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Bone is a metabolically active tissue that undergoes contin-
uous remodeling by two sequential events, bone formation
and resorption. These events are strongly linked and tightly
regulated to maintain skeletal homeostasis. The bone cells
responsible for the dual events include the bone-resorbing
cells, the osteoclasts, arising from monocyte-macrophage
precursors, and the bone forming cells, the osteoblasts,
having a mesenchymal origin. Immune and bone cell activ-
ities are linked by several pathways [1] and the former can
promote bone building or destruction. Further, immune cells
can be involved in the mineralization process occurring in
extra-skeletal sites. In this special issue different authors
highlighted these items both through research articles and
reviews.

In detail, interaction between osteoblast precursors, the
mesenchymal stemcells (MSCs) [2], and immune cells during
fracture repair acts as one of the key factors governing
successful bone healing. Additionally, bone damage following
immune deregulation may be local as in arthritis and peri-
odontal disease (PD) or systemic as in osteoporosis [3] and
osteotropic cancers [4, 5]. It could be multifactorial and thus
due to genetic modifications (i.e., Gaucher disease) as well
as to lipopolysaccharide- (LPS-) mediated release of inflam-
matory cytokines (i.e., PD, osteomyelitis, and arthritis), and
so forth. New insights suggest that, in immune-mediated
bone diseases, bone resorption active phases are character-
ized by increased levels of immunoreceptor tyrosine-based

activation motifs (ITAMs); these molecules together with
OSCAR could be indicative of disease progression. Fur-
ther, osteotropic cancer-related immune alterations showed
distinct immune cell phenotype as observed in chronic
myeloid leukemia, multiple myeloma, and bone metastatic
solid tumors.

State-of-the-art and newmechanisms are clearly described
in this special issue; they can be useful for the identification
of new therapeutic targets and bone disease markers.

Giacomina Brunetti
Giorgio Mori

Patrizia D’Amelio
Roberta Faccio
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Bone remodeling is a lifelong process in vertebrates that relies on the correct balance between bone resorption by osteoclasts and
bone formation by osteoblasts. Bone loss and fracture risk are implicated in inflammatory autoimmune diseases such as rheumatoid
arthritis, ankylosing spondylitis, inflammatory bowel disease, and systemic lupus erythematosus. The network of inflammatory
cytokines produced during chronic inflammation induces an uncoupling of bone formation and resorption, resulting in significant
bone loss in patients with inflammatory autoimmune diseases. Here, we review and discuss the involvement of the inflammatory
cytokine network in the pathophysiological aspects and the therapeutic advances in inflammatory autoimmune diseases.

1. Introduction

Bone is the main calcified tissue of vertebrates and serves
multiple functions includingmechanical support, protection,
and storage [1]. The composition of bone is approximately
10% cells, 60% mineral crystals (crystalline hydroxyapatite),
and 30% organicmatrix [2]. Bone is continuouslymaintained
by the process of bone remodeling through clusters of bone-
resorbing osteoclasts and bone-forming osteoblasts [1, 3].
During bone remodeling, old or damaged bone is removed by
osteoclasts and replaced by new bone formed by osteoblasts
over several weeks [1, 3].

Osteoblasts are of mesenchymal origin and function
primarily as bone-forming cells [1, 4]. Osteoblasts secrete
the organic matrix, which predominantly contains collagen,
and induce calcification during the process of new bone
formation [5]. During bone remodeling, osteoblasts rebuild
the bone matrix in regions where the bone has been resorbed
by osteoclasts [1, 4]. The differentiation and function of
osteoblasts are regulated by the activation of transcription
factors (i.e., Runx-2/Cbfa-1, osterix (Osx), TAZ, andAtf4) [6–
9], growth factors (i.e., tumor growth factor-𝛽 (TGF-𝛽), bone
morphogenetic proteins (BMPs),Wnt, and vascular endothe-
lial growth factor) [10–13], cytokines (i.e., interleukin-1 (IL-1),

IL-6, and tumor necrosis factor-𝛼 (TNF-𝛼)), and interactions
with various matrix proteins (i.e., collagen type I, biglycan,
laminin, and fibronectin) [14, 15]. At the end of the bone-
forming phase during bone remodeling, osteoblasts incorpo-
rate into the bone as osteocytes and the rest either remain on
the bone surface as lining cells or undergo apoptosis [5, 16].

Osteocytes are former osteoblasts that become trapped
during the process of bone deposition and remain regu-
larly distributed throughout the mineralized bone matrix.
These cells comprise more than 90% of bone cells within
the matrix or on bone surfaces [17]. Osteocytes are the
primary mechanosensory cells that act as regulators of
mineral metabolism during bone remodeling [17]. Studies
have revealed that osteocytes can send signals of bone
resorption to osteoclasts during bone remodeling [17, 18].
Osteoclasts, the sole bone-resorbing cells, are multinucleated
giant cells that are derived from mononuclear cells of the
monocyte/macrophage lineage following stimulation by two
essential factors: the macrophage colony-stimulating factor
(M-CSF) and the receptor activator of nuclear factor-kappa
B (RANK) ligand (RANKL) [1, 3, 4].

The process of bone remodeling depends on the tight
coupling of bone formation and bone resorption to ensure
that there is no net change in the bone mass and to
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Figure 1:The role of inflammatory cytokine network in inflammatory bone loss. Bone remodeling is tightly regulated by the balanced action
between bone-forming osteoblasts and bone-resorbing osteoclasts. In chronic inflammatory condition, inflammatory cytokine networks
induce an uncoupling of bone formation and resorption that result in significant inflammatory bone loss. RANK: receptor activator of
nuclear factor 𝜅B. RANKL: RANK ligand. OPG: osteoprotegerin. Runx2: runt-related transcription factor 2. TRAP: tartrate-resistant acid
phosphatase. NFATc1: nuclear factor of activated T cells cytoplasmic 1. v-ATPase: vacuolar-type H+-ATPase. MMP: matrix metalloproteinase.
Ctsk: cathepsin K.

maintain the quality after each remodeling cycle [1, 3, 4].
An imbalance in this process is closely linked to various
types of bone diseases, such as osteoporosis, osteopetrosis,
periodontitis, and rheumatoid arthritis (RA) [19]. Osteo-
porosis is a skeletal disorder characterized by compromised
bone strength, predisposing patients to an increased risk
of fracture [20]. Osteoporosis was first considered to be
an age-related disorder characterized by low bone mass
and increased bone fragility, thereby putting the patient
at risk of fractures. However, over time, it has come to
be viewed as a heterogeneous condition that can occur at
any age and its etiology is attributed to various endocrine,
metabolic, andmechanical factors [19]. Studies have reported
an increased risk of developing osteoporosis in patients
with various inflammatory conditions [1–4]. Inflammation
is characterized by the activation of several cell populations
of the innate and adaptive immune system that produce
inflammatory cytokines [21]. Inflammation perturbs normal
bone homeostasis and is known to induce bone loss because
it promotes both local cartilage degradation and local and
systemic bone destruction by osteoclasts and inhibits bone
formation by osteoblasts (Figure 1).

Inflammatory joint diseases share in common the pres-
ence of an inflammatory process that targets the joints, with
adverse effects on structure and function [22]. RA is one
of the most common autoimmune diseases that results in
chronic inflammation of the joints [23]. Autoimmune diseases

are characterized by impaired function and destruction of
tissues caused by the presence of autoantibodies due to
abnormally activated lymphocytes and nonlymphoid cells,
such as macrophages, dendritic cells, and fibroblasts [24,
25]. Dysregulation of inflammatory or anti-inflammatory
cytokine production or action is reported to play a central
role in the pathogenesis of autoimmune diseases such as
RA, ankylosing spondylitis (AS), inflammatory bowel disease
(IBD), and systemic lupus erythematosus (SLE) [26–32].
Studies have revealed that therapeutic approaches using
inflammatory/anti-inflammatory cytokines, including neu-
tralizing antibodies (i.e., anti-TNF-𝛼, anti-IL-6, and anti-
IL-17), soluble receptors/inhibitors (i.e., TNF receptor, IL-
1 receptor, IL-17 receptor, and IL-6 receptor inhibitor), and
anti-inflammatory cytokines (i.e., IL-10 and IL-27), have been
successful in controlling the progression of autoimmune
diseases [33–37]. These studies have demonstrated a possible
link between chronic inflammation and the pathogenesis
of autoimmune diseases. Moreover, chronic inflammatory
autoimmune diseases are frequently associated with bone
destruction [38]. Bone loss is commonly observed in inflam-
matory joint diseases such as RA and AS [22]. Studies have
also found an increase in bone loss and fractures with low
BMD in individuals with SLE and IBD [38].

Although a large number of studies have focused on
inflammatory autoimmune diseases over the past 10 years, the
role of the inflammatory cytokine network involved in bone
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loss in patients with inflammatory autoimmune diseases has
not been well addressed. Therefore, in this review, we will
provide an overview of the interaction between inflammatory
autoimmune diseases and bone destruction through the
regulation of the inflammatory cytokine network.

2. Methodology

We performed an extensive internet search for scientific arti-
cles indexed in the PubMed/Medline database over the past 15
years using the following keywords: bone loss, osteoporosis,
autoimmunity, rheumatoid arthritis, ankylosing spondylitis,
inflammatory bowel disease, and systemic lupus erythemato-
sus. We specifically focused on how bone loss and fracture
risk are implicated in inflammatory autoimmune diseases.

3. Rheumatoid Arthritis (RA)

RA is a chronic autoimmune inflammatory disease character-
ized by the production of two main autoantibodies, rheuma-
toid factor and anticitrullinated peptide antibody, against
common autoantigens that are widely expressed outside the
joints, thereby resulting in local bone erosion, joint space nar-
rowing, and extra-articular manifestations [23, 39]. In severe
cases, RA can lead to periarticular osteopenia, systemic
osteoporosis, and systemic bone erosion [40]. Disturbance
of bone homeostasis in RA patients is driven by the cellular
action of osteoclasts [41]. The enhanced osteoclast formation
and activation is due to the increased accumulation of
osteoclastogenic factors in the inflamed synovium [42–45]. In
RA, elevated inflammatory cytokines have been implicated in
bone destruction through recruitment of osteoclast precur-
sors to the bone environment, where they differentiate into
mature osteoclasts [46–48]. These inflammatory cytokines,
such as TNF-𝛼, IL-1, IL-6, IL-7, and IL-17, are responsible
for the overexpression of RANKL and decreased levels of
osteoprotegerin (OPG), a decoy receptor of RANK. This
perturbation leads to an imbalance in the RANKL/OPG ratio,
thereby increasing osteoclast differentiation (also known
as osteoclastogenesis) [42, 49–52]. However, levels of anti-
inflammatory cytokines such as IL-10, IL-13, and TGF-𝛽 have
been reported to be present in significant amounts in RA
joints [53, 54]. These anti-inflammatory cytokines have a
negative effect on the joint destruction and inflammation
associated with RA [55].

The role of TNF-𝛼 in arthritic bone destruction has been
demonstrated in several experimental models and confirmed
by clinical trials [56]. TNF-𝛼 enhances osteoclastogenesis
through elevated expression of RANKL in the osteoblast [57].
Moreover, TNF-𝛼 induces the expression of the osteoclast-
associated receptor (OSCAR), a key costimulatory molecule
in osteoclastogenesis, on monocytes in RA patients [58].
TNF-𝛼 is also involved in osteoclastogenesis through modu-
lation of theWnt signaling pathway, althoughWnt signaling is
considered to be a key regulatory pathway for bone formation
by osteoblasts [59]. In RA, TNF-𝛼 is a strong inducer of the
Wnt antagonist Dickkopf-1 (Dkk-1) expression [60]. Dkk-
1 impairs local bone formation through the inhibition of

Wnt signaling by binding to low density lipoprotein-coupled
receptor related protein-5/6 [61]. The blockade of Dkk-1
inhibits local bone resorption by reducing osteoclast numbers
through the downregulation of OPG expression in the joints;
this is further compounded because OPG regulates Dkk-
1 expression through a feedback loop [60]. Consequently,
the enhanced levels of Dkk-1 induced by TNF-𝛼 promote
bone resorption by increasing the RANKL/OPG ratio but
also block bone formation and repair in the diseased joint
[62]. Furthermore, TNF-𝛼 is reported to directly inhibit
osteoblast differentiation and bone nodule formation [63].
The transcription factors Runx-2/Cbfa-1 and Osx, which are
critical regulators of osteoblast differentiation, are reported
to be inhibited by TNF-𝛼, thereby decreasing osteoblast
differentiation and inhibiting bone formation [13]. Because
TNF-𝛼 is the most important cytokine involved in both
pathogenesis and joint inflammation associated with RA,
TNF-𝛼 blockers were the first class of biologics used in RA
[41]. A study by Smolen et al. showed that TNF-𝛼 blockers
had a beneficial effect on inflammatory disease activity and
joint degradation, achieving high rates of sustained clinical
remission by preventing radiographic damage in RA [64].
Moreover, studies have reported that TNF-𝛼 antibodies can
decrease systemic bone loss and increase bone mineral den-
sity indicating that anti-TNF-𝛼 can be used against systemic
osteoporosis and osteopenia [65, 66].

IL-1 is a key regulatory cytokine in mouse models of
inflammatory arthritis. Overexpression of IL-1𝛼 or IL-1𝛽 or
deletion of the IL-1 receptor antagonist (IL-1Ra) leads to the
development of arthritis with cartilage and bone destruction
[48, 67]. IL-1 upregulates the production of RANKL, resulting
in an imbalance in the synovial RANKL/OPG ratio [51, 68,
69]. In TNF-transgenic mice lacking IL-1 signaling, cartilage
destruction is completely blocked and bone destruction
partly reduced despite the presence of synovial inflammation,
indicating that TNF-induced local bone destruction and
systemic inflammatory bone loss are largely dependent on IL-
1 [48]. Moreover, it is evident that TNF-induced synthesis of
RANKL is inhibited by IL-1Ra [51]. In addition to IL-1 and
TNF, IL-6 is another key proinflammatory cytokine involved
in the pathogenesis of RA [70]. IL-6 stimulates the synthesis
of RANKL by osteoblasts and promotes the development of
T helper 17 (Th17) cells together with TGF-𝛽 and IL-1 [71].
Studies have shown that the IL-6 antagonist tocilizumab has a
beneficial effect on joint destruction and disease progression
in RA patients [72, 73]. In mouse RA models, inflammatory
cytokines such as IL-1𝛽, TNF-𝛼, and IL-6 activate the signal
transducer and activator of transcription 3 (STAT3) either
directly or indirectly in murine osteoblasts and fibroblasts
[68]. Studies have shown that STAT3 is the key mediator of
both chronic inflammation and joint destruction in RA [68].
STAT3 activation induces the expression of RANKL [68, 74].
Therefore, STAT3 inhibition is also considered to be effective
in treating RA.

IL-17 is the most recently described subclass of inflam-
matory cytokines. IL-17 induces the secretion of proinflam-
matory cytokines (i.e., TNF-𝛼, IL-1𝛽, and IL-6) and che-
mokines (i.e., CXCL1/KC/GRO𝛼, CXCL2/MIP2𝛼/GRO𝛽,
CXCL8/IL-8, CCL2/MCP1, and CCL20/MIP-3𝛼) from
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cartilage, synoviocytes, macrophages, and bone cells [75–81].
These elevated inflammatory cytokines and chemokines
serve to activate and recruit neutrophils, macrophages, and
lymphocytes to the inflamed synovium, thereby enhancing
synovial inflammation [82]. Intra-articular injection of
recombinant IL-17 also results in joint inflammation and
damage [79, 83]. Interestingly, IL-17 activity is synergistically
increased when combined with proinflammatory cytokines
such as TNF-𝛼, IL-1𝛽, and IL-6 [84, 85]. Moreover, IL-17
contributes to extensive cartilage and bone erosion in
the advanced stages of RA by inducing the expression of
RANKL, matrix metalloproteinases (MMPs), prostaglandin
E2, and cyclooxygenase-2 [83, 86, 87]. The role of IL-17 as
a potent stimulator of osteoclastogenesis in RA patients
was first demonstrated by Kotake et al. [46]. IL-17 regulates
osteoclastogenesis both directly and indirectly through
osteoblasts/stromal cells, although the direct effect of IL-17
on osteoclast precursors is still controversial [87–89]. IL-17
induces RANKL expression from osteoblasts, synovial cells,
and mesenchymal cells, and the increased RANKL/OPG
ratio results in local or systemic bone destruction through
enhancement of osteoclastogenesis [42, 46, 90]. Moreover,
IL-17-producing Th17 cells, a subset of RANKL-expressing
CD4+ T cells, are involved in bone destruction through the
function of osteoclastogenic helper T cells [87, 91]. In animal
model studies, therapeutic approaches using IL-17 antibodies
or a soluble IL-17 receptor have resulted in significant
suppression of joint inflammation and bone erosion through
downregulation of synovial RANKL and inflammatory
cytokine expression [92–94]. Therefore, blocking IL-17,
the IL-17 receptor (IL-17R), or its inducers (i.e., IL-23
and IL-6) can be used as a putative treatment method for
RA.

In conclusion, bone destruction in RA is caused by a
complex network of inflammatory cytokines, resulting in
the chronic inflammation of the synovium. These studies
have revealed several promising targets for the treatment of
inflammatory bone loss in RA. In this respect, the initiation of
biological therapies targeting inflammatory cytokines and/or
lymphocyte activation has modified RA therapy not only
by blocking local and systemic inflammatory cascades but
also by providing beneficial effects against bone and joint
destruction.

4. Ankylosing Spondylitis (AS)

AS is a systemic rheumatic disease characterized by chronic
inflammation that chiefly affects the sacroiliac joints and the
spine, whereas RA primarily affects the synovial membrane
[95, 96]. One of the main features of structural damage
in AS is bony ankyloses characterized by excessive bone
formation that leads to the formation of bone spurs, such
as syndesmophytes and enthesophytes, that contribute to
ankylosis of the joints and poor physical function [96].
Moreover, the excessive loss of trabecular bone in the
center of the vertebral body causing osteopenia or osteo-
porosis and leading to vertebral fractures with increased
spinal deformity has been documented in AS patients
[97].

TNF-𝛼 is a pivotal cytokine fueling inflammation in AS
[96, 98]. TNF-𝛼-targeted therapies have influenced short-
term control of the disease by limiting the symptoms caused
by inflammation, which translates into better physical func-
tion and quality of life [96]. However, little or no effect on
structural remodeling is achieved [99]. The elevated levels
of IL-1 and IL-6 in the serum and in the sacroiliac joints
of AS patients are also implicated in AS [32, 100]. However,
antibody therapies blocking IL-6R signalingwith tocilizumab
or sarilumab failed to show clinical efficacy in a phase II
clinical trial with AS patients, suggesting that IL-6 is not
a pivotal inflammatory cytokine in the pathogenesis of AS
[101, 102].

The involvement of Th17 cells in the promotion of
the inflammatory process in AS patients is shown by the
significantly elevated levels of Th17 cells in the peripheral
blood of patients with AS [103, 104]. IL-17 and IL-23 are also
high in the serum of AS patients [30]. Moreover, antibody
therapies such as blocking IL-17 with secukinumab were
shown to significantly downregulate the signs, symptoms,
and objective parameters of inflammation in a phase II
clinical trial in AS patients [105]. Currently, phase III clinical
trials consisting of antibody therapy with secukinumab in AS
patients are ongoing [106].

Previous studies have documented that the serum level
of RANKL is higher in AS patients and that the expression
of RANKL is increased on CD4 and CD8 T cells in AS
patients [107]. Inflammatory cytokines including IL-1, IL-
6, TNF-𝛼, and IL-17 can stimulate the expression of the
soluble form of RANKL, which imbalances the RANKL/OPG
ratio in AS patients [38]. The increased RANKL/OPG ratio
thus promotes osteoclast differentiation, resulting in the bone
destruction that is characteristic of AS [108, 109].

5. Inflammatory Bowel Disease (IBD)

IBD primarily refers to Crohn’s disease and ulcerative colitis
[110]. Crohn’s disease can affect any part of the gastroin-
testinal tract, and classically presents with fatigue, prolonged
diarrhea with or without gross bleeding, abdominal pain,
weight loss, and fever [111]. Ulcerative colitis is limited to
the colon area; common symptoms include rectal bleeding,
frequent stools, mucus discharge from the rectum, tenesmus,
and lower abdominal pain [111]. Crohn’s disease is reported
to be associated with Th1 cytokines IL-2, IL-17, interferon-𝛾
(IFN-𝛾), andTNF-𝛼, while ulcerative colitis is associatedwith
Th2 cytokines, such as IL-4, IL-5, and IL-13 [112]. Therefore,
Th1, Th2, and Th17 cells seem to be broadly involved in the
pathogenesis of IBD through the regulation of inflammatory
cytokine network. Interestingly, low bone matrix density
(BMD) (defined as osteopenia or osteoporosis) is a known
chronic complication of IBD [113]. Although IBD is not the
sole risk factor for developing osteoporotic bone loss, it
appears to be related to other known osteoporosis risk factors
such as age, sex, bodymass index, andmedication [113].Thus,
the acceleration of the development of new biological drugs
for IBD requires expanded insights into understanding the
physiology, mechanism, and pathogenesis of IBD.
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The principal mechanisms behind reduced BMD in
IBD patients are still not completely understood, but a
complex network of inflammatory cytokines that influence
bone destruction has been reported [110, 113]. Mucosal and
systemic concentrations of many pro- and anti-inflammatory
cytokines are elevated in IBD patients [114]. In particular,
the enhanced production of proinflammatory cytokines such
as TNF-𝛼, IL-1𝛽, and IL-6 is well documented in IBD
patients [115, 116]. These proinflammatory cytokines stimu-
late bone resorption by osteoclasts through the induction of
RANKL expression [1, 4]. Interestingly, anti-TNF-𝛼 therapy
has been shown to improve markers of bone metabolism and
BMD (i.e., osteocalcin, alkaline phosphatase, and P1NP) by
decreasing serum OPG levels in IBD patients [117–120]. The
increased RANKL/OPG ratio is known to promote osteoclast
differentiation and bone destruction in IBD patients [121].

IL-17-producing Th17 cells are considered to be a new
subset of cells that is critical for the reduced BMD in chronic
IBD patients [122]. Th17 cells produce IL-17, IL-17F, IL-21,
and IL-22; IL-17, IL-21, and IL-22 levels were reported to
be markedly elevated in IBD patients [122]. IL-21 secreted
by Th17 cells is one of the crucial cytokines involved in
the pathogenesis of IBD via the induction of Th1 and Th17
immune responses in the gut [110]. Studies have shown
that IL-21-deficient mice were resistant to Th1/Th17 cell-
driven colitis [123, 124]. Correspondingly, IL-17 and IFN-𝛾
production by activated lamina propria mononuclear cells
from IBD patients were inhibited by an IL-21 blocking
antibody [123, 124].

IL-33, a new member of the IL-1 family, is a ligand for
the IL-1 receptor-related protein (ST2) that is anticipated
to be essential for the induction of Th2 immune responses
[125]. Enhanced IL-33 levels are closely associated with IBD,
particularly in ulcerative colitis patients [126]. Correspond-
ingly, the inhibition of IL-33 signaling through anti-ST2
antibody treatment attenuates the severity of arthritis in
an animal RA model [127]. Furthermore, IL-33 stimulates
human osteoclast differentiation through the activation of
ST2 receptor signaling [128].Thus, it may be possible that IL-
33 directly or indirectly regulates RANKL- or Th2 response-
mediated bone loss in IBD.

Therapeutic anti-TNF-𝛼 antibodies such as infliximab
and adalimumab are used for the treatment of severe cases
of IBD [129, 130]. However, approximately one-third of the
patients benefit minimally or not at all from this treatment
[129, 130]. This could indicate that, among patients with IBD,
nonresponders to anti-TNF therapy aremore likely to have an
inflammatory response mediated by other proinflammatory
cytokines, such as IL-1𝛽, IL-6, IL-17, and IFN-𝛾. Therefore,
new drugs targeting other inflammatory cytokines could
potentially be useful for treating IBD patients who do not
respond to anti-TNF therapy [131].

6. Systemic Lupus Erythematosus (SLE)

SLE is an autoimmune disease that predominantly affects
young women and is characterized by immunological hyper-
activity and multiorgan damage. The exact causative factors

of SLE are still unknown [132]. Unrestricted hyperactivation
of the immune system may lead to the overproduction of
autoantibodies, immune complex deposition, and inflam-
matory cytokine release, eventually resulting in the SLE
phenotype [132]. In particular, the dysregulation of T/B cell
activation leads to the production of autoantibodies such
as anti-double-stranded DNA, anti-Ro (SS-A), anti-La (SS-
B), anti-Smith (Sm), and anti-ribonucleoprotein (RNP) in
SLE patients [133]. Autoantibodies bound with antigens are
deposited in organs, thereby causing chronic inflammation
and tissue damage [132].

The abnormal expression of various inflammatory cy-
tokines due to chronic inflammation induces an imbalance
among different immune cell subsets, such as Th1/Th2 and
Th17/regulatory T (Treg) cells; this imbalance plays a crucial
pathogenic role in SLE [132]. TNF-𝛼 has been implicated in
SLE murine models [26], and elevated serum TNF-𝛼 levels
are observed in SLE patients, similar to the other inflamma-
tory autoimmune diseases discussed here [134]. However, the
therapeutic effects of TNF-𝛼 blockers in SLE patients are still
controversial [135]. Abnormal IL-6 levels were also observed
in both serum and local tissues in patients with SLE [136].
The dominant role of IL-6 in SLE pathogenesis is to accelerate
autoantibody production by promoting the proliferation
of autoreactive B cells [132]. The autoantibody production
induced by IL-6 is indirectly mediated by IL-21 produced by
CD4+ T cells [137]. Interestingly, it has been reported that
IL-6 produced by dendritic cells inhibits Treg cell function
in mouse SLE models [138]. Thus, IL-6 is implicated as the
most important inflammatory cytokine in the pathogenesis of
SLE, and antibody therapies blocking IL-6 receptor signaling
with tocilizumab are reported to be effective in treating SLE
[139].

IL-17 is a proinflammatory cytokine with multiple func-
tions in the regulation of tissue inflammation [132]. An
increased number of Th17 cells and elevated serum IL-
17 levels are reported in SLE patients [140, 141]. In SLE
patients, IL-17 seems to facilitate both T cell activation and
infiltration into tissues via the expression of intercellular
adhesionmolecule-1 (ICAM-1) and B cell activation and anti-
body production in combinationwith B-cell-activating factor
(BAFF) [140, 142]. A strong correlation between IL-17 and IL-
23 levels in SLEpatients suggests that IL-23 contributes to SLE
severity by activatingTh17 cells [143].Moreover, the IL-23/IL-
17 activation pathway is closely associated with increased
immunoglobulin deposition and complement activation in
the kidney in mouse SLE models [144]. IL-17 has not been
therapeutically targeted in SLE patients to date, but data
from recent clinical trials in other inflammatory autoimmune
diseases such as and Crohn’s disease can partially inform
us about the efficacy and safety of blocking IL-17 either
directly or indirectly by targeting IL-23 in SLE patients
[145].

Since the first reported association between type I IFN
and SLE in 1979 [146], many reports have implicated elevated
levels of serum IFN-𝛼 in SLE [147]. Plasmacytoid dendritic
cells (pDCs), which are abundant in the skin and lymph
nodes, are reported to be the primary sources of IFN-𝛼
in SLE patients. The IFN signature produced by pDCs can
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promote the pathogenesis of SLE by enhancing autoantibody
production and activating Th17 cells to secrete cytokines
[148–150]. Considering the essential role of type I IFN in SLE,
more than five monoclonal antibodies specific for different
IFN-𝛼 isoforms or their receptors are in different clinical
phases of testing [151].

There seems to be a high prevalence of osteoporosis in
SLE patients, but the prevalence frequencies differ widely
as a consequence of differences in body mass, age, sex,
ethnicity, disease severity, and medication use [152]. Glu-
cocorticoid use, longer disease duration due to chronic
inflammation, neuropsychiatric disease complications, and
previous fractures were identified as associated factors for
SLE-related osteoporotic fractures [152]. Although the direct
correlation between inflammatory cytokine levels and bone
defects in SLE patients remains unclear, bone destruction
in SLE patients is thought to be the result of accelerated
osteoclastogenesis induced by proinflammatory cytokines
[153]. The increased level of proinflammatory cytokines such
as TNF-𝛼, IL-1, IL-6, and IL-17 in SLE patients might result
in an RANKL/OPG imbalance by enhancing RANKL induc-
tion, leading to accelerated osteoclastogenesis. Interestingly,
increased levels of oxidized low density lipoproteins (LDL)
have been reported in SLE patients [154]. The enhanced
oxidized LDL can induce T cell activation, thereby sequen-
tially inducing RANKL expression and TNF-𝛼 production
[154–156]. Furthermore, a recent study by Tang et al. has
shown that impaired osteoblast differentiation through the
inhibition of the BMP/Smad pathway by activated NF-𝜅B
signaling plays a role in the pathology of osteoporosis in
SLE patients [153]. The number of Th17 cells and IL-17 levels
are elevated in the serum of many SLE patients [140, 141].
Although the exact role of IL-17 in bone destruction in SLE
patients remains unclear, IL-17 may affect bone remodeling
through its effects on both osteoblasts and osteoclasts as
discussed above; IL-17 can induce bone loss by mediating
an imbalance in RANKL/OPG via the expression of RANKL
in osteoblasts or activated T cells and can act in synergy
with TNF-𝛼 or chemokines to influence osteoclast resorption
[46, 75, 84, 85, 157].

7. Discussion

Bone remodeling is a highly coordinated process that involves
bone resorption and formation, which are essential for repair-
ing damaged bones and maintaining mineral homeostasis.
However, in chronic inflammatory conditions, the inflamma-
tory cytokine network induces an uncoupling of bone forma-
tion and resorption that results in significant inflammatory
bone loss. In particular, inflammatory cytokines such as IL-
1, IL-6, IL-17, and TNF-𝛼 are involved in the pathogenesis of
inflammatory autoimmune diseases of interest. However, the
effects of inflammatory cytokines on inflammatory bone loss
and in the pathogenesis of inflammatory autoimmune dis-
eases are more complicated. As discussed in this review, bone
loss in inflammatory autoimmune diseases may be caused
by direct or indirect effects with complicated mechanisms
by inflammatory cytokines or the inflammatory cytokine

network in chronically inflamed tissues. Therefore, drugs
targeting multiple cytokines could be an effective strategy
for disease prevention and reducing disease progression.
Because most inflammatory cytokines are involved in bone
damage though inducing an imbalance in RANKL/OPG,
focusing on OPG or RANKL management may be a bet-
ter strategy than focusing on inhibiting a single cytok-
ine.

Inflammatory autoimmune diseases continue to be a
mounting public health concern worldwide. The cost and
the social burden associated with these diseases, while being
difficult to pin down accurately, are increasing. To stick with
the saying “easing the burden: solutions for the future,” it is
imperative to accelerate the development of new treatment
options for these diseases. A better understanding of the
mechanisms by which the inflammatory cytokine network
elicits chronic inflammation in autoimmunity will provide
new therapeutic approaches to reduce bone destruction in
inflammatory autoimmune diseases.
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[27] T. Ciucci, L. Ibáñez, A. Boucoiran et al., “Bone marrow Th17
TNF𝛼 cells induce osteoclast differentiation, and link bone
destruction to IBD,” Gut, 2014.

[28] G. Eilertsen, C. Nikolaisen, A. Becker-Merok, and J. C. Nossent,
“Interleukin-6 promotes arthritis and joint deformation in
patients with systemic lupus erythematosus,” Lupus, vol. 20, no.
6, pp. 607–613, 2011.

[29] M. Linker-Israeli, R. J. Deans, D. J. Wallace, J. Prehn, T. Ozeri-
Chen, and J. R. Klinenberg, “Elevated levels of endogenous IL-6
in systemic lupus erythematosus: a putative role in pathogene-
sis,” Journal of Immunology, vol. 147, no. 1, pp. 117–123, 1991.

[30] Y. Mei, F. Pan, J. Gao et al., “Increased serum IL-17 and IL-23 in
the patient with ankylosing spondylitis,”Clinical Rheumatology,
vol. 30, no. 2, pp. 269–273, 2011.

[31] K. D. Moudgil and D. Choubey, “Cytokines in autoimmunity:
role in induction, regulation, and treatment,” Journal of Inter-
feron and Cytokine Research, vol. 31, no. 10, pp. 695–703, 2011.

[32] S. K. Sharma, S. Ahmad, and S. K. Sharma, “Serum IL-6 level as
a marker of disease activity in ankylosing spondylitis patients
with pure axial involvement,” Indian Journal of Rheumatology,
vol. 9, no. 3, pp. 115–119, 2014.

[33] J. A. Fischer, A. J. Hueber, S. Wilson et al., “Combined
inhibition of tumor necrosis factor 𝛼 and interleukin-17 as a
therapeutic opportunity in rheumatoid arthritis: development
and characterization of a novel bispecific antibody,” Arthritis &
Rheumatology, vol. 67, no. 1, pp. 51–62, 2015.

[34] 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.



8 Journal of Immunology Research

[35] D. Hürlimann, A. Forster, G. Noll et al., “Anti-tumor necrosis
factor-𝛼 treatment improves endothelial function in patients
with rheumatoid arthritis,”Circulation, vol. 106, no. 17, pp. 2184–
2187, 2002.

[36] Y. Shirota, C. Yarboro, R. Fischer, T.-H. Pham, P. Lipsky, and
G. G. Illei, “Impact of anti-interleukin-6 receptor blockade on
circulating T and B cell subsets in patients with systemic lupus
erythematosus,” Annals of the Rheumatic Diseases, vol. 72, no. 1,
pp. 118–128, 2013.

[37] J. D. Whalen, E. L. Lechman, C. A. Carlos et al., “Adenoviral
transfer of the viral IL-10 gene periarticularly to mouse paws
suppresses development of collagen-induced arthritis in both
injected and uninjected paws,” Journal of Immunology, vol. 162,
no. 6, pp. 3625–3632, 1999.

[38] R. Hardy and M. S. Cooper, “Bone loss in inflammatory
disorders,” Journal of Endocrinology, vol. 201, no. 3, pp. 309–320,
2009.
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Gaucher, the most prevalent lysosomal disorder, is an autosomal recessive inherited disorder due to a deficiency of glucocerebrosi-
dase. Glucocerebrosidase deficiency leads to the accumulation of glucosylceramide primarily in cells of mononuclear-macrophage
lineage. Clinical alterations are visceral, hematological, and skeletal. Bone disorder in Gaucher disease produces defects on bone
metabolism and structure and patients suffer from bone pain and crisis. Skeletal problems include osteopenia, osteoporosis,
osteolytic lesions, and osteonecrosis. On the other hand a chronic stimulation of the immune system is a well-accepted hallmark in
this disease. In this review we summarize the latest findings in the mechanisms leading to the bone pathology in Gaucher disease
in relationship with the proinflammatory state.

1. Osteoimmunology

A diverse number of interactions between bone and immune
cells occur within the bone microenvironment. Bone and
immune cells share the same progenitors residing in the bone
marrow and these progenitors are under the effect of the same
molecules including cytokines; these molecules can have a
high influence in the hematopoiesis process, local immune
responses, and bone cell development.

There is evidence that several immune cells can influ-
ence bone cell development and activity. However, the key
players in this regulation are activated T-cells. After suc-
cessful antigen-specific activation, T-cells produce a number
of proinflammatory cytokines [1] that can act directly or
indirectly on cells involved in bone turnover shifting bone
balance towards bone resorption or bone generation.

The bone turnover process involves bone removal by
resorbing osteoclasts and bone formation by osteoblasts.
These processes are strictly regulated in physiological condi-
tions, and this regulation implies the participation of osteo-
cytes, which are the final step of osteoblast differentiation [2].

Osteoclasts are bone resorbing cells that derive from the
same progenitors as macrophages and dendritic cells (mono-
cyte/macrophage lineage) [3]. RANKL and macrophage
colony stimulating factor (M-CSF) are essential for commit-
ment of the common precursor to the osteoclast lineage and
survival of differentiated osteoclasts. In addition numerous
cytokines are also able to influence osteoclast differentiation
and/or function [4].

Osteoblasts are the bone forming cells that originate from
bone marrow-residing multipotent mesenchymal stem cells.
Osteoblasts are one of the major sources of RANKL and
in this manner they control bone resorption. These cells
can influence immune cells and are critical regulators of the
hematopoietic stem cells (HSC) from where immune and
other blood cells derive [5].

RANKL is a transmembrane protein of the TNF super-
family encoded by the Tnfsf11 gene. It is expressed on the
surface of osteoblasts (at different stages of differentiation),
osteocytes, stromal cells of undefined origin, B- and T-cells,
synovial fibroblasts, hypertrophic chondrocytes, and even
osteoclasts themselves. The receptor of RANKL is RANK,
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which is encoded by the Tnfrsf11a gene. Upon stimulation of
RANK by RANKL under costimulatory signals such as M-
CSF, the process of osteoclast differentiation and maturation
begins [6]. The third protein member of the osteoclastoge-
nesis axis is called osteoprotegerin (OPG) and is encoded
by the Tnfrsf11b gene. OPG functions as a soluble decoy
receptor for RANKL, inhibiting RANKL interaction with
RANK, thus acting like an antiosteoclastogenic molecule [7].
OPG is expressed by osteoblasts and othermesenchymal cells
[8].

The RANK/RANKL/OPG axis is essential in osteoclast
differentiation in vivo as mutations in genes encoding
RANKL, RANK, or OPG lead to disorders with high bone
pathology [9]. RANKL is presented in two different forms
as a membrane-anchored molecule or as a soluble protein
released by the action of matrix metalloproteinases [10].
Both forms of the protein have osteoclastogenesis activity;
however, the membrane-anchored form functions more effi-
ciently [11].

The expression of RANKL on mesenchymal cells, such
as osteoblasts, is upregulated by osteoclastogenic factors such
as vitamin D3, prostaglandin E2, parathyroid hormone, and
several cytokines including IL-1, IL-6, IL-11, IL-17, and TNF-𝛼
[12].

2. Osteoimmunology in
Pathological Conditions

The activation of immune cells is a requisite for defense of the
host against pathogens; however, a persistent overactivation
of effector cells under certain pathological conditions can
result in tissue damage.

In the early 1980s, osteoclasts were identified throughout
the synovium and at the synovium/bone interface in joints of
rheumatoid arthritis (RA) patients [13]. These observations
led to the determination that osteoclasts play an important
role in certain pathological conditions [14, 15].

Inflammatory cytokines such as IL-1, IL-6, and TNF-𝛼 are
present at high levels in the synovial fluid and synovium of
RA patients.These cytokines have a potent capacity to induce
the expression of RANKL on synovial fibroblasts and bone
derived stromal cells and to affect osteoclast differentiation,
thus directly contributing to the bone destruction process
[13].

Osteoporosis (OP) has been traditionally considered as
an endocrine disease resulting mainly from the estrogens
decline after menopause. This change affects bone remodel-
ing, leading to higher risk of fractures. Since the endocrine
point of view by itself does not completely explain the patho-
genesis of OP, the osteoimmunological approach raised and
suggested that the production of proinflammatory cytokines
such as TNF-𝛼, IL-1, IL-6, IL-7, and IFN-𝛾 by activated
T lymphocytes could contribute to menopausal changes in
bone dynamics [16, 17].

Phenylketonuria (PKU) is an inborn error of amino
acid metabolism resulting from deficiency of phenylalanine
hydroxylase, the key enzyme for phenylalanine metabolism.
Bone impairment has been widely documented in PKU,

using both radiological and ultrasound methods [18, 19],
and it is typically associated with increasing age. In 2010 it
was shown that PKU patients present increased numbers of
circulating osteoclast precursors with higher differentiation
potential compared to healthy controls. TNF-𝛼 levels and
the RANKL/OPG ratio were increased in supernatants of
PBMC cultures from patients and it was shown that the
increased osteoclast differentiation from PBMC was RANKL
dependent [20].

3. Gaucher Disease

Gaucher disease is the most prevalent lysosomal disorder
[21], of around 1 : 13,000–60,000, and with a higher frequency
in the Ashkenazi Jewish population [22]. Gaucher disease
(GD;MIM#230800) is an autosomal recessive inherited lyso-
somal storage disorder that is due to a deficiency of glucocere-
brosidase (acid beta glucosidase; GCase; EC 3.2.1.45). GCase
deficiency results in progressive, intralysosomal accumula-
tion of glucosylceramide in different tissues, primarily in cells
of mononuclear-macrophage lineage. Lipid accumulation in
macrophages results in engorged cells called “Gaucher cells.”
Rarely, a variant GDmay be secondarily caused by deficiency
of the saposin C, the activator of the enzyme [23].

The first specific treatment for a lysosomal disorder was
introduced for Gaucher disease, the enzyme replacement
therapy (ERT) [24].

Clinical phenotype of GD reflects a continuum ranging
from neuronopathic forms (GD types II and III) to the more
frequent visceral form (GD type I) and from early onset to
late onset [25].

Type I is observed in 90% of cases and is characterized
by the lack of CNS manifestations. Clinical alterations are
visceral (hepatosplenomegaly without organ disfunction),
hematological (anemia and thrombopenia), and skeletal [26].

Bone pathology remains the main problem for GD
I patients after the introduction of enzyme replacement
therapy. Bone disease is a common and often painful and
disabling manifestation of GD. Multiple compartments of
bone that are affected are caused by alterations in bone
metabolism (turnover, remodeling, and mineralization).

Almost all GD patients develop skeletal complications,
consisting mainly of remodeling failure, osteopenia, osteo-
porosis, marrow infiltration, avascular necrosis, and oste-
olysis [27]. It may be suggested that patients with early
onset GD I are at risk of skeletal disease. One of the early
signs is the typical “Erlenmeyer flask” deformity of the
distal femur. These changes predominantly affect long bones
and the vertebrae. Patients could be asymptomatic with or
without radiological signs or present symptoms including
bone pain involving one limb or joint, avascular necrosis, or
pathological fractures. An international registry of Gaucher
patients worldwide revealed that 62% of them had some
form of radiologic bone disease and 43% experienced bone
pain [28]. The M𝜙 are prominent in the bone marrow and
contribute to acute episodes of osteonecrosis, particularly
during growth. Necrosis of the marrow leads to impaired
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function of joints. Other effects on the skeleton include local
swellings known as Gaucheromas.

Imaging methodologies for the evaluation of skeletal
involvement, such as conventional (plain) radiography and
scintigraphy, MRI, computed tomography, or dual energy
X-ray absorptiometry, are currently employed and provide
accurate evaluation and staging of bone lesions in GD [29].

Much evidence demonstrates substantial improvement of
hematological and visceral parameters upon introduction of
specific ERT for Gaucher patients [30]. However, bone tissue
does not respond equally; it is, in some degree, refractory
to therapy. Patients at risk may benefit from early inter-
vention with ERT, although many lesions and osteonecrosis
are irreversible. Enzyme therapy cannot reverse established
osseous injury [31]. Several prospective studies have been
performed to evaluate the effectiveness of ERT in treating
skeletal pathology. Bone pain is present at baseline in around
two-thirds of the patients. Some patients improve in this
aspect, but 40% of patients remain with this symptom after
18 months of treatment. In a recent study of patients treated
with imiglucerase for 10 years, a positive effect was observed
in skeletal symptoms, as well as a reduction of bone pain and
crises in patients who suffer from them at baseline.Moreover,
most of the patients who did not report bone symptoms at
baseline continued to be pain-free after 10 years of ERT [32].

Bone mineral density tends to increase during therapy,
but the response is slow [31]. Patients with preexistent skeletal
complications tend to suffer incidents during ERT, such as
medullary infarctions, avascular necrosis, or fractures, but
the frequency of these events is reduced [33]. Low bone
density manifests early in children with GD, and mineral
density deficit ismaximal in the adolescent period.Moreover,
this group is most responsive to ERT, underscoring the
importance of early diagnosis and intervention to achieve
optimal peak bonemass [34]. In the largest study with treated
pediatric patients bone mineral health was impaired in a
large proportion of the group before ERT and improved
considerably with treatment [35].

4. Inflammation in Gaucher Disease

A chronic stimulation of the immune system is a well-
accepted hallmark in GD. Studies of the proinflammatory
state in patients were mainly focused on analyzing cytokine
levels in sera [36–38]. Although there is a high variation
among patients, increased levels of IL-1𝛼, IL-1𝛽, IL-1Ra, sIL-
2R, IL-6, IL-8, IL-10, IL-18, TNF-𝛼, TGF-𝛽, M-CSF, MIP-1,
and CCL18 have been reported in sera [39–41].

Macrophages (M𝜙) are the principal cell type compro-
mised in patients with GD. M𝜙 have several different func-
tions including tissue remodeling and host defense; on the
other hand they play central roles in many disease processes.
They can secrete both anti- or proinflammatory cytokines
depending on the activation signals. Upon activation, two
main phenotypes of M𝜙 could be produced: classical or
alternative, depending on environment present at the time
of the stages of activation [42]. Gaucher cells resemble

alternative activatedM𝜙 [43], characterized by the expression
of chitotriosidase and CCL18.

Several immune cells have been shown to be impaired
in GD including monocytes, M𝜙, dendritic cells, and T- and
B-cells [44–46]. It has been shown that monocytes in GD
patients expressed higher levels of CD1d andMHCII on their
surface, which could lead to an increased T-cell activation
[47]. Abnormalities in the B-cell subset are mainly IgG and
IgM hypergammaglobulinemia and plasmacytosis [48]. An
increased incidence of gammopathies and multiple myeloma
has been reported, further showing the interplay between
Gaucher cells and the immune system [49].

A GD murine model was generated, in which the GBA
gene was conditionally deleted on hematopoietic cells [50].
This model presented all the hallmark characteristics of GD
I, including organomegaly, and it was the only murine model
so far to show bone involvement. In this model an alteration
of immune cell compartment was observed. This alteration
included thymicmaturation impairment with higher levels of
CD4+ and antigen-presenting cells. What is more, activated
B-cells on the thymus were also increased, which could
explain the alteration of normal T-cell maturation [51].

In another murine model of GD, higher levels of CD4+
cells were found on the lungs, spleen, and liver as well as an
increased expression of costimulatorymolecules [52]. Higher
levels of proinflammatory cytokines including IFN-𝛾, IL-
12p40, TNF-𝛼, IL-17A/F, IL-6, and TGF-𝛽 were found in sera
of these mice. When T-cells were cocultured with dendritic
cells in the presence of glucosylceramide, higher levels of
Th1/Th17 cytokines were secreted.

More recently, using a different approach, Panicker et al.
differentiatedM𝜙 frompatient induced pluripotent stem cells
(hiPSC); with this model they showed increased production
of IL-1𝛽, TNF-𝛼, and IL-6 by GD derived M𝜙 and an
exacerbated response to LPS treatment [53].

This deregulation of immune system cells is tightly related
to the increased levels of cytokines and chemokines. These
molecules are secreted by the immune cells, which, in turn,
are recruited and activated by chemokines and cytokines,
respectively. This could create a loop in which immune
cells from Gaucher patients are being continuously activated,
leading to systemic and focal activation of the immune
system.

5. Osteoclast-Osteoblast Uncoupling in
Gaucher Disease

The molecular and cellular bases of GD bone physiopathol-
ogy are not well understood and opposing studies have
emerged in the last few years. As mentioned before in 2010,
Mistry et al. [50] generated a conditional KO mouse model
of GD I which presented the main GD clinical hallmarks.
The most striking feature about this model is the presence
of bone involvement as previous mouse models of GD did
not present bone involvement. Bone manifestations included
medullar infarctions with associated avascular necrosis and
osteopenia at all sites. The bone formation rate presented
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a significant impairment in these mice while the quantifica-
tion of TRAP-labeled surfaces did not present differences.

A significant impairment in osteoblast proliferation and
differentiation was present in the model, while osteoclast
differentiation and activity did not seem to be altered.
The impairment on osteoblast proliferation was shown to
be dependent on a decrease in PKC activity due to the
accumulation of glucosylsphingosine and, to a lesser extent,
glucosylceramide. More recent studies present sphingosine
as the most probable candidate for osteoblast impairment
in the mouse model [54]. These findings suggest that bone
complications in GD would result from an osteoblast source
without osteoclast involvement [50, 54].

Different reports have shown the involvement of osteo-
clasts on GD bone pathophysiology. Using an in vitro model
of GD in whichmesenchymal stem cells andmonocytes were
exposed to conduritol-𝛽-epoxide (CBE), a specific glucocere-
brosidase inhibitor, Lecourt et al. showed that although direct
CBE treatment had no effect on osteoclast differentiation if
mesenchymal stem cells were cultured in the presence of con-
ditioned media from CBE-exposed monocytes, an increased
osteoclastogenesis and resorption activity was detected [55].

Our group showed, using a similar approach, that treat-
ment of osteoclast precursors with conditioned media from
peripheral blood mononuclear cells (PBMCs) exposed to
CBE resulted in an increased level of osteoclast differentiation
when compared to control conditioned media.

What is more, we showed that one of the central
molecules involved in the increased osteoclast differentiation
was the proinflammatory cytokine TNF-𝛼 and that T-cells
also played an important role in this process [56]. The
same results were obtained using a mice model in which
conditioned media were obtained from peritoneal M𝜙 or
splenocytes exposed to CBE; in this model involvement of
TNF-𝛼 was also shown using osteoclast precursors derived
from TNF-𝛼 receptor deficient mice [57]. In addition to
this we could show that treatment of the osteoblastic cell
line MC3T3 with conditioned media from CBE treated M𝜙
reduced mineralization and collagen deposit [57]. These
results would indicate an impairment of both osteoclast
and osteoblast activity in GD leading to bone loss as the
involvement of immune cells and molecules in this process.

The group of Reed et al. isolated PBMC from patients
withGD and showed that patients’ monocytes, when exposed
to osteoclastogenic mediators, presented a higher differen-
tiation towards active osteoclasts. What is more, osteoclasts
differentiated from patients had bigger diameter and a
greater number of nuclei when compared with osteoclasts
differentiated from healthy controls’ PBMCs. They showed
that the higher osteoclastogenic potential presented a clinical
correlation with patient’s bone involvement [58].

6. Future Perspectives

GD is the most common lysosomal disorder and the first for
which specific treatment has been developed. Bone disease
in Gaucher patients is one of the most disabling features of
the disease, so the possibility of knowing the mechanisms

underlying the bone pathology is a main challenge to ame-
liorate the quality of life of patients.

Studies are based on the explanation of the cellular and
molecular pathways that result upon glucosylceramide accu-
mulation in M𝜙 and the possible relationship with different
bone cells.

The bases of osteoimmunology are being applied to bring
light in this aspect. In this regard, there are several questions
to be answered. T-cell involvement and a better under-
standing of the effects and importance of proinflammatory
cytokines such as TNF-𝛼 on bone pathology in GD are
necessary.

On the other hand, crosstalk between osteoblasts and
osteoclasts in GD could provide new mechanisms involved
in the process of bone loss.

Finally the effect of ERT and substrate reduction therapy
on bone involvement is a central aspect to be studied,
especially, how these treatments affect different bone cells and
their function.

The results of basic research will be of utility in order to
identify new targets for coadjuvant therapies to treat skeletal
pathology in GD.
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Objectives. Genome wide association studies identified TNFSF member TNF-like protein 1A (TL1A, TNFSF15) as a potential
modulator of ankylosing spondylitis (AS). TL1A is the only confirmed TNFSF ligand of death receptor 3 (DR3, TNFRSF25);
however, its role in disease pathology is not characterised.We evaluated DR3’s role in controlling osteoblast- (OB-) dependent bone
formation in vitro and in vivo. Methods. Osteoprogenitor cells and OB were cultured from male DR3-deficient (DR3ko) and wild-
type (DR3wt) DBA/1 mice. DR3 and RANKL expression were tested by flow cytometry. Alkaline phosphatase and mineralization
were quantified. Osteopontin, osteoprotegerin, and proMMP-9 were measured by ELISA. A fluorescent probe (BoneTag) was used
tomeasure in vivomineralization in 10-month-oldmice. Results. DR3 was expressed on osteoprogenitors andOB fromDR3wt mice.
Alkaline phosphatase, osteopontin, and mineral apposition were significantly elevated in DR3wt cultures. Levels of RANKL were
comparable whilst osteoprotegerin was significantly increased inDR3wt cultures. In vivo incorporation of BoneTag was significantly
lower in the thoracic vertebrae of 10-month-old DR3ko mice. Conclusions. These data identify new roles for DR3 in regulating OB-
dependent bone mineral apposition. They potentially begin to explain the atypical pattern of new bone formation observed in the
axial skeleton of grouped, aging DBA/1 mice.

1. Introduction

In a normal physiological state the process of bone remod-
eling is accomplished through the coupled activities of the
osteoclast (OC) and the osteoblast (OB). The OC is respon-
sible for the degradation of bone while the OB produces the
organic matrix and aids in its mineralization [1, 2]. In certain
pathological conditions, however, OC and OB activity can
become uncoupled leading to an increase or decrease in bone
resorption and bone formation. Increased bone formation
is observed in the spondyloarthritides; delicate marginal
syndesmophytes are common in ankylosing spondylitis (AS)
whilst nonmarginal syndesmophytes are frequently observed
in reactive arthritis and psoriatic arthritis (PsA) [3–5]. The
cause of this excessive focal bone formation byOB is currently

not clear. The immune system and increased expression of
proinflammatory cytokines such as members of the tumour
necrosis factor super family (TNFSF) and their receptors
have been shown to be implicated [3]. Our study assesses
the impact of the TNF receptor superfamily (TNFRSF)
member death receptor 3 (DR3) upon OB-directed mineral
apposition with a view to understanding how it modulates
bone remodelling in the axial skeleton.

Identification of a link between the DR3/TL1A path-
way and the spondyloarthritides was first demonstrated
when single-nucleotide polymorphisms (SNPs) located in the
direct vicinity of theTNFSF15 gene were shown to be strongly
associated with predisposition to spondyloarthropathy [6].
Further evidence for a role of the DR3/TL1A pathway in AS
was provided by Konsta et al., who identified that serum
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levels of TL1A are significantly elevated in AS patients over
healthy controls [7]. The mechanism through which the
DR3/TL1A pathway potentially drives the pathogenesis of the
spondyloarthritides, however, is not clear. Expanded num-
bers of circulating CD8+ CD28− T cells have been identified
in AS patients, which correlated with a more severe course
of disease [8]. A study by Twohig et al., demonstrated that
TL1A signalling on TCR stimulated CD8+ T cells resulted in
increased proliferation [9]. The indirect effect of DR3/TL1A
signalling in CD8+ T cells upon the expansion of OBs or
mineral apposition by OB, however, has not been resolved.
Studies by Bu et al. [10] and Borysenko et al. [11] demon-
strated the expression of DR3 on the surface of a human OB
cell line and primary human OB. These findings imply that
the DR3/TL1A signaling pathway could directly modulate
apposition of bone matrix by OB, a notion that has not been
investigated previously.

This study is the first to specifically investigate the func-
tional role of DR3 onmineral apposition byOB in vitro and in
vivo using male DBA/1 mice lacking the DR3 gene (DR3ko).
The spontaneous development of ankylosing enthesopathy
has been reported previously in aging male DBA/1 mice and
our study provides the first insight toDR3’s role in controlling
new bone formation by OB in the axial skeleton [12]. Here we
report that OB-derived DR3 increases expression of the early
OB differentiation marker alkaline phosphatase, increases
expression of the transcription factors Runx2 and OSX, and
regulates mineral apposition. MMP-9 and OPN production
by OB were measured as surrogate markers of increased OB
activation. OB and OC cross talk is an important factor in
bone homeostasis. We measured OB-derived RANKL and
OPG production to determine the role of DR3 in regulating
OC differentiation byOB.These findings examine potentially
important, hitherto unknown, mechanisms whereby DR3
regulates OB-dependent bone homeostasis.

2. Materials and Methods

2.1. Animals. All experiments were undertaken in male
DBA/1 DR3wt andDR3ko mice generated in a DR3het×DR3het

colony. The DBA/1 DR3ko strain was generated through
backcrossing C57BL/6 DR3het mice [13] with DBA/1 wild-
type mice for 7 generations. All DBA/1 DR3wt and DR3ko
animals were generated in-house. Animals used for in vitro
experiments were 8–12 weeks of age. Animals for the in vivo
BoneTag experiments were 10 months of age. Animals were
housed in filter top cages at a constant temperature and
humidity on a 12-hour light/dark cycle. Food and water were
available ad libitum. All procedures were approved by the
Local Research Ethics Committee and performed in strict
accordance with Home Office approved license PPL 30/2361.

2.2. OPC and OB Cell Culture. To obtain osteoprogenitors
(OPCs) bone marrow was isolated from the femora of DR3wt
(𝑛 = 5) and DR3ko (𝑛 = 5) DBA/1 mice and cultured in
𝛼MEM supplemented with 20% foetal calf serum, 50𝜇g/mL
Penicillin-Streptomycin (control medium) and 5% CO

2
at

37∘C. At confluence OPCs were detached from the culture

vessel by scraping and were replated in a 12-well plate at a
density of 4 × 104 cells/well in control medium. Osteoblasts
were subsequently differentiated from OPCs by addition of
𝛼MEM supplemented with 10% foetal calf serum, 50𝜇g/mL
Penicillin-Streptomycin, 10mM 𝛽-glycerophosphate, 50 𝜇g/
mL ascorbic acid, and 10 nM dexamethasone (mineralisation
medium). Osteoblasts were maintained for up to 26 days (5%
CO
2
at 37∘C) with medium changes every 3-4 days.

2.3. Cellular Staining and Flow Cytometry. OPCs (DR3wt 𝑛 =
6, DR3ko 𝑛 = 4) and OB (DR3wt 𝑛 = 3, DR3ko 𝑛 = 2) were
cultured for 15 days using the method described above. Cells
were removed from the culture vessel and incubated with
Fc block (BD Pharmingen, CA, USA) for 15min followed
by a 30min block with 2% normal goat serum. Cells were
stained with either polyclonal 𝛼-mouse DR3-biotin (BAF
2437; R&D Systems, MN, USA) followed by SA-APC (Molec-
ular Probes, OR, USA) or PE-conjugated 𝛼-mouse RANKL
mAb (IK22/5; Santa Cruz Biotechnology Inc., TX, USA).
Data were acquired on a BD Accuri C6 flow cytometer and
analysed with CFlow software (BD Biosciences).

2.4. TL1A RT-PCR. RNA was extracted from OPCs and
mineralising OB (DR3wt 𝑛 = 1, DR3ko 𝑛 = 1) using RNeasy
(QIAGEN) following manufacturer’s instructions and con-
verted to cDNA using SuperScript II Reverse Transcriptase
(Life Technologies). RT-PCR was performed according to
standard Life Technologies protocols. PCR primers were as
follows: TL1A, forward 5-CAG CAG AAG GAT GGC AGA-
3 and reverse 5-CTCTGGCCTGTGTCTACA-3, giving a
91-bp product; and 𝛽-actin, forward 5-CGGCCAGGTCAT
CAC TAT TG-3 and reverse 5-CTC AGT AAC CCG CCT
AG-3, giving a 450-bp product.ThePCR comprised 33 cycles
with an annealing temperature of 59∘C. The PCR products
were size fractionated by agarose gel electrophoresis and
analysed using aUVPBioDoc It imaging system (Cambridge,
UK).

2.5. Quantitative PCR. RNA was extracted from OPCs and
OB and converted to cDNA as described above (DR3wt 𝑛 =
1, DR3ko 𝑛 = 1). Quantitative PCR was performed using
the iCycler iQ system (Bio-Rad) with RT2 Real Time SYBR
green PCR master mix (SA Biosciences) following the rec-
ommended protocol for SYBR green (Bio-Rad). Assays were
run in duplicate. mRNA levels were determined using the
comparative Ct method and normalized to 𝛽-actin mRNA
levels. Primers used for quantitative PCR were as fol-
lows: RUNX2, forward 5-CCCTGAACTCTGCACCAAGT-
3 and reverse 5-TGGCTCAGATAGGAGGGGTA-3; OSX,
forward 5-TCTCCATCTGCCTGACTCCT-3 and reverse
5-CAGGGGACTGGAGCCATAGT-3;𝛽-actin as above.

