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Role of RANKL and Toll-like receptor 2 signaling in 
Staphylococcus aureus induced bone loss 

 

Klara Guðmundsdóttir 

Faculty of Medicine, University of Iceland, 101 Reykjavík, Iceland 

Abstract 
 

Background: Staphylococcus aureus septic arthritis can cause rapid joint destruction and 
osteoporosis. S. aureus-induced permanent joint damage and subsequent disability affects 
many patients, despite antibiotic treatment. Osteoclasts are the cells responsible for bone loss 
and joint destruction. These cells can be activated by inflammatory cytokine responses against 
infections. Recognition of pathogen-associated molecular patterns (PAMPs) via Toll-like 
receptors (TLR) is important for this cytokine-induction. Among the cytokines important for 
differentiation and activation of osteoclasts is the receptor activator of nuclear factor-κB 
ligand (RANKL). However, the role of RANKL in S. aureus-induced joint damage is not 
fully known. In this study we established an immunohistochemical method for quantification 
of RANKL expression in mouse bone and joint tissues allowing studies of the role of RANKL 
and TLR 2 signaling in S. aureus -induced bone loss. 

Method: Two models of experimental inflammation were used. C57BL/6 mice were either 
inoculated intravenously with S. aureus to induce septic arthritis or subcutaneously injected 
over the skull bone with TLR-2 ligands.  

Results: A specific immunohistochemical RANKL staining method was established. S. 
aureus septic arthritis significantly increased the local expression of RANKL in bone marrow, 
a finding that was accompanied with a significant loss of trabecular bone mineral density 
(BMD) and histopathological joint inflammation and destruction.  Preliminary data showed 
no significant change of RANKL expression through TLR-2 activation in calvarial bone 
marrow. However, we observed a trend towards increased RANKL expression in periosteal 
inflammatory infiltrates in TLR2 ligand-stimulated calvarias a finding that needs to be further 
evaluated. 

Conclusions: Since the local expression of RANKL is upregulated in S.aureus-induced 
arthritis anti-RANKL targeted therapy might prove beneficial against local bone destruction 
and joint destruction. Furthermore, preliminary results indicate that S. aureus-induced bone 
loss is not mediated via TLR-2 mediated RANKL induction. Thus, recognition of S. aureus 
bacteria via other mechanisms than TLR-2 signaling might play a role for the RANKL 
induction and bone destruction. 

Key words: RANKL; osteoclasts; TLR-2; bone loss; S.aureus; mice. 



  

10 



  

11 

 Abbreviations 

AR  Antigen retrieval 
BMD Bone mineral density 
CFUs Colony forming units 
EDTA Ethylenediaminetetraacetic acid 
H&E Hematoxylin and eosin  
HIAR Heat-induced antigen retrieval  

IFN-γ Interferon γ 
IHC  Immunohistochemistry 
IL  Interleukin 
KO  Knock out 
KO  Knockout 
LPS  Lipopolysaccharide  
LS-1 Lena Svensson-1  
LTA Lipoteichoic acid 
M-CSF Macrophage colony-stimulating factor 

NF-κB Nuclear factor κB 
NFATc1 Nuclear factor of activated T-cells cytoplasmic 1 
OCPs Osteoclast precursors 
OCs  Osteoclasts 
OPG Osteoprotegerin 
Pam2 Synthetic diacylated lipopeptide Pam2CSK4 
PBS  Phosphate buffered saline 
PTH Parathyroid hormone 
qPCT Peripheral quantitative computed tomography 
RA  Rheumatoid arthritis 
RANKL Receptor activator of nuclear factor-κB ligand 
RT  Room temperature 
SLE  Systemic lupus erythematous 
TLRs Toll-like receptors 
TNF Tumor necrosis factor 
TRAP Tartrate resistant acid phosphatase 
WT  Wild type 
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1 Introduction 

1.1 Bone homeostasis 
Contrary to common belief bone is a highly dynamic tissue. Our skeleton continuously 

undergoes simultaneous bone formation and bone degradation. Normal bone homeostasis, 

also called bone remodeling, depends on the activity of bone degrading cells, osteoclasts, and 

bone forming cells, osteoblasts. Bone remodeling is a physiological process by which the 

bone mass is maintained constant through our adult life as well as an important process for 

mineral homeostasis (1). Osteoclasts are multinucleated giant cells that differentiate from 

mononuclear macrophage/monocyte-lineage hematopoietic precursors. They are the only 

somatic cells with bone-resorbing capacity (2). The bone forming osteoblasts are of 

mesenchymal origin and are closely related to fibroblasts (3). The activity of osteoclasts and 

osteoblasts is intimately linked. The balance of the activity of osteoclasts relative to 

osteoblasts can dictate the development of a number of diseases such as osteoporosis, 

osteopetrosis and periodontal disease. Lastly, the third and the most numerous cell type of 

bone are the osteocytes. They are derived from mesenchymal stem cells through osteoblast 

differentiation. Osteocytes are located within the bone matrix and are networked to each other 

through long cytoplasmic extensions and likewise to osteoclasts and osteoblasts on the surface 

of the bone (4). 

 

1.2 Osteoimmunology 
In the year 1972 Horton et al showed that human peripheral blood leukocytes could induce 

bone resorption after stimulation with polyhemagglutinin or solubilized dental plaques (5). 

This finding shed light on the fact that the immune and skeletal systems interact and was the 

starting point for the field known today as osteoimmunology.  The numerous bone phenotypes 

expressed in mice lacking immune related genes and investigation of inflammatory arthritis 

has underlined this interaction of the skeletal and immune systems. The field of 

osteoimmunology focuses on understanding of the molecular pathways that connect these two 

systems, shared components and pathways such as receptors, ligands, signaling molecules and 

transcription factors. Of special interest in the field is the connection between the immune 

system and the bone resorbing osteoclasts in different inflammatory diseases.   
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1.3 Differentiation, activation and regulation of osteoclasts 
Why osteoclasts are so cardinal to osteoimmunology can be readily understood when 

looking at the mechanisms of their differentiation and activation. As stated before osteoclasts 

differentiate from mononuclear macrophage/monocyte-lineage hematopoietic precursors. 

