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Bone homeostasis, which involves formation and resorption, is an important process for maintaining adequate bone mass in
humans. Rheumatoid arthritis (RA) is an autoimmune disease characterized by inflammation and bone loss, leading to joint
destruction and deformity, and is a representative disease of disrupted bone homeostasis. The bone loss and joint destruction
are mediated by immunological insults by proinflammatory cytokines and various immune cells. The connection between bone
and immunity has been intensely studied and comprises the emerging field of osteoimmunology. Osteoimmunology is an
interdisciplinary science investigating the interplay between the skeletal and the immune systems. The main contributors in
osteoimmunology are the bone effector cells, such as osteoclasts or osteoblasts, and the immune cells, particularly lymphocytes
and monocytes. Physiologically, osteoclasts originate from immune cells, and immune cells regulate osteoblasts and vice versa.
Pathological conditions such as RA might affect these interactions, thereby altering bone homeostasis, resulting in the unfavorable
outcome of bone destruction. In this review, we describe the osteoclastogenic roles of the proinflammatory cytokines and immune
cells that are important in the pathophysiology of RA.

1. Introduction
Rheumatoid arthritis (RA) is a devastating autoimmune
disease characterized by progressive bone destruction. Under
physiological conditions, bone remodeling occurs continually, as a coordinated process that results in the formation
and degradation of bone. This process is a balance between
bone formation, which is mediated by osteoblasts, and bone
resorption, which is regulated by osteoclasts, and ensures
bone homeostasis. In pathological conditions such as RA,
bone homeostasis is disrupted, resulting in uncoordinated
osteoclast formation.
Osteoclasts are generated from precursor cells that are
usually of the monocyte-macrophage lineage. Interactions

between receptor activator of the nuclear factor kappa B
(RANK) and its ligand (RANKL) are essential in osteoclastogenesis. RANK on monocyte binds to RANKL, initiating
osteoclast differentiation. Under physiological conditions,
the main source of RANKL is osteoblasts. However, immune
cells and fibroblast-like synoviocytes (FLS) are the main
source of RANKL in pathological conditions such as arthritic
RA joints (Figure 1). Several systemic and local factors
influence the process of osteoclastogenesis. In RA, excessive
activation of the immune system could affect the formation and function of osteoclasts. Proinflammatory cytokines
tend to be osteoclastogenic; however, the opposite has also
been observed [1]. In our literature review, proinflammatory
cytokines such as interleukin (IL)-1, IL-6, IL-8, IL-11, IL-17,
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and tumor necrosis factor (TNF)-𝛼 were frequently reported
to be osteoclastogenic, and IL-4, IL-10, IL-13, IL-18, interferon (IFN)-𝛾, and IFN-𝛽 were anti-osteoclastogenic. T cell
subpopulations have been studied for their contribution to
osteoimmunology. T helper 17 cells (Th17 cells), a specific
subtype of T helper cells that produce IL-17 and RANKL, were
reported to be osteoclastogenic, whereas the classical Th1 and
Th2 cells were generally reported to be anti-osteoclastogenic
through their production of IFN-𝛾 (Th1) and IL-4 (Th2) [2, 3].
We could not draw uniform conclusions about the various
factors involved in osteoclastogenesis. Some proinflammatory cytokines, such as IL-7, IL-12, IL-23, and TGF-𝛽, possess
dual osteoclastogenic and anti-osteoclastogenic properties.
Their net effect depends on the specific pathophysiological
conditions in in vivo models, whereas it depends on the
developmental stage of the osteoclasts [4–6] in in vitro
experiments. The determination of their exact role in the
bone microenvironment is even more difficult because these
cytokines can have synergistic or antagonistic effects on
osteoclasts [7–11].
The joint structure is invaded and the bone is destroyed by
the pannus, which contains a massive infiltration of immune
cells, proliferative vessels, and increased numbers of osteoclasts (Figures 2(a) and 2(b)). These complicated structures
are frequently observed in RA at the synovium-bone interface
(Figure 2(c)). This review will address immune-mediated
bone destruction in two sections. First, the osteoclastogenic
role of proinflammatory cytokines will be discussed. In the
following section, the osteoclastogenic role of inflammatory
cells that play important roles in the pathogenesis of RA will
be described.

