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ABSTRACT 

Staphylococcus aureus–induced arthritis leads to severe joint destruction and high mortality despite 

antibiotic treatment. Thus, there is a need to identify new treatment targets in addition to 

antibiotic therapy. Interleukin (IL)-15 has been implicated both in osteoclastogenesis and in 

bacterial clearance – two important issues in S. aureus−induced joint destruction. Interleukin-17A 

has been discovered as an important mediator of aseptic arthritis both in mice and men, while its 

function in S. aureus–induced arthritis is largely unknown. The aim of this thesis was to 

investigate the importance of IL-15 and IL-17A and in addition, the interaction between IL-17A 

and interleukin-23 in S. aureus−induced arthritis. Wildtype, IL-15 knockout and IL-17A knockout 

mice were inoculated (systemically or locally) with a defined number of toxic shock syndrome 

toxin-1 (TSST-1) producing S. aureus. At sacrifice, tissues were collected and further analysed. We 

found that mice genetically lacking IL-15 or treated with anti-IL-15 antibodies developed less 

severe and destructive arthritis compared with control mice. In neither situation the bacterial 

clearance was negatively influenced. Furthermore, the IL-15 knockout mice had fewer osteoclasts 

in the joints compared with wildtype mice. We suggest that due to IL-15 absence, the mice 

developed milder arthritis probably because of less bone and cartilage destruction. We observed 

that IL-17A was of minor importance in systemic S. aureus arthritis but played a major role in 

local S. aureus arthritis. In the systemic model of arthritis we found elevated levels of IL-17F in 

the IL-17A knockout mice, suggesting that IL-17F compensates for the absence of IL-17A and 

that IL-17F in a normal wildtype mice is inhibited by IL-17A. Furthermore we found that IL-17A 

regulates the production of IL-23, a cytokine that is known to regulate the production of IL-17A, 

in a negative feedback manner, which means that IL-17A may have regulatory properties. Thus, 

we have found that IL-15, but not IL-17A, could represent a promising treatment target along 

with antibiotics in S. aureus−induced arthritis, and that IL-17A negatively regulates its upstream 

inducer, IL-23. 

Key words: IL-15, IL-17A, IL-17F, IL-23, arthritis, mice, osteoclasts, S. aureus. 
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INTRODUCTION  

The immune system 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
Our body is constantly exposed to foreign substances, including hazardous pathogens like 

bacteria, virus and parasites. The first line of defence is the skin and mucosa, which produce e.g. 

bactericidal peptides and mechanically prevents the pathogen to enter the body. Should this 

defence fail, we are still protected against pathogen invasion thanks to our immune system. The 

immune system has evolved during hundreds and thousands of years and is extremely 

sophisticated as it recognises foreign substances but does not react to self-structures. When 

viruses, bacteria, fungi etc. enter the body the innate immune response is immediately activated 

by conserved pathogen structures. This part of the immune system reacts similarly every time it 

encounters a group of pathogens e.g. Gram-positive bacteria and has no acquired memory. 

Second, the adapted immune response is activated. This part of the immune system recognises a 

specific protein from the invaders and has the capacity to remember a previous infection. The 

adaptive immune system provides us e.g. with specific antibodies which enhances the clearance 

of pathogens and thanks to its memory, the response is more effective and faster upon a second 

encounter with the same antigen and therefore we are often completely protected against a 

second challenge of certain pathogens. 

 

 

Staphylococcus aureus arthr i t i s  & sepsis  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
Staphylococcus aureus [1] is an omnipotent Gram-positive coccus that can be found in the nasal 

mucosa and on the skin of healthy individuals. Under certain conditions such as hospitalisation 

and old age it can invade the host and cause severe infections. During the last decades new risk 

factors have appeared e.g. immunosuppressive therapy, joint prosthesis, AIDS, intravenous drug 

abuse and importantly, drug resistance. Today's treatment is entirely dependent on antibiotics, 

however many bacterial strains have developed antibiotic resistance, including methicillin 

resistant S. aureus (MRSA) and these strains are very hard to combat with conventional 

antibiotics. 

 

S. aureus causes a variety of infections in humans. It can cause a) minor superficial lesions such as 

skin abscesses or wound infections, b) more systemic and life-threatening infections such as 

pneumonia, mastitis, meningitis, septic arthritis, endocarditis, sepsis and septicemia, c) toxinoses 

such as toxic shock syndrome and food poisoning. The bacterium is the main cause of hospital 
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acquired infection i.e. surgical wounds and infections associated with foreign devices in the body 

such as catheters and prosthesis. S. aureus is also the most common pathogen that causes septic 

arthritis. 

 

If S. aureus enters the joint a highly erosive and rapidly progressive arthritis may evolve. Usually 

the staphylococci are spread to different compartments of the host (including the joints) via the 

blood stream, and even though the bacteria can be found in most tissues, they persist mainly in 

kidneys and joints. S. aureus arthritis is characterised by a swollen, red and painful joint. The yearly 

incidence of septic arthritis in general is 0.002-0.01% in the general population and 0.03-0.07% in 

patients with rheumatoid arthritis (RA) and patients with joint prostheses [2]. Despite 

antimicrobial therapy 25-50% of the patients develop permanent joint damage and the mortality 

rate is high (5-20%) mainly due to the profound inflammatory response evoked by the bacteria 

[1,2]. In a patient with RA the meantime from bacterial colonisation to treatment is 

approximately 7 days and during this period the bacterial load has increased considerably and 

thereby also the risk of joint destruction and sepsis [1]. Although substantial efforts have been 

made to understand the immunological mechanisms that lead to S. aureus–induced joint 

destruction, it remains difficult to treat the infection (by maintaining the host’s ability to clear 

bacteria) whilst simultaneously limiting the joint destruction (by suppressing the immunological 

response). 

 

Sepsis is defined as bacteria spread from a local infection into the blood stream and the following 

hyperthermia/hypothermia, tachypnea and tachycardia. In severe sepsis, septic shock is the worst 

possible manifestation of the infection, a state with multiple organ dysfunction and death. The 

reason for death in sepsis is currently not clear. It is speculated whether it is due to 

immunosuppression or immunostimulation, and most data point in the direction of an over-

stimulated immune response. High cytokine levels of proinflammatory tumor necrosis factor 

(TNF)-α are correlated with septic death [3]. A combination of antibiotics and unspecific 

inhibition of the immune system with glucocorticosteroids during S. aureus−induced arthritis has 

reduced the prevalence, the severity of arthritis and mortality rate in both mice and humans [4,5]. 

Combination treatment with antibiotics and TNF-α inhibitors improves survival and reduces the 

severity of arthritis in mice, while the combination treatment in human sepsis point towards a 

survival enhancement however the data are not clear cut [6,7].  
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As S. aureus−induced arthritis and sepsis is often caused by haematogenously spread bacteria we 

use our well-established mouse model based on intravenous inoculation of arthritogenic S. aureus 

strain, LS-1 [8] to study the host’s immune response to the infection. 

 

Features of Staphylococcus aureus 

In order for the bacterium to protect itself from the immune system it expresses virulence 

factors, which on the one hand help the bacterium to evade the immune system but on the other 

hand evokes an immune response towards the bacterium. The bacterium consists of a slime layer, 

a capsule, a cell wall, a cell membrane and it also produces a variety of surface proteins, enzymes 

and toxins (Figure 1). 

 

The slime layer produced by the bacterium is a viscous substance that consists of polysaccharides, 

glycoproteins and glycolipids and promotes bacterial adhesion to both endogenous surfaces i.e. 

cartilage and foreign devices such as catheters and prosthesis [9]. The slime protects the 

bacterium from environmental damages e.g. it interferes with the antimicrobial effect of certain 

antibiotics [10,11]. 

 

The bacterial capsule is a well-organised structure composed of polysaccharides. Many different 

subtypes of capsules exist where the subtypes CP5 and CP8 are most common in diseases [12]. 

Encapsulated S. aureus strains are more resistant to phagocytosis, as opsonisation by antibodies 

and complement is hindered, although in the presence of capsular antibodies phagocytosis is 

enhanced [13,14]. It has been shown that encapsulated strains for CP5 are more virulent than 

non-encapsulated strains in S. aureus−induced arthritis, leading to more arthritis and higher 

mortality probably due to a reduced ability to phagocytose bacteria [15]. 

 

The cell wall of S. aureus consists of peptidoglycans (mainly N-acetyl glucosamine and N-acetyl 

muramic acid), teichoic acid and lipoteichoic acid. Peptidoglycans and lipoteichoid acid bind toll-

like receptor 2 (TLR2) which leads to activation of nuclear factor kappa B (NF-κB) [16] and the 

subsequent production of proinflammatory cytokines such as TNF-α, interleukin (IL)-6 and IL-1 

[17]. 

 

The bacterium expresses a number of virulent proteins, which either are anchored to the bacterial 

cell wall or produced as soluble factors: First, Protein A exists both as a cell wall bound protein 

and as a soluble protein. It binds the Fc part of the IgG molecule, which leads to disruption of 
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opsonisation and phagocytosis which aggravates the severity of S. aureus−induced arthritis [18]. 

Second, there are a family of proteins called microbial surface components recognising adhesive 

matrix molecules (MSCRAMM) including A) Fibronectin-binding protein A & B bind fibronectin 

which are found mainly in the extracellular matrix and covers foreign materials such as catheters 

in the body. B) Collagen-binding protein is of importance in binding the bacterium to cartilage in the 

joints and it has been shown that the collagen-binding protein is an important virulent factor in S. 

aureus induced arthritis [19,20]. C) Clumping factor A & B bind fibrinogen [21] and it has been 

show that it is an important virulence factor both in septic arthritis and endocarditis [22]. 

 

In addition to surface proteins, the bacterium secretes molecules including enzymes and toxins. 

Extracellular enzymes such as proteases, lipase, hyaluronidase, β-lactamase, catalase, nuclease, 

coagulase and staphylokinase facilitate tissue invasion. The toxins produced include hemolysins 

(α, β, δ, γ toxins), leukocidin and superantigens. The hemolysins and leukocidins are all cytolytic 

toxins forming a transmembrane channel in the cell membrane resulting in cell lysis and e.g. α 

and γ toxins aggravates the severity of S. aureus−induced arthritis [23]. 

 

S. aureus produces superantigens, which include enterotoxins A, B, C1-3, D, E and G, and toxic 

shock syndrome toxin-1 (TSST-1). The superantigens cause fever, hypotension and other acute 

toxic-shock-like symptoms by release of proinflammatory cytokines, such as interferon (IFN)-γ 

and TNF- α [1]. Superantigens are capable of activating 5-20% of T cells simultaneously 

compared to a normal protein antigen, which activates about 0.01% of the T cell population. The 

T cell is not stimulated in its normal way by binding an antigen presenting cell (APC) in the 

presens of a cognate antigen on major histocompatibility complex class II (MHC II), instead the 

superantigen cross-links the Vβ region in the αβ T cell receptor (TCR) to the outside of the 

MHC II molecule (Figure 2) [24,25]. Thus, the activation of T cells is not antigen specific and any 

T cell that share the same Vβ family structure in their T cell receptor may get activated. 
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Figure  1 .  Schematic view of the structure of S. aureus. 

        From the right: Slime layer, capsule, cell wall, cytoplasmatic membrane.  Surface proteins.    Enzymes and 

toxins.           Peptidoglycans.                                  Teichonic acid, lipoteichonic acid. Adapted from Lowy [26].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2 .  Superantigen activation of T cells. 
Superantigens (turquoise) bind to the outside of the MHC II molecule of the APC and to the Vβ region of the TCR 

on the T cell. 
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Airway inf lammation & Gram-negat ive  bacter ia l  in fec t ion  

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
The initial trigger in chronic inflammatory diseases of the respiratory tract is not known, but the 

conditions are characterised by lymphocyte, neutrophil and monocyte infiltration. These cells 

produce cytokines and chemokines, which recruit and activate more immune cells – creating a 

vicious circle. Epithelial cells and macrophages release transforming growth factor (TGF)-β 

which induce proliferation of fibroblasts, and subsequent fibrosis of the small airways. 