2.6. Alkaline Phosphatase and Mineralisation Staining. Alka-
line phosphatase (ALP) activity was determined in OB
cultures (DR3wt 𝑛 = 5, DR3ko 𝑛 = 5) using SigmaFast BCIP/
NBT stain (Sigma). The mineralized matrix was stained for
calcium deposition by Alizarin-red staining. Briefly, at time
points indicated in results, cultures were fixed with a 4%
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formaldehyde/PBS solution for 15min. Cultures were then
incubated with either SigmaFast BCIP/NBT solution or
Alizarin-red (1% solution in water) for 30 minutes. Cul-
tures stained for mineral apposition were washed with 50%
methanol to remove nonspecific background. Plates were air-
dried and scanned and the percentage of the well was covered
by ALP positive cells or mineral calculated with Image J
(NIH).

2.7. Measurement of Soluble Mediators in Cell Culture Super-
natant. Expression of solublemediators in cell culture super-
natants was analysed by ELISA using mouse osteoprotegerin
(OPG), pro MMP-9, receptor activator of nuclear factor
kappa-B ligand (RANKL) and osteopontin (OPN) DuoSet
kits (all R&D Systems).

2.8. In Vivo Imaging. DBA/1 male mice were housed together
as previously described [12]. Animals at 10 months (DR3wt

𝑛 = 3, DR3ko 𝑛 = 3) of age were subjected to either an
intraperitoneal injection with IRDye 680 BoneTag optical
probe (0.08 nmol/g) or equal volume of PBS as control.
After 24 hours animals were sacrificed by CO

2
asphyxiation.

Images were taken using the Xenogen IVIS 200 (excitation
wavelength 676 nm, emission wavelength 698 nm, f-stop 1)
and rectangular regions of interest of fixed dimensions were
selected at the thoracic spine, knee, and tail. Total efficiency
of the marker was analyzed using the Live Image software,
version 2.50.2 (Caliper). The efficiency values obtained from
the PBS control animals were subtracted from the values
obtained with BoneTag, to account for background autofluo-
rescence.

2.9. Statistical Analysis. Data are expressed as mean ± SEM
and statistical analysis performed using the Mann-Whitney
𝑈 test for nonparametric data, unpaired 𝑡-test for parametric
data, or 2-way analysis of variance (ANOVA) usingGraphPad
Prism software (GraphPad, San Diego, CA, USA). 𝑃 values of
≤0.05 were considered significant and values of ≤0.01 were
considered highly significant.

3. Results

3.1. Expression of DR3 andTL1A byOPCs andOB. Expression
of DR3 on the human MG63 osteosarcoma cell line has
previously been demonstrated by Borysenko et al. [11]. Here
we investigated DR3 expression on primary, murine OPCs
and OB using flow cytometry. The signal from the surface
of DR3wt OPCs was 1.8 ± 0.2-fold higher than the isotype
control (Figure 1(a)) and was significantly higher than from
DR3ko OPCs (𝑃 ≤ 0.05). Levels of DR3 signal were reduced
onDR3wt mineralising OB (1.4±0.8-fold increase) compared
to the OPCs. RT-PCR analysis of DR3wt- and DR3ko-derived
OPCs andOB showed constitutive expression ofTL1AmRNA
across a 15 day time course (Figure 1(b)).

3.2. DR3/TL1A Signalling Promotes RUNX2 and OSX Expres-
sion. To identify whether DR3 signalling in OPCs and

OB modulates Runx2 and OSX expression qPCR was per-
formed on differentiating OB across a 14-day time course
(Figure 1(c)). No difference in RUNX2 and OSX levels was
detected between the DR3wt andDR3ko cultures after the first
3 days of differentiation. At day 7 an increase in Runx2 gene
expressionwas observed in theDR3wt cultures. At day 14 both
Runx2 and OSX expression levels were elevated in the DR3wt

cultures compared to the DR3ko cultures.

3.3. Effect of DR3 on OB Differentiation, OPN and Pro MMP-
9 Expression and Mineral Apposition. To assess the effect of
DR3 on OB differentiation and mineral apposition, miner-
alization assays were performed and expression of the early
OB differentiation marker ALP was studied. At the earliest
time point assessed (day 17), the percentage area of the wells
demonstrating ALP-positive cells was elevated in the DR3wt

(41 ± 5%) versus DR3ko (30 ± 5%) cultures. These levels
did not vary significantly across the 26-day time course,
translating into significantly increased levels of ALP staining
in DR3wt cultures (𝑃 ≤ 0.05; Figure 2(a)).

To see whether the increase in DR3wt ALP expression was
accompanied by an increase in OB activation markers, levels
of the Ca2+ binding osteoid protein (OPN) and a regulator
of bone matrix maturation (pro MMP-9) were measured in
culture supernatants [14, 15]. Levels of OPNwere significantly
elevated in DR3wt cultures compared to DR3ko cultures over
the 26-day time course (𝑃 < 0.01; Figure 2(b)). Levels ofOPN
peaked at day 17 in the DR3wt (252± 55 ng/mL) and at day 23
in the DR3ko cultures (178 ± 70 ng/mL). Levels of pro MMP-
9 were initially higher at day 3 in the DR3wt cultures versus
DR3ko (3.4 ± 0.5 ng/mL versus 1.5 ± 0.2 ng/mL; 𝑃 < 0.01).
DR3wt pro MMP-9 levels peaked at day 7 (4.1 ± 1.7 ng/mL)
and decreased over the duration of the time course to 0.7 ±
0.3 ng/mL. In contrast, expression of pro MMP-9 in the
DR3ko cultures increased over the culture period and peaked
at day 20 (3.8 ± 1.7 ng/mL; Figure 2(c)).

To identify whether the increase in DR3wt OB differ-
entiation and OPN expression correlated with an effect on
mineral apposition, levels of mineralization in the cultures
were evaluated. At day 17 comparable levels of mineralization
were observed between theDR3wt (4±1%) andDR3ko (3±1%)
cultures.Mineral appositionwas significantly increased in the
DR3wt cultures at day 23 (14±2%;𝑃 < 0.001) and day 26 (14±
2%;𝑃 < 0.001) when compared toDR3ko cultures (5±1%and
5 ± 1%, resp.). This resulted in significantly increased levels
of mineral apposition across the time course in the DR3wt
cultures (𝑃 < 0.001; Figure 2(d)). Having demonstrated that
DR3 affects OB differentiation and mineral apposition, in
vitro, we investigated whether it could have a potential effect
on OB control of osteoclast formation.

3.4. Effect of DR3 onOB-Derived RANKL andOPG. To inves-
tigate whether DR3 had a role in regulating OB control of
OC formation, levels of OB-derived RANKL and OPG were
studied. OPC and OB cell surface RANKL expression were
comparable between DR3wt and DR3ko cells (Figure 3(a)).
No soluble RANKL was detected in any culture supernatants
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Figure 1: Expression of DR3 by murine OPCs and OBs. (a) DR3wt (𝑛 = 6) and DR3ko (𝑛 = 4) OPCs and OB (DR3wt 𝑛 = 3, DR3ko 𝑛 = 2)
were analysed for DR3 signal by flow cytometry. DR3 signal was observed on DR3wt OPCs and OBs. A small subpopulation of DR3wt OPCs
displayed higher levels of DR3 signal (shaded area = isotype control, black outline = DR3 antibody). (b) RNA was extracted from DR3wt and
DR3ko OPCs and OB and tested for TL1A mRNA by RT-PCR. A 91 bp band corresponding to TL1A mRNA was detected at all time-points
demonstrating constitutive expression of TL1A mRNA by DR3wt and DR3ko OPCs and OB. (c) Samples (DR3wt 𝑛 = 1, DR3ko 𝑛 = 1) were
tested by qPCR at time points indicated to determine whether DR3 signalling modulates (i) Runx2 or (ii) OSX gene expression. Increased
expression of Runx2 was detected at day 7 and day 14 while increased OSX expression was only detected at day 14 in the DR3wt compared to
the DR3ko.
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Figure 2: Expression of ALP, OPN, pro MMP-9, and mineral apposition in DR3wt and DR3ko osteoblast cultures. (a) DR3wt (𝑛 = 5) and
DR3ko (𝑛 = 5) derived OB were cultured and the percentage of well area covered by ALP+ cells was calculated. ALP staining was significantly
higher in the DR3wt compared to the DR3ko cultures across the 26-day time course (𝑃 ≤ 0.01). Supernatants from OB cultures were tested
for soluble levels of (b) OPN and (c) pro MMP-9. Across the time course significantly increased levels of OPN were detected in DR3wt versus
DR3ko cultures (𝑃 ≤ 0.01). (d) Levels of mineral apposition in the cultures were tested by alizarin-red staining. Significantly increased levels
of mineralization were observed in the DR3wt cultures at days 23 and 26 (𝑃 ≤ 0.001) compared to the DR3ko.This translated into a significant
increase in the level of mineral apposition across the 26-day time course (𝑃 ≤ 0.001).

(data not shown). In contrast, significantly increased levels of
OPG were detected across the 26-day time course in DR3wt

compared to DR3ko cultures (𝑃 < 0.01; Figure 3(b)). Levels
of OPG peaked at day 14 (62 ± 37 ng/mL) in DR3wt cultures,
while in DR3ko cultures OPG levels reached a peak of 19 ±
7 ng/mL on day 17.

3.5. Assessing the Impact of DR3 on Bone Formation In Vivo.
In vitro DR3 has been shown to regulate OB differentiation
and mineral apposition while promoting expression of the
antiosteoclastogenic cytokine OPG. To identify what effect
this would have on in vivo bone formation male DBA/1
mice were aged for 10 months as a spontaneous model of
ankylosing enthesopathy [12]. Bone formation over a 24-hour
period was measured at three sites (knee, tail, and thoracic
vertebra) via the incorporation of the fluorescent probe Bone-
Tag. Significantly increased fluorescence efficiency values

were observed in the DR3wt thoracic spine (2.94 ± 0.20 ×
10−5; 𝑃 < 0.05) compared to the DR3ko thoracic spine
(1.76 ± 0.26 × 10−5; Figure 4(c)), suggesting DR3ko mice
exhibit some resistance to the long-term development of
spontaneous ankylosing enthesopathy observed in DBA/1
strain wild-type animals.

4. Discussion

Spondyloarthritides such as AS and PsA are characterized
by the formation of syndesmophytes [3–5]. Mechanisms
that control this increased aberrant bone apposition are not
clear. This study provides the first direct evidence of DR3’s
involvement in OB-dependent new bone formation in vitro
and in vivo.We demonstrate (usingDR3ko mice) thatDR3has
an important role in the differentiation of OB and subsequent
mineralization of the organic matrix by OB. We also reveal
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Figure 3: Effect of DR3 on OB-derived RANKL and OPG. (a) Cell surface expression of RANKLwas analyzed on DR3wt- and DR3ko-derived
OPCs and OB by flow cytometry. Both DR3wt and DR3ko OPCs displayed a 3-fold increase in RANKL signal over isotype control. RANKL
signal increased to 5-fold over isotype in DR3wt and DR3ko OB. (b) Levels of soluble OPG were measured in culture supernatants by ELISA
(DR3wt 𝑛 = 5, DR3ko 𝑛 = 5). Expression of OPG was significantly elevated in the DR3wt compared to DR3ko OB cultures over the 26-day
time course (𝑃 ≤ 0.01).

a novel pathway whereby DR3 increases OPG production
by OB thereby potentially decreasing OC differentiation. In
vivo, we show that gene deletion of DR3 protects the axial
skeleton against excessive bone formation, a bone phenotype
previously observed in aging DBA/1 male mice [12].

In the current study we reveal that DR3 is expressed
on the cell surface of primary murine OPCs and OBs. DR3
expression on mouse OPC was shown to be comparable to
that reported on the human OB MG63 cell line [11]. Cell
surface expression of DR3 was reduced on mineralizing OB
suggesting that DR3 may be temporally regulated during
OB differentiation. In addition to DR3, the current study
identified for the first the time expression of TL1A mRNA
by primary OPCs and OB. These data suggest a potential
autocrine role for the DR3/TL1A pathway in modulating OB
differentiation and mineral apposition.

The notion that DR3 signalling has a role in OB differ-
entiation was supported by the mineralization assay results.
Levels of ALP expression and mineral apposition were
significantly increased in the DR3wt cultures. This could be
explained by DR3 signalling increasing either OB differen-
tiation or proliferation, as has been described for effector T
cells [16–18]. Total OB cell numbers at experiment end-point
were, however, comparable between the DR3wt and DR3ko
cultures (data not shown), suggesting that the increase inALP
expressing cells was due to DR3 promoting differentiation.
This result is at odds with data described by Borysenko et al.
[11], who demonstrated that cross-linking of DR3 with an
antibody on MG63 cells induced apoptosis and inhibited
differentiation. However, Borysenko and colleagues were
unable to reproduce their results with TL1A or in primary
human OB, suggesting that activation following receptor
cross-linking may differ from actions of the natural ligand.

Further support for DR3 having a role in the regulation of OB
differentiation is provided by the analysis of Runx2 and OSX
gene expression. Runx2 and OSX are critical transcription
factors involved in OB differentiation, the absence of which
results in the maturational arrest of the OB [19–21]. In the
present study both Runx2 and OSX were elevated in the
DR3wt, but notDR3ko, cultures at later time points.These data
suggest a possible mechanism through which OB-dependent
DR3 signalling potentially modulates OB differentiation.

The DR3-dependent increase in OB differentiation in
the DR3wt was associated with increasing mineral apposi-
tion in the cultures. This elevation in mineral apposition
corresponded with a significant increase in OPN expression
in the DR3wt cultures. OPN is suggested to play a role in
osteogenesis by attachment of the OB to the organic matrix
and to regulate crystal size during mineralization [14, 22].
Interestingly OPN is in part transcriptionally regulated by
Runx2 [22, 23] suggesting that in OBs, DR3 modulates OPN
expression indirectly via this transcription factor. Before the
OB can commence with the formation of newly mineralized
bone the organic matrix must first undergo a maturation
process. In a study by Filanti et al. [15] members of the matrix
metalloproteinase (MMP) family, includingMMP-2, -9, and -
14, were increased inOB cultures at the time of nodule forma-
tion suggesting that they play a significant role in this matrix
maturation process. Previous studies have demonstrated that
DR3 signalling has a role in MMP-9 production; the THP-1
cell line has been shown to increase MMP-9 expression fol-
lowing treatment with TL1A [24, 25]. In addition, a study by
Wang et al. [26] described significantly lower levels of MMP-
9 in the joints of DR3ko mice with antigen induced arthritis
compared to their DR3wt counterparts during the early stages
of disease. In the present study we sought to determine
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Figure 4: Incorporation of BoneTag into the knee, tail, and thoracic spine of 10-month-old DR3wt and DR3ko mice (DR3wt 𝑛 = 3, DR3ko 𝑛 =
3). Mice were injected with the fluorescent probe BoneTag and in vivo bone formation was analyzed. No differences in bone formation were
observed in the (a) knee or (b) tail. A significant increase in bone formation was observed in the (c) thoracic spine of DR3wt compared to
DR3ko mice (𝑃 ≤ 0.05). Area quantified illustrated by red circle/box.
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whether OB-dependent DR3 signalling affected osteoblastic
MMP-9 expression, which would potentially modulate OB
mineral apposition. A difference in the MMP-9 expression
pattern was observed between the DR3wt andDR3ko cultures;
with higher levels of pro MMP-9 observed at the early time
points in the DR3wt cultures. This early expression of MMP-
9 shows similarity to the phenotype described by Wang et al.
[26] and taken together the results suggest thatDR3 signalling
has a central role in controlling levels ofMMP-9.Unpublished
work from our laboratory also suggests that the DR3 pathway
may have a key role in the activation of MMP-9 from the pro
form.

In addition to anOB specific effect, we have shown in vitro
that OB DR3-dependent signalling results in significantly
elevated expression of the soluble RANKL inhibitor OPG.
This data suggests that OBDR3 signalling has the potential to
in-directlymodulate OC formation; where the increasedOB-
derived OPG inhibits OC formation and subsequently bone
resorption [27]. This is in contrast to the direct contribution
of DR3 signalling on osteoclastogenesis during inflammatory
arthritis where DR3 has been revealed to enhance OC
formation [28]. Interestingly, significantly increased levels of
OPG have been detected in the serum from AS patients and
are linked to poor physical mobility [29].

To investigate whether DR3 regulation of OB differ-
entiation and mineral apposition could contribute towards
the increased bone formation associated with the spondy-
loarthritides, we examined the effect of DR3 on in vivo
bone formation in the spontaneous ankylosing enthesopa-
thy model [12]. The results from the 10-month-old mice
are consistent with the hypothesis that OB-dependent DR3
signalling has a significant role in regulating the atypical
bone formation observed in the axial skeleton of mice with
spontaneous ankylosing enthesopathy. The increased bone
formation observed in the thoracic spine of DBA/1 DR3wt
mice is analogous to the pattern of marginal/nonmarginal
syndesmophyte formation observed in the spine of PsA and
AS patients [30, 31]; thus this observation could have impor-
tant implications in the understanding of the pathogenesis of
these diseases.

The results from the present study provide the first
evidence for a functional role for DR3 signalling in new bone
formation. We have shown that cell surface DR3 is tem-
porally expressed by OPCs and OB while TL1A mRNA is
constitutively expressed and that an autocrine signalling loop
may promote Runx2 and OSX expression, consequently
modulating OB differentiation and mineral apposition. OB-
dependent DR3 signalling increased levels of the soluble
inhibitor OPG and could, therefore, indirectly regulate OC
formation and bone resorption. Finally, in vivo, the absence of
DR3 leads to differences in bone formation compared towild-
type DBA/1 mice, which in 10-month-old animals suggest
resistance to the development of spontaneous ankylosing
enthesopathy that has been previously described in this
strain [12]. These data, taken with the study by Konsta et al.
[7], suggest that OB-dependent DR3 signalling could be an
important contributory factor in the atypical bone pathology
associated with diseases such as PsA and AS.
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Alveolar bone loss is a hallmark of periodontitis progression and its prevention is a key clinical challenge in periodontal disease
treatment. Bone destruction is mediated by the host immune and inflammatory response to the microbial challenge. However,
the mechanisms by which the local immune response against periodontopathic bacteria disturbs the homeostatic balance of
bone formation and resorption in favour of bone loss remain to be established. The osteoclast, the principal bone resorptive
cell, differentiates from monocyte/macrophage precursors under the regulation of the critical cytokines macrophage colony-
stimulating factor, RANK ligand, and osteoprotegerin. TNF-𝛼, IL-1, and PGE

2
also promote osteoclast activity, particularly in states

of inflammatory osteolysis such as those found in periodontitis.The pathogenic processes of destructive inflammatory periodontal
diseases are instigated by subgingival plaque microflora and factors such as lipopolysaccharides derived from specific pathogens.
These are propagated by host inflammatory and immune cell influences, and the activation of T and B cells initiates the adaptive
immune response via regulation of the Th1-Th2-Th17 regulatory axis. In summary, Th1-type T lymphocytes, B cell macrophages,
and neutrophils promote bone loss through upregulated production of proinflammatory mediators and activation of the RANK-L
expression pathways.

1. Introduction

Bone resorption is a basic physiologic process that is cen-
tral to the understanding of many key pathologies, with
its most common oral manifestation seen as the alveolar
bone destruction in periodontitis [1–4]. This review aims to
describe the prevailing understanding ofmechanisms of bone
resorption as related to periodontal disease, at the molecular
and cellular levels. It outlines some of the newer advances
in the field of osteoimmunology, and sheds light on recent
research contributions and future directions from a clinical
perspective [5–8]. Understanding the biological mechanisms
that control the immunopathogenesis of the remodelling
and resorptive processes will clarify not only the local
control of bone cell function but also the pathophysiology of
accelerated bone loss, as seen in periodontal disease and other
immunoinflammatory diseases of bone such as osteoporosis
and rheumatoid arthritis [9–11].

2. Bone Homeostasis and Maintenance

Bone is a remarkably dynamic and active tissue, undergoing
constant renewal in response to mechanical, nutritional,

and hormonal influences. A balance between the coupled
processes of bone resorption by osteoclasts and bone for-
mation by osteoblasts is required in a healthy adult [3, 12–
14]. Under physiologic conditions, these processes are very
carefully regulated by systemic hormones and local factors
and orchestrated by osteocytes and bone lining cells which
fine-tune interstitial fluid and plasma calcium levels [3].
Thus, bone resorption plays a major role in the homeostasis
of skeletal and serum calcium levels, and the regulated
coupling of resorption to new bone formation by osteoblasts
is required for proper growth, remodelling, and skeletal
maintenance [12–14].The overall quality and quantity of bone
will be affected by any factors that influence either of these
processes or perturb this balance.

3. Bone Cells

Preosteoblasts, osteoblasts, osteocytes, and bone lining cells
all arise from the osteogenic line of cells, which, in turn,
arise from primitive mesenchymal cells in bone marrow
stroma and from pericytes adjacent to connective tissue
blood vessels. Their differentiation requires activation of
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theOsf2/Cbfa gene,which activates expression of osteocalcin,
bone sialoprotein (BSP), osteopontin (OPN), and collagen
synthesis, and is followed by stimulation from bone morpho-
genetic protein- (BMP-) 2 and transforming growth factor
beta (TGF-𝛽) [15–17]. Besides their primary role in bone
formation, osteoblasts express chemokines, prostaglandins,
and growth factors (e.g., BMPs, TGF-𝛽, colony-stimulating
factor- (CSF-) 1, granulocyte colony-stimulating factor (G-
CSF), basic fibroblast growth factor (basic FGF), and insulin-
like growth factor (IGF)) with autocrine, self-regulatory,
and/or paracrine activity that regulate osteogenic as well as
osteoclastic cells [18]. Osteoblastic cells have a major influ-
ence on the environmental responsiveness of osteoclasts
through localisation, induction, stimulation, and inhibition
of resorption [8, 13].

Osteocytes are mature bone cells that have become
entrapped in bone matrix and mobilise calcium from matrix
for transport and exchange with body fluids in response
to systemic demand [19]. They too respond to systemic
influences as evidenced by increased levels of cyclic AMP and
act as transducers tomodulate local bone remodelling activity
[19].They are liberated by osteoclasts during resorption, with
the eventual fate of apoptotic cell death. Bone lining cells
regulate the ionic composition of bone fluid, protect the bone
surface from osteoclasts, and regulate new bone formation or
resorption [12, 14].

Osteoclasts are highly specialised motile migratory bone
resorptive cells, derived from haematopoietic stem cells [12–
14, 20–22]. They are responsible for the degradation of min-
eralized bone and are, therefore, critical for normal skeletal
growth and development, maintenance of bone integrity
throughout life, calcium metabolism through remodelling,
and homeostasis and repair [12, 14, 20]. As osteoclasts are the
prime bone resorptive cells, local stimulation of their activity
is an essential requirement for alveolar bone loss [23]. In
response to key factors, such as M-CSF/CSF-1, osteoclast dif-
ferentiation factor (ODF/RANKL), interleukins (IL), tumor
necrosis factor (TNF), and contact with mineralized bone
particles containing osteocalcin, haematopoietic precursors
may undergo differentiation into monocyte and macrophage
derived colony-forming cells, circulating peripheral blood
monocytes and tissue macrophages, and finally fuse into
mature multicellular osteoclasts [17, 20–22, 24–28].

One of the first events in the triggering of preosteoclasts is
the contraction of the osteoblast actin and myosin cytoskele-
ton in response to local and systemic influences, for example,
parathyroid hormone (PTH), retinoid acid, and vitamin D3
stimulation [8, 27]. This increases the width of intercellular
spaces, exposingmore osteoid to interstitial fluid. Osteoblasts
also secrete collagenase and plasminogen activator [29]. IL-1,
TNF, and epidermal growth factor (EGF) have been shown
to deactivate osteoblasts and increase release of CSF-1 and
RANKL [19, 27].

4. Cellular Mechanisms of Bone Remodelling:
Resorption and Formation

The bone remodelling cycle operates continually as osteo-
clasts are constantly removing mature bone, with new bone

simultaneously formed by osteoblasts [14]. This occurs
throughout the skeleton in focal units called bone remod-
elling units (BRU), with each unit of activity lasting three to
four months [9].This multistep process functions in four dis-
tinct phases of activation, resorption, reversal, and formation.

“Activation” is the initiating event that converts a resting
bone surface into a remodelling surface [12, 20]. It involves
the recruitment of mononuclear osteoclast precursors to the
bone surface and their differentiation and fusion into func-
tional osteoclasts [8]. Terminal differentiation and mononu-
clear cell fusion is mediated by cell-to-cell interactions
between osteoclast progenitors and osteoblasts/stromal cells
and by contact with the mineral phase, particularly with
osteocalcin [17, 27, 30]. Both CSF-1 and IL-1 stimulate pre-
osteoclast fusion [26, 28]. E-cadherin is important for cell-
to-cell adhesion associated with the fusion of preosteoclasts.
Nonmineralised osteoid covering the mineralized bone
matrix must be dissolved before the osteoclasts can attach to
the mineralised matrix and initiate resorption [8]. Osteoblast
proteases are responsible for dissolving this osteoid. Follow-
ing this, the activated osteoclasts attach to the bone matrix
and their cytoskeleton reorganizes; they take on a polarized
morphology and form a sealing zone to isolate the resorption
site and develop ruffled borders which secrete protease
enzymes [9, 14, 20, 31].

During the “resorption” phase, osteoclasts work in con-
cert removing both mineral and organic components of the
bone matrix [14]. The hallmark of the resorbing surface is
the appearance of scalloped erosion, called Howship’s or
resorption lacuna [12, 20]. The resorption phase lasts about
8–10 days, presumably the life span of the osteoclast [14].

Once most of the mineral and organic matrix has been
resolved, there is a “reversal” phase lasting 7–14 days, marking
the transition from destruction to repair. Here, the coupling
of resorption to formation takes place [15]. After completion
of one resorption lacuna, the osteoclast can move along the
bone surface and restart resorption or undergo apoptosis [14].

Numerous paracrine and autocrine chemical signalling
factors are involved in all aspects of remodelling, resorption,
proliferation, and coupling. Coupling factors are released
from their binding proteins during resorption by the acidic
environment created by osteoclasts, and they further inhibit
resorption via negative feedback, suppressing osteoclast for-
mation and stimulating osteoblastogenesis [4, 19, 32]. Thus,
in a series of locally controlled autoregulated cell activation
events, a ten-day osteoclastic resorptive phase is usually
followedby a repair phase of threemonths [19].During repair,
a cascade of differentiation events including chemotaxis,
cell attachment, mitosis, and differentiation of osteoblast
precursors takes place, leading to new bone deposition [19].

5. Bone Formation

Formation of new bone, a two-stage process, begins after
a short reversal phase, commencing with the deposition of
osteoid.The initial organicmatrix consisting primarily (90%)
of type 1 collagen and various other components is subse-
quently mineralised over a period of about 20 days [19].
Two theories generally elucidate how calcification proceeds:
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the matrix vesicle theory and the nucleation theory; it is
speculated that both theories work in parallel depending on
the type of skeletal tissue involved [3, 5, 12]. After the min-
eralisation process is triggered, the mineral content rapidly
increases over the first few days to 75% of final mineral
content, taking up to a year for the matrix to reachmaximum
mineral content. The primary constituent of the mature
mineral phase is hydroxyapatite [9, 10, 19].

Noncollagenous bone matrix proteins play a key role in
matrix mineralisation, cellular adhesion, and regulation of
cell activity during coupling of formation and resorption.
Osteocalcin, one of the most abundant of these proteins, has
a vital role in mineralization, may act as a chemoattractant,
and may be essential for osteoclast differentiation. Bone
sialoprotein (BSP), a highly specific bone protein, has high
calcium-binding potential, thus inhibiting mineral deposi-
tion. In addition, it promotes adhesion of osteoclasts to bone
matrix molecules through the key RGD (arginine-glycine-
aspartic acid) peptide sequence and may regulate osteoclast
formation. Osteopontin and osteonectin too are important in
osteogenic cell activity [15–17, 19].

6. Degradation of the Mineral and
Organic Matrix

Osteoclasts resorb bone in resorption lacunae by generating
a pH gradient between the cell and bone surface, favouring
the mineral-dissolving action of the osteoclast proteinases.
Carbonic anhydrase (CA) II is the main cytoplasmic source
of protons for the acidification of the lacuna. This hydrates
carbon dioxide to carbonic acid, which ionizes into carbonate
and hydrogen ions [9, 10, 12, 14, 19, 22]. A vacuolar-type
proton pump, V-ATPase, transports the protons generated by
CAII into intracellular vesicles. These are then transported
and fused to the RBmembrane, releasing their proton content
to the lacuna. Acidification is subsequently completed by
passive potential driven chloride transport. The chloride
channel of the ruffled border is identified as ClC-7, and it
is transported along with the proton pump to the RB via
endosomes [5, 9, 19, 33, 34].

The basolateral membrane exchangers Na+ and Cl−
HCO
3

+ maintain internal pH at physiologic levels. Calmod-
ulin, a cytoplasmic calcium-binding protein concentrated
in the osteoclast cytoplasm adjacent to the RB, regulates
the effects of intracellular calcium and the ATP-dependent
proton transport across the RB. As resorption proceeds, the
increase in cytoplasmic calcium ultimately deactivates the
osteoclast, triggering cell detachment from the bone matrix
and loss of the RB [9, 19, 33, 34]. Solubilization of hydrox-
yapatite is followed by digestion of the exposed organic
matrix by lysosomal enzymes, bone-derived collagenases,
and proteinases [14, 29]. Osteoclasts contain the highest
concentration of mitochondria of any cell type, thus gener-
ating the ATP required for the carbonic anhydrase-catalysed
production of hydrogen ions [9].

Degradation products are removed by transcytosis and
finally released into the extracellular space. The specific
enzyme TRAP (tartrate-resistant acid phosphatase) is located

in cytoplasmic vesicles, which fuse to the transcytotic vesicles
to destroy the endocytosed material. When the osteoclast
moves away from the resorption lacuna, phagocytes clean up
the debri, and osteoblasts move in to begin bone formation
anew [19]. The dissolution of the mineral phase in the acidic
microenvironment below the RB exposes collagen fibrils to
the enzymatic attack of cathepsins B, E, K, S, and L. These
cysteine proteases are secreted by osteoclasts to degrade
native collagen at an acidic pH of 4.5 [19]. Thereafter, matrix
metalloproteinases (MMPs), such as gelatinase A (MMP-2),
stromelysin (MMP-3), and collagenase (MMP-1), continue
with thematrix degradation process.Thus, calmodulin antag-
onists andMMP inhibitors can block resorption by inhibiting
acidification of the resorptive compartment [19, 29].

7. Regulation of Osteoclastic Bone Resorption

The rate of bone resorption can be regulated either at the level
of differentiation of osteoclasts from their hematopoietic pre-
cursor pool or through the regulation of key functional pro-
teins which control the attachment,migration, and resorptive
activities of the mature cell [8, 10, 12, 22]. It is becoming
evident thatmany of the cellular events involved in resorption
of bone are modulated by a group of local osteotropic factors
which have extremely potent effects on bone cells both in
vitro and in vivo. It must be recognized that many of these
cytokines and growth factors exhibit significant redundancy
and pleiotropy or overlap in their local effects [18, 19, 35].

As emphasised previously, in states of disease, a dis-
turbance in the homeostatic balance that is essential for
functional bone turnover results in destructive osteolytic pro-
cesses. In inflammatory periodontal disease, both microbial
and host-derived factors are implicated in the bone resorp-
tion and remodelling processes [2, 4, 8]. These chemical
modulators play highly complex roles, and several cell types
are often involved. It is difficult to definitively ascertain the
precise role of a cytokine or growth factor in vitro, and even
less so in vivo, as multiple local factors often modify the in
vivo effect [7, 20]. Some factors act directly on osteoclastic
cells, whereas others act indirectly through other cell types in
the local environment or through secondary production of
additional factors [18].

Cytokine regulation is likely to be more important for
trabecular bone, which is closer to the cytokine-rich marrow
than cortical bone [3, 19]. Many potent osteotropic cytokines,
such as IL-1, IL-6, TNF-𝛼, and TGF-𝛽, mediate a multitude
of effects in the body in addition to their effects on bone cells
[19]. The production of cytokines by osteoblasts is regulated
by various hormones and cytokines along with bacteria and
lipopolysaccharide [19, 28]. These too can act synergistically
with local factors to influence the bone homeostatic bal-
ance [20]. Thus, numerous hormones, growth factors, and
cytokines modulate osteoclast activity by regulating their
differentiation, activation, life span, and function. These
include parathyroid hormone (PTH), calcitriol, PTH-related
protein, PGE

2
, thyroxine, and IL-11 [3, 19, 36].

The proinflammatory cytokines (IL-1 and IL-6, TNFs)
have been implicated in the stimulation of osteoclastic
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resorption in periodontitis.The functions of the immunoreg-
ulatory cytokines (IL-2 and IL-4, interferon gamma) are less
clear, but low levels of these may contribute to periodontitis.
Genetic factors have been shown to account for up to 80%
of control of bone mineral density, thus playing a major role
in determining variation. However, it is the rate of bone
formation rather than the rate of resorption that is influenced
by genes [2, 4, 19]. Some individuals demonstrate aggres-
sive bone destruction and high levels of proinflammatory
and bone resorptive cytokines that cannot be completely
explained by presence of pathogenic bacteria alone. Genetic
variation, termed single-nucleotide polymorphisms, of key
immune or inflammatory regulatory factors may explain
these variances in periodontal disease manifestation, as well
as the familial aggregation of aggressive forms of the disease
[19].

Systemic influences on bone resorption may be exerted
by several mediators, including PTH, IL-1, TNF, TGF, and
1,25-dihydroxyvitaminD

3
.These factorsmay affect osteoclast

number and activity, directly influence osteogenic cells to
cause cytoplasmic contraction and secretion of collagenase,
tissue plasminogen activator and RANK-L. Of note, the C-
terminal fraction of PTH has been shown to increase osteo-
clast formation and activity in the presence of osteoblasts and
accelerate osteoclast-like cell formation from hematopoietic
precursors in the absence of osteoblasts. Calcitonin, inter-
feron gamma (IFN 𝛾), and TGF 𝛽 are potent inhibitors of
osteoclast activity and differentiation [27, 29, 36–38]. The
hormones PTH and calcitonin act in concert to maintain
blood calcium concentrations at normal physiological levels
(0.5–10.5mg/dL), with actions on intestinal absorption and
renal excretion as well as bone cells. There is evidence to
support a direct effect of PTH on osteoclasts; however, there
is much evidence that supports an indirect mechanism,
whereby PTH stimulates osteoblasts to release RANKL,
which subsequently activates osteoclasts. PTH also stimulates
osteoblastic production of IL-6, which increases osteoclastic
differentiation, and causes osteoblasts to contract making the
bone surfacemore susceptible to resorption [6, 19, 25, 34, 36].

The polypeptide calcitonin increases cellular calcium and
cAMP and disrupts the clear zone cytoskeleton by decreasing
the size of the RB and altering podosome binding ability. It
blocks proton extrusion and decreases osteopontin expres-
sion; hence osteoclasts are seen to detach from bone surfaces
within 15 minutes of its administration.The sex steroids exert
an anabolic effect by stimulating osteoblast proliferation and
differentiation, as well as decreasing IL-6 transcription. Post-
menopausalwomen experience osteoporosis due to increased
osteoclastic resorption and decreased osteoblast proliferation
[9, 19, 32, 33].

8. Local Mediators of Bone Resorption

Local formation of osteoclasts and their stimulation are
required for alveolar bone loss. It has been shown that
multiple mediators, such as IL-1, IL-6, IL-11, IL-17, TNF-𝛼,
TNF-beta, TGF-𝛽, kinins, and thrombin, can stimulate bone
resorption [4, 7, 13, 23]. Bone resorption is also directly

regulated locally by ionized calcium generated as a result
of osteoclastic resorption, and new evidence indicates that
endothelial cells may also play a part via mediators including
nitric oxide and endothelin [33]. Lipid mediators, such as
bacterial lipopolysaccharide, host-derived platelet-activating
factor, and prostaglandins, may also be involved in stimula-
tion of bone resorption. Reactive oxygen intermediates and
extracellular nucleotides, both present at sites of inflamma-
tion, have also been implicated [8].

The roles of local inflammatory mediators generated by
macrophages and T lymphocytes in bone resorption have
been extensively studied. Their effector functions on tissue
can be direct or indirect as recently reported in relation
to the osteoblast stimulated RANKL-production pathway.
Alveolar bone resorption in periodontitis can thus be directly
or indirectly induced by the cellular inflammatory infiltrate
[4, 11, 23, 24].

The gingival crevicular fluid (GCF) has been shown to
contain a complex array of protein components that not only
irrigate the gingival sulcus but also are released into the oral
cavity [39, 40]. GCF is derived from gingival capillary beds
(serum components) and from both resident and emigrating
inflammatory cells. This fluid contains an array of innate,
inflammatory, and adaptive immune molecules and cells
whose role is to contribute to the interaction of host and bac-
teria in this ecological niche [40]. Studies demonstrate that
GCF contains mediators that can stimulate bone resorption
in vitro. The primary factor responsible appears to be IL-
1𝛼, with IL-1𝛽 and PGE

2
also significant. This exudate, with

diagnostic and prognostic potential, is an accessible source of
extracellular matrix derived biologic markers of periodontal
bone resorption [18, 24, 41–43].

Analysis of GCF has identified cell and humoral
responses in both healthy individuals and those with perio-
dontal disease. Although there is no direct evidence of
a relationship between GCF cytokine levels and disease,
interleukin-1 alpha (IL-1𝛼) and IL-1𝛽 are known to increase
the binding of PMNs and monocytes/macrophages to
endothelial cells, stimulate the production of PGE

2
and the

release of lysosomal enzymes, and stimulate bone resorption
[42]. Preliminary evidence also indicates the presence of
interferon-𝛼 in GCF, which may have a protective role in
periodontal disease because of its ability to inhibit the bone
resorption activity of IL-1𝛽 [44, 45]. Pyridinoline cross-links,
in particular, are specific for bone resorption and thus
useful in differentiating gingival inflammation from bone
destruction in active lesions [18].

9. Roles of Receptor Activator of Nuclear
Factor-𝜅B Ligand (RANKL) and OPG

The activation and differentiation of osteoclasts are modu-
lated by threemembers of the TNF ligand and receptor super-
families: the osteoclastogenesis inducers RANKL, RANK,
and OPG. Identification of these three peptides has con-
tributed enormously to our understanding of the molecular
mechanisms of osteoclast differentiation and activity [6, 11,
22, 24, 25, 35, 46–48]. RANKL (receptor activator of nF-𝜅B
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ligand) is a member of the TNF superfamily (also known as
osteoclast differentiation factor:ODF, TRANCE, andTNFSF-
11). It is expressed as a membrane bound protein (mRANKL)
or in soluble form (sRANKL) by osteoblasts or stromal cells.
When RANKL binds to its receptor, RANK, on osteoclast and
preosteoclast cell surfaces, it promotes osteoclast formation
by stimulating proliferation and differentiation [9, 22, 25, 27,
47].

Osteoprotegerin (OPG), its decoy receptor, is a circulat-
ing protein, produced by a variety of cell types including
osteoblasts and marrow stromal cells, which inhibits osteo-
clast formation by binding mRANKL, thereby preventing the
stimulatory cell-to-cell interaction with preosteoclasts and
inhibiting RANKL/RANK interactions. Hence, these three
proteins are essential for osteoclast differentiation directed
by osteoblasts, and the balance between RANKL and OPG in
osteoblasts directs new osteoclast recruitment [7, 25, 32, 46,
47].

Other resident periodontal cells including ligament and
gingival fibroblasts also participate in the regulation of bone
remodelling and resorption. Infiltrated leukocytes produce
inflammatory mediators, for example, IL-1 and PGE

2
, which

affect RANKL and OPG expression by osteoblasts, periodon-
tal ligament fibroblasts, and gingival fibroblasts. RANKL is
also expressed in activated T cells [11, 24, 25, 46, 48, 49].

A key finding of recent studies is that sRANKL in
combination with CSF-1/M-CSF stimulates osteoclast devel-
opment from peripheral blood cell precursors by binding
to its receptor. It has been established that osteoblasts are
responsible for producing CSF-1 and that contact between
osteoblasts and osteoclast precursors, mediated by critical
survival factor CSF-1 and its receptor, promotes osteoclast
development [5, 26–28, 38, 49].

Activation of the RANKL receptor increases the expres-
sion of TRAP, 𝛽

3
integrins, cathepsin K, and calcitonin

receptors on preosteoclasts. Thus, OPG is a negative regu-
lator and RANKL a positive regulator of osteoclastogenesis
through interaction with appropriate receptors on cells of the
monocyte and macrophage cell lineage. In addition, many of
the local and systemic regulators of osteoclastic resorption
have been shown to act via the RANKL/OPG and CSF-1
pathways [24, 27, 46, 47].

10. Immunopathogenesis of
Periodontal Disease

In chronic periodontal disease, biologically active substances
within bacterial plaque induce a local inflammatory response
in the gingival soft tissues and periodontium [2]. The
resultant influx of inflammatory cells produces a host of
cytokines, for example, PGE

2
, IL-1, and RANK-L, that

promote resorption through osteoclasts, the primary bone
resorbing cell. Thus, in pathologic inflammatory conditions,
stimulatory inflammatory cell products initiate osteoclast
activity and disturb the fine balance between protective and
destructive processes [3, 6, 14, 22, 25, 36]. This is termed the
immunopathogenesis of periodontal disease, and pioneering
research in this area over the last decade has spawned a whole
new field termed “osteoimmunology” [37, 50].

In periodontal disease, the cellular inflammatory infil-
trate of T cells, B cells, macrophages, and neutrophils within
gingival connective tissue is increased, with a concurrent
increase in the secretion of inflammatory mediators [1, 51].
These inflammatory cells also interact with stromal cells, such
as osteoblasts, periodontal ligament, and gingival fibrob-
lasts. RANKL-mediated osteoclastogenesis plays a pivotal
role in inflammatory bone resorption, and its expression is
increased in periodontitis [22, 24]. While lymphocytes pro-
duce RANKL, they might not be involved in bone resorption
under physiological conditions. However, in inflammatory
pathological resorptive states, activated T lymphocytes may
mediate bone resorption through excessive production of
sRANKL, and findings suggest that activated T and B lym-
phocytes are one of the major RANKL-expressing sources in
diseased periodontal tissue [11, 22, 25, 27]. Numerous animal
models support this association. The majority of RANKL
produced by T cells may be soluble, as the expression of
mRANKL on T cells is limited. Another key finding is an
increase in osteoclast numbers on the alveolar bone crest of
animals receiving antigen-specific lymphocytes, which can be
suppressed by OPG [11, 47, 48].

Gingival fibroblasts are heterogenic in that they produce
OPG in response to LPS and IL-1, suggesting a protective
role to suppress osteoclast formation; however, they may
also augment chronic inflammatory processes through IL-6
and IFN production. The periodontopathic bacteria Aggre-
gatibacter actinomycetemcomitans (Aa) and Porphyromonas
gingivalis (Pg) have unique mechanisms to induce RANKL
in osteoblasts and gingival fibroblasts. When stimulated with
LPS and IL-1, osteoblasts and periodontal ligament fibroblasts
express RANKL. RANKL and OPG expression may also
be related to the function of amelogenin and regulation
of odontoclast formation [11, 25, 28, 30]. Recently, it has
been shown that RANKL is upregulated whereas OPG is
downregulated in periodontitis compared to periodontal
health, resulting in an increased RANKL/OPG ratio. This
ratio is further upregulated in smokers and diabetics [52].
It has also been reported that the molecular mechanisms
of T cell mediated regulation of osteoclast formation occurs
through cross-talk signalling between RANKL and IFN-𝛾.
Indeed, IFN-𝛾 produced by T cells induces rapid degradation
of the RANK adapted protein, TNF receptor associated factor
6 (TRAF6), which results in strong inhibition of RANKL
induced activation of the transcription factor NF-𝜅B and c-
Jun N-terminal kinase [9].

11. Role of Specific Immune Cells

CD4+ and CD8+ T cells are present in periodontal lesions,
as are memory and activated T lymphocytes, and different T
cell subsets appear involved in either up- or downregulation
of RANKL-mediated periodontal bone resorption. More-
over, Th1- and Th2-type T lymphocytes and their associated
cytokines may be present, with a polarization towards a
Th1 profile [9, 48, 49, 53]. It has been proposed that Th1-
type cells promote bone loss, as RANK-L appears to be
predominantly expressed on Th1-type cells, while regulatory
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T cells suppress T helper type 1 mediated bone loss. The
production of proinflammatory cytokines IL-1 and TNF-𝛼
is upregulated by Th1-type T cells. These can induce bone
resorption indirectly by stimulation of osteoclast precursors
and subsequent activation of osteoclasts through RANK-L
production by osteoblasts [49, 53]. Activated T cells can also,
through production and expression ofOPG, directly promote
osteoclast differentiation. These direct and indirect modes
of T cell involvement in periodontal bone resorption appear
dependent on the extent of Th1-type T cell recruitment in
inflamed tissues [53]. It has been well recognized that control
of this shift ismediated by a balance between the so-calledTh1
and Th2 subsets of T cells, with chronic periodontitis being
mediated byTh2 cells [50]. More recently T regulatory (Treg)
andTh17 cells have been demonstrated in periodontal tissues,
suggesting a role for these mediators in the immunoregula-
tion of the disease [1, 50]. However, Th17 and IL-17 have also
been shown to display a protective role as well as a destructive
role in periodontal bone resorption [54, 55]. Differentmodels
of inflammation report opposite functional roles of IL-17 in
terms of its effects on bone destruction. In a recent study it
was concluded that IL-17 is protective in the development
of periapical lesions depending on its regulation of myeloid
cell mediated inflammation. However, the authors noted that
the detailed mechanism behind the IL-17 signal-mediated
protection in periapical lesions remains unclear [54].

12. Bacterial Influence

Similar to other polymicrobial diseases, periodontitis is now
characterized as a microbial-shift disease owing to a well-
characterized change in the microorganisms that are present
(from mostly Gram-positive to mostly Gram-negative
species) during the transition from periodontal health to
periodontal disease [56, 57].

In a milestone study by Socransky et al. using whole-
genome DNA probes, several bacterial complexes associated
with either periodontal health or disease were identified.
This included three bacterial species that were designated,
the “red-complex” periopathogens—Porphyromonas gingi-
valis, Tannerella forsythia, and Treponema denticola—which
grouped together in diseased sites and showed a strong
association with disease [58]. Much research has been
directed towards understanding the pathogenic mechanisms
and virulence determinants of these three bacterial species in
the context of a conventional host-pathogen interaction, as
exemplified by diseases with single-infective agent aetiology
[59]. Support for the alternative hypothesis that periodontal
pathogens transform the normally symbiotic microbiota into
a dysbiotic state, which leads to a breakdown in the normal
homeostatic relationship with the host, comes from evidence
that P. gingivalis has evolved sophisticated strategies to evade
or subvert components of the host immune system (e.g., Toll-
like receptors (TLRs) and complement), rather than acting
directly as a proinflammatory bacterium [60]. In otherwords,
P. gingivalis could be a keystone pathogen of the disease-
provoking periodontal microbiota [61–63].

The pathogenic processes of periodontal diseases are
primarily due to the host response, which propagates

the destruction initiated by microbes. Harmful pathogenic
products and enzymes such as hyaluronidases, collagenases,
andproteases break down extracellularmatrix components in
order to produce nutrients for their growth [2, 6, 11]. Arg- and
Lys-gingipain cysteine proteinases produced by P. gingivalis
are key virulence factors that lead to host tissue inva-
sion. Once immunoinflammatory processes begin, various
molecules (e.g., proteases, MMPs, cytokines, prostaglandins,
and host enzymes) are released from leukocytes and fibrob-
lasts. An imbalance between the level of activated tissue-
destroying MMPs and their endogenous inhibitors (TIMPs)
has been demonstrated. Thus, the connective tissue attach-
ment and alveolar bone are destroyed, and the junctional
epithelium and the inflammatory infiltrate migrate apically
[7, 34, 40, 64, 65]. In addition, osteoclasts are activated,
initiating bone destruction through direct mechanisms and
indirectly through RANKL, RANK, and OPG modulation.
In the presence of periodontopathogens, CD4+ T cells
show increased RANKL expression [11, 24, 25, 46, 49]. As
the destructive pattern continues, subsequent increase in
microbial density propagates the periodontal lesion.The flora
progressively becomesmore anaerobic, and the host response
becomes more destructive and chronic. Eventually bone loss
and the destructive lesion progress to an extent that can lead
to tooth loss [2, 7].

Bacterial virulence factors are capable of potentiating
bone resorption themselves. Endotoxin from Gram-negative
cell walls activates CD4+ T cells to stimulate resorption via
their interaction with macrophages. Pg produces a fimbrial
protein that is a potent osteoclast stimulator via a tyrosine
kinase mechanism [8], antibodies against which prevented
bone loss in infected animals. Aa produces a 62 kDa heat
shock protein associated with the ability to stimulate bone
resorption at picomolar concentrations, as well as a peptide
that acts as a potent IL-6 inducer in fibroblasts andmonocytes
[7, 9, 10]. Other virulence factors of Treponema denticola and
T. forsythia include the binding of FH, a negative regulator of
complement, to spirochetal surface proteins, that correlates
with complement resistance [66–68]. Recently, T. denticola
has been shown to produce cystalysin, an enzyme that cat-
alyzes the 𝛼,𝛽 elimination of L-cysteine to produce pyruvate,
ammonia, and sulfide, which in turn enables the bacterium
to produce sulfide at millimolar concentrations in the peri-
odontal pocket. Sulfide is responsible for hemolytic and
hemoxidative activities and for the damage to the gingival and
periodontal tissues. Moreover, sulfide creates an ecological
niche that selectively benefits T. denticola [69].

T. forsythia expresses a uniquely glycosylated surface
envelope, known as the surface- (S-) layer, which plays
an immunomodulatory role in influencing the immune
response [70]. This S-layer has recently been shown to be
important in delaying the cytokine responses of monocyte
and macrophage cells in vitro [71, 72]. Settem et al. demon-
strated in a mouse model of periodontitis that a terminal
pseudaminic acid and N-acetylmannosaminuronic acid con-
taining trisaccharide branch on an O-glycan core linked to
the Tannerella surface proteins plays a role in dampening
Th17 differentiation and mitigating neutrophil infiltration
into the gingival tissue [73].
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13. The Innate Immune Response,
TLRs, and PAMPs

The host response against periodontopathic bacteria consists
of innate and acquired immunity. The innate response meets
the challenge of discriminating among large numbers of
pathogens through recognition of conserved evolutionary
molecular motifs called PAMPs (pathogen associated molec-
ular patterns), which are expressed on pathogens but not
by the host. The recently discovered Toll-like receptors
(TLRs) are pattern-recognition receptors with key roles in
detecting microbes and initiating inflammatory and host
defense responses [74]. These signalling receptors are critical
in pathogen recognition by the host, through specificity
of recognition for several important PAMPs [7, 57]. TLRs
are expressed by myelomonocytic cells, endothelial cells,
epithelial cells, and other cells, including gingival fibroblasts
[7]. Examples of PAMPs that are recognized by TLRs include
peptidoglycan bacterial lipoproteins and Pg LPS (TLR-2),
double stranded ribonucleic acid, LPS and heat shock pro-
teins (TLR-4), and flagellin (TLR-5) [57, 74].

The TLR-PAMP interaction results in the recruitment
of specific adapter molecules, which then bind the IL-1R-
associated kinase. The signal is transmitted through a chain
of signalling molecules common to all TLRs, involving
tumor necrosis factor receptor-associated factor-6 (TRAF6)
and mitogen activated protein kinases (MAPKs) [30, 74].
Subsequent activation of RANK and activated protein-1 leads
to transcription of genes involved in stimulating the innate
defenses, for example, expression of intercellular adhesion
molecule-1 (ICAM-1) and lymphocyte function associated
antigen-1 (LFA-1), causing greater attachment and migration
of leukocytes to tissues, as well as increased expression of
proinflammatory cytokines involved in significant down-
stream bone resorption [30, 53]. IL-8 expression attracts
neutrophils, and activation of endothelial cells, macrophages,
dendritic cells, and neutrophils stimulates matrix metallo-
proteinase production, with a direct mechanism of tissue
damage. Macrophages too when stimulated by pathogenic
peptides are directly activated, producing various cytokines
and biological mediators, for example, MMP-1 and nitric
oxide [7, 11, 75].

Collective data over the last few years provide evidence
that gingival fibroblasts and periodontal ligament cells are
equipped to respond to LPS stimulation through TLR-
PAMP recognition and involvement of the RANKL-mediated
responses, producing various inflammatory cytokines, such
as IL-1, IL-6, and IL-8, when stimulated by oral bacterial LPS
fractions from pathogens such as Pg, Pi (Prevotella interme-
dia), or Aa [7, 11, 74–76].

Osteoblasts, which are highly sensitive to PAMPS, can
also be induced to produce mediators and cytokines that
are involved in bone resorption, as well as inhibition of
the protective factor OPG. Pi LPS inhibits differentiation
of osteoblasts and mineralisation of bone. Cementoblasts,
however, when stimulated by LPS, exhibit decreased levels
of RANKL and increased expression of both OPG and

osteopontin, suggesting a protectivemechanism against bone
and root resorption [7, 30, 40].

In addition, LPS from different periodontopathogens,
CPg DNA, and Aa capsular polysaccharide promote osteo-
clast differentiation from bone marrow cells. Monocytes
stimulated by PAMPS demonstrate increased differentiation
into osteoclasts, and induced RANKL expression plays a
central role [30, 74]. Costimulatory factors, for example, GM-
CSF and M-CSF, are also important as is the secretion of IL-
12, which activates T cells to produce IFN gamma, leading
to development of the cell mediated Th1 T cell response.
In contrast, without costimulatory factors, the Th2 response
predominates [28, 49, 50]. Recently, the effects of P. gingivalis
LPS1435/1449 and LPS1690 on the expression of TLR2 and
TLR4 signal transduction and the activation of proinflamma-
tory cytokines IL-6 and IL-8 in human gingival fibroblasts
were investigated and it was suggested that these lipid Aa
structures differentially activate the TLR4-mediated NF-𝜅B
signaling pathway and significantly modulate the expression
of IL-6 and IL-8 [77]. A study aimed at identifying ligands
on the surfaces of intact P. gingivalis cells that determine
their ability to activate TLR2 found that it is due to a
lipoprotein contaminant [78]. Further, a number of reports
have proposed that the expression of an antagonistic or
immunologically inert lipid A by P. gingivalis is a mechanism
for evasion of TLR4 signaling [79].

Thus, in summary, LPS induced disease leads to the initi-
ation of a local host response in gingival tissues that involves
recruitment of inflammatory cells, generation of prostanoids
and cytokines, elaboration of lytic enzymes, and activation of
osteoclasts. Specifically, LPS increases osteoblastic expression
of RANKL, IL-1, PGE

2
, and TNF-𝛼, each of which is known

to induce osteoclastic activity, viability, and differentiation
[11, 28, 30, 50, 75, 76]. A variety of immune associated cell
populations are responsible for the pathogenic processes in
periodontal tissues, including specificCD4+T cells, recruited
monocytes, macrophages, and fibroblasts. These produce
cytokines (TNF-𝛼, IL-1 𝛽, etc.) within the lesion, which can
be monitored and detected in the circulating GCF. In turn,
these cytokines are pivotal to the destructive cascade and
ultimately trigger the production of MMPs, prostaglandins,
and osteoclasts. The end result is irreversible damage to the
tooth supporting soft tissues and alveolar bone [23, 40, 43].

14. Conclusion

Bone resorption via osteoclasts and bone formation via oste-
oblasts are coupled, and their dysregulation is associated with
numerous diseases of the skeletal system [3, 4, 13]. A wide
range of host and microbial factors contribute to alveolar
bone loss in periodontitis [2, 4, 23]. Yet, much remains to be
understood about the complex mechanisms whereby these
factors regulate bone resorption in periodontitis [7, 75].
Recent developments in the area of biological processes and
mediators of osteoclast differentiation and activity have
expanded our knowledge of resorption processes and set the
stage for new diagnostic and therapeutic modalities to treat
situations of localized bone loss as seen in periodontal disease
[7, 25, 52, 62, 75, 80, 81].
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Calcific aortic valve disease (CAVD) is the most common heart valve disorder. CAVD is a chronic process characterized by a path-
ologic mineralization of valve leaflets. Ectopic mineralization of the aortic valve involves complex relationships with immunity.
Studies have highlighted that both innate and adaptive immunity play a role in the development of CAVD. In this regard,
accumulating evidence indicates that fibrocalcific remodelling of the aortic valve is associatedwith activation of theNF-𝜅B pathway.
The expression of TNF-𝛼 and IL-6 is increased in human mineralized aortic valves and promotes an osteogenic program as well
as the mineralization of valve interstitial cells (VICs), the main cellular component of the aortic valve. Different factors, including
oxidized lipid species, activate the innate immune response through the Toll-like receptors. Moreover, VICs express 5-lipoxygenase
and therefore produce leukotrienes, which may amplify the inflammatory response in the aortic valve. More recently, studies have
emphasized that an adaptive immune response is triggered during CAVD. Herein, we are reviewing the link between the immune
response and the development of CAVD and we have tried, whenever possible, to keep a translational approach.

1. Introduction

Ectopic cardiovascular mineralization occurs in different
disorders and is associated with a substantial morbidity. Long
seen as a passive process ectopic pathologic mineralization is
now considered as a highly regulated process at themolecular
and cellular levels [1]. Calcific aortic valve disease (CAVD) is a
chronic disorder that involves amineralization of the valvular
tissue. Fibrosis often accompanies pathologic mineralization
and both processes contribute to the fibrocalcific remodelling
of the aortic valve. CAVD is the most common heart valve
disease and encompasses a wide variety of clinical presenta-
tions. As such, there is a continuum fromaortic valve sclerosis
to severe aortic stenosis with a common underlying process:
ectopic mineralization of the aortic valve [2]. One key central
question, still unresolved, is what drives the fibrocalcific
remodelling of the aortic valve. Is the mineralization of the
aortic valve triggered and enhanced by factors that normally
promote the mineralization of bone? Studies performed in
the last decade have unravelled important key underly-
ing mechanisms involved in the ectopic mineralization of

the aortic valve. These works have highlighted that though
there are, to some extent, similarities with the ossification
process, the mineralization of the aortic valve relies on spe-
cific mechanisms that differ from bone ossification. In fact,
the response to different stimuli may diverge considerably
in VICs when compared to osteoblasts. These findings may
thus explain the association between osteoporosis and ectopic
vascular/valvular mineralization [3]. The tissue architecture
and specific mechanical strain imposed on the aortic valve
drive specific molecular events that may promote pathologic
mineralization [4]. Apart from mineralization, key features
of CAVD include the abnormal accumulation of different
lipid species and inflammatory cells in explanted human
pathologic samples [5].

Immunity, both innate and adaptive, has been shown
to play an important role in different chronic disorders
including atherosclerosis. In CAVD, accumulating evidence
clearly indicates that inflammation is involved in the devel-
opment and possibly in the progression of the disease process
[6]. Innate response to different factors has been shown to
promote the mineralization of valve interstitial cells (VICs)
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Figure 1: Scheme showing the interaction between inflammatory cells and valve interstitial cells (VICs) and its role during CAVD.

(Figure 1), the main cellular component of the aortic valve.
On the other hand, emerging evidence suggests that specific
adaptive immunity could play a substantial role in orches-
trating an immune response during CAVD (Figure 1). In this
review, we describe, at the molecular and cellular levels, the
role of immunity in CAVD.

2. Pathobiology of CAVD: An Overview

Theaortic valve is normally a thin structure that accomplishes
the important task of promoting the unidirectional blood
flow from the left ventricle to the aorta. The histological
structure of the aortic valve is classically divided into three
different layers: the fibrosa, the spongiosa, and the ventric-
ularis. The fibrosa and the ventricularis are the outermost
external layers that, respectively, face the aorta and the left
ventricle in diastole. The fibrosa mostly contains collagen
fibers with dispersed VICs, whereas the ventricularis has
a high content of elastic fibers and is populated by both
VICs and smooth muscle cells (SMCs). The central layer,
the spongiosa, has a high content in glycosaminoglycans
(GAGs) and is thought to play an important role in the
biomechanical properties of the aortic valve in absorbing a
part of the mechanical load during the cardiac cycle [7, 8].
The aortic valve is covered with an endothelium and studies
have highlighted that the aortic and ventricular endothelium
have different biological properties, whichmay impact on the
development of CAVD [9].

