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General introduction

In part published as
Fc-gamma receptors and S100A8/A9 cause bone erosion during rheumatoid arthritis.
Do they act as partners in crime?
Di Ceglie I., Kruisbergen N.N.L., van den Bosch M.H.J., van Lent P.L.E.M.
Rheumatology (Oxford). 2019 Aug 1;58(8):1331-1343.
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GENERAL INTRODUCTION

General introduction
Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects 0.5%-1% of the
population in the industrialized world. Clinical manifestations of RA include swelling,
pain and limitation of the movement of joints. Moreover, RA can be characterized by
extra-articular manifestations and is associated with systemic co-morbidities and with
increased mortality1-6.
Although the aetiology of RA is not yet completely elucidated, the loss of immune
tolerance and the consequent development of an autoimmune response are pivotal
initiating factors. The development of the autoimmune response is the result of a
combination of genetic predisposition and exposure to specific environmental factors,
among which smoking, pathogens and dietary components have been associated
with RA development. Interestingly, the development of the systemic inflammation is
suggested to be triggered in extra-articular locations such as lung, oral mucosa or gut.
However, the reasons beneath the joint localization of the clinical manifestations are
not yet elucidated2, 7-10.
The RA joint is characterized by massive inflammation and hyperplasia of the synovium
caused by the influx of cells of the innate immune system including neutrophils, monocytes-macrophages, dendritic cells and mast cells but also of the adaptive immune
system including T and B lymphocytes. Influx of inflammatory cells into the synovium
is accompanied by the proliferation of resident fibroblasts, neovascularization and
lymphangiogenesis. As pathology progresses, the hyperplastic synovium invades and
destroys articular cartilage and bone1-4 (Figure 1). Bone erosion is one of the central
hallmarks of RA, it has strong importance as diagnostic and prognostic value and it is
used as a parameter to evaluate the outcome of treatment11.

1

Osteoclast differentiation and function
Osteoclasts are the cells responsible for bone erosion. Under physiological conditions
their bone resorbing activity is counterbalanced by the bone formation activity of
osteoblasts. However, during RA the number of osteoclasts increase and become
strongly activated, thereby shifting the balance towards bone erosion.
Osteoclasts are big, multinucleated cells differentiated from myeloid precursors under
the influence of receptor activator of NF-κB ligand (RANKL) and macrophage colony
stimulating factor (M-CSF)12-15 . M-CSF promotes the proliferation and survival of the
precursors and stimulates their cell surface expression of receptor activator of NF-κB
(RANK)16-18. Subsequently, RANK-RANKL-induced signalling leads to the activation of
nuclear factor of activated T cell (NFATc1), the master regulator of osteoclastogenesis,
resulting in the expression of genes involved in osteoclast differentiation and
function19-21. The RANKL-induced signal is counterbalanced by osteoprotegerin (OPG)
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Figure 1 Schematic overview of a healthy (left) and an arthritic joint (right).
The arthritic joint is characterized by influx and proliferation of inflammatory cells, extensive
angiogenesis, and cartilage and bone damage.

that acts as a soluble decoy receptor for RANKL and strongly suppresses osteoclastogenesis22. Next to RANK signalling, a co-stimulatory signal provided by activating
immunoreceptor tyrosine‐based activation motif (ITAM)-bearing adaptor molecules is
required for the calcium signalling that is needed for NFATc1 activation23-25 . Known
ITAM-bearing adaptor molecules involved in osteoclastogenesis are the DNAX
activation protein of 12 kDa (DAP-12), which functions via interactions with triggering
receptor expressed on myeloid cells 2 (TREM2), and the γ-chain which can pair with
immunoglobulin-like receptor (PIR-A), osteoclast-associated immunoglobulin-like
receptor (OSCAR) or with the activating FcγRs. This ITAM co-stimulatory signal is
counteracted by inhibitory immunoreceptor tyrosine‐based activation motif
(ITIM)-bearing receptors, among which immunoglobulin-like receptor B (PIR-B),
triggering receptor expressed on myeloid cells like transcript-1 (TLT-1) and, FcγRIIb
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(Figure 2)24 . Once the differentiation is completed, mature multinucleated osteoclasts
can start to resorb bone. Forming a tight junction between their basal membrane and
the bone surface, the osteoclasts create a sealed compartment in which the mineral
component and the organic matrix of bone is degraded via the secretion of H+ and Cland various proteases (like Cathepsin K or metalloproteinases)12, 26 (Figure 2).

1

Bone erosion in RA
RA is characterized by increased osteoclast-mediated bone erosion. The skeletal
changes in RA patients include articular bone erosion resulting in loss of function of
the joints but also systemic bone loss resulting in osteoporosis and an increased risk
for bone fractures11, 27.
Factors that promote osteoclastogenesis are produced by cells from the innate and
adaptive immune system as well as by activated fibroblasts present in the inflamed
synovium. Together, this leads to excessive osteoclast differentiation and activity28.
Inflammatory cytokines produced by innate immune cells (such as IL-1β, IL-6, TNFα)
and T cells (especially of the Th17 subtype such as IL-17), enhance osteoclastogenesis
via an increased production of RANKL by synovial fibroblasts28-30. Moreover,
membrane-bound RANKL on infiltrating Th17 and B cells can serve as an additional
stimulus to promote osteoclastogenesis31, 32. In addition, pro-inflammatory cytokines
directly promote the differentiation and activation of osteoclasts33-36.
Next to RANKL and pro-inflammatory cytokines, other factors are present during RA
that have been implicated in the development of bone erosion. First, alarmins that are
actively secreted by stressed innate immune cells or passively released upon cell
death can modulate bone erosion by promoting inflammation or directly acting on the
osteoclasts. Furthermore, the IgG autoantibodies that are present in seropositive
arthritis can form immune complexes (ICs) with their cognate antigens which have
been shown to stimulate immune cells or osteoclasts via their interaction with
Fc-gamma receptors (FcγRs).
In addition, non-immune metabolic factors such as low-density lipoprotein (LDL) have
been implicated in the regulation of bone erosion during RA.
The function of alarmins, FcγRs and LDL in the regulation of bone erosion will be
described in more detail in the paragraphs below.

Alarmins
Alarmins are endogenous molecules that belong to the group of damage-associated
molecular patterns (DAMPs), which are rapidly released into the extracellular
environment during infection, tissue damage and sterile inflammation. After secretion,
they activate the immune system by binding to their pattern recognition receptors
(PRRs). The majority of alarmins are present in the cytoplasm of innate immune cells,
where they exert physiological functions that are often not directly related to the immune
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Figure 2 Schematic overview of osteoclast differentiation.
Osteoclast differentiation is induced by two signals. The first signal is induced by macrophage
colony stimulating factor (MCSF) and receptor activator of NF-κB ligand (RANKL) that bind to their
respective receptors MCSF receptor (MCSFR) and receptor activator of NF-κB (RANK). This signal
is counterbalanced by osteoprotegerin (OPG) that, acting as decoy receptor, avoids the binding
of RANKL to RANK. The second signal (also referred to as the co-stimulatory signal) is induced by
receptors paired with adaptor molecules containing an activating immunoreceptor tyrosine‐based
activation motif (ITAM) domain. Osteoclast-associated immunoglobulin-like receptor (OSCAR),
paired immunoglobulin-like receptor (PIR-A) and activating Fc gamma receptors (FcγRs) are
paired with the γ-chain while triggering receptor expressed on myeloid cells 2 (TREM2) is paired
with DNAX activation protein of 12 kDa (DAP 12). This signal can be counterbalanced by receptors
containing an inhibitory immunoreceptor tyrosine‐based activation motif (ITIM) domain, among
which immunoglobulin-like receptor B (PIR-B), triggering receptor expressed on myeloid cells like
transcript-1 (TLT-1), and FcγRIIb. The activation of these signalling pathways leads to the activation
of NFATc1, the master regulator of osteoclast differentiation, resulting in the differentiation of the
cells into mature resorbing osteoclasts. After full differentiation, the osteoclast strongly adheres to
bone surface, thereby creating a sealed compartment in which it degrades bone via the secretion
of H+ and Cl- and proteases among which Cathepsin K (CatK) and metalloproteinases (MMPs).
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response. Once secreted, they potently induce inflammation via stimulation of innate
immune cells or the attraction and activation of antigen presenting cells (APCs)37, 38.
Like cytokines, high levels of alarmins released by cells in the synovium can contribute
to bone erosion, both indirectly via the induction of inflammation and directly via
stimulation of osteoclasts39. Next to other alarmins such as high-mobility group box 1
(HMGB1), heat-shock proteins (HSPs), tenascin C and other S100 family members,
particularly S100A8/A9 appears to have a pivotal role.

1

S100A8/A9
S100A8/A9, also referred to as calprotectin or MRP8/14, is a member of the family of
S100 proteins, which are low molecular weight (10-14 kDa) calcium binding proteins,
originally identified in bovine brain and named after their solubility in 100% ammonium
sulphate40, 41. Among the 25 identified members of the S100 family, S100A8/A9 is the
most investigated in rheumatic diseases41. S100A8/A9 is present in the cytoplasm of
myeloid cells like neutrophils, monocytes, activated macrophages, and osteoclasts
but also in keratinocytes and epithelial cells42-46. Like all DAMPs, S100A8/A9 exerts
various intracellular functions, including modulation of Ca2+-dependent signalling,
regulation of oxidative burst and rearrangement of cytoskeleton and protection
against pathogens47-52. During inflammation, myeloid cells release the heterodimer
S100A8/A9 into the extracellular environment where it alarms the immune system
thereby particularly binding to toll-like receptor 4 (TLR4), although binding to the
receptor for advanced glycosylation end product (RAGE) has also been described53-56.
Once in the extracellular environment, the heterodimers of S100A8/A9 are active only
for a short time and are rapidly inactivated via the calcium-induced formation of
(S100A8/S100A9)2 tetramers which are unable to bind to TLR457.
The contribution of the alarmin S100A8/A9 in RA-associated bone erosion
Many studies describe the importance of S100A8/A9 in both experimental arthritis
and human RA patients. S100A8/A9 protein levels are increased in synovium, synovial
fluid and serum or plasma of RA patients and correlate with disease activity58-63 .
Moreover, levels of S100A8/A9 have been suggested as a marker to monitor treatment
responses and to predict radiographic progression60, 64-66.
Like in RA patients, systemic and synovial expression levels of S100A8/A9 correlate
with joint inflammation and damage in various murine experimental arthritis models67,
68. Induction of antigen-induced arthritis (AIA) in knee joints of S100a9-/- mice resulted
in reduced inflammation and bone erosion compared to control wild type mice69, 70.
However, no differences were observed between S100A9 -/- mice and wild type controls
in both the K/BxN serum transfer and the collagen-induced arthritis (CIA) model,
showing that the relative importance of S100A8/A9 is model-dependent71.
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It is broadly accepted that inflammation is a strong stimulator of bone erosion. S100A8/A9,
as a regulator of inflammation, may therefore highly contribute to osteoclast differentiation
and activity in RA by affecting the recruitment and activation of immune cells.
Moreover, S100A8/A9 can directly modulate osteoclast differentiation and function70.
S100A8/A9 indirectly regulates osteoclast differentiation and function via the
recruitment and activation of immune cells in RA
Immunoactivating function of S100A8/A9
S100A8/A9 can promote bone erosion by modulating inflammation using multiple
mechanisms47, 72. First, S100A8/A9 can stimulate the production of pro-inflammatory
cytokines by endothelial and T cells and the production of inflammatory cytokines,
chemokines and metalloproteinases (MMPs) by monocytes and macrophages53, 69,
73-77. Next, S100A8/A9 can favour the extravasation of neutrophils and monocytes at
the site of inflammation by increasing their adhesion ability 78-80. Moreover, S100A8/
A9 facilitates extravasation of immune cells by inducing an upregulation of adhesion
molecules for leukocyte recruitment on endothelial cells or altering the contact
between endothelial cells thereby increasing the vessel permeability 73, 81, 82. Finally,
S100A8/A9 can further stimulate inflammation by suppressing apoptosis of neutrophils and
monocytes53, 83 and by activating dendritic cells thereby promoting T cell immunity84 .
Immunosuppressive function of S100A8/A9
Although most studies describe a pro-inflammatory role of S100A8/A9, there are now
also indications that at least in some diseases, these proteins play a role in dampening
the immune response47, 85-87. Various mechanisms of dampening have been described
such as inhibition of mast cell degranulation and eosinophil migration, neutralization
of cytokines and scavenging of oxygen species88-90. Moreover, S100A8/A9 has been
shown to induce self-tolerance and cross tolerance to bacterial components in murine
macrophages and human monocytes and to reduce dendritic cell differentiation84,
91-93 . Interestingly, S100A8/A9 has also been implicated in generation of myeloid
suppressor cells (MDSC), cells involved in the dampening of the T cell response92, 94 .
Whether these or other protective mechanisms of S100A8/A9 are active during RA
remains to be elucidated.
S100A8/A9 directly regulate osteoclast differentiation and function
Next to the regulation of inflammation, a direct effect of S100A8/A9 on osteoclasts has
been found. An in vitro study with murine osteoclasts showed that S100A8 enhances
the further fusion of RANKL-differentiated osteoclasts and increases their resorbing
activity via its binding to TLR470. Interestingly, the exposure of human monocytes to
S100A9 directly promotes their differentiation to osteoclasts in the absence of RANKL95.
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Fc gamma receptors
FcγRs are receptors for IgG-containing ICs. Humans have seven activating FcγRs,
FcγRIA/IB/IC, FcγRIIA/IIC, and FcγRIIIA/B, and one inhibitory, FcγRIIB. Mice have four
FcγRs, the activating FcγRI, FcγRIII, and FcγRIV, whereas FcγRIIb is inhibitory96, 97. FcγRs
are differentially expressed on a broad range of myeloid cells, including monocytes,
macrophages, neutrophils, dendritic cells (DCs), mast cells and osteoclasts, but also
on natural killer (NK) cells and B cells96, 97.
The binding of ICs to activating FcγRs induces their cross‐linking and the consequent
phosphorylation of the tyrosines in the ITAM-domain of their associated γ-chain, resulting
in the recruitment of spleen tyrosine kinase (SYK) and in the activation of multiple
downstream molecules. Through this complex signalling, activating FcγRs stimulate
various cellular functions such as phagocytosis, antigen presentation, antibody‐
dependent cellular cytotoxicity and regulation of cytokine and chemokine production97, 98.
The signalling of activating FcγRs is counterbalanced by the inhibitory FcγRIIb, which via
their ITIM domain inhibits the ITAM-mediated signalling of the activating FcγRs99. More
recently, it has been discovered that under specific conditions the normally activating
ITAM domain can unexpectedly also trigger an inhibitory signalling100, 101.

1

Fc gamma receptors are strongly involved in the regulation of bone erosion in RA
Interestingly, the presence of autoantibodies in seropositive RA patients strongly
associates with bone erosion102-106. Among the autoantibodies present in RA patients
are rheumatoid factor and autoantibodies directed against citrullinated, acetylated
and carbamylated proteins107-110. ICs containing these autoantibodies have been
found in the circulation, synovium and synovial fluid of RA patients111-113 . Like
inflammatory cytokines and alarmins, IgG-containing ICs can lead to bone erosion
either indirectly via FcγR-mediated stimulation of inflammatory cells, thereby
promoting inflammation or via their direct binding to FcγRs on osteoclasts themselves,
thereby directly regulating the differentiation and function of these cells96, 97, 114-116.
This is particularly interesting since bone damage is observed in seropositive RA
patients before clinical disease onset, highlighting a mechanism of osteoclast
activation that is independent of joint inflammation117, 118.
Fc gamma receptors indirectly regulate bone erosion via the recruitment and
activation of immune cells during RA
Numerous preclinical and clinical studies suggest the crucial involvement of FcγRs in
the regulation of inflammation during RA. Although many of these studies did not
include the analysis of bone erosion, it is broadly accepted that the severity of
inflammation strongly correlates with bone erosion. The observation that the expression of
FcγRs is altered on immune cells in the circulation and synovium of RA patients might
serve as a first indication for their involvement in inflammation119-126. Moreover, next
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to altered expression levels, several single-nucleotide polymorphisms (SNPs) in the
genes encoding FcγRs that alter the affinity of FcγRs for IgGs have been described,
whereas some of them even influence the susceptibility to RA development and the
response to treatment127-133 .
Despite these clear indications that FcγRs are important in inflammation-driven bone
erosion during RA, it is challenging to study the differential roles of the individual
FcγRs, because of the complexity and redundancy of the IgG-FcγRs signalling.
Induction of arthritis models in knockout animals for one or multiple FcγRs has been
of great help in this respect, as reviewed elsewhere134, 135 . These studies show that the
deletion of the γ-chain, which results in the lack of membrane expression of all activating
FcγRs, ameliorates the disease severity in a multitude of arthritis models136-140.
In addition, the individual activating FcγRs appear to have a different relative importance
and differential function in the activation of immune cells and during the various
disease phases of RA114, 137, 139, 141-148. In contrast, FcγRIIb inhibits inflammation both
via the inhibition of activating FcγR signalling and providing a negative feedback on
the autoantibody production by B cells136, 138, 141, 147, 149-152.
Nonetheless, although murine and human FcγRs do show a lot of similarities, they do
not completely overlap and therefore the findings of murine studies cannot be directly
translated to humans. Some studies performed in transgenic mice that express human
FcγRs confirmed their crucial involvement in experimental arthritis153, 154 .
Together, these data suggest a clear involvement of FcγRs in the regulation of
inflammation in RA, which indirectly results in the promotion of bone erosion. In addition,
however, a direct regulation of osteoclast differentiation and activity by the binding of
ICs to the FcγRs on their surface has been described.
Direct effects of Fc gamma receptor signalling on osteoclast differentiation
and function
Osteoclast precursors and mature osteoclasts do differentially express FcγRs 114, 116.
The involvement of these receptors in osteoclast differentiation and function has been
suggested to run via modulation of the ITAM/ITIM co-stimulatory pathway of osteoclastogenesis, during both steady state conditions and inflammatory conditions, when
they can get activated by ICs115 (Figure 3).
In the absence of ICs during steady state conditions, FcγRs cannot cross-link and
signal. In this situation the activating FcγRI and IV in mice do not appear to have a
major role in the regulation of bone homeostasis. Indeed, the single deletion of FcγRI
or IV in naïve mice does not result in major differences in bone characteristics and
osteoclast development in vivo114 . Similarly, FcγRIIb-/- precursors do not show
alterations in osteoclast differentiation in vitro when cultured in the absence of ICs115,
155 . Surprisingly instead, naïve FcγRIII-/- mice have increased osteoclast numbers and
an osteoporotic phenotype, suggesting that FcγRIII acts as an inhibitor of osteo-
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clastogenesis during steady state conditions115 . Possibly explaining this surprising
inhibitory finding, in vitro experiments proved that FcγRIII sequesters the γ-chain,
therewith preventing it from pairing with both OSCAR and PIR-A receptors that use the
γ-chain to induce the co-stimulatory signalling that is necessary for osteoclastogenesis115.
Accordingly, FcγRIII expression decreases during osteoclastogenesis and FcγRIIIlow
precursors differentiate more efficiently into osteoclasts compared to FcγRIIIhigh
cells115 . Interestingly however, deletion of the γ-chain that results in the impaired
function of all activating FcγRs, OSCAR and PIR-A, does not affect the number of
osteoclasts and their activity in vivo and in vitro. This probably results from a
compensatory effect of DAP12-bearing receptors that can activate the co-stimulatory
pathway independent of the γ-chain25 .
In the inflammatory environment that is present during RA, however, the relative
importance of the various FcγRs in the process of osteoclastogenesis is changed.
In this situation, ICs are present that can modulate the co-stimulatory signalling for
osteoclastogenesis. Moreover, the expression of FcγRs on the osteoclast precursors is
changed in favour of the activating FcγRs, rendering the cells more susceptible to their
stimulation by ICs. A clear example of this is the fact that the bone marrow cells from
mice with CIA express higher level of FcγRIII and IV and a decreased level of FcγRIIb115 .
In general, signalling via the activating FcγRs leads to increased osteoclast
differentiation whereas an FcγRIIb-mediated inhibitory signal decreases their differentiation. More in detail, stimulation of osteoclast precursors with IgG2a-ICs or IgG2b-ICs,
which bind to FcγRI and FcγRIV with a higher affinity compared to the inhibitory FcγRIIb,
increases both osteoclast differentiation and function in vitro and in vivo115 . Likewise,
artificial cross-linking of FcγRI and FcγRIV leads to increased osteoclast differentiation
without affecting their resorbing activity in vitro114 . Further confirming the importance
of FcγRIV in osteoclastogenesis, it has been shown that induction of a serum transfer
model in osteoclast-specific FcγRIV-/- mice resulted in decreased osteoclast numbers
and bone erosion as compared to wild type controls even though the level of
inflammation was comparable114 .
In contrast with the clear involvement of FcγRI and IV in IC-induced osteoclastogenesis,
IgG1-IC-mediated FcγRIII signalling appears to be strongly compensated, both in vitro
and in vivo, by the inhibitory FcγRIIb for which IgG1-ICs have a higher affinity.
Nevertheless, the differentiation of bone marrow cells from mice with CIA, which have
increased FcγRIII and decreased FcγRIIb levels, into osteoclasts is promoted by
IgG1-ICs. This suggests that FcγRIII is involved in the induction of osteoclastogenesis
under inflammatory conditions115 .
In contrast to the activating FcγRs, binding of ICs to FcγRIIb inhibits osteoclast
differentiation and function by dampening the γ-chain-activating pathway. FcγRIIb-/mice with spontaneous increased IgG titres, develop osteoporosis, which is reversed
by an additional knockout of the activating FcγRs115 .

1
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So whereas it is generally accepted that IC-mediated signalling of activating FcγRs
increases osteoclastogenesis, examples are present where a decreased osteoclast
differentiation is observed, which possibly runs via an ITAM-mediated inhibitory signal
(ITAMi or competition for signalling molecules)155, 156. Interestingly, this inhibition of
osteoclastogenesis can be overruled by pro-inflammatory mediators, present in the
joint during RA155 .
Resembling murine osteoclasts, cross-linking of all individual FcγRs on human
osteoclasts induces increased osteoclast differentiation without affecting their resorbing
activity in vitro114 . However, the differential function of the various FcγRs during in vivo
osteoclastogenesis in humans remains unknown.

Figure 3 Role of murine Fc-gamma receptors in osteoclastogenesis in steady state
conditions and during rheumatoid arthritis.
In steady state conditions, whereas Fc-gamma receptors (FcγR)I and FcγRIV do not play a
major role in osteoclastogenesis, FcγRIII surprisingly inhibits osteoclast differentiation by
sequestering the γ-chain from osteoclast associated, immunoglobulin-like receptor (OSCAR)
and paired immunoglobulin-like receptor (PIR-A). During rheumatoid arthritis the expression
of activating FcγRs is increased and immune complexes (ICs) are present. IgG-ICs can induce
osteoclastogenesis by binding to FcγRI, FcγRIII and FcγRIV and stimulating co-stimulatory
signalling for osteoclastogenesis. The function of the activating FcγRs can be counteracted by
the inhibitory FcγRIIb.
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Low density lipoprotein (LDL)
LDL is an important family member of lipoproteins that transport lipids and cholesterol
through the body. More specifically, LDL is responsible for the trafficking of cholesterol
from the liver to the tissues. Normally, LDL particles bind to LDL receptors (LDL-R) on
the cell surface, after which this complex is internalized and metabolized. After taking
up LDL, LDL-R expression on the membrane is down-regulated, preventing excessive
accumulation of LDL in the cells. Due to this mechanism, under high LDL conditions in
the serum, this molecule will not be cleared and will further accumulate in the
circulation.

1

LDL in RA
RA is often associated with dyslipidaemia, the metabolic syndrome and with cardiovascular diseases, all conditions characterized by or linked to high circulating levels
of LDL157-161.
In general, hypercholesterolemia is associated with enhanced inflammation162-164.
However, the role of LDL in inflammation and bone erosion in RA is not clear and
conflicting data are present in literature. LDL has been suggested as an independent
risk factor for radiographic progression in RA, possibly suggesting its pathological role
in the development or progression of the pathology165 . However, while in some clinical
studies cholesterol-lowering therapies with statins protected from RA development or
progression, in others it increased the risk for RA development166-168. Induction of
experimental arthritis in hypercholesterolemic apolipoprotein E (Apoe)-/- mice also
gives conflicting results. Whereas a study by Asquith et al. showed that Apoe-/- mice
were resistant to development of CIA, a second study by Postigo et al. showed an
increased incidence and severity in the same arthritis experimental model 169. In
contrast, Apoe-/- mice showed a reduction of the pathology in the AIA experimental RA
model170, 171. The reason beneath these conflicting data is not elucidated. Moreover
interestingly, the levels of LDL are lower before RA diagnosis and in patients with
established RA compared to the general population, possibly due to increased
catabolism of cholesterol and LDL-C, while the levels are increased to normal levels
after efficient treatment of RA symptoms 172-179. Taken together, these results suggest
the existence of a complex interaction between inflammation and lipid metabolism in
which the two factors are reciprocally affected.
The ratio of LDL present in synovial fluid/serum significantly correlates with joint
inflammation, suggesting that in the presence of synovial inflammation, LDL can
extravasate from the circulation into the joint180, where it can be oxidized into oxidized
LDL (oxLDL) by reactive oxygen species (ROS) produced by activated immune cells181,
182. Differently from non-oxidized LDL, oxLDL is taken up by other receptors like
scavenger receptor A (SR-A), oxidized low-density lipoprotein receptor 1 (LOX-1), and
CD36 and accumulates within the cell. Moreover, oxLDL has been shown to mediate its
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effect via TLR4183, 184 . The role of oxLDL has been mainly investigated in atherosclerosis where it has a pro-inflammatory and a pathogenic effect on the blood vessel
wall185-187. However, indications for a role of oxLDL in the arthritic joint have also been
hypothesized188. In this regard, it has been shown that oxLDL induces production of
MMPs by RA fibroblasts and increased inflammation when injected into the knee joint
of mice188. Moreover, it promotes the production of pro-inflammatory cytokines by
macrophages and chemotactic factors by endothelial cells189-191. In contrast, it has
also been found that oxLDL dampens inflammation by downregulating expression of
activating FcγRs on macrophages171.
Next to regulating inflammation, oxLDL may have detrimental direct effects on bone
metabolisms as it inhibits differentiation and mineralization of osteoblasts while it
increases RANKL expression on osteoblasts thereby promoting development of
osteoclasts192-194 . However, direct stimulation of osteoclast precursors with oxLDL
inhibits their differentiation into mature resorbing cells195, 196.

Aim and structure of the thesis
The general aim of this thesis was to broaden our understanding on mechanisms that
are involved in the interplay between inflammation and bone erosion in RA. Thereby
we focussed on the role of the alarmin S100A8/A9 (chapter 2-4), FcγRs (chapter 5)
and LDL/oxLDL (chapter 6) in the regulation of inflammation and osteoclast-mediated
bone erosion during arthritis. Finally, since murine osteoclasts are mainly obtained
from bone marrow cells, implicating that many mice are sacrificed for this purpose,
we developed a method to generate and study osteoclasts from an immortalized
osteoclast precursor cell line (chapter 7).
S100A8/A9 levels are increased in synovium, synovial fluid and serum or plasma of
patients with RA. In chapter 2 we investigated whether S100A8/A9 can be used as a
serum marker and a molecular imaging biomarker for measuring severity of synovial
inflammation and joint destruction in seronegative arthritis. As a model for
seronegative arthritis we used interleukin-1 receptor antagonist (Il1rn)-/- mice that due
to deletion of the Il1rn gene develop increased IL-1 signalling and spontaneous
development of inflammation and bone destruction, particularly in the ankle joints.
We correlated S100A8/A9 levels in serum with macroscopic joint swelling, histological
inflammation and bone damage and determined its value as a damage and/or
prognostic marker. Moreover, we visualized and quantified S100A8/A9 expression
directly in the joint using molecular imaging. Next, in chapter 3 we investigated the
functional role of S100A8/A9 in the regulation of inflammation and bone erosion in the
seronegative arthritis model Il1rn-/- mice. For this purpose, we generated Il1rn-/- X
S100a9 -/- mice and compared the development of inflammation and bone destruction
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in the ankle joints with that found in Il1rn-/- mice. The effect of S100A9 on bone
destruction was additionally studied comparing osteoclast precursor populations of
both strains and determining their osteoclastogenic potential in vitro.
In chapter 4 we then investigated the role of S100A9 in osteoclastogenesis in more
detail. While it was previously described that S100A8/A9 can promote further fusion
and activation of already differentiated osteoclasts, we here investigated its effect on
the early stage of osteoclastogenesis by differentiating human CD14+ monocytes
towards osteoclasts in the presence/absence of S100A9. We determined the effect of
S100A9 on CD14+ monocyte osteoclastogenesis and on their function in bone
resorption and explored the mechanism of action of S100A9 on these cells.
In contrast to seronegative arthritis, seropositive arthritis is characterised by the
presence of autoantibodies and immune complexes next to high S100A8/A9 levels
and their presence has been linked to increased erosion. IgG containing immunecomplexes can mediate their functions by binding to FcγRs. In chapter 5, we deepened
our understanding on the role of FcγRs in inflammation and bone erosion by studying
an immune-complex-mediated model of arthritis (antigen induced arthritis (AIA)),
using FcγRI,II,III,IV-/- mice. Moreover, to better understand the specific role of activating
FcγRIV, we compared the severity of disease between FcγRI,II,III,IV-/- and FcγRI,II,III-/mice.
RA is often associated with dyslipidaemia, the metabolic syndrome and cardiovascular
diseases, all conditions often linked to high LDL levels. In chapter 6, we investigated
the effect of high LDL levels in immune complex mediated experimental arthritis AIA.
Hereto, we elicited AIA in knee joints of hypercholesterolemic Apoe-/- mice and wild
type mice and compared inflammation and bone erosion between the two strains.
Moreover, we studied the direct effect of LDL and its oxidized form oxLDL on osteoclast
differentiation and activity.
Studies on murine osteoclasts are mainly performed using bone marrow-derived cells.
This implicates that many mice should be sacrificed for this purpose, only yielding
limited osteoclast precursor numbers. In chapter 7, we described an alternative
method to the study osteoclast biology in vitro by generating osteoclasts from an
immortalized ER-hoxb8 cell line genetically modified with CRISPR/Cas9 technology.
Finally, in chapter 8 we summarize and discuss the findings described in this thesis.
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Abstract
Background
Seronegative joint diseases are characterized by a lack of well-defined biomarkers
since autoantibodies are not elevated. Calprotectin (S100A8/A9) is a damage-associated
molecular pattern (DAMP) which is released by activated phagocytes, and high levels
are found in seronegative arthritides. In this study, we investigated the biomarker
potential of systemic and local levels of these S100 proteins to assess joint inflammation
and joint destruction in an experimental model for seronegative arthritis.
Methods
Serum levels of S100A8/A9 and various cytokines were monitored during disease
development in interleukin-1 receptor antagonist (IL-1Ra)–/– mice using ELISA and
multiplex bead-based immunoassay, and were correlated to macroscopic and microscopic
parameters for joint inflammation, bone erosion, and cartilage damage. Local expression
of S100A8 and S100A9 and matrix metalloproteinase (MMP)-mediated cartilage
damage in the ankle joints were investigated by immunohistochemistry. In addition,
local S100A8 and activated MMPs were monitored in vivo by optical imaging using
anti-S100A8-Cy7 and AF489-Cy5.5, a specific tracer for activated MMPs.
Results
Serum levels of S100A8/A9 were significantly increased in IL-1Ra–/– mice and correlated
with macroscopic joint swelling and histological inflammation, while serum levels
of pro-inflammatory cytokines did not correlate with joint swelling. In addition,
early serum S100A8/A9 levels were prognostic for disease outcome at a later stage.
The increased serum S100A8/A9 levels were reflected by an increased expression
of S100A8 and S100A9 within the ankle joint, as visualized by molecular imaging.
Next to inflammatory processes, serum S100A8/A9 also correlated with histological
parameters for bone erosion and cartilage damage. In addition, arthritic IL-1Ra–/– mice
with increased synovial S100A8 and S100A9 expression showed increased cartilage
damage that coincided with MMP-mediated neoepitope expression and in vivo
imaging of activated MMPs.
Conclusions
Expression of S100A8 and S100A9 in IL-1Ra–/– mice strongly correlates with synovial
inflammation, bone erosion, and cartilage damage, underlining the potential of
S100A8/A9 as a systemic and local biomarker in seronegative arthritis not only for
assessing inflammation but also for assessing severity of inflammatory joint
destruction.

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 36

S100A8/A9: SERUM AND MOLECULAR IMAGING BIOMARKER IN Il1Ra-/- MICE

Background
Seronegative arthritides are a large heterogeneous group of joint diseases, which
include spondyloarthritic diseases (SpA; e.g. ankylosing spondylitis (AS) and psoriatic
arthritis (PsA)) and juvenile idiopathic arthritis (JIA), amongst others. A common feature
in these patients is the lack of increased levels of serum autoantibodies, such as
rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA)1-4 , the presence
of which is a typical autoimmune feature in rheumatoid arthritis (RA) patients. While in
RA patients the serum RF and ACPA levels, together with erythrocyte sedimentation
rate (ESR) and C-reactive protein (CRP) levels, are established serum biomarkers to assess
disease activity, only ESR and CRP are used as a serum biomarker in seronegative
arthritic patients for appropriate patient management and treat-to-target strategy.
Currently, a considerable number of studies are exploring the potential of new
diagnostic and predictive markers for several forms of seronegative arthritis, including
calprotectin (S100A8/A9)5-7. Whereas in RA serum S100A8/A9 has been widely accepted
as a powerful serum biomarker to assess disease activity and to predict therapy
response8, its role as a serum biomarker in seronegative arthritis is still under
investigation9-12. S100A8 (MRP8) and S100A9 (MRP14) are calcium -binding proteins
which belong to the group of damage-associated molecular patterns (DAMPs) or alarmins
and are selectively expressed in phagocytes, i.e., granulocytes, monocytes, and
activated macrophages. Both proteins are co-expressed and form a stable heterodimer
S100A8/A9, which is the predominant occurring form and able to activate macrophages
via binding and activation of Toll-like receptor (TLR)4-dependent signaling cascades13.
Although human and murine S100A8 and S100A9 show limited sequence similarity,
the tertiary structure is very similar and both human and murine S100A8, S100A9,
and S100A8/A9 have been shown to bind to TLR414-18.
S100A8 and S100A9 have been shown to induce chemotaxis and transendothelial
migration of phagocytes to the inflamed tissue and to stimulate the release of proinflammatory cytokines and chemokines from activated macrophages13 . Next to these
inflammatory processes, these DAMPs have also been implicated in joint damage
in arthritic diseases. S100A8 and S100A9 were found to directly stimulate matrix
metalloproteinase (MMP) expression in murine and human chondrocytes, thereby
facilitating the breakdown of cartilage in RA and osteoarthritis19-21. Indeed, S100A9
has been shown to regulate inflammation and cartilage destruction, and to be a
promising imaging biomarker tool to assess disease severity in experimental arthritis
models22, 23.
These findings indicate that S100A8 and S100A9 may be relevant biomarkers for
inflammatory processes as well as processes involved in joint destruction. Indeed,
serum S100A8/A9 levels are associated with several radiographic joint damage scores
in RA (i.e., modified Sharp score and RA Articular Damage score)8, 24 , but the biomarker
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potential of serum S100A8/A9 for joint destruction is less clear in seronegative
arthritis25, 26.
In this study, we explore the biomarker potential of S100A8/A9 in interleukin-1 receptor
antagonist deficient (IL-1Ra–/–) mice, a non-immune complex-mediated arthritis
model. In these mice, the deficiency of IL-1Ra leads to increased IL-1 signaling and
subsequent spontaneous development of inflammation in the hind paws which will
eventually lead to cartilage and bone destruction27. Increased IL-1 signaling has also
been found in several types of seronegative arthritides28, 29, but is most pronounced
in systemic onset juvenile idiopathic arthritis (sJIA)30. Although low levels of
autoantibodies against immunoglobulin (Ig)G, type II collagenase and double
-stranded DNA are formed in IL-1Ra–/– mice, these autoantibody levels do not correlate
with disease severity, and even mice with low autoantibody levels developed
arthritis27. Clearly, the IL-1Ra–/– mouse may not be a model for AS, PsA, or JIA since
these conditions are very heterogeneous and many of the clinical manifestations are
not shared by IL-1Ra–/– mice. However, IL-1Ra–/– mice may be a relevant model to
explore new biomarkers for arthritides in which serum autoantibodies are not
increased.
In this study, we explored the potential of S100A8/A9 as a systemic and local biomarker
(monitored by ELISA and in vivo imaging) for joint inflammation, bone erosion, and
MMP-mediated cartilage damage in IL-1Ra–/– mice.

Methods
Animals
Male and female IL-1Ra–/– mice from the BALB/c background were kindly provided by
Dr. M. Nicklin (Sheffield, UK) and were generated as described previously 31. Male and
female BALB/c control mice (Janvier, France) were 4 weeks old upon arrival. Mice were
housed under standard housing conditions: filter top cages, temperature 20–24°C, 12
h light-dark cycle, and ad libitum access to animal chow and water.

Macroscopic scoring of swelling
Arthritis development in each hind paw in IL-1Ra–/– mice was macroscopically scored
weekly or every 2 weeks using an arbitrary scoring system on a scale of 0 to 2 per paw
as described previously 32. The following scoring criteria were used: 0, no redness and
swelling; 0.25, slight redness; 0.5, slight redness and swelling; 0.75–1, mild redness
and swelling; 1.25–1.5, moderate redness and swelling; 1.75–2, severe redness and
swelling. Only hind paws were scored as arthritis rarely develops in the fore paws.
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Serum cytokine and S100A8/A9 measurement
Blood was drawn from the retro-orbital plexus and collected in MiniCollect Serum
Separator tubes (Greiner Bio-One). Serum concentrations of the cytokines IL-1β, IL-6,
tumor necrosis factor (TNF), IL-17, IL-4, and interferon (IFN)-γ were determined using
the Luminex multi-analyte technology on the Bio-Plex 100 system (Bio-Rad) in
combination with the multiplex cytokine kit (Milliplex, Millipore, Amsterdam, the
Netherlands). Serum was three-times diluted and sensitivity was > 0.36 pg/ml. Serum
S100A8/A9 concentrations were determined by an in-house sandwich ELISA
specifically for mouse S100A8/A9 as described previously 23 .

2

Histological analysis of joint inflammation and damage
For assessment of joint inflammation and damage, total ankle joints were dissected
and fixed in 4% formalin for 4 days. Knees were decalcified in 5% formic acid, dehydrated
in a series of ethanol and embedded in paraffin. Sections of 7 μm were cut and stained
with hematoxylin and eosin (H&E) for analysis of cell influx, bone erosion, and chondrocyte
death, and Safranin O (SafO) staining for proteoglycan (PG) depletion and cartilage
erosion. Each parameter was arbitrarily scored on a scale of 0 to 3 with steps of 0.25
by two independent observers in a blinded manner. Histological parameters were
determined in the joints of the tibia and talus (tibio-talar joint) and of the talus and
navicular bone (talo-navicular joint); three sections per ankle joint were scored and the
mean score was determined.

Immunohistochemistry
Tissue sections (7 μm) from formalin-fixed, paraffin-embedded ankle joints of IL-1Ra–/–
mice and BALB/c control mice were digested with proteinase-free chondroitinase ABC
(0.25 units/ml in 0.1 M Tris-HCl, pH 8.0; Sigma-Aldrich) for antigen retrieval. Tissue
sections were incubated overnight with rabbit anti-S100A8 and anti-S100A9 23 or with
rabbit anti-VDIPEN for staining of MMP-mediated cartilage destruction. Sections were
then incubated with biotinylated horseradish peroxidase-conjugated goat anti-rabbit
IgG (Dako) as a second antibody followed by incubation with avidin-streptavidinperoxidase (Elite-kit, Vector). Peroxidase activity was assessed by staining with
3,3′-diaminobenzidine (DAB; Powervision DAB, Immunologic, Duiven, the Netherlands)
in the presence of H2O2 and all sections were counterstained with hematoxylin for
S100A8 and S100A9 staining and with orange G (2%) for VDIPEN staining.

In vivo optical imaging
To monitor local synovial S100A8 expression and activated MMPs in vivo, optical
imaging was performed in 16 -week -old IL-1Ra–/– mice. Mice received an intravenous
(i.v.) injection via a tail vein of the specific Cy7-labeled S100A8 polyclonal antibody
(anti-S100A8-Cy7) or Cy7-labeled antibody of irrelevant specificity (Rabbit-IgG-Cy7)
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(2 nmol of Cy7 ~ 100 μg antibody) 23 . For MMP imaging, mice received an i.v. injection
of 2 nmol Cy5.5 -labeled AF489 (AF489-Cy5.5), a low -molecular weight MMP inhibitor
that targets the active site of MMPs in vivo 33 .
Twenty-four or 3 h post i.v. injection of anti-S100A8-Cy7 and AF489-Cy5.5, respectively, mice
were anesthetized (2.5% isoflurane/oxygen) and placed in the light-tight chamber and
imaged with the IVIS Lumina (Caliper Life Sciences, Hopkinton, MA, USA) for 1 min. For
imaging of the Cy7-labeled antibodies, excitation and emission wavelengths were set at
710 and 810–885 nm, respectively, and for AF489-Cy5.5 at 640 and 695–770 nm.
Regions of interest were set on the inflamed ankle joint and muscle tissue (background).
Signal -to -noise ratio (SNR) was calculated as SNR = mean fluorescent intensity of
ankle/standard deviation of background signal.