Neutrophils release enzymes including proteases e.g. elastase which causes degradation of elastin 

in the connective tissue, which leads to emphysema, and mucus hypersecretion by goblet cells 

[27]. Although the cellular source of IL-17A in the airways is unknown it plays an important role 

in host defence towards Gram-negative bacteria in the airway but also in chronic inflammatory 

diseases [28-30]. Lipopolysaccharide (LPS) (Figure 3) is a component of the Gram-negative 

bacterial outer cell membrane and an endotoxin, which binds to TLR4, activates NF-κB and 

mount a profound inflammatory response by inducing the production of a substantial amount of 

proinflammatory cytokines [31].  

 

 

 
 

Figure  3 .  Gram-positive and Gram-negative bacterial cell wall and LPS. 

Comparison of Gram-positive and Gram-negative bacterial cell wall and a magnification of LPS from Gram-negative 

bacteria. Gram-positive bacteria from bottom: Inner membrane and peptidoglycans. Gram-negative bacterial from 

bottom: Inner membrane, peptidoglycans, outer membrane and LPS. 
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The host ’ s  response to Staphylococcus aureus 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
The immune response serves to protect the host against harmful pathogens, but as mentioned 

above in some situations the pathogen can trigger an overwhelming reaction which can be 

devastating for the host e.g. in S. aureus arthritis and sepsis. The balance between a sufficient 

response to eliminate the bacteria and limiting the response in order to not cause destruction of 

the joints and sepsis can be difficult to regulate. An ineffective immune response allows the 

pathogen to grow in the host and to continue produce potentially harmful products, while an 

exaggerated response can cause substantial tissue damage and large amounts of cytokines are 

released, such as TNF-α and IL-6, which can lead to septic shock and in the worst-case scenario 

– death [32]. 

 

The innate defence against S. aureus infection 

Complement plays an important role in the opsonisation and phagocytosis of encapsulated S. 

aureus [13,33] and complement activation is vital for mouse survival after inoculation of subtype 5 

capsule S. aureus. C3 depleted mice show a significant reduction in survival [34] as do mice 

depleted in complement receptor 1 and in C5a [35,36]. In the presence of clumping factor A, S. 

aureus is protected against phagocytosis due to enhanced binding of factor 1 and hence enhanced 

cleavage of C3b [37,38]. 

 

Neutrophils are important in host defence against all kind of pathogens and are always the first 

cells to be recruited to the infected tissue. Already within 24 h after S. aureus inoculation, large 

numbers of neutrophils have entered the joint and they are prominent in the synovial membrane 

[39]. Neutrophils are protective and extremely important in S. aureus arthritis, as depletion 

increase mortality, frequency of arthritis and bacterial load compared with mice intact in their 

neutrophil count [40]. The findings are probably due to a decrease in phagocytosis by neutrophils 

which leads to a higher activation of macrophages and hence an increased production of IL-6 and 

TNF-α. A high production of these cytokines are correlated to enhanced sepsis related death 

[32].  

 

Monocytes/macrophages have dual roles in S. aureus infection. The cells are crucial for survival as 

the bacterial load and the severity of sepsis is significantly increased while the development and 

severity of arthritis are decreased after monocyte depletion [41]. Macrophages are known to 

produce substantial amounts of e.g. TNF-α which have profound effects on both neutrophil 

activation [42] and cell migration; TNF-α contributes to the upregulation of intercellular 



 16 

adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin on 

endothelial cells and induces the production of chemokines such as IL-8 and monocyte 

chemotactic protein-1 (MCP-1) [43-45]. Thus, the possibility for neutrophils and lymphocytes to 

enter the infected joint is impaired in the absence of macrophages, which results in less severe 

arthritis but also in an increased bacterial load and decreased survival [41]. In addition, the 

phagocytic capacity of the macrophages per se is essential for bacterial clearance [41]. The direct 

activation of neutrophils by TNF-α promotes a rapid increase in cell surface molecules and 

hence adherence to endothelium, enhances the ability of neutrophils to phagocytose, degranulate 

and release hydrogen peroxide [42,46,47].   

 

Natural killer (NK) cells are capable of killing cells that do not express MHC I. They are activated 

early after bacterial infections via IL-12 released from macrophages and produce substantial 

amounts of IFN-γ. One previous study has shown that NK cells protect against S. 

aureus−induced arthritis [48].  

 

The adapted defence against S. aureus infection 

It is well known that T cells contribute to the development of S. aureus arthritis and they appear 

in the synovial membrane of an arthritic joint around 48 h after S. aureus inoculation. These cells 

are predominantly of the CD4+ phenotype and depletion ameliorates the severity of arthritis [49] 

which also is true for blockade of the αβTCR [50]. Superantigens such as TSST-1 lead to a 

vigorous activation and clonal expansion of Vβ11 TCR T cells [24]. Staphylococcal strains which 

produce superantigens are more virulent than their isogenic counterparts [51] and depletion of 

Vβ11+ T cells reduces mortality and abolishes the development of arthritis [24]. Although a 

prominent polyclonal B cell activation occurs after S. aureus inoculation [39,50] and antibodies 

play an important role in the phagocytosis of encapsulated S. aureus [14] the depletion of B cells 

does not influence the course of S. aureus−induces arthritis or sepsis [52]. 

 

Cytokines in S. aureus infection 

During S. aureus infection a substantial amount of proinflammatory cytokines are produced, such 

as IL-1, IL-6, IL-12, IFN-γ and TNF-α [53,54]. Also, we have shown that IL-15 is increased late 

during S. aureus−induced infection and it has also been shown that IL-17A is upregulated from 

human peripheral blood mononuclear cells after TSST-1−producing S. aureus stimulation in vitro 

[55]. 
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Interleukin-6 

IL-6 is one of the main proinflammatory cytokines and is produced both by immune cells e.g. T 

cells and macrophages, and by non-immune cells including fibroblasts, osteoblasts and 

endothelial cells. It induces expression of adhesion molecules on endothelial cells and enhances 

chemokine production, thereby increasing cell migration into tissue [56]. T helper (Th) 17 cell 

differentiation is promoted by IL-6 which suppresses TGF-β induced regulatory T cell 

differentiation [57]. Also, IL-6 induces the expression of receptor activator of nuclear factor 

kappa-B ligand (RANKL) which stimulates osteoclastogenesis and subsequent degradation of 

bone [58]. Via these mechanisms IL-6 upregulation contributes to destruction of the joints in 

aseptic arthritis [56]. The role of IL-6 in S. aureus infection is not clear. Although IL-6 contributes 

to increased morbidity and mortality by promoting an overwhelming immune response [39,59], it 

is most likely also needed for bacterial elimination by recruitment of neutrophils and most 

importantly macrophages to site if infection. Serum levels of IL-6 are elevated within hours after 

S. aureus inoculation and levels are high throughout the infection [39,50].  

 

Interleukin-12 

IL-12 is produced by macrophages and polarises the T cell towards a Th1 phenotype. It 

promotes secretion of IFN-γ by Th1 cells and NK cells. IL-12 is an important cytokine during S. 

aureus infection, and contributes to an increased survival during sepsis due to an increased 

bacterial clearance, probably via increased levels of IFN-γ and subsequent macrophage activation 

[60,61]. 

 

Interferon-γ 

IFN-γ is the main cytokine produced by Th1 cells and NK cells. IFN-γ activates macrophages 

and neutrophils but also has a role in the recruitment of these cells to the site of infection. It 

induces the production of MCP-1 and hence enhances the recruitment of mononuclear cells but 

seems to inhibit the production of IL-8 and the recruitment of polymorphonuclear cells to site of 

infection [62-64]. However, a combination of IL-17A and IFN-γ seems to synergistically enhance 

the secretion of chemokines IL-8 and MCP-1 [65]. The role of IFN-γ in S. aureus infection is dual. 

Administration of IFN-γ shows a protective role of this cytokine during S. aureus sepsis, as it 

seems to increase phagocytosis and thereby bacterial clearance and survival. On the other hand, 

IFN-γ seems to contribute to the severity of arthritis. This is probably due to the increased 

activation of macrophages to phagocytose and the enhanced production of e.g. TNF-α and IL-6 

from macrophages which contributes to the severity of arthritis [61].  
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Tumor necrosis factor-α 

TNF-α is mainly produced by macrophages but also by T cells, NK cells and endothelial cells. It 

is a potent proinflammatory cytokine as it induces chemokine secretion, it upregulates adhesion 

molecules on endothelial cells and on leukocytes, activates neutrophils and macrophages to 

phagocyte efficiently and promotes bone resorption by inducing RANKL expression in 

osteoblast. TNF-α is known to be one of the major causative factors involved in degradation of 

cartilage and subchondral bone in aseptic arthritis, and anti-TNF treatment has revolutionised the 

life of many patients suffering from e.g. RA [66]. In S. aureus infection TNF-α levels in serum are 

increased throughout infection [39]. Although a treatment combination of TNF-α and antibiotics 

in S. aureus−induced arthritis in mice has been shown to ameliorate both septic arthritis and septic 

death [6], lack of TNF-α leads to an amelioration of S. aureus−induced arthritis whilst S. 

aureus−induced mortality is aggravated [67]. TNF-α upregulates the expression of adhesion 

molecules by endothelial cells [44] which results in inflammatory cells invading the tissue. This is 

probably one of the reasons for decreased frequency of synovitis in the TNF-α deficient mice, 

which displayed a higher mortality rate due to reduced phagocytic activity of macrophages and 

decreased bacterial clearance. 

 

 

Cytokines o f  part i cular interes t  in the thes is  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Interleukin-15 

IL-15 is a proinflammatory pleiotropic cytokine, which share many structural properties with IL-

2 and is produced by a wide range of cells including epithelial, endothelial cells, fibroblasts, 

muscle cells, macrophages, dendritic cells and mast cells [68-70]. Its receptor consists of a β and a 

γ subunit, which are both included in the IL-2 receptor, and a unique IL-15 receptor α (Rα) 

subunit. There are two different isoforms of the cytokine due to alternative splicing; one form is 

retained intracellularly while the other binds the IL-15Rα [71,72]. The cytokine/receptor 

complex (IL-15/IL-15Rα) may stay bound to the cell surface, where it can be transpresented to 

cells expressing the β and γ subunits of the receptor or the complex may be secreted. The soluble 

IL-15/IL-15Rα complex binds with 10-100 fold higher affinity to the IL-15R β and γ subunits 

compared with IL-15 alone [73]. IL-15 is a potent prosurvival factor, enhancing the expression of 

the antiapoptotic factors Bcl-xL and Bcl-2, and inhibiting the expression of proapoptotic factor 

Bax [74-76]. It promotes maturation and survival of NK and dendritic cells (DC) and is a 
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selective growth factor for CD8+, but not CD4+ T cells [77-79]. In addition, IL-15 

transpresentation by DCs is required for NK and CD8+ cell priming [80,81]. IL-15 is important in 

the protection against viral infections e.g. IL-15 knockout mice have enhanced susceptibility to 

vaccinia virus infections, as well as in the protection against bacterial infections [74,79,82-84]. It is 

a potent stimulator of neutrophils and macrophages, as it enhances phagocytosis and 

proinflammatory cytokine/chemokine production in these cells [85]. In human monocytes IL-15 

also has a role in cell recruitment to the site of infection via upregulation of IL-8 and MCP-1 [86]. 