The microscopic analyses of human mineralized aor-
tic valves, obtained from surgeries, have revealed some
important key features of CAVD. First, lipids infiltrate the
valve tissue often in the vicinity of mineralized areas [10].
Second, dense inflammatory infiltrates are present in some

valves where oxidized lipids and ectopic mineralization are
observed [6, 11]. Three, in about 15% of mineralized aortic
valves osteogenic metaplasia is observed [12]. Coté et al.
showed in 285 mineralized valves that the presence of dense
chronic inflammatory infiltrates, present in 28% of valves,
was associated with osseous metaplasia, neovascularization,
and a higher level of tissue remodeling [6]. Furthermore,
the density of leukocytes in mineralized aortic valves was
associated with a faster progression rate of aortic stenosis.
Hence, these data suggest that CAVD has possibly important
relationships with inflammation.

3. NF-Kappa B Pathway and CAVD

3.1. Regulation of the NF-𝜅B Pathway. The nuclear factor-
𝜅 B (NF-𝜅B) is at the center stage of inflammation. The
NF-𝜅B pathway is classically divided into the canonical and
noncanonical cascades. The canonical pathway, which is
activated by tumor necrosis factor alpha (TNF-𝛼) and IL-
1𝛽 among others, relies on activation of the heterodimer
formed by p65 (RelA) and p50, which control the expression
of several genes involved in the inflammatory response [13].
Upstream, the inhibitor of I𝜅B kinase (IKK), controls the
activation of the cascade. IKK is a multisubunit complex,
which consists of IKK𝛼, IKK𝛽, and IKK𝛾 (NEMO) [14]. IKK𝛽
catalytic activity is promoted by IKK𝛾, a regulatory protein
that promotes activity of the IKK complex. In turn, the IKK
complex phosphorylates I𝜅B𝛼 on Ser residues 32 and 36. As
a result, I𝜅B𝛼 is targeted for degradation and the p65/p50
heterodimer is liberated from the cytosol and migrates
to the nucleus where it controls the expression of target
genes [15]. It is worth underlining that posttranscriptional
modification of p65 subunit is also important to control the
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nuclear translocation and transcriptional activities. Twelve
phosphosites for p65 have been described so far and have
been shown to either enhance or decrease transcriptional
activity in a gene-specific and possibly cell-specific manner
[16]. For instance, in U937macrophages stimulated with LPS,
Ser 536 phosphorylated p65 is specifically recruited on IL-
8 promoter and not on IL-6 and TNF-𝛼 promoters [17].
Phosphorylation of Ser 276 on p65 by the catalytic unit of
protein kinas A (PKAc) has been shown to promote the
acetylation of p65 and to allow a stable association with its
cofactors CREB-binding protein/p300 and chromatin targets
[18]. Reactive oxygen species (ROS) have been shown to act
as cofactor in PKAc-mediated phosphorylation on Ser 276 of
p65 [19]. Of note, ROS are generated in mineralized aortic
valves and promote the expression of osteogenic genes [20].
On the other hand, the noncanonical pathway relies on the
phosphorylation of IKK𝛼 by its upstream kinase NF-𝜅B-
inducing kinase (NIK/MEKK14) and is independent from
IKK𝛾 [21]. Activation of this pathway by different signals,
such as lymphotoxin B, CD40L, or B cell activating factor,
promotes the nuclear translocation of RelB/p52 [22].

3.2. Phosphate and Activation of the NF-𝜅B Cascade. By pro-
ducing a high level of cytokines VICs play a crucial role in the
regulation of inflammation. In explanted humanmineralized
aortic valves the levels of phosphorylated I𝜅B (Ser 32) are
increased significantly [23]. One fact, which is often underap-
preciated, is that phosphate (Pi) is an important promoter of
inflammation in isolated VICs [23]. Phosphates are produced
in fairly good amounts by VICs during mineralization owing
to a high expression of nucleotide metabolizing enzymes,
the ectonucleotidases [24]. During the mineralization of the
aortic valve, alkaline phosphatase (ALP) and ectonucleotide
phosphodiesterase/pyrophosphatase-1 (ENPP1) are overex-
pressed. The ectonucleotidases generate Pi at the cell mem-
brane [25–27]. In turn, Pi is internalized by VICs through the
sodium-dependent phosphate cotransporter Pit1 (SLC20A1),
which is overexpressed in stenotic aortic valves [28]. Though
themolecular details are lacking, the intracellular channelling
of Pi is associated with a lower level of Akt, a kinase involved
in cell survival. We recently identified that Akt prevents the
activation of the NF-𝜅B pathway in VICs [23]. Also, the
overexpression of ectonucleotidases contributes to the deple-
tion of the extracellular levels of nucleotides, which, in turn,
decrease the signalling through the P2Y2 receptor (P2Y2R)
[24]. InVICs, secretion of ATP gives a survival signal through
the P2Y2R and Akt. Hence, a lower signalling through Akt
promotes a sustained activation of the NF-𝜅B pathway. The
mechanism whereby Akt decreases NF-𝜅B signalling in VICs
remains to be fully investigated, but overexpression of Akt
in VICs prevents the nuclear translocation of NF-𝜅B-p65 in
response to phosphate and inhibits the mineralization of cell
cultures [23].

3.3. IL-6 Regulates the Mineralization of the Aortic Valve.
One important target of NF-𝜅B-p65 is interleukin-6 (IL-6),
a pleiotropic cytokine often used as a blood plasma marker
of inflammation and cardiovascular risk [29]. However, little

is known on the role of IL-6 in CAVD. By using a whole-
genome transcriptomic approach El Husseini et al. identified
that, among the family of cytokines that signal through gp130,
IL-6 is highly expressed in mineralized aortic valves [23].
Evidence indicates that the NF-𝜅B pathway is activated in
human explanted aortic valves and thus directly contributes
to the secretion of IL-6. IL-6 is produced and secreted in large
amounts by VICs. As highlighted above several factors may
contribute to promote the production of IL-6 by VICs. In
this regard, a high activity of ectonucleotidases contributes
to decreasing the signalling through Akt, which in VICs nor-
mally represses the NF-𝜅B pathway [23]. Moreover, although
not studied in VICs, it is possible that other factors including
cytokines such as TNF-𝛼 and oxidized lipid species may also
contribute to trigger the secretion of IL-6. In turn, IL-6 exerts
an important control over the osteogenic transition of VICs
through auto/paracrine effects. In this regard, silencing of
IL-6 in VICs prevented phosphate-induced mineralization
of cell cultures [23]. Moreover, the silencing of IL-6 in
VICs abrogated the rise of osteogenic transcripts following
a treatment with the phosphate-containing medium [23].
Conversely, treatment of VICs with exogenous IL-6 increased
the expression of osteogenic genes severalfold. BMP2 is
the gene which is the most highly upregulated following a
treatment of VIC cultures with IL-6. Inhibition of BMP2with
Noggin, an antagonist of BMP2 and BMP4, prevented IL-6-
induced mineralization of VICs [23]. Taken together, a high
production of IL-6 by VICs is conducive to an osteogenic
transition and mineralization of the aortic valve through a
BMP2 pathway [23]. Recently, it has been identified that IL-
6 promotes in the aortic valve the endothelial-mesenchymal
transition (EndoMT) [30]. Hence, in the aortic valve it is
possible that IL-6 increases the amount of mesenchymal cells
with osteogenic properties through the EndoMT process. Of
interest, in bone, IL-6 stimulates osteoclast activity. Of note,
this effect is indirect as it needs the presence of osteoblasts. In
this regard, IL-6 induces the expression of receptor activator
of nuclear factor-kappa B ligand (RANKL) by osteoblasts
whereby osteoclastogenesis is promoted [31]. Chronic and
systemic elevation of IL-6 is one important feature of several
clinical conditions, including obesity, which are linked with
osteoporosis and a higher incidence of CAVD [32]. Hence,
though it remains to be investigated it is possible that IL-6
explains, at least in part, the so-called calcification paradox,
where bone demineralization occurs at the same time that
valvular/vascular mineralization develops (Figure 2).

3.4. TNF Family of Cytokines. TNF-𝛼 strongly activates the
canonical NF-𝜅B pathway and promotes the mineralization
of VICs [33, 34]. TNF-𝛼 is first synthesized as a type II
transmembrane protein, which upon cleavage by TNF-𝛼
converting enzyme (TACE) is released in the extracellular
space [35]. It is produced by different cells including mono-
cytes/macrophages, smooth muscle cells, and adipocytes
among others. When stimulated, the ubiquitous TNF recep-
tor 1 (TNFR1) activates and recruits TNFR-associated death
domain (TRADD), which, in turn, recruits the Fas-associated
protein with death domain (FADD) [36, 37]. As a result,
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Figure 2: The calcification paradox could be explained by interleukin-6 (IL-6), which mediates the mineralization of the aortic valve and in
bone activates osteoclastogenesis.

FADD activates caspase-3 and caspase-8. Therefore, though
not fully investigated, it is possible that TNF-𝛼-induced
mineralization of VIC culture is dependent on an apoptotic
process. To this effect, apoptosis is one important process
involved in the mineralization of the aortic valve [24].
Apoptotic bodies derived from plasmamembrane and rich in
ectonucleotidases promote the nucleation of hydroxyapatite
and the formation of spheroid mineralized microparticles
(2–5𝜇m), which incidentally are the basic unit of min-
eralized material formed in CAVD [4, 38]. On the other
hand, in response to TNF-𝛼, TNFR1 may also recruit a
receptor associated complex formed by TNF receptor asso-
ciated factors (TRAF) and TRADD proteins, which activates
transforming growth factor 𝛽 activated kinase-1 (TAK1) [39].
TAK1 phosphorylates IKK𝛽 and triggers activation of NF-𝜅B.
In vascular smooth muscle cells (VSMCs), TNF-𝛼 induces
the expression of Msx2, a homeobox transcription factor
involved in osteogenic transition [40]. Msx2 is increased in
mineralized aortic valve and promotes activation of the Wnt
pathway, which is by the way involved in the development
of CAVD [41]. TNF-𝛼 has also crosstalk with interleukin-
1𝛽 (IL-1𝛽). In this regard, in mice deficient for the IL-1
receptor antagonist, IL-1RA, the circulating levels of TNF-
𝛼 are increased and the aortic valve is thickened [42]. The
double knockout mice IL-1RA−/− TNF-𝛼−/−, however, do
not develop fibrosis of the aortic valve. On the other hand,
in isolated VICs, IL-1𝛽 induces the expression of MMP-1,
suggesting that it may participate in the remodelling process
of the aortic valve [43]. Hence, it is likely that IL-1𝛽 and
TNF-𝛼 have reciprocal crosstalk, which promotes CAVD
in mice. Recently, the expression of TNF-related apoptosis-
inducing ligand (TRAIL) has been shown to be elevated in
mineralized aortic valves [44]. TRAIL, a member of the TNF
superfamily, has been shown to promote apoptosis-mediated
mineralization of VICs through the death receptor 4, which
is overexpressed by VICs during mineralization. Hence,
overexpression of the TNF family of cytokines in CAVDplays
an important role in promoting fibrosis/mineralization of
the aortic valve through both apoptosis and an osteogenic
program.

RANKL is expressed by activated CD4+, CD8+ cells,
osteoblast, and bone marrow stromal cells. It is a type 2
transmembrane protein, which can be cleaved bymetallopro-
teinase [45]. RANKL binds to its receptor RANK whereby
TNFR-associated factors 2 and 6 (TRAFF2-6) are recruited
[46]. This leads to a sequence of events that mediates the
activation of AP-1, c-Src, and c-Cbl [47]. Osteoprotegerin

(OPG) is a soluble decoy receptor for RANKL and is thus a
negative regulator of RANKL signaling [48]. In bone, stimu-
lation of RANKactivates osteoclast activity.TheOPG−/−mice
develop osteoporosis and vascular calcification [49]. In the
aortic valve, a study based on immunodetection has revealed
that RANKL is overexpressed in mineralized aortic valves,
whereas the expression of OPG is decreased in the same
valves [50]. In isolated VIC cultures, the stimulation of cells
with RANKL activates mineralization and the expression
of ALP [50]. In LDLR−/− mice under high fat diet, the
administration of OPG reduced mineralization of the aortic
valve and decreased the expression of osteogenic genes, such
as osterix and osteocalcin [51]. Taken together, these observa-
tions suggest that RANK signalingmay play a permissive role
in the development of CAVD.

3.5. Angiotensin II. The renin angiotensin system (RAS)
is activated in patients with visceral obesity, a condition
associated with the development of CAVD [32]. Studies
have underscored that enzymes, which generate angiotensin
II, are present in stenotic mineralized aortic valves [52].
Angiotensin converting enzyme (ACE) is present in human
explanted stenotic aortic valves and colocalizes with low-
density lipoprotein (LDL). Experiments with isolated LDL
fraction showed that ACE was present in this fraction,
suggesting that the angiotensin II-generating enzyme is pos-
sibly transported in the aortic valve. Moreover, mastocytes
producing chymase, an angiotensin II-generating enzyme,
are present in mineralized aortic valves and their density
correlates with several indices of disease severity [53, 54].
As such, both ACE and chymase contribute to produce
angiotensin II in the aortic valve. Moreover, Côté et al. iden-
tified in prehypertensivemenwith CAVD that the circulating
levels of angiotensin II correlate with the valvular mRNA
levels of TNF-𝛼 and IL-6 [55].Moreover, immunohistological
analyses revealed in stenotic aortic valves that angiotensin
II was present in the vicinity of mineralized nodules and
colocalized with TNF-𝛼 and IL-6 [55]. Patients under a ther-
apy with angiotensin receptor blockers (ARBs) have a lower
level of transcript encoding for IL-6 in their aortic valves
[56]. Moreover, a retrospective study showed that ARBs are
associated with a slower progression rate of aortic stenosis
[57]. In mice, the administration of angiotensin II promoted
the fibrotic remodelling of the aortic valve [58]. Also, the
administration of olmesartan, an ARB, prevented the fibrotic
remodelling of the aortic valve in the hypercholesterolemic
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rabbit [59]. Taken together, these data suggest that both
systemic and valvular production of angiotensin II may
contribute to CAVD. It is worth pointing out that angiotensin
II is a potent activator of the NF-𝜅B pathway via the type
1 angiotensin receptor (AT1AR). The activation of NF-𝜅B
by angiotensin II is relatively complex and differs from
the signalling induced by TNF-𝛼. Stimulation of AT1AR, a
Gq protein coupled receptor, activates phospholipase C 𝛽
(PLC𝛽), which generates inositol triphosphate and diacyl-
glycerol (DAG). In turn, DAG activates a typical protein
kinase C (PKC). PKC phosphorylates an adaptor protein
of the membrane guanylate kinase family, CARMA3 [60].
Next, activated CARMA3 forms a complex with Bcl10 and
mucosa-associated lymphoid tissue lymphoma translocation
1 (MALT1), which deubiquitylates several members of the
activating pathway of NF-𝜅B including IKK𝛾. As a result, the
accumulation of IKK𝛾 promotes the nuclear translocation
of p65. Moreover, in VSMCs angiotensin II activates RhoA,
which leads to the phosphorylation of p65 on Ser 536. It
is suspected that NIK may mediate the phosphorylation of
p65 on Ser 536 [61]. This sequence of events has possibly
important repercussion as p65 Ser 536 is not inhibited by
I𝜅B [62]. This creates a nuclear pool of p65 Ser 536, which
is recycled with the chromatin-bound promoter [63]. Hence,
this chain of events promotes a sustained activation of
target genes of p65. However, whether a similar pathway of
activation is present in VICs remains to be explored.

4. Innate Immune Response to Oxidized
Lipid Species and Ectopic Mineralization of
the Aortic Valve

4.1. Interaction between Lipid Retention and Toll-Like Recep-
tors. The Toll-like receptors (TLRs), which are expressed by
VICs, play a key role in driving the inflammatory reaction in
response to several stimuli. In this regard, several lipid species
can activate TLRs. Early investigations of CAVDhave pointed
out that apoB, oxidized-low-density lipoproteins (ox-LDL),
and Lp(a) infiltrate mineralized aortic valves [64]. So far,
several factors have been identified to play a role in lipid infil-
tration/retention of the aortic valve. To this effect, a high pro-
portion of circulating small, dense, LDL has been associated
with a higher accumulation of ox-LDL in the aortic valve and
with an elevated level of TNF-𝛼 [10]. Small, dense LDLs have
a higher oxidation rate and have a greater ability to infiltrate
tissues. Of note, the small, dense LDL phenotype is one key
feature of diabetes and the metabolic syndrome (MetS), two
important risk factors for the development and progression of
CAVD [65]. Also, during CAVD a higher production of pro-
teoglycans (PGs) may help to promote the retention of lipids.
The expression of decorin is increased in aortic valves and
histological studies showed a colocalization of decorin with
lipoprotein lipase (LPL), which is secreted by macrophages
[66]. Studies have highlighted that interaction between LPL
and decorin promotes the retention of LDL. The expression
of biglycan is increased in human pathological samples of
CAVD and participates in the retention of lipids within the
aortic valve [67]. Moreover, emerging evidence indicates that

biglycan is a potent agonist of TLRs. In this regard, in isolated
VICs biglycan stimulates TLR-2, which leads to the secretion
of phospholipid transfer protein (PLTP). In turn, PLTP may
associate with apoA1 of high-density lipoproteins (HDLs),
whichmay impede their function, namely, the reverse choles-
terol transport (RCT) [67]. More recently, biglycan has been
shown to promote the osteogenic transition of VICs through
TLR-2, the extracellular signal-regulated protein kinase 1/2
(ERK1/2), and the NF-𝜅B pathways [68]. In isolated VICs,
biglycan also induced the secretion of monocyte chemoat-
tractant protein-1 (MCP-1) [69]. Also, it is worth underlining
that ox-LDL has been shown to stimulate TLR-4, whereby
the mineralization of VICs is promoted [70]. Zeng et al.
reported in VICs that Notch1 promotes the activation of the
NF-𝜅Bpathway following stimulation of TLR-4with bacterial
lipopolysaccharide (LPS) [71]. The authors documented that
the Notch intracellular domain (NICD) interacted with I𝜅B
kinase 𝛼 (IKK𝛼) and in doing so promoted the nuclear
translocation of p65 subunit of NF-𝜅B. However, the molec-
ular mechanism whereby the NICD may impact on IKK and
its phosphorylation status was not examined.The same group
also identified that ox-LDL promoted the secretion of Jagged
1 by VICs, which ultimately led to increased levels of NICD
and activation of an osteogenic response [72]. However, it is
worth highlighting that frameshiftmutations of theNOTCH1
gene have been associated with bicuspid aortic valves (BAV)
and mineralization of the aortic valve [73]. Investigations
have shown that the NICD, which is the intracellular portion
of the Notch1 receptor cleaved by the 𝛾-secretase following
stimulation of the Notch receptor, activates the expression
of the hairy family of repressors that inhibit the expression
of BMP2 and Runx-2, respectively, a bone morphogen and
master transcription factor involved in osteogenesis [74].
Hence, Notch1 delivers signals that prevent the osteogenic
transition of VICs.The apparent discrepancy between studies
that have investigated the role of Notch in CAVD may result
from different cell culture conditions and may be context
dependent. Furtherwork is needed to explore the interactions
between Notch, inflammation, and the mineralization of the
aortic valve.

The retention of lipids in the extracellular matrix of the
aortic valve is also promoted by the elongation of GAG
chains, which is enhanced by transforming growth factor
𝛽1 (TGF-𝛽1) [75]. The retention of lipids in the aortic valve
promotes, in turn, the oxidation of lipid species, which are
potent agonists of the TLRs. During CAVD, the uncoupling
of nitric oxide synthase (NOS) contributes to the increase
of the oxidative stress [76]. Though the mechanisms of NOS
uncoupling in the aortic valve have not been investigated, it is
possible that a decreased bioavailability of NOS substrate, L-
arginine, or cofactors, such as tetrahydrobiopterin, contribute
to the increase of the production of ROS [77]. As a result,
the increased production of ROS in mineralized aortic valves
promotes the formation of lipid peroxidation products with
proinflammatory activities. Recently, pathways leading to the
production of highly reactive lipid species, derived from ox-
LDL, have been identified and may play an important role
in the immune response and the mineralization of the aortic
valve.
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4.2. Lp(a), Lipoprotein-Associated Phospholipase A2, and
Inflammation-MediatedMineralization of theAortic Valve. In
a genome-wide association study (GWAS), Thanassoulis et
al. have recently identified that single nucleotide polymor-
phisms (SNPs) of the LPA gene encoding for Lp(a) were
associated with CAVD [78]. Using a Mendelian randomiza-
tion study design two other independent studies have since
then corroborated the positive association between Lp(a) and
CAVD [79, 80]. These studies thus suggest a causal role for
Lp(a) in the development of CAVD.Though the physiological
role of Lp(a) is largely unknown, it is well accepted that
it is a major carrier of oxidized-phospholipids (ox-PLs)
in the blood plasma [81]. Ox-PLs are potent stimulators
of inflammation through their metabolism by phospholi-
pase enzymes [82]. Mahmut et al. have recently discovered
that lipoprotein-associated phospholipase A2 (Lp-PLA2) is
overexpressed in mineralized aortic valve [83]. Immuno-
histological analyses suggest that Lp-PLA2 is transported
in the aortic valve by lipoproteins and also secreted by
infiltrating macrophages. The transcript level of Lp-PLA2
in stenotic aortic valves correlated with several indices of
tissue remodelling and mineralization of the aortic valve. Of
note, ox-PLs are the natural substrates for Lp-PLA2 and are
hydrolyzed into lysophosphatidylcholine (LPC), which are
highly reactive and proinflammatory. In isolated VICs, LPC
promoted the expression of ALP, ENPP1, and the sodium-
phosphate cotransporter Pit1 [83]. Of note, the expressions
of ALP, ENPP1, and Pit1 are increased in mineralized aortic
valves and contribute actively to the mineralization process
[28]. Hence, it is likely that ox-PLs transported by Lp(a)
are transformed into LPC by Lp-PLA2 in the aortic valve,
whereby inflammation and mineralization are triggered.

4.3. Lipoxygenase and Leukotrienes: Role in CAVD. Arachi-
donate is a polyunsaturated fatty acid (20 : 4), which is
produced from phospholipids and the action of PLA2 and
lipoprotein lipase (LPL), which are incidentally overex-
pressed in the aortic valve during CAVD [66, 84]. Arachi-
donate is a powerful metabolite that exerts an impor-
tant control over inflammation. In mineralized aortic valve
the expressions of 5-lipoxygenase (5-LO) and LTC4S are
increased and correlate with echocardiographic indices of
aortic stenosis severity [85]. Moreover, the expression of 5-
LO was documented in both macrophages and VICs. The
combined action of 5-LO and LTC4S generates leukotriene
C(4) (LTC4), which has potent proinflammatory activities
[86]. In vitro, LTC4 induced oxidative stress in VICs with
the loss of mitochondrial membrane potential and the con-
comitant expression of BMP2 and BMP6 [85]. Hence, the
expression of 5-LO by VICs promotes the production of
leukotrienes, which constitute short acting messengers that
drives inflammation of tissues. Whether the 5-LO pathway
plays a crucial role in the mineralization of the aortic valve
remains to be investigated.

4.4. Remodelling, Neoangiogenesis, and MMPs. The activa-
tion of innate immunity leads to the expression of several
factors involved in tissue remodelling. TGF-𝛽1, which is

overexpressed in CAVD, activates VICs and promotes their
transformation into secretory myofibroblast-like cells [87].
Of interest, the inhibition of serotoninergic receptor 5-HT

2B
prevents TGF-𝛽1-induced transformation ofVICs intomyofi-
broblast [88]. This latter finding may have pathobiological
significance, since mast cells are present in mineralized
aortic valves and may thus affect TGF-𝛽 signalling through
the production of serotonin. One simple observation of
explanted human aortic valves is that neoangiogenesis is
associated with the development of CAVD. Of note, the
density of neovessels correlates with the presence of chronic
inflammatory infiltrates [6]. The expression of heat shock
protein 60 (HSP60), a marker of inflammation, correlates
with the development of neoangiogenesis in stenotic aortic
valves [89]. In mineralized aortic valves, endothelial progen-
itor cells CD34+ are present in valvular tissue [90]. In mice
defective for chondromodulin-1, a protein with antiangio-
genic properties, there is a neovascularization of the aortic
valve and mineralization of leaflets [91]. Though the role of
angiogenesis in CAVD is not elucidated yet, one hypothesis
is that it contributes to the recruitment of inflammatory cells
in a positive feedback loop. Osteonectin (SPARC), a matri-
cellular protein highly expressed in stenotic aortic valves, is
cleaved by metalloproteinases into a proangiogenic peptide
[90]. The expression of several MMPs, including MMP2-3
and MMP9, is elevated in mineralized aortic valves [92]. In
addition, a recent study has identified that MMP12, which
is a potent elastase, is overexpressed in stenotic aortic valves
[93]. Also, in humanmineralized aortic valves the expression
of cathepsins K, V, and S is increased [94]. In apoE−/− mice
with 5/6 nephrectomy, cathepsin S induced elastolysis and
promoted the mineralization of the aortic valve [95]. These
studies thus suggest that during the remodelling process elas-
tic fibers fragments with osteogenic properties are generated
and may participate in the mineralization of the aortic valve.

5. Adaptive Immunity

From the above discussion it is clear that there is an activation
of innate immunity in CAVD. Though it has been observed
more than a decade ago that CD4+ and CD8+ T cells
infiltrate the aortic valve during CAVD, it is only recently
that investigations have shown a clonal expansion of T cells
in mineralized aortic valves. In a seminal work, Winchester
et al. showed that the proportion of circulating CD3+ T cells
expressing HLA-DR was increased in subjects with CAVD
[96]. Also, the proportion of circulating CD8+ CD57+ T
cell subset expressing HLA-DR was elevated during CAVD.
These findings thus suggest that a subset of memory T cells is
activated in patients withCAVD. Inmineralized aortic valves,
both bicuspid and tricuspid, the clonal expansions of the TCR
repertoire were documented. Immunohistological analyses
of explanted mineralized aortic valves showed that CD8+
CD28 null cells were present at the proximity of mineralized
nodules [96, 97]. These data thus suggest that a systemic
adaptive immunity, coupled to lymphocytic infiltration of
the aortic valve, is activated during CAVD. Though the
antigen(s) responsible for this response in CAVD remains
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to be determined, it is possible that oxidatively modified
epitopes may play a role [98]. Several questions though
remain to be studied with regard to the role of adaptive
immunity in the development of CAVD. The identification
of epitopes that induce an adaptive immune response, as well
as the role of this response in fibrocalcific remodelling of the
aortic valve, remains to be explored.

6. An Integrative View of
Inflammation in CAVD and Potential
Therapeutic Opportunities

Several factors may promote inflammation in CAVD, but an
important culprit is possibly the oxidized lipids [99]. In this
regard, ox-LDL is a potent trigger of inflammation through
the Toll-like receptors. Also, ox-LDL generates epitopes,
which may activate adaptive immunity [100]. In addition,
the overexpression of Lp-PLA2, LPL, and 5-LO in CAVD
contributes to generate bioactive lipid-derived species, which
amplify inflammation.These factors alongwith angiotensin II
contribute to the activation of the NF-𝜅B cascade.The activa-
tion ofNF-𝜅B inCAVD is substantiated by an elevated level of
phosphorylated I𝜅B𝛼 (Ser32) along with the overexpression
of target genes such as IL-6 [23]. In this scheme of things, it is
possible thatNF-𝜅B represents a hub of signalling, whichmay
drive, at least in part, the fibrocalcific remodelling process of
the aortic valve. Different therapeutic alternatives could be
examined in order to prevent the progression of CAVD. In
this regard, investigations to decrease activation of the RAS
or blocking enzyme pathways that promote the production of
highly reactive lipid species are needed. The recent discovery
that IL-6may represent an effector cytokine in promoting the
osteogenic transition of VICs warrants further investigation.
The use of monoclonal antibodies directed against TNF-𝛼
or IL-6 could be examined in preclinical animal models.
The cardiovascular inflammation reduction trial (CIRT) will
examine if the administration of methotrexate can reduce
cardiovascular events [101]. This study will randomize 7000
patients to a placebo or methotrexate. Though this study is
not designed and powered to study CAVD, it will examine as
a secondary outcome the rate of CAVD in both arms.Though
themechanism bywhichmethotrexate reduces inflammation
remains, to some extent, obscure, in the hypercholesterolemic
rabbit, it decreased the size of atherosclerotic plaques and in
vitro it reduced the expression of TNF-𝛼, IL1𝛽, and CXCL2
in human umbilical vein endothelial cells treated with TNF-
𝛼 [102].The repositioning of drugswith an anti-inflammatory
effect in CAVD is a potential therapeutic avenue, which needs
further exploration [103]. However, basic and translational
works are clearly needed in this field in order to tease out the
key underpinning processes that link immunity with CAVD.

7. Conclusion

Research in the last several years has clearly identified that
CAVD is an active disorder, which has an immune compo-
nent. Both innate and adaptive immunity are activated during
CAVD. Several upstream factors converge on the NF-𝜅B.

Oxidized lipid species and angiotensin II promote activation
of the NF-𝜅B cascade, which increases the expression of
different cytokines. Both apoptosis-mediated mineralization
and osteogenic transition of VICs are activated by NF-𝜅B
and promote the ectopic mineralization of the aortic valves.
Recent discoveries linking the immune response with CAVD
should spurmore translationalwork in order to develop novel
therapeutic alternatives for this chronic process affecting our
aging societies.
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F. Dagenais, “Calcification of human valve interstitial cells is
dependent on alkaline phosphatase activity,” Journal of Heart
Valve Disease, vol. 14, no. 3, pp. 353–357, 2005.
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tor alpha promotes an osteoblast-like phenotype in human
aortic valve myofibroblasts: a potential regulatory mechanism
of valvular calcification,” International Journal of Molecular
Medicine, vol. 16, no. 5, pp. 869–872, 2005.

[35] R. A. Black, C. T. Rauch, C. J. Kozlosky et al., “A metallopro-
teinase disintegrin that releases tumour-necrosis factor-𝛼 from
cells,” Nature, vol. 385, no. 6618, pp. 729–733, 1997.

[36] H. Hsu, J. Xiong, and D. V. Goeddel, “The TNF receptor
1-associated protein TRADD signals cell death and NF-𝜅B
activation,” Cell, vol. 81, no. 4, pp. 495–504, 1995.

[37] H. Hsu, H.-B. Shu, M.-G. Pan, and D. V. Goeddel, “TRADD-
TRAF2 and TRADD-FADD interactions define two distinct
TNF receptor 1 signal transduction pathways,” Cell, vol. 84, no.
2, pp. 299–308, 1996.

[38] S. Bertazzo, E. Gentleman, K. L. Cloyd, A. H. Chester, M.
H. Yacoub, and M. M. Stevens, “Nano-analytical electron



Journal of Immunology Research 9

microscopy reveals fundamental insights into human cardio-
vascular tissue calcification,”Nature Materials, vol. 12, no. 6, pp.
576–583, 2013.

[39] A. Adhikari, M. Xu, and Z. J. Chen, “Ubiquitin-mediated
activation of TAK1 and IKK,”Oncogene, vol. 26, no. 22, pp. 3214–
3226, 2007.

[40] H.-L. Lee, K. M. Woo, H.-M. Ryoo, and J.-H. Baek, “Tumor
necrosis factor-𝛼 increases alkaline phosphatase expression in
vascular smooth muscle cells via MSX2 induction,” Biochemical
and Biophysical Research Communications, vol. 391, no. 1, pp.
1087–1092, 2010.

[41] Z. Al-Aly, J.-S. Shao, C.-F. Lai et al., “Aortic Msx2-Wnt cal-
cification cascade is regulated by TNF-𝛼-dependent signals
in diabetic Ldlr−/− mice,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 27, no. 12, pp. 2589–2596, 2007.

[42] K. Isoda, T. Matsuki, H. Kondo, Y. Iwakura, and F. Ohsuzu,
“Deficiency of interleukin-1 receptor antagonist induces aortic
valve disease in BALB/cMice,”Arteriosclerosis,Thrombosis, and
Vascular Biology, vol. 30, no. 4, pp. 708–715, 2010.

[43] J. J. Kaden, C.-E. Dempfle, R. Grobholz et al., “Interleukin-
1 beta promotes matrix metalloproteinase expression and cell
proliferation in calcific aortic valve stenosis,” Atherosclerosis,
vol. 170, no. 2, pp. 205–211, 2003.

[44] A. Galeone, G. Brunetti, A. Oranger et al., “Aortic valvular
interstitial cells apoptosis and calcification are mediated by
TNF-related apoptosis-inducing ligand,” International Journal
of Cardiology, vol. 169, no. 4, pp. 296–304, 2013.

[45] L. Lum, B. R. Wong, R. Josien et al., “Evidence for a role
of a tumor necrosis factor-𝛼 (TNF-𝛼)-converting enzyme-like
protease in shedding of TRANCE, a TNF family member
involved in osteoclastogenesis and dendritic cell survival,”
Journal of Biological Chemistry, vol. 274, no. 19, pp. 13613–13618,
1999.

[46] B. R. Wong, R. Josien, S. Y. Lee, M. Vologodskaia, R. M.
Steinman, and Y. Choi, “The TRAF family of signal transducers
mediates NF-𝜅B activation by the TRANCE receptor,” The
Journal of Biological Chemistry, vol. 273, no. 43, pp. 28355–
28359, 1998.

[47] B. R. Wong, D. Besser, N. Kim et al., “TRANCE, a TNF
familymember, activates Akt/PKB through a signaling complex
involving TRAF6 and c-Src,” Molecular Cell, vol. 4, no. 6, pp.
1041–1049, 1999.

[48] W. S. Simonet, D. L. Lacey, C. R. Dunstan et al., “Osteoprote-
gerin: a novel secreted protein involved in the regulation of bone
density,” Cell, vol. 89, no. 2, pp. 309–319, 1997.

[49] N. Bucay, I. Sarosi, C. R. Dunstan et al., “Osteoprotegerin-
deficient mice develop early onset osteoporosis and arterial
calcification,” Genes and Development, vol. 12, no. 9, pp. 1260–
1268, 1998.

[50] J. J. Kaden, S. Bickelhaupt, R.Grobholz et al., “Receptor activator
of nuclear factor 𝜅B ligand and osteoprotegerin regulate aortic
valve calcification,” Journal of Molecular and Cellular Cardiol-
ogy, vol. 36, no. 1, pp. 57–66, 2004.

[51] R. M. Weiss, D. D. Lund, Y. Chu et al., “Osteoprotegerin
inhibits aortic valve calcification and preserves valve function
in hypercholesterolemic mice,” PLoS ONE, vol. 8, no. 6, Article
ID e65201, 2013.

[52] K. D. O’Brien, D.M. Shavelle, M. T. Caulfield et al., “Association
of angiotensin-converting enzymewith low-density lipoprotein
in aortic valvular lesions and in humanplasma,”Circulation, vol.
106, no. 17, pp. 2224–2230, 2002.

[53] S. Helske, K. A. Lindstedt, M. Laine et al., “Induction of local
angiotensin II-producing systems in stenotic aortic valves,”
Journal of the American College of Cardiology, vol. 44, no. 9, pp.
1859–1866, 2004.

[54] E. Wypasek, J. Natorska, G. Grudzień, G. Filip, J. Sadowski,
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[94] S. Helske, S. Syväranta, K. A. Lindstedt et al., “Increased
expression of elastolytic cathepsins S, K, and V and their
inhibitor cystatin C in stenotic aortic valves,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 26, no. 8, pp. 1791–1798,
2006.

[95] E. Aikawa, M. Aikawa, G. Rusanescu et al., “Arterial and
aortic valve calcification abolished by elastolytic cathepsin S
deficiency in chronic renal disease,” Circulation, vol. 119, no. 13,
pp. 1785–1794, 2009.

[96] R.Winchester, M.Wiesendanger,W. O’Brien et al., “Circulating
activated and effector memory T cells are associated with



Journal of Immunology Research 11

calcification and clonal expansions in bicuspid and tricuspid
valves of calcific aortic stenosis,” Journal of Immunology, vol. 187,
no. 2, pp. 1006–1014, 2011.

[97] H.D.Wu,M. S.Maurer, R. A. Friedman et al., “The lymphocytic
infiltration in calcific aortic stenosis predominantly consists of
clonally expanded T cells,”The Journal of Immunology, vol. 178,
no. 8, pp. 5329–5339, 2007.

[98] R. Wu, R. Giscombe, G. Holm, and A. K. Lefvert, “Induction
of human cytotoxic T lymphocytes by oxidized low density
lipoproteins,” Scandinavian Journal of Immunology, vol. 43, no.
4, pp. 381–384, 1996.

[99] C. Cote, P. Pibarot, J. P. Despres et al., “Association between
circulating oxidised low-density lipoprotein and fibrocalcific
remodelling of the aortic valve in aortic stenosis,” Heart, vol.
94, no. 9, pp. 1175–1180, 2008.

[100] S. Stemme, B. Faber, J. Holm, O. Wiklund, J. L. Witztum, and
G. K. Hansson, “T lymphocytes from human atherosclerotic
plaques recognize oxidized low density lipoprotein,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 92, no. 9, pp. 3893–3897, 1995.

[101] P. M. Ridker, “Testing the inflammatory hypothesis of
atherothrombosis: scientific rationale for the cardiovascular
inflammation reduction trial (CIRT),” Journal of Thrombosis
and Haemostasis, vol. 7, supplement 1, pp. 332–339, 2009.

[102] A. Bulgarelli, A. A. Martins Dias, B. Caramelli, and R. C.
Maranhão, “Treatment with methotrexate inhibits atherogen-
esis in cholesterol-fed rabbits,” Journal of Cardiovascular Phar-
macology, vol. 59, no. 4, pp. 308–314, 2012.

[103] M. R. Hurle, L. Yang, Q. Xie, D. K. Rajpal, P. Sanseau, and
P. Agarwal, “Computational drug repositioning: from data to
therapeutics,”Clinical Pharmacology&Therapeutics, vol. 93, no.
4, pp. 335–341, 2013.



Review Article
Recognition of Immune Response for the Early Diagnosis and
Treatment of Osteoarthritis

Adrese M. Kandahari,1 Xinlin Yang,1 Abhijit S. Dighe,1 Dongfeng Pan,2 and Quanjun Cui1

1Department of Orthopaedic Surgery, University of Virginia School of Medicine, Charlottesville, VA 22908, USA
2Department of Radiology and Medical Imaging, University of Virginia, Charlottesville, VA 22908, USA

Correspondence should be addressed to Quanjun Cui; qc4q@virginia.edu

Received 17 October 2014; Accepted 2 December 2014

Academic Editor: Patrizia D’Amelio

Copyright © 2015 Adrese M. Kandahari et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Osteoarthritis is a common and debilitating joint disease that affects up to 30 million Americans, leading to significant disability,
reduction in quality of life, and costing the United States tens of billions of dollars annually. Classically, osteoarthritis has been
characterized as a degenerative, wear-and-tear disease, but recent research has identified it as an immunopathological disease
on a spectrum between healthy condition and rheumatoid arthritis. A systematic literature review demonstrates that the disease
pathogenesis is driven by an early innate immune response which progressively catalyzes degenerative changes that ultimately lead
to an altered joint microenvironment. It is feasible to detect this infiltration of cells in the early, and presumably asymptomatic,
phase of the disease through noninvasive imaging techniques. This screening can serve to aid clinicians in potentially identifying
high-risk patients, hopefully leading to early effective management, vast improvements in quality of life, and significant reductions
in disability, morbidity, and cost related to osteoarthritis. Although the diagnosis and treatment of osteoarthritis routinely utilize
both invasive and non-invasive strategies, imaging techniques specific to inflammatory cells are not commonly employed for these
purposes. This review discusses this paradigm and aims to shift the focus of future osteoarthritis-related research towards early
diagnosis of the disease process.

1. Introduction

Osteoarthritis (OA) is a painful and debilitative joint disease
that commonly affects the hand, hip, and knee joints of aging
adults. Disease progression is a leading cause of hospitaliza-
tion and ultimately requires joint replacement surgery which
costs the US healthcare industry over $42 billion in 2009 for
the hip and knee joints alone [1]. Clinical OA affects up to
30 million Americans including one-third of seniors aged 65
or older and 13.9% of all adults at least 25 years of age [2].
While disease-modifying antirheumatic drugs (DMARDs)
have been identified for rheumatoid arthritis (RA), an
inflammatory joint disease often studied and characterized
in comparison with OA, similar therapy for OA has yet to be
identified [3, 4].The classical definition of OA as a wear-and-
tear, noninflammatory disease has recently transitioned to an
inflammatory disease lying on a spectrum between normal
control and RA. Despite the fact that the immune system
plays a significant role in both diseases, DMARDs effective

in the treatment of RA, including tumor necrosis factor 𝛼
(TNF𝛼) and interleukin-1 (IL-1) inhibitors, have so far proven
unsuccessful in slowing disease progression and clinical
deterioration of OA patients. This paper will characterize
the key players in OA pathogenesis and identify disease-
modifying therapeutic strategies which could be reasonably
accommodated in the setting of a prevalent, high-morbidity,
and costly disease in the United States of America.

Recent research has established that multiple cells, cy-
tokines, chemokines, complement, and other aspects of the
immune system are involved in the pathogenesis of OA,
with the roles of integral cells and proteins summarized in
Tables 1 and 2, respectively. There exists a continuum of
inflammation along the spectrum of normal, OA, and RA,
with progressive increases in cytokines and other mediators
of inflammation along with leukocyte infiltration [5]. OA
pathogenesis is multifactorial and complex with evidence
pointing towards unique phenotypes and seemingly discrete
stages: early, intermediate, and late. Numerous pathways exist
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and not all may be implicated in specific joints or individuals,
but all eventually lead to the endpoint of joint degeneration.

2. Immune Response

2.1. Early Innate Response. Both the innate and adaptive
immune systems have been implicated in OA pathogenesis,
but of particular interest is the role of the innate immune sys-
tem in earlyOA. Pathogenesis beginswith trauma to the joint,
which may constitute repetitive microtrauma accumulated
throughout a lifetime or amajor traumatic event such as artic-
ular fracture. Trauma to the joint is absorbed by subchondral
bone [6] and joint-associated fat pads [7], respectively. Sub-
chondral bone releases cytokines while the fat pads release
adipokines such as leptin, resistin, adiponectin, visfatin, and
chemerin [7]. Although the role of adipokines in OA remains
to be conclusively elucidated, many studies have implied that
they may act as chemokines and increase matrix-degrading
enzymes matrix metalloproteinase (MMP) and a disinte-
grin and metalloproteinase with thrombospondin motifs
(ADAMTS) [7–9], nitric oxide synthase (NOS) [10], Toll-like
receptor (TLR) [7], and other cytokine production [7, 11].
Additionally, joint-associated fat pads are innervated by C-
fiber neurons which release substance P, thereby increasing
pain sensitivity, proinflammatory cytokine production, and
vascular permeability [12, 13].This series of events leads to the
release of damage-associated molecular patterns (DAMPs),
or alarmins, from the extracellular matrix (ECM) by both
direct trauma and the action of MMPs and ADAMTS, as
well as from neutrophils and monocytes. DAMPs stimulate
TLRs on macrophages and chondrocytes, inducing a strong
upregulation of catabolic markers (MMPs 1, 3, 9, and 13, IL-
6, IL-8, and monocyte chemotactic protein 1) and cytokines
TNF𝛼 and IL-1𝛽 by way of NF𝜅B activation, which is the
master regulator in immune response [14–16]. This chronic
activation of TLRs leads to their upregulation in chondro-
cytes [15] and increased sensitivity [16].

The actions of complement are further demonstrating the
significant role played by the innate immune system in early
OA. Wang et al. reported that complement expression and
activation were abnormally high in OA synovium, especially
in early OA, seen in Figure 1. Additionally, the membrane
attack complex (MAC, C5b-9) was present surrounding
chondrocytes in late OA [17]. MAC directly damages the
cell membrane but also stimulates MMP, ADAMTS, and
chemokine production in chondrocytes, leading to increased
chondrocyte destruction, catabolism of cartilage, and leuko-
cyte infiltration.MMPs release components of the extracellu-
lar matrix, such as fibromodulin and aggrecan, which further
induce MAC formation. To further assess the role of com-
plement, Wang et al. knocked out C5 in mice and observed
that, compared to C5+ controls, the C5− mice showed no
significant synovitis or cartilage loss 8–12 weeks status post
(s/p) medial meniscectomy, a surgery that can induce OA.
Furthermore, C6− mice developed about half the synovial
degeneration as C6+ mice s/p medial meniscectomy. CD59,
a MAC inhibitor, was also knocked out in another mouse
model, and these mice developed more severe OA compared
to controls [17]. In another study, Busby Jr. et al. found that
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Figure 1: Complement synovial infiltration in the early pathogene-
sis of OA. ELISA quantification of C3a des-arginine in synovial fluid
of healthy (𝑛 = 14), early-stage OA (𝑛 = 52), and end-stage OA
(𝑛 = 69) patients. C3a des-arginine is a carboxypeptidase-cleaved,
stable form of C3a that is generated fromC3 during activation of the
complement cascade. ∗∗𝑃 ≤ 0.01 by one-way analysis of variance
(ANOVA) and Dunnett’s post hoc test (reproduction of image with
permission and modified caption fromWang et al. [17]).

inhibiting C1s, a serine protease involved in the initiation
of the classic activation pathway, promoted favorable joint
architecture in dogs. One mechanism by which C1s exerts its
effects is by cleaving chondroprotective IGFBP-5 [18].

Other innate immune cells have also been found to
play a role in pathogenesis. NK cells have been found in
the synovium of OA patients, in one study exhibiting a
CD16+CD56+ phenotype both with and without granzymes
A and B [19]. Granzyme A and B expression correlates
with cytolytic potency in vitro [19]. In another study, NK
cells were identified within OA synovia with a CD16−CD56+
phenotype without granzyme expression. Additionally, these
cells demonstrated poor production of interferon 𝛾 (IFN𝛾),
a cytokine central to osteoclastogenesis, upon stimulation in
vitro [20]. In yet another study, granzymes A and B could
be identified in the synovia from OA, RA, and reactive
arthritis patients [21]. These findings imply that, in OA
joints, NK cells can be of an active, cytolytic phenotype, or
of an exhaustive, postactivation versus immunoregulatory
phenotype. Granzymes A and B, exclusively produced by
cytolytic lymphocytes, were identified both intracellularly in
NK cells and in the synovia of OA patients [19, 21]. While
granzyme presence in the synovium could be explained by
T cells, the exclusiveness of this is unlikely. The production
and release of granzymes [19, 21] support the notion of
an activation/postactivation phenotype theory of NK cell
involvement [20]. Of note, Huss et al., who identified mostly
CD16−CD56+ NK cells negative for granzymes and suggested
that NK cells are of the immunoregulatory phenotype [20],
performed their analysis on patients undergoing primary or
revision joint replacement, indicative of late OA patients.
Concordantly, IFN𝛾 production and degranulation of NK
cells were significantly lower after in vitro stimulation of
synovial tissue taken from revision versus primary joint
replacement patients (degranulation of 2% and 7%, resp.,
𝑃 < 0.05) [20]. The decreased sensitivity of synovial NK cells
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to stimulation in revision versus primary joint replacement
patients demonstrates evidence for an exhaustive NK cell
phenotype in late OA. Most likely there is a combination of
both activating and immunoregulatory roles played by NK
cells in OA pathogenesis.

Mast cells have been identified in the synovium of OA
patients [22–24], and in one study their counts were found to
have a positive correlation with total cellular infiltrate (𝑟

𝑠
=

0.82, 𝑃 = 0.0141) [19]. Interestingly, no correlation between
ESR and mast cell count or total cellular infiltrate was found,
suggesting only local effects in the joint microenvironment
inconsistent with markers of systemic inflammation or dis-
ease process [22]. This point is a major barrier to diagnosing
and monitoring OA and is expounded upon in later sections.
Mast cells are a potent regulator of vascular permeability,
and they may play a crucial role in leukocyte recruitment
to OA joints. Degranulated mast cells have been found in
OA synovium [23], and Buckley et al. discovered a selective
expansion and higher ratio of mast cell tryptase phenotype
in OA synovium, a phenotype consistent with degranulation
[24].

While the significance of neutrophils in synovial disease
is well characterized in RA, the role of neutrophils in OA is
relatively unknown. Neutrophils are found in varying levels
in the synovium of OA patients but generally are found
only in small numbers if present at all [5]. However, human
neutrophil peptides 1–3 (HNP1–3), 𝛼-defensins, were found
in the synovial tissue of both OA and RA patients in one
study [25]. Interestingly, stimulation with TNF𝛼 led to the
inhibition of HNP1–3 levels in the synovium of OA patients
but not RApatients.The authors concluded that this wasmost
likely due to desensitization of TNF receptors in RA synovia.
Paired with the finding that HNP1–3 stimulates macrophages
to release TNF𝛼 [26], the authors concluded that TNF forms a
negative feedback loop with HNP1–3 [25]. If HNP1–3 release
does precede the actions of TNF𝛼, this would suggest that
neutrophils play a role in early OA pathogenesis, as TNF𝛼
is a central mediator of the disease process. In another
study, neutrophil gelatinase-associated lipocalin (NGAL)was
found in complex with MMP-9 in OA synovia. NGAL
served to decrease degradation of MMP-9 [27], found to
be the predominant gelatinase in actively resorbing cartilage
[28]. In the presence of NGAL-MMP-9, increased levels of
glycosaminoglycan were released from cartilage explants in
vitro [27]. The role of the innate immune response in early
OA pathogenesis is summarized in a stepwise fashion below.

(I) Trauma to the joint is absorbed by subchondral bone
and fat pads.

(II) Cytokines, MMPs, and ADAMTS are released.

(III) Direct trauma and MMP/ADAMTS activity release
DAMPs which stimulate TLRs.

(IV) TLR activation stimulates NF𝜅B, the release of cytok-
ines (mainly TNF𝛼 and IL-1𝛽), macrophages, com-
plement, catabolic pathways in chondrocytes, other
innate immune cells, and ultimately the adaptive
immune response.

(V) Chronic cascading increases TLR expression and
receptor sensitivity, further increasing inflammation.

2.2. Adaptive Response. Actions of the innate immune sys-
tem inevitably lead to activation of the adaptive immune
system, increasing inflammation and damage to the joints.
TNF𝛼 and IL-1𝛽 are the dominant and most abundant
cytokines implicated in OA [5]. They act independently of
each other and additively to shift synovial tissue homeosta-
sis towards catabolism [29, 30]. Mechanisms of this shift
include increased resorption and inhibition of proteogly-
cans in cartilage, production of MMPs and chemokines,
endothelium activation, and induction of apoptosis in chon-
drocytes [31, 32]. This leads to increased macrophage and
CD4+ T cell infiltration, blood vessel formation by increased
vascular endothelial growth factor (VEGF), and increased
cyclooxygenase-2 level [33]. Macrophages and T cells, specif-
ically of the CD4+ Th1 subtype [34, 35], are the most
abundant cell types found in the synovium of OA patients
[5, 36]. Their activation initiates a repetitive cascade of
events, activating both the innate and adaptive immune sys-
tems, and this propagating inflammation destroys increasing
amounts of cartilage, decreasing function and increasing
morbidity. T cells are responsible for enhanced stimulation of
macrophages and the activation of B cells. Autoreactive B cells
further damage cellular integrity and increase inflammation
by producing autoantibodies specific for cartilage cell surface
proteins such as osteopontin and collagen. Elevated titers of
these autoantibodies were found in the sera fromOApatients
compared to controls [31]. The adaptive immune response is
summarized in stepwise fashion below.

(I) Cytokine release and increased vascular permeability
lead to T-cell infiltration.

(II) T cells release chemokines and cytokines including
IFN𝛾, further stimulating macrophages.

(III) Antigen presentation activates B cells.
(IV) B cells release IL-6, increasing acute phase reactants,

and produce autoantibodies causing direct damage to
cartilage.

(V) Lymphocyte and macrophage activation in the joint
microenvironment lead to a chronic, relapsing course
of inflammation.

3. Early Diagnosis and Treatment

3.1. Imaging Techniques. Anatomic imaging techniques, such
as radiography and magnetic resonance imaging (MRI), are
currently used for epidemiological studies and clinical trials
[37, 38]. Plain radiography is the traditional approach to
monitoring progression of disease by clinicians; however,
the drawbacks of this approach are apparent: insensitivity to
change, nonspecificity, susceptibility to measurement error
due to change in positioning, and inability to detect early
stages of disease [39, 40]. MRI is regarded as sensitive, valid,
and reproducible in that it can assess abnormalities of the
whole-joint structure including cartilage degeneration [41],
subchondral bone marrow lesions [42, 43], meniscal defects
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Figure 2: In vivo imaging of inflammation with two cFLFLF-derived probes in the rat knee joints treated with (right knee) or without (left
knee) monoiodoacetate (MIA). (a) CFLFLF-PEG-Cy 7 probe with animal back down, at day 5 after MIA injection; (b) cFLFLF-PEG-DOTA-
64Cu with animal back up, at day 5 after MIA injection (upper column: micro-CT; middle column: micro-PET; lower column: fused).

[44], and joint effusion and synovitis [45]. However, even
MRI is not sensitive enough to detect the early immune cell
infiltration of joints in OA, as inflammation far precedes
cartilage destruction marked by radiographic change [46].

There is a substantial need to develop imaging techniques
that can visualize the activity of the disease process itself,
rather than measure structural changes that are a result of
the disease process [47]. In this regard, a few reports have
been published on the use of functional nuclear imaging
techniques, such as positron emission tomography (PET)
and planar or single-photon emission computed tomography
(SPECT), for monitoring the inflammatory process of OA
[48]. 18F-2-Fluoro-2-deoxy-D-glucose and 111In-diethylene
triamine pentaacetic acid-folates have been explored as
imaging tracers for OA because of respective increased
metabolism of glucoses and elevated expression of folate
receptors in activated immune cells [49]. Although these
tracers have demonstrated some promise in clinical trials as
well as in experimental OA models, they are likely not in
use due to the lack of an inflammation-specific window of
opportunity for imaging.

Alternatively, formyl peptide receptor (FPR) is primar-
ily expressed on activated leukocytes as a defense mecha-
nism to detect and trigger an immune cell response to
inflammation caused by infections in a time and con-
centration dependent manner [50]. In the past years,
based on a FPR-specific binding peptide, cFLFLF, we have
successfully utilized the cFLFLF-PEG modules to build
PET (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-
64Cu, also known as DOTA-64Cu), SPECT (99mTc), and opti-
cal (cyanine-5 and cyanine-7) imaging probes and exhibited

excellent imaging in a variety of animal inflammationmodels
[51–55]. The cFLFLFK-Cy-7 probe is now commercially
available (Kerafast, Inc.) and cFLFLF-based probes have been
developed enthusiastically for animal imaging by the broader
research community [56–58].

We are currently exploring if a cFLFLF-based SPECT
imaging approach is feasible tomonitor aseptic inflammation
with a particular interest in OA. To this end, an acute model
was created by intra-articular injection of monoiodoacetate
for near-infrared fluorescence (NIRF) or PET imaging of
inflammatory cells duringOAdevelopment in rat knee joints.
As shown in Figure 2, the inflamed joints were well imaged by
either aNIRF probe cFLFLF-PEG-Cy 7 (Figure 2(a)) or a PET
probe cFLFLF-PEG-DOTA-64Cu (Figure 2(b)). If available in
the clinic, use of this SPECT technique can facilitate early
detection and monitoring of the recruitment of innate leuko-
cytes during OA development, allow correct characterization
and diagnosis to direct early appropriate intervention, and
improve long-term outcomes in OA patients [59].

As a caveat, FPR expression in fibroblasts and mes-
enchymal stem cells (MSCs) has been demonstrated [60, 61].
However, these MSCs and fibroblasts likely serve to repair
tissue, initiate tissue remodeling, andmediate leukocyte infil-
tration in response to the acute chemotactic stimuli of formyl
peptide, thereby still reflecting early changes on imaging.The
actions of fibroblasts are noted in Tables 1 and 2, respectively.
MSCs decrease inflammation, and overexpression of FPR in
these cells is currently being studied as potential therapy in
chronic disease such as cystic fibrosis [61]. Additionally, FPR
ligands have been shown to decrease inflammation in joints
and have even been suggested as potential therapies for RA
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Table 3: Probes for mediators of inflammation in modern imaging
techniques.

Cell type or protein Probe
Macrophage (i) 18F-FDG (PET) [98, 99]

CD4+ T cell (i) 64Cu-PTSM (PET) [100]
(ii) 18F-FB-IL-2 (PET) [99]

B cell (i) 124I-rituximab (PET) [101]

Neutrophil (i) cFLFLF-PEG-Cy 7 (NIRF)
(ii) cFLFLF-PEG-DOTA-64Cu (PET)

Mast cell (i) Ligand 1 (in vitro) [102]
TNF𝛼 (i) 64Cu-DOTA-etanercept (PET) [103]

Complement (i) USPIO-conjugated anti-C3mab
(T2-MRI) [104]

MMP (i) 124I-HO-MPI (CGS 27023A) (PET)
[105]

[62]. Regarding the utilization of FPR as an imaging target in
early OA, the actions of MSCs, fibroblasts, and FPR ligands,
while noteworthy, should have little to no effect or have not
yet been discovered. Probes formany cell types andmediators
of inflammation mentioned in this paper are displayed in
Table 3 and Figure 3.

3.2. Biomarkers. To date, many barriers exist in identifying
biomarkers reflective of OA severity; histochemical find-
ings have yet to be linked to clinical traits such as pain
and function. Foremost, as evidenced in the next section,
inflammation in OA is not only local but also systemic,
making standard systemic measurements from individual
to individual difficult. The confounding factors in systemic
inflammation are immeasurable: age, genetics, diet, activity,
kidney function, liver function, weight, and other comorbidi-
ties to name a few [63]. Numerous biomarkers have been
thought to show promise in recent studies, such as serum
cartilage oligomeric matrix protein and urine C-terminal
cross-linked telopeptide type II collagen levels, but these are
nonspecific to cartilage [63, 64]. Complicating the lack in
specificity of inflammatory biomarkers is that measurements
in OA patients are drawn once disease is already established.
The ability is compromised to determine baseline patient
values, cut-off values distinguishing normal from abnormal,
and markers that are pathological rather than released nat-
urally or concurrently. Another major barrier limiting the
identification of both biomarkers and effective treatment is
the unfortunate discrepancy between in vitro and in vivo
studies. Decreasing specific mediators of inflammation has
thus far not led to improved pain score or prognosis in vivo.

For these reasons testing biomarker levels in synovial
fluid seems appropriate. However, the natural microenvi-
ronment between individual joints varies, making standard
measurements difficult to implement [63]. This is evidenced
by the unique infrapatellar fat pad of the knee, which
greatly contributes to OA pathogenesis by way of adipokine
release. Additionally, extracting synovial fluid is restricted to
the larger joints and carries risks as compared to drawing
blood. Finally, different phenotypes of disease presumably
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Figure 3: Inflammatory biomarkers in PET imaging (reproduced
with permission fromWu et al. [99]).

involve diverse biomarkers, pathways, and sequelae [63]. As
evidenced by Table 1, T cells [34, 65] and NK cells [19, 20, 66]
have been shown to possess exhaustive and chronic pheno-
types, respectively, in late versus early disease, demonstrating
that early disease is the primary mechanism responsible
for changes in the joint microenvironment, underlining the
importance of identifying these changes.

3.3. Hurdles to Treatment. The significance of the innate
immune system in early OA becomes evident, as it leads
to direct chondrocyte and cartilage destruction as well as
NF𝜅B activation with pronounced redundancy and perpet-
uation. As stated previously, NF𝜅B is the master regulator
of the immune response. It is involved in the activation of
complement, defensins, adhesions, and caspase-1, as well as
the production of cytokines, reactive oxygen species (ROS),
and NO. Despite the attractiveness of targeting NF𝜅B in
disease-modifying therapy, it is an unreliable target in large
part due to its universal role in normal cellular signaling.
Its modulation has a significant side effect profile; however
natural health products such as those found in grapes and
green tea have shown promise but need further study [67].

The difficulty in treating OA is that once local and
systemic inflammation is established, debilitative changes in
affected joints are difficult to control. OA is both affected
by and contributing to a baseline proinflammatory state,
such as that seen in senescence, metabolic syndrome, and
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Figure 4: Model for role of systemic proinflammatory state and OA. Inflammatory mediators released into blood enter the joint exacerbating
OA, which releases its own mediators of inflammation leading to increased systemic inflammation (reproduced with permission from
Berenbaum [6]).