These osteoclast precursors (OCPs) arise in bone marrow and circulate in blood until they are 

attracted to sites where bone remodeling occurs (6). Their differentiation takes place at or near 

the bone surface where 10-20 individual precursor cells give rise to one fused polykaryon. 

Two main cytokines are essential to promote osteoclastogenesis, the macrophage colony-

stimulating factor (M-CSF) and the receptor activator of nuclear factor-κB ligand (RANKL) 

(7). M-CSF is expressed by a number of different cell types such as osteoblasts and bone 

marrow stromal cells. It is of vital importance for macrophage maturation and binds to its 

receptor, c-Fms, on early osteoclast precursors, which allocates signals necessary for their 

survival and proliferation (8). M-CSF promotes expression of receptor activator of nuclear 

factor-κB (RANK) on OCPs, thereby priming them to bind and respond to RANKL (9). 

RANK and RANKL are transmembrane proteins and members of the tumor necrosis factor 

(TNF) receptor and TNF superfamilies, respectively (10). 

 

The imperative roles of M-CSF, RANK and RANKL regarding the formation of 

osteoclasts are displayed clearly in experimental animal models using mice with dysfunctional 

genes coding for these factors.  Loss of function mutation in the gene encoding M-CSF (Csf1) 

or deletions in the genes encoding for RANK (Tnfrsf11a) and RANKL (Tnfsf11) all lead to 

lack of osteoclasts and subsequent development of osteopetrosis (11) (11) (12). Likewise, 

mutations in RANK and RANKL have been reported to cause marked osteopetrosis in 

humans (13) (14). 

 

RANKL expression is restricted to fewer cell types than the expression of M-CSF. In the 

last decades osteoblast lineage cells and bone marrow stromal cells have been thought to be 

the primary source of RANKL. However, it has become clear in the last years that osteocytes 

are the actual major source of RANKL, especially during bone remodeling (15). RANKL is 

also expressed by chondrocytes in the growth plate during endochondral ossification (16). 

Furthermore, RANKL is expressed by a variety of inflammatory cells during inflammation, 

such as activated T and B lymphocytes as well as synovial fibroblasts (17) (18). This up-

regulation of RANKL as a result of inflammatory response will be reviewed in a detailed 
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manner later on.  Although RANKL is a membrane bound protein it can also be secreted as a 

soluble molecule.  It has been shown that the membrane-bound RANKL is more biologically 

active than the soluble form (19). 

 

Upon binding of the RANKL to its receptor RANK on OCPs the cells become commited 

to the osteoclast lineage. In the case of mature OCs this binding results in activation of the 

cells (20). RANKL/RANK binding leads to a vast array of downstream signaling cascades 

carried out by different transcription factors and regulators.  These different signaling 

pathways both positively and negatively regulate OCPs differentiation.  Of special interest is a 

family of transcription factors called NF-κB (21). The importance of NF-κB is clearly 

displayed genetically by knockout mice for NF-κB subunits p50 and p52. They are unable to 

form osteoclasts and exhibit severe osteoporosis (22). 

 

NF-κB induces expression of the nuclear factor of activated T-cells cytoplasmic 1 

(NFATc1). NFATc1, a transcription factor, is referred to as the master regulator of osteoclast 

differentiation (23). This is not an understatement as it is involved in all aspects of osteoclast 

formation and activation. In cooperation with other transcription factors it regulates several 

osteoclast specific genes, such as cathepsin K and tartrate resistant acid phosphatase (TRAP), 

which are enzymes necessary for breakdown of organic bone matrix. NFATc1 also regulates 

genes necessary for the fusion of mononuclear osteoclasts to form multinucleated cells and 

integrins that are involved in the attachment of osteoclasts to bone (24) (25). 

 

Osteoprotegerin (OPG), another member of the TNF receptor superfamily, inhibits the 

interaction between RANK and RANKL.  It is a secreted protein which functions as a soluble 

decoy receptor for RANKL, thus inhibiting formation and activation of osteoclasts. (10). OPG 

is produced by many tissues such as skin, bones, large arteries and the gastrointestinal tract.  

Deletion of the gene encoding OPG (Tnfrsf11b) leads to osteoporosis and excess of 

osteoclasts (26).  

 

It is therefore clear that RANKL, RANK and OPG compose a regulatory axis for the 

development and activation of osteoclasts.  Relative expression of RANKL and OPG 

regulates bone resorption by controlling the activation state of RANK on osteoclasts. 
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Expression and secretion of RANKL and OPG is under the control of many factors, 

hormones, cytokines, peptides and drugs to name a few. Parathyroid hormone (PTH), 

prolactin and vitamin D3, among other pro-resorptive factors, up-regulate RANKL and down-

regulate OPG.  In contrast, estrogens, calcitonin and other anti-resorptive factors down-

regulate RANKL while up-regulating OPG.  Additionally, numerous pro- and anti-

inflammatory cytokines affect the expression of RANKL and OPG, a subject which will be 

covered in a detailed manner in a later section (27). 

 

 

 

Figure 1: The effect of cytokines on differentiation and activation of osteoclasts. (Adapated from Robbins 
Basic Pathology, 9. Edition, 2013 (28)). Under normal physiological conditions, stromal cells, 
osteoblasts and osteocytes express cytokines necessary for the differentiation and activation of 
osteoclasts. Receptor activator of nuclear factor-κB ligand (RANKL) and macrophage colony-
stimulating factor (M-CSF) interact with their ligands, RANK and c-FMS, on osteoclast precursors to 
induce osteoclastogenesis. RANKL furthermore induces activation of osteoclasts by interacting with 
RANK on differentiated osteoclasts.  Osteoprotegerin (OPG) produced by various tissues functions as 
a soluble decoy receptor for RANKL and therefore inhibits osteoclastogenesis. 