A new role of intracellular IL-15 in mast cells was described in a cecal ligation and puncture 

(CLP) sepsis model, as IL-15 knockout mice displayed an increased bacterial clearance due to 

enhanced recruitment of neutrophils [70]. The suggested mechanism was suppression of an IL-15 

dependent inhibition of neutrophil attracting protein-2 (NAP-2) (also called CXCL7). In 

addition, IL-15 plays an important role in osteoclast differentiation in inducing RANKL 

expression from not only stromal cells/osteoblasts but also from NK cells and synovial 

fibroblasts (Figure 4) [87-90].  

 
 

Figure  4 .  Functions of IL-15.  

Bacteria,            fibroblast,       neutrophil,       phagocytic neutrophil,       macrophage,     phagocytic 

macrophage,            osteoclast,           stromal cell/osteoblast. 
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Interleukin-17A 

Within the IL-17 superfamily there are six known cytokine members, IL-17A-IL-17F [91], where 

IL-17A and IL-17F share the highest homology and IL-17E (IL-25) is most different from IL-

17A [92]. Within the IL-17 receptor family, five receptor subunits have been identified, IL-17RA-

IL-17RE (Figure 5). T cell differentiation towards either Th1, Th2, Th17 or regulatory T (Treg) 

cells is dependent on cytokine environment, which in turn is dependent on the pathogen invading 

the host. Naïve T cells exposed to TGF-β will differentiate towards Treg cells, due to activation 

of the transcription factor forkhead box P3 (FOXP3) [93]. If IL-6 also is present this will reduce 

the expression of FOXP3 and instead induce the expression of the transcription factor retinoic 

acid-related orphan receptor (ROR) γt and RORα and the T cell will differentiate towards a Th17 

cell producing mainly IL-17A and F [57,94-97]. IL-17A was first described in 1993 but it was not 

until 2005, when Harrington et al. [98] described the Th17 subset, that the relevance of this 

cytokine was widely recognised among immunologists [91,99,100]. IL-17A is an important player 

in host defence towards local Gram-negative extracellular bacterial infections [29,101-107] and 

local S. aureus infections [108]. By inducing the production of the growth factors granulocyte-

colony stimulating factor (G-CSF) and granulocyte macrophage-colony stimulating factor (GM-

CSF) from structural cells, granulopoiesis is stimulated and the proliferation of neutrophils is 

enhanced [109,110]. The cells are recruited to site of infection via IL-17A, which activates 

structural cells to produce CC-chemokines e.g. MCP-1 (also celled CCL2) and CXC-chemokines 

e.g. KC (also called CXCL1 and NAP-3), macrophage inflammatory protein-2α (MIP-2a) (also 

called CXCL2) and IL-8 (also called CXCL8) in humans [65,91,99,100,111-113]. IL-17A also 

induces the production of IL-6 and matrix metalloproteinases (MMP) such as MMP1, MMP3, 

MMP9 and MMP13 and cathepsin K and hence IL-17A is involved in bone turnover [113-116]. 

It has also been shown that IL-17A is involved in osteoclastogenesis by inducing RANKL in 

osteoblasts and synovicytes [117,118] (Figure 5). 
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Figure  5 .IL-17 cytokines and their receptors. 

IL-17RA (grey) and IL-17RC (yellow) receptor complex binds IL-17A−IL-17F heterodimers and homodimers of IL-

17A or IL-17F. In all cases the composition of the receptor complexes is largely unknown, though it is believed that 

IL-17RA and IL-17RC forms an IL-17RA–IL-17RC heterodimeric receptor complex. Adapted from Gaffen and 

Song et al. [119,120]. 

 

 

 
 

Figure  6 .  Functions of IL-17A and IL-17F.  

      Endothelial/epithelial cell,            fibroblast,       neutrophil,         macrophage,        osteoclast ,       stromal 

cell/osteoblast,        synovicyte.   
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Interleukin-17A & Interleukin-17F 

Within the IL-17 family, IL-17F is the cytokine that shares the greatest structural and functional 

homology with IL-17A [91,99]. IL-17F and IL-17A seems to share many biological effects, in 

particular with reference to the local mobilisation of neutrophils [121]. IL-17A and IL-17F have 

synergistic effects in combination with other cytokines; IL-17A in combination with TNF-α has 

been shown to give rise to a higher response with respect to many chemokines and cytokines 

than the combination IL-17F and TNF-α [122-124]. Both IL-17A and IL-17F exist as 

homodimers or as IL-17A–IL-17F heterodimers and these are believed to bind to an IL-17RA–

IL-17RC heterodimeric receptor complex (Figure 5) [125-130]. IL-17A is mainly expressed by 

different kinds of T cells e.g. Th17, γδ T cells, NK T cells and CD8+ cells, while IL-17F may be 

expressed by other cells in addition to these haematopoietic cells. 

 

Interleukin-23 

IL-23 is a cytokine produced by activated macrophages and dendritic cells [131-133]. The 

cytokine is a heterodimer, composed of p19 and p40, where p40 also is a subunit of IL-12. IL-23 

was in the beginning thought to have a role in the differentiation of naïve T cells towards Th17 

cells, but as it turned out that the IL-23R was not expressed on naïve T cells but on effector T 

cells [134], this seemed unlikely. Instead it was shown that T cells exposed to IL-6 and TGF-β 

induces the production of IL-21, which induces the expression of IL-23R in an autocrine loop 

[135]. Now its is generally believed that IL-23 is important for the expansion and stabilisation of 

the Th17 cells [57] and that IL-21 and IL-23 both are capable of inducing IL-17A production 

from Th17 cells (Figure 7) [135]. 
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Figure  7 .  Function of IL-23 
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AIMS 

 

 

I. To study the impact of Interleukin-15 in Staphylococcus aureus arthritis and 

sepsis. 

 

 

II. To study the impact of Interleukin-17A in systemic and local Staphylococcus 

aureus arthritis. 

 

 

III. To study the downregulation by Interleukin-17A on the upstream 

cytokine Interleukin-23 under both Gram-positive and Gram-negative 

conditions. 
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METHODS 

For more detailed information of material and methods please refer to the individual papers (I-

III). 

 

 

Animals 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Mice (I, II, III) 

To investigate the role of specific cytokines in mice in vivo we use knockout mice. C57BL/6 

wildtype (Scanbur, Sollentuna, Sweden) and IL-15 knockout [79] and IL-17A knockout [136] 

mice, both on a C67BL/6 background were used in order to investigate the impact of these 

cytokines in S. aureus–induced arthritis and sepsis (I, II). We also investigated the role of IL-17A 

in this model on a BALB/c background, where we used BALB/c wildtype and BALB/c IL-17A 

knockout mice [136] (II). Both male and female mice were used. To study the role of IL-17A on 

IL-23 release, in the model of sepsis induced pneumonia, male C57BL/6 wildtype and C67BL/6 

IL-17A knockout mice were used while male BALB/c wildtype mice were used in the model of 

Gram-negative airway infection (III). Permission from the local Animal Research Ethics 

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

experiments. 

 

Humans (III) 

The study protocol was approved by the Ethics Committee in Gothenburg and has previously 

been used in a recently published study (45). Written informed consent was obtained from 

healthy volunteers recruited by advertisement. The investigated subjects were non-smoking and 

non-atopic (i.e. negative PhadiatopTM test) individuals without any regular medication, who 

constituted technical control subjects for a larger study (45). The subjects had normal ventilatory 

lung function, normal clinical status and electrocardiogram, in accordance with published study 

inclusion criteria (45). Bronchoscopy with lavage was also carried out at the Royal Liverpool and 

Broadgreen University Hospitals Trust, with similar and previously published (46) protocols and 

with the consent of local ethics committees. Volunteers recruited in Liverpool were all healthy, 

non-smoking adults, without any regular medication. 
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Treatments 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Bacterial inoculation in mice (I, II, III) 

We have chosen to use the well described TSST-1 producing S. aureus strain LS-1 in our 

experiments which was originally isolated from a swollen joint of a mouse with spontaneous 

outbreak of arthritis [8]. After this finding extensive research has been done in this mouse model. 

The route of infection for the systemic model, intravenously, was chosen as haematogenously 

spreading of bacteria is the most common way of infection in human septic arthritis. The bacteria 

were injected into one of the tail veins. The number of inoculated bacteria is crucial for the 

outcome of the infection, e.g. a certain dose is tolerable and gives rise to arthritis whereas a 

higher dose causes sepsis (I) and increased mortality. Further, different strains of mice may react 

differently to the same amount of inoculated bacteria e.g. BALB/c (II) mice does not tolerate as 

high doses as C57BL/6 (I, II, III), and they were therefore inoculated with a lower dose of 

bacteria. To mimic a local infection of S. aureus, bacteria were inoculated directly into the knee 

joint, intraarticularly (II). 

 

Anti−IL-15 antibody treatment (I) 

To further investigate the effect of IL-15 in S. aureus−induced arthritis, wildtype C67BL/6 mice 

were injected intraperitoneally with monoclonal anti-mouse IL-15 antibody (aIL-15ab) or isotype 

control antibody starting 3 days post S. aureus infection. The antibodies were thereafter injected 

intraperitoneally at days 6, 10 and 13. 

 

Local inflammation in the airways of mice (III) 

The investigation of the impact of LPS on the immune response in the airway is examined using 

intranasal injection in BALB/c mice. LPS was administrated intranasally to induce Gram-negative 

airway stimulation. 

 

Mice were treated with anti-mouse IL-17A monoclonal antibodies (aIL-17A ab) or the isotype 

control intraperitoneally. After 24 hours the mice were anaesthetised transiently and exposed to 

LPS intranasally. After yet another 24 hours the mice were sacrificed. 

 

In another experiment the mice were anaesthetised transiently and exposed to recombinant 

mouse IL-17A protein (rmIL-17A) or the corresponding vehicle (phosphate buffered saline 

(PBS)) intranasally. The mice were sacrificed after 2 hours. 
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Bronchoalveolar lavage in mice & humans (III) 

To evaluate the immunological response in the mouse lung after LPS and rmIL-17A protein 

exposure, bronchoalveolar lavage (BAL) was performed. For this a tracheotomy tube was 

inserted in the trachea and fluid (usually PBS) was used to wash the lungs in order to wash out 

the cells. The samples were centrifuged and the cell free BAL fluid and cell containing pellet were 

collected separately.  

 

In human studies, BAL fluid was obtained from bronchoscopy with bilateral bronchoalveolar 

lavage on each subject. Briefly, during a first bronchoscopy, a balloon-tipped catheter was 

inserted through the bronchoscope, placed in a segmental bronchus, and inflated with air to 

occlude the segments chosen for challenge. Ten ml of PBS followed by 10 ml of air were then 

instilled into the bronchus segment. The bronchoscope was then retracted and the head end of 

the operating table was elevated with the subject in place for 1 hour, to minimise the spread of 

the instilled PBS. During a second bronchoscopy, the same protocol was followed but with the 

inclusion of BAL procedure (3*50ml of PBS) instead of PBS instillation. Endobronchial 

photographs were taken bilaterally on both occasions, to ensure that the BAL sampling was 

performed in the PBS exposed segment. 

 

Culture of human cells of the monocyte-lineage (III) 

In order to assess if IL-17A−induced inhibition of IL-23 is important also in humans, we used 

different types of human monocyte-lineage cells, monocytes, monocyte-derived macrophages and 

alveolar macrophages, to which recombinant human IL-17A (rhIL-17A) protein was added after 

LPS stimulation. 