Alzheimer’s disease amongst others (Figure 4) [4]. For exam-
ple, Berenbaum et al. found that a high fat diet increased
inflammation in the acute phase of OA [7]. In another
study, Kyrkanides et al. found that inducing OA in mice
genetically susceptible to Alzheimer’s disease exacerbated
and accelerated neuroinflammation, increasing the number
and size of amyloid plaques [68]. Many therapies, includ-
ing anti-TNF𝛼 and anti-IL-1𝛽 therapy, have been shown
to decrease inflammation but fail to significantly improve
function or prognosis in established OA patients [3, 4]. Pain
levels have been shown to have a statistically significant
correlation with level of change in synovitis (𝑟 = 0.21,
𝑃 = 0.0003), but not cartilage destruction or baseline level
of synovitis [69]. This correlation is only modest and does
nothing but supporting the notion that a relative increase
in inflammation will increase perception of pain. There
is a disconnection between biomarkers of disease, radio-
graphic change, and symptomology, complicating treatment.
Degenerative change in OA can occur under two months
following trauma [70], and epigenetics has been shown to
play a role in mediating the acute inflammatory changes
driven by the altered joint microenvironment [71]. It is
for these reasons that we hypothesize that addressing early
inflammatory change in the synovium consistent with OA
is crucial in modulating disease progression and therefore
patient disability. Therapies that have failed to show benefit
to date may be effective when implemented at an appropriate
stage of disease. Future research should be targeted toward
identifying at-risk patients and early intervention.

4. Perspectives

Pharmacological treatment to date has had varying effects on
symptomology, but diseasemodulation has yet to be attained.
Commonmodalities include NSAIDS, corticosteroids, chon-
droitin sulfate, and glucosamine [72]. These treatments are

variably effective on an individual basis and often only
provide temporary relief and are needed to be repeated
chronically. Trials of anti-TNF𝛼 and anti-IL-1𝛽 therapy for
disease modulation have been unsuccessful despite the dom-
inance of TNF𝛼 and IL-1𝛽 in pathogenesis [4]. Chevalier
et al. concluded that IL-1𝛽 antagonism may benefit patients
with baseline high levels of pain if administered in low,
frequent intra-articular (IA) injections to avoid neutropenia
and serious infection [73]. One in vivo study revealed that
IA injection of lubricin up to two weeks after injury reduced
severity of OA in mice, while local antioxidants such as N-
acetylcysteine after injury showed promise in vitro [74, 75].
The proposed benefit of these treatments administered soon
after injury in injury-induced OA underlines the significance
of early intervention in OA pathogenesis. Treatment with
fibroblast growth factor 18, which is specific for the anabolic
FGFR-3 versus the catabolic FGFR-1, is currently on trial [71].

We believe that regular screening is needed and is justified
as OA is ubiquitous in seniors aged over 65, is clinically
present in 13.9% of US adults aged 25 or above, and is a
leading cause of disability and hospitalization in the USA
[1, 2, 72]. However, further studies are needed in order
to establish guidelines for screening. We recommend that
regular screening for OA be implemented on an outpatient
basis. Special attention should be given to patients of 65 years
or above and patients with metabolic syndrome, Alzheimer’s
disease, or other systemic proinflammatory states. Candidate
markers for screening should continue to be researched
with particular attention paid to local articular levels. IL-
6, complement, and ratio of FGFR-3/FGFR-1 should be
considered.

Additionally, the role of physical, imaging, or combi-
nation diagnostic paradigms must be considered. Contrast-
enhanced MRI and power Doppler ultrasound are the
leading imaging modalities for synovitis [46]. Identifying
early and specific changes in OA may best be visualized
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using PET, NIRF, or SPECT imaging. Many probes for
cells and proteins involved in OA pathogenesis are listed
in Table 3 and Figure 3. We are currently developing a
Tc99m-cFLFLF/SPECT technique to visualize early leuko-
cyte recruitment in OA joints based on a preliminary in vivo
study (Figure 2). While our probe is not 100% specific for
leukocytes, we are currently in the process of identifyingmore
specific receptors.

As changes in the joint consistent with OA can occur
rapidly following injury and are associated with inflam-
mation, intervention should be aimed at the early reactive
phase of OA pathogenesis [70]. Importantly, past thera-
peutic trials may have failed due to attempted intervention
at irreversible stages of disease. Wang et al. showed that
knocking out components of the complement cascade greatly
reduced incidence of OA in mice [17] and this strategy
for treatment management should be further researched. A
study assessing whether there is an increased relative risk
of OA diagnosis and severity in patients with paroxysmal
nocturnal hemoglobinuria could be beneficial in this regard.
Anticomplement therapy should initially be attempted locally
to narrow the focus of treatment and lower the incidence of
potential severe infection.

While disease modification in OA still eludes the medical
community, recent advances in pathogenesis and under-
standing of the disease process beseech hope to solving
the riddle of a ubiquitous, costly disease that significantly
diminishes quality of life in millions of patients. With guided
further research and international collaboration, we believe
that early detection and intervention in OA are possible. Due
to the lack of success and discrepancy of disease modulation
between in vivo and in vitro studies, the significance of
identifying patients in the early phase of disease becomes
paramount in experimenting with detection and treatment of
the disease process. Screening must be implemented in high-
risk patients, and early, aggressive treatment is necessary and
mandated to avoid substantial morbidity.
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Bone disease in rheumatoid arthritis (RA) is a complex phenomenon where genetic risk factors have been partially evaluated. The
system formed by receptor activator for nuclear factor-𝜅B (RANK), receptor activator for nuclear factor-𝜅B ligand (RANKL), and
osteoprotegerin (OPG): RANK/RANKL/OPG is a crucialmolecular pathway for coupling between osteoblasts and osteoclasts, since
OPG is able to inhibit osteoclast differentiation and activation.We aim to evaluate the association between SNPsC950T (rs2073617),
C209T (rs3134069), T245G (rs3134070) in the TNFRSF11B (OPG) gene, and osteoporosis in RA. We included 81 women with RA
and 52 healthy subjects in a cross-sectional study, genotyped them, and measured bone mineral density (BMD) at the lumbar
spine and the femoral neck. Mean age in RA was 50 ± 12 with disease duration of 12 ± 8 years. According to BMD results, 23
(33.3%) were normal and 46 (66.7%) had osteopenia/osteoporosis. We found a higher prevalence of C allele for C950T SNP in RA.
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Polymorphisms C209T and T245G did not reach statistical significance in allele distribution. Further studies including patients
from other regions of Latin America with a multicenter design to increase the sample size are required to confirm our findings and
elucidate if C950T SNP could be associated with osteoporosis in RA.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease
that affects synovial joints [1]. Its prevalence in Mexico is
considerably elevated ranging from 0.3 to 1% [2]. Currently,
the diagnosis of osteoporosis is made on the basis of a mea-
surement by dual-energy x-ray absorptiometry (DXA) at the
spine and hip showing a decrement in bone mineral density
(BMD) lower than 2.5 standard deviations in comparison
with healthy young adults [3]. However, bone involvement in
RA is complex; an increased proportion of patientsmay suffer
from osteoporosis; nevertheless causal effects are considered
to bemultifactorial. Previous studies performed in our center
showed a prevalence of axial osteoporosis inMexican women
with RA of 31% [4].

Genetic risk factors constitute a variable that contributes
to influencing the development of osteoporosis in RA, in this
context; some genetic polymorphisms may influence the rate
of presentation of osteoporosis. Nevertheless such genetic
changes do not explain entirely osteoporosis presence or
fracture related events. Strong evidence supports the fact that
osteoclasts have an important role in osteoporosis and bone
erosion formation [5, 6].

The system conformed by nuclear factor-𝜅B (RANK)/
receptor activator for nuclear factor-𝜅B ligand (RANKL) and
osteoprotegerin (OPG) are crucial, for the bone remodeling
process. Furthermore, it appeared that not only osteoblasts
but also activated 𝑇 lymphocytes play a crucial role in the
pathogenesis of rheumatoid arthritis (RA) and osteoporo-
sis, since they can produce RANKL, which stimulates the
differentiation and activation of osteoclasts [7]. These three
proteins belong to the superfamily of the TNF-𝛼 and have
different patterns of expression; RANKL is expressed in
osteoblasts and its function is to participate in osteoclasts dif-
ferentiation [7, 8]. Osteoprotegerin (OPG) lacks a transmem-
brane domain, and hence it is a receptor that can be secreted.
OPG recognizes and is able to bind RANKL, blocking its
interaction with RANK inhibiting osteoclastic differentiation
and activation [9–11]. Since OPG is homologous to RANK it
acts as a false receptor for RANKL [12–14]. OPG is secreted
mainly by stromal cells but can also be secreted by other types
of cells [15]. Different studies have been able to identify single
nucleotide polymorphisms (SNPs) inTNFSF11 (RANKL) and
TNFRSF11B (OPG) genes in association with osteoporosis or
low bone density [12, 16]. It has been documented that OPG
overexpression induces an increase in bone density and pro-
tects from the development to osteoporosis. In contrast mice
that are OPG-deficient develop osteoporosis very rapidly [14,
15, 17]. OPG overexpression blocks osteoclasts maturation;
contrariwise, an underexpression of this molecule results
in an excessive increase of bone resorption and osteoporo-
sis [18]. Mutations in the promoter region of TNFRSF11B

could have influence on the transcription and translation
rate of OPG. A study in European population (Eslovenia)
showed that two SNPs named rs3134069 and rs3134070 in
the TNFRSF11B could form a haplotype with susceptibility to
osteoporosis [16, 19]. To date, there is a lack of information
evaluating the relationship between polymorphisms of OPG
gene and bone mineral density.

Therefore, the aim of the present study was to assess if
there is an association between SNPs C950T (rs2073617),
C2097 (rs3134069), andT245G (rs3134070) in theTNFRSF11B
(OPG)gene andosteoporosis in rheumatoid arthritis patients.

2. Patients and Methods

2.1. Study Subjects. We carried out a cross-sectional study
that included 81 consecutive unrelated women who were
diagnosed with RA from March 2007 to March 2009. These
patients were referred from an outpatient rheumatology
clinic in a secondary care center in Guadalajara, Mexico
(Hospital General Regional 110, IMSS). Inclusion criteria
were as follows: age ≥ 18 years at entry; self-identified
race Mexican Mestizo (defined as individuals who were
born in Mexico and were descendants of the original
autochthonous inhabitants of the region and of individuals
mainly Spaniards); fulfillment of the 1987 American College
of Rheumatology (ACR) classification criteria [20]; and no
previous BMDmeasurement. Patients were excluded if preg-
nancy was present and if they had an overlap syndrome, were
receiving bisphosphonates or parathyroid hormone therapy,
or had a comorbidity associated with low BMD, such as
diabetes mellitus, thyroid disease, or chronic renal failure;
patients were not related to each other.

A healthy control group matched by age and sex was
obtained fromblood donorswho attended to “CentroMédico
Nacional de Occidente” blood bank; all blood donors were of
Mexican Mestizo origin and denied at the time of the study
having any disease (acute or chronic).

2.2. Clinical Assessment. Each patient was interviewed using
a structured questionnaire to record demographic informa-
tion, general risk factors for osteoporosis (i.e., age, weight,
and height), clinical characteristics, and RA treatment. At
the time of the evaluation two trained researchers assessed
RA disease activity by systematical evaluation of the DAS-
28 index [21]; to determine patient disability the Spanish
modified version of the Health Assessment Questionnaire-
Disability Index (HAQ-DI) [22] was used. Global functional
status was evaluated according to the Steinbrocker clas-
sification [23]. Rheumatoid factor and C-reactive protein
(CRP) were measured by nephelometry using commercially
available kits. Erythrocyte sedimentation rate (ESR, mm/h)
was measured using the Wintrobe method.
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Table 1: Genotyping strategies for TNFRSF11B polymorphism variants detection.

SNP Primers Band size (bp) Restriction
enzyme

Recognized
sequence

Band size after
digestion (bp)

C950T
rs2073617

5-TGCGTCCGGATCTTGGCTGGATCGG-3 548 Hinc II GTY RAC C 248 and 287
T 5485-ACTTACCACGAGCGCGCAGCACAGCAA-3

C209T
rs3134070

5-CGAACCCTAGAGCAAAGTGC-3 271 Taq I T CGA C 212, 31 and 28
T 212 and 595-TGTCTGATTGGCCCTAAAGC-3

T245G
rs3134069

5-CGAACCCTAGAGCAAAGTGC-3 271 Hinf I G ANTC A 195, and 176
C 127, 76 and 695-TGTCTGATTGGCCCTAAAGC-3

SNP: single nucleotide polymorphism and bp: base pair.

2.3. BMD Measurement. BMD was measured (g/cm2) by
DEXA using a Lunar Prodigy densitometer (GE Medical
Systems Lunar, Madison, WI, software V 8.8; GE Medical
Systems); the anatomical regions assessed were lumbar spine
in the posterior-anterior projection (L1-L4) and femoral neck.
The coefficient of variation during the measurement of a
standard phantom in our laboratory is 0.7%.The coefficient of
variationwas 2.4%at the lumbar spine and 1.6%at the femoral
neck. All scans were performed by the same experienced
technician, who was blinded to the characteristics of patients.
Each patient was classified into one of the following cate-
gories proposed by WHO: normal BMD, defined as having
a measurement of BMD within 1 SD of the BMD of normal
young adult women (equivalent to 𝑇 score > −1); osteopenia,
defined as having a 𝑇 score in BMD between −1 and −2.4 SD;
and osteoporosis, defined as having a 𝑇 score in BMD ≤
−2.5 SD. Patients with a 𝑇 score < −1.0 were considered to
have low BMD in consequence; for analysis purposes in our
study we decided to include osteopenia and osteoporosis in
one single group denominated as “low BMD”.

2.4. Genotyping. DNA from 81 patients with rheumatoid
arthritis was extracted from blood samples using conven-
tional methods [24] and stored frozen at −80∘C.

We chose three SNPs that are present in the promoter
region (5UTR) of the TNFRSF11B (OPG) gene; such poly-
morphisms were previously reported in association with
osteoporosis in postmenopausal women or related conditions
[19, 25–28]. We performed 3 polymerase chain reaction-
restriction fragment length polymorphisms (PCR RFLPs)
protocols as previously described [26, 29, 30]. Table 1 shows
primer sequence, products obtained after PCR, restriction
enzymes used, their recognition site, and end products after
restriction.

Each PCR reaction was carried out in 10 𝜇L final volume
containing (final concentrations) 1X buffer (200mM Tris-
HCl pH 8.4, 500mM KCl, and 4mM MgCl

2
); 5 pmol/mL

each of the pair primers according to polymorphism
(Table 1); 10mM each of the four deoxyribonucleoside
triphosphates; 1 U of taqDNApolymerase (Invitrogen, Carls-
bad, CA, USA); and 200 to 300 ng DNA template. The
PCR products were visualized by electrophoresis in 10%
polyacrylamide gels at 150V for 90min, followed by silver
staining.

2.5. Statistical Analysis. Allelic and genotypic frequencies for
each SNP were determined by gene count. Hardy-Weinberg
equilibrium was tested, using 𝜒2 test. Genotypic differences
between RA patients with and without osteoporosis were
evaluated by Mantel-Haenszel test using the EPI INFO
(version 6.04d) statistical program. For allelic differences, we
used Fisher’s exact test. Odds ratios (OR) and 95% confidence
interval (95% CI) were computed to evaluate the risk for
osteoporosis conferred by presence of the risk alleles. All
analyses used two-sided tails with a 𝑃 value of ≤0.05 used as
significance criterion.

3. Results

3.1. Demographics and Clinical. We included 81 patients,
classified as RA according to ACR classification criteria [20],
and 52 healthy subjects. For the RA group, mean age was
50 ± 12 years, 100% of the studied subjects were women,
mean duration disease was 12 ± 8 years, and all of them
were receiving treatment, some of them with monotherapy
and others combined therapy; the number and percentages
of patients taking a specific drug are listed in Table 2.

RA patients were evaluated for BMD according to the
classification criteria of the WHO for osteoporosis. Accord-
ing to the results of bone densitometry 23 patients (33.3%)
had normal BMD, 31 (44.9%) had osteopenia (low bone
density), and 15 (21.7%) had osteoporosis. For study purposes
we grouped osteopenia with osteoporosis in one group
constituted by 46 patients (66.7%) (see Table 2). From these,
23 patients (32.9%) had osteopenia and 13 (18.6%) had
osteoporosis in the lumbar spine, whereas 35 patients (50.7%)
had osteopenia and 7 (10.1%) had osteoporosis of the femoral
neck. Clinical risk factors and factors related to RA severity
for low BMD were registered and are listed in Table 2.

3.2. Molecular Analysis. We performed at least three PCR-
RFLP tests for every subject included in the present study but
were able to obtain complete genotyping results in 77 DNA
samples from RA patients and 52 healthy subjects. Healthy
subjects group was in Hardy-Weinberg equilibrium (data not
shown).

In Table 3 genotype and allele frequencies of three SNPs
in the OPG gene in healthy subjects and rheumatoid arthritis
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Table 2: Clinical characteristics of study patients.

Characteristic 𝑛 = 81
Age (years), median (range) 49.9 (21–79)
Menopausal, 𝑛 (%) 43 (53.1)
Weight (kg), median (range) 65.8 (43–94)
BMI, median (range) 26.87 (18–38)
Oral contraceptives use, 𝑛 (%) 41 (50.6)
Current smoker, 𝑛 (%) 17 (21)
Family history of fractures 𝑛 (%) 6 (7.4)
Alcohol consumption 3 or more
units/day, 𝑛 (%) 3 (3.37)

Duration of RA (years), median (range) 11.8 (1.5–35)
DAS-28 score, median (range) 3.8 (0–6.7)
Global functional status III-IV, 𝑛 (%) 7 (7.8)
HAQ-DI score, median (range) 0.7 (0–2.8)
Medications 𝑛 (%)
Glucocorticoid 72 (88.9)
Prednisone dosage (mg/day), median
(range) 4.4 (0–10)

Methotrexate 56 (70.9)
Sulfasalazine 39 (49.4)
Chloroquine 27 (34.2)
Azathioprine 25 (31.6)
D-Penicillamine 10 (12.7)
Biologic agents 8 (10.1)
BMD (WHO classification) 𝑛 (%)
Normal 23 (33.3)
Osteopenia/osteoporosis 46 (66.7)
BMI: body mass index, RA: rheumatoid arthritis, DAS-28: disease activity
score, HAQ-DI: health assessment questionnaire-disability index, BMD:
bone mineral density, and WHO: World Health Organization.

patients are shown; we found significant difference in the
distribution of the C950T (rs2073617) alleles, the C allele
being more prevalent in the RA group. Polymorphisms
C209T and T245G did not reach statistical significance.

We further analyzed genetic variants in RA patients
and divided this group with respect to bone mass index
status according to the WHO classification in normal or
osteopenia/osteoporosis; there was no significant difference
in allele distribution between RA patients with and without
osteoporosis; Table 4 shows genotype and allele frequencies
in these subgroups.

4. Discussion

Osteoporosis represents a major health problem throughout
the world and the most serious consequence of osteoporosis
is hip fracture, which has a high associated morbidity and
mortality [31]. Systemic effects of RA in bone remodeling
include loss of axial and appendicular bone mass, associated
with an increase in fracture risk (9.6 per 1,000 person-years)

[32]. Clinical patterns of bone mass loss include gener-
alized osteoporosis (axial and peripheral), juxta-articular
osteoporosis which is adjacent to synovial membrane, and
marginal and subchondral erosions which are directly asso-
ciated with inflamed synovial tissue [33]. A high proportion
of patients will suffer from hip and spine fractures causing
limitations in physical abilities and social capabilities. Osteo-
porosis presence in RA patients involves multiple factors,
such as disease activity, the use of some prescribed drugs
particularly DMARDs and corticosteroids, female sex, older
age, and menopause [34].

The development of erosive lesions as well as generalized
osteoporosis in RA results from an imbalance between
bone mass formation and bone resorption process. In RA
the unsteadiness between osteoblastic bone formation (mes-
enchymal origin) and osteoclastic bone resorption (derived
frommonocytes/macrophages) promotes bone resorption by
osteoclasts and as a consequence loss in bone strength, which
may lead to the development of osteoporosis and fractures.

Multiple interactions between bone and the immune
system have been described; bone is a major target of chronic
inflammation, since it increases bone resorption and results
in suppressed local bone formation, causing a wide spectrum
of bone involvement in RA [35]. Lymphocyte ormacrophage-
derived cytokines are among the most potent mediators
of inflammation, involved in upregulation of osteoclasts
formation, activation, and signaling pathways [36].

Osteoclasts progenitors are recruited under physiological
conditions from the haematopoyetic system and can get stim-
ulated by some cytokines and hormones to form precursors
that will eventually express cell surface markers of a well-
differentiated osteoclast; furthermore, some inflammatory
synovial cells, present in RA, particularly mononuclear cells
and giant multinucleated cells can be differentiated into
osteoclasts [5], under proinflammatory cytokines stimuli,
including tumor necrosis factor alpha (TNF-𝛼), interleukin
1 (IL-1), and interleukin 6 (IL-6) [6].

Recently Pathak et al. described that sera from RA active
patients contribute to bone loss by two mechanisms: (1)
directly inhibiting osteoblasts proliferation and differentia-
tion and (2) enhancing osteoblast-mediated osteoclastogene-
sis via RANKL and IL-6 [37].

Another key component that has influence over the osteo-
clastic differentiation is RANK, a receptor for TNF, attached
to the membrane of osteoclast precursor cells that can bind
to RNAKL through interactionwith osteoblastic stromal cells
[9, 38, 39]. RANK is essential for signal transduction that will
lead to ostoclastic differentiation. Osteoprotegerin (OPG)
also known as inhibition factor for osteoclastogenesis is a
member of the TNFRSF, located in chromosome 8q24 [17]
with a length of 29Kb [13]; it is synthesized originally as a
propeptide of 400 aa and is secreted as a soluble protein after
the cleavage of 21 aa that corresponds to the transmembrane
and cytoplasmic domains [17]. OPG mRNA is expressed in
different human tissues (lung, heart, kidney, liver, intestines,
stomach, cerebrum, thyroid gland, and bone marrow) apart
from the bone, where its primary function appears to be inhi-
bition of osteoclasts maturation and activation. In this study,
we evaluated the association of three TNFRSF11B promoter



Journal of Immunology Research 5

Table 3: Genotype and allele frequencies of polymorphisms in the TNFRSF11B (OPG) gene in healthy subjects and rheumatoid arthritis (RA)
patients.

SNP Genotypes HS RA Allele HS RA 𝑃
OR

(95% CI)

C950T
rs2073617

CC 9 (17.6) 28 (43.1) C 47 (46.1) 82 (63.1)
0.01 0.50 (0.30–0.85)CT 29 (56.9) 26 (40) T 55 (53.9) 48 (36.9)

TT 13 (25.5) 11 (16.9)

C209T
rs3134070

CC 39 (75.0) 52 (72.2) C 89 (85.6) 122 (84.7)
1.0 1.1 (0.53–2.2)CT 11 (21.2) 18 (25.0) T 15 (14.4) 22 (15.3)

TT 2 (3.8) 2 (2.8)

T245G
rs3134069

AA 41 (78.8) 66 (85.7) A 93 (89.4) 142 (92.2)
0.51 0.71 (0.30–1.69)AC 11 (21.2) 10 (13) C 11 (10.6) 12 (7.8)

CC 0 (0) 1 (1.3)
OPG: osteoprotegerin, SNP: single nucleotide polymorphism, RA: rheumatoid arthritis, HS: healthy subjects, OR: odds ratios, and 95% CI: 95% confidence
intervals. In order to compute OR (95% CI) the following alleles were used as reference: in correspondence with the allele of risk: rs2073617 T, rs3134070 T, and
rs3134069 C.

Table 4:Genotype and allele frequencies of polymorphisms in theTNFRSF11B (OPG) gene in rheumatoid arthritis (RA) patients with normal
and low bone mineral density (BMD).

SNP Genotypes RA with
normal BMD

RA with low
BMD Allele RA with

normal BMD RA with low BMD P OR
(95% CI)

C950T
rs2073617

CC 9 (50.0) 16 (44.4) C 25 (69.4) 46 (63.9)
0.67 1.3 (0.55–3.03)CT 7 (38.9) 14 (38.9) T 11 (30.6) 26 (36.1)

TT 2 (11.1) 6 (16.7)

C209T
rs3134070

CC 17 (81.0) 29 (69.0) C 37 (88.1) 70 (83.3)
0.60 1.5 (0.49–4.43)CT 3 (14.3) 12 (28.6) T 5 (11.9) 14 (16.7)

TT 1 (4.8) 1 (2.4)

T245G
rs3134069

AA 20 (90.9) 39 (88.6) A 42 (95.5) 82 (93.2)
0.72 1.5 (0.29–7.95)AC 2 (9.1) 4 (9.1) C 2 (4.5) 6 (6.8)

CC 0 (0) 1 (2.3)
OPG: osteoprotegerin, SNP: single nucleotide polymorphism, RA: rheumatoid arthritis, BMD: bone mineral density, OR: odds ratios, and 95% CI: 95%
confidence intervals. In order to compute OR (95% CI) the following alleles were used as reference: in correspondence with the allele of risk: rs2073617 T,
rs3134070 T, and rs3134069 C.

polymorphisms with presence of osteoporosis in RA. Our
study demonstrated that the C allele of the C950T was more
frequent in RA compared with HS; thereafter we analyzed
the RA group to seek for differences in allele distribution
between patients with and without osteoporosis; nevertheless
we did not observe a significant difference. The other two
polymorphisms did not reach statistical significance.

The observed association in the present study could
be caused by direct functional effect of the SNP or to
linkage disequilibrium (LD) with another functional variant.
According to the HapMap data, there is a certain amount
of LD between these SNPs, indicating that although it is
possible that different causative variants exist in TNFRSF11B,
it is also possible that only one of them turns out to
have functional consequences. The C950T SNP is located
in the promoter region, near the TGF-𝛽 response area
and 129 bp upstream the TATA box [40]. A functional
study of TNFRSF11B polymorphisms through luciferase
reporter assays revealed that gene expression was affected by

the C950T polymorphism, since it was significantly higher
in the presence of the C allele [27].

Previous association studies that include polymorphisms
in the TNFRSF11B gene were performed in osteoporotic
patients. In 2002 Ohmori et al. showed a significant associ-
ation between C950T SNP and lower BMD [25]; in contrast
with such results in 2004 Brändström et al. showed that
C950T was not associated with bone mineral density in
elderly Swedish women [41], and later Arko et al. in 2005
tested the three polymorphisms included in the present
study and others searching for an association with bone
mineral density in postmenopausal women; the linkage
disequilibriumwas confirmed but no associationswere found
[26]. For SNP T245G, similar frequencies as obtained in
this study have been described previously by Zaj́ıčková et al.
in postmenopausal women [42]. Only a few studies have
looked for an association between these SNPs andRA; in 2010
Assmann et al. performed a case-control study and found an
association between SNPs in the RANKandRANKL gene but
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not in the OPG gene; nevertheless none of the SNPs included
in our study were genotyped by them [43]. In a recent study
the SNP A163G in the osteoprotegerin gene was associated
with osteoporosis in RA [44]. This polymorphism was not
included in the present study but a lack of association with
this particular polymorphism and osteoporosis in RA was
previously confirmed by our study group [45].

Because this work constitutes a preliminary report, a
limitation in our study is a small sample size that may limit
our statistical power to detect small differences between
groups although we consider that our sample would be
sufficient to identify polymorphisms that may confer a high
risk for lowBMD inRA and did not show any trend to suspect
that increasing the sample size a statistical significance would
be achieved. We recognize that future multicenter studies
should be performed, increasing the sample size, with our
results being useful as a referent for Mexican patients with
RA to identify that these polymorphisms probably do not
confer a high risk for low BMD in our population with RA.
Further studies in other populations are required to confirm
our findings.

In conclusion, we confirmed the association of C allele
of the C950T SNP in the TNFRSF11B gene with RA patients,
but we were not able to support our main hypothesis that
this polymorphism in the OPG gene is associated with
osteoporosis in RA. Further studies including other regions
of Mexico and Latin America with an increased sample size
are required to confirm our findings and further elucidate
if C950T SNP in the OPG gene could be associated with
osteoporosis and not only with RA presence.
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osteoprotegerin G1181C and T245G polymorphisms and dia-
betic charcot neuroarthropathy: a case-control study,” Diabetes
Care, vol. 32, no. 9, pp. 1694–1697, 2009.

[31] C. Cooper, G. Campion, and L. J. Melton III, “Hip fractures
in the elderly: a world-wide projection,” Osteoporosis Interna-
tional, vol. 2, no. 6, pp. 285–289, 1992.

[32] S. Y. Kim, S. Schneeweiss, J. Liu et al., “Risk of osteoporotic
fracture in a large population-based cohort of patients with
rheumatoid arthritis,” Arthritis Research and Therapy, vol. 12,
no. 4, article R154, 2010.

[33] S. R. Goldring, “The final pathogenetic steps in focal bone
erosions in rheumatoid arthritis,” Annals of the Rheumatic
Diseases, vol. 59, no. 1, pp. i72–i74, 2000.

[34] R. M. R. Pereira, J. F. de Carvalho, and E. Canalis, “Glucocor-
ticoid-induced osteoporosis in rheumatic diseases,” Clinics, vol.
65, no. 11, pp. 1197–1205, 2010.

[35] P. Geusens andW. F. Lems, “Osteoimmunology and osteoporo-
sis,” Arthritis Research and Therapy, vol. 13, no. 5, article 242,
2011.

[36] G. Mori, P. D’Amelio, R. Faccio, and G. Brunetti, “The interplay
between the bone and the immune system,” Clinical and
Developmental Immunology, vol. 2013, Article ID 720504, 16
pages, 2013.

[37] J. L. Pathak, N. Bravenboer, P. Verschueren et al., “Inflammatory
factors in the circulation of patients with active rheumatoid
arthritis stimulate osteoclastogenesis via endogenous cytokine
production by osteoblasts,” Osteoporosis International, vol. 25,
no. 10, pp. 2453–2463, 2014.

[38] J. Li, I. Sarosi, X.-Q. Yan et al., “RANK is the intrinsic
hematopoietic cell surface receptor that controls osteoclastoge-
nesis and regulation of bone mass and calcium metabolism,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 4, pp. 1566–1571, 2000.

[39] T. L. Burgess, Y.-X. Qian, S. Kaufman et al., “The ligand for
osteoprotegerin (OPGL) directly activates mature osteoclasts,”
Journal of Cell Biology, vol. 145, no. 3, pp. 527–538, 1999.

[40] K. Thirunavukkarasu, R. R. Miles, D. L. Halladay et al.,
“Stimulation of osteoprotegerin (OPG) gene expression by
transforming growth factor-𝛽 (TGF-𝛽). Mapping of the OPG
promoter region that mediates TGF-𝛽 effects,” The Journal of
Biological Chemistry, vol. 276, no. 39, pp. 36241–36250, 2001.
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Bone metastases are frequent and debilitating consequence for many tumors, such as breast, lung, prostate, and kidney cancer.
Many studies report the importance of the immune system in the pathogenesis of bone metastasis. Indeed, bone and immune
system are strictly linked to each other because bone regulates the hematopoietic stem cells from which all cells of the immune
system derive, and many immunoregulatory cytokines influence the fate of bone cells. Furthermore, both cytokines and factors
produced by immune and bone cells promote the growth of tumor cells in bone, contributing to supporting the vicious cycle of
bone metastasis.This review summarizes the current knowledge on the interactions among bone, immune, and tumor cells aiming
to provide an overview of the osteoimmunology field in bone metastasis from solid tumors.

1. Introduction

The skeleton is the most common site of metastasis and
bone in turn is the main responsible of death since the
presence of bone metastases makes the primary disease no
longer curable [1]. Symptoms like bone pain, hypercalcemia,
fracture, and spinal cord compression appear in this type of
metastasis, causing a decline in the quality of life [2]. Some
types of tumors are characterized by a selective bone tropism,
out of which are prostate, breast, lung, and kidney cancers.
Bone metastases can give osteolytic, osteosclerotic, or mixed
lesions. Osteolytic metastases are due to an enhanced activity
of bone-resorbing cells, the osteoclasts (OCs), which cause
bone destruction [3, 4]. Typically, breast, lung, and kidney
cancers metastasize to bone with osteolytic lesions, whereas
prostate cancer metastasizes with osteosclerotic ones. Lung
and kidney tumors metastasize in an early phase of the
disease, while breast cancer metastasizes with a slower
and less aggressive growth. At least 65–75% of breast and
prostate cancer patients develop bone metastases during the
course of their disease, and breast cancer patients show
a relatively long median survival time after diagnosis of
bone metastases [5–7]. Bonemetastases from prostate cancer
are typically osteosclerotic and are caused by an increased

activity of bone-forming cells, the osteoblasts (OBs), leading
to enhanced bone formation [3, 4].

Approximately 30–40% of NSCLC patients develop bone
metastasis during their disease, with a median survival time
measured in months [1]. About 20–35% of kidney cancer
patients develop bone metastases, which are particularly
destructive, with a rate of skeletal complications higher
than other tumors [8, 9]. Accumulating evidences suggest
the importance of the immune cell response to factors in
the tumor microenvironment as main regulator of cancer
progression and metastases. The bone marrow is a reservoir
for immune cells such as macrophages, dendritic cells (DCs),
myeloid derived suppressor cells (MDSCs), and different T
cell subsets that can directly impair the so called “tumor/bone
vicious cycle” [10].This review focuses on the current knowl-
edge of the role of the immune cells in controlling tumor
spreading to bone.

2. Bone Marrow Is an Attractive Soil for
Cancer Cells

Bone marrow (BM) microenvironment is a fertile soil for
homing, survival, and proliferation of circulating cancer cells.
It provides both endosteal and vascular niches, which support
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Figure 1: Interactions among bone, immune, and tumor cells sustain the vicious cycle of bone metastasis. Tumor cells release cytokines
that activate T cells to produce proosteoclastogenic factors, such as RANKL, which activate OCs. In turn, the release of bone matrix growth
factors during bone resorption enhances the tumor growth. MDSCs originate from BM and migrate to secondary lymphoid organs where
they inhibit the antitumor immune response mediated by CD8 T cells. Consequently, the increased tumor growth induces the production of
osteolytic factors which activates the OCs, the cells responsible for bone destruction.

hematopoietic and nonhematopoietic stem cells such as mes-
enchymal stem cells [11]. OCs degrade endosteal components
and promote mobilization of hematopoietic progenitor cells
[12], whereas OBs on the endosteal surface of bone are
critical supporting cells for hematopoietic stem cells (HSCs)
in BM [13, 14]. Indeed, stimulation of the PTH (parathyroid
hormone) receptor on OBs increased the number of HSCs
in BM [13] and also the size of HSC niche, which promotes
skeletal localization of prostate cancer cells [15]. Shiozawa
et al. demonstrated that, after injection in a mouse model of
bone metastasis, human prostate cancer cells occupy mouse
HSC niche, displacing HSCs. Thus, the HSC niche is a direct
target of prostate cancer cells during dissemination and plays
a pivotal role in bonemetastases [16]. BM tissue is constituted
by red and yellow marrows. Red marrow contains HSCs and
yellow marrow mainly consists of fat cells [17]. Red marrow
is particularly vascularised; thus, it is a common site of
metastasis. Recently, an important role of yellow marrow in
the pathogenesis of bone metastasis has also been recognized
because bone marrow adipocytes promote the growth of
metastatic tumor cells in bone [18].

In physiological conditions, bone undergoes a constant
remodelling through OC-mediated bone resorption and
OB-mediated bone regeneration in a coupled manner to
maintain homeostasis. However, during tumor growth in
the bone, dysregulation of this process leads to osteolytic or
osteosclerotic phenotypes [19]. Indeed, cancer cells express
adhesion molecules which bind their ligand on BM stromal
cells, releasing angiogenic and bone-resorbing factors, which
disrupt the normal homeostasis of BM microenvironment

causing bone metastasis (Figure 1) [20, 21]. For instance,
vascular endothelial molecule-1 (VCAM-1) is expressed in
breast cancer and binds 𝛼4𝛽7 and 𝛼4𝛽1 (VLA-4) integrins on
OC precursors with high affinity, causing osteoclastogenesis.
𝛼4 or VCAM-1 blocking antibodies effectively inhibit bone
metastasis [22]. 𝛼V𝛽3 is another integrin expressed by breast
cancer cells [23], which is particularly important for OC
adhesion to bone [23]. CD44 is a molecule highly expressed
by breast cancer cells, which promotes invasion and adhesion
to BM [24]. Moreover, CD44 is also expressed by breast
cancer stem cells which can lie in a dormant state in the BM
[25] and then directly induce bone metastasis [26].

CXCL12, expressed by OBs and endothelial cells in BM,
and its receptors CXCR-4 regulate cell migration and bone
metastasis from prostate cancer [27, 28]. When cancer cells
reach the bone microenvironment, they induce the release
of different factors enmeshed in the bone matrix, such as
bone morphogenetic proteins (BMPs), transforming growth
factor-𝛽 (TGF-𝛽), insulin-like growth factor (IGF), and
fibroblast growth factor (FGF) as well as others that stimulate
the growth of metastatic tumor cells (Figure 1) [29]. The last,
in turn, secretes prostaglandins, PTH, PTH-related peptide,
activated vitamin D, interleukin-6 (IL-6), and tumor necrosis
factor (TNF), leading to an increase in receptor activator of
nuclear factor NF-kB ligand (RANKL) expression on OBs
and BM stromal cells [4], which stimulates the OC number
and survival and activity (Figure 1). Interestingly, prostate
and breast cancer cells respond to these factors activating dif-
ferent OB transcription factors [30, 31]; thus cancer cells can
differentiate into an osteoblastic bone-forming phenotype.
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This phenomenon is called osteomimicry and it has been
observed in bone metastatic prostate and breast cancer cell
lines [32–34].

Progenitors and mature cells in the BM frequently
expressed the receptor Notch [35], whereas the Notch ligand
Jagged is overexpressed by bone metastatic tumor cells [36].
Thus, cancer cells directly activate osteolysis through the
Notch-Jagged interactions in the BM. In particular, Jagged1,
which is a downstream mediator of the prometastatic TGF-
𝛽, directly activates OC differentiation and promotes tumor
growth stimulating IL-6 production by OBs [37].

3. Bone and Immune System Cross Talk

Bone and immune and hematopoietic systems are tightly
linked since bone cells and hematopoietic cells are in deep
physical contact, are reciprocally regulated, are intercon-
nected in their function, and share several common pathways
[38]. Indeed, bone cells express surface molecules regulating
the expansion ofHSCs fromwhich all cells of themammalian
immune system derive, whereas many immunoregulatory
cytokines directly act on bone cells [39, 40]. OBs and OCs
both affect the maintenance and the mobilization of HSCs
[13, 14]. OBs control the proliferation of hematopoietic pro-
genitors [41] and support commitment and differentiation of
all stages of B cell development. Indeed in vitro production of
B cell precursors from progenitors required contact with OBs
and expression of CXCL12 and interleukin-7 (IL-7), which
was induced by PTH [13, 42]. Moreover, OC precursors, T,
B, and NK cells originate from the same stem cell; thus, some
of the receptors and ligands that mediate the immune process
also regulate the maturation of OC precursors and the ability
of OCs to degrade bone. Circulating OC precursors are a
reservoir of the pre-OC pool in the BM, but they are also
an abundant source of pre-OCs that can be recruited into
bone or joint tissue in response to reparative or pathological
signals.

RANKL, its receptor RANK, and the natural decoy recep-
tor osteoprotegerin (OPG) [43] form a crucial molecular
link between the immune system and bone [44]. The mem-
brane RANKL is expressed by OBs/stromal cells; the soluble
RANKL was originally cloned from T cells [45, 46], but it is
also expressed by B cells [47], whereas the receptor RANK
is expressed by DCs, monocytes, macrophages, and tumor
cells [44, 48]. Activated T cells produce RANKL, which
directly regulates osteoclastogenesis and bone remodelling,
explaining why different pathological conditions, such as
cancer, result in systemic and local bone loss. The RANKL to
OPG ratio in serum is a determinant factor for OC activation
at bone level: a higher serumRANKL toOPG ratio is an index
for upregulation of osteoclastogenesis [49].

Many immune factors, including costimulatory receptors
and cytokines such as interferon-𝛾 (IFN-𝛾) and TNF regulate
bone cell development, bone turnover, and pathogenesis of
bone diseases [50]. The role of IFN-𝛾 in osteoclastogenesis is
controversial; indeed, in studies conducted in vitro [51] and in
vivo, in animal model, it shows an antiosteoclastogenic effect
[52], whereas, in humans, IFN-𝛾 increases in presence of bone
loss due to oestrogen deficiency and rheumatoid arthritis

[53, 54]. IFN-𝛾 influences osteoclastogenesis directly by
blockingOC formation through inhibition of OCmaturation
[55] and indirectly by stimulating T cell activation with a
consequent increase of proosteoclastogenic factors [56].

3.1. The Interactions between T Cells and Osteoclast Precursors
Regulate Bone Resorption in Bone Metastasis. A direct regu-
lation of bone resorption by T cell has been widely described
for bone metastasis by both solid tumors and multiple
myeloma (MM) [57, 58]. Indeed, studies on peripheral blood
mononuclear cells (PBMCs), isolated from patients affected
by breast, prostate, and lung cancer with bone metastases,
demonstrated an increase of circulating OC precursors in
these patients compared to patients without bone metastases
and healthy controls [58, 59]. In bonemetastatic patients, OC
precursors differentiate into mature OCs in vitro in presence
of T cells without adding M-CSF and RANKL, but T cell
depletion results in the absence of OC formation without
exogenous stimulation [58].

Another important mediator of the interactions between
T and bone cells is IL-7, a cytokine produced by stromal
cells and by cells at inflammatory site, with different effects
on hematopoietic and immunologic systems [60]. The main
function of IL-7 is the control of B and T lymphopoiesis
[61], but it is also important for the tumor process [62]
and the correct bone homeostasis [63, 64]. According to the
model considered, IL-7 displays either inhibitory or activator
effects on OCs [63, 65]. Some studies demonstrated that IL-7,
produced by T cells, promotes osteoclastogenesis by upregu-
lating T cell-derived cytokines, such as RANKL and TNF𝛼
[66–68], and that its production is increased by oestrogen
deficiency [69]. Furthermore, in bone metastatic patients,
IL-7 serum levels were significantly higher than those in
nonbone metastatic patients and in healthy controls [59, 68,
70]. This increase of serum IL-7 is at least in part dependent
on IL-7 production by tumor cells as demonstrated in a
human-in-mice model of bone metastasis from lung cancer
[71]. All these data confirm the T cell modulatory activity
on OCs. Nevertheless, also OCs affect T cell activity, because
they present antigenic peptides to T cells and induce FoxP3
expression in CD8 T cells, which regulate an inappropri-
ate activation of the immune response [72]. The cellular
responses in cell-to-cell interactions between T cells and
OCs are regulated through reciprocal CD137/CD137L and
RANK/RANKL interactions [73]. CD137 is a costimulatory
member of the TNF receptor induced by T cell receptor
activation. Its ligand CD137L is expressed on OC precur-
sors: in vitro CD137L ligation suppresses osteoclastogenesis
through the inhibition of OCs precursor fusion. 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
[73].

3.2. T Cells Regulate Tumor Growth in Bone. Many data
suggest that T cells can regulate tumor growth in bone also
independently from their interaction with bone cells. Indeed,
memory T cells have been found in the BM of breast cancer
patients suggesting their role in cancer immune surveillance
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[74]. Moreover, the RANKL-RANK interaction between
CD4 T cells and breast cancer cells promotes invasion,
dissemination, and metastasis formation in an animal model
[75]. Some antibone metastatic therapies show immunomo-
dulatory effects; for instance, the blockade of TGF-𝛽 at meta-
static sites may locally activate an antitumor T cell response,
because, normally, TGF-𝛽, released in BM by OC activity,
inhibits T cell proliferation [76].

Zoledronic acid, an antiresorptive agent, can activate
cytotoxic 𝛾/𝛿-T cells and inhibit populations of myeloid
derived cells with T cell suppressor capabilities [77]. Modu-
lation of antitumor T cell responses alters tumor growth in
bone. Indeed, by usingmicemodels Lyn−/−, which havemore
OCs and a hyperactive myeloid population with an increased
T cell responses, Zhang et al. reported a reduced tumor
growth in bone despite enhanced osteolysis [78]. Lyn is a
member of the Src family tyrosine kinases, which inhibits OC
differentiation by downregulating PLC𝛾2 activation, which
regulates the OC formation and function [79]. PLC𝛾2−/−
mice have an increased bone tumor burdendespite protection
from bone loss, because they have dysfunctional OCs and
impaired T cell activation mediated by DCs. Importantly,
injection of antigen-specific wild-type 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, a condition of immune deficiency can interfere
with the antitumor effects of OC blockade [78]. In particular,
cytotoxic CD8 T cells seem to be critical regulators of tumor
growth in bone, since their activation diminishes and their
depletion enhances bone metastases, even with zoledronic
acid.

3.3. Myeloid Derived Suppressor Cells Regulate Cancer Pro-
gression. Myeloid derived suppressor cells are a heteroge-
neous population of immature myeloid cells identified by
the coexpression of Gr-1 and CD11b in mice and CD11b
and CD33 in humans [80–83]. MDSCs are significantly
overproduced in tumor-bearingmice and cancer patients and
they represent a prognostic indicator in various osteotropic
tumors including breast, lung and MM [84, 85]. Emerging
evidences suggest the importance of the MDSCs in driving
the progression of cancer disease by suppressing both the
innate and the adaptive immune response. Thus, MDSCs
exert their proneoplastic effects through the impairment
of T cell/antigen recognition, the release of small soluble
oxidizers, and depletion of essential amino acids from the
local extracellular environment [86–88]. Besides suppressing
CD4 and CD8 T cell populations, MDSCs promote the
activation and expansion of regulatory T cells (Treg) and thus
mediate immunosuppression.

Finally, all these mechanisms contribute to tumor pro-
gression and metastasis spreading to many organs, especially
to bone (Figure 1).

Bone metastases are associated with an increase in OC
activation and since MDSCs are progenitors of the OC pre-
cursors, it is not surprising that they are found to be largely
increased in bonemetastatic patients. Strikingly, Sawant et al.

confirmed that MDSCs isolated from tumor-bone microen-
vironment can differentiate into mature and functional OCs
in vitro and in vivo in a mouse model of breast cancer bone
metastases [89]. MDSCs from mice bearing bone metastases
also induce osteolysis in syngenic animals, indicating that
these cells are primed as OC progenitors and the bone
microenvironment triggers their activation in functional
OCs. It has been also suggested that cancer cells release
different soluble factors in the bone, which promotesMDSCs
to differentiate into OCs.Thus, breast cancer cells can secrete
CCL2, CCL5, or osteopontin which promotes the expression
of cathepsin K andmatrix metalloproteinase 9 (MMP9), thus
enhancing OC functions [90]. On the other hand, MDSC
expresses several proosteoclastogenic factors as CCR2, the
receptor of CCL2, showing the responsiveness of these cells
to the chemokine. Similarly, in the MMmodel, Zhuang et al.
discovered that tumor induced MDSCs were responsible to
induce osteolytic lesions by acting as OC precursors [91].
Additionally, only MDSCs isolated from bone are capable of
becoming active OCs, suggesting the importance of the bone
microenvironment in driving OC maturation.

Despite the critical role for OCs in the establishment of
bone metastatic vicious cycle, the PLC𝛾2−/− mouse model,
bearing severe OC defects, suggests thatMDSCs can enhance
tumor growth in bone independently of their ability to differ-
entiate into OCs [78]. Interestingly, the increased PLC𝛾2−/−
tumor growth was the result of a higher MDSCs accumu-
lation in secondary lymphoid organs, leading to a strong
inhibition of the antitumor T cell response (Figure 1). Despite
the importance of MDSCs expansion as a crucial event
in the pathogenesis of tumor progression, little is known
about the mechanisms leading to this process. Capietto et
al. have recently shown 𝛽-catenin as a crucial modulator
of MDSC accumulation in response to tumor [92]. The
downregulation of 𝛽-catenin signaling in MDSC promotes
their expansion and consequently increases tumor growth
in both mice and humans. On the contrary, expression of a
constitutively activate form of 𝛽-catenin in mice decreased
the number of MDSCs and tumor growth. Importantly, the
downregulation of 𝛽-catenin can also occur in MDSCs from
WT mice during tumor dissemination to bone, indicating
that 𝛽-catenin pathway modulates MDSC expansion in both
primary and metastatic solid tumors.

4. Conclusions

The rapidly developing field of osteoimmunology shows the
importance of the deep interconnection between skeletal and
immune system. This relationship results in the generation
of several cellular pathways, which provides the discovery
of new potential targets for the prevention and treatment of
bone metastasis.

The bone marrow represents an active and hospitable
microenvironment, allowing multiple cell interactions which
are critical in the pathogenesis of tumor progression. Thus,
additional studies to elucidate new mechanisms promoting
the accumulation of bone marrow derived cells such as
MDSCs are mandatory to address the critical steps of tumor
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progression in bone. The design of new drugs must consider
the potential effects on both immune system and bone; thus
further investigations to understand the osteoimmune system
are even more important.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank the organizers of the Benish Trophy and
the Italian Ministry of Health: Ricerca Sanitaria Finalizzata e
Giovani Ricercatori 2009 (GR 2009-1584485), for supporting
this work.

References

[1] R. E. Coleman, “Clinical features of metastatic bone disease and
risk of skeletal morbidity,” Clinical Cancer Research, vol. 12, part
2, pp. 6243s–6249s, 2006.

[2] N. Sethi and Y. Kang, “Dysregulation of developmental path-
ways in bone metastasis,” Bone, vol. 48, no. 1, pp. 16–22, 2011.

[3] G. R. Mundy, “Metastasis to bone: causes, consequences and
therapeutic opportunities,” Nature Reviews Cancer, vol. 2, no.
8, pp. 584–593, 2002.

[4] G. D. Roodman, “Mechanisms of bone metastasis,” The New
England Journal of Medicine, vol. 350, no. 16, pp. 1655–1664,
2004.

[5] R. E. Coleman, “Metastatic bone disease: clinical features,
pathophysiology and treatment strategies,” Cancer Treatment
Reviews, vol. 27, no. 3, pp. 165–176, 2001.

[6] A. Lipton, “Bisphosphonates and breast carcinoma: present and
future,” Cancer, vol. 88, no. 12, pp. 3033–3037, 2000.

[7] R. E. Coleman, “Bisphosphonates: clinical experience,” Oncolo-
gist, vol. 9, supplement 4, pp. 14–27, 2004.

[8] S. L. Wood and J. E. Brown, “Skeletal metastasis in renal cell
carcinoma: current and future management options,” Cancer
Treatment Reviews, vol. 38, no. 4, pp. 284–291, 2012.

[9] M. R. Smith, “Zoledronic acid to prevent skeletal complica-
tions in cancer: corroborating the evidence,” Cancer Treatment
Reviews, vol. 31, supplement 3, pp. 19–25, 2005.

[10] L. M. Cook, G. Shay, A. Aruajo, and C. C. Lynch, “Integrating
new discoveries into the “vicious cycle” paradigm of prostate to
bone metastases,” Cancer and Metastasis Reviews, vol. 33, no. 2-
3, pp. 511–525, 2014.

[11] S. Azizidoost, S. Babashah, F. Rahim, M. Shahjahani, and N.
Saki, “Bonemarrow neoplastic niche in leukemia,”Hematology,
vol. 19, no. 4, pp. 232–238, 2014.

[12] O. Kollet, A. Dar, S. Shivtiel et al., “Osteoclasts degrade endos-
teal components and promote mobilization of hematopoietic
progenitor cells,” Nature Medicine, vol. 12, no. 6, pp. 657–664,
2006.

[13] L. M. Calvi, G. B. Adams, K. W. Weibrecht et al., “Osteoblastic
cells regulate the haematopoietic stem cell niche,” Nature, vol.
425, no. 6960, pp. 841–846, 2003.

[14] J. Zhang, C. Niu, L. Ye et al., “Identification of the haematopoi-
etic stem cell niche and control of the niche size,” Nature, vol.
425, no. 6960, pp. 836–841, 2003.

[15] S. I. Park, C. Lee, W. David Sadler et al., “Parathyroid hormone-
related protein drives a CD11b+Gr1+ cell-mediated positive
feedback loop to support prostate cancer growth,” Cancer
Research, vol. 73, no. 22, pp. 6574–6583, 2013.

[16] Y. Shiozawa, E. A. Pedersen, A. M. Havens et al., “Human pros-
tate cancer metastases target the hematopoietic stem cell niche
to establish footholds in mouse bone marrow,” The Journal of
Clinical Investigation, vol. 121, no. 4, pp. 1298–1312, 2011.

[17] J. E. Compston, “Bone marrow and bone: a functional unit,”
Journal of Endocrinology, vol. 173, no. 3, pp. 387–394, 2002.

[18] M. K. Herroon, E. Rajagurubandara, A. L. Hardaway et al.,
“Bone marrow adipocytes promote tumor growth in bone via
FABP4-dependent mechanisms,” Oncotarget, vol. 4, no. 11, pp.
2108–2123, 2013.

[19] B. F. Boyce, E. Rosenberg, A. E. de Papp, and L. T. Duong, “The
osteoclast, bone remodelling and treatment of metabolic bone
disease,” European Journal of Clinical Investigation, vol. 42, no.
12, pp. 1332–1341, 2012.

[20] L. J. Suva, C. Washam, R. W. Nicholas, and R. J. Griffin, “Bone
metastasis: mechanisms and therapeutic opportunities,”Nature
Reviews Endocrinology, vol. 7, no. 4, pp. 208–218, 2011.
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The field of osteoimmunology has emerged in response to the range of evidences demonstrating the close interrelationship between
the immune system and bone metabolism. This is pertinent to immune-mediated diseases, such as rheumatoid arthritis and
periodontal disease, where there are chronic inflammation and local bone erosion. Periprosthetic osteolysis is another example
of chronic inflammation with associated osteolysis. This may also involve immune mediation when occurring in a patient with
rheumatoid arthritis (RA). Similarities in the regulation and mechanisms of bone loss are likely to be related to the inflammatory
cytokines expressed in these diseases. This review highlights the role of immune-related factors influencing bone loss particularly
in diseases of chronic inflammation where there is associated localized bone loss. The importance of the balance of the RANKL-
RANK-OPG axis is discussed as well as the more recently appreciated role that receptors and adaptor proteins involved in the
immunoreceptor tyrosine-based activation motif (ITAM) signaling pathway play. Although animal models are briefly discussed,
the focus of this review is on the expression of ITAM associated molecules in relation to inflammation induced localized bone loss
in RA, chronic periodontitis, and periprosthetic osteolysis, with an emphasis on the soluble andmembrane bound factor osteoclast-
associated receptor (OSCAR).

1. Introduction

The term osteoimmunology and the study of osteoimmunol-
ogy have developed due to the close interrelationship between
the immune system and bone metabolism [1]. This is evident
in immune-mediated diseases, such as rheumatoid arthritis
and periodontal disease (periodontitis), where there are local
bone erosion and inflammation as reviewed in detail in
multiple publications [2–4]. Similarities in the mechanisms
of bone loss in disease are likely related to the inflammatory
cytokines expressed in a number of bone loss diseases. These
cytokines are known to upregulate osteoclast activity via
increased expression levels of receptor activator NF kappa
B ligand (RANKL) relative to osteoprotegerin (OPG) (as
explored below) and increase localized bone loss in diseases

such as RA, periodontal disease, and periprosthetic osteolysis
[5–10].

This review highlights the role of immune-related cells
and factors in modulating bone loss, particularly in these
diseases. While the importance of the RANKL-RANK-OPG
axis has been appreciated for nearly two decades [11–13],more
recent studies have highlighted the importance of factors
associated with immunoreceptor tyrosine-based activation
motif (ITAM) signalling. This review will briefly discuss
the RANKL-RANK-OPG axis but its major focus will be
on the role of ITAM-associated factors, the more recently
investigated pathway, and how it relates to inflammatory bone
loss diseases, in particular osteoclast-associated receptor
(OSCAR) [14].
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2. Chronic Inflammation-Mediated Bone Loss

2.1. Rheumatoid Arthritis. Rheumatoid arthritis (RA) affects
1-2% of the population and involves an autoimmune reaction
with an autoantibody response to citrullinated proteins (and
others such as rheumatoid factor and collagen type II) [15].
RA is characterized by synovitis involving angiogenesis,
synovial proliferation, increased infiltration, survival, and
decreased apoptosis of inflammatory cells [16]. Further to this
there is an increase in osteoclast number and activity leading
to focal bone erosions, juxta-articular osteopenia, and joint
destruction [17–20]. Animal models suggest that there may
also be suppression of localised osteoblast formation of bone
[21].

2.2. Periodontitis and Similarities to RA. Periodontitis is a
chronic inflammatory disease of the gingival tissues, with
an associated loss of the supporting structures including
the periodontal ligament and alveolar bone. The aetiology
involves an inflammatory response to bacterial infection
such as P. gingivalis and possibly an autoimmune reaction,
as reviewed [22]. Periodontitis is the most common and
widespread bone loss pathology in humans with 64% of
the US population aged 65 years and older reported as
having moderate or severe periodontitis [23]. Despite the
prevalence of this disease the most common treatment is
either mechanical subgingival plaque removal or surgical
debridement. Inevitably, in the absence of effective treatment,
support structures (periodontium) are compromised and the
affected teeth will loosen and fall out.

RA and periodontitis have a similar pathophysiology,
characterized by destructive inflammation that culminates
in localized bone loss. The citrullination of proteins by P.
gingivalis and the subsequent generation of autoantigens that
drive autoimmunity in RA have been proposed as a possible
mechanism linking these two diseases [24]. Similarities in RA
and periodontitis may relate to citrullinated enolase as the
specific antigen involved aswell as cross-reaction between the
antibodies directed towards the immunodominant epitope of
human citrullinated alpha-enolase and a conserved sequence
on citrullinated P. gingivalis enolase [25].

New evidence suggests a relationship between the extent
and severity of chronic periodontitis and RA [24, 25].
Individuals with advanced RA are more likely to experience
more significant periodontal problems compared to their
non-RA counterparts and vice versa. This is supported by
findings in a study using a combined animalmodel of RA and
periodontitis [26], which demonstratedmore severe develop-
ment of arthritis in mice with periodontitis. Further to this,
mice in which periodontitis alone was induced had evidence
of radiocarpal bone loss in the absence of arthritic disease
[26]. Additionally, mice in which inflammatory arthritis was
induced also had evidence of periodontitis [26].This suggests
presence of either RA or periodontitis places the individual
at risk of developing the other disease. Both conditions
involve an imbalance between proinflammatory and anti-
inflammatory cytokines and increased bone-resorbing activ-
ity. Cantley et al. (2011) thus proposed that these two diseases
are related through a common underlying dysfunction of

fundamental inflammatorymechanisms [26]. New treatment
strategies are needed for both diseases that target the inhi-
bition of proinflammatory cytokines, destructive enzymes,
and bone-resorbing activity. The clinical implications of
the current research strongly suggest that patients with RA
should be carefully screened for their periodontal status, as
reviewed [27].

2.3. Peri-Prosthetic Osteolysis. Joint replacement surgery is
used as a last resort in osteoarthritis (OA) and RA patients
and is a relatively successful operation; however, a large
proportion of implants fail within 10–20 years as a result of
bone loss and implant loosening [4, 10, 28].The pathogenesis
behind prosthetic implant failure involves wear of prosthetic
alloys, such as polyethylene (PE), cobalt chrome, and tita-
nium liberated from the implant surface [29–31]. These par-
ticles stimulate a chronic inflammatory response [29], which
increases bone-resorbing activity of the osteoclasts [32] and
suppresses bone formation by the osteoblast [33, 34] resulting
in bone loss [25]. Periprosthetic tissues contain granuloma-
tous lesions dominated by inflammatory cells, particularly
macrophages, and foreign-body giant cells [29–31, 35, 36]. It is
believed that an inflammatory reaction is initiated within the
tissues in an attempt at particle clearance. This then becomes
a chronic reaction resulting in a granulomatous lesion. This
granulomatous lesion in periprosthetic osteolysis often leads
to the formation of pseudosynovium-like structure, in which
cells are organized into lining layer, in the membranous
tissues adjacent to the failed implant surface [35]. Juxtaposed
to this pseudosynovium are fibrous and collagenous regions,
possibly scar tissues, which could be indicative of late stage
periprosthetic osteolysis. The plethora of factors release in
this inflammatory reaction within the tissues contributes
towards the promotion of osteoclast formation [9, 37].