 

RANKL, NF-κB and NFATc1, do not only have important roles in the formation and 

activation of osteoclasts, they all also have important roles in the immune system.  In fact, the 

manner in which they were discovered underlines their multiple roles. In the end of the 20th 

century, the RANKL was identified by different groups and found to have different functions. 
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On one hand it was identified as the long-looked-for stimulator of osteoclastogenesis, termed 

osteoclast differentiation factor (ODF) (10). On the other hand immunologists identified the 

same molecule as a stimulator of dendritic cells expressed by T-cells and named it receptor 

activator of nuclear factor-κB ligand (RANKL) or TNF-related activation induced cytokine 

(TRANCE) (29). The crucial role of NF-κB in osteoclast function was discovered by 

accident.  NF-κB was under investigation for its part in the immune response using p50/p52 

KO mice. The surprising result was that the mice failed to thrive due to defective teeth 

formation associated with osteopetrosis since they did not form OCs (30). Finally, NFATc1 

belongs to the NFAT family of transcription factors. It was originally discovered in T-cells, 

hence the name (31). 

 

1.4 Inflammatory bone loss 
Owing to the fact that the immune and skeletal systems share so many important 

components, mechanisms in one system will surely affect the other. An important and clear 

example of this is inflammation induced bone loss.  Abnormal and prolonged activation of the 

immune system in inflammatory diseases can lead to progressive bone loss.  Inflammatory 

bone loss can result from autoimmune diseases such as rheumatoid arthritis (RA), psoriatic 

arthritis, and systemic lupus erythematosus (SLE) as well as infection driven processes such 

as septic arthritis and periodontitis (32) (33) (34). Inflammation induced by foreign material 

can likewise cause loss of bone as observed in loosened joint prosthesis (35). The effect of 

inflammatory diseases can on the one hand be seen systemically, as in patients with RA and 

SLE who are at increased risk for osteoporosis, and on the other hand locally, as localized and 

aggressive bone destruction can result from certain infections and autoimmune diseases (36) 

(37). Systemic bone loss can also be seen with diseases primarily affecting regions far from 

the skeleton, such as in inflammatory bowel disease and celiac disease (38). Interestingly, 

neutralizing autoantibodies against OPG have been identified in some cases of celiac disease 

(39). 

 

The pathogenic mechanisms causing inflammatory bone loss are not fully understood but 

several molecules produced under inflammatory conditions have been reported to regulate 

bone resorption.  The expression of cytokines necessary for osteoclast differentiation and 

activation, such as RANKL and M-CSF, is regulated by pro- and anti-inflammatory 
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cytokines.  Pro-inflammatory cytokines such as interleukin (IL)-1, IL-6 and TNF-α promote 

osteoclastogenesis (40). IL-1 has been shown to be a potent stimulator of bone resorption both 

in vitro and in vivo. It mainly works by up-regulating RANKL expression on stromal cells and 

osteoblasts, among other mechanisms to induce bone resorption (41) (42).  IL-6 and TNF-α 

are likewise capable of up-regulating RANKL expression by stromal cells and osteoblasts 

(41) and TNF-α has in addition been shown to induce RANKL expression by synovial 

fibroblasts (18).  Of these cytokines TNF-α is considered especially important due to the 

substantial beneficial effects of anti-TNF therapy in reducing bone erosion as well as 

inflammation (43). Nonetheless, blockade of IL-1 with Anakinra, a recombinant human IL-1 

receptor antagonist, reduces bone erosion in patients with RA (44). Lastly, Tocilizumab, a 

humanized antibody against the IL-6 receptor, has been proven to block cartilage and bone 

destruction (45). 

 

The up-regulation of RANKL induced by pro-inflammatory cytokines does not only take 

place in stromal cells, osteoblasts and synovial fibroblasts. It has been shown that activated T-

cells express RANKL and thus have the capacity to induce osteoclast differentiation (46). 

However, the contribution of T-cells to the increased osteoclastogenesis in inflammatory bone 

disease is complex. Various subsets of proliferative T-cells such as CD8+, CD4+ T helper 

(TH)1 and TH2, and FoxP3+ T regulatory (TREG) cells, have indeed been observed to express 

RANKL (47) (48). In contrast these T-cell subsets also secrete and express potent inhibitors 

of osteoclastogenesis such as OPG, interferon γ (IFN-γ), IL-4 and cytotoxic T lymphocyte 

protein 4 (49) (50) (51). Additional subset of CD4+ TH-cells, TH17 cells, have been identified 

as osteoclastogenic T-cells and are thought to be responsible for abnormal bone resorption in 

autoimmune arthritis. These cells express RANKL but do not produce large amounts of IFN-γ 

or other anti-osteoclastogenic cytokines. TH17 cells are major producers of IL-17, which 

induces OC formation mainly by increasing RANKL expression by synovial fibroblasts. IL-

17 furthermore stimulates local inflammation and the production of pro-inflammatory 

cytokines by macrophages, such as IL-1, IL-6 and TNF-α, which in turn induce RANKL 

expression in synovial fibroblasts as stated before. The observation that TH17 cells are the 

major subset of RANKL expressing TH-cells in inflamed synovium of RA patients underlines 

their essential role in autoimmune arthritis (52) (53). The preceding displays the crucial role 

of RANKL in pathological osteoclastogenesis induced by pro-inflammatory factors. 

Furthermore, abnormally high levels of RANKL expression have been detected in the 
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synovium of RA patients (54). Denosumab, an anti-RANKL human monoclonal antibody, has 

been proven to decrease bone loss in RA, a finding that clearly emphasizes RANKL 

importance (55). 

 

 

 

Figure 2: Activated T-cells and synovial fibroblasts induce osteoclastogenesis under inflammatory 
conditions. Pro-inflammatory cytokines induce the expression of RANKL by activated T-cells and 
synovial fibroblasts, thus promoting differentiation and activation of osteoclasts.  

 

1.5 Infection induced bone loss 
The substantial immune response mounted against invading bacteria during sepsis is one of 

the processes that can drive inflammation induced bone loss. Among the pro-inflammatory 

cytokines produced in sepsis are TNF-α and IL-6 which function as a double-edged sword. 

On the one hand they are critical in eliminating the infection but on the other hand, excessive 

production can cause tissue damage such as bone loss.  Local infections within or in the 

vicinity of bone can also lead to bone loss as seen in periodontitis and septic arthritis (32) 

(34). 
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Septic arthritis results from joint invasion of an infectious agent, most commonly bacterial 

infection. It causes rapid, often irreversible, joint damage. Hematogenous seeding due to 

bacteremia is the most common route by which the pathogen reaches the joint (56). Other 

means by which pathogens reach joints are for example joint aspiration or local injection, 

trauma or joint surgery (57) (56) (58). Following invasion into joints, bacteria colonize in 

synovial tissue, proliferate, and an inflammatory response is triggered. Subsequent production 

of pro-inflammatory cytokines induces local bone destruction by activation of osteoclasts 

(59). 