 

Peripheral blood mononuclear cells were harvested from venous blood of healthy human 

volunteers and collected by density centrifugation over a Ficoll gradient. Monocytes were then 

isolated using negative selection. To obtain monocyte-derived macrophages, monocytes were 

cultured in the presence of recombinant human GM-CSF protein during 5 days. Human alveolar 

macrophages were isolated from the other cells in BAL by adherence for 2 h. 

 

Human monocytes, monocyte-derived macrophages and human alveolar macrophages were 

subsequently stimulated with LPS and rhIL-17A or the corresponding vehicle (supplemented 

medium) for 24 h. After 24 h of stimulation the supernatant was collected and centrifuged in 

order to get cell free medium. The macrophages that had adhered to the bottom of the culture 
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wells were lysed for quantitative (real-time) polymerase chain reaction (q-PCR) analysis (see 

below). 

 

In another experiment, the human monocyte-derived macrophages were stimulated with LPS and 

rhIL-17A or its vehicle (supplemented medium), together with a Ras-related C3 botulinum toxin 

substrate 1 (Rac1) inhibitor at different concentrations. 

 

 

Evaluat ions 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Clinical evaluation (I, II, III) 

All mice were followed individually and checked daily. Mice were graded blindly for clinical 

arthritis. This clinical evaluation includes finger/toe and ankle/wrist joints but not knees and 

elbows. The joints were inspected and arthritis was defined as visible erythema and or swelling. 

To evaluate the intensity of arthritis, a clinical scoring was carried out using a system where 

macroscopic inspection yielded a score of 0-3 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 up all the scores within each 

animal tested. The overall condition of each mouse was also examined daily by assessing signs of 

systemic inflammation, i.e. weight change, reduced alertness and ruffled coat. 

 

Histological evaluation (I, II) 

In order to assess arthritis more thoroughly and to observe the arthritis in not only finger/toe 

and ankle/wrist joints but also in knees and elbows histological sections were made (I, II). Joints 

were fixated, decalcificated and paraffin embedded. Tissue sections from fore- and hind paws 

were sectioned, deparaffinised and stained with haematoxylin-eosin. The specimens were 

evaluated with regard to synovitis and bone/cartilage destruction. The degree of synovitis and 

destruction yielded a score from 0 to 3 in every joint. 

 

Histochemical staining using Safranin-O was performed to determine the degree of cartilage 

destruction in hind paws (I). Safranin O is a molecule that binds to proteoglycan in the cartilage 

and therefore the staining intensity is proportional to the amount of cartilage [137]. The tissue 

sections were sectioned, deparaffinised and stained with Weigert’s Iron haematoxylin prior to 

Safranin O staining with Fast Green counterstaining. The degree of cartilage destruction was 

evaluated from 0 to 3. 
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Immunohistochemical staining was also performed in order to evaluate the number of osteoclasts 

in the knee joints (I). Cathepsin K is a proteolytic enzyme expressed predominantly in osteoclasts 

and we therefore used a cathepsin K antibody [138]. Tissue sections from knees were sectioned, 

deparaffinised and an unlabeled rabbit anti-mouse serum containing cathepsin K antibody was 

used as a primary antibody and normal rabbit serum as a negative control. Biotin-labelled goat 

anti-rabbit was used as secondary antibody, and was followed by incubation with avidin-

biotinylated enzyme complex. Thereafter the substrate was added and the osteoclasts became 

visible. All sections were counterstained with Mayer's haematoxylin. The number of osteoclasts 

per 0.1 mm2 per mouse was counted. 

 

Bacteriological evaluation (I, II, III) 

S. aureus home mainly to the kidneys and joints but bacteria have also been found in other tissues 

such as lungs [139]. To evaluate bacterial clearance, bacterial cultures were performed from 

kidneys (I, II), lungs (III) and knee joints (II) and the number of colony forming units (CFU) 

were determined. In brief, both kidneys and lungs were aseptically removed, homogenised, 

serially diluted in PBS and spread on blood agar plates. The synovial membrane was aseptically 

removed and suspended in Luria-Bertani (LB) medium. After 24 h of incubation the solution was 

serially diluted in PBS and spread on blood agar plates. In addition, the synovial membrane was 

aseptically removed, mashed PBS and spread on blood agar plates. The number CFU was 

determined after 24 h of incubation at 37°C. 

 

Evaluation of macrophage & neutrophil count (II, III) 

In order determine the concentration of macrophages and neutrophils in BAL, cytospin slides 

were prepared (III). To determine the concentration of neutrophils in blood, smears of peripheral 

blood were prepared (II). The cells were stained using May Grünwald/Giemsa staining and 

counted manually. Total concentration of cells in BAL was counted manually in Bürkner 

chamber whereas the total concentration of leukocytes in blood were counted in cell counter. 

 

Evaluation of MPO activity (II) 

Myeloperoxidase (MPO) is a peroxidase most abundant in neutrophils. Measuring the MPO 

enzyme activity reflects the amount of neutrophils in the tissue. We measured MPO in synovial 

cells (II). The cells were lysed in lysis buffer and subsequently a peroxidase substrate was added 

to the samples. The absorbance of the colour change was measured at 450 nm. 
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Flow cytometric evaluation (II, III) 

In the local arthritis model studying IL-17A impact on the disease (II) we wanted to see if the 

enhanced arthritis was due to a reduced infiltration of neutrophils and MHC II+ cells. The 

synovial membrane was homogenised and the synovial cells were stained using a mouse anti-Gr-1 

antibody and a mouse anti-I-A/I-E antibody. 

 

To investigate if the resident macrophages in the lung can be responsible for IL-17A-induced 

inhibition of IL-23 (III) we wanted to evaluate if human alveolar macrophages express the 

receptor subunits IL-17RA and IL-17RC required for IL-17A signalling [125]. Using flow 

cytometry we investigated the presence of these receptors on the surface of human alveolar 

macrophages in BAL. 

 

Cytokine evaluation (I, II, III) 

To evaluate the amount of cytokines in blood (I, II) and in supernatants from various cells in 

mice and humans (III) we used enzyme-linked immunosorbent assay (ELISA) and cytometric 

bead assay (CBA). Blood was centrifuged and the serum was collected. Serum protein levels of 

IL-15 (I), IL-17A (II), IL-17F (II) and G-CSF (II) were measured by sandwich ELISA. Serum 

protein levels of IL-17A (I), IL-4 (I), IL-2 (I), IL-10 (I, II), TNF-α (I, II), IFN-γ (I, II), IL-6 (I, 

II), MCP-1 (II) and IL-12p70 (II) were measured using CBA kit. Supernatants were collected 

from BAL or various cell cultures and analysed using ELISA for IL-17A, IL-22, IL-23 (p19 and 

p40) and IL-12p70 content (III). For detection of the ELISA, the absorbance of the colour 

change was measured and cytokine detection using the CBA kit was detected using Fluorescence-

activated cell sorting  (FACS). 

 

Evaluation of gene expression (II, III) 

The gene expressions of IL-17F in lymph nodes (II) and of IL-23p19 and p40 in monocyte-

derived macrophages and alveolar macrophages (III) were analysed using q-PCR. The cells were 

lysed with RLT buffer, mRNA was prepared and thereafter cDNA was synthesised. Primers and 

probes for IL-17F (II) and for IL-23p19 and IL-23p40 (III) were used. Each sample was run in 

duplicate. Mouse GAPD endogenous control (II) or human β-actin endogenous control (III) 

were used to normalise the data. 
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Stat is t i ca l  analys is  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

For all experiments, each donor contributed to one independent experiment. n represents the 

number of independent experiments and p ≤ 0.05 was considered statistically significant. Data 

are expressed as median or mean [SEM] or mean [SD] as indicated. 

 

Paper I & II 

Statistical differences between independent groups were calculated using non-parametric Mann-

Whitney U test or Fisher’s exact probability test. Kaplan-Meier survival plots were prepared and 

the log-rank test was used for comparison between the two survival curves. Cytokine levels (I) 

were compared between wildtype and IL-15 knockout mice using a mixed model, including days 

after bacterial inoculation as continuous variable, genotype as fixed variable and cytokine level as 

dependent variable.  

 

Paper III 

Two-tailed student’s t-test was used for statistical analysis of data from mouse BAL samples and 

human monocyte-derived macrophages and alveolar macrophages in vitro unless otherwise stated. 

The IL-23 concentrations in the cell culture medium of the human monocyte-derived 

macrophages and the alveolar macrophages were logarithmically transformed in order to 

normalise the baseline variance. The concentration-response data from Rac1-inhibitor treated 

human monocyte-derived macrophages in vitro were analysed by using repeated measures 

ANOVA. 
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RESULTS 

Paper 1 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

The absence of IL-15 ameliorates S. aureus–induced arthritis 

To investigate if IL-15 has any impact on systemic S. aureus−induced arthritis, S. aureus was 

inoculated intravenously into wildtype and IL-15 knockout mice. IL-15 knockout mice lost 

significantly less weight compared with wildtype mice after intravenous S. aureus inoculation, but 

no differences could be observed in mortality rate (Figure 8A & B). Clinical severity of arthritis 

and frequency of arthritis was significantly decreased in the IL-15 knockout mice compared with 

wildtype mice late during infection (Figure 8C & D). 

 

 
Figure  8 .  Weight change, survival, clinical severity of arthritis, together with frequency of arthritis in wildtype (■) 

and IL-15 knockout (○) mice after S. aureus intravenous inoculation. 
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 The absence of IL-15 does not affect bacterial clearance 

The host’s ability to clear bacteria was 

measured per kidney pair at days 10 and 14 

after bacterial inoculation, no significant 

differences were obtained between wildtype 

mice and knockout mice (Figure 9). 

 

 

 

Figure  9 .  Amount of bacteria in kidneys after systemic 

S. aureus inoculation in wildtype (■) and IL-15 knockout 

(○) mice. 

 

 

The absence of IL-15 leads to a reduction of cartilage destruction & number of osteoclasts 

It has been shown that IL-15 affects the development of osteoclasts [87].  We wanted to 

investigate if this effect is the reason for reduced arthritis in the IL-15 knockout mice. Safranin O 

staining of cartilage showed significantly reduced cartilage destruction in the IL-15 knockout 

mice compared with wildtype mice at day 14 after S. aureus inoculation (Figure 10A). Also, 

cathepsin K staining of the joints revealed a significantly reduced number of osteoclasts in the 

IL-15 knockout mice compared with wildtype mice (Figure 10B). 

Figure  10.  Safranin O and Cathepsin K staining in wildtype (■) and IL-15 knockout (○) mice after S. aureus 

intravenous inoculation. 
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IL-15 does not influence the outcome of S. aureus–induced sepsis 

In order to investigate the importance of IL-15 during S. aureus–induced septic shock, a 10-fold 

higher (septic) dose of S. aureus was intravenously inoculated. Apart from a slight increase in 

weight loss at day 1 in the IL-15 knockout mice compared with wildtype mice (Figure 13A), no 

differences were observed in terms of mortality, severity or frequency of clinically assessed 

arthritis or bacterial clearance at any timepoints (Figure 13B-E). 

 
Figure  13.  Weight change, survival, clinical severity of arthritis, frequency of arthritis together with amount of 

bacteria in kidneys in wildtype (■) and IL-15 knockout (○) mice after a septic dose of S. aureus intravenous 

inoculation. 
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Treatment with aIL-15ab ameliorates S. aureus–induced arthritis 

To investigate if aIL-15ab treatment has any impact on systemic S. aureus−induced arthritis, S. 

aureus was inoculated intravenously into wildtype mice and 3 days later the mice were treated with 

aIL-15ab or its isotype control. Mice treated with aIL-15ab lost significantly less weight compared 

with mice treated with isotype control at day 14 after intravenous S. aureus inoculation (Figure 

11A). Haematoxylin-eosin stained histological sections showed that mice treated with aIL-15ab 

had significantly reduced both severity of synovitis and bone/cartilage destruction compared with 

mice treated with isotype control antibodies at day 14 after intravenous inoculation of S. aureus 

(Figure 11B). 

