastogenesis and bone resorption in a TGF-𝛽1 and
IL-10 cytokine-dependent manner [39]. It seems that TGF𝛽1, IL-10, and IL-4 are main cytokines that are well known
to inhibit osteoclastogenesis and it is likely that Treg cells
exert inhibitory effects on inflammatory associated bone
destruction. Additional studies would be needed to determine how Tregs affect osteoclast-mediated bone destruction
under inflammatory conditions.
3.2. Th17 and Treg Cells in Osteoporosis. Osteoporosis is a
systemic skeletal disease, largely characterised by low bone
mass and microarchitectural deterioration of bone tissue,
leading to enhanced bone fragility and consequent increase
in fracture risk [40]. Subsequent to achieving the optimal
level of bone mineral density in early adulthood, however,
the skeleton in men and women exhibits an age-associated
decline of bone mass. This progression toward osteoporosis
is accelerated in postmenopausal women due to declining
levels of estrogen, a hormone that exhibits osteoprotective
properties through promoting osteoblast synthetic activity
and retarding bone resorption by osteoclasts [41]. Estrogen deficiency can lead to increased osteoclast formation,
decreased levels of osteoclast apoptosis and an increased
capacity of mature osteoclasts to resorb bone [39]. While
estrogen can regulate skeletal remodeling by directly targeting osteoblasts and osteoclasts, it has also been reported
to indirectly influence bone mass by targeting the immune
system [41]. Estrogen has long been known to have an impact
on CD4+ T lymphocytes physiology; however, the contribution of the Tregs and Th17 to the onset and progression of
postmenopausal osteoporosis is disputed [42].
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It is well known that estrogen can stimulate proliferation
and differentiation of Treg cells, which have been shown
to suppress osteoclast formation [43]. In a further study,
Luo et al. indicated that estrogen enhances the suppressive
effects of Treg cells on OC differentiation and bone resorption
by stimulating IL-10 and TGF-𝛽1 secretion from these cells
[39]. Th17 cells are regarded as the most osteoclastogenic
subset of Th cells because they produce high levels of proosteoclastic cytokines [44]. Tyagi et al. investigated the effect
of estrogen on Th17 differentiation and demonstrated that
estrogen suppressed IL-17 mediated osteoclast differentiation
and estrogen deficiency induced the differentiation of IL17 secreting Th17 cells [45]. The differentiation of Th17 is
inhibited by estrogen via a direct effect mediated by estrogen
receptor alpha (ERa) [46].
The data reviewed above strongly support the hypothesis
that the bone loss induced by estrogen deficiency is due
to a complex interplay of hormones and cytokines that
converge to disrupt the process of bone remodeling [44].
Treg and Th17 cells play a pivotal role in the mechanism of
estrogen deficiency-induced bone loss and may be considered as potential therapeutic targets in pathogenesis of post
menopausal osteoporosis.
3.3. Th17 and Treg Cells in Rheumatoid Arthritis. Rheumatoid
arthritis (RA) is a chronic autoimmune disease with persistent inflammation of multiple synovial joints, which results
in progressive tissue destruction of bone and cartilage. The
pathogenesis of this destructive disease was classically viewed
as a result of Th1/Th2 imbalance characterized by enhanced
Th1 response in driving RA, but recent studies in the field of
immunopathology have challenged the classical paradigm for
RA [47].
Accumulated researches have demonstrated that both
Th17 and Treg subsets play an opposite but vital role in the
pathogenesis of RA. It was reported that RA patients revealed
an obvious increase in peripheral Th17 frequencies and Th17related cytokines (IL-17, IL-23, IL-6, and TNF-𝛼) levels, while
there is a significant decrease in Treg frequencies and Tregrelated cytokine (TGF-𝛽1) level [47]. Furthermore, in another
study, Th17 as well as IL-17 in RA synovial fluid (SF) was
found to be significantly higher than that in RA peripheral
blood (PB) and normal SF [48]. In addition, several other
studies have evaluated the tissue distribution of IL-17 in RA,
though discrepancy existed, and mostly agreed that IL-17 are
elevated in the SF, synovial tissue (ST), and PB in RA patients,
suggesting the potential role of IL-17 in the development
of RA [49]. IL-17 induces RANKL expression by synovial
fibroblasts and osteoblasts to indirectly drive bone erosion
and to activate synovial macrophages to secrete the known
osteoclastogenic factors TNF and IL-1𝛽 [50, 51]. Furthermore,
upregulated IL-17 and TNF-𝛼 can exert synergistic effects
on stimulating synovial fibroblasts and epithelial cells to
secrete proinflammatory cytokines such as IL-6, IL-8, and
prostaglandin E2 and neutrophil chemokines, which mediate
tissue infiltration and inflammation [47]. All of these effects
together lead to joint and cartilage destruction and bone
resorption in RA. More recently, Kim et al. compared Th17
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and related cytokines between active and inactive RA and
demonstrated that elevated levels of Th17 cells in circulation
were associated with disease activity [52]. Another study
reported that the frequency of Th17 cells correlated with
markers of disease activity in RA, such as C-reactive protein
(CRP) and tender joint count. Moreover, IL-17 expression
levels correlated with poor prognosis and greater joint
destruction [49, 53].
CD4+CD25+ Treg cells have a central role in protecting
an individual from autoimmunity. An experimental model of
collagen-induced arthritis (CIA) is exacerbated by depletion
of Treg cells [54]. Several analyses of Treg numbers in the
peripheral blood of subjects with RA have produced differing
results. Cao et al. reported that Treg population in PB has
shown no difference from that of controls, while Tregs in
synovial fluid were significantly higher [55]. On the other
hand Lawson et al. showed a modest decrease in Treg cells in
untreated patients with early stage RA and made a conclusion
that early RA is associated with a deficit in the CD4+CD25
high Treg cells [56]. However, these two findings contrasted
with observations by Han et al. who reported an increase in
the relative and absolute numbers of Treg cells in the PB of
RA patients [57]. Despite these differences, there is a general
agreement that the percentage of Treg is higher in the synovial
fluid of RA patients than that in controls. Furthermore, analysis of Foxp3 mRNA and protein expression also supported the
conclusion that the CD4+CD25+ Treg population isolated
from RA patients were indeed abundant [58–60]. A potential
explanation for the enrichment of Treg cells in arthritic
joints is that the expression of specific pattern of chemokine
receptors leads to preferential trafficking of Treg cells to the
disease site, so the number of Treg in PB is relatively lower
[61]. Although the frequency of CD4+CD25+ Treg cells is
higher in the SF than that in PB of RA patients, there is still
persistent inflammation in the joint, suggesting that the Treg
cells are ineffective to control inflammatory responses [62].
There is increasing evidence that the suppressive function of
these Treg cells is defective. One group reported a striking
defect in the capacity of Tregs from RA patients to suppress
effector T cell proliferation [63]. Ehrenstein et al. identified
a focal defect in their ability to suppress the production of
two principle proinflammatory cytokines, IFN-𝛾 and TNF,
by effector T cells [64]. Subsequent studies by this group
have shown that this defect is associated with decreased
surface expression of CTLA4 on Tregs and this defect can
be reversed by overexpression of CTLA4 in these Treg cells
[65]. It also showed that activated responder T cells from
SF were more resistant to suppression by Treg cells than
responder T cells isolated from PB [66]. However, resistance
of effector T cells to suppression has not been tested in RA
and was not the reason for the impaired suppression [64].
Due to the impaired regulation of Treg cells in RA, adoptive
transfer of CD4+CD25+ Foxp3+ T cells could be an effective
treatment.
Taken together, the imbalance of Th17 and Treg cells
exerts a significantly critical impact on the process of RA, and
targeting these two T cell lineages and/or its osteoclastic factors may provide alternative strategies to treat inflammatory
joint diseases.
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3.4. Th17 and Treg Cells in Periodontitis. Periodontitis is a
chronic bacterial infectious inflammatory disease that affects
the gingival and the bone supporting the teeth. Bacterial
plaque stimulates the host inflammatory response leading to
tissue damage and bone resorption. Despite many studies in
the past years focused on bacterial plaque, osteoimmunology,
as a cause of periodontitis, attracts more attention nowadays
[67]. The bacterial biofilm is the initial factor of periodontitis,
but the major periodontal tissue destruction might result
from a series of immune inflammatory reactions in response
to bacteria [68]. Periodontitis is one of the most important
causes of tooth loss and the most prevalent form of bone
pathology. In contrast to most other diseases in the field of
osteoimmunology, such as osteoporosis or RA, the immune
system has a dual role in the pathology of periodontitis.
Immunological response is destructive and responsible for
tissue degradation, while it is also necessary to control the
infection and the bacterial invasion adopting a protective
attitude [69]. In the past 20 years, the pathogenesis of periodontitis was classically viewed as Th1/Th2 paradigm, which
cannot accurately elucidate the pathogenesis of periodontal
disease. Recently, it has been studied that Th17 and Treg cells
have been found to play major roles in periodontal disease
[68].
Th17 and Th17-related cytokines have been demonstrated
to take part in the inflammatory process of periodontitis.
It was reported that Th17 cells were found infiltrated in
periodontal tissues in chronic periodontitis patients, and IL17 level in gingival crevicular fluid was significantly increased
[70]. Gingival concentrations of IL-23, IL-17, IL-6, IL-1𝛽, and
TNF-𝛼 were significantly higher at severe clinical attachment
loss (CAL) sites than those at normal-slight CAL sites [71].
Recently, a study reported that after nonsurgical periodontal
therapy, the levels of IL-17 and IL-21 were downregulated,
and the expression of ROR𝛾t was decreased correspondingly [69]. IL-17 as a pro-inflammatory cytokine enhances
osteoclastogenesis by amplifying the pro-inflammatory loop
of IL-1𝛽, IL-6 and TNF-𝛼 expression and by increasing the
level of RANKL and matrix metalloproteinases (MMPs) [69].
Moreover, IL-17 seems to play an important role in the
mobilization and activation of neutrophils after pathogenic
attack [72].
In addition to Th17, Treg infiltration may play a role
in periodontal disease. Immunohistological and gene expression study has shown increased Tregs and Foxp3
in periodontitis [73]. Kobayashi et al. showed that the
CD4+CD25+Foxp3+ T cells were significantly increased in
the later stage of infection with P. gingivalis. Of importance,
intracellular IL-10 analysis showed a higher frequency of IL10-producing CD4+ T cells in inflamed gingiva than that in
normal tissue. These results suggest that there are potential
roles for Treg cells during the chronic stage of periodontitis in
the downregulation of inflammatory responses through their
IL-10 production [74]. The mediating and protective role of
Treg cells was confirmed in experimental periodontitis and
their anti-inflammatory property does not influence defense
mechanisms against bacterial attack [75]. Furthermore, Tregs
can inhibit osteoclast formation via IL-10 and TGF-𝛽1 signaling pathways [39]. Therefore, Treg cells which are present in
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periodontal tissue represent a protective Th subset by their
anti-inflammatory and antiresorptive properties.
Thus, the above evidence demonstrates that early inflammatory responses in periodontal disease initiate CD4+ effector T cells activation, followed by Th17 and Tregs induction
that may contribute to the chronic stage of periodontitis
[74]. Further studies are needed to test this hypothesis and
to determine the role of the two subsets in periodontal
inflammation.

4. Th17 and Treg Cells in Bone
Marrow Malignancies
In addition to providing mobility and protection for vital
organs, the skeleton also serves as an essential environment
in which hematopoiesis occurs. Hematopoietic stem cells
(HSCs) are maintained in the bone marrow and the stromal
cells that reside within the bone marrow and line the
endosteal surfaces provide a niche rich in growth factors,
cytokines, and adhesion molecules that sustain the pluripotent state and self-renewal of HSCs. However, the fertile
microenvironment within the bone marrow can also provide
a niche for the development and proliferation of certain
neoplastic diseases, including hematological malignancies
and metastatic solid tumors [76]. Accumulated evidences
demonstrates that active function and trafficking of immune
cells are observed in the bone marrow, suggesting that bone
marrow is an immune regulatory organ, and the immune
cells in the bone marrow may play an important role in bone
marrow-mediated immunity and may serve as a therapeutic
target for bone marrow-related diseases [77].
Accumulating data demonstrated that both Th17 and Treg
cells are involved in the occurrence and development of
various solid tumors, and the balance between Treg and Th17
cells is particularly essential for maintaining homeostasis of
antitumor immunity [78]. Contrary to solid tumors, there
are few studies regarding the role of Th17 and Treg cells in
hematological malignancies [79].
4.1. Th17 and Treg Cells in Multiple Myeloma. Multiple
myeloma (MM) is a relatively common hematological malignancy characterized by the clonal proliferation of malignant
plasma cells in bone marrow compartment, secretion of
monoclonal immunoglobulin, and suppression of normal
immunoglobulin production and hematopoiesis. Although
multiple myeloma is a neoplasm of B lineage differentiated cells, a complex range of numerical, phenotypic, and
functional abnormalities within the T cell compartment
of patients is well recognized [80]. However, the number
and function of Treg and Th17 cells in MM patients are
controversial.
Tregs play an important role in decreasing the host
response to tumors as they have been reported to be increased
in many malignancies [81, 82]. However, there are significant
disagreements in the literature concerning Treg numbers and
function in myeloma. Prabhala et al. demonstrated that Tregs
were significantly reduced in monoclonal gammopathy of
undetermined significance (MGUS) and MM. These Treg
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cells were described as dysfunctional and unable to suppress
the proliferation of T lymphocytes in an organized manner
[83]. In contrast, other authors found that they were increased
in MGUS as well as in untreated and treated MM [84].
Additionally, another study did not find significant difference
of the number and function of Treg cells in the peripheral
blood or bone marrow between normal individuals and MM
patients [85]. The conflicting results for Treg cells in myeloma
may be due to the different purification techniques utilized.
More recently, in bone marrow from patients with
myeloma, Dhodapkar et al. demonstrated a higher proportion of Th17 cells [86]. In addition, another study indicated
the increased Th17 cells in MM patients promote myeloma
cell growth and dysregulate immune function both in vitro
and in vivo via IL-17 receptors (IL17R) and inhibited Th1
responses [87]. It has also been reported that Th17 but not
Treg cells mediate the bone marrow infiltrating lymphocytes
of patients with myeloma [88]. Interestingly, interactions
between MM cells and the bone marrow microenvironment
lead to production of a number of cytokines and chemokines
with immunomodulatory activity that may skew Th subsets
toward Th17 cells. The interplay between TGF-𝛽 and IL-6
which are both expressed at high levels in MM bone marrow
may affect generation of Th17 cells both directly and via other
proinflammatory cytokines and thereby modulate antitumor
immune responses [89, 90]. Recently, Shen et al. also demonstrated significant increase of Th17 cells in patients with
MM, together with increased Th17-associated cytokines (IL6, IL-17, IL-1𝛽, and IL-23) [91]. The increased concentration
of Th17-related cytokines together with the increased Th17
frequencies may contribute to the pathogenesis of MM and
may be an important therapeutic target for anti-MM activity.
4.2. Th17 and Treg Cells in Myelodysplastic Syndromes.
Myelodysplastic syndrome (MDS) is a heterogeneous group
of HSCs disorders characterized by immune mediated
bone marrow failure and leukemic progression in the early
(E-MDS, low/intermediate-1 risk) and late stage (L-MDS,
intermediate-2/high risk) of the disease, respectively. An
important mechanism in BM failure in this syndrome is the
increased apoptosis of hematopoietic progenitors and their
progeny [92]. Various autoimmune phenomena have been
reported in MDS and indicate that autoimmune responses
may play a role in the pathogenesis of MDS [93]. Although
many clinical and experimental data suggest the involvement
of T lymphocytes in the pathogenesis of MDS, the actual
effect exerted by Th cells in this scenario is yet to be unsettled
[94]. Among different subsets of CD4+ T cells, Th17 and
Treg cells have been shown to have a significant correlation
with MDS stage and risk of disease progression [95]. MDS
ranged from cases with low-risk disease and minimal blast
cell number to others who present with advanced disease and
rapid disease progression to AML [96]. The pathophysiology
of such disease subtypes is likely to be quite disparate. As
such, these two subsets of CD4+ T cells are briefly reviewed
here.
As Tregs are known to influence autoimmunity and
tumor progression, both of which seem to play a crucial
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role in MDS pathogenesis, evaluating them in this context
could potentially offer new insights into the biology of these
disorders. Kordasti et al. showed a significant increase of
polyclonal CD4+CD25 high Foxp3+ Tregs in PB of highrisk MDS compared with low-risk or healthy age-matched
donors. By contrast, in low-risk MDS, the Treg population
tended to be lower, thereby permitting the emergence of
autoimmune responses, including those directed against the
dysplastic clones [97]. Therefore, they suggested that Tregs
expansion was a feature of high-risk MDS and progression to aggressive subtypes of the disease. Moreover, a
significant correlation was demonstrated between increased
number of Tregs and several indicators of disease activity
[97]. Subsequently, Kotsianidis et al. found that Tregs were
dysfunctional, and their bone marrow homing through the
CXCL12/CXCR4 axis was seriously impaired as a result of
CXCR4 downregulation in E-MDS. Conversely, in L-MDS,
Tregs were systemically and locally expanded and retained
their normal function and migratory capacity. Moreover, the
decreased Tregs were also noted in patients responding to
treatment for MDS [98].
Therefore, these studies support the hypothesis that the
decreased number and impaired function of Tregs may
facilitate the emergence of autoimmunity in E-MDS, whereas
the increase of Tregs in L-MDS may permit the expansion
of leukemic clones [96]. Bouchliou et al. demonstrated for
the first time that Tregs displayed deficient proliferative
capacity during the E-MDS, while in L-MDS, Treg proliferation returned to normal levels. Thus, the recovery of Tregs
proliferative activity might represent a candidate mechanism
for the observed Tregs expansion in L-MDS. Despite being
incompletely understood, the mechanisms of Tregs expansion encompass increased migration to tumor sites, induction
of adaptive Tregs from CD4+CD25− T effectors, and local
activation and proliferation of Tregs [99].
Currently, there are two reports address discrepant ideas
that Th17 cells operate to regress or enhance leukemic
progression of MDS. Kordasti et al. showed that Th17 cells
were markedly increased in low-risk MDS compared with
high-risk MDS, and an inverse relationship between Th17
and Treg cells was also described. The Th17: Treg ratio was
significantly higher in low-risk disease compared with highrisk MDS and was correlated with increased bone marrow
apoptosis. The “unfavorable” Th17: Treg ratio may explain
the higher risk of autoimmunity and the improved response
to immune suppression in low-risk MDS compared with
high-risk MDS. The level of apoptosis was higher in bone
marrow of low-risk patients with higher Th17 and related
proinflammatory cytokines expression, and there was also a
linear correlation between the number of Th17 and apoptosis,
suggesting that Th17 may potentially induce apoptosis then
ultimately bone marrow failure [97]. Therefore, it suggested
that bone marrow failure in low-risk MDS may occur as a
consequence of increased apoptosis induced by the inflammatory environment mediated mainly by Th17 and related
proinflammatory cytokines [98]. In contrast, Bouchliou
et al. observed decreased number and hypofunctionality of
bone marrow Th17 cells in E-MDS patients but increased
number of functionally competent bone marrow IL-17+ cells
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in L-MDS patients. They observed that Th17 displayed a
reduced capacity to produce IL-21 and IL-22 in E-MDS
and was remarkably upregulated during disease progression.
Th17 effector function at the single cell level appears to be
compromised during E-MDS, whereas in L-MDS patients
the cytokine secretion of Th17 cells is substantially increased,
indicating a generalized compromise in the Treg/Th17 axis
during the early MDS stage [99].
Collectively, a clear difference exists between low-risk and
high-risk MDS in terms of their immunological environment
and the phenotypes of their CD4+ T cells, suggesting that
high, and low-risk MDS should be considered as distinct
disorders. These findings open a new arena within MDS
immunobiology research which will ultimately help clinicians identify those patients who are more likely to respond
to immune-modulating agents.
4.3. Th17 and Treg Cells in Acute Myeloid Leukemia. Acute
myeloid leukemia (AML) is the most common hematological
malignancy in adults, characterized by distorted proliferation
and development of myeloid cells and their precursors [100].
Although the involvement of immune system impairment
in the pathogenesis of AML has long been recognized, the
explicit immune mechanism, especially Th17 and Treg cells,
remains unknown [101].
Though recent studies suggested that Th17 cells may play
a role in the pathogenesis of many human solid tumors
[101, 102], there are few studies about Th17 cells in AML. Wu
et al. suggested a role of Th17 cells in the pathogenesis of
AML. They observed that Th17 levels along with IL-17 levels
were significantly increased in peripheral blood of untreated
AML patients, and reduced when patients achieved complete
remission after chemotherapy, suggesting that measurement
of Th17 may have clinical value in the evaluation of therapeutic effect [103]. However, another study reported that
circulating Th17 cells showed no difference between healthy
individuals and AML patients [104]. Therefore, the precise
involvement of Th17 cells in AML pathogenesis remains
unsettled and needs to be clarified in the future.
In comparison with solid malignancies, relatively little
information is available about functional characteristics of
Treg or their clinical significance in AML patients. It was
reported that suppressive Tregs contribute to a defective
antileukemic immune response in the development and
persistence of AML [105]. Wang et al. have shown an
increased Treg in the peripheral blood of AML patients and
a concomitant elevation in bone marrow [106]. Szczepanski
et al. demonstrated that circulating Tregs were significantly
higher and their phenotype was distinct in AML patients
relative to normal controls. They also showed that Tregmediated suppression was mainly by IL-10 and TGF-𝛽1
production as well as cell-to-cell contact. Patients with
lower Treg frequency at diagnosis had a better response
to induction chemotherapy. Interestingly, during the postinduction period, Treg frequency and suppressive activity
remained elevated in complete remission, suggesting that
Tregs were resistant to conventional chemotherapy [107].
Therefore, increased Tregs are found in AML patients and
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are associated with poor prognosis, and the depletion of
Tregs improves outcomes [105]. On the basis of these studies,
manipulation of Tregs may become a part of AML treatment
in the future.

5. Conclusion
Th17 and Treg cells are two mutually contradictory T cell subsets. Th17 cells are identified as the major cell type involved in
orchestrating tissue inflammation and autoimmunity, while
Tregs play a central role in maintaining immune tolerance
by suppressing immunoreactions. It is important to maintain
an appropriate balance between Th17 and Treg cells that
can ensure effective immunity while avoiding inflammatory and autoimmune diseases. Accumulated evidence has
demonstrated quantitative or functional imbalance between
Th17 and Treg in bone-related diseases, suggesting that Th17
and Treg cells are involved in these bone diseases. A better
understanding of the molecular mechanisms regulating Th17
and Treg cells will create opportunities for the development
of therapeutic approaches for bone-related diseases.
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In the last two decades, numerous scientists have highlighted the interactions between bone and immune cells as well as their
overlapping regulatory mechanisms. For example, osteoclasts, the bone-resorbing cells, are derived from the same myeloid
precursor cells that give rise to macrophages and myeloid dendritic cells. On the other hand, osteoblasts, the bone-forming
cells, regulate hematopoietic stem cell niches from which all blood and immune cells are derived. Furthermore, many of the
soluble mediators of immune cells, including cytokines and growth factors, regulate the activities of osteoblasts and osteoclasts.
This increased recognition of the complex interactions between the immune system and bone led to the development of the
interdisciplinary osteoimmunology field. Research in this field has great potential to provide a better understanding of the
pathogenesis of several diseases affecting both the bone and immune systems, thus providing the molecular basis for novel
therapeutic strategies. In these review, we reported the latest findings about the reciprocal regulation of bone and immune cells.

1. Introduction
Bone remodelling, a coordinated process between formation
and degradation of bone, respectively managed by osteoblasts
(OBs) and osteoclasts (OCs), ensures the bone homeostasis.
In physiological conditions, canonical OC formation requires
macrophage colony-stimulating factor (MCSF) and receptor
activator factor of nuclear factor kB ligand (RANKL) [1],
which act on cells of the monocyte-macrophage lineage,
inducing their fusion to form polynucleated active resorbing
cells. However, a number of other cytokines and growth
factors are known either to substitute these two molecules
inducing a noncanonical OC formation or to act indirectly
on osteoclastogenesis promoting RANKL release from other
cells [1]. Physiologically, osteoclastogenesis is sustained by
OBs, cells arising from the bone marrow stromal cells
(BMSCs) which following the activation of different pathways
and specific transcription factors, such as Cbfa1/Runx2,
differentiate in mature cells producing bone matrix [2].
Consistently, OB activity can be also regulated by OCs.

In the attempt to understand the mechanisms regulating
bone remodelling, it has been found that skeletal homeostasis is dynamically influenced by the immune system, and
lymphocyte- or macrophage-derived cytokines are among
the most potent mediators of osteoimmunological regulation
[3, 4]. Thus, in this review we will describe osteoclastogenesis,
osteoblastogenesis, and the role of immune system in regulating the activity of bone cells.

2. Osteoclastogenesis
OCs are formed by the attraction of myelomonocytic precursors to the resorption site, followed by their fusion, and
attachment of the subsequent multinucleated cell to the
bone surface. This process requires the activation of critical
intracellular pathway as well as specific cytokines, primarily
M-CSF and RANKL, but also TNF-𝛼, IL-1, IL-7, IL-17, IL23, IL-6, TGF𝛽, and IFN𝛾. Most of these molecules are also
involved in the regulation of immune system and this may
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explain some of the relationship between immune and bone
cells [5].
2.1. M-CSF. M-CSF is a homodimeric glycoprotein, produced by OBs and bone marrow stromal cells, that binds
to high-affinity receptors (c-fms) expressed on cells of the
monocyte/macrophage lineage. Homozygous disruption of
M-CSF coding sequences in osteopetrotic (op/op) mice
severely impairs production of macrophage populations
underlying the importance of M-CSF for their development
[6]. M-CSF induces the proliferation of OC precursors, their
differentiation and increases the survival of mature OCs [7];
OC formation occurs when monocytes are costimulated by
the essential osteoclastogenic factors M-CSF and RANKL.
2.2. RANKL/RANK/OPG System. A central role in OC biology is played by the receptor activator of NF-kB ligand
(RANKL), that is essential for osteoclastogenesis and bone
resorption [8]. Mice and humans deficient in the RANKL
gene completely lack OC and exhibit variable forms of
osteopetrosis. RANKL has also been implicated in regulation
of immune response and in arterial wall calcification [5,
9]. The functional receptor for RANKL, RANK, is encoded
by a tumour necrosis factor receptor (TNFR) superfamily
gene (TNFGS11A) and is expressed on OC precursors. Mice
lacking TNFGS11A have a profound defect in bone resorption
and in the development of cartilaginous growth plates. One
of the key steps upon activation of the RANK pathway is the
binding of TNFR-associated cytoplasmic factors (TRAFs) to
specific domains within the cytoplasmic domain of RANK.
The TRAF family proteins are cytoplasmic adapter proteins
involved in the mediation of several cytokine-signalling
pathways. Different members of the family activate different
transcriptional pathways: TRAF2, 5, and 6 are involved in
the activation of NF-kB through IkB kinase (IKK) activation
and AP-1 through activation of mitogen-activated protein
kinases (MAPKs), including Jun-N-terminal kinase (JNK),
p38, and extracellular signal-regulated kinase (ERK). Moreover, TRAF6 functions as a ubiquitin ligase, which catalyzes
the formation of a polyUb chain. This leads to the activation
of IKK and JNK through a proteasome-independent mechanism [10].
RANKL/RANK signalling promotes the differentiation of
OC precursors into mature multinucleated OCs, stimulates
their capacity to resorb bone, and decreases OC apoptosis.
RANKL is present as both a transmembrane molecule and
a secreted form; its interaction with RANK is opposed by
osteoprotegerin (OPG), a neutralizing soluble decoy receptor, produced by marrow stromal cells and OBs [11]. The
unbalance between RANKL and OPG has been indicated
as the pivotal mechanism responsible for bone loss in case
of estrogen deficiency [12], inflammation [13], and cancerinduced bone loss [14].
2.3. TNF-𝛼. TNF-𝛼 enhances OC formation by upregulating stromal cells production of RANKL and M-CSF and
by augmenting the responsiveness of OCs precursors to
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RANKL. TNF directly induces marrow precursor differentiation into OCs, although according to some studies it
is not osteoclastogenetic in cells not previously primed by
RANKL. The ability of TNF to increase the osteoclastogenic
activity of RANKL is due to synergistic interactions at the
level of NFkB and AP-1 signalling. In addition, TNF and
RANKL synergistically upregulate RANK expression. In vivo
blockade of TNF in postmenopausal osteoporosis reduces
bone resorption [15]; this suggests that TNF-𝛼 increase could
be one of the mechanisms responsible for postmenopausal
bone loss. TNF is mainly produced by activated T cells and
it is also involved in inflammation and cancer induced bone
loss both systemically and locally.
2.4. IL-1. IL-1 plays an important role in bone loss induced
by estrogen deficiency; its level increases after menopause
and is reversed by estrogen replacement. Bone loss does not
occur after ovariectomy in mice deficient in receptors for IL1, and treatment with IL-1 receptor antagonist decreases OC
formation and activity. A recent study demonstrates that the
blockade of IL-1 reduces bone resorption in postmenopausal
osteoporosis [15]. IL-1 acts by increasing RANKL expression
by bone marrow stromal cells and directly targets OC
precursors, promoting OC differentiation in the presence
of permissive levels of RANKL. The effect of TNF-𝛼 on
osteoclastogenesis is upregulated by IL-1.
2.5. IL-7. IL-7 is known for its ability to stimulate T and B cell
number and the reaction to antigenic stimuli. Recently, a role
for IL-7 has also been postulated in bone remodelling [16, 17].
We have demonstrated that IL-7 promotes osteoclastogenesis
by upregulating T and B cell-derived RANKL [17] and that
the production of IL-7 is downregulated by estrogen.
In humans it has been suggested that IL-7 is osteoclastogenic in psoriatic arthritis and in solid tumors, also in healthy
volunteer the expression of IL-7 receptor on T lymphocytes
correlates with their ability to induce osteoclastogenesis from
human monocytes.
2.6. IL-17, IL-23, and IL-27. IL-17 family members are mainly
expressed by a type of human T helper cell (Th17) [18]. It
is now believed that this cytokine plays a crucial role in
inflammation and the development of autoimmune diseases
such as rheumatoid arthritis; however, its mechanism of
action in the development of bone erosions, especially in
relation to other known key cytokines such as IL-1, TNF𝛼, and RANKL, remains unclear. Recently, IL-17 has been
suggested to be involved in the upregulation of OC formation in inflammation by increasing the release of RANKL,
which may synergise with IL-1 and TNF [19]. One of the
stimuli to IL-17 synthesis is IL-23 produced by activated
dendritic cells and macrophages. IL-23 drives the T helper 1
response and is a implicated in autoimmune diseases; hence;
it has been suggested that the IL-23/IL-17 axis is critical for
controlling inflammatory bone loss. However, in contrast to
IL-17-deficient mice, IL-23 knockout mice were completely
protected from bone and joint destruction in the collageninduced arthritis model, indicating that the IL-23-induced
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bone loss may not be entirely mediated by IL-17 and raising
the question whether IL-23 can directly stimulate OCs.
Recent work supports this hypothesis suggesting that IL-23
promotes OC formation [20]. Other recent in vivo studies
suggest that IL-23 inhibits OC formation via T cells [21]. In
physiological conditions (unlike inflammatory conditions),
IL-23 favours higher bone mass in long bones by limiting
resorption of immature bone forming below the growth plate
[21]. These contrasting data suggest different roles of this
cytokine in the control of physiological or inflammatory bone
turnover. Recently, Interleukin-27 (IL-27) raises investigator
attentions as an antiosteoclastogenic cytokine [22, 23]. In
particular, it suppresses osteoclastogenesis both through a
direct effect on OCs and an indirect action on T helper cell
subsets [22–26]. On OC precursors IL-27 decreases the ability
to differentiate into fully mature resorbing cells, by abrogating
RANKL-mediated induction of NFATc1 and suppressing
proximal RANK signalling [22, 23]. On T helper (Th) subsets,
it favours the differentiation of T cells in Th1 cells, promotes
the differentiation of regulatory T cells, and decreases the
differentiation of Th 17 cells, resulting in osteoclastogenesis
inhibition in inflammatory condition [24–26].
2.7. IL-6. Activation of the signalling pathway mediated by
glycoprotein (gp) 130 by IL-6 and its soluble receptor has
been regarded as a pivotal mechanism for the regulation of
osteoclastogenesis [27]. Nevertheless, in IL-6 knockout mice
(IL6KO), as well as in gp 130-deficient mice, no decrease in
OC formation and function was found. These data may suggest that IL-6 is not essential for bone resorption. However,
IL6KO mice were protected against ovariectomy-induced
bone loss, and this finding, together with the observation
of increased level of IL-6 after menopause in women, may
suggest a peculiar role for IL-6 in bone loss due to estrogen
deprivation. IL-6 was also shown to be involved in other
diseases associated with accelerated bone turnover such
as Paget’s disease of bone, multiple myeloma, rheumatoid
arthritis and renal osteodystrophy.
2.8. IFN𝛾. The effect of IFN𝛾 on OC formation and activity
is controversial. IFN𝛾 behaves like an antiosteoclastogenic
cytokine in vitro [28], in vivo in nude mice [29] and in a
knockout models in which the onset of collagen-induced
arthritis is more rapid, as compared with wild-type controls.
These data are not confirmed by studies in humans and in
experimental models of diseases that indicate an increased
level of IFN𝛾 during estrogen deficiency.
In humans IFN𝛾 is positively correlated with bone
erosions in leprosy and rheumatoid arthritis. Data from
randomized controlled trials have shown that IFN𝛾 does not
prevent bone loss in rheumatoid arthritis. The use of IFN𝛾 in
humans has been suggested to employ IFN𝛾 for the treatment
of osteopetrosis, in which condition IFN𝛾 is able to restore
bone resorption.
Taken together, the data in humans suggest that, in some
conditions, IFN𝛾 stimulates bone resorption. These discrepancies could be explained by the fact that IFN𝛾 directly blocks
OC formation targeting maturing OC and induces antigen
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presentation and thus T cell activation in vivo. Therefore,
when IFN𝛾 levels are increased in vivo, activated T cells
secrete proosteoclastogenic factors and this activity offsets its
antiosteoclastogenic effect.
2.9. TGF𝛽. TGF𝛽 plays a complex role in osteoclastogenesis.
It has wide ranging effects and it has been suggested that it
may play a pivotal role in the growing skeleton contributing
to the coupling between OB and OC [30]. Three isoforms
of TGF𝛽 have been described (TGF𝛽1–3), which all interact
with the same receptor complex. TGF𝛽1 is mainly expressed
in lymphoid organs and in serum. Conversely, TGF𝛽2 and
TGF𝛽3 are predominantly expressed in mesenchymal tissues
and bone. TGF𝛽 is produced by many cell types, including
bone marrow cells, OBs, and stromal cells and is secreted in
a latent form that must be activated to mediate its effects.
Although several mechanisms of activation in vivo have
been proposed, the precise mechanism of this process is not
known. Both in vitro and in vivo studies have shown that
TGF𝛽1–3 have complex effects on bone. They stimulate or
repress proliferation or formation of OBs and Ocs, depending
on cell types and culture conditions used. Mice with OBspecific overexpression of TGF𝛽2 develop high-turnover
osteoporosis [31].
TGF𝛽 has also been implicated in the pathogenesis
of ovariectomy-induced bone loss because local injection
of TGF𝛽1 and TGF𝛽2 prevent bone loss at the site of
the injection in ovariectomy rats. Furthermore, estrogen is
known to upregulate the expression of TGF𝛽 in murine OBs,
bone extracts and bone marrow cells and long-term in vivo
estrogen treatment has been shown to increase serum TGF𝛽1
and TGF𝛽2 levels in humans. Latent TGF𝛽 is abundantly
present in the bone matrix and is released and activated
during bone resorption, and it feeds back to modulate OB
and OC activity. In particular TGF𝛽 is believed to induce OCs
apoptosis that follows bone resorption in vivo [31].

3. Osteoblastogenesis
OBs differentiate from mesenchymal stem cells (MSCs),
sharing their origin with the cells of connective tissues such
as fibroblasts adipocytes and chondrocyte; they represent
only 5% of total resident cells that are mainly constituted by
osteocytes. OBs attend the crucial function of building the
bone [2]. During embryonic development OBs originate from
local mesenchyme of sclerotome and, in adults, from MSCs or
bone marrow stromal cell. Recent works have demonstrated
in vitro that also human postnatal mesenchymal cells from
dental tissues could originate mature OBs [32–36].
In response to specific stimuli, these precursors commit
to osteogenic lineage and differentiate before in pre-OBs, then
in lining cells, and finally in mature OBs. Osteoblastogenesis
is defined by several phases: lineage commitment, proliferative expansion, synthesis and mineralization of extracellular
matrix, and establishment of osteocyte. All these stages
are characterized by sequentially expressed genes that lead
to the expression of specific proteins that often are used
as specific OB markers. These proteins are collagenic and
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constitutive as collagen I, enzymatic as alkaline phosphates
(ALP), mainly with adhesive function as bone sialoprotein,
osteonectin, osteopontin, with different metabolic functions
as osteocalcin, and rich in carbohydrates as biglycan and
decorin.
Mature OBs, the bone-forming cells, are basophilic,
mononuclear, polygonal, and able to secrete all the component of bone matrix. OBs involved in matrix deposition show
the typical features of cells acting in an intense protein synthesis: a corrugated cell membrane, a well-developed rough
endoplasmic reticulum, with dilated cisternae, a prominent
Golgi complex, several free ribosomes, and an euchromatic
nucleus with a voluminous nucleolus. Usually OBs are found
on bone matrix they are secreting, close to each other, assuming the typical aspect of the lining cells. Once they become
surrounded by the matrix, they gradually lose the basophilia,
emit cellular process, extending into the newly deposited
matrix called osteoid, after matrix mineralization OBs reduce
their size and transform in osteocytes. OB cytoplasm contains
PAS-positive granules holding the precursors of bone matrix
glycoproteins. The plasma membrane of OBs is particularly
enriched in ALP, an enzyme which is the characteristic OB
marker [37].
OBs form tight junctions with adjacent cells, assuming an
epithelioid morphology and start matrix deposition secreting
the organic component [38].
OBs perform the matrix mineralization process secreting
hydroxyapatite crystals surrounded by plasma membrane:
the matrix vesicles. The process forming Ca3 (PO4 )2 (tricalcium phosphate) in vesicles is not yet completely known:
it involves calcium-binding proteins such as calbindin D9k,
BSPII, calcium-binding phospholipids, phosphatidylserine,
calcium channel-forming annexins [39, 40], and phosphate
transporters and enzymes [41]. Once the accumulation of
calcium and phosphate overcomes the point of solubility,
hydroxyapatite crystals form within matrix vesicles.
The next event in the mineralization process is the
hydroxyapatite crystals extravesicle development that fills
the intercollagen fibrils spaces; when they assemble in the
first stable form named “critical nucleus,” the crystal growth
becomes faster increasing its size by ions addition.
The correct hydroxyapatite crystals growth requires typical OB marker ALP action: ALP hydrolyzes inorganic
pyrophosphate (PPi) forming two inorganic phosphate (Pi)
molecules that are assembled in hydroxyapatite crystals [42].
OBs are the most important cells regulating bone remodelling balance. The OB expresses PTH receptor whose binding to the hormone can activate OC activity increasing serum
calcium levels [43, 44]. Thus pre-OBs, OBs, and stromal
cells produce two factors acting on OC: the RANKL and
OPG [45]. RANKL stimulates osteoclastogenesis and mature
OCs activity, OPG, vice versa binding to the same RANKL
receptor RANK as competitive ligand, inhibits both these
actions.
Mechanical Loading. Mechanical loading has prominent
influences on OBs and bone remodelling. Disuse or lack of
loading causes an acceleration of bone turnover, with OC
resorption dominating OB formation with the result of a
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substantial bone mass loss [46]. This type of bone loss has
also been observed in astronauts who spend extended periods
of time in the microgravity environment of a space station
or shuttle. Lining cells are ubiquitous on bone surface and
they contain gap junction connections to osteocytes and OBs.
Thus mechanical loads can propagate from osteocytes to
bone lining cells and vice versa. Osteocytes do not respond
directly to mechanical strain (deformation) of bone tissue but
sense the extracellular fluid flow variation caused by loading.
Bone surfaces are mostly covered with lining cells that can
potentially differentiate into mature OBs two days after a
mechanical stimulus [47]; within other two days new bone
matrix deposition can be observed [48]. Moreover loading
stimulates OB precursor proliferation and differentiation.
Mechanical forces also reduce programmed cell death in
osteocytes [49] and in active OBs [50]; furthermore loading
may extend the rate of bone mineral matrix deposition for
each OB.
3.1. Transcriptional Factors Regulating Osteoblast Differentiation. The differentiation of OBs from MSCs, which can also
originate fibroblasts, chondrocytes, myoblasts, adipocytes,
and tendon cells, requires the activity of specific transcription
factors that are expressed at distinct time points during the
differentiation process, thereby defining various developmental stages of the osteoblastogenesis.
Runt Domain-Containing Transcription Factor (Runx2),
also named cbfa1, is a master gene for OB differentiation.
Levels of Runx2 gradually increase in subsequent stages of OB
differentiation, with maximum expression observed in the
mature OBs. Homozygous deletion of Runx2 in mice results
in a complete lack of OBs [51]. Runx2 is both necessary and
sufficient for mesenchymal cell differentiation towards the
OB lineage [52]. It was demonstrated that Runx2 controls
OB lineage cells by binding to the Runx regulatory element
in promoters of osteoblastogenesis genes. Runx2 target genes
include both genes expressed by immature and differentiated
OBs, such as TGF-𝛽 receptor, ALP, collagen type I, OPN,
OSTC, vitamin D receptor, BSP, and OPN [53]. Thus Runx2
is necessary for both OB differentiation and activity [54].
Osterix is another DNA-binding transcription factor that
is absolutely required for OB differentiation. Osterix/SP7 is a
member of the zinc-finger-containing SP family and is largely
expressed throughout OB differentiation. Genetic inactivation of Osterix in mice results in absence of mineralized bone
matrix, defective OBs and perinatal lethality [55]. Similarly
to Runx2, forced expression of Osterix in nonbone cells,
promote expression of both early and late marker genes of
OBs. However, molecular and genetic studies revealed that
Runx2 is expressed in mesenchymal tissues of Osterix-null
mice [55]. Thus, Osterix acts downstream of Runx2 in the
transcriptional cascade of OB differentiation. Consistently,
Osterix expression is positively regulated by direct binding of
Runx2 to a responsive element in the promoter of the Osterix
gene.
Activating Transcription Factor-4 (ATF4), a member of the
basic Leu zipper family of transcription factors, has important
roles in the mature stage of OB differentiation. Misregulation
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of ATF4 activity has been linked with the skeletal abnormalities seen in human patients with the Coffin-Lowry syndrome
and neurofibromatosis type I [56]. ATF4 may function in
OB lineage cells through two distinct mechanisms. First, it
directly regulates the expression of osteocalcin and RANKL
[56]. Second, ATF4 promotes efficient amino acid import to
ensure proper protein synthesis by OBs [56].
3.2. Regulation of Osteoblast Differentiation by Secreted
Molecules. Bone cells, as well as many other cells present
in bone marrow compartment, produce numerous growth
factors and cytokines that act on OBs in both autocrine and
paracrine ways to control cell proliferation, differentiation,
and survival. These secreted factors and signalling pathways
either promote or suppress the expression of transcription
factors essential for OB differentiation.
TGF- 𝛽1 has a variety of widely recognized roles in bone
formation. For example, TGF-𝛽1 enhances OB proliferation
[57], blocks apoptosis of OBs [58], and also recruits osteoblastic precursors or matrix-producing OBs to the site through
chemotactic attraction [59]. In addition, TGF-𝛽1 enhances
the production of extracellular bone matrix protein by OBs
in the early stages of OB differentiation [60]. On the other
hand, TGF-𝛽1 inhibits the later phase of OB proliferation and
mineralization [61]. It has been previously reported that both
TGF-𝛽 receptor I and receptor II expression in murine, rat,
and human OBs were decreased during OB differentiation,
which may imply that OBs are less sensitive to TGF-𝛽1 in
the late phase of their differentiation [62]. The later stages are
positively regulated by bone matrix proteins (BMP), which
are members of the TGF-𝛽 superfamily [63]. Therefore, TGF𝛽1 cooperates with BMP to regulate the differentiation of OBs.
Moreover several reports indicate that Runx2 is regulated
by TGF-𝛽1 and BMP-2. In the initial phase of osteoblastic differentiation (differentiation of MSCs to OB progenitor cells),
Runx2 inhibited differentiation of MSCs to types of cells other
than OBs, which required coordinated action between Runx2
and BMP2-induced Smad5 [64]. In the second phase of their
differentiation (from OB progenitor cells to OBs), TGF-𝛽1
induced the expression of Runx2, which crosstalks with betacatenin signaling to promote differentiation [59]. However,
in the final differentiation stages of OBs (mature OBs),
TGF-𝛽1 opposes BMP-2 actions [58]. Smad3, activated by
TGF-𝛽1, physically interacts with Runx2 at Runx2-responsive
elements and suppresses the expression of Runx2.
Bone Morphogenetic Proteins (BMPs), belonging to the
TGF-𝛽 superfamily, were originally identified as the active
components in bone extracts capable of inducing ectopic
bone formation. BMPs are expressed in bone, are required
for skeletal development and maintenance of adult bone
homeostasis, and play an important role in fracture healing
[62]. Genetic studies have demonstrated an important roles
for BMP2 and BMP4 in promoting OB differentiation and
function [63]. Recent studies have also shown that BMP3
inhibits the signal transduced by BMP2 or BMP4 [64]
working as a negative regulator of OB differentiation.
The Wingless (Wnt) Family of Glycoproteins has recently
emerged as central regulators of bone mass [65–77]. Upon
engaging various membrane receptors, Wnt ligands activate
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numerous intracellular pathways that are either dependent on
or independent of 𝛽-catenin [65–67, 75, 76]. In the 𝛽-catenindependent signalling, Wnt binds to the Frizzled receptors and
their co-receptors low-density lipoprotein receptor-related
protein 5 or 6 (LRP5/6) to stabilize cytosolic 𝛽-catenin that
enters the nucleus and stimulates the transcription of Wnt target genes such as Runx2, Osterix, Fra-1, and Fra-2 [70]. Thus
activation of the canonical pathway promotes the differentiation of OB progenitor cells into mature OBs. Wnt signalling
is tightly regulated by a delicate balance of extracellular
agonists and antagonists. There are different antagonists, such
as soluble Frizzled-related proteins (sFRPs) which inhibit
Wnt signaling by binding to and sequestering Wnt ligands,
and others belonging to the Dickkopf (DKK) family members
or the SOST gene product (sclerostin) that bind to and
sequester the Wnt coreceptors LRP5/6. In humans, receptor
mutations that render Wnt signal constitutively active result
in a generalized increase in bone mass [71]. Loss-of-function
mutations in the gene encoding the Wnt coreceptor LRP5
cause osteoporosis-pseudoglioma syndrome [72], a form of
juvenile-onset osteoporosis. Conversely, mutations in LRP5,
that inhibit the interaction between the co-receptor and
DKK1 or sclerostin, cause high bone mass syndrome [71,
73, 74]. In addition, loss-of-function or loss-of-expression
mutations in SOST, result in the bone-thickening diseases
sclerosteosis or van Buchem disease, respectively [73, 74, 77].
𝛽-catenin-independent Wnt signalling has also been implicated in promoting OB differentiation [75]. In particular, Wnt
5A is thought to promote OB differentiation by inhibiting
the activation of adipogenic genes [76]. Thus both 𝛽-catenindependent and 𝛽-catenin-independent Wnt signalling are
able to control differentiation of OB progenitor into mature
OBs.
Fibroblast Growth Factors (FGFs) are a large family of
proteins (23 different ligands) that transduce their signal
through one of the four FGF receptors (FGFR). FGFs initiate condensation of the mesenchyme and proliferation of
progenitor cells. In particular, FGF2 is important for pre-OB
proliferation and maturation [78], while FGF18 is essential in
mature OB formation [79].
TRAIL is a cytotoxic protein inducing apoptosis, upon
binding to death domain-containing receptors DR4 and
DR5; its activity can be modulated by association with two
membrane-bound decoy receptors, namely, DcR1 and DcR2,
lacking functional death domains and conferring TRAIL
resistance on expressing cell [80, 81]. Thus the sensitiveness
of TRAIL-induced apoptosis is determined by the ratio of
death and decoy receptor. OBs express TRAIL receptors, but
in normal conditions they are less sensitive to its apoptotic
effects [82]; however in inflammatory conditions as periodontal disease TRAIL profoundly can affect OB stimulating
their apoptosis, impairing bone remodelling because of a
decreased bone formation [83].