Statistical analysis
Nominal data are presented as mean values ± standard deviation, and ordinal data
with box-and-whisker plot. Differences between groups were assessed by Student’s
unpaired t test, or Mann-Whitney test when appropriate. Spearman rank correlation
coefficients (rs) were calculated between serum levels of S100A8/A9 or pro-inflammatory cytokines and macroscopic and microscopic parameters for joint inflammation
and destruction, and between fluorescent signal of in vivo imaging and macroscopic
score for joint swelling. To determine the accuracy of serum S100A8/A9 as a biomarker
for macroscopic joint swelling (score > 0.5), receiver operating characteristic (ROC)
curves were generated and the area under the curve (AUC) was calculated, where 0.5
represents random chance and 1.0 a perfect biomarker. Similarly, ROC and AUC were
calculated to determine the accuracy of serum S100A8/A9 as biomarker for microscopic
cell influx, bone erosion, cartilage erosion, PG depletion, and chondrocyte death
(score > 0.5). Statistical significance was set at P < 0.05 (two-tailed).

Results
Serum levels of S100A8/A9 correlate to macroscopic score for swelling
in inflamed hind paws of IL-1Ra –/– mice
IL-1Ra–/– mice (n = 26) developed a spontaneous and heterogeneous joint swelling in
the hind paws starting at week 6, reaching a combined median joint swelling in both
ankle joints of 0.6 on a scale of 0 to 4 with a disease incidence of 70% at week 15
(Figure 1A). Serum levels of S100A8/A9 were higher in mice with increased joint
swelling and correlated significantly with the macroscopic score for joint swelling at
week 15 (rs = 0.730, P < 0.0001; Figure 1B). Moreover, at week 15, S100A8/A9 levels
were able to discriminate low joint swelling (score 0–0.5) from mild and severe swelling
(score 0.75–4) with high accuracy (AUC = 0.88, 95 % confidence interval (CI) 0.75–1.00;
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Figure 1 Serum S100A8/A9 levels correlate with macroscopic score for joint swelling.
A Starting at week 6, IL-1Ra–/– mice (n = 26) developed a spontaneous and highly heterogeneous
joint swelling in the hind paws (combined score of left and right paw). B At end -point (week 15),
serum levels of S100A8/A9 correlated to the combined macroscopic score for joint swelling.
C Contrastingly, serum levels of the pro-inflammatory cytokines IL-1β, IL-6, and TNF did not correlate with
the combined macroscopic score for joint swelling at week 15. IL interleukin, IL-1Ra interleukin-1
receptor antagonist, TNF tumor necrosis factor
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Additional file 1A). In contrast, serum levels of various pro-inflammatory cytokines
did not correlate with joint swelling: IL-1β (rs = –0.352, P = 0.056), IL-6 (rs = –0.150,
P = 0.454), and TNF (rs = –0.011, P = 0.956) (Figure 1C). Serum levels of the T cell-related
cytokines IL-17 (rs = 0.304, P = 0.102), IL-4 (rs = –0.004, P = 0.983), and IFN-γ (rs = –0.019,
P = 0.921) also did not correlate with joint swelling (Additional file 2A).

Early serum levels of S100A8/A9 are prognostic for the development of
joint swelling in IL-1Ra –/– mice
To investigate whether serum levels of S100A8/A9 are prognostic for disease outcome,
serum S100A8/A9 levels were measured in IL-1Ra–/– mice (n = 37) every 2 weeks
starting at week 4 when arthritis has not developed yet, and compared to levels in
age-matched BALB/c control mice (n = 8). S100A8/A9 levels in IL-1Ra–/– mice gradually
increased during development and were significantly increased compared to control
mice at 8 weeks of age (P = 0.029; Figure 2A). From that time point on, serum S100A8/
A9 levels correlated with the macroscopic score for joint swelling (rs = 0.489, P = 0.002;
Figure 2B) throughout disease development.
To investigate the potential of S100A8/A9 as a prognostic biomarker, we investigated
whether increased S100A8/A9 serum levels at early time points were associated with
increased joint swelling at the 16-week end point. As development of arthritis in
IL-1Ra–/– mice is variable, mice were stratified at end point (week 16) into three groups,
i.e., mice with low (score 0–0.5), mild (score 0.75–2), and severe macroscopic swelling
(score 2.25–4). Next, serum S100A8/A9 levels in the three groups were investigated
throughout disease development. Whereas serum S100A8/A9 levels between low and
mild arthritic mice did not differ, severe arthritic mice showed increased serum
S100A8/A9 levels compared to both low and mild arthritic mice at week 10 (P = 0.009
and P = 0.004, respectively), indicating that high serum S100A8/A9 levels at week 10
are prognostic for severe macroscopic swelling (score 2.25–4) at week 16 (Figure 2C).
The prognostic value of serum S100A8/A9 in IL-1Ra–/– mice at week 10 is further
strengthened by its correlation with the macroscopic score for swelling at week 16
(rs = 0.605, P < 0.0001; Figure 2D). Furthermore, while at weeks 4, 6, and 8 serum
S100A8/A9 levels were not able to predict severe joint swelling (score 2.25–4) at week
16 (AUC = 0.52, 0.61, and 0.61, 95 % CIs 0.32–0.71, 0.42–0.79 and 0.43–0.79,
respectively; Additional file 1B), serum S100A8/A9 levels were an accurate prognostic
biomarker at weeks 10, 12, and 14 (AUC = 0.82, 0.88, and 0.81, 95 % CIs 0.68–0.96,
0.77–0.99, and 0.67–0.95, respectively; Additional file 1B).
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Figure 2 Early serum S100A8/A9 levels are prognostic for development of increased
joint swelling.
A Serum levels of S100A8/A9 in IL-1Ra–/– mice (n = 37) were increased compared to BALB/c mice
(n = 8) at week 8 of age (P = 0.029) and at weeks 10, 12, 14, and 16. B At week 8, serum levels of
S100A8/A9 in IL-1Ra–/– mice correlated with the combined macroscopic score for joint swelling,
and continued to be correlated with joint swelling at weeks 10, 12, 14, and 16 (data not shown).
C IL-1Ra–/– mice were stratified for macroscopic joint swelling at week 16 in severe (score 2.25–
4), mild (score 0.75–2), and low (0–0.5) joint swelling. Serum S100A8/A9 levels were increased
in severe arthritic mice as early as week 10 compared to mild (P = 0.004) and low arthritic mice
(P = 0.009). Serum levels of S100A8/A9 in severe arthritic mice continued to be increased
compared to mild and low arthritic mice at weeks 12, 14, and 16. D Serum levels of S100A8/
A9 at week 10 correlated with joint swelling at week 16, indicating that early serum S100A8/A9
levels are prognostic for disease outcome at a later stage. *P < 0.05, **P < 0.01, ***P < 0.001. IL-1Ra
interleukin-1 receptor antagonist.

Serum S100A8/A9 correlates with histological parameters of
inflammation and local S100A8 and S100A9 levels in the synovium of
inflamed ankle joints of IL-1Ra –/– mice
We next investigated whether serum levels of S100A8/A9 at 16 weeks, apart from
macroscopic score for joint swelling, also correlated with microscopic parameters for
joint inflammation. Synovial cell influx was determined in the tibio-talar and
talo-navicular joints using an arbitrary scale of 0 to 3, and the combined score of both
ankle joints was determined. Ankle joints of 16-week-old arthritic IL-1Ra–/– mice
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showed increased amounts of infiltrated inflammatory cells (≈ 60% neutrophils and
40% monocytes/macrophage) in the synovium, which correlated closely with the
macroscopic score of swelling (rs = 0.930, P < 0.0001; Additional file 2B) and serum
levels of S100A8/A9 (rs = 0.763, P < 0.0001; Figure 3A). Additionally, serum S100A8/A9
was able to discriminate increased cell influx (score > 0.5) with a high accuracy
(AUC = 0.93, 95% CI 0.82–1.00; Additional file 1C).
A prominent expression of S100A8 and S100A9 within the activated synovium and
infiltrating cells in the surrounding tissue of the ankle joints of 16-week-old IL-1Ra–/–
mice was visualized by immunohistochemistry using a specific antibody against
murine S100A8 and S100A9 in serial sections (Figure 3B). No expression of S100A8 or
S100A9 was observed in the synovia of IL-1Ra–/– mice with no swelling (score 0),
whereas in mice with a macroscopic score for joint swelling of 1 and 2 a clear increased
S100A8 and S100A9 expression was observed in the inflamed ankle joint (Figure 3B).
Expression of S100A8 and S100A9 within the inflamed ankle joint of IL-1Ra–/– mice
show a similar distribution and this is co-expressed in monocytes and neutrophils
(Figure 3B), indicating the inflamed joint as the source of increased serum S100A8/A9
levels in high arthritic IL-1Ra–/– mice. No staining with isotype control IgG was found
on ankle joint sections of arthritic IL-1Ra–/– mice (inserts in Figure 3B).
Since expression of both S100A8 and S100A9 is similar in ankle joints of arthritic
IL-1Ra–/– mice, we continued examining S100A8 only in the following experiments.
To investigate whether local expression of S100A8 in high arthritic IL-1Ra–/– mice could
also be visualized in vivo we used a specific anti-S100A8 antibody coupled to Cy7.
Targeting of anti-S100A8-Cy7 was assessed in 16 -week -old IL-1Ra–/– mice using
optical imaging, and a fluorescent signal was observed in inflamed ankle joints (mean
macroscopic score of 1.4 ± 0.3, n = 6; Figure 3C). Specificity of the anti-S100A8-Cy7
signal was confirmed by comparison to the signal of an irrelevant rabbit-IgG-Cy7 in
IL-1Ra–/– mice with comparable joint swelling (mean macroscopic score of 1.3 ± 0.4,
n = 6) which was significantly lower (P = 0.0002; Figure 3C).
To further explore whether S100A8 imaging can be used as a biomarker tool to
distinguish disease severity in IL-1Ra–/– mice, anti-S100A8-Cy7 targeting was imaged
in ankle joints of IL-1Ra–/– mice with various degrees of joint swelling and showed a
significant correlation with macroscopic score for joint swelling (rs = 0.731, P = 0.001;
Figure 3D). These data indicate that S100A8 in the inflamed joint of IL-1Ra–/– mice can
be visualized non-invasively by molecular imaging using anti-S100A8-Cy7, and may be
a relevant biomarker tool to assess disease severity.
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Serum S100A8/A9 correlates with histological parameters of bone
erosion and cartilage damage in the inflamed ankle joints of IL-1Ra–/– mice
Next, we studied the relationship between S100A8/A9 and joint destruction in
16-week-old IL-1Ra–/– mice. First, we determined bone erosion on eight bone surface
areas of the tibia, talus, and navicular bone. The combined mean bone erosion score
of both ankle joints correlated with serum levels of S100A8/A9 in IL-1Ra–/– mice
(rs = 0.712, P < 0.0001; Figure 4A), and at week 16 serum S100A8/A9 was able to
discriminate increased bone erosion (score > 0.5) with high accuracy (AUC = 0.87, 95%
CI 0.72–1.00; Additional file 1C).
Subsequently, various parameters for cartilage destruction were studied on the four
cartilage surfaces of the tibio-talar and talo-navicular joints, and the combined mean
score of both ankle joints was determined. All parameters correlated with serum levels
of S100A8/A9, i.e., PG depletion (rs = 0.656, P = 0.0003; Figure 4B), chondrocyte
death (rs = 0.767, P < 0.0001; Figure 4C), and cartilage erosion (rs = 0.726, P < 0.0001;
Figure 4D), and serum S100A8/A9 levels were able to discriminate for increased PG
depletion, chondrocyte death, and cartilage erosion (score > 0.5) with high accuracy
(AUC = 0.84, 0.92, and 0.87, 95 % CIs 0.69–1.00, 0.81–1.00, and 0.72–1.00, respectively;
Additional file 1C).

2

Increased S100A8 expression is associated with increased MMP
activity in the inflamed ankle joints of IL-1Ra –/– mice
As MMPs are major enzymes involved in mediating cartilage destruction, we
additionally investigated their link with the increased S100A8 levels that were observed
in ankle joints of arthritic IL-1Ra–/– mice. First, MMP -generated VDIPEN aggrecan
neoepitopes were determined within the cartilage of ankle joint sections of arthritic
IL-1Ra–/– mice using immunohistochemistry. Increased MMP-mediated VDIPEN
staining in the cartilage was associated with increased expression of S100A8 in the
synovium, as shown by S100A8 and VDIPEN immunostaining in directly adjacent
sections (Figure 5A). VDIPEN neoepitopes were mainly found in the extracellular
matrix surrounding the chondrocytes in the articular cartilage (Figure 5A). In IL-1Ra–/–
mice with no joint swelling, little VDIPEN staining was visible around the chondrocytes,
while in mice with increased joint swelling a gradual increase in VDIPEN staining was
also observed in the extracellular matrix. In IL-1Ra–/– mice with a maximum score for
joint swelling of 2, all chondrocytes and the cartilage matrix were VDIPEN -positive
(Figure 5A), indicative of severe MMP-mediated cartilage breakdown. No staining with
isotype control IgG was found on ankle joint sections of arthritic IL-1Ra–/– mice (insert
Figure 5A).
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Figure 3 Serum S100A8/A9 levels correlate with histological parameters of inflammation
and local synovial S100A8 and S100A9 levels.
A Increased joint swelling was associated with increased thickening of the synovium (black line)
and serum levels of S100A8/A9 correlated with the cell influx in the synovium of 16 -week -old
IL-1Ra–/– mice. B IL-1Ra–/– mice with increased macroscopic score for joint swelling showed a
clear increased S100A8 and S100A9 expression, with similar distribution, in the infiltrating cells
of the ankle joint. Expression of S100A8 and S100A9 within the inflamed ankle joint of IL-1Ra–/–
mice is co-expressed in monocytes and neutrophils. Isotype control IgG staining for S100A8 and
S100A9 staining showed no staining in ankle joint sections of arthritic IL-1Ra–/– mice (inserts). C
Intravenous injection of polyclonal anti-S100A8-Cy7 in 16 -week -old arthritic IL-1Ra–/– mice (n = 6)
led to a significantly increased fluorescent signal in the ankle joints compared with mice injected
with irrelevant Rab-IgG-Cy7 (n = 6) (P = 0.0002) (macroscopic score for joint swelling in white). D
Anti-S100A8-Cy7 targeting was imaged in ankle joints of IL-1Ra–/– mice with various degrees of
joint swelling and the observed fluorescent signal correlated with the macroscopic score for joint
swelling. ***P < 0.001. Ca calcaneus, Ig immunoglobulin, IL-1Ra interleukin-1 receptor antagonist,
Nav navicular bone, Ta talus.

2

Finally, to investigate the relationship between S100A8/S100A9 and MMP activity
within the inflamed joints of IL-1Ra–/– mice, we measured activated MMPs in IL-1Ra–/–
mice using molecular imaging. To this end, we used the low-molecular weight MMP
inhibitor AF-489 which has been shown to bind to the active sites of several gelatinases
and collagenases involved in cartilage breakdown, i.e., MMP-2, -9 and -13, with IC50
values in the nanomolar range 33 . Targeting of the MMP inhibitor AF489-Cy5.5 was
clearly visible in inflamed ankle joints of IL-1Ra–/– mice, which correlated with increased
macroscopic swelling of the ankle joint (rs = 0.751, P = 0.0008; Figure 5B). Increased
levels of active MMPs can be visualized in vivo by optical imaging and is associated
with increased cartilage damage and VDIPEN neoepitopes in chondrocytes of IL-1Ra–/–
mice which are linked to increased levels of S100A8 expression in the synovium.
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Figure 4 Serum S100A8/A9 levels correlate with histological parameters of bone erosion
and cartilage damage.
A Increased bone erosion (*) was observed in arthritic IL-1Ra–/– mice, which correlated with
serum levels of S100A8/A9. b–d Several parameters for cartilage damage were investigated.
Proteoglycan depletion (B), chondrocyte death (C, arrow heads), and cartilage erosion (D, black
line) were increased in arthritic IL-1Ra–/– mice, and all these parameters correlated to serum levels
of S100A8/A9. Nav navicular, PG proteoglycan, Ta talus, Ti tibia.
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Figure 5 Increased S100A8 expression is associated with increased MMP activity in
the inflamed ankle joints.
A Increased expression of S100A8 in the inflamed ankle joints in 16 -week -old IL-1Ra–/– mice was
associated with increased VDIPEN staining around the chondrocytes and cartilage matrix of the
articular cartilage. Isotype control IgG staining for VDIPEN staining showed no staining in ankle
joint sections of arthritic IL-1Ra–/– mice (insert). B Intravenous injection of the MMP inhibitor AF489 coupled to Cy5.5 led to an increased fluorescent signal in the inflamed ankle joints of arthritic
IL-1Ra–/– mice and the observed fluorescent signal correlated to the macroscopic score for joint
swelling (macroscopic score for joint swelling in white). Ig immunoglobulin, IL-1Ra interleukin-1
receptor antagonist, SNR signal-to-noise ratio, Ta talus, Ti tibia.

Discussion
This study shows that the S100-DAMPs S100A8 and S100A9 can be used as biomarkers
to assess disease activity in an experimental model of seronegative arthritis. Systemic
and local levels of S100A8/A9, monitored by ELISA and in vivo imaging, correlate to
parameters for joint inflammation and are prognostic for disease outcome at a later
stage. Besides the potential as an inflammatory biomarker, S100A8/A9 may also serve
as a biomarker for inflammatory joint destruction.
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We here introduce the IL-1Ra–/– mouse as an animal model for exploring new
biomarkers in arthritides in which serum autoantibodies are not increased and not
as a model for AS, PsA, or JIA, although these mice show some communalities with
these human seronegative conditions. First of all, although serum levels of some autoantibodies are somewhat elevated in IL-1Ra–/– mice compared to control BALB/c mice
(i.e., RF against IgG, type II collagenase autoantibodies, and double -stranded DNA
are increased 1.4-, 2.8- and 1.9-fold, respectively), these autoantibody levels did not
correlate with disease severity, and even mice with low autoantibody levels were shown
to develop arthritis27. In addition, IL-1Ra–/– mice also display extra-articular inflammation,
such as psoriasis34 and aortitis31, 35. Another important communality between certain
subsets of human seronegative arthritides and IL-1Ra–/– mice is the involvement of
increased IL-1 signaling, which is most apparent in sJIA patients36, 37. Beside increased
IL-1 signaling, these patients also exhibit extraordinarily high levels of serum S100A8/
A9 (a 44 -times increase compared to healthy controls) suggesting a close relation
between S100A8/A9 and IL-1β in inflammatory diseases.
While serum levels of S100A8/A9 in IL-1Ra–/– mice correlated well with joint swelling
and were able to discriminate for joint swelling (score > 0.5) with high accuracy, serum
levels of several key cytokines did not correlate with disease activity despite their
functional role in joint pathology. The poor biomarker quality of these cytokines in
IL-1Ra–/– mice is in line with earlier observations where plasma levels of IL-1β and IL-6
in IL-1Ra–/– mice remained unchanged compared to control BALB/c mice, while plasma
levels of TNF were only moderately elevated38. Although IL-1β and TNF are major
therapeutic targets in patients with seronegative arthritis, they are less suitable as
serum biomarkers because of practical limitations, e.g., low serum levels and low
thermal stability, which reduce accuracy of ex vivo measurements39.
The search for more reliable biomarkers for seronegative arthritis has resulted in
several serum proteins that are associated with disease activity in patients with
seronegative arthritis: IL-6, IL-17, IL-23, VEGF, and MMP3 in SpA6, 7, 40-43 , and IL-6 and
IL-18 in JIA5, 36, 44, amongst others. Although these proteins correlate with certain clinical
aspects of seronegative arthritis, a major problem remains the lack of specificity,
and results are often inconsistent; moreover, these putative biomarkers still await
validation in cohort studies. An alternative biomarker for seronegative arthritis is
S100A8/A9, since it is released in high quantity during inflammation and it is highly
stable (transition temperature >50 °C for human S100A8/A9)45 and tolerates several
freeze/thaw cycles of the sample without loss of human and murine S100A8/A9 levels
(unpublished data). Additionally, S100A8/A9 is selectively released from early
infiltrating phagocytes, thereby reflecting a local first -line response of the innate
immune system in arthritis development.
Serum S100A8/A9 levels have already been implicated as a biomarker for disease
activity and therapy response monitoring in seronegative arthritis. Serum levels of
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S100A8/A9 are increased and correlate with disease activity in AS10, PsA11, 26 and JIA46, 47
and were significantly decreased after treatment with TNF-blockers. Additionally,
high baseline serum S100A8/A9 levels in JIA are predictive of a good response to
methotrexate and anti-TNF treatment 46, 47, whereas high serum levels of S100A8/A9
after complete remission can predict a relapse of inflammatory flares12, 47, 48.
We show that, in IL-1Ra–/– mice, serum S100A8/A9 levels are not only correlated with
macroscopic joint swelling, but also with the influx of immune cells (mainly neutrophils
and monocytes) in the inflamed joints. The high expression of S100A8 and S100A9 in
these infiltrating cells indicates that the inflamed ankle joints are the source of the
increased serum S100A8/A9 levels. Consequently, monitoring local expression of
S100A8 (and S100A9) may be an even more specific biomarker tool to assess disease
activity in human seronegative arthritis. In this study, we demonstrate that local
expression of S100A8 in IL-1Ra–/– mice could be monitored non-invasively by in vivo
optical imaging and that the signal correlated with disease activity. A possible
advantage of imaging locally produced S100A8 or S100A9 maybe the detection of
sub-clinical inflammation, assuming local expression of S100A8 and S100A9 precedes
the increases in serum S100A8/A9. Indeed, imaging of early S100A8 and S100A9
expression in inflamed joints of mice with collagen -induced arthritis (CIA), just after
onset of the first CIA clinical signs, correlated strongly with disease outcome at a later
stage23 , which may also apply to IL-1Ra–/– mice.
Besides the potential as a biomarker for inflammation, S100A8/A9 may also serve as
a biomarker for inflammatory joint destruction in seronegative arthritis. In this study,
we show that serum S100A8/A9 levels are correlated with various microscopic
parameters for bone and cartilage destruction in IL-1Ra–/– mice. Not only are systemic
levels of S100A8/A9 correlated with cartilage damage, but also local expression of
S100A8 in the inflamed joint was associated with increased MMP-mediated cartilage
damage, as demonstrated by the increased levels of the aggrecan neoepitope VDIPEN
in the articular cartilage. In addition, we were able to non-invasively monitor increased
levels of activated MMPs within the inflamed ankle joint by optical imaging using
AF489-Cy5.5.
Experimental evidence shows a direct effect of S100A8 and S100A9 on processes
involved in bone and cartilage damage, supporting the statement that these S100DAMPs are a functional biomarker for joint destruction. A direct link between S100A9
and bone erosion has been described in the antigen -induced arthritis (AIA) model
where S100A9 –/– mice developed less bone erosion which was accompanied by a
reduction in the number of osteoclasts in the knee joints49. Furthermore, S100A8 was
able to stimulate osteoclast formation and activity in vitro49.
In addition, S100A8 and S100A9 are also directly involved in cartilage damage.
S100A9–/– mice with AIA show less cartilage destruction, i.e., PG depletion, chondrocyte
death, and MMP activity, compared to wild-type mice22. Moreover, injection of recombinant
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S100A8 directly into a naive knee joint resulted in a rapid induction of synovial
inflammation and cartilage PG depletion, which were accompanied by an increased
expression of pro-inflammatory cytokines and MMPs22. A direct link for S100A8 and
S100A9 on MMP expression in chondrocytes was further established by stimulation of
murine and human chondrocytes with S100A8 and S100A9, which resulted in increased
mRNA and protein expression of several MMPs and the generation of VDIPEN
neoepitopes on the surface of the chondrocytes19, 20.
Until now, only a few studies have investigated the biomarker potential of S100A8/A9 on
joint damage in AS or SpA. Serum levels of S100A8/A9 have been found to correlate
with radiographic features of arthritis in PsA 26 and were predictive of progression of
radiographic damage of the spine and syndesmophyte formation in AS25 . The
correlation of serum S100A8/A9 with several aspects of bone and cartilage destruction
in IL-1Ra–/– mice, as described in the current study, further strengthens the concept of
S100A8/A9 as a biomarker for inflammatory joint destruction in seronegative arthritis,
and a biomarker for inflammation.

Conclusions
The strong correlation between the expression of S100A8 and S100A9 with disease
severity in IL-1Ra–/– mice underlines the potential of serum S100A8/A9 as a diagnostic
and prognostic biomarker in seronegative arthritis, not only for assessing inflammation
but also for assessing inflammatory joint destruction. Indeed, several parameters for
bone and cartilage damage correlated strongly to serum S100A8/A9 levels in IL-1Ra–/–
mice. Next to systemic levels, monitoring of local levels of S100A8 and S100A9 may be
an important biomarker tool to assess joint inflammation and destruction as well,
which can be inferred from the increased expression of S100A8 and S100A9 and in
vivo imaging of S100A8 in the inflamed ankle joints hind paws of IL-1Ra–/– mice.
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Additional file 1
(A). Serum S100A8/A9 as a positive marker to predict joint swelling (macroscopic score >0.5)
at week 16. (B) Serum S100A8/A9 at earlier time-points as a positive marker to predict severe joint
swelling at week 16 (macroscopic score >2).
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2

Additional file 1 (continued)
(C) Serum S100A8/A9 as a positive marker to predict histological parameters for inflammation
(cell influx), bone erosion, and cartilage damage (PG depletion, chondrocyte death, and cartilage
erosion) (histological score >0.5) at week 16.
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Additional file 2
(A). Serum levels of the cytokines IL-17, IL-4, and IFN-γ did not correlate with the combined macroscopic score for joint swelling at week 15. (B) The combined macroscopic score for joint swelling
correlated to the cell influx in the synovium of 16-week-old IL-1Ra–/– mice.
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Abstract
Background and objectives
Bone erosion is one of the central features of rheumatoid arthritis (RA) and is caused
by an excessive activity of osteoclasts, induced by inflammatory factors released by
activated immune cells. Levels of the pro-inflammatory alarmin S100A8/A9 and IL1β
are both increased in serum and synovial fluid of RA patients and correlate with
disease activity and progression of bone erosion. In experimental arthritis, deficiency
of either S100A8/A9 or IL1β decreases joint pathology. In the present study,
we investigated the functional role of S100A8/A9 in inflammation and bone erosion
in mice with high IL1 signalling using Il1rn-/-XS100a9-/- double knock-out, Il1rn-/- and
S100a9-/- single knockout, and wild type (WT) control mice.
Methods
Il1rn-/-XS100a9-/- on a BALB/c background were obtained by crossing S100a9-/-mice
and Il1rn-/- mice. Bone destruction and inflammation were evaluated using histology of
ankle joints of 20-weeks-old mice. Expression of S100A8 and S100A9 was evaluated
using immunohistochemistry. The percentage of osteoclast precursors in the bone
marrow was determined using flow cytometry. In vitro osteoclastogenesis of bone
marrow cells was evaluated with TRAP staining.
Results
Inflammation was significantly increased in the ankle joints of both Il1rn-/-XS100a9-/and Il1rn-/- mice when compared to S100a9-/-. However, no significant difference was
observed between Il1rn-/-XS100a9-/- and Il1rn-/-. Although the percentage of osteoclast
precursors in the bone marrow (BM ) was higher in arthritic Il1rn-/-XS100a9-/- when
compared to Il1rn-/- mice, a comparable osteoclastogenic potential was measured in
vitro. Severe bone erosion was observed in the ankle joints of Il1rn-/-XS100a9-/- and
Il1rn-/- mice when compared to S100a9-/-, whereas no significant differences were
present between Il1rn-/-XS100a9-/- and Il1rn-/-.
Conclusion
Absence of S100A8/A9 does not affect inflammation and bone erosion in mice with
high IL1β signalling suggesting that S100A8/A9 is not essential for the development of
arthritis under these conditions.
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Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disease that mainly affects
articular joints. Excessive bone erosion is one of the central features of RA and is
mediated by osteoclasts, multinucleated cells that differentiate from myeloid
precursors under the influence of macrophage colony stimulating factor (M-CSF) and
receptor activator of nuclear factor kappa-Β ligand (RANKL)1, 2. During steady state
conditions, the bone resorption- activity of osteoclasts is counterbalanced by the
bone formation-activity of osteoblasts, and together they regulate physiological bone
remodelling. During RA however, immune cells present in the synovium produce
pro-inflammatory factors and damage-associated molecular patterns (DAMPs), which
strongly promote osteoclast differentiation and activity leading to excessive bone
erosion3-6.
The alarmin S100A8/A9 is present in high levels in the synovium, synovial fluid and
serum of RA patients and its levels correlate with disease activity and radiographic
progression, suggesting its involvement in RA pathology and induction of bone
erosion7-14 . S100A8/A9 is present in high concentrations in the cytoplasm of cells of
the innate immune system but during inflammatory processes and tissue damage, is
secreted into the extracellular environment where it rapidly activates the immune
system15 . Previously, it was shown that the absence of S100A8/A9 inhibited the
development of joint pathology in antigen induced arthritis (AIA), whereas the
development of other models of experimental arthritis like the K/BxN serum transfer
arthritis model and collagen-induced arthritis (CIA) was not affected, suggesting that
the importance of S100A8/A9 is model-dependent 6, 16, 17. Among the pro-inflammatory factors produced in RA synovium, tumor necrosis factor α (TNFα) and interleukin
(IL)1β have a clear role in the development of arthritis, and blocking of these molecules
is commonly used as a treatment for RA. The role of S100A8/A9 in the presence of high
TNFα signalling has recently been investigated in Tristetrapolin (Ttp)-/-XS100a9-/and human TNFA transgenic S100a9-/- mice. It was found that in this circumstance
the elevated TNFα signalling led to S100A8/A8 homodimers formation resulting in
uncontrolled inflammation. In contrast, to date the role of S100A8/A9 in the presence
of high IL1 signalling has not yet been investigated18. Mice with a deletion of the Il1rn
gene, coding for the interleukin-1 receptor antagonist (IL1RA), show strongly elevated
IL1 signalling and spontaneously develop inflammation, cartilage and bone destruction,
especially in the ankle joints19. Recently, it has been shown that in Il1rn-/- mice the
serum levels of S100A8/A9 correlate with histological inflammation and bone erosion
of the ankle joints20. Here, we investigated the functional role of S100A8/A9 in
inflammation and in bone erosion of Il1rn-/-mice, by comparing pathology in Il1rn-/XS100a9-/- double knockout mice and Il1rn-/-, whereas S100a9-/- and wild type (WT)
control mice were taken as control.
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Materials and methods
Mice
Il1rn-/-XS100a9-/- on a BALB/c background were obtained by crossing S100a9-/mice (own facilities) and Il1rn-/- kindly provided by Dr. M. Nicklin (Sheffield, UK)21.
The homozygous single knockout Il1rn-/- and S100a9-/- control mice used for this
study were then generated by crossing the heterozygous Il1rn-/-XS100a9-/-. BALB/c
wild type (WT) controls were purchased from Envigo. Mice were housed under
standard housing conditions: filter top cages, 12 h light-dark cycle, and ad libitum
access to animal chow and water.

Histological analysis
Total ankle joints were isolated from 20-weeks-old mice, fixed in 4% phosphate-buffered formalin, decalcified in ethylenediaminetetraacetic acid (EDTA), embedded in
paraffin, and 7-μm coronal sections of various depths of the joints were prepared.
Sections were stained with haematoxylin-Eosin and Safranin O and Fast Green for
histological analysis. Inflammation of the entire ankle joint was arbitrarily scored on a
scale from 0 (no inflammation) to 3 (severe inflammation). Bone destruction was
evaluated in 8 well-defined areas of the tibia, talus bone and navicular bone with the
following scoring system: 0 (no erosion), 0.5 (superficial erosion), 1(deeper erosion, no
connection with bone marrow), 1.5 (deeper and extended erosion, no connection with
bone marrow), 2 (small connection with the bone marrow), 2.5 (small connection with
extensive destruction of the bone underneath), 3 (large connection with bone marrow),
3.5 (large connection with extensive destruction), 4 (complete loss of bone structure).
3 sections per joint from various depths were scored and results were averaged.

S100A8 and A9 immunohistochemistry
Tissue sections, prepared as described in the Histological analysis section, were
digested with proteinase-free chondroitinase ABC (0.25 units/ml in 0.1 M Tris-HCl, pH
8.0; Sigma-Aldrich) for antigen retrieval. Tissue sections were incubated overnight
with rabbit anti-mouse S100A8 or anti-mouse S100A9 (own facilities). Sections were
then incubated with biotinylated goat anti-rabbit IgG (Dako) as a secondary antibody,
followed by incubation with avidin-streptavidin-peroxidase (Elite-kit, Vector). Antibody
binding was visualized using 3,3′-diaminobenzidine (DAB; Powervision DAB,
Immunologic) in the presence of H2O2. Sections were counterstained with haematoxylin.

Flow cytometric analysis
Bone marrow was isolated from femurs of 20-weeks-old mice by flushing the marrow
cavity with medium and passing the cell suspension through a cell strainer. After lysis
of erythrocytes in lysis buffer (155 mM NH4Cl 12 mM KHCO3 0,1 mM EDTA pH 7.3), bone
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marrow cells were incubated with Fc-blocking antibody (BD Pharmingen anti-mouse
CD16/CD32, BD Biosciences). Cells were then stained with the following mix of
antibodies: CD11b-fluorescein isothiocyanate (FITC), CD90.2-phycoerythrin (PE),
CD45R/B220-PE, CD49b-PE, NK1.1-PE, Ly6G- allophycocyanin (APC), Ly6C-allophycocyanin-cyanine 7 (APC-Cy7). Samples were acquired with a Gallios flow cytometer
(Beckman Coulter Life Sciences) and data analysis was performed with Kaluza Analysis
Software 2.0(Beckman Coulter Life Sciences). The following gating strategy was used
to identify the osteoclast precursor populations (CD11bpos Ly6Chigh monocytes and
CD11blow/negLy6Chigh precursors).
First, doublets were excluded. For identification of CD11bpos Ly6Chigh monocytes, cells
negative for CD90.2, CD45R/B220, CD49b, NK1.1 and positive for CD11b were selected.
Subsequently, cells negative for Ly6G and with low side scatter were gated and finally
Ly6Chigh cells were selected. For identification of CD11blow/neg Ly6Chigh, after exclusion
of CD90.2, CD45R/B220, CD49b, NK1.1 positive events, cells were gated for their
expression of CD11b and Ly6C (CD11blow/neg Ly6Chigh).

3

Bone marrow-derived osteoclast differentiation
Total bone marrow cells were isolated from 12-weeks-old mice and were seeded into a
petri dish at a density of 106 cells/ml in 10 ml of α-minimum essential medium (αMEM)
(Thermo Fisher Scientific), supplemented with 10% FCS, penicillin/streptomycin and
30 ng/ml recombinant mouse (rm)M-CSF (R&D Systems). After 3 days of culture, cells
were trypsinised and seeded in 96 well plates at the density of 25x104 cells/well in
αMEM supplemented with 30 ng/ml of rmM-CSF and 20 ng/ml rmRANKL (R&D
Systems). Culture medium was refreshed after 3 days. After 4 days of differentiation in
the presence of RANKL, cells were fixed with 4% PFA and stained for tartrate-resistant
acid phosphatase (TRAP), using the Leukocyte Acid Phosphatase Kit (Sigma-Aldrich)
according to the manufacturer’s protocol.

Statistical analysis
Statistical differences between groups were calculated using a Kruskal-Wallis test
followed by Dunn’s multiple comparison test for non-parametric variables (arbitrary
score of inflammation and bone erosion ), or one-way ANOVA followed by Tukey’s
multiple comparison for parametric variables (percentage of osteoclast precursors
and number of osteoclasts). All analyses were performed using Graph Pad Prism 5.03
(Graph Pad Software) and P-values less than 0.05 were considered significant.
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Results
Absence of S100a9 does not reduce the inflammation in the ankle joints
of Il1rn-/- mice
Inflammation is a crucial inducer of osteoclast resorbing activity during RA. We first
studied the effect of the absence of S100A9 on the degree of inflammation in Il1rn-/mice by comparing histological sections of the ankles of Il1rn-/-XS100a9-/- mice, Il1rn-/and S100a9-/- mice. As expected, no signs of inflammation were present in the ankle
joints of S100a9-/- mice. On the contrary, comparable and severe inflammation was
observed in the ankle joints of Il1rn-/-XS100a9-/- and Il1rn-/- mice. Quantification of the
degree of inflammation using an arbitrary score confirmed the increased joint
inflammation in Il1rn-/-XS100a9-/- and Il1rn-/- compared to S100a9-/-mice. However, no
significant differences were observed between Il1rn-/-XS100a9-/- and Il1rn-/- mice
(Figure 1 A and B).

Il1rn-/-XS100a9-/- mice do not show rescued expression of S100A8
in the periphery
Genetic ablation of S100a9 in mice results in loss of not only S100A9 but also of
functional S100A8, because of the rapid degradation of the S100A8 monomers22.
Normally, the S100A8 monomer is protected against degradation through binding to
S100A9 within the S100A8/A9 heterodimer. Recently, it has been shown that in the
absence of S100A9 but in the presence of high concentrations of TNFα, as in Tristetrapolin
(Ttp)-/-XS100a9-/- and ihTNFA transgenic S100a9-/- mice, the production of S100A8/A8
homodimers is strongly induced and leads to uncontrolled inflammation18. Although
Il1rn-/-XS100a9-/- mice did not show increased inflammation compared to Il1rn-/-,
we next investigated whether such a high expression of the S100A8 homodimer was
also induced by excessive IL1 signalling. Using immunohistochemical analysis we first
confirmed that neither S100a9-/- nor Il1rn-/-XS100a9-/- mice showed S100A9-positive
cells in the bone marrow and in the inflamed synovium of the ankle joints. On the
contrary, numerous S100A9-positive cells were visible in the ankles of Il1rn-/- mice at
both locations (Figure 2A). Interestingly, no S100A8-positive cells were observed in
the inflamed synovium of the ankle joints of Il1rn-/-XS100a9-/-, although they were clearly
visible within the bone marrow, suggesting that, differently from TNFα, excessive IL1
signalling does not lead to accumulation of the S100A8 homodimer in inflammatory
cells in the periphery (Figure 2B). As expected, numerous S100A8-positive cells were
present in the synovium and in the bone marrow of Il1rn-/- mice.
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Figure 1 Comparable degree of inflammation in the ankle joints of Il1rn-/- and
Il1rn-/-XS100a9-/- mice
Representative photomicrographs of H&E stained sections showing examples of inflammation
in the ankle joints of 20-weeks-old S100a9-/-, Il1rn-/- and Il1rn-/-XS100a9-/- mice. Original
magnification X50 and X400 (A). The degree of inflammation, quantified with an arbitrary score,
was increased in the ankle joints of Il1rn-/-XS100a9-/- and Il1rn-/- compared to S100a9-/- mice. No
significant differences in inflammation were observed between Il1rn-/-XS100a9-/- and Il1rn-/- mice
(B). Scatterplots are shown, with horizontal and vertical lines representing mean ± SEM values.
*** P < 0.001.
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Figure 2 The expression of S100A8/A8 homodimer is not rescued in inflammatory cells
within the arthritic joints of S100a9 -/-XIl1rn-/- mice
Representative photomicrographs of S100A9 (A) and S100A8 (B) immunohistochemical
staining of ankle joint sections of S100a9-/-, Il1rn-/- and Il1rn-/-XS100a9-/- mice. S100A9 positive
cells were absent in the bone marrow and in the synovium of S100a9-/- and of Il1rn-/-XS100a9-/mice, whereas numerous S100A9 positive cells were visible in the bone marrow (BM) and in
the inflamed ankles of Il1rn-/- mice. High numbers of S100A8 positive cells were present in the
ankle joints of Il1rn-/- mice. Note that expression of S100A8 protein is visible in BM of Il1rn-/XS100a9-/- (arrow) mice but not in the inflamed synovium suggesting that S100A8 expression
is not rescued in the periphery.
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Il1rn-/-XS100a9-/- mice have an increased percentage of osteoclast
precursors in the bone marrow compared to Il1rn-/Resorbing osteoclasts originate from myeloid precursors that during arthritis migrate
into the joint where they differentiate into mature osteoclasts. To investigate whether
the absence of S100A9 might influence osteoclast precursors during arthritis, we
compared the percentages of the main osteoclast precursor populations (CD11bpos
Ly6Chigh monocytes and CD11blow/negLy6Chigh precursors) in the bone marrow of
Il1rn-/-X100a9-/-, Il1rn-/- and S100a9-/- mice and WT controls. Il1rn-/- and Il1rn-/-XS100a9-/arthritic mice showed an increased percentage of Ly6Chigh monocytes in their bone
marrow compared to WT mice. Moreover, interestingly the percentage of Ly6Chigh
monocytes in the bone marrow of Il1rn-/-XS100a9-/- mice was significantly higher
compared to the one of Il1rn-/- and to S100a9-/- mice (6.83% +/- 0.85, 5.33% +/- 0.37,
and 4.82% +/- 0.20 respectively) (Figure 3A). In contrast, the percentage of
CD11blow/negLy6Chigh cells, although also increased in Il1rn-/-XS100a9-/- and Il1rn-/- BM
when compared to WT controls, was not significantly different between Il1rn-/-XS100a9-/and Il1rn-/-mice (Figure 3B).
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Figure 3 The percentage of CD11bpos Ly6Chigh osteoclast precursors is increased in the
bone marrow of Il1rn-/-XS100a9 -/- mice compared to Il1rn-/- mice.
Flow cytometric analysis showed an increase in the osteoclast precursor population of CD11bpos
Ly6Chigh monocytes (A) and CD11blow/neg Ly6Chigh (B) in the bone marrow of Il1rn-/-XS100a9-/and Il1rn-/- mice compared to wild type controls. Interestingly, Ly6Chigh monocytes are
significantly increased in Il1rn-/-XS100a9-/- compared to Il1rn-/- mice (A), whereas no significant
differences were observed in the percentage of CD11blow/negLy6Chigh between these two strains
(B). Scatterplots are shown, with horizontal and vertical lines representing mean ± SEM values.
* P < 0.05, ** P < 0.01, *** P < 0.001.
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Il1rn-/-XS100a9-/- and Il1rn-/- progenitors have a comparable
osteoclastogenic potential in vitro
Next, we investigated the osteoclastogenic potential of bone marrow cells derived
from mice of the four different strains through in vitro differentiation. The bone marrow
cells of all strains were able to give rise to TRAP-positive multinucleated osteoclasts
(Figure 4A). Quantification of the generated osteoclasts showed no major differences
in the osteoclastogenic potential of the cells with the four genotypes. Whereas
Il1rn-/- cells had a higher formation of larger osteoclasts (more than 6 nuclei) as
compared to S100a9-/- cells, no significant difference could be observed between
Il1rn-/-XS100a9-/- and Il1rn-/- cells (Figure 4B).