 

 
Figure  11.  Weight change and histology of joints in wildtype mice treated with isotype control (■) or aIL-15ab (○) 

after intravenously inoculated with S. aureus. 

 

 

Anti−IL-15ab treatment enhances bacterial clearance 

Mice treated with aIL-15ab showed a significantly 

increased ability to clear bacteria from kidneys 

compared with mice treated with isotype control 

antibody (Figure 12). 

 

 

 

Figure  12.  Amount of bacteria in kidneys after 

systemic S. aureus inoculation in mice treated with 

isotype control (■) or aIL-15ab (○). 
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Paper II 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

IL-17A has a moderate impact on systemic S. aureus–induced arthritis 

To evaluate if IL-17A have any impact on systemic S. aureus disease development, wildtype and 

IL-17A knockout mice were intravenously inoculated with S. aureus. Although the IL-17A 

knockout mice lost significantly more weight than wildtype mice at days 3, 9 and 11 after S. aureus 

inoculation, there were no differences in mortality (Figure 14A & B) or severity and frequency of 

clinically assessed arthritis (Figure 14C & D). However, histological sections from the C57BL/6 

mice at days 13 showed that IL-17A knockout mice displayed significantly more erosions than 

wildtype mice (Figure 14E). 
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Figure  14.  Weight change, survival, clinical severity 

of arthritis, frequency of arthritis and histology of 

joints in wildtype (■) and IL-17A knockout (○) mice 

after S. aureus intravenous inoculation. S: Synovitis, 

D: Bone/cartilage destruction. 

 

 

 

 

 

The absence of IL-17A increases clearance of bacteria from kidneys early during systemic S. aureus infection 

Bacterial clearance from kidneys was significantly higher in IL-17A knockout mice compared 

with wildtype mice at day 1 after S. aureus inoculation. At later timepoints, the bacterial clearance 

was similar in both groups of mice (Table 1). 

 

Table  1 .  Amount of S. aureus from kidneys of wildtype and IL-17A knockout mice after intravenous inoculation.   

  

Wildtype 

(CFU) 

  

IL-17A-/- 

(CFU) 

 

Day n  n 
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31,400 ± 20,084 5 1200 ± 374* 5 

3 

 

1.7 ± 0.7 (x107) 5 1.1 ± 0.6 (x107) 5  

7 

 

9.3 ± 1.7 (x107) 19 12.7 ± 4.7(x107) 12  

13 1.5 ± 0.5 (x107) 21 2.2 ± 0.6 (x107) 22 
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The absence of IL-17A leads to increased levels of IL-17F during systemic S. aureus infection 

It has been shown that the absence of IL-17A leads to an increase in the levels of IL-17F [140]. 

Expression of IL-17F mRNA in lymph nodes was significantly higher in IL-17A knockout mice 

compared with wildtype mice both before and at day 13 after S. aureus inoculation (Figure 15A). 

These data were confirmed by significantly increased serum protein levels of IL-17F in IL-17A 

knockout mice at days 1, 7 and 13 after infection (Figure 15B). 

 

 

 

 
 

Figure  15 . Levels of IL-17F mRNA in lymph nodes and serum protein levels of IL-17F in wildtype (■) and IL-17A 

knockout (○) mice before and after S. aureus intravenous inoculation. 
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The absence of IL-17A influences serum protein levels of IL-6 & IFN-γ during systemic S. aureus infection 

S. aureus infection has profound effects on the immune response and many cytokines are 

upregulated during infection. We found differences in the levels of IL-6 and IFN-γ between 

wildtype and knockout mice. Serum protein levels of IL-6 were significantly decreased at day 13 

after S. aureus inoculation (Figure 16A). In contrast, serum IFN-γ protein levels were significantly 

increased in IL-17A knockout mice compared with wildtype mice at day 1 (Figure 16B). 

 

 

 

 

Figure  16.  Levels of IL-6 and IFN-γ protein in serum in wildtype (■) and IL-17A knockout (○) mice before and 

after S. aureus intravenous inoculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20
20

80

Days after bacterial inoculation

IF
N

-g
 (p

g/
m

l)

0             1              3              7            13 

*

0

500

1000

1500
2500

3000

Days after bacterial inoculation

IL
-6

 (p
g/

m
l)

0                  1                  7                 13 

**

A B



 40 

IL-17A protects against local S. aureus–induced arthritis 

To evaluate if IL-17A has any impact on local S. aureus infection, S. aureus was inoculated into the 

knee joint. IL-17A mice knockout showed significantly more severe synovitis and erosive arthritis 

compared with wildtype mice at day 3 (Figure 17A). Bacterial growth was found in 3 of 5 IL-17A 

knockout mice compared with 1 of 5 wildtype mice when the synovial membrane was directly 

spread on a blood agar plate. In addition, to determine the amount of bacteria per synovial 

membrane a broth culture of the synovial membranes was performed and the bacterial load was 

significantly increased in IL-17A knockout mice compared with wildtype mice at day 3 after 

intraarticular inoculation (Figure 17B). There was a clear trend towards decreased numbers of 

neutrophils in the synovial membranes from the IL-17A knockout mice compared with wildtype 

mice (Figure 17C), while the MPO activity was similar in both groups (Figure 17D). 

 

 
Figure  17.  Histology of knees, amount of bacteria, number of neutrophils and MPO activity in the synovial 

membrane in wildtype (■) and IL-17A knockout (○) mice after local S. aureus intraarticular inoculation. 
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Paper III 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Local protein levels of IL-23 are elevated in IL-17A knockout mice after systemic inoculation of S. aureus 

S. aureus was intravenously inoculated in C57BL/6 wildtype and IL-17A knockout mice as 

previously described. Subsequently the concentration of IL-23 protein in cell free BAL fluid was 

determined. We found that the concentration of IL-23 protein in cell free BAL fluid was 

significantly higher in IL-17A knockout mice compared with wildtype 24 h after but not before, 

inoculation of S. aureus. Also, the concentration of alveolar macrophages in BAL samples was 

higher in knockout mice compared with wildtype mice after S. aureus inoculation. 

 

Local protein levels of IL-23 are elevated after aIL-17A ab treatment during Gram-negative airway stimulation 

Mice were intranasally exposed to LPS, some mice were pre-treated with an aIL-17A ab or its 

isotype control intraperitoneally. Exposure to LPS alone caused a significant decrease in the 

protein levels of IL-23 in the cell free BAL fluid compared with vehicle control exposure. 

Further, exposure to LPS in combination with aIL-17A ab pre-treatment caused a significant 

increase in the concentration of IL-23 protein in the cell free BAL fluid compared with control 

mice. The concentration of alveolar macophages was significantly reduced in LPS exposed mice 

compared with vehicle control exposure. However, LPS exposure in combination with aIL-17A 

ab pre-treatment did not cause any differences in the concentration of alveolar macrophages in 

BAL samples compared with control mice. The concentration of neutrophils was significantly 

increased in BAL samples after LPS exposure compared both with vehicle control exposure and 

LPS exposure in combination with aIL-17A ab pre-treatment. 

 

Local protein levels of IL-23 are reduced in mouse airways in vivo after local administration of rmIL-17A 

After intranasal stimulation (2 h) with rmIL-17A protein only, mice displayed a significantly 

decreased concentration of IL-23 protein in cell free BAL fluid compared with the vehicle-

stimulated control mice. 

 

IL-17RA & IL-17RC are both expressed by human alveolar macrophages 

After examination of cell surface expression of IL-17RA and IL-17RC on human alveolar 

macrophages, we observed the presence of both receptor units on a series of BAL samples 

collected from 8 human volunteers. 
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The production of IL-23 by human monocyte-lineage cells is reduced by rhIL-17A 

Human monocytes, monocyte-derived macrophages and alveolar macrophages were stimulated 

with LPS in combination with rhIL-17A protein or vehicle, after which the protein concentration 

of IL-23 in the conditioned cell culture medium was measured. Conditioned medium from LPS 

stimulated human monocyte-derived macrophages and from LPS stimulated human alveolar 

macrophages contained detectable protein levels of IL-23 and addition of rhIL-17A protein 

decreased the concentration of IL-23 protein in the conditioned medium, compared with 

controls. 

 

Rac1 inhibition did not affect the rhIL-17A-dependant IL-23 decrease in human 

The inhibition of Rac1 caused a concentration dependant decrease in IL-23 concentration in the 

conditioned medium from the LPS and rhIL-17A stimulated human monocyte-derived 

macrophages. Importantly, there was also a similar trend in cells not stimulated with rhIL-17A 

protein. 

 

Human macrophage p19 & p40 expression is not downregulated by rhIL-17A stimulation 

Stimulation with LPS and rhIL-17 protein significantly increased the p19 mRNA expression in 

the human monocyte-derived macrophages compared with LPS and vehicle control stimulation. 

The same trend was found for the p40 mRNA expression in the monocyte-derived macrophages 

stimulated with LPS and rhIL-17A and in the human alveolar macrophages stimulated with LPS 

and rhIL-17A, with respect to both p19 and p40. 
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DISCUSSION 

We have been investigating the cytokines IL-15 and IL-17A during the course of S. 

aureus−induced arthritis and sepsis in mice. Both cytokines are proinflammatory which, - although 

through different mechanisms - have effects on neutrophils and osteoclast. However, the 

cytokines seems to have different roles in S. aureus−induced arthritis.  

 

Paper 1 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
In this study we investigated the role of IL-15 in systemic S. aureus−induced arthritis.  

 

I summarise the findings in S. aureus−induced arthritis and sepsis in the IL-15 knockout mice.  

 
    Mice lacking IL-15 lost significantly less weight throughout systemic S. aureus–

induced arthritis and the severity and frequency of arthritis was decreased late 
during infection.  

 
The decrease in arthritis in the IL-15 knockout mice coincided with a decrease 
in the number of osteoclasts and a decrease in cartilage destruction in the joints 
compared with wildtype mice. 
 
The host’s ability to clear bacteria was not affected in the absence of IL-15.  

 
In S. aureus–induced sepsis, no differences were observed between wildtype 

and knockout mice with respect to weight loss, mortality, clinical arthritis and 

clearance of bacteria in the kidneys. 

 

I summarise the findings in S. aureus−induced arthritis the mice treated with aIL-15ab.  

 
Mice treated with aIL-15ab lost significantly less weight at day 14 after systemic 
S. aureus–induced infection compared with mice treated with isotype control.  
 
Also, the aIL-15 treated mice displayed significantly reduced severity of 
synovitis and bone/cartilage destruction at day 14 compared with isotype 
control treated mice. 