4. Immune and Bone Cell Relationship
4.1. T Cells. T cells are critical mediators of the adaptive
immune response. These lymphocytes may be subdivided
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into major classes according to the subunits which form the
T cell receptor (TCR). T cells express either an 𝛼𝛽 or 𝛾𝛿
TCR on the cell surface, and these receptors are responsible
for recognizing a diverse range of antigens [84]. Most T
lymphocytes are 𝛼𝛽 T cells, a lineage which express either the
CD4 or CD8 marker. By contrast, the majority of 𝛾𝛿 T cells
lack expression of CD4 and CD8 and their function is poorly
understood [85]. Another small subset of T cells is known as
natural killer T (NKT) cells [86]. Although small in number,
NKT cells can produce large amounts of cytokines and have
been implicated in a variety of immune responses including
autoimmunity, graft rejection, and responses to pathogens
[87]. Together with their prominent role on immune response
T cells also can affect bone remodelling. In particular, under
basal conditions T cells are not considered a significant source
of RANKL, and T-cell-deficient nude mice do not show
evidence of diminished RANKL mRNA in their BM [87]. The
bone protective role of resting T cells was, however, clearly
demonstrated by the finding that T-cell-deficient mice have a
significant increased in basal OC number and reduced bone
density as compared to controls [87, 88]. Moreover, resting
T cells have been shown to blunt OC formation in vitro [89]
and may contribute to dampen bone resorption in vivo [87].
In fact, depletion of CD4+ and CD8+ T lymphocytes in mice
in vivo enhances OC formation by a mechanism involving
the complete suppression of osteoprotegerin production by
B cells [90]. Providing further support to this hypothesis
others have found that 1,25 dihydroxyvitamin D3 was a more
potent inducer of OC formation in cultures of BM from Tcell-depleted mice than from control mice [90]. In contrast,
it is well established that infection and inflammation lead to
T cell activation and T cell production of osteoclastogenic
cytokines such as RANKL and TNF𝛼 (TNF). Indeed activated
T cells have been implicated in the bone loss in inflammation,
autoimmune disorders [91, 92], periodontitis [93, 94], cancer
[95], and osteoporosis models [96, 97]. However, distinct
function should be attributed to the different T cell subsets
on bone remodelling.
4.2. CD4+ T Cells. These cells represent one of the main
components of the adaptive immune response. After antigenic stimulation, naı̈ve CD4+ T cells proliferate and may
differentiate into distinct effector subsets, which have been
classically divided, on the basis of their cytokine production
profiles, into Th1 and Th2 cells [98]. Th1 cells are characterized
by the secretion of IFN-𝛾, IL-2, IL-12, tumor necrosis factor
(TNF)-𝛼, and TNF-𝛽 and are involved in the eradication of
intracellular pathogens. Conversely, Th2 cells, characterized
by secretion of IL-4, IL-5, IL-6, IL-9, and IL-13, which are
potent activators of B cells, are involved in the elimination
of extracellular microorganisms and parasitic infections and
are also responsible for allergic disorders [99, 100]. In a
comprehensive study by Sato et al., Th1 and Th2 cells were
both shown to inhibit OC formation through their canonical
cytokines IFN-𝛾 and IL-4, respectively [101]. More recently,
two new subsets of CD4+ T cells have been characterized;
on the one hand, the Th17 subset, which follows different
polarizing conditions and displays different functional activities from those of Th1 and Th2 cells [102, 103] and, on the
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other hand, the regulatory T (Treg) cell subset, which can be
defined based on expression of CD25 and the transcription
factor FoxP3 and are critical in the prevention of autoimmune
disease [104, 105]. Of these, Th17 T cells have been suggested
to be the osteoclastogenic T cells.
4.2.1. Th17. Th17 cells are produced when naı̈ve T cells
are activated by TGF𝛽 and IL-6 in the mouse or TGF𝛽
and inflammatory stimuli in humans. The resulting clonal
memory T cell population will be instructed to produce the
Th17 signature cytokines IL-17A, IL-17F, IL-22, and IL-26
[106]. A subset of Th17 cells also produce small amounts of
IFN𝛾, which in vitro moderate the osteoclastogenic activity of
Th17 [107]. The cytokine repertoires of specific Th17 subsets
depend on master differentiation factors present in the
microenvironment during initial antigen recognition [106].
Thus, Th17 cells promote osteoclastogenesis mostly through
production of IL-17, which as known acts on OC precursors
to induce RANK [108, 109] and induces RANKL expression in
stromal cells and OBs. However, Th17 cells produce additional
cytokines relevant for bone, including RANKL and TNF
[108]. It should be noted that the effect of IL-17 is not limited
to this direct effect on the osteoclastogenesis-supporting
cells. IL-17 facilitates local inflammation by recruiting and
activating immune cells, which leads to an abundance of
inflammatory cytokines such as TNF-alpha and IL-1 [108].
The inflammatory cytokines enhance RANKL expression on
osteoclastogenesis-supporting cells and activate OC precursor cells by synergizing with RANKL signaling. A prominent
role for Th17 has been demonstrated in bone diseases, such as
multiple myeloma and arthritis [110, 111].
4.2.2. CD4 T Reg. The anti-inflammatory Treg inhibits OC
differentiation and function in vitro and suppresses inflammatory bone erosions in mice [112–114]. Tregs negatively
influence osteoclastogenesis through two mechanisms: the
first involves cell contact, whereas the second is contact
independent and involves the production of cytokines [115–
118]. In particular, Kim et al. found that Tregs inhibit OC
differentiation from peripheral blood mononuclear cells in
a cytokine-dependent manner and proposed that TGF𝛽
and IL-4 cytokine secreted by Th2 cells may be the key
cytokines responsible for the suppressive function of Tregs
[115]. Recently, Tregs have been implicated in the mechanism
by which estrogen suppresses OC differentiation and bone
resorption through production of IL-10 and TGF𝛽1 [116].
Another mechanism by which Tregs maintain control of
immune function is by secretion of cytotoxic T-lymphocyte
antigen 4 (CTLA4), an inhibitor that binds to CD80 and
CD86 coreceptors on antigen-presenting cells and blocks
their association with CD28 on T cells, thus dulling inflammatory responses [117]. However, direct antiosteoclastogenic
effects of CTLA4 mediated on purified OC precursors were
documented. The data suggest that in addition to an antiinflammatory role of CTLA4, this receptor may directly
suppress osteoclastogenesis by binding to CD80/CD86 on
mononuclear OC precursors [119]. Interestingly, Tregs have
also been shown to directly inhibit OC formation by CD11b
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monocytes treated with M-CSF and RANKL as well as to
suppress resorption of pits in vitro by mature OCs.
4.3. CD8+ T Cells. CD8+ T cells have a protective role on
bone. In particular, they profoundly suppressed osteoclastogenesis, mostly via soluble proteins. CD8+ T cells expressed
a substantial amount of OPG along with RANKL [119].
However, blocking antibody to OPG did not reverse the
suppression by CD8+ T cells, suggesting that other factor(s)
is involved [119]. Anabolic PTH treatment in mice was
found to significantly increase the production of Wnt10b
by bone marrow CD8+ T cells leading to activation of
canonical Wnt signaling in preosteoblasts. Demonstrating a
key role of T cells in anabolic PTH action, T-cell-null mice
displayed diminished Wnt signaling in pre-OBs and blunted
osteoblastic commitment, proliferation, differentiation, and
lifespan. These actions culminated in a diminished anabolic
response in trabecular bone and a failure to increase bone
strength. Furthermore, mice conditionally lacking Wnt10b
production specifically in their T cells failed to induce
an anabolic response to intermittent PTH [120]. Further
studies involving conditional silencing of the PTH receptor
specifically in T cells were found to blunt the capacity of
intermittent PTH to induce T cell production of Wnt10b,
thus abrogating activation of Wnt signaling in OBs, expansion
of the osteoblastic pool, and increased BMD and trabecular
bone volume in response to intermittent PTH. These data
thus revealed a direct action of PTH on the T cell leading to
Wnto10b production [120, 121]. Recently, an important role
for CD8+ cells has been demonstrated in bone tumor burden
protecting from bone metastasis [122].
4.3.1. CD8 T REG. Although CD8 T REG have been documented in humans and mice [123–128], they have not been
studied extensively, in part due to their low abundance (0.2
to 2% of CD8 T cells) in lymphoid organs. In comparison,
the well-studied CD4 regulatory T cells, TREG , comprise 5–
12% of CD4 T cell in the spleen. The FoxP3+ CD8 T cells and
the TREG have overlapping and distinct functions. Both cells
express CD25 and the transcription factor, FoxP3 a marker
of the regulatory T cells. The osteoclast-induced FoxP3+ CD8
T-cells secreted cytokines that could suppress formation and
activity by OCs. The FoxP3+ CD8 T-cells did not affect the
survival of OCs, but FoxP3+ CD8 T-cells could directly act on
mature OCs to suppress actin ring formation. The ability of
OCs to induce FoxP3+ CD8 T-cells and the ability of FoxP3+
CD8 T-cells to subsequently regulate OC function establishes
a bidirectional regulatory loop between these two cells in the
bone marrow. Notably, the regulatory loop does not require
the presence, in vitro, of proinflammatory cytokines. Indeed,
the ability to isolate functional FoxP3+ CD8 T-cells from
mice, in the absence of any inflammatory disease, indicates
that these cells have a role in maintaining skeletal homeostasis
in vivo [129].
4.4. NK T Cells and 𝛾𝛿 T Cells
4.4.1. NK T Cells. Natural killer (NK) T cells are known
to participate in the clearance of virus-infected, aberrant,
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or transformed cells [130]. Moreover, NK cells are poised
for a rapid release of cytokines and growth factors that
might influence the initiation and development of immune
responses mediated by T and B cells [131–133]. Moreover, the
activation of a particular subset of NK cells, the invariant
NKT (iNKT) cells, increases OC development, maturation,
and activity [134].
NK cells can be detected in the inflamed synovial tissue
at an early stage of the disease, and they constitute up to 20%
of all lymphocytes in the synovial fluid (SF) of patients with
established RA [135, 136]. Recent evidence shows that this
CD56bright NK cell subset has an upregulated expression
of several chemokine receptors and adhesion molecules
that may participate in its preferential recruitment into the
inflamed synovium [137] and enable the cells to engage
and subsequently activate monocytes through a variety of
receptor-ligand interactions [135, 138, 139]. NK cells in the
SF of RA patients efficiently trigger formation of OCs from
monocytes. In particular, NK cells express both M-CSF and
RANKL, which are responsible for osteoclastogenesis, and
both molecules are further upregulated on NK cells by IL-15
[140, 141].
4.4.2. 𝛾𝛿 T Cells. Although the vast majority of circulating
T-cells express 𝛼𝛽 TCR chains, a subset of T-cells expresses
a different TCR, containing a gamma (𝛾) chain paired with
a delta (𝛿) chain, to form a 𝛾𝛿 TCR heterodimer, and giving
rise to a population of 𝛾𝛿 T-cells. 𝛾𝛿 T-cells represent only
1–10% of nucleated cells in the human peripheral circulation
although their numbers are more abundant in tissues, in
particular, epithelial tissues such as the skin, where 𝛾𝛿 Tcells may represent the dominant T-cell population [142]. 𝛾𝛿
T-cells are dissimilar to 𝛼𝛽 T-cells in that their function is
largely innate-like rather than adaptive and TCR specificity
is directed almost exclusively towards nonpeptide antigens.
They have been implicated in responses to inflammation,
allergy, autoimmunity, infectious disease [142], and certain
hematological tumors [142, 143]. They express growth factors
important for tissue regeneration, such as fibroblast growth
factor [142] and connective tissue growth factor, [144] that are
critical for wound and skeletal fracture healing. Rather than
representing a single population, 𝛾𝛿 T-cells have been found
to be quite heterogeneous. Although found only in humans
and higher primates, V𝛾9V𝛿2 T-cells are a major subpopulation of 𝛾𝛿 T-cells and are unique in their recognition of
low-molecular-weight nonpeptide antigens. Recently, Kalyan
et al. demonstrated that these unique innate T cells are lost
in osteoporotic patients on amino-bisphosphonate treatment,
and this loss is related to the potency of the systemic dose
and the length of time on therapy and the diagnosis of
osteonecrosis of the jaw [145, 146].
4.5. B Cells. In addition to this immune function, B cells have
a close and multifaceted relationship with bone cells [147].
B cells differentiate from hematopoietic stem cells (HSCs) in
supportive niches found on endosteal bone surfaces. Cells in
the osteoblastic lineage sustain HSC and B cell differentiation
in these niches. B cell differentiation is regulated, at least
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in part, by a series of transcription factors that function in
a temporal manner. While these transcription factors are
required for B cell differentiation, their loss causes deep
changes in the bone phenotype. This is due, in part, to
the close relationship between macrophage/OC and B cell
differentiation. While the role of B cells during normal bone
remodeling appears minimal, activated B cells play an important role in many inflammatory diseases with associated
bony changes. In particular, B cells [148–150] and B-cellderived plasma cells in multiple myeloma (MM) have been
reported to have the potential to support osteoclastogenesis
[151], possibly via direct expression of RANKL [152], decoy
receptor 3 (DcR3) [153], or as an indirect consequence
of IL-7 secretion [154, 155], a potent stimulator of bone
resorption in vivo [156]. Malignant B-cell-derived plasma
cells in MM produce also different cytokines inhibiting OB
differentiation, such as sclerostin and DKK1 [151, 157, 158].
Moreover, B lymphopoiesis is stimulated during estrogen
deficiency [159] while estrogen treatment downregulates B
lymphopoiesis but upregulates immunoglobulin production
[160]. B-lineage cells have consequently been suggested to
play a role in ovariectomy-induced bone loss [156]. Interestingly, immature B cell populations expressing the marker
B220 have been suggested to transdifferentiate along the
OC pathway in vitro [161] providing a potential enhanced
source of OC precursors and an explanation for a role of
B-lineage cells in ovariectomy-induced bone loss. After the
discovery of RANKL as the key osteoclastogenic cytokine,
expression of this factor by B-lineage cells (B220+ cells, which
in the bone marrow represent multiple populations of early
B-cell precursors, immature B cells, and mature B cells)
has been reported to be more abundant in ovariectomized
mice than in sham-operated mice [162]. RANKL from B
cells isolated from the bone marrow of estrogen-deficient
postmenopausal women has been demonstrated to secrete
RANKL [163], providing a plausible mechanism for a role
of B cells in estrogen deficiency-bone loss. Peripheral blood
B cells inhibit OC formation in a human in vitro model
of osteoclastogenesis, in part by secretion of TGF𝛽, [164] a
cytokine that induces apoptosis of OCs [164–166] and that
is reported to stimulate OPG production [167]. Depletion of
B cells in vivo also aggravates bone loss in an animal model
of periodontitis, suggesting that B cells may act to limit bone
resorption under certain pathological conditions [168].
Recently, however, to better address this issue, Onal et al.
made use of a state-of-the-art conditional B cell RANKL KO
mouse, to reevaluate the role of mature B cells in ovariectomyinduced bone loss. This high-sensitivity model did indeed
reveal a small contribution of mature B cells to ovariectomyinduced bone loss as mice lacking RANKL in B lymphocytes
were partially protected from the increase in OC numbers
and bone loss caused by ovariectomy in cancellous bone,
although not in cortical bone, in the conditional KO mice
[169].
The prominent role of B cells is also documented in
an animal model of HIV-1 infection. In particular, it has
been recognized as strong defect in skeletal homeostasis
that led to a significant decline in bone mineral density
and in bone volume. These alterations in skeletal mass were
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consistent with significantly elevated OC numbers and bone
resorption, a consequence of a significant decline in B cell
OPG production, compounded by a significant increase in Bcell production of RANKL. Production of RANKL is indeed
an established property of activated B cells [170, 171] and of
B-cell precursors [172]. This imbalance in the RANKL/OPG
ratio was favorable to osteoclastic bone resorption and was
likely further exacerbated by a dramatic increase in the
number of OC precursors [173]. Clinical studies to ratify these
changes in humans are currently underway.
Furthermore, B-cell to T-cell crosstalk may regulate Bcell production of bone-active cytokines, because B cells
suppress osteoclastogenesis when activated by Th1 cytokines
while promoting osteoclastogenesis when stimulated with
Th2 cytokines [174]. In vitro ligation of the costimulatory
molecule CD40 on human tonsil-derived B cells with an
activating antibody is reported to stimulate B-cell OPG
production [175]. Physiologically CD40 interacts with its
cognate ligand, CD40 ligand (CD40L), a molecule expressed
on activated T cells during antigen presentation by antigenpresenting cells such as B cells, macrophages, and dendritic
cells [176], and acts in priming of naive CD8+ cells [177].
Moreover, both T cells and B cells are involved in the
process of basal bone turnover. In addition to the welldocumented roles of lymphocytes in bone destruction under
pathological conditions, both T and B cells cooperate to play
a critical role in limiting basal bone resorption in vivo. This
protective effect is centered on a mechanism involving the
production of OPG by B-lineage cells, and augmented by T
cells, via CD40/CD40L costimulation [178].
4.6. Dendritic Cells. Dendritic cells (DCs) are highly differentiated antigen-presenting cells (APCs) that play a key
role in the initiation and regulation of T cell immunity
to pathogens and tumors while at the same time preventing immune responses against self-tissues or environmental
antigens [179]. Under normal conditions, DCs are rarely
localized in the bone proper or adjacent stroma, and they
do not seem to contribute to bone remodeling, as DCdeficient animals have no skeletal defects [180]. On the other
hand, it has been clearly documented that active lesions of
rheumatoid arthritis and periodontitis harbour both mature
and immature DC located in different compartments of the
affected synovial and periodontal tissues surrounded by bone
[181–186]. Interestingly, at active disease sites of rheumatoid
arthritis and periodontitis, DCs can form aggregates with
T cells in inflammatory foci, whereby they can interact
through RANK-RANKL signaling in vivo, and they have
been described as indirect players influencing inflammationinduced bone loss through regulating T cell activity [181–187].
Recently, Rivollier et al. [188] showed that human peripheral blood Mo-derived DCs can transdifferentiate into OCs
in the presence of M-CSF and RANKL in vitro, suggesting
that DCs might directly contribute to osteoclastogenesis.
Alnaeeli et al. tested whether DC/T cell interactions can
support DDOC development by in vitro cocultures using
pure CD11c+CD11b−DC subset (lacking classical OC precursors [189, 190]) derived from total bone marrow (BM)
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cultures in the presence of granulocyte-macrophage colonystimulating factor (GM-CSF) and interleukin IL-4 [191]. The
results suggest that (1) murine CD11c+DC can develop into
functional OCs (DDOCs) during immune interactions with
CD4+ T cells and microbial products or protein Ags in the
bone environment and (2) DDOCs can induce bone resorption after adoptive transfer onto NOD/SCID mouse calvarias
in vivo [191]. These findings indicate a potentially critical
contribution of CD11c+DC subset(s) to elevated osteoclastogenesis associated with inflammatory bone disorders where
they act not only as potent APCs for immune activation and
regulation but also as direct contributor to bone destruction.
DCs also promote hyperactive osteoclastogenesis in MM
bone disease [192, 193] because their number is higher within
the erosive lacunae. In addition, they may undergo OClike transdifferentiation following stimulation by the RANKRANK-L [194]. Additionally, mature DCs may drive, within
the tumor site, the expansion of a Th-17 clone leading to IL-17
overproduction that enhances osteoclastogenesis [195].
4.7. Neutrophils. Neutrophil granulocytes are the most abundant type of white blood cells in mammals and form an
essential part of the innate immune system. Neutrophils are
normally found in the blood stream. During the beginning
(acute) phase of inflammation, particularly as a result of
bacterial infection, environmental exposure [196] and some
cancers [197, 198] neutrophils are one of the first responders
of inflammatory cells to migrate towards the site of inflammation. The sites of bony lesions in humans and in animal
models show massive infiltration of the prototypic inflammatory cells, neutrophils. Neutrophils are also implicated in
human periodontitis [199], as well as several arthritis animal
models [200–202]. Of note, although traditionally considered
to be short-lived cells with limited synthetic capacity, activated neutrophils have been shown to synthesize considerable amounts of proteins and lipids that participate in the
inflammatory process [203, 204]. In human neutrophils from
inflammatory sites expressed high levels of RANKL [205].
Human, as well as murine, neutrophils strongly upregulate
their expression of membrane RANKL after LPS stimulation
and thus have the capacity to activate osteoclastic bone
resorption through neutrophil-OC interactions [206]. The
osteoclastogenic effect of neutrophil RANKL, demonstrated
with human- and murine-activated neutrophils (purity >
95%), was reproduced with purified neutrophil membranes
and fixed neutrophils, but not with culture supernatants
of activated neutrophils in which no secreted RANKL was
detected. Thus, RANKL expression in neutrophils differed
from that in activated CD3+ lymphocytes, which express
both cell surface and soluble RANKL [207, 208]. Moreover,
neutrophils can affect OB functions in children on chronic
glucocorticoid therapy as well as in tophaceous gout leading
to decreased bone formation and increased bone resorption
[209, 210].

5. Conclusion
Over the past two decades extraordinary advancement has
been done in understanding the crosstalk between the bone

9
and immune system in physiological and pathological conditions. Although numerous data arise from animal models,
exciting data from human studies are emerging and as a
consequence the first biological drugs targeting cytokines
released from immune cells are emerging as alternative therapeutic management for inflammatory bone disease, such as
arthritis and osteoporosis. However, despite the advancement
made, further studies needed to elucidate the cross-talk
between the bone and immune system.
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[31] P. Juárez and T. A. Guise, “TGF-𝛽 in cancer and bone: implications for treatment of bone metastases,” Bone, vol. 48, no. 1, pp.
23–29, 2011.
[32] S. Gronthos, M. Mankani, J. Brahim, P. G. Robey, and S. Shi,
“Postnatal human dental pulp stem cells (DPSCs) in vitro and
in vivo,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 97, no. 25, pp. 13625–13630, 2000.
[33] G. Mori, A. Ballini, C. Carbone et al., “Osteogenic differentiation of dental follicle stem cells,” International Journal of Medical
Science, vol. 9, no. 6, pp. 480–487, 2012.
[34] G. Mori, G. Brunetti, A. Oranger et al., “Dental pulp stem cells:
osteogenic differentiation and gene expression,” Annals of the
New York Academy of Sciences, vol. 1237, no. 1, pp. 47–52, 2011.
[35] E. Giorgini, C. Conti, P. Ferraris et al., “FT-IR microscopic analysis on human dental pulp stem cells,” Vibrational Spectroscopy,
vol. 57, no. 1, pp. 30–34, 2011.
[36] G. Mori, M. Centonze, G. Brunetti et al., “Osteogenic properties
of human dental pulp stem cells,” Journal of Biological Regulators
and Homeostatic Agents, vol. 24, no. 2, pp. 167–175, 2010.
[37] D. C. Morris, K. Masuhara, K. Takaoka, K. Ono, and H. C.
Anderson, “Immunolocalization of alkaline phosphatase in
osteoblasts and matrix vesicles of human fetal bone,” Bone and
Mineral, vol. 19, no. 3, pp. 287–298, 1992.
[38] E. J. Mackie, “Osteoblasts: novel roles in orchestration of skeletal
architecture,” International Journal of Biochemistry and Cell
Biology, vol. 35, no. 9, pp. 1301–1305, 2003.
[39] H. C. Anderson, “The role of matrix vesicles in physiological and pathological calcification,” Current Opinion in
Orthopaedics, vol. 18, no. 5, pp. 428–433, 2007.
[40] Y. Yoshiko, G. A. Candeliere, N. Maeda, and J. E. Aubin,
“Osteoblast autonomous Pi regulation via Pit1 plays a role in
bone mineralization,” Molecular and Cellular Biology, vol. 27, no.
12, pp. 4465–4474, 2007.
[41] S. Roberts, S. Narisawa, D. Harmey, J. L. Millán, and C. Farquharson, “Functional involvement of PHOSPHO1 in matrix
vesicle-mediated skeletal mineralization,” Journal of Bone and
Mineral Research, vol. 22, no. 4, pp. 617–627, 2007.
[42] L. Hessle, K. A. Johnson, H. C. Anderson et al., “Tissuenonspecific alkaline phosphatase and plasma cell membrane
glycoprotein-1 are central antagonistic regulators of bone mineralization,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 99, no. 14, pp. 9445–9449, 2002.
[43] G. A. Rodan and T. J. Martin, “Role of osteoblasts in hormonal
control of bone resorption—a hypothesis,” Calcified Tissue
International, vol. 33, no. 4, pp. 349–351, 1981.
[44] C. M. Silve, G. T. Hradek, A. L. Jones, and C. D. Arnaud,
“Parathyroid hormone receptor in intact embryonic chicken
bone: characterization and cellular localization,” Journal of Cell
Biology, vol. 94, no. 2, pp. 379–386, 1982.
[45] H. Yasuda, N. Shima, N. Nakagawa et al., “Osteoclast differentiation factor is a ligand for osteoprotegerin/ osteoclastogenesisinhibitory factor and is identical to TRANCE/RANKL,” Proceedings of the National Academy of Sciences of the United States
of America, vol. 95, no. 7, pp. 3597–3602, 1998.
[46] R. Tamma, G. Colaianni, C. Camerino et al., “Microgravity
during spaceflight directly affects in vitro osteoclastogenesis
and bone resorption,” FASEB Journal, vol. 23, no. 8, pp. 2549–
2554, 2009.
[47] J. W. M. Chow, A. J. Wilson, T. J. Chambers, and S. W. Fox,
“Mechanical loading stimulates bone formation by reactivation
of bone lining cells in 13-week-old rats,” Journal of Bone and
Mineral Research, vol. 13, no. 11, pp. 1760–1767, 1998.

Clinical and Developmental Immunology
[48] M. R. Forwood, I. Owan, Y. Takano, and C. H. Turner,
“Increased bone formation in rat tibiae after a single short
period of dynamic loading in vivo,” American Journal of
Physiology, vol. 270, no. 3, pp. E419–E423, 1996.
[49] B. S. Noble and J. Reeve, “Osteocyte function, osteocyte
death and bone fracture resistance,” Molecular and Cellular
Endocrinology, vol. 159, no. 1-2, pp. 7–13, 2000.
[50] F. M. Pavalko, R. L. Gerard, S. M. Ponik, P. J. Gallagher, Y. Jin,
and S. M. Norvell, “Fluid shear stress inhibits TNF-𝛼-induced
apoptosis in osteoblasts: a role for fluid shear stress-induced
activation of PI3-kinase and inhibition of caspase-3,” Journal of
Cellular Physiology, vol. 194, no. 2, pp. 194–205, 2003.
[51] T. Komori, H. Yagi, S. Nomura et al., “Targeted disruption of
Cbfa1 results in a complete lack of bone formation owing to
maturational arrest of osteoblasts,” Cell, vol. 89, no. 5, pp. 755–
764, 1997.
[52] P. Ducy, R. Zhang, V. Geoffroy, A. L. Ridall, and G. Karsenty,
“Osf2/Cbfa1: a transcriptional activator of osteoblast differentiation,” Cell, vol. 89, no. 5, pp. 747–754, 1997.
[53] J. B. Lian, A. Javed, S. K. Zaidi et al., “Regulatory controls for
osteoblast growth and differentiation: role of Runx/Cbfa/AML
factors,” Critical Reviews in Eukaryotic Gene Expression, vol. 14,
no. 1-2, pp. 1–41, 2004.
[54] P. Ducy, M. Starbuck, M. Priemel et al., “A Cbfa1-dependent
genetic pathway controls bone formation beyond embryonic
development,” Genes and Development, vol. 13, no. 14, pp. 1025–
1036, 1999.
[55] K. Nakashima, X. Zhou, G. Kunkel et al., “The novel zinc fingercontaining transcription factor Osterix is required for osteoblast
differentiation and bone formation,” Cell, vol. 108, no. 1, pp. 17–
29, 2002.
[56] X. Yang, K. Matsuda, P. Bialek et al., “ATF4 is a substrate of RSK2
and an essential regulator of osteoblast biology: implication for
Coffin-Lowry syndrome,” Cell, vol. 117, no. 3, pp. 387–398, 2004.
[57] M. Kassem, M. Kveiborg, and E. F. Eriksen, “Production and
action of transforming growth factor-𝛽 in human osteoblast
cultures: dependence on cell differentiation and modulation by
calcitriol,” European Journal of Clinical Investigation, vol. 30, no.
5, pp. 429–437, 2000.
[58] R. L. Jilka, R. S. Weinstein, T. Bellido, A. M. Parfitt, and S.
C. Manolagas, “Osteoblast programmed cell death (apoptosis):
modulation by growth factors and cytokines,” Journal of Bone
and Mineral Research, vol. 13, no. 5, pp. 793–802, 1998.
[59] P. A. Lucas, “Chemotactic response of osteoblast-like cells to
transforming growth factor beta,” Bone, vol. 10, no. 6, pp. 459–
463, 1989.
[60] T. Alliston, L. Choy, P. Ducy, G. Karsenty, and R. Derynck,
“TGF-𝛽-induced repression of CBFA1 by Smad3 decreases cbfa1
and osteocalcin expression and inhibits osteoblast differentiation,” EMBO Journal, vol. 20, no. 9, pp. 2254–2272, 2001.
[61] S. Maeda, M. Hayashi, S. Komiya, T. Imamura, and K. Miyazono, “Endogenous TGF-𝛽 signaling suppresses maturation of
osteoblastic mesenchymal cells,” EMBO Journal, vol. 23, no. 3,
pp. 552–563, 2004.
[62] M. Centrella, S. Casinghino, J. Kim et al., “Independent changes
in type I and type II receptors for transforming growth factor 𝛽
induced by bone morphogenetic protein 2 parallel expression of
the osteoblast phenotype,” Molecular and Cellular Biology, vol.
15, no. 6, pp. 3273–3281, 1995.
[63] E. Canalis, A. N. Economides, and E. Gazzerro, “Bone morphogenetic proteins, their antagonists, and the skeleton,” Endocrine
Reviews, vol. 24, no. 2, pp. 218–235, 2003.

11
[64] S. Spinella-Jaegle, S. Roman-Roman, C. Faucheu et al., “Opposite effects of bone morphogenetic protein-2 and transforming
growth factor-𝛽1 on osteoblast differentiation,” Bone, vol. 29, no.
4, pp. 323–330, 2001.
[65] V. Krishnan, H. U. Bryant, and O. A. MacDougald, “Regulation
of bone mass by Wnt signaling,” Journal of Clinical Investigation,
vol. 116, no. 5, pp. 1202–1209, 2006.
[66] R. Baron and M. Kneissel, “WNT signaling in bone homeostasis
and disease: from human mutations to treatments,” Nature
Medicine, vol. 19, no. 2, pp. 179–192, 2013.
[67] R. Baron and G. Rawadi, “Wnt signaling and the regulation of
bone mass,” Current Osteoporosis Reports, vol. 5, no. 2, pp. 73–
80, 2007.
[68] J. J. Pinzone, B. M. Hall, N. K. Thudi et al., “The role of Dickkopf1 in bone development, homeostasis, and disease,” Blood, vol.
113, no. 3, pp. 517–525, 2009.
[69] L. M. Boyden, J. Mao, J. Belsky et al., “High bone density due to a
mutation in LDL-receptor-related protein 5,” The New England
Journal of Medicine, vol. 346, no. 20, pp. 1513–1521, 2002.
[70] Y. Gong, R. B. Slee, N. Fukai et al., “LDL receptor-related protein
5 (LRP5) affects bone accrual and eye development,” Cell, vol.
107, no. 4, pp. 513–523, 2001.
[71] M. Ai, S. L. Holmen, W. Van Hul, B. O. Williams, and M. L.
Warman, “Reduced affinity to and inhibition by DKK1 form
a common mechanism by which high bone mass-associated
missense mutations in LRP5 affect canonical Wnt signaling,”
Molecular and Cellular Biology, vol. 25, no. 12, pp. 4946–4955,
2005.
[72] D. L. Ellies, B. Viviano, J. McCarthy et al., “Bone density ligand,
sclerostin, directly interacts with LRP5 but not LRP5G171V to
modulate Wnt activity,” Journal of Bone and Mineral Research,
vol. 21, no. 11, pp. 1738–1749, 2006.
[73] W. Balemans, M. Ebeling, N. Patel et al., “Increased bone density
in sclerosteosis is due to the deficiency of a novel secreted
protein (SOST),” Human Molecular Genetics, vol. 10, no. 5, pp.
537–543, 2001.
[74] W. Balemans, N. Patel, M. Ebeling et al., “Identification of a 52
kb deletion downstream of the SOST gene in patients with van
Buchem disease,” Journal of Medical Genetics, vol. 39, no. 2, pp.
91–97, 2002.
[75] X. Tu, K. S. Joeng, K. I. Nakayama et al., “Noncanonical Wnt
signaling through G protein-linked PKC𝛿 activation promotes
bone formation,” Developmental Cell, vol. 12, no. 1, pp. 113–127,
2007.
[76] I. Takada, M. Mihara, M. Suzawa et al., “A histone lysine
methyltransferase activated by non-canonical Wnt signalling
suppresses PPAR-𝛾 transactivation,” Nature Cell Biology, vol. 9,
no. 11, pp. 1273–1285, 2007.
[77] M. Kneissel, “The promise of sclerostin inhibition for the
treatment of osteoporosis,” IBMS BoneKey, vol. 6, pp. 259–264,
2009.
[78] A. Montero, Y. Okada, M. Tomita et al., “Disruption of the
fibroblast growth factor-2 gene results in decreased bone mass
and bone formation,” Journal of Clinical Investigation, vol. 105,
no. 8, pp. 1085–1093, 2000.
[79] Z. Liu, K. J. Lavine, I. H. Hung, and D. M. Ornitz, “FGF18 is
required for early chondrocyte proliferation, hypertrophy and
vascular invasion of the growth plate,” Developmental Biology,
vol. 302, no. 1, pp. 80–91, 2007.
[80] G. Pan, J. Ni, Y.-F. Wei, G.-I. Yu, R. Gentz, and V. M. Dixit,
“An antagonist decoy receptor and a death domain-containing
receptor for TRAIL,” Science, vol. 277, no. 5327, pp. 815–818, 1997.

12
[81] J. P. Sheridan, S. A. Marsters, R. M. Pitti et al., “Control of
TRAIL-induced apoptosis by a family of signaling and decoy
receptors,” Science, vol. 277, no. 5327, pp. 818–821, 1997.
[82] G. Brunetti, A. Oranger, C. Carbone et al., “Osteoblasts display
different responsiveness to TRAIL-Induced apoptosis during
their differentiation process,” Cell Biochemistry and Biophysics,
2013.
[83] G. Mori, G. Brunetti, S. Colucci et al., “Alteration of activity
and survival of osteoblasts obtained from human periodontitis
patients: role of TRAIL,” Journal of Biological Regulators and
Homeostatic Agents, vol. 21, no. 3-4, pp. 105–114, 2007.
[84] T. W. Mak and D. A. Ferrick, “The 𝛾𝛿 T-cell bridge: linking
innate and acquired immunity,” Nature Medicine, vol. 4, no. 7,
pp. 764–765, 1998.
[85] W. Haas, P. Pereira, and S. Tonegawa, “Gamma/delta cells,”
Annual Review of Immunology, vol. 11, pp. 637–685, 1993.
[86] D. I. Godfrey, H. R. MacDonald, M. Kronenberg, M. J. Smyth,
and L. Van Kaer, “NKT cells: what’s in a name?” Nature Reviews
Immunology, vol. 4, no. 3, pp. 231–237, 2004.
[87] Y. Li, G. Toraldo, A. Li et al., “B cells and T cells are critical for
the preservation of bone homeostasis and attainment of peak
bone mass in vivo,” Blood, vol. 109, no. 9, pp. 3839–3848, 2007.
[88] G. Toraldo, C. Roggia, W.-P. Qian, R. Pacific, and M. N.
Weitzmann, “IL-7 induces bone loss in vivo by induction
of receptor activator of nuclear factor 𝜅B ligand and tumor
necrosis factor 𝛼 from T cells,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 100, no.
1, pp. 125–130, 2003.
[89] V. John, J. M. Hock, L. L. Short, A. L. Glasebrook, and R.
J. S. Galvin, “A role for CD8+ T lymphocytes in osteoclast
differentiation in vitro,” Endocrinology, vol. 137, no. 6, pp. 2457–
2463, 1996.
[90] D. Grcevic, S.-K. Lee, A. Marusic, and J. A. Lorenzo, “Depletion
of CD4 and CD8 T lymphocytes in mice in vivo enhances 1,25dihydroxyvitamin D3-stimulated osteoclast-like cell formation
in vitro by a mechanism that is dependent on prostaglandin
synthesis,” Journal of Immunology, vol. 165, no. 8, pp. 4231–4238,
2000.
[91] Y.-Y. Kung, U. Felge, I. Sarosi et al., “Activated T cells regulate
bone loss and joint destruction in adjuvant arthritis through
osteoprotegerin ligand,” Nature, vol. 402, no. 6759, pp. 304–309,
1999.
[92] S. Colucci, G. Brunetti, F. P. Cantatore et al., “Lymphocytes and
synovial fluid fibroblasts support osteoclastogenesis through
RANKL, TNF𝛼, and IL-7 in an in vitro model derived from
human psoriatic arthritis,” Journal of Pathology, vol. 212, no. 1,
pp. 47–55, 2007.
[93] Y.-T. A. Teng, H. Nguyen, X. Gao et al., “Functional human
T-cell immunity and osteoprotegerin ligand control alveolar
bone destruction in periodontal infection,” Journal of Clinical
Investigation, vol. 106, no. 6, pp. R59–R67, 2000.
[94] G. Brunetti, S. Colucci, P. Pignataro et al., “T cells support
osteoclastogenesis in an in vitro model derived from human
periodontitis patients,” Journal of Periodontology, vol. 76, no. 10,
pp. 1675–1680, 2005.
[95] S. Colucci, G. Brunetti, R. Rizzi et al., “T cells support osteoclastogenesis in an in vitro model derived from human multiple
myeloma bone disease: the role of the OPG/TRAIL interaction,”
Blood, vol. 104, no. 12, pp. 3722–3730, 2004.
[96] M. F. Faienza, G. Brunetti, S. Colucci et al., “Osteoclastogenesis in children with 21-hydroxylase deficiency on long-term

Clinical and Developmental Immunology

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

glucocorticoid therapy: the role of receptor activator of nuclear
factor-𝜅B ligand/osteoprotegerin imbalance,” Journal of Clinical
Endocrinology and Metabolism, vol. 94, no. 7, pp. 2269–2276,
2009.
M. N. Weitzmann and R. Pacifici, “Estrogen deficiency and bone
loss: an inflammatory tale,” Journal of Clinical Investigation, vol.
116, no. 5, pp. 1186–1194, 2006.
T. R. Mosmann, H. Cherwinski, and M. W. Bond, “Two types of
murine helper T cell clone. I. Definition according to profiles
of lymphokine activities and secreted proteins,” Journal of
Immunology, vol. 136, no. 7, pp. 2348–2357, 1986.
A. K. Abbas, K. M. Murphy, and A. Sher, “Functional diversity of
helper T lymphocytes,” Nature, vol. 383, no. 6603, pp. 787–793,
1996.
T. R. Mosmann and R. L. Coffman, “TH1 and TH2 cells:
different patterns of lymphokine secretion lead to different
functional properties,” Annual Review of Immunology, vol. 7, pp.
145–173, 1989.
K. Sato, A. Suematsu, K. Okamoto et al., “Th17 functions as an
osteoclastogenic helper T cell subset that links T cell activation
and bone destruction,” Journal of Experimental Medicine, vol.
203, no. 12, pp. 2673–2682, 2006.
L. E. Harrington, P. R. Mangan, and C. T. Weaver, “Expanding
the effector CD4 T-cell repertoire: the Th17 lineage,” Current
Opinion in Immunology, vol. 18, no. 3, pp. 349–356, 2006.
R. A. Seder and W. E. Paul, “Acquisition of lymphokineproducing phenotype by CD4+ T cells,” Annual Review of
Immunology, vol. 12, pp. 635–673, 1994.
J. A. Bluestone and A. K. Abbas, “Natural versus adaptive
regulatory T cells,” Nature Reviews Immunology, vol. 3, no. 3,
pp. 253–257, 2003.
S. L. Reiner, “Development in motion: helper T cells at work,”
Cell, vol. 129, no. 1, pp. 33–36, 2007.
E. Volpe, N. Servant, R. Zollinger et al., “A critical function
for transforming growth factor-𝛽, interleukin 23 and proinflammatory cytokines in driving and modulating human TH-17
responses,” Nature Immunology, vol. 9, no. 6, pp. 650–657, 2008.
S. Kotake, Y. Nanke, M. Mogi et al., “IFN-𝛾-producing human T
cells directly induce osteoclastogenesis from human monocytes
via the expression of RANKL,” European Journal of Immunology,
vol. 35, no. 11, pp. 3353–3363, 2005.
I. E. Adamopoulos and E. P. Bowman, “Immune regulation of
bone loss by Th17 cells,” Arthritis Research and Therapy, vol. 10,
no. 5, p. 225, 2008.
I. E. Adamopoulos, C.-C. Chao, R. Geissler et al., “Interleukin17A upregulates receptor activator of NF-𝜅B on osteoclast
precursors,” Arthritis Research and Therapy, vol. 12, no. 1, article
R29, 2010.
K. Noonan, L. Marchionni, J. Anderson, D. Pardoll, G. D.
Roodman, and I. Borrello, “A novel role of IL-17-producing lymphocytes in mediating lytic bone disease in multiple myeloma,”
Blood, vol. 116, no. 18, pp. 3554–3563, 2010.
M. S. Maddur, P. Miossec, S. V. Kaveri, and J. Bayry, “Th17
cells: biology, pathogenesis of autoimmune and inflammatory diseases, and therapeutic strategies,” American Journal of
Pathology, vol. 181, no. 1, pp. 8–18, 2012.
M. M. Zaiss, R. Axmann, J. Zwerina et al., “Treg cells suppress
osteoclast formation: a new link between the immune system
and bone,” Arthritis and Rheumatism, vol. 56, no. 12, pp. 4104–
4112, 2007.