2. Cytokines and Bone: The Osteoclastogenic
Effect of Proinflammatory Cytokines
Proinflammatory cytokines promote osteoclastogenesis via
RANKL expression. Some researchers have shown that proinflammatory cytokines such as TNF-𝛼, IL-1, and IL-6 are
capable of inducing osteoclast differentiation independently
of RANKL [12–14]. Others showed that a minimal level
of RANKL is essential for TNF-𝛼-induced osteoclastogenesis, revealing that TNF-𝛼 alone does not induce osteoclast
formation [15]. To clarify this controversy, we adopted a
simplified monocellular culture system instead of a co-culture
system, which consists of osteoblasts and bone marrow
cells [16]. In our experience, permissive levels of RANKL
were required for cytokine-associated osteoclastogenesis. IL1 increased and IL-6 decreased the number of mature osteoclasts in a dose-dependent manner. Treatment with IL-23, IL17, or TNF-𝛼 resulted in various responses according to the
exposure time and the cytokine concentration.
The effects of important cytokines on osteoclastogenesis
in vitro and in vivo are summarized in Table 1. Based on laboratory observations, cytokine-targeting therapies were tested
in bone resorptive conditions. The results of experimental
and clinical trials are presented in Table 2.
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2.1. TNF-𝛼. TNF-𝛼 has received attention from immunologists and rheumatologists because several TNF-𝛼 inhibitors
show enormous pharmaceutical success in treating RA.
TNF-𝛼 is produced by activated T cells and is involved in
inflammation- and cancer-induced bone loss [17]. Treatment
with TNF-𝛼 inhibitors results in decreased inflammation and
bone protection in RA patients [18]. In vivo blockade of TNF𝛼 reduces bone resorption in postmenopausal osteoporosis
[19]. Thus, TNF-𝛼 is regarded as a major contributor to bone
destruction and osteoclast formation.
TNF-𝛼 promotes bone destruction by upregulating the
production of RANKL and macrophage colony-stimulating
factor (M-CSF) from osteoblasts and stromal cells, and by
augmenting differentiation into osteoclasts independently
of RANK-RANKL signaling [20]. In addition, TNF-𝛼 and
RANKL synergistically upregulate the expression of RANK
[21]. This osteoclastogenic effect of TNF-𝛼 is closely associated with other inflammatory cytokines, including IL-1
and M-CSF [22–24]. Although osteoclastogenesis is a more
dominant mechanism in the bone erosion of inflammatory
disease, osteoblast formation is also affected by TNF-𝛼. TNF𝛼 inhibits osteoblast differentiation primarily through TNFreceptor 1 signaling [25, 26].
2.2. IL-1. IL-1, a proinflammatory cytokine, is highly expressed in patients with RA [27]. An earlier study showed a
prominent protective effect of IL-1 blockade against structural
damage in an arthritis animal model, suggesting a crucial
effect of IL-1 on bone metabolism [28]. Animal models
with a deficiency of IL-1 signaling present with reduced
osteoclastogenesis, leading to significantly increased levels of
bone density, trabecular bone mass, and cortical thickness
[29, 30]. IL-1 also plays an important role in the bone loss
induced by estrogen deficiency; the level of IL-1 increases
after menopause and decreases with estrogen replacement
[31, 32]. Bone resorption is suppressed by blockade of IL-1 in
postmenopausal women [19].
IL-1 induces RANKL to promote osteoclastogenesis
through the production of prostaglandin E in periodontal
tissue [33, 34]. Furthermore, IL-1 might exert a bone resorptive effect via an alternative pathway independent of the
RANK/RANKL signal [35, 36]. IL-1 is essential for TNF-𝛼induced osteoclastogenesis. Human TNF-𝛼 transgenic mice
lacking IL-1𝛽 were protected from systemic bone loss regardless of sustained inflammation [37]. The activation of p38
mitogen-activated proteinase kinase is involved in TNF𝛼- and IL-1-mediated osteoclastogenesis by upregulating
RANKL expression in stromal cells and stimulating osteoclast
precursor differentiation [23].
2.3. IL-6. Dysregulation of IL-6 is frequently observed in
RA patients [38–40]. IL-6 is responsible for synovial inflammation as well as the structural damage of RA. An IL6 receptor antagonist, a new immunotherapeutic, reduced
bone turnover, favoring bone protection in RA patients [41,
42]. IL-6 is also involved in other diseases associated with
accelerated bone turnover, such as multiple myeloma and
Paget’s disease of bone [43].
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Figure 1: Osteoblast-derived RANKL binds to RANK on monocytes to differentiate them into mature osteoclasts. Osteoblast-derived RANKL
plays important role in generating osteoclast in physiological condition. However, immune cell and FLS-derived RANKL play pathogenic role
in RA. Proinflammatory cytokines such as IL-1 and TNF𝛼 effectively stimulate osteoblast to express RANKL. FLS-derived RANKL enhances
osteoclastogenesis in RA joints. RANK: receptor activator of the nuclear factor kappa B; RANKL: receptor activator of the nuclear factor
kappa B ligand; FLS: fibroblast like synoviocyte; RA: rheumatoid arthritis; IL-1: Interleukin-1; TNF𝛼: tumor necrosis factor-alpha.
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Figure 2: (a) Bone is destroyed by a proliferative and invasive synovium, which is called pannus. It originates from adjacent synovial tissue and
invades the cartilages and bones. (b) Magnified view of the pannus-bone interface. The pannus-bone interface is lined with mature osteoclasts
(arrows). Various inflammatory cells and stromal cells comprise the invading pannus. (c) Schematic depiction of the pannus-cartilage-bone
structure. Inflammatory cells such as B cells, T cells, macrophages, monocytes, and fibroblast-like synoviocytes accumulate in the pannus.
For metabolic support, intensive angiogenesis is usually followed. Excessive provision of RANKL from the accumulated cells in the pannus
enhances osteoclastogenesis, resulting in the erosion of bone at the pannus-bone interface.
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Table 1: Roles of cytokines on osteoclastogenesis.
In Vitro

TNF-𝛼

Osteoclastogenic
(i) Upregulates the expression of RANKL and osteoclast
activators
(ii) Enhances osteoclast differentiation synergistically with
RANKL or independently of RANKL
(iii) Inhibits osteoclast apoptosis
References: [12, 21, 110–116]

IL-1

Osteoclastogenic
(i) Upregulates the expression of RANKL and osteoclast
activators
(ii) Enhances osteoclast differentiation synergistically with
RANKL or independently of RANKL
References: [33, 35, 116, 120–122]

IL-6

Osteoclastogenic
(i) Upregulates the expression of RANKL and osteoclast
activators
(ii) Induces RANKL-dependent osteoclastogenesis
References: [10, 44, 123–129]
Antiosteoclastogenic
(i) Suppresses the RANK signaling pathway
(ii) Diverts cells into the macrophage lineage

IL-17

References: [6, 133, 134]
Osteoclastogenic
(i) Induces the expression of RANKL and proinflammatory
cytokines
(ii) Increases sensitivity to RANKL
(iii) Enhances osteoclastogenesis via prostaglandin E2
(PGE2) in osteoblasts
References: [1, 53, 136–141]
Anti-osteoclastogenic
(i) Suppresses osteoclast formation at high concentrations
(ii) Inhibits osteoclastogenesis by induction of GM-CSF
References: [145, 146]
Osteoclastogenic
Induces osteoclastogenesis via IL-17

IL-23

References: [56]
Antiosteoclastogenic
Inhibits osteoclast formation via T cells
References: [57, 151]

The previous data indicate the dual functions of IL-6 on
bone remodeling. The addition of IL-6 and the soluble IL-6
receptor into bone tissue cultures stimulates bone resorption
through increased RANKL expression on osteoblasts [44] via
activation of the STAT3 pathway [45]. However, IL-6 exhibits
a direct inhibitory effect on RANK signaling in osteoclast
progenitor cells in the absence of other supporting cells [6].