Absence of S100A8/A9 does not affect bone erosion in ankle joints
of Il-1rn-/Finally, we investigated whether the absence of S100A8/A9, by causing an increase in
the Ly6Chigh monocyte osteoclast precursor population under high IL1 conditions
affected the severity of bone erosion in vivo. Severe bone erosion was observed in the
ankle joints of both Il1rn-/- and Il1rn-/-XS100a9-/- mice with severe destruction present
in the ankle joints of some mice. Quantification of bone erosion at 8 well-defined
locations along the tibia, talus bone and navicular bone confirmed a strong increase in
bone erosion in Il1rn-/- and Il1rn-/-XS100a9-/- compared to S100a9-/- mice. However, no
significant differences were present in the average bone erosion of the eight locations
between Il1rn-/-XS100a9-/- and Il1rn-/- mice (Figure 5A and B). Interestingly however,
when we looked at the bone erosion present at the various bones separately, we
observed that some joints of Il1rn-/-XS100a9-/- mice had extremely severe bone
erosion, which was not observed in any of the Il1rn-/- mice at the navicular and talus
bones (Figure 5C and 5D). Comparable bone erosion was instead present at the tibia
between these two groups (Figure 5E).
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Figure 4 Comparable osteoclastogenic potential of Il1rn-/-XS100a9-/- and Il1rn-/- precursor cells.
Photomicrographs of tartrate-resistant acid phosphatase (TRAP) staining of in vitro differentiated
osteoclasts derived from bone marrow cells of wild type (WT), S100a9-/-, Il1rn-/- and,
Il1rn-/-XS100a9-/-mice. Original magnification X40 (A). No major differences were present
in the numbers of osteoclasts formed from the bone marrow cells with the four genotypes.
No significant difference could be observed between Il1rn-/-XS100a9-/- and Il1rn-/- cells.
Il1rn-/- cells formed a higher numbers of larger osteoclasts (more than 6 nuclei) compared to
S100a9-/- cells (B). Scatterplots are shown, with horizontal and vertical lines representing
mean ± SEM values. * P < 0.05.
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Figure 5 Comparable bone erosion in the ankle joints of Il1rn-/- and Il1rn-/-XS100a9-/- mice.
Representative photomicrographs of Safranin-O/Fast Green stained sections showing bone erosion
in the ankle joints of S100a9-/-, Il1rn-/- and Il1rn-/-XS100a9-/- mice. Original magnification X50 (A).
The average bone erosion of 8 locations along tibia, talus and navicular bones was increased
in Il1rn-/- and Il1rn-/-XS100a9-/- compared to S100a9-/- mice. However, no significant differences
were observed in the averaged bone erosion of the 8 locations between Il1rn-/-XS100a9-/- and
Il1rn-/- mice (B). Interestingly however, some joints of Il1rn-/-XS100a9-/- mice showed extremely
strong erosion at the navicular and talus bone. This extreme erosion was not present in the joint
of any Il1rn-/- mice (C and D). Comparable bone erosion was present at the tibia (E). Scatterplots
are shown, with horizontal and vertical lines representing mean ± SEM values. Scatter plot in B:
erosion of right and left ankle joints were averaged. Scatter plot in C,D and E: erosion of right and
left ankles at the specified location are shown separately ** P < 0.01, *** P < 0.001. Ti:tibia; Ta:talus
bone; Na: navicular bone.
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Discussion
In the present study, we show that the absence of S100A9 does not alter inflammation
and bone erosion in the ankle joints of Il1rn-/- mice, suggesting that S100A8/A9 is not
essential for the development of arthritis in the presence of excessive IL1 signalling.
Previously, we have described, that in the presence of excessive IL1 signalling in Il1rn-/mice, the levels of S100A8/A9 are strongly elevated and correlate with the degree of
joint inflammation and bone erosion, suggesting the existence of a link between the
IL1-induced pathology and the production of S100A8/A9 in this model20. However,
although in this previous study S100A8/A9 appears to be a good biomarker for joint
inflammation and damage, we here show that its function seems to be limited and not
essential for the development of inflammation and erosion in this experimental model.
The function of S100A8/A9 in other experimental arthritis models has been previously
investigated with model-dependent outcomes. While the absence of S100A9 did not
ameliorate pathology in K/BxN serum transfer arthritis and CIA, induction of AIA in
S100a9-/- mice resulted in decreased inflammation and bone damage compared to WT
controls6, 16, 17. This shows that the importance of S100A8/A9 appears to be model-dependent and that its presence seems to be dispensable for the development of arthritis
in some of these models. Interestingly, in contrast to what was observed for S100A9,
TNFα and Il1β were shown to be important for the development of CIA and K/BxN
serum transfer arthritis 23-27 whereas blocking IL1 during AIA did not decrease the
inflammation in this model28. Together, these data show that some experimental
arthritis models highly depend on S100A8/A9, whereas others are more IL1 or
TNFα-driven.
A recent study investigated the outcome of the absence of S100A9 under the
presence of high levels of TNFα, (in Ttp-/- and ihTNFA transgenic mice). Surprisingly,
the investigators observed a severe aggravation of inflammation and damage in the
joints of mice, which they contributed to a rescued expression of S100A8/A8
homodimers18. Nevertheless, in contrast to these previous findings, excessive IL1
signalling did not lead to increased S100A8/A8 homodimer in the absence of S100a9-/-.
Elucidating the mechanisms underlying the discrepancy between these studies require
further investigation to reveal the complex interaction of TNFα, IL1 and S100A8/A9
during RA, although it should be mentioned that the involvement of S100A8/A9 was
studied under circumstances of excessively high TNFα and IL1 signalling.
However, in the present study, we also did not observe an amelioration of the pathology
in the absence of S100a9, which could be the result of an already optimal activation of
the IL1 signalling in absence of its natural regulator IL1RA. The main S100A8/A9
receptor TLR4 and the IL1β receptor IL1R1 both activate the MyD88, IRAK, TRAF6
signalling pathway and only one of the initiators of this pro-inflammatory intracellular
signalling pathway might be sufficient to fully activate it29. In agreement with this idea,
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it has been shown that the TLR4 ligand LPS is able to restore the development of K/BxN
serum transfer arthritis in Il1r1-/- mice, which were protected from the development of
pathology30. A second mechanism that can possibly explain our findings is that other
factors, similar to S100A8/A9, can induce IL1β expression and regulate its activation and
as such be sufficient to fully activate IL1β in Il1rn-/-XS100a9-/-31-34 .
Although no overall significant differences in inflammation and bone erosion were
present in the ankle joints of Il1rn-/-XS100a9-/- compared to Il1rn-/- mice, we could
observe a mild increase in the bone damage in Il1rn-/-XS100a9-/- mice specifically at
the navicular and talus bone. Even though these results did not reach statistical
significance, they point towards a potential protective effect of S100A9 in this model.
In agreement with this hypothesis, we observed increased numbers of Ly6Chigh
osteoclast precursors in Il1rn-/-XS100a9-/- mice when compared to Il1rn-/-. Although it
remains to be investigated, hypothetically this might result in increased migration of
osteoclast progenitors to the joint where they can differentiate into osteoclasts. Since
the in vitro differentiation showed a comparable osteoclastogenic potential of Il1rn-/XS100a9-/- compared to Il1rn-/- bone marrow cells, it is likely that higher numbers of
osteoclast progenitors in the joints of Il1rn-/-XS100a9-/- mice will result in increased
bone erosion.
In this study, we only investigated the effects of S100A9-deficiency under elevated
IL1β signalling in 20-weeks-old Il1rn-/- mice in which arthritis had already started
around week 8. Therefore, it is possible that at this late time point the chronic aberrant
IL1β signalling might have already induced maximal inflammation and bone destruction.
Whether the absence of S100A9 has effect on the onset and the development of
pathology during the early phase of IL1β-induced arthritis ins this model will now be
analysed by histological examination of joints of younger Il1rn-/- mice.
In conclusion, our data show that although S100A8/A9 has been shown to be a good
biomarker in Il1rn-/- mice with excessive and prolonged IL1 signalling, this alarmin is
not involved in the development of inflammation and bone erosion under these
conditions.
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Abstract
The alarmin S100A8/A9 is implicated in sterile inflammation-induced bone resorption
and has been shown to increase the bone-resorptive capacity of mature osteoclasts.
Here, we investigated the effects of S100A9 on osteoclast differentiation from human
CD14+ circulating precursors. Hereto, human CD14+ monocytes were isolated and
differentiated toward osteoclasts with M-CSF and receptor activator of NF-kB (RANK)
ligand (RANKL) in the presence or absence of S100A9. Tartrate-resistant acid phosphatase
staining showed that exposure to S100A9 during monocyte-to-osteoclast differentiation
strongly decreased the numbers of multinucleated osteoclasts. This was underlined
by a decreased resorption of a hydroxyapatite-like coating. The thus differentiated
cells showed a high mRNA and protein production of proinflammatory factors after
16 h of exposure. In contrast, at d 4, the cells showed a decreased production of
the osteoclast-promoting protein TNF-α. Interestingly, S100A9 exposure during the
first 16 h of culture only was sufficient to reduce osteoclastogenesis. Using fluorescentlylabeled RANKL, we showed that, within this time frame, S100A9 inhibited the M-CSFmediated induction of RANK. Chromatin immunoprecipitation showed that this was
associated with changes in various histone marks at the epigenetic level. This S100A9induced reduction in RANK was in part recovered by blocking TNF-α, but not IL-1.
Together, our data show that S100A9 impedes monocyte-to-osteoclast differentiation,
probably via a reduction in RANK expression.
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Introduction
Balanced bone turnover is crucial in maintaining skeletal integrity. However, under
inflammatory conditions that are present during various rheumatic disorders, bone
turnover is disturbed, ultimately resulting in a shift toward resorption.
Osteoclasts are unique in their ability to resorb bone tissue and, together with
osteoblasts and osteocytes, are key in the process of bone turnover throughout life1-3 .
Both osteoclast differentiation and activation of the resorptive activity are tightly
regulated, and therefore deregulation of these processes, due to hyperinflammation,
for example, leads to serious dysfunctioning of the bone tissue4, 5 .
Osteoclasts differentiate from myeloid precursors by fusion under the influence of
M-CSF and receptor activator of NF-kB (RANK) ligand (RANKL), which are normally
produced by osteoblasts and stromal cells6-8. The binding of M-CSF to its receptor
promotes progenitor survival and proliferation, and induces the expression of RANK at
the cell surface9-11. Subsequent binding of RANKL to RANK leads to activation of
nuclear factor of activated T-cells cytoplasmic 1, culminating in the activation of bone
resorption by multinucleated osteoclasts12, 13 .
A close relation between bone turnover and the immune system has been shown
previously shown by Ginaldi et al.14 . Various pro-inflammatory cytokines, such as
TNF-α and IL-1β, have been associated with increased bone turnover by affecting
osteoclast differentiation and function4, 15-17.
The alarmin S100A8/A9, which belongs to the family of calcium-binding proteins, is
historically thought to stimulate innate immune responses. High concentrations of
S100A8/A9 are present in the cytosol of neutrophils and monocytes and are released
into the extracellular space as a result of cell stress, where they act as damageassociated molecular patterns that activate the immune system mainly via TLR4dependent signaling cascades18, 19. S100A8/A9 (calprotectin) is among the most abundant
alarmins under conditions of sterile inflammation that are driven by endogenous danger
signals and is used as biomarker for various autoimmune diseases, such as rheumatoid
arthritis and Crohn’s disease20-22. S100A8/A9 signaling results in the production of
proinflammatory mediators in a plethora of cell types, including endothelial cells,
monocytes, macrophages, and neutrophils19, 23-28.
In line with this proinflammatory function, S100A8/A9 has been implicated in bone
metabolism29. We previously showed that addition of S100A8 later during in vitro osteoclastogenesis stimulated the further fusion of mature RANKL-primed osteoclasts
and increased their bone resorbing activity. In agreement with this study, induction
of antigen-induced arthritis in S100a9-/- mice, which additionally lack S100A8 protein
in the periphery, resulted in decreased bone erosion30. Together, this indicates a
stimulating effect of S100A8/A9 on the bone-resorbing activity of mature osteoclasts.
However, the effects of S100A8/A9 on the differentiation of osteoclasts from myeloid
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precursors and thus the maintenance of the osteoclast population remain unknown.
Therefore, in the present study, we set out to determine the effects of S100A9 on
monocyte-to-osteoclast differentiation. In addition, we investigated the characteristics of the S100A9-stimulated cells by determining their cytokine profile.

Materials and methods
Differentiation and activation of human osteoclasts
Peripheral blood mononuclear cells were obtained from buffy coats of anonymous
healthy donors (obtained from Sanquin blood bank, Nijmegen, The Netherlands) using
density gradient centrifugation with Ficoll. Afterwards, CD14+ monocytes were isolated
with magnetic-activated cell sorting ( Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. Monocytes were differentiated toward
osteoclasts in α-minimum essential medium (Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 10% fetal calf serum and penicillin-streptomycin in the
continuous presence of 25 ng/ml human M-CSF from the start of the culture and 50 ng/
ml human RANKL from d 1 (both from R&D Systems, Minneapolis, MN, USA). Cells were
stimulated with 1 µg/ml recombinant human S100A9 for the entirely length of the
culture or for the first 16 h only. IL-1β was inhibited with 10 µg/ml IL-1 receptor antagonist
(IL-1RA) from the start of the culture, whereas TNF-α was inhibited using 10 µg/ml
etanercept.

S100A9 protein
Recombinant human S100A9 was expressed and purified in the same way as previously
described for S100A819. S100A9 recombinant protein was tested to be endotoxin free,
determined with the limulus amebocyte cell lysate assay (Lonza, Basel, Switzerland).
Moreover, S100A9 protein lost its activity after heat inactivation to 80°C for 30 min,
whereas LPS activity has been shown by Vogl et al. not to be changed at that
temperature18. The S100A8/A9 heterodimeric complex is the physiologically relevant
and bioactive form that is secreted from stressed cells and mainly signals via TLR4.
Under high-calcium conditions, such as those present in the extracellular milieu and
culture medium, S100A8/A9 heterodimers quickly tetramerize into (S100A8/A9)2,
thereby losing their TLR4 signaling capacity. Therefore, the S100A9 homodimers,
which cannot tetramerize, are widely accepted experimental stimuli that closely mimic
S100A8/A9 heterodimer activity31. In this study, we used 1 µg/ml of S100A9 to stimulate.
In vivo concentrations of S100A8/A9 are manifold higher in the serum and synovial
fluid of rheumatoid arthritis, a disease that is clearly associated with hyperinflammation
and increased osteoclast formation25 .
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Tartrate-resistant acid phosphatase staining
Numbers of osteoclasts, defined as multinucleated cells with ≥3 nuclei, were
determined using a tartrate-resistant acid phosphatase (TRAP) staining. Hereto,
differentiated osteoclasts were washed with PBS and fixed with 4% paraformaldehyde
in PBS for 10 min. Afterwards, TRAP was stained with the leukocyte acid phosphatase
kit (MilliporeSigma, Burlington, MA, USA) according to the manufacturer’s protocol.
The number of TRAP+ multinucleated cells (≥3 nuclei) was manually quantified with Fiji
software (v.1.47; https://fiji.sc/ ) using 9 photomicrographs/well taken with a camera
attached to a light microscope.

Resorption assay using biomimetic hydroxyapatite-like-coated plates
Osteoclast resorptive capacity was determined using biomimetic hydroxyapatite-likecoated plates that were prepared as previously described by ten Harkel et al.32.
After differentiation, cells were lysed with H2O, and the coated layer was stained with
a Von Kossa staining. In short, a 5% aqueous silver nitrate was added and incubated
in the dark. Afterwards, wells were washed with water and incubated with 5% sodium
carbonate in 4% formalin. The staining was washed out, and the nonstained resorbed
areas were quantified using 5 photomicrographs/well using the LAS image‐analysis
system (Leica Microsystems, Buffalo Grove, IL, USA).

4

RNA isolation and real-time quantitative PCR
Gene expression was determined using real-time quantitative PCR (qPCR). Total RNA
was isolated from cultured cells using TRIzol reagent (MilliporeSigma) according to the
manufacturer’s protocol. Afterwards, RNA was reverse transcribed to cDNA. Real-time
qPCR was performed with specific primers and the Sybr Green Master Mix using
the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). Expression levels
are presented as -ΔCt values, normalized to the reference gene glyceraldehyde
3-phosphate dehydrogenase. Fold change was calculated as 2 ΔΔCt, where ΔΔCt was
determined by correcting the –ΔCt from stimulated samples for the –ΔCt of unstimulated
control samples.

Strand-specific RNA sequencing
Genome-wide RNA expression was determined with RNA sequencing. Hereto, total RNA
was isolated using the RNeasy RNA Extraction Kit (Qiagen, Germantown, Maryland, USA)
with on-column DNaseI treatment. rRNA was removed using the Ribo-Zero rRNA
Removal kit (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol.
The RNA concentration was monitored with a Qubit Fluorometer (Thermo Fisher
Scientific), and the RNA quality was evaluated by the Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA) prior to library preparation. First-strand
cDNA synthesis was performed using SuperScript III (Thermo Fisher Scientific),
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followed by synthesis of the second cDNA strand. Then, a strand-specific cDNA library
with an approximately 200-bp insert size was constructed using the TruSeq Stranded
RNA Sample Preparation kit (Illumina) according to the manufacturer’s protocol. For
each library, paired-end sequencing (76 nt each end) was then performed on an
Illumina HiSeq 2000 machine. These data were used to generate Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway map analyses33 .

Chromatin immunoprecipitation sequencing
To determine whether changes in expression were associated with changes on the
epigenetic level, 4 histone marks were selected for chromatin immunoprecipitation
(ChIP)-seq, including H3K4me1, H3K4me3, H3K27ac, and H3K27me3 [Diagenode
(Seraing, Belgium) C15410194, C15410003-50, C15410196, and C15410195]. Chromatin
harvest and sequencing experiments were carried out based on the standard Blueprint
protocol (http://www.blueprint-epigenome.eu). For ChIP, 1 million cells were collected,
after which purified cells were first cross-linked using 1% formaldehyde (MilliporeSigma),
and then sonicated to obtain DNA fragments of about 200-300 bp by a Diagenode
Bioruptor. Sheared chromatin was incubated with specific antibodies against the
4 histone markers. After immunoprecipitation, the protein-DNA cross-links were
reversed, and the isolated DNA was used for qPCR and sequencing analysis. Meanwhile,
a portion of chromatin was processed under the same conditions but without the
immunoprecipitation step as a control dataset (input DNA). For each sample, an
Illumina library was prepared with the Kapa Hyper Prep Kit (Illumina) and then was
subjected to 42-bp single-end sequencing on the Illumina HiSeq 2000 machine.
Sequenced reads were aligned against the University of California–Santa Cruz human
reference genome (GRCh37/hg19) with Burrows-Wheeler Aligner program with default
parameters34 . All alignment files were extended to the estimated fragment length and
scaled to RPKM-normalized read coverage files using deepTools (https://deeptools.
readthedocs.io/en/develop/#) for visualization35 .

Protein measurement with Luminex
Protein concentrations in the culture medium were determined with the Luminex
multianalyte technology on the Bio-Plex 100 system in combination with magnetic
beads (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol.

Quantification of RANK
The amount of RANK receptor on the cell membrane was quantified using recombinant
RANKL (Peprotech, Rocky Hill, NJ, USA) that was phycoerythrin (PE)-labeled using the
Lightning-Link R-Phycoerythrin Conjugation Kit (Expedeon, Heidelberg, Germany).
Cells were washed with plain medium and incubated with 500 ng/ml PE-labeled
RANKL for 1 h at 37°C. After washing with PBS, cells were stained with the eFluor780
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viability dye (Thermo Fisher Scientific) for 30 min. Afterwards, cells were washed
and fixed in 1% paraformaldehyde followed by the visualization using the Gallios
fluorescence-activated cell sorting machine and analysis using Kaluza 2.0 software
(both from Beckman Coulter,Brea, CA, USA). Hereto, first debris was excluded based
on forward and side scatter, followed by the selection of single and viable cells.
Afterwards, RANK-positive cells were gated based on the autofluorescence of
unlabeled cells.

Statistics
Datasets were checked for normality using the D’Agostino and Pearson omnibus or
Shapiro-Wilk normality test. Differences between groups with a Gaussian distribution
were tested with a paired t test or with a Wilcoxon matched-pairs signed rank test if a
Gaussian distribution was not allowed to be assumed. For multiple comparisons,
differences were tested using a repeated measures 1-way ANOVA, followed by a Tukey
multiple comparison for groups with a Gaussian distribution or with a Friedman test,
followed by a Dunn’s post test for multiplicity if a Gaussian distribution could not be
assumed. All analyses were performed with GraphPad Prism 6 (GraphPad Software, La
Jolla, CA, USA). Values of P < 0.05 were considered significant.

4

Results
S100A9 hampers monocyte-to-osteoclast differentiation
First, to determine whether the alarmin S100A9 altered osteoclastogenesis, monocytes
were differentiated toward osteoclasts in the continuous presence or absence of
S100A9, and the numbers of TRAP+ multinucleated cells (with 3 or more nuclei) were
determined at d 6 and 8 after the start of the culture. We observed a significant
decrease in TRAP+ cells both at d 6 (a mean decrease of 56.8%) and 8 (a mean decrease
of 51.6%; Figure 1A, B). Next to reduce osteoclast numbers, we observed a decreased
cell size of the remaining osteoclasts, whereas the bigger osteoclasts were absent
after exposure to S100A9 (Supplemental Figure S1). Furthermore, to determine the
functional resorptive capacity of the cells, we cultured cells on dentin slides and on
hydroxyapatite-like-coated plates. The cells we obtained with our differentiation
protocol showed clear resorption of dentin slides, ensuring that they are osteoclasts
and not macrophages or multinucleated foreign body giant cells, which have also
been shown to have the capacity to resorb a hydroxyapatite-like coating (Supplemental
Figure S2). Moreover, we observed that the eroded area on the hydroxyapatite-like
coated plates was significantly lower after exposure to S100A9 as compared with
control samples (a mean relative decrease of 62%; Figure 1C). Together, this indicates
that S100A9 hampers monocyte-to-osteoclast differentiation.
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Figure 1 S100A9 hampers monocyte-to-osteoclast differentiation.
CD14+ monocytes were isolated from buffy coats and differentiated toward osteoclasts with
continuous presence of 25 ng/ml M-CSF and 50 ng/ml RANKL from d 1 in the presence or
absence of 1 µg/ml S100A9 from the start of the culture. A,B) Exposure to S100A9 decreased
the numbers of osteoclasts, as determined with a TRAP staining, both at d 6 (A) and 8 (B) after
start of the culture as compared with control samples without S100A9 (n=8 independent donors).
Indeed, quantification of the number of multinucleated osteoclasts (cells with ≥3 nuclei) showed
a significantly lower osteoclast number at both days. C) Underlining this reduced number of
osteoclasts, resorption at d 10 (n=10 independent donors) was significantly decreased upon
exposure to S100A9, as determined with hydroxyapatite-like-coated plates. Photomicrographs in
A and B show representative examples of TRAP stainings, whereas photomicrographs in C show
representative examples of Von Kossa stainings of hydroxyapatite-like-coated plates. Before-after
graphs are shown in A-C, with samples from the same donor connected with lines. ** P < 0.01 vs.
control samples without S100A9 as measured by paired t test (TRAP) and Wilcoxon matched-pairs
signed rank test (resorption).
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Exposure to S100A9 results in an acute proinflammatory response
Next, because S100A9 has mainly been described as a proinflammatory stimulus for
many cell types, we determined the production of proinflammatory factors after 16 h
of exposure. Pathway analysis of RNA-seq data showed profound dynamic changes in
gene expression in the cytokine-cytokine receptor pathway, confirming the close
involvement of S100A9 in immune responses (Supplemental Figure S3). To support
these data, RNA expression of selected inflammatory mediators that are associated
with osteoclast differentiation was determined. This showed a strongly increased
mRNA expression of IL-1B, TNFA, IL-6, and IL-8 (a mean 4.8-, 1.6-, 677-, and 6.7-fold
increase, respectively), whereas IL-10 was significantly down-regulated (a mean
1.7-fold decrease; Figure 2A). Validation of these findings at the protein level showed
a significant increase in IL-1β, TNFα, IL-6, and IL-8 (a mean 17.6-, 15.9-, 493-, and 4.8-fold
increase, respectively), in line with the mRNA expression. However, although we
observed a decrease in IL-10 mRNA, IL-10 protein levels were unexpectedly significantly
increased (a mean 12.6- fold increase; Figure 2B).

Long-term exposure to S100A9 results in a decreased
proinflammatory status

4

Because nowadays more immunomodulatory effects of S100 alarmins are recognized
next to their proinflammatory function, we determined whether a relatively long-term
exposure for 4 d led to a reduced proinflammatory phenotype of the cells. IL-1β and
IL-6 were still increased in most donors, although to a much lesser extent than after 16
h of cultures, but only IL-6 reached significance. Interestingly, the vast majority of
donors showed a mild-to- moderate decrease in the secretion of TNFα (a mean 11.7
fold decrease), a factor that is known to further fine-tune the differentiation of
osteoclasts (Figure 3).

S100A9 mainly affects osteoclastogenesis during the first 16 h of culture
Because only a 16 h exposure of monocytes to S100A9 showed profound dynamic
regulation of many members of the cytokine-cytokine receptor pathway that are
known to affect osteoclast differentiation, we set out to investigate whether already
such a short-term exposure of monocytes to S100A9 was sufficient to decrease the
number of osteoclasts at d 6 and 8 and their resorptive capacity at d 10, as was shown
in the continuous presence of S100A9. Interestingly, this resulted in a decreased
number of TRAP+ multinucleated cells at both d 6 (a mean decrease of 42.1%) and 8 (a
mean decrease of 9.2%) in the vast majority of donors, although d 8 did not reach
significance (Figure 4A,B). Moreover, quantification of the resorbed area in hydroxyapatite-like-coated plates showed a significant reduction in osteoclast resorptive
activity after S100A9 exposure at d 10 (a mean relative decrease of 34%; Figure 4C).
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Figure 2 Short-term exposure to S100A9 results in an acute proinflammatory response.
CD14+ monocytes, obtained from buffy coats, were treated with 25 ng/ml M-CSF in the presence
or absence of 1 µg/ml S100A9 for 16 h. A) Real-time qPCR (n=8 independent donors) showed that
exposure to S100A9 significantly increased the mRNA expression of the proinflammatory
mediators IL1B, TNFA, IL6, and IL8 and significantly decreased the expression of the anti-inflammatory cytokine IL10 compared with control samples without S100A9. Validation of these results on
the protein levels (n=11 independent donors) using Luminex analysis of the culture supernatant
showed that exposure to S100A9 increased secretion of IL-1β, TNFα, IL-6, IL-8 compared with
control samples that were not exposed to S100A9. B) In contrast to the mRNA expression, protein
secretion of IL-10 was also significantly increased upon exposure to S100A9. Before-after graphs
are shown, with samples from the same donor connected with lines. GAPDH, glyceraldehyde
3-phosphate dehydrogenase. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control samples without
S100A9 as measured by Wilcoxon matched-pairs signed rank test.
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Figure 3 Long-term exposure to S100A9 leads to a decreased proinflammatory response.
CD14+ monocytes, isolated from buffy coats, were differentiated toward osteoclasts with the continuous
presence of 25 ng/ml M-CSF and, from d 1, 50 ng/ml RANKL in the presence or absence of 1µg/ml S100A9
for 4 d from the start of the culture. Protein secretion into the supernatant was quantified by Luminex
analysis. Interestingly, this showed that exposure to S100A9 decreased the protein secretion of the
osteoclast-stimulating cytokine TNFα, whereas protein secretion of IL1β and IL-6 was still increased
compared with control samples that were not exposed to S100A9 (n=11 independent donors), albeit to
a lesser extent than after 16 h. Moreover, IL-10 secretion was decreased. Before-after graphs are shown,
with samples from the same donor connected with lines. *** P < 0.001 vs control samples without
S100A9 as measured by Wilcoxon matched-pairs signed rank test.
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Figure 4 Already, a short-term exposure to S100A9 impedes monocyte-to-osteoclast differentiation.
CD14+ monocytes were isolated from buffy coats and differentiated toward osteoclasts in the
continuous presence of 25 ng/ml M-CSF and 50 ng/ml RANKL from d 1. Cells were stimulated with
1 µg/ml S100A9 for the first 16 h of culture. A,B) TRAP staining showed that only a 16h exposure to
S100A9 was sufficient to decrease the number of multinucleated osteoclasts (cells with ≥3 nuclei)
at both d 6 (A) and 8 (B) in comparison with control samples that were not exposed to S100A9
(n=8 independent donors), although d 8 did not reach significance. C) Underlining this reduced
number of osteoclasts, resorption (n=10 independent donors) was significantly decreased at d
10, as determined with hydroxyapatite-like-coated plates. Photomicrographs in A and B show
representative examples of TRAP stainings, whereas photomicrographs in C show representative
examples of Von Kossa stainings of hydroxyapatite-like-coated plates. Before-after graphs are
shown in A-C, with samples from the same donor connected with lines. * P < 0.05, *** P < 0.001 vs
control samples without S100A9 as measured by paired t test (TRAP) and Wilcoxon matched-pairs
signed rank test (resorption).
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Reduced RANK expression after exposure to S100A9
In the next set of experiments, we set out to determine a possible mechanism
underlying the S100A9-mediated decrease in osteoclast differentiation. Hereto, cells
that were cultured either in the presence or absence of S100A9 were harvested after 1
d and subjected to RNA-seq analysis. Pathway analysis for osteoclast differentiation
showed that C-FMS, the gene encoding the M-CSF receptor and its intracellular
signaling, was not decreased upon exposure of monocytes to S100A9, suggesting that
this might not cause the decreased osteoclast differentiation. In contrast, the
RANK-encoding TNFRSF11A and its downstream signaling seemed to be reduced after
S100A9 exposure (Figure 5A). Next, we validated these findings in multiple donors
using real-time-qPCR. As expected, culturing with M-CSF strongly increased the
expression of TNFRSF11A (a mean 3240-fold increase), but exposure to S100A9
potently blocked this M-CSF-mediated increase in TNFRSF11A expression (a mean
24.7-fold decrease compared with samples without S100A9; Figure 5B). Likewise, we
observed a strongly increased expression of C-FMS after culturing with M-CSF
compared with freshly isolated cells (a mean 20.1-fold increase), but in agreement with
the RNA-seq data, we observed no significant decrease in C-FMS (a mean 1.1-fold
increase; Figure 5C). To examine whether altered expression of TNFRSF11A upon
S100A9 treatment during osteoclast differentiation is epigenetically regulated, we
performed ChIP-seq using antibodies for 3 histone marks associated with gene activity
(H3K4me3, H3K4me1, and H3K27ac) and 1 associated with gene repression
(H3K27me3). This revealed that the promoter marks H3K4me3 and H3K27ac were
decreased at the TNFRSF11A gene after S100A9 treatment (Figure 5D). These results
suggest that S100A9-induced chromatin alterations decreased the TNFRSF11A gene
activity. In contrast, although H3K27ac at the C-FMS gene was slightly reduced,
H3K4me3 was increased at this locus (Figure 5E).
Next, we validated our findings at the protein level by quantifying the amount of
PE-labeled RANKL. In agreement with our findings at the mRNA level, we observed a
significantly lower percentage of RANK+ cells and a lower cell surface expression of
RANK/cell after exposure of the cells to S100A9 (a mean relative decrease of 75% and
40.7%, respectively; Figure 6A). Moreover, we investigated whether S100A9 mediated
its inhibitory effect on the expression of RANK via the proinflammatory cytokines IL-1
or TNFα, because both are present in high levels in many inflammatory rheumatic
diseases and were induced after S100A9 exposure of monocytes. Addition of IL-1RA to
block IL-1 did not restore the S100A9-induced down-regulation of RANK. In contrast,
addition of etanercept to block TNFα resulted in a partial recovery of both the
percentage of RANK+ cells and the mean cell-surface expression/cell (a relative mean
123.3% and 19.2% increase, respectively, compared with S100A9 exposure alone;
Figure 6B).
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Figure 5 S100A9 decreases the expression of TNFRSF11A but not C-FMS.
CD14+ monocytes were isolated from buffy coats and cultured with 25 ng/ml M-CSF in the
presence or absence of 1 µg/ml S100A9 for 16 h for RNA expression. For ChIP, 50 ng/ml RANKL
was added to the cultures for an additional 4 h. Gene expression was determined with RNA

92

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 92

S100A9 HAMPERS OSTEOCLAST DIFFERENTIATION

sequencing. A) Pathway analysis showed that C-FMS, the gene encoding the M-CSF receptor
was not decreased after exposure to S100A9. In contrast, TNFRSF11A, encoding RANK and its
downstream signaling seemed to be reduced upon S100A9 exposure. B) In agreement, realtime qPCR(n=8 independent donors) showed that RANK expression strongly increased after
culture with M-CSF, but this increase was strongly impeded by exposure of the cells to S100A9.
C) Moreover, C-FMS expression significantly increased after 16 h of culture with M-CSF, but its
expression was not changed by exposure to S100A9. D,E) Underlining these findings, ChIP
showed that the promotor marks H3K4me3 and H3K27ac occupancy were decreased at the
TNFRSF11A locus (D), whereas they were unaltered at the C-FMS locus (E) after 1 d of differentiation
toward osteoclasts upon S100A9 treatment (bottom line for each mark) compared with control
samples without S100A9 (upper line for each mark). Before-after graphs are shown in B and C,
with samples from the same donor connected with lines. * P < 0.05, ** P < 0.01, *** P < 0.001 vs
control samples without S100A9 as measured by a repeated measures 1-way ANOVA, followed
by a Tukey multiple comparison.
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Figure 6 Reduced membrane RANK expression upon exposure to S100A9.
CD14+ monocytes were obtained from healthy buffy coats and treated with 25 ng/ml M-CSF and
either stimulated with 1 µg/ml S100A9 or left untreated for 16 h. RANK was determined using
PE-labeled RANKL. A) Flow cytometric analysis (n=11 independent donors) showed that both the
percentage of positive cells and the mean fluorescence intensity (MFI) was significantly decreased
in S100A9-treated samples compared with control samples without S100A9. B) Addition of 10 µg/ml
etanercept to inhibit TNFα showed a partial restoration of both the percentage of RANK+ cells and
the MFI, whereas addition of 10 µg/ml IL-1RA to inhibit IL-1 did not restore the membrane RANK
expression. C)Representative histograms of the PE-RANKL staining. Before-after graphs are shown
in A, with samples from the same donor connected with lines. Univariate scatter plots are shown
in B, with horizontal and vertical lines showing means ± SEM. * P < 0.05, *** P < 0.001 as measured
by a Wilcoxon matched-pairs signed rank test or Friedman test with Dunn’s multiple comparison test.
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Discussion
In this paper, we provide evidence that the alarmin S100A9 hampers the differentiation
of circulating CD14+ progenitors into osteoclasts. Moreover, we found that the mechanistic
basis could be from a S100A9-mediated reduction of the RANK receptor expression on
the surface of M-CSF-stimulated osteoclast progenitors. Finally, we show that the
resulting cells secrete high levels of proinflammatory and catabolic factors early after
exposure to S100A9, but decreased levels of the osteoclast-stimulating factor TNF-α
upon long-term exposure.
Proinflammatory mediators such as IL-1β, IL-8, TNF-α, and LPS are generally thought
to stimulate osteoclast differentiation and activity15-17, 36-38. Moreover, in a previous
study, our lab described that addition of S100A8 later during in vitro osteoclastogenesis
stimulated the further fusion and activation of mature osteoclasts30. Alarmins,
including S100A8/A9, have been described to be among the first responders during
inflammation and to strongly activate cells of the immune system to produce proinflammatory factors39. Indeed, exposure of human macrophages to S100A9 increases
the expression of various proinflammatory factors, such as IL-1β, IL-8, and TNF-α and
here we show comparable results for human monocytes. As such, S100A9 might be
involved in stimulating osteoclastogenesis27. In this context, it should be mentioned
again that the physiologically relevant form of S100A8 and S100A9 is the heterodimer,
which is short-lived in activity and for this reason is not suitable for cell culture studies
in which a bolus of recombinant factors is added. Homodimers, which do not inactivate
by them-selves by oligomer formation, are therefore adequate S100-based damageassociated molecular patterns to investigate fully and constitutively active heterodimers31.
Interestingly however, in this study, we introduce the concept that S100A9 is not only
involved in the promotion of osteoclast differentiation and activation during sterile
inflammation. Our data show that exposure of monocytic osteoclast precursors to
S100A9 hampered their differentiation into active multinucleated osteoclasts. In agreement
with our findings here, a previous study showed that LPS, which like S100A8/A9 is a
TLR4 agonist, inhibits differentiation of osteoclasts from murine bone marrow cells
and human CD14+ monocytes, emphasizing the possible importance of TLR4 signaling
in this process36, 40. However, LPS is only a relevant stimulus in septic bone diseases,
whereas most osteoclast-associated conditions, including a plethora of arthritis,
involve sterile inflammatory conditions in which S100A8/A9 is strongly increased.
Other factors that have been described to inhibit precursor-to-osteoclast differentiation
are IL-1β and TNF-α41, 42. Together, these studies suggest that the timing of exposure
to proinflammatory factors like S100A8/A9 in the course of osteoclast differentiation
might act as a switch to determine the osteoclast fate.
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Both M-CSF and RANKL signaling are required for the survival, proliferation, differentiation,
and activation of osteoclasts by binding to the M-CSF and RANK receptor, respectively1,
10. Moreover, M-CSF increases the membrane expression of RANK, thus preparing the
cell for osteoclast differentiation10. The importance of M-CSF signaling is underlined by
the finding that mice that lack the M-CSF and as a consequence have a severe deficiency
of osteoclasts reveal an osteopetrotic phenotype7. In the same line, mice deficient of the
Tnfrs11a gene encoding RANK are characterized by a block in osteoclast differentiation
resulting in severe osteopetrosis13. Moreover, blocking the RANKL-RANK interaction with
an antibody efficiently decreases osteoclast-mediated bone resorption43. Pathway
analysis revealed that S100A9 exposure decreased the expression of the RANK-encoding
TNFRSF11A gene and its down-stream signaling. However, next to the RANK-RANKL
pathway, osteoclast differentiation is regulated by a co-stimulatory pathway in which the
γ-chain plays an important role. Interestingly, pathway analysis showed an increased
expression of this γ-chain, which associates with, among others, activating Fc-γ receptors
and as such is involved in proinflammatory signaling and osteoclast differentiation44.
A previous study from our lab indeed showed increased expression of activatory Fc-γ
receptors upon S100A8 exposure of murine macrophages45. These data suggest that it
is unlikely that the inhibition of osteoclast differentiation is the result of S100A9-induced
changes in the co-stimulatory pathway but rather the result of an S100A9-mediated
reduction in the expression of RANK-RANKL signaling, which we next investigated more
extensively.
This showed that exposure to S100A9 for only the first 16 h of culture already strongly
decreased the membrane expression of RANK and thus most probably decreased the
intracellular signaling that is crucial for osteoclast differentiation. This decreased RANK
expression might be explained by our findings that both H3K4me3 and H3K27ac were
decreased at the TNFRSF11A gene. In contrast, although we observed slightly decreased
H3K27ac and slightly increased H3K4me3 at the C-FMS locus, qPCR data showed that
this did not affect the expression in a bigger set of donors. Together, these data indicate
that the S100A9 effects are directly affecting the RANK expression levels rather than
indirectly via decreased expression of the M-CSF receptor. Interestingly, we showed that
both IL-1β and TNF-α secretion were increased after exposure to S100A9, which has
been shown to reduce osteoclast differentiation from precursors41, 42. However, after
exposure to S100A9, addition of IL-1RA to block IL-1 did not rescue the membrane
expression of RANK. In contrast, addition of etanercept partially rescued the
S100A9-induced down-regulation of RANK. However, this rescue was relatively small as
compared with the reduction in RANK expression upon exposure to S100A9, indicating
that other mediators or a direct effect of S100A9 are likely involved. Together, given the
importance of RANK signaling for osteoclast differentiation, our findings suggest that
this reduction in RANK expression might be the mechanism underlying the hampering of
osteoclast differentiation, although we cannot irrefutably prove this.
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An additional mechanism as to how the exposure to S100A9 might mediate the
decrease in osteoclast differentiation was brought to light by our finding that long-term
S100A9 activation for 4 d resulted in a decreased secretion of TNF-α in the majority of
the tested donors, although this did not reach significance because, for 2 donors, the
TNF-α secretion was increased at this time point. Interestingly however, these 2 donors
had the lowest basal TLR4 expression of all donors tested immediately after isolation
from buffy coats. Interestingly, exposure to S100A9 for only the first 16 h significantly
reduced the TNF-α secretion at d 4 (unpublished results). Although addition of TNF-α
to osteoclast precursors inhibits osteoclastogenesis, later during this process TNF-α has
been shown to promote the differentiation, survival, and resorbing activity of osteoclasts,
and TNF-α has been described to play an important role in the co-stimulation of
osteoclast differentiation next to the RANK-RANKL pathway, all of which could thus be
decreased after exposure of osteoclast precursors to S100A915, 46-48.
These dampening effects of S100A9 are in line with previous findings. Differentiation
of dendritic cells was found to be decreased under the influence of S100A8/A949.
Moreover, relatively long-term activation of phagocytes with S100A8/A9 has been
shown to induce stress tolerance under conditions of sterile inflammation50.
Although S100A8/A9 has been previously associated with increased bone resorption and
increased differentiation and activation of mature osteoclasts, we here show for the
first time that exposure of osteoclast precursors to S100A9 strongly inhibits their osteoclastogenic potential, which we found to be associated with a reduced RANK
expression. This shifts the dogma that the alarmin S100A8/A9 solely stimulates
inflammation, osteoclast formation, and consequent bone resorption more toward a
concept in which the timing of exposure to S100A8/A9 is an important determinant for
the precursor-to-osteoclast differentiation. The impeding effect of S100A8/A9
described here might therefore be considered as a negative feedback loop on the
proinflammatory and stimulatory effects on mature osteoclasts in order to prevent
uncontrolled bone resorption under sterile inflammatory conditions.
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Supplementary Figure 1.
CD14+ monocytes were isolated from buffy coats and differentiated towards osteoclasts with
continuous presence of 25 ng/mL macrophage colony-stimulating factor (M-CSF) and 50 ng/mL
receptor activator of nuclear factor kappa-B ligand (RANKL) from day 1 in the presence or absence
of 1 μg/mL S100A9 from the start of the culture. The surface area of osteoclasts was manually
quantified with Fiji software (version 1.47) using 9 photomicrographs per well (n=8 independent
donors). In most donors, exposure of the cells to S100A9 reduced the size of the osteoclasts at
day 6. Interestingly, the big osteoclasts present in the control samples were absent in the samples
that were exposed to S100A9. Univariate scatter plots are shown with horizontal and vertical lines
showing mean ± SEM. Each graph shows results from one independent donor.
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Donor A