 

The incidence of septic arthritis in industrialized countries is about six cases per 100,000 of 

the population. In patients with RA or joint prosthesis the incidence is much higher, about 70 

cases per 100,000 of the population (60). Although septic arthritis is a relatively uncommon 

disease it is associated with significant mortality and morbidity. 5-20% of adults with septic 

arthritis may die as a consequence of their systemic infection and although permanent 

functional decrease in joint function varies, it may reach 70% despite use of adequate 

antibiotic therapy (32). The incidence of septic arthritis has increased in recent years. More 

infections related to orthopedic procedures, increase in the use of immunosuppressive therapy 

as well as an ageing population might contribute to this rise in septic arthritis cases (61). 

 

The most common pathogen causing septic arthritis is Staphylococcus aureus, isolated in 

37-56% of cases. Moreover, it is the pathogen causing the most severe joint disease (59). 

S.aureus is a gram-positive cocci. Its virulence factors compose of a wide variety of cell wall 

components, extracellular toxins and enzymes, bacterial DNA and the expression of a capsule 

in many strains.  The induction of S. aureus septic arthritis might thus be triggered by 

numerous different factors.  

 

1.6 Mouse model of S. aureus induced arthritis 
The use of experimental models of microbial arthritis is crucial in understanding the 

pathogenesis of joint infection and destruction. Several reasons owe to the fact that mice are 

the most suitable species for a murine model of S. aureus arthritis. Firstly, they develop 

staphylococcal infections spontaneously and can harbor staphylococci on their skin. Secondly, 

the immune system of the mouse displays many similarities to the human immune system and 
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has been thoroughly characterized. Furthermore, many different mouse strains are available, 

well characterized and inbred, as well as knockout and transgenic mice. Lastly, mice are 

deployed in an easier manner than humans (62). 

 

A model of hematogenously spread S. aureus infection was established after the technician 

Lena Svensson discovered spontaneous septic arthritis in some mice.  The strain turned out to 

be Toxic Shock Syndrome Toxin-1 producing S. aureus and was resultantly named LS-1 (63). 

To induce septic arthritis, mice are intravenously inoculated with a specific number of 

bacteria and within 24 hours, both clinical and histological signs of arthritis are readily 

observed (64). Within one week the infection has been cleared from all host organs, apart 

from the kidneys and joints (65). On the first day of infection, polymorphonuclear 

granulocytes and activated macrophages infiltrate the synovium, followed by activated T-

cells. These different cell types secrete the pro-inflammatory cytokines needed to trigger 

severe inflammation hence cartilage and bone destruction follows (66). 

 

1.7 Toll-like receptors 
The immune system recognizes foreign microbes through membrane proteins called Toll-

like receptors (TLRs). A broad range of pathogens can be detected by a small number of those 

receptors, by a process called pattern recognition.  So-called pathogen-associated molecular 

patterns (PAMPs) are recognized by TLRs. PAMPs are structures or patterns that are present 

in pathogens but absent from the host. The two sections of the immune response, the innate 

and adaptive responses, are both activated by signaling through TLRs (67). At least ten 

different TLRs have been recognized. In spite of their limited number, the TLRs can 

recognize a vast array of ligands.  Increased ligand diversity is achieved by formation of 

homo- and heterodimers and association with proteins outside the TLR family (68). TLRs 

sense various components from bacteria, mycoplasma, fungi and viruses.  These PAMPs 

include lipids, proteins, nucleic acids and lipoproteins. TLRs are expressed by various cells of 

the immune system, such as macrophages, dendritic cells, B-cells, T-cells and even some non-

immune cells such as fibroblasts and epithelial cells. TLRs are situated in different cellular 

compartments such as the plasma membrane, lysosomes and endosomes (68). 
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The sensing of PAMPs by TLRs leads to up-regulation of the transcription of different 

genes involved in inflammatory response, including genes encoding pro-inflammatory 

cytokines. As we have seen, the induction of inflammatory bone loss is carried out by 

cytokines and recognition of PAMPs via TLRs is important for this cytokine induction (68). 

 

Toll-like Receptor 2 is situated in the plasma membrane. It takes part in the recognition of 

a vast array of PAMPs from different microbes, including lipopeptides from bacteria, 

peptidoglycan and lipoteichoic acid from Gram-positive bacteria and many more. TLR2 

recognizes its ligands by forming a heterodimer with either TLR1 or TLR6, in that manner 

controlling its ligand specificity. The TLR2/TLR1 heterodimer recognizes triacylated 

lipopeptides from gram-negative bacteria and the TLR2/TLR6 heterodimer recognizes 

diacylated lipopeptides from gram-positive bacteria (69) (70). Also, TLR2 has the ability to 

work with other cell surface receptors that assist in PAMP recognition.  

 

1.8 Role of TLR2 signaling in S. aureus infection 
Several components of S. aureus have been extensively studied in relation to the immune 

systems’ recognition of the bacteria. It has become evident that the pathogenicity of S. aureus 

depends on multiple factors, for a single virulence factor is not sufficient to cause infection 

(71). It has been shown that TLR2 significantly contributes to the immune response against S. 

aureus infection and increasing evidence points to the fact that the TLR2/TLR1 and 

TLR2/TLR6 heterodimers mediate phagocytosis of the bacterium along with other co-

receptors (72) (73). However, the immune response mounted against S. aureus is not solely 

dependent on TLR2. Although TLR2 deficient mice are highly susceptible to S. aureus 

infection and show high mortality, their immune response is not completely absent, thus other 

means of the immune system play a role in recognizing S. aureus (74). 