In Vivo
Osteoclastogenic
(i) Upregulates the expression of RANKL and osteoclast
activators
(ii) Induces osteoclastogenesis in the presence or absence of
RANKL
(iii) Plays a critical role in inflammatory arthritis
(iv) Associated with estrogen-deficient osteoporosis and
joint destruction in RA
References: [15, 24, 36, 117–119]
Osteoclastogenic
(i) Induces osteoclastogenesis in the presence or absence of
RANKL
(ii) Mediates TNF-𝛼-induced osteoclastogenesis
(iii) Participates in physiological bone metabolism
(iv) Associated with estrogen-deficient osteoporosis
References: [23, 29–32, 36, 37]
Osteoclastogenic
(i) Enhances osteoclastogenesis in the prepubertal stage
(ii) Supports osteoclastogenesis in callus formation during
fracture healing
(iii) Associated with bone loss from inflammatory arthritis
and estrogen deficiency
References: [46, 48, 49, 130–132]
Antiosteoclastogenic
(i) Suppresses the differentiation of early osteoclast
precursor cells
(ii) Decreases osteoclast formation, leading to reduced bone
turnover
References: [46, 47, 135]
Osteoclastogenic
(i) Induces the expression of RANKL and proinflammatory
cytokines
(ii) Mediates estrogen-deficient osteoporosis
References: [52, 142–144]

Osteoclastogenic
(i) Induces the expression of RANKL
(ii) Expands myeloid-lineage osteoclast precursors
References: [65, 147–150]
Antiosteoclastogenic
Limits the resorption of immature bone below the growth
plate
References: [57]

In vivo studies also suggest that the role of IL-6 varies
in a context-dependent manner. IL-6 transgenic mice with
a high level of circulating IL-6 exhibited enhanced osteoclastogenesis, leading to impaired skeletal growth at the
prepubertal stage [46] but decreased osteoclast formation at
the adult stage [46, 47]. Under physiological conditions, IL6 deficiency resulted in no detectable change in osteoclast
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Table 2: Effects of biologic therapies on bone.

Mice
TNF-𝛼 blockers

Bone-protective in inflammatory arthritis and estrogen
deficiency
References: [152–158]

IL-1 blockers

IL-6 blockers

IL-17 blockers

IL-23 blockers

Bone-protective in inflammatory arthritis and estrogen
deficiency
References: [28, 155, 157]
Bone-protective in inflammatory arthritis
No effects in estrogen deficiency
References: [155, 156, 162, 163]
Bone-protective in inflammatory arthritis and estrogen
deficiency
References: [55, 138, 144, 166, 167]
Bone-protective in inflammatory arthritis
References: [56]

number [48]. However, IL-6 knockout mice were protected
against ovariectomy-induced bone loss [48]. IL-6 knockout mice with experimental arthritis showed significantly
decreased osteoclastogenic activity and impaired osteoclast
recruitment to inflammatory sites [49]. These results indicate
that IL-6 is associated with bone loss from inflammation
and estrogen deprivation. IL-6, along with TGF-𝛽, induces
the differentiation of naı̈ve T cells into Th17 cells, which are
typically osteoclastogenic [50].
2.4. IL-17. IL-17 is predominantly expressed by Th17 cells, a
specific type of human T helper cells [51]. It is hypothesized
that this cytokine plays a crucial role in inflammation and
the development of autoimmune diseases, including RA.
There is evidence that IL-17 enhances osteoclastogenesis by a
RANKL-RANK dependent mechanism. Studies of an arthritis animal model indicate that IL-17 induces the expression
of RANKL and proinflammatory cytokines such as IL-1 and
TNF-𝛼 [52]. These inflammatory mediators (IL-17, IL-1, TNF𝛼, and RANKL) interact with each other in the progression
of RA. IL-17A also upregulates the expression of RANK
on osteoclast precursors and increases their sensitivity to
RANKL [53]. Similarly, treatment with an IL-17 neutralizing
antibody inhibited bone destruction in collagen-induced
arthritis [54, 55]. However, the mechanisms of action of IL17 in bone erosion remain to be determined, particularly in
association with other osteoclastogenic cytokines such as IL1, TNF-𝛼, and RANKL.
2.5. IL-23. One of the most important stimuli for IL-17
synthesis is IL-23 produced by activated dendritic cells and
macrophages [50]. IL-23 is implicated in inflammatory diseases, in association with IL-17. Accordingly, the IL-23/IL-17
axis plays a critical role in controlling inflammatory bone loss.
Recent work suggests that osteoclastogenesis is promoted
by IL-23 and inhibited by an anti-IL-23 antibody [56]. By

Human
Bone-protective in inflammatory disease
Changes in bone turnover markers in postmenopause
(small observational study)
References: [17, 19, 20, 159]
Bone-protective in RA (not usually recommended; less
effective than other biologic agents)
Changes in bone turnover markers in postmenopause
(small observational study)
References: [19, 160, 161]
Bone-protective in RA
References: [41, 42, 164, 165]
No data in bone metabolism

No data

contrast, another study shows the indirect inhibition of osteoclast differentiation by IL-23 in vitro. Under physiological
conditions, IL-23 promotes higher bone mass in long bones
by limiting bone resorption near the growth plate in vivo [57].
These conflicting data suggest different roles for this cytokine
in physiological or inflammatory bone turnover.