Higher numbers of T lymphocytes have been observed
in the periprosthetic tissues of human and mouse models
containing polyethylene and metal particles compared with
normal tissues [38–40] and osteoarthritic tissues [41]. Sandhu
et al. (1998) proposed that T cells are indirectly affected by
the inflammatory cascade induced by wear particles [40]. It is
however important to note that T cells make up less than 10%
of total cell population [42] in periprosthetic tissues. Given
the low levels of T lymphocytes, the general belief held is
that lymphocyte infiltrates are not normally associated with
wear-particle induced periprosthetic osteolysis, in particular,
in the granulomatous region [29, 32, 42, 43].The role of T cells
may however bemore pertinent in RApatients with implants.
The prevalence of foreign-body giant cells in response to
implant-derived wear debris in RA patients and non-RA
patients does not differ but appears to be linked to the amount
of polyethylene wear debris [36]. As would be expected,
this study reported a high prevalence of plasma cells in
lymphocytic infiltrates in untreated RA patients compared
with non-RA patients with a different distribution [36].
Whether implant wear is inducing a different reaction in RA
versus non-RA patients may potentially have implications for
combination and immune targeted treatment of inflamma-
tion and osteolysis in these patients.
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3. RANKL-RANK-OPG Axis

Receptor activator NF kappa B ligand- (RANKL-) RANK
signalling has several important roles in the immune system
and bone [13, 44–46]. Physiologically, RANKL is required
for normal development of lymph nodes [13], as evident in
knockoutmice. In bone, RANKL interactionwith its receptor,
RANK, expressed by the osteoclast, induces the transcription
factor nuclear factor of activated T cells-1 (NFATc1) [47–
49]. NFATc1 is an essential factor for differentiation, multi-
nucleation and activation [47–49]. NFATc1 binds directly to
and regulates osteoclast differentiation genes such as tartrate
resistant acid phosphatase (TRAP) [50], cathepsin K (Cath
K) [51], osteoclast-associated receptor (OSCAR) [52], 𝛽3-
integrin [53, 54], and calcitonin receptor (CTR) [50]. NFATc1
is also involved in autoregulation of itself, further enhancing
gene expression and osteoclast differentiation [55].

RANK-RANKL interaction is inhibited by the decoy
receptor OPG [12] and thus the ratio of RANKL to OPG
has a crucial influence on bone resorption [56]. Interactions
between RANK expressing cells of the lamina propria and
T cells expressing RANKL also play a role in intestinal
inflammation [57]. In the vasculature, RANKL interacts
with RANK to promote survival of endothelial cells [58].
Additionally, RANKL is upregulated in the keratinocytes of
inflamed skin [59]. Further to this, in an inflammatory arthri-
tismodel reminiscent of RA, activated T cells exacerbate joint
destruction via RANKL upregulation [46].

3.1. RANKL-RANK-OPG in Bone Pathologies. The RANK-
RANKL-OPG axis is known to regulate not only normal
bone physiology but also alterations in RANK-RANKL-OPG
interactions that play a role in bone disease. Uncoupling in
the balance between the level and activity of these molecules
culminates in osteoporotic or osteopetrotic phenotypes due
to an increase or decrease in osteoclast formation and activity.
This is particularly evident in focal bone loss associated
with chronic inflammatory diseases such as rheumatoid
arthritis, periodontal disease, and periprosthetic bone loss.
In active RA, periodontal disease, and prosthetic loosening,
elevated levels of RANKL relative to OPG are observed in
the synovial-like soft tissue, gingival tissue, and soft tissues
adjacent to sites of osteolysis [5–10]. Further to this the
elevated ratio of RANKL :OPG expression is associated with
increased differentiation and activity of the bone-resorbing
osteoclasts [5, 7–9, 32, 60], suggesting RANKL :OPG ratio as
an important indicator for bone erosion.

As RANKL and OPG are key molecules regulating bone
loss in diseases, therapeutic interventions targeting these
molecules and their signaling cascades are being investigated
to treat a wide range of diseases.

3.2. RANKL-RANK-OPG in RA. Osteoclasts are the promi-
nent cell eroding bone in inflammatory arthritis [20]. A
seminal paper in the field of osteoimmunology used a
RANKL knockout background to demonstrate that animals
developed an osteopetrotic phenotype and a reduction in
bone erosion, characterized by the absence of osteoclasts,

whilst inflammation did not differ between wild-type and
RANKL knockout mice [61]. In contrast, cartilage erosion
was present in both control littermate and RANKL knockout
mice [61], suggesting that the RANK-RANKL-OPG axis does
not directly affect cartilage metabolism.

In human studies, the levels of soluble RANKL have been
found to be higher than OPG in synovial fluids from patients
with RA compared with osteoarthritis (OA) patients [62]
suggesting a role in increased bone resorption. In support
of this, a more recent large center study has reported the
ratio of RANKL :OPG and markers of bone and cartilage
degradation (such as collagen terminal 1 (CTX-1)) to be
predictive of progression of radiological bone damage in RA
[60].

In synovial tissues from patients with active RA, RANKL
expression is predominantly located in sublining regions [62,
63] concentrated at focal sites of osteoclastic bone erosion in
the pannus- bone interface [64]. In contrast, OPG has been
described as being in regions of synovium some distance
from the sites of bone erosion in RA [64]. We reported
OPG is associated with endothelial cells and macrophages
in the synovial lining layer of OA and normal tissues whilst
absent in patients with active RA [63]. RANKL expressing
cells have been detected in a subset of fibroblast-like syn-
oviocytes and infiltrating mononuclear cells [62]. Further to
this, activated synoviocytes from RA tissue express RANKL
and have decreased OPG and are capable of supporting
osteoclastogenesis in vitro [65]. RANKL expressing cells are
also seen within areas of lymphocyte infiltration and dual
immunostaining by ourselves, and others have shown that
many of the RANKL-positive cells are a subset of CD3+ and
CD4+ cells [6, 62, 63]. ActivatedT cells fromRApatients have
increased RANKL are able to induce osteoclast formation in
vitro [62]. This study also reported a higher ratio of soluble
RANKL relative to OPG suggesting T cells as a source of
soluble RANKL in RA [62].

NFATc1 is a transcription factor crucial to RANKL-
RANK signaling in the osteoclasts [47] and is initially identi-
fied as being expressed by T cells and involved in regulation
of cytokine transcription [66]. We observed NFATc1 positive
cells in lymphocyte aggregates in RA tissues [67]. Many
of the NFATc1-immunostained mononuclear cells observed
were single nucleated and thus could be either precursor cells
of osteoclasts such as macrophages, or lymphocytes. Those
with lymphocyte morphology are most likely activated T
cells as most of them demonstrated NFATc1 positive staining
localized mainly in nucleus [67]. These cells may promote
osteoclastogenesis through the RANK/RANKL pathway [39]
because as already mentioned, as activated T-cells demon-
strate elevated expression of membrane-bound RANKL with
the ability to support osteoclastogenesis in vitro [62].

3.3. RANKL-RANK-OPG in Periodontal Disease. The relative
ratio of RANKL to OPG is also a significant indicator in
bone loss associated with periodontal disease [5, 69]. Soluble
RANKL is significantly higher in gingival crevicular fluid
(GCF) of periodontitis patients than in healthy GCF, while
OPG is not [69]. Similar to RA, B and T lymphocytes express
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RANKL in gingival tissues associated with periodontitis [5,
69] with expression of more than 50 and 90% of T cells
and B cells, respectively. Consistent with a role in osteoclast
regulation, lymphocytes isolated from gingival tissues of
patients induced differentiation of mature osteoclast cells
in a RANKL-dependent manner in vitro [69]. These results
suggest that activated T and B cells can be the cellular source
of RANKL and an inducer of bone resorption in periodontal
disease.

In a crude mRNA analysis of tissue from dental
patients, those with periodontitis exhibited significantly
higher NFATc1 gene expression, compared with healthy sub-
jects. Interestingly, NFATc1 and RANKL expression levels
strongly correlated with each other and with clinical peri-
odontal parameters [70].

3.4. RANK-RANKL-OPG in Peri-Prosthetic Osteolysis. Asep-
tic bone loss adjacent to orthopedic joint implants is a
common cause of joint implant failure in humans. RANK,
RANKL, and tumour necrosis factor (TNF-𝛼) are key mod-
ulators of bone turnover and their expression has been
reported by ourselves and others in the tissues near peripros-
thetic osteolysis in patients undergoing revision of total hip
prostheses [9, 71, 72]. These factors were strongly expressed
by large multinucleated cells containing polyethylene wear
debris in revision tissues [9]. More interestingly a strong
statistical correlationwas found between volume of bone loss,
polyethylene wear debris, and RANK, RANKL, and TNF-𝛼
expression [9].This was consistent with the earlier findings of
Stea et al. (2000) [72] where immunohistochemical detection
of TNF-𝛼 positively correlated with radiographic scores of
osteolysis.

In periprosthetic osteolysis, elevated levels of RANKL,
relative to its competitor OPG, are associated with increased
differentiation and activity of the bone-resorbing osteoclasts
[8, 32, 73]. An earlier study had shown that cells isolated from
periprosthetic tissues containing wear particles expressed
mRNA encoding for the proosteoclastogenic molecules,
RANKL, its receptor RANK, monocyte colony-stimulating
factor (M-CSF), interleukin- (IL-) 1 beta, TNF-𝛼, IL-6, and
soluble IL-6 receptor, as well as OPG [8]. Other studies
showed that osteoclasts formed from cells isolated from
periprosthetic tissues in the presence and absence of human
osteoblastic cells in vitro [8, 74]. When osteoclasts formed
in the absence of osteoblastic cells, markedly higher levels of
RANKL mRNA relative to OPG mRNA were expressed. Par-
ticles of prosthetic materials also stimulated human mono-
cytes to express both osteoclast-associated genes and osteo-
clastmediating factors in vitro [8].These findings suggest that
ingestion of prosthetic wear particles by macrophages results
in expression of osteoclast-differentiating molecules and
stimulation of macrophage differentiation into osteoclasts
[8]. Subsequent immunohistochemical studies demonstrate
significantly higher levels of RANKL in the periprosthetic
tissues of patients with implant failure than in similar tissues
from osteoarthritic and healthy subjects [32]. In contrast,
OPG protein levels were similar in all tissues with the net
result of higher RANKL :OPG ratio [32]. Of interest, RANKL

protein and mRNA were predominantly associated with
macrophage cells containing wear particles in the peripros-
thetic tissues [32].These findings support the contention that
high levels of RANKL in periprosthetic tissues of patients
with prosthetic loosening may significantly contribute to
aseptic implant loosening [32].

We observed both mRNA and protein expressions of
NFATc1 to be higher in periprosthetic osteolysis than in OA
tissues although levels did not reach significance [75]. This
is consistent with low T lymphocyte numbers observed in
these tissues. This may provide an explanation why lower
than expected NFATc1 protein and mRNA levels are found
in periprosthetic osteolytic tissues.

4. The ITAM Pathway in Osteoimmunology

The ITAM pathway regulates proliferation, survival, and dif-
ferentiation of effector immune cells and provides osteoclasts
with costimulatory signals [14, 76–80]. In preosteoclasts and
osteoclasts, innate immune receptors, TREM2 and OSCAR,
associate with the ITAM adaptor proteins DAP12 and Fc
receptor gamma-chain (FcR𝛾), respectively [80, 81]. DAP12
and TREM2 are required for differentiation into multinucle-
ated, bone-resorbing osteoclasts in vitro via phosphorylation
of the Syk tyrosine kinase [79]. OSCAR on the cell surface
mediates signal transduction via FcR𝛾 [82, 83] (Figure 1).The
induction of intracellular calcium via this pathway is required
in conjunction with RANKL-RANK interaction for NFATc1
induction [84].

4.1.Mutations of ITAM-AssociatedMolecules and Bone Pheno-
types In Vivo. In the context of human pathology the roles of
TREM2 or DAP12 have only begun to be recognized. Studies
in diseased tissues, particularly in Nasu-Hakola disease [85–
87] and very recently in Alzheimer’s disease [88], have shown
that these molecules may be involved. Mutations in TREM2
or DAP12 have been associated with bone pathologies such as
bone cysts and increased fractures (in addition to presenile
dementia) in Nasu-Hakola disease [87, 89]. These studies
support a role for DAP12 and a relationship between the
skeletal and psychotic characteristics observed in Nasu-
Hakola disease and for schizophrenia and presenile dementia
[90]. In TREM2 deficient individuals the osteoclast precur-
sors failed to differentiate into effective bone-resorbing cells
[91]. Consistent with this, Paloneva et al. [87] demonstrated
that function mutations in DAP12 and TREM2 result in an
inefficient and delayed differentiation of osteoclasts in vitro.
In postmenopausal osteoporosis a rare allele (G allele) of
OSCAR-2322A&gt; G (SNP in the 5 flanking region) has
been associated with lower bone mineral density [92].

Although animal models are not the focus of this review
it is interesting to note the phenotypes of ITAM related
molecules in single and combination knockouts. TREM−/−
mice have an osteopenic phenotype similar to Nasu-Hakola
disease. In vitro, lack of TREM2 impairs proliferation osteo-
clast precursors and affects the rate of osteoclastogenesis by
accelerating differentiation into mature osteoclasts [93] sug-
gesting different effects of knocking out TREM2 in vivo and
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Figure 1: RANGL-RANK-OPG axis and ITAM, the costimulatory pathway, in inflammation induced localised bone loss pathologies.

in vitro. In DAP12 deficient mice (−/−) there are an increased
bone mass (osteopetrosis) and impeded development of
osteoclasts. Mice that are double knockout for the adaptors
DAP12−/− and FcR𝛾−/− are severely osteopetrotic and bone
marrow derived osteoclast precursors from these mice are
unable to differentiate into mature osteoclasts in a RANKL-
andM-CSF-mediated culture system [79, 82]. Although there
is some redundancy, findings from these studies suggest that
DAP12 is the predominant factor responsible for optimal
osteoclast differentiation.

4.2. OSCAR Signalling and Function in Bone Regulation.
OSCAR is an IgG-like receptor expressed by monocytes,
macrophages monocyte-derived dendritic cells in humans,
and is involved in antigen presentation as well as survival,
maturation, and activation of dendritic cells [14, 76, 77, 83,
94, 95]. Ligation of human OSCAR on monocytes and neu-
trophils results in the induction of a proinflammatory cascade
and the initiation of downstream immune responses [95].
Importantly, cell bound OSCAR on osteoclast precursors is
an essential costimulatory factor in osteoclast formation but
does not bypass the requirement of RANKL. RANKL-RANK
induction of NFATc1 expression precedes that of OSCAR

[96] and is crucial for induction of OSCAR gene expression
[52]. In addition, ligand-activated OSCAR interacts with
FcR𝛾 to produce an increase in intracellular calcium [95]
that augments NFATc1 expression [96]. This establishes a
positive feedback loop that results in marked elevation of
both OSCAR and NFATc1 expressions in terminal stages of
osteoclast formation [52, 96]. These findings demonstrate a
significant role for OSCAR in immune modulation as well as
osteoclastogenesis.

In vitro studies demonstrate that addition of OSCAR-Fc
to osteoblast-osteoclast cocultures results in the inhibition of
osteoclast differentiation with Kim et al. (2002) suggesting
that this was due to OSCAR-Fc blocking an osteoblast
derived OSCAR ligand binding to OSCAR [14]. This may
be in addition to the recent identification of the motifs
within fibrillar collagens in the extracellular matrix (ECM)
as OSCAR ligands [97].The importance of OSCAR is further
highlighted by the fact that soluble OSCAR (s)OSCAR, in the
form of OSCAR-Fc, has also been shown to inhibit osteoclast
differentiation from PBMCs in the presence of RANKL, M-
CSF, and TGF-𝛽 [94].

Costimulatory immune pathways may further increase
osteoclast differentiation and activity [81, 82], particularly in
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chronic inflammatory diseases with an immune component
such as in RA, periprosthetic osteolysis, and periodontal
disease. In fact, our studies [67, 75] and those of others
suggest that deregulation of ITAM-associated molecules
contributes to the pathogenesis and severity of rheumatoid
arthritis, periodontal disease, periprosthetic osteolysis, and
osteoporosis [10, 67, 75, 92, 94, 98, 99].

4.3. Expression of ITAM-Associated Molecules in Chronic
Inflammation Induced Localised Osteolysis. We, and others,
have demonstrated increased levels of ITAM-related factors,
including TREM2, DAP12, OSCAR, and FcR𝛾 in human
periprosthetic tissues adjacent to sites of osteolysis [75]
and in RA synovial tissues [67, 94]. Additionally, we have
observed ITAM-related factors expressed in periodontitis
tissue adjacent to bone loss (unpublished observations). Of
these factors, soluble and membrane-bound OSCAR have
been more extensively assessed in the context of RA and
vascular disease (expanded on below).

4.4. Expression of ITAM-Associated Molecules in Rheumatoid
Arthritis. We observed markedly higher levels of TREM2,
DAP12, OSCAR, and FcR𝛾 in active RA patients com-
pared to synovial tissues from inactive RA, OA, or control
healthy joint. Multiple cell types expressed TREM2 including
mononuclear cells in lymphoid aggregates and fibroblasts
[67]. In OA tissues, TREM2 immunostaining was noticed in
monocyte/macrophage-like cells mainly around perivascular
areas and on blood vessels (unpublished observations). The
positive TREM2 immunostaining on the vasculature was
consistent with the finding on expression of TREM2 in
endothelial cells that has been documented earlier [100].
TREM2 immunostaining was also occasionally spotted on
lymphocyte-like cells in some OA tissues; however, to date
there has been no study indicating the expression of TREM2
in lymphocytes but further investigation is needed for confir-
mation.

Interestingly, DAP12 appeared predominantly associated
with macrophage-like cells in the sublining of the synovial
tissue, particularly in the macrophage-like cells in the lining
of the OA group [67]. More recently, a study by Chen et
al. (2014) [101] reported that mRNA expression levels of
DAP12 in the peripheral blood mononuclear cells of active
RA patients were significantly higher in active RA patients
than in inactive RAorOApatients.This is consistent with our
observations [67] of higher levels of DAP12 protein expressed
in the synovium in active RA patients than in inactive RA
or OA patients. They also noted that the levels significantly
decreased after effective therapy [101].

FcR𝛾 protein associates with fibroblasts and monocytes
of the synovial sublining whilst lymphoid aggregates and the
vasculature do not express FcR𝛾 [67]. Of note, similar to
DAP12, FcR𝛾 was associated with macrophage-like synovio-
cytes in the synovial lining with some scattered monocytes
in the sublining of the OA tissue. This increased DAP12 and
FcR𝛾 expression might indicate a role in the pathogenesis of
OA but this is yet to be determined [67].

4.5. Soluble and Synovial Tissue Levels of OSCAR in RA.
Analysis of human synovial tissue, serum, plasma, and
synovial fluid suggests that OSCAR expression is associated
with disease activity in RA [67, 94, 98, 99]. Recent studies
show that OSCAR protein expression is increased in mono-
cytes from RA patients compared with healthy individuals,
correlating with inflammatory disease activity (DAS28) [94].
OSCAR has also been noted to be expressed by mononuclear
cells adjacent to synovial microvessels in RA tissues [94].
Consistent with these findings, our immunohistochemical
studies show that high levels of OSCAR are associated with
mono- and multinuclear cells in active RA tissues compared
to tissues from OA and normal patients [67] (Figure 2).
Furthermore, semiquantitative analysis confirmed that there
is a significant elevation of OSCAR (𝑃 < 0.05) in active RA
synovial tissues compared to osteoarthritis synovial tissues.
This increased expression of OSCAR in the synovial tissue
of active RA suggests OSCAR regulation by inflammatory
cytokines and supports a role for OSCAR in the pathogenesis
of RA.

A study investigating the clinical, radiological, and
synovial immunopathological responses following anti-
rheumatic treatment in RA proposed that high synovial
tissue vascularity predicted favorable clinical and radiological
responses to treatment [102]. Similar to this, we previously
reported the increased OPG staining associated with the
vasculature in synovial tissues retrieved from the patient
in remission, OA and normal compared with active RA
[63]. Furthermore, we have reported increased levels of
OPG associated with vasculature following treatment with
DMARDS [7].

More recently we have detected increased expression
of OSCAR protein associated with the microvasculature
of synovial tissue from all inactive and active RA patient
tissues (9/9) compared to none in the normal synovial tissue
group (0/9) [67]. Importantly, in diseased tissues OSCARwas
expressedmostly on the luminal side of themicrovasculature,
consistent with OSCAR expression by endothelial cells [67,
103]. Our findings suggest that OSCAR is associated with
the endothelial cells of the microvasculature and is either
produced by endothelial cells or secreted by other cells and
bound by the endothelial cells in inflammatory states. The
marked reduction in the OSCAR associated with endothelial
cells observed in OA and healthy synovial tissues compared
with active RA indicates an immune modulatory mechanism
[67], which may also signal back to the osteoclasts and
regulate bone resorption.

Following observations ofOSCAR associationwith blood
vessels the expression ofOSCARwas investigated in endothe-
lial cell lines in vitro. Our analysis on bone marrow-derived
endothelial cells (BMECs) challenged with IL-1𝛽 and TNF-
𝛼 in vitro demonstrated that the inflammatory cytokines
increased OSCAR expressed as both mRNA and secreted
and membrane-bound proteins [67]. Together with in vivo
observations on synovial tissues and serum levels these
studies suggest that inflammatory cytokines in RA regulate
cleavage or secretion of sOSCAR from preosteoclasts or the
microvasculature.
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(a) (b)

Figure 2: OSCAR positive cells (red) in synovial tissue. (a) OSCAR immunostaining in the lining cells of OA tissues. (b) Mononuclear
OSCAR positive cells as indicated by arrow. The magnification was 400x.

(a) (b) (c)

Figure 3: Expression of osteoclast and vascular-associated molecules in mildly inflamed gingival tissues. (a) TRAP (osteoclast marker), (b)
OSCAR C. Von Willebrand factor to identify the microvasculature. The magnification was 200x.

The regulation by inflammatory cytokines, such as TNF-
𝛼, of OSCAR messenger RNA expression has also been
observed in monocytes [94]. Interestingly, levels of OSCAR
were found to increase in serum from RA patients following
anti-TNF treatment [94]. Of note, these studies did not
investigate gene or the release of protein OSCAR by human
peripheral blood derived osteoclasts in response to TNF-𝛼 in
conjunction with RANKL.

4.6. Expression of ITAM-Associated Molecules in Periodontal
Disease. To our knowledge, very limited descriptive or func-
tional studies have investigated ITAM factors in periodontitis
and normal gingival tissues. An early study however reported
that isolated polymorphonuclear neutrophils from GCF of
adult periodontitis patients exhibited higher Fc alpha RI and
Fc gamma RI levels and lower Fc gamma RIIa and Fc gamma
RIIIb levels than peripheral blood polymorphonuclear neu-
trophils. They found that GCF derived polymorphonuclear
neutrophils had a reduced ability to phagocytose and kill
IgG1-opsonized P. gingivalis compared to peripheral blood
polymorphonuclear neutrophils [104].

Our recent unpublished observations have identified
OSCAR colocalizing with TRAP in cells in serial sections
of mildly inflamed gingival tissue (Figure 3). Of note, these
osteoclast markers are highly expressed in themultinucleated
cells on the bone. Similar to the previous observations
of expression of ITAM-associated molecules in active and
inactive RA patients OSCAR expression was also noted in the
microvasculature. Given the similarities in pathogenesis of
RA and periodontitis [27] it is worth investigating expression
of ITAM factors in periodontitis, gingivitis, and normal
gingival tissues.

4.7. Expression of ITAM-Associated Molecules in Peri-
Prosthetic Osteolysis. We have reported a marked increase
in the levels of TREM2 and DAP12, OSCAR, and FcR𝛾 in
tissues containing PE particles, compared with OA synovial
control tissue when assessed by a semiquantitative scoring
system [75]. Furthermore, the observed increased levels of
these proteins in peri-prosthetic tissues were consistent with
the finding that the corresponding mRNA levels were also
increased [75]. Of interest, PE-containing osteoclast-like
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(a) (b)

(c) (d)

Figure 4: Expression of ITAM-associated molecules in PE-containing tissues from sites of aseptic loosening due to osteolysis. (a) TREM2,
(b) DAP12, (c) OSCAR, and (d) FcR𝛾 immunostaining. The magnification was 400x.

cells in these tissues were associated with high levels of
TREM2 and OSCAR protein and their respective adaptor
molecules DAP12 and FcR𝛾 [75] (Figure 4). Consistent with
these in vivo observations, PE particles added to human
peripheral blood derived osteoclast cells in vitro upregulated
ITAM expression [75].

It is important to also understand the role synovial
fluid may play in modulating regulators of cartilage and
bone destruction in the joint. Andersson et al. (2007) found
that synovial fluid from patients with OA stimulated the
mRNA expression of OSCAR and NFATc1 in mouse calvarial
implants in vitro, while mRNA expressions of DAP12 and
FcR𝛾 were not affected by synovial fluid from either revision
or OA patient groups. The authors suggested that perhaps
OSCAR and NFATc1 mRNA might be regulated by soluble
factors that are present in OA synovial fluid. However,
expression of DAP12 and FcR𝛾 was not regulated in the same
way [105]. This is an area that could further be explored.

Considering that inflammation recruits osteoclast pre-
cursors and can induce the differentiation and activation
of osteoclasts the enhanced expression of ITAM-related
molecules in revision tissues could exacerbate bone loss in
this disease.

4.8. Potential Role for OSCAR in the Clinic. Previous studies
have demonstrated that soluble fusion (OSCAR-fc) protein,
comprising the extracellular domain ofOSCAR, could inhibit
osteoclastogenesis in murine preosteoclast/osteoblast cocul-
tures [14] and PBMCs cultured in the presence of RANKL,
M-CSF, and TGF-𝛽 [94]. In this situation sOSCAR could
compete with OSCAR ligand and reduce OSCAR signalling.

The ability of soluble sOSCAR in vitro to impede osteoclast
formation may prove useful in inhibiting osteoclast differen-
tiation and may thus prevent bone damage in diseases such
as RA.

There is conflicting data as to whether sOSCAR increases
in healthy individuals or it increases as a result of erosive
activity in RA. Soluble OSCAR has been detected in serum
and reported to be higher in healthy compared to RA patients
[94, 99]. Serum levels of sOSCAR were shown to inversely
correlate with erosion and disease activity [99]. A recent
study, however, reported higher levels of sOSCAR in the
plasma of RA patients rather than healthy individuals [98].
We have also detected sOSCAR in the synovial fluid of OA
and active RA patients with no significant difference between
these diseases [67].We believe that sOSCAR has the potential
to act as decoy receptor for OSCAR ligand within the joint
and affect osteoclast development in RA. It is possible that
successful treatment results in increased cleavage of cell
associated OSCAR resulting in increased sOSCAR levels in
the joint. In this way sOSCAR regulates osteoclastic bone
resorption and is an early marker that predicts joint damage.
The biological effect of serum and synovial fluid-derived
OSCAR on osteoclastogenesis is yet to be investigated.

Synovitis and erosion are not always linked with some
patients having progressive erosive disease despite being in
remission and it is unclear what factors drive this [106]. The
discordance between clinical inflammatory disease activity
and radiological outcomes emphasizes the need for a vali-
dated marker of bone damage in conjunction with current
clinical parameters that are routinely assessed [107, 108]. The
ability to monitor bone erosion will allow the clinician to
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make important decisions on therapy earlier [109] and reduce
structural joint damage [110]. Currently unaddressed RA-
induced joint damage affects mobility of patients later in life
and predisposes to secondary osteoarthritis [110]. In addition,
while we have numerous markers that reflect inflammation
and related disease activity there are none that monitor joint
erosion, other than X-rays which only indicate damage after
it has occurred [111]. Therefore, it is essential that an accurate
early marker of joint erosion is identified in order to guide
effective treatment modalities in order to protect the joint of
arthritic patients.

5. Conclusion

While the significance of ITAM-associated molecules has
been largely established in the context of bone biology and
an immunological point of view, limited studies have been
carried out on osteoclast ITAM-related molecules in human
bone pathologies. The increased levels of ITAM factors in
inflamed tissues adjacent to sites of localized bone loss in
RA, periodontal disease, and periprosthetic osteolysis may
prove indicative of the disease progression. Further to this,
levels of the soluble factor, OSCAR, in serum or local fluid,
may provide us with a potential bone destructive marker and
potential target for modulation of bone erosion.
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Lipopolysaccharide (LPS) is related to osteoclastogenesis in osteolytic diseases. Interleukin- (IL-) 12 is an inflammatory cytokine
that plays a critical role in host defense. In this study, we investigated the effects of IL-12 on LPS-induced osteoclastogenesis. LPS
was administered with or without IL-12 into the supracalvariae of mice, and alterations in the calvarial suture were evaluated
histochemically.Thenumber of osteoclasts in the calvarial suture and themRNA level of tartrate-resistant acid phosphatase (TRAP),
an osteoclast marker, were lower in mice administered LPS with IL-12 than in mice administered LPS alone. The serum level of
tartrate-resistant acid phosphatase 5b (TRACP 5b), a bone resorption marker, was also lower in mice administered LPS with IL-12
than in mice administered LPS alone. These results revealed that IL-12 might inhibit LPS-induced osteoclastogenesis and bone
resorption. In TdT-mediated dUTP-biotin nick end-labeling (TUNEL) assays, apoptotic changes in cells were recognized in the
calvarial suture in mice administered LPS with IL-12. Furthermore, the mRNA levels of both Fas and FasL were increased in mice
administered LPS with IL-12. Taken together, the findings demonstrate that LPS-induced osteoclastogenesis is inhibited by IL-12
and that this might arise through apoptotic changes in osteoclastogenesis-related cells induced by Fas/FasL interactions.

1. Introduction

Lipopolysaccharide (LPS) is a large molecule consisting of
a lipid and a polysaccharide joined by a covalent bond [1–
4]. It is found in the cell walls of gram-negative bacteria
and acts as an endotoxin. It induces a series of proinflam-
matory cytokines and results in the occurrence of strong
immune responses. Osteolytic diseases such as periodonti-
tis, osteomyelitis, and arthritis are related to LPS-induced
immune reactions [5, 6]. Through binding to Toll-like
receptor-4 on the surface of target cells, LPS induces the
production of proinflammatory cytokines such as tumor
necrosis factor- (TNF-) 𝛼, interleukin- (IL-) 1, and IL-6 [7–
11].

Osteoclasts are multinucleated giant cells that originate
from hematopoietic stem cells [12, 13]. They play important

roles in bone resorption and remodeling in association with
a series of transcription factors and cytokines. In osteolytic
diseases, the formation and activity of osteoclasts are excep-
tionally stimulated. Receptor activator of necrosis factor-𝜅B
ligand (RANKL) and macrophage colony-stimulating factor
are known as major cytokines for osteoclastogenesis. TNF-𝛼
is also related to osteoclastogenesis [14–16].

IL-12 was reported to inhibit osteoclast formation in
spleen cell cultures in vitro [17]. We previously found that IL-
12 inhibited TNF-𝛼-mediated osteoclastogenesis by inducing
apoptosis of bonemarrow cells in vitro [18, 19].The induction
of apoptosis was mediated by the interaction of TNF-𝛼-
induced Fas and IL-12-induced FasL [18, 19]. IL-12 was also
shown to inhibit TNF-𝛼-mediated osteoclastogenesis in the
calvarial suture and during mechanical tooth movement in
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vivo [20, 21]. We reported that apoptotic changes were recog-
nized histochemically when osteoclastogenesis was inhibited
[20, 21]. Nagata et al. [22] confirmed that RANKL-induced
osteoclastogenesis was inhibited by IL-12 and concluded that
IL-12 might not be involved in cell death. Thus, several
investigators have reported that IL-12 is related to inhibition
of TNF-𝛼 or RANKL-induced osteoclastogenesis.

The aim of this study was to investigate the effects of
IL-12 on bacterial LPS-induced osteoclastogenesis and bone
resorption.

2. Materials and Methods

2.1. Mice and Reagents. Male 8-week-old C57BL6/J mice
were purchased from SLC (Shizuoka, Japan) for use in this
study. All animal care and experimental procedures were
performed in accordance with the Guidelines for Animal
Experimentation of Nagasaki University with approval of the
Institutional Animal Care and Use Committee. LPS from
Escherichia coli was purchased from Sigma (St. Louis, MO).
Recombinantmouse IL-12 was purchased fromR&D Systems
(Minneapolis, MN).

2.2. LPS-Induced Osteoclastogenesis In Vivo. It has been
reported that daily injections of LPS (100𝜇g/day) for 5
days into the supracalvariae of mice were sufficient for
osteoclast induction in vivo [23]. In this study, mice were
divided into four groups and received daily injections of
LPS alone (100 𝜇g/day), LPS with IL-12 (1.5 𝜇g/day), IL-12
alone (1.5 𝜇g/day), or phosphate-buffered saline (PBS) as
a control. After 5 days of administration, the mice were
euthanized and the calvariae were immediately removed.
After overnight fixation with 4% paraformaldehyde at 4∘C,
the calvariae were demineralized in 10% EDTA for 4
days at 4∘C. Paraffin-embedded samples were sectioned at
4 𝜇m. To observe osteoclasts, sections of the calvariae were
deparaffinized, stained for tartrate-resistant acid phosphatase
(TRAP), and counterstained with hematoxylin. The num-
bers of TRAP-positive cells in the calvarial suture were
counted.

2.3. Microfocal Computed Tomography Assessment. The cal-
variae were fixed with paraformaldehyde and evaluated by
microfocal computed tomography (RmCT; Rigaku, Tokyo,
Japan) to clarify the bone resorption pits and calvarial suture
expansion. Images of the calvariae were used for calculation
of the radiolucent areas with ImageJ software (National
Institutes of Health, Bethesda, MD). The relative values for
the radiolucent areas in the groups were normalized by the
value in the PBS group.

2.4. Serum Tartrate-Resistant Acid Phosphatase 5b (TRACP
5b) Assay. Serumwas obtained fromblood samples collected
from the heart chambers under anesthesia. The serum levels
of TRACP 5b were determined using a Mouse TRAP Assay
Kit (IDS, Tyne and Wear, UK), in accordance with the
manufacturer’s protocol.

2.5. RNA Preparation and Real-Time RT-PCR Analysis. To
isolate total RNA, mouse calvariae were frozen in liquid
nitrogen, ground, and processed using an RNeasy Mini Kit
(Qiagen, Valencia, CA). cDNA was synthesized from 1 𝜇g
of total RNA using reverse transcriptase (Toyobo, Osaka,
Japan) and random primers (Invitrogen) in a final volume of
20𝜇L. The expression levels of TRAP, Fas, FasL, and TNF-
𝛼 mRNAs were quantified by real-time RT-PCR using an
Mx3000P/Mx3005P real-time PCR system (Stratagene, La
Jolla, CA). Reactions were performed in a 25𝜇L volume
containing 2 𝜇L of cDNA, 12.5 𝜇L of SYBR Premix Ex Taq
(Takara, Shiga, Japan), 10 𝜇M primers, and 0.5 𝜇L of ROX
Reference Dye II.The primers used were as follows: GAPDH,
5-ACCCAGAAGACTGTGGATGG-3 and 5-CACATT-
GGGGGTAGGAACAC-3; TRAP, 5-AACTTGCGACCA-
TTGTTAGC-3 and 5-GGGGACCTTTCGTTGATGT-3;
Fas, 5-TGGCAGAGGAGCCTAGTTGT-3 and 5-CAC-
ACCCAGGAACAGTCCTT-3; FasL, 5-ATCCCTCTG-
GAATGGGAAGA-3 and 5-CCATATCTGTCCAGTAGT-
GC-3; TNF-𝛼, 5-CTGTAGCCCACGTCGTAGC-3 and
5-TTGAGATCCATGCCGTTG-3. The cycling conditions
were as follows: initial denaturation at 95∘C for 10 s; 45 cycles
of amplification, each comprising a denaturation step at 95∘C
for 5 s and an annealing step at 60∘C for 20 s. The relative
expression levels of TRAP, Fas, FasL, and TNF-𝛼 mRNAs
were normalized by the corresponding expression levels of
GAPDHmRNA.

2.6. Apoptosis Detection by the TdT-Mediated dUTP-Biotin
Nick End-Labeling (TUNEL) Assay. An ApopTag Peroxidase
In Situ Apoptosis Detection Kit (Chemicon International,
Temecula, CA) was used for TUNEL staining. Deparaffinized
sections were pretreated with 20𝜇g/mL proteinase K for
15min and then incubated with 3% hydrogen peroxide for
5min at room temperature to quench endogenous peroxidase
activity. Next, the sections were sequentially incubated with
TdT enzyme for 1 h at 37∘C and antidigoxigenin peroxidase,
followed by development with a diaminobenzidine peroxi-
dase substrate.The sections were counterstained with methyl
green.

2.7. Statistical Analysis. All data are presented as means ±
SD. Statistical analyses were performed using Scheffe’s𝐹 tests.
Differences were considered significant when 𝑃 < 0.05.

3. Results

3.1. IL-12 Inhibits LPS-InducedOsteoclastogenesis in theMouse
Calvariae. To analyze the effects of IL-12 on LPS-induced
osteoclastogenesis in vivo, TRAP staining of paraffin-
embedded sections was performed after LPS was adminis-
tered with or without IL-12 into mouse supracalvariae. In the
LPS alone group, many TRAP-positive cells were observed
in the calvarial suture (Figure 1(a)). On the other hand, there
were fewTRAP-positive cells in the LPSwith IL-12 group.The
number of TRAP-positive cells, counted as osteoclasts, was
significantly reduced in the LPS with IL-12 group compared
with the LPS alone group (Figure 1(b)). The levels of TRAP
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Figure 1: Osteoclastogenesis in the calvarial suture. (a) Histological sections of calvariae excised from mice after daily supracalvarial
administrations of PBS, LPS alone (100 𝜇g/day), LPS with IL-12 (1.5𝜇g/day), or IL-12 alone for 5 days. The sections were stained for TRAP
activity. (b) Numbers of TRAP-positive cells in the calvarial suture. (c) TRAP mRNA levels in the mouse calvariae detected by real-time
RT-PCR. Total RNA was isolated from the mouse calvariae after daily supracalvarial injections of PBS, LPS, LPS with IL-12, or IL-12 for 5
days. The TRAP mRNA levels were normalized by the corresponding GAPDH mRNA levels. Results are expressed as means ± SD (𝑁 = 6;
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01). Differences were detected using Scheffe’s 𝐹 tests.



4 Journal of Immunology Research

mRNA in the calvariae were determined by real-time RT-
PCR.The expression of TRAP was significantly higher in the
LPS alone group than in the PBS group. Furthermore, the
level of TRAP was significantly decreased in the LPS with IL-
12 group compared with the LPS alone group (Figure 1(c)).

3.2. IL-12 Inhibits LPS-Induced Bone Resorption in the Mouse
Calvariae. To investigate the effects of bone resorption by IL-
12 on LPS-induced osteoclastogenesis, the radiolucent areas
in calvariae were observed by RmCT after LPS was adminis-
tered with or without IL-12 into mouse supracalvariae. In the
LPS alone group, the radiolucent area was expanded on the
mouse calvariae (Figures 2(a) and 2(b)).On the other hand, in
the LPS with IL-12 group, the radiolucent area was decreased
compared with the LPS alone group. Furthermore, the serum
TRACP 5b levels were lower in the LPS with IL-12 group than
in the LPS alone group (Figure 2(c)).

3.3. Administration of LPS with IL-12 Induces Apoptosis in the
Mouse Calvariae. IL-12 was previously reported to induce
apoptosis of osteoclast precursor cells in TNF-𝛼-induced
osteoclast formation and inhibit osteoclast formation in
TNF-𝛼-administered mice [18, 20]. Because osteoclastogene-
sis was decreased in the LPS with IL-12 group, we performed
histological examinations with TUNEL staining to determine
whether induction of apoptosis occurred in the calvarial
suture. In the LPS alone group, few TUNEL-positive cells
were observed. In comparison, many TUNEL-positive cells
were observed in the LPS with IL-12 group (Figure 3).

3.4. Administration of LPS and IL-12 Affects Expression of
Fas and FasL. To elucidate how apoptosis was induced in
the mouse calvariae, the expression levels of Fas and FasL
mRNAswere examined by real-timeRT-PCR.The expression
levels of Fas mRNA were significantly higher in the LPS
alone and LPS with IL-12 groups than in the PBS group
(Figure 4(a)). In addition, the expression levels of FasL
mRNA were significantly higher in the LPS alone and LPS
with IL-12 groups than in the PBS group (Figure 4(b)).

3.5. LPS Induces Expression of TNF-𝛼 in the Mouse Calvariae.
The levels of TNF-𝛼mRNA were examined by real-time RT-
PCR to determine how apoptotic changes were induced in the
calvarial suture. It is important to assess the levels of TNF-𝛼,
because it is a key factor for osteoclastogenesis. The results
indicated that the levels of TNF-𝛼 mRNA were increased in
the LPS alone and LPS with IL-12 groups compared with the
PBS group (Figure 5).

4. Discussion

In this study, we have demonstrated the effects of IL-12 on
LPS-induced osteoclastogenesis in mouse calvariae in vivo.
Previously, a number of investigators have examined LPS-
mediated osteoclastogenesis [7, 23–25]. Among these reports,
there were two in vivo studies in which LPS was administered
especially into calvariae [23, 25].The protocol, dose, and days
of LPS administration were based on these reports. As shown

by RmCT and histological images, daily injections of LPS
(100 𝜇g/day) for 5 days into the supracalvariae were sufficient
for osteoclast induction in calvariae in this study. Loss of bone
and expansion of the calvarial suture were observed after LPS
administration.

Although a number of studies have investigated the
functions of IL-12, there are few studies related to osteoclasto-
genesis. IL-12 is mainly produced by macrophages, dendritic
cells, and B cells and induces cytotoxic properties of T cells
and NK cells [26, 27]. One of these studies further showed
that IL-12 plays a pivotal role in controlling innate and
adaptive immunity against a variety of infections [26]. IL-
12 particularly induces the production of interferon- (IFN-)
𝛾, a potent activator of antimicrobial functions and tumor
control, by T cells and NK cells. IL-12 can also induce the
differentiation and proliferation of T-helper 1 (Th1) cells from
Th0 cells [26]. Kerkar et al. [28] indicated that IL-12 triggers
myeloid-derived cells sensitized for tumor destruction, while
Eisenring et al. [29] showed that IL-12 induces tumor sup-
pression by stimulating a subset of NKp46+ lymphoid tissue-
inducer cells. Thus, IL-12 is related to various immunological
responses. Although some investigators have examined the
expression of IL-12 during LPS-induced osteoclastogenesis
[30, 31], no studies have clarified how IL-12 affects LPS-
induced osteoclastogenesis. Therefore, we investigated the
effects of IL-12 on LPS-induced osteoclastogenesis. LPS
was administered with or without IL-12 into the mouse
supracalvariae to evaluate how IL-12 affects LPS-induced
osteoclastogenesis in vivo. In the LPS alone group, many
osteoclasts and bone destruction spots were recognized in
the calvarial suture. On the other hand, in the LPS with IL-12
group, osteoclasts and bone destruction spotswere decreased.
The levels of TRAP mRNA in the mouse calvariae were also
decreased in the LPSwith IL-12 group comparedwith the LPS
alone group. These results suggested that IL-12 can inhibit
LPS-mediated bone resorption.

LPS is known to induce proinflammatory cytokines
[7–11]. TNF-𝛼, a proinflammatory cytokine, is related to
osteoclastogenesis [14–16]. In the present study, when LPS
was administered alone into the mouse calvariae, expression
of TNF-𝛼 was increased at the mRNA level. TNF-𝛼 might
be related to the loss of calvarial bone when LPS was
administered alone. TNF-𝛼 was also increased when IL-12
was administered with LPS, comparedwith administration of
PBS alone. Previous reports have shown that TNF-𝛼-induced
osteoclastogenesis was inhibited by IL-12 in vitro and in vivo
[18–21, 32, 33]. They concluded that osteoclastogenesis might
be inhibited by apoptotic changes in osteoclast precursor
cells and might be mediated by interactions between TNF-
𝛼-upregulated Fas and IL-12-upregulated FasL. In this study,
the expression level of Fas was increased in the LPS alone
and LPS with IL-12 administered groups, and FasL was
increased in the LPS with IL-12 and IL-12 alone administered
groups. These findings indicated that the apoptotic changes
in calvarial cells might be caused by interactions of TNF-
𝛼 (induced by LPS) induced Fas and IL-12-induced FasL.
Zhang et al. [34] showed that LPS increased Fas expression on
memory B (mB) cells and caused mB cell apoptosis through
the Fas/FasL pathway. In this study, LPS might, in part,
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Figure 2: Radiolucent areas in the mouse calvariae. (a) Microfocal computed tomography reconstructed images of calvariae. Images of
calvariae excised from mice after daily supracalvarial administrations of PBS, LPS alone (100 𝜇g/day), LPS with IL-12 (1.5𝜇g/day), or IL-12
alone for 5 days.The arrows show the resorption lacunae. (b) Evaluation of the radiolucent areas on the calvariae.The radiolucent areas in the
dotted boxed area shown in the right side of the graph were calculated. The red areas indicate the radiolucent areas. The relative values of the
radiolucent areas in the groups were normalized by the corresponding values in the PBS group. (c) Serum levels of TRACP 5b. Circulating
TRACP 5b levels were determined by ELISA. Results are expressed as means ± SD (𝑁 = 9; ∗∗𝑃 < 0.01). Differences were detected using
Scheffe’s 𝐹 tests.
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Figure 3: Induction of apoptosis by LPS and IL-12 in the mouse calvariae. Histological sections of calvariae excised from mice after daily
supracalvarial injections of PBS, LPS alone (100𝜇g/day), LPSwith IL-12, or LPS alone (1.5𝜇g/day) for 5 days were subjected to TUNEL staining
to detect apoptotic cells.The lower panels showhigh-magnification images of the boxed areas in the upper panels. Apoptotic cells are indicated
by arrows.
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Figure 4: Fas and FasL mRNA levels in the mouse calvariae detected by real-time RT-PCR. Total RNA was isolated frommice calvariae after
daily supracalvarial injections of PBS, LPS alone (100𝜇g/day), LPS with IL-12 (1.5𝜇g/day), or IL-12 alone for 5 days. (a) Fas mRNA levels. (b)
FasL mRNA levels. The mRNA levels of Fas and FasL were normalized by the corresponding GAPDHmRNA levels. Results are expressed as
means ± SD (𝑁 = 6; ∗𝑃 < 0.05). Differences were detected using Scheffe’s 𝐹 tests.

be directly related to Fas/FasL interactions. Yim et al. [35]
reported that IL-12 has the ability to induce macrophage
apoptosis by IFN-𝛾-induced nitric oxide synthesis. IL-12
is able to induce tumor apoptosis in mouse hepatocellular
carcinoma in vivo [36]. The IL-12-related apoptotic changes
in tumor cells are mediated by T lymphocytes, NK cells, and
NKT cells. The authors mentioned the involvement of IFN-
𝛾 in their report. Nagata et al. [22] previously demonstrated

that RANKL-induced osteoclastogenesis is possibly inhibited
by IFN-𝛾, which was induced by IL-12 in vitro. Thus, IFN-𝛾
is possibly also associated with the IL-12-mediated inhibition
of osteoclastogenesis. However, IFN-𝛾 was not increased at
the mRNA level in the groups administered IL-12 in this
study (data not shown). Therefore, the inhibition of osteo-
clastogenesis observed when IL-12 was administered with
LPS in this study might not be related to IFN-𝛾. Yang et al.
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Figure 5: TNF-𝛼 mRNA levels in the mouse calvariae detected by
real-time RT-PCR. Total RNAwas isolated frommice calvariae after
daily supracalvarial injections of PBS, LPS alone (100𝜇g/day), LPS
with IL-12 (1.5𝜇g/day), or IL-12 alone for 5 days. The mRNA levels
of TNF-𝛼 were normalized by the corresponding GAPDH mRNA
levels. Results are expressed as means ± SD (𝑁 = 6; ∗𝑃 < 0.05, ∗∗𝑃 <
0.01). Differences were detected using Scheffe’s 𝐹 tests.

[37] reported that LPS induces osteoclastogenesis through the
induction of RANKL expression in osteoblasts. It means that
RANKL is related to LPS-induced osteoclastogenesis. It has
also been reported previously that IL-12 inhibited RANKL-
induced osteoclastogenesis via a nonapoptotic pathway [22].
Therefore, it is possible that IL-12 may also inhibit osteoclas-
togenesis mediated by LPS-induced RANKL expression. It is
possible that several complicating factors could be respon-
sible for the occurrence of apoptosis in osteoclastogenesis-
related cells. Additionally, the identity of the apoptotic cells
is also not clear at this stage. Further studies are required to
clarify these points.

In summary, our study has demonstrated that IL-12
inhibits LPS-induced osteoclastogenesis in vivo. Further-
more, the mRNA levels of Fas and FasL were both increased
in mice administered LPS with IL-12 and it might lead to
apoptotic changes in osteoclastogenesis-related cells through
Fas/FasL interactions.
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T helper- (Th-) cell immunodeficiency plays important roles in tumor development and their effects in chronic myeloid leukemia
(CML) remain unclear. In the present study, we mainly investigated the role of Th22, Th17, andTh1 cell and their related cytokines
(IL-22, IL-17, and IFN-r) in the pathophysiology of CML. Bone marrow (BM) and peripheral blood (PB) were extracted from
newly diagnosed (ND), chronic phase- (CP-) CML patients, and controls. Th subsets were examined by flow cytometry. Plasma
IL-22, IL-17, and IFN-r concentrations were measured by ELISA. AHR and RORCmRNA expressions were examined by RT-PCR.
The frequencies of Th22, Th17, and Th1 cells, along with the expression of specific transcription factors RORC and AHR, were
significantly decreased in ND patients compared with healthy controls, while all these abnormality recovered in CP patients. In
addition, there existed a significantly positive relationship between Th22 and Th17 cells in PB or BM. A significantly negative
relationship was found between Th cells (Th22, Th17, or Th1) and BCR-ABL (%) IS or the number of PB white blood cells. All
these results demonstrated that Th22, Th17, and Th1 cells might be important therapeutic targets in CML and could facilitate a
better outcome for tumor immunotherapy.

1. Introduction

Chronic myeloid leukemia (CML) is a malignant hematopoi-
etic stem cell disease characterized by the presence of
Philadelphia chromosome, t(9:22)(q34:q11), resulting in the
BCR-ABL fusion gene which encodes for a constitutively
activated tyrosine kinase [1]. BCR-ABL gene is considered as
the molecular basis of the pathogenesis of CML and as an
effective indicator of diagnosis and prognosis [2]. Although
the disease can be readily controlled by the introduction of
ABL tyrosine kinase inhibitors (TKI), approximately one-
third of patients show no response to this treatment, which
seems to be associated with ABL mutation related drug
resistance and the blast crisis [3, 4]. It is widely accepted
that both genetic and immune factors play significant roles
in the development of CML. Immune status in CML is very
complex and ill-defined, and the roles of immune factors
in CML have received increasing attention in recent years
[5]. However, little is known about the immunopathological

events, especially the abnormal T helper (Th) subsets, in the
pathophysiology of CML.

Thcells play critical roles in the development andprogres-
sion of inflammatory and autoimmune diseases and tumors.
Th17 cells andTh22 cells are two newly describedTh subsets,
which have important roles in peripheral immune responses.
Th17 is a unique CD4+Thsubset characterized by production
of interleukin-17 (IL-17).Th17 cells may have evolved for host
protection againstmicrobes thatTh1 orTh2 immunity are not
well suited for, such as extracellular bacteria and some fungi.
IL-17 is a highly inflammatory cytokine with robust effects
on stromal cells in many tissues [6]. Recent data in humans
and mice suggest that Th17 cells play an important role in
the pathogenesis of a diverse group of immune-mediated
diseases as well as in tumor. However, the role of Th17 in
cancer is still being intensively discussed, with conflicting
reports related to the protumoral versus antitumoral effects of
these cells [7]. Recently, a novel subset of CD4+Thcells, IL-22
producing T helper cells (Th22 cells), has been identified and
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Table 1: The characteristics of subjects.

ND CML CP-CML Healthy control
(𝑛 = 31) (𝑛 = 32) (𝑛 = 33)

Age (years) 48.25 ± 14.99 46.22 ± 13.73 37.00 ± 10.28
Gender (male/female) 18/13 19/13 20/13
WBC (∗109/L) 189.74 ± 116.37 6.10 ± 1.69 6.37 ± 2.52
HB (g/L) 103.93 ± 24.26 134.33 ± 17.55 128.25 ± 14.35
PLT (∗109/L) 505.12 ± 323.68 209.16 ± 91.25 215.25 ± 115.64
BCR-ABL (%) IS 61.16 (27.51–183.9) 0.056 (0.000–28.85)
ND: newly diagnosed; CP-CML: chronic phase-CML; WBC: white blood cell; RBC: red blood cell; HB: hemoglobin; PLT: platelet.

showed to challenge the classical Th1/Th2 paradigm [8, 9].
Th22 cells are inflammatory CD4+ T cells that secrete IL-22
but do not express IL-17 or interferon-gamma (IFN-𝛾). Th22
cells have been shown to be important in the pathogenesis
of many autoimmunity diseases. The discovery of Th17 and
Th22 cells has opened up a new avenue for research into the
etiology and treatment of a broad spectrum of diseases.

Recent studies have implicated the roles ofTh17 andTh22
cells and their effector cytokines in the pathogenesis of several
autoimmune diseases and solid tumors in humans, such as
Crohn’s disease, gastric cancer, and lung cancer [10]. Recent
studies also reported that Th17 and Th22 cells may play vital
roles in bone related diseases. Zhang et al. showed that the
frequencies of both Th22 cells and Th17 cells were elevated
in PB from patients with ankylosing spondylitis (AS) and
rheumatoid arthritis (RA). These findings suggest that Th22
cells and Th17 cells may be implicated in the pathogenesis of
AS and RA [11]. In another study, Benham et al. indicated
that elevated frequencies of IL-17 and IL-22 producing CD4+
T cells were a feature of psoriatic arthritis [12]. CML is
a kind of myeloproliferative clonal disorder of stem cell;
extramedullary disease during chronic phase and blast crisis
has been documented. CML in chronic phase can very rarely
cause destructive bone lesions both in adults and in children
and osteolytic lesions in chronic phase of CML is usually
considered an impending blast crisis [13].

However, little is known regarding the roles of Th17 and
Th22 cells in hematological malignancy. To date, no previous
study has reported data about the immunobiology of Th
subsets especially Th22, Th17, andTh1 cells in CML.

In this study,wemeasured the frequencies ofThcells (Th1,
Th17, and Th22), the expression of their transcription factors
(RORC and AHR) and their related cytokines (IFN-𝛾, IL-17,
and IL-22) in PB and BM of CML patients. We also evaluated
their correlations with clinical pathological characteristics.

2. Materials and Methods

2.1. Subjects and Ethics Statement. A total of 63 CML patients
(26 females and 37 males; age range, 20–85 years; mean age,
47.16±14.25 years) were enrolled in this study. CML patients
were diagnosed according to the World Health Organization
(WHO) classification [14].Thirty-one of themwere NDCML
patients (13 females and 18 males; age range, 20–85 years;
mean age 48.25 ± 14.99 years), and thirty-two were CP-
CML patients (13 females and 19 males; age range, 22–73

years; median age 46.22 ± 13.73 years). Twenty-two age-
matched healthy PB individuals (9 females and 13 males;
age range 19–52 years; median age, 37.13 ± 10.22 years)
were included in the study. Eleven hematologically normal
age-matched BM transplant donors (4 females, 7 males; age
range 21–58 years; median age, 36.63 ± 10.94 years) were
used as BM controls. All cases of CP-CML were treated
with imatinib mesylate. The demographic and key clinical
features of CML patients are listed in Table 1. Patients with
diabetes, hypertension, cardiovascular diseases, pregnant,
active or chronic infection, or connective tissue diseases
were excluded. Enrollment occurred between October 2013
and September 2014 in the Department of Hematology of
Qilu Hospital, Shandong University (Jinan, China). Our
research was approved by the Medical Ethical Committee of
Qilu Hospital, Shandong University. Informed consent was
obtained from all patients before enrollment in the study in
accordance with the Declaration of Helsinki.

2.2. Flow Cytometric Analysis of Th22, Th17, and Th1 Cells.
Intracellular cytokines were studied by flow cytometry
to reflex the cytokine-producing cells. Briefly, heparinized
whole blood (100 𝜇l) with an equal volume of Roswell Park
Memorial Institute- (RPMI-) 1640 medium was incubated
for 4 h at 37∘C in 5% CO

2
in the presence of 2.5 ng/mL of

phorbolmyristate acetate (PMA), 1mg/mLof ionomycin, and
1.7mg/mL of monensin (all from Alexis Biochemicals, San
Diego, CA, USA). PMA and ionomycin are pharmacologic
T-cell activating agents that mimic signals generated by the
T-cell receptor (TCR) complex and have the advantage of
stimulating T cells of any antigen specificity. Monensin was
used to block the intracellular transportmechanisms, thereby
leading to an accumulation of cytokines in the cells. After
incubation, the cells were stained with PE-CY5 conjugated
anti-human CD4 monoclonal antibody at room temperature
in the dark for 20min. The cells were next stained with
FITC-conjugated anti-interferon- (IFN-) 𝛾monoclonal anti-
body, Alexa Fluor 647 conjugated anti-IL-17A monoclonal
antibody, and PE-conjugated anti-IL22 monoclonal antibody
after fixation and permeabilization. All the antibodies were
purchased from eBioscience, San Diego, CA, USA. Isotype
controls were given to enable correct compensation and
confirm antibody specificity. Fix-Perm reagents were from
Invitrogen (Carlsbad, CA, USA). All samples were assayed
using BD FACS Calibur Flow Cytometer. Data were analyzed
with FlowJo 7.6.2.
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2.3. Real-Time Quantitative Reverse Transcription-Polymerase
Chain Reaction (RT-PCR). The total RNA was extracted
with Trizol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Approximately, 1 𝜇g of total
RNA from each sample was used to synthesize cDNA with
Prime Script RT reagent Kit (Takara Bio Inc., Dalian, China).
Reverse transcription reaction was done at 37∘C for 15min,
followed by 85∘C for 5 s. Real-time quantitative PCR was
conducted using an ABI Prism 7500 Real-time PCR system
(Applied Biosystems, Foster City, CA, USA) in accordance
with the manufacturer’s instructions. The real-time PCR
contained, in a final volume of 10 𝜇L, 5 𝜇L of 2x SYBR Green
Real-time PCR Master Mix, 1𝜇L of cDNA, 3.2 𝜇L of ddH

2
O,

and 0.4 𝜇L of the forward and reverse primers. The primers
were shown as follows: RORC Forward 5-CAA TGG AAG
TGG TGC TGG TTA G-3, Reverse 5-GGG AGT GGG
AGAAGTCAAAGAT-3; AHR Forward 5-CAAATCCTT
CCA AGC GGC ATA-3, Reverse 5-CGC TGA GCC TAA
GAA CTG AAA G-3. All experiments were conducted in
triplicate. The PCR products were analyzed by melt curve
analysis and agarose gel electrophoresis to determine product
size and to confirm that no byproducts were formed. The
results were expressed relative to the number of GAPDH
transcripts used as an internal control. GAPDHwas analyzed
using the following primers: Forward 5-GCT CTC TGC
TCC TCC TGT TC-3 and Reverse 5-GTT GAC TCC
GAC CTT CAC CT-3. Relative gene expression level (the
amount of target, normalized to endogenous control gene)
was calculated using the comparative Ct method formula
2−ΔCt.