 

1.9 Mouse calvarial bone resorption model 
The effect by which the skeletal system is affected by different cytokines and other 

mediators can be investigated by different murine models.  Mice are suitable species for this 

form of research as mentioned earlier. To investigate the effect of inflammatory mediators on 

bone, subcutaneous injection in the tissue over the calvarium has proven informative. This 

model is a feasible option, mainly due to easy access to inject over the calvarium. 
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Injection of TLRs ligands in this manner can be used when studying the impact that the 

activation of different TLRs has on bone. When looking at the effect of activation of TLR2, 

synthetic lipopeptide analogs have been used to mimic the pro-inflammatory properties of 

lipoproteins. Importantly, because TLR2 can dimerize with both TLR1 and TLR6, it has the 

most complicated ligand binding specificity of the whole TLR family (75). The synthetic 

diacylated lipopeptide Pam2CSK4 has been used to activate TLR2 as it binds and activates the 

TLR2/TLR6 heterodimer (70). 

 

1.10 Aim of the present study 
Aberrant expression of RANKL by various cell types under inflammatory conditions 

induces both local and systemic bone destruction. It has been shown that TLR2 is an 

important activator of inflammatory response that ensues from S.aureus infection.  Therefore, 

the aim of the present study was to investigate the role of RANKL induction by TLR2 

signaling in S.aureus induced bone loss. In addition, we wanted to establish an 

immunohistochemical detection method allowing quantification of RANKL in mouse bone 

and joint tissue samples.   
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2 Material and Methods 

2.1 Mice 
C57BL/6 male 6-8 weeks old mice were obtained from Charles River and housed in the 

animal facility of the Department of Rheumatology and Inflammation Research, University of 

Gothenburg, under standard conditions of temperature and light, and were fed laboratory 

chow and tap water ad libitum.  Permission from the local animal research ethics committee, 

in accordance with national animal welfare legislation, was obtained for all the mice 

experiments. 

 

2.2 Mouse model of systemic S.aureus infection and arthritis 
Female C57BL/6 wild type (WT) mice (n=8) were inoculated with the Toxic-shock 

syndrome toxin producing-1 S.aureus strain LS-1, originally isolated from a spontaneously 

arthritic NZB/W mouse, to induce septic arthritis (63). Bacteria were grown overnight, 

harvested and resuspended in Phosphate Buffered Saline (PBS) containing 5% bovine serum 

albumin and 10% dimethylsulfoxide and kept in aliquots at -20°C until used. Repeated viable 

counts were performed to determine the number of colony-forming units (CFUs) of the 

bacterial suspension. Before use, bacteria were thawed, washed in PBS and diluted to 

appropriate concentration by calculation with the previously determined CFUs. To determine 

the actual number of viable bacteria given in each experiment, viable counts were performed. 

The mice were inoculated intravenously with 7 to 8 x 107 CFU/mouse of S. aureus LS-1 in 

200 µl of PBS in one of the tail veins. A control group was injected with 200 µl of PBS (n=5). 

	  

All mice were followed up individually and checked daily. Blinded grading was performed 

for arthritis severity and frequency. Finger/toe and ankle/wrist joints were inspected and 

arthritis was defined as visible erythema and/or swelling. A clinical scoring system (arthritis 

index) was used to evaluate the intensity of arthritis. It was carried out by macroscopic 

inspection and yielded a score of 0 to 3 points for each limb (0, neither swelling nor erythema; 

1, mild swelling and/or erythema; 2, moderate swelling and erythema; 3, marked swelling and 

erythema). The total score was calculated by adding all the scores for each animal tested.  
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Signs of systemic inflammation (weight decrease, reduced alertness and ruffled coat) were 

assessed daily to determine overall condition of each mouse.  In cases of severe systemic 

infection, when a mouse was judged too ill to survive another 24 hours, it was culled and 

defined as dead due to sepsis. Mice were killed and blood, kidneys and limbs were obtained 

on days 3, 7 and 14 after bacterial inoculation. 

 

2.3 Mouse calvarial bone resorption model 
Male C57BL/6 WT 6 weeks-old mice were injected subcutaneously over the skull bone to 

induce local inflammation. Injections were made with TLR-2 ligands, 75 µg synthetic 

diacylated lipopeptide Pam2CSK4 (Pam2) (R&D Systems, Minneapolis, MN, USA) (n=3) 

and 500 µg lipopolysaccharide (LPS) (Sigma-Aldrich, St. Louis, MO, USA) (n=4). A control 

group (n=3) was injected with 100 µl of NaCl. The mice were sacrificed after 5 days and the 

calvaria were dissected, fixed, decalcified and stained for RANKL. 

	  

Additionally male 5 weeks-old C57BL/6J mice were injected subcutaneously on the skull 

with 100µl of NaCl (n=5) or 140µg/ml of the TLR5 ligand flagellin (FLA) (InVivoGen, 

Toulouse, France) (n=6). The mice were sacrificed after 6 days and the calvaria were 

dissected, fixed, decalcified and stained for RANKL. 

 

2.4 Histology of inflamed joints 
Joints were fixed in 4% (w/w) formaldehyde, decalcified with 10% (w/v) EDTA in 0.1 M 

Tris-buffer (pH 6.95), routinely processed and paraffin embedded. Histopathologic 

examination was performed on 4 µm tissue sections from fore- and hindpaws after 

deparaffinization, and hematoxylin and eosin (H&E) staining. All slides were coded and 

evaluated by two blinded observers with regard to synovial hypertrophy/infiltration of 

leukocytes and cartilage/subchondral bone erosion in fingers, toes, wrists, ankles, elbows and 

knees.  The degree of synovitis and erosion yielded a score from 0 to 3 in every joint. 

Occasionally one paw was missing in the histologic sections, or embedded in a way that made 

it impossible to evaluate the degree of synovitis and bone/cartilage erosion, and therefore the 

total score per mouse is divided by the number of joints evaluated.  
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2.5 Immunohistochemical staining  
Mouse bone specimens from the two above mentioned models of inflammation were fixed 

and decalcified in the same manner as previously mentioned.  Following paraffin embedding, 

3 µm tissue sections from forepaws, hindpaws and calvarias were cut and deparaffinized. 