3. Immune Cells and Bone:
The Osteoclastogenic Effect of
Inflammatory Cells
Various immune cells play important roles in the pathogenesis of RA. These cells comprise the rheumatoid synovium
that is continuously inflamed and invades adjacent tissue,
resulting in joint destruction (Figure 2). Although osteoclasts
are the final effectors of bone erosion, osteoclastogenesis is
regulated by various cells in the RA synovium. FLS are the
main cellular component of the matrix that is involved in
bone turnover. Monocytes, T cells, B cells, and neutrophils
also infiltrate the RA synovium and interact with each other.
These cells vigorously contribute to osteoclast formation
under inflammatory conditions by producing osteoclastogenic cytokines or RANKL (Figure 3).

3.1. Fibroblast-Like Synoviocytes (FLS). Under physiological
conditions, the synovium secretes synovial fluid and provides
mechanical stability to the joint. However, pathological conditions such as RA render the synovium more aggressive. The
synovium forms a pannus with inflammatory cells, enabling
invasion into the bone [58, 59]. Histopathology demonstrates
increased bone resorption at the bone-pannus interface in the
joints of patients with RA. Thus, FLS play an active role in the
pathogenesis of RA [59].
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The bone and cartilage destruction in RA patients is partly
mediated by metalloproteinases secreted by activated synoviocytes and chondrocytes [60, 61]. More importantly, bone
destruction is further exacerbated by osteoclasts induced
by the RA synovium [62, 63]. We reported that RANKL
is produced by FLS from RA patients (RA-FLS) and that
osteoclasts are formed in cocultures of RA-FLS and human
monocytes [64]. Consistent with a previous report [62],
this result indicates that RA-FLS have the capability to
support osteoclast differentiation. In RA, FLS upregulate the
expression of RANKL and osteoclastogenic cytokines. Earlier
studies show that RANKL in RA-FLS can be increased by
IL-23 [65], IL-22 [66], and SDF-1 [67]. Furthermore, FLS
produce osteoclastogenic cytokines such as IL-6 in response
to IL-17 and IL-23 [68, 69]. These inflammatory mediators
from stimulated RA-FLS act on stromal cells to upregulate
RANKL expression and on osteoclast precursor cells to
promote differentiation into osteoclasts (Figure 4).
3.2. Monocyte and Dendritic Cells. Bloodstream monocytes
migrate into inflammatory tissue where they differentiate
into resident macrophages and dendritic cells (DCs) [70].
Macrophages and DCs express a variety of inflammatory
cytokines involved in the pathogenesis of RA [71].
Synovial macrophages play a central role in rheumatoid
inflammation. TNF-𝛼, IL-1, and IL-6 are largely produced
by activated macrophages and synovial fibroblasts in the
RA synovium [71, 72]. As discussed above, these cytokines
directly exert osteoclastogenic effects, either synergistically
with RANKL or independently of the RANKL signaling pathway. Moreover, macrophages in the RA synovium also secrete
TGF-𝛽, IL-21, and IL-23 to differentiate CD4+ T cells into
Th17 cells, which are typically referred to as osteoclastogenic
T cells.
DC, highly differentiated antigen-presenting cells, interact with T cells and B cells in RA. The physiological function
of DC in bone remodeling appears to be modest, as DCs
are not frequently observed in bone or the adjacent stroma
under normal conditions. By contrast, active lesions of RA
and periodontitis retain mature and immature DCs [73–
78]. At these sites, DCs contact and interact with T cells
to elicit inflammatory processes that involve RANK-RANKL
signaling [77]. In multiple myeloma, DCs promote osteoclastogenesis, leading to bone destruction, possibly by activation
of RANK-RANKL signaling [79] and the overproduction of
IL-17 [80].
DCs can also affect bone metabolism in a more
direct manner. Rivollier and colleagues showed that human
monocyte-derived DCs transdifferentiate into osteoclasts in
the presence of M-CSF and RANKL in vitro, suggesting
that DCs might directly contribute to osteoclastogenesis
[81]. Alnaeeli et al. tested whether the interaction between
DCs and T cells supports osteoclast development using an
in vitro co-culture system of bone marrow-derived CD11c+
DC and CD4+ T cells. Murine CD11c+ DC developed into
functional osteoclasts after interactions with CD4+ T cells
and stimulation with microbial or protein antigens. Adoptive transfer of DC-derived osteoclasts could induce bone
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resorption in NOD/SCID mice calvarias in vivo [82]. The
differentiation of DCs into osteoclasts is frequently reported
in the pathogenesis of multiple myeloma [79, 83].
3.3. T Cells. T cells are one of the key regulators of synovial
inflammation in RA, having both stimulatory and inhibitory
roles [71]. T cells can also play a destructive or a protective
role in bone metabolism in a context- and subtype-dependent
manner.
In the resting state, T cells seem to have a positive effect
on bone mineral density, as T cell depletion increased osteoclastogenesis in vitro [84] and accelerated bone resorption in
vivo [85]. T cell-deficient nude mice have significantly higher
numbers of osteoclasts and reduced bone density compared
to controls [85].
In response to antigenic stimuli, CD4+ T cells differentiate into distinct effector subsets, Th1 and Th2 cells, which
are classically defined on the basis of cytokine production
profiles [86]. Th1 cells are characterized by the secretion of
IFN-𝛾, IL-2, IL-12, TNF-𝛼, and TNF-𝛽, and are involved
in the elimination of intracellular pathogens [87]. Th2 cells
produce IL-4, IL-5, IL-6, IL-9, and IL-13, and are responsible
for parasite eradication and allergic disorders [87, 88]. In one
comprehensive study, Th1 and Th2 cells were shown to inhibit
osteoclastogenesis through IFN-𝛾 and IL-4, respectively [89].
However, the bone-preserving effects of Th1 and Th2 cells
are not certain, because contradictory responses have been
observed in inflammatory conditions. Infection and inflammation could activate T cells to produce osteoclastogenic
cytokines such as TNF-𝛼 and RANKL. In the pathogenic
state, lymphocytes express significantly higher levels of
RANKL and have the capacity to induce RANKL-dependent
osteoclast differentiation, unlike in healthy conditions [90].
In addition, IFN-𝛾 exerts a bone resorptive effect instead of a
bone-protective effect in an animal model with ovariectomy,
infection, and inflammation [4, 91]. Thus, further research
is required to understand the net effect of Th1/Th2 cells in
disease states such as RA.
Th17 cells, a more recently characterized subset of CD4+
T cells, have been shown to be more osteoclastogenic. Th17
cells are produced when naı̈ve T cells are activated by TGF𝛽 and IL-6 in mice or TGF-𝛽 and inflammatory cytokines in
humans [50, 92]. Th17 cell play a pivotal role in the pathogenesis of RA through the production of Th17 signature cytokines
[50]. Since IL-17 is predominantly produced by Th17 cells
and is closely associated with osteoclastogenesis, Th17 cells
are likely to affect bone metabolism primarily through IL-17.
IL-17 directly induces the expression of RANKL from surrounding cells and facilitates the recruitment of inflammatory
cells, leading to an abundance of inflammatory cytokines
such as TNF-𝛼 and IL-1. Moreover, Th17 cells drive RA-FLS
to produce IL-6, IL-8, and matrix metalloproteinases, which
potentiate structural damage [93]. A prominent role for Th17
cells has been demonstrated in bone destructive diseases such
as RA and multiple myeloma [94, 95] (Figure 5).
3.4. B Cells. Multiple myeloma is a malignant B cell disease
characterized by multiple bone lesions. These are caused by
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Figure 3: (a) Monocytes are differentiated into mature osteoclasts by the aid of RANKL. In pathological conditions such as inflammation,
cancer, and hypermetabolism, various cells extraordinarily provide RANKL to the monocytes, resulting in overweighed osteoclastogenesis.
In this condition, the osteoclasts outnumber the osteoblasts, disrupting the bone homeostasis. Bone erosion or osteoporosis is the major
outcome of disrupted homeostasis. (b) In normal physiological conditions, a few cells, predominantly osteoblasts, express RANKL. A similar
number of osteoclasts and osteoblasts maintain the bone mass by homeostatic equilibrium.