2.4. IFN-𝛾, IL-17A, and IL-22 Enzyme-Linked Immunosorbent
Assay. PB and BMwere collected into heparin-anticoagulant
vacutainer tubes. Plasma was obtained by centrifugation
and stored at −80∘C for determination of cytokines. The
levels of IFN-𝛾 (Cat: BMS228), IL-17A (Cat: BMS2017),
and IL-22 (Cat: BMS2047) were measured by enzyme-
linked immunosorbent assay (ELISA) following the man-
ufacturer’s instructions (eBioscience, San Diego, CA). The
lower detection limits were as follows: IFN-𝛾, 0.99 pg/mL; IL-
17, 0.5 pg/mL; IL-22, 5 pg/mL.

2.5. Statistical Analysis. Results were expressed as mean ±
SD or median (range). Statistical significance of Th subset
cells, plasma cytokines, and transcription factors was deter-
mined by ANOVA, and difference between two groups was
determined by Newman–Keuls multiple comparison test (𝑞
test) unless the data were not normally distributed, in which
case Kruskal-Wallis test (𝐻 test) and Nemenyi test were
used. The Pearson or Spearman correlation test was used for
correlation analysis depending on data distribution. All tests
were performed by SPSS 13.0 system. 𝑃 value less than 0.05
was considered statistically significant.

3. Results

3.1. Th22 Cells Were Decreased in ND CML Patients and
Recovered after the Treatment with TKI. We analyzed the fre-
quency of PB or BMTh22 (CD4+ IL-22+, IL-17−, and IFN𝛾−)

cells based on cytokine patterns after in vitro stimulation
by PMA plus ionomycin in short-term cultures (Figure 1).
As shown in Figures 2(a) and 2(b), the frequencies of PB
or BM Th22 cells were significantly decreased in ND CML
patients (0.42 ± 0.26% or 0.57 ± 0.38%; ∗𝑃 = 0.005 or ∗𝑃 =
0.037) compared to healthy controls (2.92 ± 1.65% or 1.85 ±
0.66%). Both PB andBMTh22 cells frequencies (3.53± 2.94%,
2.17 ± 1.17%; ∗𝑃 = 0.029, ∗𝑃 = 0.009, resp.) in CP-CML
patients were statistically increased compared to ND CML
patients. Although the PB and BM Th22 cells frequencies
in CP-CML patients were higher than those in healthy
controls, no statistical significance was observed. Meanwhile,
we compared the Th22 cells between PB and B, and no
difference was observed in ND or CP-CML patients. The
levels of IL-22 in PBor BMofCMLpatientsweremeasured by
ELISA. PB IL-22 levels in CP (101.12±18.29 pg/mL) patients
were slightly higher than controls (83.14 ± 14.85 pg/mL;
∗

𝑃 = 0.001) (Figure 3(a)). As for the levels of BM IL-22,
there was no significant difference between each group (ND:
96.32 ± 26.44 pg/mL; CP: 92.67 ± 17.95 pg/mL, and controls:
89.99±24.77 pg/mL) (Figure 3(b)). No correlation was found
between Th22 frequencies and the levels of IL-22 in CML
patients.

3.2. Th17 Cells Were Declined in ND CML Patients and
Increased in CP-CML Patients. Similar to the findings of
Th22 cells, the frequencies of PB or BM Th17 (CD4+ IL-17+)
cells (Figure 1) were profoundly decreased (Figures 2(d) and
2(e)) in ND CML patients (0.82 ± 0.80% or 0.99 ± 0.60%;
∗

𝑃 = 0.029 or ∗𝑃 = 0.008) compared with healthy controls
(3.52±2.28% or 2.23±0.66%). A significant increase was also
observed in CP patients (5.56 ± 3.40% or 3.03 ± 1.36%; ∗𝑃 =
0.005 or ∗𝑃 = 0.000) compared with in ND patients. We also
compared Th17 cells between PB and BM and no statistical
significance was found in CML patients (Figure 2(f)). The
levels of PB IL-17 (Figure 3(c)) in ND (1.45 ± 0.21 pg/mL,
𝑃 = 0.02) or CP (1.39 ± 0.22 pg/mL, ∗𝑃 = 0.01) patients
were increased than controls (1.19 ± 0.17 pg/mL), while no
significant difference was observed between ND and CP
patients (𝑃 = 0.437). There was no significant difference
between each BM group (ND: 1.56 ± 0.22 pg/m, CP: 1.42
± 0.10 pg/mL, controls: 1.50 ± 0.61 pg/mL) (Figure 3(d)). No
correlation was identified between Th17 frequency and IL-17
level.

3.3. Abnormal Th1 Cells in CML Patients. Compared with
PB or BM Th1 (CD4+ IFN-𝛾+) cells frequencies in healthy
controls (19.68 ± 7.38% or 17.61 ± 7.96%), there was an
observable decrease in ND patients (3.15 ± 1.92% or 5.66 ±
4.72%; ∗𝑃 = 0.001 or ∗𝑃 = 0.02). Similarly, both PB and
BM Th1 cells frequencies in CP patients (23.00 ± 6.1284%,
20.22 ± 9.49%, ∗𝑃 = 0.001, ∗𝑃 = 0.01, resp.) were
significantly increased than in ND patients. Nevertheless,
there was no difference between CP patients and healthy
controls (Figures 2(g) and 2(h)). A statistical increase of BM
IFN-𝛾 level was found in ND (4.21 ± 0.71 pg/mL) patients
compared with in controls (3.34 ± 0.43 pg/mL, ∗𝑃 = 0.015).
In addition, no statistical significance was found betweenND
and CP-CML patients (𝑃 = 0.203). There was no significant
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Figure 1: Continued.
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Figure 1: PB and BM percentages of Th1, Th17 andTh22 cells in representative ND patients, CP-CML patients, and healthy controls. (a, b, c)
Representative FACS dot plots of Th1 (CD4+ IFN-r+), Th17 (CD4+ IL-17+), and Th22 (CD4+ IL-22+, IL-17−, and IFN𝛾−) cells in BM of ND
CML patients. (d, e, f) Representative FACS dot plots of Th1, Th17, and Th22 cells in BM of CP-CML patients. (g, h, i,) Representative FACS
dot plots ofTh1,Th17, andTh22 cells in BM of healthy controls. (j, k, l) Representative FACS dot plots ofTh1,Th17, andTh22 cells in PB of ND
CML patients. (m, n, o) Representative FACS dot plots of Th1, Th17, and Th22 cells in PB of CP-CML patients. (p, q, r) Representative FACS
dot plots of Th1, Th17, andTh22 cells in PB of healthy controls.

difference regarding PB plasma IFN-𝛾 between each group
(ND: 3.30± 0.33 pg/mL, CP: 3.68± 1.26 pg/mL, and controls:
3.44 ± 0.64 pg/mL) (Figures 3(e) and 3(f)). No correlation
was observed betweenTh1 frequency and IFN-𝛾 level.

3.4. AHR and RORC Expression Levels Were Downregulated
Accordingly in CML Patients. AHR, the key transcription
factor directing Th22 lineage commitment, was determined
by RT-PCR. Our results demonstrated that AHR was sig-
nificantly decreased in PB or BM of ND CML patients
(0.2647 ± 0.3103 or 0.1653 ± 0.2083) compared with CP
patients (0.8243 ± 0.4582 or 0.5892 ± 0.4755; ∗𝑃 = 0.000
or ∗𝑃 = 0.000) and healthy controls (0.5560 ± 0.2245 or
0.4368±0.4194; ∗𝑃 = 0.017 or ∗𝑃 = 0.024).ThemRNA levels
of AHR were increased in PB of CP patients compared with
healthy controls (∗𝑃 = 0.012), while no statistical significance
of BM AHR mRNA levels was shown between CP patients
and controls (Figures 4(a) and 4(c)).

We also found that RORC transcript, the key tran-
scription factor directing Th17 lineage commitment, was
significantly decreased in PB or BM of ND CML patients

(0.0466 ± 0.0464 or 0.3267 ± 0.0599) compared with healthy
controls (0.0922 ± 0.0728 or 0.0819 ± 0.0842; ∗𝑃 = 0.034 or
∗

𝑃 = 0.047). It was lower in ND than CP patients (0.0862 ±
0.0617 or 0.1190 ± 0.0752; ∗𝑃 = 0.048, ∗𝑃 = 0.000). No
significant difference of RORC mRNA level was observed
between CP patients and healthy controls (Figures 4(b) and
4(d)).

3.5.Th22 CellsWere Correlated withTh17 in CML Patients. In
CML patients, a significantly positive correlation was found
betweenTh22 cells andTh17 cells both in PB and in BM (𝑅2 =
0.717, ∗𝑃 = 0.00; 𝑅2 = 0.609, ∗𝑃 = 0.00, resp.). However,
Th1 cells showed no significant correlationswithTh22 orTh17
cells in CML patients (Figure 5).

3.6. Clinical Relevance ofTh22,Th17, andTh1 in CML Patients.
We analyzed the association betweenTh cells and peripheral
white blood cell counts in CML patients. The results showed
that there were significantly negative correlations between
Th22,Th17, orTh1 cells and peripheral white blood cell counts
(𝑅2 = 0.243, ∗𝑃 = 0.007; 𝑅2 = 0.47, ∗𝑃 = 0.000; 𝑅2 = 0.481,
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Figure 2: Percentages ofTh17,Th22, andTh1 cells in CML patients and healthy controls. (a) Percentages of PBTh22 cells from CML patients
and healthy controls. Significantly decreased percentages of Th22 cells were found in ND patients compared to CP patients (∗𝑃 = 0.029) or
healthy controls (∗𝑃 = 0.005). (b) Percentages of BMTh22 cells from CML patients and healthy controls. Significantly decreased percentages
ofTh22 cells were found in ND patients compared to CP patients (∗𝑃 = 0.009) or healthy controls (∗𝑃 = 0.037). (c) Percentages ofTh22 cells
in PB or BM of ND patients, CP patients, and healthy controls. No significant differences were found between PB and BM. (d) Percentages
of Th17 cells from CML patients and healthy controls. The circulating percentages of Th17 cells were profoundly decreased in ND patients
compared to CP patients (∗𝑃 = 0.005) or healthy controls (∗𝑃 = 0.029). (e) The percentages of Th17 cells in BM of ND patients was proudly
decreased compared to CP patients (∗𝑃 = 0.000) or healthy controls (∗𝑃 = 0.008). (f) There were no differences in the percentages of
Th22 cells between PB or BM in ND patients, CP patients and healthy controls. (g) Percentages of Th1 cells from CML patients and healthy
controls. The percentages ofTh1 cells in PB of ND patients were proudly decreased compared to CP patients (∗𝑃 = 0.001) or healthy controls
(∗𝑃 = 0.001). (h) The frequencies of Th1 cells in BM of ND patients, CP patients, and healthy controls. The frequency of Th1 cells in BM of
ND patients was also significantly decreased compared to CP patients (∗𝑃 = 0.01) or healthy controls (∗𝑃 = 0.02). (i) The percentages ofTh1
cells in PB or BM were not statistically different in ND patients, CP patients, and healthy controls.
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Figure 3: Concentrations of IL-22, IL-17, and IFN-𝛾 in PB or BM plasma of CML patients and healthy controls. (a) Concentrations of IL-22 in
PB plasma from CP (∗𝑃 = 0.001) patients were increased compared to in controls. No significant difference was found between ND and CP
patients (𝑃 = 0.110) or controls (𝑃 = 0.194). (b) Concentrations of IL-22 in BM plasma from ND patients, CP patients, and healthy controls.
No significant difference was found between ND (𝑃 = 0.575) or CP (𝑃 = 0.803) patients and healthy controls. (c) Concentrations of IL-17 in
PB plasma from ND patients, CP patients, and healthy controls. The concentrations of PB plasma IL-17 in ND (∗𝑃 = 0.02) or CP (∗𝑃 = 0.01)
patients were significantly higher than in healthy controls. There was no significant difference between ND and CP patients (𝑃 = 0.437).
(d) Concentrations of IL-17 in BM plasma from ND patients, CP patients, and healthy controls. There was no significant difference between
ND (𝑃 = 0.142) or CP (𝑃 = 0.645) patients and healthy controls. (e) Concentrations of IFN-𝛾 in PB plasma from ND patients, CP patients,
and healthy controls. No significant difference was found between ND (𝑃 = 0.711) or CP (𝑃 = 0.380) patients and healthy controls. (f)
Concentrations of IFN-𝛾 in BM plasma from ND patients, CP patients, and healthy controls. The concentration of BM plasma IFN-𝛾 in ND
patients (∗𝑃 = 0.015) was significantly higher than in healthy controls. There was no significant difference between ND and CP (𝑃 = 0.203)
patients.

∗

𝑃 = 0.000, resp.) (Figure 6). In addition, we also found
statistical negative correlations between Th22, Th17, or Th1
cells and BCR-ABL (%) IS (𝑅2 = 0.166, ∗𝑃 = 0.028; 𝑅2 =
0.321, ∗𝑃 = 0.001; 𝑅2 = 0.242, ∗𝑃 = 0.007, resp.) (Figure 7).

4. Discussion

CML represents 15% of newly diagnosed leukemia cases in
adults in China [5]. Recent studies have shown that T-cell
immunodeficiency is a common feature in cancer patients,
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Figure 4: Expression of AHR andRORCmRNA inCMLpatients and healthy controls. (a)The expression of PBAHRmRNAwas significantly
decreased in ND patients compared to CP (𝑃 = 0.000) and healthy controls (𝑃 = 0.017). (b) The expression of PB RORC mRNA was
significantly decreased in ND patients compared to CP (𝑃 = 0.048) and healthy controls (𝑃 = 0.034). (c) The expression of BM AHRmRNA
was significantly decreased in ND patients compared to CP (𝑃 = 0.000) and healthy controls (𝑃 = 0.024). (d) The expression of BM RORC
mRNA was significantly decreased in ND patients compared to CP (𝑃 = 0.000) and healthy controls (𝑃 = 0.047).
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Figure 5: Correlation between the percentages ofTh22 andTh17 cells in CML Patients. (a) Positive correlation was found betweenTh22 cells
andTh17 cells in PB of CML patients. (b) Positive correlation was found betweenTh22 cells andTh17 cells in BM of CML patients.

which may relate to initiation and development of tumor [5]
and immunotherapy may become a kind of effective method
to control tumor growth and recurrence. Therefore, under-
standing the immune status especially the Th-cell immune
function in patients withCML is very important and essential
tomake effective immunotherapy. However, to date, there are
no sufficient data regarding the specific roles ofTh cells in the
development and progression of CML.

Th22 cells are distinct from other Th cells, such as
Th1, Th2, and Th17, indicating that Th22 have an individual
signature. IL-22, as the main effector cytokine of Th22,
belongs to the IL-10 cytokine family [15]. Recent studies have
implicated the role ofTh22 and IL-22 in the pathogenesis of a
variety of solid tumors and a limited number of hematological
malignancies including AML [16], MDS [17] and ALL [18].
No data has been reported regarding the role of Th22 cells
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Figure 6: Clinical relevance between the frequencies of Th22, Th17, and Th1 cells and peripheral white blood cell number in CML patients.
(a) Negative correlation was found in Th22 cell and peripheral white blood cell number. (b) Negative correlation was found in Th17 cell and
peripheral white blood cell number. (c) Negative correlation was found inTh1 cell and peripheral white blood cell number.

and IL-22 in the pathogenesis of CML.Therefore, the present
study aimed to determine the levels of Th22 cells and IL-22
and its specific transcription factor AHR in CML patients.
Our results demonstrated that the percentages of PB and
BM Th22 subset were significantly decreased in ND CML
patients compared to healthy controls, while Th22 cells may
attain a certain degree of recovery when the patients achieved
complete remission. Moreover, we further investigated the
expression of AHR, the key transcription factor directing
Th22 lineage commitment, and found that AHR mRNA
expression also significantly decreased in PB and BM of ND
CML patients. All these results suggested that downregula-
tion of Th22 cellular immunity and impaired Th22 immune
function may contribute to the occurrence and development
of CML.

Considering the involvement of IL-22 in the regulation of
cell growth, proliferation, and cell cycle control, it is conceiv-
able that IL-22 might play an acceleration or inhibition role
during tumorigenesis [19]. However, in our study, the levels
of IL-22 have been found comparable in each group of CML
patients. And there is no connection between Th22 and IL-
22. As we know that, in humans, adaptive immune cells of the
immune system, such as Th22 and Th17, are the major T-cell
subsets producing IL-22 [15, 20, 21]. IL-22 is also expressed by

CD8+ Tcells [22, 23] and other innate lymphocytes, including
NK22 subset of natural killer cells [24, 25], and CD11c+cells
[23, 26]. Our resultsmay suggest that, in CML,Th22 cellsmay
only account for a minor proportion in producing IL-22 and
probably other kinds of cells made up this difference.

Although the role of Th17 in autoimmune diseases and
infection has been relatively well documented, the impact
of Th17 in cancer remains difficult to ascertain [7]. The
current data regarding the role of Th17 cells in pathogen-
esis of cancer are scarce and controversial [27]. There are
several researches about the roles of Th17 in hematological
malignancies includingmultiple myeloma [28] and CLL [29],
AML [16, 30], and non-Hodgkin lymphoma [31]. It has been
reported that serum levels of IL-17 are increased in multiple
myeloma patients and are correlated with disease prognosis,
which suggested IL-17 as tumor-promoting factor in multiple
myeloma. Th17 was found to be accumulated in the bone
marrow of multiple myeloma [28]. Another study indicated
that progression of CLL is associated with downregulation
of IL-17-producing T cells, implying contribution of these
subsets of T cells in the progression of CLL [29].

In the present study, similarly the results of Th22 cells,
we showed that the frequency of Th17 was significantly
decreased inNDCML patients compared to healthy controls.
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Figure 7: Clinical relevance between the frequencies of Th22, Th17, and Th1 cells and BCR-ABL (%) IS in CML patients. (a) Negative
correlation was found in Th22 cell and BCR-ABL (%) IS. (b) Negative correlation was found in Th17 cell and BCR-ABL (%) IS. (c) Negative
correlation was found inTh1 cell and BCR-ABL (%) IS.

The RORC expression was also dramatically reduced in
ND patients. Moreover, both Th17 frequency and RORC
expression all recovered to the normal level in CP-CML
patients. These results may suggest that Th17 cells may play
a protective role in CML pathogenesis and their potential
implication in immunotherapy of this malignancy.

Th1 cells have been linked to the development of autoim-
mune inflammatory processes. Th1 cells secrete a large num-
ber of IFN-𝛾 and promote the cell-mediated immunity [32].
We also detected the frequencies of Th1 cells and related
cytokine IFN-𝛾 in CML patients. In accordance with the
variation of Th22 and Th17 cells, the immunobiology of Th1
cells was damaged in ND CML patients and recovered after
the treatment with TKI.

In addition, there existed a positive correlation between
Th22 andTh17 subsets both in PB and in BMofCMLpatients,
implying that differentiation of Th22 and Th17 cells may be
induced in an influential manner in CML. This coreduced
frequencies ofTh22 andTh17 cells suggested that these two T-
cell subsetsmay play a synergistic role in leading to a dramatic
immunodeficiency in CML patients.

We analyzed the association betweenTh cells and periph-
eral white blood cell counts or BCR-ABL (%) IS in CML

patients. Our results showed that there was significantly
negative correlation between Th22, Th17, or Th1 cells and
peripheral white blood cell counts or BCR-ABL (%) IS.These
data may suggest that the proportions of Th22, Th17, andTh1
cells are associated with tumor burden in CML patients and
may be useful in evaluating therapeutic effects.

In conclusion, we firstly demonstrated that the frequen-
cies ofTh22,Th17, orTh1 cells and their specific transcription
factor expression are significantly reduced in ND CML
patients both in PB and in BM. Furthermore, these cells
immunodeficiency may recover after the treatment with
TKI. All these results indicate that these Th subsets may
be involved in the pathogenesis of CML and may become
effective therapeutic targets for CML patients.
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It is estimated that, of the 7.9 million fractures sustained in the United States each year, 5% to 20% result in delayed or impaired
healing requiring therapeutic intervention. Following fracture injury, there is an initial inflammatory response that plays a crucial
role in bone healing; however, prolonged inflammation is inhibitory for fracture repair. The precise spatial and temporal impact of
immune cells and their cytokines on fracture healing remains obscure. Some cytokines are reported to be proosteogenicwhile others
inhibit bone healing. Cell-based therapy utilizing mesenchymal stromal cells (MSCs) is an attractive option for augmenting the
fracture repair process. Osteoprogenitor MSCs not only differentiate into bone, but they also exert modulatory effects on immune
cells via a variety of mechanisms. In this paper, we review the current literature on both in vitro and in vivo studies on the role of
the immune system in fracture repair, the use of MSCs in the enhancement of fracture healing, and interactions between MSCs
and immune cells. Insight into this paradigm can provide valuable clues in identifying cellular and noncellular targets that can
potentially be modulated to enhance both natural bone healing and bone repair augmented by the exogenous addition of MSCs.

1. Introduction

The normal process of fracture repair begins with an
immediate inflammatory response as the innate immune
system (macrophages, monocytes, neutrophils, and NK cells)
responds with a variety of cytokines that recruit and activate
several cell types, including osteoprogenitor mesenchymal
stem cells (MSCs), to the site of injury [1, 2]. The adaptive
immune response, primarily comprised of T and B lympho-
cytes, has important implications in the fracture healing
process as well [3, 4]. For example, mice genetically deficient
for adaptive immunity displayed accelerated bone healing.
While some signals are mitogenic and proosteogenic,
others function to inhibit osteogenesis and increase bone
resorption, and it appears that a well-controlled, delicate
balance of inflammatory factors is necessary for proper
fracture repair [3–6]. Thus any process or systemic condition
that alters this optimal inflammatory milieu, such as bone
diseases like osteoporosis or severe trauma, steroid therapy,

diabetes, or advanced age, can disrupt the normal fracture
healing process, resulting in nonunions or delayed healing,
pain, disfigurement, and loss of function. Approximately
5–15% of patients experience these complications and will
require revision surgeries, prolonged hospitalization, and
rehabilitation, all of which result in a high socioeconomic
cost for society [7, 8].

Multipotent mesenchymal stromal cells (MSCs), also
known as mesenchymal stem cells, have the capacity to
differentiate into a variety of cell types (Figure 1), including
adipocytes, chondrocytes, and osteocytes [9, 10]. Coupled
with reports that allogeneic MSCs have immunoprivileged
status and immunomodulatory properties, there has been
considerable interest in exploring the use of these cells as
a therapeutic option for bone repair. MSCs were initially
isolated from bone marrow but are now known to exist
in a wide range of tissues in the human adult, including
brain, thymus, lung, liver, spleen, kidney, and dental pulp
[11, 12].MSCs have also been derived from embryonic tissues,
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Figure 1: Multipotential differentiation of MSCs into adipogenic,
osteogenic, and chondrogenic cell lineages. MSC = multipotent
mesenchymal stromal cell.

such as Wharton’s jelly and umbilical cord blood [13, 14].
Adipose-derived MSCs, in particular, pose an attractive
option for cell-based therapy due to their relatively decreased
morbidity during isolation and potential for expansion and
differentiation [12].

MSCs are able to evade the host cell immune system
due to their low expression of major histocompatibility
complex (MHC) class I molecules and complete lack MHC
class II molecules and other costimulatory molecules (CD40,
CD40L, CD80, and CD86) required for immune cell stim-
ulation [15–17]. Although the expression of MHC class I
and II molecules can be upregulated by MSC exposure
to inflammatory cytokines interferon-gamma (IFN-𝛾) and
tumor necrosis factor-alpha (TNF-𝛼), they are still unable
to induce an immunological response [18]. There is also
evidence that MSCs are able to modulate the immune system
by a variety of mechanisms, including the release of soluble
factors. Allogeneic MSCs have been shown to suppress T
cell proliferation and antigen presenting cell maturation,
as well as inducing a regulatory T cell phenotype that
further suppresses the immune response in vitro [19–21].
Several in vivo studies using animal models, however, have
yielded conflicting results as to whether allogeneic MSCs are
immunoprivileged and maintain the ability to differentiate
and proliferate [22–24].

Similarly immune cells recruited to injured bone can
modulate osteogenic differentiation of osteoprogenitors. We
have shown that Th1 immune response represented by
enhanced expression of IFN-𝛾 in the implants of allogeneic
MSCs significantly inhibits expression of osteocalcin, Runx2,
and alkaline phosphatase genes subsequently inhibiting bone
formation [24]. Liu et al. have reported that combined action
of IFN-𝛾 and TNF-𝛼 that are primarily produced by activated
T cells can induce apoptosis of MSCs [25]. These findings
from animal studies were endorsed by a recent finding in
human patients that CD8+ T cells in the circulation as well
as in the fracture hematoma lead to delayed healing [26].
This continuous interaction between immune cells andMSCs
during the bone repair process is one of the key factors

that determine successful outcome of fracture healing. A
new concept called “osteoimmunomodulation” is recently
introduced which refers to alteration of immune response
using various strategies to enhance bone repair [27]. It was
reported that coating the magnesium scaffolds that are used
very frequently for tissue engineering purposes, with 𝛽-
tricalcium phosphate favored generation of M2 phenotype
of macrophages which promoted osteogenic differentiation
of MSCs [27]. M2 macrophages are known to suppress Th1
response and promoteTh2 response. Another simple but very
effective strategywas reported by Liu et al. [25]. Local delivery
of aspirin inhibited IFN-𝛾 and TNF-𝛼 activities and pro-
moted bone regeneration [25]. These osteoimmunomodula-
tory strategies may become leading therapeutic interventions
to enhance bone regeneration in near future.

In this review, we discuss the current understanding of
the interactions between MSCs and the immune system in
the context of osteogenesis and fracture repair.

2. Clinical Trials on Enhancement of
Fracture Healing through Exogenous
Addition of MSCs

Although there are numerous in vitro and in vivo studies pub-
lished to date on the use of MSCs for regenerative medicine
purposes, clinical trials using MSC-based approaches are
limited due to medical and regulatory reasons [55]. As of
September 2014, ten clinical trials were in process or com-
pleted investigating either autologous or allogeneic MSCs for
fracture repair (http://www.clinicaltrials.gov) [55–60]. Most
of the clinical trials used autologous MSCs that were culture
expanded [56, 57] or bone marrow aspirate, concentrated
using centrifugation [60, 61]. SinceMSCs were delivered with
the intention to increase the pool of osteoprogenitor cells and
not as agents to modulate immune cells, potential change
induced by MSCs in the local microenvironment of immune
cells was not considered in relation to bone healing. It is
also not clear whether allogeneic MSCs are as effective as
autologous MSCs since no clinical trial has compared allo-
geneic and autologous MSCs. Therefore, existing data from
the clinical trials throws very little light on the relationship
between MSCs-induced immunomodulation and successful
fracture healing.

3. In Vivo Animal Studies Demonstrating
the Integral Role of Immune Cells in the
Regulation of Natural Fracture Healing as
well as the Success of Bone Repair through
Transplantation of MSCs

3.1. Role of Immune Cells in Natural Fracture Healing. The
fracture healing process begins with the formation of a
soft callus that is subsequently mineralized and remod-
eled [3, 4, 62]. Successful fracture healing can be defined
by adequate callus mineralization and the regeneration of
biomechanical competence [3, 4, 62]. In the early phase of
healing, the innate immune response plays a key role in
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the recruitment and activation of a variety of cell types that
are critical in the fracture healing process, including MSCs
[1, 2].

A study by Toben et al. investigated a standard closed
femoral fracture in both wild-type (WT) and recombination
activating gene knockout (Rag1−/−) mice that lack T and B
cells [22]. It was found that fracture healing was significantly
enhanced in Rag1−/− mice suggesting detrimental functions
of T and B lymphocytes on fracture healing. Higher numbers
of lymphocytes were present during the repair process in the
hematoma on day 3 and during formation of the hard callus
on day 14 in the WT mice. Which of the two lymphocytes
plays the predominant role in the regulation of bone repair
remains a debate. It is reported that T cells are responsible
for promoting bone resorption by induction of osteoclas-
togenesis via RANK-RANKL interactions with osteoclasts
[63]. In Rag1−/− mice, however, higher than normal numbers
of osteoclasts were observed in the bone callus of these
animals, even though they lacked the T lymphocytes to
promote osteoclastogenesis [22]. The presumed reason for
this increase in the number of osteoclasts is that they formed
in response to the elevated osteoblast activity and bone
formation in these animals [22].

Faster healing in these mice also correlated with lower
levels of expression of TNF-𝛼, a proinflammatory cytokine,
in the callus [22]. This may favor bone formation since TNF-
𝛼 can have proapoptotic effects on osteoblasts, and increased
levels have been implicated in animal models of rheumatoid
arthritis and other bone diseases characterized by excessive
bony destruction [63].

After the initial innate inflammatory response, there
appears to be a shift from proinflammatory to anti-
inflammatory cytokines. The lymphopenic Rag1−/− mice
demonstrated an earlier and significantly higher expression
of anti-inflammatory interleukin-10 (IL-10) [22]. The central
role of IL-10 in promoting bone growth and accelerating
fracture healing is further supported by studies showing that
IL-10 regulates bone resorption, and its absence leads to
osteopenia, mechanistic fragility, and malunion [64–66].

Another study carried outwith 𝛾/𝛿T cell deficientmice (𝛿
T cell receptor- [TCR-] knockout mice) demonstrated supe-
rior quality of bony union with more osseous and chondral
elements and mature bone marrow early on in the repair
process compared to wild type controls [6]. TCR-knockout
mice produced significantly lower levels of inflammatory
cytokines IL-2, IFN-𝛾, and IL-6, at the fracture site [6].
Overall, the T cell deficient mice demonstrated improved
biomechanical strength and stability compared to control
animals, as evidenced by quantitative increases in osseous
and chondral elements, increased gene expression of type II
collaged, BSP, and BMP-2 [6].

Amore recent study showed increased levels of terminally
differentiated CD8+ effector memory T cells in the periph-
eral blood of humans with delayed fracture healing [26].
Furthermore, CD8+ T cells, as well as their cytokines IFN-
𝛾 and TNF-𝛼, were enriched in the fracture hematoma of
these patients [26]. In addition, CD8+ T cell-deficient mice
demonstrated enhanced endogenous fracture healing, and a
transfer of CD8+ T cells impaired the regenerative process

[26]. This data supports the integral role that the adaptive
immune response has on the outcome of endogenous bone
regeneration [26].

In contradiction with the notion that the T cells inhibit
bone healing, Nam et al. reported that T and B cell defi-
cient Rag1−/− mice displayed impaired fracture healing in
comparison with wild type mice and the lack of T cells in
the Rag1−/− mice correlated with delayed osteoblast matu-
ration and decreased bone formation [67]. Additionally, the
proinflammatory cytokine IL-17, which is produced by Th17
lymphocytes (Th17 cells), was shown to be a key mediator in
osteogenesis of the fracture healing process [67].

These studies suggest that T cells are inhibitory to fracture
healing. The inflammatory cytokines produced by T cells,
IFN-𝛾 and TNF-𝛼, play an important role in the T cells
inhibition of bone regeneration. Further studies are required
to elucidate roles of different subtypes of T cells as well as B
cells in fracture repair.

3.2. Role of Immune Cells in Enhancement of Bone
Formation through Exogenous Addition of Allogeneic and
Syngeneic MSCs

3.2.1. Use of Syngeneic MSCs. Liu et al. investigated the role
of recipient T cells in MSCs-mediated osteogenesis in a
calvarial defect in C57BL6 mice. This study demonstrated
that proinflammatory T cells inhibited MSCs-induced bone
formation via IFN-𝛾 and TNF-𝛼 release [64]. IFN-𝛾 induced
downregulation of the runt-related transcription factor 2
(Runx2) pathway and enhanced TNF-𝛼 regulated MSC
apoptosis (Figure 3) [64]. In addition, TNF-𝛼 was shown to
convert IFN-𝛾 activated nonapoptotic Fas to a caspase-8/3-
associated apoptotic signal in MSCs via inhibition of NF-
𝜅𝛽 signaling, leading to MSC apoptosis [64]. Furthermore,
systemic infusion of T cells inhibitory Foxp3+ regulatory T
cells (Tregs) significantly reduced levels of TNF-𝛼 and IFN-𝛾
and resulted in improvedMSCs-mediated bone regeneration
and calvarial defect repair [64].

3.2.2. Use of Allogeneic MSCs. Since MSCs isolated from
senior people, diseased individuals, and females possess infe-
rior osteogenic potential, it is advantageous to use allogeneic
MSCs isolated from young, healthy males to enhance bone
repair in these populations. However, some of the studies
conducted in animal models suggest that use of allogeneic
MSCs is not feasible owing to the immune response of the
recipient host to transplanted MSCs.

An early study demonstrated a greater proportion of host-
derived CD8+ T cells and NK cells infiltrate in the implants
of MSCs implanted subcutaneously in allogeneic MHC-
mismatched mice compared to syngeneic controls [68].

In another study by Nauta et al., bone marrow trans-
plantation was performed with or without host or donor
MSCs in allogeneic murine recipients [69]. The addition of
host MSCs significantly increased the long-term engraftment
associatedwith tolerance to host and donor antigens [69].The
infusion of donor MSCs, on the other hand, was associated
with significantly increased rejection of allogeneic bone
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marrow cells and the induction of a memory T cell response
[69]. This suggests that although autologous MSCs promote
bone marrow engraftment in vivo, allogeneic MSCs are not
intrinsically immunoprivileged [69].

In a murine model of allogeneic heart transplanta-
tion, MSCs from MHC mismatched allogeneic donors were
implanted at various doses with and without cyclosporine
A administration [70]. MHC mismatched MSCs not only
failed to prolong allograft survival, but tended to accelerate
allograft rejection [70]. Subsequently, MSC injections were
ineffective at prolonging allograft survival and may even
contribute to rejection [70]. Furthermore, in this study the
immunosuppressive effect of cyclosporine A was abrogated
by allogeneic MSCs, indicating a potential interaction in vivo
between allogeneic MSC and cyclosporine A activities which
is generally not observed in vitro.

The immunosuppressive potential of MSCs in vivo was
tested by examining their ability to construct ectopic bone in
both syngeneic and allogeneic murine recipients [71]. MSCs
derived from bone marrow, placenta, and umbilical tissue
were implanted with demineralized bone matrix under the
kidney capsule. Bone formation was observed in only the
syngeneic hosts, whereas the allogeneic hosts experienced
transplant rejection. This data supports the argument for
strong immunogenicity of MSCs in allogeneic recipients in
vivo [71].

Our group has shown that cloned MSCs isolated from
Balb/c mice could not induce ectopic bone formation in
allogeneic B6 mice but bone formation was observed in
syngeneic Balb/c mice and allogeneic mice lacking T and B
cells. Expression of osteogenic genes (alkaline phosphatase,
osteocalcin, and Runx2) was severely inhibited in allogeneic
implants in comparison with syngeneic setting [24]. We also
demonstrated a significant increase in numbers of T and
B lymphocytes and macrophages recruited to the site of
MSC implants in allogeneic hosts compared to the syngeneic
group. Additionally, MSCs were shown to induce a larger
proportion of Treg cells in the syngeneic group compared to
the allogeneic group [24]. The Th1 immune response seems
to be responsible for inhibiting osteogenesis in the allogeneic
hosts, as evidenced by significantly increased levels of IFN-𝛾,
the signature cytokine for the Th1 immune response [24].

In a more recent study of allogeneic versus autogeneic
MSC implantation in rhesusmacaques, increased production
of NK, B and T cell subsets, and allo-specific antibodies
was detected in the peripheral blood of those animals that
received injection of the allogeneic MSCs targeted to caudate
nucleus of the brain [72]. The magnitude and nature of the
immune response correlated with the degree of MHC class I
and IImismatch between the donor and recipients [72]. How-
ever, secondary antigen challenge did not elicit ameasureable
immune response in those recipients of allogeneic MSCs.
Thus it was concluded that MSCs are weakly immunogenic
in MHCmismatched individuals, which has implications for
durable engraftment [72].

In a rat model of knee meniscus regeneration, the effects
of autogeneic and allogeneic transplantation of synovial
MSCs into rats with anterior meniscus defects were inves-
tigated [73]. The autogeneic group demonstrated a greater

degree of meniscus regeneration than major mismatched
transplant recipients at four weeks after transplant [73]. The
number of macrophages and CD8+ T cells in the knee
synoviumwas significantly lower in the autogeneic recipients
compared to the allogeneic major mismatched group [73].
Results for the allogeneic minor mismatched recipients were
comparable to the autogeneic group [73].

In complete disagreement with the studies mentioned
above, several other investigations have obtained promising
results on use of allogeneic MSCs. These animal studies
suggest that allogeneic MSCs are immunoprivileged and it is
possible to employ allogeneicMSCs for enhancement of bone
repair.

In a study by Arinzeh et al., autogeneic and allogeneic
MSCs were loaded onto a hollow cylinder of hydroxyapatite-
tricalcium phosphate before being implanted into a critical-
sized femoral defect of dogs. After radiographic, histological,
and serum antibody evaluation at four, eight, and sixteen
weeks, there were no adverse host responses detected at
any time point [74]. Histological results between those
defects filled with implants containing allogeneic MSCs and
those filled with autologous MSCs were similar at 16 weeks,
demonstrating callus formation across the length of the defect
and lamellar bone in the pore of the implant at the host
bone-implant interface [74].Those implants filled with either
autogeneic or allogeneic MSCs demonstrated a significantly
greater amount of bone growth within the pore spaces than
those implants that contained no MSCs [74].

In another study, autogeneic and allogeneic bonemarrow
MSCs were cultured in an osteogenesis-inducing medium
and implanted into tibial shaft defects of mini-pigs [75].
There was no statistically significant difference in bone repair
between the two groups [75]. There was a slight statistically
significant increase in CD4 and CD8 T cells, as well as
levels of IL-2 in both groups after transplantation, which
likely indicates a traumatic inflammatory response [75]. This
seemed to have no influence on the immunogenicity and
osteogenic capacity of either autogeneic or allogeneic MSCs
[75].

In a study of segmental radius defects in rabbits, bone
marrowMSCs were culture expanded in vitro, and the defect
was filled with hydroxyapatite alone, hydroxyapatite with
autogeneic MSCs, or hydroxyapatite with allogeneic MSCs
[76]. The groups with the addition of either autogeneic or
allogeneic MSCs both demonstrated increased osteogenesis
with superior quality cancellous bone and bone marrow for-
mation as compared to the control groupwith hydroxyapatite
alone [76]. No significant differences in results were observed
between the autogeneic or allogeneic groups [76].

Similarly, allogeneic adipose-derived MSCs combined
with demineralized bone matrix were shown to successfully
regenerate ulnar bone defects in rabbits without generating
an immunological response [77].

Yet another study yielded similar results using allogeneic
peripheral blood derived MSCs or bone marrow derived
MSCs combined with resorbable porous calcium phosphate
substitute (Skelite) and implanted in bilateral critical-sized
ulnar defect in rabbits [78]. Bone formation in the periph-
eral blood derived MSCs/Skelite group was comparable to
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the bone marrow derived MSCs/Skelite group, and both
groups showed significantly enhanced bone regeneration
when compared to controls [78].

A study of human adipose-derived MSCs embedded in
fibrin glue and then implanted in a critical-sized defect in
immunocompetent rat mandibles demonstrated a signifi-
cantly higher amount of ossification on radiographic exam-
ination when compared to controls [79]. The level of bone
regeneration using the adipose-derived MSCs was shown
to be comparable to the gold standard of autologous bone
grafting [79]. Similarly, another study using human MSCs
in a hydroxyapatite-tricalcium phosphate scaffold implanted
into a critical-sized calvarial defect in nude mice resulted
in enhanced osteogenesis when compared to controls with
scaffold alone [80].

Another study evaluated ectopic bone formation induced
by allogeneic MSCs that were seeded onto a 𝛽-tricalcium
phosphate scaffold and implanted subcutaneously into dogs
[30]. There was no significant difference found in the num-
ber of CD4 T cells, CD8, T cells, and CD4/CD8 T cell
ratios between the recipients of allogeneic MSCs and those
that received either scaffold alone or scaffold seeded with
autogeneic MSCs [30]. Both the autogeneic and allogeneic
implants yielded subcutaneous ectopic bone formation,
unlike the control group with scaffold alone [30].

A study by Lee et al. tested the immunogenicity of
allogeneic human umbilical cord blood-derived MSCs via
repeated intravenous injection into a humanized immuno-
compromised mouse model [81]. The human MSCs did
not elicit an immunological response in the form of T
cell proliferation or increased IFN-𝛾 and TNF-𝛼 levels [81].
Additionally, mice that received intravenous injections of
human peripheral blood mononuclear cells demonstrated
lymphocyte infiltration in the lung and small intestine and
reduced survival rates, while those that received MSCs
demonstrated no such adverse events, suggesting the low
immunogenicity of MSCs in vivo [81].

Similar to their effect on natural fracture healing, T
cells, IFN-𝛾, and TNF-𝛼 inhibit bone formation induced by
exogenously added MSCs. Treg cells that inhibit activities
of T cells promote MSC-mediated bone formation. While
more scientific studies addressing the controversial immuno-
privileged status of MSCs are certainly needed, it is possible
to draw a few inferences from existing published literature
that can help to decide future direction of the research
in this field. Intriguingly, out of seven studies [24, 68–73]
that attest to the nonimmunoprivileged status of MSCs,
six were performed in mice while only one study used a
rhesus macaques model. On the other hand, out of nine
studies [23, 30, 74–80] that demonstrated successful use of
allogeneic (or xenogeneic) MSCs, six utilized large animal
models (rabbits, pigs, and dogs) and one study used xeno-
geneic rats while two studies used immunocompromised
xenogeneic mice. This observation suggests that mice are not
good hosts to accept allogeneic MSCs in comparison with
other animal models, but the mechanisms remain unknown
at this time. Another interesting difference between two
groups of studies was that all the studies that demonstrated

successful use of allogeneic MSCs used a fracture model
or bone defect model while all the studies demonstrating
failure of allogeneicMSCs transplantedMSCs in tissues other
than bone. It is necessary to investigate what factors in the
inflammatory microenvironment at injured bone promote
survival and differentiation of allogeneic MSCs.

4. In Vitro Studies on MSC
Regulation of T Cells

It is widely believed that, upon transplantation, MSCs
can evade the immune system of major histocompatibility
complex- (MHC-) mismatched host since MSCs display
low expression of MHC class I molecules and completely
lack MHC class II molecules as well as other costimulatory
molecules (CD40, CD40L, CD80, and CD86) required for
immune cell stimulation. Although the expression of MHC
class I and II molecules can be upregulated byMSC exposure
to inflammatory cytokines interferon-gamma (IFN-𝛾) and
tumor necrosis factor-alpha (TNF-𝛼), they are still unable to
induce an immunological response [18].

MSCs possess significant and diverse immunomodula-
tory properties that affect both the innate and adaptive
immune systems. With regard to the adaptive immune sys-
tem, MSCs have been shown to have direct immunosuppres-
sive properties by inhibiting the activation and proliferation
of effector T cells (both CD4+ and CD8+) via cell-to-cell
contact and the elaboration of various soluble factors [18].
MSCs can also induce generation and the proliferation of
T-cell inhibitory regulatory T (Treg) cells [18]. Both the
direct suppression of MSCs on effector T lymphocytes and
the indirect suppression mediated by MSC induction of
Treg proliferation have been well documented in in vitro
studies, which will be reviewed later in this section. Of
note, MSCs seem to require “licensing” or activation by
exposure to inflammatory cytokines such as IFN-𝛾, TNF-𝛼,
and interleukin- (IL-) 1𝛽 prior to exerting their immunomod-
ulatory effects [82–84].

Intriguingly, the abundance of mediators and proposed
mechanisms suggests a complex interplay in which MSCs
may be either immunosuppressive or immunogenic [82, 83].
The dominant effect seems to depend on the microenviron-
ment of the cellular milieu as well as the ratio of MSCs to T
lymphocytes. A high MSC to lymphocyte ratio is associated
with an inhibitory effect on the immune response, whereas a
lowMSC to lymphocyte ratio is characterized by an enhanced
proliferation of lymphocytes [85]. The immunomodulatory
effects of MSCs on these T cell subsets also appear to occur
in a dose-dependent fashion [85]. More recently, a new
paradigmhas been proposed inwhichMSCs can be polarized
into two phenotypes based on the stimulation of specific
toll-like receptors. TLR4 stimulation polarizes them into a
proinflammatory phenotype whereas TLR3 stimulation of
MSCs leads to immunosuppressive signature.The first proin-
flammatory and immunocompetent phenotype is denoted as
MSC1, while MSC2 is used to denote MSCs possessing anti-
inflammatory and immunosuppressive characteristics [29,
86].
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Figure 2: Mechanism of MSC modulation of immune cells. (a) Direct cell-cell contact, (b) soluble factors interactions.

4.1. TCell Differentiation andFunction. Thelper (Th) cells are
cytokine-producing CD4+ T cells that may differentiate into
either of the well-defined subsetsTh1 andTh2, depending on
the peptides presented to them by major histocompatibility
complex (MHC) class II molecules on antigen presenting
cells (APCs) [87]. The differentiation of Th1 cells is guided
by interleukin- (IL-) 2, IL-12, and interferon-gamma (IFN-
𝛾). The main effector cytokines of Th1 cells are IFN-𝛾 and
tumor necrosis factor-beta (TNF-𝛽). Th1 cells function to
recruit macrophages, as well as induce the production of
immunoglobulin (Ig) G by B cells. Th2 cell differentiation is
guided by IL-4, and their main effector cytokines are IL-4,
IL-5, and IL-13. The primary effector function of Th2 cells
is to recruit eosinophils, basophils, and mast cells [87]. Th2
cells also mediate B cell antibody class switching to IgE and
IgG. Cytotoxic T lymphocytes (CTLs) are CD8+ T cells whose
differentiation is guided by the presentation of an antigen by
an MHC class I molecule upon an antigen presenting cell
(APC), as well as costimulation by either CD80 or CD86
on the same APC. Once activated, IL-2 stimulates CTL
proliferation. Th17 cells are a developmentally distinct type
of T helper cell whose differentiation is guided by TGF-𝛽,
IL-6, and IL-21. The main effector cytokine of Th17 cells
is IL-17, which plays an antimicrobial role at epithelial and
mucosal barriers. Regulatory T cells (Tregs) are a subset of
CD4+ T lymphocytes that are characterized by the expression
of cell surface receptor CD25, as well as the presence of
high levels of transcription factor forkhead box P3 (Foxp3).
Tregs function tomodulate the immune system andmaintain
tolerance to self-antigens. The mechanism by which Tregs
carry out their regulatory function is not well understood,
though immunosuppressive cytokines TGF-𝛽 and IL-10 are
well implicated as role players [87].

4.2. MSCs Inhibit T Lymphocyte Proliferation. Both murine
and human MSCs have been shown to inhibit the prolifera-
tion of stimulated T lymphocytes in vitro in both allogeneic

and autologous settings [86]. The immunosuppressive effect
of MSCs on allogeneic and autologous T lymphocyte pro-
liferation is dependent on a high MSC to lymphocyte ratio
and soluble factors [86]. Schurgers et al. demonstrated similar
dose-dependent immunosuppressive effects ofMSCs on anti-
CD3-induced allogeneic T cell proliferation. However, MSCs
did not show immunosuppressive effects in vivo. The authors
demonstrated a role for inducible nitric oxide (iNOS),
programmed death ligand-1 (PD-L1), and prostaglandin E2
(PGE2), but not indoleamine 2,3-dioxygenase (IDO), inT cell
inhibition in vitro [88].

There are a variety of proposed mechanisms by which
MSCs mediate this T cells inhibition (Table 1, Figure 2).
Initial data demonstrated that MSCs do not induce T-cell
apoptosis but instead inhibit proliferation by inducing T
cell cycle arrest in the G0 phase [36, 89, 90]. However,
a recent study demonstrated that MSCs also could induce
transient T cell apoptosis mediated by the FAS ligand-
(FASL-) dependent FAS pathway [34]. Additionally, MSC
immunosuppression seems to be mediated in part by the
activation of nuclear factor kappa B (NF-𝜅B) signaling in
MSCs, and this pathway is activated by TNF-𝛼 generated
by the TCR stimulation of allogeneic T cells [35, 91]. MSCs
have been shown to inhibit the effects of CTLs by limiting
their proliferation rather than their cytolytic activity. The
mechanism by which MSCs exert this immunosuppressive
effect on CTLs involves B7-H4, a negative costimulatory
molecule that induces cell cycle arrest and inhibits the nuclear
translocation of nuclear factor kappa beta (NF-𝜅𝛽) [92, 93].

Human bone marrow MSCs have also been shown to
inhibit antigen-dependent CD4+ and CD8+ T cell prolifer-
ation in an allogeneic setting in vitro [94]. The suppressive
effect of MSCs on CD4+ and CD8+ T cells is due to
inhibition of T cell proliferation, as opposed to effector
function, as the cytotoxicity of T cells seems to be unaffected
[95]. Human MSCs were shown to downregulate level of
CD8 expression significantly on allogeneic CD8+ T cells.
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Table 1: List of mediators MSCs use to modulate proliferation and function of T cells.

Mediator Target Cells Modulation Reference

Inducible nitric oxide (iNOS) T cells Inhibition of proliferation induced by
anti-CD3 antibody [28]

Programmed death ligand-1 (PD-L1) T cells Inhibition of proliferation induced by
anti-CD3 antibody [29]

Prostaglandin E2 (PGE2) T cells Inhibition of proliferation induced by
anti-CD3 antibody [30–33]

B7-H4 (Negative co-stimulatory molecule) CTLs Induces cell cycle arrest [34, 35]
Fas ligand (Fas L) T cells Transient T cell apoptosis [36]
TGF-𝛽, human leukocyte antigen-G5 (HLA-G5),
Notch1 ligands, heme oxygenase-1 (HO-1) CD4+ T cells Induction of Treg phenotype [31, 37–41]

Chemokine receptor 6 (CCR6), and CD39 Th17 cells Induction of Treg phenotype [42–44]

ICAM-1, VCAM-1 T cells Inhibition of proliferation through
cell-cell contact [45]

EP4 receptor, PD-L1, IL-10 T cells Inhibition of Th17 differentiation [32, 46, 47]
Galectins T cells Inhibition of proliferation [48–50]
Indoleamine dioxygenase (IDO) Human T cells Inhibition of proliferation [51–53]

MMP-2, MMP-9 Activated T cells
Cleavage of IL-2 receptor (CD25) on T
cell surface leading to inhibition of
proliferation

[54]

The mechanism involved induction of a tolerogenic mono-
cyte phenotype (lower expression of costimulatorymolecules
CD80 and CD86, higher expression of inhibitory receptors
ILT-3 and ILT-4) representing an alternative mechanism for
immunosuppression [96]. A more recent study confirmed
that allogeneicMSCs inhibit the proliferation of CD8+ T cells
in a mixed lymphocyte reaction [31].

Conflicting data exists as towhetherMSCs are susceptible
to lysis by activated CTLs. MSCs were shown to be resistant
to lysis by allogeneic effector CTLs, and this was associated
with inefficient upregulation of CD25 surface molecules
on activated cells, as well as a lack of IFN-𝛾 and TNF-𝛼
production by the CTLs [21]. Allogeneic MSCs were shown
to be susceptible to lysis by CD8+ CTLs, whereas autologous
MSCs were resistant to CD8+ CTL lysis [97]. Another study
demonstrated that CD8+ T cells were capable of HLA specific
lysis of allogeneic BMSCs, and that this effect was augmented
by exposure to IFN-𝛾 [37].

4.3. MSCs Induce Treg Proliferation. As a part of exerting
their immunosuppressive effects, MSCs are able to induce
the generation of classic CD4+CD25+Foxp3+ Tregs. Numer-
ous mediators and mechanisms have been proposed to be
involved in MSC promotion of this classic Treg phenotype.
Allogeneic MSCs have been shown to induce Foxp3 and
CD25 expression in CD4+ T cells through direct cell contact
followed by production of MSC-derived TGF-𝛽1 and PGE2
[38, 82]. Another study in which MSCs were shown to pro-
mote the generation of CD4+CD25+Foxp3+ Tregs also sup-
ports the role of TGF-𝛽1 in the mechanism of induction [46].
Selmani et al. demonstrated that human leukocyte antigen-
G5 (HLA-G5)was required forMSCpromotion of Tregs in an
allogeneic setting [98]. Notch1 signaling has been implicated

in the mechanism of MSC induction of Treg differentiation
from allogeneic, activated CD4(+) T lymphocytes given that
MSCs express theNotch1 ligands Jagged1, Jagged2, andDelta-
Like (DLL) 1, 3, and 4 [39]. Luz-Crawford et al. demonstrated
that MSCs were able to suppress the proliferation, activation,
and differentiation of allogeneic Th1 and Th17 cells, and this
immunosuppressive effect was associated with the induction
of CD4+CD25+Foxp3+ Treg cells [42]. Additionally, when
MSCs were cocultured with allogeneic Tregs, MSCs seemed
to augment the immunosuppressive capability of the Treg
cells, and this effect was accompanied by an upregulation
of the PD-1 receptor on Tregs via the production of IL-10
[43]. Yet another study demonstrated thatMSCproduction of
heme oxygenase-1 (HO-1) is involved in Treg induction [99].

In addition, MSCs have been shown to induce epige-
netic changes at the promoter of the FOXP3 gene locus in
allogeneic Th17 cells that led the acquisition by Th17 cells
to inhibit the proliferative response of activated CD4+ T
cells in vitro [45]. In this same study, MSCs seemed able to
promote the differentiation of proinflammatory Th17 cells
into functional Tregs via chemokine receptor 6 (CCR6) [45].
Another study suggests that adenosine produced by MSCs
could play a role in promoting the differentiation ofTh17 cells
into Tregs via the upregulation of CD39 [32].

4.4. Direct Cell-to-Cell Contact. Direct modulatory effects
of MSCs on both autologous and allogeneic T lymphocytes
via cell-to-cell contact have been well described in vitro,
supported by the demonstration that MSCs express various
integrins, intracellular adhesion molecules, and vascular cell
adhesion proteins on their cells surface [16, 48]. Ren et al.
provided further evidence for the necessity of cell-to-cell
contact for the immunosuppressive effects of MSCs on T
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Figure 3: Immune cell modulation of MSCs. Combined action of
IFN-𝛾 and TNF-𝛼 induces apoptosis of MSC.

lymphocytes [49]. The expression of cell-to-cell adhesion
molecules ICAM-1 andVCAM-1 byMSCs was positively cor-
related with the immunosuppressive effects of MSCs towards
various subtypes of T cells [49]. Furthermore, the genetic
deletion or functional blocking of these adhesion molecules
led to significant reversal of MSC immunosuppressive effects
[49].

One study proposes that MSC inhibition of allogeneic
Th17 cell differentiation is mediated by PGE2 via the EP4
receptor and is dependent on cell-cell contact [50]. Another
study supports the notion that cell-to-cell contact is necessary
for the inhibition of Th17 differentiation, and that this is
mediated specifically by the upregulation of programmed
death-1 (PD-1) ligand expression on IFN-𝛾 primed allogeneic
MSCs [42].

Galectins are a family of cell surface proteins with a broad
variety of functions, including the ability to bind neuropilin-
1 (NP-1) on the surface of T cells and induce cell cycle
arrest [51]. Allogeneic MSCs have been shown to constitu-
tively express galectins, and these molecules help to mediate
the immunosuppressive effect of MSCs [52]. Specifically,
galectin-1 and galectin-3were shown to inhibit T-cell prolifer-
ation, and genetic knockdownof thesemolecules resulted in a
significant loss of immunomodulatory properties, specifically
upon CD4+ and CD8+ T cell proliferation [51–53]. The effect
of allogeneic MSCs on NK cells appeared to be unaffected

by galectin-1 knockdown, however [53]. It was also found
that the production of galectin-9 in allogeneic MSCs was
strongly upregulated in the presence of proinflammatory
cytokines IFN-𝛾 and TNF-𝛼, and this was associated with the
antiproliferative effects that MSCs have on T cells [53].

4.5. Mechanism of MSCs Inhibition of T Cells through Soluble
Mediators. Although it has been shown that cell-to-cell
contact is necessary for MSC mediated immunosuppression,
there are several experiments that have been performed
demonstrating that both autologous and allogeneic MSCs
also exert their immunomodulatory effects through the
elaboration of soluble factors [48]. Given the plethora of
mediators proposed, it is likely a combination of complex
interplay between these factors and the specific inflamma-
tory milieu that contributes to metabolic manipulation of
the microenvironment and the overall immunomodulatory
effects of MSCs [48].

It is important to recognize that there are some well-
delineated differences between MSCs from different species.
Notably, MSCs derived frommice produce nitric oxide (NO)
via inducible nitric oxide synthase (iNOS) to suppress T
cell proliferation [49]. NO has been shown to suppress
the phosphorylation of signal transducer and activator of
transcription-5 (STAT-5), which is a critical transcription
factor for T cell activation and proliferation [49]. In contrast,
human allogeneic MSCs exert this effect by the upregulation
of indoleamine 2,3-dioxygenase (IDO), an enzyme involved
in the catabolism of essential amino acid tryptophan to N-
formylkynurenine [100]. Delarosa et al. demonstrated that
human adipocyte-derived MSCs are activated by IFN-𝛾 to
express functional IDO in allogeneic settings [101]. Further-
more, IDO expression upon IFN-𝛾 activation is essential
for the immunosuppressive activity of allogeneic AMSCs,
since IDO exerts its effects through the accumulation of
tryptophan metabolites in the local microenvironment [101,
102].

4.5.1. IFN-𝛾. Interferon-gamma (IFN-𝛾) is an inflammatory
cytokine that plays a critical role in licensing allogeneicMSCs
to inhibit activated T cell proliferation, and this process is
IDO-dependent [103]. IFN-𝛾 activates the synthesis of IDO
and upregulates the expression of hepatocyte growth factor
(HGF) and TGF-𝛽 by allogeneic MSCs [104]. When com-
pared to unprimed MSCs, MSCs pretreated with IFN-𝛾 and
TNF-𝛼 were more effective at inhibiting T cell proliferation
[47]. IFN-𝛾 also plays a role in allogeneic MSC suppression
of T lymphocyte effector functions, namely through the
inhibition of Th1 cytokines (IFN-𝛾, TNF-𝛼, and IL-2), and
this process is mediated by the PD-1 ligand on MSCs [105].

4.5.2. TNF-𝛼. Tumor necrosis factor-alpha (TNF-𝛼) is
another inflammatory cytokine that has been shown to aug-
ment the immunomodulatory properties of MSCs. Studies
have shown that TNF-𝛼, along with IFN-𝛾, promotes the
expression of HGF, PGE2, and COX-2 levels by allogeneic
MSCs, contributing to the inhibition of proliferating T
lymphocytes [106]. More recently, it has been demonstrated
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that TNF-𝛼 released by activated T cells binds to TNF-
R1 on allogeneic MSCs, activating the NF-𝜅B pathway and
contributing the immunosuppressive properties ofMSCs [35,
91].

4.5.3. IL-10. IL-10 is an anti-inflammatory cytokine produced
by monocytes, Th2 cells, and Tregs. It functions to downreg-
ulate the expression of Th1 cytokines, MHC class II antigens,
and macrophage costimulatory molecules. Allogeneic MSCs
cocultured with either naı̈ve or activated T cells have been
shown to produce a significant amount of IL-10, and this was
associated with significant suppression of T cell proliferation
[100].The addition of anti-IL-10 and anti-IL-10-receptor anti-
bodies restored T cell proliferative capacity, providing further
evidence for the critical role of IL-10 in allogeneic MSC
immunosuppression of T lymphocyte proliferation [100].
Qu et al. demonstrated that allogeneic MSCs were able to
inhibit Th17 differentiation in vitro via the secretion of IL-10
[107]. More recently, it has been shown that allogeneic MSCs
cocultured with CD4+ T cells led to increased secretion of IL-
10 by T helper cells [108]. Allogeneic MSCs are able to inhibit
Th17 cell differentiation [107]. Since Th17 differentiation
was restored when IL-10 was specifically neutralized or the
expression of IL-10 by MSCs was downregulated by RNA
interference, it has been suggested that this effect is mediated
by IL-10 secretion by MSCs [107].

4.5.4. PGE2. Prostaglandin E2 (PGE2) is an enzyme respon-
sible for the metabolism of arachidonic acid and prostagl-
andin production [109]. PGE2 prevents the proliferation of
T cells and inhibits production of cytokines such as TNF-
𝛼 and IL-12 [33, 110]. It also downregulates MHC class II
molecules on macrophage surfaces and skews the T helper
differentiation towards a Th2 response with IL-4 and IL-5
production [28, 111]. High levels of PGE2 produced by allo-
geneic MSCs have been shown to inhibit the maturation of
dendritic cells, as well as the proliferation of activated T cells
and their subsequent proinflammatory cytokine production
[40].