Endogenous peroxidase was blocked with 0.3% H2O2 in the dark at room temperature (RT) 

for 10 minutes followed by wash in PBS for 5 minutes.  Serum-Free Protein Block (X0909, 

Dako, Carpinteria, CA, USA) was used to block non-specific background staining at RT for 

20 minutes. Sections were incubated with primary antibodies to RANKL at RT for 45 

minutes. Limb sections were incubated with polyclonal rabbit anti-RANKL antibody (LS-

B1425/25779, LifeSpan Biotechnology, Seattle, WA, USA) diluted to 2.5 µg/ml. Sections 

from calvarias were incubated with a polyclonal rabbit anti-RANKL (a kind gift from 

Professor Natalie Sims, Australia) diluted 1:200. Following washing for 1 minute in PBS, 

sections were incubated with ImmPress anti-rabbit IgG (Vector Laboratories Inc., 

Burlingame, CA) at RT for 30 minutes. The sections were washed in PBS 3 times for 3 

minutes and a colour reaction was subsequently carried out with NovaRED substrate (Vector) 

at RT for 7 minutes. Finally, sections were counterstained with hematoxylin.  

 

2.6 Evaluation of immunohistochemically stained sections 
Positive RANKL staining in the bone marrow was evaluated using a Leica DMR 

microscope and the LeicaQWin software. To evaluate limbs, relative staining within four 

vision fields (magnification x200) in the metaphyseal and epiphyseal areas was calculated for 

each section. To evaluate calvarias, relative staining in an area of 0.1 mm2 was calculated for 

each section.  

 

2.7 Assessment of bone mineral density 
One femur was subjected to a peripheral quantitative computed tomography (pQCT) scan 

with a Stratec pQCT XCT Research M, software version 5.4 B (Norland, Fort Atkinson, WI) 

at a resolution of 70 µm. Trabecular bone mineral density (BMD) was determined with a 

metaphyseal scan at a point 3% of the length of the femur from the growth plate. The inner 

45% of the area was defined as the trabecular bone compartment. Cortical BMD was 

determined with a mid-diaphyseal scan, which contains only cortical bone.  
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2.8 Cytokine analysis  
Serum levels of IL-6 and TNF-α were determined using cytometric bead assay (CBA) 

mouse Th1/Th2/Th17 kit (BD Biosciences, Erebodegem, Belgium) according to the 

manufacturer’s instructions. Samples were run on a FACSCanto II (BD Biosciences). 

Detection limits ere 1.4 and 0.9 pg/ml for Il-6 and TNF-α, respectively.  

 

2.9 Statistical analysis 
Statistical analyses were done using GraphPad Prism software (La Jolla, CA, USA). 

Calculations of statistical differences between independent groups were done using the Mann-

Whitney test. P-values <0.05 were considered statistically significant. 
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3 Results 

3.1 Immunohistochemical detection of RANKL  
To enable reliable detection and quantification of RANKL protein expression in mouse 

tissue samples an immunohistochemical method was established. Two different primary 

antibodies were tried, one commercial antibody (LS-B1425/25779, LifeSpan Biotechnology, 

Seattle, WA, USA) and one in-house antibody (a kind gift from Professor Natalie Sims, 

Australia). First, the optimal antibody concentration was determined by trying three different 

dilutions for each antibody to achieve maximal signal with minimal background staining. In 

addition, comparison of the stainings obtained with the two different antibodies was made. 

The two antibodies gave very similar qualitative staining (not shown). The specificity of both 

antibodies was carefully determined by using an irrelevant antibody as a negative control. 

Furthermore, we examined if heat-induced antigen retrieval (HIAR) would improve the 

strength or quality of the staining. Fixation with formaldehyde is known to cross-link proteins 

which might mask the antigen of interest and therefore HIAR is often used to “retrieve” the 

antigen epitope/s recognized by the antibody (76). Two different HIAR buffers were tried and 

compared to sections that had not undergone HIAR. HIAR was found to damage the tissue 

sections and importantly had no effect on the staining quality. Therefore, HIAR was not used 

in the final staining protocol. 

All other steps and variables were held constant throughout all staining procedures (Figure 3). 
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Figure 1: Immunohistochemical detection method. There are numerous immunohistochemical methods that 
may be used to localize antigens. In this study our method composed of the following steps:  1) Tissue 
preparing. Fixation, embedding and mounting followed by deparaffinization and dehydration of 
slides. 2) Blocking of endogenous peroxidase with hydrogen peroxide (H2O2). This is done to 
eliminate unspecific staining resulting from reaction of the substrate with endogenous peroxidase. 3) 
Protein blocking of all epitopes on the tissue sample to prevent the nonspecific binding of antibodies. 
E.g. Fc-Receptors in the tissue sample might bind antibodies resulting in unspecific background 
staining. The primary antibody will have higher affinity for the epitope it binds to than the protein 
used for blocking. This improves the sensitivity of staining. 4) Incubation with primary antibody 
reacting with the tissue antigen of interest, RANKL in this case. Our method used rabbit raised 
primary antibody. 5) Incubation with secondary antibody conjugated to HRP. The secondary antibody 
is raised against the IgG of rabbits, thus binding to the primary antibody. 6) Chromogenic detection. 
Horseradish peroxidase catalyzes colourless substrate to form a coloured, insoluble precipitation. 
Abbreviations: EndP, Endogenous Peroxidase; FcR, Fc-Receptors; PA, Primary Antibody; SA, 
Secondary Antibody; HRP, Horseradish Peroxidase.  

 

3.2 RANKL expression is increased in inflamed joints in experimental S.aureus 
arthritis, accompanied with loss of trabecular bone mineral density and 
histopathological joint inflammation  

The impact of S. aureus arthritis on RANKL expression in inflamed limbs was studied by 

inoculating mice intravenously with S. aureus. As expected, S. aureus induced synovitis and 

local destruction of bone and cartilage in the joints (Figure 4A). RANKL expression in the 

bone marrow of the inflamed limbs was found to be significantly increased 14 days after 

bacterial inoculation. (Figure 4B & Figure 5).  This finding was accompanied with a 

significant loss of trabecular BMD in infected mice compared to uninfected mice, as 

evaluated by femoral pQCT (Figure 4C).  No significant change in thickness of cortical bone 

was observed between groups (not shown).  
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Figure 4: Effect of S.aureus arthritis on RANKL expression, bone mineral density and joint destruction. 
Histologic evaluation of synovitis and joint destruction (A), relatively stained bone marrow area (B), 
and trabecular bone mineral density (BMD) (C) at day 14 after S. aureus inoculation. Open circles and 
bars, uninfected control mice; solid circles and bars, infected mice. Bars show median values, and 
each symbol represents one mouse. Mann-Whitney test was used for comparison between groups. 
*p<0.05; **p<0.01; ***p<0.001. 
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Figure 5: Immunohistochemical staining of bone marrow after induction of S. aureus arthritis. Stained 
bone marrow area in an uninfected mouse (A) and infected mouse (B) at day 14 after S. aureus 
inoculation. Rabbit serum staining control of uninfected mouse (C) and infected mouse (D) at day 14 
after S. aureus inoculation. Original magnification x200. Abbreviations: B, bone; BM, bone marrow. 