 

The reduced weight loss and arthritis coincided with an increased ability to 
clear bacteria in the mice treated with aIL-15ab.  
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Interleukin-15, Natural Killer cells & osteoclastogenesis  

The differentiation of haematopoietic stem cells (HSC) to osteoclasts is dependent on two major 

factors, macrophage-colony stimulating factor (M-CSF) and RANKL [118,141]. First, 

differentiation of HSCs to common macrophage/osteoclast precursors and expansion of these 

cells is achived by M-CSF and second, the stimulation with RANKL leads to cell-cell fusion and 

formation of multinucleated osteoclasts. The induction of these mediators in osteoclastogenesis 

is regulated through various factors, e.g. proinflammatory cytokines, and lately it has been shown 

that IL-15 is one of them [87-89]. IL-15 induces RANKL expression in synovial fibroblasts in 

patents with RA [89]. In addition, IL-15 is capable of activating NK cells, which can express both 

RANKL and M-CSF and their production is further upregulated in the presence of IL-15 

[90,142]. IL-15 is a critical survival factor for NK cells and the IL-15 or IL-15Ra knockout 

phenotype has a severe reduction or an absence of NK cells [79,143]. Depletion of NK cells in 

mice using an NK1.1 antibody aggravates the severity of arthritis after S. aureus inoculation, and 

IL-15 knockout mice (sometimes used as NK cell deficient mice) develop more severe S. 

aureus−induced lung infection [48,144]. Both these studies suggest a protective role for NK cells 

in S. aureus infections. The immunological mechanism involved in any of these studies have not 

been thoroughly investigated. In contrast, we observe that the lack of IL-15 ameliorates arthritis, 

probably mediated by a reduction in the number of osteoclasts in the joints from IL-15 knockout 

mice compared with wildtype mice. Giving that osteoclasts are of uttermost importance for the 

loss of juxta-articular bone in arthritis [145,146] it is plausible to believe that a fewer number of 

osteoclasts leads to reduced joint destruction.  

 

Interleukin-15 & apoptosis 

IL-15 is a potent survival factor as it inhibits proapoptotic factors such as Bax, and activates 

antiapoptosic factors such as Bcl-2 and Bcl-xL [76,147,148]. The capability of IL-15 to inhibit     

sepsis−induced apoptosis in lymphocytes as well as other immune cells might result in a defective 

immune response and poor survival in sepsis [83,148,149]. In arthritis, fibrosis is prominent due 

to excessive proliferation of fibroblasts, a response to excessive cytokine stimulation [150]. In our 

study we did not observe increased mortality rate in the mice lacking IL-15, however we did find 

a decreased severity of arthritis in these mice. As the antiapoptotic effects of IL-15 is not only 

applied on immune cells but also on other cells [76] we studied if enhanced apoptosis of synovial 

cells contributed to the reduced severity of arthritis. We performed in situ Terminal 

deoxynucleotidyl transferase dUTP Nick and Labelling (TUNEL) assay on frozen knee sections 

in IL-15 knockout mice and wildtype mice sacrificed at days 3, 7 and 10. Few TUNEL positive 
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cells were detected in the sections and no differences were found between the two groups (L. 

Henningsson, unpublished data).  

 

Interleukin-6 & osteoclastogenesis 

IL-6 is a pleiotropic cytokine and one of its main functions is to stimulate release of acute phase 

reactants from the liver [151,152]. The acute phase reactants and IL-6 itself promotes a profound 

immune response to S. aureus infections which on the one hand is needed for bacterial 

elimination [39,59], but on the other increases both morbidity and mortality. In addition, IL-6 is 

deeply involved in bone turnover [153]. It plays a prominent role in the formation of osteoclasts 

[154-157] e.g. by inducing the expression of RANKL from stromal cells [58,158] and hence 

contributes the upregulation of IL-6 to destruction of the joints in aseptic arthritis [56,159] and 

most probably also in septic arthritis. We observed increased serum levels of IL-6 in our IL-15 

knockout mice which could contribute to the decreased weight loss and maintained bacterial 

clearance seen in this group. Interestingly, we did not observe any differences in serum levels of 

IL-6 in mice treated with aIL-15ab (where compensatory mechanisms probably are not 

established) while the synovitis and bone/cartilage destruction were reduced and the bacterial 

elimination increased. These findings suggest that it is the absence (IL-15 knockout) or reduced 

(aIL-15ab treatment) levels of IL-15 that contribute to the reduced joint destruction and not the 

increased levels of IL-6.  

 

Interleukin-15 & bacterial clearance  

The bacteria home to and reside in joints and kidneys. The clearance of bacteria is mainly 

dependent on phagocytic neutrophils and macrophages, and these cell types also contribute to 

joint destruction. Extracellular IL-15 has been reported to enhance neutrophil recruitment by the 

secretion of IL-8 in monocytes [86]. However, Orinska et al. found that intracellular IL-15 in mast 

cells reduced neutrophil recruitment to the site of infection and decreased bacterial clearance in 

in a CLP sepsis model [70]. In contrast to Orinska et al. [70], we did not observe any differences 

in our IL-15 knockout mice compared with wildtype mice with respect to bacterial clearance in 

the kidneys, neither in S. aureus–induced arthritis model nor in S. aureus–induced sepsis model. 

These differences are probably due to different infection models and different microbes, i.e. 

intravenous S. aureus (Gram-positive) infection versus local CLP (mixed but mainly Gram-

negative) infection. Further, in the CLP model bacterial clearance is measured locally in the 

peritoneal lavage within 1-3 hours after infection, while in the S. aureus model, bacterial clearance 

is measured in a remote localisation (kidneys) several days after bacterial inoculation. Thus, the 
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reduced clinical and histological severity of arthritis and decrease in weight loss in the IL-15 

knockout mice is not due to increased bacterial clearance. However when mice where treated 

with aIL-15ab, we observed a significantly enhanced bacterial clearance in the kidneys compared 

with mice treated with isotype control. It is possible that a total absence of IL-15 in the knockout 

mice has triggered compensatory mechanisms in these mice which has not taken place in mice 

treated with aIL-15ab, where IL-15 still is present, though in lower levels. 

 

Interleukin-15 in S. aureus−induced sepsis 

A 10 times higher dose of S. aureus leads to septic shock, which is the worst-case scenario and can 

lead to multiple organ failure and death. We investigated how the IL-15 knockout mice reacted 

after a 10-fold higher bacterial dose. We found that the IL-15 knockout mice did not exhibit any 

aggravation in mortality, bacterial clearance or arthritis during the course of infection. However, 

data with respect to the presence of IL-15 in sepsis are contradictory. We and Orinska et al. [70] 

did not observe any adverse effects in IL-15 knockout mice in sepsis models, while other studies 

have shown that administration of IL-15 increases survival in sepsis [83,148]. 
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Paper II 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
In this study we investigated the importance of IL-17A in systemic and local S. aureus−induced 

arthritis. 

 

Summary of the findings in the IL-17A knockout mice injected systemically (intravenously) with 

S. aureus.  

 

The absence of IL-17A had no marked impact on the overall mortality or on 

the clinical development of arthritis after systemic inoculation of S. aureus.  

 

However, IL-17A knockout mice showed increased the bone/cartilage 

destruction in the joints at days 13 after S. aureus inoculation.  

 

Clearance of bacteria in kidneys was significantly increased in the IL-17A 

knockout mice early during systemic infection.  

 

The enhanced bacterial clearance coincided with increased serum levels of 

IFN-γ in IL-17A knockout mice.  

 

Expression of IL-17F mRNA was significantly higher in IL-17A knockout 

mice before and at day 13 after S. aureus inoculation.  

 

Serum protein level of IL-17F was significantly increased in IL-17A knockout 

mice compared with wildtype mice before and after S. aureus inoculation.  

 

Summary of the findings in the IL-17A knockout mice injected locally with S. aureus.  

 

By contrast to systemic infection, local S. aureus–induced arthritis rapidly caused a 

significantly more severe synovitis and destructive arthritis in the IL-17A knockout 

mice compared with wildtype mice.   

 

Also, locally impaired bacterial clearance was seen in the IL-17A knockout 

compared with wildtype mice.  
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Interleukin-17A & bacterial clearance…  

…in local S. aureus infection 

We show in our study that IL-17A knockout mice exhibit an increased severity of synovitis and 

bone/cartilage destruction in addition to impaired bacterial clearance 3 days after S. aureus 

inoculation into the knee joint. The reason for this is not completely clear but we did find a trend 

towards reduced neutrophil count and reduced MPO activity in the joints of IL-17A knockout 

mice compared with wildtype mice. Ishigame et al. showed that IL-17A and IL-17F double 

knockout mice developed local spontaneous mucocutaneous infections (impaired bacterial 

clearance) probably caused by S. aureus. These infections were not present in IL-17A or IL-17F 

single knockout mice [160]. The disagreement between our findings and those of Ishigame et al. 

could be due to different localisation of the infection and the fact that spontaneous 

mucocutanous infection might involve several bacterial strains and species.  

 

…in systemic S. aureus infection 

However, Ishigame et al. did not find any differences between the double knockout (IL-17A and 

F) and wildtype mice in systemic S. aureus infection in terms of survival and bacterial clearance 

measured at day 3 only [160] which is in line with our results using IL-17A single knockout 

compared with wildtype mice. IL-17A and IL-17F have similar biological functions e.g. 

neutrophil recruitment to the infected area and may compensate for each other. In our study, we 

found an upregulation of IL-17F probably minimising the effects on bacterial clearance. [161]. 

Further, bacterial clearance varies during the course of infection. Ishigame et al. [160] have 

measured bacterial clearance at day 3 only, while we have measured bacterial clearance at 4 

different timepoints throughout a 13 days long experiment. Collectively our current as well as 

previously published data [108,160], suggest that IL-17A and F are involved in the host defence 

against S. aureus infection, but also that their relative importance depends on the site and duration 

of infection and whether it is local or systemic.  

 

Interleukin-17A & Granulocyte-colony stimulating factor 

The absence of IL-17A might result in changed serum levels of G-CSF and blood neutrophil 

count and hence affect the bacterial clearance [110,162]. These parameters were measured 

systemically in mice with systemic S. aureus infection. We did not observe any differences in 

serum levels of G-CSF or in blood neutrophil counts, but we did find increased serum levels of 

IL-17F in the IL-17A knockout mice compared with wildtype mice after systemic S. aureus 

infection. Both IL-17A and IL-17F are known to induce granulopoiesis through the production 
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of G-CSF [121] and these findings are compatible with IL-17F maintaining G-CSF levels in the 

absence of IL-17A. 

 

Interleukin-17A & Interferon-γ 

The role of IFN-γ in S. aureus−induced arthritis is complex, although it has been suggested that 

IFN-γ enhances bacterial clearance early during infection by increasing phagocytic activity in 

neutrophils and macrophages [61,163]. Also, it is known that IL-17A inhibits Th1 cells, and 

hence the production of IFN-γ [164]. Indeed, in the IL-17A knockout mice we found higher 

levels of IFN-γ in serum at day 1 after systemic bacterial inoculation, which coincided with an 

increased bacterial clearance in kidneys. Based upon this, we speculate that long-term elevated 

protein levels of IL-17F – as well as of IL-17A [164] – might have the capacity to downregulate 

the IFN-γ response during systemic infection.  

 

Interleukin-17A & Interleukin-17F… 

IL-17A and IL-17F have overlapping functions, as they use similar regulatory and signalling 

mechanisms and induce similar gene expression (IL-17F induces a somewhat weaker response) 

[123-125,165], e.g. IL-17A and IL-17F can both induce the expression of IL-6, IL-8 and G-CSF 

and both have a role in cartilage turnover [166]. However, they differ from each other with 

respect to their contribution in diseases e.g. in autoimmune diseases, such as experimental 

autoimmune encephalomyelitis (EAE), asthma and inflammatory bowel diseases [165,167] and 

infections [160, II] depending on the pathogen and its localisation. In some diseases IL-17F 

seems to be more prominent, while in others IL-17A predominate. On the one hand, IL-17F but 

not IL-17A has been implicated in asthma and airway inflammation in humans as elevated levels 

of IL-17F mRNA has been found in BAL from patients with asthma [169]. On the other hand, 

IL-17A seems to be more important than IL-17F in the pathogenesis of EAE [165]. In healthy 

mice, IL-17A is capable of inhibiting the production of IL-17F through an IL-17RA–dependent 

mechanism [140] which suggests that IL-17A and IL-17F could be functionally linked. In 

contrast, Klebsiella pneumoniae infections do not induce an increase in IL-17F levels in the absence 

of IL-17A [170]. The difference in IL-17A and IL-17F activity and function might be due to the 

fact that IL-17A and IL-17F can form both homo- and heterodimers and that these dimers (if 

they all bind the same receptor complex) may have different binding affinities for the RA/RC 

receptor complex [125,129].  
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…in systemic S. aureus infection 

We found higher levels of both lymph node mRNA levels and serum protein levels of IL-17F in 

our systemic model of S. aureus−induced arthritis in the IL-17A knockout mice compared with 

wildtype mice. This is in line with previous studies where IL-17F levels are increased in healthy 

mice in the absence of IL-17A [140]. Thus, mice lacking IL-17A are not significantly affected by 

systemic S. aureus infection as IL-17F can functionally replace IL-17A and maintain host defence 

during systemic staphylococcal infection. However, in histological sections from IL-17A 

knockout mice we observed enhanced bone/cartilage destruction at days 13, which coincided 

with significantly enhanced levels of IL-17F serum protein in these mice. As we did not observe 

any differences in bacterial clearance, neutrophil count or G-CSF levels, the enhanced erosivity 

must be due to other factors and it seems as if IL-17F not completely can compensate for the 

loss of IL-17A. 