Clinical and Developmental Immunology
[113] M. M. Zaiss, B. Frey, A. Hess et al., “Regulatory T cells protect
from local and systemic bone destruction in arthritis,” Journal
of Immunology, vol. 184, no. 12, pp. 7238–7246, 2010.
[114] H. Kelchtermans, L. Geboes, T. Mitera, D. Huskens, G.
Leclercq, and P. Matthys, “Activated CD4+ CD25+ regulatory T
cells inhibit osteoclastogenesis and collagen-induced arthritis,”
Annals of the Rheumatic Diseases, vol. 68, no. 5, pp. 744–750,
2009.
[115] Y. G. Kim, C.-K. Lee, S.-S. Nah, S. H. Mun, B. Yoo, and H.-B.
Moon, “Human CD4+ CD25+ regulatory T cells inhibit the differentiation of osteoclasts from peripheral blood mononuclear
cells,” Biochemical and Biophysical Research Communications,
vol. 357, no. 4, pp. 1046–1052, 2007.
[116] C. Y. Luo, L. Wang, C. Sun, and D. J. Li, “Estrogen enhances the
functions of CD4 CD25 Foxp3 regulatory T cells that suppress
osteoclast differentiation and bone resorption in vitro,” Cellular
and Molecular Immunology, vol. 8, no. 1, pp. 50–58, 2011.
[117] K. Wing, T. Yamaguchi, and S. Sakaguchi, “Cell-autonomous
and -non-autonomous roles of CTLA-4 in immune regulation,”
Trends in Immunology, vol. 32, no. 9, pp. 428–433, 2011.
[118] R. Axmann, S. Herman, M. Zaiss et al., “CTLA-4 directly
inhibits osteoclast formation,” Annals of the Rheumatic Diseases,
vol. 67, no. 11, pp. 1603–1609, 2008.
[119] Y. Choi, K. M. Woo, S. H. Ko et al., “Osteoclastogenesis is
enhanced by activated B cells but suppressed by activated CD8+
T cells,” European Journal of Immunology, vol. 31, no. 7, pp. 2179–
2188, 2001.
[120] M. Terauchi, J.-Y. Li, B. Bedi et al., “T Lymphocytes Amplify
the Anabolic Activity of Parathyroid Hormone through Wnt10b
Signaling,” Cell Metabolism, vol. 10, no. 3, pp. 229–240, 2009.
[121] B. Bedi, J.-Y. Li, H. Tawfeek et al., “Silencing of parathyroid
hormone (PTH) receptor 1 in T cells blunts the bone anabolic
activity of PTH,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 109, no. 12, pp. E725–E733,
2012.
[122] K. Zhang, S. Kim, V. Cremasco et al., “CD8+ T cells regulate
bone tumor burden independent of osteoclast resorption,”
Cancer Research, vol. 71, no. 14, pp. 4799–4808, 2011.
[123] M. Allez, J. Brimnes, I. Dotan, and L. Mayer, “Expansion of
CD8+ T cells with regulatory function after interaction with
intestinal epithelial cells,” Gastroenterology, vol. 123, no. 5, pp.
1516–1526, 2002.
[124] A. H. Banham, F. M. Powrie, and E. Suri-Payer, “FOXP3+ regulatory T cells: current controversies and future perspectives,”
European Journal of Immunology, vol. 36, no. 11, pp. 2832–2836,
2006.
[125] J. Brimnes, M. Allez, I. Dotan, L. Shao, A. Nakazawa, and
L. Mayer, “Defects in CD8+ regulatory T cells in the lamina
propria of patients with inflammatory bowel disease,” Journal
of Immunology, vol. 174, no. 9, pp. 5814–5822, 2005.
[126] J. Correale and A. Villa, “Role of CD8+ CD25+ Foxp3+ regulatory T cells in multiple sclerosis,” Annals of Neurology, vol. 67,
no. 5, pp. 625–638, 2010.
[127] M. A. Gavin, J. P. Rasmussen, J. D. Fontenot et al., “Foxp3dependent programme of regulatory T-cell differentiation,”
Nature, vol. 445, no. 7129, pp. 771–775, 2007.
[128] J. Y. Niederkorn, “Emerging concepts in CD8+ T regulatory
cells,” Current Opinion in Immunology, vol. 20, no. 3, pp. 327–
331, 2008.
[129] Z. S. Buchwald, J. R. Kiesel, R. Di Paolo, M. S. Pagadala, and
R. Aurora, “Osteoclast activated FoxP3+ CD8+ T-cells suppress

13

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]
[143]

[144]

[145]

bone resorption in vitro,” PLoS ONE, vol. 7, no. 6, Article ID
e38199, 2012.
L. L. Lanier, “NK cell recognition,” Annual Review of Immunology, vol. 23, pp. 225–274, 2005.
M. A. Cooper, T. A. Fehniger, S. C. Turner et al., “Human
natural killer cells: a unique innate immunoregulatory role for
the CD56bright subset,” Blood, vol. 97, no. 10, pp. 3146–3151,
2001.
A. Martı́n-Fontecha, L. L. Thomsen, S. Brett et al., “Induced
recruitment of NK cells to lymph nodes provides IFN-𝛾 for
TH1 priming,” Nature Immunology, vol. 5, no. 12, pp. 1260–1265,
2004.
J. A. Wilder, C. Y. Koh, and D. Yuan, “The role of NK cells
during in vivo antigen-specific antibody responses,” Journal of
Immunology, vol. 156, no. 1, pp. 146–152, 1996.
M. Hu, J. H. D. Bassett, L. Danks et al., “Activated invariant NKT
cells regulate osteoclast development and function,” Journal of
Immunology, vol. 186, no. 5, pp. 2910–2917, 2011.
C. T. de Matos, L. Berq, J. Michaëlsson, L. Felländer-Tsai, K.
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Biologic agents used in the treatment of rheumatoid arthritis (RA) are able to reduce both disease activity and radiographic
progression of joint disease. These drugs are directed against several proinflammatory cytokines (TNF𝛼, IL-6, and IL-1) which
are involved both in the pathogenesis of chronic inflammation and progression of joint structural damage and in systemic and
local bone loss typically observed in RA. However, the role of biologic drugs in preventing bone loss in clinical practice has not
yet clearly assessed. Many clinical studies showed a trend to a positive effect of biologic agents in preventing systemic bone loss
observed in RA. Although the suppression of inflammation is the main goal in the treatment of RA and the anti-inflammatory
effects of biologic drugs exert a positive effect on bone metabolism, the exact relationship between the prevention of bone loss and
control of inflammation has not been clearly established, and if the available biologic drugs against TNF𝛼, IL-1, and IL-6 can exert
their effect on systemic and local bone loss also through a direct mechanism on bone cell metabolism is still to be clearly defined.

1. Introduction
Chronic inflammatory diseases are frequently associated with
systemic bone loss, whose pathogenesis is extremely complex and involves different mechanisms that are strictly
interrelated. The relationship between inflammation and
bone loss has been clearly established in many clinical and
experimental models [1–4]. Particularly, many studies have
focused on systemic bone loss that occurs in various chronic
inflammatory diseases currently observed in clinical practice,
such as inflammatory bowel diseases, chronic lung inflammation, vasculitis, connective tissue diseases, and inflammatory
joint diseases [5–7]. In these diseases, the physiopathological
mechanisms underlying the systemic bone loss are partly
shared, but are in part distinct from each other, and specific
treatment for these pathological conditions may also affect
bone loss in different ways [8]. The causes of bone loss in
chronic inflammatory diseases are multiple, and various
experimental models together with clinical evidence suggest
that a major role is played by proinflammatory cytokines,
such as TNF𝛼 [9].
Rheumatoid arthritis (RA) represents one of the most
typical examples of systemic inflammatory processes which

lead to significant changes in bone metabolism. The bone
involvement typically observed in RA is represented by
generalised osteoporosis and localised bone loss, the latter
including erosions and juxta-articular osteopenia of affected
joints. Many epidemiological studies clearly established the
presence of generalized bone loss; RA patients present lower
hip and vertebral bone mineral density (BMD) and a higher
fracture risk compared to age and gender matched controls.
Disease activity is related to generalized bone loss and low
BMD; an accelerated BMD loss at spine and hip is observed
in the early stages of RA compared to controls [2], and in
early RA vertebral fracture can occur in the first year of the
disease irrespective of the cumulative prednisone dose. The
causes of generalised osteoporosis in RA are various and
include disease activity, immobility, and corticosteroid use
[10], whereas the main cause of both periarticular osteopenia
and local erosions is represented by the chronic inflammation
of synovial membrane, which presents a strict interaction
with the juxta-articular bone. However, recent scientific data
suggests that these three type of bone loss are at least in part
mediated by common pathogenic mechanisms [11], that
converge especially toward an alteration of bone remodelling
processes characterised by the increase of osteoclast activity,
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with a negative balance of bone formation and resorption.
Several studies suggest that inflammation itself plays an
essential role in bone loss; in the recent years, many key
interactions between inflammation and bone have been
revealed. Particularly, it has been shown that various mediators expressed within the synovial tissues are potentially able
to modify the bone remodelling processes promoting bone
resorption. Thus, the control of inflammation appears to be
one of the most important strategies for prevention of bone
loss in RA [11].

2. Relationship between Joint
Inflammation and Bone Loss in RA
A great number of local and systemic factors can control
bone remodeling by acting on osteoclasts and osteoblasts.
Some cytokines, including IL-1, TNF𝛼, IL-6, IL-11, and IL17, are able to act both directly on osteoblasts, exerting on
these cells different effects, those on osteoclasts and osteoclast
progenitors, stimulating osteoclastogenesis and regulating
osteoclast activity. The main proinflammatory cytokines IL1, IL-6, and TNF𝛼 are found in higher concentrations in
the synovial fluid and tissues of RA patients and represent
the key mediators implicated in inflammatory and immune
responses underlying the pathogenesis of this disease. All of
these cytokines are able to negatively affect bone metabolism
with different mechanisms and consequently are involved
in the pathogenesis of both generalised and local bone loss.
Macrophages represent the main source of inflammatory
cytokines and the number of macrophages present at the
bone-synovial interface correlate with the degree of the bone
damage.
The majority of pathogenic mechanisms involved in
systemic and local bone loss in RA converge to the increase
of osteoclastogenesis and osteoclast activity. Osteoclast activation greatly depends on stimulation exerted by the receptor
activator of nuclear factor 𝜅𝛽 ligand (RANKL) which binds to
the receptor activator of nuclear factor (RANK) on osteoclast
surface. RANKL, a protein belonging to the TNF𝛼 superfamily, and its inhibitor osteoprotegerin (OPG) are crucial for
bone physiology and inflammation [12], as the expression of
RANKL is stimulated by proinflammatory cytokines (TNF𝛼,
IL-1, IL-6, and IL-17). The regulation of NF-𝜅𝛽 pathway by
the RANK/RANKL/OPG system is essential for osteoclastogenesis and osteoclast activity, but NF-𝜅𝛽 signalling can be
activated also by TNF𝛼 via TNF receptor 1 (TNFR1) [13],
which is expressed on osteoclast precursors. Other than in
macrophages of inflamed synovium, TNF𝛼 is produced in
a large amount in RA by osteoblasts and a wide range of
inflammatory cells, including lymphocytes and fibroblasts
[14]. TNF𝛼 promotes bone resorption in RA, as it is able to
increase osteoclast recruitment, differentiation, and activity
both directly, in the presence of minimal concentration of
RANKL or even in the absence of RANKL signalling [15, 16]
and indirectly by increasing the expression of osteoclast
activators (M-CSF and RANKL) in several cells such as osteoblasts and cells of immune system [17–19]. Its negative effect
on bone metabolism makes TNF𝛼 an ideal candidate for
linking inflammation and bone loss.
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An increase in bone resorption processes should be associated to a concomitant increase in bone formation due to
the strength coupling of bone formation and resorption, but
in RA bone resorption is unbalanced by an appropriate bone
formation, which is inadequate or even suppressed. It can be
supposed that some proinflammatory cytokines are also able
to suppress bone formation; particularly it has been shown
that TNF𝛼 can inhibit osteoblast differentiation [20]. Indeed,
although the increase of bone resorption represents the main
mechanism involved in inflammation-related bone loss, it has
been shown from in vitro studies that TNF𝛼 can also increase
osteoblast apoptosis [21] and reduce osteoblast differentiation
and proliferation, still through TNFR1 receptor. Recent data
showed that the inhibition of osteoblast differentiation by
TNF𝛼 is mediated by the reduction of RUNX2 and Osterix
expression, which are essential regulators in various stages of
osteoblast differentiation [22, 23]. It has also been shown that
TNF𝛼 may suppress osteoblast-mediated bone formation by
the inhibition of Wnt-𝛽-catenin pathway, which is one of the
main bone forming canonical ways, through the upregulation
of the Wnt inhibitors Dickkopf-related protein (Dkk-1) and
sclerostin [24].
Other than TNF𝛼, a wide variety of inflammatory cytokines affect bone remodelling in patients with RA, both indirectly by modulating RANK/RANKL system and through a
direct effect on osteoclastogenesis [25–29]. T lymphocytes are
an essential source of many cytokines that exert a stimulatory
effect on osteoclastogenesis, such as IL-1𝛽, IL-6, and IL-11,
and it can be hypothesized that in inflammatory chronic
diseases there is a T-cell-mediated osteoclastogenesis.
Many clinical and experimental data support the crucial
role of IL-1 in RA, which is considered among the master
cytokines in these disease. Transgenic mice deficient in IL-1
receptor antagonist (IL-1Ra) spontaneously develop a chronic
arthritis similar to RA with bone erosions and present higher
susceptibility for collagen-induced arthritis [30]. Conversely,
in an experimental animal model of streptococcal cell-wall
induced arthritis, IL-1-deficient mice show a diminished tissue damage and synovial infiltrate, without any reduction
in joint swelling, suggesting that IL-1 might be involved in
joint damage whereas inflammation is regulated by other
additional mechanisms. In the same experimental model of
chronic arthritis, blocking of IL-1 resulted in little or absent
suppression of inflammation, but induced a normalization
of chondrocyte activity, confirming that IL-1 exerts a positive effect on cartilage and bone degradation [31]. Other
studies showed that IL-1 is not predominant in the acute
inflammatory stages of most experimental arthritis models,
but plays a significant role in perpetuating joint inflammation
and in the pathogenesis of bone and cartilage damage [32]. IL1 is among the most potent activators of osteoclastogenesis
and exerts this activity by stimulating the production of
RANK-L in T cells. IL-1 increases RANKL expression also in
osteoblast lineage cells and regulates the production of OPG,
the natural inhibitor of RANKL. Further, IL-1 can directly
increase osteoclastogenesis and synergize with RANKL in
potentiating osteoclast-mediated bone resorption.
IL-6 is another pleiotropic cytokine that plays a key role in
inflammation and autoimmunity processes, including those
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underlying the pathogenesis of RA where it acts synergistically with IL-1 and anti-TNF𝛼. IL-6 levels are increased both
in serum and synovial fluid of patients with RA [33, 34] and
positively correlate with disease activity. By binding to its
receptor (IL-6R), IL-6 exerts a broad spectrum of inflammatory events that are essential in RA. IL-6 is a major stimulator
of the synthesis of acute-phase reactants, exerts a role in
the recruitment of leucocytes and other inflammatory cells,
and stimulates synoviocyte proliferation. IL-6 is also a key
regulator of bone remodelling as it is able to induce osteoclast
differentiation and activation [35], playing a crucial role in the
pathogenesis of local and systemic bone loss associated with
RA [36].
Based on the clinical and experimental evidence of the
strong relationship between inflammation and bone loss,
and considering the role played by TNF𝛼, IL-1, and IL-6 in
the pathogenesis of changes in bone metabolism in RA, it
can be hypothesized that treatments able to inhibit chronic
inflammation, and particularly biological agents directed
against these cytokines, could potentially inhibit or reverse
the different kinds of bone loss observed in this disease.
At present, there are few data concerning the effects of
treatments directed against TNF𝛼, IL-1, and IL-6 on systemic
bone loss in RA patients.

3. Treatment of RA with
Biologic Drugs and Bone Loss
Other than nonsteroidal anti-inflammatory drugs and corticosteroids, traditional treatment of RA consists in diseasemodifying antirheumatic drugs (DMARDs), which act as
immune-modulating agents exerting their effect on the autoimmune processes underlying the pathogenesis of disease.
Nevertheless, in the latest 15 years the treatment of RA has
been revolutionised by the development of agents that target
a specific molecular mechanism of the inflammatory cascade,
the so-called biologic drugs. Inhibitors of TNF𝛼, such as
Infliximab, Adalimumab, Certolizumab, and Golimumab, are
the most commonly used biologic therapies in RA, but agents
directed against other proinflammatory cytokines involved
in the pathogenesis of RA have been developed, such as
anti-IL-1 (Anakinra) and anti-IL-6 (Tocilizumab). All these
agents have shown to be able to reduce both disease activity
and radiographic progression of joint disease. Taking into
account that the same cytokines are involved both in local and
generalized bone loss, it is rational to speculate that biologic
agents could directly perform a protective action on bone
remodelling, even if probably the different biologic drugs
exert variable effects on local and systemic bone resorption
typical of RA.
3.1. TNF𝛼 Blockade and Bone Loss Prevention in RA. AntiTNF𝛼 agents are the first biological drugs used for treatment
of RA; their effectiveness in controlling disease activity and
inflammation and in preventing joint structural damage has
been proved in several large randomized clinical trials. This
group of drugs includes the monoclonal anti-TNF𝛼 antibodies (Infliximab, Adalimumab, Golimumab an Certolizumab)
and the soluble TNF𝛼 receptor Etanercept.
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It has been supposed that anti-TNF𝛼 therapy could
be effective both in controlling chronic inflammation than
in preventing or reversing systemic osteoporosis and local
bone loss (erosion and juxta-articular osteoporosis) typically
observed in RA and that its positive effect on bone could be
independent of anti-inflammatory properties.
The potential positive effect of anti-TNF𝛼 on bone loss in
RA patients has been shown in various experimental models.
In transgenic mice overexpressing TNF𝛼, which develop a
destructive arthritis closely mimicking human RA, TNF𝛼
blockade completely reversed the increased bone resorption
and led to a dramatic increase in osteoblast numbers, with a
positive net balance of bone turnover [37]. In an experimental
animal model of collagen or adjuvant induced arthritis, antiTNF𝛼 and anti-IL-1 therapy inhibited systemic and local
inflammation and reduced local bone loss, showing no effects
on generalized bone loss; conversely, RANK-L treatment was
able to prevent both local and systemic bone loss, without
effects on inflammation parameters [38]. Anti-TNF𝛼 treatment significantly increased total body bone mineral density
(BMD) in an animal model of collagen-induced arthritis,
with increase in trabecular thickness and no changes in bone
volume or trabecular separation, suggesting a preservation of
bone formation [39].
TNF𝛼 blockade can act directly by preventing the direct
stimulatory effect of TNF𝛼 on osteoclastogenesis but, based
on the ability of TNF𝛼 to directly increase RANKL expression
it has been hypothesised that TNF𝛼 inhibition could act
through the reduction of RANKL [40]. Further, anti-TNF𝛼
treatment could prevent the negative effect of TNF𝛼 on
osteoblast activity and differentiation.
The majority of clinical studies that evaluated the effect
of anti-TNF𝛼 agents on bone loss in RA, irrespective of their
effects on joint inflammation, had primarily focused on bone
turnover markers rather than on other clinically important
endpoints, such as BMD and/or fracture risk. Several studies showed that anti-TNF𝛼 treatment induces a significant
decrease in bone resorption markers [41–43], such as serum
C-terminal cross-linked telopeptide of type I collagen, and
enhances bone formation markers (osteocalcin and procollagen serum type I N-terminal propeptide), which represent
the expression of a change in bone remodelling processes
favouring a positive net bone balance [42, 44]. Further, antiTNF-𝛼 agents are able to reduce circulating RANKL, resulting
in a favourable change in OPG/RANKL ratio. The results
of these studies, although discordant, showed a tendency
toward a modest and transitory increase in bone formation
and a more important decrease in bone resorption markers,
thus supporting the hypothesis that TNF𝛼 blockade exerts a
more effective action on osteoclastogenesis/osteoclast activity
rather than on osteoblastogenesis/osteoblast activity.
Reports consistent with effects of TNF𝛼 blockade on
BMD have begun to emerge in recent years [42, 43, 45]. Most
studies showed a stable or even increased BMD in patients
with RA treated with TNF𝛼 inhibitors. It has been reported
that anti-TNF𝛼 therapy is able to inhibit bone loss at spine
and hip [42–44, 46–48] even if comparative studies showed
conflicting results. One-year treatment with the anti-TNF𝛼
Infliximab associated to Methotrexate was able to prevent
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spine and hip bone loss in patients with RA, compared to
patients receiving only the conventional treatment with Methotrexate [49]. The protective effect on BMD was independent of sex, age, menopause status, and steroid use; further, it
was observed also in patients who did not exhibit a clinical
joint improvement, suggesting that the positive role of antiTNF𝛼 therapy was independent of inflammation control. No
changes in bone resorption/formation markers from baseline
or between the groups were observed, even if a slightly
greater reduction of both serum osteocalcin and carboxyterminal telopeptide of type I collagen (CTX-I) in patients
treated with Infliximab suggested a greater decrease in bone
remodelling with this drug. However, in some single-arm
studies with anti-TNF𝛼 agents, the inhibition of bone loss
was accompanied by improvement in disease activity and/or
reduction of inflammation [42, 47] indicating that the protective effects of TNF𝛼 agents were strictly related to their antiinflammatory activity rather than a direct and independent
effect on bone.
The use of Infliximab over 2 years in patients with RA
induced a significant increase in BMD at lumbar spine [50].
Another open-label, prospective study showed that the antiTNF𝛼 monoclonal antibody Adalimumab preserved the bone
loss at spine and femoral neck in RA patients treated for
1 year [47], confirming the stop of bone loss after TNF𝛼
blockade. Although generalised and local bone loss in RA
share many physiopathological mechanisms, some clinical
studies showed a dissociation in the antiresorptive effect of
anti-TNF𝛼 agents between hands and hip or spine, suggesting
that periarticular bone of hands is more sensitive to the local
effect of proinflammatory cytokines released by the adjacent
synovial tissue [42, 45, 50].
It has been reported that Infliximab associated to Methotrexate reduced BMD loss at hip compared to treatment with
Methotrexate alone, but this effect was not observed at lumbar spine and hands [45]. A large randomized clinical trial
[51], in which the differences on bone loss between traditional
disease-modifying antirheumatic drugs and various antiTNF𝛼 regimens were evaluated, showed that conventional
treatment alone was associated with a greater hand bone loss
compared to the association with anti-TNF𝛼 therapy; however, these effects disappeared when results were adjusted for
disease activity. Further, a post hoc analysis grouping patients
by therapeutic response showed that the protective effect on
bone was associated with clinical remission, irrespective of
treatment with anti-TNF𝛼 [52]. Conversely, a second wellpowered randomized clinical trial showed that the anti-TNF𝛼
Adalimumab in combination with Methotrexate reduced
hand bone loss independently of clinically assessed disease
activity and inflammatory status [53], suggesting that the
beneficial effects of anti-TNF𝛼 therapy could not be limited
to the control of inflammation, but also to its ability to inhibit
the direct effect of TNF𝛼 on osteoclast activation by binding
to TNF𝛼 receptor placed on osteoclast precursors.
These data support the hypothesis that the treatment of
the underlying chronic inflammation is not the predominant
mechanism of the beneficial effects of anti-TNF𝛼 agents on
bone. It is also possible that the beneficial effect on BMD
can be due to decreased pain, increased physical activity, or
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improved nutritional status, other than to a direct effect on
bone cells.
The effect of TNF𝛼 on fracture risk remains uncertain, as
changes in BMD and serum bone remodeling markers can
be useful in predicting the risk of osteoporotic fracture, but
many other factors, including trabecular microarchitecture,
may also influence this outcome [54]. However, a recent
population-based cohort study [55] showed that the risk of
nonvertebral fractures did not differ between patients with
RA receiving TNF𝛼 inhibitors with or without a nonbiologic
DMARD and those receiving a nonbiologic DMARD alone.
3.2. IL-1 and IL-6 Blockade and Bone Loss Prevention in RA.
Tocilizumab, a humanized anti-IL-6 monoclonal antibody,
is the only approved biological drug targeted against IL-6;
it acts by binding to the two forms of IL-6 receptor (IL6R)
and prevents the formation of IL-6/IL6R complexes. The
positive effects of anti-IL-6 on control of chronic inflammation and on prevention of the structural joint damage
and improvement of physical function [56] in RA patients
have been proven by various large randomized clinical trials,
but the effects on generalized bone loss have not yet fully
investigated. In a recent randomized, double-blind, placebo
control clinical trial, performed on anti-TNF𝛼 refractory
RA patients [36] it has been shown that after 16 weeks of
treatment Tocilizumab determined a strong and significant
decrease of the circulating levels of bone resorption markers
(CTX-I), whereas it did not induce any significant changes
in the bone formation markers osteocalcin and propeptide
of type I collagen (PINP), reflecting a net positive effect on
bone balance. Interestingly, the positive correlation between
inflammation (CRP) and disease activity (DAS 28) with bone
resorption markers found before anti-IL-6 treatment was
lost after 16 weeks of anti-IL-6 exposure, suggesting that
this therapy could interfere with the interaction between
systemic inflammation and bone resorption in RA. However,
the therapeutic inhibition of IL-6 receptor in patients with RA
can affect bone homeostasis through an effect on mechanisms
that control bone formation. It has been reported that a short
course of IL-6 inhibition in patients with RA induced changes
in serum levels of the natural inhibitors of the canonical
Wnt signalling. Particularly, after two monthly infusion of
Tocilizumab, Dkk-1 circulating levels were reduced; conversely, sclerostin levels were increased, probably due to
a balance effect related to the reduced osteoclast function
and/or to the reduction of Dkk-1. The observed changes
in serum levels of Dkk-1 and sclerostin were comparable
between patients who achieved remission or low disease
activity after Tocilizumab treatment and those did not,
confirming the hypothesis that IL-6 blockade can exert an
influence on bone metabolism irrespective of its effect on
suppression of systemic inflammation through a role in the
regulation of Wnt pathway. The effects of IL-6 inhibition
on bone in patients with RA have been reported also in
a phase II randomized multicenter double-blind placebocontrolled trial in which the effect on bone turnover markers
of two different dose regimens of Tocilizumab were evaluated
[57]. This study reported an early and sustained increase in
circulating levels of bone formation marker PINP with both

Clinical and Developmental Immunology
Tocilizumab dose regimens and an increased osteocalcin
level with the higher dose; conversely, the bone resorption
markers CTXI and ICTP were significantly decreased. These
data confirm the hypothesis that IL-6 inhibition can induce a
beneficial effect on bone turnover and could be able to reverse
the negative bone balance observed in RA patients.
Nevertheless, data on the possible effect of IL-6 inhibition
on BMD and fracture risk remain to be determined, and further studies are required to clearly establish the real beneficial
effect of IL-6 inhibition on the prevention of systemic and
local bone loss in RA and if the potential beneficial effects
are related to the reduction of inflammation status or are due
to the direct effect on bone metabolism.
The effect of IL-1 blockade on bone resorption had been
previously evaluated in different experimental animal models. In a model of collagen-induced arthritis, treatment with
anti-IL-1 antibodies was associated with a significant reduction in clinical score, the prevention of cellular infiltration
and cartilage damage and with the abolition of bone erosions
[58]. In an adjuvant arthritis model in rats, treatment with
IL-1Ra induced a significant reduction of bone resorption
compared to controls, and this antiresorptive effect was associated with a significant reduction in the number of osteoclasts [59].
Anakinra is a recombinant IL-1 receptor antagonist (ILRa) that has been approved for the treatment of RA. The
positive effect of Anakinra on clinical parameters in patients
with RA was demonstrated in a large randomized controlled
clinical trial, in which Anakinra provided significantly greater
clinical improvement than placebo [60]. Further, Anakinra
significantly reduced the progression of bone erosion in
treated patients compared to placebo [60]. The effect of IL-1
blockade on bone metabolism has been proven in ovariectomized rodents [61] and in postmenopausal women, in
which Anakinra can partially prevent the increase of bone
resorption markers due to estrogen deficiency [62]. Nevertheless, to date there are not published studies concerning the
effect of Anakinra on BMD and/or fracture risk in patients
with RA.

4. Conclusions
The link between bone cell, inflammation, and immune cells
has been largely investigated in the latest years; particularly,
clinical and experimental evidences have proven that the
main cytokines involved in the pathogenesis of inflammatory
changes observed in RA play a significant role in systemic
and local bone loss typical of this disease. TNF𝛼, IL-1, and
IL-6 blockade are not only able to prevent the structural
joint damage, but also to prevent bone loss in RA. Whether
the available biologic drugs against TNF𝛼, IL-1, and IL-6
exert their effects on systemic and local bone loss through a
direct mechanism on bone cell metabolism or indirectly by
reducing local and systemic inflammation is still to be clearly
defined. It has to be underlined that available data derives
from short-term studies; thus, remains to be established if
bone quality is affected with long-term use of these drugs.
Further investigations into longer-term data are necessary
to clearly define the potential risk and beneficial effects of
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biological drugs on bone tissue and to definitely assess the
effect of these drugs on bone metabolism and on BMD and
fracture risk in RA patients.
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There are a number of dynamic regulatory loops that maintain homeostasis of the immune and skeletal systems. In this review,
we highlight a number of these regulatory interactions that contribute to maintaining homeostasis. In addition, we review data on
a negative regulatory feedback loop between osteoclasts and CD8 T cells that contributes to homeostasis of both the skeletal and
immune systems.

1. Introduction
Osteoimmunology is the study of the crosstalk between the
skeletal and immune systems. The term osteoimmunology
emerged from the recognition [1] that many lymphocytederived cytokines including interleukin (IL)-17, type I and II
interferons, and RANKL are potent mediators of osteoclast
function and differentiation [2–4]. Effector T-cell-produced
proinflammatory cytokines have been shown to promote
bone erosion in inflammatory diseases such as rheumatoid
arthritis and periodontitis and to also play a critical role
in bone cancers and postmenopausal osteoporosis [5–7]. In
this review, we discuss some of the principles of design
of the regulatory interactions that maintain homeostasis
for both the immune (first one-third of the review) and
skeletal (second third) systems. Finally, we discuss our studies
on a new negative regulatory feedback loop we discovered
between osteoclasts and CD8 T cells in the context of these
homeostatic regulatory interactions.
1.1. Homeostasis. All self-assembling, self-regulating systems
need to maintain an internal stable state (i.e., a set point) in
response to external changes, stimuli, or inputs. The regulatory mechanisms that act to maintain or restore the stable

state are homeostatic regulators. Both the immune and skeletal systems are highly regulated by layers of hierarchical networks of cellular interactions to maintain stability and provide a balanced response to physiological and environmental
changes. The immune system and the skeletal system require
positive and negative regulators to maintain homeostasis.

2. Self-Regulation in the Immune System
The central feature of the immune system is to distinguish
self from nonself and to mount a response to non-self.
However, as has been previously noted [8, 9], the problem
is more complex. Because of the random nature by which
the B-cell and T-cell repertoire is generated and because of
the limits of central tolerance, there is a constant risk of
antiself-responses by cells of the adaptive immune system. In
studying the mechanisms that suppress the immune system,
three principles of design have emerged. First, there are
recognizable patterns in structures of regulatory pathways
(subnetworks) that operate within a cell (molecular), at the
level of cell-cell interactions and at a system-wide level.
While the specific mediators may vary at each level, the
overall architecture of these subnetworks is conserved to form
recognizable motifs [10, 11]. Second, analysis of the motifs
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Figure 1: Tonic and reactive regulatory motifs: (a) the tonic regulatory motif maintains homeostasis by adjusting the concentration of a
suppressor [S], which sets the upper bound of the activating threshold. In some cases, basal levels of an activator [R] establish the lower
bound. (b) The reactive regulatory motif maintains homeostasis typically through a negative feedback loop. Negative feedback produces
spiked activation and oscillations under some circumstances.

revealed two classes of regulatory subnetworks: tonic and
reactive. Tonic regulators set the threshold above which
the stimulus (or Input in Figure 1(a)) must rise to elicit a
response; they prevent activation from happening. An example of a tonic regulator is TGF𝛽1, that is present in an
active form in many tissues. TGF𝛽1 raises the functional
activation threshold for lymphocytes. By tweaking the concentration of the suppressor, inappropriate weak responses
are suppressed (Figure 1(a)). Reactive regulators control the
emerging response; they limit the intensity once it has begun
[12] (Figure 1(b)). An example of a reactive regulator is IL10 which is produced by the innate and adaptive immune
arms, and which limits immune response and inflammation
[13]. Microbial products (Input in Figure 1(b)) binding to
Toll-like receptor (TLR) in myeloid dendritic cells (A in
Figure 1(b)), for instance, leads to maturation of dendritic
cells and activation of T cells (B in Figure 1(b)). Activated
T cells produce IL-10, which acts on the dendritic cells, to
limit the subsequent activation of T cells [14]. The response
to all cytokines is context dependent, and therefore these
examples are for illustration and not intended as a blanket
rule. For example, while TGF𝛽 is a tonic regulator of the T
cell response, in combination with IL-6 it induces a highly
pathogenic (proinflammatory) TH 17 response [15]. The third
emerging principle of design is the spatiotemporal negative
regulation. The immune response is a process, or a sequence
of coordinated events, with an initiation, maintenance, and
resolution phase. Therefore, the regulatory kinetics must be
reactive and lead to a restoration of homeostasis. This means
that there is a time delay between the initiation phase and

full activation of the resolution phase. The resolution phase
initiates the shutdown of the immune response, to prevent
excess tissue damage, and initiates wound healing and repair.
For instance, Toll-like receptor signaling, which sense, and
triggers responses to pathogen-associated molecular patterns
(PAMPS), is regulated at multiple levels. Lang and Mansell
conclude that “the negative regulators of TLR signaling do not
work as a single entity, but rather akin to an orchestral score,
each component is reliant on its other instruments to produce a
melody rather than a crashing cacophony” [16].
Regulatory T cells, another type of immunologic suppressor, are more difficult to classify. T cells that express
CD25 and FoxP3 are known as regulatory T cells (TREG ).
The best-studied TREG are CD4+ CD25+ FoxP3+ that work
in both the tonic and reactive modes. Depletion of TREG ,
either at the cellular level or by genetic lesion of FoxP3, leads
to multiorgan autoimmune disease [17–22]. There is direct
evidence that they work mechanistically in a tonic mode
to suppress activation of self-reactive T cells [23]. Germain
et al. [24] have elegantly argued that TREG primarily work
in a reactive mode as they often act after initial activation
in response to nonself-antigens to suppress the development
[25] and/or function [26] of effector T cells.

3. Regulatory Mechanisms That Maintain
Homeostasis in the Skeletal System
Bone is remodeled thoughout life. Skeletal system homeostasis is maintained primarily by osteoclasts, which resorb bone,
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Figure 2: OC-iTcREG suppress osteoclast differentiation and actin ring formation: (a) OC-iTcREG were generated from polyclonal wt, IL-10−/− ,
IL-6−/− , or IFN-𝛾−/− splenic T cells and cocultured with osteoclast precursors in the presence of RANKL and M-CSF for 5 days. The T cells
were then removed and the adherent cells were assayed for TRAP activity using a fluorescent substrate ELF97. IFN-𝛾 and IL-6 were found
to be necessary for OC-iTcREG anti-osteoclastogenic activity. (b) Osteoclasts are differentiated on bovine bone slices and then cultured for
24 hrs with wt, IL-10−/− , IL-6−/− , or IFN-𝛾−/− OC-iTcREG . The T cells were then removed and the osteoclasts were stained with fluorophoreconjugated phalloidin to assay for actin ring formation. IFN-𝛾 was shown to be required for the OC-iTcREG to suppress actin ring formation.

and osteoblasts, which generate new bone. Bone remodeling
is carried out in spatially discrete foci by a team of cells that
form a basic multicellular unit (BMU) or a bone-remodeling
compartment (BRC) for cancellous bone. The formation
of the BMU occurs as a sequence of events: origination,
osteoclast recruitment, resorption, osteoblast recruitment,
osteoid formation, and finally mineralization [27]. Many of
the principles of design of regulatory networks observed
in immune system, like hierarchical, tonic versus reactive,
and spatiotemporal regulation, also appear in the skeletal
system for maintaining and restoring homeostasis. There are
local interactions for each step of the remodeling process:
osteocytes embedded in bone, produce receptor activator of
NF-𝜅B ligand (RANKL) that is needed for the differentiation
and activity of osteoclasts [28, 29]. Osteocytes transduce
mechanical forces in accordance with Wolff ’s law to regulate
osteoclast activity through production of RANKL [30] ([R]
in Figure 1(a)). Osteoblasts also produce a decoy receptor of
RANKL, osteoprotegerin (OPG), which plays an important
role in suppressing ([S] in Figure 1(a)) osteoclast activity by
blocking RANKL binding to its receptor. These interactions
are best characterized as tonic regulators as they set the
threshold at which remodeling activity of the BMU begins.
At homeostasis, bone resorption rate is “coupled” or
balanced by bone formation rate at the organismal level and
within the BMU. To maintain the balance, osteoclasts express
membrane-bound Ephrin (Eph) B1 and B2 which regulates
the differentiation of the osteoblast through its interaction

with EphB4 [31], and hence maintains balance in the two
rates. In addition to EphB2, secreted factors (i.e., S1P and
MCP-1) keep the osteoclast and osteoblast activity closely
coupled (see Figure 2). These interactions maintain bone
mass at a set point and therefore are examples of tonic
regulation.
Bone is major store of calcium and phosphate. A number
of endocrinal or bone extrinsic factors regulate the BMU
to release or reduce these minerals from serum. These
regulators are typically reactive, as they can initiate or suppress resorption and bone formation in response to changes
in serum calcium and phosphate levels. The kidney and
parathyroid sense levels of circulating calcium and phosphate
and produce hormones. For instance, low calcium levels lead
to increased parathyroid hormone (PTH) levels to stimulate
bone resorption and the release of calcium into the serum.
These sensors and hormonal regulatory “wires” also form
subnetworks within a hierarchical network to regulate bone
homeostasis. Another example is the endocrine subnetwork formed between osteoblasts and adipocytes through
adiponectin that regulates fat storage and bone mineral
density. In summary, while there are specific differences
between the immune and skeletal system, they can be both
described by similar principles of design.
3.1. Immune Regulation of Bone Homeostasis. The immune
system produces mediators that can alter tonic regulation of
bone homeostasis. Some activated proinflammatory T cells
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express RANKL [32] that leads to bone erosion [33]. It
was also recognized that activated T cells, in some cases,
express interferon-𝛾, which mitigates the proresorptive effect
of RANKL by promoting the degradation of the receptor
associated factor TRAF6 through which RANKL signals [34].
The dynamics of pro- and antiresorptive effects on osteoclasts
by T cells led Arron and Choi to coin the term osteoimmunology [1]. Further discoveries that other cytokines and other
mediators produced by activated T cells and tumors can lead
to increased expression of RANKL, and hence to bone loss,
also led development of Denosomub, a humanized antibody
that blocks RANKL [13]. As described above, RANKL and
OPG maintain the upper and lower bounds of regulating
osteoclast function acting as tonic regulators. The expression
of both these proteins has been ascribed to osteoblasts and
osteocytes [28, 29]. Li et al. have shown that B cells are
also a significant source (up to 45% of total bone marrow
production) of OPG when stimulated through CD40 [35].
Consistent with the notion that activation of B cells requires
T cell helper functions (notably IL-4 secreting TH 2 subset),
the CD40 ligand (CD154) is expressed on activated T cells
(reviewed in [36]). Therefore, the field of osteoimmunology
has focused to date on the regulation of bone homeostasis by
the immune system through modulating tonic regulators.

4. A Negative Feedback Loop between
Osteoclasts and CD8 T Cells
In this section, we describe results from our laboratory that
provide a new fundamental link between the immune and
skeletal systems. Genetic studies have identified many regulatory proteins that control the development of osteoclasts,
but the relationships between these genes and the processes
they regulate have not been well understood. To that end,
we performed a time course microarray looking at osteoclast differentiation from bone-marrow-derived precursor
cells [37]. We observed an upregulation of genes for many
proteases, the machinery required for transcytosis, protein
processing, protein sorting, the MHC class I subunits, and Tcell chemoattractants CXCL10 and CCL5. These observations
suggested that osteoclasts possess T-cell recruitment and
priming activity.
Using C57BL/6 splenocytes, we demonstrated that osteoclasts selectively recruit CD8 T-cells in vitro [38]. Additionally, osteoclasts can endocytose extracellular antigen, process full-length protein in a proteasome-dependent manner,
cross-present that antigen on MHC-I, and activate antigen
specific CD8 T cells. Li et al. have also shown activation
of CD8 T cells by human osteoclasts that were derived
from peripheral blood mononuclear cells [39]. The murine
osteoclast-activated CD8 T cells were shown to be noncytolytic and anergic. They express CD25 and FoxP3, and
therefore we refer to them as osteoclast-induced regulatory
CD8 T cells or OC-iTcREG . Further characterization of these
cells revealed that they express membrane-bound RANKL,
CTLA-4 and produce IFN-𝛾, IL-6, IL-10, and IL-2 [38,
40]. Interestingly, while RANKL promotes osteoclast differentiation, IFN-𝛾 and IL-10 are known negative regulators
of osteoclastogenesis. As these TcREG express positive and
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negative regulators of OC, we tested to see what the net
effect of TcREG is on osteoclasts in vitro. Using a cocultured
OC-iTcREG and mature osteoclasts, we demonstrated that
OC-iTcREG suppress osteoclast activity in vitro. Indeed, OCiTcREG suppressed osteoclastogenesis from precursor cells
and the actin ring formation in mature osteoclasts [40]. Using
T cells from mice with targeted knock out of IL-6, IL-10,
and IFN-𝛾 we found that loss of IFN-𝛾 or IL-6 restored
osteoclastogenesis, whereas loss of IFN-𝛾 (and IL-10 weakly)
restored actin ring formation (Figure 2).
To determine the ability of the OC-iTcREG to suppress
bone turnover in vivo, we used two different models: first,
we used RANKL administration to activate osteoclast activity and, using a series of adoptive transfer experiments,
we showed that OC-iTcREG have the ability to limit bone
turnover in vivo [41]. Using CD8 T cells from rescued Scurfy
mice, which cannot express functional FoxP3, we showed that
FoxP3 expression is required for the ability of CD8 T cells
to limit bone turnover. As a second model to test the ability
of ex vivo-generated OC-iTcREG to limit bone loss, we used
ovariectomized mice, which have increased turnover because
of the loss of estrogen. These experiments demonstrated
that the OC-iTcREG could limit bone loss to a similar level
as the bisphosphonate, Zoledronate. Furthermore, treatment
with OC-iTcREG allowed for bone repair, as both the bone
formation rate (BFR) and mineral apposition rate (MAR)
increased relative to Zoledronate-treated mice [41]. Since
OC-iTcREG could inhibit osteoclastogenesis in vitro, we tested
whether OC-iTcREG could reduce osteoclast numbers in
ovariectomized mice. Osteoclast numbers were quantified
using serum TRAP5b and via bone histomorphometry. We
observed a statistically significant drop in osteoclast numbers
in treated mice compared to control ovariectomized mice
[41]. Finally, we also found that ovariectomized mice had
increased levels of effector T cells (CD3+ and CD44+ ) relative
to sham-operated mice; treatment with OC-iTcREG decreases
the fraction of effector T cells to levels observed in shamoperated mice. The latter results demonstrate that OC-iTcREG
have regulatory T cell activity in vivo.
At the same time as the discovery that effector T
cells (produced under proinflammatory conditions) promote
bone turnover, by secreting RANKL and type I and type II
interferons, experiments showed that T cells, CD8 T cells
in particular, were protective against bone turnover [42,
43]. For instance, it was noted that when bone marrow
cells from TCR𝛼−/− mice, which lack CD4 and CD8 T
cells, were cultured in the presence of 1,25(OH)2 , vitamin
D3 osteoclastogenesis was enhanced indicating that T cells
suppress osteoclastogenesis [44]. Our findings provide a
mechanism for the role of the FoxP3+ subset of CD8 T cells
in regulating osteoclastogenesis (Figure 3). Zaiss et al. have
shown that CD4 TREG can also suppress bone turnover in
both osteoporosis and rheumatoid arthritis models [45–47].