Donor B

Donor C

Supplementary Figure 2.
CD14+ monocytes, isolated from buffy coats, were seeded on 650‐μm–thick dentin slices and
differentiated towards osteoclasts with continuous presence of 25 ng/mL macrophage colonystimulating factor (M-CSF) and 50 ng/mL receptor activator of nuclear factor kappa-B ligand
(RANKL) from day 1. After 10 days of culture, the presence of resorption pits was assessed with
Coomassie Blue staining. Briefly, osteoclasts were lysed in water, and cell remnants mechanically
removed by sonicating the dentin slices in 10% ammonia solution. After extensive washing with
water, dentin slices were incubated in a 10% saturated alum (Kal[SO4]2 · 12H2O) and stained with
Coomassie Blue (PhastGel Blue R‐350; GE Healthcare). Clear presence of resorption was observed
on the dentin slides, confirming the efficient differentiation of the monocytes into functional
osteoclasts. Photomicrographs show representative examples of Coomassie Blue staining (n=3
independent donors).
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Supplementary Figure 3.
CD14+ monocytes were isolated from buffy coats and treated with 25 ng/mL macrophage colony-stimulating factor (M-CSF) in the presence or absence
of 1 μg/mL S100A9 for 16 hours. Gene expression was determined with RNA-sequencing. Pathway analysis showed profound dynamic changes in the
cytokine-cytokine receptor pathway upon exposure to S100A9 as compared to a control dataset of cells that were not stimulated with S100A9. This
confirms the involvement of S100A9 in immune responses. Grey: expressed below 1 RPKM, pink: up-regulated > 2-fold, blue: down-regulated > 2-fold,
white: not affected > 2-fold, purple: no data. KEGG hsa: 04060.
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Abstract
Background
Osteoclast-mediated bone erosion is a central feature of rheumatoid arthritis (RA).
Immune complexes, present in a large percentage of patients, bind to Fcγ receptors (FcγRs),
thereby modulating the activity of immune cells. In this study, we investigated the
contribution of FcγRs, and FcγRIV in particular, during antigen-induced arthritis (AIA).
Methods
AIA was induced in knee joints of wild -type (WT), FcγRI,II,III-/-, and FcγRI,II,III,IV-/- mice.
Bone destruction, numbers of tartrate-resistant acid phosphatase-positive (TRAP+)
osteoclasts, and inflammation were evaluated using histology; expression of the
macrophage marker F4/80, neutrophil marker NIMPR14, and alarmin S100A8 was
evaluated using immunohistochemistry. The percentage of osteoclast precursors in
the bone marrow was determined using flow cytometry. In vitro osteoclastogenesis
was evaluated with TRAP staining, and gene expression was assessed using real-time
PCR.
Results
FcγRI,II,III,IV-/- mice showed decreased bone erosion compared with WT mice during
AIA, whereas both the humoral and cellular immune responses against methylated
bovine serum albumin were not impaired in FcγRI,II,III,IV-/- mice. The percentage of
osteoclast precursors in the bone marrow of arthritic mice and their ability to
differentiate into osteoclasts in vitro were comparable between FcγRI,II,III,IV-/- and WT
mice. In line with these observations, numbers of TRAP+ osteoclasts on the bone
surface during AIA were comparable between the two groups. Inflammation, a process
that strongly activates osteoclast activity, was reduced in FcγRI,II,III,IV-/- mice, and of
note, mainly decreased numbers of neutrophils were present in the joint . In contrast to
FcγRI,II,III,IV-/- mice, AIA induction in knee joints of FcγRI,II,III-/- mice resulted in increased
bone erosion, inflammation, and numbers of neutrophils, suggesting a crucial role for
FcγRIV in the joint pathology by the recruitment of neutrophils. Finally, significant
correlations were found between bone erosion and the number of neutrophils present
in the joint as well as between bone erosion and the number of S100A8-positive cells,
with S100A8 being an alarmin strongly produced by neutrophils that stimulates osteoclast
resorbing activity.
Conclusions
FcγRs play a crucial role in the development of bone erosion during AIA by inducing
inflammation. In particular, FcγRIV mediates bone erosion in AIA by inducing the influx
of S100A8/A9-producing neutrophils into the arthritic joint.
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Background
Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease that primarily
affects the joints1. Along with inflammation, excessive bone erosion is one of the
central hallmarks of this disease2, 3 . Next to generalized osteoporosis, severe focal
bone erosions are observed at the interface between the inflamed synovium and the
bone. Osteoclasts, which differentiate from myeloid precursor cells under the influence
of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear
factor-κB ligand (RANKL), are the cells responsible for this deleterious process4-6.
Therefore, a deeper understanding of how the inflammatory response increases bone
erosion in this disease is likely to be helpful in identifying new therapeutic targets.
Autoantibodies such as rheumatoid factor (RF) and anticitrullinated protein antibodies
are present in the serum and synovial fluid of a large percentage of patients with RA1.
Of note, in patients with RA the presence of autoantibodies predates disease onset
and correlates with disease progression and severity 7-9. Immunoglobulin G (IgG)
antibodies can form immune complexes (ICs) with their cognate antigens and
subsequently bind to Fcγ receptors (FcγRs), thereby modulating the activity of the
FcγR-bearing immune cells 10.
In mice, four different FcγRs have been identified, of which the activating FcγRI, FcγRIII,
and FcγRIV stimulate the cell via the activation motif immunoreceptor tyrosine -based
activation motif (ITAM), leading to effector functions such as phagocytosis, antigen
presentation, and cytokine secretion. In contrast, FcγRIIb is an inhibitory receptor, and
its intracellular domain contains an immunoreceptor tyrosine -based inhibitory motif
(ITIM) that counteracts the signaling of the activating FcγRs10-12. Alterations in the
expression of FcγRs have been described in circulating monocytes and synovial tissue
of patients with RA, suggesting their involvement in the pathogenesis of RA13-18.
Moreover, the crucial pathogenic role of FcγRs has been proven in a multitude of
experimental arthritis models, such as collagen-induced arthritis (CIA), glucose-6-phosphate isomerase-induced arthritis, collagen type II antibody-induced
arthritis, the K/B×N serum transfer model, IC arthritis, and antigen-induced arthritis
(AIA) models. Overall, despite some differences between the various experimental
models, activating FcγRs stimulate innate immune cells, leading to deleterious effects.
On the contrary, FcγRIIb induces negative feedback in the production of autoantibodies,
thereby protecting the joint from the development and progression of the disease19-28.
However, the function of the various FcγRs and their exact mechanism of action in the
modulation of bone erosion remain to be elucidated.
In the AIA experimental RA model, the injection of methylated bovine serum albumin
(mBSA) into the knee joints of previously immunized mice results in a strong local
accumulation of ICs that, via activation of the immune system, are responsible
for the degradation of both bone and cartilage. In previous studies using this model,
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we determined the relationship between synovial inflammation and bone destruction
using knockout mouse strains for various (combinations of) FcγRs. We found that
there was a link between FcγR-mediated inflammation and bone erosion29. Whereas
FcγRs are expressed on osteoclasts and may thus be involved in their differentiation
and activation, a central role in IC-mediated inflammation has been attributed to the
FcγR-mediated activation of macrophages during AIA30. Their IC-mediated activation
leads to the production of a plethora of mediators, such as chemotactic factors,
responsible for the recruitment of, among others, neutrophils into the joint. However,
which FcγR is particularly involved in regulating this cell influx and which cell is
dominant in mediating bone destruction is still a matter of debate.
The importance of neutrophils in arthritis development has been shown in the
K/B×N serum transfer experimental RA model, in which depletion of neutrophils leads
to complete protection from disease development31. In agreement with this finding,
high numbers of neutrophils are present in the joints of patients with active RA32, 33 .
Two factors produced by neutrophils in high quantities are the alarmins S100A8 and
S100A9, which make up roughly 40% of all cytosolic proteins34 . S100A8/A9 are small
calcium -binding proteins that, upon cell stress, are released into the extracellular
environment, where they function as potent inducers of the immune system35, 36.
High levels of S100A8/A9 are present in the synovial fluid of patients with RA37, 38.
Moreover, it has been shown that S100A8 is able to directly stimulate osteoclast
activity via TLR4, suggesting a possible mechanism through which the IC-activated
innate immunity can regulate bone erosion in RA39.
In the present work, we investigated the involvement of FcγRs, and of FcγRIV in
particular, in the regulation of osteoclast-mediated bone resorption. We induced AIA
in mice deficient in all four FcγRs (FcγRI,II,III,IV-/- mice) and in their wild -type (WT)
controls. The role of FcγRIV in particular was studied by comparing the development of
AIA in FcγRI,II,III,IV-/- and FcγRI,II,III-/-mice.

Methods
Animals
FcγRI,II,III,IV-/- mice in a C57BL/6 background were developed by Dr. S.Verbeek (Leiden
University Medical Center, Leiden, the Netherlands) (Dr.J.Sjef Verbeek personal
communication, January 2016). Control C57BL/6 mice were purchased from Janvier
Labs (Le Genest Saint Isle, France). FcγRI,II,III-/- mice and their controls were generated
as previously described 29. Mice were housed under standard conditions in filter-top
cages and fed a standard diet with food and tap water ad libitum. All animal studies
were carried out according to the Dutch law and approved by the local animal experimentation committee (RU-DEC 2012-209).
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Induction of AIA
Mice were immunized with 100 μg of mBSA (Sigma-Aldrich, St. Louis, MO, USA)
emulsified in complete Freund’s adjuvant (CFA; Difco Laboratories, Detroit, MI, USA).
Heat-killed Bordetella pertussis was administrated intraperitoneally as an additional
adjuvant. One week later, two subcutaneous injections in the neck region with a total
of 50 μg of mBSA/ CFA were administered as a booster. Three weeks after the
immunization, arthritis was induced in both knee joints by intra-articular injection of
60 μg of mBSA in 6 μl of saline.

Serum collection and antibody titer determination in serum
At day 7 and day 21 after AIA induction, blood was drawn from the retro-orbital plexus
in MiniCollect tubes (Greiner Bio-One, Monroe, NC, USA), and subsequently serum was
obtained by centrifugation. Anti-mBSA-specific antibodies (total IgG, IgG1, IgG2a,
IgG2b) were measured in sera with an enzyme-linked immunosorbent assay. mBSA
was coated on plates (Nunc; Thermo Fisher Scientific, Rochester, NY, USA) at a
concentration of 100 μg/ml. Antibody concentrations were assessed by twofold serial
dilution of the sera, followed by detection of bound mouse IgG with peroxidase-conjugated rabbit antimouse IgG (SouthernBiotech, Birmingham, AL, USA). 5-Aminosalicylic
acid was used as a substrate. Absorbance was measured at 450 nm. Antibody titers
were determined at 50% of the maximum absorption.

5

Lymphocyte stimulation test
Spleens were collected from mice at day 21 after AIA induction and homogenized
through a cell strainer. Erythrocytes were lysed with lysis buffer (155 mM NH4Cl, 12 mM
KHCO3 , 0.1 mM ethylenediaminetetraacetic acid, pH 7.3). Cells were seeded into flasks,
and after 1 hour at 37°C, nonadherent cells were harvested and seeded into 96 -well
plates (1x105 cells/well). mBSA was added at final concentrations of 50, 25, 12.5, 6.25,
3.12, and 1.56 μg/ml. Concanavalin A and ovalbumin were used as positive and
negative controls, respectively. Cultures were maintained for 4 days. [ 3H]Thymidine
was added for the last 16 hours of culture, and its incorporation was determined as a
measure of T -cell proliferation.

Histological analysis
Total knee joints were isolated, fixed in 4% phosphate-buffered formalin, decalcified in
5% formic acid, embedded in paraffin, and 7-μm coronal sections of various depths of
the joint were made. Sections were stained with H&E for histological analysis.
Inflammation (infiltrate and exudate) was arbitrarily scored on a scale from 0 (no
inflammation) to 3 (severe inflammation). Bone destruction was evaluated in 13
well-defined areas of the knee joint (as depicted in the scheme in Additional file 1A)
with a score ranging from 0 (no erosion) to 3 (connection between joint cavity and
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bone marrow). For the evaluation of proteoglycan (PG) depletion as a measure of
cartilage destruction, joint sections were stained with Safranin O and Fast Green. PG
depletion was evaluated at both the patellofemoral and the tibiofemoral areas as the
amount of red staining present, using an arbitrary score ranging from 0 (absence of PG
depletion) to 3 (complete PG depletion). For quantification of the number of osteoclasts,
total knee joint sections were stained for tartrate-resistant acid phosphatase (TRAP),
using the Leukocyte Acid Phosphatase Kit (Sigma-Aldrich) according to the
manufacturer’s protocol. The number of TRAP+ cells present along the external bone
surface was counted. For quantification of periarticular bone, the percentage of
noncartilage collagenous tissue (blue staining) in the complete femur and tibia of
joint sections stained with Safranin O and Fast Green was quantified using Leica
Application Suite software (Leica Microsystems, Buffalo Grove, IL, USA).

Immunohistochemistry
To visualize S100A8-, NIMPR14-, and F4/80 -expressing cells, knee joint sections were
incubated with specific primary antibodies against S100A8 (made in our facilities),
NIMPR14 (kindly provided by Dr. M. Strath, London, UK) and F4/80 (Thermo Fisher
Scientific). Afterward, sections were incubated with horseradish peroxidase-conjugated or biotinylated secondary antibodies followed by avidin-biotin complex peroxidase
(VECTASTAIN Elite Kit; Vector Laboratories, Burlingame, CA, USA). Antibody binding
was visualized using diaminobenzidine. S100A8 staining was arbitrarily scored using
a scale from 0 to 3. For quantification of NIMPR14- and F4/80 -positive cells, pictures
(original magnification ×100) of five specific areas of the joint were taken (two in the
area adjacent to the patella and two in the area adjacent to the medial and lateral
femur for the evaluation of infiltrate, and one in the area of the joint cavity between the
patella and femur for evaluation of the exudate). The amount of cells in the infiltrate
was measured as the positive area above a fixed threshold using Leica Application
Suite software (Leica Microsystems). The number of positive cells in the exudate was
counted using the cell counter plugin of ImageJ software (National Institutes of Health,
Bethesda, MD, USA).

Flow cytometric analysis
Bone marrow was isolated from femurs and tibias of mice by flushing the marrow
cavity with medium and passing the cell suspension through a cell strainer. After lysis
of erythrocytes, bone marrow cells were incubated with Fc -blocking antibody
(BD Pharmingen antimouse CD16/CD32, clone 2.4G2; BD Biosciences, San Jose, CA,
USA), followed by staining with the following mix of antibodies: CD11b-fluorescein
isothiocyanate, CD90.2-phycoerythrin (PE), CD45R/B220-PE, CD49b-PE, NK1.1-PE,
Ly6G-PE, Ly6C-allophycocyanin-cyanine 7 (all BD Biosciences). Samples were acquired
with a CyAn flow cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA),
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and data analysis was performed with Kaluza Analysis Software (Beckman Coulter Life
Sciences). The gating strategy we used is depicted in Additional file 2.

Bone marrow -derived osteoclast differentiation
Bone marrow was isolated from femurs and tibias of mice. Total bone marrow cells
were seeded into 96-well plates at a density of 105 cells/well in 150 μl of α-minimum
essential medium (Thermo Fisher Scientific), supplemented with 5% FCS, penicillin/
streptomycin, 30 ng/ml recombinant mouse (rm)M-CSF, and 20 ng/ml rmRANKL (R&D
Systems, Minneapolis, MN, USA). Culture medium was refreshed after 3 days.

Measurement of TRAP activity in the supernatants
Cell supernatants were collected after 5 days of differentiation, and TRAP activity was
measured with a colorimetric assay. In short, p-nitrophenyl phosphate (New England
Biolabs, Ipswich, MA, USA) was diluted in buffer containing 420 mM acetic acid
(Sigma-Aldrich) and 160 mM tartrate solution (Merck, Kenilworth, NJ, USA) and added
1:1 to culture supernatant. After 1 hour, the reaction was stopped with 0.5 M NaOH
(Sigma-Aldrich), and the absorbance at 405 nm was determined using a spectrophotometric plate reader (Bio-Rad Laboratories, Hercules, CA, USA).

RNA isolation and qRT-PCR
Well-defined synovial samples were isolated from the inflamed murine knee joints as
previously described 40[40]. Tissue samples were homogenized using the MagNA
Lyser Instrument (Roche Diagnostics, Indianapolis, IN, USA). Total RNA was isolated
using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany). RNA from osteoclast
cultures was isolated with TRIzol reagent (Sigma-Aldrich). RNA was subsequently
reverse -transcribed into complementary DNA. qRT-PCR was performed using the
Applied Biosystems StepOnePlus RT-PCR System (Thermo Fisher Scientific, Foster
City, CA, USA). Primer sequences are listed in Table 1 (primers obtained from Biolegio,
Nijmegen, the Netherlands). Glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
was used as the reference gene. Samples were normalized for the expression of Gapdh
by calculating the comparative threshold: −ΔCt = − (Ct gene of interest − Ct Gapdh).

5

Statistical analysis
Statistical differences between two groups were calculated using Student’s ttest for
parametric variables (messenger RNA [mRNA] expression, IgG titer) or the Mann
-Whitney U test for nonparametric variables (lymphocyte stimulation test/arbitrary
score of inflammation, PG depletion, and S100A8 staining/ percentage of osteoclast
precursors/ number of TRAP -positive cells in vivo/ TRAP activity in the supernatant/
quantification of NIMPR14- and F4/80 -positive cells/ percentage of noncartilage
calcified tissue). For comparison of multiple groups in the quantification of in vivo bone
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Table 1
Gene

PRIMER SEQUENCE (5’-3’)

Gapdh

FW: GGCAAATTCAACGGCACA
RV: GTTAGTGGGGTCTCGCTCCTG

Nfatc1

FW: ATGCGAGCCATCATCGA
RV: GGGATGTGAACTCGGAAGAC

Acp5

FW: GACAAGAGGTTCCAGGAG ACC
RV: GGGCTGGGGAAGTTCCAG

Calcr

FW: CGTTCTTTATTACCTGGCTCTTGTG
RV: TCTGGCAGCTAAGGTTCTTGA AA

Mmp9

FW: GGAACTCACACGACATCTTCCA
RV: GAAACTCACACGCCAGAAGAATTT

Ca2

FW: GCTGCAGAGCTTCACTTGGT
RV: AAACAGCCAATCCATCCGGT

Oscar

FW: TGGTCATCAGTTTCGAAGGTTCT
RV: CAGCCCCAAACGGATGAG

Dcstamp

FW: TGTATCGGC TCATCTCCTCCAT
RV: GACTCCTTGGGTTCCTTGCTT

Clcn7

FW: AGCCTGGACTATGACAACAGC
RV: GGAAAGCCGTGTGGTTGATT

Ctsk

FW: GAAGCAGTATAACAGCAAGGTGGAT
RV: TGTCTCCCAAGTGGTTCATGG

erosion and TRAP+ cells after in vitro differentiation, two-way analysis of variance was
used. Spearman’s rank correlation coefficients (r S) were calculated for correlation
analysis.
All analyses were performed using Prism version 5.03 software (GraphPad Software,
La Jolla, CA, USA), and Pvalues less than 0.05 were considered significant.

Results
Decreased bone erosion in FcγRI,II,III,IV-/- mice compared
with WT controls
First, to determine the effect of the absence of FcγRs on bone resorption during
experimental arthritis, we scored bone erosion after induction of AIA in FcγRI,II,III,IV-/mice and their WT controls. At both day 7 and day 21 after AIA induction, we observed
significantly decreased bone erosion in the FcγRI,II,III,IV-/- mice as compared with their
WT controls, highlighting the importance of FcγRs in this process (Figure 1). However,
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A

Bone erosion
Wild type

FcγRI,II,III,IV-/-

B
Arbitrary score (0-3)

3

Naive

DAY 7

DAY 21

ns

**

***

5

2

1

0

Wild type

FcγRI,II,III,IV-/-

Figure 1 Fcγ receptor (FcγR)I,II,III,IV-/- mice have decreased bone erosion compared
with wild-type (WT) control mice.
A Bone erosion (black arrows) is present in the joints of FcγRI,II,III,IV-/- and WT mice after induction
of antigen-induced arthritis (AIA), as determined by using H&E-stained sections. Original
magnification ×50 and ×200. B Quantification of bone erosion showed significantly decreased
resorption in the joints of FcγRI,II,III,IV-/- mice compared with their WT controls (n = 17 and 24 joints
per group respectively) at both 7 and 21 days after AIA induction. No basal differences in bone
erosion could be observed in the joints of naive mice. Scatterplots are shown, with horizontal and
vertical lines representing mean ± SEM values . ns Not significant. ** P < 0.01, *** P < 0.001 versus
WT controls
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Figure 2 Fcγ receptor (FcγR)I,II,III,IV deficiency does not impair the humoral and cellular
immune responses against methylated bovine serum albumin (mBSA).
A Significantly increased anti-mBSA total immunoglobulin G (IgG), IgG1, and Ig2a titers were
measured in the serum of FcγRI,II,III,IV-/- mice compared with those of wild -type (WT) mice, whereas
IgG2b titers were not significantly different (WT, n = 14; FcγRI,II,III,IV-/-, n = 10; combined from day
7 and day 21). B Accumulation of IgG was present in the knee joints of both WT and FcγRI,II,III,IV-/mice 7 days after induction of antigen-induced arthritis as determined by immunolocalization.
Original magnification ×400. C The cellular anti-mBSA immune response, as determined by
T-cell proliferation, was comparable between WT and FcγRI,II,III,IV-/- mice. Results are expressed
as stimulation index (ratio of stimulation with/without antigen) (n = 4 mice/group). Scatterplots
are shown, with horizontal and vertical lines representing mean ± SEM values. ns Not significant.
* P < 0.05, ** P < 0.01, *** P < 0.001

although the bone erosion was significantly decreased in the FcγRI,II,III,IV-/- mice
compared with their WT controls, scores were not reduced to the same level of in naive
mice. To investigate a possible basal phenotype due to the absence of FcγRs, we
determined the bone erosion in knee joints of WT and FcγRI,II,III,IV-/- mice without AIA.
This showed comparable basal levels of bone erosion in these naive knee joints
(Figure 1B). In addition, no differences were found in the surface area of noncartilage
collagenous tissue present in the femur and tibia (Additional file 1B). Together, these
findings suggest that the decreased bone resorption that was observed in the FcγRI,II,III,IV-/- mice after induction of experimental arthritis could not be explained by an
underlying basal bone phenotype. As an additional readout of joint damage, we
evaluated PG depletion as a measure of inflammation-induced cartilage destruction at
the patellofemoral and tibiofemoral regions. In line with the decreased bone damage,
we observed decreased PG depletion in FcγRI,II,III,IV-/- mice compared with their WT
controls at day 7 and day 21 after AIA induction, particularly in the tibiofemoral area
(Additional file 1C).

5

Comparable immune response against mBSA in WT and FcγRI,II,III,IV-/- mice
Because the induction of the AIA model is highly dependent on the immune response
against the mBSA antigen, we set out to determine whether the humoral and cellular
immune responses against mBSA were affected by the absence of FcγRI,II,III,IV.
Therefore, we determined anti-mBSA IgG titers in the serum of mice with AIA.
We found increased titers of total IgG, IgG1, and IgG2a, but a comparable titer of
IgG2b, in FcγRI,II,III,IV-/- mice as compared with WT mice (Figure 2A). Moreover, using
immunostaining against IgG in the joint, we showed IgG accumulation in both WT and
FcγRI,II,III,IV-/- mice (Figure 2B). Finally, we observed comparable mBSA-induced
proliferation of T cells obtained from FcγRI,II,III,IV-/- and WT mice (Figure 2C).
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Figure 3 Absence of Fcγ receptor (FcγR)I,II,III,IV does not affect the percentage of
osteoclast precursors and their osteoclastogenic potential.
A Comparable percentages of CD11bpos Ly6Chigh and CD11blow/neg Ly6Chigh osteoclast precursors
were present in the bone marrow of wild -type (WT) and FcγRI,II,III,IV-/- mice at days 7 and 21
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of antigen-induced arthritis (AIA) (n = 3 or 4 mice/group). B Images of tartrate-resistant acid
phosphatase (TRAP) staining of osteoclasts after 5 days of in vitro differentiation. Quantification
showed comparable numbers of osteoclasts obtained from WT and FcγRI,II,III,IV-/- bone marrow
cells (n = 5 mice/group). C Moreover, comparable messenger RNA expression levels of various
osteoclast markers were determined in WT and FcγRI,II,III,IV-/- osteoclasts (n = 3 mice/group).
D Finally, TRAP activity in the culture supernatant of WT and FcγR I,II,III,IV-/- macrophages and
osteoclasts was comparable (n = 3 mice/group). E Representative photomicrographs of TRAP
staining and quantification of the number of positive cells along the bone surface in total knee
joint sections of WT and FcγRI,II,III,IV-/- mice at days 7 and 21 after induction of AIA (n = 14 and
n = 10 per time point for WT and FcγRI,II,III,IV-/- mice, respectively). Scatterplots are shown, with
horizontal and vertical lines representing mean ± SEM values . ns Not significant

Absence of Fcγ receptors does not affect the number of osteoclast
precursors
In the next set of experiments, we aimed at elucidating the mechanism underlying the
decreased bone erosion observed in the absence of FcγRs. We first determined
whether the FcγRI,II,III,IV-/- mice had a different percentage of osteoclast precursors in
their bone marrow after induction of AIA. The percentage of CD11bpos Ly6Chigh and
CD11blow/negLy6Chigh cells, both of which have been shown to differentiate into
osteoclasts 41 42 were comparable between FcγRI,II,III,IV-/- and WT mice (Figure 3A).
These data suggest that the observed decrease in bone erosion does not originate
from differences in osteoclast precursor populations.

5

Absence of Fcγ receptors does not affect the osteoclastogenic
potential and the number of osteoclasts on the bone surface during AIA
Next, we determined whether the osteoclast progenitors from FcγRI,II,III,IV-/- mice
have the same osteoclastogenic potential as WT cells. After in vitro differentiation of
bone marrow cells into osteoclasts with M-CSF and RANKL, we observed comparable
numbers of multinucleated TRAP+ cells in the cultures with WT and FcγRI,II,III,IV-/- cells
(Figure 3B). In agreement with this finding, we found comparable mRNA expression
levels of key osteoclast differentiation markers, such as nuclear factor of activated
T-cells, cytoplasmic 1 (Nfatc1), TRAP, dendritic cell-specific transmembrane protein
(Dcstamp), calcitonin receptor (Ctr), and osteoclast-associated immunoglobulin-like
receptor (Oscar), as well as comparable mRNA expression levels of activation markers,
such as chloride channel 7 (Clcn7), carbonic anhydrase II (Ca2), matrix metallopeptidase 9 (Mmp9), and cathepsin K (Ctsk) (Figure 3C). Moreover, the TRAP enzyme
activity as measured in the supernatant of the osteoclast cultures was comparable
(Figure 3D). Together, these findings show that the absence of FcγRs does not affect
the osteoclastogenic potential of precursor cells. Finally, because in vivo osteoclastogenesis is a complex process that can be influenced by many factors, we determined
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the number of osteoclasts on the bone surface of FcγRI,II,III,IV-/- and WT mice during
AIA using TRAP staining. Interestingly, in line with their comparable osteoclastogenic
potential in vitro, the number of TRAP+ cells along the bone surface did not differ
between FcγRI,II,III,IV-/- and WT mice both at day 7 and day 21 after AIA induction
(Figure 3E).

FcγRs differentially regulate the influx of neutrophils present in the joint
Because proinflammatory cells and their products can strongly increase the resorbing
activity of osteoclasts, we evaluated the severity of inflammation in the arthritic knee
joints. The degree of both infiltrate and exudate was significantly decreased in the
knee joints of FcγRI,II,III,IV-/- mice at day 7 after AIA induction (Figure 4). At day 21 after
induction, the degree of inflammation was decreased in both strains, and no significant
difference could be observed between FcγRI,II,III,IV-/- and WT mice anymore. The early
phase of inflammation (day 7) during AIA is particularly characterized by an abundant
presence of neutrophils in the exudate and infiltrate in the knee joint. Interestingly,

Inflammation
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Arbitrary score (0-3)

Wild type

2
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0

FcγRI,II,III,IV-/-
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DAY 21
Wild type
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Wild type
ns

EXUDATE
FcγRI,II,III,IV-/ns
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1

0

INFILTRATE
Wild type

EXUDATE
FcγRI,II,III,IV-/-

Figure 4 Fcγ receptor (FcγR)I,II,III,IV-/- mice have decreased inflammation in arthritic joints.
Photomicrographs of H&E staining showing the infiltrate and exudate in knee joints of wildtype (WT) and FcγRI,II,III,IV-/- mice at days 7 and 21 of antigen-induced arthritis (AIA). Original
magnification ×100. Quantification showed decreased infiltrate and exudate in the knee joints
of FcγRI,II,III,IV-/- mice compared with WT controls at day 7 of AIA. In contrast, no differences
were observed at day 21 (n = 24 and n = 17 joints per time point for WT and FcγRI,II,III,IV-/- mice,
respectively). Scatterplots are shown, with horizontal and vertical lines representing mean ± SEM
values. ns Not significant. * P < 0.05, ** P < 0.01
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we observed significantly decreased numbers of NIMPR14 -positive neutrophils in the
exudate, and the NIMPR14 -positive area in the infiltrate was significantly lower in
FcγRI,II,III,IV-/- mice than in WT mice (Figure 5A). In contrast, numbers of F4/80 -positive
monocytes/macrophages in both the exudate and infiltrate were comparable between
FcγRI,II,III,IV-/- and WT mice (Figure 5B), and a trend toward an increased percentage
of F4/80 cells in the infiltrate of FcγRI,II,III,IV-/- mice was observed . Previous data
developed at our laboratory showed that in contrast to the decreased inflammation
and bone resorption in FcγRI,II,III,IV-/- mice that we describe in the present work,
FcγRI,II,III-/- mice showed increased bone resorption, together with more inflammation,
compared with their WT controls after induction of AIA 29. Of note, we observed a
significant increase and a trend toward an increase in the numbers of neutrophils
present in the infiltrate and exudate, respectively, of these FcγRI,II,III-/- mice (Figure 5C).
However, in agreement with our findings in the FcγRI,II,III,IV-/- mice, the number of
F4/80 -positive monocytes/macrophages cells was not significantly different between
FcγRI,II,III-/- and WT mice, and the percentage of F4/80 -positive area was decreased
in FcγRI,II,III-/- mice (Figure 5D). Representative photomicrographs are shown in
Additional files 3 and 4. Together, these findings suggest that FcγRIV might be of
particular importance in the recruitment of neutrophils into the arthritic joint and that
these neutrophils likely contribute to the bone erosion process.

5
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Figure 5 Prominent role for Fcγ receptor (FcγR)IV in regulating the influx of neutrophils
into the joint.
A NIMPR14 -positive area, percentage of NIMPR14 -positive area in the infiltrate, and number of
NIMPR14 -positive cells in the exudate are decreased in FcγRI,II,III,IV-/- mice compared with wild
-type (WT) mice in day 7 antigen-induced arthritis (AIA). B Comparable numbers of F4/80 -positive
cells are present in the joints of FcγRI,II,III,IV-/- mice compared with their WT controls at day 7
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AIA. C In contrast to FcγRI,II,III,IV-/- mice, the total NIMPR14 -positive area, percentage of NIMPR14
-positive area in the infiltrate, and number of NIMPR14 -positive cells in the exudate are increased
in FcγR I,II,III-/- mice. D Comparable numbers and reduced percentage of F4/80 -positive cells in
the joint of FcγR I,II,III-/- mice compared with their WT controls at day 7 of AIA. Scatterplots are
shown, with horizontal and vertical lines representing mean ± SEM values of at least six mice per
group. ns Not significant. * P < 0.05, ** P < 0.01

Numbers of S100A8/A9-producing neutrophils strongly correlate
with the amount of bone erosion
In line with the decreased numbers of neutrophils present in their joints, lower
expression levels of S100A8, at both the mRNA and protein levels, were observed in
FcγRI,II,III,IV-/- than in WT mice (Figure 6A and B). Moreover, in agreement with the
higher numbers of neutrophils observed in the joints of FcγRI,II,III-/- mice, increased
expression of S100A8 was previously described by researchers at our laboratory 24 .
Supporting our idea that the S100A8 produced by neutrophils plays an important role
in the observed bone erosion, we found that the number of neutrophils in both the
infiltrate and exudate, as well as their production of S100A8, strongly and significantly
correlated with the severity of bone erosion (Figure 6C and D).