 

…in local S. aureus infection 

In the local S. aureus−induced arthritis model, serum levels of IL-17F were not measured but no 

differences were found in synovial mRNA IL-17F levels. The IL-17A knockout mice exhibited 

increased severity of synovitis, bone/cartilage destruction and increased bacterial load compared 

with wildtype mice. We did also observe a tendency towards a reduced number of neutrophils in 

the joints of these mice. IL-17A is important in neutrophil recruitment to site of infection [112] 

and as we do not observe any increased levels of IL-17F, the absence of IL-17A and F signalling 

results in impared neutrophil recruitment, reduced bacterial clearance and enhanced arthritis.   
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Paper III 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  
In this study we investigated the role of IL-17A on its critical upstream regulator IL-23 in the 

airways. 

 

Summary of IL-23 findings in mice: 

 

The IL-23 protein levels in BAL are significantly increased in IL-17A knockout 

mice compared with wildtype mice after intravenous S. aureus inoculation.  

 

The IL-23 protein levels in BAL are significantly increased in mice pre-treated with 

aIL-17A ab and further exposed to LPS intranasally, compared with mice pre-

treated with LPS and isotype control. 

 

The IL-23 protein levels in BAL are significantly decreased in mice stimulated 

intranasally with rmIL-17A compared with vehicle control. 

 

The changes in IL-23 protein levels are not due to alterations in the concentration 

of macrophages in BAL.  

 

Summary of the IL-23 findings in humans: 

 

Stimulation of human alveolar macrophages or monocyte derived macrophages 

with LPS and rhIL-17A decreased the IL-23 protein levels in supernatants 

compared with cells stimulated with LPS only.  

 

We showed that IL-17 receptors A and C are present on human alveolar 

macrophages.  

 

Stimulation of human alveolar macrophages or monocyte derived macrophages 

with LPS and rhIL-17A does not decrease the mRNA levels of subunits p19 or 

p40.  
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Interleukin-17A & related cytokines 

Presently there are six IL-17 cytokines known, IL-17A-F [91] where IL-17A and IL-17F share the 

highest homology whereas IL-17E (IL-25) is most different from IL-17A [92]. It is well known 

that IL-17A and F bind as a homo-or- as a IL-17A/IL-17F heterodimer to IL-17RA and IL-

17RC [125,127-129] whereas IL-17E (IL-25) has been reported to bind to a complex of IL-17RA 

and IL-17RB [171]. Our study suggests that IL-17A inhibits the production/release of IL-23 

protein in the airways by acting on local macrophages at a post-translational level (as the mRNA 

levels are not altered) and this negative feedback mechanism protects the lung from excessive 

signalling via the IL-23 – IL-17(A) axis. The importance of IL-23 in autoimmune diseases has 

been recognised because of its role in expansion and activation of Th17 cells. IL-23p19 knockout 

mice are protected from inflammatory bone destruction and leaves IL-23 as a promising 

treatment target in RA [172,173]. Lately it has also been shown that IL-23 not only affects the 

Th17 cell dependent neutrophil recruitment but also the Th2 cell mediated eosinophil 

recruitment into the lung during airway inflammation [174,175]. Seeing IL-17A mainly as a pro-

inflammatory cytokine, our findings might be contradictory however, lately several studies have 

been published suggesting that IL-17A has regulatory properties [176,177]. It has been shown 

that IL-17A can inhibit TNF-α induced chemokine production [178-181] and that IL-17A 

ameliorates allergic asthma and inflammatory bowel diseases [182-184]. Also IL-17E (IL-25), has 

regulatory properties [185] probably via downregulation of IL-23 [186,187]. Both IL-17A and IL-

17E bind the signalling receptor unit IL-17RA [188] and hence it is possible that IL-17RA could 

mediate the downregulation of IL-23. As mentioned, IL-17A and IL-17F share many similar 

biological properties, but they also have separated functions [165]. Both cytokines signal through 

the IL-17RA subunit [125] but IL-17F binds the receptor with lower affinity [126] and its 

importance in IL-23 inhibition is unclear. The IL-10-like cytokine IL-22 is produced along with 

IL-17A by Th17 cells and has proinflammatory as well as regulatory properties [189-192] e.g. it is 

involved in bone destruction in aseptic arthritis [193] while it counteracts eosinophil mediated 

airway inflammation [190]. IL-17A, IL-17F and IL-22 are all expressed by Th17 cells and hence 

regulated by IL-23, whereas IL-17E (IL-25) is produced by Th2 cells and macrophages and hence 

regulated in a different manner [165,194-196].  

  

How does Interleukin-17A inhibit Interleukin-23? 

We have observed an increase in IL-23 protein levels in BAL in IL-17A knockout mice after 

intravenous S. aureus inoculation, an increase in IL-23 protein levels in BAL in mice pre-treated 

with aIL-17A ab intraperitoneally and then exposed to LPS intranasally and a decrease in IL-23 
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protein levels in BAL in mice exposed to rmIL-17A intranasally. Macrophages are the main 

source of IL-23 and changes in the IL-23 protein levels in BAL could be due to the concentration 

of macrophages in the airway. However, we have been able to show that the change in IL-23 

protein levels not is due to a change in the concentration of alveolar macrophages as they remain 

similar in mice treated with aIL-17A ab and exposed to LPS compared with control mice. 

Further, mice stimulated intranasally with rmIL-17A produced significantly less IL-23 protein in 

BAL while the concentration of macrophages in BAL did not change. We have also shown that 

in vitro stimulation of a defined number of human alveolar macrophages with LPS and rhIL-17A 

decreased the IL-23 protein levels in the supernatant compared with cells stimulated with LPS 

only. 

 

Previously, it has been shown on mRNA level that IL-17RA and IL-17RC are expressed in the 

mouse lung [197] and that both the subreceptors are expressed on circulating human monocytes 

[198]. Using flow cytometry of human macrophages from BAL we show that the receptor 

subunits required for IL-17A signalling, IL-17RA and IL-17RC are present on the cell surface 

and it is therefore likely that IL-17A perform its action on IL-23 by binding to these receptors. 

 

Our findings so far suggest that IL-17A inhibits the production of IL-23. The question is on what 

level the regulation takes place. IL-23 is composed of the subunits p19 and p40 and a regulation 

on transcription level would lead to decreased mRNA levels of one or both components. 

However, we did not observe any decrease in mRNA expression of neither p19 nor p40 subunits 

in human alveolar macrophages or monocyte derived macrophages after stimulation with rhIL-

17A and LPS. These data suggest that the negative feedback of IL-17A on IL-23 is mediated on a 

post-transcriptional level. 

 

Rac1 is an intracellular protein involved in the signalling pathway downstream of IL-17RA and 

IL-17RC [199] and we wanted to investigate if it was involved in the upregulation of IL-23 

[200,201]. It has been observed that IL-17A induces Rac1 activation [200], while LPS stimulation 

alone or in combination with a Rac1 inhibitor induce IL-23p19 mRNA expression, [201]. By 

adding a Rac1 inhibitor to LPS and IL-17A stimulated monocyte-derived macrophages, we 

wanted to investigate whether Rac1 was involved in the observed IL-17A−dependent 

downregulation of IL-23 in. In contrast to an expected increase in the levels of IL-23 we 

observed a decrease in the IL-23 levels irrespective of IL-17A stimulation. Thus, Rac1 signalling 
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is important for IL-23 production, however ligation of IL-17 receptors does not regulate the 

levels of IL-23 by a Rac1 dependent signalling pathway. 

 

 

General  discuss ion 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  

Paper I: 

In this study we present data which show that IL-15 contributes to arthritis in systemic S. 

aureus−induced arthritis. The severity of S. aureus−induced arthritis was decreased in IL-15 

knockout mice compared with wildtype mice, probably due to a reduced production of 

osteoclasts. Treatment with aIL-15ab started at day 3 after bacterial inoculation also reduces the 

severity of arthritis. The host´s ability to clear bacteria is not negatively influenced in the absence 

of IL-15.  

 

Paper II: 

In this study we suggest that IL-17A is more important in local host defense than in systemic 

host defense against S. aureus-induced arthritis. The severity of systemic S. aureus−induced is 

increased late during the infection in IL-17A knockout mice. However, in early stage there are no 

differences between the groups with respect to arthritis development probably due to increased 

levels of IL-17F in the knockout mice. The host´s ability to clear bacteria is not negatively 

influenced in the absence of IL-17. 

 

Paper III:  

In this study we suggest that IL-17A decreases the extracellular concentration of its critical up-

stream regulator IL-23 in the airways. The protein levels of IL-23 were increased in the absence 

and decreased in the presence of IL-17A in mice after stimulation with Gram-positive bacteria (S. 

aureus) or Gram-negative LPS. Also in human macrophages the protein levels of IL-23 were 

decreased in response to 17A stimulation.  

 

 

IL-15, IL-17A and IL-23 has been studied in autoimmune diseases and also found in excess in 

the joints and serum in patients suffering from RA where they all seem to contribute to disease 

progression [89,114,202]. Inhibiting IL-17A in RA has shown good results while inhibition of IL-

15 has been less successful [203-205]. A human monoclonal antibody against IL-23p40, inhibiting 
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both IL-12 and IL-23, has been successful in the treatment of psoriasis arthritis [173]. However, 

as their role in S. aureus−induced arthritis is unclear this has been the target of our research. S. 

aureus−induced arthritis is highly destructive and immunosuppression along with antibiotics is 

needed for optimal treatment. To find the perfect remedy, a deeper knowledge about the immune 

response to staphylococcal infection is required. 

 

IL-15 has a multitude of functions; some studies have suggested that the presence of IL-15 

enhances the expression of IL-17A from T cells [206] and stimulation of human Th17 cells with 

IL-15 results in cell proliferation [207]. In addition, it has been suggested that IL-15 could 

stimulate CD4+ cells to IL-17 production during bacterial infection [208]. However, other studies 

state that IL-15 has no impact on the IL-17A levels [113]. In our experiments, we did not find 

any differences in IL-17A levels between wildtype and IL-15 knockout mice. Both IL-15 and IL-

17A per se are important regulators of osteoclastogenesis via the upregulation of RANKL 

[89,117,209] and the production of bone degrading substances [116,210]. Further, they both 

contribute to formation of osteoclasts via the induction of IL-6, which in turn induces RANKL 

expression on stromal cells [113,157,158]. IL-8, also induced by both IL-15 and IL-17A [86,113], 

is a potent chemoattractant for e.g. neutrophils and produced mainly by macrophages and 

structural cells but also by neutrophils themselves. IL-8 also promotes osteoclast differentiation 

and activity both directly and indirectly via RANKL induction [211]. IL-8 induces osteoclast 

formation via activation of intracellular phospholipase D-1 (PLD), an activation pathway also 

implicated for IL-15 [89,212]. It is known that IL-17A and IFN-γ reciprocally inhibit each other 

and in contrast to IL-17A, IFN-γ is a potent inhibitor of osteoclastogenesis [117,213].  