5. The Physiological Roles of TcREG
TcREG have been documented in humans and mice [48–59],
but they have not been studied extensively, in part due to
their low abundance (0.2 to 2% of CD8+ T cells) in lymphoid
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organs. In comparison, the well-studied CD4+ regulatory Tcells, TREG , comprise 5–12% of CD4+ T-cell in the spleen.
However, the low abundance of a regulator does not belie its
importance. Indeed, most regulators are present in low abundance. For instance, transcription factors, present at <0.1% of
cellular proteins [60] and whose concentration is exquisitely
regulated, are critical regulators of gene expression [61].
TcREG and TREG have overlapping and distinct functions.
Both cells express the transcription factor, FoxP3 a marker of
regulatory T cells [21, 62, 63]. The two regulatory T cells are
controlled differently: thymically and peripherally produced
TREG require restimulation through their T-cell receptor
(TCR) by MHC class II to express their suppressive effector
functions [64]. The maturation of antigen presenting cells
(APC) that express MHC class II, needed for restimulation,
is tightly regulated [65, 66]. In contrast, TcREG do not require
restimulation [40]. In any case, as all cells (except RBC)
constitutively express MHC class I, any cell could potentially
stimulate TcREG . Our studies [40] and others [67–69] have
shown that TcREG are regulated by induction locally (e.g., in
the bone marrow) from naı̈ve CD8 T-cells; hence, their steady
state abundance would be low in lymphoid tissue.
The ability of osteoclasts to induce TcREG and the ability of
TcREG to subsequently regulate osteoclast function establish a
bidirectional regulatory loop between these two cells in the
bone marrow. Notably, the regulatory loop does not require
the presence of proinflammatory cytokines. Indeed, our
ability to isolate functional TcREG from mice, in the absence of
any inflammatory disease [40], indicates that these cells have
a role in maintaining skeletal homeostasis in vivo. In contrast
to CD4 TREG , the TcREG may have a more specialized and
local function. The ability of osteoclasts to induce TcREG and
their ability to suppress without restimulation may provide
an explanation for the low levels of TcREG found in vivo: the
system is rapidly inducible, so a large reservoir of TcREG is

not needed. The induction of the TcREG by osteoclasts that
suppress osteoclasts would be self-limiting and lead to small
number of TcREG . This line of reasoning indicates that OCiTcREG , in the context of skeletal homeostasis, are reactive
regulators (Figure 1(b)) because they limit osteoclast activity
and because they are generated by active osteoclasts. In
contrast to the previous aspects of osteoimmunology, where
modulation of bone homeostasis was through tonic regulators, the regulation by TcREG is by reactive regulation. Indeed,
as RANKL administration induced TcREG via activation of
osteoclasts, this indicates the RANKL functions both in a
tonic and reactive regulatory modes.
Our in vivo data also indicates that active osteoclasts are
needed to induce TcREG , because, among other reasons, the
numbers of TcREG increased in response to RANKL. To test
for the induction of TcREG in vivo, we adoptively transferred
highly purified CD8 T cells from FoxP3eGFP reporter mice
[70] that were depleted completely by cell sorting of all GFP
and CD44 positive cells. Conversion of GFP negative to GFP
positive cells was observed upon RANKL induction only in
the bone marrow. This conversion from GFP negative to positive was not observed in mice pretreated with Zoledronate
indicating that active osteoclasts are required for the conversion (Buchwald and Aurora, unpublished observations).
These results indicate a reactive mode of regulation, consistent with the negative feedback loop motif. The negative
feedback motif is also found in the immune system and
serves two purposes. First it limits weak responses by acting
as buffer. And second it produces strong “spikes” of activity
rather than prolonged weak activity. The role in the immune
system is clear: produce a burst of strong response that is of
limited duration to kill a pathogen but not to damage the host.
The role of such spikes of activity is less clear in the skeletal
system. We suggest that as osteoid formation and mineralization by osteoblasts are relatively slow steps, the delay
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created by OC-iTcREG could be to prevent hyperresorption by
osteoclasts, while providing osteoblasts a chance to fill in the
excavated bone, thus maintaining homeostasis. In this regard,
the measured half-life of OC-iTcREG is about 6 days.
Osteoclasts remove bone by secreting acid and proteases
into sealed compartments (lacunae) between the osteoclast
and the bone. The protein and mineral products of the excavated bone are transcytosed from the lacunae and released
through the secretory domain at the apical surface of the
osteoclast [71]. Proteomics of the bone matrix shows that
nearly 90% of the protein is type I collagen; the remaining
10% consists of type II collagen and over twenty other proteins [72]. Administering collagen (with adjuvant) initiates
arthritis (CiA; [73]) by activating T cells [74], indicating that
anticollagen T cells exist in the normal repertoire of rodents
(and humans [75]). On the basis of these observations,
we suggest that OC cross-presents neoantigens released by
action of OC on the bone to convert autoreactive T cells
into regulatory T cells so as to prevent autoimmunity. This
notion is corroborated by our results demonstrating that
adoptive transfer of OC-iTcREG reduced the number effector
T cells in ovariectomized mice. Our in vitro studies that OCiTcREG suppress the priming of naı̈ve T-cells by dendritic cells
indicate that they are tonic regulators of the immune system.
One of the physiological situations where both the
skeletal and immune systems play an important role is
during pregnancy. The fetus being partially nonself (partially allogeneic due to expression of father’s genome) has
to be protected immunologically. One of the mechanisms
of maintaining tolerance to protect the conceptus, among
others (reviewed in [76]), is by increased production of
regulatory T cells. The mother also increases bone mass in
response to increased weight, and perhaps more importantly
to store calcium for milk production during lactation. A
physiologically precipitous decrease in estrogen is observed
postpartum. Bone resorption increases postpartum in lactating females, to provide calcium for the rapidly growing
skeleton of the neonate through milk, and due to changes in
energy metabolism. It has been suggested by Pacifici that the
same circuitry in response to a drop in estrogen levels that
leads to increased bone turnover in lactating females is also
responsible for the bone loss in postmenopausal women [77].
We use this example because it illustrates tonic, reactive, and
spatiotemporal regulation of both systems.
Why does the immune system regulate osteoclasts? We
suggest two possibilities. First, regulatory T cells have evolved
to suppress the immune system. As osteoclasts are derived
from myeloid cells, they retain the ability to respond to
immune signals. Just as cytokines produced by effector T
cells activate osteoclast activity in inflammatory bone erosion
diseases, the cytokines produced by TcREG suppress osteoclasts. In addition to ontogeny, a functional linkage may also
exist. The bone marrow is the primary site of hematopoiesis.
Stromal cells provide essential support and form a specialized
sealed compartment (niche) for the hematopoietic stem
cells (HSC) [78–81]. It has been documented that osteoclast
activity modulates the egress of the hematopoetic precursors
(HPC) from the niches [82, 83]. We hypothesize that the
immune system may increase osteoclast activity through
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production of effector T cells. The effector T-cell secreted
cytokines increase osteoclast activity during inflammation
to replenish lost immune cells and thus increase circulating
hematopoetic precursors (HPC). To maintain balance or
restore homeostasis after inflammation, TcREG may be used
to suppress osteoclast activity. For example, it is conceivable
that the TcREG evolved to provide an elegant sensor for Tcell lymphopenia. A reduction in TcREG numbers may lead to
an increase in bone resorption, and the subsequent increase
in HPC mobilization. More studies are needed to explore
the consequences of this bidirectional regulation for both the
bone and autoimmune regulations and to identify the sensors
that mediate this regulation.
In summary, in this review we draw parallels in the
architecture of regulatory circuits that maintain homeostasis
in the skeletal and the immune systems, with the intent of
highlighting some of the principles of design. Three such
principles in the design of such circuits are tonic, reactive
(Figure 1), and spatiotemporal regulation. Such parallels are
consistent (indeed expected) with the view that evolution
coopts existing modules to create more specialized structures.
We also review our findings with osteoclast-induced TcREG
within the context of these principles of design (summarized
in Figure 3).
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Recent evidences have highlighted that the pituitary hormones have profound effects on bone, so that the pituitary-bone axis is now
becoming an important issue in the skeletal biology. Here, we discuss the topical evidence about the dysfunction of the pituitarybone axis that leads to osteoporotic bone loss. We will explore the context of FSH and TSH hormones arguing their direct or
indirect role in bone loss. In addition, we will focus on the knowledge that both FSH and TSH have influence on proinflammatory
and proosteoclastogenic cytokine expression, such as TNF𝛼 and IL-1, underlining the correlation of pituitary-bone axis to the
immune system.

1. Introduction
Bone undergoes remodeling throughout life, and this process
is orchestrated by a variety of cytokines and hormones which
play a critical role in skeletal homeostasis in health and disease.
The major evidence showing the link between hormone
levels and altered bone remodelling came from several studies
demonstrating the key role of estrogens in bone turnover, in
both women and men [1]. However, over the past ten years,
longitudinal studies have related the pituitary hormones
levels to measurements of bone microstructure and bone
turnover markers, across the menopause transition [2]. In
fact, the pituitary-bone axis is being widely recognized, in
view of its function as endocrine skeletal regulation, particularly in the context of osteoporotic bone loss. Accordingly,
ongoing evidences have proved that some pituitary hormones
play an important role in bone regulation, such as growth
hormone (GH) [3], follicle stimulating hormone (FSH) [4],
thyroid stimulating hormone (TSH) [5], prolactin (PRL) [6],
and oxytocin [7]. Furthermore, experiments performed in
haploinsufficient mice for pituitary hormones or their receptors showed that the decline of hormone levels leads to altered
bone structure and dynamics while the primary target organ

remains unaffected, highlighting that bone could be even the
more sensitive organ to the pituitary hormone effects [7].
This finding resulted in a reassessment of the paradigm
according to which the decline of estrogen levels is responsible for bone loss during menopause and aging. This assumption came from the evidence that increased bone loss could
be also attributed to the high FSH serum levels during the
menopause transition [2], a condition in which estrogen
serum levels are still normal.
Notably, osteoporosis has also been associated to thyroid
dysfunction in older women, as the risk for fracture was
associated with low serum levels of TSH. These results
addressed the proposal that TSH was a key negative regulator
of bone turnover and that bone loss was a consequence of
TSH deficiency rather than thyroid hormone excess [5].
Based on these and much other knowledge, in the
following paragraphs we discuss the role of FSH and TSH and
their relevance in the alterations of the pituitary-bone axis
leading osteoporosis and imbalance in bone homeostasis.

2. FSH
It has long been considered that the primary specific
action of follicle-stimulating hormone (FSH) is to stimulate
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ovarian folliculogenesis and estrogen synthesis. Despite
that FSH has a well-established role in reproduction, a
controversial issue regarding the association of its high
circulating levels and bone loss has emerged [8]. The issue
came from studies involving pre- and perimenopausal
women showing that elevated serum concentrations of
FSH correlate or do not with bone mineral density (BMD)
or bone resorption markers even before menopause and
decline in estradiol [8–10]. Moreover, a meta-analysis of ten
prospective studies revealed that the rate of spinal BMD
loss during perimenopause, when estrogen levels were still
high, was greater than the rate of loss in the years following
menopause, when estrogen levels were much lower [11].
Direct evidence for FSH modulation of osteoclast differentiation has been provided in mouse and human cells [12],
which have pointed out a role of FSH in the menopausal
bone loss. The authors showed that osteoclastogenic and
proresorptive actions of FSH are exerted through a G𝑖2𝛼 coupled FSH receptor (FSHR) that has been identified on
both human and mouse osteoclast and their precursors [12].
In osteoclast, FSHR activation enhances the phosphorylation
of downstream RANKL sensitive kinases, Erk (extracellular
signal-regulated kinases), Akt and I𝜅-B𝛼, an inhibitor of NF𝜅B (nuclear factor kappa-light-chain-enhancer of activated
B cells) to transduce the proresorptive actions of RANK-L
[12]. To provide genetic evidence about the effect of FSH
on the skeleton, that was exerted independently of estrogen,
the authors used mice lacking the 𝛽-subunit of FSH or
the FSH-Receptor and showed that these mice resulted in
having high bone mass although they had normal levels of
estrogen [12]. Notably, the authors found that this high bone
mass was related to reduced bone resorption, as revealed
by histomorphometry and ex vivo cultures of bone marrow
cells [12]. The enhanced bone mass and osteoclast defect
in eugonadal, but FSH haploinsufficient mice, separated the
skeletal actions of FSH from those of estrogen. Moreover,
hypogonadal FSH𝛽−/− and FSHR−/− mice also failed to
lose bone despite their severe deficiency of estrogen [12].
In contrast to this, another work has shown that FSHR−/−
mice have, however, an age-dependent loss of bone mass,
which is further reduced upon androgenic decline, demonstrating that the androgen withdrawal, as well as the estrogen
(androgen-derived via aromatase action) withdrawal, has
an inhibitory effects on bone formation and an even more
evident positive effect on bone resorption [13]. Moreover, loss
of FSH signaling in FSH𝛽−/− and FSHR−/− mice causes the
expected loss of ovarian aromatase production, by reducing
ovarian estrogen production [14]. The authors underlined the
observation that the ovaries were not completely hormone
deficient since, in these null mice, the levels of testosterone,
known to be anabolic for bone, were 10-fold higher than wildtype mice due to increased LH [14]. These data suggest that
the elevated testosterone contributed to skeletal maintenance
of bone mass in the FSHR null mice [15–18].
A lack of a direct effect of FSH on bone in mice has
recently been supported by a study that showed neither daily
injections of FSH nor continuous infusion of FSH for 1 month
on male mice had an effect on femoral bone mineral density
[19]. The same authors, in contrast to data from Sun et al.
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[12], demonstrated that osteoclastogenesis from both human
mononuclear cell precursors and RAW 264.7 cell line was
not affected by FSH [19]. Although these opposite in vitro
findings remain to be better elucidated, a recent explanation
of contrasts for the in vivo results emerged in the study
of Gourlay et al. [20]. In particular a cross-sectional study
of postmenopausal women aged 50 to 64 showed that FSH
was independently associated with lean mass but not BMD,
suggesting that the correlations between FSH and BMD
might reflect weight-bearing and nonweight-bearing effects
of greater lean mass and weight on BMD [20].
Consistent with the panel of studies showing the FSHindependent role in menopausal bone loss, another human
clinical analysis of Drake et al. [21] has demonstrated that suppression of FSH secretion in postmenopausal women, using
a GnRH agonist, did not reduce levels of bone resorption
markers [21].
In this complex scenario, the work of Allan et al. should
be considered [22], who created a pituitary-independent
mouse model using a transgenic expression of human FSH
(TgFSH) in female mice, to better investigate the role of
FSH in regulating bone loss. This study reveals that elevated
FSH activity in vivo markedly stimulates bone mass via
an ovary-dependent pathway. Despite the questionable use
of this chimera mouse, this study highlights the positive
association of FSH-induced ovarian secretion of testosterone
and inhibins, which in turn suppress pituitary FSH secretion,
with elevated bone mass and the absence of direct FSH
stimulatory actions on bone [22].
The FSH effects on bone also emerged in some genetic
studies, in which the severity of menopausal bone loss
has also been linked to polymorphisms in the FSHR gene.
Women with the genotype AA rs6166 may undergo osteoporosis with a significantly higher incidence of those with the
GG rs6166 allele, independently of serum FSH or estrogen
levels [23]. This result clarifies the genetic trend to develop
osteoporosis and might explain the reason why although
estrogens has anabolic [24, 25] and antiresorptive actions
[26, 27], the bone resorption that occurs during late perimenopause, when estrogen levels are normal, could be
correlated to the changes in FSH levels.
In addition to all these data, it is important to underline
that the investigation regarding the FSH effects on bone has
also been correlated to the immune cell alterations occurring
during perimenopause. In fact, T lymphocytes and inflammatory cytokines, such as TNF-𝛼 and IL-7, are strongly
involved in hypogonadal bone loss [28]. The relevance of
TNF-𝛼 in the increased osteoclast formation during menopause has been demonstrated by several animal models. TNF𝛼 null mice or p55-TNF-Receptor null mice were unable
to induce bone loss after ovary surgically ablation [28].
Furthermore, the treatment with TNF-𝛼 inhibitor protects
from ovariectomy-induced bone loss [29]. Elevated levels
of TNF were found in bone marrow of ovariectomy mice
[30] and in the conditioned media of peripheral blood
mononuclear cells from postmenopausal women [31].
In this respect Iqbal et al. have proposed that the effects of
FSH on bone mass are, at least in part, exerted via the modulation of TNF𝛼 production by bone marrow macrophages
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and granulocytes demonstrating the inhibition of bone loss
in FSH𝛽-deficient mice derived from decreased TNF𝛼 production [32]. The study draws on the observation that FSH𝛽deficient mice have lower serum levels of TNF𝛼 compared
with littermate controls suggesting that the lack of FSH
signaling could counteract the opposite stimulatory effect on
TNF𝛼 production after estrogen decline. Based on their in
vitro studies, the authors have also reported an increase in
supernatant TNF-𝛼 levels upon the exposure of bone marrow
cultures to recombinant FSH. This TNF𝛼 synthesis resulted
from macrophages-granulocytes (CD11b), but not from B
lymphocytes (B220) and T lymphocytes (CD3) [32].
The involvement of immune cytokines regulating the
bone-resorbing activity of osteoclasts has extended the
research of FSH-mediated effects on interleukins secretion.
Based on these observations, Cannon et al. hypothesized that
FSH influences BMD, in part, by affecting the activity of
bone-resorbing cytokines, either by inducing their secretion
or by altering their receptor expression [33]. Thirty-six
women between the ages of 20 and 50 were enrolled for bone
mineral density analysis, cytokine ligand and soluble receptor
concentrations, and surface expression of cytokine receptors
on monocytes. Isolated peripheral blood mononuclear cells
from these subjects, when incubated with exogenous FSH,
increased the secretion of IL-1𝛽, TNF-𝛼, and IL-6 in proportion to the surface expression of FSH receptors on the
monocytes. Endogenous FSH concentrations, measured in
serum from these women, were found to be proportional
with the circulating concentrations of these cytokines. None
of these individual cytokines was related to BMD, unless for
the IL-1𝛽-to-IL-1 receptor antagonist (IL-1Ra) ratio that was
found to be inversely related to BMD [33].
Furthermore in a more recent study performed on human
subjects, Cannon et al. have also proposed that FSH promotes
the receptor activator for NF-kB (RANK) expression on
human monocytes (CD14+) [34]. In particular the authors
found no significant influence on RANK expression when
peripheral blood mononuclear cells were treated with FSH
at a concentration of 10 mIU/mL, which is in the range of
FSH in the follicular phase of women during the majority
of their reproductive years. However, when FSH was used
at 50 mIU/mL, they found a significant increase in RANK
expression. This concentrations reflect the common FSH
levels during perimenopause associated with increased bone
loss. At higher concentrations reached after menopause
(100 mIU/mL), FSH had less influence on RANK expression,
according to clinical observations showing that the loss of
spinal BMD is greater during perimenopause than in the
years following menopause [34].
Having identified several evidences showing that bone
loss occurring during perimenopause is in part FSH related,
the prevention of menopausal osteoporosis could be done in
advance: women, thus, can be screened earlier for bone loss,
basing the first diagnosis on their FSH levels. The diagnosis
of osteoporosis is performed through the measurement of Tscores, which compare the patient BMD against a database
of young, 30-year-old Caucasian women [35]. The microarchitectural deterioration caused in part by FSH during late
perimenopause, in the form of trabecular perforations [36]
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does not decrease the T-score as in the osteoporotic range;
even it can decrease the bone strength [37]. Thus, even
if the BMD may be normal, the increased bone fragility
during late perimenopause would not be diagnosed. This
means the need to develop and utilize other methods of
screening, over BMD, which have a greater precision also for
the detection of fragility. This could be translated into earlier
diagnosis and, in particular, in new therapies for menopausal
bone loss. A proposed treatment has been suggested by
Zhu et al., who generated and characterized a polyclonal
antibody to a 13-amino-acid-long peptide sequence within
the receptor-binding domain of the FSH 𝛽-subunit [38]. The
authors showed that the FSH antibody binds FSH specifically
and blocks osteoclast formation in vitro. Experiments on
ovariectomized mice confirmed the attenuation of bone loss
after FSH antibody injection not only by inhibiting bone
resorption but also by stimulating bone formation [38]. Thus,
mesenchymal cells isolated from mice treated with the FSH
antibody had greater osteoblast precursor, in a similar extent
of mesenchymal cells isolated from FSHR−/− mice [38].
Consistent with this new finding, FSH negatively regulates
osteoblast number and this suggests that the FSH-blocking
agent could be a new therapy to restore the uncoupling
between bone formation and bone resorption which occurs
in several bone loss associated diseases.

3. TSH
Thyroid stimulating hormone (TSH) has been claimed to
regulate solely the thyroid follicular growth and the thyroid
hormone secretion by binding to a seven transmembrane,
glycosylated G protein-coupled receptor, and the TSH receptor (TSHR) on the thyroid gland. Afterwards new studies
had identified TSHRs in other tissues and cells, including
the pituitary, thymus, testes, kidney, brain, lymphocytes,
adipocytes, and fibroblasts [39, 40], but their functional
significance has remained unclear. Regarding the bone tissue,
the high-turnover osteoporosis in hyperthyroidism has been
attributed solely to elevated thyroid hormones. Interestingly,
however, the therapeutic suppression of TSH or subclinical
pathology of hyperthyroidism, in which TSH is low and
thyroid hormones are normal, are both associated with
profound osteoporosis suggesting a direct antiresorptive role
of TSH [41, 42]. This indicates that TSH acts on bone
independently of thyroid hormones and that the osteoporosis
of hyperthyroidism is, at least in part, due to low TSH levels.
Over recent years, new evidences have emerged showing
that TSH exerts direct effects on skeletal remodelling by
interacting with specific receptors expressed on bone cells
[43]. In experimental animals, reduced expression of TSH
receptor led to the osteoporosis development, inhibiting bone
turnover [44]. Moreover, administration of low doses of TSH
in ovariectomized rats improved bone microstructure and
prevented osteoporosis [45].
Studies on TSHR−/− mice show evidence of increased
osteoclastic activity, as well as hyt/hyt mice, which have defective TSHR signaling [46]. This mouse model has definitively
clarified the direct antiosteoclastogenic action of TSH which
acts on its receptor inducing a reduction in NF-𝜅B and JNK
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signaling and in TNF-𝛼 production [45, 47]. It has recently
been demonstrated that the effect of TSH on TNF-𝛼 synthesis
is mediated transcriptionally by binding of two high mobility
group box proteins, HMGB1 and HMGB2, to the promoter of
the TNF-𝛼 gene [48].
As expected, TNF-𝛼 production is upregulated in
TSHR−/− mice, which increases osteoclastic activity and
contributes to the osteopenic phenotype [44]. To further
corroborate these findings, the genetic deletion of TNF-𝛼 in
TSHR−/− mice was studied and bone resorption was found
to be reversed [46]. These authors found that osteoporosis in
TSHR knockout mice was the result of an enhancement in
osteoclast differentiation. Consistent with the low bone mass,
ex vivo cultures of bone marrow cell precursors from both
heterozygote and homozygote mice showed increased osteoclast formation and the enhanced expression of an osteoclast
marker tartrate-resistant acid phosphatase (TRAP). This
enhanced osteoclast formation was dependent on a severalfold increase in the synthesis and release of TNF𝛼. A blocking
antibody to TNF𝛼 abrogated this increased osteoclastogenesis, suggesting that osteoporosis in the TSHR−/− mice
was TNF𝛼 mediated [46]. Furthermore, although all three
cytokines, TNF𝛼, IL-1, and IL-6, were elevated in TSHR−/−
cultures, only TNF𝛼 was elevated in the cultures from heterozygote mice, indicating a dominant effect of TSH on TNF𝛼
secretion. The authors also examined whether, in the TSHR
genotypes, there were significant differences in the populations of immunosystem cells, such as macrophages (CD11b+ ),
leukocytes (CD45+ ), T lymphocytes (CD8+ , CD90+ , CD4+ ,
CD3+ ), and B cells (B220+ ). The investigators showed that
CD11b+ and CD45+ precursor populations were significantly
increased in both TSHR−/− and TSHR−/+ mice, whereas
the B220+ cell population was reduced. The hypothesis
that TSH acts solely through CD11b+ osteoclast progenitors
was attested demonstrating that TSH attenuated cytokineinduced TNF𝛼 mRNA and protein expression only in CD11b+
cells through AP-1 and NFkB activation via transcriptional
effect [46]. This finding increased the hypothesis that osteoporosis in human hyperthyroidism may also be TNF driven.
In postmenopausal women, a single subcutaneous injection of recombinant human TSH drastically lowers serum Ctelopeptide, as marker of bone resorption, to premenopausal
levels within two days, with recovery at day 7 [49]. The effects
of recombinant TSH in clinical studies showed a reduction
in serum C-telopeptide levels [49] although the effect on
serum RANKL and OPG is not clear yet. In a study by Giusti
et al. [50], the authors found no alteration in these cytokines
expression in response to recombinant TSH in patients
receiving L-thyroxine for the treatment of thyroid carcinoma.
Martini et al. [51], however, have reported an increase in
type-1 procollagen N-terminal propeptide (PINP), a marker
of bone formation. This validates the conclusion drawn from
previous studies revealing that TSH could also have anabolic
action [52].
The sensitivity of the adult skeleton to altered thyroid
status is illustrated by the reduction in BMD and the increase
in fracture risk in postmenopausal women and men with
subclinical hyperthyroidism. Despite this evidence, although
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Figure 1: Scheme of pituitary-bone axis. FSH and TSH effects on
bone turnover via TNF𝛼 secretion by cells of immune system.

a number of studies have suggested that TSH may directly
inhibit bone turnover, other studies are still conflicting and
the anabolic role of TSH was not clarified yet. This important
questions will be resolved using conditional mouse targeting
specifically TSH in osteoblast and osteoclast to identify which
bone cells are directly responsive in vivo.

4. Conclusions
In the overview of the pituitary-bone axis actions on bone
metabolism, although several elegant in vivo and in vitro
studies have been performed in human and murine animal
models to investigate FSH effects on bone, this issue still
remains controversial. Some authors showed a positive direct
or indirect FSH effect on osteoclast formation and function,
while other investigators do not find any role of the hormone
on the skeleton. Thus, the topic of FSH actions on bone
needs to be better resolved. Conversely, no conflicting data
have emerged in the investigation of TSH effect on bone
due to the existence of consistent results demonstrating its
role in inhibiting bone turnover. Moreover, in the last decade
many investigators have emphasized the importance of the
immune cytokines as key regulators of bone metabolism.
With particular regard to the role of FSH and TSH on bone
remodelling, it has been reported that TNF𝛼 could be the
mediator of hormone effects (Figure 1). The understanding
of this and/or other intermediating molecule/s in the FSH
and TSH signalling could have a great importance in early
diagnosis and better management of pituitary hormonedependent bone loss.
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Multiple myeloma (MM) is a hematologic malignancy of differentiated plasma cells that accumulates and proliferates in the bone
marrow. MM patients often develop bone disease that results in severe bone pain, osteolytic lesions, and pathologic fractures.
These skeletal complications have not only a negative impact on quality of life but also a possible effect in overall survival. MM
osteolytic bone lesions arise from the altered bone remodeling due to both increased osteoclast activation and decreased osteoblast
differentiation. A dysregulated production of numerous cytokines that can contribute to the uncoupling of bone cell activity is well
documented in the bone marrow microenvironment of MM patients. These molecules are produced not only by malignant plasma
cells, that directly contribute to MM bone disease, but also by bone, immune, and stromal cells interacting with each other in the
bone microenvironment. This review focuses on the current knowledge of MM bone disease biology, with particular regard on
the role of bone and immune cells in producing cytokines critical for malignant plasma cell proliferation as well as in osteolysis
development. Therefore, the understanding of MM pathogenesis could be useful to the discovery of novel agents that will be able
to both restore bone remodelling and reduce tumor burden.

1. Introduction
Multiple myeloma (MM) is a hematologic malignancy characterized by the accumulation of monoclonal plasma cells
(over 10% by definition) in the bone marrow (BM) [1],
the presence of monoclonal immunoglobulin (Ig) in the
serum or urine, osteolytic bone lesions, renal disease, and
immunodeficiency. It is mainly a disease of old patients,
with a median age at diagnosis of 65–70 years. In almost all
cases, MM is preceded by a premalignant disease well known
as monoclonal gammopathy of undetermined significance
(MGUS) [2, 3], that affects 2% of the population above the
age of 50. Both genetic and environmental factors have been
implicated in MGUS progression to MM [4], but the reasons
why it happens in only a small proportion of patients are yet
unclear. Progression to MM is correlated with changes in the
BM microenvironment, including increased angiogenesis,
suppression of the immune response, and increased bone
resorption [5]. More than 80% of MM patients develop
osteolytic bone disease, often associated with hypercalcemia
and skeletal-related events such as severe bone pain, vertebral
compression fractures, and pathologic fractures. Importantly,

pathologic fractures affect 40% to 50% of MM patients,
increasing the risk of death by more than 20% compared
with patients without fractures [6, 7]. Thus, osteolytic lesions
have a negative impact on both quality of life and survival of
patients.
It was well documented that the interaction of malignant
plasma cells with BM stromal cells (BMSCs) is crucial for
the homing and growth of malignant plasma cells as well as
for the impairment of osteoclast (OC), the bone resorbing
cell, and osteoblast (OB), the bone forming cell, activities.
In particular, in areas adjacent to myeloma cells, OC activity
increases, resulting in enhanced bone resorption, and OB
activity declines with consequent reduced bone formation
[8]. Therefore, bone remodeling, in which OC and OB
activities are tightly coupled, is disrupted in MM.
It was also demonstrated that several factors produced
as a result of MM cell—BMSC interactions also alter the
functions of the host immune cells, thus interfering with
immune surveillance, preventing immune mediated tumor
rejection [9], and contributing to the MM worsening.
Here, we discuss the pathogenesis of MM bone disease
and focus on advances in our understanding of its biology,
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with particular regard on the role of bone and immune cells
in producing cytokines critical for the induction of osteolysis
development in MM.

2. The Biology of MM Bone Disease
The cross-talk between cells located in the BM microenvironment and bone cells is tightly regulated. Many components of
the bone microenvironment are responsible for the proliferation of tumor cells [10–12], that, in turn, promote the formation of a permissive microenvironment for their survival [13–
15]. The BM microenvironment refers to both cells located
in the BM (malignant plasma cells, stromal and immune
cells) and noncellular components, the extracellular matrix
(ECM), composed of proteins such as collagen, laminin, and
fibronectin and the extracellular fluid containing cytokines
and growth factors. The signaling cascades induced by the
cells located in the BM microenvironment as well as by
bone cells affect not only the propagation and survival of
tumor cells but also the differentiation and activation of OCs
and OBs, thus contributing to the development of osteolytic
lesions.

3. MM Cells
The BM of patients with MM contains malignant plasma cells
that directly, by the production of cytokines, or indirectly,
by stimulating BM cell secretion of other factors, contribute
to the unbalance between bone resorption and formation,
resulting in the development of osteolytic lesions [16]. In
fact, bone destruction develops adjacent to MM cells and
not in areas of normal BM. In particular, MM cells directly
produce factors implicated in both OC activation and OB
inhibition. Among the factors implicated in OC activation,
it was demonstrated that malignant plasma cells produce
decoy receptor 3 (DcR3), interleukin-3 (IL-3), macrophage
inflammatory protein-1𝛼 (MIP-1𝛼), macrophage inflammatory protein-1𝛽 (MIP-1𝛽), and tumor necrosis factor-𝛼 (TNF𝛼) (Figure 1).
We demonstrated that DcR3, a member of the TNF
receptor superfamily and known to be involved in OC
differentiation [17], was overexpressed by malignant plasma
cells and T-lymphocytes obtained from MM patients with
osteolysis [18, 19].
Lee et al. demonstrated the ability of MM cells to
overexpress another pro-osteoclastogenic factor: IL-3 [20].
Furthermore, they found that BM plasma samples from MM
patients stimulated OC formation in vitro, and the effect was
reversed by the addition of a neutralizing antibody to IL3 [20]. Other authors reported that IL-3 promotes both the
increase of pre-OC number and their fusion into mature
OCs [21], thus confirming the potential role of IL-3 as an
OC stimulatory factor in MM bone disease. In addition, a
contribution of IL-3 in the inhibition of bone formation in
MM has also been reported. It inhibits OB differentiation of
primary mouse and human stromal cells treated with BMP-2
in a dose-dependent way without affecting cell growth [22].
Thus, IL-3 appears to be a potential mediator of myeloma
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bone disease, playing a dual role in MM both stimulating OC
activity and inhibiting OB differentiation. All these data are
in agreement with the IL-3 elevated levels found in BM and
blood of patients with MM [23].
Another cytokine produced at high levels by MM cells
is MIP-1𝛼 [24]. Its high BM serum levels correlate with
osteolytic lesions and survival in MM patients [24]. It is a
low molecular weight chemokine which can interact with
its receptors, CCR1 and CCR5, expressed by monocytes and
BMSCs [25–27]. MIP-1𝛼 acts as a chemoattractant [28] and
has a role in hematopoiesis, OC recruitment, and differentiation in BM [25, 29, 30]. It was demonstrated that in
MM bone disease MIP-1𝛼 induces OC differentiation from
monocytes as well as from immature dendritic cells (DC)
by transdifferentiation [31]. This reciprocal effect of MIP1𝛼 on DC and OC differentiation further contributes to the
immunosuppression and bone destruction in MM. MIP1𝛼 also induces survival, growth, and chemotaxis of MM
cells [32]. The dual activity of MIP-1𝛼 has been targeted
in vivo with different strategies. In a mouse model of MM
bone disease, it was shown that both antisense sequence
and neutralizing antibody against MIP-1𝛼 restored bone
remodelling and inhibited tumor growth [33, 34]. Moreover,
the inhibition of CCR1 was associated with impairment of
osteoclastogenesis and OC-induced tumor cell proliferation
in vitro, suggesting that the MIP-1𝛼/CCR1 pathway is an
important target in MM bone disease [35].
MIP-1𝛽 is a highly homologous chemokine of MIP-1𝛼
constitutively secreted by MM cells, that similarly to MIP-1𝛼
induces the development of osteolytic bone lesions [36].
About the possibility that MM cells produce also receptor
activator of NF-𝜅B ligand (RANKL), a well known proosteoclastogenic molecule; literature data are still controversial. RANKL binds its receptor, RANK, expressed by OC
precursors, and induces OC formation in the presence of
Macrophage colony-stimulating factor (M-CSF) [37]. Alternatively, RANKL could interact with osteoprotegerin (OPG),
a secreted member of the TNF receptor superfamily, that, by
binding to and blocking the effect of RANKL [38], inhibits
OC formation. Thus, the ratio of OPG/RANKL is crucial for
OC development, and its unbalance is associated with bone
disease [39]. Several studies conducted on human MM cells
from patients [40–42], human MM cell lines, and a murine
MM cell line [43] reported RANKL expression by myeloma
cells. On the contrary, other studies were not able to detect
RANKL expression in human myeloma cell lines or primary
myeloma cells [44–48]. Independently on the possibility that
MM cells could produce RANKL, it was well documented
that its overexpression in BM microenvironment correlated
with BMSCs and T-lymphocytes production, as will be
discussed. These data were in agreement with the high BM
plasma levels of RANKL found in MM patients [45] and with
the high circulating RANKL serum levels demonstrated by
Jakob et al. [49]. In particular, these last researchers found
that serum total-RANKL reflects advanced disease, lytic bone
destruction, and poor prognosis in MM [49].
Malignant plasma cells not only produce cytokines
involved in OC survival and formation but also secrete
molecules responsible for the inhibition of OB activity. It was
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Figure 1: Interaction between bone cells and bone marrow microenvironment cells in promoting both malignant plasma cell survival and
bone lesions in MM patients. Myeloma cells can directly support osteoclast formation and activity as well as inhibit osteoblast differentiation
by releasing numerous cytokines. Moreover, other molecules can be secreted by bone cells and other cells interacting with each other in the
bone microenvironment, thus supporting both the progression of MM tumor burden and the development of MM bone disease.

demonstrated that MM cells secrete soluble frizzled-related
proteins-2 and -3 (sFRP-2 and -3) [50–52], Dickkopf-1 (DKK1) [53], and sclerostin [54] (Figure 1), all implicated in the
inhibition of the canonical wingless-type (Wnt) signaling.
The canonical Wnt pathway is one of the most relevant signaling regulating OB differentiation. Wnts are secreted cysteinerich glycoproteins known as regulators of hematopoietic and
mesenchymal cell differentiation as well as of embryonic
development [55–57]. The activation of canonical Wnt signaling, induced by binding of Wnt proteins to both Frizzled
receptor and low-density lipoprotein receptor-related protein
(LRP-5/6) coreceptor, is followed by 𝛽-catenin translocation
into the nucleus, [58, 59] resulting in the activation of major
OB transcription factors. Thus, the presence, in the bone
microenvironment, of secreted antagonists, such as sFRPs
which interfere with Wnt/Frizzled receptor binding, or DKK
proteins and sclerostin, which bind the coreceptor LRP5/6
[60], could negatively regulate osteoblastogenesis. In particular, sFRP-2 and -3 have been reported to be produced both
by primary MM cells from patients and MM cell lines. It was
shown that recombinant sFRP-2 inhibits OB differentiation
[50] and that neutralizing sFRP-2 in conditioned media
from MM cell lines partially reversed the inhibition of OB

differentiation. In addition, it was also demonstrated that
sFRP-3 was upregulated in MM patients [51, 52]. Moreover,
it was reported that DKK-1, highly expressed in BM of MM
patients with osteolytic lesions, is apparently involved in early
stages of bone disease [53]. It was implied in the development
of MM osteolytic lesions because of both its inhibitory effect
on OB formation and its effect in increasing OC formation through the upregulation of RANKL and inhibition
of OPG secretion, by inhibiting Wnt-3A [61]. Similarly, we
demonstrated the expression of sclerostin by myeloma cells
and the possibility that its contribution in the development
of MM bone disease could be related to both a direct
induction of OB suppression with reduced bone formation
and an indirect activation of OC bone resorption through the
unbalanced RANKL/OPG ratio [54–62]. Moreover, Terpos
et al. demonstrated that patients with active myeloma have
elevated circulating sclerostin levels, which correlate with
advanced disease features including severe bone disease
[63].
MM cells produce TNF-𝛼 (Figure 1), a factor that can
induce OC formation [64, 65], promote MM cell proliferation
by increasing Interleukin-6 (IL-6) production by BMSCs
[66], also inhibit mesenchymal stem cell proliferation, and
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induce mature OB apoptosis [64]. Moreover, it was recently
reported that the OB transcriptor factor Runx2 mediates
the effects of TNF-𝛼 on OBs [67]. In particular, they
found that the knockdown of Runx2 in mesenchymal stem
cells abolished the capacity of TNF-𝛼 to block proliferation and differentiation of the cells. These results show
an important link between Runx2 and TNF-𝛼’s capacity
to inhibit OB differentiation. It was also demonstrated
that MM cells selectively suppress BMSCs differentiation
into functional OBs, while adipogenesis is not affected
[68–70].

4. Bone Marrow Stromal Cells (BMSCs)
MM cells adhere to both BMSCs and ECM into the BM. The
adhesion of tumor cells to BMSCs activates many pathways
resulting in upregulation of antiapoptotic proteins and cell
cycle regulating cytokines [71]. The main cytokines upregulated are RANKL, IL-6, B-cell activating factor (BAFF), and
Activin A (Figure 1).
Specifically, the interaction between MM cells and
BMSCs provokes IL-6 secretion in BMSCs via NF-𝜅Bdependent transcription [13, 72]. IL-6 is known to regulate
MM cell proliferation and inhibition of both myeloma plasma
cell apoptosis [73, 74] and OC differentiation [75].
MM cell adhesion to BMSCs also promotes BAFFproduction via NF-𝜅B activation [76]. BAFF is a member of
the TNF protein super family, crucial for the maintenance
and homeostasis of normal B-cell development, and has been
shown to both confer a survival advantage on MM cells [76–
78] and to promote RANKL-independent osteoclastogenesis
[79].
Recently, Activin A, a TGF-𝛽 family member secreted
by BMSCs and OCs after MM cells interaction [80], was
identified to have a crucial role in the pathogenesis of MM
bone disease. Activin A modulates bone remodeling by dual
activity as OC promoter and inhibitor of OB differentiation.
In MM, high Activin A levels in both BM and peripheral
blood are associated with advanced bone disease [80]. Terpos
et al. also demonstrated that patients with newly diagnosed
symptomatic myeloma had increased circulating Activin A
levels compared with controls and that these high levels
correlate with advanced features of myeloma [81].
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6. Osteoblasts (OBs)
It has been reported that OBs, the bone forming cells, may
contribute to MM pathogenesis by both supporting MM
cell growth and survival [83] and contributing to osteolysis
development. This could potentially result from the ability of
OBs to secrete IL-6 in coculture system with myeloma plasma
cells, therefore, inducing MM cell growth (Figure 1). Other
mechanisms include the possible role of OBs in stimulating
MM cell survival by blocking MM cell apoptosis mediated
by TNF-related apoptosis-inducing ligand (TRAIL), through
OPG release, a receptor for both TRAIL and RANKL [84].
Thus, the suppression of OB activity is responsible for both
bone destruction and progression of myeloma tumor burden.
It was previously described that MM cells secreted several
Wnt antagonists that are responsible for suppression of OB
differentiation and activity in MM such as DKK-1 [53], sFRP2 [50], sFRP-3 [52], and sclerostin [54]. Moreover DKK-1
and sclerostin also disrupt Wnt-regulated OPG and RANKL
production by OBs, thus contributing to the bone destruction
in MM patients acting not only on OB inhibition but also
on OC over-activation. Consistently, all these factors are
significantly overexpressed in patients with MM who present
lytic bone lesions. Studies have shown that blocking DKK1 and activating Wnt signaling prevent bone disease in MM
but are also associated with a reduction in tumor burden
[85–87].

7. Osteocytes
Osteocytes, the bone cells entrapped into the mineralized
bone matrix, regulate bone remodelling at least partially,
as a result of their cell death triggering OC recruitment.
It was recently demonstrated that the number of viable
osteocytes was significantly smaller in MM patients with
bone lesions than in those without them or in healthy controls
and negatively correlated with the number of OCs [88]. The
authors also showed that MM cells cause an upregulation
of osteocyte production of the pro-osteoclastogenic cytokine
interleukin-11 (IL-11) (Figure 1) and that its expression was
higher in the MM patients with bone lesions than in those
without them [88]. Thus among the bone cells, not only OCs
and OBs but also osteocytes are involved in MM-induced OC
formation.

8. T-Lymphocytes
5. Osteoclasts (OCs)
OCs are bone resorbing cells whose activity and viability are
upregulated in MM bone disease because of the presence, in
the BM microenvironment, of several factors implicated in
their differentiation and activation (RANKL, IL-3, IL-6, MIP1𝛼, MIP-1𝛽, BAFF, DcR3, TNF-𝛼, and Activin A). Not only
MM, BMSCs, and immune cells but also OCs represent the
source of some pro-osteoclastogenic molecules.
In particular, it was demonstrated that OCs could secrete
proteins, such as Activin A [80] and MIP-1𝛼 [82], implicated
in pre-OC requirement and OC differentiation and activation
(Figure 1).

T cells are immune cells that could regulate OC and OB
formation, lifespan, and activity [89, 90]. Thus, they could
contribute to bone remodeling in both health and disease
by producing specific proteins. In the peripheral blood of
MM patients, the absolute count of lymphocytes and T cells
is often deficient because of a reduction in the number of
CD4+ T cells, associated with a significantly decreased ratio
of CD4/CD8 T cells, particularly evident in patients with
progressive disease [91–93]. Recently, a subclass of CD4+
cells, named regulatory T cells (Tregs), has been identified
in MM [94]. Tregs are cells involved in the control of
self-tolerance and immune homeostasis, with suppressive
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capabilities. These cells are early induced during tumor
development and are shown to contribute to tumor tolerance
[95, 96]. The presence of Tregs in tumors is associated
with a poor prognosis [97]. Patients with many different
types of cancers had increased number of Tregs in their
blood, tumor mass, and draining lymph nodes [98, 99].
Conflicting reports have been published on the frequency of
Treg cells in MM patients, with studies showing either their
decrease or increase [100–102]. In particular, Prabhala et al.
demonstrated that the Tregs were significantly reduced in
MGUS and MM subjects [103]; other authors demonstrated
that Treg cells were expanded only in patients with MM at
diagnosis, but not in those in remission or in patients with
MGUS. Another study involving MM patients and MGUS
subjects showed that in both MGUS and untreated MM
subjects, as well as treated MM patients, the frequency of
Treg cells was increased compared with healthy controls
[100].
In MM, abnormalities within T-cell compartment have
also been reported in BM, in which T-cell count increased,
and, differently from the peripheral blood, a slightly increased
CD4/CD8 ratio was observed. In BM from patients with
MM, Dhodapkar et al. demonstrated a high proportion of
a distinct lineage of T helper cells producing interleukin 17
(IL-17), called Th17-1 cells [104]. IL-17 is a cytokine that,
in addition to exerting an effect on cell survival [105],
has also been identified as a key mediator of bone disease in MM [106]. Interestingly, the extent of lytic bone
disease appears to be largely mediated by IL-17 produced
by Th17-1 cells, independently of the tumor burden, underscoring the crucial interplay of the immune system with
the tumor microenvironment in the pathogenesis of MM
[106].
MM-activated T cells have the capacity to secrete a
wide variety of pro-osteoclastogenic cytokines that become
critical in the induction of osteolysis development in MM.
In particular, it was demonstrated that MM T cells produce
high levels of IL-3 [107], RANKL [19], DcR3 [19], and TNF-𝛼
[19], all involved in OC formation and activation (Figure 1).
We demonstrated that T cells from MM bone disease patients
also express high levels of TRAIL, known to be a proapoptotic
molecule, and the antiosteoclastogenic protein OPG [44]. We
showed that the OPG/TRAIL interaction could contribute to
the elevated formation of long lifespan OCs in MM patients
[44] (Figure 1).
It was also demonstrated the presence of a vicious
loop that involved molecules produced by MM cells, Tlymphocytes, and BMSCs [108]. In particular Giuliani et al.
showed that MM cells, by secreting interleukin-7 (IL-7), are
able to induce an upregulation of RANKL and a downregulation of interferon-𝛾 (inhibitor of OC formation) secretion by
T-lymphocytes [109]. Other authors demonstrated that IL-7
stimulates IL-6 secretion by BMSCs [110]. High levels of IL-6
in the BM environment could induce IL-7 production by MM
cells, which in turn contribute to maintain high IL-6 levels
and stimulate RANKL expression by T cells. In addition, it has
been shown that IL-7 can also contribute to the development
of osteolytic lesions in MM by inhibiting the differentiation
of OBs. In fact, the usage of IL-7 blocking antibodies partially
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blunts the inhibitory effects of MM cells on OB differentiation
[111].