 

3.3 Experimental S. aureus arthritis increases serum levels of TNF-α  but does 
not affect serum levels of IL-6 

To evaluate whether S.aureus arthritis had an effect on systemic cytokine responses, serum 

protein levels of the pro-inflammatory cytokines TNF-α and IL-6 were analyzed.  Serum 

levels of TNF-α were significantly increased in infected mice compared to uninfected mice 

(Figure 6A). In contrast, no significant difference between groups was observed for serum 

levels of IL-6 (Figure 6B).  
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Figure 6: Effect of S.aureus arthritis on cytokine responses. Increase in serum levels of TNF-α (A) and no 
significant change in serum levels of IL-6 (B) in mice at day 14 after S. aureus inoculation. Open bars, 
uninfected control mice; grey bars, infected mice. Bars show median values, and each symbol 
represents one mouse. Mann-Whitney test was used for comparison between groups. *p<0.05; 
**p<0.01; ***p<0.001. 

 

3.4 Activation of TLR2 does not affect RANKL expression in a mouse model of 
calvarial bone resorption 

Since recognition of S. aureus and its bacterial products by TLR2 signaling in host cells is 

very important for the inflammatory response against the bacteria we next examined if TLR2 

signaling is important for the RANKL responses to S. aureus.  The RANKL expression was 

not increased in bone marrow after subcutaneous injection of the TLR2 specific ligand PAM2 

over the calvarial bone of mice. Thus, no significant change of RANKL expression in 

calvarial bone marrow was observed when PAM2 treated mice were compared to control 

mice, nor when LPS treated mice were compared to control mice (Figure 7).  However, a 

trend towards increased RANKL expression in periosteal inflammatory infiltrates was 

observed, a finding that needs to be further evaluated (Figure 8). 

 

Figure 7: Relatively stained tissue area in bone 
marrow of calvarias after TLR2 
activation. Relatively stained bone 
marrow area at day 6 after 
subcutaneous injection with TLR2 
ligands, as evaluated microscopically. 
Open circles, control mice; solid 
rectangles, LPS injected mice; solid 
triangles, PAM2 injected mice. 
Controls were injected with NaCl. 
Horizontal bars show median values, 
and each symbol represents one mouse. 
Mann-Whitney test was used for 
comparison between groups. *p<0.05; 
**p<0.01; ***p<0.001. 
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Figure 8: Immunohistochemical staining of bone marrow after induction of TLR2 activation. Stained bone 
marrow area in a control mouse injected with NaCl (A) and mouse injected with the TLR2 ligand 
PAM2 (B) at day 6 after subcutaneous injection. Rabbit serum staining control of control mouse 
injected with NaCl (C) and mouse injected with the TLR2 ligand PAM2 (D) at day 6 after 
subcutaneous injection. Original magnification x200. Abbreviations: B, bone; SS, connective tissue of 
the sagittal suture; OC, osteoclast.  
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3.5 Activation of TLR5 does not affect RANKL expression in a mouse model of 
calvarial bone resorption 

TLR5 signaling is also important for bacterial recognition by host immune cells. Therefore, 

the role of TLR5 signaling on RANKL expression was studied by injecting mice 

subcutaneously over the calvarial bone with the TLR5 specific ligand flagellin (FLA). No 

significant change of RANKL expression in calvarial bone marrow was observed when FLA 

treated mice were compared to control mice (Figure 9).  However, as for TLR2 stimulation, a 

trend towards increased RANKL expression in periosteal inflammatory infiltrates was 

observed, a finding that needs to be further evaluated (not shown). 

 

 

Figure 7: Relatively stained tissue area in bone 
marrow of calvarias after TLR5 
activation. Relatively stained bone 
marrow area at day 6 after subcutaneous 
injection with flagellin, as evaluated 
microscopically. Open circles, control 
mice; solid circles, FLA injected mice. 
Controls were injected with NaCl. 
Horizontal bars show median values, and 
each symbol represents one mouse. 
Mann-Whitney test was used for 
comparison between groups. *p<0.05; 
**p<0.01; ***p<0.001. Control FLA
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4 Discussion 

Septic arthritis caused by S. aureus can lead to rapid joint destruction and osteoporosis. 

Activation of osteoclasts by inflammatory cytokines has been shown to be the culprit behind 

this bone destruction. Recognition of PAMPs via TLRs is important for this cytokine 

induction. TLR2 is essential for recognition of S. aureus and signaling through TLR2 leads to 

inflammatory response against the bacteria. RANKL is the most important cytokine inducing 

differentiation and activation of osteoclasts. However, the role of RANKL in S. aureus 

induced arthritis is not fully understood.  

 

In the present study we established an immunohistochemical method allowing reliable 

detection and quantification of RANKL expression in mouse tissue samples. We implicated 

the method to investigate the impact of S. aureus infection on RANKL expression and 

whether TLR2 signaling plays a role in RANKL-mediated bone loss in S. aureus septic 

arthritis. 