 

An effective immune response against an invader is important, but it is as important to limit the 

response in order to prohibit tissue damage. This requires a critical balance between pro-

inflammatory and regulatory responses. Regulation is performed e.g. by the antiinflammatory 

cytokines IL-10 and TGF-β which possess potent immunosuppressive effects. Negative feedback 

mechanisms are also of importance in limiting the ongoing immune response. Although it has 

been shown that IL-17A and IL-17F are both upregulated in γδ T cells early after S. aureus 

infection in the skin [214], it is surprising that we observe a downregulation of IL-23 already 24 

hours after S. aureus inoculation. The immune response should get downregulated at a later stage 

in order to get an early adequate response towards the bacteria reducing the bacterial load. IL-

17A is important in the recruitment of neutrophils to site of infection, which is crucial for 

bacterial clearance [29,40]. Indeed, Verdrengh et al. [40] has shown that neutrophil count is 



 56 

enhanced within the first 2 days after bacterial inoculation and neutrophil depletion leads to 

septic death within the first 3 days after bacterial inoculation.  

 

We observe in paper III using the S. aureus-induced arthritis model that IL-17A inhibits the 

production/release of IL-23 24 h after bacterial inoculation. As we measured IL-23 levels in lung 

tissue only, the question is if the IL-23 levels also are downregulated at this early timepoint in 

other compartments of the mice. We do observe higher serum protein levels of IL-17F in the IL-

17A knockout mice in paper II also at 24 hours after bacterial inoculation, which could indicate 

that IL-23 is not downregulated as efficiently by IL-17F as by IL-17A. However, decreased levels 

of IL-23 in other compartments might reduce the IL-17F levels, but as IL-17F is produced by 

many different cell types (not predominately by Th17 cells), its downregulation might not be 

suppressed sufficiently by IL-23. However, IL-17F levels in BAL were not measured in paper III, 

and it is not clear if IL-17F may have the same effect on IL-23 as IL-17A.  

 

In summary, we have shown that both IL-15 and IL-17A are involved in S. aureus−induced 

arthritis. IL-15 leads to more destructive arthritis due to enhanced formation of osteoclasts, while 

IL-17A is essential especially for protection against local S. aureus−induced arthritis and 

contributes to bacterial clearance. Our data suggest that the use of IL-15 or IL-17A−inhibiting 

therapies do not increase the sensitivity to or progression of S. aureus infections. However, IL-15 

but not IL-17A, could represent a promising treatment target along with antibiotics in S. 

aureus−induced arthritis. Furthermore, IL-17A may limit inflammation by suppressing its own 

production by inhibiting the release of IL-23. The effect of IL-17A on IL-23 levels is probably 

dependent on several factors in the microenvironement, such as cells in the vicinity, strength and 

type of stimuli and the levels of IL-17A.  
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FUTURE PROSPECTS 

There are a lot more questions to be answered in order to be able to fully understand the results 

gained in this thesis. Here are a few thoughts that rose during the writing.    

 

As treatment with aIL-15ab in mice during S. aureus−induced arthritis was very successful in 

reducing the severity of arthritis, continuing these studies is of great interest, in particular 

treatment combination using aIL-15ab and antibiotics, in both mice and men. IL-15 has a clear 

impact on osteoclastogenesis, although its precise role is not clear nor is its effect on general 

bone loss.  

 

Although we and others suggest that IL-17A regulates the production and/or release of IL-17F, 

the interplay between these cytokines, the level of inhibition and the importance of this 

regulation is not clear. In addition, as IL-17A, is IL-17F also of importance in the pathogenesis of 

RA? We suggest that it is the upregulation of IL-17F that compensates for the loss of IL-17A. Is 

IL-17F of importance in other bacterial infections? Binding of these cytokines to its receptors is 

currently not known. Is the receptor composed of an IL-17RA/IL-17RC heterodimer complex 

or are additional receptor subunits involved? Or are even additional types of receptor subunits 

involved? What are the similarities/differences in IL-17A and IL-17F response and how are these 

differences achieved, as they seem to bind the same receptor?  

 

We suggest that IL-17A inhibits the production of IL-23. The importance of this IL-

17A−dependant inhibition of IL-23 is not clear. How important is this inhibition in infectious 

diseases? What role has IL-17F? Does also IL-17F affect the production of IL-23? Is IL-23 

important in IL-17A and IL-17F production from other T cell subsets other than Th17 cells, 

such as γδ T cells, NK T cells and CD8+ cells? Is the IL-17A−dependant inhibition of IL-23 

impaired in autoimmune diseases? Is IL-17RA required for IL-23 inhibition or what receptor 

mechanism is involved?  
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POPULÄRVETENSKAPLIG SAMMANFATTNING  

Ledinflammation som orsakas av bakterier är ett ovanligt men mycket allvarligt tillstånd eftersom 

bakterierna kan sprida sig till blodet och orsaka blodförgiftning, vilket i värsta fall kan leda till 

döden. En av de vanligaste bakterierna som orsakar ledinflammation framförallt hos personer 

som har ett försvagat immunförsvar, på grund av ålder eller immunnedsättande mediciner är den 

så kallade sjukhussjukebakterien, Staphylococcus aureus (S. aureus). Dessa infektioner kan bli mycket 

allvarliga och kan ge bestående ledskador trots antibiotikabehandling. Bakterien tar sig in i lederna 

och har en tendens att stanna där. Vårt immunförsvar, som är helt avgörande för att vi skall 

kunna bli friska, försvarar oss mot bakterien men bakterien orsakar ett kraftigt immunsvar som 

också förstör ben och brosk i leden. Under en S. aureus infektion produceras flera signalmolekyler 

(cytokiner) som aktiverar immunsystemet (de är proinflammatoriska cytokiner) vilket leder till att 

vi kan döda bakterien och bli friska. Vi har i följande arbeten undersökt hur två 

proinflammatoriska cytokiner, interleukin (IL)-15 och IL-17A, påverkar S. aureus−orsakad 

ledinflammation i mus. Dessa cytokiner finns i överskott i lederna på personer med 

ledgångsreumatism och man vet att de är involverade i ledförstörelsen och man har även försökt 

behandla ledgångsreumatism med läkemedel som binder upp cytokinerna. Under en sådan 

behandling kan ett underskott av dessa cytokiner leda till att patienten blir mer mottaglig för S. 

aureus−orsakad ledinflammation. Detta ger oss två anledningar att studera IL-15 och IL-17 vid S. 

aureus−orsakad ledinflammation: 1) hur påverkar ett underskott av IL-15 och IL-17 känsligheten 

för infektionen? 2) Kan läkemedel mot IL-15 eller IL-17 vara ett bra tillägg till antibiotika vid S. 

aureus−orsakad ledinflammation? Vi har även studerat cytokinen IL-23 som är en cytokin som 

reglerar produktionen av IL-17A och alltså också är en proinflammatorisk cytokin.  

 

Genom att använda möss som saknar generna för IL-15 och IL-17A och sedan jämföra 

sjukdomsförloppet med en mus som har generna för dessa cytokiner (vildtyps möss) har vi 

kunnat få en uppfattning av dessa cytokiners betydelse. Vi har injicerat bakterien antingen direkt 

in i blodet (systemisk infektion) eller direkt in i knäleden på musen (lokal infektion). Under 

sjukdomen har vi inspekterat musen efter tecken på artrit i lederna och vägt dem för att 

kontrollera deras allmäntillstånd. Vid försökets slut tar vi blod, leder och olika organ för att mäta 

cytokiner, bakterier och celler.  
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Delarbete I 

I detta arbete ville vi klargöra vilken roll IL-15 har under S. aureus−inducerad artrit infektion. Vi 

upptäckte att möss som inte kunde uttrycka IL-15 uppvisade mycket mindre artrit än vad möss 

gjorde som uttryckte IL-15. Vi såg även att dessa möss som saknade IL-15 hade färre ben-

nedbrytande celler i sina leder. Alltså verkar det som att IL-15 brist är skyddande under S. 

aureus−inducerad artrit infektion. Vi testade därför att behandla normala vildtyps möss med en 

antikropp mot IL-15 efter det att stafylokockerna sprutats in i blodet. Vi upptäckte då att även de 

möss som hade blivit behandlade med en IL-15 antikropp uppvisade mindre artrit i lederna. 

Slutsatsen på detta arbete är alltså att IL-15 främjar nedbrytning i lederna under S. 

aureus−inducerad artrit och att behandling med en IL-15 antikropp kan hämma denna 

lednedbrytning.  

 

Delarbete II 

I detta arbete ville vi klargöra vilken roll IL-17A har under S. aureus−inducerad artrit infektion. Vi 

fann att då bakterier injicerades direkt in i blodet (systemisk infektion) såg vi inga skillnader i 

artrit mellan möss som uttryckte IL-17A genen och vildtypsmöss förrän efter ca 14 dagar. 

Anledningen till detta var antagligen att de möss som inte uttryckte IL-17A uttryckte istället höga 

nivåer av IL-17F, en cytokin som är nära släkt med IL-17A och har nästan samma funktion. 

Däremot, när vi injicerade bakterier direkt in i knäleden på musen upptäckte vi att de möss som 

inte uttryckte IL-17A hade värre artrit i knäleden och även hade fler bakterier i leden. Dessa möss 

kunde alltså inte ta bort bakterien i leden på ett lika effektivt sätt som vildmössen kunde. IL-17A 

påverkade alltså förmågan att ta bort bakterier från leden. Slutsatsen på detta arbete är alltså att 

IL-17A behövs för att på ett effektivt sätt kunna eliminera bakterier från leden under en lokal 

infektion men att IL-17A inte är lika viktig under en systemisk infektion då IL-17F uppregleras 

och ersätter IL-17A.  

 

Delarbete III 

I detta arbete studerade vi hur IL-17A påverkade produktionen av IL-23. Normalt är IL-23 en 

cytokin som behövs för att vissa celler skall kunna producera IL-17A. Vi visar här att IL-17A kan 

även påverka produktionen och frisättningen av IL-23 genomen en negativ-feedback loop. Vi såg 

att IL-17A kunde reducera IL-23 nivåerna hos både mus och människa. Slutsatsen i detta arbete 

är att IL-17A kan verka antiinflammatoriskt genom att hämma frisättningen av IL-23.  
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Slutsats 

Sammanfattningsvis har vi visat att både IL-15 och IL-17A är involverade i S. aureus−inducerad 

artrit men på olika sätt.  IL-15 leder till mer destruktiv artrit på grund av att fler celler som bryter 

ned benet bildas medan IL-17A är nödvändig vid lokal S. aureus−inducerad artrit då den 

uppehåller en effektiv eliminering av bakterien. Användning av IL-15 eller IL-17A hämmande 

mediciner vid ledgångsreumatism borde alltså inte leda till en allvarligare infektion vid S. 

aureus−inducerad artrit. Vidare visar vi också att IL-17A kan begränsa inflammation genom att 

dämpa sin egen produktion genom att hämma frisättning av IL-23. Om IL-17A är pro- eller 

antiinflammatorisk beror i största sannolikhet på miljön, det vill säga vilken mängd och sorts 

bakterie, IL-17A nivåer och vilka celler som aktiveras i närheten.  
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