plasma cells expressing RANKL, which stimulate osteoclast
formation, leading to osteolysis [96]. This phenomenon
indicates that B cells could affect bone metabolism via
RANKL expression. In RA, the pathophysiologic role of B
cells is highlighted by the therapeutic success of B celldepleting therapy with an anti-CD20 monoclonal antibody
(rituximab) [97, 98]. B cells play an important role in producing autoantibodies. Although the role of autoantibodies
such as rheumatoid factor (RF) and anti-citrullinated protein
antibody is not fully understood, these autoantibodies are
associated with more severe bone destruction [99]. Treatment
with rituximab reduced bone destruction as well as joint
inflammation. Taken together, these findings indicate that B
cells contribute to bone destruction through RANKL expression and the production of autoantibodies in cooperation
with other immune cells.

4. Conclusions

3.5. Neutrophils. The neutrophil is the most abundant type of
white blood cell in mammals, and comprises an essential part
of the innate immune system. Neutrophils normally circulate
in the bloodstream and migrate to the site of inflammation
in response to inflammatory stimuli. In the RA synovium,
neutrophils regulate inflammation through the secretion
of inflammatory mediators [100]. Histological analysis of
bony lesions in humans and animal models indicates the
involvement of neutrophils in pathogenic bone remodeling.
Infiltration of neutrophils is observed in human periodontitis
and experimental arthritis [101–103]. The RANKL-RANKosteoprotegerin pathway is upregulated in activated neutrophils from inflammatory sites [104]. Membrane RANKL
on neutrophils is strongly overexpressed after stimulation

The human body attempts to maintain bone mass in order
to maintain skeletal strength. Bone mass is not static but
dynamic, and results from the formation or resorbtion of
the bony matrix by osteoblasts or osteoclasts. In pathological
states such as RA, in which bone resorption is favored over
bone formation, osteoblasts are outnumbered by osteoclasts.
Osteoclastogenesis is also favored over osteoblastogenesis
by the inflammatory milieu. Recent studies have shown
that numerous cytokines and immune cells have osteoclastogenic effects, although their exact roles in pathological
states are difficult to determine because of the complexity
of immune networks in the human body. Proinflammatory
cytokines such as TNF-𝛼, IL-1, IL-6, and IL-17 tend to
be osteoclastogenic. The immune cells that participate in
the pathogenesis of RA often enhance osteoclastogenesis by