9. Dendritic Cells (DCs)
DCs are specialized antigen-presenting cells able to initiate immune responses [112]. DCs derive from myeloid or
lymphoid progenitors, and their functions are determined
by their origin as well as by their maturation stage, which
depends on the signals received from pathogens and T cells.
In mice, MM cells or tumor culture-conditioning medium
inhibit the differentiation and activation of DCs, as shown
by the lower expression of DC-related antigens and compromised capacity to activate allospecific T cells [113]. It was
documented that circulating DCs from MM patients were
dysfunctional because they failed to upregulate costimulatory
molecules required for activation [114]. It was suggested that
a reduced function of DCs indicates the progression of the
disease [114]. Cytokines actively produced by myeloma cells
such as IL-6, IL-10, transforming growth factor-𝛽 (TGF𝛽), and vascular endothelial growth factor (VEGF) [114],
abundant in the BM as well as in the serum [115], play
a role in preventing the development of functional DCs
(Figure 1). Furthermore, DCs from MM patients have
reduced phagocytic capacity [116]. In addition, monocytederived DCs exhibit downregulated expression of activation
markers and impaired presentation capacity to T cells [115].
Impaired activity of DCs may be also linked to the upregulation of Tregs [117], consistently with the observation of
some authors that found an increase of Treg number in MM
subjects.

10. Novel Antimyeloma-Related
Bone Disease Drugs
Current pharmacological strategies in MM have resulted in
improved patient overall survival, but no definitive treatment
has been as yet achieved. Nowadays, consisting with the
improved survival of MM patients, treatment of bone disease
has assumed high relevance. Until recently, therapeutic cures
for MM bone disease, aimed at reducing the development
of new osteolytic lesions, included bisphosphonates, radiotherapy and surgery. Several promising preclinical studies
including novel bone-targeted agents suggest that restoring
bone homeostasis may lead to inhibition of both bone pain
and tumor growth. Here, the current bone-directed drugs are
described, with particular regard to their mode of action and
targets (Table 1).
Denosumab. Denosumab is a RANKL-neutralizing antibody
(AMG165), successfully used in MM patients to inhibit bone
resorption markers. A single subcutaneous administration
of denosumab induces an important inhibition of bone
resorption markers. A randomized clinical trial showed that
denosumab inhibits bone resorption and prevents fracture
development even in MM patients refractory to bisphosphonates therapy [118]. Recently, it was also demonstrated
that RANKL inhibition with denosumab is as efficacious
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Table 1: Novel drugs for multiple myeloma bone disease.

Name of the drug

Action
RANKL neutralizing
Denosumab
antibody
BAFF neutralizing
LY2127399
antibody
MLN3897
CCR1 inhibitor
DKK1 neutralizing
BHQ880
antibody
Activin A
ACE-011 (sotatercept)
neutralizing receptor

Bone target cell/s
OCs
OCs
OCs
OBs
OCs and OBs

as zoledronic acid in terms of decreasing fracture development. Denosumab is a well-tolerated drug. Asthenia and
peripheral edema represent the only side effects demonstrated on patients that assume the drug [119]. Currently,
denosumab continues to remain in clinical development for
MM.
Anti-BAFF—Neutralizing Antibody. BAFF is an MM growth
factor produced by OC and BMSC that mediates both MM
cells-BMSC adhesion and MM cell survival [76, 120]. It was
demonstrated that in vivo neutralizing antibodies against
BAFF (LY2127399) significantly reduce OC differentiation
and inhibit tumor burden [121]. Currently a clinical trial
combining BAFF-neutralizing antibody with bortezomib,
a proteasome and NF-𝜅B signaling pathway inhibitor, is
ongoing.
CCR1-Inhibitors. The MIP-1𝛼/CCR1 pathway is involved in
OC differentiation and promotes MM cell survival, making
it a possible therapeutic target. In vitro and in vivo studies
showed that inhibition of MIP-1𝛼 by antisense strategies
prevents the development of osteolytic lesions and inhibits
tumor growth [33]. Similar results have been shown with
MLN3897, a specific orally available CCR1 inhibitor. This
drug inhibits both OC formation and MM cell proliferation
[122]. Further clinical trials on patients with MM bone disease
will be needed to confirm these interesting preliminary
data.
DKK-1 Antagonists. It is well known that the Wnt inhibitor
DKK-1 plays a key role in mediating OB inhibition in
MM [123]. Thus, numerous strategies to block DKK-1
activity have been developed. In vitro assays show that
DKK-1 inhibition via a specific neutralizing antibody promote OB differentiation and function [86, 124]. Moreover,
in vivo studies using DKK-1 inhibitors on murine and
humanized models of MM-induced bone disease show
increased OB number and bone formation, thus resulting in osteolytic lesion improvement [87, 125]. Moreover, blocking DKK-1 also resulted in reduction of tumor
growth [124]. Currently, phase 1 clinical trials are ongoing
combining DKK-1-neutralizing antibody and bisphosphonates. In particular, BHQ880, an anti-DKK-1 monoclonal

antibody, in combination with zoledronic acid is being
studied.
Activin A Antagonists. Activin A, a cytokine upregulated in
MM patients with extensive bone disease [81], is able to both
stimulate OC differentiation and inhibit OB formation. In
two myeloma mouse models, the administration of an Activin
A chimeric inhibitor (RAP-011) derived from the fusion of the
extracellular domain of activin receptor IIA and the constant
domain of the murine IgG2a [126] or a soluble Activin A
receptor type IIA fusion protein (ActRIIA.muFc) blocks the
development of osteolytic bone lesions by both inhibiting OC
development and stimulating osteoblastogenesis [80, 127].
Moreover, RAP-011 effectively reduced tumor growth [80].
It was just demonstrated that the humanized counterpart of
RAP-011, sotatercept (ACE-011), stimulates bone formation
and inhibits bone resorption markers in postmenopausal
women. Thus, the inhibition of Activin A may be a promising
approach for the treatment of myeloma-related bone lesions.
Ongoing clinical trials are evaluating sotatercept role in
MM.

11. Conclusions
Recently, a lot of studies demonstrated a close relationship between the immune and skeletal systems as well as
tumor growth and bone cell activity in MM bone disease.
Nowadays, it is evident that not only MM cells but also
bone cells, BMSCs, and immune cells are critical players
in the pathogenesis of MM bone disease, thus contributing
to the development of osteolysis. These cells as well as
their products participate in both OC development and
OB inhibition leading to bone destruction in MM. In the
BM microenvironment, a vicious circle between the bone
destructive process and tumor progression that feed each
other was maintained. Thus, the inhibition of bone resorption could decrease both myeloma bone disease and tumor
progression. The discovery of novel agents with dual activity
on bone remodelling may also result in improvement of bone
disease besides prevention of osteolytic lesions. Therefore,
agents restoring bone balance in MM represent a novel
strategy to overcome osteolytic disease and MM tumor
growth.
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In the last years, new evidences of the relationship between immune system and bone have been accumulated both in animal
models and in humans affected by bone disease, such as rheumatoid arthritis, bone metastasis, periodontitis, and osteoporosis.
Osteoporosis is characterized by low bone mass and microarchitectural deterioration of bone tissue with a subsequent increase in
bone fragility and susceptibility to fractures. The combined effects of estrogen deprivation and raising of FSH production occurring
in menopause cause a marked stimulation of bone resorption and a rapid bone loss which is central for the onset of postmenopausal
osteoporosis. This review focuses on the role of immune system in postmenopausal osteoporosis and on therapeutic strategies
targeting osteoimmunology pathways.

1. Introduction
In the last few years, there have been important advances in
understanding the processes that regulate physiological and
pathological bone turnover.
Moreover, a relationship between the immune system and
bone has long been speculated, as bone loss is a common
condition of autoimmune and inflammatory disorders [1–3].
In this respect, T cells have been recognized as key regulators
of osteoclast (OC) and osteoblast (OB) formation and activity
in different diseases, such as rheumatoid arthritis [4], bone
metastasis [5, 6], periodontitis [7, 8], congenital adrenal
hyperplasia (CAH) [9–11], and osteoporosis [12].
In this review we focus on the involvement of immune
system in the pathogenesis of osteoporosis with particular
regard to postmenopausal osteoporosis and on the new
therapeutic advances in its treatment.

2. Osteoporosis
To maintain a structural integrity, the skeleton needs to
constantly remodel and repair the microcracks that develop
both in cancellous bone, the “spongy” bone present in the
vertebrae, pelvis, and metaphyses of long bones, and in
cortical bone, the “compact” bone present in the diaphysis of

the long bones and surrounding the cancellous bone in the
vertebrae and pelvis.
Osteoporosis is a systemic skeletal disease characterized
by low bone mass and microarchitectural deterioration of
bone tissue with a subsequent increase in bone fragility and
susceptibility to fractures [13, 14].
Skeletal fragility can result from failure to produce a
skeleton of optimal mass and strength during growth;
excessive bone resorption resulting in decreased bone mass
and microarchitectural deterioration of the skeleton; or
inadequate response to increased resorption during bone
remodeling [15].
The process of bone remodeling occurs in basic multicellular units (BMUs) which include OCs, OBs, and osteocytes
and begins with the activation of hematopoietic precursors
to become OCs, which normally requires an interaction with
cells of the OB lineage.
OCs are members of the monocyte-macrophage family
and are derived from the fusion of marrow-derived mononuclear phagocyte, the OC precursors (OCPs), which circulate
in peripheral blood (PB) [16]. These cells differentiate under
the influence of two cytokines, namely, macrophage colony
stimulating factor (M-CSF) and receptor activator of nuclear
factor k-B ligand (RANKL). RANKL expressed on OBs and
stromal cells as a membrane-bound protein and cleaved
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into a soluble molecule (sRANKL) by metalloproteinase [17]
promotes differentiation and fusion of OCPs and activates
mature OCs to reabsorb bone by binding to its specific
receptor RANK. Osteoprotegerin (OPG), a soluble decoy
receptor secreted by OBs and bone marrow stromal cells,
competes with RANK in binding to RANKL, preventing its
osteoclastogenic effect [17].
Mature multinucleated bone resorbing OCs are recognized by the expression of key OC markers including TRAP
[18], calcitonin receptors [19], cathepsin K [20], pp60c-src
[21], matrix metalloproteinase 9 (MMP9) [22], and the alpha
V beta 3 integrin chains [23, 24].
Because the resorption and reversal phases of bone remodeling are short and the period required for OB replacement of the bone is long, any increase in the rate of
bone remodeling will result in a loss of bone mass [15].
Moreover, the larger number of unfilled Howship’s lacunae
and Haversian canals will weaken the bone, and excessive
resorption can also result in complete loss of trabecular
structures, preventing bone formation.
Aside from postmenopausal osteoporosis which affects
30% of woman, there are many causes of secondary osteoporosis which occurs in almost 30–60% of men and more
than 50% of premenopausal women [25]. Osteoporosis in
children may be primary due to an intrinsic bone abnormality
(usually genetic in origin) or secondary due to an underlying
medical condition and/or its treatment. The most common
condition in the former category is osteogenesis imperfecta
in which there is an underlying abnormality in bone matrix
composition, usually due to defective synthesis of type I
collagen.
Instead, osteoporosis circumscripta, characterized by
focal osteolytic lesions [26], is a peculiar condition of Paget’s
disease, a skeletal disorder which affects 1-2% of adults over
50 [27, 28].
The evaluation of subjects presenting with osteoporosis
should include a detailed history, physical exam, and laboratory testing for secondary causes of osteoporosis, according
to the guidelines of the American Association of Clinical
Endocrinologists (AACE) [29].

3. Postmenopausal Osteoporosis
The decline of ovarian function at menopause results in
decreased production of estrogen and a parallel increase in
FSH levels. The combined effects of estrogen deprivation and
raising FSH production cause a marked stimulation of bone
resorption and a period of rapid bone loss which is central
for the onset of postmenopausal osteoporosis [30]. Several
risk factors are implicated in favoring postmenopausal bone
loss. Important nonmodifiable predictors of bone demineralization are age, sex, period of amenorrhea [31, 32], and
parental history of fracture [33]. Important modifiable factors
are dietary calcium intake [34, 35], low body mass index [31,
36, 37], smoking [38–40], reduced physical activity [41, 42],
and high alcohol intake [43].
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3.1. Estrogen Effects on Bone Remodeling. Estrogen is the
major hormonal regulators of bone metabolism in women
and men. Estrogen inhibits the activation of bone remodeling, most likely via the osteocytes, and also inhibits bone
resorption, largely by direct actions on OCs, but also by
modulation of OB/osteocyte and T-cell regulation of OC
formation and activity [44].
The direct effects of estrogen on OCs include the induction of OC apoptosis and the inhibition of OC formation. In particular, this hormone inhibits OC formation
decreasing the responsiveness of OCPs to the osteoclastogenic cytokine RANKL [45]. Moreover, estrogen inhibits
RANKL-stimulated osteoclastic differentiation of human
monocytes by inducing estrogen receptor 𝛼 (ER𝛼) binding
to a scaffolding protein, BCAR1; the ER𝛼/BCAR1 complex
then sequesters TNF receptor-associated factor 6 (TRAF6),
leading to decreased activation of NF-𝜅B and impaired
RANKL-induced osteoclastogenesis [46].
In addition to these direct effects on OCs, estrogen also
appears to regulate OC formation and activity indirectly.
Combined in vitro and in vivo studies have demonstrated that
estrogen suppresses RANKL production by OBs and T and B
cells [47] and also increases production of the decoy receptor
for RANKL, OPG [48].
In mouse models, estrogen modulates the production of
a number of bone-resorbing cytokines, including interleukin
(IL)-1, IL-6, tumor necrosis factor-𝛼 (TNF-𝛼), M-CSF, and
prostaglandins [49–53]. Thus, this indirect pathway may play
a more important role in regulating the effect of estrogen on
OC development, and estrogen deficiency induces bone loss
by upregulating cytokine production in immune cells [54].
Regarding the role of estrogen on OBs, it has been
demonstrated that they inhibit OB apoptosis and increase OB
lifespan [55].
3.2. Estrogen-Deficiency Effects on Bone Remodeling: The
Role of Immune System. Estrogen deficiency increases OC
formation by increasing haematopoietic progenitors and providing a larger recruited OCP pool [56–58]. The upregulated
formation and activation of OCs lead to cortical porosity and
enlarged resorption areas in trabecular surfaces [13, 14]. In
addition, estrogen depletion also increases the life span of
OCs, and this event leads to prolonged bone loss, deeper
resorption cavities, and trabecular perforation increasing the
fragility of bone. This event contributes to a longer and slower
period of bone wasting following acute phase of bone loss
[14]. The bone loss is partly compensated by increase of
bone formation due to the increased osteoblastogenesis. This
event is fueled by increasing the number of mesenchymal
progenitors capable of committing to the OB lineage and thus
promotes proliferation of early OB precursors [56, 59, 60].
The net increase of bone formation, however, is limited by
increasing apoptosis of OBs induced by estrogen deprivation
[55, 61]. Therefore, although estrogen deficiency increases the
bone remodeling intensity, there is an imbalance between
bone resorption and bone formation [15, 62]. However, the
mechanism by which estrogen deficiency induces bone loss
seems more complicated, and interplay between estrogen
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deficiency and immune cells may play a pivotal role in
regulating bone absorption in postmenopausal osteoporosis.
In fact, estrogen is a well-known regulator of the immune
system and T-cell functions [63, 64].
In this respect, studies on humans are few, and the
majority of the data have been derived from animal models
and cellular cultures, but no consensual picture has emerged
from these models.
In one of the most interesting studies surface RANKL
expression was quantified by two-color flow cytometry
on isolated bone marrow mononuclear cells derived from
premenopausal women, early postmenopausal women, and
age-matched, estrogen-treated postmenopausal women. The
surface concentration of RANKL per cell was increased
in postmenopausal women compared to premenopausal
women and estrogen-treated postmenopausal women by
two- to threefold for MSCs, T cells, B cells, and total RANKL
expressing cells [47]. This study suggests that osteoclastogenic
RANKL production by T cells and B cells may contribute
to bone loss during estrogen deficiency in humans, and it is
supported by a recent work on mouse model [65].
Another clinical study underlines the role of T cells in the
human postmenopausal bone loss.
This work reported that women with postmenopausal
osteoporosis exhibit an increased T-cell activity and elevated
production of TNF𝛼 and RANKL compared to healthy
postmenopausal controls inducing OC formation and activity [12]. In particular, flow cytometry showed a higher
percentage of OC precursors (CD14+/CD11b+/VNR+cells)
from peripheral blood mononuclear cells (PBMCs) of postmenopausal women with osteoporosis than in the control
groups. The mean fluorescence intensity (MFI) of CD11b
and VNR was higher in patients than in samples from the
control groups, while the MFI of CD14 was higher in the premenopausal controls and inversely correlated with age. This
finding suggests that OCPs in patients were more committed
toward osteoclastic lineage as compared to controls [12].
Recent clinical studies reported that postmenopausal
women had a significantly higher concentration of circulating
sclerostin than premenopausal women, and that serum sclerostin levels were inversely correlated with the free estrogen
index in postmenopausal women [66]. In vivo and in vitro
studies suggest that TNF-𝛼, which is increased in estrogen
deficiency, may stimulate the expression of sclerostin via the
MEF2 transcription factor. Thus, the increase of sclerostin
mediated by TNF-𝛼 may at least partially contribute to the
pathogenesis of postmenopausal osteoporosis [67].
A recent study provides evidence that IL-17—a member
of Th17 cytokine—promotes bone loss by favoring OC production and inhibiting OB differentiation, whose production
is under the negative regulation of estrogen [68]. Moreover,
an inhibition of IL-17 having bone sparing effect under
ovariectomy by antibody approach could form the basis for
using humanized antibody against this cytokine towards the
treatment of postmenopausal osteoporosis [68].
3.3. B Lymphocyte Alterations in Postmenopausal Osteoporosis. B-cell alterations are well documented during aging and
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estrogen deficiency, but less is known on B lymphocyte
status during osteoporosis. Recently, increasing evidence
emerged on an intimate link between B lymphocytes and
bone metabolism [69].
Although all women experience menopause and estrogen
deficiency, only one third of them suffer from osteoporosis. In a recent study, Breuil et al. studied the phenotypic
and functional characteristics of immune cells of 26 postmenopausal women with osteoporotic fractures compared
to 24 healthy controls similar for age and estrogen level
[54]. They observed, for the first time, a reduction of B
lymphocyte number (in particular: B lymphocytes (CD19+),
memory B lymphocytes (CD19+/CD27+), memory B lymphocytes expressing CD38 (CD19+/CD27+/CD5−/CD38+),
and RANK+ memory B (CD19+/CD27+/RANK+) lymphocytes) in osteoporotic women negatively correlated with
BMD. The authors postulated that this modifications of B-cell
populations in osteoporotic women are the consequences of
the physical changes, which took place in the bone marrow
microenvironment, independently from age and estrogen
status. Moreover, as memory B lymphocytes play a major
role in the immune response to infections, the modifications
of B lymphocytes may partly contribute to the increased
morbidity and mortality observed after OP fracture [70].

4. Therapeutic Strategies of
Postmenopausal Osteoporosis
The treatment of osteoporosis aims to reduce the incidence
of vertebral and nonvertebral fractures responsible for the
disease-associated morbidity [71] and stabilize or increase
bone mass and strength [72].
The two main pharmacological approaches to osteoporosis are the anticatabolic and anabolic therapy, which,
respectively, decrease bone resorption [73] and stimulate new
bone formation [74].
The anticatabolic agents comprise bisphosphonates: etidronate, alendronate, risedronate, and zoledronic acid; estrogen and the selective estrogen receptor modulator (SERM)
raloxifene; salmon calcitonin; and denosumab. The only
anabolic agent currently available is teriparatide [75]. The
treatment with bisphosphonates reduces fracture risk, not
shown for other available agents. Bisphosphonates accumulate in the mineral phase of bone and reduce OC activity
by inhibiting farnesyl pyrophosphate synthase [76]. They
can be administered orally (daily, weekly, or monthly) or
iv (quarterly or yearly). Since their initial introduction in
the United States in 1995, questions have been raised about
their association with possible side effects (osteonecrosis
of the jaw, musculoskeletal pain, atrial fibrillation, atypical
fractures, and esophageal cancer) that appear to be rare
and may not be causally related [77]. However, for most
patients with osteoporosis, the benefits of treatment outweigh
the risks. A new therapeutic advance in the treatment
of osteoporosis is denosumab, a fully human monoclonal
antibody to soluble RANKL [78]. Denosumab is the newest
antiresorptive agent, with a novel mechanism of action [79].
It acts like OPG, preventing RANKL from binding to OC
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receptor RANK; as a result, OC recruitment, maturation, and
action are inhibited and bone resorption decreases. Unlike
bisphosphonates, denosumab does not accumulate in bone.
It has a circulatory half-life of approximately 26 days, and like
other monoclonal antibodies, the clearance of denosumab is
through the reticuloendothelial system and does not depend
on renal clearance [80].

5. Conclusions
In the last years, many studies has been made to understand
how the immune system impacts and regulates the skeleton
in physiological and pathological conditions through the
immunoskeletal interface. Although the majority of data
derived from studies on animal models, recently new evidence of the crosstalk between immune system and bone
has been accumulated in humans in many disease such as
postmenopausal osteoporosis.
These data demonstrate that bone loss induced by estrogen deficiency in menopause is a complex effect of a multitude of pathways and cytokines working in a cooperative
fashion to regulate osteoclastogenesis and osteoblastogenesis.
Among these cytokines, RANKL and TNF𝛼 seem to play
a central role inducing OC formation and activity, while
IL-17 promotes bone loss by favoring OC production and
inhibiting OB differentiation.
These discoveries have potential for developing new therapeutic strategies for the treatment of these bone disorders. In
this respect, denosumab, a fully human monoclonal antibody
to soluble RANKL, represents a new therapeutic advance
in the treatment of osteoporosis with a novel mechanism
of action that leads to the decrease of bone resorption and
fracture risk.
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Tumor necrosis factor-𝛼 (TNF-𝛼) is a cytokine produced by monocytes, macrophages, and T cells and is induced by pathogens,
endotoxins, or related substances. TNF-𝛼 may play a key role in bone metabolism and is important in inflammatory bone diseases
such as rheumatoid arthritis. Cells directly involved in osteoclastogenesis include macrophages, which are osteoclast precursor cells,
osteoblasts, or stromal cells. These cells express receptor activator of NF-𝜅B ligand (RANKL) to induce osteoclastogenesis, and T
cells, which secrete RANKL, promote osteoclastogenesis during inflammation. Elucidating the detailed effects of TNF-𝛼 on bone
metabolism may enable the identification of therapeutic targets that can efficiently suppress bone destruction in inflammatory bone
diseases. TNF-𝛼 is considered to act by directly increasing RANK expression in macrophages and by increasing RANKL in stromal
cells. Inflammatory cytokines such as interleukin- (IL-) 12, IL-18, and interferon-𝛾 (IFN-𝛾) strongly inhibit osteoclast formation.
IL-12, IL-18, and IFN-𝛾 induce apoptosis in bone marrow cells treated with TNF-𝛼 in vitro, and osteoclastogenesis is inhibited by
the interactions of TNF-𝛼-induced Fas and Fas ligand induced by IL-12, IL-18, and IFN-𝛾. This review describes and discusses the
role of cells concerned with osteoclast formation and immunological reactions in TNF-𝛼-mediated osteoclastogenesis in vitro and
in vivo.

1. Introduction
Tumor necrosis factor-𝛼 (TNF-𝛼) plays a major role in host
defense, and it exerts proinflammatory activities through
various cells including mononuclear phagocytes, where it is
responsible for the activation of cytocidal systems [1]. TNF𝛼-induced osteoclast recruitment is probably central to the
pathogenesis of disorders involving inflammation [2]. Osteoclasts are multinucleated giant cells formed by the fusion of
precursor cells of the monocyte/macrophage lineage, which
originate from hematopoietic stem cells and are uniquely
responsible for in vivo bone resorption [3]. Bone destruction
is marked in rheumatoid arthritis, a disease characterized
by proliferative synovitis in which proteases secreted by the
synovial membrane cause cartilaginous inflammation leading to joint destruction [4]. This bone destruction is caused by

inflammation-induced osteoclasts. TNF-𝛼, produced by cells
within the articular tissue, causes inflammation by inducing
synovial cell proliferation, promoting inflammatory cytokine
production, and increasing vascular endothelial cell permeability [5]. Furthermore, TNF-𝛼 causes osteoclast-induced
bone destruction as well as the inhibition of osteoblast differentiation and apoptosis [6]. TNF-𝛼 acts on chondrocytes
and induces the synthesis of proteases such as collagenase and
matrix metalloproteinase, which cause cartilage destruction
[7]. Therefore, TNF-𝛼-targeting biological drugs are effective
for treating rheumatoid arthritis [8].

2. Osteoclastogenesis and TNF-𝛼
In 1998, two different research groups noted that receptor activator of NF-𝜅B ligand (RANKL) was essential for
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osteoclast differentiation [9, 10]. RANKL induces osteoclast
differentiation by binding to RANK, a membrane-binding
protein expressed on the surface of macrophage-colonystimulating-factor- (M-CSF-) induced osteoclast precursors
derived from myeloid cells and monocytes [11]. TNF-𝛼 was
also reported to induce the formation of osteoclastic cells
from bone marrow macrophages in vitro [12, 13]. Alternatively, in the presence of TNF-𝛼, osteoclast formation
is induced by low concentrations of RANKL, and TNF-𝛼
increases the effects of RANKL. In the absence of RANKL,
osteoclast differentiation does not occur [14]. Thus, TNF-𝛼 is
considered to enhance RANKL signaling. Subsequently, TNF
transgenic (TNF-Tg) mice × RANK−/− mice were created,
and lack of RANK resulted in no changes in osteopetrosis
even in the presence of TNF-𝛼. This suggested that TNF𝛼-induced osteoclastogenesis is dependent on RANKL [15].
However, when M-CSF induces precursor cell formation
from myeloid cells in the presence of transforming growth
factor-𝛽 (TGF-𝛽), osteoclastogenesis is induced by TNF𝛼 alone. Furthermore, TNF-𝛼 could induce osteoclast differentiation in osteoclast lacking mouse models, including
RANKL−/− , RANK−/− , and TNF receptor-associated factor6 (TRAF6)−/− mice [16]. This suggested that TNF-𝛼-induced
osteoclastogenesis is independent of RANKL. Further studies
are necessary to clarify these events.

3. Analysis of TNF-𝛼-Mediated
Osteoclastogenesis In Vivo
Cells directly involved in osteoclastogenesis include macrophages, stromal cells that express RANKL and induce osteoclastogenesis, and T cells that express RANKL and promote
osteoclastogenesis [17, 18]. TNF-𝛼 plays a central role in
inflammatory osteoclastogenesis. Therefore, a better understanding of the contribution of these target cells in vivo may
provide important therapeutic implications. It was reported
that macrophages are direct targets of TNF-𝛼 in vitro [14].
Teitelbaum’s group analyzed the function of these cells in
TNF-𝛼-induced osteoclastogenesis in vivo using bone marrow transplants to determine the in vivo contribution of each
cell type and whether they were a direct or indirect target of
TNF-𝛼. When a lethal dose of radiation was administered
to mice, hematopoietic cells including macrophages were
destroyed, but stromal cells survived. Donor myeloid cells
were then transplanted into the irradiated recipients. The
resultant chimeric mice contained recipient-derived stromal
cells and donor-derived macrophages. Using this technique,
4 types of chimeric mice were created using wild type (WT)
and both 55 kDa TNF receptor-1 (TNFR1) and 75 kDa TNF
receptor-2 (TNFR2) deficient mice (KO). Each irradiated
mouse underwent bone marrow transplant, and 4 groups
were prepared as follows: (1) WT marrow transplanted into
WT mice as a positive control for the administration of TNF𝛼, (2) WT marrow transplanted into KO, (3) KO marrow
transplanted into WT, and (4) KO marrow transplanted
into KO transplants as a negative control. Thus, groups
of mice contained both TNFRs-bearing macrophages and
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stromal cells, TNFRs-bearing macrophages alone, TNFRsbearing stromal cells alone, and those with TNFRs-deficient
macrophages and stromal cells. After the marrow transplant,
recipient T cells were blocked with anti-CD4 and anti-CD8
antibodies. These mice were injected with TNF-𝛼 in the
calvariae and examined for osteoclastogenesis. The number
of osteoclasts in KO to WT was less than that in WT to WT
transplants. This suggested that TNF-𝛼 directly induced bone
macrophages to undergo osteoclast differentiation. However,
the osteoclast numbers in KO to WT were greater than
those in WT to KO transplants indicating that while both
bone marrow macrophages and stromal cells participate
as direct cytokine targets in TNF-𝛼-induced osteoclastogenesis, stromal cells are dominant. Analysis of RANKL
and RANK expression by myeloid cells demonstrated that
RANKL expression was increased in the WT to WT and
KO to WT transplants. Thus, TNF-𝛼 may act directly on
stromal cells to increase RANKL expression. Expression
of RANK increased in the WT to WT, WT to KO, and
KO to WT transplants. RANK expression also increased in
mice with TNFRs-deficient macrophages. Considering these
results, TNF-𝛼 may act by directly influencing macrophages
to increase RANK expression and inducing stromal cells to
increase expression of RANKL [19, 20]. TNF-𝛼 increases
the number of bone marrow macrophages in WT to WT
and KO to WT but not WT to KO transplants. M-CSF
increases the proliferation of macrophages. Expression of MCSF also increased in WT to WT and KO to WT transplants,
suggesting that M-CSF was expressed in response to TNF𝛼 produced by stromal cells. Therefore, TNF-𝛼-induced MCSF may increase the number of bone marrow macrophages.
TNF-𝛼 directly increased RANK expression by influencing
macrophages. Furthermore, the expression of RANK also
increased in KO to WT transplants as described earlier. In
addition, it was reported that RANK expression increased in
vitro when macrophages were incubated with M-SCF. Thus,
TNF-𝛼 may induce RANK expression via TNF-𝛼-induced MCSF from stromal cells. It was suggested that M-CSF also
plays an important role in TNF-𝛼-induced osteoclastogenesis
in vivo [20] (Figure 1).

4. Signaling Pathways Associated with
Osteoclast Differentiation
RANK, a receptor of RANKL, is expressed in osteoclast
precursors. Mitogen-activated protein kinase (MAPK) pathways such as TNF receptor-associated factor (TRAF), familymediated c-jun N-terminal kinase (JNK), p38, and nuclear
factor-kappa B (NF-𝜅B) are activated by RANKL–RANKinduced stimulation [21]. Moreover, the activator protein 1
(AP-1) family, such as c-fos, is also activated. These molecules
have been analyzed using various gene knockout mice. Two
reports using TRAF6 deficient mice indicated osteopetrosislike symptoms in both [22, 23]. Furthermore, osteopetrosislike symptoms observed in NF-𝜅B and c-Fos deficient mice
suggest that these molecules are essential for osteoclastogenesis [24–26]. Osteoclast differentiation is promoted by
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Figure 1: Contribution of macrophage and stromal cell in TNF-𝛼-mediated osteoclastogenesis. TNF-𝛼 stimulated expression of RANKL
and M-CSF in stromal cell, and the stromal cell induced osteoclastogenesis. Also, TNF-𝛼 directly induced osteoclastogenesis to osteoclast
precursor in the presence of constitutive level of RANKL and TNF-𝛼-induced M-CSF stimulate expression of RANK in osteoclast precursor.

the transcription factors AP-1 and NF-𝜅B, which activate
nuclear factor of activated T-cell c1 (NFATc1), the master
transcription factor in osteoclast differentiation. NFATc1
is required for osteoclast differentiation [27] and is activated by calcineurin-mediated dephosphorylation, a nuclear
calcium-dependent phosphatase [28]. NFATc1 migrates into
the nucleus and fuses to upstream tartrate-resistant acid
phosphatase (TRAP), an osteoclast specific gene, cathepsin
K, calcitonin receptor, and osteoclast-associated receptor
(OSCAR), thus promoting transcription [27]. Immunoreceptors such as OSCARs activate NFATc1, bind to adaptor
molecules with immunoreceptor tyrosine-based activation
motifs (ITAMS) expressed in osteoclast precursors, and
function as costimulatory signals for RANKL [29]. M-CSF is
an essential factor in osteoclast differentiation and a survival
factor for osteoclasts. Osteoclast precursors express c-Fms,
an M-CSF receptor, and M-CSF stimulation activates MAPK
pathways such as extracellular signal-regulated kinase (ERK),
phosphoinositide 3-kinase (P13 K), and Akt [11].

5. TNF-𝛼 Signaling Pathways
It was reported that TRAF6-deficient mice develop osteopetrosis with defects in bone remodeling caused by impaired
osteoclast formation. TNF-𝛼 also required TRAF6 for osteoclast formation in vitro [30]. However, TRAF6 is not a
common adaptor protein of TNFRs. Thus, TNF-𝛼-induced
osteoclast formation might be necessary for the existence
of RANKL. However, in vitro experiments using fetal liver
cells from TRAF2-deficient mice demonstrated that TNF-𝛼induced osteoclast formation was severely impaired. Therefore, TRAF2 may play an important role in TNF-𝛼-induced

osteoclast formation. Furthermore, RANKL-induced osteoclast formation was reduced in progenitors from TRAF2deficient mice [31]. These studies indicate that TRAF2 signaling enhances RANK-TRAF6 signaling for osteoclast formation. It was reported that TNF-𝛼 and RANKL synergistically
induce osteoclast formation [14]. It may indicate that TNF𝛼-induced TRAF2 signaling enhances RANKL signaling for
osteoclast formation. TNF-𝛼 can induce biological reactions
by either TNFR1 or TNFR2. Each receptor can mediate distinct intracellular signals. Analysis of the respective TNFR1
or TNFR2 deficient mice revealed that TNFR1 promotes
osteoclast differentiation, whereas TNFR2 inhibits osteoclast
differentiation [32]. The intracellular domain of TNFR1
is bound by an adaptor protein, TNF receptor-associated
death domain (TRADD), which mobilizes additional adaptor
protein receptor interacting protein-1 (RIP-1) and TRAF2
[33]. Subsequently, the TRADD-RIP-1-TRAF2 complex is
released from TNFR1. The adapter proteins in the complex
activate key signaling pathways. RIP-1 recruitment of MAPK
extracellular signal-regulated kinase kinase 3 (MEKK-3) and
TGF-𝛽-activated kinase (TAK1) activates the I𝜅B kinase
(IKK) complex. The IKK complex phosphorylates I𝜅B𝛼 that
ubiquitinates and degrades I𝜅B𝛼. This subsequently releases
NF-𝜅B subunits, which translocate into the nucleus and
promote gene transcription [34–36]. TNF-𝛼-induced NF-𝜅B
activation in macrophages can be mediated by c-Src, which is
a nonreceptor tyrosine kinase [37]. Therefore, many signaling
mediators can promote TNF-𝛼-induced signaling pathways,
depending on the cell type. Meanwhile, two types of TRAF6-deficient mice have been reported. One contained only
few weak TRAP-positive mononuclear cells [38]. Therefore,
osteoclast formation is dependent upon TRAF6 signaling.
However, the other TRAF-6-deficient mouse contained normal numbers of TRAP-positive osteoclasts [39]. Therefore, it
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Figure 2: The mechanism of IL-12-, IL-18-, and IFN-𝛾-induced apoptosis in bone marrow cell culture. TNF-𝛼 induced the expression of Fas
on preosteoclast, and IL-12 and IL-18 induce the expression of FasL on nonadherent cells. The Fas/FasL interaction induced the apoptosis of
preosteoclast in bone marrow cell culture.

may be possible that signaling other than TRAF6 is involved
in osteoclast formation. The role of TNF-𝛼 signaling in
osteoclastogenesis remains poorly understood, and further
studies are required to elucidate the relationship between
TNF-𝛼 and osteoclast differentiation.

6. The Role of TNF-𝛼 in Osteoblast Function
Osteoblasts differentiate from mesenchymal stem cells. TNF𝛼 has an inhibitory effect during various stages of osteoblast
differentiation and can act on osteoblast precursor cells
during the early stages of differentiation to inhibit insulinlike growth factor 1, which increases the differentiation of
osteoblast precursor cells from stem cells [40]. Furthermore,
TNF-𝛼 acts on osteoblasts to inhibit the transcription of
runt-related transcription factor 2 (RUNX2), the master
transcription factor for osteoblast differentiation, by promoting the degradation of RUNX2 mRNA [41]. TNF-𝛼 also
inhibits MAPK-mediated osterix expression and promoter
activity [6], increases Fas expression, and induces apoptosis.
A previous study demonstrated that TNF-𝛼 increased IL1 expression and IL-1-induced RANKL expression in bonemarrow-derived stromal cells, which promoted osteoclast
differentiation [42].

7. Effect of Cytokines in TNF-𝛼-Mediated
Osteoclastogenesis and Bone Resorption
Inflammatory cytokines have multiple effects on bone resorption. In vivo immune and inflammatory responses are regulated by a complex network of cytokines. In rheumatoid
arthritis, TNF-𝛼, IL-1, IL-6, and IL-17 produced by synovial

macrophages and T cells act on osteoblasts to promote
RANKL expression [43]. Thus, IL-1 [42], IL-6 [44], and IL17 [45], as well as TGF-𝛽 [46], promote osteoclastogenesis,
whereas IL-4 [47–49], IL-10 [50], IL-12 [51–54], IL-13 [55],
IL-18 [56–58], and IFN-𝛾 [46] inhibit osteoclastogenesis.
Furthermore, when IFN-𝛾, IL-12, and IL-18 are acted during
TNF-𝛼-mediated osteoclastogenesis in myeloid cells, TNF-𝛼
induces Fas expression and IFN-𝛾, IL-12, and IL-18 induce
FasL expression leading to apoptosis of osteoclast precursors
[53, 54, 57–59] (Figure 2). These results demonstrate that
inhibitory cytokines may be applied clinically as inhibitors
of joint destruction. However, the systemic administration
of cytokines results in their poor localization in joints.
Therefore, osteoclastogenesis can be experimentally inhibited
by the overexpression of cytokine genes using a viral vector.
Therefore, further studies are required to elucidate the pathology and cytokine-mediated regulatory mechanisms in bone
metabolism.

8. Role of TNF-𝛼 in Joint Inflammation and
Bone Destruction in Inflammatory Arthritis
TNF-𝛼 is the key mediator of joint inflammation and bone
destruction in inflammatory arthritis, such as rheumatoid
arthritis, psoriatic patients with arthritis, and juvenile idiopathic arthritis. Several studies have measured high amounts
of TNF-𝛼 in the serum and synovial fluid of patients with
rheumatoid arthritis and psoriatic arthritis and children with
juvenile idiopathic arthritis [60–62]. Rheumatoid arthritis is
an inflammatory disease caused by autoimmune responses,
and it is aggravated by excessive bone resorption in the
peripheral joints [63]. TNF-𝛼 is thought to play a crucial
role in rheumatoid arthritis since it enhances the production
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of inflammatory disease-related molecules such as IL-1 or
IL-6 in the serum and synovial fluid [64, 65]. TNF-𝛼 is
sufficient to induce the development of all the symptoms of
inflammatory arthritis when overexpressed in mice [66, 67].
Osteoclast precursors are increased in the peripheral blood
of TNF-Tg mice and psoriatic patients with arthritis. This
increase can be reversed by anti-TNF-𝛼 treatment [61, 68].
TNF-𝛼 increases marrow osteoclast precursor numbers in
WT mice by promoting osteoclast precursor proliferation,
differentiation and expression of the M-CSF receptor, cFms [69]. The relevance of TNF-𝛼 in human disease is
underlined by the efficiency of TNF-𝛼 neutralizing therapy
for the treatment of rheumatoid arthritis. Neutralization
therapies using the soluble TNF receptor-2-IgG-Fc fusion
protein, etanercept, or anti-TNF-𝛼 monoclonal antibodies
such as infliximab have proved to be a successful strategy
for ameliorating both inflammation and joint destruction
in rheumatoid arthritis [70, 71]. However, TNF-𝛼-targeting
therapies have several disadvantages; for example, there is a
risk of antidrug antibody production when using anti-TNF𝛼 antibodies and they are expensive. Thus, there is a need
to develop new drugs to neutralize TNF-𝛼. TNF-𝛼 kinoid, a
heterocomplex of human TNF-𝛼 and keyhole limpet hemocyanin (TNF-K), is an active immunotherapy targeting TNF𝛼. However, TNF-K induced anti-TNF antibody production
[72]. The cyclic peptide WP9QY was designed to mimic
the most critical TNF-𝛼 recognition loop on TNFRI, and it
prevents the interactions of TNF-𝛼 with TNF receptors. The
peptide inhibited osteoclast formation in vitro and in vivo in
mice [73, 74].

9. Effect of M-CSF Blocking in
TNF-𝛼-Mediated Osteoclastogenesis
and Bone Resorption
TNF-𝛼 plays a key role in inflammatory arthritis; TNF-𝛼targeting biological drugs are highly effective in the treatment
of inflammatory arthritis. It was reported that administration
of antibodies to c-Fms (anti-c-Fms antibody) completely
blocked osteoclastogenesis and bone erosion induced by
TNF-𝛼 administration. Furthermore, in the study on the
efficacy of anti-c-Fms antibodies injected into the experimental arthritis model using the serum of K/B × N mice
[75], there was no effect on the inflammatory cells; however,
osteoclastogenesis was inhibited by the antibodies [20].
Lipopolysaccharide (LPS) is a major component of the cell
wall of Gram-negative bacteria and is a potent inducer of
inflammation and a pathogen of inflammatory bone loss [76–
78]. LPS can induce the production of many local immune
factors, including proinflammatory cytokines such as TNF𝛼 and IL-1, from macrophages or other cells in inflammatory
tissues [79]. These cytokines are associated with LPS-induced
osteoclast formation and bone destruction in both in vivo
and in vitro studies [80–82]. It was reported that anti-c-Fms
antibody affects bacterial LPS-induced osteoclastogenesis
and bone resorption, and also LPS induce expression of
RANK in vivo [83]. With regard to the involvement of TNF𝛼 in osteoclastogenesis in arthritis, M-CSF blocking may be
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effective. Although treatments targeting TNF-𝛼 are highly
effective in inhibiting the progression of bone destruction
caused by inflammatory arthritis, other cytokine inhibitors
that effectively target bone destruction should be developed
and considered for concomitant usage.

10. Conclusion
Many studies have indicated that TNF-𝛼 is a key molecule
for inflammatory osteoclastogenesis and bone destruction
during inflammatory arthritis. Furthermore, the role of cells
involved in TNF-𝛼-induced osteoclast formation and the
interactions between TNF-𝛼-induced osteoclast formation
and cytokines and their signaling pathways have gradually
become clear. Currently, TNF-𝛼 is the major target of highly
effective biological drugs for the treatment of inflammatory
arthritis. The progress of studies for TNF-𝛼-induced osteoclast formation and bone destruction has been accelerated.
However, there is still much to learn. In addition, TNF-𝛼targeting therapies have several drawbacks. Therefore, further
studies are required to fully understand TNF-𝛼-induced
osteoclast formation and bone destruction.

References
[1] K. J. Tracey and A. Cerami, “Tumor necrosis factor, other
cytokines and disease,” Annual Review of Cell Biology, vol. 9, pp.
317–343, 1993.
[2] M. Wong, D. Ziring, Y. Korin et al., “TNF𝛼 blockade in
human diseases: mechanisms and future directions,” Clinical
Immunology, vol. 126, no. 2, pp. 121–136, 2008.
[3] S. L. Teitelbaum, “Bone resorption by osteoclasts,” Science, vol.
289, no. 5484, pp. 1504–1508, 2000.
[4] D. L. Scott, K. Pugner, K. Kaarela et al., “The links between joint
damage and disability in rheumatoid arthritis,” Rheumatology,
vol. 39, no. 2, pp. 122–132, 2000.
[5] A. Burke-Gaffney and A. K. Keenan, “Does TNF-𝛼 directly
increase endothelial cell monolayer permeability?” Agents and
Actions, vol. 38, pp. C83–C85, 1993.
[6] X. Lu, L. Gilbert, X. He, J. Rubin, and M. S. Nanes, “Transcriptional regulation of the osterix (Osx, Sp7) promoter by tumor
necrosis factor identifies disparate effects of mitogen-activated
protein kinase and NF𝜅B pathways,” Journal of Biological
Chemistry, vol. 281, no. 10, pp. 6297–6306, 2006.
[7] W. Lehmann, C. M. Edgar, K. Wang et al., “Tumor necrosis
factor alpha (TNF-𝛼) coordinately regulates the expression
of specific matrix metalloproteinases (MMPS) and angiogenic
factors during fracture healing,” Bone, vol. 36, no. 2, pp. 300–
310, 2005.
[8] J. Geiler, M. Buch, and M. F. McDermott, “Anti-TNF treatment
in rheumatoid arthritis,” Current Pharmaceutical Design, vol. 17,
no. 29, pp. 3141–3154, 2011.
[9] H. Yasuda, N. Shima, N. Nakagawa et al., “Osteoclast differentiation factor is a ligand for osteoprotegerin/osteoclastogenesisinhibitory factor and is identical to TRANCE/RANKL,” Proceedings of the National Academy of Sciences of the United States
of America, vol. 95, no. 7, pp. 3597–3602, 1998.
[10] D. L. Lacey, E. Timms, H. L. Tan et al., “Osteoprotegerin
ligand is a cytokine that regulates osteoclast differentiation and
activation,” Cell, vol. 93, no. 2, pp. 165–176, 1998.