4.5.5. HO-1. Heme oxygenase-1 (HO-1) is an inducible
enzyme that catalyzes the first and rate-limiting step in
the degradation of heme into biliverdin, iron, and carbon
monoxide [41]. The products of heme metabolism pro-
duced by HO-1 during inflammation are associated with
antiapoptotic, antioxidative, and anti-inflammatory effects
[41]. HO-1 has been implicated as having a role in the
mechanismof allogeneicMSC induction of Treg proliferation
and IL-10 production [99]. Once MSCs have been licensed
by inflammatory factors in a mixed lymphocyte reaction,
however, there was substantial downregulation of HO-1, yet
Treg induction as well as IL-10 production by MSCs was not
affected [99]. This suggests that HO-1 plays an initial role in
MSC immunosuppressive effects in vitro, but this is taken
over by other molecules after alloreactive priming [99].

4.5.6. Nitric Oxide. As mentioned earlier, NO has been
shown to suppress the phosphorylation of signal transducer

and activator of transcription-5 (STAT-5), which is a critical
transcription factor for T cell activation and proliferation
[49]. Another study demonstrated that NO production by
allogeneic MSCs suppressed the proliferation of T lympho-
cytes via the inhibition of STAT5 phosphorylation, and that
inhibitors of inducible NO synthase (iNOS) restored the
proliferation of T cells [112].The presence of cytokines TNF-𝛼
and IL-1𝛽was shown to provoke the expression of high levels
of iNOS by MSCs [49].

4.5.7. HLA-G. MSCs have been shown to mediate their
immunomodulatory effects via the production of soluble
factor human leukocyte antigen-G (HLA-G) [54]. HLA-G
secretion by allogeneic MSCs has been shown to suppress
T cell proliferation in mixed lymphocyte reactions [54, 113].
Exogenous IL-10 was shown to stimulate HLA-G secretion
and was shown to play a key role in allogeneic MSC
inhibition of peripheral blood mononuclear cell response
to phytohemagglutinin [44]. Another study demonstrated
that HLA-G secretion by human allogeneic MSCs not only
suppressed allogeneic T lymphocytes, but also induced the
proliferation of CD4+CD25+Foxp3+ Tregs [98]. This same
study also demonstrated that MSCs inhibit cell-mediated
lysis and IFN-𝛾 secretion by allogeneic NK cells [98].

4.5.8. MMPs. Matrix metalloproteinases (MMPs) derived
from allogeneic MSCs, in particular MMP-2 and MMP-9,
have been shown to cause the cleavage of IL-2 receptor 𝛼
(CD25) from the surface of activated T cells and thus the
suppression of IL-2 production and T cell proliferation [62,
114].

4.5.9. Chemokines. Chemokines CXCL1, 2, and 3 were shown
to be induced in T cells cocultured with allogeneic MSCs.
CXCL3, in particular, was associated with the inhibition of
T cell proliferation and increased apoptosis [115].

4.5.10. Adenosine. Both human andmurine allogeneic MSCs
have been shown to generate adenosine, which inhibits the
proliferation of T lymphocytes by acting through its recep-
tor A(2a) (ADORA2A) [116, 117]. MSCs upregulate CD39
and increase adenosine production to suppress activated T-
lymphocytes [116].

5. In Vitro Studies on MSC Regulation of
Other Immune Cells

5.1. Macrophages. Macrophages differentiate from mono-
cytes into one of two main phenotypes—immunogenic
M1 macrophages and immunosuppressive M2 macrophages.
Monocytes are stimulated towards the M1 phenotype by bac-
terial products, such as lipopolysaccharide (LPS), and inflam-
matory cytokines [118]. These M1 macrophages function in
the phagocytosis of cellular debris and pathogens and secrete
IFN-𝛾, TNF-𝛼, and IL-6, among other proinflammatory
cytokines [118]. The M2 phenotype is induced by IL-4 and
IL-13, secretes primarily IL-10, and functions in tissue repair
[118]. Autologous and allogeneic MSCs have been shown
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to significantly suppress the production of inflammatory
cytokines TNF-𝛼, IL-6, IL-12p70, and IFN-𝛾 bymacrophages,
while increasing the production of anti-inflammatory IL-10
and IL-12p40 [119–121]. This process seemed to be mediated
by PGE2 [119–121]. Additionally, both autologous and allo-
geneic MSCs seemed to inhibit the upregulation of CD86
andMHCclass II expression in LPS-stimulatedmacrophages,
impairing their immunogenic effects on CD4+ T cell [103,
119]. More recent studies provide evidence that allogeneic
MSCs promote the shifting of monocytes toward an anti-
inflammatoryM2 phenotype [122–124].ThisM2 polarization
induced by allogeneic MSCs may occur through the NF-𝜅B
and STAT-3 pathways and involve IDO activity [103, 125].
Melief et al. suggest that the pathway involved in the shifting
of monocytes towards the M2 phenotype is a necessary part
of the ability of MSCs to induce Treg proliferation [122].

5.2. Dendritic Cells. Dendritic cells (DCs) are antigen pre-
senting cells (APCs) that phagocytose and process antigens
into peptides and present them via MHC molecules on their
cell surface to prime T lymphocytes as part of the adaptive
immune response [126]. DCs differentiate from monocytes
and secrete IL-12, which aids in the differentiation of Th1
cells from naive CD4+ T cells. Allogeneic MSCs have been
shown to impair the maturation of DCs from monocytes
or CD34+ hematopoietic precursors, as well as their ability
to secrete proinflammatory cytokines [127]. Additionally,
allogeneic MSCs were shown to increase the release of anti-
inflammatory IL-10, as well as inhibit the polarization of
näıve CD4+ lymphocytes into Th1 cells [128, 129]. Similar to
the mechanisms of immunosuppression on T lymphocytes,
allogeneic MSC mediated inhibition of DC function appears
to be dependent on cell-to-cell contact [130]. One study sug-
gests that TGF-𝛽1 production and the downregulation of DC
costimulatory molecules (such as CD80, CD86, and CD40)
are responsible for the inhibitory effect of MSCs on DCs [131,
132]. DCs that have been cocultured with either autologous
or allogeneic MSCs also display the ability to induce classic
Treg differentiation from näıve T cells [131, 132]. One study
suggests that allogeneic MSCs cocultured with monocyte-
derived DCs secrete growth-regulated oncogene chemokines
that drive theDCs towards amyeloid-derived suppressor cell-
(MDSC-) like phenotype [133]. More recently, it has been
suggested that MSCs mediate the upregulation of the gene
SOCS1 via IL-6, which instructs DCs to acquire a tolerogenic
phenotype with a significant increase in the production of IL-
10 and the ability to induce Treg andTh2 differentiation [134].

5.3. NK Cells. Natural killer (NK) cells are a subset of
cytotoxic lymphocytes that differentiate from the common
lymphoid progenitor cell and help compose the immune
response to viral-infected and tumor cells. NK cells may be
activated by cytokines, such as IL-2, IL-12, IL-15, and IL-
18, or by the recognition of cells that are missing MHC
class I surface molecules [87]. Activation triggers the release
of cytotoxic granules that induce cell lysis or apoptosis
[87]. Allogeneic MSCs have been shown to inhibit resting
NK cell proliferation induced by IL-2 but had a limited

effect on active NK cell proliferation [135]. This same study
demonstrated that IL-2-activated NK cells efficiently lyse
autologous and allogeneic MSCs, but this lysis was inhibited
when MSCs were exposed to IFN-𝛾, presumably due to
the upregulation of HLA class I molecules on MSCs [135].
Another study demonstrated an inverse correlation between
HLA class I expression on MSCs and lysis by NK cells [136].
A more recent study demonstrated that priming with Toll-
like receptors (TLR), specifically TLR3, may play a role in
decreasing allogeneic MSC susceptibility to IL-2-activated
NK cell killing [137].

5.4. B Cells. B cells differentiate from the common lymphoid
progenitor cells and function in the humoral immunity of the
adaptive immune response by the production of antibodies.
Early studies demonstrated that murine allogeneicMSCs had
inhibitory effects on the proliferation, activation, and IgG
secretion of B cells [138]. Allogeneic MSCs inhibit B cell
proliferation by inducing cell cycle arrest in the G0/G1 phase
and by the production of soluble factors [139, 140]. Allogeneic
MSCs were also shown to modify the activation pattern of
the extracellular response kinase 1/2 and the p38 mitogen-
activated protein kinase pathways, which are both involved
in B-cell viability, activation, and proliferation [140]. Another
study suggests that MSCs mediate their inhibitory effects
on B cells through maturation protein-1 expression [141].
Allogeneic MSC inhibition of B cell activation seems to be
dependent on IFN-𝛾 and cell-to-cell contact via PD-1/PD-L1
interaction, in a similar fashion to MSC immunosuppression
of T lymphocytes [142]. Contradictory data exists in which
MSCs promote the proliferation and differentiation of B cells
in vitro [143].

In summary, the immunosuppressive effects of allogeneic
and autogeneicMSCs on immune cells are dependent on both
the elaboration of soluble mediators as well as cell-to-cell
contact. A high MSC to lymphocyte ratio also appears to be
necessary to exert these effects, signifying a dose-dependent
phenomenon.

The soluble mediators that function in the immunomod-
ulatory role of MSCs with regard to the immune system have
overlapping roles with the immunomodulation of bone cells,
namely, osteoclasts and osteoblasts. Activated immune cells
mediate increased bone turnover during inflammatory states;
thus it seems plausible that the inhibitory effects of MSCs on
these cells would promote an osteogenic state.

A key concern is that of negative regulation to prevent
overimmunosuppression. In other words, great care should
be taken to prevent complete suppression of the immune
system, which could facilitate tumor formation or increased
susceptibility to opportunistic infections.

It is likely a complex combination of synergism and
antagonism among these various mechanisms that function
to regulate the immune response. It is important to take
into consideration that the aforementioned investigations
were all conducted in in vitro settings, which may fail to
include integral factors that are present in the in vivomilieu.
Additionally, there are likely other unaccounted for factors
that are specific to species, tissue, and experimental methods.
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6. Role of Immune Cells and Cytokines in
Modulating Osteogenic Differentiation of
MSCs In Vitro

As discussed in Section 3, data from studies on human
patients and experimental animals reveal that immune cells
and cytokines produced by them, particularly T cells, IFN-
𝛾, and TNF-𝛼 inhibit fracture healing and MSCs-induced
bone formation. Treg cells andTh2 response seem to promote
bone formation. However, the role of the Th2 response
was reported in relation to ectopic bone formation and
needs further validation in a fracture model. While IFN-
𝛾 and TNF-𝛼 induced apoptosis of MSCs in vitro, which
can explain inhibition of bone formation by these cytokines
as recently reported, molecular mechanisms of immune cell
regulation of bone formation remain largely unknown. Since
the immune response is typicallymounted sequentially—first
the attack of innate immune cells (macrophages, monocytes,
and NK cells), followed by the adaptive immune response
(antigen presenting cells, CD4+ T cells, CD8+ T cells, and B
cells)—and early responding cell types can alter response by
T and B cells, it is necessary to understand how each cell type
interacts with MSCs in vitro.

A study by Omar et al. demonstrated that human
monocytes stimulated by either LPS or IL-4 communicate
proosteogenic signals to allogeneic MSCs, as evidenced
by the increased expression of run-related transcription
factor 2 (Runx2), alkaline phosphatase (ALP), and bone
morphogenetic protein-2 (BMP-2) [144]. Since IL-4 stim-
ulation primarily induces a Th2 response, this study sug-
gests that the Th2 response would promote bone healing.
Conditioned medium from cultures of human monocytes
derived macrophages, however, was shown to suppress BMP-
2-induced osteogenic differentiation of allogeneic MSCs, and
this effect was associated with high levels of IL-1𝛽 and
TNF-𝛼 [145]. Several studies indicate an osteogenic role for
monocytes and macrophages alike [146–148]. For example,
Oncostatin M, a member of the IL-6 family of cytokines,
produced by activated macrophages was identified as a key
player in inducing osteoblast differentiation from allogeneic
MSCs while also inhibiting adipogenesis [146, 147]. A more
recent study provides supporting evidence that monocytes
and macrophages induce osteogenic differentiation and pro-
liferation of human allogeneic MSCs via the production of
BMP-2 [148]. Nicolaidou et al. demonstrated that monocytes
and macrophages potently induced human allogeneic MSC
differentiation into osteoblasts, mediated by cell contact, the
production of monocyte soluble factors, and the activation of
MSCSTAT3 signaling bymonocyte production ofOSM[147].
Another study demonstrated that LPS-stimulated monocytes
induced osteogenesis from human allogeneic MSCs via exo-
somes that resulted in the increased expression of Runx2 and
BMP-2 [149].

T cell subsets are reported to differently regulate
osteogenic differentiation of human MSCs in vitro. Condi-
tionedmedium fromhumanCD4+ T cells but not fromCD8+
T cells was shown to significantly upregulate the expression of
Runx2, osteocalcin, ALP, and bone sialoprotein of allogeneic

MSCs, as well as increase the mineralization in osteogenic
cultures of MSCs [150]. MSCs were shown to phagocytose
apoptotic cells and this phagocytosis enhanced osteogenic
differentiation of MSCs [151]. Apoptotic cells treated MSCs
expressed CXCR4 and CXCR5 which might enable them to
migrate towards inflamed sites such as fracture repair or
arthritic joints. These MSCs also secreted IL-8, MCP-1, and
RANTES that can induce chemotaxis of T cells [151].

7. Conclusion

Immune cells and the cytokines that they produce play an
important role in bone healing. Along with growth factors,
the cytokines also guide differentiation of osteoprogenitor
MSCs. Although inflammation plays a key role in frac-
ture repair, particularly during the initial and remodeling
phases of healing, chronic exposure to lymphocytes and
to inflammatory signaling have been shown to impair the
fracture repair process. The role of various immune cells
and their subtypes in bone healing is complex and not com-
pletely understood.Therefore, thorough understanding of the
immune cells control of fracture healing and precise ways to
control the immune cells will be necessary when modulating
the inflammatory response as potential new therapy for bone
tissue engineering. MSCs can be effectively used for this
purpose since they possess abilities tomodulate immune cells
differentiation and functions in specific microenvironments.

With this in mind, we propose the following areas as
key topics of future investigations in the field: investigating
interaction between MSCs and immune cells, particularly
T cells and their subtypes in vitro and in vivo [150, 151],
developing noninvasive techniques for imaging trafficking
and activation of immune cells [152], and investigating local
and systemic delivery of immune cells modulating agents
(Treg cells [153], cytokine specific antagonists [152], corti-
costeroids [154], and nonsteroidal anti-inflammatory drugs
[155]) to enhance bone healing and to study mechanistic
aspects of correlation between inhibition of specific immune
cells activities and bone healing.
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CD99 is a transmembrane glycoprotein expressed in physiological conditions by cells of different tissues, including osteoblasts
(OBs). High or low CD99 levels have been detected in various pathological conditions, and the supernatant of some carcinoma cell
lines can modulate CD99 expression in OB-like cells. In the present work we demonstrate for the first time that two different
human myeloma cell lines (H929 and U266) and, in a less degree, their conditioned media significantly downregulate CD99
expression in normal human OBs during the differentiation process. In the same experimental conditions the OBs display a less
differentiated phenotype as demonstrated by the decreased expression of RUNX2 and Collagen I. On the contrary, when CD99
was activated by using a specific agonist antibody, the OBs become more active as demonstrated by the upregulation of Alkaline
Phosphatase, Collagen I, RUNX2, and JUND expression. Furthermore, we demonstrate that the activation of CD99 is able to induce
the phosphorylation of ERK 1/2 and AKT intracellular signal transduction molecules in the OBs.

1. Introduction

CD99 is a 32 kDa transmembrane glycoprotein, encoded by
the MIC2 gene [1] which is located on the pseudoautosomal
regions of both human X and Y chromosomes [2]. MIC2
gene encodes two distinct proteins produced by alternative
splicing of the CD99 gene transcript [3] and, compared
with the major wild-type full-length form, the minor splice
variant form of CD99 has a relatively short intracytoplasmic
fragment [4].

It is well known from the literature that CD99 can be
expressed in both normal and pathological tissues. In normal
tissues it is expressed in cortical thymocytes, pancreatic islet

cells, granulose cells of ovary, Sertoli cells of testis, CD34+
cells of bone marrow, and all leukocyte lineages [5].

Slightly less than a decade ago its linkage to human
osteoblast (hOB) differentiation has emerged and MIC2
has been indicated under the control of the transcription
factor RUNX2, which is essential for hOB differentiation
[6, 7]. In vitro data have demonstrated CD99 expression
in cell-adhesion structures of osteoblastic cell cultures, and
in vivo its expression has been highly detected in hOBs
adhering to each other and lining the bone surface in tissue
samples [5]. Very recently, we have shown that during the
differentiation process hOBs and bonemarrow-mononuclear
cells increased CD99 expression levels, suggesting its role in
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osteoblastogenesis [8]. Accordingly, CD99 expression is high
in lining cells and in mature hOBs [5, 8].

Quite variable CD99 levels have been demonstrated in
pathological conditions since they have been detected either
high or low. In particular, it is overexpressed in different sar-
comas, such as Ewing’s sarcoma [9, 10], synovial sarcoma [11],
mesenchymal chondrosarcoma [12], and rhabdomyosarcoma
[13], in lymphoblastic lymphoma/leukemia [14], and human
breast cancer cells [15]. Conversely, CD99 is downregulated
or completely lacking in pancreatic endocrine neoplasm [16],
gastric adenocarcinoma [17], and osteosarcoma [5].

Literature evidences have also demonstrated that the
supernatants from several carcinoma cell lines associated
with osteolytic metastases (breast, colon, pancreatic, renal,
and hepatoma cell lines) specifically downregulate CD99 on
AHTO-7 cells (large T antigen transfected human trabecular
OBs) [18]. Conversely, the conditioned media obtained from
prostate cancer cell lines, which correlatedwith osteosclerotic
lesions, induce an increase in CD99 expression [18]. A very
recent paper performed on a large number of MM patients
suggests CD99 as a new marker for risk stratification of
disease severity [19]. However, no data are at present available
on the effect of myeloma cells on OB CD99 expression and
the possible implication of CD99 in the impairment of OB
differentiation in multiple myeloma (MM), a hematological
B cell malignancy associated with bone disease [20–27].

It is well established that myeloma cells, through a variety
of cellular mechanisms, contribute to the onset of osteolytic
bone lesions by altering bone remodeling as they induce both
the increase of osteoclastic bone resorption and decrease of
OB differentiation.With particular regard to the alteration of
osteoblastic differentiation and function inMM bone disease
it has been showed that, among the numerous cytokines,
myeloma cells produce soluble molecules such as frizzled-
related proteins-2 and -3 (sFRP-2 and -3) [27–29], Dickkopf-
1 (DKK-1) [28], and sclerostin [25–27], responsible for the
inhibition of the canonical Wingless-type (Wnt) signaling
which is a crucial pathway for the correct OB differentiation
and activity.

Not later than a few months ago, it was found that,
under physiological conditions, OBs express increasing levels
of CD99 during their differentiation [8] but regarding the
influence of myeloma cells on the expression of this molecule
currently lack experimental evidence. Therefore, having pre-
viously performed studies on the mechanisms altering OB
differentiation contributing to osteolytic process inMMbone
disease [25, 26], we here focused our interest on this issue.
However, it should be considered into account that most
information about CD99 activities derives from triggering
CD99-mediated signaling events with agonistic CD99mono-
clonal antibodies. By using thesemolecules it has been shown
that CD99 is functionally implicated in the apoptosis of
cells with immunological role (thymocytes, T-lymphocytes,
Jurkat cell line, and normal and leukemia B cell precur-
sors) [30–33], in triggering homotypic CD4+ CD8+ thy-
mocytes aggregation [34], in inducing T cell migration to
inflamed vascular endothelium [35], and in cell-to-cell con-
tact and diapedesis of monocytes across endothelial cells
by homophilic interactions between these two adjacent

cells [36]. In addition to these effects, several evidences have
also proved the role of CD99 in proliferation and activation of
lymphocytes [37, 38] and regulation of MHC class I molecule
transport from the Golgi complex to the cell surface [39].

Thus, on the basis of all these findings and the intriguing
role of CD99 in osteogenesis and bone pathophysiology, in
this paper we analyzed the influence of human myeloma
cell lines (HMCLs) on CD99 expression by hOBs. We
demonstrated that HMCLs display the ability to reduce the
expression of CD99 in normal hOBs during the differen-
tiation process. Furthermore, by using an anti-CD99 ago-
nist monoclonal antibody, we demonstrated that the hOBs
result more active in the expression of their differentiation
parameters. These data suggest that CD99 can be important
in the differentiation and activity of hOBs in physiological
and pathological conditions.

2. Materials and Methods

2.1. Human Osteoblasts. Trabecular bone specimens, ob-
tained from healthy subjects who undergo femur surgery
following traumatological events, were cleaned off soft tis-
sues, reduced to small fragments, and digested with 0.5mg/
mL Clostridium histolyticum neutral collagenase (Sigma
Chemical Co., St. Louis, MO, USA) in minimum essential
medium (𝛼-MEM) (Gibco Invitrogen,Milan, Italy) with gen-
tle agitation for 30 minutes at 37∘C. Bone fragments were
then washed (three times) with phosphate-buffered saline
(PBS) and cultured in 𝛼-MEM supplemented with 10% fetal
calf serum (FCS) (Gibco), 100 IU/mL penicillin (Gibco),
100mg/mL streptomycin (Gibco), and 2.5mg/mL ampho-
tericin B (Gibco), at 37∘C in a water-saturated atmosphere
containing 5% CO

2
. Cells were fed by medium replacement

every 3 to 4 days. In these conditions, the hOBs resident in the
explants proliferated and migrated to the culture substrate,
reaching confluence within 3 to 4 weeks. Cells were then
trypsinized and transferred to appropriate culture dishes for
characterization and experiments.

Informed consent to the study was given according to the
tenets of the Declaration of Helsinki. Approval was obtained
from the Institutional Review Board of the Laboratory
of Experimental Oncology, Rizzoli Orthopaedic Institute,
Bologna, Italy (Protocol number 0021571 of June 28, 2013).

2.2. Cell Culture Conditions and Cocultures. H929 and U266
HMCLs were cultured in RPMI 1640 medium supplemented
with 10% FCS and then lysed for protein extraction or used
for coculture experiments.

Confluent hOBs were cultured in the presence or absence
of 5 × 103/cm2 HMCLs (H929 or U266) or their condi-
tionedmedium, in osteogenic medium consisting of 𝛼-MEM
medium supplemented with 10% FCS, 50 𝜇g/mL ascorbic
acid, and 10−8M dexamethasone (all from Sigma), for 2, 7,
14, and 21 days before lysing them for protein extraction.
In parallel, other hOBs were cultured in 𝛼-MEM medium
supplemented with 10% FCS and lysed for protein extraction
after their adhesion (0 days of differentiation).



Journal of Immunology Research 3

Moreover hOBs were cultured at a density of 1 × 104
cells/cm2 in 96- or 48-well plates in 𝛼-MEM medium sup-
plemented with 10% FCS, in the presence or absence of
2 𝜇g/mL anti-CD99 (DN-16) (Abcam, Cambridge Science
Park) agonist monoclonal antibody or mouse IgG (Sigma)
and after 24 and 48 hours or after 6 days of culture
were analyzed, respectively, for 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay or Alkaline
Phosphatase- (ALP-) staining. These cells were also plated
in 6 well plates and after reaching 70% of confluence were
treated with 2 𝜇g/mL of anti-CD99 agonist monoclonal
antibody or mouse IgG or 100 ng/mL human TNF-related
apoptosis-inducing ligand (h-TRAIL), for 4, 6, 12, and 24
hours and then lysed for protein extraction to evaluate
apoptotic pathway. In addition, the stimulation with CD99
agonist antibody or mouse IgG was also performed for 2, 5,
10, and 20 minutes and these cells were then lysed for protein
extraction to study AKT and ERK phosphorylation. hOBs
were also treated with 100 nM Wortmannin (Calbiochem,
Germany) for 30 minutes or with 10 𝜇M PD98059 (Sigma)
for 60 minutes, respectively, Phosphoinositide 3-Kinase
(PI3K) and extracellular signal-regulated kinase-1 (ERK1)
K inhibitors, and then stimulated with 2 𝜇g/mL anti-CD99
agonist monoclonal antibody for 4 and 6 hours. Before the
short times (2, 5, 10, and 20 minutes) stimulation, cells were
starved for 12 hours with 𝛼-MEM medium supplemented
with 2% FCS and thus treated as previously described using
the same medium.

All stimulation experiments were repeated for three
times.

2.3. Western Blot Analysis. The protein levels of CD99 have
been evaluated in H929 and U266. Additionally, CD99,
Collagen I (COLLI), and RUNX2 protein levels have been
also analyzed in hOBs cultured alone and cocultured with
HMCLs or their conditioned medium. All the cells were
solubilized with lysis buffer [50mM Tris (tris(hydroxymeth-
yl)aminomethane)-HCl (pH 8), 150mM NaCl, 5mM ethyl-
enediaminetetraacetic acid, 1% NP40, and 1mM phenyl-
methyl sulfonyl fluoride]. Moreover, COLLI, RUNX2, mem-
bers of AP1 complex (FRA1, FRA2, and JUND), andmitogen-
activated protein kinases (MAPKs) have been studied in
hOBs after CD99 stimulation. COLLI, RUNX2, and JUND
were also evaluated in hOBs treated for 30 minutes with
100 nMWortmannin or for 60 minutes with 10 𝜇M PD98059
and then stimulated for 4 and 6 hours with anti-CD99 agonist
monoclonal antibody; these cells were solubilised with the
lysis buffer previously described.

To detect the expression of caspases 3, 7, and 8 and
Bid cleavage in hOBs after CD99 or hTRAIL stimulation,
cells were lysed by incubation on ice for 30min in lysis
buffer containing 20mM Tris-HCl (pH7.5), 1% Triton X-
100, 150mMNaCl, 10% glycerol, 1mMNa

3
VO
4
, 50mMNaF,

100mM phenylmethylsulfonyl fluoride, and a commercial
protease inhibitor mixture.

Cell proteins (15 𝜇g) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
and subsequently transferred to nitrocellulose membranes

(Hybond; Amersham Pharmacia, London, UK). The blots
were probed overnight at 4∘C with the appropriate primary
antibody.

The following primary antibodies were used: monoclon-
al anti-COLLI, anti-p-ERK and anti-𝛽-Actin, polyclonal anti-
JUND, anti-FRA1, anti-FRA2, and anti-total-ERK (all from
Santa Cruz Biotechnology, Santa Cruz, CA, USA); mono-
clonal anti-p-AKT, anti-p-JNK, and anti-caspase-8, poly-
clonal anti-total-AKT, anti-p-P38, anti-caspase-3, anti-cas-
pase-7, and anti-Bid (all from Cell Signaling, San Diego, CA,
USA); monoclonal anti-CD99 (12E7) (Santa Cruz Biotech-
nology); and polyclonal anti-RUNX2 (Abnova, Taiwan).

After incubation with the appropriate fluorescent-dye-
conjugated secondary antibody (LI-CORBiosciences GmbH,
Bad Homburg, Germany), specific reactions were revealed
with the LI-COR’s Odyssey Infrared Imaging System (LI-
COR Biotechnology, Lincoln, NE, USA).

2.4. Alkaline Phosphatase. ALP was histochemically assessed
in hOBs treated and nontreated for 6 days with anti-CD99
agonist antibody or with mouse IgG, using Leukocyte Alka-
line Phosphatase Kit, a commercial kit based on naphthol AS-
BI and fast red violet LB (Sigma).

Cells were fixed with a citrate-acetone-formaldehyde
fixative for 30 at room temperature. After being gently
rinsed with distilled water, cells were incubated for 15 in dark
with alkaline-dye mixture (NaNO

2
, FRV-Alkaline Solution,

Naphthol AS-BI Alkaline Solution) and finally washed with
water.

The quantification and normalization of ALP histochem-
ical staining was done counting ALP positive cells respect
to total cells in three different fields (10x). Three different
experiments were performed for ALP evaluation.

2.5. Cell Viability Assay. Mitochondrial dehydrogenases
activity was determined by MTT assay. This assay is based
on the ability of forming dye crystals to be developed only
in living cells, providing an indication of the mitochondrial
integrity and activity which, in turn, may be interpreted as
a measure of cell viability. hOBs were cultured in 96-well
tissue-culture plates as previously described. A part of the
wells were used as control, while the others were treated
with 2𝜇g/mL of anti-CD99 agonist antibody for 24 and 48
hours. The cell viability experiments were performed in the
presence of 10% FCS. MTT 0.5mg/mL were added to the
culture media followed by 4 hours incubation at 37∘C in a
humidified 5%CO

2
atmosphere.The reactionwas stopped by

the addition of 150𝜇L of 0.04N HCl in absolute isopropanol.
The optical density was read at 570 nm using an automatic
plate reader (550 Microplate Reader Bio-Rad Laboratories
Inc., CA, USA).The results were compared to cells incubated
under control conditions.

Cell viability was evaluated in three independent experi-
ments.

2.6. Statistical Analyses. Statistical analyses were performed
by Student’s 𝑡-test with the Statistical Package for the Social
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Figure 1: Human myeloma cell lines (HMCLs) inhibit CD99 expression on normal human osteoblasts (hOBs). Human undifferentiated
osteoblasts or hOBs differentiated for 2, 7, 14, or 21 days (Days of diff.), were cultured in the presence or absence of H929 (a) or U266 (b)
HMCLs or their conditioned medium, and then were analyzed for western blot analysis to detect the protein levels of CD99. The histograms
represent the mean optical density (OD) of CD99 ratio normalized to the OD of 𝛽-Actin. Data are presented as mean ± SE.The figure shows
one representative of three independent experiments.

Sciences (spssx/pc) software (SPSS, Chicago, IL, USA). The
results were considered statistically significant for 𝑃 < 0.05.

3. Results

3.1. Effect of Human Myeloma Cell Lines on CD99 Expression
during Osteoblast Differentiation. It was shown that some
carcinoma cell line-conditioned media downregulate CD99
on human AHTO-7 OBs [18]. Thus, after demonstrating that
both H929 and U266 express very low protein levels of CD99
(data not shown), we studied the influence of HMCLs on
CD99 expression bynormal hOBs during their differentiation
process.

At this purpose we performed cocultures between two
different HMCLs (H929 and U266) and undifferentiated
normal hOBs cultured in the presence of osteogenic medium

from 2 up to 21 days of culture. By western blot analysis we
showed that in the coculture system both HMCLs signifi-
cantly (𝑃 < 0.013) inhibited hOB CD99 expression during
the differentiation period reaching the maximum inhibition
at the seventh day of culture (Figure 1). Although the inhi-
bition induced by the twoHMCLswas quite similar, the effect
exerted by U266 was more pronounced and persistent
throughout the whole differentiation period (Figure 1). In
parallel, in the same experiment we cultured the hOBs in the
presence of the conditioned media collected from the previ-
ously mentioned HMCLs to understand if the effect could be
mediated by soluble factors.The conditionedmediumof both
HMCLs displayed a weaker but significant (𝑃 < 0.013) inhi-
bition of CD99 expression in the late phase of hOB differ-
entiation (14 and 21 days) compared to what was observed
in the presence of the cells (Figure 1). These findings suggest
that the inhibition on the CD99 expression by hOBs exerted
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Figure 2:H929 inhibit Collagen I (COLLI) andRUNX2 expression onnormal humanosteoblasts (hOBs).Humanundifferentiated osteoblasts
or hOBs differentiated for 2, 7, 14, or 21 days (Days of diff.), were cultured in the presence or absence of H929 or their conditioned medium,
and then were analyzed for western blot analysis to detect the protein levels of COLLI (a) or RUNX2 (b). The histograms represent the mean
optical density (OD) of COLLI or RUNX2 ratio normalized to the OD of 𝛽-Actin. Data are presented as mean ± SE. The figure shows one
representative of three independent experiments.

by HMCLs could be partially mediated by soluble factors and
further enhanced by the presence of malignant cell lines.

Using the previously described coculture system, we also
evaluated the effect of HMCLs or their conditioned medium
on the expression of COLLI andRUNX2 in hOBs during their
differentiation period. By western blot analysis we showed
that both H929 (Figure 2) and U266 (Figure 3) significantly
inhibited COLLI (𝑃 < 0.001) (Figures 2(a) and 3(a)) and
RUNX2 (𝑃 < 0.035) (Figures 2(b) and 3(b)) protein levels
during the entire differentiation period, whereas the condi-
tioned medium of both HMCLs does not display any effect
(Figures 2 and 3). Any toxic-or apoptotic-induced effect of
HMCLs onOB cultures was excluded byMTT assay (data not
shown).

3.2. Effect of CD99 Activation on Normal Human Osteoblasts.
We have recently demonstrated that CD99 expression

increases during normal hOB differentiation [8]; thus we
here evaluated whether the activation of CD99 can have
an impact on the activity of differentiated normal hOBs.
In particular, we treated these cells with anti-CD99 agonist
antibody to analyze ALP activity and COLLI expression
compared to hOBs cultured in the absence of the agonist
antibody as control condition. By using a histochemical assay,
we demonstrated significantly (𝑃 = 0.04) higher ALP activity
in hOBs treated for 6 days with 2𝜇g/mL of anti-CD99 agonist
antibody compared to the control. In parallel, to exclude any
nonspecific effect of the antibody, the cells were cultured for
6 days with mouse IgG and we did not find any difference
(Figure 4(a)).

We have also evaluated the protein expression levels of
COLLI, which is the most abundant protein produced by the
hOBs [40, 41]. At this purpose, by western blot analyses we
demonstrated that, in hOBs treated for 4 and 6 hours with
2 𝜇g/mL of anti-CD99 agonist antibody, COLLI expression
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Figure 3:U266 inhibit Collagen I (COLLI) andRUNX2 expression onnormal humanosteoblasts (hOBs).Humanundifferentiated osteoblasts
or hOBs differentiated for 2, 7, 14, or 21 days (Days of diff.), were cultured in the presence or absence of U266 or their conditioned medium,
and then were analyzed for western blot analysis to detect the protein levels of COLLI (a) or RUNX2 (b). The histograms represent the mean
optical density (OD) of COLLI or RUNX2 ratio normalized to the OD of 𝛽-Actin. Data are presented as mean ± SE. The figure shows one
representative of three independent experiments.

was significantly (𝑃 < 0.001) upregulated respect to untreated
cells, and the treatment with the mouse IgG did not induce
any effect (Figure 4(b)).

On the basis of these results, we evaluated whether
the activation of CD99 could also affect the expression of
transcription factors regulating hOB differentiation, such as
RUNX2, and members of AP1 complex such as JUND, FRA1,
and FRA2. hOBs treated for 4 and 6 hours with 2 𝜇g/mL
of anti-CD99 agonist antibody displayed significantly higher
RUNX2 and JUND protein levels compared to the controls
(𝑃 < 0.012 and 𝑃 < 0.001, resp.) and no effect was exerted by
mouse IgG (Figure 5). In addition, no effect was evidenced in
FRA1 and FRA2 protein expression levels (data not shown).

To identify the intracellular signal transduction mole-
cules involved in CD99 signaling pathway(s) in our hOB
culture system, the expression of several signaling medi-
ators was examined after CD99 activation. In particular,

we demonstrated that the anti-CD99 agonist antibody sig-
nificantly induces the phosphorylation of signaling com-
ponents such as AKT and ERK1/2 (𝑃 < 0.001 and 𝑃 =
0.002, resp.). As shown in Figure 6, the CD99 activation
induces AKT phosphorylation after 2 minutes of treatment
and ERK1/2 phosphorylation after 5 minutes of stimula-
tion, whereas the usage of mouse IgG did not induce any
effect. JNK and P38 were not phosphorylated after CD99
activation (data not shown). To evaluate if AKT and ERK
phosphorylation was responsible for COLLI, RUNX2, and
JUND modulation mediated by CD99 activation, we studied
the expression of these molecules in the presence of PI3K
and ERK1 K inhibitors. We demonstrated that after 4 and
6 hours (Figures 7(a) and 7(b)) of CD99 stimulation, both
PI3K (involved in AKT phosphorylation) [15] and ERK1 K
inhibitors significantly rescue COLLI (𝑃 < 0.001), RUNX2
(𝑃 ≤ 0.01), and JUND (𝑃 < 0.001) protein levels in hOBs.
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Figure 4: CD99 agonist monoclonal antibody increases Alkaline Phosphatase (ALP) activity and Collagen I (COLLI) expression in normal
human osteoblasts (hOBs). (a) Histochemical staining for ALP in differentiated normal hOBs treated for 6 days with or without anti-CD99
agonist monoclonal antibody or mouse IgG.This experiment has been performed in triplicate. The histograms represent the number of ALP
positive cells respect to total cells ± SE in three different fields (10x), of three independent experiments. (b) hOBs, treated with anti-CD99
agonist monoclonal antibody or with mouse IgG for 0, 4, and 6 hours (h), were lysed and analyzed by western blot analysis to detect the
protein levels of COLLI. The histograms represent the mean optical density (OD) of COLLI ratio normalized to the OD of 𝛽-Actin. Data are
presented as mean ± SE. The figure shows one of three independent experiments.

Finally, due to the knowledge that the activation of
CD99 causes T-lymphocyte and thymocyte apoptosis [30,
31], in parallel to the previously described experiments,
we investigate hOB sensitivity to CD99 activation induced
apoptosis by analyzing cell viability through MTT assay.
In particular, hOBs cultured in 96-well tissue-culture plates
were treated for 24 and 48 hours with 2𝜇g/mL of anti-CD99
agonist antibody. As shown in Figure 8, we found that the
activation of CD99 failed to exert any effect on cell viability.
To support this finding, we further studied the expression

of signaling molecules involved in the apoptosis caspase-
cascade events, such as caspase-8 (the initial caspase) and
caspase-3 or caspase-7 (the effector caspases) [42, 43] as well
as Bid, a death agonistmember of the Bcl2/Bcl-xL family [44].
By western blot analysis, we demonstrated that hOBs treated
for 4, 6, 12, and 24 hours with 2𝜇g/mL of anti-CD99 agonist
antibody do cause neither caspases 8, 3, and 7 fragmentation
nor Bid cleavage (data not shown). In these experiments
TRAIL stimulation, known to induce apoptosis in hOBs [45],
was used as positive control (data not shown).
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Figure 5: CD99 agonist monoclonal antibody increases RUNX2 and JUND expression in normal human osteoblasts (hOBs). hOBs, treated
with anti-CD99 agonist monoclonal antibody or with mouse IgG for 0, 4 and 6 hours (h), were lysed and analyzed by western blot analysis
to detect the protein levels of RUNX2 (upper panel) and JUND (lower panel) OB trascription factors. The histograms represent the mean
optical density (OD) of RUNX2 or JUND ratio normalized to the OD of 𝛽-Actin. Data are presented as mean ± SE. The figure shows one
representative of three independent experiments.

4. Discussion

In the present study we demonstrated that HMCLs or their
conditioned media downregulate the expression of CD99
by hOBs during their differentiation process. Intriguingly,
influenced by HMCLs, undifferentiated and differentiated
hOBs, in addition to the reduced levels of CD99, display a
less differentiated status. We further showed that CD99 is a
criticalmolecule in the regulation of the physiological process
of hOB differentiation and activity since the expression of
ALP, COLLI, RUNX2 and JUND are upregulated by the
activation of CD99 in hOBs. These findings suggested that
the downregulated levels of CD99 could have a critical role in
the well-known impairment of osteoblastogenesis and bone
formation occurring in the osteolysis associated with MM.

Although CD99 is largely expressed in normal tissues
[5] and recently linked to hOB differentiation, variable levels

have been demonstrated in different pathological conditions.
With particular regard to bonemalignancies, a strong expres-
sion has been shown in Ewing’s sarcoma whereas low levels
have been detected in osteosarcoma. It has been shown that
CD99-forced expression considerably affects osteosarcoma
cell behavior reversing their cell malignancy by regulating
critical biological processes required for metastases [5]. New
data also provide evidence that when CD99 is restored in
osteosarcoma cells, the molecule favors terminally differen-
tiated phenotype [8].

It is worth noting that the supernatants from different
tumors associated with osteolytic lesions or osteosclerotic
metastasis can varyCD99 expression in osteoblastic cells [18].
However, no data are at present available in the literature
regarding the possible modulation of CD99 expression in
hOBs exerted by cells of MM, a neoplasm associated with
osteolytic bone disease which is due not only to increased
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Figure 6: CD99 agonist monoclonal antibody induces AKT and ERK phosphorylation in normal human osteoblasts (hOBs). hOBs, treated
with anti-CD99 agonist monoclonal antibody or with mouse IgG for 0, 2, 5, 10, and 20 minutes, were lysed and analyzed by western blot
analysis to detect the protein levels of phosphorylated AKT (p-AKT, upper panel) and ERK (p-ERK, lower panel). The histograms represent
the mean optical density (OD) of p-AKT or p-ERK ratio normalized to the OD of total-AKT or total-ERK, respectively. Data are presented
as mean ± SE. The figure shows one representative of three independent experiments.

osteoclast activity but also to alteration of OB differentiation
and function.

Increasing evidence demonstrate that MM cells can
impair OB formation and activity through different cellular
mechanisms including both secretion of soluble factors [25–
29] and cellular contact, such as the interaction with stromal
or OB cells [24, 27]. Therefore, based on the new findings
demonstrating that differentiated OBs express high CD99
levels we first studied whether myeloma cells could influence
the expression of this molecule and next if CD99 could be
critical in the differentiation of hOBs.

In this work we found that HMCLs, H929 and U266,
whichweakly express CD99, induce a significant inhibition of
CD99 expression bynormal hOBs during their differentiation
process. We also demonstrated that this inhibition, although
significant, is less evident in the presence of the conditioned
medium of both HMCLs indicating that the cell contact and,
in a less way, the possible release of soluble molecules in the
media induce CD99 reduction in hOBs.

On the basis of recent data demonstrating a high expres-
sion of CD99 in differentiated hOBs, we hypothesized that

HMCLs through the reduction of CD99 could contribute to
OB impairment.

Indeed, these latter cells cocultured with the two HMCLs
express less RUNX2 and COLLI amount in favor of the
hypothesis that the modulation of CD99 by myeloma cells,
in addition to other mechanism(s), could take part in the
induction of a less differentiatedOBphenotype. In addition, a
further support for this hypothesis comes from a very recent
paper showing that CD99 expression in extramedullary biop-
sies of MM patients correlates with longer overall survival
suggesting CD99 a new marker for risk stratification of
disease severity [19]. These findings let us the possibility to
consider the correlation between this in vivo study with our
in vitro data in which the downregulation of CD99 could be
involved in the alteration of osteoblastic differentiation and
activity taking part in the onset of osteolysis in MM.

To prove that the reduction of CD99 we found could
be directly responsible for the less differentiated status of
OBs, it would be successful the use of a specific neutralizing
antibody. However, a CD99 neutralizing antibody neither is
at present available commercially nor is produced by some
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Figure 7: PI3K and ERK1 K inhibitors rescue Collagen I (COLLI), RUNX2, and JUND upregulation induced by CD99 agonist monoclonal
antibody in normal human osteoblasts (hOBs). hOBs pretreated for 30 or 60 minutes with PI3K (Wortmannin) or ERK1 K (PD 98059)
inhibitors, respectively, were stimulated for 4 (a) or 6 hours (h) (b) with anti-CD99 agonist monoclonal antibody and then lysed and analyzed
by western blotting to detect the protein levels of COLLI, RUNX2, and JUND. The histograms represent the mean optical density (OD) of
COLLI, RUNX2, or JUND ratio normalized to the OD of 𝛽-Actin. Data are presented as mean ± SE. The figure shows one representative of
three independent experiments.

investigators. Thus, to overcome the difficulty of proving
direct evidence that the CD99 reduction could take part in
the impairment of osteoblastogenesis and bone formation
occurring in the osteolytic process associated with MM,
we investigated whether the activation of CD99 is able to
modulate the activity of hOBs. At this purpose we performed
different experiments on hOBs in the presence of a specific
agonist antibody, widely used by other authors to achieve
information on CD99 activities [32, 38, 39].

We here demonstrated that in hOBs the activation of
CD99 stimulates the activity of ALP, the most widely recog-
nized biochemical marker for hOB, and doubled the levels
of COLLI, the most abundant organic component of bone
matrix [46–48]. Such data point out that, by forcing the
function of CD99, hOBs result more active in the expression
of their differentiation parameters. This is in agreement with
our previous demonstration showing that whenever CD99

expression was regained by osteosarcoma cells, they reac-
tivate the terminal osteoblastic differentiation program [8].
Now, we also provide evidence that in hOBs CD99 activation
contributes to increase the protein levels of RUNX2, the
master transcription factor for OB differentiation which is
central in triggering the expression of major bone matrix
protein genes including the COLLI [49]. In parallel, we
further demonstrated high levels of JUND, member of AP1
heterodimeric complex, crucial regulator of osteogenic genes
that acts as coregulator of RUNX2 itself [50, 51]. We further
found that in hOBs CD99 activation induces AKT and
ERK phosphorylation, consistent with data demonstrating
the ability of CD99 stimulation to induce MAPKs and
protein kinase C activation [52, 53] and findings showing
that, in human breast cancer cells, CD99 promotes SRC,
AKT, ERK, and JNK activation, thus increasing JUND and
FOSB AP-1 transcription factors expression [15]. In line with
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the recent demonstration that CD99-restored expression in
osteosarcoma cell correlated with ERK 1/2, RUNX2, and
AP-1 activation [8], we here show that PI3K and ERK1 K
inhibitors rescue COLLI, RUNX2 and JUND OB protein
levels. Therefore, we can here assess that CD99 activation,
through the phosphorylation of AKT and ERK 1/2, increases
RUNX2 and JUND transcription factors as well as COLLI
levels, thereby playing a significant role in the activation of
normal hOBs.

5. Conclusions

Our results highlight an important role of CD99 in the
differentiation and activity of hOBs in physiological and
pathological conditions. HMCLs induce a reduction of CD99
expression in hOBs which display a less differentiated pheno-
type, suggesting a possible contribution of this molecule in
the impairment of osteoblastogenesis occurring in MM bone
disease. Indeed, by forcing the function of CD99 the hOBs
result more active in the expression of their differentiation
parameters.
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Lipopolysaccharide (LPS) is bacterial cell wall component capable of inducing osteoclast formation and pathological bone
resorption. Muramyl dipeptide (MDP), the minimal essential structural unit responsible for the immunological activity of
peptidoglycans, is ubiquitously expressed by bacterium. In this study, we investigated the effect of MDP in LPS-induced osteoclast
formation and bone resorption. LPS was administered with or without MDP into the supracalvariae of mice. The number of
osteoclasts, the level of mRNA for cathepsin K and tartrate-resistant acid phosphatase (TRAP), the ratio of the bone destruction
area, the level of tartrate-resistant acid phosphatase form 5b (TRACP 5b), and C-terminal telopeptides fragments of type I collagen
as amarker of bone resorption inmice administrated both LPS andMDPwere higher than those inmice administrated LPS orMDP
alone. On the other hand, MDP had no effect on osteoclastogenesis in parathyroid hormone administrated mice. MDP enhanced
LPS-induced receptor activator of NF-𝜅B ligand (RANKL) expression and Toll-like receptor 4 (TLR4) expression in vivo and in
stromal cells in vitro. MDP also enhanced LPS-induced mitogen-activated protein kinase (MAPK) signaling, including ERK, p38,
and JNK, in stromal cells.These results suggest that MDPmight play an important role in pathological bone resorption in bacterial
infection diseases.

1. Introduction

Lipopolysaccharide (LPS) is a major component of the cell
wall of Gram-negative bacteria and is a well-known potent
inducer of inflammation and inflammatory bone loss [1–5].
LPS is known to induce the production of many local factors,
including proinflammatory cytokines, such as TNF-𝛼 and
IL-1, from macrophages or other cells involved in mediating
the inflammatory response in tissues [6]. There is reason
to suggest that osteoclast recruitment could be central to
diseases involving bone erosion, such as rheumatoid arthritis
[7], periprosthetic bone loss [8], postmenopausal osteoporo-
sis, [9] and periodontal disease [2]. Osteoclasts derived from

bone marrow cells regulate bone resorption and remodeling
[10]. Such osteoclast formation and activation require the
expression of two factors: receptor activator of NF-𝜅B ligand
(RANKL) and macrophage colony stimulating factor (M-
CSF) [11]. Furthermore, tumor necrosis factor- (TNF-) 𝛼 has
also been reported to induce osteoclast formation in vitro [12–
14] and in vivo [15, 16]. These inflammatory cytokines have
been linked with LPS-induced osteoclast formation and bone
destruction in vivo and in vitro [2, 17–20].

Peptidoglycan (PGN) is another major component
of bacterial cell membranes. Muramyl dipeptide (MDP),
the minimal essential structural unit responsible for the
immunological activity of PGNs, is distributed ubiquitously
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in the cell walls of both Gram-negative and Gram-positive
bacteria. It has been reported thatMDP can enhance the pro-
duction of TNF-𝛼when injected into mice [21] and can cause
lethal shock in mice challenged with LPS [22]. In addition,
MDPhas been shown to synergistically enhance LPS-induced
proinflammatory cytokine production in human monocyte
cells [23]. MDP alone cannot induce osteoclast formation in
mouse cocultures of primary osteoblasts and hematopoietic
cells; however, it can enhance osteoclast formation induced
by LPS, IL-1𝛼, and TNF-𝛼 but not by 1𝛼,25-dihydroxy-
vitamin-D

3
(1𝛼,25(OH)

2
D
3
) or prostaglandin-E2 (PGE2).

Indeed, it has been shown that MDP can upregulate RANKL
expression in osteoblasts treated with LPS or TNF-𝛼 but not
those treated with 1𝛼,25(OH)

2
D
3
[24].

In this study, we show that MDP enhances LPS-induced
osteoclast formation in vivo and increases the expression of
RANKL in vivo and in stromal cell cultures in vitro. MDP
also enhances the LPS-induced expression of TLR4—a signal
transducing receptor for LPS—both in vivo and in stromal
cells in vitro. Finally, MDP enhances LPS-induced MAPK
signaling pathways in stromal cells.

2. Material and Methods

2.1. Mice and Reagents. Two- to 10-week-old male C57BL6/J
mice were purchased from CLEA Japan (Tokyo, Japan) for
use in this study. All animal procedures were in accor-
dance with Tohoku University regulations. Escherichia coli
LPS was purchased from Sigma-Aldrich (St. Louis, MO).
MDP (Peptide Institute, Inc., Osaka, Japan) was purchased
from Sigma-Aldrich. The following mouse antibodies were
obtained from Cell Signaling Technology Inc. (Beverly,
MA): polyclonal anti-phospho-p44/42ERK, anti-phospho-
JNK, anti-phospho-p38, anti-𝛽-Actin, and anti-rabbit IgG
horseradish peroxidase- (HRP-) linked antibodies.

2.2. Preparation for Histological Observation. Mice calvariae
were injected daily for 5 days with PBS, LPS alone (10 𝜇g/day
or 100 𝜇g/day, referred to as low or high, resp.), MDP
(100 𝜇g/day) alone, or LPS (10 𝜇g/day) andMDP (100 𝜇g/day)
(LPS + MDP). The mice were then sacrificed, and the
calvariae were immediately harvested and fixed overnight
in 4% paraformaldehyde at 4∘C. Samples were then dem-
ineralized in 14% ethylene-diaminetetraacetic acid for 3 days
at 4∘C. The sections were stained for TRAP activity and
counterstained with hematoxylin for analysis of osteoclast
formation. Osteoclasts were counted at the sagittal suture.
To cancel out any variations, the calvariae were divided into
three sections by the coronal plane. Osteoclasts in five sagittal
sutures per section were counted and averaged. In addition,
the percentage of interface of bone marrow space covered
by osteoclasts was histomorphometrically determined in
specimens derived from each sample.

2.3. Serum Tartrate-Resistant Acid Phosphatase 5b (TRACP
5b) Assay and Serum C-Terminal Telopeptide Fragments
of Type I Collagen Cross-Links (CTX) Assay. Serum was
obtained from mice after 5 days of daily LPS administra-
tion with or without MDP. The levels of TRACP 5b were

determined using a Mouse TRAP Assay kit (IDS, Tyne and
Wear, UK). TRACP 5b levels were measured at 405 nm using
an absorption microplate reader (model 550; Bio-Rad, Rich-
mond, CA). The levels of C-terminal telopeptide fragments
of type I collagen were determined using a Mouse CTX
Assay kit (IDS, Tyne and Wear, UK). C-terminal telopeptide
fragments of type I collagen levels were measured at 450 nm
using an absorption microplate reader (model 550; Bio-Rad,
Richmond, CA).

2.4. RNA Preparation and Real-Time Reverse-Transcription
Polymerase Chain Reaction (RT-PCR) Analysis In Vitro and
In Vivo. For in vitro experiments, bone marrow cells from
the femora and tibiae of mice were flushed with culture
medium. The harvested cells were incubated in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich) contain-
ing 10% fetal bovine serum, 100 IU/mL penicillin G (Life
Technologies, Carlsbad, CA), and 100 𝜇g/mL streptomycin
(Life Technologies). After 2 weeks of culture, cells were
washedwith PBS to remove floating cells. Adherent cells from
these cultures were used as bone marrow stromal cells in this
study. Adherent bonemarrow stromal cells were incubated in
culture medium supplemented with high or low LPS alone,
LPS +MDP, orMDP alone. After 3 days of culture, total RNA
was isolated from adherent cells using an RNeasy mini kit
(Qiagen, Valencia, CA).

For in vivo experiments, harvested calvariae were frozen
in liquid nitrogen, ground using a Micro Smash MS-100R
(TOMY SEIKO, Tokyo, Japan), and then centrifuged in
800 𝜇L of TRIzol Reagent (Invitrogen, Carlsbad, CA). RNA
was isolated from these samples using an RNeasy minikit
(Qiagen). All cDNA was synthesized from 2𝜇g of total RNA
using reverse transcriptase and oligo-dTprimers (Invitrogen)
in a reaction volume of 20𝜇L.ThemRNA expression levels of
TRAP, cathepsin K, RANKL, and TLR4 were quantified by
real-time RT-PCR using a Thermal Cycler Dice Real Time
System (Takara, Shiga, Japan). Reactions were performed
in a 25 𝜇L volume containing 2𝜇L of cDNA, 12.5 𝜇L of
SYBR Premix Ex Taq (Takara), and 25 pmol/𝜇L primers.
The cycling conditions were as follows: 95∘C for 10 s for
initial denaturation followed by 45 cycles of amplification,
with each cycle consisting of a denaturation step at 95∘C
for 5 s and an annealing step at 60∘C for 30 s. Gene expres-
sion levels were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA. The following primers
were used: for GAPDH, 5-GGTGGAGCCAAAAGGGTCA-
3 and 5-GGGGGCTAAGCAGTTG-GT-3; cathepsin K,
5-GCAGAGGTTGTACTATGA-3 and 5-GCAGGCGTT-
GTTCTTATT-3; TRAP, 5-AACTTGCGACCATTGTTA-
3 and 5-GGGGACCTTTCGTTGATGT-3; RANKL, 5-
CCTGAGGCCAGCCATTT-3 and 5-CTTGGCCCAGCC-
T-3; and TLR4, 5-CACTGTTCTTCTCCTGCCTGAC-3
and 5-TGGTTGAAGAAGGAATGTCATC-3.

2.5. Measurement of Bone Destruction. Calvariae were har-
vested and the soft tissues were carefully removed. Calvariae
were then fixed in PBS-buffered formaldehyde (4%) for 3
days at 4∘C and then washed with PBS for radiological
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Figure 1: Effects of muramyl dipeptide (MDP) on lipopolysaccharide- (LPS-) induced osteoclast formation in vivo. (a) Histological sections
of sutures of calvariae were obtained from mice after 5 days of daily supracalvarial injections of one of the following: PBS (A), 10𝜇g/day LPS
(B), 100 𝜇g/day MDP (C), 100𝜇g/day LPS (D), or 10𝜇g/day LPS + 100𝜇g/day MDP (E). Sections were stained with tartrate-resistant acid
phosphatase (TRAP) staining and counterstained with hematoxylin. Cells that stained red are considered to be TRAP-positive. Scale bars =
50 𝜇m. (b) The number of TRAP-positive cells with three or more nuclei in the calvariae (𝑛 = 4; ∗∗𝑃 < 0.01). (c) Histological sections of
calvariae were obtained frommice after 5 days of daily supracalvarial injections of one of the following: PBS (A), 10𝜇g/day LPS (B), 100𝜇g/day
MDP (C), 100𝜇g/day LPS (D), or 10𝜇g/day LPS + 100 𝜇g/day MDP (E). Scale bars = 100 𝜇m. (d) The percentage of bone/marrow interface
covered by osteoclasts was histomorphometrically determined in specimens (𝑛 = 4; ∗∗𝑃 < 0.01). (e) TRAP and cathepsin K mRNA levels in
mouse calvariae detected using real-time RT-PCR. Total RNA frommouse calvariae was isolated after 5 days of daily supracalvarial injections
of PBS, LPS (10𝜇g/day), MDP (100𝜇g/day), LPS (100𝜇g/day), or LPS (10𝜇g/day) +MDP (100𝜇g/day). mRNA levels for TRAP and cathepsin
K were normalized to GAPDH. Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05). Differences were determined using
Scheffe’s 𝐹 test.
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Figure 2: Osteoclast formation is dependent on muramyl dipeptide (MDP) concentration. (a) Osteoclast number in the sutures following
treatment with a low concentration of lipopolysaccharide (LPS) (10 𝜇g/day) with increasing concentrations of MDP for 5 days. Sections were
stained with tartrate-resistant acid phosphatase (TRAP) staining and counterstained with hematoxylin. Cells that stained red are considered
to be TRAP-positive. Scale bars = 50 𝜇m. (b) Number of TRAP-positive cells with three or more nuclei in the calvariae (𝑛 = 4; ∗∗𝑃 < 0.01).
(c) Osteoclast number in the bone/marrow interface following treatment with a low concentration of lipopolysaccharide (LPS) (10𝜇g/day)
with increasing concentrations of MDP for 5 days. Sections were stained with tartrate-resistant acid phosphatase (TRAP) staining and
counterstained with hematoxylin. Cells that stained red are considered to be TRAP-positive. Scale bars = 100𝜇m. (d) The percentage of
bone/marrow interface covered by osteoclasts was histomorphometrically determined in specimens (𝑛 = 4; ∗∗𝑃 < 0.01). Differences were
detected using Scheffe’s 𝐹 test.

analysis. Microfocus computed tomography (ScanXmate-
E090; Comscan, Kanagawa, Japan) was used to assay the
bone resorption pits in the calvariae, and TRI/3D-BON64
software (RATOC System Engineering, Tokyo, Japan) was
used to build three-dimensional reconstruction images of
the calvariae. The ratio of bone destruction to total area was
calculated using ImageJ (NIH, Bethesda, MD).

2.6. Immunoblotting for Analysis of MAPK Signaling. Stromal
cells were cultured in serum-free DMEM for 3 h before
treatment with LPS and/or MDP for the various durations,
as indicated. Treated cells were washed twice with ice-cold
PBS and then lysed in lysis buffer (Cell Signaling Technology)
containing a protease inhibitor mixture. Cell lysates (30 𝜇g)
were boiled in the presence of lithium dodecyl sulfate
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Figure 3: Muramyl dipeptide (MDP) enhances lipopolysaccharide- (LPS-) induced bone destruction in mouse calvariae. (a) Microfocus
computed tomography reconstruction images of mouse calvariae harvested after 5 days of daily administration of PBS (A), 10𝜇g/day LPS
(B), 100𝜇g/day MDP (C), 100 𝜇g/day LPS (D), or 10 𝜇g/day LPS + 100 𝜇g/day MDP (E). Red areas indicate larger areas of bone destruction.
(b) Ratio of bone destruction area to total area. Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05). Differences were
determined using Scheffe’s 𝐹 test. (c) Levels of TRACP 5b in mouse serum in vivo. Serum was obtained from mice after five days of daily
administration into the calvariae. Circulating levels of tartrate-resistant acid phosphatase (TRACP 5b) were determined by enzyme-linked
immunosorbent assay (ELISA). Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01). (d) Levels of C-terminal telopeptide fragments of
type I collagen in mouse serum in vivo. Circulating levels of C-terminal telopeptide fragments of type I collagen were determined by Mouse
CTX Assay kit. Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05). Differences were determined using Scheffe’s 𝐹 test.

sample buffer (Life Technologies) for 5min and subjected to
SDS polyacrylamide gel electrophoresis using 4–15% Mini-
PROTEANTGX gels (Bio-Rad, Hercules, CA). Proteins were
transferred to nitrocellulose membranes using Trans-Blot
Turbo (Bio-Rad) and incubated in blocking solution (5%
bovine serum albumin in Tris-buffered saline containing
0.05%Tween-20) for 1 h to reduce nonspecific binding.Mem-
braneswere then exposed to primary antibodies for 1 h at 4∘C,
washed four times, and then incubated with anti-rabbit IgG
HRP-conjugated secondary antibody for 30min. Membranes
were again washed extensively and then incubated with

enhanced chemiluminescence detection using Supersignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, Wilmington, DE).