with lipopolysaccharide and thus mediates osteoclastic bone
resorption through the interactions between neutrophils and
osteoclasts [105]. The osteoclastogenic effect of neutrophils
could be reproduced with purified neutrophil membranes,
but not with culture supernatants from activated neutrophils.
Thus, the effect of RANKL in activated neutrophils is predominantly mediated by the membrane-bound form, in
contrast to activated T cells, where RANKL signaling is
mediated by both cell surface and soluble RANKL [106, 107].
In addition, neutrophils affect the function of osteoblasts in
children on chronic glucocorticoid therapy and in patients
with tophaceous gout, resulting in altered bone remodeling
[108, 109].
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upregulating RANKL directly or by secreting proinflammatory cytokines that influence RANKL expression indirectly.
Understanding the precise mechanisms of immune-mediated
bone destruction would increase opportunities for targetspecific inhibition of bone erosion or osteoporosis. Therapeutic interventions specifically targeting osteoclastogenesis
might enable clinicians to spare bone mass in RA patients.
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Heinegård, and W. B. van Den Berg, “IL-1𝛼𝛽 blockade prevents
cartilage and bone destruction in murine type II collageninduced arthritis, whereas TNF-𝛼 blockade only ameliorates
joint inflammation,” Journal of Immunology, vol. 163, no. 9, pp.
5049–5055, 1999.
[29] Y. Lee, N. Fujikado, H. Manaka, H. Yasuda, and Y. Iwakura,
“IL-1 plays an important role in the bone metabolism under
physiological conditions,” International Immunology, vol. 22,
no. 10, pp. 805–816, 2010.
[30] S. Simsa-Maziel, J. Zaretsky, A. Reich, Y. Koren, R. Shahar, and
E. Monsonego-Ornan, “IL-1RI participates in normal growth
plate development and bone modeling,” American Journal of
Physiology—Endocrinology and Metabolism, vol. 305, no. 1, pp.
E15–E21, 2013.
[31] A. Rogers and R. Eastell, “Effects of estrogen therapy of
postmenopausal women on cytokines measured in peripheral
blood,” Journal of Bone and Mineral Research, vol. 13, no. 10, pp.
1577–1586, 1998.
[32] R. Pacifici, C. Brown, E. Puscheck et al., “Effect of surgical
menopause and estrogen replacement on cytokine release from
human blood mononuclear cells,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 88, no.
12, pp. 5134–5138, 1991.
[33] H. Fukushima, E. Jimi, F. Okamoto, W. Motokawa, and K.
Okabe, “IL-1-induced receptor activator of NF-𝜅B ligand in
human periodontal ligament cells involves ERK-dependent
PGE2 production,” Bone, vol. 36, no. 2, pp. 267–275, 2005.
[34] J. Nukaga, M. Kobayashi, T. Shinki et al., “Regulatory effects of
interleukin-1𝛽 and prostaglandin E2 on expression of receptor
activator of nuclear factor-𝜅B ligand in human periodontal
ligament cells,” Journal of Periodontology, vol. 75, no. 2, pp. 249–
259, 2004.
[35] V. Bloemen, T. Schoenmaker, T. J. de Vries, and V. Everts, “IL1𝛽 favors osteoclastogenesis via supporting human periodontal
ligament fibroblasts,” Journal of Cellular Biochemistry, vol. 112,
no. 7, pp. 1890–1897, 2011.

Journal of Immunology Research
[36] 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.
[37] K. Polzer, L. Joosten, J. Gasser et al., “Interleukin-1 is essential
for systemic inflammatory bone loss,” Annals of the Rheumatic
Diseases, vol. 69, no. 1, pp. 284–290, 2010.
[38] H. Okamoto, M. Yamamura, Y. Morita, S. Harada, H. Makino,
and Z. Ota, “The synovial expression and serum levels of
interleukin-6, interleukin- 11, leukemia inhibitory factor, and
oncostatin M in rheumatoid arthritis,” Arthritis and Rheumatism, vol. 40, no. 6, pp. 1096–1105, 1997.
[39] S. Kotake, K. Sato, K. J. Kim et al., “Interleukin-6 and soluble
interleukin-6 receptors in the synovial fluids from rheumatoid
arthritis patients are responsible for osteoclast-like cell formation,” Journal of Bone and Mineral Research, vol. 11, no. 1, pp.
88–95, 1996.
[40] N. C. Wood, J. A. Symons, E. Dickens, and G. W. Duff, “In
situ hybridization of IL-6 in rheumatoid arthritis,” Clinical and
Experimental Immunology, vol. 87, no. 2, pp. 183–189, 1992.
[41] P. Garnero, E. Thompson, T. Woodworth, and J. S. Smolen,
“Rapid and sustained improvement in bone and cartilage
turnover markers with the anti-interleukin-6 receptor inhibitor
tocilizumab plus methotrexate in rheumatoid arthritis patients
with an inadequate response to methotrexate: results from a
substudy of the multicenter double-blind, placebo-controlled
trial of tocilizumab in inadequate responders to methotrexate
alone,” Arthritis and Rheumatism, vol. 62, no. 1, pp. 33–43, 2010.
[42] M. A. Karsdal, G. Schett, P. Emery et al., “IL-6 receptor
inhibition positively modulates bone balance in rheumatoid arthritis patients with an inadequate response to antitumor necrosis factor therapy: biochemical marker analysis of bone metabolism in the tocilizumab RADIATE study
(NCT00106522),” Seminars in Arthritis and Rheumatism, vol.
42, no. 2, pp. 131–139, 2012.
[43] L. A. Ehrlich and G. D. Roodman, “The role of immune cells
and inflammatory cytokines in Paget’s disease and multiple
myeloma,” Immunological Reviews, vol. 208, pp. 252–266, 2005.
[44] P. Palmqvist, E. Persson, H. H. Conaway, and U. H. Lerner, “IL6, leukemia inhibitory factor, and oncostatin M stimulate bone
resorption and regulate the expression of receptor activator of
NF-𝜅B ligand, osteoprotegerin, and receptor activator of NF-𝜅B
in mouse calvariae,” The Journal of Immunology, vol. 169, no. 6,
pp. 3353–3362, 2002.
[45] C. A. O’Brien, S. C. Lin, T. Bellido, and S. C. Manolagas,
“Expression levels of gp130 in bon e marrow stromal cells
determine the magnitude of osteoclastogenic signals generated
by IL-6-type cytokines,” Journal of Cellular Biochemistry, vol. 79,
no. 4, pp. 532–541, 2000.
[46] F. de Benedetti, N. Rucci, A. Del Fattore et al., “Impaired
skeletal development in interleukin-6-transgenic mice: a model
for the impact of chronic inflammation on the growing skeletal
system,” Arthritis and Rheumatism, vol. 54, no. 11, pp. 3551–3563,
2006.
[47] H. Kitamura, H. Kawata, F. Takahashi, Y. Higuchi, T. Furuichi,
and H. Ohkawa, “Bone marrow neutrophilia and suppressed
bone turnover in human interleukin-6 transgenic mice: a
cellular relationship among hematopoietic cells, osteoblasts,
and osteoclasts mediated by stromal cells in bone marrow,” The
American Journal of Pathology, vol. 147, no. 6, pp. 1682–1692,
1995.