5
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Figure 6 The number of S100A8-producing neutrophils correlates with the severity
of bone erosion during antigen-induced arthritis.
A S100a8 messenger RNA levels in the synovium of Fcγ receptor (FcγR)I,II,III,IV-/- mice are
decreased compared with wild -type (WT) mice at day 7 of antigen-induced arthritis (AIA).
B Representative photomicrographs show S100A8 staining in knee joint sections of WT and
FcγRI,II,III,IV-/- mice at day 7 of AIA. Original magnification ×100 and ×400. Quantification
showed a decreased number of S100A8 -positive cells in FcγRI,II,III,IV-/- mice compared with
their WT controls. C A significant correlation was observed between the number of neutrophils
(NIMPR14 -positive cells) in the infiltrate and exudate in the joint and bone erosion in both WT
and FcγRI,II,III,IV-/- mice at day 7 of AIA. D A significant correlation between the number of
S100A8 -positive cells in the joint and the severity of bone erosion in both WT and FcγRI,II,III,IV -/- mice
at day 7 of AIA was found. * P < 0.05. rs = Spearman’s rank correlation coeffiecient

Discussion
In the present study, we show that FcγRs are crucially involved in bone erosion during
AIA. Moreover, we show that the absence of all FcγRs does not affect the number of
osteoclast precursors or their osteoclastogenic potential, but that it decreases the
subsequent bone erosion during experimental arthritis via a reduction of inflammation.
The comparison of development of AIA in FcγRI,II,III,IV-/- and FcγRI,II,III-/- mice
suggested a possible crucial role of FcγRIV in mediating neutrophil inflammation
during AIA.
We observed that mice lacking all FcγRs had decreased inflammation at day 7 and
decreased bone erosion at both day 7 and day 21 after induction of the disease. This is
in agreement with a previous study by Hobday and colleagues, which showed that
FcγRI,II,III,IV-/- mice were completely protected from serum-transferred arthritis at a
macroscopic level 43 . However, in contrast to this serumtransfer model, the AIA model
is characterized by clear T -cell involvement, which is probably FcγR-independent. This
might explain why we did not observe complete protection in FcRI,II,III,IV-/- mice. In
another study, in line with what we observed in FcγRI,II,III,IV-/- mice, γ-chain/FcγRIIb -/mice lacking signaling of both activating and inhibitory FcγRs, as well as of other
receptors using the γ-chain, were completely protected from development of CIA,
although bone erosion data were not reported44 .
The induction of the AIA experimental RA model is highly dependent on the binding of
mBSA/anti-mBSA -containing ICs to FcγRs, thereby potently activating the cell, and on
the activation of T -cell responses against mBSA. However, we observed comparable T
-cell responses against the mBSA antigen in FcγRI,II,III,IV-/- and WT animals, which
shows that their contribution to the induction of the model was not affected by the
absence of the FcγRs. This is consistent with previous studies in which normal T -cell
responses were found in the absence of either activating or inhibitory FcγRs after the
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induction of the AIA 27, 28. Together, these findings suggest that the development of the
T -cell immune response is FcγR-independent.
It has previously been shown that the absence of FcγRIIb often leads to increased IgG
titers in mice owing to a lack of negative feedback on the production of IgGs by plasma
cells, which results in enhanced stimulation of the immune response28, 45 . In line with
these findings, the FcγRI,II,III,IV-/- mice used in this study, which also lack FcγRIIb,
showed increased IgG titers (total IgG, IgG1, IgG2a) compared with their WT controls.
Moreover, accumulation of IgG was present in the joints of FcγRI,II,III,IV-/- mice.
Together, these data showing a normal T -cell response against mBSA and increased
IgG titers in FcγRI,II,III,IV-/- mice suggest that the observed decrease in bone pathology
cannot be the result of an insufficient immune response against mBSA after induction
of the AIA model.
Osteoclasts are the main cells responsible for the degradation of bone tissue during
RA. Although it is known that osteoclasts differentiate from bone marrow-derived
myeloid precursors under the influence of M-CSF and RANKL, a strictly defined
osteoclast precursor set has not yet been identified4 . CD11bpos Ly6Chigh bone marrow
monocytes have been reported to differentiate into osteoclasts when stimulated with
M-CSF and RANKL in vitro, and depletion of Ly6Chigh cells in vivo results in decreased
osteoclast formation and subsequent bone resorption in the K/B×N serum transfer
model 41. Moreover, Charles and colleagues recently identified the CD11blow/neg Ly6Chi
BM population as having osteoclastogenic potential both in vitro and in vivo42. In the
present study, we did not observe differences in the relative percentages of both the
Ly6Chigh and CD11blow/neg Ly6Chigh osteoclast precursor populations between FcγRI,II,III,IV-/- and WT mice, which allowed us to exclude the possibility that decreased bone
erosion in the FcγRI,II,III,IV-/- mice was merely the result of decreased numbers of
osteoclast precursors.
Next to M-CSF and RANKL signaling, a costimulatory signal via the activation of the
ITAM domain, which is present in the γ-chain and in DNAX activation protein of 12 kDa
(DAP-12), is required for the activation of NFATc1, which is the transcription factor
essential for osteoclast differentiation46, 47. Because activating FcγRI, FcγRIII, and
FcγRIV are expressed by osteoclasts and are associated with the ITAM-containing
γ-chain, they potentially can affect osteoclast differentiation. However, in the present
study, we found that the absence of all four FcγRs does not impact the differentiation
of osteoclasts from their precursors in vitro. Underlining our findings, Negishi-Koga
and colleagues showed that FcγRIIb-/-/γ-chain-/- cells, which lack signaling of both
activating and inhibitory FcγRs, did not show alterations in osteoclast differentiation.
However, varying results have previously been described concerning the effects of
FcγRs on osteoclastogenesis. Surprisingly, Negishi-Koga and colleagues reported that
FcγRIII-/- mice have an osteoporotic phenotype that was associated with increased
numbers of osteoclasts. These authors also demonstrated increased in vitro osteoclast

124

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 124

FCγRs AND BONE EROSION IN ANTIGEN-INDICED ARTHRITIS

differentiation of FcγRIII-/- bone marrow cells, together suggesting an inhibitory role for
FcγRIII in osteoclastogenesis48. They stated that the mechanistic basis for this
surprising finding could be the sequestration of the γ-chain by FcγRIII. Therefore, in the
absence of FcγRIII, more γ-chain is available for other proteins, such as osteoclastassociated immunoglobulin-like receptor (OSCAR) and paired immunoglobulin-like
receptor A (PIR-A), which both act as costimulatory factors during osteoclastogenesis
via their association with the γ-chain. In addition, the same research group showed
that FcγRIIb-/- cells, which lack the ITIM domain that inhibits pro-osteoclastogenic
ITAM signaling, showed increased osteoclastogenic potential. Therefore, in the present
study, where we show that FcγRI,II,III,IV-/- cells have normal in vitro osteoclastogenic
potential, we cannot rule out a compensatory effect on osteoclast differentiation via
γ-chain-dependent costimulatory pathways, such as via OSCAR or PIR-A signaling, or
via triggering receptor expressed on myeloid cells 2 (TREM2), which depends on the
ITAM-domain containing DAP12 protein for its signaling. In line with this possibility, it
has been shown that DAP12 is primarily responsible for in vitro M-CSF- and RANKL
-induced osteoclastogenesis because γ-chain-/- cells show normal differentiation.
However, in the absence of DAP12, the γ-chain can compensate for its absence, acting
via αvβ3 integrin 49.
Finally, underlining the normal osteoclast differentiation that we observed in vitro,
nonarthritic FcγRI,II,III,IV-/- mice had no basal bone phenotype in their knee joints,
measured as the amount of subchondral calcified tissue in the femur and tibia, and we
observed comparable numbers of TRAP+ osteoclasts along the bone surface after AIA
induction. Together, these findings imply that the absence of all FcγRs does not impair
the ability of cells to differentiate into mature osteoclasts, suggesting that a difference
in osteoclast activity, rather than differences in osteoclast numbers, must underlie the
decreased erosion in FcγRI,II,III,IV-/- mice in the studied AIA model.
It has been shown that inflammation plays a critical role in the activation of osteoclasts
in vivo by the production of a plethora of factors that in this way lead to bone erosion.
In this study, we found that inflammation (both infiltrate and exudate) was decreased
in FcγRI,II,III,IV-/- mice compared with WT controls at day 7, but not at day 21, after AIA
induction. This suggests that FcγRs are probably most involved in the early
inflammatory response of the AIA model, which still resulted in significantly decreased
bone erosion in the FcγRI,II,III,IV-/- mice at day 21 after induction.
It has been shown that the four FcγRs in mice are differentially expressed on immune
cells and that the individual FcγRs are known to bind the various IgG subclasses with
different affinities10. The activity of IgG1 is dependent mainly on FcγRIII, and IgG2a
binds with high affinity to FcγRI and with low affinity to FcγRIII and IV, whereas IgG2b
bind with the highest affinity to FcγRIV. This implies that the absence of one or more
FcγRs and the cellular composition might facilitate the binding of IgGs to other FcγRs
more than normally would occur, possibly leading to abnormal intracellular signaling.
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Previous researchers have investigated the role of FcγRs in AIA using mice deficient in
one or more FcγRs. Induction of AIA in FcγRIIb-/- mice resulted in increased inflammation,
most probably because of the absence of both FcγRIIb-mediated IgG clearance and a
negative feedback loop on IgG production by B cells28, 29. In contrast, the inflammation
in FcγRI-/- or FcγRIII-/- mice was not affected28, suggesting that either these receptors
can compensate for each other’s absence or that FcγRIV is the dominant FcγR in both
cases. However, the combined absence of FcγRI and FcγRIII24 led to reduced inflammation.
Interestingly, when combined with the absence of the IgG -clearing FcγRIIb, resulting in
FcγRI,II,III-/- mice, stronger accumulation of ICs is present, which results in increased
inflammation, probably via binding of ICs to FcγRIV29 . The important function of FcγRIV
in this situation is substantiated by the finding that the inflammation is reduced when,
in addition to FcγRI, FcγRII, and FcγRIII, FcγRIV is also absent. Although our results
indicate an important role for FcγRIV in the pathology of AIA, definitive proof should
come from AIA induction in an FcγRIV single -knockout. Consistent with our findings
in the AIA model, the fact that 35–40% of FcγRI,II,III-/- mice developed CIA, whereas
γ-chain-/-/FcγRIIb-/-mice that also lack functional FcγRIV were protected from disease
development, further supports the role of FcγRIV in this arthritis model 44 . Moreover,
a clear confirmation for the crucial involvement of FcγRIV in K/B×N comes from a study
by Seeling and colleagues in which FcγRIV-/- animals showed significantly decreased
inflammation and bone erosion41. Finally, arthritis development can be prevented
using a blocking antibody against FcγRIV in mice lacking all FcγRs except for FcγRIV50.
Together, these studies and the data reported in the present article show that an
important role can likely be attributed to FcγRIV in experimental RA models.
Interestingly, a polymorphism in FcγRIIIA, which is the human ortholog of the murine
FcγRIV, has been associated with increased susceptibility to RA development. This
polymorphism, in which a phenylalanine is substituted for a valine at amino acid
position 158 (158 V/F), located at the immunoglobulin -binding domain, results in an
increased affinity of the receptor for IgG1 and IgG3 antibodies51-53 . Although these
associations could not be reproduced in all populations, these data support a possible
important role for the human ortholog of murine FcγRIV in RA development and further
support the importance of additional studies to investigate the role of FcγRs in RA54 .
In our present study, we describe a clear increase in the numbers of neutrophils in
both the infiltrate and exudate in FcγRI,II,III-/- mice, whereas decreased neutrophil
numbers were observed in FcγRI,II,III,IV-/- mice. This suggests that particularly FcγRIV
is responsible for the presence of neutrophils to the joint. The importance of neutrophils
in RA development has been shown in the K/B×N experimental RA model31. Moreover,
in agreement with this role for neutrophils in experimental RA models, high numbers
of neutrophils are present in the joints of patients with active RA32, 33 . We show a
strong and significant correlation between the number of neutrophils present in the
joint and the amount of bone erosion. Because in the AIA model ICs are produced
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locally in the joint, we propose that ICs can stimulate synovial macrophages via FcγRIV
to release chemotactic factors such as complement components and keratinocytederived chemochine, thereby inducing the recruitment of neutrophils into the joint.
Neutrophils are strong producers of the alarmin S100A8/A9, which has been shown
to directly induce osteoclast activity in vitro via TLR4 signaling 39. This suggests a
mechanism through which infiltrated neutrophils can regulate bone erosion in RA.
Indeed, we observed lower expression levels of S100A8 coinciding with lower
neutrophil numbers in the joints of FcγRI,II,III,IV-/- mice than in WT mice. Moreover,
we observed that the production of S100A8 by neutrophils strongly and significantly
correlated with the severity of bone erosion. In agreement with these findings, our
laboratory previously showed that FcγRI,II,III-/- mice, which have increased numbers of
neutrophils in their joints after AIA induction, showed increased S100A8 expression.
S100A8/A9 has been shown to be strongly upregulated in the synovial fluid of patients
with RA37, 38, and its levels are linked to joint inflammation and damage55-58. Together,
these data support the idea that FcγRIV mediates bone erosion in AIA by modulating
the influx of S100A8/A9-producing neutrophils into the arthritic joint, although an
additional direct effect of ICs on osteoclasts cannot be completely ruled out.

Conclusions

5

Our present study adds important new data to the existing body of knowledge concerning
the involvement of FcγRs in inducing bone erosion and particularly highlights, for the
first time to our knowledge, the role of FcγRIV in neutrophil-mediated bone erosion
during AIA.

Acknowledgements
We gratefully acknowledge financial support from the Seventh Framework Programme
of the European Union, Project Osteoimmune (grant 289150).
This project was funded by the Seventh Framework Programme of the European Union,
Project Osteoimmune (grant 289150).
The authors declare that they have no competing interests.

127

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 127

CHAPTER 5

References
Andersson, A.K., C. Li, and F.M. Brennan, Recent developments in the immunobiology of rheumatoid
arthritis. Arthritis Res Ther, 2008. 10(2): p. 204.
2.
Schett, G. and E. Gravallese, Bone erosion in rheumatoid arthritis: mechanisms, diagnosis and treatment.
Nat Rev Rheumatol, 2012. 8(11): p. 656-64.
3.
Goldring, S.R. and E.M. Gravallese, Pathogenesis of bone erosions in rheumatoid arthritis. Curr Opin
Rheumatol, 2000. 12(3): p. 195-9.
4.
Boyle, W.J., W.S. Simonet, and D.L. Lacey, Osteoclast differentiation and activation. Nature, 2003.
423(6937): p. 337-42.
5.
Leisen, J.C., et al., The erosive front: a topographic study of the junction between the pannus and the
subchondral plate in the macerated rheumatoid metacarpal head. J Rheumatol, 1988. 15(1): p. 17-22.
6.
Gravallese, E.M., et al., Identification of cell types responsible for bone resorption in rheumatoid arthritis
and juvenile rheumatoid arthritis. Am J Pathol, 1998. 152(4): p. 943-51.
7.
Berglin, E., et al., Radiological outcome in rheumatoid arthritis is predicted by presence of antibodies
against cyclic citrullinated peptide before and at disease onset, and by IgA-RF at disease onset. Ann
Rheum Dis, 2006. 65(4): p. 453-8.
8. Forslind, K., et al., Prediction of radiological outcome in early rheumatoid arthritis in clinical practice: role
of antibodies to citrullinated peptides (anti-CCP). Ann Rheum Dis, 2004. 63(9): p. 1090-5.
9.
Lindqvist, E., et al., Prognostic laboratory markers of joint damage in rheumatoid arthritis. Ann Rheum
Dis, 2005. 64(2): p. 196-201.
10. Nimmerjahn, F. and J.V. Ravetch, FcgammaRs in health and disease. Curr Top Microbiol Immunol, 2011.
350: p. 105-25.
11. Karsten, C.M. and J. Kohl, The immunoglobulin, IgG Fc receptor and complement triangle in autoimmune
diseases. Immunobiology, 2012. 217(11): p. 1067-79.
12. Nimmerjahn, F. and J.V. Ravetch, Fcgamma receptors: old friends and new family members. Immunity,
2006. 24(1): p. 19-28.
13. Kawanaka, N., et al., CD14+,CD16+ blood monocytes and joint inflammation in rheumatoid arthritis.
Arthritis Rheum, 2002. 46(10): p. 2578-86.
14. Wijngaarden, S., et al., Fcgamma receptor expression levels on monocytes are elevated in rheumatoid
arthritis patients with high erythrocyte sedimentation rate who do not use anti-rheumatic drugs.
Rheumatology (Oxford), 2003. 42(5): p. 681-8.
15. Hepburn, A.L., J.C. Mason, and K.A. Davies, Expression of Fcgamma and complement receptors on
peripheral blood monocytes in systemic lupus erythematosus and rheumatoid arthritis. Rheumatology
(Oxford), 2004. 43(5): p. 547-54.
16. Bunescu, A., et al., Enhanced Fcgamma receptor I, alphaMbeta2 integrin receptor expression by monocytes and neutrophils in rheumatoid arthritis: interaction with platelets. J Rheumatol, 2004. 31(12): p. 2347-55.
17. Magnusson, S.E., et al., High synovial expression of the inhibitory FcgammaRIIb in rheumatoid arthritis.
Arthritis Res Ther, 2007. 9(3): p. R51.
18. Blom, A.B., et al., Increased expression of Fcgamma receptors II and III on macrophages of rheumatoid
arthritis patients results in higher production of tumor necrosis factor alpha and matrix metalloproteinase. Arthritis Rheum, 2003. 48(4): p. 1002-14.
19. Yuasa, T., et al., Deletion of fcgamma receptor IIB renders H-2(b) mice susceptible to collagen-induced
arthritis. J Exp Med, 1999. 189(1): p. 187-94.
20. Diaz de Stahl, T., et al., Expression of FcgammaRIII is required for development of collagen-induced
arthritis. Eur J Immunol, 2002. 32(10): p. 2915-22.
21. Schubert, D., et al., Immunization with glucose-6-phosphate isomerase induces T cell-dependent
peripheral polyarthritis in genetically unaltered mice. J Immunol, 2004. 172(7): p. 4503-9.
22. Nandakumar, K.S., et al., Induction of arthritis by single monoclonal IgG anti-collagen type II antibodies
and enhancement of arthritis in mice lacking inhibitory FcgammaRIIB. Eur J Immunol, 2003. 33(8):
p. 2269-77.
1.

128

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 128

FCγRs AND BONE EROSION IN ANTIGEN-INDICED ARTHRITIS

23.
24.

25.

26.

27.
28.

29.

30.
31.
32.
33.

34.
35.
36.
37.
38.
39.

40.

41.
42.
43.
44.

Corr, M. and B. Crain, The role of FcgammaR signaling in the K/B x N serum transfer model of arthritis. J
Immunol, 2002. 169(11): p. 6604-9.
van Lent, P., et al., The inhibitory receptor FcgammaRII reduces joint inflammation and destruction in
experimental immune complex-mediated arthritides not only by inhibition of FcgammaRI/III but also by
efficient clearance and endocytosis of immune complexes. Am J Pathol, 2003. 163(5): p. 1839-48.
Blom, A.B., et al., Fc gamma R expression on macrophages is related to severity and chronicity of synovial
inflammation and cartilage destruction during experimental immune-complex-mediated arthritis (ICA).
Arthritis Res, 2000. 2(6): p. 489-503.
Nabbe, K.C., et al., Coordinate expression of activating Fc gamma receptors I and III and inhibiting Fc
gamma receptor type II in the determination of joint inflammation and cartilage destruction during
immune complex-mediated arthritis. Arthritis Rheum, 2003. 48(1): p. 255-65.
van Lent, P.L., et al., Role of Fc receptor gamma chain in inflammation and cartilage damage during
experimental antigen-induced arthritis. Arthritis Rheum, 2000. 43(4): p. 740-52.
van Lent, P.L., et al., Role of activatory Fc gamma RI and Fc gamma RIII and inhibitory Fc gamma RII in
inflammation and cartilage destruction during experimental antigen-induced arthritis. Am J Pathol, 2001.
159(6): p. 2309-20.
van Lent, P.L., et al., Fcgamma receptors directly mediate cartilage, but not bone, destruction in murine
antigen-induced arthritis: uncoupling of cartilage damage from bone erosion and joint inflammation.
Arthritis Rheum, 2006. 54(12): p. 3868-77.
van Lent, P.L., et al., Phagocytic synovial lining cells regulate acute and chronic joint inflammation after
antigenic exacerbation of smouldering experimental murine arthritis. J Rheumatol, 1998. 25(6): p. 1135-45.
Wipke, B.T. and P.M. Allen, Essential role of neutrophils in the initiation and progression of a murine model
of rheumatoid arthritis. J Immunol, 2001. 167(3): p. 1601-8.
Kitsis, E. and G. Weissmann, The role of the neutrophil in rheumatoid arthritis. Clin Orthop Relat Res,
1991(265): p. 63-72.
Mohr, W., H. Westerhellweg, and D. Wessinghage, Polymorphonuclear granulocytes in rheumatic tissue
destruction. III. an electron microscopic study of PMNs at the pannus-cartilage junction in rheumatoid
arthritis. Ann Rheum Dis, 1981. 40(4): p. 396-9.
Nacken, W., et al., S100A9/S100A8: Myeloid representatives of the S100 protein family as prominent
players in innate immunity. Microsc Res Tech, 2003. 60(6): p. 569-80.
Ehrchen, J.M., et al., The endogenous Toll-like receptor 4 agonist S100A8/S100A9 (calprotectin) as innate
amplifier of infection, autoimmunity, and cancer. J Leukoc Biol, 2009. 86(3): p. 557-66.
Pruenster, M., et al., S100A8/A9: From basic science to clinical application. Pharmacol Ther, 2016. 167:
p. 120-131.
Uchida, T., et al., Application of a novel protein biochip technology for detection and identification of
rheumatoid arthritis biomarkers in synovial fluid. J Proteome Res, 2002. 1(6): p. 495-9.
Baillet, A., et al., Synovial fluid proteomic fingerprint: S100A8, S100A9 and S100A12 proteins discriminate
rheumatoid arthritis from other inflammatory joint diseases. Rheumatology (Oxford), 2010. 49(4): p. 671-82.
Grevers, L.C., et al., S100A8 enhances osteoclastic bone resorption in vitro through activation of Toll-like
receptor 4: implications for bone destruction in murine antigen-induced arthritis. Arthritis Rheum, 2011.
63(5): p. 1365-75.
Van Meurs, J.B., et al., Quantification of mRNA levels in joint capsule and articular cartilage of the murine
knee joint by RT-PCR: kinetics of stromelysin and IL-1 mRNA levels during arthritis. Rheumatol Int, 1997.
16(5): p. 197-205.
Seeling, M., et al., Inflammatory monocytes and Fcgamma receptor IV on osteoclasts are critical for bone
destruction during inflammatory arthritis in mice. Proc Natl Acad Sci U S A, 2013. 110(26): p. 10729-34.
Charles, J.F., et al., Inflammatory arthritis increases mouse osteoclast precursors with myeloid suppressor
function. J Clin Invest, 2012. 122(12): p. 4592-605.
Hobday, P.M., et al., Fcgamma receptor III and Fcgamma receptor IV on macrophages drive autoimmune
valvular carditis in mice. Arthritis Rheumatol, 2014. 66(4): p. 852-62.
Boross, P., et al., Destructive arthritis in the absence of both FcgammaRI and FcgammaRIII. J Immunol,
2008. 180(7): p. 5083-91.

5

129

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 129

CHAPTER 5

Kleinau, S., P. Martinsson, and B. Heyman, Induction and suppression of collagen-induced arthritis is
dependent on distinct fcgamma receptors. J Exp Med, 2000. 191(9): p. 1611-6.
46. Koga, T., et al., Costimulatory signals mediated by the ITAM motif cooperate with RANKL for bone
homeostasis. Nature, 2004. 428(6984): p. 758-63.
47. Mocsai, A., et al., The immunomodulatory adapter proteins DAP12 and Fc receptor gamma-chain
(FcRgamma) regulate development of functional osteoclasts through the Syk tyrosine kinase. Proc Natl
Acad Sci U S A, 2004. 101(16): p. 6158-63.
48. Negishi-Koga, T., et al., Immune complexes regulate bone metabolism through FcRgamma signalling. Nat
Commun, 2015. 6: p. 6637.
49. Zou, W. and S.L. Teitelbaum, Absence of Dap12 and the alphavbeta3 integrin causes severe osteopetrosis.
J Cell Biol, 2015. 208(1): p. 125-36.
50. Mancardi, D.A., et al., Cutting Edge: The murine high-affinity IgG receptor FcgammaRIV is sufficient for
autoantibody-induced arthritis. J Immunol, 2011. 186(4): p. 1899-903.
51. Koene, H.R., et al., Fc gammaRIIIa-158V/F polymorphism influences the binding of IgG by natural killer cell
Fc gammaRIIIa, independently of the Fc gammaRIIIa-48L/R/H phenotype. Blood, 1997. 90(3): p. 1109-14.
52. Morgan, A.W., et al., Fcgamma receptor type IIIA is associated with rheumatoid arthritis in two distinct
ethnic groups. Arthritis Rheum, 2000. 43(10): p. 2328-34.
53. Morgan, A.W., et al., FcgammaRIIIA-158V and rheumatoid arthritis: a confirmation study. Rheumatology
(Oxford), 2003. 42(4): p. 528-33.
54. Milicic, A., et al., The F158V polymorphism in FcgammaRIIIA shows disparate associations with rheumatoid
arthritis in two genetically distinct populations. Ann Rheum Dis, 2002. 61(11): p. 1021-3.
55. Hammer, H.B., et al., Calprotectin (a major leucocyte protein) is strongly and independently correlated
with joint inflammation and damage in rheumatoid arthritis. Ann Rheum Dis, 2007. 66(8): p. 1093-7.
56. Hammer, H.B., et al., Calprotectin (a major S100 leucocyte protein) predicts 10-year radiographic
progression in patients with rheumatoid arthritis. Ann Rheum Dis, 2010. 69(1): p. 150-4.
57. Kang, K.Y., J.W. Woo, and S.H. Park, S100A8/A9 as a biomarker for synovial inflammation and joint
damage in patients with rheumatoid arthritis. Korean J Intern Med, 2014. 29(1): p. 12-9.
58. Choi, I.Y., et al., MRP8/14 serum levels as a strong predictor of response to biological treatments in
patients with rheumatoid arthritis. Ann Rheum Dis, 2015. 74(3): p. 499-505.
45.

130

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 130

FCγRs AND BONE EROSION IN ANTIGEN-INDICED ARTHRITIS

B

ns

50

%non-cartilage
collagenous tissue

A

ns

40
30
20
10

FEMUR

TIBIA

Wild type

C

FcγRI,II,III,IV-/-

PG DEPLETION
DAY 7
**

**

ns

2

1

0

3

Arbitrary score (0-3)

Arbitrary score (0-3)

3

TOTAL

TIBIOFEMORAL
AREA

PATELLOFEMORAL
AREA

ns

DAY 21
*

ns

2

5

1

0

TOTAL

TIBIOFEMORAL
AREA

Wild type

PATELLOFEMORAL
AREA

FcγRI,II,III,IV-/-

Additional file 1 Graphical representation of bone erosion scoring method and
quantification of noncartilage collagenous tissue and proteoglycan (PG) depletion.
A Graphical representation of the 13 locations along the patella, femur, tibia, and cruciate ligament
where bone erosion was scored. B Quantification of the noncartilage collagenous tissue (blue
staining in Safranin O/Fast Green staining) in femur and tibia showed no differences between
naive FcγRI,II,III,IV−/− and wild-type (WT) mice. ns Not significant. C Quantification of PG depletion
showed a significant decrease at the tibiofemoral area in the joints of FcγRI,II,III,IV−/− mice as
compared with their WT controls (n = 10 and 14 joints per group, respectively) at both 7 and 21 days
after AIA induction. Scatterplots are shown, with horizontal and vertical lines showing mean ± SEM
values. ns Not significant. * P < 0.05, ** P < 0.01 versus WT controls.
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Flow cytometry gating strategy
Cd11b low/neg Ly6Chigh

A

D

E

Cd11b pos Ly6Chigh

B

C

Additional file 2 Gating strategy for flow cytometric analysis.
Gating strategy for flow cytometric analysis used to identify CD11bposLy6Chigh and CD11blow/neg
Ly6Chigh osteoclast precursor populations. First, single cells were selected. For identification of
CD11bposLy6Chigh monocytes, cells negative for CD90.2, CD45R/B220, CD49b, NK1.1, and Ly6G and
positive for CD11b were selected (gate A). Subsequently, cells were back-gated for side scatter
and forward scatter to exclude cells with high granulosity (gate B), and finally Ly6Chigh cells were
selected (gate C). For identification of CD11blow/negLy6Chigh, after exclusion of CD90.2-, CD45R/
B220-, CD49b-, NK1.1-, Ly6G-positive cells (gate D), cells were gated for their expression of CD11b
and Ly6C (CD11Blow/negLy6Chigh) (gate E).
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Additional file 3
NIMPR14- and F4/80-positive cells in the infiltrate and in the exudate in the joints of
FcγRI,II,III,IV−/− mice and their WT controls. Representative photomicrographs of (A) NIMPR14
and (B) F4/80 staining showing neutrophils and macrophages in the infiltrate and exudate of
the knee joints of FcγRI,II,III,IV−/− mice and their WT controls at day 7 after induction of antigeninduced arthritis. Original magnification ×400 for infiltrate and ×200 and ×400 for exudate.
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Additional file 4
NIMPR14- and F4/80-positive cells in the infiltrate and exudate in the joints of FcγRI,II,III−/− mice and
their WT controls. Representative photomicrographs of (A) NIMPR14 and (B) F4/80 staining showing
neutrophils and macrophages in the infiltrate and exudate of the knee joints of FcγRI,II,III−/− mice
and their WT controls at day 7 after induction of antigen-induced arthritis. Original magnification
×400 for infiltrate and ×200 and ×400 for exudate.
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High LDL levels lessen bone destruction
during antigen-induced arthritis by inhibiting
osteoclast formation and function

Ascone G., Di Ceglie I., Walgreen B., Sloetjes A.W., Lindhout E., Bot I., van de Loo F.A.J.,
Koenders M.I. , van der Kraan P.M., Blom A.B., van den Bosch M.H.J., van Lent P.L.E.M.
Bone, in press

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 137

Abstract
Rheumatoid arthritis (RA) is a chronic inflammatory disease, characterized by severe
joint inflammation and bone destruction as the result of increased numbers and
activity of osteoclasts. RA is often associated with metabolic syndrome, whereby
elevated levels of LDL are oxidized into oxLDL, which might affect osteoclastogenesis.
In this study, we induced antigen-induced arthritis (AIA) in Apoe-/- mice, which
spontaneously develop high LDL levels, to investigate the effects of high LDL/oxLDL
levels on osteoclast differentiation and bone destruction. Whereas basal levels of
bone resorption were comparable between naive WT and Apoe-/- mice, induction of
AIA resulted in a significant reduction of bone destruction in Apoe-/- mice as compared
to WT controls. In line with that, the TRAP+ area on the cortical bone was significantly
decreased. The absence of Apoe did affect neither the numbers of CD11b+Ly6Chigh and
CD11b-/Ly6Chigh osteoclast precursors (OCPs) in the BM of naïve mice nor their in vitro
osteoclastogenic potential as indicated by comparable mRNA expression of osteoclast
markers. Addition of oxLDL, but not LDL, to pre-osteoclasts from day 3 and mature
osteoclasts from day 6 of osteoclastogenesis strongly reduced the number of TRAP+
osteoclasts and their resorptive capacity. This coincided with a decreased expression
of various osteoclast markers. Interestingly, oxLDL significantly lowered the expression
of osteoclast-associated receptor (Oscar) and the DNAX adaptor protein-12 encoding
gene Tyrobp, which regulate the immunoreceptor tyrosine-based activation motif
(ITAM) co-stimulation pathway that is strongly involved in osteoclastogenesis.
Collectively, our findings suggest that under inflammatory conditions in the joint, high
LDL levels lessen bone destruction during AIA, probably by formation of oxLDL that
inhibits osteoclast formation and activity through modulation of the ITAM-signaling.
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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects the joints, and
is characterized by synovial inflammation and excessive bone destruction 1, 2. Elevated
production of pro-inflammatory mediators leads to increased levels of macrophage
colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB (RANK)
ligand (RANKL), which induce the differentiation of myeloid precursors into osteoclasts
3, 4 that is accompanied by increased expression of osteoclast-specific markers 5-7.
In mice, particularly CD11b+Ly6Chigh and CD11b-Ly6Chigh precursors in the bone marrow
(BM) are known to increase during experimental inflammatory arthritis and they are
recruited to the inflamed joint where they can differentiate into osteoclasts 8, 9. Next to
RANK/RANKL signaling, the balance between the immunoreceptor tyrosine-based
activation motif (ITAM) and the immunoreceptor tyrosine-based inhibitory motif (ITIM)
co-stimulatory signaling plays an important role in modulating osteoclastogenesis
10-12. Within this system, osteoclast-associated receptor (OSCAR) and paired immunoglobulin-like receptor A (PIR-A) activate ITAM-signaling via association with Fc receptor
common γ-chain (FcRγ), whereas the triggering receptor expressed on myeloid cells-2
(TREM-2) activates ITAM-signaling upon binding to DNAX adaptor protein of 12 kDa
(DAP12) 13, 14 . Conversely, the immunoglobulin-like receptor B (PIR-B) signals through
an ITIM motif and as such negatively regulates the ITAM-signaling, and thus osteoclastogenesis 15 . As the activation of the ITAM-pathway may further drive osteoclast
differentiation and function, its regulation can be particularly relevant in inflammatory
immune-based diseases like RA 10. RA is often associated with metabolic syndrome,
and both are characterized by elevated levels of low density lipoproteins (LDL) that are
oxidized into oxLDL in inflammatory environments 16-18. Therefore, the enhanced
presence of oxLDL during inflammatory arthritis might affect differentiation and
activation of osteoclasts, causing bone destruction in the arthritic joints. In order to
investigate this, we used Apolipoprotein E deficient (Apoe-/-) mice that are commonly
used as a model for hypercholesterolemia 19. Apolipoprotein E (Apoe) is a lipoprotein
that regulates LDL transportation and its absence strongly elevates circulating LDL
levels in humans as well as in mice 20. In this study, we elicited antigen-induced
arthritis (AIA) in knee joints of Apoe-/- mice and their wild type (WT) controls to
investigate the effects of high LDL levels and their oxidation to oxLDL, increased by the
inflammatory milieu, on osteoclast-mediated bone destruction. Further, using in vitro
experiments, we aimed at identification of molecular pathways involved in the effects
of LDL/oxLDL on osteoclast differentiation and activation.
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Methods
Animals
B6.129P2-Apoetm1Unc/J mice (JAX strain) and wild type C57Bl/6J controls were obtained
from the Charles River Laboratory (Leiden, the Netherlands). All mice were housed in
filter-top cages and received a standard chow diet and acidified water ad libitum. Male
mice between 10-12 weeks were used in all the experiments, which were performed in
accordance with the Dutch regulations and guidelines for care and use of laboratory
animals. All animal studies were approved by the Radboud University’s Animal
Experiment Committee, Nijmegen-the Netherlands (RU-DEC 2014-191).

Induction of antigen–induced arthritis
Mice were immunized with 100 µg/mL of methylated bovine serum albumin (mBSA;
Sigma–Aldrich) emulsified in 100 µl Freund’s complete adjuvant (CFA). Injections were
divided over the flanks and the footpad of the front paws. Heat killed Bordetella
Pertussis was administered as an additional adjuvant intraperitoneally. One week
later, two subcutaneous injections of 50 μg of mBSA/CFA were given as a booster in
the neck region. Two weeks after these booster injections, arthritis was induced in the
right knee joint by intra-articular injection of 60 µg of mBSA in 6 μl saline.

Histology
Total knee joints were dissected, fixed in phosphate-buffered formalin (pH 7.4),
decalcified in ethylenediaminetetraacetic acid (EDTA) and subsequently embedded in
paraffin wax. Coronal sections of 7 µm of various depths, representing the whole knee
joint, were stained with hematoxylin & eosin (H&E) for histological analysis. Bone
destruction was evaluated in 13 well-defined areas of the knee joint (shown in
Supplementary File 1) and scored arbitrarily on a scale from 0 (no erosion) to 3
(connection between joint cavity and bone marrow). Total knee joint sections were
stained for tartrate-resistant acid phosphatase (TRAP), using the Leukocyte Acid
Phosphatase Kit (Sigma-Aldrich) according to the manufacturer’s protocol. The amount
of TRAP+ area present along the cortical bone and trabecular bone within the bone
marrow (BM) cavity, representing osteoclasts, was measured in the arthritic joints as
percentage (%) of positive area above a fixed threshold using Leica Application Suite
software (Leica Microsystems).

Flow cytometry
Numbers of osteoclast precursors in the BM were determined with flow cytometry.
Bone marrow was isolated from femurs and tibias of mice by flushing the marrow
cavity with medium and passing the cell suspension through a strainer. After lysis of
erythrocytes, bone marrow cells were incubated with Fc-blocking antibody (BD
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Pharmingen antimouse CD16/CD32, clone 2.4G2; BD Biosciences, San Jose, CA, USA),
followed by staining with the following mix of antibodies: CD11b-fluorescein
isothiocyanate (FITC), CD90.2- phycoerythrin (PE), CD45R/B220-PE, CD49b-PE, NK1.1PE, Ly6G-PE, Ly6C-allophycocyanin-cyanine 7 (APC-Cy7), and F4/80-PE-Cy7 (all BD
Biosciences). Samples were acquired with a Gallios flow cytometer (Beckman Coulter
Life Sciences, Indianapolis, IN, USA).

In vitro osteoclast differentiation
Following BM isolation, total BM cells were seeded into 96-well plates at a density of
105 cells/well and cultured up to 7 days in 100 μl of α-minimum essential medium
(Thermo Fisher Scientific), supplemented with 5% FCS, penicillin/streptomycin, 30 ng/
ml recombinant mouse (rm)M-CSF, and 20 ng/ml rmRANKL (R&D Systems). Culture
medium was refreshed after 3 days.

oxLDL preparation and stimulation of osteoclasts
LDL was isolated by single-spin density gradient ultracentrifugation from EDTA-treated
blood from healthy volunteers and oxidized as previously described 21. At various
time-points (day 3, 5 or day 6) of osteoclastogenesis, preosteoclasts or yet mature
osteoclasts were stimulated with either 10 μg/mL oxLDL or 10 μg/mL LDL-C as control
and the medium was refreshed every 3 days. This concentration was chosen to
resemble the LDL-C levels in vivo 22.

RNA isolation and qRT-PCR
RNA from osteoclast cultures was isolated with TRIzol reagent (Sigma-Aldrich) at
different time-points during osteoclastogenesis (days 0, 3, 4, 6 and 7). Briefly, mRNA
concentration was measured with a Nanodrop spectrophotometer and subsequently
reverse-transcribed into complementary DNA (cDNA) using oligo (dT) primers. qRT-PCR
was performed using the Applied Biosystems StepOnePlus RT-PCR System (Thermo
Fisher Scientific)., Specific primer sequences used to assess gene expression are
listed in Table 1. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as
housekeeping gene. Samples were normalized for the expression of Gapdh by
calculating the comparative threshold:−ΔCt = − (Ct gene of interest − Ct Gapdh).

6

Determination of TRAP activity in the supernatants
Culture supernatants were collected after 7 days of differentiation and TRAP activity
was measured with a colorimetric assay. Briefly, p-nitrophenyl phosphate (NewEngland
Biolabs) was diluted in buffer containing 420 mM acetic acid (Sigma-Aldrich) and 160
mM tartrate solution (Merck) and added 1:1 to culture supernatant. After 1 hour, the
reaction was stopped with 0.5 M NaOH (Sigma-Aldrich) and the absorbance at 405 nm
was determined using a spectrophotometric plate reader (Bio-Rad Laboratories).
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Resorption assay on calcium phosphate–coated plates
Bone marrow cells were seeded at a density of 105 cells/well onto 96-well biomimetic
hydroxyapatite-like–coated plates that were prepared as previously described 23 .
Preosteoclasts or mature osteoclasts were stimulated with LDL/oxLDL starting from
day 3 and day 5, respectively, and the medium was refreshed every 3 days. At day 10
the medium was removed from the wells, then 100 μl/well of distilled water was added
to lyse the cells. To analyze pit-formation the coated layer was stained with a Von
Kossa staining. Briefly, a 5% aqueous silver nitrate was added and incubated in the
dark. Afterwards, wells were washed with water and incubated with 5% sodium
carbonate in 4% formalin. Digital images were obtained with a camera mounted on an
inverted‐light microscope. The percentage of resorbed bone area was quantified using
the Leica Application Suite software (Leica Microsystems).
Statistics
Statistics was performed using GraphPad Prism version 5.0 (GraphPad Software Inc.).
Differences between two groups were tested using a two-tailed Student’s t-test for
comparing parametric variables, Mann-Whitney test for non-parametric variables (e.g.
histological score) and multiple comparisons were tested using One–way ANOVA
followed by Bonferroni’s multiple comparison test. P values <0.05 were considered
significant. Data are presented as the mean ±SEM.

Results
Apoe-/- mice show reduced bone destruction during AIA
First, we determined bone destruction in knee joints of hypercholesterolemic Apoe-/mice and their WT controls during AIA. Histological analysis showed less severe bone
erosion in arthritic Apoe-/- mice as compared to their arthritic WT controls (Figure 1A).
Quantification showed a significant reduction (by 25%) in bone erosion in Apoe-/- mice
(Figure 1B) when compared to WT mice. Only minor but comparable bone erosion was
observed in naive joints of WT and Apoe-/- mice (Figure 1C and 1D).

Arthritic Apoe-/- mice develop less osteoclasts along the cortical bone
Because we found less bone destruction in Apoe-/- mice during AIA, we next determined
by enzymehistochemical TRAP staining whether this was due to a lower number of
multinucleated resorbing osteoclasts. In line with the decreased bone destruction, at
day 21 of AIA we observed a significant reduction in the amount of TRAP+ area (1.9-fold
decrease) as well as the number of osteoclasts along the cortical bone of Apoe-/- mice
when compared to WT controls (Figure 2B and 2C). Further, we observed a different
morphology of the osteoclasts present on the cortical bone, with the Apoe-/- cells
being more flattened as compared to WT control cells (Figure 2A).
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Figure 1 Apoe-/- mice develop less bone destruction during AIA.
A Representative photomicrographs of bone erosion as determined by histology in arthritic Apoe-/mice and their wild type (WT) controls at day 21 after induction of antigen-induced arthritis (AIA).
Original magnification, 200x. (F= Femur). B Quantification of bone destruction showed that
arthritic Apoe-/- mice had a significant reduction of bone erosions as compared to WT controls. C In
contrast, naive knee joints of WT and Apoe-/- mice showed minor but comparable erosions, due to
physiologic bone remodeling. D Quantification of bone remodeling in naïve mice. Error bars represent
the mean ±SEM of 10 mice (arthritic) and 8 mice (naïve). (** = P < 0.01 versus WT controls).