6
[11] F. P. Ross and S. L. Teitelbaum, “𝛼v𝛽3 and macrophage colonystimulating factor: partners in osteoclast biology,” Immunological Reviews, vol. 208, pp. 88–105, 2005.
[12] K. Kobayashi, N. Takahashi, E. Jimi et al., “Tumor necrosis
factor 𝛼 stimulates osteoclast differentiation by a mechanism
independent of the ODF/RANKL-RANK interaction,” Journal
of Experimental Medicine, vol. 191, no. 2, pp. 275–286, 2000.
[13] Y. Azuma, K. Kaji, R. Katogi, S. Takeshita, and A. Kudo, “Tumor
necrosis factor-𝛼 induces differentiation of and bone resorption
by osteoclasts,” Journal of Biological Chemistry, vol. 275, no. 7,
pp. 4858–4864, 2000.
[14] J. Lam, S. Takeshita, J. E. Barker, O. Kanagawa, F. P. Ross, and
S. L. Teitelbaum, “TNF-𝛼 induces osteoclastogenesis by direct
stimulation of macrophages exposed to permissive levels of
RANK ligand,” Journal of Clinical Investigation, vol. 106, no. 12,
pp. 1481–1488, 2000.
[15] P. Li, E. M. Schwarz, R. J. O’Keefe, L. Ma, B. F. Boyce, and
L. Xing, “RANK Signaling is not required for TNF𝛼-mediated
increase in CD11(hi) osteoclast precursors but is essential for
mature osteoclast formation in TNF𝛼-mediated inflammatory
arthritis,” Journal of Bone and Mineral Research, vol. 19, no. 2,
pp. 207–213, 2004.
[16] N. Kim, Y. Kadono, M. Takami et al., “Osteoclast differentiation
independent of the TRANCE-RANK-TRAF6 axis,” Journal of
Experimental Medicine, vol. 202, no. 5, pp. 589–595, 2005.
[17] N. Udagawa, N. Takahashi, T. Akatsu et al., “Origin of osteoclasts: mature monocytes and macrophages are capable of differentiating into osteoclasts under a suitable microenvironment
prepared by bone marrow-derived stromal cells,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 87, no. 18, pp. 7260–7264, 1990.
[18] Y. Y. Kung, U. Felge, I. Sarosi et al., “Activated T cells regulate
bone loss and joint destruction in adjuvant arthritis through
osteoprotegerin ligand,” Nature, vol. 402, no. 6759, pp. 304–309,
1999.
[19] H. Kitaura, M. S. Sands, K. Aya et al., “Marrow stromal cells
and osteoclast precursors differentially contribute to TNF-𝛼induced osteoclastogenesis in vivo,” Journal of Immunology, vol.
173, no. 8, pp. 4838–4846, 2004.
[20] H. Kitaura, P. Zhou, H. J. Kim, D. V. Novack, F. P. Ross, and
S. L. Teitelbaum, “M-CSF mediates TNF-induced inflammatory
osteolysis,” Journal of Clinical Investigation, vol. 115, no. 12, pp.
3418–3427, 2005.
[21] H. Takayanagi, S. Kim, and T. Taniguchi, “Signaling crosstalk
between RANKL and interferons in osteoclast differentiation,”
Arthritis Research, vol. 4, supplement 3, pp. S227–S232, 2002.
[22] A. Naito, S. Azuma, S. Tanaka et al., “Severe osteopetrosis, defective interleukin-1 signalling and lymph node organogenesis in
TRAF6-deficient mice,” Genes to Cells, vol. 4, no. 6, pp. 353–362,
1999.
[23] M. A. Lomaga, W. C. Yeh, I. Sarosi et al., “TRAF6 deficiency
results in osteopetrosis and defective interleukin-1, CD40, and
LPS signaling,” Genes and Development, vol. 13, no. 8, pp. 1015–
1024, 1999.
[24] S. L. Teitelbaum and F. P. Ross, “Genetic regulation of osteoclast
development and function,” Nature Reviews Genetics, vol. 4, no.
8, pp. 638–649, 2003.
[25] V. Iotsova, J. Caamaño, J. Loy, Y. Yang, A. Lewin, and R. Bravo,
“Osteopetrosis in mice lacking NF-𝜅B1 and NF-𝜅B2,” Nature
Medicine, vol. 3, no. 11, pp. 1285–1289, 1997.
[26] A. E. Grigoriadis, Z. Q. Wang, M. G. Cecchini et al., “c-Fos: a
key regulator of osteoclast-macrophage lineage determination

Clinical and Developmental Immunology

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

and bone remodeling,” Science, vol. 266, no. 5184, pp. 443–448,
1994.
H. Takayanagi, S. Kim, T. Koga et al., “Induction and activation
of the transcription factor NFATc1 (NFAT2) integrate RANKL
signaling in terminal differentiation of osteoclasts,” Developmental Cell, vol. 3, no. 6, pp. 889–901, 2002.
T. Negishi-Koga and H. Takayanagi, “Ca2+-NFATc1 signaling
is an essential axis of osteoclast differentiation,” Immunological
Reviews, vol. 231, no. 1, pp. 241–256, 2009.
T. Koga, M. Inui, K. Inoue et al., “Costimulatory signals
mediated by the ITAM motif cooperate with RANKL for bone
homeostasis,” Nature, vol. 428, no. 6984, pp. 758–763, 2004.
K. Kaji, R. Katogi, Y. Azuma, A. Naito, J. I. Inoue, and A. Kudo,
“Tumor necrosis factor 𝛼-induced osteoclastogenesis requires
tumor necrosis factor receptor-associated factor 6,” Journal of
Bone and Mineral Research, vol. 16, no. 9, pp. 1593–1599, 2001.
K. Kanazawa and A. Kudo, “TRAF2 is essential for TNF𝛼-induced osteoclastogenesis,” Journal of Bone and Mineral
Research, vol. 20, no. 5, pp. 840–847, 2005.
Y. Abu-Amer, J. Erdmann, L. Alexopoulou, G. Kollias, F. Patrick
Ross, and S. L. Teitelbaum, “Tumor necrosis factor receptors
types 1 and 2 differentially regulate osteoclastogenesis,” Journal
of Biological Chemistry, vol. 275, no. 35, pp. 27307–27310, 2000.
M. Takeuchi, M. Rothe, and D. V. Goeddel, “Anatomy of
TRAF2: distinct domains for nuclear factor-𝜅B activation and
association with tumor necrosis factor signaling proteins,”
Journal of Biological Chemistry, vol. 271, no. 33, pp. 19935–19942,
1996.
Z. J. Chen, “Ubiquitin signalling in the NF-kappaB pathway,”
Nature Cell Biology, vol. 7, no. 8, pp. 758–765, 2005.
M. S. Hayden and S. Ghosh, “Signaling to NF-𝜅B,” Genes and
Development, vol. 18, no. 18, pp. 2195–2224, 2004.
S. Vallabhapurapu and M. Karin, “Regulation and function of
NF-𝜅B transcription factors in the immune system,” Annual
Review of Immunology, vol. 27, pp. 693–733, 2009.
Y. Abu-Amer, F. P. Rossl, K. P. McHugh, A. Livolsi, J. F. Peyron,
and S. L. Teitelbaum, “Tumor necrosis factor-𝛼 activation of
nuclear transcription factor-𝜅B in marrow macrophages is
mediated by c-Src tyrosine phosphorylation of I𝜅B𝛼,” Journal
of Biological Chemistry, vol. 273, no. 45, pp. 29417–29423, 1998.
A. Naito, S. Azuma, S. Tanaka et al., “Severe osteopetrosis, defective interleukin-1 signalling and lymph node organogenesis in
TRAF6-deficient mice,” Genes to Cells, vol. 4, no. 6, pp. 353–362,
1999.
M. A. Lomaga, W. C. Yeh, I. Sarosi et al., “TRAF6 deficiency
results in osteopetrosis and defective interleukin-1, CD40, and
LPS signaling,” Genes and Development, vol. 13, no. 8, pp. 1015–
1024, 1999.
L. Gilbert, X. He, P. Farmer et al., “Expression of the osteoblast
differentiation factor RUNX2 (Cbfa1/AML3/Pebp2𝛼A) is inhibited by tumor necrosis factor-𝛼,” Journal of Biological Chemistry,
vol. 277, no. 4, pp. 2695–2701, 2002.
L. Gilbert, X. He, P. Farmer et al., “Inhibition of osteoblast
differentiation by tumor necrosis factor-𝛼,” Endocrinology, vol.
141, no. 11, pp. 3956–3964, 2000.
S. Wei, H. Kitaura, P. Zhou, F. Patrick Ross, and S. L. Teitelbaum,
“IL-1 mediates TNF-induced osteoclastogenesis,” Journal of
Clinical Investigation, vol. 115, no. 2, pp. 282–290, 2005.
G. Schett, “Review: immune cells and mediators of inflammatory arthritis,” Autoimmunity, vol. 41, no. 3, pp. 224–229, 2008.

Clinical and Developmental Immunology
[44] Y. Gao, I. Morita, N. Maruo, T. Kubota, S. Murota, and T. Aso,
“Expression of IL-6 receptor and GP130 in mouse bone marrow
cells during osteoclast differentiation,” Bone, vol. 22, no. 5, pp.
487–493, 1998.
[45] S. Kotake, N. Udagawa, N. Takahashi et al., “IL-17 in synovial
fluids from patients with rheumatoid arthritis is a potent stimulator of osteoclastogenesis,” Journal of Clinical Investigation, vol.
103, no. 9, pp. 1345–1352, 1999.
[46] S. W. Fox, K. Fuller, K. E. Bayley, J. M. Lean, and T. J. Chambers,
“TGF-𝛽1 and IFN-𝛾 direct macrophage activation by TNF-𝛼
to osteoclastic or cytocidal phenotype,” Journal of Immunology,
vol. 165, no. 9, pp. 4957–4963, 2000.
[47] S. Wei, M. W. H. Wang, S. L. Teitelbaum, and F. Patrick
Ross, “Interleukin-4 reversibly inhibits osteoclastogenesis via
inhibition of NF-𝜅B and mitogen-activated protein kinase
signaling,” Journal of Biological Chemistry, vol. 277, no. 8, pp.
6622–6630, 2002.
[48] H. Kitaura, N. Nagata, Y. Fujimura et al., “Interleukin-4 directly
inhibits tumor necrosis factor-𝛼-mediated osteoclast formation
in mouse bone marrow macrophages,” Immunology Letters, vol.
88, no. 3, pp. 193–198, 2003.
[49] T. Fujii, H. Kitaura, K. Kimura, Z. W. Hakami, and T. TakanoYamamoto, “IL-4 inhibits TNF-alpha-mediated osteoclast formation by inhibition of RANKL expression in TNF-alphaactivated stromal cells and direct inhibition of TNF-alphaactivated osteoclast precursors via a T-cell-independent mechanism in vivo,” Bone, vol. 51, no. 4, pp. 771–780, 2012.
[50] J. M. Owens, A. C. Gallagher, and T. J. Chambers, “IL-10
modulates formation of osteoclasts in murine hemopoietic
cultures,” Journal of Immunology, vol. 157, no. 2, pp. 936–940,
1996.
[51] N. J. Horwood, J. Elliott, T. J. Martin, and M. T. Gillespie, “IL12 alone and in synergy with IL-18 inhibits osteoclast formation
in vitro,” Journal of Immunology, vol. 166, no. 8, pp. 4915–4921,
2001.
[52] N. Nagata, H. Kitaura, N. Yoshida, and K. Nakayama, “Inhibition of RANKL-induced osteoclast formation in mouse bone
marrow cells by IL-12: involvement of IFN-𝛾 possibly induced
from non-T cell population,” Bone, vol. 33, no. 4, pp. 721–732,
2003.
[53] H. Kitaura, N. Nagata, Y. Fujimura, H. Hotokezaka, N. Yoshida,
and K. Nakayama, “Effect of IL-12 on TNF-𝛼-mediated osteoclast formation in bone marrow cells: apoptosis mediated by
Fas/Fas ligand interaction,” Journal of Immunology, vol. 169, no.
9, pp. 4732–4738, 2002.
[54] M. Yoshimatsu, H. Kitaura, Y. Fujimura et al., “IL-12 inhibits
TNF-𝛼 induced osteoclastogenesis via a T cell-independent
mechanism in vivo,” Bone, vol. 45, no. 5, pp. 1010–1016, 2009.
[55] Y. Onoe, C. Miyaura, T. Kaminakayashiki et al., “IL-13 and
IL-4 inhibit bone resorption by suppressing cyclooxygenase2-dependent prostaglandin synthesis in osteoblasts,” Journal of
Immunology, vol. 156, no. 2, pp. 758–764, 1996.
[56] N. Udagawa, N. J. Horwood, J. Elliott et al., “Interleukin-18
(interferon-𝛾-inducing factor) is produced by osteoblasts and
acts via granulocyte/macrophage colony-stimulating factor and
not via interferon-𝛾 to inhibit osteoclast formation,” Journal of
Experimental Medicine, vol. 185, no. 6, pp. 1005–1012, 1997.
[57] H. Kitaura, M. Tatamiya, N. Nagata et al., “IL-18 induces apoptosis of adherent bone marrow cells in TNF-𝛼 mediated osteoclast
formation in synergy with IL-12,” Immunology Letters, vol. 107,
no. 1, pp. 22–31, 2006.

7
[58] Y. Morita, H. Kitaura, M. Yoshimatsu et al., “IL-18 inhibits TNF𝛼-induced osteoclastogenesis possibly via a T cell-independent
mechanism in synergy with IL-12 in vivo,” Calcified Tissue
International, vol. 86, no. 3, pp. 242–248, 2010.
[59] H. Kohara, H. Kitaura, Y. Fujimura et al., “IFN-𝛾 directly
inhibits TNF-𝛼-induced osteoclastogenesis in vitro and in vivo
and induces apoptosis mediated by Fas/Fas ligand interactions,”
Immunology Letters, vol. 137, no. 1-2, pp. 53–61, 2011.
[60] A. Scardapane, L. Breda, M. Lucantoni, and F. Chiarelli, “TNF-𝛼
polymorphisms in juvenile idiopathic arthritis: which potential
clinical implications?” International Journal of Rheumatology,
vol. 2012, Article ID 756291, 16 pages, 2012.
[61] C. T. Ritchlin, S. A. Haas-Smith, P. Li, D. G. Hicks, and E.
M. Schwarz, “Mechanisms of TNF-𝛼- and RANKL-mediated
osteoclastogenesis and bone resorption in psoriatic arthritis,”
Journal of Clinical Investigation, vol. 111, no. 6, pp. 821–831, 2003.
[62] K. Redlich, S. Hayer, R. Ricci et al., “Osteoclasts are essential
for TNF-𝛼-mediated joint destruction,” Journal of Clinical
Investigation, vol. 110, no. 10, pp. 1419–1427, 2002.
[63] E. Chen, E. C. Keystone, and E. N. Fish, “Restricted cytokine
expression in rheumatoid arthritis,” Arthritis and Rheumatism,
vol. 36, no. 7, pp. 901–910, 1993.
[64] F. M. Brennan, A. Jackson, D. Chantry, R. Maini, and M.
Feldmann, “Inhibitory effect of TNF𝛼 antibodies on synovial
cell interleukin-1 production in rheumatoid arthritis,” Lancet,
vol. 2, no. 8657, pp. 244–247, 1989.
[65] M. Feldmann, F. M. Brennan, and R. N. Maini, “Rheumatoid
arthritis,” Cell, vol. 85, no. 3, pp. 307–310, 1996.
[66] J. Keffer, L. Probert, H. Cazlaris et al., “Transgenic mice
expressing human tumour necrosis factor: a predictive genetic
model of arthritis,” EMBO Journal, vol. 10, no. 13, pp. 4025–4031,
1991.
[67] G. Schett, K. Redlich, S. Hayer et al., “Osteoprotegerin protects against generalized bone loss in tumor necrosis factortransgenic mice,” Arthritis and Rheumatism, vol. 48, no. 7, pp.
2042–2051, 2003.
[68] P. Li, E. M. Schwarz, R. J. O’Keefe et al., “Systemic tumor
necrosis factor 𝛼 mediates an increase in peripheral CD11bhigh
osteoclast precursors in tumor necrosis factor 𝛼-transgenic
mice,” Arthritis and Rheumatism, vol. 50, no. 1, pp. 265–276,
2004.
[69] Z. Yao, P. Li, Q. Zhang et al., “Tumor necrosis factor-𝛼 increases
circulating osteoclast precursor numbers by promoting their
proliferation and differentiation in the bone marrow through
up-regulation of c-Fms expression,” Journal of Biological Chemistry, vol. 281, no. 17, pp. 11846–11855, 2006.
[70] P. E. Lipsky, D. M. F. M. Van Der Heijde, S. Clair et al.,
“Infliximab and methotrexate in the treatment of rheumatoid
arthritis,” The New England Journal of Medicine, vol. 343, no. 22,
pp. 1594–1602, 2000.
[71] M. E. Weinblatt, J. M. Kremer, A. D. Bankhurst et al., “A trial
of etanercept, a recombinant tumor necrosis factor receptor:Fc
fusion protein, in patients with rheumatoid arthritis receiving
methotrexate,” The New England Journal of Medicine, vol. 340,
no. 4, pp. 253–259, 1999.
[72] E. Assier, L. Semerano, E. Duvallet et al., “Modulation of antitumor necrosis factor alpha (TNF-𝛼) antibody secretion in
mice immunized with TNF-𝛼 kinoid,” Clinical and Vaccine
Immunology, vol. 19, no. 5, pp. 699–703, 2012.
[73] K. Aoki, H. Saito, C. Itzstein et al., “A TNF receptor loop
peptide mimic blocks RANK ligand-induced signaling, bone

8

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Clinical and Developmental Immunology
resorption, and bone loss,” Journal of Clinical Investigation, vol.
116, no. 6, pp. 1525–1534, 2006.
H. Saito, T. Kojima, M. Takahashi et al., “A tumor necrosis
factor receptor loop peptide mimic inhibits bone destruction
to the same extent as anti-tumor necrosis factor monoclonal
antibody in murine collagen-induced arthritis,” Arthritis and
Rheumatism, vol. 56, no. 4, pp. 1164–1174, 2007.
V. Kouskoff, A. S. Korganow, V. Duchatelle, C. Degott, C.
Benoist, and D. Mathis, “Organ-specific disease provoked by
systemic autoimmunity,” Cell, vol. 87, no. 5, pp. 811–822, 1996.
P. Orcel, M. Feuga, J. Bielakoff, and M. C. De Vernejoul, “Local
bone injections of LPS and M-CSF increase bone resorption
by different pathways in vivo in rats,” American Journal of
Physiology, vol. 264, no. 3, pp. E391–E397, 1993.
Y. H. Chung, E. J. Chang, S. J. Kim et al., “Lipopolysaccharide from Prevotella nigrescens stimulates osteoclastogenesis in
cocultures of bone marrow mononuclear cells and primary
osteoblasts,” Journal of Periodontal Research, vol. 41, no. 4, pp.
288–296, 2006.
A. L. Dumitrescu, S. A. El-Aleem, B. Morales-Aza, and L.
F. Donaldson, “A model of periodontitis in the rat: effect of
lipopolysaccharide on bone resorption, osteoclast activity, and
local peptidergic innervation,” Journal of Clinical Periodontology, vol. 31, no. 8, pp. 596–603, 2004.
N. Bostanci, R. P. Allaker, G. N. Belibasakis et al., “Porphyromonas gingivalis antagonises Campylobacter rectus induced
cytokine production by human monocytes,” Cytokine, vol. 39,
no. 2, pp. 147–156, 2007.
W. Zou and Z. Bar-Shavit, “Dual modulation of osteoclast
differentiation by lipopolysaccharide,” Journal of Bone and
Mineral Research, vol. 17, no. 7, pp. 1211–1218, 2002.
G. P. Garlet, C. R. Cardoso, T. A. Silva et al., “Cytokine pattern
determines the progression of experimental periodontal disease induced by Actinobacillus actinomycetemcomitans through
the modulation of MMPs, RANKL, and their physiological
inhibitors,” Oral Microbiology and Immunology, vol. 21, no. 1, pp.
12–20, 2006.
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Periodontal disease (PD), or periodontitis, is defined as a bacterially induced disease of the tooth-supporting (periodontal) tissues.
It is characterized by inflammation and bone loss; therefore understanding how they are linked would help to address the most
efficacious therapeutic approach. Bacterial infection is the primary etiology but is not sufficient to induce the disease initiation
or progression. Indeed, bacteria-derived factors stimulate a local inflammatory reaction and activation of the innate immune
system. The innate response involves the recognition of microbial components by host cells, and this event is mediated by tolllike receptors (TLRs) expressed by resident cells and leukocytes. Activation of these cells leads to the release of proinflammatory
cytokines and recruitment of phagocytes and lymphocytes. Activation of T and B cells initiates the adaptive immunity with Th1 Th2
Th17 Treg response and antibodies production respectively. In this inflammatory scenario, cytokines involved in bone regulation
and maintenance have considerable relevance because tissue destruction is believed to be the consequence of host inflammatory
response to the bacterial challenge. In the present review, we summarize host factors including cell populations, cytokines, and
mechanisms involved in the destruction of the supporting tissues of the tooth and discuss treatment perspectives based on this
knowledge.

1. Introduction
PD is a chronic infectious inflammatory disease that affects
periodontium and gradually destroys the tooth-supporting
alveolar bone. The periodontium is a supporting structure
that surrounds and supports the teeth. It consists of different
tissues including the gums, the cementum, the periodontal
ligament, and the alveolar supporting bone.
Periodontal diseases are caused by bacterially derived
factors and antigens that stimulate a local inflammatory
reaction and activation of the innate immune system [1, 2].
Among the bacterial species that colonize the oral cavity,
some of them are associated with periodontitis and are
defined as periodontopathogens. The innate host response is
initiated by toll-like receptors (TLRs), similar to the protein
encoded by the Drosophila Toll gene [3]. Toll-like receptors
are mainly expressed on cells of the innate immune system
[4] but have also been identified in periodontal tissues [5].
Pathogens can invade gingival epithelial cells by binding

𝛽-1 integrin and replicate, avoiding the host surveillance
[6]. Toll-like receptors present on gingival epithelial cells
can detect microbial structures highly conserved among
pathogens, including lipopolysaccharide (LPS), peptidoglycan, bacterial DNA, double-stranded RNA, and lipoprotein,
called pathogen-associated molecular patterns (PAMPs) [7].
Once TLRs present on the surface of resident cells recognize
PAMPs, they initiate the activation of several transcription
factors including nuclear factor-𝜅B (NF𝜅B) and activator protein 1 (AP-1) through the mitogen-activated protein kinase
(MAK) cascade [8, 9]. These in turn activate different innate
immunity pathways, including cytokines and chemokines
production that recruit nonresident leukocytes to periodontal space. In turn, activated leukocytes, the adaptive immunity
cells, secrete proinflammatory cytokines and chemokines in
the tissues [10]. It is now accepted that the amplification of
this initial local host response (lasting approximately 21 days)
results in the propagation of the inflammation and leads to
the destruction of soft and mineralized periodontal tissues
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[11]. The conventional treatment for periodontitis has focused
on mechanical removal of bacterial agents, thus reducing
infectious challenge and leading to resolution of inflammation and control of PD. However, the standard treatment may
not be a sufficient or definitive therapy to result in clinical
improvements while requiring a more sophisticated biological approach. Modulation of host response is considered a
novel promising therapy and consists in modulating the host
defense mechanisms in response to inflammation. To date,
the only host modulator drug approved by the United States
Food and Drug Administration is SDD (subantimicrobial
dose doxycycline). SSD inhibits host-derived matrix metalloproteinases (MMPs), responsible for soft and mineralized
tissues degradation, thus resulting in reduced progression
of periodontitis [12]. However, an expanding knowledge
indicates that several signalings are involved in periodontal
tissue destruction and thus, to achieve long-term outcomes,
such as prevention of tooth loss, may be necessary to block
many pathways. On the other hand, pharmacological host
immune modulation may result in adverse side effects, thus
requiring a careful monitoring of this approach. Therefore,
more detailed insights on cell populations, pathways, and
cytokines involved in periodontal pathogenesis would help
to address the most efficacious strategies for the care of
periodontitis.

2. Resident Cells and Innate Immunity
The resident cells involved in the innate host response are
many including epithelial cells, gingival and periodontal
ligament (PDL) fibroblasts, osteoblast, and dendritic cells
[9]. Epithelial cells produce interleukin-8 (IL-8), a neutrophil
chemoattractant, which recruits neutrophils migration [13]
and increases monocyte adhesion in the blood vessels.
Neutrophils that enter the periodontal environment are
primed and exhibit increased production of proinflammatory
cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6),
and tumor necrosis factor-𝛼 (TNF-𝛼) [14]. These cytokines
mediate periodontal tissue destruction by stimulating bone
resorption. Monocytes, on the other hand, can differentiate
into osteoclasts (OCs) upon different triggers while producing inflammatory cytokines as well; expression of Wnt5a was
recently reported in response to lipopolysaccharide (LPS)
[15].
Dendritic cells (DCs) are encountered once the epithelial
barrier is invaded by microorganisms. These cells activate an
immune response, either acting as antigen-presenting cells
or producing IL-12 and IL-18 that consequently promote
interferon-𝛾 (IFN-𝛾) secretion by NK cells and later by
T cells [16]. Periodontal ligament fibroblasts (PDLFs) and
gingival fibroblasts (GF) are the main cells of periodontal
soft connective tissue and are accessed as the microorganisms
breach the epithelial barrier. They respond through the
release of cytokines and degradation molecules. GFs produce
TNF-𝛼, (IL)-6, (IL)-8, macrophage inflammatory protein
(MIP)-1 alpha, and stromal-derived factor (SDF)-1, which
are important regulators of inflammatory process and bone
metabolism [17–19]. Expression of matrix metalloproteinases
(MMPs), laminin-8/9, and laminin-2/4 becomes accentuated
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[20, 21] in PDLFs; however, these cells also contribute to
periodontal inflammation and bone loss via IL-1𝛽, IL-6,
TNF-𝛼, and receptor activator of nuclear factor-𝜅B ligand
(RANKL) production and release [19, 22, 23]. Microorganisms can go deeper in the periodontal tissue and reach
the surface of alveolar bone. Porphyromonas gingivalis has
been demonstrated to invade osteoblasts by interacting with
integrin 𝛼5𝛽1, inducing actin condensation, JNK pathway
activation, and osteoblasts apoptosis [24, 25]. Nonetheless,
microbial PAMPs promote the expression of the proosteoclastogenic cytokine RANKL in osteoblasts (OBs), thus
promoting osteoclastogenesis [26, 27]. All these events, which
represent the initial response to the infection, establish a local
inflammation proper of the innate immunity. The inflammatory cytokines produced by resident cells (epithelial cells,
GFs, PDLFs, OBs, and DCs) and phagocytes (neutrophils
and macrophages) are involved in osteoclastogenesis and are
responsible for the alveolar bone loss.

3. Leukocytes and Adaptive Immunity
After this initial response, the infection activates the adaptive
immunity process: dendritic cells other than participating to
the innate inflammatory response have the ability to capture
and present antigens to B and T cells of the acquired immune
system [28]. Activated CD4 T-helper cells produce subsets
of cytokines which will define phenotypically distinguished
immune responses: Th-1 and Th-2 cells, respectively, associate
with cellular and humoral immunity [29] and the recently
described Th-17 and T regulatory (Treg) cells, which have
antagonistic roles as effector and suppressive cells, respectively [10, 30, 31]. B cells are also activated and are transformed
into plasma cells, which produce antibodies against bacterial
antigens. As a result, tissues affected by periodontitis become
colonized with both lymphocytes subtypes, but with a larger
proportion of B cells than T cells [32]. Indeed, numerous
studies have demonstrated that development of periodontitis
involves a switch from a gingivitis lesion, mainly mediated
by T cells, to one involving large numbers of B cells and
plasma cells [33]. Control of this shift is also mediated by
a balance between the Th1 and Th2 subsets of T cells, with
chronic periodontitis being mediated by Th2 cells [33]. This
inflammatory scenario drives the destruction of connective
tissue and alveolar bone. Bone resorbing cells, the osteoclasts,
differentiate under the control of RANK/RANKL/OPG system, however a number of cytokines, mainly produced in
pathological conditions, have been recently demonstrated to
be involved in osteoclastogenesis modulation.

4. Cytokines Involved in Bone Loss
4.1. RANKL/OPG. RANKL is expressed by osteoblasts and
by a number of other cell types, including fibroblasts and T
and B lymphocytes. Under pathological conditions, such as
those occurring in periodontitis, a dysregulated production
of this cytokine occurs. Osteoblasts express TLR1, 2, 4, and
6 and respond to TLR2/6 and TLR2/1 ligands by increasing
NF𝜅B activation and RANKL expression levels [34]. Other
studies showed that P. endodontalis LPS has the ability
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to promote the expression of RANKL in mouse osteoblasts,
and this induction was mainly through the TLR2/4-JNK
signaling pathway [27]. Fibroblast expression of RANK-L in
physiological conditions is low; however, its expression is
accentuated in response to cytolethal toxin from Aggregatibacter actinomycetemcomitans and to Porphyromonas gingivalis LPS [35, 36]. However, the most abundant source of
RANKL in periodontitis is the cells of the immune system. In
situ hybridization studies show that high levels of RANKLspecific mRNA transcripts are localized in inflammatory
cells, mainly lymphocytes [37]. RANKL-positive lymphocytes are found in the inflammatory connective tissue of
the diseased gingival tissue [38], but also circulating T
Cells express high levels of RANK-L and spontaneously
promote osteoclastogenesis in patients [39]. More precisely
the primary source of RANKL in periodontal disease is Th1
or Th17 cells as well as B-cells while Treg cells are shown to
attenuate RANKL expression by other activated T cells [40].
Recent studies demonstrate that B cells produce RANKL in
response to periodontal pathogen stimulation [41], and that
the majority of B cells in periodontal lesions are RANKL+
[42]. In animal models, mice deleted of B cells lack to develop
bone loss when infected with P. gingivalis, even though B
cells are dispensable. Indeed in absence of B cells, T cells still
mediate LSP-induced bone loss [43].
The action of RANKL can be blocked by its soluble decoy
receptor osteoprotegerin (OPG) which is downregulated in
periodontitis, thus resulting in an increased RANKL/OPG
ratio. In healthy conditions, OPG is produced by resident
periodontal fibroblasts and endothelial cells. Immunohistochemical studies demonstrate significantly lower OPG
staining in periodontitis-affected tissue compared to healthy
gingival tissue, and gene expression studies report lower
OPG expression levels in periodontitis compared to health
controls [44]. A study investigates the relative concentrations
of RANKL and OPG during the progression of experimental
periodontitis induced in mice. A rapid bone loss is observed
in the early part of the study, correlating with increased
RANKL expression relative to OPG (days 0 to 15). In the
last part of the study (days 30 to 60), when the rate of bone
loss slowed, RANKL concentration decreases, whereas OPG
concentration is high [2]. All the available studies collectively
indicate that RANKL increases, whereas OPG decreases in
periodontitis; however, no difference is reported in the ratio
between patients with mild, moderate, or severe periodontitis
[11].
4.2. TNF-𝛼. Other cytokines as TNF-𝛼 can synergize with
RANK-L in promoting osteoclastogenesis. Further studies
show that TNF-𝛼 activates c-Jun, NF-𝜅B, and calcium signaling leading to NFATc1 activation and thus osteoclast differentiation independent of RANKL in human macrophages
[45]. TNF-𝛼 plays a central role in inflammatory reaction,
alveolar bone resorption, and the loss of connective tissue
attachment [1, 46]. It is known to be associated in local
and systemic inflammation involving bone loss [46]. It is
present at high levels in diseased periodontal tissues, where
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it is positively correlated with RANKL expression [1, 46–48].
Experimental model of periodontitis in primates demonstrates that local injections of TNF-𝛼 antagonists reduce the
appearance of inflammatory cells in the alveolar bone and
the formation of bone resorbing osteoclasts. Other studies
show spontaneous osteoclast formation and increased bone
resorption from circulating PBMCs of periodontitis patients
correlating with high levels of TNF-𝛼 and RANK-L [39, 49].
As a result of the innate immunity response, TNF-𝛼 is
locally produced by neutrophils, which exhibit increased
chemotaxis production of proinflammatory cytokines [14].
Macrophages represent an important source of TNF-𝛼, that,
under dysregulation, contribute to host tissue destruction.
After antigenic stimulation, naive CD4+ T cells activate,
proliferate, and differentiate into distinct effector cell subsets
characterized by their specific cytokine. The Th1 lymphocytes
subset is characterized by the secretion of TNF-𝛼 [50]. In
summary, TNF-𝛼 contributes to periodontal damage by its
direct effect on osteoclastogenesis and by amplification of
inflammatory immune reactions. Furthermore, in vitro data
demonstrate an effect of TNF-𝛼 not only on osteoclasts, but
also on osteoblasts by inhibiting differentiation and bone
nodule formation [51].
4.3. IL-17. Interleukin-17 (IL-7) is an immune regulatory
protein produced by T cells at the inflammation sites. Dysregulation of IL-17 promotes osteoclastogenesis and is associated
with bone loss. High levels of IL-17 are found in crevicular
fluid of periodontal pockets from patients with periodontitis
[52]. Th17 cells characterized as IL-17-producing T-cell subset
have been recently identified in chronic PD lesions [53].
Interestingly, IL-17 receptor (IL-17 r) deficient mice display
a significant delay in neutrophil recruitment into infected
sites [54]. When these mice are exposed to organisms
as P. gingivalis, They develop increased periodontal bone
destruction [55], thus resulting in susceptibility to infection.
These data indicate that IL-17 is crucial in the protection
against extracellular pathogens and may play a dual role:
improving pathogen control and promoting alveolar resorption when released in excessive amounts. IL-17 exerts its
osteoclastogenic activity by enhancing RANKL expression
on osteoblasts and CD4+ T cells [56]. Furthermore, IL-17
contributes to local inflammation by recruiting and activating
immune cells, leading to an abundance of inflammatory
cytokines, such as IL-1𝛽 and TNF-𝛼, and RANKL [57].
4.4. TRAIL. The TNF-related apoptosis-inducing ligand
(TRAIL) was initially known for its apoptotic role in cancer
and normal cells [58, 59]; however, recent studies agree on
its apoptotic role in osteoblasts and differentiated osteoclasts
[60–62]. On the other hand, conflicting results emerge from
the literature concerning a role of TRAIL in osteoclastogenesis [63–65]. High levels of TRAIL are found in the serum of
PD patients carrying alveolar bone loss [66], and spontaneous
osteoclastogenesis is observed in PBMCs cultures from the
same patients [39]. Interestingly microorganisms infection
is reported to induce osteoblast expression of TRAIL [67].
Addition of TRAIL neutralizing antibodies to PD PBMCs
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Figure 1: The network of cytokines, released by resident and migrating cells (lymphocytes and phagocytes), involved in periodontal bone
resorption. Resident cells including epithelial cells (ECs), gingival fibroblast (GFs), periodontal ligament fibroblasts (PDLFs), osteoblast,
and dendritic cells mediate the Innate Immunity. They respond to the bacterial challenge (via TLRs) by producing proinflammatory
cytokines and chemokines. ECs produce IL-8, a neutrophil chemoattractant, which recruits neutrophils (neu) and increases monocyte (mono)
adhesion. Neu in turn produces IL-1, IL-6, and TNF-𝛼, while Mono can differentiate into osteoclasts (OCs). DCs produce IL-12 and IL-18
but also act as antigen-presenting cells for B and T Cells. GFs produce IL-8, TNF-𝛼, and IL-6. PDLFs produce IL-1𝛽, IL-6, TNF-𝛼, and
RANKL. Microorganisms can go deeper in the periodontal tissue and reach the surface of alveolar bone, promoting the expression of the
proosteoclastogenic cytokine RANKL by osteoblasts (OBs). These inflammatory cytokines are directly (as RANK-L and TNF-𝛼) or indirectly
involved in osteoclastogenesis and are responsible for the alveolar bone loss. After this initial response (lasting approximately 21 days),
activation of T and B cells by antigen-presenting cells initiates the adaptive immunity. As a result, tissues affected by periodontitis become
colonized with both lymphocyte subtypes, but with a larger proportion of B cells than T cells. The majority of B cells in periodontal lesions
are RANKL+. T cells produce the proosteoclastogenic cytokines RANKL and TNF-𝛼, and IL-17 which exerts its osteoclastogenic activity
by enhancing RANKL expression on osteoblasts. Furthermore a new role for TRAIL, produced in periodontitis, is emerging in promoting
osteoclastogenesis and favoring OBs apoptosis.

cultures partially rescues spontaneous osteoclastogenesis in
a dose-dependent manner. This effect is attributed by the
authors to a TRAIL/OPG interaction. In support of this,
the addition of RANKL completely rescues the inhibition of
osteoclast formation induced by TRAIL neutralizing antibodies [68]. Supporting data demonstrate that the excess of
TRAIL over OPG enhances RANKL binding to its receptor
RANK by titrating out the inhibitory molecule [69]. Alveolar
bone loss in PD could also be determined by a decreased bone
formation by osteoblasts. Osteoblasts obtained from alveolar
bone fragments of PD patients exhibit a weaker characteristic
phenotype compared to control cells and are more sensitive
to the apoptotic effect induced by TRAIL [66, 70, 71]. The
sensitiveness to TRAIL-induced apoptosis is determined by
the ratio between death and decoy receptors. High levels of
TRAIL and TRAIL decoy receptors are found in diseased
gingival and periodontal tissues, thus favouring apoptosis

inhibition in PD and explaining the prolonged survival of
inflammatory cells [72].

5. Conclusions
The development of periodontitis relies on multiple factors.
The disease is of polymicrobial pathogenesis since different
types of bacteria are the initiators of the inflammatory
process. Innate immunity is the first line of host defense
and resistance to infection. Host innate immunity operates
through TLRs, which recognize the conserved molecular
patterns on pathogenic bacteria. A network of secreted
cytokines leads to activation of lymphocytes, but the progression of periodontal lesions is caused by dysregulation of
molecules released by specific cell populations. Many of these
secreted factors are involved in bone regulation and maintenance, and their imbalance leads to altered periodontal
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bone remodeling. Thus, enhanced osteoclast activity without
increase in bone formation occurs and drives the alveolar
bone loss. Mechanical removal of infectious agents in the
gingival tissues together with SDD administration as host
response modulator is the only current treatment in the care
of periodontitis. These approaches attempt to manage the
inflammation and control the tissue damage. However, the
complexity of pathways involved in the host response drives
differences in the clinical manifestation and disease progression, possibly requiring different therapeutic approaches. An
important challenge is to understand the different roles of
inflammation mediators, their cellular source, their sites of
action, and possibly how to control them. In Figure 1, we
summarize the network of cytokines, released by resident
and migrating cells, involved in periodontal bone resorption.
Blocking the activity of proinflammatory cytokines may be
a promising therapeutic modality for periodontitis. Some
studies have investigated the effect of TNF-𝛼 and IL-1
antagonists on periodontitis reporting a significant reduction
of inflammation and bone resorption, although the studies
on TNF-𝛼 inhibitors produced conflicting results [72]. The
RANK/RANKL/OPG axis is a central pathway in the regulation of bone metabolism and is an attractive pharmacological
target for the treatment of pathological bone loss. The use
of RANKL inhibitors in periodontitis, although limited to
animal experimental models, demonstrates a protective effect
on alveolar bone resorption [73]. These results encourage to
focus on the emerging network of cytokines secreted in PD,
some of which are summarized in this review, and to consider
them as further therapeutic targets. Nevertheless, it should
be remembered that the pathways involved in periodontitis
establishment and progression are shared by inflammatory
diseases with bone complicance, such as rheumatoid arthritis,
multiple myeloma, and cancer. Thus, further insights in the
mechanisms linking inflammation to bone loss in periodontitis will also contribute to uncover the impact of immune cells
on bone development and maintenance in physiological and
pathological conditions.
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Since its identification, the RANKL cytokine has been demonstrated to play a crucial role in bone homeostasis and lymphoid
tissue organization. Genetic defects impairing its function lead to a peculiar form of autosomal recessive osteopetrosis (ARO), a
rare genetic bone disease presenting early in life and characterized by increased bone density due to failure in bone resorption
by the osteoclasts. Hematopoietic stem cell transplantation (HSCT) is the only option for the majority of patients affected by this
life-threatening disease. However, the RANKL-dependent ARO does not gain any benefit from this approach, because the genetic
defect is not intrinsic to the hematopoietic osteoclast lineage but rather to the mesenchymal one. Of note, we recently provided
proof of concept of the efficacy of a pharmacological RANKL-based therapy to cure this form of the disease. Here we provide an
overview of the diverse roles of RANKL in the bone and immune systems and review the clinical features of RANKL-deficient ARO
patients and the results of our preclinical studies. We emphasize that these patients present a continuous worsening of the disease
in the absence of a cure and strongly wish that the therapy we propose will be further developed.

1. Introduction
In accordance with the ancient Latin maxim, “In medio stat
virtus”, in all the organisms the physiology of many biological
functions is based on the equilibrium between the opposite
activities of different cell types. In vertebrates, homeostasis
of the skeletal tissue is accomplished by the balance between
bone synthesis, performed by the osteoblasts, and bone
resorption, carried out by the osteoclasts; in addition, other
cell types, such as osteocytes and immune cells, as well as
soluble factors, such as cytokines and hormones, cooperate to
the same end [1]. Altering this balance leads to diseases characterized by either a decrease (as in osteoporosis) or increase
(as in osteopetrosis) in bone mass. The term “osteopetrosis”
́ osteon = bone, + 𝜋𝜀𝜏𝜌o𝜍,
́
(from the Ancient Greek o𝜎𝜏𝜀o],

petros = stone) defines a number of monogenic disorders
characterized by increased bone density due to failure in bone
resorption by the osteoclasts, large multinucleated cells of
hematopoietic origin. The most severe form is the autosomal
recessive osteopetrosis (ARO), which presents soon after
birth and is often lethal unless treated with hematopoietic
stem cell transplantation (HSCT), providing the precursor
cells for the differentiation of functional osteoclasts in the
host [2–5]. Subgroups of patients with ARO are distinguished
based on the affected gene [6]. Among them, the RANKL
dependent is the most peculiar, since it bears defects in a
gene mainly expressed, in bone, by mesenchymal-derived
cells. Thus, HSCT is not a valid therapeutic option for this
subset of patients [7]. Moreover, the discovery of RANKL
has represented the beginning of a new scientific field,
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called “osteoimmunology”, tightly linking the bone to the
immune system [8, 9]. Indeed, this cytokine is multitasking,
with roles ranging from bone remodeling to lymphoid tissue organization [10, 11]. Its importance has recently been
highlighted by the development of a monoclonal antibody
against RANKL (denosumab, Amgen Inc., Thousand Oaks,
CA, USA) approved in the clinical practice for the treatment
of postmenopausal osteoporosis and cancer-related osteolysis
[12] and under evaluation in a Phase 4 clinical trial for
rheumatoid arthritis (clinical trial identifier: NCT01770106).
Here we summarize the many roles of RANKL in the bone
and immune systems, review the clinical features of RANKLdeficient ARO patients, and discuss the results of preclinical
studies on a RANKL-based pharmacological therapy holding
great promise for these patients.