Journal of Immunology Research
[48] V. Poli, R. Balena, E. Fattori et al., “Interleukin-6 deficient mice
are protected from bone loss caused by estrogen depletion,”
EMBO Journal, vol. 13, no. 5, pp. 1189–1196, 1994.
[49] P. K. K. Wong, J. M. W. Quinn, N. A. Sims, A. van Nieuwenhuijze, I. K. Campbell, and I. P. Wicks, “Interleukin-6 modulates
production of T lymphocyte-derived cytokines in antigeninduced arthritis and drives inflammation-induced osteoclastogenesis,” Arthritis and Rheumatism, vol. 54, no. 1, pp. 158–168,
2006.
[50] P. Miossec, T. Korn, and V. K. Kuchroo, “Interleukin-17 and type
17 helper T cells,” New England Journal of Medicine, vol. 361, no.
9, pp. 848–898, 2009.
[51] Z. Yao, S. L. Painter, W. C. Fanslow et al., “Human IL-17: a novel
cytokine derived from T cells,” Journal of Immunology, vol. 155,
no. 12, pp. 5483–5486, 1995.
[52] E. Lubberts, M. Koenders, and W. B. van den Berg, “The role of
T cell interleukin-17 in conducting destructive arthritis: lessons
from animal models,” Arthritis Research and Therapy, vol. 7, no.
1, pp. 29–37, 2005.
[53] I. E. Adamopoulos, C. Chao, R. Geissler et al., “Interleukin17A upregulates receptor activator of NF-𝜅B on osteoclast
precursors,” Arthritis Research and Therapy, vol. 12, article R29,
2010.
[54] C. C. Chao, S. J. Chen, I. E. Adamopoulos et al., “Anti-IL-17A
therapy protects against bone erosion in experimental models
of rheumatoid arthritis,” Autoimmunity, vol. 44, no. 3, pp. 243–
252, 2011.
[55] E. Lubberts, M. I. Koenders, B. Oppers-Walgreen et al., “Treatment with a neutralizing anti-murine interleukin-17 antibody
after the onset of collagen-induced arthritis reduces joint
inflammation, cartilage destruction, and bone erosion,” Arthritis and Rheumatism, vol. 50, no. 2, pp. 650–659, 2004.
[56] T. Yago, Y. Nanke, M. Kawamoto et al., “IL-23 induces human
osteoclastogenesis via IL-17 in vitro, and anti-IL-23 antibody
attenuates collagen-induced arthritis in rats,” Arthritis Research
and Therapy, vol. 9, no. 5, article no. R96, 2007.
[57] J. M. W. Quinn, N. A. Sims, H. Saleh et al., “IL-23 inhibits osteoclastogenesis indirectly through lymphocytes and is required
for the maintenance of bone mass in mice,” Journal of Immunology, vol. 181, no. 8, pp. 5720–5729, 2008.
[58] N. Bottini and G. S. Firestein, “Duality of fibroblast-like synoviocytes in RA: passive responders and imprinted aggressors,”
Nature Reviews Rheumatology, vol. 9, no. 1, pp. 24–33, 2013.
[59] T. C. Tolboom, E. Pieterman, W. H. van der Laan et al.,
“Invasive properties of fibroblast-like synoviocytes: correlation
with growth characteristics and expression of MMP-1, MMP-3,
and MMP-10,” Annals of the Rheumatic Diseases, vol. 61, no. 11,
pp. 975–980, 2002.
[60] T. Pap, I. Meinecke, U. Müller-Ladner, and S. Gay, “Are fibroblasts involved in joint destruction?” Annals of the Rheumatic
Diseases, vol. 64, no. 4, pp. iv52–iv54, 2005.
[61] H. Takayanagi, H. Oda, S. Yamamoto et al., “A new mechanism
of bone destruction in rheumatoid arthritis: synovial fibroblasts induce osteoclastogenesis,” Biochemical and Biophysical
Research Communications, vol. 240, no. 2, pp. 279–286, 1997.
[62] E. M. Gravallese, Y. Harada, J. Wang, A. H. Gorn, T. S. Thornhill,
and S. R. Goldring, “Identification of cell types responsible for
bone resorption in rheumatoid arthritis and juvenile rheumatoid arthritis,” The American Journal of Pathology, vol. 152, no.
4, pp. 943–951, 1998.