Apoe deficiency does not affect the number of osteoclast precursors in
the bone marrow and their osteoclastogenic potential

6

Next, we determined whether the absence of Apoe by itself could be the direct cause
of the observed reduction in the number of osteoclasts. Flow cytometric analysis
showed that the number of CD11b+Ly6Chigh and CD11b-Ly6Chigh cells, which are the
main osteoclast precursors (OCPs) 8, 9, were comparable in the BM of Apoe-/- and WT
mice prior to induction of AIA. Interestingly, the percentage of CD11b-Ly6Chigh cells in
the BM was even significantly increased in arthritic Apoe-/- mice (Figure 3A and 3B).
Next, we investigated whether the absence of Apoe itself altered their osteoclastogenic potential. We observed comparable kinetics in the expression of various osteoclast
markers in differentiating osteoclasts from WT and Apoe-/- BM cells in vitro (Figure 3C).
Underlining this finding, no significant differences were observed in the number of
TRAP+ and multinucleated osteoclasts obtained from WT and Apoe-/- cultures (58±10
vs. 52±7 osteoclasts, respectively)(Figure 3D). Moreover, we found no difference in the
amount of TRAP+ area between arthritic WT and Apoe-/- mice in the trabecular bone
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Figure 2 Induction of AIA in Apoe-/- mice results in the reduction of osteoclast numbers on
the cortical bone.
A Representative photomicrographs of TRAP positive (TRAP+) cells along the bone surface in
total knee joint sections of WT and Apoe-/-mice and WT controls at day 21 after induction of AIA.
B Quantification of TRAP+ area along the cortical bone surface showed that arthritic Apoe-/- mice
had a significant reduction of osteoclast number as compared to WT controls. C Quantification of
the number of TRAP+ osteoclasts along the cortical bone. Error bars represent the mean ±SEM of
10 arthritic mice/group (** = P < 0.01 versus WT controls). Original magnification, 200 x.

within the BM cavity, which is not directly in contact with inflammatory mediators in
the arthritic synovium (Figure 3E and 3F). Together these data suggest that increased
LDL oxidation in the inflammatory milieu rather than the Apoe deficiency in the arthritic
joint may account for the differences in the number of osteoclasts on cortical bone.

oxLDL, but not LDL, blocks the differentiation of pre-osteoclasts
into mature osteoclasts
Because the number of osteoclasts exclusively was reduced in the arthritic environment,
we hypothesised that local inflammation may be involved. Apoe-/- mice spontaneously
develop elevated levels of LDL, and this LDL is oxidized into oxLDL in inflamed areas.
Therefore, we investigated whether LDL or oxLDL affected in vitro osteoclast differentiation. First, at day 3 of differentiation pre-osteoclasts were stimulated with oxLDL
or LDL for 24h and lipid uptake was detected by Oil Red O staining. As expected,
oxLDL accumulated within the cells, whereas LDL did not. (Figure 4A). Pre-osteoclasts
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Figure 3 The absence of Apoe does not affect the number of osteoclast precursors in
the bone marrow or their osteoclastogenic potential.
A Comparable percentages of CD11b+Ly6Chigh and CD11b-Ly6Chigh osteoclast precursors (OCPs)
were present in the bone marrow (BM) of naïve wild type (WT) and Apoe-/- mice (n = 6 mice/group).
B Notably, whereas we observed decreased numbers of osteoclasts at day 21 after AIA induction,
Apoe-/- mice showed a significantly higher percentage (%) of CD11b-Ly6Chigh OCPs compared to
WT mice. C Comparable messenger RNA (mRNA) expression levels of various osteoclast markers were
determined at various time-points during osteoclastogenesis in WT and Apoe-/- bone marrow (BM)
cells (n=6 mice/group). Colony stimulating factor 1 receptor (Csf1r); Tumor necrosis factor receptor
superfamily member 11a (Tnfrsf11a); Nuclear factor of activated T cells 1 (Nfatc1); Dendritic cells
specific transmembrane protein (Dcstamp); Acid phosphatase 5 (Acp5); Calcitonin receptor (Calcr);
Chloride channel-voltage sensitive 7 (Clcn7); Carbonic anhydrase 2 (Ca2); Matrix metallopeptidase
9 (Mmp9); Cathepsin K (Ctsk); D Quantification of TRAP+ osteoclasts shows no differences in
the number of osteoclasts. E Moreover, as indicated in representative microphotographs, no
differences in the amount of TRAP+ osteoclasts were present in the trabecular bone within the
BM. Original magnification, 200 x. F Quantification of the TRAP+ area within the BM expressed as
percentage. Error bars represent the mean ±SEM of 10 mice (* = P < 0.05 compared to WT controls).
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Figure 4 oxLDL blocks the differentiation of mononuclear pre-osteoclasts into mature osteoclasts.
Wild-type (WT) pre-osteoclasts were stimulated with 10µg/mL LDL or oxLDL for 24 h. A Representative
photomicrograph of pre-osteoclasts either non-stimulated (NS) and after exposure to LDL or
oxLDL for 24h. Note that oxLDL, but not LDL, was internalized as determined by Oil Red O staining.
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Original magnification, 200x. B The messenger RNA (mRNA) levels of various osteoclast-related
genes were significantly down-regulated in WT pre-osteoclasts after exposure to oxLDL, whereas
Adgre1 was significantly increased. C Photomicrographs and quantification of TRAP positive
(TRAP+) cells show a strong inhibition of osteoclastogenesis upon oxLDL. Original magnification,
100x. D Of note, oxLDL did not affect cell viability as determined by fluorescence intensity (FI)
signals of DAPI stain. Error bars represent the mean ±SEM of 6 mice. (* = P < 0.05, **= P < 0.01,
***= P < 0.001 versus NS control; # = P < 0.05, ## = P < 0.01 compared to LDL stimulated samples).

exposed to oxLDL for 24h showed a significant decrease of the mRNA levels of various
osteoclast markers. In contrast, the levels of Adgre1, the gene encoding for F4/80 as
macrophage marker remained significantly higher, underlining a blockage of osteoclast
differentiation (Figure 4B). Next, to assess the effects of oxLDL on osteoclast formation,
the cells were further cultured up to 7 days. In agreement with our findings on the
mRNA level, oxLDL, but not LDL, determined a nearly complete inhibition (94% less
than in control cells) of the number of TRAP+ and multinucleated cells (Figure 4C). This
reduction was not due to cytotoxic effects of oxLDL, as indicated by the comparable
fluorescence intensity signals after a DAPI staining among non-stimulated, LDL and
oxLDL-stimulated cells (Figure 4D). Although also apoptotic cells can internalize the
DAPI stain qualitative assessment of the DAPI positive cells showed no significant
differences in the nuclear morphology (data not shown), suggesting that oxLDL does
not affect viability.

oxLDL, but not LDL, inhibits the further fusion of multinucleated
osteoclasts and their capacity to break down the bone mineral matrix
At day 6, mature osteoclasts were stimulated for 24h to investigate the effects of LDL
and oxLDL at a later stage of differentiation. We found a significant reduction of TRAP+
and multinucleated cells upon oxLDL exposure (46% reduction as compared to
control) (Figure 5A and 5B). In accordance with the inhibition of osteoclastogenesis,
we found that also osteoclast–mediated degradation of biomimetic hydroxyapatite-coated plates was strongly and significantly impaired by oxLDL both when pre-osteoclasts and mature osteoclasts were stimulated (Figure 5C), indicating that exposure
to oxLDL can inhibit the resorption machinery at different stages of osteoclastogenesis. Finally, as TRAP activity is commonly accepted as marker for bone resorption, we
determined its secretion in the culture supernatants and found that exposure to
oxLDL, but not LDL, of both pre-osteoclasts and mature osteoclasts significantly
inhibited TRAP activity (Figure 5D).
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Figure 5 oxLDL strongly restrains the formation of multinucleated osteoclasts and
their resorptive activity at a later stage of differentiation.
Wild-type (WT) multinucleated osteoclasts were stimulated with 10µg/mL LDL or oxLDL for 24h.
A Representative photomicrographs and quantification of TRAP positive (TRAP+) cells show
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a strong inhibition of osteoclastogenesis upon oxLDL, but not LDL stimulation. Original
magnification, 100x B Note that oxLDL did not affect cell viability as determined by fluorescence
intensity (FI) signals of DAPI stain (n=6 mice). C Representative photomicrographs and
quantification of resorption on biomimetic hydroxyapatite-like–coated plates show a significant
reduction of pit areas upon exposure of both pre-osteoclasts (day 3) and multinucleated
osteoclasts (day 5) to oxLDL; of note, exposure to LDL reduced pit formation, though this
reduction was not significant (n=6 mice). Original magnification, 100x D Finally, TRAP activity
in the culture supernatants of WT mature osteoclasts was strongly down-regulated both upon
exposure of pre-osteoclasts (day 3) and multinucleated osteoclasts (day 5) to oxLDL, but not
LDL (n=3 mice). Error bars represent the mean ±SEM. (* = P < 0.05, **= P < 0.01, ***= P < 0.001
compared to NS controls; ## = P < 0.01, ### = P < 0.001 compared to LDL stimulated samples).

oxLDL strongly down-regulates the expression of molecules involved
in the ITAM co-stimulation pathway
To identify a possible mechanism responsible for the effects of oxLDL on osteoclasts,
we determined whether oxLDL affected the RANK/RANKL signaling, which is crucial to
induce osteoclastogenesis. We found that oxLDL stimulation of pre-osteoclasts did
not change the mRNA levels of Tnfrsf11a and Csf1r encoding genes for RANK and
M-CSFR, respectively (Figure 6A). Next to RANK/RANKL signaling, factors involved in
the co-stimulatory pathway play an important role in stimulating osteoclastogenesis
and bone destruction. Therefore, we addressed whether oxLDL affected the expression
of these factors. Interestingly, the mRNA of the immunoreceptor Oscar was strongly
and significantly down-regulated in pre-osteoclasts by oxLDL. Although the expression
of Trem2 was significantly increased, we found that the levels of Tyrobp, a gene that
codes for DAP-12, which binds to TREM2, were significantly down-regulated upon
oxLDL exposure. In contrast, the expression of other factors of the ITAM/ITIM
co-stimulatory pathway such as Pira, Fcrg and Pirb - did not change upon oxLDL
(Figure 6B). Further, we assessed the expression of Fcγ receptors (FcγRs) as they are
involved in ITAM-mediated induction of osteoclastogenesis and found that oxLDL
significantly up-regulated the mRNA of Fcgr3, which has been associated with the
inhibition of osteoclastogenesis 24 (Figure 6C). These data suggest that at later stages
of osteoclastogenesis, oxLDL does not affect either the RANK/RANKL signaling or the
response to M-CSF-induced differentiation of pre-osteoclasts, but rather targets the
ITAM co-stimulatory pathway to inhibit the further differentiation of pre-osteoclasts
into mature and functional cells.
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Figure 6 oxLDL down-regulates the mRNA levels of molecules of the ITAM-pathway
in pre-osteoclasts.
A Wild-type (WT) pre-osteoclasts stimulated with LDL or oxLDL for 24 h showed comparable mRNA
expression levels of RANK and M-CSF encoding genes Tnfrsf11a and Csfr1. B Interestingly, oxLDL
affected the mRNA levels of various molecules involved in the ITAM-signaling pathway, particularly
it strongly down-regulated Oscar and DAP-12 encoding gene Tyrobp. C Finally, of note, exposure
to oxLDL significantly up-regulated the mRNA expression of Fcgr3. Error bars represent the mean
±SEM of 4 mice. (**= P < 0.01, ***= P < 0.001 compared to NS controls; # = P < 0.05, ## = P < 0.01,
### = P < 0.001 compared to LDL stimulated samples ).
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Table 1
Gene
Gapdh
Nfatc1
Acp5
Calcr
Mmp9
Ca2
Oscar
Dcstamp
Clcn7
Ctsk
Fcgr1
Fcgr2b
Fcgr3
Fcgr4
Adgre1
Tnfrsf11a
Tyrobp
Trem2
Il2rg
Pira
Pirb
Csf1r

PRIMER SEQUENCE (5’-3’)
FW: GGCAAATTCAACGGCACA
RV: GTTAGTGGGGTCTCGCTCCTG
FW: ATGCGAGCCATCATCGA
RV: GGGATGTGAACTCGGAAGAC
FW: GACAAGAGGTTCCAGGAG ACC
RV: GGGCTGGGGAAGTTCCAG
FW: CGTTCTTTATTACCTGGCTCTTGTG
RV: TCTGGCAGCTAAGGTTCTTGA AA
FW: GGAACTCACACGACATCTTCCA
RV: GAAACTCACACGCCAGAAGAATTT
FW: GCTGCAGAGCTTCACTTGGT
RV: AAACAGCCAATCCATCCGGT
FW: TGGTCATCAGTTTCGAAGGTTCT
RV: CAGCCCCAAACGGATGAG
FW: TGTATCGGC TCATCTCCTCCAT
RV: GACTCCTTGGGTTCCTTGCTT
FW: AGCCTGGACTATGACAACAGC
RV: GGAAAGCCGTGTGGTTGATT
FW: GAAGCAGTATAACAGCAAGGTGGAT
RV: TGTCTCCCAAGTGGTTCATGG
FW: ACACAATGGTTTATCAACGGA
RV: TGGCCTCTGGGATGCTATAAC
FW: GACAGCCGTGCTAAATCTTGCT
RV: GTGTCACCGTGTCTTCCTTGAG
FW: GACAGGCAGAGTGCAGCTCTT
RV: TGTCTTCCTTGAGCACCTGGAT
FW: TCTGGCATTCAAGCTGGTCTC
RV: TAGTTGGCATCCTGGTGTGG
FW: ACTGTGGAAAGCACCATGTTAG
RV: GCTGCCAAGTTAATGGACTCA
FW: GCCCAGTCTCATCGTTCTGC
RV: GCAAGCATCATTGACCCAATTC
FW: TCTGGGTGACTTGGTGTTGAC
RV: CTGACCCTGAAGCTCCTGATAA
FW: GCACCAACTTCAGATCCTCACT
RV: GCATGCAGGCTGGATTGACT
FW: CTGTCTACACGGGCCTGAAC
RV: GCCAAGCACGTCTGTTCTGA
FW: TACAGGAGGGTCGGGTGTAT
RV: GCATGCTTTCCAGGAGGTCT
FW: TTATGCCCAGGTGAAACCCT
RV: AGATTCGGCAGCCTGATTGTT
FW: TGTCATCGAGCCTAGTGGC
RV: CGGGAGATTCAGGGTCCAAG
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Discussion
In the present study, we show that high LDL levels in Apoe-/- mice in combination with
local inflammation resulted in decreased bone destruction and reduction of the
number of osteoclasts in the knee joints after local induction of AIA. Further, we show
that oxLDL but not LDL prevents the differentiation of osteoclasts, and their function
probably by decreasing the activity of the ITAM co-stimulatory pathway.
RA is often accompanied by dyslipidemia, characterized by high levels of LDL and low
levels of high density lipoprotein (HDL) cholesterol 25, 26 and LDL has been proposed
as a novel serum marker to predict radiographic progression in RA patients 27. However
the relation between high LDL levels and bone erosion in RA is still a matter of debate.
In the serum transfer-induced arthritis (STIA) model Archer et al. found that Apoe-/mice fed a western-type diet (WD) developed enhanced synovial inflammation,
although bone destruction was not affected 28. In line with this, a previous study from
our lab showed increased early ectopic bone formation in dyslipidemic mice during
experimental osteoarthritis, likely due to the enhanced production of transforming
growth factor-beta (TGF-β) by synovial macrophages 29, 30. TGF-β strongly inhibits
osteoclast formation and activity 31, 32. As we found that elevated levels of LDL and
their increased oxidation during AIA in the Apoe-/- mice decreased bone destruction it
can be that oxLDL acts as an anabolic factor by inducing the local production of TGF-β,
thus decreasing osteoclast formation and bone destruction. Therefore, further studies
including intra-articular injections of oxLDL will help to shed light on the effect of
oxLDL on the development of joint destruction.
In RA patients the permeability of the endothelium is altered which allows a substantial
access of LDL from the blood stream to the subendothelial layer 33 and joint tissues,
and as such LDL levels in synovial fluids of RA patients resemble those in the blood 34 .
After entering the inflamed joint, LDL becomes oxidized to oxLDL through the action of
pro-inflammatory cytokines that stimulate the release of reactive oxygen species by
inflammatory cells (ROS) 35-37. Our findings show that hypercholesterolemic Apoe-/mice developed less bone destruction owed to a substantial reduction of the number
of osteoclasts in the arthritic knee joint. Apoe-/- mice are a widely accepted mouse
model for hypercholesterolemia 38, 39. Apart from regulating LDL levels 40, APOE has
been described as an inhibitor of various immune cells 41, 42 and its absence may
stimulate systemic inflammation thereby potentiating bone erosion. However, studying
Apoe-/- mice with high LDL levels, only physiological bone remodeling was found in
naive knee joints not different from that in WT mice. In addition, in the absence of an
inflammatory trigger, APOE did not affect the percentage of OCPs present in the bone
marrow nor the kinetics of expression of osteoclast markers and their osteoclastogenic potential. This is in accordance with a previous study by Schilling et al. that described
that mice lacking Apoe displayed an increased trabecular bone volume caused by an
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increased bone formation rate, probably due to undercarboxylation of osteocalcin that
is an inhibitor of osteoblastogenesis 43 . Similarly, Nikolov et al. reported that Apoe-/mice had higher cortical and trabecular bone mass than control WT mice at the basal
level due to increased osteoblast -mediated bone formation 44 . However, it has to be
noted that in contrast to our study in which we used young, 12-weeks old, male mice
they used 20-weeks old female mice, suggesting that under hypercholesterolemic
conditions both sex and age have an additional effect on bone metabolism. In our
study we showed that neither high levels of LDL alone nor Apoe deficiency by itself,
promote osteoclastogenesis and bone erosion. Further, increased LDL oxidation in
arthritic Apoe-/- mice did not lead to a reduction of bone mass as determined by
measuring the surface of the cortical bone in the arthritic knee joints (data not shown).
Together, this suggests that Apoe deficiency and high LDL levels can interfere with
osteoblastogenesis and bone formation, whereas bone resorption remains unaffected.
In contrast, LDL receptor deficient (Ldlr-/-) mice, which represent another model of hypercholesterolemia, showed increased bone mass caused by impaired osteoclast-mediated bone resorption 45 , which may be due to the fact that the LDL receptor is
required to allow cholesterol uptake into cells under physiologic conditions 46.
Some studies have described that hypercholesterolemia and increased lipid oxidation
reduce bone mass 47-49. Discrepancies between our and previous findings may be
explained by the fact that we studied Apoe-/- mice that received a standard chow diet,
while these previous studies used a high fat diet (HFD). HFD massively elevates LDL
levels and its oxidation 47, 49, thus contributing to increase of systemic inflammation
that can affect bone formation 50, 51.
Interestingly, although LDL levels as found in Apoe-/- mice fed a standard chow diet do
not change bone destruction in a normal joint, in combination with synovial
inflammation a strong reduction in development of bone destruction was observed
that coincided with a significant reduction of osteoclasts on the cortical bone. This
reduction was not due to a difference in OCP numbers since the numbers of
CD11b+Ly6Chigh and CD11b-Ly6Chigh, the main OCPs, were not decreased in BM of
arthritic Apoe-/- mice and their WT controls. This suggests that even though Apoe-/mice developed decreased synovial inflammation 52 the generation of OCPs in the BM
and their potential differentiation into osteoclasts in the knee joints is not affected.
Interestingly, bone areas within the same knee joint that did not have direct contact
with inflammatory cells (like the BM cortical bone) showed a similar amount of TRAP+
osteoclasts between the two strains again indicating that high LDL levels alone
without oxidation do not impair the number of osteoclasts. Therefore, we assume that
enhanced LDL oxidation in the arthritic synovium of Apoe-/- mice may lead to a locally
induced reduction of osteoclast numbers and diminished bone destruction.
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As we could not detect oxLDL directly within the inflamed knee joints as the heterogeneity of oxLDL, due to different degrees as well as specific epitopes of oxidation,
makes its detection in vivo very difficult 37, 53 , we further investigated the effect of LDL/
oxLDL in an in vitro osteoclastogenesis assay. Our findings strongly point out that
oxLDL prevented the differentiation into multinucleated osteoclasts both when given
in an early and later stage of osteoclastogenesis, thereby strongly reducing gene
expression of osteoclast markers and resorption on biomimetic hydroxyapatite-like–
coated plates. The decrease in osteoclastogenesis was not due to cell death since
DAPI staining showed comparable numbers of cells in treated versus non-treated
groups. In contrast to oxLDL, we observed no significant in vitro effect of LDL on
osteoclast formation and activity and LDL only mildly reduced resorption. The latter
may also be an oxLDL effect since the extended time frame of the cultures needed to
investigate the resorption may have led to a partial oxidation of native LDL into oxLDL
in the culture supernatant. Our findings are in line with the study of Mazière et al. 54
who also found that oxLDL blocks the in vitro differentiation of OCPs into osteoclasts.
However, in contrast to their studies in which oxLDL was added to very early stages of
OCPs we focused more on further differentiated pre-osteoclasts. The reason for this is
that OCPs coming from the BM that enter the arthritic joint probably exhibit a more
developed differentiation stage that is further steered by the inflammatory process
within the inflamed synovium. Interestingly, Mazière et al. found that oxLDL blocks the
in vitro differentiation of BM OCPs into osteoclasts upstream by inhibiting the RANK/
RANKL signaling axis, which is crucial for induction of osteoclastogenesis 54. In contrast,
we found that stimulation with oxLDL when added later on in the differentiation
process of osteoclastogenesis had no effects on the expression of RANK, but rather on
some of the factors involved in the likewise important ITAM-mediated signaling pathway.
The co-stimulatory pathway for osteoclastogenesis is triggered via phosphorylation of
the ITAM domain present on the adapter molecules γ-chain which is paired with the
receptors OSCAR, PIRA and FcγRs and DAP12 with TREM2 55-57. Of note, Oscar mRNA
levels were sharply down-regulated in pre-osteoclasts exposed to oxLDL, implying
that fewer OSCAR receptors are available to trigger the ITAM-pathway through the
γ-chain. In contrast, Trem2 mRNA was significantly up-regulated by oxLDL. However,
as we find that its signaling molecule Tyrobp is strongly decreased, it is unlikely that the
up-regulation of Trem2 leads to a greater activation of the co-stimulatory pathway of
osteoclastogenesis.
Previous studies reported that TREM-2 expression steers the differentiation of M2-like
macrophages 58, 59. Moreover, pre-osteoclasts exposed to oxLDL also showed
increased mRNA levels of F4/80 which is a major macrophage marker 60, 61. These
results indicate that cells exposed to oxLDL differentiate toward the macrophage
rather than the osteoclast lineage despite high levels of RANKL and M-CSF. Moreover,
FcγRIII, which has been shown to inhibit osteoclastogenesis by sequestering the
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γ-chain and withholding its association with osteoclast-inducer immune receptors like
OSCAR 24 , was significantly up-regulated. It has to be mentioned that in this study we
predominantly focused on the ITAM co-stimulatory signaling pathway for osteoclastogenesis and therefore cannot rule out that oxLDL interferes with other signaling
pathways (i.e.: IL-6, TNF-α) that are relevant for bone destruction in RA. Together,
these observations substantiate the hypothesis that at later stages of osteoclastogenesis, oxLDL inhibits the differentiation into mature cells by interfering with the ITAM
co-stimulatory pathway.
In another study, Dawodu et al. showed that oxLDL stimulation of human OCPs from
peripheral blood impaired osteoclast activity via inhibition of CtsK secretion 62. In our
study, we also found that Ctsk but also Mmp9 mRNA levels were sharply decreased
and may contribute to lowering of bone erosion. This makes it highly likely that oxLDL
protects from bone erosion by inhibition of resorption of both inorganic and organic
matrix.
Conflicting results have been reported in RA patients following cholesterol-lowering
therapies. Whereas the use of statins is beneficial in managing the cardiovascular (CV)
risk in RA patients 63-65 , several studies have described the risk of developing RA
during statin treatment in subjects prone to develop RA 66, 67. In line with this,
experimental studies found that mice treated with statins showed accelerated onset of
disease in a collagen-type II-induced arthritis (CIA) model 68. Our study supports the
hypothesis that lowering LDL levels may boost both initiation and progression of bone
destruction locally within an inflamed joint.
In summary, our findings suggest that high levels of LDL in combination with
inflammation in the knee joint leads to oxLDL that inhibits bone destruction probably
by suppressing osteoclast differentiation via decreased activation of the ITAM
co-stimulatory pathway. Our study suggests that LDL-lowering therapies that are often
used to reduce CV risk in RA patients should be used with caution since lowering of
local levels of LDL within the inflamed joints may diminish the suppressing mechanism
induced by oxLDL leading to increased osteoclastogenesis and bone destruction.
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Supplementary File 1. Graphical representation of bone erosion scoring system
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Abstract
Osteoclasts are cells specialized in bone resorption. Currently, studies on murine
osteoclasts are primarily performed on bone marrow–derived cells with the use of
many animals and limited cells available. ER‐Hoxb8 cells are conditionally immortalized
monocyte/macrophage murine progenitor cells, recently described to be able to
differentiate toward functional osteoclasts. Here, we produced an ER‐Hoxb8 clonal
cell line from C57BL/6 bone marrow cells that strongly resembles phenotype and
function of the conventional bone marrow–derived osteoclasts. We then used CRISPR/
Cas9 technology to specifically inactivate genes by biallelic mutation. The CRISPR/
Cas9 system is an adaptive immune system in Bacteria and Archaea and uses small
RNAs and Cas nucleases to degrade foreign nucleic acids. Through specific‐guide
RNAs, the nuclease Cas9 can be redirected toward any genomic location to genetically
modify eukaryotic cells. We genetically modified ER‐Hoxb8 cells with success,
generating NFATc1-/- and DC-STAMP-/- ER‐Hoxb8 cells that lack the ability to differentiate
into osteoclasts or to fuse into multinucleated osteoclasts, respectively. In conclusion,
this method represents a markedly easy highly specific and efficient system for generating
potentially unlimited numbers of genetically modified osteoclast precursors.
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Introduction
Osteoclasts are specialized cells that are unique in their ability to dissolve organic and
inorganic components of bone. This tissue undergoes continuous remodeling
throughout life and shows a tightly coordinated balance between degradation and
synthesis1. Alteration of this process could result in perturbations in skeletal structure
and function and potentially in morbidity, such as osteoporosis, inflammatory arthritis,
and periodontitis2. Because of their key role in the physiology and pathology of bone
metabolism, there is strong interest in understanding the complex biology of these
cells. Nowadays murine experimental osteoclasts are commonly derived from spleen
or BM cells under the influence of M-CSF and RANKL, with a time–consuming isolation
procedure, few cells obtainable, and a scarce possibility of genome editing. The use of
a stable cell line that strongly resembles primary cells would aid in overcoming these
limitations and simplify genome‐editing approaches. Until now, different methods
have been adopted to develop immortalized cell lines that are able to differentiate into
functional osteoclasts. Either transgenic mice with an SV40 large tumor antigen or p53
knockout have been used to directly isolate immortalized osteoclast precursors cells
from the animal3-5 . In vitro immortalized progenitor cell lines and preexisting or new
macrophage‐like cell lines have also been used to generate osteoclasts (MOCP‐5,
TMC16, ML‐6 and ML‐7, and BDM‐1)6-9. However, these cell lines have limitations or are
not widely used. Some of the described cell lines (bcl‐XL/Tag cells, macrophage‐like
cell lines C7, and BDM‐1) require a coculture system with stromal cells or primary
osteoblasts, increasing the complexity of control and study of the differentiation
process4, 5, 7 . Other cell lines, such as ML‐6 and ML‐7, differentiate into TRAP+ cells but
fail to form multinucleated giant cells8. Finally, the RAW 264.7 cell line is broadly used
to obtain osteoclasts in vitro; however, the endogenous production of M‐CSF by these
cells differs largely from the primary osteoclast culture10. The ER‐Hoxb8 cell line is a
murine, conditionally immortalized, monocyte precursor cell line that has recently
been shown to differentiate toward functional osteoclasts in vitro11, 12. Hoxb8 is a
member of the Homeobox gene family, a family of transcription factors that controls
various aspects of development. Some members, including Hoxb8, have been shown
to counteract myeloid differentiation, providing an explanation for their role in human
and mouse myeloid leukemia13, 14 . In ER‐Hoxb8 cells, Hoxb8 is fused to the ERHBD as
an engineered, chimeric protein (Hoxb8‐ERHBD)11. Stably transduced progenitor cells
expressing Hoxb8‐ERHBD can be expanded in the presence of β‐estradiol and GM‐
CSF to obtain essentially unlimited numbers of monocyte/macrophage‐committed
precursors, which can be differentiated toward specific types of cells upon removal of
estrogen and consequent silencing of the chimeric Hoxb8 protein. This cell line
represents a useful tool for obtaining unlimited numbers of osteoclasts and offers the
possibility of genetic modification. In the present study, we describe a method to
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produce genetically modified, ER‐Hoxb8–derived osteoclasts using CRISPRCas
system technology. The CRISPR/Cas system is an adaptive immune system in bacteria
and Archaea that uses small RNAs and Cas nucleases to degrade foreign nucleic acids
of invading viruses and plasmids15 . Among the 3 different CRISPR/Cas systems
discovered, the type II CRISPR/Cas9 system has been the best characterized and
optimized to induce site‐specific DNA double‐stranded breaks in eukaryotic cells16. By
providing a 20‐nucleotide single gRNA complementary to a DNA fragment near a PAM
sequence, the nuclease Cas9 can be directed toward any genomic region of interest.
In the present study, we developed a clonal ER‐Hoxb8 cell line from WT C57BL/6 mice,
showing comparable characteristics to BM‐derived primary osteoclasts that can be
used for generating specific gene deletions using the lentivirus CRISPR‐Cas9 system.

Materials and Methods
Isolation, cloning, and culture of ER‐Hoxb8 conditionally immortalized
precursors
BM cells were isolated from femurs and tibias of C57BL/6 WT mice. ER‐Hoxb8
conditionally immortalized precursors were generated, as previously described 11.
The ER‐Hoxb8 cells obtained were subcloned by limiting dilution in RPMI 1640 (Thermo
Fisher Scientific, Waltham, MA,USA) containing 10% FCS (Thermo Fisher Scientific),
2 mM L‐glutamine(Thermo Fisher Scientific), gentamicin (Centrafarm Nederland, Etten
Leur, the Netherlands), 1 μM β‐estradiol (Sigma‐Aldrich, St. Louis, MO, USA), and 1%
conditioned medium from GM‐CSF‐producing B16 melanoma cells expressing murine
colony–stimulating factor 2 cDNA. Single clones were expanded in the same medium.

Differentiation of ER‐Hoxb8 conditionally immortalized precursors
toward osteoclasts and macrophages
ER‐Hoxb8 cells were washed in RPMI 1640 medium to completely remove β‐estradiol.
For differentiation, ER‐Hoxb8 was seeded in 96‐well tissue ‐culture–treated plates at
a density of 50,000 cells/well in 150 µl of α‐MEM medium (Thermo Fisher Scientific)
containing 5% FCS, and gentamicin, supplemented with 30 ng/ml rmM‐CSF for
macrophage differentiation or 30 ng/ml rmM‐CSF and 20 ng/ml rmRANKL ( both, R&D
Systems Minneapolis, MN, USA) for osteoclast differentiation. To study the resorption
ability additional ER‐Hoxb8 cells were seeded on 650 µm ‐thick bone slices or on a
96‐well calcium phosphate –coated plate at a density of 50,000 cells/slice or per well
in the osteoclast differentiation medium described above.
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Isolation, culture, and differentiation of BM precursors on plastic
BM was isolated from the femur and tibia by flushing the marrow cavity. For differentiation
into osteoclasts, total BM cells were seeded into 96‐well plates at a density of 100,000
cells/well in 150 ‐µl α‐MEM medium, containing 5% FCS and gentamicin, supplemented
with 30 ng/ml rmM‐CSF and 20 ng/ml rmRANKL. Additional BM cells were seeded on
650 ‐µm ‐thick dentin or bone slices or on 96‐well calcium phosphate –coated plate at
a density of 100,000 cells/well or per slice. Culture medium was refreshed every 3 d.

TRAP staining and cell count
Differentiated osteoclasts on tissue‐cultured plates, bone, or calcium phosphate–
coated plates were washed in PBS, fixed in 4% PBS‐buffered formaldehyde for 10 min,
and stained for TRAP activity, using the leukocyte acid phosphatase kit (Sigma‐
Aldrich), according to the manufacturer’s protocol. Digital images were obtained with
a camera mounted on an inverted light microscope (Leica Microsystems, Wetzlar,
Germany).

RNA isolation and quantitative PCR
Total RNA of cultured cells was isolated using TRIzol reagent (Sigma‐Aldrich) and
reverse transcribed into cDNA with Moloney murine leukemia virus reverse
transcriptase, oligo(dT) primers, and dNTPs (Thermo Fisher Scientific). Quantitative,
real‐time PCR was performed using the Step One Plus real‐time PCR system and SYBR
Green Master mix (both Thermo Fisher Scientific). The primer sequences are listed in
Supplemental Table 1. GAPDH was used as the housekeeping gene. Expression of
this gene was not affected by the experimental conditions. Samples were normalized
for the expression of GAPDH by calculating the comparative threshold (Ct, cycle
threshold; i.e., -ΔCt = Ct GAPDH − Ct gene of interest).

Resorption assay on bone slices
After 10 d of culture, bone slices were stained with Coomassie brilliant blue, and the
percentage of resorbed area was quantified, as previously described 17.

7

Resorption assay on calcium phosphate –coated plates
Calcium phosphate–coated plates were prepared as previously described by ten
Harkel et al. 18. To analyze the pit formation on calcium phosphate –coated plates, the
medium was removed from the wells on d 10, and 100 μL of 10% bleach solution was
added. Cells were incubated with the bleach solution for 5 min at room temperature
and were washed twice with distilled water. Digital images were obtained with a
camera mounted on an inverted‐light microscope. The percentage of resorbed bone
area was quantified using the LAS image‐analysis system (Leica).
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F‐actin staining and confocal microscopy
Actin‐ring formation was analyzed using confocal microscopy, as previously described
17. Image stacks spanning the entire osteoclast were generated using Olympus FV1000
Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan). The number of actin
rings and actin ring surfaces expressed as percentage of the osteoclast surface was
assessed.

FACS analysis
ER‐Hoxb8 CRISPR‐Cas9 genetically modified clones were differentiated for 6 d toward
macrophages in RPMI 1649 containing 10% FCS and gentamicin, supplemented with
15 ng/ml rmM‐CSF. Undifferentiated and ER‐Hoxb8 cells differentiated toward
macrophages were labeled with PE/Cy7 anti‐mouse F4/80 (BioLegend, San Diego, CA,
USA). Fluorescence was analyzed with CyAn Flow Cytometer and Kaluza Analysis
software 1.3 (Beckman Coulter, Brea, CA, USA).

CRISPR/Cas9 plasmid and clone generation
LentiCRISPRv2 was a gift from Feng Zhang (Addgene plasmid 52961; Addgene,
Cambridge, MA, USA). gRNA sequences directed against exon 2 of the murine NFATc1
and DC‐STAMP genes were obtained from the CHOPCHOP web tool for genome
engineering 19. Analysis of likely off‐target genes was performed in silico 19. No genes
or no genes directly involved in osteoclast differentiation were identified as off‐target.
A gRNA targeting GFP was used as control, in addition to nontreated cells 20. The
following CRISPR guide oligonucleotides were ordered: GFP control, gRNA (forward:
5′‐CACCGGGGCGAGGAGCTGTTCACCG‐3′, reverse 5′‐AAACCGGTGAACAGCTCCTCGCCCC‐3′), NFATc1 gRNA (forward: 5′‐ CACCGGTAGTTGGACTCGTAGGAGG‐3′, reverse: 5′‐
AAACCCTCCTACGAGTCCAACTACC‐3′), and DC‐STAMP gRNA (forward: 5′‐CACCGGCTCATATGAATGACACTAG‐3′, reverse: 5′‐AAACCTAGTGTCATTCATATGAGCC‐3′) (Biolegio,
Nijmegen, The Netherlands) and were cloned using the BsMBI overhangs. After
sequence verification of the insert, lentivirus was made according to Broeren et al. 21.
Virus concentrations were determined using the INNOTEST HIV antigen mAb kit
(Diasorin, Saluggia, Verceli, Italy). Lentiviral transduction was performed with 400 ng
lentivirus/100,000 cells in the presence of 8 µg/ml polybrene (Sigma‐Aldrich). Cells
were subsequently selected with 8 µg/ml puromycin for 72 h and used for a surveyor
assay or for clone generation. Genomic modification of single‐cell clones was assessed
with regular PCR (see “Surveyor assay” below) and sequencing.

Surveyor assay
PCR primer pairs, spanning the genomic gRNA target site of NFATC1 exon 2 and DC‐
STAMP exon 2, were generated (primer sequences NFATc1: forward, 5′‐GTCTGACCTCAGGCCATTCC‐3′, reverse, 5′‐AGGTCCAGAGTGCTATCGGT‐3′; DC‐STAMP: forward, 5′‐AT-
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GTGTTTCCACGAAGCCCT‐3′, reverse, 5′‐AAGTGCTTGTGAGCCCCTAC‐3′ (Primer‐Blast;
National Center for Biotechnology Information, Bethesda, MD, USA). Genomic DNA
was isolated from ER‐HoxB8 cells (Qiagen 69504; Qiagen, Valencia, CA, USA), and PCR
reactions were optimized with 200 ng genomic DNA and a high‐fidelity, proof‐reading
polymerase (Phusion; New England BioLabs Inc., Ipswich, MA, USA). Amplicon size,
yield, and background bands were evaluated using standard agarose gel electrophoresis. Subsequently, PCR amplicons derived from CRISPR/Cas9 –treated cell pools
were generated, purified, and concentrated (Qiagen 28004). DNA concentration was
determined (nanodrop) and equalized among samples. Heteroduplex formation was
performed in optimized buffer conditions with 400 ng DNA in a thermocycler (T100;
Bio‐Rad Laboratories, Hercules, CA, USA) according to the IDT Surveyor mutation‐
detection users guide (Integrated DNA Technologies, Coralville, IA, USA). Surveyor
nuclease digestion was performed for 5 min at 42°C. Genomic mutations were detected
on 2% agarose gels, and images were captured with a Bio‐Rad Gel Doc Xr+.

Statistical analysis
Statistical differences were calculated by Student’s t test, using GraphPad Prism
software (version 5.03; GraphPad Software, La Jolla, CA, USA). P < 0.05 was considered
significant.

Results and discussion
ER‐Hoxb8 cells differentiate into TRAP+ multinucleated cells
The central aim of our work was to generate, from C57BL/6 WT ER‐Hoxb8 cells , a
clonal cell line that strongly resembled the phenotype and function of primary
osteoclasts and to delete specific genes using CRISPR/Cas9 technology. We first
generated ER‐Hoxb8 cells from the BM of C57BL/6 WT mice, as previously described11.
Before proceeding with limiting dilution to obtain a clonal cell line, we investigated the
ability of the ER‐Hoxb8 cells to differentiate toward osteoclasts. As shown in Figure
1A, after 6 d of stimulation with osteoclastogenic factors M‐CSF and RANKL, the cells
differentiated toward multinucleated, TRAP+ cells. Starting from this total population
with osteoclastogenic potential from limiting dilution, we obtained a clonal cell line
and characterized it for efficiency of differentiation, expression markers, and
functionality, comparing it with conventional BM‐derived osteoclasts. ER‐Hoxb8 cells
were cultured in the presence of M‐CSF and RANKL on tissue ‐culture plates for 4 d and
on calcium phosphate–coated plates and bone slices for 6 d. ER‐Hoxb8 cells
differentiated into TRAP+ multinucleated cells on all 3 substrates (Figure 1B, C, and D
respectively). The differentiation and fusion of ER‐Hoxb8 cells toward osteoclasts
resemble the ones of BM cells (Figure 1E).
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Figure 1 ER‐Hoxb8 cells differentiate into multinucleated TRAP+ osteoclasts.
(A) TRAP staining of the total population of ER‐Hoxb8 cells differentiated for 6 d on plastic
plates. TRAP staining of single‐clone ER‐Hoxb8 cells and BM osteoclasts differentiated for 4 d
on plastic plates (B) or for 6 d on bone slices (C) and calcium phosphate –coated plates (D). (E)
The number of ER‐Hoxb8–derived osteoclasts (gray bars) and BM‐derived osteoclasts (black
bars) after 4 d of differentiation on plastic plates. Values are the means ± SD of 3 experiments.
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ER‐Hoxb8–derived osteoclasts show strong up‐regulation
of osteoclast markers
To investigate the differentiation of the clonal Hoxb8 cell line in greater detail,
gene expression of various osteoclast and macrophage markers was measured in 4‐d,
differentiated, ER‐Hoxb8–derived osteoclasts and compared with expression in undifferentiated ER‐Hoxb8 cells and ER‐Hoxb8–derived macrophages. Figure 2A depicts
a schematic representation of an osteoclast with the various markers measured.
Figure 2B shows the mRNA levels of receptors for key osteoclast differentiation factors
(c‐Fms and RANK) and various osteoclast markers. c‐Fos and NFATc1 are key transcription
factors for activation of osteoclastogenic differentiation, whereas DC‐STAMP is
involved in the fusion of single, mononucleated cells into resorbing, multinucleated
osteoclasts. TRAP is a lysosomal enzyme strongly expressed by osteoclasts, whereas
αVβ3 integrin is the major adhesion receptor on osteoclasts. Carbonic anhydrase II
and CIC‐7 are necessary for the acidification of the resorption lacunae, while cathepsin
K and MMP‐9 are the major enzymes secreted into resorption lacunae to degrade the
organic part of bone. CTR is expressed on mature osteoclasts and is implicated in the
regulation of osteoclast function by binding calcitonin. RANK and c‐Fms were
significantly up‐regulated after 4 d of differentiation with M‐CSF and RANKL, compared
with undifferentiated ER‐Hoxb8 cells. All the other markers were also significantly up‐
regulated in osteoclasts both compared with undifferentiated and with macrophage‐
differentiated ER‐Hoxb8. Finally, CTR also showed strong up‐regulation compared
with undifferentiated and macrophages ER‐Hoxb8 cells, although statistical analysis
could not be performed because this gene was not detectable in the other 2 cell types.
In contrast, the macrophage marker F4/80 was down‐regulated in ER‐Hoxb8–derived
osteoclasts compared with ER‐Hoxb8–derived macrophages. Taken together, these
data suggest that ER‐Hoxb8 is able to differentiate into osteoclasts. Moreover, our
results show that the differentiation of ER‐Hoxb8 cells into osteoclasts is specifically
induced by osteoclastogenic differentiation factors (RANKL plus M‐CSF) and not by
the removal of β‐estradiol from the culture medium.