2. RANKL in Bone
RANKL, also called TNF-related activation induced cytokine,
TRANCE; osteoclast differentiation factor, ODF; and osteoprotegerin ligand, OPGL, is a type II transmembrane protein
belonging to the TNF superfamily, whose gene was cloned
fifteen years ago by four different groups contemporaneously
[13–16]. It exists predominantly in a membrane-bound form,
with a short cytoplasmic N-terminal domain and a single
transmembrane region, but a soluble form can be generated
through alternative splicing [17] or through the cleavage by
matrix metalloproteinases and ADAMs (disintegrin and metalloproteinase domain-containing proteins) [18–20]. RANKL
aggregates into homotrimers through conserved and specific
residues in the extracellular domain, and trimerization is
essential for the activation of its cognate receptor RANK
[21–24]. Recently, the crystal structure of human RANKL
in complex with its decoy receptor osteoprotegerin (OPG)
has been determined, too, and showed that in this case a
different mode of interaction takes place, directly blocking
the accessibility of residues of RANKL important for RANK
recognition [25, 26].
RANKL is broadly expressed, including both skeletal and
extra-skeletal sites and many diverse cell types, such as T
and B lymphocytes, mammary epithelial cells, keratinocytes,
vascular endothelial cells, and synovial fibroblasts [15, 17, 27–
29]. In the bone, it is produced mainly by cells of mesenchymal origin, osteoblasts, hypertrophic chondrocytes, and bone
marrow (BM) stromal cells; recently, osteocytes have been
identified as another source of this cytokine [30–32]. Its
expression is positively regulated by several factors, such as
parathyroid hormone (PTH) and 1,25 dihydroxyvitamin D3 ,
which bind to a distal control region (DCR) located 76 kb
upstream of the murine Rankl transcription start site [33];
deletion of the DCR in mouse significantly affects Rankl production and the rate of bone remodeling [34]. Other factors
stimulating Rankl expression are calcium, glucocorticoids,
prostaglandin E2, interleukin (IL)-1𝛼, IL-6, IL-11, and IL-17,
while the canonical Wnt signaling and transforming growth
factor (TGF)-𝛽 pathways downregulate it [29, 35].
Together with M-CSF, RANKL is the master cytokine
driving osteoclast differentiation through the binding to
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its receptor RANK and the activation of different intracellular signaling cascades, involving an increasing number
of molecules; among them, TRAF6, NF-kB, ERK1/2, JNK,
and p38 have ultimately, as target gene NFATc1, the crucial
transcription factor in osteoclastogenesis [12, 36, 37]. The
strongest evidence for the role of RANKL during osteoclastogenesis came from gene inactivation in murine models
[38–40], leading to osteoclast-poor osteopetrosis already
present at birth. At 1 month of age, Rankl−/− mice were
severely growth retarded due to poor nutrition secondary
to lack of tooth eruption and displayed shortened long
bones with club-shaped ends, thinning of the calvariae,
generalized increase in bone density with very little marrow
space, marked chondrodysplasia with thick, irregular growth
plates, and relative increase in hypertrophic chondrocytes.
At an older age, Rankl−/− mice developed rounded faces,
likely due to osteopetrotic changes of the facial skeleton. The
phenotype was only partially rescued by transgenic overexpression under a lymphocyte-specific promoter, highlighting
the importance of RANKL local delivery in many skeletal
compartments [39, 40]. More recently, conditional knockout
models have been generated by specifically targeting the gene
in chondrocytes, at different stages of the osteoblast lineage
or in osteocytes [41, 42]. The deletion of the gene in chondrocytes or in the osteoblasts led to severe osteopetrosis in mice
at birth, while the deletion in the osteocytes caused a pathologic bone phenotype only later in postnatal life, suggesting
a different contribution of these cell types in bone modeling
and remodeling [31, 32, 43]. In addition, during the screening
of N-ethyl-N-nitrosourea (ENU)-mutagenized mice, Douni
and colleagues have recently reported a new mouse model
bearing a G278R substitution in Rankl (𝑅𝑎𝑛𝑘𝑙𝑡𝑙𝑒𝑠/𝑡𝑙𝑒𝑠 ); this
mutation was predicted to impair trimerization, affecting the
bone phenotype to the same extent as in the Rankl−/− mouse
[44]. Other osteoclast differentiation pathways independent
from the RANKL/RANK axis have been reported, such as
those driven by TGF𝛽 or LIGHT [45–47]; however, the
phenotype of the murine models above described, as well
as the osteopetrotic features of Rank knockout mice [48–
50], clearly indicates that in vivo those alternative pathways
cannot completely substitute for a lack of signal from the
RANKL/RANK system.
On the other hand, an over activity of this pathway
has been described to contribute to conditions characterized
by excessive bone loss or destruction such as osteoporosis,
cancer-related osteolysis, and Paget’s disease [51, 52], giving
thus the rationale for the establishment of an anti-RANKL
therapy in these patients.

3. RANKL in the Immune System
At the very beginning of its story, RANKL was described as a
dendritic cell (DC) survival factor allowing efficient priming
of T cells [13, 14]. Interestingly, this cell type did not appear to
be affected in Rankl−/− mice, as far as it was investigated [38].
However, these mice displayed other clear immunological
defects, even though with some differences likely due to the
genetic background. Kong and colleagues reported reduced
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thymus size and cellularity, thymocyte development block at
the stage CD4− CD8− CD44− CD25+ , and defective cytokine
production. They also found spleen enlargement and block in
the progression of B220+ CD25− pro-B cells to B220+ CD25+
pre-B cells, in the presence of intact splenic architecture,
with normal distribution of red and white pulp, normal Tand B-cell segregation and normal primary follicle structure
[38]. In an independent Rankl−/− model, Kim and colleagues
described altered splenic microarchitecture and defects in
B-cell follicle formation and in marginal zone integrity in
the majority of Rankl−/− mice [53]. In the same model, red
pulp expansion, white pulp reduction, and regions of intense
extramedullary hematopoiesis in the spleen occur, together
with severe reduction in thymic medulla [54]. Also in the
𝑅𝑎𝑛𝑘𝑙𝑡𝑙𝑒𝑠/𝑡𝑙𝑒𝑠 mouse, thymic hypoplasia and enlarged spleen
have been reported [44]. Moreover, all these models displayed
complete lack of lymph nodes (LNs; cervical LNs were seldom
present) and smaller Peyer’s patches [38, 44, 53].
These findings are consistent with the diverse functions
RANKL exerts in the immune system: during LN organogenesis, together with LT𝛼𝛽, it regulates the colonization of
the forming anlagen by CD45+ CD4+ CD3− cells [53]. In the
thymus, it is required for autoimmune regulator (AIRE)expressing medullary thymic epithelial cell maturation [55–
58]. In the skin, after different environmental stimuli, it
mediates immunosuppression by increasing regulatory Tcell numbers [59]. In the gut, it initiates the development of
antigen-sampling M cells in the intestinal epithelium [60]
and is essential for the CXCL13-dependent maturation of
cryptopatches into isolated lymphoid follicles in the small
intestine [61].
In addition, several reports have highlighted the crosstalk between immune and bone cells through this molecule,
and the importance of the contribution of immune cells
becomes particularly evident in pathological conditions.
For example, Th1 and Th2 cells inhibit osteoclastogenesis
through the production of IFN-𝛾 and IL-4, while Th17 cells
induce osteoclast formation and osteolysis in rheumatoid
arthritis (RA) via the IL-17-mediated induction of RANKL
expression on synovial fibroblasts [9, 62]. In addition, a role
for B cells in the pathogenesis of RA has been suggested
by the significant efficacy of the treatment with an antiCD20 antibody in cases showing an inadequate response to
anti-TNF therapies [63]. RANKL produced by B cells also
contributes to bone resorption during periodontal infection
[64, 65] and to the increase in osteoclasts and trabecular
bone loss occurring upon estrogen withdrawal [66]. Based on
these interconnections, the RANKL/RANK axis has rightly
been defined an essential regulator of both immune responses
and bone physiology [67], and it is largely expected that
alterations in one system will also affect the other.

4. RANKL-Dependent ARO Patients:
A Small Group of Great Interest
In 2007 our group described for the first time mutations in
the RANKL gene in 6 patients from 4 families affected by
ARO [7]; in this review we refer to these individuals using the
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same nomenclature. Subsequently, we identified 3 additional
patients with mutations in RANKL; no detailed clinical data
are available for 2 of them (referred to as S5 and S6); for the
remaining one (referred to as S7), the entire clinical history
is herein reported for the first time. The mutation details are
reported in Table 1. No other reports on this ARO subset exist
in the literature, to the best of our knowledge; therefore, at
present RANKL-dependent ARO represents about 3% of all
ARO forms in our cohort of about 300 patients.
In the original work, onset of the disease was reported
to range from 2 days to 1 year of age; at diagnosis, patients
presented with fractures (4 of 6), visual impairment (5 of 6;
S2A, S2B, and S4 underwent bilateral optic nerve decompression, without benefit), neurological defects (hydrocephalus,
nystagmus; 4 out of 6), hepatosplenomegaly (from minimal to
important, in all of them), and lack of palpable lymph nodes
but no overt immunological defects. Three of them received
full HSCT before the molecular diagnosis (S1, S2A, and
S3A); they showed good levels of hematological engraftment
but no improvement in bone remodeling. This prompted
us to hypothesize a role for an osteoclast-extrinsic factor
in the pathogenesis of the disease in these individuals, as
also suggested by the evidence of lack of osteoclasts in the
bone biopsy specimen of 4 of them and by the ability to
differentiate functional osteoclasts from the patients’ PBMCs
in vitro. Indeed, all of them bore homozygous mutations in
RANKL gene: patient S1 carried a deletion of five nucleotides
in intron 7 resulting in skipping of exon 7 and in-frame
deletion encompassing amino acids (aa) 145–177. Patients
S2A, S2B and S4 displayed a single nucleotide substitution
in exon 8 causing a missense mutation; the same amino acid
change was subsequently found in patients S5 and S6 [6].
Patients S3A and S3B bore a deletion of two nucleotides
in exon 8 leading to a frameshift at the C-terminus of the
protein [7]. Based on early crystallographic studies [21], these
mutations were predicted to affect regions important for
RANKL trimerization or for the interaction with RANK. The
same mutations were further investigated subsequently by
in vitro osteoclastogenesis assays using mutant constructs
[36] and by crystallographic studies of the murine RANKL
ectodomain in complex with the RANK ectodomain [24]. In
their study, Crockett and colleagues could not draw definitive
conclusions regarding the possibility that the mutant products, in particular the missense mutation, maintain a residual
activity or rather completely lose their function [36]. On the
other hand, Ta and colleagues confirmed that the deletion
of aa 145–177 abolished the interaction with RANK and the
frameshift affected conformation and binding activity; the
missense mutation proved to be more difficult to analyze
possibly due to protein instability or misfolding [24].
Regarding the immunological compartment, at the time
of our first work, 3 patients had already received HSCT, therefore were not candidates to such studies; in the remaining
ones, although exhaustive analyses were not possible due to
difficulty in obtaining blood samples from the patients, we
did not find differences with normal controls with regard to
B- and T-cell subsets, T-cell proliferation and propensity to
apoptosis; however, we detected lower levels of both Th1 and
Th2 cytokines in one patient (S2B) after stimulation.
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Table 1: Molecular findings in RANKL-dependent ARO patients.

Patient
S1
S2A and S2B
S3A and S3B
S4
S5
S6
S7

Genomic changea
g.38250 38253delAGCT
g.38250 38253delAGCT
g.43825T>A
g.43825T>A
g.44057 44058delCG
g.44057 44058delCG
g.43825T>A
g.43825T>A
g.43825T>A
g.43825T>A
g.43825T>A
g.43825T>A
g.43896C>T
g.43896C>T

cDNA changeb
c.532+4 532+8delAGCT
c.532+4 532+8delAGCT
c.596T>A
c.596T>A
c.828 829delCG
c.828 829delCG
c.596T>A
c.596T>A
c.596T>A
c.596T>A
c.596T>A
c.596T>A
c.667C>T
c.667C>T

Protein change/effectc
r.434 532del
r.434 532del
p.Met199Lys
p.Met199Lys
p.Val277TrpfsX5
p.Val277TrpfsX5
p.Met199Lys
p.Met199Lys
p.Met199Lys
p.Met199Lys
p.Met199Lys
p.Met199Lys
p.Arg223X
p.Arg223X

a

Accession number genomic sequence of the RANKL gene: NG 008990.1.
Accession number of the RANKL transcript variant 1: NM 003701.3; the numbering used starts with nucleotide +1 for the A of the ATG-translation initiation
codon.
c
Accession number of the RANKL protein isoform 1: NP 003692.1.
b

The recently identified patient S7 was born from consanguineous parents (first degree consanguinity) of Lebanese
origin. The disease presented soon after birth with hypocalcemic seizures, increased bone density, several fractures,
pancytopenia, failure to thrive, and cranial nerve involvement. She received a first HSCT from an HLA-matched
family donor (healthy brother) at 2 years of age; lack of
bone rescue raised the hypothesis of poor engraftment, so
a second transplantation was performed 1 year later. In this
case, full engraftment was documented by karyotype analysis
and subsequently confirmed using DNA sequencing, but
again there was no benefit on bone architecture. In spite
of the early and severe clinical picture at presentation, the
patient became a long-term survivor and was referred to
our center for genetic investigation at 22 years of age. The
analysis revealed the presence of a c.667C>T mutation in
RANKL, leading to premature termination of translation
(p.Arg223X), in the homozygous state; the same nucleotide
change was found in the heterozygous state in her mother
and in her healthy brother (the paternal DNA was not
available for investigation). The possibility that a truncated
protein might be produced from this mutated allele has not
been verified; however, if synthesized, the predicted peptide
would lack a large part of the extracellular domain and
both homodimerization and receptor-binding functions are
expected to be importantly impaired.

5. Followup of RANKL-Deficient Patients
The followup of the patients originally described and of
patient S7 clearly show progressive worsening of clinical
features in all of them.
At 11 years of age, 10 years after transplantation, patient
S1 showed neurological deterioration due to increasing compression of cerebro-bulbar structures; afterwards she was lost
to followup.

At 14 years of age, 5 years post-HSCT, patient S2A
developed hemolytic anemia, requiring repeated transfusions
and chelation. No adequate response to steroids, high-dose
intravenous immunoglobulins (i.v. Ig), or rituximab therapy
was achieved. At 16 years of age she displayed very severe
growth retardation with both weight and height well below
the 0.4th centile for age (height 109 cm, weight 26 kg),
refractory to a trial with growth hormone. Bone defects
included deformities, particularly affecting legs and knees
and partially due to recurrent fractures, and severely impaired
dentition. She also had an episode of osteomyelitis of her toe.
At present, she is 18 years old with delayed puberty. She has
recently been diagnosed with depression.
Her younger sister, patient S2B, at 10 years of age was
severely growth retarded too (height 94.5 cm, weight 13.8 kg,
both well below the 0.4th centile for age, and almost identical
to her sister’s growth pattern). Dentition was delayed, complicated by gum infection and more recently by chronic bilateral
parotid and mandibular bone abscesses with sinusitis. She
had experienced recurrent fractures at a younger age, which
are properly healed. Like S2A, she developed anemia and
became transfusion dependent at 11 years of age, soon
requiring the use of chelating agents. Severe sleep apnea led
to adenoidectomy; in addition, a reservoir was placed to
resolve hydrocephalus several years ago. At present, she is 13
years old, has nocturnal continuous positive airway pressure
(CPAP), and is complaining of recurrent and severe pounding
headaches.
At 19 years of age, 11 years post-HSCT, patient S3A shows
multiple poorly healing, traumatic fractures of her lumbar
spine and progressive kyphosis of her neck secondary to
lack of support by muscles. She is extremely growth retarded
(height 118.5 cm, weight 27 kg, and both well below the
0.4th centile for age) with delayed puberty and defective
dentition. She is anemic (Hb 5.5 mmol/L; normal range 7.5–
10.0 mmol/L) and thrombocytopenic (123 × 109 /L; normal
range 150–400 × 109 /L) but does not require transfusions.
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At 4.5 years of age, her younger cousin, patient S3B
displayed several neurological problems, including facial
nerve palsy, headache, deterioration of hearing, due to
progressive narrowing of the posterior fossa, and foramen
magnum, as demonstrated by CT scan. The insertion of a
ventriculoperitoneal (VP) shunt was required. At present,
she is 6 years old, with severe growth retardation (height
94.6 cm, weight 13.6 kg, and both well below the 0.4th centile
for age), has abnormal delayed dentition, poorly healing bone
fractures, and recurrent ear and upper airway infections.
Patient S4 experienced multiple fractures which are,
however, properly healed. Upper airway obstruction and
hypoxic encephalopathy led to tracheostomy. At present, he
is 6.5 years old and shows moderate growth retardation
(height 105 cm, weight 16 kg, and both on the 4th centile)
and markedly delayed tooth eruption (only 2 in lower jaws).
He has episodes of severe agonizing headaches; CT and MRI
brain scans showed a crowded posterior fossa and Chiari I
malformation, but there were no signs of raised intracranial
pressure. He has also recently had an episode of inflammatory
synovitis of his left ankle.
Patient S7 is now 22 years old, 18 years after the second transplant, and shows very severe growth retardation
similarly to the other patients (height 120 cm, weight 38 kg,
and both well below the 0.4th centile for age). Severe bone
deformities involve all skeletal segments, with tendency to
turricephaly, beak-like nose, exophthalmos, hypoplasia of the
facial, and a more profound involvement of the spine, knees
and legs (Figure 1). In the past years, she had very frequent
bone fractures, in some cases with poor healing, requiring
surgical intervention. Dental eruption is largely incomplete.
The girl is totally blind and unable to articulate complete sentences, even though she can hear properly. Psychomotorial
development is severely retarded. Episodes of agitation have
been reported, with outbursts of anger and violence towards
others. Nevertheless an MRI scan performed at the last
control showed diffuse thickening of all the bones of the skull
but a very mild cerebral atrophy with absence of other signs
of central nervous system degeneration or deterioration. In
addition, she suffers from recurrent pulmonary and upper
airway infections.
Overall, these data demonstrate the need for the development of targeted approaches which could at least improve the
quality of life of these patients.

6. A Pharmacological Therapy for
RANKL-Dependent ARO: Preclinical
Data Hold Promise
Since the identification of RANKL as the essential factor
required for the osteoclastogenic process, exogenous administration of the soluble cytokine to murine and rat models
have shown a great impact on bone metabolism and structure
[15, 68–72].
In 1998, Lacey and colleagues tested the response of wildtype mice to a 3-day treatment with murine recombinant
RANKL (aa 158–316) injected subcutaneously at different
doses (1, 5, 25, and 100 𝜇g/day split in two administrations)
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(a)

(b)

Figure 1: X-rays of patient S7 at the last followup showing right
scoliotic deviation of the dorsal spine, knee valgus, and deviation
of the tibia with multiple fractures of the tibia and fibula.

[15]. They showed a rapid, significant, and dose-dependent
increase in blood-ionized calcium level, a reduction in bone
volume, and an increase in osteoclast cell size, with no change
in osteoclast number. Soon after, the same group verified the
effect of RANKL administration through a different route,
that is, intravenously; doses ranged from 0.01 to 0.5 mg/kg,
and mice were maintained either on a classic diet or on
a low-calcium diet for 48 hours, in order to rule out the
influence of gut calcium absorption [68]. They showed that
the level of whole blood-ionized calcium increased dosedependently after 1 hour and concluded that the observed
effect was due to the activation of preexisting osteoclasts. In
addition, they evaluated the role of RANKL in osteoclast survival through the subcutaneous injection of either saline or
RANKL (1 mg/kg/day) in wild-type mice for 7 days, followed
by a single OPG dose (10 mg/kg) [69]. They observed a twofold increase in osteoclast number in RANKL-treated mice,
while loss of stimulation by OPG administration rapidly led
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Figure 2: Preclinical studies in Rankl−/− mice. Rankl−/− mice were injected with either 1 mg/kg RANKL (below) or PBS (above) every 48 hours
starting within the first week of life. Mice were sacrificed after 1 month (P30) or after 3 months (P90). Periodic acid-Schiff staining (bone in
pink, cartilage in violet) of femur sections showed in RANKL-treated mice rescue of the bone defect at P30 and pathological reduction of the
bone content at P90, clearly indicating overtreatment. Scale bar: 200 𝜇m.

to osteoclast disappearance, thus pointing to an important
role for RANKL in osteoclast survival.
In 2008, Lloyd and colleagues observed that bone
turnover was greatly accelerated by the administration of
soluble RANKL to wild-type mice (human recombinant
RANKL, aa 143–317; dose 0.4 or 2 mg/kg/day split in two
subcutaneous injections, for 10 days), with deleterious effects
on both cortical and trabecular bone [70], in agreement with
a possible role of this cytokine in the etiology of conditions
characterized by pathological bone loss. The same group
reported similar results after continuous RANKL infusion
in rats for 28 days (2 doses: 35 𝜇g/kg/day or 175 𝜇g/kg/day),
supporting also the appropriateness of this model for the
study of high-turnover bone diseases [71]. In the same line,
Tomimori and colleagues developed a model of rapid bone
loss based on intraperitoneal daily injections of RANKL (a
fusion protein of glutathione S-transferase (GST) and the
extracellular domain of human RANKL, aa 140–317; dosages
0.5, 1, and 2 mg/kg) in wild-type mice, showing a dosedependent decrease in bone mineral density (BMD) within
50 hours [72].
Based on these in vivo evidences, when the human
RANKL-dependent ARO subgroup was first identified [7],
it was rather obvious to suggest that a pharmacological
RANKL-based approach might be considered for the therapy
of these patients. To test this hypothesis, we conducted a
preclinical study treating Rankl−/− mice with subcutaneous
injections of RANKL (soluble recombinant murine RANKL,
amino acids 158–316, kindly provided by Amgen, Inc., Thousand Oaks, CA, USA; dosages 0.5, 1, or 2 mg/kg) from the
first week of life, every 48 hours, for 1 month [54]. At
sacrifice, we performed histological analysis of bone and
all the main organs, including spleen, thymus, lung, heart,
liver, kidney, pancreas, and mammary gland. The 1 mg/kg

dose proved to be able to almost completely rescue the bone
defect, by restoring osteoclast differentiation and resorption
(Figure 2). Douni and colleagues reported a similar result in
the bone compartment in their 𝑅𝑎𝑛𝑘𝑙𝑡𝑙𝑒𝑠/𝑡𝑙𝑒𝑠 mouse model,
through the daily subcutaneous injection of RANKL (GSTfusion protein of murine RANKL, residues 158–316, dose
150 𝜇g/kg) from 13 days of age for 2 weeks [44]. Besides
bone rescue, we also demonstrated that our protocol at the
1 mg/kg dose importantly ameliorated the hematolymphoid
compartment of the treated Rankl−/− mice, with a restoration
of the hematopoietic function within the bone marrow and
an improvement of splenic and thymic architecture. Of note,
no adverse effect was detected with this treatment regimen
over the 1-month period of followup [54].

7. A Step Further Towards Patients
Our preclinical studies in Rankl−/− mice provided an important proof of concept of the efficacy of a RANKL-based
pharmacological therapy. Further investigation is required
to precisely identify all the possible toxic events related to
RANKL administration. Our preliminary studies revealed
detrimental effects associated with a clear overtreatment [53];
however, it should be considered that, when transferred
to patients, many readouts of this therapy, such as serum
calcium levels, concentration of a crosslink peptide sequence
of type I collagen (CTX) in blood or urine, bone density
by radiographic analysis, and immunophenotype, are easily
available and indicative of the impact on bone metabolism,
the immune system, and other physiological functions. Once
a satisfactory bone response is obtained, the treatment regimen could be modified, for example, by dose tapering or
periodical discontinuation, before adverse events arise.

Clinical and Developmental Immunology
As shown by the clinical data reported above, the
RANKL-dependent ARO patients in our cohort, now in
their teens in many cases, are in poor conditions, with
some irreversible deficits (i.e. blindness) already established.
We expect that the therapy we propose will stop further
degeneration of the many impaired biological functions
and will ameliorate their quality of life by reestablishing
osteoclast formation and resorptive activity and improving
the hematopoietic compartment. A major benefit is expected
in the younger patients (S3B and S4).
The recent identification of a new RANKL-dependent
ARO patient (S7) suggests that, while this subtype of the
disease has been considered extremely rare, its frequency
might be higher than expected: in fact, other patients,
transplanted in the nineties before the characterization of the
genetic basis of human osteopetrosis, might carry mutations
in the RANKL gene. If they are still alive, they could be
candidate to this new therapy, too.
The RANKL cytokine has been a pioneering discovery in
the field of osteoimmunology; the elucidation of its signaling
pathway has shown the first of the many, and continuously
increasing, interconnections between the bone and immune
systems. In the last years, a great interest has been deserved
to therapies aimed at blocking this pathway and designed
for diseases with increased bone resorption. On the other
hand, the recognition of direct RANKL involvement in a
genetic rare disease can constitute one of the few cases in
which the result of a genetic study could also be translated
into a replacement therapy. It is desirable that efforts from
different entities, including research centers, clinics, charities,
and biotech industries, might be joined in order to overcome
the safety and regulatory issues and ultimately to give these
patients not only a hope but a cure.
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Bone metastases are a dismal consequence for different types of solid tumors, such as breast, prostate, lung, and kidney cancer.
The mechanisms regulating the interactions among bone, immune system, and tumor cells have been deeply investigated, and
many studies are ongoing to define the specific role of the different cells in the bone metastatic process. The affinity of some
tumors to growth in bone results from the special microenvironment provided by bone. Moreover, immune system and bone
have a bidirectional relationship: bone cells express surface molecules ruling the expansion of hemopoietic stem cells from which
all cells of the mammalian immune system derive, and various immunoregulatory cytokines influence the fate of bone cells. The
last findings allow to extend the concept of vicious cycle and add T cells as mediators of the tumor growth in bone.

1. Introduction
Bone metastases are a common cause of morbidity in patients
affected by different types of cancer and are classified in
osteolytic (bone resorbing), osteoblastic (bone forming), and
mixed, containing both elements. The presence of the mixed
lesions suggests that the processes of bone resorption and
formation may occur together and are not mutually exclusive
activities. Bone metastases may occur many years after the
primary tumor and have become a chronic condition for
many patients with advanced cancers markedly affecting their
quality of life and the demands on health care resources [1, 2].
Certain tumor types such as breast and prostate cancer show
a high incidence for metastasis to bone, and a significant proportion of patients with advanced cancer of the lung, kidney,
and thyroid have skeletal involvement [1]. Osteoclasts (OCs)
are the main responsible for the bone destruction in osteolytic
lesions, even though their activation varies depending on the
tumors. OCs are multinucleated cell of hematopoietic origin
residing in bone and their main activity is represented by the
resorption of the mineralised bone matrix [3]. OCs attach
themselves to bone, creating a microenvironment between
itself and the underlying bone matrix, a specialized structure
called sealing zone. This compartment is acidified by an
electrogenic proton pump (H+-ATPase) and a Cl-channel in
order to solubilize the mineral component of bone, exposing

its organic matrix, consisting largely of type I collagen, which
is subsequently degraded by cathepsin K. To facilitate the
resorption process, OCs polarize their structure and form the
ruffled border, which allows the active transport of H+ ions
through the vacuolar proton pump [4, 5].
Osteoblastic metastases are prevalent in advanced prostate cancer patients and induced by cancer cell interactions
with osteoblasts (OBs) and their progenitors, by production
of transforming growth factor-𝛽 (TGF-𝛽), bone morphogenetic protein, insulin-like growth factor (IGF), fibroblast
growth factor (FGF), and WNTs [6]. OBs respond to morphogenetic factors by activating SMAD signalling, to growth
factors by MAPK and PKC signalling, and to WNT by 𝛽catenin-regulated pathways. These pathways converge on and
interact with the RUNX2 transcriptional network, which
drives OBs differentiation and proliferation.
Here, I review the current knowledge on the interactions
between immune system and solid tumors in promoting bone
metastasis formation.

2. Bone and Immune System Crosstalk
Bone, hematopoietic, and immune systems are in deep physical contact and share several common pathways. OC precursors T, and B, and NK cells arise from the same stem cell, thus
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some of the receptors and ligands that mediate the immune
process also rule the maturation of OC precursors and the
ability of the mature cell to degrade bone. Immune system
and bone have a bidirectional relationship: bone cells express
surface molecules ruling the expansion of hemopoietic stem
cells from which all cells of the mammalian immune system
derive, and various immunoregulatory cytokines influence
the fate of bone cells [7, 8]. OC precursors circulate among
the peripheral blood mononuclear cells (PBMCs), which act
as a reservoir for replenishing the pre-OC pool in the bone
marrow and also as a potentially abundant source of pre-OCs
that can be recruited into bone or joint tissue in response to
reparative or pathological signals.
A crucial molecular link between the immune system and
bone is represented by the receptor activator of nuclear factor
NF-kB ligand (RANKL), its receptor RANK, and the natural decoy receptor osteoprotegerin (OPG). The membrane
RANKL is expressed by OBs/stromal cells, and the soluble
RANKL is secreted by activated T cells [9, 10], whereas the
receptor RANK is expressed on OC precursors and also on
tumor cells [11]. The RANKL to OPG ratio in serum has
been suggested to be the critical factor in determining OC
activation at bone level, with higher serum RANKL to OPG
ratio being a marker for upregulation of osteoclastogenesis
[12].
The RANKL production by activated T cells can directly
regulate osteoclastogenesis and bone remodelling, and it
explains why different pathological conditions, such as cancer, result in systemic and local bone loss. A host of immune
factors, including costimulatory receptors, cytokines such
as interferon-𝛾 (IFN-𝛾) and tumor necrosis factor (TNF),
and T and B lymphocytes play a fundamental role in the
regulation of bone cell development and bone turnover, and
in pathogenesis of bone disease [13]. IFN-𝛾 has a controversial
role in osteoclastogenesis because it has an antiosteoclastogenic effect in vitro [14] and in vivo in animal studies
[15], whereas in humans it increases in oestrogen deficiency
and in rheumatoid arthritis with bone loss [16, 17]. IFN𝛾 influences osteoclastogenesis both directly and indirectly:
it targets maturing OC, thus blocking OC formation [18]
and it stimulates T-cell activation, thus proosteoclastogenic
factors increase [19]. T cells also produce interleukin-7 (IL7), a cytokine with different effects on hematopoietic and
immunologic systems. IL-7 support B, and T lymphopoiesis
[20], and it is also important for the correct bone homeostasis
[21, 22]. Some studies demonstrated that IL-7 promotes
osteoclastogenesis by upregulating T-cell-derived cytokines,
such as RANKL [23–25] and that its production is increased
by oestrogen deficiency [26]. Recently investigators focused
on the OC modulatory activity of T cells, showing that OCs
are able to present antigenic peptides to T cells and to induce
FoxP3 expression in CD8+ T cells, which rule an inappropriate activation of the immune response [27]. The cellular
responses in cell-to-cell interactions between T cells and
OCs are regulated through reciprocal CD137/CD137L and
RANK/RANKL interactions [28]. CD137 is a costimulatory
member of the TNF receptor induced by T-cell receptor
activation. Its ligand CD137L is expressed on OC precursors: in vitro CD137L ligation suppresses osteoclastogenesis
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through the inhibition of OCs precursor fusion [28]. On the
other hand, RANKL expressed on T cells binds to RANK on
OCs, producing a reverse signal in T cells able to enhance
apoptosis.

3. The Interplay among Bone and Tumor Cells
The affinity of some tumors to growth in bone results from
the special microenvironment provided by bone. These local
interactions between tumor cells and bone form a vicious
cycle, which underlies the development of skeletal metastases
(Figure 1) [29]. Bone marrow is a favourable soil for some
tumor cells, which have a biological proclivity for this tissue.
For instance, bone marrow produces factors, such as CXCL12,
with a chemotactic role on cancer cells, which, on the other
hand, express the chemokine receptors, CXCR4 and CXCR7
[30, 31]. Moreover, activated OCs resorb bone and release
growth factors enmeshed in the bone matrix, such as bone
morphogenetic proteins, TGF-𝛽, insulin-like growth factor,
fibroblast growth factor, and others that stimulate the growth
of metastatic tumor cells [32]. Cancer cells, in turn, secrete
prostaglandins, parathyroid hormone, parathyroid hormonerelated peptide, activated vitamin D, interleukin-6 (IL-6), and
TNF that may lead to an increase in RANKL expression on
OBs and bone marrow stromal cells [3], which stimulates
the OC number, survival, and activity, promoting osteolytic
metastases. Notch-Jagged interactions in the bone marrow
suggest direct activation of osteolysis by cancer cells through
this unique interaction. In particular, Jagged1, which is a
downstream mediator of the prometastatic TGF-𝛽, promotes
tumor growth through stimulation of IL-6 production from
OBs, and directly it activates OC differentiation [33]. Moreover, Jagged1 is overexpressed by bone metastatic tumor cells
[34], whereas its receptor Notch is frequently expressed by
progenitors and mature cells in the bone marrow [35]. In
breast cancer, Notch-Jagged interactions activate biological
responses in OCs and OBs, which promote both tumor
invasion of bone and tumor cell growth in the bone [33].
Interestingly, prostate and breast cancer cells show
osteomimicry, that is, the ability to acquire a bone cell phenotype [36–38]. Breast and prostate tumor cells respond to
growth factor stimulation via activation of various osteoblastic transcription factors. This would suggest that bone lesions
may also occur through differentiation of the cancer cells
towards an osteoblastic bone-forming phenotype, which is a
phenomenon that has been observed in the bone metastatic
prostate and breast cancer celllines [39, 40].

4. T Cells as Regulator of Tumor
Growth in Bone
Recently, the concept of vicious cycle has been enlarged to
include T cells as additional regulators of bone tumor growth,
regardless of the OC status [41]. Blockade of OC activity
efficiently decreases tumor burden as well as associated bone
lesions in immune-compromised animals bearing human
osteolytic cancers. Despite the antiresorptive therapies are
efficient in blocking the OCs, part of the treated patients
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Figure 1: Molecular interactions among bone, tumor, and T cells.

develop further skeletal metastases within two years from the
beginning of the treatment, suggesting that additional cells
modulate bone tumor growth. These cells are T lymphocytes:
tumor cell-derived IL-6, interleukin-1 (IL-1), and TGF-𝛽 can
drive T-cell differentiation towards a Th17 secretory helpercell phenotype capable of inducing RANKL production
by OBs and OC activation through interleukin-17 (IL-17)
production (Figure 1) [42]. In breast cancer patients, memory
T cells have been found in the bone marrow, suggesting
their role in cancer immune surveillance [43]. Moreover, the
RANKL-RANK interaction between helper T cells and breast
cancer cells promotes invasion, dissemination, and metastasis formation from orthotopic syngeneic mouse mammary
tumor virus-Erbb2 tumors in immunocompetent mice [44].
Noteworthy, some antibone metastatic therapies also
showed immunomodulatory effects: the blockade of TGF𝛽 at metastatic sites may locally activate an antitumor T
cell response because normally TGF-𝛽, released in bone
marrow by OC activity, inhibits T-cell proliferation [45].
Zoledronic acid, used as antiresorptive agent, can activate
cytotoxic 𝛾/𝛿-T cells and inhibit populations of myeloidderived cells with T-cell-suppressor capabilities [46]. Zhang
and colleagues provide compelling evidence that a condition
of immune deficiency can interfere with the antitumor
effects of OC blockade [41]. Modulation of antitumor Tcell response alters tumor growth in bone, indeed Lyn(−/−)
mice, which have more numerous OCs and a hyperactive

myeloid population with an increased T-cell responses, had
reduced tumor growth in bone despite enhanced osteolysis.
Lyn is a member of the Src family tyrosine kinases and it
is involved in the downregulation of different intracellular
pathways, including the PLC𝛾2 activation, which regulates
the OC formation and function, thus Lyn inhibits OC differentiation [47]. PLC𝛾2(−/−) mice, which have dysfunctional
OCs and impaired dendritic cell-mediated T-cell activation,
had increased bone tumor burden despite protection from
bone loss. Importantly, injection of antigen-specific wildtype cytotoxic CD8(+) T cells in both these mice models
reduces the growth of tumor cells in the bone, regardless of
OC functionality. According to these data, T cells seem to
be critical regulators of tumor growth in bone, in particular
their activation diminishes bone metastases, whereas their
depletion enhances them, even in the presence of zoledronic
acid.
Further proves of the direct dialogue between T cells and
OCs derive by studies conducted on the PBMCs of patients
affected by solid tumors with bone metastases, which show
an increase of circulating OC precursors compared with both
healthy controls and cancer patients without bone metastases [48]. These OC precursors differentiate into mature,
multinucleated, and bone resorbing OCs in vitro, without
adding proosteoclastogenic factors. This osteoclastogenesis
is dependent on T cells that release TNF-𝛼 and RANKL,
which act synergistically in promoting the OC differentiation.
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On the other hand, T-cell depletion does not allow the
differentiation of PBMCs into OCs without adding M-CSF
and RANKL [48].
As previously reported, IL-7 is an important regulator
of the interaction between bone and immune system. Many
studies report a role of IL-7 in bone homeostasis in particular
to bone loss in oestrogen deficiency conditions [22, 49, 50].
Other works support an active role of IL-7 in promoting bone
lesions from solid tumors and multiple myeloma [24, 25, 51,
52]. In culture of PBMCs derived from patients with bone
metastases, IL-7 is mainly released by B cells, and it directly
sensitises T cells to produce proosteoclastogenic factors,
such as TNF-𝛼 and RANKL, which enhance spontaneous
osteoclastogenesis [25]. Moreover, in bone metastatic patients
IL-7 sera levels were found significantly higher than in
nonbone metastatic patients and in healthy controls [25,
52]. This serum IL-7 increase seems to directly depend on
tumor production: a strong IL-7 expression was detected in
tumor masses originated in a human-in-mice model of bone
metastases and in human bone metastatic biopsies [53].
Prostate cancer is typically characterised by the presence
of osteoblastic lesions with underlying osteolytic area [54].
The osteolytic activity is explained by an increase in serum
RANKL/OPG ratio in prostate cancer patients, thus an
enhanced OC formation plays an active role in bone forming
lesions. The RANKL increment depends at least in part
on the increased IL-7 production from T and B cells, but
unlike other solid tumors, IL-7 expression is not significantly
different in prostate cancer patients and in normal controls
[51]. In the early phase of prostate cancer bone metastases, the
increased OC activity also depends on Wnt agonist Dickkopf1 (DKK-1) that inhibits OBs, favouring lytic lesions [55]. In a
subsequent phase, there is an increase in endothelin-1 (ET1), which stimulates OBs and inhibits OCs, by decreasing the
transcription of DKK-1 [56]. ET-1 is also expressed by breast
cancer cells, explaining the presence of mixed bone lesions in
advanced disease.

5. Molecular Targets for the Treatment of
Bone Metastases
In the last years, thanks to the identification of the above
reported factors produced by bone, tumor, and immune
system cells, many novel agents able to prevent or block bone
metastases have been developed. The identification of the
RANKL/RANK/OPG signalling pathway provided the basis
for the development of new therapeutic molecules, such as
denosumab, the first fully human antibody anti-RANKL. The
first attempt to interfere with RANKL signalling to block
and/or prevent bone metastases was the use of OPG or OPGFc [57, 58]. Unlike OPG-Fc, denosumab specifically binds
to RANKL, without interfering with other TNF ligands. In
clinical trials, it resulted able to prevent the homing of RANK
expressing tumor cells to bone and to inhibit the formation of
bone lesions [59], thus it has been approved for the treatment
of bone metastases in prostate and breast cancer patients.
Even though denosumab inhibits bone resorption in patients
refractory to bisphosphonate therapy [60] and ameliorates
the quality of life of patients bearing bone metastases, it dose
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not improve the overall survival of these patients has not been
demonstrated.
Src (sarcoma) is a protooncogene encoding a tyrosine
kinase; it is highly expressed on OCs, where it is activated, during the bone resorption, in the process of RANK
signalling and after the integrin binding. Src signalling is
essential for the organization of OC cytoskeleton [61] and its
lack does not allow to build an intact ruffled border causing
osteopetrosis [62]. Src also inhibits RUNX2-regulated genes,
thus it negatively regulates OBs [63]. Moreover, increased Src
expression and activity associated with metastatic ability of
many tumors [64]. Due to Src action on OCs, OBs and cancer
cells, several Src inhibitors are currently being evaluated in
clinical trials to test their ability in blocking skeletal lesions
[65, 66].
Cathepsin K is expressed by mature OCs, being fundamental for their resorptive acitivity. It is expressed in
different tumors [67, 68] and it promotes osteolytic lesions
in a mouse model of prostate cancer, whereas its inhibition
reduces the skeletal lesion in a breast cancer model [69].
Cathepsin K inhibitors have been investigated and tested
for bone metastases treatment [70], but currently there are
ongoing clinical trials only for its use in osteoporosis.
Activin A, a member of the TGF-𝛽 family, has been
described to stimulate osteoclastogenesis and to inhibit OBs.
Increased levels of activin A have been described in the
bone marrow plasma of breast and prostate cancer with bone
metastases [71]. In mouse models of human breast cancer and
multiple myeloma, activin A inhibition is effective to prevent
bone lesions [72, 73].
DKK-1 is inhibitor of Wnt signalling pathway that regulates OB development and activity and indirectly osteoclastogenesis by shifting the RANKL-to-OPG ratio towards OPG
[74]. The inhibition of DKK-1 could be an effective method
to prevent osteolytic bone lesions, thus its inhibitor has been
tested with encouraging results in experimental model of
multiple myeloma and breast cancer [75, 76]. An anti- DKK-1
antibody (BHQ-880) is currently under investigation in three
clinical trials.
Inhibition of ET-1 signalling is a target for the inhibition
of osteoblastic metastases in advanced prostate cancer, and
both anti-ET-1 antibodies and blockade of ET-A receptor have
been proposed [77, 78].

6. Conclusion
It has become increasingly evident that tumor cells interact
with bone microenvironment and induce the activation of
the immune system cells, which in turn release many factors
able to promote bone metastases (Figure 1). This interplay
creates cellular feedback loops with activation of multiple
signalling, providing different potential molecular targets for
the prevention and treatment of bone metastases.
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Osteoblasts support hematopoietic cell development, including B lymphopoiesis. We have previously shown that the nuclear
factor of activated T cells (NFAT) negatively regulates osteoblast differentiation and bone formation. Interestingly, in smooth
muscle, NFAT has been shown to regulate the expression of vascular cellular adhesion molecule-1 (VCAM-1), a mediator of cell
adhesion and signaling during leukocyte development. To examine whether NFAT signaling in osteoblasts regulates hematopoietic
development in vivo, we generated a mouse model expressing dominant-negative NFAT driven by the 2.3 kb fragment of the
collagen-𝛼I promoter to disrupt NFAT activity in osteoblasts (dnNFATOB ). Bone histomorphometry showed that dnNFATOB mice
have significant increases in bone volume (44%) and mineral apposition rate (131%) and decreased trabecular thickness (18%). In the
bone microenvironment, dnNFATOB mice displayed a significant increase (87%) in Lineage− cKit+ Sca-1+ (LSK) cells and significant
decreases in B220+ CD19− IgM− pre-pro-B cells (41%) and B220+ CD19+ IgM+ immature B cells (40%). Concurrent with these
findings, LSK cell differentiation into B220+ cells was inhibited when cocultured on differentiated primary osteoblasts harvested
from dnNFATOB mice. Gene expression and protein levels of VCAM-1 in osteoblasts decreased in dnNFATOB mice compared to
controls. These data suggest that osteoblast-specific NFAT activity mediates early B lymphopoiesis, possibly by regulating VCAM-1
expression on osteoblasts.

1. Introduction
The family of nuclear factor of activated T-cell (NFAT)
transcription factors is composed of five proteins (NFATc1–
c4, NFAT-5) and is known for its role in T-cell development
and differentiation [1, 2]. NFAT proteins have also been
implicated in the differentiation of other biological systems,
including the central nervous system, lungs, heart, integument, skeletal muscle, intestines, and bone [2–4]. In resting
cells, NFAT proteins are highly phosphorylated and reside in
the cytoplasm. Upon increases in intracellular calcium and
the activation of calcineurin (Cn), NFAT is dephosphorylated
and translocates to the nucleus, where it acts as a transcriptional regulator of NFAT-dependent genes [2].
Previous studies have shown that Cn/NFAT signaling
positively regulates osteoblast differentiation and bone formation, but these reports were conducted using animal models with global overexpression or knockout of calcineurin Aalpha and NFATc1 [5–7]. This model does not sufficiently

represent the effects of Cn/NFAT signaling in osteoblasts
because it is not an osteoblast-specific model. In contrast, and
in support of our findings, Zanotti et al. demonstrate that
NFAT overexpression in osteoblasts of ROSA mice inhibits
the expression of osteoblast gene markers and function [3, 8,
9] confirming that NFAT expression in osteoblasts negatively
regulates bone formation and density. In addition, we have
previously shown that the pharmacological inhibition and
conditional disruption of calcineurin b1 (Cnb1) in osteoblasts
increases osteoblast differentiation and bone formation both
in vitro and in vivo [3, 10], suggesting that Cn/NFAT can
be a target for therapeutic drugs to treat osteopenic and
osteoporotic patients [10, 11].
Osteoblasts are bone-forming cells originating from
mesenchymal progenitors and are located along the bone’s
endosteal surface [12, 13]. In the adult bone marrow microenvironment, hematopoietic stem/progenitor cells (HSPCs)
associate closely with osteoblasts or osteoprogenitor cells

2
[14, 15]. Previous studies have shown that HSPCs can activate
bone formation [16], while others have shown that an increase
in osteoblast number increases the number of self-renewing
HSPCs [17]. In contrast, it has been shown that reduced
osteoblast numbers in biglycan knockout mice do not have
a negative effect on HSPCs [18]. HSPC expansion and selfrenewal have been shown to be significantly higher for
HSPCs cultured with osteoblasts versus other stromal cell
types, signifying the importance of osteoblasts in this niche
[19].
Crosstalk between osteoblasts and HSPCs occurs through
critical signaling pathways, including the osteoblast secretion
of CXCL12 and IL-7 chemokines and the binding of very late
antigen-4 (VLA-4) molecules on HSPCs to vascular cellular
adhesion molecule-1 (VCAM-1) receptors on osteoblasts [14,
16, 20]. By blocking the signaling pathway with antibodies
directed against VLA-4 or VCAM-1, B cell production is
decreased [20, 21]. VCAM-1 expression in osteoblasts is
known to be transcriptionally regulated by members of the
Rel family, such as nuclear factor kappa B (NF-𝜅B) [22].
Monomers of NFAT, a relative to the Rel/NF-𝜅B family
of transcription factors, can also bind in specific areas of
NF-𝜅B binding domains [2, 22]. Indeed, NFAT has been
shown to transcriptionally regulate VCAM-1 expression in
endothelial and smooth muscle cells [23, 24]. In addition,
human umbilical vein endothelial cells (HUVECs) transfected with constitutively-active NFAT have shown an 18-fold
increase in VCAM-1 gene expression, while inhibiting NFAT
activation with siRNA decreased VCAM-1 gene expression
levels [23].
Here, we examine whether NFAT signaling in osteoblasts
regulates hematopoiesis in the bone microenvironment. We
generated a mouse model expressing a dominant-negative
NFAT driven by a 2.3 kb fragment of the collagen-𝛼I promoter to disrupt NFAT activation specifically in osteoblasts
(dnNFATOB ) by inhibiting Ca2+ -stimulated nuclear translocation of NFAT transcription factors [25]. We demonstrate
that the inhibition of NFAT activity in osteoblasts increases
the number of HSPCs and decreases the production of Blineage cells in dnNFATOB mice when compared to control
mice. VCAM-1 gene expression and protein levels were
also reduced when NFAT activation was inhibited. These
results suggest that NFAT expression in osteoblasts regulates
hematopoiesis in the bone marrow microenvironment, possibly by transcriptional regulation of VCAM-1.