11
[63] E. D. Harris Jr., “Rheumatoid arthritis. Pathophysiology and
implications for therapy,” The New England Journal of Medicine,
vol. 322, no. 18, pp. 1277–1289, 1990.
[64] K. W. Kim, M. L. Cho, S. H. Lee et al., “Human rheumatoid synovial fibroblasts promote osteoclastogenic activity by activating
RANKL via TLR-2 and TLR-4 activation,” Immunology Letters,
vol. 110, no. 1, pp. 54–64, 2007.
[65] X. Li, K. Kim, M. Cho et al., “IL-23 induces receptor activator
of NF-𝜅B ligand expression in fibroblast-like synoviocytes via
STAT3 and NF-𝜅B signal pathways,” Immunology Letters, vol.
127, no. 2, pp. 100–107, 2010.
[66] K. W. Kim, H. R. Kim, J. Y. Park et al., “Interleukin-22
promotes osteoclastogenesis in rheumatoid arthritis through
induction of RANKL in human synovial fibroblasts,” Arthritis
and Rheumatism, vol. 64, no. 4, pp. 1015–1023, 2012.
[67] H. R. Kim, K. W. Kim, B. M. Kim, H. G. Jung, M. L. Cho, and
S. H. Lee, “Reciprocal activation of CD4+ T cells and synovial
fibroblasts by stromal cell-derived factor 1 promotes RANKL
expression and osteoclastogenesis in rheumatoid arthritis,”
Arthritis and Rheumatism, vol. 66, no. 3, pp. 538–548, 2014.
[68] F. L. Liu, C. H. Chen, S. J. Chu et al., “Interleukin (IL)23 p19 expression induced by IL-1𝛽 in human fibroblast-like
synoviocytes with rheumatoid arthritis via active nuclear factor𝜅B and AP-1 dependent pathway,” Rheumatology, vol. 46, no. 8,
pp. 1266–1273, 2007.
[69] S. Y. Hwang, J. Y. Kim, K. W. Kim et al., “IL-17 induces production of IL-6 and IL-8 in rheumatoid arthritis synovial fibroblasts
via NF-𝜅B- and PI3-kinase/Akt-dependent pathways,” Arthritis
Research & Therapy, vol. 6, no. 2, pp. R120–128, 2004.
[70] C. Shi and E. G. Pamer, “Monocyte recruitment during infection
and inflammation,” Nature Reviews Immunology, vol. 11, no. 11,
pp. 762–774, 2011.
[71] I. B. McInnes and G. Schett, “The pathogenesis of rheumatoid
arthritis,” The New England Journal of Medicine, vol. 365, no. 23,
pp. 2205–2219, 2011.
[72] J. Li, H. Hsu, and J. D. Mountz, “Managing macrophages in
rheumatoid arthritis by reform or removal,” Current Rheumatology Reports, vol. 14, no. 5, pp. 445–454, 2012.
[73] C. Cirrincione, N. Pimpinelli, L. Orlando, and P. Romagnoli,
“Lamina propria dendritic cells express activation markers
and contact lymphocytes in chronic periodontitis,” Journal of
Periodontology, vol. 73, no. 1, pp. 45–52, 2002.
[74] J. Highton, A. Kean, P. A. Hessian, J. Thomson, J. Rietveld, and
D. N. J. Hart, “Cells expressing dendritic cell markers are present
in the rheumatoid nodule,” The Journal of Rheumatology, vol. 27,
no. 2, pp. 339–346, 2000.
[75] R. Thomas, K. P. A. MacDonald, A. R. Pettit, L. L. Cavanagh,
J. Padmanabha, and S. Zehntner, “Dendritic cells and the
pathogenesis of rheumatoid arthritis,” Journal of Leukocyte
Biology, vol. 66, no. 2, pp. 286–292, 1999.
[76] G. Page, S. Lebecque, and P. Miossec, “Anatomic localization of
immature and mature dendritic cells in an ectopic lymphoid
organ: correlation with selective chemokine expression in
rheumatoid synovium,” Journal of Immunology, vol. 168, no. 10,
pp. 5333–5341, 2002.
[77] G. Page and P. Miossec, “RANK and RANKL expression as
markers of dendritic cell-T cell interactions in paired samples
of rheumatoid synovium and lymph nodes,” Arthritis and
Rheumatism, vol. 52, no. 8, pp. 2307–2312, 2005.
[78] C. W. Cutler and R. Jotwani, “Dendritic cells at the oral mucosal
interface,” Journal of Dental Research, vol. 85, no. 8, pp. 678–689,
2006.

12
[79] M. Tucci, S. Stucci, S. Strippoli, F. Dammacco, and F. Silvestris,
“Dendritic cells and malignant plasma cells: an alliance in
multiple myeloma tumor progression?” Oncologist, vol. 16, no.
7, pp. 1040–1048, 2011.
[80] K. M. Dhodapkar, S. Barbuto, P. Matthews et al., “Dendritic cells
mediate the induction of polyfunctional human IL17-producing
cells (Th17-1 cells) enriched in the bone marrow of patients with
myeloma,” Blood, vol. 112, no. 7, pp. 2878–2885, 2008.
[81] A. Rivollier, M. Mazzorana, J. Tebib et al., “Immature dendritic
cell transdifferentiation into osteoclasts: a novel pathway sustained by the rheumatoid arthritis microenvironment,” Blood,
vol. 104, no. 13, pp. 4029–4037, 2004.
[82] M. Alnaeeli, J. M. Penninger, and Y. A. Teng, “Immune interactions with CD4+ T cells promote the development of functional
osteoclasts from murine CD11c+ dendritic cells,” Journal of
Immunology, vol. 177, no. 5, pp. 3314–3326, 2006.
[83] A. Kukreja, S. Radfar, B. Sun, K. Insogna, and M. V. Dhodapkar,
“Dominant role of CD47-thrombospondin-1 interactions in
myeloma-induced fusion of human dendritic cells: implications
for bone disease,” Blood, vol. 114, no. 16, pp. 3413–3421, 2009.
[84] 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.
[85] 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.
[86] 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.
[87] A. K. Abbas, K. M. Murphy, and A. Sher, “Functional diversity of
helper T lymphocytes,” Nature, vol. 383, no. 6603, pp. 787–793,
1996.
[88] 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.
[89] 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.
[90] T. Kawai, T. Matsuyama, Y. Hosokawa et al., “B and T lymphocytes are the primary sources of RANKL in the bone
resorptive lesion of periodontal disease,” The American Journal
of Pathology, vol. 169, no. 3, pp. 987–998, 2006.
[91] 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.
[92] 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.
[93] J. P. van Hamburg, P. S. Asmawidjaja, N. Davelaar et al., “Th17
cells, but not Th1 cells, from patients with early rheumatoid
arthritis are potent inducers of matrix metalloproteinases and
proinflammatory cytokines upon synovial fibroblast interaction, including autocrine interleukin-17A production,” Arthritis
and Rheumatism, vol. 63, no. 1, pp. 73–83, 2011.

Journal of Immunology Research
[94] 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.
[95] M. S. Maddur, P. Miossec, S. V. Kaveri, and J. Bayry, “Th17
cells: biology, pathogenesis of autoimmune and inflammatory
diseases, and therapeutic strategies,” The American Journal of
Pathology, vol. 181, no. 1, pp. 8–18, 2012.
[96] T. Matsumoto and M. Abe, “Bone destruction in multiple
myeloma,” Annals of the New York Academy of Sciences, vol.
1068, no. 1, pp. 319–326, 2006.
[97] J. C. W. Edwards and G. Cambridge, “Sustained improvement in
rheumatoid arthritis following a protocol designed to deplete B
lymphocytes,” Rheumatology, vol. 40, no. 2, pp. 205–211, 2001.
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