7

ER‐Hoxb8– and BM‐derived osteoclasts display comparable kinetics
and expression levels of osteoclast markers
To investigate the process of differentiation of ER‐Hoxb8 cells toward osteoclasts in
more detail, the expression of c‐Fms, RANK, and osteoclast markers (c‐Fos, NFATc1,
DC‐STAMP, αVβ3 integrin, TRAP, carbonic anhydrase II, CIC‐7, cathepsin K, MMP‐9, and
CTR) were monitored in ER‐Hoxb8 cells and
BM cells stimulated with M‐CSF and RANKL over time (from d 0 until d 6 of differentiation) (Figure 3). Despite differences in their initial expression levels, as expected
because of the heterogeneity of cells present in BM, at later time points, the kinetics
and levels of expression for all genes evaluated were strongly comparable between
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Figure 2 ER‐Hoxb8 osteoclast strongly up‐regulate osteoclast markers.
(A) Schematic representation of an osteoclast, clarifying the functions of the diverse proteins.
(B) ER‐Hoxb8 cell mRNA expression before (gray bars) and after 4 d of differentiation in presence
of RANKL and M‐CSF (black bars) or only M‐CSF (white bars). Expression of macrophage marker
F4/80, receptors for differentiation factors RANK and c‐Fms, and osteoclast marker NFATc1, c‐Fos,
DC‐STAMP, integrin β3, TRAP, CIC‐7, carbonic anhydrase II, MMP‐9, cathepsin K, and calcitonin
receptor was assessed. Gene expression was normalized for GAPDH and expressed as −ΔCt.
*P <0.05, **P <0.01 for ER‐Hoxb8–derived osteoclasts vs. ER‐Hoxb8 undifferentiated cells, and
+P <0.05, ++P <0.01 for ER‐Hoxb8–derived osteoclasts vs. ER‐Hoxb8‐derived macrophages,
by Student’s t test. The means ± SD of 3 experiments performed in triplicate are shown.
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Figure 3 ER‐Hoxb8 and BM‐derived osteoclasts show comparable kinetics and expression
levels for osteoclast markers.
Kinetic profiles of gene expression by ER‐Hoxb8 cells (gray) and BM cells (black) during differentiation toward osteoclasts. Expression of RANK, c‐Fms, c‐Fos, NFATc1, DC‐STAMP, integrin β3,
TRAP, carbonic anhydrase II, CIC‐7, cathepsin K, MMP‐9, and CTR was assessed from d 0 until d
6 of culturing with M‐CSF and RANKL. Expression was normalized for GAPDH, and values are
expressed as −ΔCt. Means ± SD of 5 BM and ER‐Hoxb8 cell differentiations are shown.
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ER‐Hoxb8 and BM‐derived osteoclasts. In general, the stimulation with M‐CSF and
RANKL resulted in a time‐dependent, increased expression of c‐Fms, RANK, and other
osteoclast differentiation markers. In both cell types, c‐Fms and RANK were strongly
up‐regulated by the first days of differentiation, which is according to their key role in
the starting step of differentiation. NFATc1 and c‐Fos reached their highest expression
around d 3, whereas the other osteoclast marker genes (DC‐STAMP, TRAP, cathepsin K,
CIC‐7, carbonic anhydrase II, and MMP‐9) peaked around d 4 both in ER‐Hoxb8 and
BM‐derived osteoclasts. The levels of gene expression of osteoclast markers
correlated well with the morphologic changes observed during the differentiation in
the cell culture in which, at d 4, numerous multinucleated osteoclasts were visible. The
kinetics of CTR expression was slower, and the highest expression was reached
around d 6 for both cell types. These results show that the differentiation process of
ER‐Hoxb8 cells toward osteoclasts closely resembles the process of BM precursors.

ER‐Hoxb8–derived osteoclasts are able to form actin‐rings and
to resorb bone
After attachment to bone, osteoclasts exhibit differentiation and polarization; this
process includes the organization of F‐actin cytoskeleton into a typical, densely
packed, ring‐like structure (an actin‐ring) that seals the area beneath the cell and
forms a closed compartment in which bone can be resorbed through secretion of acid
compounds and enzymes. An actin‐ring formation is, thus, a prerequisite for the
resorbing activity of osteoclasts. The presence of an actin‐ring was evaluated through
fluorescent staining Alexa Fluor 488 –conjugated phalloidin and confocal microscopy.
Similar to BM‐derived osteoclasts ER‐Hoxb8–derived osteoclasts formed actin‐rings
(Figure 4A). The number of actin‐rings and the percentage of ring area per osteoclast
were quantified in ER‐Hoxb8– and BM‐derived osteoclasts after 8 d of differentiation
on bone slices (Figure 4B).
Next, we evaluated the functionality of ER‐Hoxb8–derived osteoclasts on bone
resorption. ER‐Hoxb8 and BM cells were seeded on bone slices and on calcium
phosphate –coated plate and cultured for 10 d in the presence of M‐CSF and RANKL.
Coomassie blue staining of bone slices as well as calcium phosphate –coated plate
showed the presence of resorption pits created by ER‐Hoxb8–derived osteoclasts on
both materials (Figure 4C and D). The area that was eroded by Hoxb8 osteoclasts after
10 d of culture on the calcium phosphate –coated plate was measured and compared
with BM osteoclasts (Figure 4E). Although the area eroded by nonstimulated ER‐
Hoxb8 cells was less compared with nonstimulated BM‐derived osteoclasts, LPS
stimulation (1 µg/ml) clearly stimulated the resorptive activity of both cell types (ER‐
Hoxb8: mean fold increase 1.4× compared with nonstimulated cells, determined in 3
independent experiments; BM‐derived osteoclasts: mean fold increase 1.6×,
determined in 2 independent experiments). These data indicate that ER‐Hoxb8–
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derived osteoclasts show strong resemblance to primary osteoclasts not only in
phenotype but also in functionality.

ER‐Hoxb8 can be genetically modified using CRISPR/Cas9 technology
To assess the ER‐Hoxb8 osteoclast system for its suitability in fundamental osteoclast
research we used the CRISPR/Cas9 technology to inactivate specific genes in this
cell line. To validate our protocol, we focused on inactivation of NFATc1, the master
transcription factor for osteoclast differentiation and DC‐STAMP, crucial in the process
of the fusion of mononucleated osteoclasts into multinucleated, mature osteoclasts22-25.
gRNA sequences targeting the murine NFATc1 or DC‐STAMP genes were inserted in a
lentiviral expression vector (Figure 5A). ER‐Hoxb8 cells were transduced and selected
to enrich for CRIPR/Cas9‐expressing cells. Genomic modification with CRISPR/Cas9
leads to specific deletions at or near the gRNA sequence in the NFATc1 or DC‐STAMP
genes, which can be detected with a surveyor nuclease assay in heterogeneous cell
populations. The efficiency of gRNAs to induce genomic mutations was assessed
with a surveyor nuclease assay. Surveyor nuclease is an enzyme that cuts a DNA
heteroduplex if it contains mismatches. Without CRISPR/Cas9 activity, such heteroduplexes are absent, and only a single‐PCR amplicon is detected. As shown in Figure 5B,
a substantial percentage of CRISPR/Cas9 –treated cells have a genetic modification
at the expected target sequence of NFATc1 (top panel) and DC‐STAMP (lower panel).
The NFATc1 amplicon is 1 kb long and is present in the DNA of the WT control; 2 smaller
bands (594 bp and 406 bp) are visible in CRISPR/Cas9‐treated cells. That size
corresponds to the expected Cas9‐induced cut site directed by the gRNA. The DC‐
STAMP amplicon is 997 bp long and is present in the WT control; a single, smaller band
is visible in CRISPR/Cas9‐treated cells. The expected Cas9 cut site was almost exactly in
the middle of the amplicon (514 bp and 483 bp); therefore, only 1 CRISPR/Cas9‐induced
band was visible. The Hoxb8 cells obtained were expanded, which was followed by
limiting dilution to obtain single clones with a homozygous genetic modification.
DNA was isolated from the single cell clones, and genomic PCR amplification, followed
by DNA sequencing of the target locus, was performed to identify clones that exhibited
a biallelic mutation. Multiple mutated clones were obtained. Table 1 shows a table with
an overview of the clones obtained. For NFATc1, we obtained 2 clones carrying
homozygous mutations; clone 1 had a deletion of 187 bp, and clone 2 had one of 53 bp.
For DC‐STAMP, we obtained 2 clones with smaller homozygous mutations; clone 1
showed a deletion of 26 bp, and clone 2 had a deletion of 9 bp preceded by a mutation
of 7 bp (Figure 5C). To assess whether the lentiviral transduction and expression of the
CRISPR/Cas9 construct influenced the osteoclastogenic differentiation of ER‐Hoxb8
cells, the same procedure was applied to generate single‐cell clones of ER‐Hoxb8 cells
transduced with a gRNA that had no genomic target (directed against GFP). Two of the
generated clones were used as controls in the following differentiation experiments.
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Figure 4 ER‐Hoxb8 osteoclasts form an actin‐ring and are able to degrade bone and
calcium phosphate –coated plates.
(A) Examples of ER‐Hoxb8– and BM‐derived osteoclasts forming actin rings after 8 d of culture on
bone slices. Surface marker CD44 was stained using the rat anti‐CD44 Ab and was visualized with
Alexa Fluor 647–conjugated goat anti‐rat IgG (blue); nuclei were stained with DAPI (red), and actin
was stained with Alexa Fluor 488 –conjugated phalloidin (green). Images were generated with a
Olympus FV1000 confocal laser scanning microscope. (B) The number of actin rings per osteoclast
and the percentage of actin‐ring area per osteoclast in ER‐Hoxb8– and BM‐derived osteoclasts.
Horizontal and vertical line show the means ± SD (ER‐Hoxb8, n= 39 osteoclasts; BM, n = 26
osteoclasts). Pictures of resorption pits on bone slices were visualized with Coomassie brilliant
blue staining (C) and on calcium phosphate –coated plates (D) after 10 d of ER‐Hoxb8 and BM
culture. (E) Quantification of the calcium phosphate –eroded area at d 10 is expressed as a
percentage. Values are the means ± SD of 3 experiments for ER‐Hoxb8 and 4 experiments for BM.
*P <0.05, **P <0.01 by Student’s t test

Table 1 Overview of the various clones analyzed and obtained from cells transduced
with lentivirus containing CRISPR/Cas9 gRNA against NFATc1 or DC-STAMP
Cell transduced

Analysed
clones

WT clones

Monoallelic
mutation

Biallelic
mutation

Guide-RNA against NFATc1

16

6

8

2

Guide-RNA against DC-STAMP

8

1

5

2

ER‐Hoxb8 cells with homozygous deletions in NFATc1 or DC‐STAMP
genes lost their ability to differentiate toward mature osteoclasts at
the expected differentiation stages
Finally, we evaluated the differentiation of NFATc1‐ and DC‐STAMP‐mutated ER‐Hoxb8
cells toward osteoclasts. ER‐Hoxb8 clones were expanded and stimulated with RANKL
and M‐CSF for 6 d. As shown in Figure 6A and D, ER‐Hoxb8 cell clones treated with a
gRNA targeting GFP efficiently differentiated into mature TRAP+ osteoclasts with
strong fusion of cells with ≥10 nuclei. In contrast, functional impairment of NFATc1 in
ER‐Hoxb8 cells showed complete inhibition of differentiation toward osteoclasts; no
TRAP+ cells were present after the differentiation process (Figure 6B). This is similar to
an early block of differentiation into osteoclasts when the NFATc1 protein is knocked
out22, 23 . In contrast, functional impairment of DC‐STAMP led to the formation of
mononucleated TRAP+ cells, but fusion into multinucleated mature osteoclasts was
impaired (Figure 6C and D), similar to the described function of DC‐STAMP25 . Moreover,
targeting ER‐Hoxb8 cells with CRISPR/Cas9 did not affect differentiation of ER‐Hoxb8
cells into macrophages, as shown by the increased expression of the macrophages
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B

C

Surveyor Assay
NFATc1

NFATc1
Target sequence

WT
WT

CRISPR/CAS
transduced

TGGCAGCGGCCA

1Kb bp
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594 bp

CAGTCTCTCCTCCAGAAGCTGTAACTCTGAGGCCTCCTCCTACGAGTCCAACTACTCCTACCCATACGC

Clone #1
187 bp deletion

406 bp
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TGGCAGCGGCCA ---------------------------------------------------------------------------------------------------------------------------------------TACGC

250 bp

Clone #2
53 bp deletion
TGGCAGCGGCCA
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CAGTCTC----------------------------------------------------------------------------------------------------------CCCATACGC

514 and
483 bp
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Target sequence

GCCCTGGAGGCTCATATGAATGACACTAGAGGAGAAGTCCTGGGAGTCCTGCACCATATGG-
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26 bp deletion
GCCCTGGAGGC---------------------------------------------------- TCCTGGGAGTCCTGCACCATATGG-

Clone #2

9 bp
deletion

GCCCTGGAGGCTCATATGAATGCCCAAAG--------------------CCTGGGAGTCCTGCACCATATGG-

Figure 5 ER‐Hoxb8 cells can be efficiently modified genetically with CRISPR/Cas9
technology and lentivirus transduction.
(A) Schematic representation of the RNA‐guided Cas9 nuclease targeted to the second exon of
NFATc1 and DC‐STAMP genes. The gRNA sequence (red) pairs with the DNA target (black), directly
upstream of the adjacent motif (PAM sequence, blue). Cas9 cleaves the dsDNA 3 bp upstream of
the PAM. (B) Gel from the Surveyor Assay proved the presence of the genetic modification in the
heterogeneous population of cells transduced with lentivirus containing CRISPR/Cas9 gRNA
against NFATc1 or DC‐STAMP. (C) DNA sequencing of WT and the 2 mutated clones confirmed the
presence of genomic mutations.
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marker F4/80 by all genetically modify ER‐Hoxb8 cells upon M‐CSF stimulation. In
Figure 6E, representative graphs of FACS analysis of one clone/gRNA are shown.
In conclusion, our results indicate that ER‐Hoxb8 cells represent a valuable and
efficient tool for studying osteoclasts in vitro, reducing the time‐consuming procedure
of BM isolation and the number of animal used for in vitro experimentation. The
features of this cell line allow its use in the study of different aspects of osteoclast
biology. First, the conditional immortalization represents a big advantage, that is, the
expression of Hoxb8 is switched off during the differentiation and in mature
osteoclasts, preventing possible side effects. Second, the homogeneity of the starting
population and the comparable kinetics of differentiation with BM‐derived osteoclasts
make these cells a useful tool for deep investigation of the differentiation process
toward osteoclasts. Third, actin‐ring formation and efficient bone degradation allow
the use of this cell line for functional assays. The possibility to inactivate genes
specifically by biallelic mutation in ER‐Hoxb8 myeloid precursors with CRISPR/Cas9
technology represents a markedly easy, highly‐specific, and efficient method of
generating a potentially unlimited number of genetically modified precursors, allowing
functional studies of many known and unknown proteins involved in osteoclast differentiation and function.
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Figure 6 Genetic modification of NFATc1 and DC‐STAMP locus resulted in impaired
differentiation into osteoclasts.
TRAP staining of 2 clones of ER‐Hoxb8 transduced with GFP‐CRSPR/Cas9 virus (A), 2 clones of
NFATc1 CRISPR/Cas9 virus (B), and DC‐STAMP CRISPR/Cas9 virus (C), differentiated for 6 d on
tissue‐culture plates in presence of M‐CSF and RANKL. (D) The number of osteoclasts obtained
from 2 clones of ER‐Hoxb8 transduced with GFP‐CRSPR/Cas9 virus and 2 clones of ER‐Hoxb8
transduced with DC‐STAMP CRISPR/Cas9. Values are the means ± SD of 1 experiment performed
in triplicate. (E) Expression of macrophages marker F4/80 measured by flow cytometry in ER‐
Hoxb8 undifferentiated and in macrophages ER‐Hoxb8 differentiated transduced with GFP‐
CRISPR/Cas9, NFATc1, and DC‐STAMP CRISPR/Cas9 virus.
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Supplemental Table 1
GENE
GAPDH
CTR
NFATc1

FORWARD PRIMER

REVERSE PRIMER

5’-GGCAAATTCAACGGCACA-3’

5’-GTTAGTGGGGTCTCGCTCCTG-3’

5’-CGT TCTTTATTACCTGGCTCTTGTG-3’

5’-TCTGGCAGCTAAGGTTCTTGAAA-3’

5’-ATGCGAGCCATCATCGA-3’

5’- GGGATGTGAACTCGGAAGAC-3’

5’-TGTATCGGC TCATCTCCTCCAT-3’

5’-GACTCCTTGGGTTCCTTGCTT-3’

TRAP

5’-GACAAGAGGTTCCAGGAG ACC-3’

5’-GGGCTGGGGAAGTTCCAG-3’

Cat K

5’-GAAGCAGTATAACAGCAAGGTGGAT-3’

5’-TGTCTCCCAAGTGGTTCATGG-3’

F4/80

5’-ACTGTGGAAAGCACCATGTTAG-3’

5’-GCTGCCAAGTTAATGGACTCA-3’

RANK

5’- GCCCAGTCTCATCGTTCTGC -3’

5’- GCAAGCATCATTGACCCAATT C -3’

c - Fms

5’- TGTCATCGAGCCTAGTGGC -3’

5’- CGGGAGATTCAGGGTCCAAG -3’

DC-STAMP

c-Fos

5’- AGGGAACGGAATAAGATGGCT3’

5’-TCTGTCTCCGCTTGGAGTGT-3’

Carb. Anhyd II

5’- GCTGCAGAGCTTCACTTGGT-3’

5’-AAACAGCCAATCCATCCGGT-3’

MMP-9

5’- GGAACTCACACGACATCTTCCA-3’

5’-GAAACTCACACGCCAGAAGAATTT-3’

β3 integrin

5’- TGGTGCTCAGATGAGACTTTGT-3’

5’-CTGGGAACTCAATAGACTCTGG-3’
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SUMMARY AND DISCUSSION

Summary and discussion
Osteoclast-mediated bone erosion is one of the central hallmarks of rheumatoid
arthritis (RA) and a major cause of disability for the affected patients. Despite the
development of biologicals have greatly improved the management of RA, many
patients still do not respond to current available treatments or experience major side
effects. A better understanding of the mechanisms inducing inflammation and bone
erosion in RA will simplify the identification of alternative targets for therapy. Moreover,
identification of biomarkers for disease activity and damage will greatly help in
predicting and monitoring the response to such a therapy.
In this thesis we have broadened our knowledge on the complex regulation of
inflammation and osteoclast-mediated bone erosion during RA, thereby especially
focusing our attention on the role of the alarmin S100A8/A9 (chapter 2,3,4), of Fc
gamma receptors (FcγRs) (chapter 5) and of low-density lipoprotein (LDL)/oxidized
(ox)-LDL (chapter 6) in inflammation and bone erosion. Moreover, in chapter 7 we
developed a method to generate osteoclasts from an immortalized myeloid precursor
cell line (ER-Hoxb8), which can be used to investigate osteoclast biology and test the
efficacy of treatment options for bone erosion.
In this chapter we will summarize and discuss the findings as described in this thesis.

S100A8/A9 in RA
S100A8/A9 is an alarmin present in high concentrations in the cytoplasm of innate
immune cells, which upon cell stress or tissue damage is released into the extra-cellular
environment where it regulates the function of immune cells1. S100A8/A9 is increased
in synovium, synovial fluid and serum of patients with RA and it has been implicated
in the pathogenesis of RA 2-6.
S100A8/A9 as biomarker for bone erosion in experimental arthritis
While in seropositive arthritis rheumatoid factor (RF) and anti-citrullinated protein
antibodies (ACPA) can be used as diagnostic/prognostic markers of disease, seronegative
arthritis is characterized by a lack of well-defined biomarkers, since autoantibodies
are not elevated7, 8.
In chapter 2, we investigated the use of S100A8/A9 as a serum biomarker and a
molecular imaging biomarker for measuring the severity of synovial inflammation and
joint destruction in an experimental arthritis model with increased interleukin (IL)-1
signalling, using Il1rn-/-mice. Although Il1rn-/- mice have increased levels of some autoantibodies compared to wild type (WT) controls, the model is not immune complex
(IC)-mediated and autoantibody levels do not correlate with the severity of arthritis,
making them a suitable model for seronegative arthritis9.

8

185

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 185

CHAPTER 8

We found that serum levels of S100A8/A9 were significantly increased in Il1rn–/– mice
and correlated with the macroscopic joint swelling, histological inflammation, bone
and cartilage damage of the ankle joints, suggesting that S100A8/A9 can be used as a
systemic biomarker not only for inflammation but also for damage in this model of
seronegative arthritis. Moreover, early serum S100A8/A9 levels correlate with the
disease outcome at a later stage, highlighting its additional prognostic value.
Next, with non-invasive molecular imaging we were able to visualize the expression of
S100A8/A9 directly in the joints and to show that its local expression correlates with
the disease activity. This tool would offer the possibility to monitor the inflammatory
state directly in the joint, which is especially useful in case of subclinical inflammation
during which S100A8/A9 levels might not be raised yet in the circulation.
In conclusion, the results of the study presented in chapter 2 suggest that S100A8/A9 can
be used as a systemic and local biomarker for joint inflammation and damage in
Il1rn–/– mice.
S100A8/A9 in the regulation of inflammation and bone erosion during
experimental arthritis
Next to its role as biomarker, numerous data from literature suggest a pathological
role of S100A8/A9 in the regulation of inflammation and bone erosion in experimental
arthritis and in RA6, 10-12 However, the function of S100A8/A9 and its relative
importance compared to other proinflammatory factors, such as IL-1β and tumor
necrosis factor α (TNFα) appear to be different in various arthritis models and possibly
also in various subgroups of patients. Revealing the relative importance of S100A8/A9
might be useful to have more personalized treatment.
In chapter 3, we investigated the functional role of S100A8/A9 in the regulation of
inflammation and bone erosion in IL-1-driven arthritis in Il1rn–/–mice by comparing the
development of pathology in the ankle joints of Il1rn-/-XS100a9 -/- and Il1rn-/- mice.
The degree of inflammation and bone erosion in the ankle joints of Il1rn-/-XS100a9 -/and Il1rn-/- mice was comparable, suggesting that S100A9 is not essential for the
induction of arthritis in the presence of high IL-1 signalling, even though the S100A8/
A9 levels correlate with the degree of inflammation and bone erosion in the ankles of
Il1rn-/- mice (as described in chapter 2).
It is possible that in our model the enhanced IL-1 signalling is sufficient to induce the
pathology and can compensate for the lack of S100A8/A9. Of note, Toll-like receptor (TLR) 4,
the main receptor for S100A8/A9, and the IL-1β receptor IL1R1 do activate a similar
intracellular pathway (MyD88, IRAK, TRAF6) and an optimal activation of only one of
these receptors could be enough to potently activate this signalling pathway and
induce the pathology13 . A further explanation might be that in presence of high IL-1
signalling, S100A8/A9 may become redundant due to other TLR4 ligands (like cartilage
degradation products) released during arthritis that may stimulate TLR4 signalling

186

539387-L-bw-Cegli
Processed on: 20-12-2019

PDF page: 186

SUMMARY AND DISCUSSION

In conclusion, the high IL-1 signalling appears to be sufficient to induce arthritis even
in the complete absence of S100A8/A9 in Il1rn-/- mice. However, it is important to
consider that artificially high and prolonged IL-1 signalling is present in Il1rn-/- mice,
which might already maximally activate the signalling pathway, thereby preventing the
modulation by other molecules such as by S100A8/A9.
In contrast to what was observed in presence of high IL-1 signalling, induction of the
immune-complex-mediated antigen-induced arthritis (AIA) in S100a9-/- mice resulted
in less inflammation and bone erosion as compared to WT control mice10, 11, suggesting
a more prominent role for the alarmin S100A8/A9 in this model. Interestingly, genetic
ablation of S100a9 instead, did not affect the development of the K/BxN serum transfer
arthritis and collagen-induced arthritis (CIA), implying that other pro-inflammatory
mediators have a prominent role in these models12. TNFα and IL1β both showed to be
important for the development of CIA and K/BxN serum transfer arthritis14-18. A similar
situation might be present in RA patients, in which S100A8/A9 and other proinflammatory
factors such as IL-1β and TNF-α might have a different relative importance in various
subgroups of patients or in various phases of the disease.
S100A8/A9 in the direct regulation of osteoclast differentiation and function
Inflammation is broadly accepted as a strong inducer of bone erosion. In this light,
S100A8/A9 regulates inflammation thereby indirectly regulating bone erosion.
In addition, S100A8 has been previously shown to directly stimulate the further fusion
and activity of mature, differentiated murine osteoclasts10. However, its effect on the
early stages of osteoclast differentiation from precursors remained to be elucidated. In
chapter 4, we describe that in contrast to its effect on mature osteoclasts, exposure of
CD14+ precursors to S100A9 hampers their differentiation into osteoclasts and
consequently their resorbing activity. This suggests that the timing of exposure of cells
to S100A8/A9 is crucial in determining its final effect on the differentiation and function
of osteoclasts. Moreover, we showed that this effect likely runs via the hampering of
the macrophage colony stimulating factor (M-CSF)-induced expression of receptor
activator of nuclear factor κ B (RANK), a key receptor in the induction of osteoclast
differentiation.
A similar dual effect of S100A8/A9 has been observed for dendritic cells and
macrophages. While stimulation of differentiated dendritic cells with S100A8 leads to
their activation and thereby to the promotion of T cell activity, stimulation of dendritic
cells during the entire differentiation hampers their differentiation and their ability to
stimulate T cells19. Moreover, S100A9 induces activation of mature macrophages
whereas their pre-stimulation with a low dose of S100A8 induces self-tolerance and
cross tolerance to bacterial components20, 21.
Together, these data suggest that S100A8/A9 might have a differential effect dependent
on the stage of differentiation of the stimulated cells and the duration of the stimulation.
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However, the final net effect of S100A8/A9 in vivo is not yet elucidated and needs
further investigations.
Combining the data presented in this thesis with the data described in literature,
S100A8/A9 appears to have a strong relevance as serum biomarker for inflammation
and tissue damage during arthritis. Moreover, with molecular imaging, S100A8/A9
could be used to monitor local inflammation and damage of the joints.
Next to its function as a biomarker, numerous data from literature attribute an
important role to S100A8/A9 in the development of inflammation and bone erosion in
experimental arthritis and in RA. However, its relative importance compared to other
proinflammatory factors appears to be different in various experimental arthritis
models and possibly also in various subgroups of patients.
In this regard, the blockage of S100A8/A9 might be a useful therapeutic alternative for
those patients that do not respond to current available treatments. Various therapeutic
strategies can be hypothesized that range from the reduction or the blockage of the
secretion of S100A8/A9 or of its binding to TLR4, to the direct blockage of TLR4
function or of its intracellular signalling.
The treatment with highly purified lipopolysaccharide (LPS) from Bartonella Quintana,
a naturally occurring TLR4 antagonist, already proved to be efficient in reducing
pathology in CIA and to block development of arthritis and bone erosion in Il1rn-/mice22. In another study, treatment with a TLR4 monoclonal antibody reduced clinical
and histological parameters and numbers of osteoclasts in CIA 23 . Although the
blocking of TLR4 appears to be efficient in experimental arthritis, blocking of S100A8/
A9 secretion or of its specific binding to TLR4 would be more specific and would
possibly help in the treatment of arthritis without affecting the immune response
against bacterial components.

FcγRs in the regulation of inflammation and bone erosion in RA
Seropositive arthritis is characterised by the presence of autoantibodies which is
associated with increased erosion. After forming immune complexes with their cognate
antigens, IgG autoantibodies can bind to the FcγRs present on immune cells and thus
regulate various processes involved in the immune response24, 25 . In addition, FcγRs
are expressed on the surface of osteoclasts and can directly regulate their function26.
Numerous preclinical and clinical studies suggest the involvement of FcγRs in the
regulation of inflammation and bone erosion in RA 27. However, the differential role of
the various FcγRs and the mechanism through which they regulate these processes is
not yet completely understood.
In chapter 5 we deepened our knowledge on the role of FcγRs in the regulation of
inflammation and bone erosion by studying an immune-complex-mediated model of
arthritis AIA in FcγRI,II,III,IV-/- and in FcγRI,II,III-/-mice.
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We observed decreased bone erosion in mice that lack all FcγRs. This was not the
result of different numbers of osteoclast precursors in the bone marrow or of mature
osteoclasts in the arthritic environment, but rather a result of a decreased inflammation.
Particularly the number of infiltrated neutrophils was decreased. These findings
underline the importance of FcγRs in inflammation-driven joint destruction during RA.
Interestingly, when we compared the development of arthritis between FcγRI,II,III-/- mice
and their WT controls we found that in contrast to FcγRI,II,III,IV-/- mice, FcγRI,II,III-/- mice have
increased bone erosion, inflammation, and numbers of neutrophils, suggesting a crucial
role for FcγRIV in inducing joint pathology by the recruitment of neutrophils. Other data
present in literature indeed support the importance of FcγRIV in experimental arthritis.
The observation that 35–40% of FcγRI,II,III−/− mice developed CIA, whereas γ-chain−/−/
FcγRIIb−/−mice that also lack functional FcγRIV were protected from disease
development further support this idea28. Moreover, FcγRIV−/− mice showed a reduction
in the inflammation and in bone erosion in K/BxN model29, whereas blocking of FcγRIV
in mice lacking all FcγRs except FcγRIV prevents from development of arthritis30.
Although FcγRIV is not present in humans, a polymorphism in the human functional
ortholog FcγRIIIA, resulting in an increased affinity for IgG1 and IgG3 antibodies, has
been associated with an increased susceptibility to RA development31-33 . Because of
the revealed importance of the FcγRIV in murine arthritis model it would be worth to
investigate in more detail the function of FcγRIIIA in the human pathology.
In the light of their crucial involvement in RA pathology, therapeutic targeting of the
FcγRs may be a promising therapeutic alternative to modulate inflammation or to
directly target IC-induced osteoclast activity in patients with seropositive arthritis that
do not respond to the current available treatments. Various therapeutic strategies
have been suggested to target FcγRs in various autoimmune diseases, which include
the blocking of one specific activating receptor via administration of blocking
antibodies or small molecules, the blocking of IC-binding to inflammatory cells via
administration of soluble FcγRs or the facilitation of FcγRIIb function 34-38.
However, the identification of an efficient therapeutic strategy is complicated by the
complexity and redundancy of the FcγR-system and by the existence of differences
between murine and human FcγR-systems34. The use of the developed transgenic and
humanized animals for FcγRs might help in overcoming this issue 39, 40. Moreover, a
better understanding of the specific function of each FcγR might help in the identification
of the preferable FcγR to be targeted. Alternatively, a promising therapeutic strategy
might be the modulation of the FcγR-downstream pathway with small molecules such
as inhibitors for spleen tyrosine kinase (Syk) or Bruton tyrosine kinase (Btk) 41-44.
On the other hand, FcγRs can be used for targeted drug delivery. Targeting of FcγRIexpressing inflammatory macrophages with an anti-FcγRI antibody conjugated with a
toxin was able to reduce pro-inflammatory cytokine production in synovial fluid
mononuclear cells and in synovial tissue explants from RA patients, and to ameliorate
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arthritis in human FcγRI transgenic rats45-47. A similar therapeutic strategy might be
hypothesized for other FcγRs, even though the broad expression of some receptors on
multiple types of immune cells might impair the specificity of the treatment.
Next to their individual involvement, ICs- FcγRs and S100A8/A9 might additionally act
in a synergistic manner to fuel bone erosion in seropositive RA where they are both
present in high levels.
The interplay between ICs and TLR4-ligands has already been described for long in the
context of infectious diseases, during which IgG-opsonised pathogens can activate
both FcγRs and pattern recognition receptors (PRRs), among which TLR4 48 49. It is
likely that during seropositive RA a similar interplay takes place. In this context ICs
would function as activators of FcγRs while damage-associated molecular patterns
like S100A8/A9 as activators of TLR4. Multiple can be the levels of interaction of these
two molecules. As a first level of interaction, ICs and S100A8/A9 can influence each
other’s expression and production. Secondly, acting on the same cell, they can
possibly potentiate each other’s molecular signalling pathways either at the receptor
level or at the level of shared signalling molecules among which Syk kinases, BTK and
MAPK pathway molecules. A synergy of FcγRs and TLR4 on the same cell has been
shown for various myeloid cells50-55 . In this regard, taking the possible cross-talk
between ICs-FcγRs and S100A8/A9 into account, the targeting of S100A8/A9 might be
a good alternative therapeutic strategy to indirectly target the ICs-FcγRs system56.

LDL/oxLDL in the regulation of bone erosion in RA
RA is often associated with dyslipidaemia, metabolic syndrome and cardiovascular
diseases, all conditions often linked to high LDL levels57-61. However, the effect of high
LDL on inflammation and bone erosion in RA is not yet clarified.
In chapter 6, we investigated the effect of high LDL levels on bone erosion in
experimental arthritis AIA. We induced AIA in knee joints of hypercholesterolemic
apolipoprotein E (Apoe)-/- mice and WT mice and compared inflammation and bone
erosion with that occurring in WT mice.
We found that Apoe-/- mice had reduced bone destruction and fewer osteoclasts in the
knee joints after local induction of AIA whereas no decrease in the percentage of
precursors or in the TRAP positive area was found inside the bone marrow of arthritic
mice or in naïve mice, suggesting that not high LDL per se but rather the combination
of the high LDL levels and joint inflammation is responsible for the reduction of
osteoclast differentiation. In the inflamed synovium, the extravasated LDL can be
oxidized by ROS produced by the inflammatory cells. In line with our hypothesis, oxLDL
but not LDL reduces the differentiation and the activity of RANKL-primed pre-osteoclasts and of mature osteoclasts in vitro. Moreover, our data suggest that the effect of
oxLDL on RANKL-primed osteoclasts might run via an inhibition of the Immunoreceptor
tyrosine-based activation motif (ITAM) co-stimulatory signalling pathway.
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LDL has been suggested as an independent risk factor for radiographic progression in
RA, possibly suggesting that its lowering might prevent development or progression of
the pathology62. However, clinical studies showed contradictory results of the use of
cholesterol-lowering therapies with statins on RA development or progression. While
in some studies statins protected from RA development or progression, in others they
increased the risk for RA development63-65 . Moreover, it was found that mice had
accelerated onset of CIA when treated with statins66. In this regard, our study would
support the idea that lowering of LDL levels may promote bone destruction locally
within the inflamed joint reducing the inhibitory effect of oxLDL on osteoclasts.
However, the final effect of cholesterol lowering therapies on bone erosion in patients
with RA is still not clear.

Hoxb8-derived osteoclasts: model to investigate osteoclast biology
and therapeutic strategies
Numerous in vitro experiments on murine osteoclasts are performed with primary
bone marrow or spleen-derived osteoclasts, involving large numbers of donor animals
and time-consuming isolation procedures. In chapter 7, we have described a method
to produce functional osteoclasts from the immortalized murine cell line ER-Hoxb8
and showed that these precursors can be genetically modified with clustered regularly
interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9)
technology and used to obtain genetically modified osteoclasts. In our current study
(chapter 7) we have successfully generated transcription factor nuclear factor of
activated T cells c1 (Nfatc1)-/- and dendritic cell specific transmembrane protein
(Dcstamp)-/- ER-Hoxb8 cells that lack the ability to differentiate into osteoclasts or to
fuse into multinucleated osteoclasts, as expected according to the function of NFATc1
and DC-STAMP. However, this method allows to study the function of potentially every
gene in osteoclast differentiation and function in vitro. CRISPR libraries of guide RNA
are nowadays available and can be used in our model to identify new important genes
in osteoclasts biology.
Recently, other groups have generated ER-Hoxb8 from bone marrow cells from mice
constitutively expressing Cas9, which would even further facilitate the generation of
genetically modified cells67-69. These cells have been successfully differentiated into
macrophages that retain the characteristics of primary bone marrow macrophages but
could possibly also be used for the generation of genetically modified osteoclasts.
In relation to the results described in this thesis, this cell line can be used to study the
function of S100A8/A9, FcγRs and LDL in osteoclast biology and test the effect of
possible therapeutic treatments directly on osteoclasts.
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Concluding remarks
In this thesis we have deepened our knowledge of S100A8/A9, FcγRs and LDL/ox-LDL
in inflammation and bone erosion in RA. We show that S100A8/A9 is a good serum and
local biomarker for inflammation and damage and a good target for molecular imaging
in a model of seronegative arthritis. However, its functional role in promotion of
inflammation and bone erosion might have a different relative importance compared
to other pro-inflammatory factors in various arthritis models and possibly also in
various subgroups of patients. Therapeutically targeting S100A8/A9 might therefore
be a good alternative for patients that do not respond to currently available anti-proinflammatory cytokine treatment options. We have confirmed the crucial involvement
of FcγRs in the regulation of inflammation-induced bone erosion and especially shed
new light on the important role of FcγRIV, the murine ortholog of the human FcγRIIIA.
Although the direct targeting of FcγRs might be complicated, further research can be
useful to increase our knowledge of these promising therapeutic target. Moreover,
because a crosstalk might exist between S100A8/A9-TLR4 and ICs-FcγRs, targeting of
S100A8/A9 might offer a good alternative to target FcγRs with a less complicated
strategy.
In addition, we found that LDL/oxLDL reduced bone erosion by lowering differentiation
and activity of osteoclasts. This should be taken into consideration when RA patients
are treated with cholesterol-lowering therapies. Lastly, the development of a new in
vitro osteoclast model using ER-Hoxb8 is a valuable tool to further investigate the
function of S100A8/A9, FcγRs and LDL in osteoclast biology.
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Popular summary
Rheumatoid arthritis
Rheumatoid arthritis (RA) is a very common joint disease. Patients with RA suffer of
swelling, pain and limitation of the movement of their joints. Activation of the immune
system is very clearly present during RA. Under normal conditions, the immune system
defends the body from invading pathogens, such as bacteria and viruses, and cleans
up the remains of dead cells. However, during so-called autoimmune diseases, the
immune system is deregulated and starts to react against the cells and the structures
of our own body. RA is considered such an autoimmune disease. The exact cause of RA
is not known, although it is known that both genes and factors from the environment
contribute to its development.
In healthy individuals, the inner side of the tissue that lines the joint cavity is covered
by a thin layer of cells that nourishes the other tissues of the joint and produces a
lubricant that helps with smooth movement. In patients with RA, the autoimmune
reaction causes a strong inflammation in this so-called synovial tissue and during
the process a lot of inflammatory cells enter this layer. Among these immune cells are
monocytes, neutrophils, macrophages and lymphocytes. Each of these cell type has
different functions in the inflammation. They all release factors that further stimulate
the inflammatory reaction and, in this manner, they establish a vicious loop leading to
chronic inflammation. In the end, the persistent inflammation leads to the destruction
of other tissues that are present in the joint, such as the bone and the cartilage layers
that cover ends of the bones.
One of the central hallmarks of RA is the excessive erosion of the bone tissue. Bone is
constantly renewed and remodelled to maintain its functionality. Two types of cells are
responsible for this constant bone remodelling process. Osteoblasts are the cells that
build new bone while osteoclasts are the cells that break down the bone. Normally,
these two processes are in balance to avoid too much bone formation or too much
breakdown. However, during RA the balance between these processes is lost. Various
inflammatory factors that are produced by the immune cells in the synovium strongly
activate the osteoclasts, which leads to too much bone breakdown and thus to bone
erosion.
Even though various existing therapies have greatly improved the management of RA,
many patients still do not respond to the currently available treatments. A better
understanding of the inflammatory process and of how inflammation results in more
bone erosion in RA could help with the development of new therapies. In this thesis,
we describe the outcome of various experiments performed to better understand
this inflammation and how that influenced the development and activity of the boneresorbing osteoclasts.
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S100A8/A9 in the regulation of inflammation and bone erosion in RA
S100A8/A9 is a factor produced by the cells of the immune system and belongs to the
family of alarmins. As the result of inflammation or tissue damage, S100A8/A9 is
released by the immune cells and, as the name alarmin suggests, alarms the immune
system to stimulate inflammation. S100A8/A9 is increased in the serum and in the
joints of RA patients and it is likely involved in the development of RA. In chapter 2, 3
and 4 we have further explored the function of S100A8/A9 in RA.
In chapter 2 we investigated the association between the amount of S100A8/A9 and
RA severity and progression of the disease. For this study we made use of a murine
model of arthritis. More specifically, we used mice that do not have a factor that acts
as a natural brake on the inflammation, called IL1 receptor antagonist. IL1 receptor
antagonist counteracts the activity of IL1, which is a factor that strongly promotes
inflammation. In its absence the IL1-mediated inflammatory reaction is not controlled
leading to a lot of inflammation and damage in the ankle joints of mice, which resemble
human pathology.
We found that the mice without IL1 receptor antagonist had more S100A8/A9 in their
serum, which was associated with more inflammation and bone erosion in the joints.
Moreover, we found that higher serum levels of S100A8/A9 early on were associated
with a more severe disease outcome at a later stage. These results suggest that the
measurement of serum levels of S100A8/A9 can be used to monitor the disease
severity and to predict the disease progression in this arthritis model. Additionally, we
have optimized a technique to directly visualize S100A8/A9 in the joints. We have used
an antibody with a fluorescent label attached that specifically binds to S100A8/A9.
When this antibody is injected in the mice it will travel to the joint via the blood and
there only bind to S100A8/A9. The amount of signal of the fluorescent molecule that
can be measured outside the body is a measure of how much S100A8/A9 is present.
This method would possibly allow to visualize inflammation in the joints before strong
aggressive arthritis is present.
After showing that the concentration of S100A8/A9 in the serum and in the joints of IL1
receptor antagonist deficient mice are associated with pathology, in chapter 3 we
investigated whether this S100A8/A9 was not only a marker of the disease, but whether
it was also actively involved in the development of the disease in this mouse model of
RA. We generated mice that in addition to IL1 receptor antagonist also lack S100A8/A9
and we have investigated whether they developed increased or decreased arthritis
compared to the mice in which S100A8/A9 was still present. The absence of S100A8/
A9 did not lead to amelioration of the pathology. Inflammation and bone erosion in the
joints of mice deficient for IL1 receptor antagonist and S100A8/A9 were comparable to
the ones of mice deficient only for IL1 receptor antagonist, suggesting that S100A8/A9
is not essential for the development of arthritis in this experimental arthritis model.
However, in other models of RA, S100A8/A9 was important. This shows that S100A8/
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A9 is important in some, but not all models. The same might hold true for RA patients.
In some patients, S100A8/A9 might be important, whereas is other patients it does not
play a clear role in the disease development. Understanding the relative importance of
S100A8/A9 might help in choosing the better treatment option for a patient.
There is a lot of proof that S100A8/A9 can regulate the function of immune cells and as
such influences the amount of inflammation-stimulating and inflammation-dampening
factors that can modulate the function of osteoclast and bone erosion. Additionally,
S100A8/A9 might have a direct effect on osteoclasts. Osteoclasts originate from
precursor cells under the influence of two main differentiation factors called RANKL
and MCSF. These two factors that bind to sensors, so-called receptors, on the outside
of the precursors give the cells the signal to differentiate into osteoclasts. Next to these
main factors, pro-inflammatory factors produced by immune cells can further influence
their differentiation. How S100A8/A9 influenced the differentiation osteoclasts was
not yet known and it has been the object of the research presented in chapter 4. In this
study we have differentiated osteoclast precursors into osteoclasts in the presence or
absence of S100A8/A9. We found that S100A8/A9 inhibited the differentiation this
process and resulted in less resorption by the differentiated cells. As a mechanism that
could explain these results, we found that S100A8/A9 strongly decreased the amount
of the receptor for RANKL on the cells. When less of these receptors are present, the
precursors will have less differentiation signal and consequently differentiate less. So,
whereas in this chapter we showed that S100A8/A9 inhibits the differentiation of
precursors towards osteoclasts, it is known that S100A8/A9 instead stimulates the
activity of osteoclasts that were already differentiated. This shows that the timing of
exposure of cells to S100A8/A9 is very important for the activity of osteoclasts.
However, further investigations are needed to elucidate the final net effect of S100A8/
A9 on osteoclast differentiation in the organism during RA.