2. Methods
2.1. ColI-dnNFAT Transgene Generation. A transgene was
generated containing a dominant-negative form of NFAT
(dnNFAT) driven by a 2.3 kb fragment of the collagen 𝛼I
promoter (ColI). Flag-tagged dnNFAT was excised from
pcDNA3 plasmid (provided by Dr. Chi-Wing Chow, Albert
Einstein College of Medicine) [25] by double digestion with
HindIII/NotI. The 0.5 kb dnNFAT fragment was ligated to a
blunt-ended XbaI site in the pJ251 plasmid containing the
ColI promoter [26], placing the promoter sequence upstream
of dnNFAT.
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2.2. Generation of dnNFAT𝑂𝐵 Mice. Mice (C57BL/6 background) expressing ColI-dnNFAT (dnNFATOB ) were generated by the Transgenic Animal Core in the Center for Metabolic Bone Disease at the University of Alabama at Birmingham. For mouse genotyping, DNA was extracted from
tail biopsies, and a 0.55 kb fragment of the ColI-dnNFAT
transgene was amplified by PCR according to manufacturer’s recommendations (Sigma, St. Louis, MO, USA).
Primer sequences for ColI-dnNFAT were ColI-forward,
5 -TGGACTCCTTTCCCTTCCTT-3 , and dnNFAT-reverse,
5 -GAGGTCGGGGAATACCGATAG-3 . Animals lacking
ColI-dnNFAT were used as controls. All animal studies
were approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham.
2.3. Histology and Histomorphometry. Tibiae and femora
were harvested from 12-week-old male and female mice.
Tibiae were fixed in 10% (v/v) buffered formalin, decalcified
in EDTA, embedded in paraffin, and sectioned. Femora were
also fixed, embedded in methyl methacrylate, sectioned, and
stained with Goldner’s trichrome and von Kossa. A region
of interest, an area at least 0.5 mm below the growth plate
(excluding the primary spongiosa and trabecular-connected
cortical bone), was selected and remained constant for all
animals. Standard bone histomorphometry was performed
using BioQuant image analysis software (R&M Biometrics,
Nashville, TN, USA) in the Histomorphometry and Molecular Analysis Core in the Center for Metabolic Bone Disease at
the University of Alabama at Birmingham [3, 10, 27].
2.4. Immunohistochemistry. Tibiae were deparaffinized and
rehydrated, followed by antigen retrieval with heat treatment
in 10 mM sodium citrate buffer, pH 6. Endogenous peroxidase activity was quenched using 3% hydrogen peroxide.
Samples were blocked 1 h in 5% goat serum (Fc receptor
blocker) (Vector Laboratories, Burlingame, CA, USA). AntiVCAM-1 and anti-NFATc1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were diluted in 5% goat serum (1 : 50)
and applied to sections overnight at 4∘ C. Biotin-conjugated
secondary antibodies (2 𝜇g/mL) were added, followed by
avidin-biotin enzyme reagents. Specimens were incubated in
DAB peroxidase substrate 30 s. Tissues were counterstained
in Gill’s hematoxylin for 5 s, dehydrated, and mounted.
Negative controls were processed alongside the examined
tissue. Photos were taken at 200x and 400x magnifications
using a Nikon DS-Fi1 digital camera.
2.5. Alkaline Phosphatase and Von Kossa Staining. Primary
osteoblasts were harvested from the calvariae of 1-day-old
control and dnNFATOB mice and differentiated for 7 (alkaline
phosphatase) or 21 (von Kossa) days. Cells were fixed in 2%
(v/v) paraformaldehyde for 10 minutes and then incubated
at 37∘ C with alkaline phosphatase substrate solution [3].
Mineralization was assessed with von Kossa staining of the
cultures (3 minutes UV in 3% w/v AgNO3 ) [3].
2.6. Flow Cytometry Analysis. Bone marrow was flushed from
tibiae and femora of 12-week-old mice. Red blood cells were
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lysed with ACK solution (0.15 M NH4 Cl, 10 mM KHCO3 , and
0.1 mM Na2 EDTA). Bone marrow cells (BMCs) were incubated on ice for 1 hour with FITC labeled lineage antibodies
directed against integrins 𝛼M, Gr-1, Ter119, NK1.1, B220, and
CD3; PE labeled antibody against Sca-1; and biotinylated
labeled antibody against c-Kit for detection of HSPCs. For
the detection of B-lineage cells, BMCs were incubated with
antibodies directed against B220 (FITC), CD19 (PE), and
IgM (Biotin). Biotin-conjugated cells were then incubated
for 30 min on ice with a secondary fluorescent-labeled
streptavidin (SAV-APC). All antibodies were purchased from
eBiosciences (San Diego, CA, USA). Cells were analyzed on a
BD LSR II Analytical Flow Cytometer in the Flow Cytometry
Core in the Center for AIDS Research at the University
of Alabama at Birmingham. Analysis was performed with
FlowJo 7.6 software (Tree Star, Ashland, OR, USA).
2.7. Cell Culture and Differentiation. MC3T3 E1 preosteoblastic cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were transduced with a constitutively active NFATc1 retrovirus [2].
Primary calvarial osteoblasts were isolated from 1-day-old
control or dnNFATOB mice. Calvariae were digested with
three sequential collagenase (type II, Worthington, Lakewood, NJ, USA) digestions. Cells were maintained in Eagle’s
Minimum Essential Medium, 𝛼 modification, containing 10%
fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA,
USA), 100 units/mL penicillin G, and 100 𝜇g/mL streptomycin (Invitrogen, Grand Island, NY, USA). Osteoblastic
induction was performed by supplementing medium with
10 mM 𝛽-glycerophosphate and 250 𝜇M ascorbic acid-2phosphate [10].
2.8. Protein Extraction. For whole cell lysates, cells were lysed
in 1% Nonidet P-40 lysis buffer. Samples were incubated
on a rotator at 4∘ C for 30 min, centrifuged at 12,000 rpm
for 10 min at 4∘ C, and the supernatant protein concentration was measured. For nuclear protein extracts, cells
were washed with chilled PBS and centrifuged at 800 ×g
for 5 min at 4∘ C. Nuclei were then isolated by detergent
lysis of the cells with a Nonidet P40 lysis buffer containing
10 mM Tris, 10 mM NaCl, 3 mM MgCl2 , 0.5% Nonidet P40,
and 0.56 M sucrose. Nuclei were then treated with a hypotonic solution containing 10 mM HEPES, 1.5 mM MgCl2 , and
10 mM KCl followed by a 30 min incubation at 4∘ C in an
extraction buffer containing 20 mM HEPES, 20% glycerol,
600 mM KCl, 1.5 mM MgCl2 , and 0.2 mM EDTA. Nuclei were
finally centrifuged at 12,000 ×g for 30 min at 4∘ C, and the
supernatant protein was collected. All solutions were supplemented with protease (2 𝜇L/mL) and phosphatase (10 𝜇L/mL)
inhibitors (Sigma) [10]. Supernatant protein concentrations
were measured using the Bio-Rad DC protein assay.
2.9. Western Blot Analysis. Protein extracts (25 𝜇g/lane)
were separated by SDS-PAGE. After electrophoresis, proteins
were transferred to a polyvinylidene difluoride membrane,
Immobilon-P (Millipore, Milford, MA, USA), using a BioRad wet transfer system. Membranes were then blocked with
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TBS-Blotto B (Santa Cruz) for 1 h at room temperature and
subsequently incubated overnight with antibodies directed
against NFATc1, VCAM-1, lamin C, and 𝛽-actin (Santa
Cruz). Signals were detected using a horseradish peroxidaseconjugated secondary antibody and an enhanced chemiluminescence detection kit (ECL; Amersham Biosciences,
Pittsburgh, PA, USA) [10].
2.10. RNA Extraction and RT-PCR. Total RNA was extracted
using the TRIzol method (Invitrogen). 1 𝜇g of RNA was
reverse-transcribed using M-MLV reverse transcriptase, and
the equivalent of 12.5 ng was used for Syber Green realtime quantitative RT-PCR. The expression of 𝛽-actin was
used for normalization of gene expression values. The
primer sequences used in this study include: VCAM-1,
forward 5 -GTCGCGGTCTTGGGAGCCTC-3 and reverse
5 -TGGACCCCTCCGTCCTCACC-3 ; CXCL12, forward 5 GCTCTGCATCAGTGACGGTA-3 and reverse 5 -CTTCAGCCGTGCAACAATCT-3 ; IL-7, forward 5 -GGCACACAAACACTGGTGAACT-3 and reverse 5 -TGCATCATTCTTTTTCTGTTCCTT-3 [28]; and 𝛽-actin as previously
published [10].
2.11. Osteoblast/Hematopoietic Stem Cell Cocultures. Primary
osteoblasts were harvested from calvariae of 1-day-old mice
and maintained in minimum essential Eagle’s medium,
𝛼-modification (𝛼-MEM) (Sigma), containing 10% fetal
bovine serum (Atlanta Biologicals), 100 units/mL penicillin
G, and 100 𝜇g/mL streptomycin (Invitrogen) at 37∘ C with
5% CO2 . Cultures were treated with 250 ng/mL amphotericin B (Thermo Scientific, Waltham, MA, USA) treatment
24 h after harvest. Once confluent, osteoblastic induction
was performed by supplementing medium with 10 mM 𝛽glycerophosphate, 50 𝜇g/mL ascorbic acid, and 10−7 M dexamethasone [3]. After differentiating for 14 days, Lin− Sca1+ cKit+ HSPCs were sorted from the bone marrow of tibiae
and femora of 12-week-old control mice and seeded onto
differentiated primary osteoblasts. Following two additional
weeks of differentiation (𝛼-MEM, supplemented with 10%
FBS, 10 mM 𝛽-glycerophosphate, and 50 𝜇g/mL ascorbic
acid), hematopoietic cells were trypsinized, and B220+ cells
were analyzed by flow cytometry.
2.12. Statistical Analyses. All statistical analyses were performed using the Microsoft Excel data analysis program
for two-sample t-test analysis assuming unequal variances.
Statistical analysis of bone histomorphometry was performed
with the nonparametric Mann-Whitney test without assuming normal distribution or unequal variances. Experiments
were repeated at least three times unless otherwise noted.
Values represent the mean ± standard error or ±standard
deviation, as indicated.

3. Results
To determine whether NFAT signaling in osteoblasts regulates hematopoiesis in the bone marrow microenvironment,
we generated ColI-dnNFAT transgenic mice (dnNFATOB )
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Figure 1: Generation of dnNFATOB mice. (a) Representation of ColI-dnNFAT transgene construct. (b) DNA was extracted from tail
biopsies and amplified by PCR for a 0.55 kb fragment of the ColI-dnNFAT transgene. Mice without ColI-dnNFAT were used as controls.
The amplification of thyroid stimulating hormone-beta (TSH-𝛽) was used as a loading control. (c) Primary osteoblasts were harvested
from calvariae of 1-day-old mice and differentiated 7–14 days. Brain tissue was removed from 12-week-old mice and homogenized. Nuclear
proteins were used for immunoblotting with antibodies against NFATc1 and lamin C. Immunoblots are representative of three independent
experiments (𝑛 = 3). (C = control; DN = dnNFATOB .) (d) Femora were harvested from 12-week-old control (𝑛 = 3) and dnNFATOB (𝑛 = 3)
mice and examined by immunohistochemistry with anti-NFATc1 (brown), counterstained with hematoxylin (blue). Negative control staining
was performed by using normal rabbit IgG instead of primary antibody (left panel inset). Magnification, 400x.

expressing dominant-negative NFAT driven by a 2.3 kb fragment of the collagen 𝛼1 promoter (Figure 1(a)). Transgenic
dnNFATOB mice were mated with wild-type C57BL/6 mice,
and the genotype of offspring was determined by extracting
DNA from tail biopsies and performing PCR for detection
of the 0.55 kb ColI-dnNFAT transgene (Figure 1(b)). Littermates without ColI-dnNFAT were used as control mice.
To confirm that the NFAT activation is specifically
disrupted in osteoblasts, nuclear proteins were extracted
from brain tissue and cultured primary osteoblasts. We used
NFATc1 as a representative marker for NFAT activation
because we and others have previously shown that NFATc1,
specifically, is critical for osteoblast differentiation [10]. The
dominant-negative NFAT that we used in this study has previously been shown to inhibit the transactivation of NFAT 1–4
isoforms [25]. Our data confirm that NFATc1 translocation is
inhibited in osteoblasts and is not altered in the brain tissue
from dnNFATOB mice (Figure 1(c)). Tibiae from 12-week-old
mice were sectioned, and immunohistochemistry was performed using antibodies directed against NFATc1. As shown
in Figure 1(d), nuclear translocation of NFATc1 decreased,
while cytoplasmic protein levels of NFATc1 increased in
dnNFATOB transgenic mice when compared to control mice.
To examine the effects of NFAT inhibition on osteoblast
differentiation, primary osteoblasts were isolated from 1day-old mice and differentiated for 7–21 days. Compared
to control, alkaline phosphatase activity (red staining) and
mineralization (black) were increased (∼3-fold and ∼45%,
resp.) in dnNFATOB primary osteoblasts (Figure 2(a)). To

examine bone volume in dnNFATOB mice, femora were
isolated from 12-week-old mice and examined by Goldner’s
trichrome and von Kossa staining for visualization of mineralized bone. Trichrome staining shows that dnNFATOB
mice had an increase in mineralized bone (blue) (Figure 2(b),
left panel). Von Kossa staining also showed increased bone
mineralization (black) in dnNFATOB mice (Figure 2(b),
right panel). Bone parameters were quantified using standard histomorphometry and showed significant increases
of trabecular bone volume to tissue volume (BV/TV)
(44% increase, Figure 2(c)), mineral apposition rate (131%
increase, Figure 2(d)), and osteoblast number (28% increase,
Figure 2(e)) in dnNFATOB mice when compared to control mice. Significant decreases in osteoclast number (24%,
Figure 2(f)) and erosion surface/bone surface (34%, 𝑃 < 0.02,
data not shown) were observed in dnNFATOB mice when
compared to control mice.
To assess how NFAT signaling in osteoblasts impacted
B-cell development in vivo, bone marrow was flushed from
tibiae and femora of 12-week-old mice and analyzed by FACS.
Analysis of Lin− Sca-1+ cKit+ (LSK) cells showed that LSK
frequency was significantly increased ∼1.8-fold in dnNFATOB
mice when compared to control animals (Figures 3(a) and
3(b)). Examination of B-lineage subsets based on expression
of B220, CD19, and surface IgM showed that frequencies of
B220+ CD19− IgM− pre-pro B cells were significantly reduced
in dnNFATOB mice (∼40% reduction, Figure 4(a)), as were
frequencies of B220+ CD19+ IgM+ immature B cells (40%
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Figure 2: Inhibition of NFAT activation in osteoblasts increases osteoblast differentiation and bone formation. (a) Primary osteoblasts were
harvested from the calvariae of control and dnNFATOB mice and cultured for 7 (alkaline phosphatase, ALP) or 21 (von Kossa) days in the
presence of 𝛽-glycerophosphate and ascorbic acid-2-phosphate to induce osteoblast differentiation. Cells were stained for ALP activity (red)
or for mineralization by von Kossa (black). Images are representative of three independent experiments, each repeated in duplicate. (b)
Femora from 12-week-old control and dnNFATOB mice were stained with Goldner’s Trichrome (blue) and von Kossa (black) staining to show
mineralized bone. Magnification, 200x. (c–f) Histomorphometrical indices were measured from 12-week-old control (𝑛 = 6) and dnNFATOB
(𝑛 = 6) mice and show (c) bone volume/tissue volume (BV/TV), (d) mineral apposition rate (MAR) (𝜇m/day), (e) osteoblast number/bone
surface (N.Ob/BS), and (f) osteoclast number/bone surface (N.Oc/BS). Values represent individual mouse measurements with the mean
indicated by the black bar; ∗ 𝑃 ≤ 0.01 when compared to control mice.

reduction, Figure 4(c)). These results showed that inhibition
of NFAT activation in osteoblasts resulted in a modest
increase in LSK cells and inhibited the generation of B-lineage
progenitor cells.
To further establish whether NFAT signaling in osteoblasts plays a role in B-cell differentiation from HSPCs, LSK
cells were cocultured with differentiated primary osteoblasts
in vitro. Calvarial osteoblasts were harvested from 1-dayold control or dnNFATOB mice and differentiated for 14
days. LSK cells were sorted by flow cytometry from 12-weekold control mice and cocultured on control and dnNFATOB
differentiated primary osteoblasts. After 14 days of coculture,
fewer adherent HSPCs were observed in the cocultures
on dnNFATOB osteoblasts compared to HSPCs cocultured

on control osteoblasts (Figure 4(c), indicated by red pseudocolor). FACS analysis of cells within the wells showed
that the frequency of B220+ B-lineage cells recovered from
LSK/dnNFATOB osteoblast cocultures was reduced by 35%
compared with B220+ -cell frequencies from LSK/control
osteoblast cocultures (Figure 4(d)). The reduced frequency of
B220+ cells in LSK/dnNFATOB osteoblast cocultures supports
findings in vivo that NFAT signaling in osteoblasts plays a
role in B lymphopoiesis. The in vitro coculture results using
purified osteoblasts also suggest that dnNFATOB -mediated
inhibition of B-cell development is a cell-autonomous effect.
During B-cell development, pro-B cells bind VCAM1 on osteoblasts. Studies have shown that NFAT regulates
expression of VCAM-1 in different cell types, such as smooth
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Figure 3: Lin− Sca1+ cKit+ (LSK) hematopoietic stem/progenitor cells are increased in dnNFATOB mice. Bone marrow was flushed from tibiae
and femora of 12-week-old control and dnNFATOB mice and analyzed by flow cytometry for detection of LSK cells. (a) Representative dot
plots from control and dnNFATOB mice showing c-Kit+ Sca-1+ cells gated from the Lin− cell population. (b) Percentages of LSK cells were
analyzed from control (𝑛 = 8) and dnNFATOB (𝑛 = 7) mice. Mean indicated by black bar; ∗ 𝑃 < 0.05 when compared to the control.

muscle. To examine whether NFAT activation in osteoblasts
regulates the expression of VCAM-1 in osteoblasts, immunohistochemistry was performed on tibiae from 12-week-old
mice with an antibody directed against VCAM-1. As shown in
Figure 5(a), dnNFATOB mice have reduced levels of VCAM1 on osteoblast cell surfaces (indicated by arrows) when
compared to control mice. To confirm that NFAT regulates
VCAM-1, gene expression and protein levels of VCAM1 were examined by real-time PCR and western blotting
analyses in primary osteoblasts harvested from control and
dnNFATOB mice as well as MC3T3 E1 preosteoblasts that were
transduced with constitutively-active NFATc1 (caNFATc1).
The efficiency of overexpressing caNFAT has previously been
examined by our group where we show that NFATc1 nuclear
translocation is increased by 600% [2, 10]. VCAM-1 gene
expression relative to 𝛽-actin was significantly decreased

(36%) in dnNFATOB primary osteoblasts compared to control
primary osteoblasts, and the overexpression of NFATc1 in
osteoblasts significantly increased VCAM-1 gene expression
when compared to parent MC3T3 E1 cells (∼1.9-fold increase;
Figure 5(b)). Furthermore, protein levels of VCAM-1 were
lower in dnNFATOB mice when compared to control mice
and were dramatically increased in MC3T3 E1 cells that
overexpressed NFATc1 (Figure 5(c)). Additionally, CXCL12
and IL-7 gene expression was evaluated in control and
dnNFATOB primary osteoblasts. We discovered that CXCL12
gene expression significantly increases (∼60%, Figure 5(d)) in
dnNFATOB osteoblasts when compared to control, while IL-7
expression remains unchanged (Figure 5(e)).
These data demonstrate that NFAT activation in osteoblasts not only negatively regulates osteoblast differentiation
and bone formation, but also decreases B-cell development
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Figure 4: B-cell differentiation is decreased by the inhibition of NFAT signaling in osteoblasts. (a-b) Bone marrow was flushed from tibiae and
femora of 12-week-old control and dnNFATOB mice and analyzed by flow cytometry to examine B-cell development. Percentages of B-lineage
cells were determined for control (𝑛 = 5) and dnNFATOB (𝑛 = 3) mice from the gated lymphocyte population. (a) B220+ CD19− IgM− (b)
B220+ CD19+ IgM+ . Mean indicated by black bar. (c-d) Primary osteoblasts were harvested from calvariae of 1-day-old control and dnNFATOB
mice and cultured for 14 days in the presence of 𝛽-glycerophosphate and ascorbic acid-2-phosphate to induce osteoblast differentiation. Bone
marrow was flushed from 12-week-old control mice, and LSK cells were sorted by flow cytometry, seeded on differentiated primary osteoblasts,
and cocultured for 14 days. At the end of the culture, osteoblasts and hematopoietic cells were trypsinized and analyzed by flow cytometry for
the B220 cell marker. (c) Representative phase-contrast images show hematopoietic cells (indicated by red pseudocolor) cocultured on primary
osteoblasts. (d) B220+ B-lineage cells were analyzed by flow cytometry after coculture of LSK cells on control and dnNFATOB differentiated
primary osteoblasts. Values, obtained from three independent experiments performed in duplicate, represent the mean ± SD; ∗ 𝑃 < 0.05
compared to control.

8

Clinical and Developmental Immunology
MC3T3 E1

Osteoblasts
Control

dnNFATOB

Control

Control

caNFATc1

VCAM-1

VCAM-1

𝛽-actin

(b)

∗

0.8
0.6
0.4
0.2
0

Control

relative to actin (2ΔΔCt )

VCAM-1 mRNA expression

2.5

1

relative to actin (2ΔΔCt )

dnNFATOB

VCAM-1 mRNA expression

1.2

1.5
1
0.5
0

dnNFATOB

∗

2

MC3T3 E1 GFP
control

MC3T3 E1
caNFATc1

(c)

IL-7 mRNA expression
relative to actin (2ΔΔCt )

)
1

0.5
0

1.5

∗

1.5

relative to actin (2

ΔΔCt

(a)

CXCL12 mRNA expression

2

Control

dnNFATOB
(d)

N.S.

1

0.5

0

Control

dnNFATOB
(e)

Figure 5: NFAT activation in osteoblasts positively controls VCAM-1 expression. (a) Tibiae were harvested from 12-week-old mice and
examined by immunohistochemistry with anti-VCAM-1 (brown) and counterstained with hematoxylin (blue). Negative control staining was
performed by using normal rabbit IgG instead of primary antibody (top panel inset). Magnification, 400x. (b-c) Primary osteoblasts were
harvested from calvariae of 1-day-old control and dnNFATOB mice and differentiated for 14 days in the presence of 𝛽-glycerophosphate and
ascorbic acid-2-phosphate to induce osteoblast differentiation. GFP control and ca-NFATc1-expressing MC3T3 E1 cells were cultured for 4
days. (b) Proteins were extracted from control and dnNFATOB differentiated primary osteoblasts, GFP control, and ca-NFATc1 MC3T3 E1 cells
and separated by SDS-PAGE. Immunoblots were developed using antibodies against VCAM-1 and 𝛽-actin. Immunoblots are representative
of three independent experiments. (c–e) RNA was extracted from control and dnNFATOB differentiated primary osteoblasts ((c), left panel)
and GFP control and ca-NFATc1 MC3T3 E1 cells ((c), right panel), and real-time PCR was performed for (c) VCAM-1, (d) CXCL12, and (e)
IL-7 and 𝛽-actin expression. Values were obtained from three independent experiments and represent the mean ± SD of VCAM-1, CXCL12,
or IL-7 levels relative to 𝛽-actin; ∗ 𝑃 < 0.05 compared to control.

in the bone marrow microenvironment. In addition, these
results indicate that NFAT activation in osteoblasts may play
a role in the expression of VCAM-1, which has been shown
to be critical for HSPC differentiation into B-lineage cells.

4. Discussion
The calcineurin/NFAT signaling pathway in osteoblasts has
been previously shown to negatively regulate osteoblast
differentiation in vitro and bone volume in vivo [2, 3].
Pharmaceutical agents targeting this pathway in osteoblasts

may provide treatment options for patients suffering from
bone diseases, such as osteopenia and osteoporosis [29].
NFAT is an essential transcription factor for the expression of various genes, but it is relatively unknown how
NFAT activation in osteoblasts affects the hematopoietic niche in the bone marrow microenvironment. It
has been shown that NFATc2−/− mice (C57BL/6 background) exhibit increased bone formation and decreased
populations of granulocytes, lymphocytes, and megakaryocytes in the bone marrow [30]; however, this NFAT
knockout mouse model was not an osteoblast specific

Clinical and Developmental Immunology
model. To determine whether inhibition of NFAT activation
specifically in osteoblasts regulates hematopoiesis in the
bone marrow microenvironment, we generated a mouse
model expressing dominant-negative NFAT driven by a
2.3 kb fragment of the collagen 𝛼I promoter to inhibit the
transactivation of NFAT 1–4 isoforms in osteoblasts [25].
Analysis of transgenic mice showed that inhibition of NFAT
signaling in osteoblasts significantly increased the frequency
of HSPCs and decreased the frequencies of B-lineage cells
in bone marrow. Furthermore, blocking NFAT activation in
osteoblasts decreased the ability of HSPCs to develop into
B220+ B-lineage cells in vitro.
Mice containing the 2.3 kb fragment of the ColI-dnNFAT
transgene did not show any significant differences in size,
weight, and survival rate when compared to control littermates; however, dnNFATOB mice displayed significant
increases in bone formation parameters. These results are
consistent with our previous findings showing increased
bone volume after treatment with low concentrations of
cyclosporin A, a calcineurin inhibitor that prevents NFAT
dephosphorylation [10]. Similarly, this bone phenotype was
also observed in mice with a genetic deletion of Cnb1 in
osteoblasts [3]. Normally, resorbed bone is replaced by new
bone, but dnNFATOB mice showed increased numbers of
osteoblasts and decreased numbers of osteoclasts and erosion
surface, suggesting that the increase in bone formation may
be due to either an increase in recruitment of osteoblasts at
the bone surface or a decrease in bone resorption due to a
lower number of osteoclasts.
NFAT transcription factors are involved in the differentiation and development of various cell types, including
osteoblasts. Many studies have shown that the number of
HSCs in the bone microenvironment is positively correlated
to the number of osteoblasts and vice versa [31, 32]. The
role of NFAT in cellular interactions between osteoblasts and
hematopoietic lineage cells in the bone microenvironment is
relatively unknown. Studies have examined NFAT signaling
in the bone microenvironment using animal models that have
global NFAT inhibition or by the inhibition of NFAT activity
exclusively in hematopoietic cells [30, 33]. It has been shown
that adult NFATc2 knockout mice exhibit extramedullary
hematopoiesis and suffer from osteomyelosclerosis and
hypoplasia in the bone marrow (with significant losses of
erythrocytes, lymphocytes, and megakaryocytes) [30]. Others have reported that repression of NFAT signaling in HSCs
negatively regulates the development of myeloid progenitor
cells [33]. In the present study, we demonstrate that inhibition
of NFAT activity specifically in osteoblasts may impact the
hematopoietic stem cell niche and can interfere with B lymphopoiesis in the bone marrow microenvironment. Previous
studies have shown that osteoblast number is positively
correlated to numbers of HSPCs in the bone marrow due
to cellular communication between osteoblasts and HSPCs
[12, 34], suggesting that the increased number of HSPCs
may be consequential to the increased number of osteoblasts
observed in the dnNFATOB mice.
B lymphocytes develop and mature in the bone marrow
in close association with osteoblasts and/or stromal cells.
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In dnNFATOB mice, there was a significant decrease in
the pre-pro B-cell subset, suggesting that NFAT activity in
osteoblasts is critical for specification and/or commitment
to the B-cell lineage. No difference was observed in the
number of bone marrow cells in dnNFATOB mice, suggesting
that the change in the number of B-lineage cells is not
likely due to a change in bone marrow cellularity. NFAT
regulation of VCAM-1 expression on osteoblasts may be
partially responsible for this phenotype, although Cn/NFATregulated chemokines, such as CXCL12, and other membrane
receptors are also important for promoting B-cell development. During early stages of B lymphopoiesis, hematopoietic
progenitor cells are known to bind to stromal cells via VLA4/VCAM-1 interactions at the cell surface [14, 16, 20]. NFAT
transcription factors have been previously shown to regulate
the expression of VCAM-1 in other cell types [23, 24], and
blocking VCAM-1 in osteoblasts has resulted in decreased Bcell development [20, 21]. Previous studies examining the role
of NFAT signaling in CXCL12 expression where treatment
with cyclosporin A, an inhibitor of Cn/NFAT signaling,
increased the gene expression and protein levels of CXCL12
in decidual stromal cells [35]. Additionally, treatment with
CXCL12 interrupted the Cn/NFAT pathway in rat cardiac
myocytes [36], suggesting a negative feedback loop. Others
have suggested that IL-7 mediates the activity of NFAT [37,
38], but little information is known about the role NFAT signaling plays in IL-7 expression. Our results demonstrate that
gene expression and protein levels of VCAM-1 in dnNFATOB
osteoblasts are significantly reduced when compared to
normal osteoblasts, suggesting that NFAT regulates VCAM-1
expression in osteoblasts at the transcriptional level and that
reduced expression of this receptor may negatively affect Bcell development. Increased gene expression of CXCL12 in
dnNFATOB osteoblasts is consistent with previous work but
may not influence the observed B-cell phenotype.

5. Conclusions
We report that the inhibition of NFAT activation in
osteoblasts increases osteoblast differentiation and bone formation and decreases B-cell development in the bone marrow
microenvironment. These data suggest that long-term NFAT
inhibition in osteoblasts may result in a weakened immune
status due to decreased development of B-lineage cells in
the bone marrow. The decreased expression of VCAM-1 in
osteoblasts that can result from blocked NFAT signaling
could be a contributor to this phenotype.
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Invasive extramammary Paget’s disease (EMPD) is relatively rare and is reported to be highly metastatic to lymph nodes or even
other organs, including bone. Histologically, EMPD shows significant numbers of lymphocytes around the tumor mass, suggesting
the possible development of novel immunomodulatory therapy for EMPD by targeting these infiltrating lymphocytes. Previously,
bisphosphonates (BPs) were administered for the treatment of malignancy, especially osteolytic bone disease. Recent reports also
suggested that BPs might have a direct antitumor effect through several pathways beyond their beneficial effect on bone metastasis.
Among them, the abrogation of immunosuppressive cells, myeloid derived suppressor cells (MDSC), by BPs might be one of the
optimal methods to induce an antitumor immune response both locally and at sites remote from the tumor. In this study, we
employed immunohistochemical staining for immunosuppressive macrophages and cytotoxic T cells in the lesional skin of patients
with noninvasive EMPD and those with invasive EMPD.

1. Introduction
Extramammary Paget’s disease (EMPD) is a skin adenocarcinoma that generally occurs in the anogenital region [1].
It usually affects older patients, and the lesions commonly
develop in the vulva, penis, scrotum, perineum, perianal area,
umbilicus, and axilla [1]. Invasive EMPD, although relatively
rare, is reported to be highly metastatic to lymph nodes
(47.1%) or even other organs (17.6%), including bone (5.9%)
[2]. Histologically, both noninvasive EMPD and invasive
EMPD show significant numbers of lymphocytes around the
tumor mass.
The use of bisphosphonates (BPs) in malignancy, especially for osteolytic bone disease, has been increasing [3–5].
Recent reports suggested that BPs might have a direct antitumor effect beyond their beneficial effects on bone metastasis
[3]. One of the possible explanations for the additional
antitumor effects of BPs is that pharmacological inhibition of
MMP9 by aminobisphosphonate decreases pro-MMP9 and
VEGF in the serum and abrogates the suppressive function of
immunosuppressive cells and induces the antitumor immune
response both locally and at sites remote from the tumor [6].

In this study, we employed immunohistochemical staining
for immunosuppressive macrophages and cytotoxic T cells
in the lesional skin of patients with noninvasive EMPD and
those with invasive EMPD.

2. Materials and Methods
2.1. Reagents. We used the following antibodies (Abs) for
immunohistochemical staining: mouse monoclonal Abs for
human CD8 (Dako A/S, Glostrup, Denmark), human granulysin (MBL LTD, Nagoya, Japan), anti-TIA1 Ab (Abcam,
Cambridge, UK), antiperforin Ab (Kamiya Biomedical Company, Seattle, WA, USA), and human CD163 (Novocastra,
UK), and rabbit polyclonal Abs for human MMP-9 (Abcam),
human B7H1 (ProSci, Poway, CA, USA), and human arginase
1 (ARG1) (Life Span Bioscience, Seattle, WA).
2.2. Tissue Samples and Immunohistochemical Staining. We
collected archival formalin-fixed paraffin-embedded skin
specimens from 5 patients with noninvasive EMPD and
5 patients with invasive EMPD treated at the Department
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Figure 1: CD8, granulysin, TIA-1, and perforin in noninvasive and invasive EMPD. Paraffin-embedded tissue samples from patients with
invasive and noninvasive EMPD were deparaffinized and stained using a combination of anti-CD8 Ab ((a) and (b)) and anti-granulysin Ab
((c) and (d)), anti-TIA-1 Ab ((e) and (f)) or antiperforin Ab ((g) and (h)). Noninvasive EMPD: (a), (c), (e), and (g); invasive EMPD: (b), (d),
(f), and (h). Original manifestation: ×200. Sections were developed with liquid permanent red.
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Table 1: Summary for 10 cases of invasive or noninvasive EMPD. We summarized the treatment, clinical stage, and prognosis of invasive or
noninvasive EMPD.
Noninvasive EMPD
Case 1
Case 2
Case 3
Case 4
Case 5
Invasive EMPD
Case 6
Case 7
Case 8
Case 9
Case 10

Ages/sex

Radical therapy

Stage

Prognosis

82/M
70/M
92/M
81/M
70/M

Surgical resection
Surgical resection
Surgical resection/radiation (60G)
Surgical resection
Surgical resection

Stage I
Stage I
Stage I
Stage I
Stage I

Complete remission
Complete remission
Complete remission
Complete remission
Complete remission

69/M
78/M
78/F
80/M
82/M

Surgical resection/radiation (60G)
Surgical resection/lymphadenectomy
Surgical resection
Surgical resection
Surgical resection/lymphadenectomy

Stage IV
Stage III
Stage II
Stage II
Stage III

Dead by multiple metastasis
Complete remission
Complete remission
Complete remission
Complete remission

450
400
350

n.s.

Cell numbers

300

noninvasive EMPD is cytokeratin 7+, cytokeratin 20−, PAS+,
and Alcian blue stain (AB)+ in all cases. The 5 noninvasive
EMPD samples and 5 invasive EMPD samples were processed
for single staining of CD8, granulysin, TIA1, perforin, CD163,
MMP9, B7H1, or ARG1 as described previously [7–9].
2.3. Assessment of Immunohistochemical Staining. Staining
of infiltrated lymphocytes was examined in more than 5
random, representative fields from each section. The number
of immunoreactive cells was counted using an ocular grid of
1 cm2 at a magnification of 400x. Data are expressed as the
mean ± standard deviation for Treg fractions in each skin
disorder.

250
200
150
100
n.s.
50

∗

2.4. Statistical Analysis. For a single comparison of 2 groups,
Student’s 𝑡-test was used. The level of significance was set at
𝑃 = 0.05.

∗

0
Granulysin

TIA-1

Perforin

CD8

Noninvasive EMPD
Invasive EMPD

Figure 2: Summary of the numbers of CD8+ cells, granulysin
bearing cells, TIA-1+ cells, and perforin+ cells in noninvasive and
invasive EMPD. Five representative fields of each section were
selected from each group of EMPD. The number of immunoreactive
cells was counted using an ocular grid of 1 cm2 at a magnification of
400x. The data are expressed as the means SD of the numbers in each
area. Stars: 𝑃 < 0.05.

of Dermatology at Tohoku University Graduate School of
Medicine. We summarized these cases in Table 1. We defined
EMPD by the typical clinical features and histological characteristics such as Paget’s cells, defined as rounded cells that
are devoid of intracellular bridges and have large nuclei and
ample cytoplasm, seen in the epidermis. Invasive EMPD
is histologically defined as Paget’s cells infiltrating in the
dermis. Immunohistochemical staining for both invasive and

3. Results
3.1. CD8, Granulysin, TIA-1, and Perforin in Invasive and
NonInvasive EMPD. First, to compare the profiles of tumorinfiltrating cytotoxic T lymphocytes between invasive and
noninvasive EMPD, we employed immunohistochemical
staining for CD8 (Figures 1(a) and 1(b)), granulysin
(Figures 1(c) and 1(d)), TIA-1 (Figures 1(e) and 1(f)), and
perforin (Figures 1(g) and 1(h)). The numbers of granulysin+
cells and perforin+ cells were significantly lower in invasive
EMPD than in noninvasive EMPD (granulysin: invasive
EMPD versus noninvasive EMPD; 20.7 ± 8.1 versus
49.0 ± 15.9) (perforin: invasive EMPD versus noninvasive
EMPD; 3.7 ± 1.2 versus 18.7 ± 4.0) (𝑃 < 0.05). In contrast,
there was no significant difference in the numbers of
CD8+ and TIA-1+ cells in the peritumoral areas of invasive
and noninvasive EMPD (CD8: invasive EMPD versus
noninvasive EMPD; 249 ± 54.4 versus 349 ± 64.3) (TIA-1:
invasive EMPD versus noninvasive EMPD; 58.0 ± 11.4 versus
73.3 ± 19.1). We summarize the numbers of cytotoxic cells
in Figure 2. As we previously described, the ratio of Foxp3+
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Cell numbers
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Noninvasive EMPD
∗

Invasive EMPD

𝑃 < 0.05

(i)

Figure 3: Anti-CD163, anti-MMP-9, anti-B7H1, and anti-ARG1 antibody staining of noninvasive and invasive EMPD. Paraffin-embedded
tissue samples from patients with non-invasive EMPD ((a), (c), (e), and (g)) and invasive EMPD ((b), (d), (f), and (h)) were deparaffinized and
stained with the anti-CD163 Ab ((a) and (b)), anti-MMP-9Ab ((c) and (d)), anti-B7H1-Ab ((e) and (f)), or anti-ARG1 Ab ((g) and (h)). Sections
were developed with liquid permanent red. (CD163: staining for macrophages, MMP-9 staining, and B7H1 for macrophages and endothelial
cells) ((a)–(e), (g) (h): ×200, (f): ×400). Five representative fields of each section were selected from each group of EMPD. The number of
CD163+ cells in invasive and noninvasive EMPD was counted using an ocular grid of 1 cm2 at a magnification of 400x and summarized. The
data are expressed as the means SD of the numbers in each area. Stars: 𝑃 < 0.05.

cells to CD3, CD4 and CD25 positive cells was significantly
lower in invasive EMPD [7].
3.2. CD163, B7H1, MMP-9, and ARG1 in Invasive EMPD.
To further investigate the profiles of immunosuppressive
cells around the tumors in invasive and noninvasive EMPD,
we performed immunohistochemical staining of CD163
(Figures 3(a) and 3(b)) as well as the functional markers for
M2 macrophages, MMP-9 (Figures 3(c) and 3(d)), B7H1
(Figures 3(e) and 3(f)), and ARG1 (Figures 3(g) and 3(h)).
Only in invasive EMPD were dense CD163+ macrophages
detected throughout the dermis. Interestingly, the expression
of MMP-9, B7H1, and ARG1 was observed at the same areas as
the CD163+ macrophage-infiltrating areas of invasive EMPD
(Figures 3(d), 3(f), and 3(h)), whereas few MMP-9, B7H1,
and ARG1 expressing cells were detected in noninvasive
EMPD (Figures 3(c), 3(e), and 3(g)). We summarized the

number of CD163+ cells in Figure 3(i). The numbers of
CD163+ cells were significantly higher in invasive EMPD than
in noninvasive EMPD (Figure 3(i)) (CD163: invasive EMPD
versus noninvasive EMPD; 3.0 ± 1.4 versus 89.2 ± 15.8) (𝑃 <
0.05).

4. Discussion
Immunosuppressive macrophages, M2 macrophages, and
myeloid derived suppressor cells (MDSC), together with
Tregs, were reported to promote an immunosuppressive
environment in the tumor-bearing host [10–12]. Alternatively
activated macrophages, M2 macrophages, have an important
role in the response to parasite infection, tissue remodeling,
angiogenesis, and tumor progression [13]. MDSCs are a heterogeneous population of cells that promote an immunosuppressive environment in tumor-bearing hosts [10]. In human,
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Figure 4: Schematic representation of antitumor effect of BPs. BPs might suppress the progression of EMPD as follows: induction of tumor
apoptosis, inhibition of the function of immunosuppressive macrophages, inhibition of tumor adhesion, inhibition of tumor invasion, and
inhibition of MMP activity.

MDSCs are a less defined and phenotypically heterogeneous
group of cells that have only immunosuppressive activities
in common. Among them, arginase 1 (ARG1) is reported
as a marker for polymorphonuclear MDSCs [10]. In this
aspect, MDSCs in human are translated CD163+ , ARG1+ ,
and alternatively activated, tumor-associated macrophages
(TAM) [11].
MMP-9 is a stromal factor that regulates the mobilization
of hematopoietic stem cells from the bone marrow niche
by solubilizing the membrane-bound form of c-KitL [14].
Because it remodels the extracellular matrix and promotes
the sprouting and growth of new blood vessels by making
VEGF available to the VEGFR-2/flk receptor on endothelial
cells, MMP-9 is a linchpin in tumor progression [14]. Actually,
several reports revealed that the expression of MMP-9 on
tumors was correlated with the progression or prognosis of
several skin tumors such as malignant melanoma, squamous
cell carcinoma, basal cell carcinoma, mycosis fungoides,
extramammary Paget’s disease, and angiosarcoma [7, 9, 14–
19]. In addition, other reports described that the expression
of MMP-9 on immunosuppressive macrophages in the tumor
microenvironment contributed to tumor invasion and metastasis [6, 7, 9, 19, 20]. In aggregate, these reports suggest that
increased numbers of MMP-9+ cells around the tumor might
be connected with CD163+ M2 macrophages and contribute
to the poor prognosis of the tumor-bearing host.
The use of bisphosphonates (BPs) in malignancy, especially osteolytic bone disease, has been increasing [3–5].
Recent reports suggested that BPs might have a direct
antitumoral effect beyond their beneficial effect on bone
metastasis [3]. Various investigations have demonstrated the
synergistic, antiproliferation effect of BPs with conventional
chemotherapeutic drugs in vitro (Figure 4) [4, 5]. Indeed,

Fehm et al. reported that the antitumor effect of BPs for breast
cancer cells in vitro is equal or even superior to those of
chemotherapeutic drugs, such as DTX [5]. In addition, from
the immunological point of view, it was reported that pharmacological inhibition of MMP9 by aminobisphosphonate
decreased pro-MMP9 and VEGF in the serum and abrogated
the induction of MDSC in the tumor microenvironment [6].
In aggregate, the administration of BPs in tumor-bearing
hosts might abrogate the suppressive function of immunosuppressive cells, such as MDSC and M2 macrophages, and
induce the antitumor immune response at the local site of
the tumor. Indeed, in this report, we employed immunohistochemical staining for invasive and noninvasive EMPD and
revealed that both invasive and noninvasive EMPD contains
substantial numbers of cytotoxic T cells (CD8, granulysin,
TIA1, and perforin). Interestingly, only invasive EMPD possessed substantial numbers of CD163+ M2 macrophages and
MMP-9+ cells, B7H1+ cells, and ARG1+ cells around the
tumor, whereas few CD163+ M2 macrophages, MMP-9+ cells,
B7H1+ cells, and ARG1+ cells were observed in noninvasive
EMPD.

5. Conclusion
Our data suggest that the administration of BPs for patients
with invasive EMPD by targeting the immunosuppressive
macrophages might be effective not only for the prevention of
bone metastasis, but also for the prevention of the progression
of the disease both locally and at sites remote from the tumor.
Since we did not directly assess the suppressive function of
these infiltrating M2 macrophages or cytotoxic T cells, further analysis of the mechanisms underlying this phenomenon
will be necessarily to confirm our limited observation.
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