2.7. Statistical Analysis. All data are expressed as the mean ±
SD. Statistical analyses were performed using Scheffe’s 𝐹 test.

3. Results

3.1. MDP Enhances LPS-Induced Osteoclastogenesis in Mouse
Calvariae. LPS was administered with or without MDP into
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the supracalvariae of mice to analyze the effect of MDP
on LPS-induced osteoclastogenesis in vivo. In the high LPS
(100 𝜇g/day) group and the LPS + MDP group, numerous
osteoclasts were observed. In comparison, significantly fewer
osteoclasts were observed in the low LPS (10 𝜇g/day), MDP
alone, or PBS groups (Figures 1(a), 1(b), 1(c), and 1(d)).

Real-time RT-PCR was undertaken to analyze cathepsin
K and TRAP mRNA levels—two markers of osteoclasts.
We found that both cathepsin K and TRAP mRNA were
significantly higher in the LPS + MDP group and the high
LPS group as compared with the low LPS group (Figure 1(e)).

3.2. Concentration-Dependent Increase in Osteoclastogenesis.
To further analyze the effect of MDP on LPS-induced osteo-
clast formation in vivo, LPS (10 𝜇g/day) was injected into
mouse calvariae with increasing concentrations of MDP (0,
1, 10, and 100 𝜇g). We found that higher MDP concentrations
led to an increase in osteoclast number in a dose-dependent
manner (Figure 2).

3.3. MDP Enhances LPS-Induced Bone Destruction in Supra-
calvariae. We next used microfocus computed tomography
to assess the degree of bone destruction observed in the
calvariae of mice administered with LPS (Figure 3(a)). We
found significantly more bone destruction in the high LPS
group as compared with the PBS group. In addition, bone
destruction in the LPS + MDP group was higher than
that in the low LPS group (Figure 3(b)). This increased
bone destruction was corroborated by the TRACP 5b serum
analysis, where we found that TRACP 5b was increased in
the high LPS group as compared with that in the PBS, low
LPS, and MDP only groups. Moreover, TRACP 5b serum
levels were higher in the LPS + MDP group than in the PBS,
low LPS, and MDP only groups (Figure 3(c)). C-terminal
telopeptide fragments of type I collagen serum levels were
also higher in the LPS + MDP group than in the PBS, low
LPS, and MDP only groups (Figure 3(d)).

3.4. MDP Enhances LPS-Induced RANKL Expression In Vivo.
RANKL was related to the osteoclast formation. We found
that RANKL mRNA was elevated in the high LPS and LPS +
MDPgroups as comparedwith PBS, low LPS, andMDP alone
groups. MDPwas thus able to enhance LPS-induced RANKL
expression in vivo (Figure 4).

3.5. MDP Enhances LPS-Induced RANKL Expression in Stro-
mal Cells. Bonemarrow stromal cells were cultured for 3 days
in the presence of LPS with or without MDP to ascertain
the effect of these two additives on RANKL expression in
stromal cell cultures in vitro. We found elevated RANKL
mRNA expression in the high LPS group as compared with
the PBS, low LPS, and MDP alone groups. Similarly, RANKL
mRNA was significantly higher in the LPS + MDP group as
compared with the PBS and low LPS groups (Figure 5).

3.6. Effect of MDP on Parathyroid Hormone- (PTH-) Induced
Osteoclastogenesis in Mouse Calvariae. PTH stimulates
RANKL expression by osteoblasts and thus indirectly stimu-
lates osteoclastogenesis. We therefore sought to ascertain if
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Figure 5: Enhancing lipopolysaccharide- (LPS-) induced recep-
tor activator of NF-𝜅B ligand (RANKL) expression by muramyl
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PTH could similarly be enhanced byMDP. PTH (100 𝜇g/day)
was administered with or without MDP into mouse
supracalvaria to analyze the effect of MDP on PTH-induced
osteoclastogenesis in vivo.We observed numerous osteoclasts
with the higher concentration of PTH (10 𝜇g/day), which
was significantly diminished in mice treated with low-dose
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Figure 6: Continued.
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Figure 6: Effects of muramyl dipeptide (MDP) on parathyroid hormone- (PTH-) induced osteoclast formation in vivo. (a) Histological
sections of sutures of calvariae were obtained from mice after 5 days of daily supracalvarial administration with PBS (A), 1𝜇g/day PTH
(B), 100𝜇g/day MDP (C), 10𝜇g/day PTH (D), or 1𝜇g/day PTH and 100𝜇g/day MDP (E). Sections were stained with tartrate-resistant acid
phosphatase (TRAP) staining and counterstained with hematoxylin. Cells that stained red are considered to be TRAP-positive. Scale bars =
50 𝜇m. (b) Number of TRAP-positive cells with three or more nuclei in the calvariae (𝑛 = 4; ∗∗𝑃 < 0.01). (c) Histological sections of calvariae
were obtained from mice after 5 days of daily supracalvarial administration with PBS (A), 1𝜇g/day PTH (B), 100 𝜇g/day MDP (C), 10𝜇g/day
PTH (D), or 1 𝜇g/day PTH and 100 𝜇g/day MDP (E). Sections were stained with tartrate-resistant acid phosphatase (TRAP) staining and
counterstained with hematoxylin. Cells that stained red are considered to be TRAP-positive. Scale bars = 100𝜇m. (d) The percentage of
bone/marrow interface covered by osteoclasts was histomorphometrically determined in specimens (𝑛 = 4; ∗∗𝑃 < 0.01). (e) TRAP and
cathepsin K mRNA levels in mouse calvariae were detected using real-time RT-PCR. Total RNA from mouse calvariae was isolated after 5
days of daily supracalvarial injections, as in (a). RNA levels for TRAP and cathepsin K were normalized to those of GAPDH. Results are
expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05). (f) Expression levels of RANKL mRNA in mouse calvariae in vivo. Total RNA
frommouse calvariae was isolated after 5 days of daily supracalvarial injections, as in (a). mRNA levels for RANKL were normalized to those
of GAPDH. Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01; ∗𝑃 < 0.05). Differences were determined using Scheffe’s 𝐹 test.

PTH (1 𝜇g/day), PTH (1𝜇g/day) + MDP, MDP alone, or PBS
(Figures 6(a), 6(b), 6(c), and 6(d)). Cathepsin K and TRAP
mRNA levels were significantly increased in the high PTH
group as compared with the PTH + MDP, PBS, low PTH,
and MDP alone groups (Figure 6(e)).

3.7. Effect ofMDPonRANKLExpression in PTH-Administered
Mice. Mice calvariae were injected daily for 5 days with PTH
(1 𝜇g) +MDP (100 𝜇g) in a 100 𝜇L volume of PBS or separately
with high PTH (10𝜇g), low PTH (1 𝜇g),MDP (100 𝜇g), or PBS
alone to ascertain the effect of these compounds on RANKL.
We found that RANKL mRNA was higher in the high PTH
group than in the PTH +MDP, PBS, low PTH, orMDP alone
groups (Figure 6(f)).

3.8. MDP Enhanced LPS-Induced TLR4 Expression In Vivo.
We next determined the effect of MDP on LPS- and PTH-
induced TLR4 expression, a receptor for LPS. We found that
TLR4 mRNA expression levels were higher in the high LPS
and LPS + MDP groups than in the PBS, low LPS, and
MDP alone groups. On the other hand, PTH did not induce
TLR4 mRNA andMDP did not enhance TLR4 mRNA in the
presence of PTH (Figure 7).

3.9. MDP Enhanced LPS-Induced TLR4 Expression in Stromal
Cells. Bone marrow stromal cells were cultured for 3 days in

LPS or PTHwith or without MDP. In these cultures, we show
that TLR4mRNAwith high LPS (100 ng/mL)was higher than
that in the PBS, low LPS (10 ng/mL), or MDP alone groups.
In addition, TLR4mRNA expression in the LPS (10 ng/mL) +
MDP group was significantly higher than that in the PBS and
low LPS (10 ng/mL) groups. As seen in the in vivo analysis,
PTH was also unable to induce TLR4 mRNA in stromal cells
and this could not be recovered with the coadministration of
MDP (Figure 8).

3.10. MDP Enhanced LPS-Induced MAPK Signaling Pathway
in Stromal Cells. Finally, we sought to explore the molecular
mechanisms through which MDP enhances LPS-activated
signaling. We showed that LPS activated ERK, P38, and JNK
in mouse bone marrow stromal cells after 15min incubation.
MDP alone was unable to induce phosphorylation of any of
the kinases; however, MDP enhanced LPS-induced phospho-
rylation of all three kinases after just 15min of incubation
(Figure 9).

4. Discussion

In this study, we evaluated the effect of MDP in LPS-
induced osteoclast formation and bone resorption in vivo.
To our knowledge, this is the first time that this analysis has
been reported. We found that MDP enhances LPS-induced
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Figure 7: Enhancing lipopolysaccharide- (LPS-) induced Toll-
like receptor (TLR4) expression using muramyl dipeptide (MDP)
in vivo. Total RNA from mouse calvariae was isolated after 5
days of daily supracalvarial injections of PBS, PTH (1𝜇g/day),
PTH (10 𝜇g/day), PTH (1𝜇g/day) + MDP (100𝜇g/day), MDP
(100𝜇g/day), LPS (10𝜇g/day), LPS (100𝜇g/day), or LPS (10𝜇g/day) +
MDP (100𝜇g/day). mRNA levels for TLR4were normalized to those
of GAPDH. Results are expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 <
0.01; ∗𝑃 < 0.05). Differences were determined using Scheffe’s 𝐹 test.

osteoclast formation and bone resorption and also enhances
LPS-induced RANKL and TLR4 expression in vivo and in
stromal cell in vitro. Furthermore, MDP enhanced LPS-
induced phosphorylation of ERK, p38, and JNK kinases in
stromal cells, although MDP alone could not induce their
activity.

It has been reported that LPS can induce osteoclast
formation and bone resorption in certain clinical conditions,
such as periodontal diseases [2, 25]. We have previously
shown that osteoclasts can be induced in calvariae [26] and
in periodontal membrane tissues [27] in the presence of LPS.
Yang et al. [24] showed that MDP enhances LPS-induced
osteoclast formation when cocultured with osteoblasts in
vitro. In the present study, we evaluated whether MDP
could enhance LPS-induced osteoclast formation and bone
resorption in vivo. First, we analyzed the amount of LPS
required for osteoclast formation. We found that a daily
injection of 100 𝜇g/day for 5 days was sufficient to induce
osteoclasts in vivo, but not with injections of 10 𝜇g/day for
5 days. Next, to analyze the effect of MDP on LPS-induced
osteoclastogenesis in vivo, the lower concentration of LPSwas
administeredwith orwithoutMDP intomouse supracalvaria.
We found increased numbers of osteoclasts and an elevated
expression of osteoclast markers (cathepsin K and TRAP)
with high LPS (100𝜇g/day) and with low LPS (10 𝜇g/day) plus
MDP but not with low LPS (10 𝜇g/day) or MDP alone or with
the vehicle, PBS.These results suggest that MDP can enhance
LPS-induced osteoclast formation in vivo.
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Figure 8: Enhancing lipopolysaccharide- (LPS-) induced Toll-like
receptor (TLR4) expression using muramyl dipeptide (MDP) in
vitro. Total RNA from bone marrow stromal cells was isolated after
4 days of incubation in culture medium supplemented with 1 ng/mL
PTH, 10 ng/mL PTH, 1 ng/mL PTH and 10 𝜇g/mL MDP, 10 𝜇g/mL
MDP, 100 ng/mL LPS, or 10 ng/mL LPS + 10 𝜇g/mL MDP. mRNA
levels for TLR4 were normalized to those of GAPDH. Results are
expressed as the mean ± SD (𝑛 = 4; ∗∗𝑃 < 0.01). Differences were
determined using Scheffe’s 𝐹 test.

Furthermore, we evaluated whether MDP could enhance
LPS-induced bone resorption. Bone destruction was ob-
served using microfocus computed tomography images.
Serum TRACP 5b levels with LPS (10 𝜇g) plus MDP were
higher than that in the LPS only group. These results
suggest that MDP enhances LPS-induced bone resorption.
Kishimoto et al. [28] investigated the effect of PGN on
LPS-induced osteoclast formation and bone resorption and
found that PGN significantly induced osteoclast formation
and bone resorption in mice coinjected with LPS. MDP
is the minimal essential structural unit responsible for the
immunological activity of PGN [29]. Thus, it is likely that
MDPmight be the key component in LPS-induced osteoclast
formation and bone resorption as mediated by PGN.

LPS has also been reported to stimulate osteoblast pro-
duction/secretion of RANKL [30]. In the present study, we,
too, found elevated RANKL mRNA levels in the high-dose
LPS group as compared with the control groups both in vivo
and in vitro, indicating that LPS induced RANKL expression
in stromal cells. Yang et al. also examined osteoblasts cultured
in the presence of LPS with or without MDP. They showed
that MDP stimulated the LPS-induced expression of RANKL
mRNA [24]. Our results with stromal cells support these
previous findings. However, we showed that MDP alone
could not induce RANKL expression either in vitro or in vivo,
suggesting that MDP enhances the effect of LPS.

PTH stimulates RANKL expression by osteoblasts and
thus promotes osteoclastogenesis [31–35]. We also evalu-
ated whether MDP could enhance PTH-induced osteoclast
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Figure 9: Effect of muramyl dipeptide (MDP) on lipopolysaccha-
ride- (LPS-) induced mitogen-activated protein kinase (MAPK)
signaling in mouse stromal cell in vitro. (a) Stromal cells were
stimulated using LPS (100 ng/mL) as indicated. Cells were then lysed
and analyzed by western blotting. (b) Stromal cells were stimulated
using PBS, LPS (10 ng/mL), MDP (10𝜇g/mL), LPS (100 ng/mL), or
LPS (10 ng/mL) +MDP (10 𝜇g/mL) for 15min. Cells were then lysed
and analyzed by western blotting.

formation and bone resorption. In the present study, PTH
induced osteoclast formation and bone resorption in mouse
calvariae. However, MDP could not enhance PTH-induced
osteoclast formation and bone resorption. The results sug-
gested that although MDP affects LPS-induced signaling it
cannot affect PTH-induced signaling.

TLR4 induces the natural host defense system by rapidly
triggering proinflammatory processes [36–38]. LPS is recog-
nized by TLR4 on the cell surface [39, 40]. In this study, we
found that LPS enhances TLR4 expression inmouse calvariae
and in stromal cell culture. PTH, however, could not enhance
TLR4 expression. We hypothesize that this phenomenon
might increase the sensitivity of LPS in cells. Furthermore,
we found that MDP could enhance LPS-induced TLR4
expression in vivo and in stromal cells. These results provide
further support for the premise that MDP enhances LPS
signaling, and its signaling through TLR4 may be how MDP
enhances the effects of LPS.

Cyclooxygenase- (COX-) 2 and PGE2 are reportedly
increased in dental pulp fibroblasts by costimulation with
NOD1 or NOD2 ligands and TLR2 or TLR4 ligands.
Furthermore, the production of IL-1𝛽, IL-6, and IL-8 in
these fibroblasts is accelerated by costimulation with these

ligand combinations through the increased expression of
TRAF6 [41]. It has been reported that MDP synergistically
enhances osteoclast induction by LPS, IL-1𝛼, and TNF-𝛼
through increased RANKL expression in osteoblasts [24].
Bandow et al. [42] and Nakao et al. [43] have also shown
that LPS activates the phosphorylation of ERK, P38, and
JNK in osteoblasts. We corroborated these results, showing
that LPS activates all three kinases in mouse bone marrow
stromal cells. Yang et al. [24] also showed that LPS stimulated
ERK1/2 phosphorylation in osteoblasts and that this could be
enhanced by MDP. However, they did not check the effect of
LPS on other MAPKs, such as p38 and JNK. We found that
MDP enhanced the phosphorylation of ERK, p38, and JNK
that was induced by LPS in stromal cells. Yet, MDP alone was
unable to activate MAPKs. Although these results provide
some insight into the signaling pathways activated by LPS,
the exact mechanism by which MDP enhances LPS signaling
is unclear, and further studies are needed to clarify this point.

5. Conclusions

We found thatMDP enhances LPS-induced osteoclast forma-
tion, as measured by increased RANKL and TLR4 expression
in vivo and in vitro. Our findings suggest thatMDPmight play
an important role in pathological bone resorption in diseases
with associated bacterial infections, such as periodontitis.
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Wagner, and G.M. Hänsch, “Lipopolysaccharides (LPS) induce
the differentiation of human monocytes to osteoclasts in a
tumour necrosis factor (TNF) 𝛼-dependent manner: a link
between infection and pathological bone resorption,”Molecular
Immunology, vol. 45, no. 12, pp. 3330–3337, 2008.

[21] H. Takada, S. Yokoyama, and S. Yang, “Enhancement of endo-
toxin activity by muramyldipeptide,” Journal of Endotoxin
Research, vol. 8, no. 5, pp. 337–342, 2002.

[22] H. Takada and C. Galanos, “Enhancement of endotoxin lethal-
ity and generation of anaphylactoid reactions by lipopolysac-
charides in muramyl-dipeptide-treated mice,” Infection and
Immunity, vol. 55, no. 2, pp. 409–413, 1987.

[23] S. Yang, R. Tamai, S. Akashi et al., “Synergistic effect of
muramyldipeptide with lipopolysaccharide or lipoteichoic acid
to induce inflammatory cytokines in human monocytic cells in
culture,” Infection and Immunity, vol. 69, no. 4, pp. 2045–2053,
2001.

[24] S. Yang, N. Takahashi, T. Yamashita et al., “Muramyl dipeptide
enhances osteoclast formation induced by lipopolysaccharide,
IL-1𝛼, and TNF-𝛼 through nucleotide-binding oligomeriza-
tion domain 2-mediated signaling in osteoblasts,” Journal of
Immunology, vol. 175, no. 3, pp. 1956–1964, 2005.

[25] J. Slots and R. J. Genco, “Black-pigmented Bacteroides species,
Capnocytophaga species, and Actinobacillus actinomycetem-
comitans in human periodontal disease: virulence factors in
colonization, survival, and tissue destruction,” Journal of Dental
Research, vol. 63, no. 3, pp. 412–421, 1984.

[26] K. Kimura, H. Kitaura, T. Fujii, Z. W. Hakami, and T. Takano-
Yamamoto, “Anti-c-Fms antibody inhibits lipopolysaccharide-
induced osteoclastogenesis in vivo,” FEMS Immunology and
Medical Microbiology, vol. 64, no. 2, pp. 219–227, 2012.

[27] K. Kimura, H. Kitaura, T. Fujii, M. Ishida, Z. W. Hakami, and T.
Takano-Yamamoto, “An anti-c-Fms antibody inhibits osteoclas-
togenesis in a mouse periodontitis model,” Oral Diseases, vol.
20, no. 3, pp. 319–324, 2014.

[28] T. Kishimoto, T. Kaneko, T. Ukai et al., “Peptidoglycan and
lipopolysaccharide synergistically enhance bone resorption and
osteoclastogenesis,” Journal of Periodontal Research, vol. 47, no.
4, pp. 446–454, 2012.

[29] J. J. Oppenheim, A. Togawa, L. Chedid, and S. Mizel, “Com-
ponents of mycobacteria and muramyl dipeptide with adjuvant
activity induce lymphocyte activating factor,”Cellular Immunol-
ogy, vol. 50, no. 1, pp. 71–81, 1980.

[30] T. Kikuchi, T. Matsuguchi, N. Tsuboi et al., “Gene expression of
osteoclast differentiation factor is induced by lipopolysaccha-
ride in mouse osteoblasts via Toll-like receptors,”The Journal of
Immunology, vol. 166, no. 5, pp. 3574–3579, 2001.

[31] N. J. Horwood, J. Elliott, T. J. Martin, and M. T. Gillespie,
“Osteotropic agents regulate the expression of osteoclast dif-
ferentiation factor and osteoprotegerin in osteoblastic stromal
cells,” Endocrinology, vol. 139, no. 11, pp. 4743–4746, 1998.

[32] K. Itoh, N. Udagawa, K. Matsuzaki et al., “Importance of
membrane- ormatrix-associated forms ofM-CSF and RANKL/
ODF in osteoclastogenesis supported by SaOS-4/3 cells express-
ing recombinant PTH/PTHrP receptors,” Journal of Bone and
Mineral Research, vol. 15, no. 9, pp. 1766–1775, 2000.

[33] M. Kanzawa, T. Sugimoto, T. Kobayashi, A. Kobayashi, and K.
Chihara, “Association between parathyroid hormone (PTH)/
PTH-related peptide receptor gene polymorphism and the
extent of bone mass reduction in primary hyperparathy-
roidism,” Hormone and Metabolic Research, vol. 32, no. 9, pp.
355–358, 2000.



12 Journal of Immunology Research

[34] S.-K. Lee and J. A. Lorenzo, “Parathyroid hormone stimulates
TRANCE and inhibits osteoprotegerin messenger ribonucleic
acid expression in murine bone marrow cultures: correlation
with osteoclast-like cell formation,” Endocrinology, vol. 140, no.
8, pp. 3552–3561, 1999.

[35] K. Tsukii, N. Shima, S.-I. Mochizuki et al., “Osteoclast differen-
tiation factor mediates an essential signal for bone resorption
induced by 1𝛼,25-dihydroxyvitamin D

3
, prostaglandin E

2
, or

parathyroid hormone in the microenvironment of bone,” Bio-
chemical and Biophysical Research Communications, vol. 246,
no. 2, pp. 337–341, 1998.

[36] B. Beutler, “TLR4 as themammalian endotoxin sensor,”Current
Topics in Microbiology and Immunology, vol. 270, pp. 109–120,
2002.

[37] B. Beutler, Z. Jiang, P. Georgel et al., “Genetic analysis of host
resistance: toll-like receptor signaling and immunity at large,”
Annual Review of Immunology, vol. 24, pp. 353–389, 2006.
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Bone diseases are associated with great morbidity; thus, the understanding of the mechanisms leading to their development
represents a great challenge to improve bone health. Recent reports suggest that a large number of molecules produced by immune
cells affect bone cell activity. However, the mechanisms are incompletely understood. This review aims to shed new lights into the
mechanisms of bone diseases involving immune cells. In particular, we focused our attention on the major pathogenic mechanism
underlying periodontal disease, psoriatic arthritis, postmenopausal osteoporosis, glucocorticoid-induced osteoporosis, metastatic
solid tumors, and multiple myeloma.

1. Introduction

Bone is an active tissue that undergoes continuous remod-
elling by two distinct processes, bone formation and bone
resorption [1]. These events are strongly linked and tightly
regulated to maintain skeletal homeostasis [2]. The bone
cells responsible for the dual processes include the bone
resorbing cells, that is, the osteoclasts (OCs), which are
differentiated cells derived from hematopoietic cells of the
monocyte-macrophage lineage and bone forming cells, that
is, the osteoblasts (OBs), which are of mesenchymal origin.
Alteration of the differentiation/activity of OCs as well as
OBs leads to bone diseases. The close relationship between
the bone and the immune system has been increasingly
recognized, in particular during pathological conditions in
which activation of both systems occurs [3]. It is known that
inflammation increase leads to an augment in the immune
function, which culminates in an increased production of
tumour necrosis factor (TNF) or receptor activator of NF-
kB ligand (RANKL) by activated T cells, that has been
linked to bone loss associated diseases (inflammatory and
autoimmune disease, postmenopausal osteoporosis). Differ-
ent studies have been performed to identify the T cell subset

involved in osteoclastogenesis. In general, T cells could be
classified as effector-cytotoxic T population (CD8+ cells) and
helper T cells (CD4+ cells). CD4+ T cells, upon activation
and expansion, develop into diverse T helper (Th) cell subsets
secreting signature cytokine profiles and mediating distinct
effector functions [4]. Until recently, T cells were divided
into Th1 or Th2 cells, depending on the cytokines they
produced (with Th1 producing IFN-gamma and IL-2 and
Th2 producing primarily IL-4/IL-5/IL-10). Regulatory T cells
(Tregs, CD4+CD25+Foxp3+) potently inhibit the function of
effector T cells [4]. A third subset of IL-17-producing effector
T helper cells, called Th17 cells, has been more recently dis-
covered and characterized. Th17 cells produce IL-17, IL-17F,
and IL-22, thereby inducing a massive tissue reaction owing
to the broad distribution of the IL-17 and IL-22 receptors.
Th17 cells support OC formation mostly through the expres-
sion of IL-17, which is recognized to induce RANK expression
on OC precursors as well as RANKL production by cells sup-
porting OC formation [4, 5]. IL-17 also makes possible local
inflammation through the recruitment and the activation
of immune cells, leading to the release of proinflammatory
molecules, as IL-1 and TNF𝛼 [4]. These proinflammatory
molecules increase RANKL expression and synergize with
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RANKL signalling to maximize OC formation. A relatively
high expression of RANKL onTh17 cells may also participate
in the enhanced osteoclastogenesis. Collectively, Th17 cells
can be considered an osteoclastogenic Th subset; however,
they are not the only ones. In fact, activated T cells, expressing
high RANKL levels, have the ability to directly induce OC
differentiation by acting on OC precursor cells [6].

However, because T cells/immune cells also secrete a
variety of cytokines and express membrane-bound factors
other than RANKL, which could support OC formation,
mainly in pathological condition; this issue might be further
explored, together with the mechanisms that could modulate
their expression.

We describe recent efforts highlighting the prominent
role of immune system in the alteration of bone remod-
elling, thus favouring the development of many bone dis-
eases, such as periodontal disease (PD), psoriatic arthri-
tis (PsA), postmenopausal osteoporosis, glucocorticoid-
induced osteoporosis (GIO), metastatic solid tumors, and
multiple myeloma (MM).

PeriodontalDisease. PD is a common complex infection of the
oral cavity that specifically affects the gingiva, the periodontal
ligament, and the alveolar bone. It is characterized by an
inflammatory response to bacteria present in the gingival
pocket [7] and may remain confined to the gingiva or may
progress to extreme periodontal destruction with the loss
of the alveolar bone. PD is the main cause of tooth loss
among adults and is associated with important alteration
in facial aesthetics and defeat of masticatory and phonetics
function [8]. It is also well recognized that the presence of
only pathogenic bacteria is insufficient to PD. Progression
of this disease occurs due to a combination of factors,
including the presence of periodontopathic bacteria, high
levels of proinflammatory cytokines (IL-1, TNF𝛼, IL-4, IL-
6, IL-8, and IL-11), prostaglandin E2 (PGE

2
), low levels of

anti-inflammatory cytokines including IL-10, transforming
growth factor (TGF-𝛽), and retinoic acid [9]. Genetic factors
increase the susceptibility of some individuals in developing
this inflammatory disease. It has been supported by reports
of familial aggregation of severe forms of the disease [10], and
twin studies [11]. Recent candidate gene studies for periodon-
tal disease have focused on genes related to host immunity
and inflammatory response such as cytokines, cell-surface
receptors, chemokines, enzymes, and antigen recognition.
Histological examination of periodontitis lesions reveals that
the granulocytes appear to play a key role in the main-
tenance of the periodontal health. These cells are present
in the junctional epithelium in large numbers and they
isolate tissues from the bacteria action; thus, severe forms of
periodontitis frequently affect patients with diseases such as
leukocyte adhesion deficiency and neutropenia. The failure
of granulocytes to transmigrate into the endothelium results
in an increase on the inflammatory response and reduces
the protective response against periodontal pathogens. In the
presence of active disease, the epithelial migration causes
a deep periodontal pocket resulting in bacterial invasion,
inflammation, and destruction of the connective tissue, with
subsequent bone loss and possible tooth loss. Langerhans

cells and dendritic cells of bone marrow origin, that are
located within the epithelium, are a connecting link with
acquired immunity. The adaptive immune response is acti-
vated when the epithelial barrier, with its innate system,
is penetrated. The dendritic cells participate to the innate
inflammatory response and moreover they capture and
present antigens to B and T cells of the acquired immune
system [12]. Activated CD4 T helper cells produce subsets
of cytokines with different immune responses: Th1 and
Th2 cells, respectively, associated with cellular and humoral
immunity [13]. The recently described Th17 and Treg cells
have antagonistic roles as effector and suppressive cells [8].
B cells differentiate into plasma cells producing specific
antibodies. Thus, tissues affected by periodontitis become
colonized with both lymphocytes subtypes with B cells being
more represented than T cells. In a not progressive lesion,
IFN-𝛾 increases the phagocytic activity of both neutrophils
andmacrophages and hence contains the infection. In case of
a reduced innate immune response, a consequent weak Th1
responsemay not contain infection.Moreover, activatedmast
cells determine aTh2 response, B cell activation, and antibody
production.The antibodies can control the infection or, as in
the case of production of IgG2 in large amount, the lesion will
persist. Sustained B cell activation may lead to IL-1 secretion
and periodontal disease progression. Th17 cells have been
identified in the periodontal tissues. IL-17 mainly produced
by Th17 has been shown to stimulate epithelial, endothelial,
and fibroblastic cells to produce IL-6, IL-8, and PGE

2
, thus

sustaining the disease progression. In addition, IL-17 induces
RANKL production by osteoblasts stimulating bone resorp-
tion. It has been demonstrated that periodontitis bacteria
induce a significant increase in the production of IL-17 [14].
According to recent studies, IL-17 significantly enhances
RANKL and inhibits osteoprotegerin (OPG) expression in
human periodontal ligament cells [15]. It has been hypoth-
esized thatTh17 cells may be involved inTh1modulation and
enhanced inflammatory mediators’ production by gingival
fibroblasts in periodontal disease. Circulating T cells express
high levels of RANKL and spontaneously promote osteoclas-
togenesis in patients [16].Th1 andTh17 cells, as well as B cells,
increase RANKL expression [17].Other studies demonstrated
that also B cells produce RANKL in response to periodontal
pathogen stimulation [17]. Contrarily, Treg cells decrease
RANKL secretion whereas TGF-𝛽 stimulates Treg cell differ-
entiation.This process is supported by retinoic acid and coun-
teracted by IL-6 and IL-1. In chronic inflammatory disease
as PD, retinoic acid levels are suppressed and Treg activity is
inhibited in favor ofTh17 pathogenic effect [18]. In PD, proin-
flammatory cytokines overcome anti-inflammatory ones, and
Th17 cells surmount Treg: this inflammatory state determines
the destruction of connective tissue and alveolar bone.

Psoriatic Arthritis. Psoriasis is a chronic inflammatory disease
of the skin; a considerable part of patients with psori-
asis develops an inflammatory arthritis characterized by
increased bone remodeling with osteolysis called PsA [19].

The mechanisms responsible for the development of the
PsA should be better explained, but the immune system plays
the main role in the pathogenesis of this disorder, that has to
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be considered as a chronic inflammation. Therefore, patients
with psoriasis have elevated levels of circulating neutrophils.
TheThcells play an important role; in particular,Th1 andTh17
are involved in the pathogenesis of the disease. PsA is char-
acterized by T and B cell infiltrates and neoangiogenesis in
the synovial membrane and by the overexpression of inflam-
matory cytokines. PsA synovitis is indicated by hyperplasia
of the synovial lining cells and mononuclear cell infiltration.
Moreover, ectopic lymphoid neogenesis appears. Fibroblasts
and T cells in PsA synovial fluid induce osteoclastogenesis
and bone resorption, mediated by RANKL, TNF-𝛼, and IL-7
[37]. Inflammatory cytokine set such as TNF-𝛼, IL-1𝛽, IL-10,
IFN-𝛾, IL-12, IL-15, IL-17, and IL-18 were highly expressed in
synovial fluid of PsA patients, while fibroblasts isolated from
their skin and joints secreted IL-1 and IL-6; some of these
cytokines have also recognized osteoclastogenic features.

BothT cell suppression andTNF-𝛼 inhibitors are effective
in humans in the treatment of psoriasis. In PsA patients, there
is a great increase in the number of peripheral blood Th17
cells. Thus, recent studies indicated that Th17 cells [38] are
the cells most significantly involved in psoriasis. LikeTh1 and
Th2 cells,Th17 cells appear to be evolved in inducing acquired
immune responses against microorganisms, such as bacteria.
Abnormal Th17 responses are believed to play a significant
role in the onset of various autoimmune diseases. Moreover,
IL-23 is indispensable for Th17 effector functions in immune
disorders and maintenance of Th17 cells.

Orphan nuclear receptor ROR𝛾t (retinoid-related orphan
receptor gamma t) has been identified as specific Th17
transcription factor [39]. ROR𝛾t is involved in the production
of IL-23 receptor (IL23R) which is expressed by monocytes,
Th1, Th0, Th17, NK, and dendritic cells. IL23R has an
important role in stimulating Th17 cells. IL-23 receptors
promote IL-17 transcription and Th17 cell differentiation via
enforced ROR𝛾t expression. IL-23 acts on cells that have been
differentiated intoTh17 cells, potentiatingROR𝛾t activity, and
participates in maintenance and proliferation of Th17 cells.

Clinical trials studying the effects of anti-IL-17 and anti-
IL-23 neutralizing antibodies in PsA patients are in progress
[29], while the first results seemed to be not as impressive
as those for TNF-𝛼 inhibitor therapy, a recent clinical trial
indicated that Brodalumab, an IL-17RA inhibitor, determined
a significant improvement, when administered for 12 weeks
to PsA patients [36]. Moreover, new studies demonstrated
that Ustekinumab, a monoclonal antibody against both IL-
12 and IL-23 cytokines, interfering, respectively, withTh1 and
Th17 activity, improved significantly PsA symptoms, although
similar efficacy of TNF-𝛼 inhibitors needs about 52 weeks of
treatment to be achieved [33]. Although immune responses
mediated by IL-17 and IL-23 are not as evident as those with
TNF-𝛼, Th17 cells appear to play an important role in PsA.

The activation of natural immunity in PsA stimulates
Th17 and Th1 cells, which sustain autoimmune pathology.
There is an interesting report regarding the relationship of
PsA with microbial infection that is suggestive of PsA patho-
genesis [40].

The observation of the lack of symptoms improvement
in PsA patients underwent to HIV infection and thus to
CD4+ reduction, suggested that Th cells cooperate in the

pathogenesis with CD8+ cells [41]. Probably, CD8+T cells
potentiates the production of cytokines in the synovial
membrane, and the cytokines induce fibroblast proliferation
promoting fibrosis [42–44], that probably contribute to joint
stiffness and ankylosis [45].

Postmenopausal Osteoporosis. Postmenopausal osteoporosis
is a systemic skeletal disorder characterized by reduced bone
mineral density andmicroarchitectural deterioration of bone
tissue resulting in fragility and susceptibility to fractures
[46] and uncoupling of osteoblast-mediated bone formation
and osteoclast-mediated bone resorption. Postmenopausal
osteoporosis stems from the cessation of ovarian function at
menopause and from genetic and nongenetic factors which
heighten and prolong the rapid phase of bone loss char-
acteristic of the early postmenopausal period. OC activity
increases after menopause; these cells may be considered as
cells at the crossroad between immune system and bone as
their precursors circulate within the mononuclear fraction
of peripheral blood [47–53] and they interact with other
immune cells as T cells [54].

OC precursors increase during estrogen deficiency [47]
and in condition characterized by increased bone turnover as
bone metastases [50, 55] or inflammatory diseases [55–57].

Estrogens act on OC formation and activity both directly
and indirectly, in particular their action is mediated through
the influence on immune system [54]. In particular, estrogen
loss upregulates OC formation and activity through an
increased production of proosteoclastogenic cytokines by
bone marrow cells [58], OBs [59], and immune cells [47, 60].

Proinflammatory and proosteoclastogenic cytokines as
macrophage colony stimulating factor (M-CSF) and RANKL
are increased during estrogen deficiency [61, 62].

Additional inflammatory cytokines are responsible for
the upregulation of OC formation observed during estrogen
deficiency; some of these molecules have a well-established
role in osteoclastogenesis and bone loss, while others have
not. Among these molecules, the most involved ones in
estrogen deficiency bone loss appear to be TNF-𝛼, IL-1, IL-
7, and IL-17 [1, 63–70]. A key role of T cell-produced TNF𝛼
has been demonstrated also in bone metastasis [51, 71].

Estrogens are key regulators of immune function as
demonstrated both in animals and in humans [72, 73]. Des-
pite some inverse reports [74, 75], the main body of literature
firmly supports the essential role of activated T cells in
regulating bone loss induced by estrogen deficiency [47, 69,
72, 76–79].

In humans, we have demonstrated a fundamental role for
T cells in postmenopausal bone loss. In particular, we showed
that osteoclastogenesis from peripheral blood precursors
occurs only in the presence of T cells and that T cells aremore
active than in healthy post- and premenopausal controls [47].
T cells from osteoporotic patients produce more RANKL
and TNF-𝛼, thus inducing OC formation and activity [47].
It has also been demonstrated that hormone replacement
therapy decreases osteoclastogenic cytokine production in
postmenopausal women. RANKL expression on lympho-
cytes andmarrow stromal cells is significantly elevated during
estrogen deficiency in humans and correlates directly with
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increases in bone resorption markers and inversely with
serum estrogen levels [77].

Estrogen loss promotes T cell activation by increasing
antigen presentation [76, 80] and increases thymus output
of T cells into peripheral blood [68]. Estrogen loss expands
the proliferation and lifespan of bone marrow T cells [76, 78]
increasing expression of class II transactivator (CIITA), a
transcriptional coactivator acting on MHCII promoter [76,
81, 82].

Estrogen deficiency increases the number of activated
CD40L-expressing T cells that promote the expression of M-
CSF and RANKL by stromal cells and downregulates the
production of OPG. The net result is a significant increase
in the rate of osteoclastogenesis [83, 84]. This mechanism
was also described in bone loss due to increased PTH levels
[85, 86]. It is known that the CD40/CD40L system is crucial
for T cell activation and several functions of the immune sys-
tem. It promotes macrophage activation and differentiation,
antibody isotype switching, and the adequate organization of
immunological memory in B cells.

Also, theTh17 cells have been implicated in ovariectomy-
induced bone loss; these cells increased after ovariectomy
and stimulate osteoclastogenesis through IL-17 production
[69]. This effect is reversed by treatment with estradiol. IL-
17 increases OB production of proosteoclastogenic cytokines
as TNF𝛼, IL-6, and RANKL; these effects are antagonized by
estradiol.

Activated T cells have also been suggested to inhibit
osteoclastogenesis by diverting early OC precursors towards
dendritic cells differentiation [87]. Indeed T cells have the
capacity to generate both osteoclastogenic cytokines such
as RANKL and TNF-𝛼 [47], as well as antiosteoclastogenic
factors such as IL-4. It has also been suggested that the effects
of activated T cells on osteoclastogenesis in vitro depend on
the manner in which they are activated [88]. The net effect
of T cells on OC formation may consequently represent the
prevailing balance of anti- and proosteoclastogenic T cell
cytokine secretion. However, in humans, T cells seem to be
proosteoclastogenic in different diseases including estrogen
deficiency [47, 56, 66, 89–91].

Taken together, these observations demonstrate the
causal relation among estrogen deprivation, T cell activation,
increased cytokines production, and bone demineralization.

Also another type of immune cell the B cell has recently
been studied as directly implicated in the regulation of bone
resorption and may be directly involved in the pathogenesis
of postmenopausal osteoporosis. Recent data have shown
that B cells are the dominant producers of OPG in the bone
microenvironment in vivo [79]. In fact, B cell KO mice
have an osteoporotic phenotype with enhanced osteoclastic
bone resorption and reconstitution with B cells by adoptive
transfer, completely rescuedmice fromdevelopment of osteo-
porosis, and normalizing OPG production [79].

In human and animal B cells, OPG production can be sig-
nificantly upregulated by the activation of CD40 [79]. In line
with these data, bothCD40 andCD40LKOmice displayed an
osteoporotic phenotype and a significant deficiency in bone
marrow OPG concentrations [79].

Thus, the emerging data suggest that the B lineage, rather
than the OB lineage, is likely the major source of OPG in the
bone microenvironment and that T cell signalling to B cells,
through the costimulatory molecules CD40L and CD40,
plays an important role in regulating basal OC formation and
in regulating bone homeostasis.

On the other hand, it has been recently demonstrated that
activated B cells overexpress RANKL, contributing to bone
resorption [92, 93] and that ovariectomy in mice increases
the number of RANKL-expressing B lymphocytes in the bone
marrow [94].

A recent paper shows that mice lacking RANKL in B cells
were partially protected from the ovariectomy-induced loss
of cancellous bone [60]. The role of B-lymphocytes has also
been evaluated in disease characterized by focal bone loss
as in periodontal inflammation [66, 69, 95] and rheumatoid
arthritis [93]. In rheumatoid arthritis, a recent paper sug-
gests that B cells depletion ameliorates the suppressed bone
turnover [96].

Taken together, these data suggest that B-lymphocyte
involvement in the adaptive immune response contributes to
bone resorption by the upregulation of RANKL expression
through Toll-like receptor pathways and aligns with the
known ability of T cells to produce RANKL in the presence
of immune stimulus and to increase osteoclastogenesis. The
effect of estrogen deficiency on B cell modulationmay be one
of the mechanisms through which menopause affects bone
metabolism.

Thus, the involvement of T and B cells in the control
of bone turnover may provide a novel explanation for the
propensity to osteopenia and osteoporosis development after
the cessation of ovarian function.

Glucocorticoid-Induced Osteoporosis. GIO is the most fre-
quent origin of secondary osteoporosis in adults due to the
direct effects of glucocorticoids (GCs) on bone cells [97].
GCs primarily affect trabecular bone, whereas the cortical
bone mass is reduced to a lower and slower extent. Thus,
fractures of the vertebrae are more recurrent. GC exposure
determines a rapid and early phase of bone loss, which is
the consequence of bone resorption exacerbation.This phase
is followed by a more chronic and progressive phase in
which bone mass declines because of impaired OB activity.
GCs augment RANKL expression and reduce OPG levels
in stromal and osteoblastic cells leading to the initial phase
of rapid bone loss. Further, GCs increase MCSF expression
as well as receptor subunits for osteoclastogenic cytokines
of the gp130 family. However, the main pathophysiological
mechanism of GIO is the impaired bone formation, due to
reduced OB formation and activity [97, 98]. GCs impair on
OBs the synthesis of type I collagen, the major protein in
bone matrix. GCs may also influence osteocyte metabolism
and function, modifying the elastic modulus adjacent to the
osteocyte lacunae leading to reducedmineral to matrix ratios
in the same areas with an enlargement of the lacunar size.
Besides the GC direct actions on bone cells, GC extraskeletal
effects on calcium metabolism have been reported. In par-
ticular, GCs decrease renal tubular calcium reabsorption and
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calcium absorption from the gastrointestinal tract is reduced
by mechanisms that oppose vitamin D action [97].

GCs also impair bone metabolism during the growth.
In particular, in animal models, GC administration during
growth is the cause of decreased bone formation and resorp-
tion, reductions in the age-dependent increases in trabecular
bonemineral and trabecular thickness, and reductions in lin-
ear growth and accrual of cortical thickness in the femur [99].

A decrease of bone mineral density (BMD) has been
reported in numerous pediatric diseases that require
GCs, both as long term replacement therapy, such as 21-
hydroxylase deficiency (21-OHD), and as treatment of acute
phase, such as asthma, systemic lupus erythematosus, juve-
nile rheumatoid arthritis, inflammatory bowel disease, organ
transplantation, and steroid sensitive nephrotic syndrome
[22]. In particular, in 21-OHD patients on chronic GC ther-
apy, the high osteoclastogenic potential of peripheral blood
mononuclear cells has been reported [100]. It is supported by
both the presence of circulating OC precursors and RANKL
released by T cells [100]. Further, high dickkopf-1 (DKK1)
levels, a secreted antagonist of the Wnt/𝛽-catenin pathway,
have been demonstrated in sera and circulating monocytes,
T cells, and neutrophils from 21-OHD patients [28].

Multiple Myeloma. MM is a haematological malignancies,
characterized by the clonal proliferation of plasma cells in
the bone marrow [101]. Amajor number of mechanisms have
been proposed to explain the increased formation and activ-
ity of the bone resorbing cells, the OCs in MM bone disease,
whereas few mechanisms have been identified to explain the
impairment of the bone forming cells, the OBs. In particular,
MM cells produce different cytokines that directly or indi-
rectly affect the bone cell activity, such as IL-6, MIP-1alpha,
IL-3, DKK1, and sclerostin [101–103]. The proposed mecha-
nism is that MM cells adhere to bone marrow stromal cells
(BMSCs) and induce the secretion of numerous proosteo-
clastogenic and antiosteoblastogenic cytokines.The adhesion
involved integrins such as CTLA4-1 and VLA-4 expressed by
MM cells and VCAM-1 expressed on BMSCs [101].

Moreover, it has previously demonstrated an important
role of T cells in supporting the formation and survival ofOCs
from peripheral blood mononuclear cells (PBMCs) isolated
fromMM patients with osteolysis, through the expression of
high levels of RANKL and decoy receptor 3 (DcR3) [104, 105].
Interestingly, Giuliani et al. showed that malignant human
myeloma cells stimulate RANKL expression in T cells [66].
Additionally, other authors demonstrated the high expression
levels of IL-17 in T cells from MM patients [30–32]. IL-
17 plays a key function in the progression of bone disease
in MM, since the levels of IL-17 are higher in the more
advanced bone disease. IL-17 is also able to increase RANKL
expression on BMSCs, thus determining osteoclastogenesis
increase and consequently the development of bone lesions
[31]. The amount of Th17 in the bone marrow positively
correlated with the number of osteolytic lesions [31] as
well as the clinical tumor stage [106]. Very recently, the
involvement of LIGHT/TNFSF14 has been reported in MM-
bone disease [21]. LIGHT is a newly identified member of
the TNF superfamily, expressed by activated leukocytes [21].

Recent literature data linked the high serum levels of LIGHT
with the bone loss associated with rheumatoid arthritis [107].
Higher expression levels of LIGHT were found in CD8+
T cells, monocytes, and neutrophils from osteolytic MM
patients with respect to the same cells from asymptomatic
MM patients as well as monogammopaty of undetermined
significant (MGUS) and healthy subjects. Further, LIGHT
inhibition significantly reduces OC formation from PBMCs
of osteolytic MM patients and stimulates OB differentiation
in cultures derived from MM bone marrow mononuclear
cells, as demonstrated by the increase of colony forming units
of OBs and by the upregulation of osterix transcription factor,
bone sialoprotein, and osteocalcin bone matrix proteins.

Bone Metastatic Tumors. The skeleton is the predominant
metastatic site for many cancers, including breast, prostate,
and lung cancers [108, 109]. Tumor invasion into bone is
associated with dramatic skeletal related events (SRE) such
as fractures, bone pain, hypercalcemia, and spinal cord com-
pression [110]. The current model for the pathophysiology of
bone metastasis centers on the interaction between tumor
cells and OCs and is known as the “tumor/bone bone
vicious cycle.” Tumor cells secrete a plethora of factors and
cytokines that can directly stimulate OC activation. Once
mature OCs start to resorb the bone, they release bone-
stored factors, such as TGF-𝛽, that further stimulate tumor
cell recruitment and proliferation [111]. Animal studies have
shown that antiresorptive therapies protect from SRE and
reduce tumor burden. Thus, antiresorptive agents, such as
zoledronic acid (ZOL) and the anti-RANKL monoclonal
antibody (Ab), denosumab, are widely used in the clinic in
patients with bone metastasis [23, 24, 108]. Despite reducing
tumor-associated bone complications, recent meta-analysis
studies show controversial results on the antitumor effects of
OC blockade in breast cancer patients with bone metastasis
[112, 113]. A significant fraction of breast cancer patients with
bone metastases shows progression in their bone disease
while they are on potent antiresorptive agent treatment [114–
116]. A recent study suggested the existence of a preosteolytic
early phase of bone metastasis that is independent of OC
activation [117]. Considering the complexity of the bone
microenvironment, serving as home to hematopoietic stem
cells and their progeny, which constitute the immune system,
it is logical to consider the interactions between tumor cells
and immune cells as potentially important regulators of bone
metastasis beyond the OC.

Presence of activated CD4+ and CD8+ T cells has been
observed in the bone marrow of untreated patients with
breast cancer [118]. CD8+ T cells have the capacity to specif-
ically identify and eliminate tumor cells via recognition of
tumor-specific antigens. Activated CD4+ T cells can further
facilitate the development of cytotoxic CD8+ T cells by
secreting numerous cytokines, including Interferon 𝛾 (IFN).
Interferon 𝛾 (IFN) exerts antiproliferative [119], proapoptotic
[120], and angiostatic [121] effects resulting in the killing of a
proportion of the tumor. Thus, presence of CD4+ and CD8+
T cells at tumor site is a good prognostic indicator. However,
whether T cells modulate bone metastatic dissemination
and/or tumor growth in the bone microenvironment is not
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totally clear. In a recent report, Bidwell et al. demonstrated
that silencing of IFN regulatory factor (Irf)7, a transcription
factor controlling the induction of IFN genes, in breast
cancer cells promotes bonemetastases through escaping from
immune control [122]. Importantly, an association with low
expression of Irf7 signatures in primary breast tumors and
higher number of bone metastatic events has been observed
[122]. This finding is a strong indication that the immune
system can modulate metastatic dissemination to bone in
breast cancer patients.

Using animal models with established T cell immune
deficiencies, we have also demonstrated that CD4+ and
CD8+ T cell populations exert antitumor effects in the
context of bone metastases [123]. We found that depletion of
both CD4+ or CD8+ T cell subsets can reduce the antitumor
effects ZOL in animals with bone metastases. Importantly,
ZOL treatment is still highly effective in suppressing tumor-
induced bone loss [123]. Conversely, T cell activation induced
by administration of anti-CTLA4 Ab can significantly reduce
bone tumor burden [123].These observations have important
clinical implications and suggest that reduced T cell numbers
or impaired T cell activationmight be the cause for the failure
of ZOL to reduce tumor burden and increase survival in
breast cancer patients.

Developing neoplasms can also acquire the ability to
escape CD8+ T cell cytotoxicity by promoting expansion of
Th2-polarized CD4+ T helper and regulatory T cells, as well
as immune suppressor cells of myeloid origin reviewed in
[124–126]. Monteiro et al. recently found that CD4+ T cells
isolated from bone marrow of tumor bearing mice are potent
stimulators of osteoclastogenesis [126]. This subset of tumor-
specificCD4+T cells has the ability to promoteOC activation
and induce osteolytic bone disease even before seeding of
tumor cells in the bone microenvironment. Importantly,
when tumor-specific CD4+ T cells are adoptively transferred
into mice orthotopically injected with 4T1 tumor cells, tumor
colonization to bone, but not to other metastatic sites, is
increased. Whether this particular population of CD4+ T
cells is increasing tumor bone metastases by affecting the
OCs or also by inducing an immune suppressive environment
needs to be established.

The bone microenvironment is particularly enriched in a
highly heterogeneous population of immature myeloid pro-
genitor cells that have the ability to exert immune suppressive
effects in the presence of a tumor. This immature myeloid
population, herein referred to as myeloid derived suppressor
cells (MDSCs), represents 30–40% of the total bone marrow
cells of näıve mice and is further expanded up to 60–70%
of total marrow cells depending on the tumor type [127].
CirculatingMDSCs are detected in the blood of patients with
various types of cancer [128]. In response to factors secreted
by a tumor, MDSCs leave the bone marrow and are found in
high numbers in circulation, spleen, and tumor sites where
they induce suppression of cytotoxic T cells [129]. MDSCs
exert their proneoplastic effects through the release of small
soluble oxidizers, by altering T cell/antigen recognition, and
depletion of essential amino acids from the local extracellular
environment, all ultimately leading to T cell suppression
[130–133]. In addition, MDSCs can induce the expansion

of regulatory T cells, a subtype of T cells exerting immune
suppressive functions. Furthermore, direct effects of MDSCs
on tumor proliferation through overproduction of cytokines
and angiogenic factors have also been proposed [134].

A correlation between high MDSC numbers, advanced
stage of malignancy, and poor prognosis has been observed.
We have recently shown that increased bone metastasis in
PLC𝛾2−/− mice is due to suppression of antitumor T cells
responses. Although PLC𝛾2 is not expressed by T cells, we
found that PLC𝛾2−/− mice have increased MDSC numbers
with more potent immune suppressive effects than WT
[135]. Downregulation of PLC𝛾2 activation also occurs in the
MDSCs of patients with advanced pancreatic cancer [135].

Recent evidence also indicates that MDSCs participate
in the preparation of premetastatic niches where they create
a favorable environment for subsequent tumor colonization
[136, 137]. Accumulation ofMDSCs in bonemarrow has been
observed during early stages of MM [138]. A role for MDSCs
in promoting tumor growth in bone through the OCs has
also been proposed. Zhuang et al. discovered that MDSCs
frommice injectedwithMMcells have increased osteoclasto-
genic potential. Importantly, coinjection of tumor-challenged
MDSCs together with MM cells leads to increased tumor
burden and osteolytic lesions, an effect that is inhibited
by administration of ZOL [139]. Similarly, Sawant et al.,
using an immune competent model of breast cancer bone
metastases, showed that MDSCs isolated from the tumor
bone microenvironment differentiate into resorbing OCs in
vitro. Remarkably, MDSCs isolated from tumor-free mice
or tumor-bearing animals without bone metastases lack the
ability to undergo OC differentiation [140]. This impor-
tant observation suggests that there are intrinsic differences
between MDSCs, depending on the tumor location. Why
MDSCs from mice bearing bone metastases have the ability
to differentiate into OCs might depend on the proosteoclas-
togenic rich cytokine milieu that characterizes the tumor
bone microenvironment. However, it is unlikely that the
bone tumor promoting effects of this subset of MDSCs is
primarily dependent on their ability to differentiate into
OCs. PLC𝛾2−/− mice display increased bone metastatic
dissemination and higher MDSC numbers, but deletion of
PLC𝛾2−/− also impairs the OC differentiation process [123,
135].Thus, in the context of PLC𝛾2−/− deficiency,MDSCs are
more likely to support tumor growth in bone by suppressing
T cell activity. All together, these studies indicate thatMDSCs
are central players in the tumor/bone vicious cycle either
through suppression of antitumor T cell responses or through
differentiation into resorbing OCs.

Unfortunately to date there is no curative treatment
for bone metastasis. Tumor cells that reach the bone envi-
ronment are usually resistant to the current antitumor
therapeutic approaches. The only options for these patients
are palliative treatments to reduce bone pain and prevent
additional bone destruction. More studies are needed to
exploit the importance of antitumor and tumor promoting
immune responses in patients with bone metastases and
whether manipulation of T cell-MDSC interactions could
offer therapeutic advantages to maximize the antitumor
effects of OC blockade.
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Table 1: Established and possible novel therapeutic targets in the
different bone diseases.

(a)

Established
therapeutic
targets

Pathologies References

TNF-𝛼 PsA [20]

RANKL
PsA, osteoporosis,
MM, and bone

metastatic tumors
[22–27]

IL-17 PsA [29]
IL-23 PsA [29, 33]
IL-17RA PsA [36]

(b)

Possible
novel
therapeutic
targets

Pathologies References

LIGHT MM [21]

DKK1 Bone metastasis and
GIO [28]

IL-17 MM [30–32]
MDSC
targeting Bone metastasis [34, 35]

2. Conclusions

The reviewed mechanisms underlying the bone disease
clearly highlighted the key involvement of the cells with an
immunological role. Further, it is also clear that numerous
pathways are common to the different diseases, whereas
others are disease-specific. Thus, these recent findings repre-
sent an important issue, leading to the identification of new
therapeutic targets, mainly biological drugs, which in the last
years are in strong development (Table 1).
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induce pre-metastatic osteolytic disease and help bone meta-
stases establishment in a mouse model of metastatic breast can-
cer,” PLoS ONE, vol. 8, no. 7, Article ID e68171, 2013.

[127] J. Sceneay, M. T. Chow, A. Chen et al., “Primary tumor hypoxia
recruits CD11b+/Ly6C𝑚𝑒𝑑/ Ly6G+ immune suppressor cells and
compromises NK cell cytotoxicity in the premetastatic niche,”
Cancer Research, vol. 72, no. 16, pp. 3906–3911, 2012.

[128] B. Almand, J. I. Clark, E. Nikitina et al., “Increased production
of immature myeloid cells in cancer patients: a mechanism of
immunosuppression in cancer,”The Journal of Immunology, vol.
166, no. 1, pp. 678–689, 2001.

[129] I. Marigo, L. Dolcetti, P. Serafini, P. Zanovello, and V.
Bronte, “Tumor-induced tolerance and immune suppression by
myeloid derived suppressor cells,” Immunological Reviews, vol.
222, no. 1, pp. 162–179, 2008.

[130] S. Kusmartsev and D. I. Gabrilovich, “Inhibition of myeloid cell
differentiation in cancer: the role of reactive oxygen species,”
Journal of Leukocyte Biology, vol. 74, no. 2, pp. 186–196, 2003.

[131] P. Liu, J. R. Keller, M. Ortiz et al., “Bcl11a is essential for normal
lymphoid development,” Nature Immunology, vol. 4, no. 6, pp.
525–532, 2003.

[132] A. Mazzoni, V. Bronte, A. Visintin et al., “Myeloid suppressor
lines inhibit T cell responses by an NO-dependent mechanism,”
The Journal of Immunology, vol. 168, no. 2, pp. 689–695, 2002.

[133] S. Kusmartsev, Y. Nefedova, D. Yoder, and D. I. Gabrilovich,
“Antigen-specific inhibition of CD8+ T cell response by imma-
ture myeloid cells in cancer is mediated by reactive oxygen
species,”The Journal of Immunology, vol. 172, no. 2, pp. 989–999,
2004.

[134] S. Kusmartsev and D. I. Gabrilovich, “Effect of tumor-derived
cytokines and growth factors on differentiation and immune
suppressive features of myeloid cells in cancer,” Cancer and
Metastasis Reviews, vol. 25, no. 3, pp. 323–331, 2006.

[135] A.-H. Capietto, S. Kim, D. E. Sanford et al., “Down-regulation
of PLC𝛾2-𝛽-catenin pathway promotes activation and expan-
sion of myeloid-derived suppressor cells in cancer,” Journal of
Experimental Medicine, vol. 210, no. 11, pp. 2257–2271, 2013.

[136] D. Gao, N. Joshi, H. Choi et al., “Myeloid progenitor cells in
the premetastatic lung promote metastases by inducing mesen-
chymal to epithelial transition,” Cancer Research, vol. 72, no. 6,
pp. 1384–1394, 2012.

[137] M. L. Ortiz, L. Lu, I. Ramachandran, and D. I. Gabrilovich,
“Myeloid-derived suppressor cells in the development of lung
cancer,” Cancer Immunology Research, vol. 2, no. 1, pp. 50–58,
2014.

[138] I. R. Ramachandran, A. Martner, A. Pisklakova et al., “Myeloid-
derived suppressor cells regulate growth of multiple myeloma
by inhibiting T cells in bone marrow,”The Journal of Immunol-
ogy, vol. 190, no. 7, pp. 3815–3823, 2013.

[139] J. Zhuang, J. Zhang, S. T. Lwin et al., “Osteoclasts in multiple
myeloma are derived from Gr-1+CD11b+myeloid-derived sup-
pressor cells,” PLoS ONE, vol. 7, no. 11, Article ID e48871, 2012.

[140] A. Sawant, J. Deshane, J. Jules et al., “Myeloid-derived suppres-
sor cells function as novel osteoclast progenitors enhancing
bone loss in breast cancer,” Cancer Research, vol. 73, no. 2, pp.
672–682, 2013.