Fc gamma receptors (FcγRs) in the regulation of inflammation and
bone erosion in RA
Part of the RA patients have antibodies in their blood that can recognize and bind
molecules of their own body (called autoantibodies). These RA patients with
autoantibodies develop more severe bone erosion compared to the patients without.
Antibodies can regulate the function of immune cells by binding to specific sensors
present on the cell surface which are called Fc gamma receptors (FcγRs). Normally,
these FcγRs help the immune system in fighting against pathogens like bacteria.
However, in RA patients autoantibodies bind to the FcγRs and in this way stimulate
inflammation.
In Chapter 5 we have deepened our knowledge of the function of the FcγRs in the
regulation of inflammation and bone erosion in experimental arthritis. For this study
we have used mice that lack all FcγRs (FcγR I,II,III and IV) and control mice without the
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genetic mutation. We have induced arthritis in the knees of these mice and compared
the pathology between the two groups. We have observed that mice without all FcγRs
have less inflammation and less bone erosion in their knee joints compared to control
mice. The decrease in bone erosion was the result of fewer immune cells present in the
joint. In particularly, we observed that mice without all FcγRs had decrease in a specific
type of immune cells, the neutrophils. It is known that neutrophils produce a lot of the
alarmin S100A8/A9, which has been described to induce the activity of mature
osteoclasts. In line with this, we found that the number of neutrophils and of the
S100A8/A9 expressing cells present in the joint, were strongly associated with the
severity of bone erosion in the mice of our study. Next, we aimed to specifically study
the role of FcγRIV in this process. Therefore, we compared inflammation between mice
that lack FcγRI,II,III, but who do have FcγRIV and control mice. In contrast to the mice
that lack all FcγRs, FcγRI,II,III deficient mice developed stronger inflammation and
showed to have increased numbers of neutrophils in their joints compared to control
mice, highlighting the crucial role of FcγRIV in arthritis.
These results confirmed the crucial role of FcγRs in the inflammation-induced bone
erosion in experimental arthritis and show that FcγRIV is very important in this process.
Humans do not have FcγRIV, but they do have a very similar sensor, FcγRIIIA. Clinical
data suggest that this FcγR can have an important role in human RA as well.

LDL/oxLDL in the regulation of bone erosion in RA
Low density lipoproteins (LDL) are particles that are responsible for the transport of
cholesterol around the body. LDL is crucial for a good function of the organism.
However, too high blood levels of LDL are associated with increased risk for
cardiovascular diseases. RA is often linked with alterations in the fat metabolism and
with cardiovascular diseases. However, the role of LDL in inflammation and bone
erosion in RA is not clear. Strikingly, the blood levels of LDL appear to be lower in RA
patients compared to the general population and to increase to normal levels after an
efficient anti-rheumatic treatment.
In chapter 6, we investigated the effect of high LDL levels on bone erosion in
experimental arthritis. In our study we have induced arthritis in the knee joints of mice
that due to a genetic modification (lack of APOE) have increased cholesterol in their
blood (hypercholesterolemia). When we compared the development of joint damage
with the control mice that do have APOE and normal cholesterol levels, we found that
hypercholesterolemic mice had decreased inflammation and decreased bone erosion
in their knee joints. The decreased bone erosion was associated with a decrease in the
number of osteoclasts present in the arthritic joints. Interestingly, no differences were
observed in the number of osteoclasts present in other locations of the body where
arthritis was not present. When LDL enters the inflamed arthritic joint, the inflammatory
factors produced by the immune cells induce its modification. LDL in this way is
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transformed into oxidized LDL (oxLDL), which has different properties compared to the
not oxidized form. Since the differences in osteoclast numbers were present only in the
inflamed synovium, we think that the oxLDL, generated during inflammation, rather
than the not oxidized form was the responsible for the decreased osteoclast formation.
In line with this, oxLDL but not LDL reduces the differentiation and the activity of
osteoclasts cultured in the laboratory.

Hoxb8-derived osteoclasts: a model to investigate osteoclast biology
and therapeutic strategies
Numerous experiments on murine osteoclasts are nowadays performed with osteoclasts
that are generated from precursors obtained from the bone marrow or spleens of mice,
requiring the use of large numbers of donor animals and time-consuming isolation
procedures.
In chapter 7, we have described a method to produce functional osteoclasts from the
immortalized murine cell line ER-Hoxb8. This cell line can be generated from the bone
marrow of one mouse and thanks to an introduced genetic modification can be
multiplied and maintained in the laboratory for a prolonged time.
We have shown that the osteoclasts generated from this cell line are very similar to the
features of the bone marrow-generated osteoclasts and are functional in resorption.
Additionally, this new model for osteoclasts can be easily modified with a new genome
editing technology called clustered regularly interspaced short palindromic repeats/
CRISPR associated protein 9 (CRISPR/Cas9). With this approach specific genes can be
inactivated in this cell line to study their function. With this method, we have generated
cells that lack two genes crucial for osteoclast differentiation and confirmed that this
worked by showing impaired osteoclasts differentiation. This method allows to
potentially generate an unlimited number of osteoclasts and to study the function of
potentially every gene in osteoclast differentiation and function.

Conclusions
In conclusion in this thesis we have deepened our knowledge of the role of S100A8/A9
and FcγRs in inflammation and bone erosion in RA. The gained knowledge can help in
development of new therapies for the patients that do not respond to current available
treatments.
In addition, we found that LDL/oxLDL reduced bone erosion. This should be taken into
consideration when RA patients are treated with cholesterol- lowering therapies to
lower their cholesterol levels. Lastly, we have developed a new method to generate
osteoclast which will allow to investigate osteoclast biology.
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Reumatoïde artritis
Reumatoïde artritis (RA) is een veel voorkomende gewrichtsziekte. Patiënten met RA
hebben last van zwelling, pijn en beperking van de beweging van hun gewrichten. Activatie
van het immuunsysteem is duidelijk aanwezig tijdens RA. Onder normale omstandigheden
verdedigt het immuunsysteem het lichaam tegen binnendringende ziekteverwekkers, zoals
bacteriën en virussen, en ruimt het de resten van dode cellen op. Tijdens zogenaamde autoimmuunziekten is het immuunsysteem echter gedereguleerd en begint het te reageren
tegen de cellen en de structuren van ons eigen lichaam. RA is een voorbeeld van een
dergelijke auto-immuunziekte. De exacte oorzaak van RA is niet bekend, hoewel we weten
dat zowel genen als factoren uit de omgeving bijdragen aan de ontwikkeling ervan.
Bij gezonde personen is de binnenkant van het weefsel dat de gewrichtsholte bekleedt
bedekt met een dunne laag cellen die de andere weefsels van het gewricht voedt en
een soort smeermiddel produceert dat helpt bij een soepele beweging. Bij patiënten
met RA veroorzaakt de auto-immuunreactie een sterke ontsteking in dit zogenaamde
synoviale weefsel en tijdens deze ontsteking komen veel ontstekingscellen het synoviale
weefsel binnen. Onder deze immuuncellen bevinden zich monocyten, neutrofielen,
macrofagen en lymfocyten. Elk van deze celtypen heeft een andere functie in de ontsteking.
Ze geven echter allemaal factoren af die de ontstekingsreactie verder stimuleren en
op deze manier vestigen ze een vicieuze cirkel die leidt tot chronische ontsteking.
Uiteindelijk leidt de aanhoudende ontsteking tot de afbraak van andere weefsels die
aanwezig zijn in het gewricht, zoals het bot en de kraakbeenlagen die uiteinden van de
botten bedekken.
Een van de centrale kenmerken van RA is de overmatige erosie van het botweefsel.
Bot wordt voortdurend vernieuwd en opgebouwd om de functionaliteit te behouden.
Twee soorten cellen zijn verantwoordelijk voor dit constante bothervormingsproces.
Osteoblasten zijn de cellen die nieuw bot opbouwen, terwijl osteoclasten de cellen zijn
die het bot afbreken. Normaal gesproken zijn deze twee processen in balans om te
veel botvorming of te veel afbraak te voorkomen. Tijdens RA gaat de balans tussen
deze processen echter verloren. Verschillende ontstekingsfactoren die door de
immuuncellen in het synovium worden geproduceerd activeren de osteoclasten sterk,
wat leidt tot te veel botafbraak en dus tot boterosie.
Hoewel verschillende bestaande therapieën het leven met RA sterk hebben verbeterd,
reageren veel patiënten nog steeds niet op de momenteel beschikbare behandelingen.
Een beter begrip van het ontstekingsproces en van hoe ontsteking resulteert in meer
boterosie bij RA kan helpen bij de ontwikkeling van nieuwe therapieën. In dit proefschrift
beschrijven we de resultaten van verschillende uitgevoerde experimenten om deze
ontsteking beter te begrijpen en hoe die de ontwikkeling en activiteit van de botresorberende osteoclasten kan beïnvloeden.
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S100A8/A9 bij de regulatie van ontsteking en boterosie tijdens RA
S100A8/A9 is een factor die wordt geproduceerd door de cellen van het immuunsysteem en
behoort tot de familie van alarmines. Als gevolg van ontsteking of weefselbeschadiging,
wordt S100A8/A9 afgegeven door de immuuncellen en, zoals de naam alarmine
suggereert, alarmeert deze factor het immuunsysteem om ontsteking te stimuleren.
S100A8/A9 is verhoogd in het serum en in de gewrichten van RA-patiënten en is
waarschijnlijk betrokken bij de ontwikkeling van RA. In hoofdstuk 2, 3 en 4 hebben we
de functie van S100A8/A9 in RA verder onderzocht.
In hoofdstuk 2 hebben we de associatie onderzocht tussen de hoeveelheid S100A8/
A9 en de ernst van RA en progressie van de ziekte. Voor deze studie hebben we gebruik
gemaakt van een muizenmodel van artritis. Meer specifiek gebruikten we muizen die
geen factor hebben die werkt als een natuurlijke rem op de ontsteking, genaamd
IL1-receptorantagonist. IL1-receptorantagonist werkt de activiteit van IL1 tegen, een
factor die ontsteking sterk bevordert. Bij afwezigheid van de IL1-receptorantagonist
wordt de IL1-gemedieerde ontstekingsreactie niet gecontroleerd, wat leidt tot veel
ontsteking en schade in de enkelgewrichten van muizen, welke lijken op deze
ziektekenmerken in mensen.
We vonden dat de muizen zonder IL1-receptorantagonist meer S100A8/A9 in hun
serum hadden, wat geassocieerd was met meer ontsteking en boterosie in de
gewrichten. Bovendien vonden we dat hogere serumspiegels van S100A8/A9 in het
begin geassocieerd waren met een ernstiger ziekteverloop in een later stadium. Deze
resultaten suggereren dat de meting van serumspiegels van S100A8/A9 kan worden
gebruikt om de ernst van de ziekte te volgen en om de ziekteprogressie in dit
artritis-model te voorspellen. Bovendien hebben we een techniek geoptimaliseerd om
S100A8/A9 in de gewrichten direct zichtbaar te maken. We hebben een antilichaam
gebruikt met een fluorescerend label dat specifiek bindt aan S100A8/A9. Wanneer dit
antilichaam in de muizen wordt geïnjecteerd, reist het via het bloed naar het gewricht
en bindt zich daar alleen aan S100A8/A9. De hoeveelheid signaal van het fluorescente
molecuul die buiten het lichaam kan worden gemeten, is een maat voor hoeveel
S100A8/A9 aanwezig is. Deze methode maakt het mogelijk om ontstekingen in de
gewrichten te visualiseren voordat sterke agressieve artritis aanwezig is. Nadat we
hebben aangetoond dat de concentratie van S100A8/A9 in het serum en in de
gewrichten van IL1-receptorantagonisten-deficiënte muizen geassocieerd zijn met
pathologie, hebben we in hoofdstuk 3 onderzocht of deze S100A8/A9 niet alleen een
marker van de ziekte was, maar of het ook actief betrokken was bij de ontwikkeling
van de ziekte in dit muismodel van RA. We hebben muizen gegenereerd die naast de
IL1-receptorantagonist ook S100A8/A9 missen en we hebben onderzocht of ze verhoogde
of verlaagde artritis ontwikkelden in vergelijking met de muizen waarin S100A8/A9
nog aanwezig was. De afwezigheid van S100A8/A9 leidde niet tot verbetering van de
pathologie. Ontsteking en boterosie in de gewrichten van muizen met deficiëntie voor
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de IL1-receptorantagonist en S100A8/A9 waren vergelijkbaar met die met muizen met
deficiëntie alleen voor de IL1-receptorantagonist, wat suggereert dat S100A8/A9 niet
essentieel is voor de ontwikkeling van artritis in dit experimentele artritismodel. In
andere RA-modellen was S100A8/A9 echter wel belangrijk. Dit laat zien dat S100A8/
A9 belangrijk is in sommige, maar niet in alle modellen. Hetzelfde kan gelden voor
RA-patiënten. Bij sommige patiënten kan S100A8/A9 belangrijk zijn, terwijl dit bij
andere patiënten geen duidelijke rol speelt bij de ontwikkeling van de ziekte. Inzicht in
het relatieve belang van S100A8/A9 kan helpen bij het kiezen van de betere behandelingsoptie voor een patiënt.
Er is veel bewijs dat S100A8/A9 de functie van immuuncellen kan reguleren en als
zodanig de hoeveelheid ontstekingsstimulerende en ontstekingsremmende factoren
beïnvloedt die de functie van osteoclast en boterosie kunnen moduleren. Bovendien
kan S100A8/A9 een direct effect hebben op osteoclasten.
Osteoclasten zijn afkomstig van voorlopercellen onder invloed van twee hoofddifferentiatiefactoren, RANKL en MCSF genaamd. Deze twee factoren die binden aan
sensoren, zogenaamde receptoren, aan de buitenkant van de voorlopers en geven de
cellen het signaal om zich te differentiëren in osteoclasten. Naast deze hoofdfactoren
kunnen pro-inflammatoire factoren geproduceerd door immuuncellen hun differentiatie
verder beïnvloeden. Hoe S100A8/A9 de differentiatie van osteoclasten beïnvloedt,
was nog niet bekend en dit is het onderwerp geweest van het onderzoek gepresenteerd
in hoofdstuk 4. In deze studie hebben we osteoclastvoorlopers gedifferentieerd naar
osteoclasten in de aanwezigheid of afwezigheid van S100A8/A9. We vonden dat S100A8/
A9 de differentiatie van dit proces remde en resulteerde in minder resorptie door de
gedifferentieerde cellen. Als een mechanisme dat deze resultaten zou kunnen verklaren,
vonden we dat S100A8/A9 de hoeveelheid van de receptor voor RANKL op de cellen sterk
verminderde. Wanneer minder van deze receptoren aanwezig zijn, zullen de voorlopers
minder differentiatiesignaal hebben en derhalve minder differentiëren. Dus, terwijl we
in dit hoofdstuk hebben aangetoond dat S100A8/A9 de differentiatie van voorlopers
naar osteoclasten remt, is het bekend dat S100A8/A9 in plaats daarvan de activiteit
van osteoclasten stimuleert die al gedifferentieerd waren. Dit toont aan dat de timing
van blootstelling van cellen aan S100A8/A9 erg belangrijk is voor de activiteit van
osteoclasten. Verder onderzoek is echter nodig om het uiteindelijke netto-effect van
S100A8/A9 op de osteoclastdifferentiatie in het organisme tijdens RA op te helderen.

Fc gamma receptoren (FcγR’s) in de regulatie van ontsteking en
boterosie bij RA
Een deel van de RA-patiënten heeft antilichamen in hun bloed die moleculen van
hun eigen lichaam kunnen herkennen en binden (auto-antilichamen genoemd). Deze
RA-patiënten met auto-antilichamen ontwikkelen ernstigere boterosie in vergelijking
met de patiënten die ze niet hebben. Antilichamen kunnen de functie van immuuncellen
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reguleren door zich te binden aan specifieke sensoren op het celoppervlak die Fcgamma-receptoren (FcγR’s) worden genoemd. Normaal gesproken helpen deze FcγR’s
het immuunsysteem in de strijd tegen ziekteverwekkers zoals bacteriën. Bij RApatiënten binden auto-antilichamen zich echter aan de FcγR’s en stimuleren op deze
manier ontstekingen.
In hoofdstuk 5 hebben we onze kennis over de functie van de FcγR’s verdiept tijdens
de regulatie van ontsteking en boterosie bij experimentele artritis. Voor deze studie
hebben we muizen gebruikt die alle FcγR’s missen (FcγR I, II, III en IV) en controlemuizen
zonder de genetische mutatie. We hebben artritis in de knieën van deze muizen
geïnduceerd en de pathologie tussen de twee groepen vergeleken. We hebben
waargenomen dat muizen zonder alle FcγR’s minder ontsteking en minder boterosie in
hun kniegewrichten hebben in vergelijking met controlemuizen. De afname van
boterosie was het gevolg van minder immuuncellen in het gewricht. In het bijzonder
hebben we waargenomen dat muizen zonder alle FcγR’s een afname laten zien in een
specifiek type immuuncellen, de neutrofielen. Het is bekend dat neutrofielen veel van
het alarmine S100A8/A9 produceren, waarvan is beschreven dat het de activiteit van
volwassen osteoclasten induceert. In overeenstemming hiermee vonden we dat het
aantal neutrofielen en het aantal cellen die S100A8/A9 tot expressie brengen in het
gewricht sterk geassocieerd waren met de ernst van boterosie in de muizen van onze
studie. Vervolgens wilden we specifiek de rol van FcγRIV in dit proces bestuderen.
Daarom hebben we ontstekingen vergeleken tussen muizen die FcγRI, II, III missen,
maar die wel FcγRIV hebben, en controlemuizen. In tegenstelling tot de muizen die alle
FcγR’s missen, ontwikkelden FcγR II, III-deficiënte muizen een sterkere ontsteking en
bleken ze een groter aantal neutrofielen in hun gewrichten te hebben in vergelijking
met controlemuizen, wat de cruciale rol van FcγRIV in artritis benadrukte.
Deze resultaten bevestigden de cruciale rol van FcγR’s in de ontsteking-geïnduceerde
boterosie bij experimentele artritis en tonen aan dat FcγRIV in dit proces erg belangrijk
is. Mensen hebben geen FcγRIV, maar ze hebben wel een zeer vergelijkbare receptor,
FcγRIIIA. Klinische gegevens suggereren dat deze FcγR ook een belangrijke rol kan
spelen bij menselijke RA.

LDL/oxLDL in de regulatie van boterosie in RA
Low density lipoprotein (LDL) zijn deeltjes die verantwoordelijk zijn voor het transport
van cholesterol door het lichaam. LDL is cruciaal voor een goede functie van het
organisme. Te hoge LDL-bloedspiegels zijn echter geassocieerd met een verhoogd
risico op hart- en vaatziekten. RA wordt vaak in verband gebracht met veranderingen
in het vetmetabolisme en met hart- en vaatziekten. De rol van LDL bij ontsteking en
boterosie bij RA is echter niet duidelijk. Opvallend is dat de LDL-bloedwaarden bij
RA-patiënten lager zijn dan bij de algemene bevolking en na een efficiënte anti-reumatische
behandeling naar normale waarden stijgen.
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In hoofdstuk 6 hebben we het effect van hoge LDL-waarden op boterosie bij experimentele
artritis onderzocht. In onze studie hebben we artritis in de kniegewrichten van muizen
geïnduceerd die door een genetische modificatie (gebrek aan APOE) hoge cholesterolwaardes in hun bloed hebben (hypercholesterolemie). Toen we de ontwikkeling van
gewrichtsschade vergeleken met die van controlemuizen die wel APOE en normale
cholesterolwaarden hebben, ontdekten we dat hypercholesterolemische muizen een
verminderde ontsteking en verminderde boterosie in hun kniegewrichten hadden.
De verminderde boterosie ging gepaard met een afname van het aantal osteoclasten
in de aangedane gewrichten. Interessant is dat er geen verschillen werden waargenomen
in het aantal aanwezige osteoclasten op andere locaties van het lichaam waar geen
artritis aanwezig was. Wanneer LDL het ontstoken artritische gewricht binnentreedt,
veroorzaken de ontstekingsfactoren die door de immuuncellen worden geproduceerd
de modificatie ervan. LDL wordt op deze manier omgezet in geoxideerd LDL (oxLDL),
dat andere eigenschappen heeft dan de niet-geoxideerde vorm. Omdat de verschillen
in osteoclastaantallen alleen aanwezig waren in het ontstoken synovium, denken wij
dat het oxLDL, gegenereerd tijdens ontsteking, en niet de niet-geoxideerde vorm,
de oorzaak was van de verminderde osteoclastvorming. In overeenstemming hiermee
vermindert oxLDL maar niet LDL de differentiatie en de activiteit van in het laboratorium
gekweekte osteoclasten.

Hoxb8 afgeleide osteoclasten: een model om osteoclastbiologie
en therapeutische strategieën te onderzoeken
Talloze experimenten met osteoclasten van muizen worden tegenwoordig uitgevoerd
met osteoclasten die worden gegenereerd uit voorlopers verkregen uit het beenmerg
of milten van muizen, waarvoor het gebruik van grote aantallen donordieren en tijdrovende
isolatieprocedures vereist is.
In hoofdstuk 7 hebben we een methode beschreven om functionele osteoclasten te
produceren uit de geïmmortaliseerde muizencellijn ER-Hoxb8. Deze cellijn kan worden
gegenereerd uit het beenmerg van één muis en kan dankzij een geïntroduceerde genetische
modificatie worden vermenigvuldigd en langdurig in het laboratorium worden bewaard.
We hebben aangetoond dat de osteoclasten gegenereerd uit deze cellijn zeer
vergelijkbaar zijn met de kenmerken van de door beenmerg gegenereerde osteoclasten en functioneel zijn in resorptie. Bovendien kan dit nieuwe model voor
osteoclasten eenvoudig worden gemodificeerd met een nieuwe genoombewerkingstechnologie, clustered regularly interspaced short palindromic repeats/CRISPR
associated protein 9 (CRISPR/Cas9). Met deze benadering kunnen specifieke genen in
deze cellijn worden geïnactiveerd om hun functie te bestuderen. Met deze methode
hebben we cellen gegenereerd die twee genen missen die cruciaal zijn voor osteoclastdifferentiatie en bevestigden dat dit werkte doordat we verminderde osteoclastdifferentiatie vonden. Deze methode maakt het mogelijk om een onbeperkt aantal
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osteoclasten te genereren en de functie van potentieel elk gen in differentiatie en
functie van osteoclast te bestuderen.

Conclusies
Concluderend hebben we onze kennis over de rol van S100A8/A9 en FcγR’s bij
ontstekingen en boterosie bij RA verdiept. De opgedane kennis kan helpen bij de
ontwikkeling van nieuwe therapieën voor de patiënten die niet reageren op de huidige
beschikbare behandelingen.
Bovendien vonden we dat LDL/oxLDL boterosie verminderde. Hiermee moet rekening
worden gehouden wanneer RA-patiënten worden behandeld met cholesterolverlagende therapieën om hun cholesterolgehalte te verlagen. Ten slotte hebben we een
nieuwe methode ontwikkeld om osteoclast te genereren waarmee de biologie van
osteoclast kan worden onderzocht.
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Riassunto divulgativo
L’artrite reumatoide
L’artrite reumatoide (RA) è una malattia delle articolazioni molto comune. I pazienti
con AR soffrono di gonfiore, dolore e limitazione del movimento delle articolazioni.
Nell’AR è chiaramente presente una attivazione del sistema immunitario. In condizioni
normali, il sistema immunitario difende il corpo dall’invasione di agenti patogeni,
come batteri e virus, ed elimina i resti delle cellule morte. Tuttavia, durante le cosiddette
malattie autoimmuni, il sistema immunitario è fuori controllo ed inizia a reagire contro
le cellule e le strutture del nostro stesso corpo. L’AR è considerata una di queste
malattie autoimmuni. La causa esatta dell’AR non è nota, sebbene sia noto che sia
fattori genetici che ambientali contribuiscano al suo sviluppo.
In soggetti sani, il lato interno del tessuto che riveste la cavità articolare è ricoperto da
un sottile strato di cellule che nutre gli altri tessuti dell’articolazione e produce un
lubrificante che aiuta la fluidità del movimento. Nei pazienti con AR, la reazione
autoimmune provoca una forte infiammazione in questo cosiddetto tessuto sinoviale
nel quale durante il processo infiammatorio entrano molte cellule infiammatorie. Tra
queste cellule immunitarie vi sono monociti, neutrofili, macrofagi e linfociti. Ognuno di
questi tipi cellulari ha diverse funzioni nell’infiammazione. Tutte rilasciano fattori che
stimolano ulteriormente la reazione infiammatoria e, in questo modo, stabiliscono un
circolo vizioso che porta alla cronicità dell’infiammazione. L’infiammazione persistente
porta alla distruzione di altri tessuti presenti nell’articolazione, tra i quali il tessuto
osseo e gli strati cartilaginei che ricoprono le estremità delle ossa.
Uno dei tratti distintivi dell’AR è l’eccessiva erosione del tessuto osseo. L’osso viene
costantemente rinnovato e rimodellato per mantenere la sua funzionalità. Due sono i
tipi di cellule responsabili di questo costante processo di rimodellamento osseo. Gli
osteoblasti sono le cellule che costruiscono nuovo osso mentre gli osteoclasti sono le
cellule che lo distruggono. Normalmente, questi due processi sono in equilibrio per
evitare troppa formazione ossea o troppa distruzione. Tuttavia, durante l’AR l’equilibrio
tra questi processi viene perso. Vari fattori infiammatori che sono prodotti dalle cellule
immunitarie nella sinovia attivano fortemente gli osteoclasti, portando ad un eccessivo
riassorbimento dell’osso e quindi all’erosione ossea.
Sebbene varie terapie esistenti abbiano notevolmente migliorato il trattamento
dell’AR, molti pazienti non rispondono ancora alle terapie attualmente disponibili. Una
migliore comprensione del processo infiammatorio e di come l’infiammazione porti ad
una maggiore erosione ossea nell’AR potrebbe aiutare lo sviluppo di nuove terapie. In
questa tesi, descriviamo il risultato di vari esperimenti condotti per comprendere
meglio questa infiammazione e come questa possa influenzare il differenziamento e
l’attività degli osteoclasti che riassorbono il tessuto osseo.
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S100A8/A9 nella regolazione dell’infiammazione e dell’erosione
ossea nell’AR
S100A8/A9 è un fattore prodotto dalle cellule del sistema immunitario e appartiene
alla famiglia delle allarmine. Come risultato dell’infiammazione o del danno tissutale,
S100A8/A9 viene rilasciata dalle cellule immunitarie e, come suggerisce il nome
allarmine, allarma il sistema immunitario e stimola l’infiammazione. S100A8/A9 è
aumentata nel siero e nelle articolazioni dei pazienti con AR ed è probabilmente
coinvolta nello sviluppo dell’AR. Nel capitolo 2, 3 e 4 abbiamo esplorato ulteriormente
la funzione di S100A8/A9 nell’ AR.
Nel capitolo 2 abbiamo studiato l’associazione tra la quantità di S100A8/A9 e la
gravità dell’AR e la progressione della malattia. Per questo studio abbiamo utilizzato
un modello murino di artrite. Più nello specifico, abbiamo usato topi che non hanno un
fattore che agisce come freno naturale dell’infiammazione, chiamato antagonista del
recettore dell’IL1. L’antagonista del recettore dell’IL1 contrasta l’attività dell’IL1, fattore
che favorisce fortemente l’infiammazione. In sua assenza, la reazione infiammatoria
mediata dall’IL1 è fuori controllo e porta ad una forte infiammazione e danno nelle
articolazioni delle caviglie dei topi. Questa patologia è simile a quella umana.
Abbiamo scoperto che i topi senza l’antagonista del recettore dell’IL1 avevano livelli di
S100A8/A9 nel siero più elevati, che erano associati a più infiammazione ed erosione
ossea nelle articolazioni. Inoltre, abbiamo scoperto che livelli sierici più elevati di
S100A8/A9 all’inizio della patologia erano associati a un esito più grave della malattia
in una fase successiva. Questi risultati suggeriscono che la misurazione dei livelli
sierici di S100A8/A9 può essere utilizzata per monitorare la gravità della malattia e per
prevederne la progressione in questo modello di artrite. Inoltre, abbiamo messo a
punto una tecnica per visualizzare S100A8/A9 direttamente nelle articolazioni.
Abbiamo usato un anticorpo con un’etichetta fluorescente che si lega specificamente
a S100A8/A9. Quando questo anticorpo viene iniettato nei topi, si sposta verso l’articolazione attraverso la circolazione sanguigna e si lega solo a S100A8/A9. La quantità
di segnale della molecola fluorescente che può essere misurata all’esterno del corpo
sarà una misura della quantità di S100A8/A9 presente. Questo metodo consentirebbe
eventualmente di visualizzare l’infiammazione delle articolazioni prima che sia
presente una artrite aggressiva.
Dopo aver dimostrato che la concentrazione di S100A8/A9 nel siero e nelle articolazioni
dei topi deficienti per l’ antagonista del recettore dell’IL1 è associata a patologia, nel
capitolo 3 abbiamo studiato se S100A8/A9 non é solo un marker di malattia, ma se
fosse anche attivamente coinvolta nel suo sviluppo in questo modello murino di AR.
Abbiamo generato topi che oltre a non avere l’antagonista del recettore dell’IL1
mancano anche di S100A8/A9 e abbiamo studiato se sviluppano un’artrite più o meno
severa rispetto ai topi in cui era ancora presente S100A8/A9. L’assenza di S100A8/A9
non ha portato ad un miglioramento della patologia. L’infiammazione e l’erosione
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ossea nelle articolazioni dei topi deficienti di antagonista del recettore dell’IL1 e
S100A8/A9 erano paragonabili a quelle dei topi deficienti solo per l’antagonista del
recettore dell’IL1 , suggerendo che S100A8/A9 non è essenziale per lo sviluppo
dell’artrite in questo modello sperimentale. Tuttavia, in altri modelli di AR, S100A8/A9
era importante. Ciò dimostra che S100A8/A9 è importante in alcuni, ma non in tutti i
modelli. Lo stesso potrebbe valere per i pazienti con AR. In alcuni pazienti, S100A8/A9
potrebbe essere importante, mentre in altri pazienti non svolge un ruolo chiaro nello
sviluppo della malattia. Comprendere la relativa importanza di S100A8/A9 potrebbe
aiutare a scegliere l’opzione di trattamento migliore per ogni paziente.
Ci sono molte prove che S100A8/A9 può regolare la funzione delle cellule immunitarie
e come tale influenzare la quantità di fattori infiammatori che possono modulare la
funzione degli osteoclasti e l’erosione ossea. Inoltre, S100A8/A9 potrebbe avere un
effetto diretto sugli osteoclasti. Gli osteoclasti derivano da cellule precursori sotto
l’influenza di due principali fattori di differenziamento chiamati RANKL e MCSF. Questi
due fattori che si legano a sensori, cosiddetti recettori, all’esterno dei precursori
danno alle cellule il segnale di differenziarsi in osteoclasti. Accanto a questi fattori
principali, i fattori pro-infiammatori prodotti dalle cellule immunitarie possono
influenzare ulteriormente il loro differenziamento. Come S100A8/A9 possa influenzare
il differenziamento degli osteoclasti non era ancora noto ed è stato l’oggetto della
ricerca presentata nel capitolo 4. In questo studio abbiamo differenziato i precursori
degli osteoclasti in osteoclasti in presenza o assenza di S100A8/A9. Abbiamo scoperto
che S100A8/A9 inibisce il differenziamento di questo processo portando ad un minor
riassorbimento da parte delle cellule differenziate. Come meccanismo che potrebbe
spiegare questi risultati, abbiamo scoperto che S100A8/A9 riduce fortemente la
quantità di recettore per RANKL sulle cellule. Quando sono presenti meno recettori, i
precursori avranno un segnale di differenziamento minore e di conseguenza differenzieranno di meno. Mentre in questo capitolo abbiamo dimostrato che S100A8/A9
inibisce il differenziamento dei precursori in osteoclasti, è noto che S100A8/A9 stimola
invece l’attività degli osteoclasti che erano già differenziati. Ciò dimostra che la
tempistica di esposizione delle cellule a S100A8/A9 è molto importante per determinare
il suo effetto sull’attività degli osteoclasti. Tuttavia, sono necessarie ulteriori indagini
per chiarire l’effetto netto finale di S100A8/A9 sul differenziamento degli osteoclasti
nell’organismo durante l’AR.

Gli Fc gamma recettori (FcγRs) nella regolazione dell’infiammazione
e dell’erosione ossea nell’AR
Una parte dei pazienti con AR ha nel proprio sangue anticorpi in grado di riconoscere
e legare le molecole del proprio corpo (chiamate autoanticorpi). Questi pazienti con
autoanticorpi sviluppano un’erosione ossea più grave rispetto ai pazienti senza. Gli
anticorpi possono regolare la funzione delle cellule immunitarie legandosi a specifici
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sensori presenti sulla superficie cellulare che sono chiamati Fc gamma recettori
(FcγRs). Normalmente, questi FcγRs aiutano il sistema immunitario nella lotta contro
agenti patogeni come i batteri. Tuttavia, nei pazienti con AR gli autoanticorpi si legano
agli FcγRs e in questo modo stimolano l’infiammazione.
Nel capitolo 5 abbiamo approfondito la nostra conoscenza della funzione degli FcγRs
nella regolazione dell’infiammazione e dell’erosione ossea nell’artrite sperimentale.
Per questo studio abbiamo usato topi privi di tutti gli FcγRs (FcγR I, II, III e IV) e topi
controllo senza la mutazione genetica. Abbiamo indotto l’artrite nelle ginocchia di
questi topi e confrontato la patologia tra i due gruppi. Abbiamo osservato che i topi
senza tutti gli FcγRs hanno meno infiammazione e meno erosione ossea nelle
articolazioni del ginocchio rispetto ai topi controllo. La diminuzione dell’erosione
ossea è il risultato di un minor numero di cellule immunitarie presenti nell’articolazione.
In particolare, abbiamo osservato che i topi senza tutti gli FcγRs avevano una
diminuzione in un tipo specifico di cellule immunitarie, i neutrofili. È noto che i neutrofili
producono molta allarmina S100A8/A9, che è stata descritta come fattore inducente
l’attività degli osteoclasti maturi. In linea con questa affermazione, abbiamo scoperto
che il numero di neutrofili e delle cellule che esprimono S100A8/A9 presenti nell’articolazione erano fortemente associati alla gravità dell’erosione ossea nei topi del
nostro studio. Successivamente, abbiamo mirato a studiare in modo specifico il ruolo
di FcγRIV in questo processo. Pertanto, abbiamo confrontato l’infiammazione tra topi
che mancano di FcγRI, II, III, ma che hanno FcγRIV e topi controllo. Contrariamente ai
topi che mancano di tutti gli FcγRs, i topi che mancano di FcγRI, II, III hanno sviluppato
un’infiammazione più forte e hanno mostrato di avere un numero maggiore di neutrofili
nelle articolazioni rispetto ai topi controllo, evidenziando il ruolo cruciale di FcγRIV
nell’artrite.
Questi risultati hanno confermato il ruolo cruciale degli FcγRs nell’erosione ossea
indotta dall’infiammazione nell’artrite sperimentale e hanno mostrano che FcγRIV è
molto importante in questo processo. L’uomo non ha l’ FcγRIV, ma ha un sensore molto
simile, FcγRIIIA. I dati clinici suggeriscono che questo FcγR può avere un ruolo
importante anche nell’AR umana.

LDL/oxLDL nella regolazione dell’erosione ossea nell’AR
Le lipoproteine a bassa densità (LDL) sono particelle responsabili del trasporto del
colesterolo nel corpo. L’LDL è cruciale per una buona funzionalità dell’organismo.
Tuttavia, livelli ematici troppo elevati di LDL sono associati ad un aumentato rischio di
malattie cardiovascolari. L’AR è spesso collegata ad alterazioni del metabolismo dei
grassi e a malattie cardiovascolari. Tuttavia, il ruolo dell’LDL nell’infiammazione e
nell’erosione ossea nell’AR non è chiaro. Sorprendentemente, i livelli ematici di LDL
sembrano essere più bassi nei pazienti con AR rispetto alla popolazione generale e
aumentano a livelli normali dopo un efficace trattamento antireumatico.
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Nel capitolo 6, abbiamo studiato l’effetto di alti livelli di LDL sull’erosione ossea
nell’artrite sperimentale. Nel nostro studio abbiamo indotto l’artrite nelle articolazioni
del ginocchio di topi che a causa di una modificazione genetica (mancanza di APOE)
hanno aumentato il colesterolo nel sangue (ipercolesterolemia). Quando abbiamo
confrontato lo sviluppo del danno articolare con quello nei topi controllo che hanno
APOE e livelli normali di colesterolo, abbiamo scoperto che i topi ipercolesterolemici
avevano una ridotta infiammazione e una riduzione dell’erosione ossea nelle articolazioni
del ginocchio. La riduzione dell’erosione ossea era associata a una diminuzione del
numero di osteoclasti presenti nelle articolazioni con l’artrite. È interessante notare che
non sono state osservate differenze nel numero di osteoclasti presenti in altre parti del
corpo in cui l’artrite non era presente. Quando l’LDL entra nell’articolazione artritica
infiammata, i fattori infiammatori prodotti dalle cellule immunitarie ne inducono la
modificazione. In questo modo l’LDL si trasforma in LDL ossidato (oxLDL), che ha
proprietà diverse rispetto alla forma non ossidata. Poiché le differenze nei numeri di
osteoclasti erano presenti solo nell’articolazione infiammata, pensiamo che l’oxLDL,
generato durante l’infiammazione, piuttosto che la forma non ossidata fosse responsabile
della riduzione della formazione di osteoclasti. In linea con questa idea, l’oxLDL ma non
l’LDL riduce il differenziamento e l’attività degli osteoclasti coltivati in laboratorio.

Osteoclasti derivati dalle cellule Hoxb8: un modello per studiare
la biologia degli osteoclasti e le strategie terapeutiche
Numerosi esperimenti sugli osteoclasti murini sono oggi eseguiti con osteoclasti che
sono generati da precursori ottenuti dal midollo osseo o dalla milza di topi, richiedendo
l’uso di un elevato numero di animali e lunghe procedure di isolamento.
Nel capitolo 7, abbiamo descritto un metodo per produrre osteoclasti funzionali dalla
linea cellulare murina immortalizzata ER-Hoxb8. Questa linea cellulare può essere
generata dal midollo osseo di un topo e grazie all’introduzione di una modificazione
genetica può essere moltiplicata e mantenuta in laboratorio per un tempo prolungato.
Abbiamo dimostrato che gli osteoclasti generati da questa linea cellulare hanno
caratteristiche molto simili a quelle degli osteoclasti generati dal midollo osseo e sono
funzionali nel riassorbimento. Inoltre, questo nuovo modello per la generazione di
osteoclasti può essere facilmente modificato con una nuova tecnologia di editing del
genoma chiamata clustered regularly interspaced short palindromic repeats/CRISPR
associated protein 9 (CRISPR/Cas9). Con questo approccio specifici geni possono
essere inattivati in questa linea cellulare per studiarne la funzione. Con questo metodo,
abbiamo generato cellule prive di due geni cruciali per il differenziamento degli
osteoclasti e confermato che questo ha funzionato ed ha portato alla compromissione
del differenziamento in osteoclasti. Questo metodo consente potenzialmente di
generare un numero illimitato di osteoclasti e di studiare la funzione di ogni gene nel
differenziamento e funzione degli osteoclasti.
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Conclusioni
In conclusione in questa tesi abbiamo approfondito la nostra conoscenza del ruolo di
S100A8/A9 e degli FcγRs nell’infiammazione e nell’erosione ossea nell’AR. Le conoscenze
acquisite possono aiutare nello sviluppo di nuove terapie per i pazienti che non
rispondono agli attuali trattamenti disponibili.
Inoltre, abbiamo scoperto che l’LDL/oxLDL ha ridotto l’erosione ossea. Questo
dovrebbe essere preso in considerazione quando i pazienti con AR sono trattati con
terapie per diminuire i livelli di colesterolo. Infine, abbiamo sviluppato un nuovo
metodo per generare osteoclasti che consentirà di studiarne la biologia.
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