 

Appropriate preparation of tissue for immunohistochemical detection is critical to maintain 

tissue architecture, cell morphology and the antigenicity of target epitopes. It can be difficult 

to maintain the balance between preserving tissue architecture on the one hand, and 

unmasking the target antigen on the other hand, considering that the de facto approach for 

unmasking antigens, antigen retrieval (AR), can have a negative affect on tissue architecture 

(77). It has been shown that approximately 85% of antigens fixed in formalin, as our 

specimen were, require some type of AR to augment the immunoreaction.  This is however 

dependent on the type of antibody used (78). Polyclonal antibodies have greater ability to 

detect antigens than monoclonal antibodies in settings where AR is not used (76). Our 

findings revealed that AR did not affect strength and quality of staining but importantly was 

found to damage tissue sections.  These results are in line with the fact that the antibodies we 

used were polyclonal and thus have greater ability to bind to their epitopes in non-AR 

specimens compared to monoclonal antibodies. For this reason we omitted AR from our final 

protocol, ensuing both simplification of the method as well as limiting the time of staining.  
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It is known that the specificity of polyclonal antibody binding can be less than that of 

monoclonal antibodies. This is because polyclonal antibodies recognize multiple epitopes of 

the target antigen while monoclonal antibodies only bind to one specific kind of epitope (79). 

This might propose a disadvantage of our staining method as our observations might result 

from nonspecific binding of our antibody.  However we observed minimal background 

staining and therefore we conclude it to be unlikely to have significant impact on our results. 

We found that the two different polyclonal anti-RANKL antibodies we used showed the same 

pattern of staining. For this reason we conclude the specificity of the staining method to be 

good.  

 

We found that S. aureus induced arthritis leads to increased local expression of RANKL in 

bone marrow and that this increased RANKL expression was accompanied with loss of 

trabecular bone and histopathological joint inflammation and bone destruction. The S. aureus-

induced systemic and local bone loss is in good accordance with previous findings showing 

bone destruction in this model (66) (64). Our finding of increased RANKL expression 

strongly suggests that the S. aureus induced bone loss indeed is mediated by RANKL 

activation of the bone resorbing osteoclasts. This is further supported by the study by 

Verdrengh et al showing that treatment with anti-RANKL targeted therapy protects against 

bone loss in S. aureus arthritis (80).  

 

We also found that serum levels of TNF-α were increased in S. aureus infected mice as 

expected. It is known that production of TNF-α is increased during S. aureus arthritis and 

sepsis as well as during septic arthritis in patients (64) (32). Somewhat unexpectedly, the 

serum levels of IL-6 were not increased in S. aureus infected mice as compared with 

uninfected mice. This is in contrast with the known effect of S. aureus sepsis and clinical 

septic arthritis on IL-6 levels (32) (64) (59). The reason for this discrepancy might be the 

different methods for detection and quantification of IL-6. Bremell et al used a bioassay that 

only measures free IL-6 in contrast to our study in which flow cytometry was used. Our 

method detects both soluble and receptor bound IL-6.   

 

TLR2 is a key sensor of the host immune system for detecting S. aureus invasion. Most 

studies on infection induced bone diseases point to the fact that recognition of pathogens leads 

to induced osteoclastogenesis.  However, reports on the impact of TLR2 activation on 
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RANKL expression and osteoclastogenesis have yielded contradictory results. Kim et al 

recently reported severe bone loss in the femurs of mice after intraperitoneal administration of 

TLR2 ligands. To activate TLR2 they used the synthetic lipopeptides Pam2CSK4 and 

Pam3CSK4 as well as formaldehyde-inactivated S. aureus. They observed increased 

expression of RANKL and proposed that this contributed to the bone loss (81). In contrast, 

Yang et al reported impaired osteoclastogenesis as a result of TLR2 activation by 

staphylococcal lipoteichoic acid (LTA). They demonstrated that LTA suppressed signaling by 

M-CSF and RANKL, which are required for osteoclastogenesis (82). 

 

Our data showed that TLR2 activation did not have any effect on RANKL expression in 

calvarial bone marrow. However, a trend towards increased RANKL expression was observed 

in cells of the periosteal inflammatory infiltrates, a finding that needs to be further evaluated. 

 

The effect of TLR5 stimulation on RANKL expression and osteoclastogenesis has not been 

well studied. Ha et al reported an inhibitory effect of the TLR5 ligand flagellin on RANKL-

induced osteoclastogenesis by suppression of c-Fos protein expression (83).  We found no 

effect on RANKL expression in calvarial bone marrow when TLR5 was activated with 

flagellin. As for TLR2 stimulation, a trend towards increased RANKL expression in bone 

marrow was observed when stimulated with TLR5, a finding that needs to be further 

evaluated.  We conclude that recognition of S. aureus by other signaling mechanisms than 

TLR2 and TLR5 might play a role in inducing RANKL expression and bone destruction in S. 

aureus induced arthritis. 

 

Our data on both TLR2 and TLR5 impact on RANKL expression neither reveals induced 

expression of RANKL nor suppressed expression in bone marrow. In the light of previous 

research on RANKL expression following infection we postulate that our evaluation method 

of relatively stained area in bone marrow is not suitable to evaluate the effect activation of 

TLRs has on RANKL expression. Evaluation of RANKL in calvarial bone marrow proved 

technically difficult, mainly because the amount of bone marrow in calvarial histological 

sections showed a high variation between different tissue samples.  Our finding of increased 

RANKL expression in periosteal inflammatory infiltrates implies that activated immune cells, 

e.g T cells and B cells might be the main source of RANKL in this model of bone resorption 

but this needs to be further investigated. Importantly, the inflammatory response mounted as a 
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result of TLR activation in this mouse calvarial bone resorption model is a local response 

accompanied with minimal reaction in the bone marrow. In contrast, the powerful systemic 

immune response mounted in S. aureus sepsis leads to systemic activation of bone marrow, 

thus the evaluation method of relative staining in bone marrow is more suitable in the S. 

aureus arthritis model.  

 

Our immunohistochemical detection method only allows for detecting of RANKL and 

does not provide information on by which cell types RANKL is expressed. Further studies 

allowing RANKL expression to be assigned to specific cell types might prove as a useful tool 

in understanding the pathogenesis of S. aureus septic arthritis. 

 

In conclusion, we show that RANKL signaling is increased in S. aureus septic arthritis but 

does not indicate to be impacted by TLR2 activation.  Furthermore, a specific 

immunohistochemical RANKL staining method was established. We conclude that 

recognition of S. aureus bacteria via other mechanisms than TLR2 signaling might play a role 

for the RANKL induction and bone destruction. 
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